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NPEANCINOBUE PEOAKTOPA TEPEBOJA

Hacrosilnas KHHMra mnocBsillleHa aKTyaJbHOH mnpobaeme coBpe-
MEHHOU IIOJNYIPOBOLHHKOBOH COJITHEYHOH SHEPreTHKH — CO3LaHHUIO U
HCCJIEIOBAHHIO CBOHCTB TOHKONJEHOYHBIX COJHEYHBIX 3JEMEHTOB.

B noaynposoaHHKax ¢ NPSIMBIMH ONTHYECKHMH II€PEXOJaMH KO-
3(Q(HULUHEHT NMOTJIOLIEHHS H3JYYEHHs CTOJb BEJHK, YTO MOIJIOLIEHUE
()OTOAKTHBHOH YacTH COJIHEYHOTO CIEKTPa IPOHCXOAMUT B CJOE TOJ-
IIUHOH He 6oJiee HECKOJBKHX MHKpOMeTpoB. B To xe Bpems 60.ib-
LUIMHCTBO BBHIIYCKA€MHIX COJIHEYHBIX 3JE€MEHTOB H3rOTaBJIHBAETCS H3
MOHOKPHCTAJJIMYECKHX IOJYNPOBOAHHUKOBHIX IIJIACTHH, HMEIOUIUX
TOJILUHY OKOJIO JBYXCOT — TPEXCOT MHKDPOMETDPOB, TOCKOJBLKY IpPH-
MEHSATb B MAaCCOBOM IIPOU3BOACTBe 6oJiee TOHKHE IIIACTHHBI He yJa-
€TCSl U3-32 HUX NOBLIIEHHOH XPYIKOCTH.

B 3TOM paspriBe MeXIy TEOPETHYECKHMH H NMPAKTHYECKHMH BO3-
MOXKHOCTSIMU TAaHUTCSl 3HAYUTEJNbHBI pe3epB AaJibHefllero yieles-
JIEHHSl COJTHEUHBIX 3JIEMEHTOB, KOTODHIH MOXKeT CAeNaTh Lesecoob-
pasHbHIM U 3KOHOMHYECKH OMpPAaBJAaHHBIM HCIOJb30BaHHE COJHEYHBIX
3JIMEHTOB He TOJMbKO B CHCTeMax (pOTOABTOMATHKH HJ/IH aBTOHOM-
HOTO 3HEProcHabGKenusi KOCMHYECKHX aNNapaTtoB, HO H B HA3eMHBIX
SHEpPreTHYECKHX CHCTEMAax pa3/JuuHOi MollHOCTH. HeyauBurteabHo
T03TOMY TO BHHMAHHME, KOTOPOE HCCJIENOBATENH MHOTHX CTPaH yie-
JIAIOT B Hacrosilliee BpeMsl pa3paboTKe TOHKOMJIEHOYHBIX COJTHEUHBIX
3JIeMEHTOB Ha OCHOBe pAa3JHYHBIX TIOJYIPOBOJHHKOBHIX MarepHa-
Ji0oB. Ecaiu KIT/L npeo6pa3oBaHus COTHEUHOTO H3JIYYEHHS B 3JEKTPH-
YeCKYI0 HEprHI0 Y TOHKOIJIEHOYHBIX 3J€MEHTOB C TOJIIUHOK (hOoTO-
AKTHBHOTO CJI051 HECKOJbKO MHKDOMETPOB JOCTHTHET CTOJIb K€ BHI-
COKHX 3HAUeHHH, KakHe XapaKTepPHH [Js1 MOHOKDHCTAJJIHYECKHX
COJIHEYHBIX 3JIEMEHTOB, TO ce6eCTOMMOCTL BhpabaThBaeMOH HMH
2JIeKTPOo3HEePruu Oylner BecbMa O/HM3Ka K INOJYyYaeMOR IPH HCNOJb-
30BAaHHH ATOMHBIX HJIM AAaXe€ TEMJOBBIX 3JEKTPOCTAHIHUH.

ABTOpHl [AaHHOH KHHTH — H3BECTHblE HHIMHCKHE CIIENHAJHCTHI
K. JI. Yonpa u C. P. dac, Muoro Jer pa6GoTaBilHe TaKke B Hayy-
uoix nenrpax CHIA u Kanajw, Xopoumo 3HaKOMBI COBETCKHM HCCJIe-
JoBate/isM CBOUMH CTaTbAMHM M [OKJaiaMH Ha MeEXAYHAPOLHBIX
KoH(epenuusax. B mabopatopun ToHKuX miaexok Mupuifickoro texmo-
Jioruyeckoro HHctutyta B Jlesm um ynajnoch pazpaborath psij mepc-
TIEKTUBHBIX TEXHOJIOTHH H3TOTOBJEHHS] TOHKOIIEHOUHBIX COJIHEUHBIX
3/1€MEHTOB U YCOBEPIIEHCTBOBATb UX KOHCTPYKIHIO.

Hecmorps na Gosbuioe yucsao ny6auKanui no gaHuoi npobaeme,
B 3apy0eXHOH M OT€UeCTBEHHOH JuTepaType A0 CHX TMOP OTCYTCT-
BOBaJla MOHOrpagus, CYMMHUDYIOLLas Pe3yJbTaThl BHIIOJHEHHBIX HC-
CJIeIOBAHUHA M HaMeuawoollas NyTH JaJbHEHIIero yJaydiieHHsl cBOHCTB
TOHKOIIJIEHOUHBIX COJIHEYHHIX 3JeMeHTOB. KHHra MHAMHCKHX crenua-
JIUCTOB CBOEBPEMEHHO BOCIOJHSIET 3TOT npobes. ABTOPH cCyMmesu
06061HTL HMeoLIHeCsT B 3TOH 00/1aCTH JOCTHKEHHS YUEHBIX Pa3HBIX
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crpan, B ToM uHcle Coserckoro Corosa, nokasaam pasHoo6pasHble
TEXHOJIOTHYECKHE IIPHEMBI, HCIOJb3yeMble AJs CO34aHHsI TOHKOILIe-
HOYHBIX COJIHEYHBIX 3JIeMEHTOB, NPOAaHaJH3HPOBAJH JOCTOMHCTBA H
HEJIOCTATKH OCHOBHBIX KOHCTPYKIMH TaKHX 3/7€MEHTOB, BHIIOJHEHHBIX
Ha OCHOBe pa3HHIX MaTeprHasoB. CoGCTBEHHBIH Hcc/ef0BaTelbCKHIM
ONBIT II0O3BOJIMJI aBTOPaM CHeJaTb 3TO TIYGOKO H BCECTOPOHHE.

B Coserckom Coro3e ucc/a€n0BaHHs, CBSI3aHHBIE C CO3JaHHEM,
H3yYeHHeM CBONCTB M HCIBITAHHSIMH TOHKOILJIEHOYHBIX COJIHEUHBIX
3JIEMEHTOB, YK€ MHOTO JIET YCIENIHO BEAYTCS MHOTHMMH HayUYHBIMH
opranusanusMu B Mockse, Jlenunrpane, Kuese, Xappkose, Kumu-
HeBe, Tamkentre, EpeBane, Taanune, Buanmioce, Omecce, UYep-
HOBIAX.

Hapsiny c¢ K/JaccHYECKHMH, YHCTO TOHKOIJIEHOYHBIMH KOHCTPYK-
LHSAMH 3J€MEHTOB B IIOCJEeJHEe BpeMsl aKTHBHO Pa3pabaThiBalOTCs
KOMOHWHHPOBAaHHBIE NJIEHOYHO-MOHOKPHUCTANIHYECKHE CTPYKTYPHI, CO-
yeTallue NPOCTOTY H 5KOHOMHYHOCTb H3TOTOBJEHHS C JLOCTATOYHO
BoicokuM KIIJl. HayuHbiMu KOJTeKTHBaMH, BO3TJIABJSEMBIMH aKal.
K. U. AngpepoBuim u us.-kop. AH CCCP H. C. Jlunopenko, noay-
yenbl cosineynble saeMenThl ¢ KILIT okono 30 % Ha ocHOBe apcenupa
raaaust u 16...18 % Ha ocHOBe KpeMHHS. DTH 3JeMEHTHl IPeLCTaB-
J5110T cO60H MHOTOCJIOHHBIE CTPYKTYPbl, B KOTOPEIX HA MOHOKPHCTAJI-
JUYECKUX MOANOXKKAX (Kak NPaBHJIO, M3 CPABHUTENBHO IENIeBBIX
COPTOB apCeHHJa ra/ius U MeTaJJyprHieCcKOro KpeMHHsI) CO3LaHbl
cOBeplUIeHHble IJIEHOUHBlE CJOH METOJAaMH Ta30BOfl H KHIKOCTHOMH
snurakcud. MMeHHo Takue KOMGUHUDPOBAHHbIE NJIEHOUHO-KPUCTAJITH-
YeCKHe COJIHEYHBbIe 3JeMeHTH OYAYT, N0-BUIHMOMY, NIPUBJEKATh BCe
6oJiblliee BHUMaHHEe HCCAeLOBaTesell H B HeJaJekoM OyaylieM Haii-
oyt HaubGoJsee mIMPOKOe MaccoBoe npuMeHenue. Ilpu onmrumusanuu
CBOMCTB H TEXHOJOTHH IIOJyYeHHUsS] CJOXKHBIX KOMOHHHDPOBAHHBIX
CTPYKTYp HEOLEHHMYIO NOMOIIb Pa3pabOoTYHKAM OKaxKeT ONHIT, Ha-
KOIIJIEHHBIH B XOJi€ CO3JaHHsl MOHOKPHUCTAJJHUYECKHX H YHCTO TOHKO-
NJIEHOYHBIX CHCTEM, B TOM UYHCJe Pe3yJabTaThl PabOT, OINHCAaHHBIX
B HacTOsIell MOHOrpadHuu.

ITpu nepeBone GblLTH OMYyILlEHB! pasje/bl KHHLH, cOJepiKaHHe KO-
TOPBIX XOPOUIO H3BECTHO COBETCKOMY YHTATENIO IO OPHIHHAJbHBIM
OTEYECTBEHHHIM H NMEPEBOAHBIM 3apyOexHBIM MyOJHKAUHSAM, IIPUBe-
JEHHHIM B CIHCKE [OMOJHUTEJIbHOH JHTepaTypbl. B OCHOBHOM 3TH
pasjenbl OXBaTHBAIOT 06llHe BOIPOCH H3ydeHHs (OTO3JEKTPHUE-
CKHX CBOHCTB IOJIYIPOBOLHHKOB H IOJYIPOBOLHHUKOBHIX NPHOOPOB,
TEXHOJIOTHH IIOJYYEHHs] U METPOJIOTHH COJIHEUHBIX 3JIeMeHTOB, HcC-
CleOBaHHsS XapaKTePHUCTHK (DOTO3IEKTPOXHMHUYECKHX COJHEUHBIX
3JIEMEHTOB. B CHHCOK [OMOJHUTEJNbHOH JUTEpaTyphl BKJIIOUEHZ
TakXke HeOONbLIAST YACTb OTEYECTBEHHBIX IyOJHKaLMH, NaioLUIHX
npejicTaBJdeHHe 0 pasHooGpasuu M mupore mposoauMmbix B CCCP
pa3paboTOK M HCCJENOBAHHIl CBOACTB TOHKOIIEHOYHBIX COJHEUHBIX

3JIEMEHTOB.
M. M. Koarysn
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AHAIM3 CBOMCTB
SNIEKTPOHHO-AbIPOYHbLIX MEPEXOA4OB
U UCCIIEJOBAHME XAPAKTEPUCTUK
noJyrnPOBOAHMNKOBBIX MATEPMANOB

1.1 BeepgeHue

Jlaist ycneiHoro npoW3BOJCTBA BHICOKO3()(MEKTHBHHX COJNHEYHBIX
3JIEMEHTOB HapsAAy ¢ NPHMEHEHHEM COBPEeMeHHBIX MeTOJOB H3rOTOB-
Jiendsl Heo6X0AHUMO Iy 60KOe NMOHHMAaHHe IIPOLECCOB, IIPOHUCXOASALUINX
B 3JeMeHTaX. YCTaHOBHB COOTBETCTBHE MEXIY XapaKTePHCTHKAMH
3JIEMEHTOB M OCHOBHBIMH CTPYKTYDHBIMH, 3JIEKTPOHHBIMH H ONTHYE-
CKHUMH CBOHCTBAMH NOJYIPOBOJHHKOBBIX CJO€B, MOXKHO TOYHO OIIpe-
JeJIMTh BIMsAHHE KaXKJOT0 M3 HHUX Ha IlapaMeTphl Ilepexofia H HaMe-
TUTb nyTH noswienust KIIJ npeoGpasoBanusi cOMHEYHOH SHEPTHH.
Jlast aToro TpebGyercs peTasNbHBE aHAJH3 CBOHCTB MATEPHAJOB, NPH-
MeHSIeMHBIX B Pa3JIHYHBIX KOMIIOHEHTAX KOHCTPYKLHH COJIHEUHBIX 3Jie-
MenToB. KauecTBo nepexosna OLeHHBAIOT, HCXOAA H3 BOJIbT-aMIIEPHOH
U BOJIbT-(apajHON XapaKTepPHCTHK, a TAKXKe H3 CIeKTPaJbHOH 3aBu-
CHMOCTH YYBCTBHTEJbHOCTH, C IIOMOIIbIO KOTOPBIX ONPENENSIOT PS
BaXKHBIX IapaMeTPOB, TAaKUX, KAK IJIOTHOCTh OGPATHOTO TOKa Ha-
CBILIleHH s, OHOAHBI KO3((HUIHEHT, KOHIEHTPALHs HOHU3HPOBAHHBIX
npuMecefi, An((QY3UOHHBI INOTEHIHAJ, BLICOTA IOTEHIHAJIbHOTO
Gapbepa, TosmuHa 0GefHEHHOR 06.1aCTH H HANPAKEHHOCTb 3JIEKT-
pHueckoro moJsi B nepexome. Ha ocHoBaHuHM 3THX JNaHHBIX MOXKHO
TIOCTPOHTbL HEPreTHUYECKYIO 30HHYIO AMarpaMMmy Iepexola U paspa-
Gorath (H3HUECKYIO MOJeNb [IJs OINHCAHUS OCHOBHBIX IIPOIECCOB,
ONpefeNAIINX XapaKTepHCTHKH sjeMenta. Co3nanne Mojesan Ha-
PANY C H3MEPEHHSIMH M aHAJU30M IIOTePb HOCHTeJNEH 3apsiia H U3-
JIyUeHHs] OKQ3BIBAE€TCSl YPE3BHIYANHO IMOJIE3HBIM NPH ONTHMH3ALUH
napaMerpoB (OTO3/EKTpHUECKOro npeobGpasoBatens. [lannasi riaaBa
NOCBsAlleHa PACCMOTPEHHIO OCHOBHHIX 3KCIEPUMEHTAJNbHHEIX METOAOB
onpejleNleHHs] XapaKTePHCTHK COJIHEUHHBIX 3JE€MEHTOB H CBSI3aHHBIX
C HUMM HM3MepeHHil; Ipu 3TOM 0co60e BHHMAaHHE YIEJAETCS METO-
AaM, creuyanbHO pa3paboTaHHBIM AJS HCCJAELOBAHUS TOHKOIJIEHOY-
HBIX 3JieMEHTOB. :

B nocnenyromux paspenax, KaxIbH U3 KOTOPHX CBsi3aH C OIHU-
CaH¥eM KOHKPETHOTO0 MeTOAa H3MepeHMH, B NepBYIO ouepedb pac-
CMaTpHBAIOTCA 3KCIIepHMEHTAa/lbHAS YCTAHOBKA H METOJHKa INOoJyye-
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HHs JaHHBIX. [lajlee 06CyKAaI0TCA BOTPOCH aHAJH3a U MHTEPIPETa-
LMK Pe3yJbTaTOB H3MEPEHHH NPH ONpelesieHHH TapaMeTpoB MaTe-
pHasa WM Tmepexona.

1.2 AHanu3 cBOWCTB Nepexonos

B stom pasgpese peub noiiner o6 H3MepeHHSX, KOTOPHIE IIO3BO-
JSAI0T NOJYyYHTh HHQOPMAIHIO O CBOHCTBAaX Mepexola M ero AHOA-
HBIX xapakTepuctikaX. K Hum B mepByio odepellb OTHOCSITCS H3Me-
PEHHSI BOJIbT-aMIEpPHBIX M BOJbT-(GapaJHbIX XapaKTepHCTHK IPH
pasJIMYHBIX TEMIEepaTypax M HHTEHCHBHOCTAX H3nydyeHus. Paccmor-
PEH TaKxkKe MeTOJ| eMKOCTHOH CIIEKTPOCKONHH IMy6OKHX YpOBHeEf, oc-
HOBAHHBIH HAa M3YYEHHH Npolecca peJaKCalHH eMKOCTH Iepexoja
npH o6paTHOM CMEIeHHH, C TOMOIIbI0 KOTOPOTO MOXKHO IOJYYHTb
noJie3Hble CBElEHHsI O TapaMeTpax LEHTPOB PEKOMOHHAIMH.

1.2.1 AHanus BONbT-aMMNepHbIX XapaKTEPHCTHK

HccnenoBaHue BOJBT-aMIEPHBIX XapaKTEPHCTHK  COJIHEUHOTO
3JIEMEHTA TIPH PAa3JMYHBIX TeMIepaTypax H HHTEHCHBHOCTSIX naja-
IOIlero M3JIyYeHHs] TO3BOJSET MOJYyYaTb BaxKHble HaHHBIE O Kade-
CTBe Tepexoia M MeXaHH3Me NepeHoca HocuTeneit 3apsga [l—11].
Onuako, npexae ueM IPOBOAHTb KOJHYECTBEHHBIH aHAJH3 XapakTe-
PHUCTHK, B ypaBHEHHH BOJbT-aMIEPHOH XapaKTEePHCTHKH p—Hn-lepe-
X0Zla HeOOXOMMMO YUECTh BJHsIHHE NOCTe]0BaTeJbHOrO Rs W LIYHTH-
pytouiero Rsn cOnpoTuB/eHHH. YpaBHeHHe BOIbT-aMIEPHOH XapakTe-
PHCTHKH COJIHEYHOrO 3JeMEHTa MOXHO MPEJCTaBUTb B BHJE

I'=YIlexp @V'InkT)—1]—1 . (1.1)

3necy I'=1—V'|Rs, V'=V—IR;, I, — HOTOTOK, § — 3apsill 3JIEKT-
poHa, Is; 1 1;— KOMIIOHEHTHl 06PaTHOTO TOKA HACHIILEHHS H JIHOX-
uele K03 pHUIUEHTH, OTBeYaloliHe Pa3JHUYHBIM MEeXaHH3MaM MpoTe-
KaHus Toka. 3HaueHus I U n; MOXKHO ONpeNesUTb H3 IKCIePHMEH-
TaJbHBIX JAHHBHIX COOTBETCTBEHHO IO TepecedyeHHi0 KPHUBOH,
npeacrasJsomei 3aBucuMocts 1g (I’+11) ot V’, ¢ ocbio opaHHaT H
110 HaKJIOHY 3TOH KpHuBOH. [Ipn paccMOTpeHHH CONHEYHOTO 3JI€MEHTa,
B 3KBHBAJIEHTHYIO CX€MY KOTOPOrO BKJIOYeHH ABa AHonal, Ha rpa-
¢uke 3aBucumoctu lg (I’+1L) or V' MoxHO BbIIENHTD [Be 00JacTH,
XapaKTEpU3YIONIHeCss Pa3HBIM HAKJIOHOM H, CJeL0BaTesbHO, ABYMS
3HAYEeHHSIMH M, KOTOPHIE OTHOCATCS K Pa3JHYHBIM JHOAAM, a TaKXke
ABYMsl 3HAUeHUAMH s, ONpeseIsieMbIMH MyTeM 3KCTPAMONAINHHE KaX-
J0fl U3 3aBUCHMOCTEl 10 TOYKH IePecedyeH sl COOTBETCTBYIOUIEH KPH-

) O6pyHO 3TO JesaeTcss JJs TOro, 4YTOGH IOKas3aThb CYIUECTBOBauHe B pe-
aNblOM p—n-Nepexoje JBYX MexaHH3MOB NPOTEKaHHs TOKa: aupQysHOHHOrO
H reHepalHonHO-pexoMOHHanHOHHOr0. — [Tpun. ped.
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Puc. 1.1. 3asucumoctu I’+Ip or V/ mns  Puc. 1.2. 3asucumoctu Is or 1/kT

COJIHEYHBIX 3J1eMeHTOB Ha OcHoBe CuyS— [/ COJIHEYHBIX 3/1€MEHTOB Ha OC-

CdS npu pasauuHOfl Temnepartype. HoBe CupgS—Zn.Cdi—S npu pas-
JIMYHBIX 3HAYEHHUSX X.

BOil ¢ ocplo opauHar. 3aBucumoctd I'-+Ip or V' nns comHeuHoro
aJieMenta Ha ocHoBe CugS — CdS npu pasnnuHoit Temmepartype mnpu-
Begennl Ha puc. 1.1 [11, 12]. Onpenenns Is ykasaHHbBIM COCOGOM
NPy psifle 3HAUYEHHHA TeMIepaTyphl, MBI MOJYUYHM TEMIEPATyPHYIO 3a-
BHCHMOCTb 5, comocraBisisi KOTOPYIO C aHAJHTHYECKUMH 3aBHCHMO-
cramu I5(T), cOOTBETCTBYIOUMMH pPa3JHYHBIM MeXaHH3MaM MpoTe-
KaHHus TOKa, MOXHO BBIIEJIHTH Npeob/afaiouii MeXxaHu3M H ompe-
JAe/NTh IIHPHHY 3alpellleHHONH 30Hbl MOJyNpoBoAHHKA Eg, BbICOTY
norennHanpHoro 6apeepa ®p, auddysnonnsil norenunan Vp, ag-
({exkTuBHOe 3HaueHHe TOCTOsiHHOM Puuapmcona A* uam apderrus-
HYIO CKOPOCTb PeKOMOHHAIuu Sy Ha IpaHulle pa3jiesa MOJyIPOBOA-
HUKOB B rerepomepexojie. 3aBHCHMOCTH BEJTHYHHH 06DPaTHOTO
ToKa Is or mapamerpa 1/kT nnsi co/HEUHBIX 3JIEeMEHTOB Ha OCHOBE
CuyS — Zn,Cdi—«S 1mpu pasnuuHblX 3HAYEHHSX X T[OKa3aHB Ha
puc. 1.2.

Iast uneanbnoro puoma Ulokau, suas Is, MoxHO ompeaeauTsb
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Puc. 1.3. 3aBucumoctb Vo, conHeunoro sjgementa Ha ocHose CuyS—CdS or un-
TEHCHBHOCTH H3JIyuYeHHS.

AU PY3HOHHYIO AJMHY HEOCHOBHbIX Hocuteseil [10]. Buuaunue
npuMecell Ha MapaMeTPbl COJHEUHBIX 3JEeMEHTOB H3ydaau Poxaxxn
u Ap. [9] nyTem aHanH3a BOJIBT-aMIEPHBIX XapaKTEPHCTHK.

Jpyroit merox ompejeneHHst XapaKTEPHCTHK IePexoia OCHOBaH
Ha H3MEPEHHH 3aBHCHMOCTH HANPSKEHHs XOJOCTOro Xoma Voo OT
MHTEHCHBHOCTH H3ayueHus [8]. Ecan nuonnble mapameTpbl He MeHs-
I0TCS] IIPH BapHalUsIX HHTEHCHBHOCTH H3Jy4YeHHS, TO 3aBHCHMOCTb
Voc OT JMorapudMa HHTEHCHBHOCTH $IBJSIETCS JHHEHHOH, MOCKOJBKY
TOK KOPOTKOTO 3aMbIKaHHSI CBSI3aH C HHTEHCHBHCCTBIO H3JY4eHHs JH-
HeHHOfl 3aBHCHMOCTbIO. DTOT BHIBOJ WJJIIOCTPUPYyeT puc. 1.3, Ha Ko-
TOPOM IIpEACTABJEHH XaPaKTEPHCTHKH TOHKOIVIEHOUHOTO COJIHeY-
HOTO 3nementa co ctpykrypoir Cu,S — CdS. 3HaueHne n MOXHO
GLIEHHTDH 10 YIVIy HAKJOHA 3TOi 3aBUCHMOCTH. Pa3jUuHBIM MeXaHH3-
MaM NPOTEKaHHs AHOAHOTO TOKA OTBEYAIOT yYyacTKH 3aBHUCHMOCTH,
uMelollie pasHblii HakJIOH (cM. puc. 1.3). Anagoruunyro uuHpopma-
[0 MOXKHO U3BJeub, aHAJIH3HPYS] 3aBHCHMOCTb HANPSIKEHUsST XOJO-
CTOro xo04a OT JorapudMa TOKa KOPOTKOTG 3aMBIKaHHSA, Kpome
TOTO, MO BeJHYHHE OTPE3Kd, OTCEKAeMOT0 COOTBETCTBYIOLIEH KPHBOIt
Ha ocu abciuce, onpeseasercs 3Hauenue [s.

Haun6osee yno6ubi crioco6 06pabOTKH BOJbT-aMIEPHBIX Xapak-
TeDHUCTHK CBsiI3aH C BBeleHHEM AaBTOMAaTHYECKH PEeruCTPHPYEeMBIX
naHHBIX B 9BM u pacueroM HeoGXOAMMHIX MapaMeTPOB MO OIpese-
JeHHO# nporpamme. [l BblUepUHBAHUS BOJbT-aMIEPHBIX XapakKre-
PUCTHK COJIHEUHBIX 3JEMEHTOB, a TaKke 3aBucuMoctell lg/ wu
lg (I4+1L) or V ynoGHO NpHUMEeHSITh aBTOMATHYECKHH IPadonoctpou-
teap [7]. B mpubope ucnoabayercs JorapuOMHUECKHH YCHJIHTEJID,
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BLIXOJIHOE HAIpsXKEHHe KOTOPOro paBHO Jorapudmy BXOAHOTO, CO-
OTBETCTBYIOILEr0 NPOXOASIIEMY Yepe3 3JEMEHT TOKY.

[Mpu pa3paboTKe MOMENH COJHEYHOTO 3JE€MEHTa BaxKHO 3HATh
BEJHUUYHHBI PA3JHYHHX BHAOB n0Tepb. ONHUM H3 HHX SIBJSIOTCS OMH-
yecKHe II0T€PH MOIIHOCTH, KOTODbIE€ IIPHBOAAT K YMEHbIIEHHIO KO3(-
(HULHEHTa 3aN0JHEHHS] BOJIbT-aMIepHOi xapakrepuctuku. Komngecr-
BEHHAsl OlleHKa BJHSIHHS OMHYECKHX IIOTepb Ha Ko3dduuueHT 3a-
[IOJIHEHHUS] BOJIbT-aMII€PHON XapaKTEePHCTHKH IPOBOAUTCS B COOTBET-
CTBHH C METOJHMKOH, mpensoxenHoir PorBopdowm [13], ¢ ucnoansosa-
HUEM H3MEePeHHBIX 3HAYeHHil MOCJeNCBATEIbHOrO H LIYHTHPYIOILETC
COTPOTUBJIEHHUI.

1.2.2 EMKOCTHblE M3MeEpPEHMUSs!

st oueHKH KauectBa p—n-Iepexoja W ONpeJleieHHsl ero napa-
METPOB, BJMSIOUIMX HA XaPaKTePUCTHKH COJIHEYHBIX 3JEMEHTOB,
yalle BCEr0 HCNOJb3YIOT 3aBHCHMOCTh €MKOCTH Ilepexoja OT Ha-
npsikenus: [11, 14—23]. TlocnenoBaresbHOe H3MepeHHE BOJBT-(a-
palHOH XapaKTepHUCTHKH IO TOYKAM MO3KeT OBbITh OCYLIECTBJEHO
€ IpUMeHeHHeM eMKOCTHOTO MOCTa IIPH PA3JHYHBIX 3HAUEHHSIX BHEIl-
Hero HampsikeHus cMeuteHds.. OQHAKO BOJbT-(apanHble XapaKTepu-
CTHKHM yJpo6Hee NMOJyYaTh B BHAE KPHBBIX C IIOMOLIBIO YCTPOHCTBA,
nuzo6paxkennoro Ha puc. 1.4, IlpuHuun neficTBHST aBTOMAaTHYECKOTO
u3MepUTeass BOJbT-(GapafHbIX XapaKTepHCTHK COCTOHT B CJenylo-
1eM: co3JaBaeMbli reHepaToOpOM CHHYCOWJAJbHBI CHIHAJ C 4ac-
Totofi 100 k't (BO3MOKHO HCIIOJNIB30BAHHE APYrOH YacTOTHI) H amil-
Jutyznoit okosno 10 MB mopaior uepes cMecHTeNIb COBMECTHO C IHJIO-
06pa3HbIM HANpSI)KEHHEM Ha EeMKOCTHYIO Harpysky (COJHeYHBIH
anemenrt). IIpeo6pasoBarenn ok — nanpsixenue (I[TTH) ycuauBaer
TOK, TPOXOASILIMHA Yepe3 eMKOCTHYIO HAarpysky, H npeoGpasyer erc
B MPONOPLHOHAJIbHBIA 10 BEJIHYHHE CHTHAJ HATPSKEHHs. DTO Ha-
TpSIKEHHe, CKJAaJbiBalolieecss H3 JBYX COCTaBJSIOMIMX — COBIaa-
med 1no ¢ase ¢ BXOAHBIM CHTHaJOM (KOTOpasi NPONOPLHOHANbHA
AKTHBHOMY COIIPOTHBJIEHHIO HArpy3KH) W CABHHYTOH 1o ¢ase Ha
90°, koTopasi NMPONOPIHOHAJbHA €MKOCTHOH YacCTH HArpy3KH,— MO-
naetcs B (hasouyBcTBUTebHBIHA fgerektrop (PUIL), roe mpoucxomut
pasjeseHne HANpsIKEHHS HA CUCTaBJsoUIHME. BHIXOAHBIE CHTHAJBI
(ha30uyBCTBUTEIBHOTO JETEKTOPA MOTYT GBLITh MPEACTABJIEHH B BHIE
3aBHCHMOCTEHl €MKOCTH H INPOBOJHMOCTH OT HAIPSIKEHHS C NOMO-
LibI0 JABYXKOOPAHHATHOTO TpadonocTpoutesnss HJIH ociuiiIorpada.
Wnaukaropusiii nudpposoit usmepurear (MIIM) B 3aBucumoctn ot
TIOJIOXKEHHUsT MepeK/IodaTesss MOKa3blBaeT 3HAYEHHs1 JH60 €MKOCTH,
a160 MpoBOAMMOCTH. TaKne aBTOMATHUECKHE H3MEPHTENH 3aBHCH-
MOCTefl eMKOCTH M NPOBOAHMOCTH OT HAIPSIKEHHsI BBINYCKAIOTCS
NpoMbllIeHHOCThI0. OHAaKO HX paGouuil AHANa30H OrpaHHYeH 3Ha-
denuamu emxoctu 2...2000 nd. ABropamu COBMECTHO C COTPYAHH-
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Puc. 1.4. Buiok-cxeMa aBTOMaTHYECKOTO H3MepHTels BOMbT-hapagHLIX XapakTe-
PHCTHK.

Kamu Jgabopartopuu OblI pa3paGoTaH aBTO-
MaTHYECKHH H3MEPUTENb BOJbT-GapaaHbix
XapaKTePUCTHK, TMO3BOJSIOMHUN TPOBOAUTH
M3MEpPeHHs1 €MKOCTH B AuamnasoHe or 2 nd

10 200 1® [24].
[Tpu BuImoNHEHUH H3MepEHHH BOJBT-(a-
C G pajHBIX XapaKTepUCTHK 4YacToTa CHrHajna
JOJI)KHA TPHHUMATbL 3HA4YE€HHs, NPH KNTO-
PBHIX BJHsIHHE TPOTEKAIOIIero TOKa Ha oc-
UHJIANME  3apsfa B o0JjacTh mnepexoja
MaKCHMaJbHO. [1JIs1 HEKOTOPHIX THIIOB COJ-
Rs HEYHbIX 3/JEeMEHTOB, KOTOphle CcojaepKaT
ry6oxkHe 3HepreTHYecKHe YPOBHHU JOBYILEK,
HanpuMep 3JeMeHTOB Ha ocHoBe CupS—
Puc. 15, Oxpusanentnas ©US, YacTOTy CHTHajla cjeayer, Hao6o-
cXeMa HMIenaHca coimey- POT, BHIOHpDATh TakuM 06pasoM, uTo6nl He
HOTO 3JIEMeHTa. NPOUCXOANI0 BO3OYKIEHHS 3THX JOBYLIEK.
B mpouecce nusMepeHuil K COJHEUHOMY 3.Jle-
MEHTY MOXeT OBbITh NPHJOKEHO 06paTHoe HJH IpPsIMOe HampsiKe-
Hue cMemleHns. OJHAKO B peXHMe IPSMOT0 CMeIleHHs! NPHJOXKeH-
HOe HamnpsiKeHHe He NOJXKHO mpeBhaTh npuMepHo 200 MB, B npo-
TUBHOM CJyYae TPOBOAHMOCTb 3JEMEHTa 3HAUHUTEJbHO BO3pacTraer.
JanbHelras o6paboTka BOJbT-(papaiHbHIX XapaKTePHCTHK Tpe-
6yeT BHeCEHHSI B HM3MeDEHHble 3HAUEHHS E€MKOCTH IONpPaBKH, CBSI-
3aHHOH C BJWsIHUEM HPOBOAHMMOCTH. B cOOTBeTCTBHH C 3KBHBAJECHT-
HOH CXxeMOll COJIHEYHOro 3JEeMeHTa, NpeicTaBjeHHOH Ha puc. 1.5,
u3MepeHHble 3HaueHHs1 eMKOCTH Cp u npoBofumoctd G MOXKHO BHI-
pasuTh uepe3 JAeHCTBUTE/bHbIE 3HAUeHHs1 eMKocTd C U NMPOBOLMMO-

¢t G ¢ nomoubo cooTHomeHHH [23]

Cy= ¢ , (1.2
(1 + GRy)* + (0RC)?
G+ Rs (G* + 0C?)
(1 4+ GRs)? + (02RsC)?

= (1-3)
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Caefyer OTMETHTb, yTo npu ®wR;C>> 1+ GR cnpaBennuBo npubJau-
xenHoe paBeHCTBO Cy=~1/C(0R;)2, 1. e. Cyu~1/C. Tlockoabky
C ~ V-2, nocnenoBatenbHOe COMPOTHBJIEHHE Rs 3JeMeHTa MOXKHO
OnpeleNuTh 1Mo Yray HakJoHa 3aBucumoctu Cy~? ot V.

3nauenus C u G Moryr GBITb PaCCYHTAHBl IO TNpPHUBEIEHHBIM
BHILIE COOTHOLIEHHsM ¢ nomombio IBM. M3 mnocrpoeHHEIX 3aTtem
zaBucuMocteit C~2 or V MoxHo HafiTn nud¢y3MOHHBIR NOTEHIHA
Vp, KOHUEHTpaluio JoHopHOH npuMmecn Np, tomunny W oGenHeH-
HOTO CJ0s1 ¥ HaNpsiKeHHOcTs nossi F B o6nacta mepexoxa — mapa-
MEeTpbl, BXOASIIME B pPsA YPaBHEHWH, YyCTaHABJUBAIOLUIHX 3aBHCH-
moctb Mexay C w V. DTu ypaBHeHHS HMEIOT NPOCTyIO Gdopmy
TOJILKO TIPH OJHOPOJZHOM paclpe/leNeHH MPOCTPAHCTBEHHOIO 3a-
psna. ITomumo 3TOoro ciayuasi BOSMOXKHBI M ApyrHe MPOQUIH pac-
npeliesleHns] NpOCTPaHCTBeHHoro 3apsina [15, 21], koropble moxa-
3aHbl Ha puC. 1.6,a—ec HapsiLy C COOTBETCTBYIOLIMMH TEOpeTHYe-
ckumu 3aBucumoctsimu C-2 or V. Ha puc. 1.6,a npexncrasiaeno
ONHOPOJHOE pacnpefeleHue 3apsina. s pacnpeneseHus, Mpuse-
JeHHOro Ha puc. 1.6,6 n XapakTepHOro M/ COJHEUHBIX 3JE€MEHTOB
Ha ocHoBe Cu,S — CdS, mpowenmunx TepmMoo6pabGoTKy, BBIMOJHS-
IOTCS CJIE€AYIOLIHE COOTHOUIEHHS:

aaicy 2 ' (1.4)
av eqNp
Vb =VD+(—2"8—) N ad?. (1.5)

3necy Vp* — Touka mepeceuyeHnss ¢ OCbIO HATPSIKEHHH HKCTPANOJH-
peBanHo# 3aBucumoctt C=2 ot V, Vp—Touka Ha ocu HamnpsKeHui,
COOTBETCTBYIOLIASl AU(GHYINOHHOMY TMOTEHIHAJy, €— AUdJIeKTpUYe-
CKasl IMPOHMIIAEMOCTb MOJYNPOBOAHKHKA, N4 — KOHLEHTpaIKs akK-
uentopHoit npumecu. Has HauboJee obiiero cayuasi, u3o6pakeH-
Horo Ha puc. 1.6,¢, Ilducrepepom [15] mosayuens ciaemyroinue co-
OTHOILEHHS:

We 2Ub=V) L p NE—Np—Na@=8 g
gNp Np
1w _ 2(Vp—V) 1 > Ni®—(Np—Ny)(@d*—¥8)
e egNp €2 e?Np ’

(1.7)
Vo=Vp— — = IN$*+ (Np—N,) (@ —8)—Npd®. (1)

Takum o6pasoM, ucnonbays pasinunbie GOPMbI MpeACTaBJICHHS 3a-
Biucumoctd C—2 ot V, MoxHO Hafitn sHaueHuss Vp, Np, Nao nau W.
Onpenensiss 3aBHcuMOCTL Np OT paccTosiHMs X 10 Hepexona, Ml
nojyyaeM nOpoQHIbL pacHpeleseHHst KOHIEHTpauuu npumecu [12,
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Puc. 1.6. Bo3moxHble NpodHAH pacnpefeneHHss NPOCTPAHCTBEHHOrO 3apsiia H
cooTBeTcTBYyOLIHE 3aBucHMocTH C—2 ot V

22]. Visamepus 3Hauenne Np, MOKHO ONpPENENUTH MOJOKEHHE YPOBHS
®epmu. Hanpsizkennocts nosis F B obsacti mepexola HaXOAUTCH
13 ypaBHeHus [19]

F(V)_‘ 2(VD‘V) . qNDW/(V) . (1 9)
W) € '

Vi3MepeHHsi eMKOCTH mepexoja MpPH OCBEIIeHHH M CHEeKTPaJbHOM
3aBHCHMOCTH €MKOCTH 20T OYeHb BayKHYIO HHQOpMALHIO O BJIHS-
unM TayGOKWX YPOBHEHl Ha XapaKTepHCTHKH mepexoia. Poropg
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u ap. [19] nposesn uccreloBaHHe €MKOCTH OCBEIIEHHOTO Mepexona
CupS — CdS u u3yuuau BIHSHHE CIEKTPaJbHOrO COCTaBa U3JyUeHHd
pa noje B o6jactu mepexoma. PaccmarpuBast COBMECTHblE JaHHBIC
[0 €MKOCTH OCBELeHHOT0 Mepexofa W MO CIEeKTPaJbHOH UYBCTBHU-
tespHOCTH (KO3 HIHEHTY coGMpaHusi HOCHTeJeH), aBTOPBl 3TOH
paboThl ONpeleHIn CKOPOCTh PeKOMOHHAIMK HA rpaHulle pasjena.

[Tpn uHTepnpeTaunu pe3yJbTaTOB H3MEPEHHH BOJbT-(apapHbIX
XapaKTePUCTHK HEOOXOAHMO YUYHTHIBATh 3aBHCHMMOCTb H3MEpPsSeMbIX
3HAUEHHH eMKOoCcTH OT ¢opMbl mepexona. Kospduuuent ypeauueHus
MJIOIIAAKH TE€Pexo/a, ONpelesieMblil OTHOLIGHHEM IJIOLIAAX pPeasb-
Horo mepexona?!) K mJoumazd 3JeMeHTa, B HEKOTOPHIX CAydyasX, Ha-
npuMep Y TOHKOMJEHOUHBIX COJHEUHBIX 3JEMEHTOB Ha OCHOBe
CuyS — CdS, u3rotoBisieMBIX «MOKpPBIM» MeronoM [15], Moxer
6biTh paBed 5...6. KosdduuueHt yBesnyeHHs MJIOIIAAH TEPeXona
yMEeHbLIAETCST MpW MOBBILEHHH OGPATHOrO HANMPSAXKEHHs CMEIleHHs
BCJIEACTBHE CIryIaXKHBaHusi objactu obbemHoro 3apsga. K auasno-
ruyHOMY 3¢ QeKTy NPHUBOLMT M MPOAOKHTENIbHAs TepMoobpaboTKa
[15, 20], B mpoumecce KOTOPOH yBeJnyHBaeTCs TOJLIMHA KOMIEHCH-
poBaHHoro cjosi CdS. Tlpu O66abmHX 3HAYEHHSAX KO3 (HIHEHTa
yBeJIMUEeHHs IUIOWAaAX Mepexofa yroJ HakjaoHa 3asBucuMoctn C—2
or V yBejquuuBaercsi, 1 nocje TepMoo6pabOTKH 3JeMEHTOB NaHHas
3aBHCHMMOCTb CMEIAeTcss B CTOPOHY BBICOKMX 3HaUEHHH BeJUUHHBI
C—? B GoJbllIelt CcTeNeHH, yeM B cayuae miaHapeoro mepexona. Cie-
JIOBaTeJbHO, 3HAUeHWe KOHIEHTPaluu Jerupymollel NpuMecH, Haifi-
JIeHHOE MO pe3yJbTaTaM €MKOCTHBIX K3MepeHHH, OKa3blBaercs 3a-
HUXKEHHBIM, a KoahduuueHT Auddhysun MeAH — 3aBbILIEHHBIM 10
CPaBHEHHIO C MX JEHCTBUTEJbHBIMH 3HaueHHsiMH. M3Mepenus Kosd-
¢dunnenra gudoysun Cu B CdS no sxcnepuMCeHTaJbHBIM BOJIbT-(ha-
pPafHBIM XapaKTePUCTHKAM COJHEUHBIX 3JEMEHTOB CO CTPYKTYpO#
CupS — CdS, npowenmux tepMoo6paborky, 6ul1H npoBenennl I1du-
crepepom [15], a takxke Xosanom u Cunrom [20]. OTk/IOHEHHE TpO-
¢buast pacnpeleseHdsi MPOCTPAHCTBEHHOrO 3apsilia OT MPSAMOYIOJb-
HOTO Take MPUBOAUT K H3MeHeHHio 3aBucumoctu C-2 ot V [15].
[Tducrepep [15] moguepxuBaer, 4To onpeaeNeHne KOHIEHTPALUH Je-
TUpYIOlledl NpHMecH, UCXOAs u3 3aBucumoctd C—2 ot V, oka3sblBa-
€TCsl HEBO3MOXKHBIM B JIBYX CJIyuasix: Mpu CJ0KHOH dopme mepexona
1 HeNpsiMOyTOJbHOM mpoduJe pacnpeigeseHuss MNPOCTPAHCTBEHHOTO
3apsza.

Hoifirpowen un ap. [17] npensoxuan meron ompeneseHust nudb-
(y3MOHHOH AJUHBI U BPEMEHH XXKH3HH HEOCHOBHBIX HOCHTEJeH ¢ HuC-
HOJb30BAHHEM E€MKOCTHBIX XapaKTepPUCTHK CTPYKTYp C p—Hn-lepe-
XOIOM, H3MEPSEMBIX MPH MPSMOM HaNpsiKeHUH cMelneHus. EMKocThb
Conp KBa3ueiiTpaibHOi 6a30B0i obiactu pt—n-cTpykTyphl (aHa-

1 ToHKOM/EHOUHble 3JeMEeHThl Ha OCHOBe reTeponepexofoB HMeIOT, Kak Ipa-
BHJIO, Pa3BUTHIH Muxpopeaved. — [Ipunm. ped.
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JIOTHYHBlE BBIBOAB CNPAaBEIJNUBH U IJSi N+—p-CTPYKTYpH) IIpH
NPSIMOM HAaNpSIKEHHH CMELIEHHsl PaBHa

Agn?

e A [exp (-5-)—1]- (1.10)
kT 2Np kT

3nece Np— KOHIEHTpalHs Jernpyouei npuMecu B 6a30Boil 06-
JacTH (ompexpessieMasi MO 3aBHCHMOCTH €MKOCTH OT HalpsXKEHHS
apu 06paTH0M CMeEIlleHNH ), L, — nnddysnonnas njiuHa HEOCHOBHBIX
HocuTeselt B 6a3e n-THHAa NPOBOAMMOCTH, A — Mjowaab nepexoxa.
Ecan Bennuuna Conp HafileHa 3KCIEPUMEHTAJbHO, TO H3 YPaBHEHHS
(1.10) moxuo onpenenuts Ly, a u3 cootnouwennss Ly= (Dptp)’/ —
BpeMsl XKH3HH HOCHTeJNell Mpu YCJIOBUH, YTO H3BecTHa BequunHa Dp.
Oanako B u3Mmepsiemoe 3HaueHue eMkoctH C nomumo Cons BXOIHT
PsAL APYTHX COCTaBJSIOLINX:

C:C1+C5+C56+CQNE+CQNB» (111)

CQNB:

TJi€ CHMBOJI S COOTBETCTBYET MOBEPXHOCTHOI obJsacTH, S¢ — 06JacTH
obbeMHOro 3apsina mepexona, QNE — kBasuHefiTpa/abHOH 06JacTH
JICTHPOBAHHOTO cJ0si, [ — HOHM3UPOBAHHBIM MpPHMecsiM B 006JacTH
NPOCTPAHCTBEHHOTO 3apsijia mnepexona. B mpubopax ¢ HM3KHMH 3Ha-
YEHUSIMH TIIOTHOCTH MOBEPXHOCTHBIX COCTOSIHMH H 3apsiga B NOBEPX-
HOCTHOM OKHCHOM cJoe BeanuunHO# Cs MOXKHO mpeHeOpeub; BesH-
unHbl Cone U Conp nponopunoHadbHsel [exp (¢V/RT)—1].

Hast Toro uto6 BhAeNHTh 3HaueHHe Conm, H3MEPEHHSI BOJBT-
dapagHBIX XapaKTePHCTHK MPOBOAAT KaK Ha OTHOCHTEJbHO BBICO-
KHX, TaK M HU3KHX yacroTax. CHTHAJ HU3KOH YaCTOTH BO3LCHCTBYET
Ha TMOJBHXKHbIE HOCHTEJH BO BceX 00/1aCTsX 3JEMEHTa, B TO BpeMs
KaK curtHaj OoJiee BBICOKOH YacTOTHl HE OKas3blBaeT BJHAHHUA Ha
HEOCHOBHBle HOCHTeNH 6a30BOH 006J1aCTH, BCJAEACTBHE Yero BKJal
Cqonp B NOJHYIO €MKOCTh npub6opa npeHe6pexkumo MaJ. IToxBux-
Hble Ke HocHtend, cBsizaHHble ¢ Cr u Cs, pearupys Ha BHICOKOYA-
CTOTHBIA CHTHAJ, NAalOT BKJaJx B U3MEPSEMYyI0 eMKOCTb. TakuM 06-
pasoM, €MKOCTb, XapakTepHas AJas KBasHHEHTpaJbHBIX obJaacTtei,
paBHa pa3HOCTH 3HAUEHWH €MKOCTH, H3MEPEHHBIX Ha HHU3KOH H BHI-
COKOHl wactore. DTa BeJHUYHHA OKka3biBaetcs paBHOH Cqonp NPH yc-
JIOBHH, YTO BPEMs KH3HU HOCHTEJEH T B JIETHPOBaHHOM cJIO€ 3Ha-
YUTEJBHO MEHbIIE Tp M YTO [AJS YaCTOTHl CHTHaJa | BBIIOJHSETCs
coorHomlenne Te<K (1/f) €1p. Buuncans Beanuuny Conp ¢ MOMO-
uiblo ypaBHeHusi (1.10), moxHo onpemennth BenaHunHy Lp. TpeGo-
BaHHe, OrpaHHYHBAlOIlee MPHUMEHHMOCTb DPacCCMOTPEHHOIO MeTOoZa,
COCTOUT B TOM, UTO €MKOCTb HeATpaJbHOH 6a30BOi 06/1aCTH NOJMKHA
COCTaBJIATh 3HAYHTEJbHYIO J0JI0 H3MepsieMoll o6uiell eMKOCTH IMpH-
60pa, MO3TOMY JaHHBI METOJ He MOXKET HCIO0Jb30BaThCs AJs HC-
cJie0BaHus npubopoB ¢ Manoil nHGQPY3HOHHOHR AJHHOHA HOCHTENEH
zapsia.
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1.2.3 EmKocTHas cnekTpockonus rnybokux yposHei

MeTox €MKOCTHOH CNEKTPOCKONHH IYGOKHX YPOBHEH NMO3BOJSET
ONpeNeNaTh SHEPreTHUCCKHE XaPAKTEePHCTHKH, KOHLEHTPAIHIO H ce-
YeHHe 3aXBaTa PEKOMOMHALHOHHBIX IIEHTPOB, CBSI3aHHBIX C IJy6o-
KUMH YDOBHSIMH B 3alpELIEHHOH 30He MOJYNPOBOAHHKOB [25—32],
a Takxe HIEHTH(HUHPOBATHL JOBYIIKH AJS HEOCHOBHBIX H OCHOB-
HHIX HocHTeJefl 3apaaa. Kpome TOro, ¢ HOMOIIbIO 3TOr0 MeTOAa
MOXKHO OOHApYXKHTh IEHTPH KaK H3JydyaTeNbHOH, Tak H 0e3bl3Jy-
4aTeJIbHOH peKOMOMHAIMH, 3aK/IOUYeHHble B LIHPDOKOM HHTEpBaJe
SHEPTHH BHYTPH 3alpeuieHHON 30HBI. /laHHBIN MeTox o6sanaer BhI-
‘COKOl 4YBCTBHTEJbHOCTBIO H paspeliamouieit crnocoOGHOCTbIO, M03BO-
JsetT 06Hapy:XKHBaTh NPHMECH Ha TJY6OKHX YPOBHSIX NMPH KOHILEHT-
pauuu, cocraBasoome 1074 ..10™° or koHIeHTpaluu NpHMecell Ha
MeJKHX YPOBHSIX, C pa3peliamuieii crnocoGHOCTbIO MO 3HEPrHH, MmpH-
6nusurenpHo paBHOW 0,03 3B. Kpome toro, Meron naetr BO3MOXK-
HOCTb OMNpene/NeHUs] MPOCTPAHCTBEHHOI'O paclpefieseHHs NpHMeced,
obpasylomux ray6okue ypoBuu. Hakowen, B OTIHYHE OT TOro, YTO
peanuayeTcss AJs APYTHX TEPMOCTHMYJHPOBAHHBLIX METOJOB H3Me-
PCHHSI TMapaMeTPOB IJIy6OKHX YPOBHEH, BeJMUHHA BBIXOJHOTO CHI-
HaJa He 3aBHCHT OT CKOPOCTH HarpeBa HJIM OXJa)KJIeHHs obpasia.
MaxkcumyM aMIJIMTYABl CHrHaJa HabJaofaerTcs Bcerga INpH ORXHOH
M TOH XKe TeMIepaType, H ero BeJUUYHHA OMNpPENe]seTCs TOIbKO Ya-
CTOTOH, Ha KOTOPO# NMPOBOAAT U3MEPEHHs.

Ha puc. 1.7,a nokasaHa 6J0K-cXeMa YCTAHOBKH [JIsl IpOBeje-
HUS H3MepeHHH mo naHHoMYy MeTony. CHHXPOHHBIH YCHJHTETb HEPUO-
JINYECKH, B pexXHMe HMIYJbCHOTO HampsXKEeHHs CMeUleHHs, BKJIO-
yaer U3MEpPHTENb BOJbT-(papaiHbIX XapaKrTepHCTUK. Ecau B oben-
HeHHo#i o6Jsactu o6pa3ua, comepxKallero p—n-nepexon Hin 6apbep
IlorTkH, HMeoTcs r1y0OKHe NPHMECHBIE YPOBHH, TO NMPH NOMOIILH
CHHXPOHHOrO YycHJHTeNss OOHapy:KHBaeTCs MEepeXOAHBI mpolece,
XapaKTepU3yIoUHUics 35KCNOHEHIHAJLHEIM H3MeHeHHEeM eMKOCTH.
AMNIHTYRa H3MepsieMOro CHTHaJa MNPONOPLHOHAJIbHA KOHLEHTpa-
LUHH mpuMeceil Ha IyOOKHX YPOBHSIX, a MOCTOSIHHAS BPEMEHH mepe-
XOZHOTO MPOLECCa 3aBHCHT OT BEPOSITHOCTH OIYCTOLIEHHUS JIOBYIIEK
B pesysabraTe TepMosMuccud. Ha puc. 1.7,6 cxemartnuecku uszobpa-
JKCHbl CHHXPOHH3HPYIOUIMH CHTHAJ H CHTHaJ, MOCTYNAaWHi Ha
BXOJ CHHXPOHHOro ycuiaurensi. Kamepenuss npoBoasitcsi Ha (HKCH-
POBaHHOH uYacToTe mpH TeMmmepatype obpasua, H3MeHsIOMIEHCs OT
TeMrnepatypsl kuakoro asora (77 K) mo xkomHatHOi u Bwiue. ITpH
ONpeIe/]eHHOl TeMmepaType, KOrja CKOPOCTb ONYCTOLIEHHS JOBY-
IIEK COOTBETCTBYIOIIHM 06pa3oM COrJjacyercs ¢ 4acTOTOH H3Mepe-
HHH, aMIJIATya CHrHaJa JOCTHI'aeT MaKCHMaJbHOro 3HaueHHs, KO-
TOPOe MPONOPLHOHAJILHO MJOTHOCTH JIOBYIIEK. TakuMm o6pa3oMm, H3-
MepeHHe TeMIIepaTypHOH 3aBHCHMOCTH CHTHaJa MO3BOJISIET HIEHTH-
¢uuHpoBaTh JOBYIIKH, 0O0YCJIOBJHBAOLINE MNEPEXOAHBIH Mpollecc.
Cnexrp ray60KHX YpOBHEH, KOTOPBIH COOTBETCTBYET TEMIIEPaTyp-
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Puc. 1.7. Baok-cXema yCTaHOBKH AJsI U3MEPEHHH IO MeTONY eMKOCTHOH CrekTpo-
CKOMHH TAyGOKHX ypOBHell (@) M cxeMaTHuecKOe H300paxkeHHe BECOBOH (YHK-
UMM H CHTHAJa Ha BXOJE CHHXPOHHOro ycuauteas (6) [26].

HOH 3aBHCHMOCTH BBIXOJHOTO CHIHaJla CHHXPOHHOIO YCHJHTeNs, pe-
TUCTPHPYETCS € MOMOLIBbIO IBYXKOODAMHATHOIO TIPadomnoCTPOUTENS.
Tunuunble cnekTpbl T1yGOKHX YpoBHeH [27] mOJHKpHCTATIHYECKHX
ssemenTos ¢ rereponepexomgom CuxS—CdS nokasanwl Ha puc. 1.8, a.
‘VYacTKH, COOTBETCTBYIOIIME JOBYIIKAM pasJUYyHOro THHa, o603Ha-
yednl cuMBoaamu B, D u F.

DHeprui0 aKTHBAIMH JOBYIIKH MOXHO OMNPeNeJHTb HCXOAA H3
TOrO, YTO TPH H3MEHEHHH AJHUTENIbHOCTH HUMIyJbca I MOJOMKEHHE
MAKCHMyMa aMIUIHTY[bl BBIXOJHOrO CHTHaJja cMellaeTcs B IPYryio
temnepatypuywo ob6aactb [26]. Ecnn ceuenne 3axBata JIOBYLIKH He
3aBHCUT OT TEMIEPATYPHI, TO CKOPOCTb OMYCTOLIEHHS JOBYLIKH TpH
TeMIepaType, COOTBETCTBYIOLIEH MaKCHMyMYy aMIIMTYABI, paBHa

NcOVt AE ,
0= —_—. 1.12
p eXp( oT (1.12)

31aech g— cTeneHb BHIPOXKIeHHs1 ypoBHS; N, (uaum N,) —adodex-
THBHAS MJIOTHOCTb COCTOSIHUH B 30HE, C KOTOPOH B3aUMOAEHCTBYIOT
HOCHTEJIH, 3aXBayeHHbIE JIOBYIIKAMH, 0 — CeyeHHe 3axsara; V;—
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TEMJIOBasl CKOPOCTb M AE — 3Heprusi axkTHBauuu JaoBymku. Ilo-
CKOJIbKY mpousBefienne N:V: npomopuuoHainto T2, 3HEpPruio akTH-
BalMH JIOBYIIKH MOXKHO HaHTH, HCNOJb3YyH rpaduKu 3aBHCHMOCTH
lg(e/T?) ot 1/T. 3aBucumocty e/T? or 1/T nJd HECKOJbKHX THIIOB
JIOBYLIEK, XapakTepHBIX [Js MNoJHKpucrasauyeckoro CdS, upen-
cTaBjeHbl Ha pHuc. 1.8, 6 [27]. Ha npakTuke Bennuuna e, pasnast 1/t,
OnpenessieTcs ¢ MOMOIIbID COOTHOLIEHHs [26]

Lz%ACOexp(—%)[l—exp(— ;" )]2 (1.13)

3aech L — BBIXOZHOH CHTHAJ CHHXPOHHOro ycuauteas, G.— Koad-
(GUIMEHT YCHJIEHHS U3MepHTeast eMKOCTH, G — Ko3QPHULUEHT yCH-
neHus ycunutend. ®uanveckuft cmuica Beauuun Tq, Ty U1 AC, no-
acHdaer puc. 1.7, 6. TlocTosiHHass BpeMeHH Tp MepeXOAHOTO Mpolecca,
COOTBETCTBYIOIEI0 MAKCHMAJIbHOH aMILJIUTYHE BBIXOJZHOTO CHUIHAJa
CHHXDOHHOTI'0 YCHJIMTEJS, BXOAUT B COOTHOIIEHHe [26]

-0

) e O ) | o e
(1.14y

M3 (1.13) u (1.14) caenyer, uTo BequuuHa e (WJIH Tp MEPEXOLHOTO
npouecca) npd TeMIepaType, xapaKTepHOH IJd MakcHMyMa aMI-
JIUTYIBI, onpenessercsa 3HaueHussmu 1s u Tq.

Ecau pautensHOCTh HMIyJIbCA OCTATOYHA AJIs 3AMOJHEHHs BCEX
JIOBYILIEK, pachnpejiesJeHHe KOHIEHTPALMH JOBYIIEK U JETHPYIOULIHX
npuMecefl MPOCTPaHCTBEHHO-OAHOPOIHO H AJS KOHIIEHTPALHUH JOBY-
mwex Nr BelnosnHsiercsi cootHouieHne Nr<KNa—Np, T0

Np=2(ACy/C)(N4—Np). (1.15)

Tq
Tp

3nece AC) — H3MeHeHHe €MKOCTH K MOMEHTY MpeKpalleHus Mopaun
MMIYJbCa HanpsiKeHUs cMenlenusi, C — eMKOCTb npu o6paTHOM Ha-
nps:keHUn cmemteHus, (Na—~Np) — pesyabTupyonias KOHIEHTpPA-
¥ Jerupymomux npuMmecel. Beanunny ACy MOXKHO ONpeNeanTh MO
M3MEPEHHO! BHICOTe MHKAa Lmax [25] myTeM noacraHoBKH B ypaBHe-
uue (1.13) snaueHus tp, HaiiieHHoro u3 ypasHenus (1.14).
CKOpOCThL 3aMOJHEHHS JIOBYIIKH BXOAHT B ypaBHeHue [26]

N () =Ny [l—exp (—ch)]. (1.16)

3necb N (f)— KOHUEHTpaumHs JOBYIIEK, 3alOJHEHHBIX NPH MOfaye
MMITy/IbCa HANPfAXKeHUs IJHTeNbHOCTbIO f, Nr— cyMMapHasi KOH-
LeHTpanua JjoBymeK. 3HaueHus N (f) HaxomsiTcs MO pe3yabTaTaM
M3MePEHHs BBICOTH MHKOB NMPH Pa3JUYHONR NJIHUTENbHOCTH HUMIYJabCa
HanpaAXeHus, npu 3ToM N(f) COOTBETCTBYET MJHTENbHOCTH HM-
nyJbca, obecreunBamwllell HachllleHWe Bcex JoBylieK. ['paduk 3a-
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sucuMoct [Nr—N (£)]/Nr ot { nosBossier onpefeJuTb 3HauYeHHE C,
KOTOpO€ HCIOJb3yeTcsi 3aTeM IS HAaXOXKIEHHs CeyeHHs 3axBara o
JIOBYILIEK, BXOASILEro B cooTHolenne ¢=coNV;. Ha puc. 1.8, 8 npen-
craBieHsl Npr u N(f), BbpaxkeHHble uyepe3 H3MEHEHHS EMKOCTH
AC(o0) u AC(t). Ilpu monave ummyJsbca HampsKeHHsd, COMPOBOXK-
Jlaolerocs HHKeKUHedl OCHOBHBLIX HOCHTesel, KOHueHTpauus N uH-
JKEKTHPOBAHHBIX HOCHTENEH paBHA KOHIEHTPAUUH Jernpyoilei npu-
Mecu. Ecau UMOynbc HamnpsKeHHsi BbI3HIBAET HHIKEKIHIO HEOCHOB-
HBEIX HOcHTeJell, BeauuuHy N omnpenesuTh TPYIHO.

B Tom cayuae, korpa mnopm melcTBHEM COOTBETCTBYIOLIEIO HM-
Ny/abCa HAaNpsKEHHUs HHXKEKTHPYIOTCS TOJNBKO OCHOBHBIE HOCHTEJH,
o6paTHOe HamnpsikeHHe CMeIleHHss W TOJIIHHAa O6GelHeHHOH o00Ja-
CTH yMeHblIAOTCSA. Ecin (MPH MHXKEKIHU MO NefCTBHEM CBeTa HJIH
IPSIMOro HampsiKeHHS CMeLleHHs) BBOLATCS KAK OCHOBHBIE, TakK H
HEOCHOBHBlE HOCHTEJH, TO OTHOUIEHHE HMX KOHIEHTPauHuil onpenes-
€TCSl BEJIHUHHOH IPOXOASIIEr0o TOKAa. B yCJOBHUSX BBICOKOTO YPOBHS
MHXKEKLIUH 3TO OTHOUIEHHE CTPEMHUTCS K €IHHHIE U KOHIeHTPalHsd
3aXBAYEHHBIX JOBYIIKAMH HEOCHOBHBIX HOCHTesJell mnpHOJKaeTcs
K @HeoCH [(gHeOCH | gOCH) (CjeqyeT OTMETHTb, UTO H3MepDEHHdA ceye-
HHs 3aXBaTa HEOCHOBHBIX HOCHTeJiell O0OBbIYHO CBSI3aHbl C OOJbIIAMH
TPYAHOCTSAMH, a TIOJyyaeMble Pe3yJbTaThl MeHee H0OCTOBepHbI [26].

1.3 WHNccnepoeaHue xapakTepucTUK MaTepuanos

B atoM paspmese Mbl MO3HAKOMHMCS C PasjMYHBIMH COBPeMeH-
HBIMH 3KCIEePHMEHTaJbHEIMH METOAAaMH H3Y4YEHHSI CTPYKTYPHI, CO-
CTaBa, a TaKxke 3JEKTPOHHBIX, ONTHYECKHUX U ONTO3JeKTPOHHBIX
CBOHCTB MaTepHaJIOB, MPUMEHSEMBIX AJS H3TOTOBJICHHA COJHEUHBIX
3J1eMeHTOB. [I0CKOMBbKY B cBoeM GOJIbIIMHCTBE 3TH METOAHB SIBJS-
IOTCSl CTAHAAPTHBIMH H IIHPOKO HCHOJB3YIOTCSA YXKe Ha MPOTAXKEHHH
psna Jetr, Mol He OyJLeM paccMaTpuBaThb dKCMEpPUMeEHTaJbHLE yCTa-
HOBKHM M mpHOOpH, a COCPefOTOYHNM BHHMAaHHE TOJBKO Ha TOM, Ka-
KOro pojaa HH(OPMANUHIO MOXKHO MOJYYHTb C HX IOMOILBIO.

1.3.1. CTpyKTypHble XapaKTePHCTHUKH

3HauuTebHOE BJMsSHHE HA ONTHYECKHE M 3JEKTPOHHbIe CBOMi-
CTBAa TOHKHX NJIEHOK OKa3blBAlOT CTPOEHHE HX KPHUCTaJJIHUECKOH pe-
IIETKH W MHKPOCTPYKTypa. AHAJOrMYHBIM 06pPasom OCOGEHHOCTH
CTPYKTYypbl Ha TpaHHIe pasfgejga p- u n-objacreit onpenessioTr
3JICKTPOHHBle CBOWCTBa 3JEKTPOHHO-IBIPOUHOTO mepexona. Paspa-
0oTaH psii METONOB HCCJEeI0BaHHUs MOPGHOJIOTHH, KPUCTANIHUECKOH
CTPYKTYpHl U Ae(QeKTOB B PasJUUYHBEIX 00/1acTaX 00'beMa CONHEUHBIX
3JIEMEHTOB M Ha TpaHHle pasjena cjoeB, obecHeunBaroUUX OUYEHL
BBICOKYI0 Pa3pelIaouy0 CHOCOOHOCTh, BIIOTh A0 aTOMHBIX pa3Me-
POB, XOTA 3TO JOCTHTaeTcs 3a CUeT yMeHbleHHs ofliell MJomanu
Hin obbema HccaenyeMolt obiacTh MatepHaja. B GosbliMHCTBe
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cayd4aeB Heo6xoguMmylo HHGMOpPMauHI O CBOMCTBax MaTepuaza
MOXHO MHOJYYHTh NPH HCIOJb30BAHHH METOAOB, 00JaJalolIHX HH3-
KOH paspelraronieli crnoco6HOCTBIO, HO MO3BOJSIOIIMX H3yyaTh 06Ja-
cTi 6oJbIIOr0 pa3Mepa, B COYETAHHHM C MeTOfaMH, obecreunBaio-

LIMMH BBICOKYIO Da3pelIaloiylo CioCOOHOCTh MPH H3YyUeHHH MHKPO-
06 BbEKTOB.

1.3.1.1 UccnenoBaHns KpMUCTanAMUECKOW CTPYKTYpbl

Meroapl penrrenorpacdun [33—37] otHocATcst K Hambosee TOU-
HEIM MeTOAaM HCCJEeN0BaHHST KPUCTAJNIHYECKOH CTPYKTYPH TBepJIbIX
rea, He TpeOyIOUINM, KaK MPaBUJIO, THIATEJNbHOH MOATOTOBKH 00-
pasiua, 4, 4To 0co0€HHO BaiKHO, SBJASIOTCS HepaspyllarouuMu. ToH-
KHe MOBEPXHOCTHHIE MJEeHKH ToJimuHoll fo 100 HM MoryTt usyuatbcs
C npUMeHeHHeM 3JekTpoHorpaduu [38—40], oaHako mpouecc MOA-
roTOBKH 00pasiia 0Ka3elBaeTCs [0BOJBHO CA0XKHEIM, TaK KaK MJEHKY
He06XO0IHMO OTAENHThL OT MOAJOXKKH H YKPENHUTh HA CETYaTOM Jep-
’KaTeJsle 3JeKTPOHHOTO MHKpockoma. s uccnenoBanus 6ojee TOJ-
CTHIX MJIEHOK MOXKHO HCINOJb30BaTh THMPAKIMIO 3J€KTPOHOB BBICO-
KHX SHepruil. AHanns nudpakuUOHHBIX KAPTHH, NOJYYaeMbIX STHMH
METOfaMH, M MX CPaBHeHHe cO CTaHZApTHBIMH paHHbIMH ASTM
(AMepHkaHCKOro oOlIeCTBA MO HCIBITAHHIO MaTepHAJoB) I[03BO-
JSIOT BBISIBUTL pasJ/iMuyHble KpHCTaJdJauyeckue ¢tasbl B IJIEHKE, HX
OTHOCHTEJILHOE COJIEpIKAHUE, MAPAMETPHl KPUCTAJNIHUECKOH pelleTKH
H OpeUMyllecTBeHHYI0 opHeHTauuio. Ilo mupune nudpakuHOHHBIX
MOJIOC MOXKHO ONMpENEJHTb CPEIHHil pa3Mep 3epeH B maenke [33].
OTHOCHTENIbHO HOBBIH METOJ HCCJAeNO0BaHHA KPHCTaJJHYecKOH
CTPYKTYPBl C TPOCTPAHCTBEHHBLIM pa3pellleHHeM OKoJo | MKM, oc-
HOBaHHBII Ha aHaJd3e IIPOLECCa KAaHAJHPOBAHUS 3JeKTPOHOB [41],
rpefyeT HCIOJb30BAHUSI PAcTPOBOIO 3JEKTPOHHOTO MHKPOCKONA.
O6myo KapTHHY KPHCTaJAJHYECKOH CTPYKTYPbl MOXKHO TNOJYUHTH
NyTeM H3MeHeHHsl HampaBJeHHS MajeHus 3JEeKTPOHHOTO Jyya [aJs
(buKcHpOBaHHOH TOYKH Ha mnoBepxHocTH obpasua. IlpocBeunsato-
LIMH PacTPOBBbIHA 3JEKTPOHHBIH MHKPOCKOI MO3BOJSET H3yuaTh obJa-
CTH CTPYKTYypbl pazmepoM 5...10 um.

1.3.1.2 UccnepoBanne MHUKPOCTPYKTYpbI

Hast u3yueHHss MOPGOJOTHH W CTPYKTYPHl (OTOJEKTPHUECKHX
npubOpoB HapPAAY C MPOCTHIMH METOLAMH ONTHYECKOH MHKPOCKO-
nuu — HabJI0JeHUsT B OTPAXKEHHOM H MPOXOMSIIEM CBETE — MOTYT
NPUMEHATLCA METOABl HHTep(hepeHIIHOHHOTO H (a30BOro KoHTpacra
[42, 43]. Meton CKaHHPOBaHHs MOBEPXHOCTH COJHEYHOTO 3JeMeHTa
CBETOBHIM MNATHOM MOXKHO HCIIOJNb30BaTh AJA HCCJAeIOBaHHA 3Je-
MEHTa HeNOCPeACTBeHHO B paboueM pexxume. OmHako Bce OmTHYe-
CKHe METOJbl HMEIT HEBHICOKHil Tpeles] pa3pelleHHs, OrpaHHueH-
HBIl HECKOJBKHMH JIECATBIMH JOJSIMH MHKPOMETPA.
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CyuiecTByer HOBOJBHO MHOTO 3JEKTPOHHO-Ty4YeBHIX MeETOMOB,
o6ecnieulBaIONIMX TOBHIIEHHYIO paspeuanollyo cnoco6Hocts. Han-
OoJlee BBICOKOH HH(POPMATHBHOCTHIO 06GJajgaeT MeTOA pPacTPOBON
3JIEKTPOHHOi MHKpockonuH. Ero pocromHcTBamm sBJasiorcs obec-
neueHHe GOJIbIIOTO PACCTOSIHUSI MEXKIY CHCTEMOH MArHMTHBIX JIHH3
Il TIOBEPXHOCTbIO 06pasua, yto yAo6HO s paboTH omeparopa, H
BO3MOXKHOCTb HENOCPENCTBEHHOrO H3y4eHHs NPaKTHUECKH JI000i#
cBOOOHON NMOBEPXHOCTH. PacTpoBbie 3/1eKTPOHHBIE MHKPOCKONB MO-
ryr paGoraTh B HeckoJbKuX pexkumax [38]. Uamre Bcero muccaeny-
eTcsl u3o6paxeHue, GOpMHPyeMOe C MOMOUILI0 BTOPHUHBIX 3JIEKTPO-
HOB; MPH 3TOM OGecleuHBalOTCs Npenes pasperieHus MeHee 10 HMm,
NpaKTHYECKH HeOTrpaHHUYeHHas IJy6HHA NPOHUKHOBEHHS MOJISt H Bbl-
COKM# KOHTpacT H306parK€HHs1 OCHOBHBIX COCTABJSIOIIMX COJIHeY-
HOro 3JieMeHta [44—A47]. TIpu McCnONb30BAaHHM OTHOCHTEJNBHO MPO-
CTOTO AOMOJIHUTEJBHOrO 060PYIOBAHUS MOMKHO DPeTHCTPHPOBATH OT-
pPa’KeHHble 3JIeKTPOHBI H KAaTOHOJMIOMHHECIEHIWIO, UYTO I03BOJSeT
H3yyaThb H3MeHeHHe cocraBa H ofecneunBaer 6oJiee KOHTPaCTHOE
H3o0paxente pasanunbix (a3. KapriHa pacnpefeneHus Toka, BO3-
OyxKnaeMoro 3JeKTPOHHBIM JydoM [4D], a Takxke H3oOpaxkeHHe, IO-
Jyyaemoe METOAOM BOJIbTOBA KOHTpacra [48], naroT HaraspHOe npen-
craBjJeHHe 00 3JEeKTPOHHBIX Impolieccax B npubope. Bo3aMoxkHbe
BHAB MH(pOpPMaIKH, MoJyyaeMoii IpH Pas3HUHBIX peXUMax pPaboTH
PacTpoOBOro 3JEKTPOHHOTO MHKDOCKOINA, NpeactaBseHbl B Tabu. 1.1,

IlpocBeunBaomye 3JeKTPOHHblE MHKPOCKOMNBI objanaior GoJee
BLICOKO# paspeliamoiiefi CnocOGHOCTbIO N0 CPABHEHHIO C PacTpo-
BBIMH MHKpockonaMH., OJHakO TpH HCNOJb30BAHHH INPOCBEUYHBAIO-
ILMX 3JEeKTPOHHBIX MHKPOCKOINOB HEOOXOIHMO NMOJATOTOBHTb 06Pa3Ilbl
TosmuuHof MeHee 100 HM. B ToM caydae, Korma ucciaenyemblii dJe-
MEHT HMeeT MHOTOCJOHHYI0 CTPYKTYpY, NPHTOTOBJeHHe o0Opasua
npeacTaBjsieT COO0H NOBOJBLHO CJOXKHYIO NpoGJeMy; OJHAKO eClH
3TO NMPeNATCTBHE NPEOJOJEeHO, TO JAeTald CTPYKTYPhl 06pasina MOXKHO
U3yyaTh C paspelieHneM, NOCTHUTAIOIIUM aTOMHBIX pasMepoB. B mo-
CleJlHHe roibl pa3pa6oTaHbl OPHTHHAJbHbIE METOABl IIPHTOTOBJEHHS
006pasioB, KOTOpble MO3BOJAIOT HCCJAeN0BaTh MOPGHOJOTHIO H Ie-
(deKTH CTPYKTYpbl Ha TpaHHIle pasjesa JABYX CJOEB W B aKTHBHOMN
obnacru snemeHta. Ilpu paccMOTpPeHHH COOTBETCTBYIOLIHX METONOB
noJsyyeHus o6pasua AJs HJIANIOCTPALUH OYAYT NPHBEAEHBI IPUMEDHI,
CBSI3aHHble C HM3yYyeHHeM TOHKOIJIEHOUHBIX COJIHEUHBIX 3JIEMEHTOB
¢ reteponepexonom CusS — CdS.

Ilpu uccaenoBannu mMopdoJorun rpannysl pasgeaa CusS — CdS
cJoii cysnbdHura MeXd MOXKHO YIAJHUThb TpPaBJIEHHEM B pacTBOpe
KCN, a 3ateM c nOMOILIbIO BTOPHYHBIX 3JIEKTPOHOB MNOJYYHTH H3006-
pakeHHe OOBIYHO 3aKPHLITOH NOBEPXHOCTH CJOS CYJbdHAA KagMHA,
LOKa3aHHOe Ha puc. 1.9, a.

ITnenky CuS MOKHO mHOMYyYuTh, OTHENSSI €€ OT NOMJIONKKH H3
CdS [49] nyrem Mmensennoro ypa;ienns CdS ¢ momombio XuMHue-
CKOTO TPaBHTEJIs, B COCTAB KOTOPOI'O BXOAST, HANIPUMeEP, OJiHA YaCThb



koHuentpuposansoi HCl u
nBe uyactn Hy0. Coasnas
KHCJI0TAa B IIepBYI0 Ouepelb
paspywaer caoit CdS Ha
rpaHHIe C MOMAJOXKKOH M 3a-
TEeM TMOCTeNeHHO pacTBOpAET
€ro MOJHOCTBIO, a CBOOOAHAf
niaeHka CusS octaercsi Ha
nosepxHoctd pacrasopa. Or-
IeneHHylo mieHKy CusS yk-
pemIsIoT Ha ceT4aTod IOX-
JIOXKKe, TPOMBIBAIOT, cyliarT,
a 3areM M3ydYawT B INPOCBE-
YHUBAIOIIEM HJM pPacTPOBOM
3JIEKTPOHHBIX ~ MHKPOCKOTIaX.
IIpuroroBneHHbIe TaKUM
cocobom  o6pasunt  CusS
MOJKHO TaKxXe HCCJAeI0BaTh
Ha  ONTHYECKyI0 mpo3pau-
HOCTb. V3o6paxkeHHe CBO-
6onHoit maeHkH Cu,S, moJay-
YeHHOE C MOMOIIbID PacTpo-
BOT'O 3JIEKTPOHHOTO MHKPO-
CKONa, IpHBEIeHO Ha pHC.
1.9, 6.

Eme oann crnoco6 npuro-
ToBJeHHst 06pasuoB [49] co-
CTOHT B TOM, YTO TOHKOILIe-
HOuHBIH a2aeMeHT CuS—CdS
C MOMOLIBIO KOMIayHma MpH-
KJIeHBAaOT K  CTeKJSHHON
I/1aCTHHE MIOBEPXHOCTHIO
CugS BHu3. IToaJoxkky, B He-
KOTOPBIX  CJy4yasiX BMeCTe
C npuJaerarouled K Hed uya-
crbio  maeHkn CdS, ocro-
poxkHO otcaauBawT. Heot-
JeJVBIIYIOCS 4YacTh IJIEHKH
CdS  3arem  pacrBopsIOT

Puc. 1.9. MHKPOCHHMKH, HOJy4eH-
Hble C TOMOIIbIO PACTPOBOrO 3JEKT-
POHHOTO MHKDOCKONA; @) IOBEPX-
Hoctb pasgena CupS—CdS nocae
ynanenus CupS TpaBaennem B KCN;
6) cBobopHast miaeHka Cu.S, orie-
neHHas ot ajgeMeHta CupS — CdS:!
6) mOmepeyHoe CeyeHHe  IJIEHKII
CUzS'
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Tabauya 1.1. Xapaktep nojyuaemoit HHOODMALMH NPH Pas3IHUHBIX
peXXMMaX paGoThl PacTPOBOTO 3JIEKTPOHHOrO MHKpockona [38]
TIpocTpaHCcTBeH-
Bug TlonyuaeMas Hast
Pexum perucTpHpyemMoro nHGOpMALHS paspematouast
CHrHaJa CNOcOGHOCTD, HM
Orpaxenne OTpaxeHHbIe Cocras, KpHCTa/JIH- 102
3J1EKTPOHBI yecKasi CTPYKTypa
Omuceusa Bropuunble Tonorpadus, Hanps- 102
3/1eKTPOHBI JKeHHe, ~ MarHHTHOe 103
" 3JIeK TpHuecKoe
noJIst
JiroMHHecHeHIH s ®OTOHBI Cocras 102
[TpoBopuMocTD Toku B o6pasue | IIpoBogMMOCTL B pa- 102
GoueM pexHMe
[Tor/iomenHe Toxu B morvio- Tonorpadus 103
maromem obpasue
Penrtrenosckoe PenTtrenosckoe CocraB 103
H3J1yueHHe H3JyueHHne
ITpocBeunBanne Ipomenmune snex- | Kpucrajanvueckas 1...10
TPOHBI CTpYKTYypa

B HCl, B pesyabrate uero ocraercs miaeHka CuyS, npukieennas
K cTeKasiHHOM muactue. [Tomyuennyo naeHky CusS MOXKHO Hccie-
AOBATH C TMOMOIIBIO PacTPOBOrO 3JEKTPOHHOTO MHKPOCKOIA.

Ilns wusyuenuss momepedHoro ceuenust mepexona CupS— CdS
3JIEMEHT MpelBapUTEIbHO MOKDPHIBAIOT CJ10eM KOMIayHJAa HJM MOJH-
3GUpHOH CMOJIOH, mocje 4ero aesaercst MomnepeuHslii paspes. Has
TOr0 4TOGB! YCTPAHUThH MOBPEXKAEHHBIN CJI0f B 06JacTH' paspesa, 006-
pasupl UHGYIOT ¥ NOAUDPYIOT. 3ateM cBoGoaHYI0 noBepxHocTh CdS
tpassr B pactBope | u. HCl—2 u. H,O, ynaasiga npu atom c¢ mo-
JaupoBaHHO# moBepxHoctH CdS cj0fi TOJMILMHOA HECKOJIbKO MHKPO-
MeTpOB, 4TO MO3BOJIseT N0OUThCS OoJiee 4ETKOTO H300parKeHHs CJost
CuyS u obaacTu mepexofa NPH HCCAENOBAHHH B PACTPOBOM 2JIEKT-
POHHOM MHKpOCKome. MHKDPOCHHMOK 3TOr0 00pasia, MOJyYeHHbIH
C NOMOIIbI0O BTOPHYHBIX 3JEKTPOHOB, NpeicTaBjeH Ha puc. 1.9, 8.

ITockoJIbKY B OOBIYHBIX TOHKOIJIEHOYHBIX 3JeMeHTaX Ha OCHOBe
CuyS — CdS rommuna caos CusS mana (~200 um), aias yseau-
yeHus1 3P (HeKTUBHOM TOJILMUHBL CJI0S NMpH HAOGJIIONEHHH B MHKDPOCKOI
B HEKOTOPBIX CJYyyasX CO3LAIOT KOCOH WIIH( IOA OYeHb MAaJbIM yr-
Jom k mepexony CusS — CdS. ¥V 06pa3uoB ¢ KOCHM WAU(OM CTPYK-
Typa mepexoja HCCleNoBaJiach ¢ MOMOLIBIO PaCTPOBOrO 3JEKTPOH-
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HOro MHKDOCKONA MeTOAOM BOJbTOBa KoHTpacra [48] u mpu BO3-
OyKIeHHH KaTojnoJsoMHHecleHuun [47]. Creayer Takxke yHmOMSIHYTb
pa6ory Tuumapuma u ap. [50], koTopsle a5t MOMyYeHHs TOMEPEUHbIX
CEUEHHH HECKOJbKHX MHOTOCJOHHBIX reTePOCTPYKTYP BIEpBble MpH-
MEHHJIH MeTOJ YTOHbLIEHHs] 06pa3mOB ¢ NOMOLLbIO pasGphI3THBAE-
MOr0 XHMHYECKOr0 peakTHBa H MPH HCIOJb30BAHUH PacTPOBOTO
3JICKTPOHHOTO MHKPOCKONA MOJYYHJIH MHKPOCHHMKH Je(heKToB Ha
pPa3/HYHHIX TPaHHIAX pasjena.

W nakonen, HeoOXOZHMO OTMETHTh, UTO HamboJiee BaKHbIE JO-
CTOHHCTBA TNPOCBEYHBAIOUIETO pPACTPOBOrO 3JEKTPOHHOTO MHKPO-
CKOIa, B KOTOPOM COYETaloTcss 0COGEHHOCTH KaK MpPOCBEYHBAIOLLEro,
TaK U pPacTpPOBOr0 MHKPOCKOIOB, 3aKJI0OUAIOTCS B BO3MOXKHOCTH €r0
HCNOJb30BAHUSA B PEKHMAaX NMPONYCKAHHS H CKAHHPOBAHHHA, a TaKxke
B 60Jiee BHICOKO# O CPABHEHHIO C PACTPOBLIM JEKTPOHHBIM MHKPO-
CKOIIOM pa3pellaoliell CIOCOGHOCTH NPH HCCAEIOBAHUH TOBEPXHO-
CTH U B BO3MOJKHOCTH IOJYYEHHSI 3JEKTPOHOI'DAMM H IPOBELEHHS
aHa/M3a XUMHYEecKOro cocTaBa obJacTelf Majoro pasmepa
(5...10 um).

1.3.2 AHanua cocraBa Martepuanos

®du3nyeckHe METOAR HCCAENOBAHHS COCTaBa MaTepHAJOB HT-
patoT 6ojee BaXKHYIO pPOJb [0 CPABHEHHIO C METOLAMH XHMHUYECKOro
anasnusa. Ocobbifi HHTEpeC NPEACTABJSAIOT T€ H3 HHX, KOTOPbie MOTYT
OBITh HCMOJB30BAHBI JJIsI M3YUeHHS TOTOBBIX IPHOOPOB.

B ocHoBe psifia MeTomOB JIeXHT NOJy4YeHHe XapaKTePHCTHK JIH-
HefluaThlX CIIEKTPOB PEHTTEHOBCKOTO H3JyueHHs. PeHTreHoBcKoe
U3JyyeHHe ¢ NUCKPETHBIMH (/yOpecHeHTHBIMH crekTpaMu [51] uc-
MyCKalOT aTOMBI BeLIeCTBAa, BO30Oy:KJaeMble JKECTKHM peHTIeHOB-
CKHM H3JyueHueM. [[aHHBI Meroj, OAHAKO, 06eCHeYHBAET HEBLICO-
KyI0O pa3spellamoulylo CcnocoOOGHOCTL B IMOINEPEeYHOM HAaIpPaBJEHUH.
[lpenen paspeumrenus MexHee 1 MKM B TOMepeYyHOM HampaBJeHUH H
no ray6uHe AOCTHraercss NpPH BO30YK/IACHHH DPEHTTEHOBCKOTO HU3JY-
YCHHS JIEKTPOHAMH C HCMOJNb30BAHHEM 3JIEKTPOHHO-30HJOBOTO MHK-
poaHaJH3aTOpa B COYETAHHH C PACTPOBBIM HJH [POCBEYHBAIOUIHM
pPacTpoBbIM 3JIEKTPOHHBIMH MMKpockomamu [52]. DHeproaucmnepcu-
OHHBIi aHAJH3 HCIYCKaeMOTO PEHTIeHOBCKOTO H3JIYUEHHS BBIMOJIHS-
eTcs ¢ IPHMEHEHHEM IOJYNPOBOIHUKOBBIX JE€TEKTOPOB, KOTOpHE
HUMeloT GOJIbLIN{ YroJ BOCIPHATHS H 6GoJiee BBICOKYIO UYBCTBHUTEJb-
HOCTb, 4eM CIEeKTPOMETPH C KPHCTaJNJIUYECKHM IHCIEPrHPYIOMIHM
snemMeHTOM. V3-3a Hannuus 3¢ deKToB YHPyroro paccesiHHsi 3JeKT-
POHOB H BTOPHYHO# (JIyopecHeHUHH NPOCTPAHCTBEHHAS paspelialo-
mas CnoCOOHOCTb TOTO METOAA MPH HCCJAeJOBAHMH MAaCCHBHBIX 00-
pasLoB OTPAaHHYeHA BeJHYHHOH, NMPHOJH3HUTENBHO PaBHOH | MKM.
Opnnako nmpu H3y4eHHH TOHKHX 06GpPasiloB B NPOCBEYHBAIONIEM pacT-
POBOM 2JIEKTPOHHOM MHKDPOCKOIE MpeleJsl pa3pelleHHst MOXKeT ObITb
noHuxken g0 5 HM. MccrenoBaHue mMatepHasa ¢ NOMOLIBIO 3JEKT-
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POHHO-30HAOBOTO  MHKPO-
aHa/au3aropa B COUeTaHHH
C HOHHBIM TpaBJIEHHEM IO-
3BOJIIeT OMpPEeNeJsATh IIpo-
$buaIn pacnpeneseHds XH-
MHYecKHX 3JeMmeHntoB. I[lo
YKa3aHHbIM BbILIE MPHUH-
HaM paspelamiiasg Cro-
COGHOCTh MO TJIyGHHE CO-
CTaBJISIET OKOJIO | MKM.
IToBbicHTL  paspemalo-
IIYI0 CNOCOGHOCTL B TOTe-
pPEUYHOM HAaIMpaBJIEeHHH U [0 MpoBomkumeneHocms  pacnBMeHUS
riyOuHe MOXKHO MPH HC-
OJIb30BAHUH ~ SJIEKTPOHOB  Pyc, 1.10. TTosyueHnble METOZOM OKe-CHEKT-
HHU3KHX 3Heprui (1... pockomun mpoduin pacnpefe/eHust XHMHYe-
5 k3B), CTHMYJIHDPYIOIIMX  CKHX 3/JEMEHTOB B TOHKOIIEHOUHBIX COJIHEU-

OMHCCHIO OXKe-3JeKTpoHop UPIX 9IeMEeHTax Ha ocwoBe CupS—CdS neno-

. CPEACTBEHHO  I1OCJe  peakUuH B TBEePHOH
H3 HECKOJIbKHX OJIHKaHIINX dase.

K MOBEPXHOCTH MOHOMOJIe-

KYJSAPHBIX cJa0eB. JlaHHBI

METON, Ha3blBAEMBIi OXKe-CHEeKTPOCKONHEN, MO03BOJseT [POBOLAHTD
HCCJIENIOBAHHA B CKAaHHPYIOIIEM pexHMe (CKaHHPYIOIHi oOxe-
MHKDO2HAJIH3aTOP) H o6ecrneyHBaeT pas3pellalomyld CHOCOGHOCTD
B IONMEPEYHOM HamNpaBJeHHH, NPHOJH3UTENbHO DPAaBHYIO pasMmepy
Jdydya, W Daspellalomylo CHoCOoGHOCTh . MO TIyGHHEe MOopsigKa

3 uM. B ckamupyomeM pexxume BO3MOXKHO MOJYYEHHe MOJHOM
KapTHHBI pacnpefesieHHsi KOHIEHTPAlHH XHMHUYECKHX 3JeMeHTOB.
Oco6BIM JIOCTOMHCTBOM MeTOa OKe-CNeKTPOCKONHH sBJSETCS BHI-
coKas 3 (peKTHBHOCTL aHA/IH3a ATOMOB JIETKHX 3JeMeHToB. IlpH 1o-
CIOMHOM yNaJleHHH MaTepHasla C MOMOILbIO YCTAHOBJEHHOrO B OJi-
HOM MOJIOJK@HHH HJIH CKaHHPYIOILEro NMydyka HOHOB NMOBTOPeHHe 3Je-
MEHTHOTO aHaJH3a MOBEPXHOCTH NaeT HHOOPMAumMIo 06 H3MeHEeHHH
XHMHYECKOro cocraBa Matepuaja no rayéuse [53]. I[Ipu 310oM Heo6-
XOJHMO NPHHHUMATL Mepbl IJA HCKJIIOYEHHsI OIIHGOK M HCKaMKEHHH
B TOKAa3aHHSX MPHOOPOB, KOTOpble BO3HHKAIOT BCJAENCTBHE HEOIHO-
POLHOrO pacnblIeHHsl, KaHAJIMPOBaHHS H Jpyrux 3ddekrtoB. Tu-
MYHOE JJISL COJIHEUHBIX 3J1eMeHTOB Ha ocHoBe CuyS — CdS pac-
npeleJeHHe cocTaBa no rayOHHe, omnpefesisieMOe METONOM OKe-
CIIEKTPOCKOTIHH, MOKa3aHo Ha puc. 1.10.

B Metone $0OTO3/MEKTPOHHON CMEKTPOCKONHH, H3BECTHOM B XH-
MHH MO Ha3BAHHEM 3JIEKTPOHHOH CIEKTPOCKONHH AJS XHMHUYCCKOTO
aHa/M3a, B KaYeCTBE H3JyYEeHHs, CTHMYJHPYIOUIETO IMUCCHIO 3JEKT-
POHOB M3 BaJIGHTHO! 30HBI MaTepHaJOB, MPHMEHSIETCH XapaKTepH-
CTHYECKO® PEHTreHOBCKOE H3JYYeHHe, HCTOYHHKOM KOTOPOrO CJIYKHT
MarHHeBBId HJIM QJIIOMHHHEBHI aHox. 1ot Merton [54], BooGiue ro-
BOps, He 006/1afaeT BHICOKOM MPOCTPAaHCTBEHHOM paspellaiomieii cro-

Cl

Cd

Cu

OmHocumensHys aMnnumydy cuzHune
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COOHOCTBIO, TeM He MeHee OH MO3BOJsieT JHOCTHUb pa3pellieHds MO
ray6une, paBHoro 1...3 HM, M aHAJOTHYHO METOAY OXKe-CIEKTPO-
CKONMUHM MOJKeT NPHMEHATbCS AJsA ONpelesieHHs TpaJHeHTa cOCTaBa.
HauGonee BaxkHOe NpakTHUYECKOe 3HAaYeHHe MeTOAA 3JECKTPOHHOH
CHEeKTPOCKOMNU JJIs XUMHUECKOTO aHaJii3a COCTOHT B TOM, YTO €ro
MOXKHO HCIOJIb30BaThb AJs HM3YUEHHUsS CILIABOB H COeJUHEHHH, MOo-
CKOJIbKY CIeKTpbl 9MHTHPOBAHHBIX 3JEKTPOHOB HECYT MHGOPMALHIO
O XHMHYECKOM COCTOSIHHM OOHAPYXKHBAEMbIX 3JIEMEHTOB.

MeTox Macc-CNeKTPOCKONMUH BTOPUYHBIX HOHOB NPHMEHSETCS AJs
aHa/M3a HOHOB, HCIYCKaeMbIX BeLIeCTBOM, KOTOPOe TMOJBepraercs
HOHHOMY TpAaBJeHHIO, U, CJeJOBATeNbHO, MO3BOJSET H3yuaTh pac-
npejesieHHe XHMHYECKHX 3JIEMEHTOB MO TOJMHe oGpasuma [55].
C moMOIIbI0O 3TOr0 METOAA MOXKHO O0HAPYKHBATh JEMEHTHI, COAEP-
JXKallMecs B HE3HAUUTENbHOM KOJMYecTBe (HECKOJbKO MHJIJIMOHHBIX
JoNelt), a Tak¥XKe pasfessiTb U30TOMH.

Bce Tpu Meronma — OKe-CIEKTPOCKOIHs, 3JEKTPOHHASI CIIEKTPO-
CKOMHUS [JIsi XUMHYECKOTO aHalu3a M MAacc-CIEeKTPOCKONHST BTOPHU-
HBIX HOHOB — OGBIYHO TPeOYIOT CO3/aHUsi BEICOKOTO BaKyyMa, a mpo-
BelleHHe aHaJu3a paclpefie/ieHust 3JeMEHTOB CONPOBOXKIAETCS
paspylleHneM o6pasia. DJeMeHTHbIi aHa/u3, OCHOBAHHBIH Ha 006-
paTHOM pe3eppOpIOBCKOM paccestHuu [O6], OTHOCHTCSL K Hepaspy-
HALWUM MeTOAaM, OJHAKO AJs MOJYYeHHs 30HAHPYIOLEro Jayda
HeOOXOAHUMO HCIOJb30BATh YCKOPUTEJb YACTHIL.

[ToMuMoO mepeuuc/eHHBIX METOLOB HCCJEeOBAHHE TOHKHX ILJIEHOK
MOJKET OCYIIECTBJSITECS C MOMOLIBIO CTAHZADPTHBIX AHAJHTHYECKHX
METOJI0B: aTOMHO-a6CcOPOIIMOHHOTO aHaJjn3a, HEATPOHHOrO aKTHBA-
HUOHHOTO aHaju3a W HCKPOBOI CIEKTPOCKOMHH. DTH METOAH, KakK
NpaBUJIo, TPeOYIOT pas3pylieHus oGpasma ¥ [A0T JHIIb yCPeAHEeH-
Hble XapakTepuctuku njaeHxkn. Kacrtenem n Begenem [57] paspaGo-
TaH MeTOJ 3JeKTPOXHMHUECKOTO aHaJHu3a MOJYNPOBOIHHKOBBIX Ma-
TePUAJIOB, KOTODHIH IO3BOJIET OMNpEAENSTh TOJIIHHY OKHCHOTO
€105, COCTaB W 9KBUBAJEHTHYIO TOJILIMHY MOJYIPOBOJHHKOBOH
nneHkd. HMcenenosanne atum Meromom miaenok CueS ocmosano ua
Onpeje/eHHH TMOTeHUHAJa MaTepuaja Ha KOHEUHOH CTaguu IpOoxo-
JSILIIHX peakuui

Cu0 + H,0 -+ 2e— —2Cu -+ 20H—, (1.17)
CuyS + (2 — x) e=— (x/2) CusS + [(2 — x)/2] HS— -+ [(2 — x)/2] H+, (1.18)
(%/2) CugS -+ xe——x Cu + (x/2) HS—. (1.19)

Ecmn Qi u Q2 —3apsinbl, HeOGXOAMMbBIE AJs 3aBepUICHHS Peakiui
(1.18) m (1.19) cooTBeTcTBEHHO, TO CTEXHOMETPHUUECKHH KO3(D(DH-
IIHEHT paccuuThBaeTcs Mo opmyae

X= 2Q2/(Q1 + Qz). (] .20)
OxBuBaJienTHasi TonmuHa § naenku CuxS Haxomutcsi U3 ypaBHeHHs
8 =Q,W/2Fap. (1.21

3necs W — monekynsipas macca CusS (159,12), F=96485 Kua/
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/Monb —uucao  Papaned, —"
p — motHocTh CueS (5,5 r/ -0,6F
cmd), a—nmnjowany 06-
pasua. Ha wunrepecyromieit
HCcle1oBaTeNss  KOHEUHOH
CTaJUM peakuuid 3KCIepH-
MEHTaNbHO ONpenesercs
noxkaszannas Ha puc. 1.11
3aBMCHMOCTh  IOTEHIHasa
matepuasa (OTHOCHTEJbHO
Ag|AgCl|KCI|IM saek-
TPOAa) OT BpEeMeHHU B MPO- 12
lecce KaTOQHOrO BOCCTa- T, T
HoBJenust CueS mnpu mo- 0 00200 TR0 00
crosaHoM TOoke B 0,1 M Bpemsi, ¢

pacTBOpe YKCYCHOKHCJIOTO ’

HaTpus. Tunuuusle 3Hade- Puc. 1.11. 3aBHCHMOCTH NOTEHHHANa OT Bpe-
HUH IIOTEHIIMaJIOB BOCCTa- MEHH, H3MepsAeMble TIpH 3JEKTPOXHMHYECKOM
HOBJIeHHst paBHb: —O0,16 B aHaause CuxS [57).

ans CuO (+CuS),—0,45B

nas CusO, —0,70 B gas Cu,S u —1,00 B gas CueS. Kaxnasa cty-
NeHbKa Ha rpaduke 3aBHCUMOCTH MOTEHIMAJda OT MPOLOJKUTENb-
HOCTH MpOIeCCa COOTBETCTBYET OINpEAEJEHHOMY KOHEUHOMY XHMH-
YeCKOMY COCTOsIHHIO MaTepuana. Bemnuuuel Qi u Q» MOXKHO BbIpa-
3uTh uepe3 Iy u T2, KOTOPHE OTMEUEHb! Ha puc 1.11, u ypaBHeHHe
(1.20) npunumaer Bug

|
o
o

-

Momenuuan, B
1,
k=)
T

x=2T/(T,+T),). (1.22)
Tlpu namuuun oxucaoB cocraB ciaosi CuxS mnpeacraBasier coGoit
cmech coequnenuit yCuO, yCuS, 2Cu0 u (1—y—=2) CusS, mas xo-
TOPBIX pEeaKIMd BOCCTAHOBJIEHHsI MPOTEKAIOT CJAEAYIOLUM 06pa3oMm:
yCuO. yCuS -2Cuy0- (1 — y — 2) CuyS - yH,O0 - 2 ye— —
—2Cu0- (1 — 2) CusS - 24yOH—, (1.23)
2Cus0- (1 — 2) CuaS - 22— - zZH,0 —22Cu + (1 — 2) CupS - 220H—, (1.24)
(1 —2)CusS+2(1 —2)e= -+ (1 —2) HLO—2 (1 —z) Cu -

+ (1—2) OH— + (1 —2) HS—. (1.25)
3HaueHUSl Z U Y ONPEAESIOTCS U3 COOTHOLIEHHH

2 =1ol(t,+ o), (1.26)

y=to/(t1+to)- (1.27)

3xech to, ' Mt — NPONONKHTENLHOCTD peaxuuit (1.23), (1.24) u
(1.25) coorBetcTBenHO. METOOM 3/EKTPOXHMHUECKOrO aHAJN3a He-
ZaBHO ObIIM HcclenoBaubl ek CuySe [58].

B Taba. 1.2 npuBefeHb cpaBHHUTEJIbHblE XaPAaKTEPUCTHKH pas-
JIMUHBIX METOJOB aHaJ/u3a COCTaBa MaTepHaJIOB.
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1.3.3 Ontuueckme XapPaKTEPHCTUKM

Pazpa6oTaHo GoJblloe KOJHYECTBO 3IKCIEPHMEHTAJbHBIX METO-
JIOB OTpEMeJeHHs ONTHUECKHX MOCTOSIHHBIX (7 M K) TOHKHX IJIEHOK.
Ux kputnueckuii ananus nposeaen Yompa [59]. Yauie Bcero mpu-
MeHsIeTCsl MeTOJ Pa3fieJbHOrO OMpeleseHdss N ¥ k M0 H3MEePeHHBIM
3HAUeHUAM KO3(PGHHIHEHTOB OTPaXKEHHUS] H MPONyCKaHHsS ONHOH H
TON ke mJedHKH. IIpH gocraTouHo 6OJBLUIOA TONIIHHE NJIEHKH MHO-
TOKPaTHBIX OTPa’KeHHIl cBeTa He MPOHCXOAHUT, H KOIPODHIHEHT Npo-
nyckaHus T mJeHKH, HMeolle#i KOMILIEKCHBIH MOKa3zaTe/b IPeIoM-
JIEHHs ny—iky U ToMuHy f, paBen [59]

16ng (n} + &) exp ((— 4mk t/A)
[(ra+ 12+ &Lt ) 4+ 4]

3lecb no— MoOKasaTtesb MPeJOMJIEHHs MOAJOKKH; MpeAnosaraercs,
4TO BHEIIHE# cpefoil siBJsieTcsl BO3AyX. 3HAUeHHe Ry MOXKHO HalTH
u3 rpacduka 3aBucuMocTH InT oT / MO MOJIOKEHHIO TOUKH ee Iepe-
CedeHHs! ¢ OJHOH M3 Ocell KOODAHHAT HJH 1O ee HakJoHY V. Ecan
He YYHTBIBATH MHTep(EpeHLHI0 H MHOTMOKPAaTHOe OTPaKeHHe CBeTa,
TO CBsI3b MeXAY Koa(pdHuIHeHTaMHu npomnyckauus T u oTpakeHus R
BhHIpaxaercs cootHoumiennem T = (1-—R) exp (—4nkit/A). Ecan xe
OTparkeHHe CBeTa Ha IpaHHIEe pasjena IJIEHKA — MOAJOXKKA IPH-
HHUMaeTcss BO BHHMaHHe, T0 T= (1—R)? exp (—4nkit/h) npu no<ny
# Ro=0. IlockoabKy KO3(hOHUHEHT NOIJOLeHUus: o paBeH 4mk/A,
HauGbosiee yAOOHBIH croco6 OmpejesieHHs] ¢ OCHOBAaH Ha H3MEPeHHH
BeqMunH R u T nuist OZHOR M TOH e IVIEHKH.

Ilpu ucnoNb30BaHHH CIEKTPOPOTOMETPA 3HAUEHHS 0. MOTYT OBITh
HafeHbl NMPH Pas3JUYHBIX AJHHax BoaH. Mcxons u3 cnekrpasbrOi
3aBHCHMOCTH O, MOXHO YCTAHOBHTb XapakTep ONTHYECKHX Nepexo-
JOB (mpsiMble MJIM HENPSIMblE) W ONpPENEsHTb ONTHUECKYIO LIHPHHY
3alnpelieHHOH 30HH Eg.

Onpepnenenyne miaa3MeHHOH 4acTOTHI MO Pe3yJAbTaTaM H3MEPeHHH
KO3 (HIHEHTa OTPaXKeHHs CHJIBbHO BBIPOXKAEHHBIX MOJYIPOBOIHU-
KOBBIX MJIGHOK NMO3BOJIeT HAHTH 3HAYEHHs JHOO KOHUEHTPAIHH HO-
cutenei n, AM60 aPPekTHBHOR Maccsl m™ MpPH YCJIOBHH, YTO OHA
M3 9THX BeJH4YHMH u3BecTHa [60]. MI3mMepeHus crekTpasbHOro mnosoxe-
HHs1 3KcTpeMyMoB R u T BBIPOXKIEHHBIX MOJYIIPOBOJHHKOB, B 4acT-
noct CuyS, MOryT GbiTh NMOJIOXKEHBl B OCHOBY MeTOJa OMpejeleHus
cocTaBa IJIEHOK, Kak 3T0 Obl10 mpensoxeHo Pamxkananom [61],
MOJYYUBIUIAM CeMeHCTBO 3aBUCUMOCTEH Aminrk H AmaxT OT ¢ AJId
MJICHOK cysbduaa MeAn pasauuHoro cocraBa. CocTaB MJIEHKH Ompe-
AeNFeTCsl OJHO3HAYHO MO IOJIOXKEHHIO I'MIaBHBIX MHHHMYMOB KO03(-

(m>ny).  (1.28)

» Ecnu 3HaveHne n, He M3BECTHO, TO k| MOXKHO ONpeeNHTb TOJNLKO MO Be-
JIMYHHE OTPE3Ka, OTCeKaeMOro YKasaHHONW KpHBOH Ha ocu aGeuuce. — [Tpum,
nepes.
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¢dunveHTa OTpaxKeHHs H
[J1aBHBIX MAaKCHMYMOB KO-
3¢ duIHeHTa MPOMyCKaHusl.
Ha opuc. 1.12 npexacras-
JIGHBl 3aBHCHMOCTH Amin R
U AmaxT OT ! JIS IJEHOK
Cu,S, rpe BennunHa x sB-
JISIeTCS MapaMeTpoM.
YKazaHHBIE ONTHYECKHE
METOIbl TMO3BOJISIOT HCCJIe-

o3 1 . ¢ 4 |, 4 o | nmoBarb o6pasub C TJaaj-
75 35 15 135 155 175 KOH MOBEPXHOCTHIO, OTpa-
Tonuua cnos CugS, Hm JKallllie W YacTHYHO IPO-

—  TycKaollHe H3JyueHne.

ik ¢ Opneako ANs U3Y4YEHHs OI-
THYECKHX TMOTePb BaKHO
yMeTb OINpeeasiTh TOTEPH,
BBI3bIBaeMble OTpaKeHHeM
U TIOTJIOIIeHHEM  CBeTa
B DAa3JHUYHBIX CJIOSIX COJI-
HEYHOro 3JieMeHTa H BO
BceM sJseMente. [dJs aToro
0OBIYHO MPOBOASIT HU3MeEpe-

osb 1oy Husg  [62] wmHTErpa;bHBIX
770 90 10 130 150 3HaYeHu# KO3(h(HHULHEHTOB
Tonuuta cnost Cug S, HM OTpa:KeHus M INPONycKa-

Puc. 1.12. Tlonoxenne riaBHEEIX MuEuMymos  HHf, TIDHMEHsst HWHTErpH-
Koahodnuuenta orpaxenuss (Aminr) H Maxk-  DYIOIIYIO coepy, cHabxeH-

CHMyMOB KO3Gb(dHUHEHTa NPONyCKaHUsA (?»ma”} HYI0 CIIeKTPO(OTOMETPOM.
B 3aBHCHMOCTH OT ToMMHE mieHoK CuxS

NpH pasJHuHBIX 3HaueHHsx x [61].

1.3.4 DnektpuueckMe M ONTOINEKTPOHHbIE XAaPAKTEPHUCTUKH

H3yueHre 3JeKTPOHHBIX CBOMCTB MNOJYNPOBOAHHKOB BKJOYAET
onpejeseHHe YAeJTbHOTO CONPOTHBJEHHS (, MOABHKHOCTH HOCHTE-
Neit (un WIH Wp), KOHLIEHTPALMH HOCHTeNeH (N uaum p), TNOCTOSH-
poit Xo.aina (Rm), nuddy3HOHHOH IJHHB HEOCHOBHBHIX HOCHTeJeEH
(L, unn Lyp), BpeMeHH KU3HH HEOCHOBHBIX HOCHTeJeid (Tn HIU Tp)
M TeMIlepaTypPHBIX 3aBHCHMOCTeH 3THX MapameTrpoB.

Meroabl H3MepeHHst P, | W 1 XOPOLIO HM3BECTHBI H ONHCAHH
B smurepatype [63, 64]. ITostomy Mbl He Gyiem 06CYXIarth HX MOX-
pO6HO, a TOJLKO OTMETHM, YTO K LIHPOKO NPHUMEH7AEMBIM Meroxam
otHocsTcst: 1) JIBYX30HZOBBIH METON HM3MepeHHs YIEeJbHOTO COMpo-
THBJIEHHS; 2) YeTHIPeX30HIOBHH MeTOA H3MepeHHs YINeJbHOro CO-
IIPOTUBJIEHHS ¢ JIHHEHHBIM DacnoJioKeHHeM 30HIOB; 3) ™Meron H3-
MepeHHsl pacnpeneleHHOTO COMPOTHBIEHHS MJIA ONpenelenHns yaenb-
HOTO CONpPOTHBJIEHHS; 4) YeTHPEX30HIOBbII MeTOL H3MEpEHHH
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YA€JILHOTO COTIPOTHBJIEHHS TIPH HEJIMHEAHOM PACIOJIOXKEHHH 30H/I0B;
5) wmeron Bau-nep-Ilay, nospoasiiomiuii onpeneiaTb YAelbHOE CO-
NPOTHBJICHHE, TNOCTOAHHYI0O XoJjla M XOJJIOBCKYIO MO/JBHKHOCTB;
6) wmamepenust adpdpexra Xoana; 7) meron Xa#inca — Illoknu, npu-
MeHsIeMBblH [JIs1 M13MepeHHs NOJABHKHOCTH HOCHTeJel.

[To xapakrepy TemnepaTypHOH 3aBHCHUMOCTH NOXBHXXHOCTH
MOKHO YCTaHOBHTb MeXaHHM3M I€peHoca HOCHTeseH 3apsja. Hf’
HOJIb3ysl TEMIEPATYPHYIO 3aBHCHUMOCTb KOHIIEHTPAIMM HOCHTeJNel,
ONpenessioT HepreTHyeckoe NoJioxKeHue ypoBHsi ®PepMu U nmpumec-
HBIX ypoBHeH. M3MepeHHusi ocBellleHHBIX 00Pa3lOB MO3BOJSIOT TOJY-
YUTh 3HaYeHHUs (OTONMPOBOAUMOCTH M INOCTOSIHHONM XOJJa, HCXOLA
U3 KOTOPBIX MOXKHO BBIYHUC/HUTH MOABHXKHOCTb H KOHIIEHTPALHIO HO-
CHTeJiel NPH OCBEIleHHH.

HsMepenusi GoTONpoOBOAMMOCTH, BKJIOYAIOUIHE H3MEDEHHS Bpe-
MEHHEIX XapaKTepPHUCTHK HJH TEePMOCTHMYJHPOBAHHON NPOBOJHUMO-
CTH, MOTYT OKa3aThCsl MIOJIE3HBIMH JJIsl ONPEJeJIeHHs MapaMeTpPoB Ie-
peHoca HocHTesel 3apsiia B NOJYNPOBOAHHKOBBIX MJieHKax [65, 66].
JlaHHBle O JIOBYWIKax MOJYYalOT HA OCHOBE aHaJH3a 3aBHCHMOCTH
(HOTOTOKA OT MHTEHCHBHOCTH H3JIYUEHHS] H KPHBBIX pesiakCcaluH (o-
TOTOKa. DPPEKTH TENJOBOTO HJH ONTHYECKOTO TalleHHs (OTOMPO-
BOAMMOCTH JAalOT HHGOPMaNHI0O 06 SHEPrHH HOHHU3AIMH IpHMeced.
Hns u3yuenusi JIOBYLICYHBIX YPOBHEH HCIONB3YIOT TaKkKe CIEKTPasb-
Hble 3aBHCHUMOCTH (POTOTOKA.

Oxnno u3 nauGoJsiee BaXKHBIX NPUJIOKEHHH METONOB W3MEpEHHS
(GOTONPOBOAMMOCTH CBSI3AHO C ONpeJeseHHEM BPeMeHH XKHM3HH Heoc-
HOBHBIX HOCHTEJIEH MO 3aTyXaHu0 (oTonpoBoAUMOCTH. [edepamus
U30BITOUHBIX HOCHTeJIeH 3apsila NPOHCXOAMT TpPH OBJyYeHHH OG-
pasua CBeTOM C 9Hepruedl GOTOHOB, NMpeBHIAIOUIEH IKPHHY 3aMpe-
IleHHOH 30HbI. [IpoBOmMMOCTH OGpasuma NpsMO TNPONOpPUHOHAJIbHA
KOHLEHTpAIHU HOCHUTENIeH, H H3MEeHEHHEe MPOBOAUMOCTH AC BCJELCT-
BHE ONTHYECKOrO BO30YKJEHHSA IIPONOPUHOHANBHO KOJIHYECTBY H36bi-
TOUHBIX HOCHUTEJEH, T. €.

Ao =C exp(—t/7). (1.29)

3/1ech T-——BpeMsl KHM3HH HOcHTesel, C— NOCTOSHHAS BelHUMHA,
15 TOr0 4TOGH! OTPENENUTD T, BEIKJIIOUAIOT OCBEIIEHHEe U perucTpu-
PyIOT npouecc saTyxauust mpoBogumoctH. [IpocTpancrsennoe pac-
npeleneHue BPeMEHH XXH3HH HOCHTeNeH MOXKHO H3MEPHTb C MOMO-
b0 JIa3epHOTO Jyya, CKaHHPYIOIIEro NOBEPXHOCTs ob6pasma [67).

Haa onpenenenusi nuY3HOHHOM ANHHBI HEOCHOBHEIX HOCHTe-
JIell IPOBOASIT U3MEPEHHSI MOBEPXHOCTHOH ($0TO-3.1.c. [68—70]. ITo-
BEPXHOCTHAst (OTO-3.1.C. MOABAAETCS NPH OCBEIIEHHH HE3aBHCHMO
OT HaJMYHf pP—N-NIePEXOfa U MOXKeT ObITb M3MEepeHa C MOMOIIbIO
METO1a, HCMOJIBL3YIONIEr0 eMKOCTHYIO CBA3b. [ToBepxHOCTHAS peKOM-
OMHALHS He BIMACT Ha H3MepsieMOe 3HAUCHHe BPeMeHH KH3HH. Mn-
TEHCHUBHOCTb CBeTA ¢, BHIPAXKEHHAS Yepe3 MOBEPXHOCTHHIA MOTEeH-

LMas, paBHa ¢=F (V) K(1+1/al). (1.30)

2  2akaz M 1939
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3necy F(Vs) — dynkuus nosepxHoctHoro notenuuana Vs, K— no-
CTOSIHHASl BeJNHYMHA, o — KO3 GuIHeHT TNOrJomenus csera, L —
nuddysvonHas [AJMHA HEOCHOBHBIX Hocuteseil. [Ipu mnpoBexeHnu
H3MepeHHH KO3 (HUHEHT TNOIJIOUEHHsS U BapbHPYIOT, H3MeHsA
IJIAHY BOJIHBI CBeT2, a WHTEHCHBHOCTh CBeTa TNpH KaXKMIOi IJIHHEe
BOJIHBL PETYJIHPYIOT TaKUM 06pasoM, YTOOBI COXPaHSAJIOCh NpexHee
avauenue Vs u Beauwuuna F(Vs) ocraBanace mocrosinHof. [loayuen-
HYI0 3aBHCHMOCTb ¢ OT 1/a 3KCTpamosupyioT K ¢=0 uonpeieasior
s dexTHBHOEe 3HaueHHe L, KOTOpOe 3aTeM HMCMOJB3YIOT AJSl BHIYHC-
JICHHS T.

3aBHCHMOCTb HATIPSIXKEHHST XOJOCTOTO X04a Voc CONHEUHOTO 3Jie-
MeHTa OT { MOXKET HMeTh TPH XapakKTepHble 06J1aCTH, COOTBETCTBYIO-
IIMe YCJOBHSIM BBICOKOTO, IPOMEXYTOUHOTO H HH3KOTO YPOBHEH HH-
JKeKIIVH. ¥ paBHeHHs], OMHUChIBalolue 3aTyxaHue Voo B 3THX Tpex 06-
Jgactsix, umeror Buj [71, 72]

-1

e (1.31)

2T } dVoc |
q

AJis1 BBICOKOI'O YPOBHSA HHXKEKIIHH,

-1

oo AT Ve (1.32)
q dt
IJ1sS1 NIPOMEKYTOYHOTO YPOBHS MHXKEKIHH H
kT v ot !
Voe== Y {exp [—kT ] l}exp( . ) (1.33)

IJISl HU3KOTO YPOBHSI MHXKEKUHH. 3[eChb T— BpPeMs KH3HH HEOCHOB-
HBIX HOCHTeJIeH, { — MPOAOJKHTENBHOCT Tponecca. Bennunna V (0)
paBHa Vo B MOMEHT TMpeKpalleHusi ONTHYECKoro Bo30yxaeHus. Jlan-
HBI{I aHa/JM3 OCHOBAH Ha NPEANOJIOKEHHH, YTO BKJAJ CHJIBHO JIeTH-
pOBaHHOTO ¢10si B Voo MpeHeGpexkumo man. 3atyxaHue Voe MOKHO
TakXke Ha6J0[aTh NPH PE3KOM NpephIBaHUH NPSAMOro TOKa, IPOXO-
ISILIEero uepes COJHEUYHBIH 3yneMeHT [71].

Bce Tpu ykas3aHHBIX BbIlle MeTOJa H3MepeHHs AUPPYy3HOHHOMH
OJVHBl M BpeMeHH KH3HH HEOCHOBHBIX HOCHTeJEeHl TPHMEHHMBI,
ecqM 3HayeHHs JHPOY3HOHHOH [JIMHBI COCTaBJSIIOT He MeHee
10 MxM, a 3HaueHHsi BpeMeHH kH3HH — He Menee 0,1 mxc. OaHaxo
B MOJMKPUCTAJJIMIECKHX TOHKHX TUIeHKax AHPQPYy3uOHHAs [JuHA
HEOCHOBHBIX HOCHTeJieH OueHb MaJsia, U ee 3HadeHHs, KaK NPaBHJIo,
He npesnmaiorT 1 MxM. [ToaToMy OGHIYHBIMH METOAAMH, KOTOpHIE
OblLIM 3]1€Cb PaCcCMOTPEHH, H3MepUTb AHPGDY3HOHHYIO IJIHHY J0O-
BOJbHO TpyaHO. IIpuMeHeHHe pacTPOBOrO 3JIEKTPOHHOTO MHKPO-
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ckoma C TYYKOM 3JI€KTPOHOB  gyeimiouei
nuameTpoM oT 5 go 10 HM mos- ny4 ,I
BOJISIET TPOBOJHTb H3MEpeHHs
CO 3HAUHTENbHO 6GoJsiee BBICOKOH
paspemammei  cHocoGHOCTBIO.
Jupdy3HoHHYIO AJMHY MOKHO
Tenepb ONpEeAENHTb B YCJIOBHSX
reHepal¥ HEOCHOBHHIX HOCHTe-
JeH 3apsajga snexkTporamu. Ha
pHc. 1‘13,(1 nmokKasaHa cxeMma
9KCIEPHMEHTaNbHOH YCTaHOBKH
JJiSl 3TOr0 MeTOfa H3MepeHHuH, 10
H3BECTHOTO NOJ Ha3BaHHEM «Me-
TOM, HaBEJeHHS TOKA 3JIEKTPOH- :
HBIM Jy4oMm». Ha 60koBOH mo-
BEPXHOCTH COJIHEUHOTO 3JeMeH-
Ta CO3JaI0T CKOJ, MO3BOJSIOIIH
ONpeJeJNUTh MNOJNOXKEHHe mepe-
X0/la, ToCJIe 4ero 3JeMeHT ycTa-
HaBJIMBAIOT B PACTPOBOM 3JeK-
TPOHHOM MHKPOCKOIe TaKUM 06- Ly =0,18 M
pasoM, 4TOOBl TJIOCKOCTh Tepe- L= 0,13 mKm
Xoga Obl1a pacnojiokeHa na- T 0 oa
panneJbHO HamNpaBJeHUIO pac- ’ T ’
NPOCTPaHEHHUSsI 3JIeKTPOHHOTO 5

ay4a. CKaHHMPOBaHHE OCYIIECT-

BJSETCA B HanpaBJeHHH HOP Puc. 1.13. CxeMa 3skcnepuMeHTaJbHOM
MalM K INIOCKOCTH TePeXONA.  yerawobkn Ama maMepenns mHGb(ys-
Ecnu 6asoBylo 065aCTh 3Ji€-  OHHON AJMHBL HEOCHOBHBIX HOCHTONEH
MEHTa CUHTAaThb NONYyGEeCKOHEY- 3apAla NO MeToxy H?Bgﬂeﬂﬂﬂ TOKa

o . OIEKTPOHHBIM JIYyUOM (@) M 3aBHCH-
HOH, ’II‘O S4BHCHMOCTb MEXIYy TO moctb I(x)/I(0) or paccrosHHs Ko
KOM [, HaBEACHHBIM 3JIEKTPOH-  jepexona B TOHKOMICHOYHOM COJHEY-
HBIM JIYUOM, U PACCTOSAHHEM X OT HOM sieMeHTe Ha OcHOBe Cu,S—CdS
OCH MydYka [0 IJIOCKOCTH mepe- (6).

Xona umeer Buj [73]

Ocuunnozpay

AN

Yeunumens

CdS Cu,S
Snemenm o

e
[e)]
I

1 /10

(=]
-
L]

I =Ilyexp(—x/Lp). (1.34)

3nech Iy — 3Hauenue / B MIOCKOCTH Mepexona (x=0), a Lp— nuc-
(y3HOHHAs AVIMHA HEOCHOBHEIX HOCHTeJell B TOH 06JacTH 3eMeHTa,
Ha KOTOpYIO HanpaBJieH 3JeKTPOHHBIH syd. [luddysnonnas anuna
BhIpaxkaeTcsl 4epe3 TAHIeHC yrJia HaKJIOHa 3aBHcuMoctH Ig/ ot x.
Ha puc. 1.13,6 npusenena sasucumocts /I, ot x. Oyxkc u np. [73]
OTME€YaloT, YTO NPH HCNOJH30BAHHH MeTO[a HaBeIEeHHS TOKA 3JeK-
TPOHHBIM JIy4OM TOYHBle H3MepeHHsI AUD(Y3HOHHOH IJHMHEI MOTYT
ObiTh mpoBeseHsl npu Lp>0,25Rg, rae Rg — anuna npobera nep-
BHUHBIX 371eKTPOHOB B Marepuane. [lpu Lp<0,25R; HaBemeuumnii
TOK He 3aBHCHT OT Lp, HO B TO JK€ BpeMs CHJIbHO 3aBUCHT OT 3Hep-
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Ln=03MkMm s= 3
Ln=0,3mMkm s = 50

O
:;Ln =0,1MkM s= S0

ANEKMPOHHBIL

nyy
CusS
CdsS
I
0,15
Rg, MKM

Puc. 1.14. 3aBucHMOCTH HOPMHDOBAHHOTO TOKa, HABENEHHOTO 3JEKTPOHHBIM
JlyuoM, OT cpefHeli IMyGMHEI reHepauuu HocuTejelt B ciaoe CuxS CONHEYHBIX 3Je-
meHTtoB Ha ocHoBe CuzS—CdS, noaseprHyTsix 06paboTke B pAa3JHYHBIX YCJO-
BuAx [74]. CnuioiiHble JIHHUH — TEOPETHUECKHEe 3aBHCHMOCTH IPH Da3JHYHBIX 3Ha-
YeHHAX NH(OOY3HOHHOR NJMHBI 3JEKTPOHOB L, H HOPMHDOBAHHOKH CKOPOCTH IO-
BEDXHOCTHOH peKOMOHHAUMH S [ocje mnoJyyeHns MJIeHKH CupS XHMHYECKHM Me-
TofoMm (1), mocje TepmMooOpaGOTKH Ha BO3xyXxe (2) u 06pabOTKH B TJIEOEM
paspsize B aTMocdepe BOAOPOAA C MOCJAEAYIOMIHM cTapeHHeM (3).

THH 3JIEKTPOHOB B mNyuyKe. DTO O3HayaeT, YTO NPH HCNOJb30BAHHH
3JIeKTPOHOB HH3KHX asHepruii (5...10 k3B) TOUHOCTL H3MepeHHi
Lp noBwlIaercsi, MOCKOJbKY 3(dekTHBHass IaybuHa d reHepanuu
Hocutesen (Hampumep, Aiss CuyS) omnpenensercss COOTHOLIEHHEM

d=AEy*=0,5R,, (1.35)

rie Eo— 3Heprusi 3JeKTPOHOB B NYyYKe, BHIPAXKEHHAs B KHJIOBOJb-
Tax, a BeJIMUHMHA d TIpeACTaBJeHa B MHKpOMETpax.

B Merose BO30y:KIeHHS TOKa CBETOBBIM JY4OM — ONTHYECKOM
aHaJjiore NpeABIAYIIEr0 MeTOAa — BMECTO 3JIEKTPOHHOTO Jyda HC-
NOJB3YIOT Ja3epHoe H3JydeHHe W AHGDPY3HOHHYIO IJHHY HEOCHOB-
HBIX HOCHTesleH HaxomsiT M3 3aBucUMOCTH In [y (/sc— TOK KOpOT-
KOr0 3aMBIKaHHSI) OT X TaKMM e cnoco6oM, Kak M paHbuie [71].
Onnaxko npepmen paspellenus, oGecneunBaeMbli MeTOAOM BO36YK-
OeHHs1 TOKa CBETOBBIM JIydoM, OrpaHH4YeH pasMepOM CBETOBOTO
nsitia (=1 mkm). Kpome Toro, mpu H3MepeHHAX 3THM METOAOM
BJHsIHHE TIOBEPXHOCTHOH peKOMOHMHALMH Ha NOJy4YaeMble Pe3yJb-
TaThl CTaHOBHTCS GoJjiee cyulecTBeHHHIM. IIpm yuere noBepxHOCT-
HO¥M peKOMOMHALMHK B cJydyae BO3OYKAEHHS TOKa CBETOBHIM JYUOM



AHanu3 cBOMCTB NONYNPOBOAHWKOBbLIX MaTepuanos 37

a¢p¢pexTHBHYI0 AHPQDYSHOHHYIO JAHHY Le;r MOXKHO paccuuTaTh
. TIOMOIIIBI0 COOTHOIIEHHS [71]

Legg 12 l—exp(—2)
‘ "Lp 1 - Reth (W/2)

(e

RW [W cth (W/2) — Zcth (Z/2)]
w2 _ 72 } '

(1.36)

3necs W=t/Lp, Z=to, R=St/Lp, t— TOJALIMHA COJHEUHOro 3Je-
MeHTa OT OcBelllaeMOH [0 THIJIbHOH NOBEPXHOCTH, o — KO3(dHIH-
€HT IOIJIOUIEHHSI CBeTa, COOTBETCTBYIOLUIMH JJIMHE BOJIHBI Jiasep-
HOTO H3Jy4eHHsl, S — CKOPOCTb NMOBEPXHOCTHOH pPeKOMOHHALIHH.

IIpy wmcnonp3oBaHMM MeTOJa HaBeJEHHS TOKAa 3JEKTPOHHBIM
JIy4OM H3MepeHHsl MOryT OBITb TaKKe BBINOJIHEHB crnocoboM, obec-
NEeYHUBAIOIIMM OTHOCHTENbHO MEHBUIYI0 TOYHOCTh B ONpeje/eHHH
Lp [73, 74]. B 3ToM caydae obpasel, K NPHUMEPY COJHEUHBIH 3Jie-
MeHT Ha ocHOBe Cu,S—CdS, ycranaBaHBalOT B TaKOM MOJIOXKEHHUH,
TIpH  KOTOPOM 3JIEKTPOHHBIHl Jlyd HamnpaBjieH IepleHAHKYIAPHO
nosepxHocTd CuxS, a 06beM, B KOTOPOM TeHEpHUPYIOTCS] HOCHTEJH,
nepeMellaercsi, nepecekas NJIOCKOCTb NEPeX0ja, BCJAELCTBHE H3Me-
HeHUs Eq W COOTBeTCTBEHHO 3(p¢dekTUBHON TINyOHHBI reHepaLUUH d.
Jas Toro 4TOGBl HCKJIIOUHTH 3((EKThl, CBSA3aHHbIE C Pas3jIHUHEM
3JIeKTPOHHBIX TOKOB M C YBeJHYeHHEM CKODOCTH TeHepalHud Heoc-
HOBHBIX HOCHTeJell TpH MOBHIIEHHH YCKOPSIOLIETO HanpsKeHHs,
u3MepeHHHH TOK /| HOpmHupylT Ha [gEy, (rme [p-— 371eKTPOHHBIH
TOK B myuke). IIpu jmocratouHo Maneix BenuduHax Eo, KOTIa reHe-
pauys HocuTeJiel NPOHCXORMT NpeuMyniecTBeHHO B CuxS, 3aBHCH-
MmocTb In(I/IgEo) OT 3d¢deKTHBHOHA I1yOHHBI TeHEpalUH MO3BOJSET
onpefienuTh 3HaueHHe Lp. Ilokom [74] GBI MOCTPOEHB 3aBHCHMO-
CTH HOPMHMPOBAHHOTO TOKa OT Hpofera NEepBUUHBIX 3JIEKTPOHOB
B CuxS u myTeM cpaBHEHHS IIOJYUeHHBIX DPe3yJbTaTOB C TEOPETH-
4eCKMMH 3aBHCHMOCTSMH HafileHbl 3HaueHust Lp U S, Kak 3TO IOKa-
3aHo Ha puc. 1.14,
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METOA4bl OCAXIAOEHMA TOHKMX NMNEHOK

2.1 BeepeHue

O6pasoBaHue 3apOJBIILIEBHIX I[EHTPOB, MHKDOCTPYKTYpa pacrty-
IUX TOHKUX IIJIEHOK M, CJeJOBaTeJbHO, UX (pH3HYECKHEe CBOHCTBA
3aBHCAT OT NPHMEHSEeMOT0 MEeTOJa OCaXKAEeHHS H NMapaMeTpPOB 3TOrO
npouecca. J[BymMepHBle CJIOH TOJNIIHHOH OT HECKOJBKHX JIeCATBHIX
HOJIeH HaHOMETpa IO COTeH MHUKDOMETPOB MOTYT OBITb NOJYYEHBI
C MOMOIIBI GONBUIOrO KOJHYECTBA TAK Ha3BIBAEMBIX TOHKOIJIEHOY-
HBIX H TOJICTOMJIEHOYHBIX MeTOJOB. TOJICTOMJIEHOUHble METOABI CBfl-
3aHBl C OCaXKJIEHHEM MJIEHOK KaKOTO-Ju00 BellecTBa H3 IPHIOTOB-
JIEHHBIX Ha €r0o OCHOBe macT Hau pactBopoB. O6a BHJA TEXHOJIOTH-
YeCKHX MeTOAOB 06eCHeuHBalOT NOJyueHHe TOHKOIJIEHOUHBIX Mare-
pHaJIOB ¢ pas3yMYHOH MHKPOCTPYKTYPOH M IIHPOKHM JIHAMa30HOM
CBOHCTB.

Ilpu uHCMONB30BAHHM TOHKONJIEHOUHEIX COJIHEUHBIX 3JIEMEHTOB
6OJIBIION MJIOMIaJM B HAa3eMHBIX YCJOBHAX YUUTHIBAIOTCH HE TOJBKO
UX SHepreTHUECKHe XapaKTePHUCTHKH, HO H IKOHOMHYECKHe TOoKa3a-
Tequ. DTO 0O0YCAOBAHBAET HEOOXONHMOCTh MNPHUMEHEHHS MeTOL0B
KaK TOHKOIJIEHOUHOH, TaK M TOJICTONJIEHOYHOH TEXHOJOTHH, KOTO-
phle YIOBJETBOPSIOT TakuM TpeOGOBaHUAM, KaK NPOCTOTA, HHU3Kas
CTOUMOCTb, BO3MOXHOCTh CO3JaHHS OJHOPOJHBIX IJIEHOK O6OJIBIIONH
miolan®k W yOpPaBJeHHS TMPONECCOM OCaXKAeHUs, a TakKke
MO3BOJISIIOT ~ TOJNYYaTh  IJIEHKH C  ONpeleJeHHBIMH  CTPYK-
TYPHBIMH, (PHU3HKO-XUMHUECKHMH H 3JIEKTPOONTHUECKHMH CBOIi-
cTBaMu. MeTonsl Oca)jeHHS] MOAPOOGHO PAaCCMOTPEHH BJIHTEpaType
[I—6]. B nmauuHoli raaBe mpeicTaBJeH KPAaTKHH 0630p METOMOB,
KOTOpble B HaubOJbIIeH CTeMeHH MOAXOAAT AN NMOJNYYeHHs IJeHOK,
HCMOJIb3YEMBIX B COJIHEUHBIX 3jeMeHTax. Oco60 BHAeJeH DAL HO-
BHIX TEpPCNEKTHBHHIX METOJ0B, KOTOphle A0 CHX INOpP He OCBellla-
JIACh.

[Iponecc ocarkaeHus TOHKOH IIJIEHKH COCTOMT M3 TpeX 3TalloB:
1) nosyueHHe BelllecTBa B BHAE AaTOMOB, MOJIeKYJ HJH HOHOB,
2) mepeHoc ITHX YaCTHI[ Yepe3 IMPOMEKYTOUHYIO cpely, 3) KOH-
JleHCaldsl YacTHII Ha MOMAJOXKKe. B 3aBHCHMOCTH OT TOro, KaKuM
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crnoco6oM OBLIH TOJNYYeHBI YacCTHIB Mapa: ¢ HCNOJb30BaHHEM (H-
3MUECKOr0 (TepMHYecKOe HCNapeHHe HJAH HOHHOe pachbljieHHe),
XHMHYECKOTO0 HJIH 3JEKTPOXHMHUECKOrO IPOIECCOB, MOXKHO MNpoO-
BECTH CJIeAYIOUIYI0 KJacCH(pHKANHI0O MeTOAOB ocaxieHus: 1) ou-
3MYecKOoe OcaxJeHHe M3 napoBofl ¢asbl, 2) XMMHUECKOe oOcaxie-
HHe M3 TapoBOH ¢a3bl, 3) XHMHUECKOe OCaxJAeHHe H3 PacTBOPa,
4) 3JIeKTPOXHMHUecKOe ocaxkaeHue. Ha ocHoBe MeTonoB ¢usuie-
CKOTO M XHMHYECKOTO OCaKJeHHsi M3 mapoBod (asbl pa3paboTaHml
KOMOMHHPOBAHHEIE  METOIBI, TaKHe, KaK peaKTHBHOe HCIapeHHe,
peakTHBHOe HOHHOe paclblJeHHe H NJa3MeHHOe ocaxjeHHe. B mo-
CeNYIOIHX pa3fesNaXx PacCMaTPHUBAIOTCA OCHOBHBIE NPHHIMNL H

XapaKTepHble 0COGEHHOCTH pas3JHYHBIX METOJO0B OCaxKJAeHHSI TOH-
KHUX NJIEHOK.

2.2 (usmnyeckoe ocarkaeHue U3 NapoBOMK as3bl

2.2.1 BakyymHoe ucnapeHue
221.1 Kuneruka npouecca

Hcnapenne MarepHaja OCYIIECTBJSETCS IPH AOBOJbHO BHICO-
KOH TeMIepaType, obecrneunBalollieli Heo6X0 UMOe 1aBJeHHe IapoB.
CorJtacHO KHHETHYecKoil Teopuu JleHrmiopa — Jl3mmMaHa, CKOPOCTh
cBOGOJHOrO MCHapeHHsI aTOMOB C YHUCTON TOBEPXHOCTH €IHHUYHOH
nJoIaaH B BaKyyMe ONpejessieTCs ypaBHeHHEM

N,=2,635-10P/(MT)"". (2.1)

3nece N.— cKopocTh HcmapeHHsi aToMoB B cM—2.c”!; P.— BHIpa-
:keHHoe B [la paBHOBecHOe [JaBJleHHMe Napa HCIapsieMOro BellecTBa
B YCJOBHSX HacHIeHHs1 Npu Temnepartype T; M — MonekyasipHas
Macca yactun napa. [IpeojosieB NnpoMexyTOUHYIO Cpely, aTOMH
napa KOHIEHCHPYIOTCS Ha NOMNJOXKKe B BHAe TOHKOH mieHku. Cko-
pPOCTb KOHIEHCAallHW HJH OCaXkJeHWs aTOMOB INapa 3aBHCHT OT
B3aHMHOT'O PAacHOJIOXKEeHHs] HCIapHuTeJs M TNOJJIOXKKH, a Takxke OT
K03 uinHeHTa KOHAEHCAUUH NPH JAaHHOM (U3UYECKOM COCTOSTHUH
TIOBEpPXHOCTH.

YacTunsl napa pacceMBalOTCs B pe3yJabTaTe CTOJKHOBEHHII
€ MOJIEKyJlaMH OCTaTOYHOTO Ta3a B BaKyyMHo# cucTeMe. Beposit-
HOCTh paccesiHusl ) mpomopuHoHandbHa exp (—d/A), rme d — pac-
CTOSiHHE MeXJ1y MHCTOYHHKOM H MOJIJIO0XKKO#H, A —cpelHssl [JHHA
cBobopHOro npobera MoJIeKyJl OCTaToyHoro rasa. Kpome rtoro, mo-
JIEKYJIBl Taza COyAapsloTcsl ¢ MNOBEPXHOCTBHIO MOJJOKKH CO CKOpO-
CTblO, ompejpenasieMoit ypaBHeHHeM (2.1), rne, pasymeercs, napa-
MeTpsl P, 1 M OTHOCSITCS K MOJIeKysnaM rasa, HMEIOLIero TeMIe-

1 Tlo-BuguMOMy, aBTOpPHl HMEIOT B BHAY JOJIO OOLIEr0 KOJHYECTBa MoJe-

KyJl rasa, KOTOpPHeE He IpeTeprneBaloT CTOJNKHOBeHHH Ha naune nytd d. — [Tpum.
nepes.
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Tabauya 2.1. XapaKTepHCTHKH OCTaTOYHOrO BO3[yXa IIPH TeMIepaTtype
25 °C B BakyyMe, OGBIYHO CO3/1aBAEMOM IpH OCa)AEHHH MJIeHOK [2]
Konuuectno
CpenHsisi AJKHa YacToTta MONeK Y, KosnuecTso

TlaBnenue, cBOGOHOrO CTONIKHOBEHUH | coynapsiomuxcs MOHOMOJCleKY"yﬂP'

Ta Iclg;?;:;aeﬂ‘:f:r(ai},’ Monhéi);ﬁg’mn, ¢ logl?’;ggc“’o OCZ:;aél&;?(Cﬂ

oM e cM—2.ct B Tevenne 1 cl)

1,33 0,5 9.104 3,8-108 4400
1,33-10—2 51 900 3,8-1018 44
1,38-10—3 510 90 3,8-10%® 4,4
1,33-10—5 5,1-10* 0,9 3,8-1013 4,4-10—2
1,33-10—7 5,1-108 9-10-3 3,8-101 4,4-10—4

Drlpepnonaraercsi, 4to KOSbPULHEHT KOHAEHCALHH paBeH eMHULE.

parypy T. Kak nmoka3siBaeT aHaju3 NpejacTaBJeHHBIX B Tabi. 2.1
JaHHBIX N0 KHHETHUECKHM CBOHCTBAM OCTAaTOYHOrO BO3/AyXa, BO H3-
6exxaHHe 3HAUUTENBLHOI'O 3arpsi3HEHHs] IJIEHOK HX OCaXKAeHHe MpH
cpenHell ckopoctH pocra ot 0,1 mo 1 HM/c HEO6XOZMMO NPOBOLHTDH.
npu [JaBieHuH, MeHbilem 1073 ITa. OpHako NpPH TNOBHIIEHHBIX
TeMnepatypax Kos(Q(QHUUHEHT NpPUIHNAHHUS AaATOMOB OCTATOYHOIO
rasa pesKo YyMeHblnaercsi, Ojarofapsi 4eMy yxke TOPH [daBJeHHH
~ 10* [1a BO3MOXKHO NOJyYeHHE YHCTHIX MJEHOK, 32 HCKJIOUEHUEM
c/a1yd4asl OCa)KIEeHHsl JIerKO OKHCJSIONIMXCS BellecTB, Korga HeoGxo-
nuM 6oJiee BHICOKHHA BakKyyM.

2.21.2 Yactmubl napa

JIuiip orpaHMueHHOe YHCJO BELIECTB, K KOTODHIM OTHOCATCS
S, Se, Te, Bi, Sb, P u As, npu onpefeseHHBX TeMmepaTtypax Hc-
napsieTcss B BHJe MHOTOATOMHBIX KJIACTEPOB; IIPH HCNapeHHW
OCTaJIbHEIX 3/JeMEHTaPHBIX BellecTB, HaXOAAIUXCSA B TBEPAOH ¢ase
(cy6bnuManus) HIM B KHAKOM COCTOSIHHH, 00pasyloTcsl HeHTpadlb-
Hble aTOMBL. BcreacTBHe TepMHUecKOH HOHH3AlUM aTOMOB Hap
MOXKEeT COHEepKaTh HEe3HAUHTeJbHOE KOJHYECTBO  3apSXKEHHBIX:
4acTHll.

Hcnapenne CmJIaBOB M COeIHHEHHH OGBIYHO CONPOBOXKAAETCS
auccouuanyed HaM accouuanued 60 0OOMMH IporeccaMy OLHO-
BpeMeHHO. B TOM cayuae, xorja jeTydecTb KOMIOHEHTOB CIJIaBOB:
U COEIMHEHHH 3HAYUTEJNhHO OT/IHUAETCS, NPOHCXOIMT TepPMHUECKOe
pasnoxkenne. Ec/i KOMIOHEHTH MMEIOT OJHHAKOBYIO JETyd4ecThb, HX
ycnapeHue NpoTekaeT ¢ OJH3KOH ckopocThio. Mcmapenue coexnne-
HUH TIpH DAa3JHYHOH JIeTyueCTH KOMIIOHEHTOB NPHBOJXHT K TOMY,.
4TO COCTaB Napa M KOHJeHcaTa OTJHYaeTcs OT COCTaBa HCTOYHHKA.
Pasjuune B cocTaBe Bo3pacTaeT B TOM cJydyae, KOrja Iap COCTOHT
M3 aTOMOB, HMEIOIIHX pa3Hble KoadduuueHTs KoHAeHcauuu. Kax
MpaBUJIO, IPH HOBHILUEHHH TeMIepaTyphl HCNAPeHHs ¥ YMeHblLUeHH i
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JaBJieHHS MapoB npeobsafalollUM CTaHOBHTCS Ipollecc AMCCOIHA-
nuu. Hanpumep, BcaeAcTBMe AHMCCOLMALHMH OHHAPHBIX OKCHAOB, HC-
mapseMbX IIpH BBICOKOH TeMmmeparype, HCTOUYHHK H KOHJAEHCAT
uMeloT pas3JjuuHblil coctaB. JIMIIb HeGoJbLIOE YHCIO COEAHHEHHH,
Takux, kak MgF,, B,0s, CaF,, SiO, GeO u SnO, npu ucnapeHuu
He AHCCOLHUDYET.

KoMnoHeHTH CNJIaBOB HCNApSIOTCS He3aBHCHMO ADPYT OT ApYra,
TIperMyILeCTBEHHO B BH/JE OTAEJbHBIX aTOMOB, faXKe B TOM cJiyyae,
KOT/la YHCTHIYl 3JIeMEeHT HcmapsieTcss B BHAe MoJekya. IIpumeHnenue
3akoHa Pay/sl 1715 onHcaHHaA mporecca MCNapeHHs XHIKOro CIjaBa
JaeT cJelylolllee BhIpaKeHHe [Jis OTHOIIEHHSI KOJIHYEeCTBA aTOMOB
xomnoHeHToB A 1 B B notoke mapa:

Na  Cxq pa Mp )”2. (22)

Np Cs pB \ My
3necs C4 u Cp— aToOMHBIE KOHIEHTPAIHH COOTBETCTBYIOIIHX KOM-
noHeHTOB cmiaBa. OTJHYMe B TOBEJEHHH peaJbHOrO XHAKOIO
cljiaBa MO CPAaBHEHHIO C HA€aNbHBIM PacTBOPOM YYHTHIBAeTCS My-
TeM BBeleHHS B JaHHOe ypaBHEHHe KO3(p@HIHeHTa aKTHBHOCTH.

2.21.3 PeakrtusHoe HcnapeHue

CosmaBasi ycJIOBHSI [1Js1 XHMHYECKOTO B3aHMOMAEHCTBHSA COJep-
2KAIIUXCSl B Mape YacTHI[ PasJIMYHBIX BelllecTB JHOO B mpolecce HX
nepeMelleHHs OT HMCTOYHHKA K TNOJJIOXKKE, JHOO HeNoCpelCTBEHHO
Ha TOBEPXHOCTH MOMAJIOKKH, MOXKHO MOJy4YaTb TIJICHKH DPasJaHUHBIX
CcI1aBoB H coefuHenuii. [IpoTekanne mpoumecca peakTHBHOrO HCHa-
penust, 6e3yCJOBHO, 3aBHCUT OT KHHETHYeCKHX H TepMOJHHAaMHUe-
CKHX CBOACTB ONpeJesieHHOH CHCTeMBl NapoB.

D¢ dekTUBHOCTL TMpoOlecca OCaXKAEHHS] HCIapeHHbIX BeLlecTB
3HAUUTEJbHO BO3PAcCTaeT NPH NOBBILIEHHH DPEAaKUHOHHOH CIOCOOHO-
cti yactHl napa. OZHHM H3 cNOCcOGOB NOBBILIEHHS DPEAKIMOHHOH
CNIOCOOHOCTH SIBJISIETCA HOHH3aIMs YacTHIl Napa MNOCPeJCTBOM HX
6 oM6apAUpOBKH OBICTPBIMH 3J1EKTPOHAMH, HCIYCKaeMBIMH Harpe-
THIM HCTOYHMKOM. Jlpyro#i cnoco® 3akijoyaercs B TOM, YTO HOHBHI
OLHOrO H3 B3aUMOIEHACTBYIOUINX KOMIOHEHTOB CO3[AaI0T C NOMOILBIO
CTJEIoUlero paspsifa, uyepe3 KOTOPBIH NPOXOAAT YacTHLL APYTHX
KOMIIOHEHTOB. DTOT METOJ, Ha3bIBaeMBIl «aKTHBHPOBAHHBIM peak-
THBHBEIM HCNIapEHHEM», YCIEUIHO NPHMEHSeTCs IS NOJy4YeHHs Iie-
HOK cMecH okcupos uuausi U ojoBa (ITO) u CusS c ouenp xopo-
IIMMH ONTHYECKMMH U 3JIeKTPHUeCKHMH cBoiicTBaMu. Eme oaun
MeTOJ TOBHILEHHS 3(QPEeKTUBHOCTH TNpOIEecca OCaXKAEHHS COCTOHUT
B TNOJYyYeHHH aTOMapHHX (GOpM CTaGHJIBHBIX ABYXaTOMHBIX MoJie-
KyJ, B ToM uncie O, (masi ocyulecTBiieHHsl okHcienus), Hy (mpu
ocaxaeHud ruapuaoB) u Np (npu nmosydeHud HuTpuaoB). K npu-
Mepy, NJEHKH THADPOTeHH3HPOBAaHHOTO aMOP(HOrO KPEMHHS OCaxK-
JaoT NpH HcnapeHHMH Si B NPUCYTCTBHH  aTOMAapHOro BOAOPOAR,
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NOJIy4aeMOoro MNoCpPeJICTBOM mnHposausa H, Ha packaseHHOH BOJIb-
¢dpamoBoil HutH [7].

2.2.1.4 Wcnaputenn

TemnepaTypy MaTepHana, NpeIHA3HAYEHHOro IJsi HCIAapeHHs,
MOXHO MHOBBICHTBL MyTeM IPSMOro HJIM KOCBeHHOro HarpeBa. Hau-
GoJiee TMPOCTHIM H OOLIENIPHHATHIM SIBJISETCS METOL PE3HCTHBHOTO
HarpeBa HHTH WJH JIOJOYKH, Ha KOTOPEE NMOMEIIAOT HCHapseMblil
MaTepHaJsk, [IpoMBIIIJIEHHOCTh BBITYCKAeT HHTH H JOHOUYKH [2, 3]
pasHooOpasHeIX (OpPM M pPa3MepoB M3 psla MaTepHaloB, NMpelHa-
3HAQuUeHHble AJISl UCNAPEHHs] IIUPOKOTO Habopa BEilleCTB U Pasjuy-
HBIX oOJjacTell mpuMeHeHHs. JlJIl HeCKOJNBKHMX CTaHAapTHHIX HCIa-
puTenell pacrnpeleseHHe NMapoB HCNapsieMbIX BelLlecTB [0 HaNpas-
JIEHHAM XOPOILIO H3BECTHO H PAacCMOTPEHO B yueGHHKAX.

[Tpy M30TPOMHOM HCHIADEHHH M3 TOYEYHOTO HCIAPUTENs CKO-
POCTb OCaXK/JeHHS YaCTHI, Ha TNOBEPXHOCTb NJOCKOTO NpHEMHHKa
nponopuuonansHa cos 0/r? (,,3akon kocuuyca’ Kuyacena). 3mech
r — paccTOsiHHe MeX/Iy NPHEMHHKOM H HcmapurteneM, a 6— yroa
MeXJy HamnpaBJeHHeM HCIapeHHss W HOpMaJbl0 K HOBEPXHOCTH
npueMHuKa. [IpH Hcrmonb3oBaHMM HCHapuTeass Majaol IJowlaau
CKOPOCTb OCaK/(€HHS UAaCTHIl Ha NOBEPXHOCTh NJIOCKOIO NPHEMHHKA,
napaj/eJbHyl0  TOBEPXHOCTH  HCIapeHus,  IPONOPIHOHAJbHA
cos?0/r2.

J7si WcmapeHHss MaTepHaJoOB C BHICOKHM JaBJleHHeM [apos,
B TOM YHCJe TOJYNPOBOAHHKOB, OOBIYHO TNPHMEHSIOT TOYEUHBIe
HCTOYHHKH HCMapeHHss H HCHapHTeld TNPSIMOKAHAJbHOTO THIA.
Ha puc. 2.1 mokasaHnl TpH THNa TakuX HcnapuTeneir. baaromaps
Y3KOMY BBIXOJHOMY OTBEPCTHIO Naphl HAxXOAATCA BHYTPH MHCHApH-
Tessl B ONHOPOAHOM M PaBHOBeCHOM cocTosiHHM. HcmapuTteas, npu-
MeHsieMBIl B Haulel maGopaTtopuu Ajsi ucnapenus CdS u anago-
TMYHEIX MaTepHaJioB, TMpejcTaBisieT coboil KBapueBHH 0aJJoil
¢ y3kuM ropjom. OTBepcTHe AJs1 BHIXOJA NApOB CHAGKeHO MOJHO-
JIeHOBOH 3aCJIOHKOH KOHHUYECKOH (OpPMBI, YCTaHOBJIEHHOH B BepXHei
yactH GaJjsona. B Gasson 3arpyxkaior crneueHHHl mopomok CdS
H €ro HarpeB OCYLIECTBJISIIOT C TOMOIIBIO IIHJIHHIPHYECKOTO MOJHO-
JIEHOBOTO HAarpeBaTelsl, OKPYKEHHOr0 TeIJIOBBIM 3KPaHOM M3 BO-
JIOKHHCTOTO JH3JEKTPHUECKOro MaTepHasa M TaHrana. Jlpyroit
BapHaHT KOHCTPYKLHUH TAKOTO HCIapHTeNs, HCIOJb3yeMOro Hccie-
nopaTessiMH u3 yHHBepcuteta wT. denassp (CIIA) nns ynpasas-
emoro ucnapenus (CdZn)S, npencraBisier cofo# ABa KOaKCHalb-
HBIX T'Pa(HUTOBBHIX HCIAPUTEJNS, OKPYKEHHBIX IHJIHHIAPHYECKHM TaH-
TaJOBHIM  HarpeBaTeJeM  pesdcTHBHoro Tuma. HeoGxonumoe
COOTHOIlIeHHe MexXay ckopocTsiMu ucnapenus CdS u ZnS npu Ha-
JMYHM ONHOTO HarpeBaTessi YCTaHaBJ/HBaeTcs ImyTeM mnoabopa
$U3NYECKHX MapaMeTPOB KOAKCHAJBHBIX HCTapHTeseH.

Merton ocaxkleHHS NJIEHOK C HMCIOJb30BAHHEM HECKOJbKHX HC-
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TR

Piic. 2.1. CxeMbl YCTPOHACTBAa Pa3/MYHLIX HCIIAPHTeJeH;

) Hcnapenue CdS: I — kBapueBbl#i THreab, 2 — MOILHGLEHOBHII HarpeBaTeb; 3 — TaHTaJO-
8bili TeNJOBOH 3KpaH, 4 — KBaplieBasi BaTa, &5 — TENJIOH3O0JHPYIOIHA BOJIOKHHUCTHII MaTe-
pHaa Ha ocHoBe Al:O; 6 — Tepmonapa 7 — nopook CdS;

6) ucnapenue cnaasa Zn,Cd, ;S: I — o6bem, 3aM0AHAEMBL CdS, 2 — o6bem samosHseMbli

ZnS; 3 —KaMepa AJsl CMelleHHS ucnapaemux BellecTB, 4 — BHIXOJHOe OTBepcTHe pas CdS
pery.Mpyemoro pasMepa, 5 — GuabTP, 6 — KpblIKa C BHIXOJHBIM OTBEPCTHEM, 7 — TepMonapa;
8) ucnapeane SiO: [ — 3acioHKa, 2 — MONUGLEHOBbIl KOHTelfiHep; 3 — mopowok; 4 — KaHasx
A7 HCIapsieMOro BellecTBa.

napurteJsefi UMeeT BaxHOe 3HAUEHHE N5 TEXHOJOTHH H3TOTOBJEHHS
MHOTOCJIORHBIX CTPYKTYp, @ Takxe NJs IOJydYeHHS CIJIaBOB H IO-
JIYOPOBOJHHKOB 3amaHHOro cocrara. IlocpelcTBOM H3MeHEHHS TeM-
mepaTypbl MOMJOXKKH MOXKHO peryJHpoBaTh [aBJleHHE NapoB KOM-
TIOHEHTOB, a TakKxXe, UTO He MeHee BakKHO, BO3AeHCTBOBATb Ha
OTHOCHTE/IbHble KO3((HUHEHTH NPHJAHNAHUSA H TepPMOLHHAMHYECKH
pPaBHOBECHOe COCTOsSIHHE pa3JIMYHBIX COCTaBJAKOMWIMX mapa. bBaaro-
Laps 3TOMy MeTOJ OCaXKIeHHs C HCHOJb30BAHHEM HECKOJbKUX
ucrmapuTesedl IPUH COOTBETCTBYIOIIEM TEeMIEPaTypHOM KOHTpoOJe
#leaNbHO NMOJAXOAUT JJIs1 BhIpAlIMBAHHSI MNJEHOK MHOTOKOMIIOHEHT-
HBIX MOJYNPOBOJHHUKOB OIpelLeJeHHOro COCTaBa H IIMPOKO NpHMe-
HseTcs JUIs TOJyueHus InJeHOk coeaunenust IV—VI II—VI #u
11—V rpynn nepuonnueckoil CHCTEMbL 3JIeMEHTOB.

B raba. 2.2 ykazaHbl HEKOTOpble OCOGEHHOCTH U IapaMeTphl
mpoyecca HCMAapeHHsi, a TakKxe pPeKOMeHJyeMble HCMApUTeNH A4
MaTepHaJoB, KOTOpble MOTYT OBITh MCIOJIb30BAHE B COJIHEUHBIX
3JIeMeHTax.

2.21.5 BakyymHoe ob6opyposanue

Jnst ocyuiecTBJeHHsT BaKyyMHOTO HcrapeHHst HeoOXoaMMa CH-
cTeMa C Onpefe/JeHHBIM YpOBHeM BakyyMma, cHalkeHHas amnmnapa-
Typoll AJs aHajh3a OCTaTOYHBIX ra3oB. BakyyMHble CHCTeMbl Ha
OCHOBe AHUQ(Y3UOHHOTO HACOCA U BCIOMOraTesJbHOrO (HOPBAKYYM-
HOro macoca, obecneunBawomue nasaenne 1074 ..10~¢I1a, no-npex-
HeMy HauboJiee 4acTO HCHOJB3YIOTCS B TEXHOJOTMYECKHX KOMIIJIEK-
cax JJs CO3JaHHs TOHKHX IJEHOK B OCHOBHOM Osaromaps HeGo.b-
OH CTOMMOCTH, NPOCTOTE H BHICOKOK CKOpPOCTH OTKaukH. Ilpu
MCINOJIb30BaHUM B JU(P(Y3HMOHHOM HaAcoCe CIeLHaJbHBIX Maced
{Hanpumep, noJsudeHusoBoro a¢pupa), KPHOTEHHOrO OTpaKaTesss H
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NpU BBINOJHEHUH BaKyyMHOro o6OpyHOBaHHS TOJbKO H3 MeTaJJa
JIEFKO JOCTUTaeTcs CBEPXBLICOKMH BAaKyvM C JaBJEHHEM B JAHana-
3oHe 1076...10~8I1a. [Ipyrasi cTaHmapTHasi CBEPXBBICOKOBAKyyMHas
cHcTeMa OCHOBAaHA Ha NMPHMEHEHHUH MOHHO-PACHbIIMTEIHHOTO Hacoca
B COYETAHUH C COPOLHOHHBIM H BCIOMOTaTeJbHBIM THTAHOBHIM CY06-
JUMALHOHHBIM HacocaMu. KpHoreHHble Hacochl Ha KHIKOM TeJIHH,
paboraioline N0 NPUHIUIY 3aMKHYTOTO LHKJA, OTHOCSTCS K HOBBIM
3((peKTUBHBEIM, HO O0oJjiee AOPOTOCTOSILIUM CHCTEMaM CBEPXBBICO-
koro Bakyyma. Cienyer oTMeTHTb, YTO Ji06ass BaKyyMHasi CHCTeMa
UMeeT HHAHBHAYaJbHble OCOOEHHOCTH, CBSI3aHHble C XapaKTEpUCTH-
KaMH Npollecca OTKa4yKH, yPOBHEM BaKyyMa H COCTAaBOM OCTAaTOY-
HbIX ra3oB. IIpH 3TOM 0COGEHHOCTH KaXHOH CHCTEMbl IO-CBOEMY
BJHUSIOT Ha MpOLEecC KOHAEHCAUUH TOHKUX NJeHokK (cM. [2]).

IToMuMo ucmapuTensi BaKkyyMHasi CHCTeMa JOJIKHA OBITh CHab-
JKeHa MHOTOYHCJEHHBIMH MOMOJHHTEJNbHBIMH ycTpoficTBamMu. K HuMm
OTHOCATCS: 3aCJI0HKH, JepKaTe/u MOMJIOKeK, JaHeTapHas cHCTeMa
(m1s1 paBHOMEpHOTO OCaXKJAeHHUs MJEHOK OOJIbIIOH NJOIIAAH), CH-
CTeMbl PeryJHpOBaHUS M KOHTPOJS CKOPOCTH OCaxKAeHUsS H TOJ-
IIMHBl NJeHOK. JlomosHuTeNbHOE 000pYyAOBaHHE IOJIXKHO H3TOTOB-
JSATbCS U3 MaTepHaJsoB, COBMECTHMBIX CO CBEPXBbICOKOBAKYYMHOH
TeXHOJIOTHEH, C YYeTOM HX CNOCOOHOCTH K ra300THeJeHHIO U XUMH-
YeCKOMY B3aHMOJEeHCTBHIO C HCMapsieMBIMH BelllecTBaMH. KOHTpoOJIb
U yNpaBJleHHe CKOPOCTHIO OCAXKIEHUS MJEHOK OOGBIYHO OCYLIECTBJIS-
I0TCSI NpH IMOMOIIM KPHCTAJJIHUYECKOTO KBapLEBOro pe3oHarTopa,
MOHH3ALHOHHOTO JATUYHKa HJH COOTBETCTBYIOLIET0 Macc-CIEKTPo-
merpa. ToJalMHY TmNJIEHKH oONpenessiioT NyTeM HHTErpUpOBaAHUS
MOKa3aHUH MaTYHKa CKOPOCTH OCaxKJAEHHS M APYTHMH METOLAMH,
HanpuMep NPHMeHsisi ONTHYECKHIl AATYHK (IPH OCaxKJIeHHH HeMe-
TalJHYeCKHX IJIEHOK). B umeaspbHOM c/lyuae CHCTEMY BaKyyMHOro
OCaXJeHHUsl CJeldyeT OCHACTUTb amnapaTypoil IN/s aHaau3a CTPyK-
Typel M COCTaBa IJIEHOK (cM. pasjmen 2.2.2.2). Bsuay Ttoro uro
BCIoMOraTesbHoe 060OpyLOBaHHE HTpPaeT BaXKHYI pOJib B INOJyYe-
HUH NJIEHOK C. TpeOyeMbIMH CBOHCTBAMH, HEOOGXONHMO JeTaJjbHOe
3HaHWe 3Toro of6opyAoBaHHSA. MBI HACTOSTEJbHO pPEKOMEHAyeM
ynuTateNssM obpamatsbcst K paboram [1—4], rme paHHble BOmpochl
paccMoTpeHsl 6oJsee TOAPOGHO.

2.2.2 dnutakcHanbHoe Oca)kpeHue

B cuay psima xapakTepHBIX ocoOeHHOCTeH Ipoliecca OCaxAeHHS
(Takux, KaK OYeHb CHJIbHOe NepechilleHHe NMapos, ClelupUKa KHHe-
THKH KOHIEHCALMH, pPe3Koe M3MEeHeHHe CKOPOCTH HCNapseMbIX aTo-
MOB IIpU Nepexoje B aACOpOUPOBAHHOE COCTOSIHHE) TOHKHE MNJIEHKH
10 CBOeH OCHOBe SBJSIOTCS TEePMOJHHAMHUYECKH HepaBHOBECHBIMHU
CTPYKTypaMu. BciencTBue 3TOro OHM HeH30€XKHO HMEIOT MeJKO-
3€PHUCTYIO CTPYKTYpPy H ColepiKaT O0JbllIoe KOJHYECTBO «3aMOpO-
JKEHHbIX» CTPYKTYpHHIX AeexToB. /11 H3TOTOBJIEHHS COJHEUHBIX
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3JIEMEeHTOB TpPeOylOTCsl MOHOKDHCTaJ/IMUeCKHe TJIEHKH H B KpaHHeM
cjyyae IJIEHKH, COJepxKallMe KDYNHble OpHEeHTHPOBaHHbIE 3epHa
HJIH MO3aHyHble MOHOKPHCTa/Jbl. UTO KacaeTcs MeJKO3ePHHCTBHIX
NJIeHOK, TO HeOOXOAMMO pa3paboTaTh CrnOCOOH MACCHBALMH TPaHHIL
3epeH AJsl ycTPaHeHHsl MX BO3JeHCTBHSI Ha NpoOLlecChl pekKOMOHHA-
LMK HOCHTeJNeH 3apsija.

Ilpn pasymHoM BHOOpe mnapameTpoB mnpolecca OCaxKIAeHHS
C y4eTOM CBOJICTB KOHKPETHBIX MAaTepuaJsiOB TOHKOH MJIEHKH H MOJI-
JIOXKKH JIETKO TMOJYYHUTb MJIEHKH C KPYNHBIMH (~ 1 MKM) OpHEHTH-
pOBaHHBIMU 3epHaMH. [Ipu HCMONB30BaHHH COOTBETCTBYIOLLEH MOHO-
KDUCTAJIJIMYeCKOH NOAJOXKH IPOUCKOLHT 3MUTAKCHAJbHBIH pPOCT
MO3aHYHBIX KPHCTAJJIOB Pa3MepOM B Ipejesax HeCKOJbKHX [ecsT-
KOB MHKDOMETPOB C MaJIOyTJIOBBIMH TpDaHHIAMH Mex1y GJIOKaMH
Mo3aHKH. BaKyymHOe ocaxkJeHHe B HaHOoOJblLIeHl CTENEHH MOAXO-
JUT JJis NMOJIyYeHHs] SNHTAKCHAJbHBIX NJEHOK, OJHAKO H3-3a HeoO-
XOAUMOCTH Pa3paboOTKH JelleBHIX BHICOKOA((HEKTHBHEIX COJHEUHBIX
3J1eMeHTOB 6OJbLIOH nuowafd 06beM HCC/AENOBAHHH SMHTAKCHAMb-
HBIX MJIEHOK JJIsi COJIHEYHBIX 3JIEMEHTOB B HacTosilllee BpeMsl Orpa-
HUYeH H3yYyeHHeM (pyHJaMeHTaJbHBIX BOIPOCOB U NOJyYeHHeM ILje-
HOK AJIl COJIHEYHBIX 3/JeMeHTOB CIelLHaJbHOrO Ha3HAueHHs, HANPH-
Mep aiss pabOTHl [PH  KOHIEHTPUPOBAHHOM H3JYYeHHH H
B KaCKaJHbIX cHcTeMaX. HekoToprie H3 npHMeHAeMbIX MeTOLOB
BaKYyMHOTO OCaXX[AE€HHS PacCMOTPEeHH B CJeLYIOUIUX pasjenax.

2.2.2.1 DnuTaKcHanbHoe OCAMQEHME METOJOM «ropAUMX CTEHOK» !

[Tpu ucnosb30BaHHH 3TOro Meroxa [8] mapsl, mosydaeMble C I10-
MOIIbIO OJHOTO HJH JBYX KOJbLEBBIX HCrMapHuTesed, MepeHOCATCS
B o0beMe, OrpaHHYEHHOM HArpeToH UMJIHHIPHYECKOH OO0OJIOUKOH,
KoTopasi uMeeT OoJjiee BLICOKYIO TeMIlepaTypy, 4eM MOLJOXKKA.
B pesyabTaTe Ha MNOAJOXKKY OCaKgaeTcs TOMOTeHH3HPOBaHHAs
MHOTOKOMIIOHEHTHasl CMeCb INapoB, Haxojdliascsd B DPaBHOBECHOM
COCTOSIHMH. DTOT METO] NPHUMEHsIeTCsl AJs NMOJYuYeHHs BbICOKOKaue-
CTBEHHBIX JMHTAKCHAJbHBHIX IJIEHOK pAfa COeJHHeHHI 3JIeMeHTOB
IV—VI u H—VI rpynn nepHOAHYeCKOH CHCTEMHBI.

2.2.2.2 MonekynspHo-ny4eBas 3nMTaKcus

MouJiekyIsipHO-y4eBOH 3NUTaKCHed HasblBaeTCsl MeTOJ BHIpa-
IMBAHHSl 3MHUTAKCHAJbHOA TJIEHKH HAa MOHOKPHCTAJIHYeCKOH MOJ-
JIOXKKe MOCPEeACTBOM KOHJAEHCAlLMH OJHOI'0 HJHM HECKOJbKHX Hanpas-
JIGHHBIX NYYKOB aTOMOB (a B ONpefeJIeHHBIX cJyyasix —H MoJe-
KyJ), UCrapsieMblX U3 HCTOYHHKA C Y3KHM OTBEpCTHEM JUJIsi BHIXOIa

1) Jlanuoifi Meroj nosBosser (6Jaronapsi OTPaxKeHHIO NMapoB BellecTBa OT
HarpeTbix CTEHOK) CO3[4aTh NMOBLIIIEHHOe AaBJeHHe B paboueM oObeMe, MOITOMY
Ins 0603HAYEHHs 3TOrO0 METOJA HaHeceHHs MJEHOK BO MHOTHX paboTax npHMe-
HSETCSl TEPMHH «HCIapeHHe B KBa3H3aMKHYTOM oGbeme».— [Tpum. peo.
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IapoB B CBEePXBLICOKOBAaKyyMHO# cucteme. I[Iyuok napos HH3KOH
NUIOTHOCTH II0J1yYalOT C TOMOLIbI0 TOYEYHOro HCHAPHTENs, BHYTPH
KOTOPOTO IMapbl HaXOAATCS MOJA BLICOKMM JaBjeHHeM. MoJeky-
JSPHO-JIyyeBasi SMHTAKCHA OTHOCHTCH K HH3KOCKOPOCTHBIM MeTO-
JaM ocaxkJeHHs, OJHAKO BaXHOEe [OCTOMHCTBO 3TOTO MeETOAA CO-
CTOHT B TOM, YTO OH MO3BOJISIET OCYIIECTBJISAThH BECh KOMILJIEKC HC-
C/Je[0BaHuil, TPeOYIOLIHUX YyCJOBHH CBEPXBBICOKOIO BakKyyMa, H
noayuyatb HH(POPMALMIO O CTPYKType, TOmorpad)u, 3JeMeHTHOM
COCTaBe, paclpejle/leHHH 3JeMEHTOB H O XUMHUYECKOM COCTOSIHHH
NOBEPXHOCTH NJIEHKH B MNpOlLlecCe ee pOCTa. YCTAaHOBKA AJSA MoJe-
KyJSDHO-Ty4eBOH 3MHTAKCHH MOXKET COJAepKaThb MacCC-CEKTPOMeTp
C KBaJApYMOJbHbIM (HJIBTPOM Macc AJsl aHaJH3a cOCTaBa NapoBOH
(¢a3bl, HOHHBLIA MCTOYHHK, MAacC-CIEKTPOMETpP [Js HCCJeJOBaHUs
BTODHYHbIX HOHOB, CKAHHPYIOIIHI O0XKe-MHKPOAaHAJIH3ATOp, a TaKiKe
annapaTypy AJs H3yYeHUs IJIEHOK METOAaMH 3JIeKTPOHHOH crek-
TPOCKONHH A/ XMMHYeCKOro aHaJju3a, AUPpaKUHH MeAJIeHHBIX H
OLICTPBIX 3J1eKTPOHOB. [loanep:kuBasi CKOPOCTh OCaXKJEHHS HAa HH3-
KoM ypoBHe (<0,1 HM/C) ¥ HCHOJIb3ysl CBEPXUYHCTHIE IIOJJIOKKH,
MOXKHO BBbIPAllHBaTb 3MHTAKCHAJbHBIE IJIEHKH C BBICOKOH cCTe-
NeHbl0 COBEPIIEHCTBA CTPYKTYPbl NIPH OTHOCHTEJNBHO HH3KOH TeMre-
patype nopnoxkkH. IIpH ocaxXKieHHH MHOTOKOMIIOHEHTHBIX COEMIH-
HEHH BO3MOXKHBI B OYKBAJbHOM CMBICJI€ IIOCJOHHBIA KOHTPOJbL H
ynpaBJ/ieHHe NPOLeCCaMH KOHJEHCAalMM M XHMHYEeCKOTO B3aHMOjei-
CTBHUSl Pa3JHYHBIX aJcOPOHPOBAHHBIX aTOMOB,

OueHbp HH3KHE CKODPOCTH OCaXKJEHHS MPH MOJIEKYJISIPHO-JTY4YeBOil
3MUTAKCHH TI03BOJAIOT I0JYYaThb MHOTOCJIOHHBIE CTPYKTYPH Ha
OCHOBE OJIHOTO HJ/IH HECKOJbKHX MaTepHaJsIOB C 3apaHee IPeLyCMOT-
PEHHOM IMOCJIEIOBATENbHOCTBIO CJI0EB, HMEIOUIHX TOJILHHY MpH-
MepHO OT 1 HM [0 HECKOJIbKHX MHKDOMETpOB, GJiarojapsl yeMy BO3-
MOJKHO CO3JaHHe CBepPXPelleTOK, reTepPOCTPYKTYp, reTeponepexoioB
H CTPYKTYp C MJIaBHO H3MEHSIOUIMMUCH COCTaBOM HJH CBOHCT-
Bamu. DPopMHpOBaHHe CTPYKTYpPbl MOXeT OBITb 3aBepLIEHO OCaxX-
JleHHeM CJIosi MaTepuaja ¢ HeoOXOJHMBIMH CBOHCTBaMH, obecre-
YUBAIOUIEr0 IMaCCHBALMIO, 3alIUTy [OBEPXHOCTH HJHM H3MeHeHHe
pabotel BhiXoAa. IloMUMO 3TOro TmNOCPEACTBOM HCMOJB30OBAHHA
COOTBETCTBYIOIIMX MAacOK H 3aCJOHOK HJH IyTeM <BblYepYHBaHHSI»
3aJaHHOrO PHCYHKa C MOMOILBIO C(HOKYCHPOBAHHOrO Y3KOro (xua-
MeTpoM ~ 10 MKM M MeHee) ITyuka Iapa MOXHO NOJydYaTh NMJEHKH
¢ 00beMHBIM peJsbedoM.

Mertoj MOJIEKYJISIPHO-/Ty4eBOH 3NMHTAKCHH, TPeOyIOIH# NpHMe-
HEeHHsl CJIOXKHOTO HOPOToCcTOsillero o60pYNOBaHHs, B OCHOBHOM HC-
Tosb3yeTcsl AN TpoBefeHHst (PyHIaMeHTAJbHBIX HCCJeJ0BaHHH
npouecca 3MUTAKCHAJBLHOTO OCaXKIEeHHsT H B HEKOTOPHIX 00./1acTaX
MHKPO3/eKTpoHHKH. HecomMHeHHO, nmpejncTaB/isieT HHTepec Hles HC-
T0JIb30BaHHUs C(POKYCHPOBAHHBLIX MYYKOB Mapa, Ipolecc KOHJIeHca-
UHH KOTOPbIX MOIKHO DEryJHpOBaTh, AJsi H3yYeHHs MHOTOMEPexojl-
HbIX COJIHEUHBIX 3JIeMEHTOB HOBOH CTPYKTYpPbl HJIH HOBOTO THIA.
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MeTop MOseKy/IAPHO-1y4eBOH SMUTAKCHH M €ro yIPOIIeHHbBIe MOIH-
(GuKalkH IMPOKO NPUMEHSIOTCS AJs OCakKAEHHS COeNHHEHHIl 3Je-
MeHTOB II—VI u III—V rpynn, B 4acTHOCTH TPeXKOMIOHEHTHBIX
coenunenuil Ha ocHose GaAs (Hampumep, Al_.Ga,As, In_.Ga.As
u GaSbi—yAs;) Hu reTepocTPYKTyp, B COCTaB KOTOPBIX BXOIST
YeTbIPeXKOMIIOHeHTHble  coeauHenusi  (GaxIn;_,As,P,_, —InP).
C nomowmpio MOJIEKYJISIDHO-JIyUeBOH SMUTAKCHH M0JY4aloT COJHeY-
Hble 3JieMeHTBl €O CcTPYKTypoH Gaj_xAl;As— GaAs. dtoT Merox
H 00/1aCTH ero NMpHMeHeHHs paccMoTpeHbl Jcakd u Uanrom [9]u Ap-
Typom [10]. .

2223 Tlpadoanutakcus

[Tnenku, ocaxxnmaeMble H3 mapoBoii ¢)asbl Ha aMopdHble MOA-
JIOXKKH, OOBIYHO HMMEIT MOJHKPHCTANIHYECKYIO CTPYKTypy. [lpn
COOTBETCTBYIOIMX YCJOBHUAX OCAaXKIEHHA MOTYT OBIThb MOJIYYEeHbI
YaCTHYHO TEKCTYPHPOBAHHBIE IJIEHKH, T. €. IJIEHKH C MpeAnouTii-
TebHOA opueHTanued 3eped. HexaBro Cmutom u mp. [11, 12] 6bL10
YyCTaHOBJIEHO, YTO NMPH CO3JAaHUH HAa aMOP(HBIX MOAJOKKAX (B JaH-
HoM caydae u3 SiO;) NMOBepXHOCTHOTO pesibeda B BHIE peryJsipHO
pacrno/JoKeHHbIX LITPHXOB C ONpeLeJeHHBIM IEePHOAOM H TpoduieM
B OCa)KIeHHbIX TEeKCTyPHPOBAHHBIX IJIeHKaX (paccMaTpUBalHCh
MJeHKH Si), KoTopble MOBTOPSIIOT pesbed MOIJI0XKKH, B pe3yJbTaTe
peKpuCTalJu3aliy IOJA AeHCcTBHeM JasepHoro usJgyyenus (6 Br)
3epHa npHOOpeTaloT NMpEeuMyLIeCTBEHHYIO OpHeHTauuio. Ilpu 3ToMm
HalpaBJeHHe BBIJIGJEHHOH OCH TEKCTYPHl COBIajaeT ¢ HampasJe-
HueM wrpuxoB. CorsacHO pesysabTaTaM, MOJYyYEHHBIM HCCJIEL0BA-
TeJbCKOH Tpynmoi JsabopaTopuu HM. JIMHKOJABHA, paccTosiHHe
MeXAy LITPUXaMH He [OJIKHO ObIThb OOJblIe XapaKTepHOTO pas-
Mepa 3epeH ocaxkaaeMod mnJjeHku. IIpu cospanuum Meromom ¢oTo-
autorpadun  Ha nonsdoxke u3 SiOp;, NOKPBHITOH caoeM XpoMma,
MHKpopedbeda ¢ mepuonoM 3,8 MKM H npoduieM KBajJpaTHOR
(opMBl y MJIEHOK KpeMHHs ToamuHO# 500 HM, MmoJydaeMBIX MeTO-
JOM XMMHYECKOTo OCaKJIeHHs U3 MapoBoH (asbl, KpUcTaaaorpapu-
yeckasi naockocTs (100) mapaasesnbHa NMOpsoXKKe, a HanpaBJeHUS
<001> nmnapaanenpHbl HamnpasJeHHIO wWTpuxoB. a5 co3manus
IJeHKH C IJOCKOCTbIO TeKCTypel (l111) mnorpeboBanace &bl moa-
JIOXKKaA CO CJOXHBIM [Jif HUI30TOBJEHHA pesbedoM MNMUI000pasHOR
¢dopmbl. MeTtox rpadosnMHUTAaKCHH NOKa NpeACTaB/seT JHIb aKaje-
MHUYECKHH HHTepec, U BOMPOC O HANpaBJeHHSIX ero MPaKTHYECKOro
IIpUMEHEHHs OCTaeTcsi OTKPBLITBIM, TeM He MeHee OH IpHUBJeKaeT
BHUMAaHHE BO3MOXKHOCTBIO MOJyYeHHs AJS COJHEUHBIX 3/eMeHTOB
KPUCTAJJINYeCKHX IJeHOK OoJbLION IJIOIAAH NMyTeM OCaXKIeHHSE
napoB KpeMHHs Ha aMop(dHble MOIJOXKKH M3 yrJjepoia H APYTHX
5/JEeKTPONPOBOAALLMX MaTepHaJOB C IOBEPXHOCTHBIM peJsbedowm,
C03/1aBaeMbIM METOJI0M PEHTTeHOBCKOH JIUTOrpaduH.
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2.2.3 Mertoasl MOHHOrO pacnsineHus

Has nmonydenus mapoBo# (asbl MOMKHO HCHOJIB30BATH XHMHUE-
CKH HHepTHble HOHBI JOCTATOYHO BBICOKOH 3HEPTUH, KOTOpBIE CIO-
coOHBI BLIOMBATh YAaCTHLBI BeliecTBa Nnpu 60MOapaAHPOBKe IOBEpX-
HOCTH MHIIeHH (Kartopga). ITOT IMpollecC, HasblBaeMblii HOHHBIM
pacrbljeHHeM, IPOUCXOAHUT B pe3yJibTaTe Nepelauyd UMIyJbca HaJje-
TalOUIMX HOHOB YaCTHULLAM IIOBEPXHOCTH MHlIeHH. KoHzeHcHpysch
Ha TOAJOXKe, BbIOHWTBIE dYacTHLB o06pasyioT maeHky. [Ipouecc
HOHHOTO paclblIeHHs HMeeT PsJ XapakTepHBIX 0coOeHHOCTell, BaxX-
HBIX C TOYKH 3pEHHS] TOHKONJEeHOYHOH TexHosorud. 1) Kak mnpa-
BHJIO, OCHOBHAsl 4acTb PACMBbIICHHBIX YAaCTHI NpeacTaB/seT cOOOH
HedTpaspuble aToMbl. JInumb HeGodabiuass ux moas (<1 %) okasmsl-
BaeTCs IOJIOXKHTENbHO HJH OTpUlATeNbHO 3apsxkenHoil. Cpenu
BHIOMBAaeMbIX YaCTHI CONEPXKHTCS TaKkKe HEKOTOpOe KOJHUeCTBO
MOJIEKYJIADHBIX MJH MHOTOATOMHBIX KJacTepoB, 3aBHcsllee OT
napaMeTpoB Ipollecca pachbljeHdss U Martepuasna Mmuuend. 2) Ko-
53¢ pULHEHT pacnblieHus, onpefenseMblii KaK 4HCJO aTOMOB, BBHIOH-
TBIX M3 MHLUIEHH OJHUM INafalollHM HOHOM, BO3pacTaeT HpH YyBe-
JIHYEeHUH SHEPTHH U Macchl HOHOB. THIHYHBIE 3aBHCHMOCTH KO3(hu-
IMeHTa pacnblieHusi ot sHeprud uoHoB Cu, Ni u Mo mpexncrasieHbl
Ha puc. 2.2. B OGosblIMHCTBe. cJyyaeB TIPH 3HEPTHH HOHOB,
NpeBHIIAIOINIEH HECKOJbKO ThICSY 3JIEKTPOHBOJBT, KO3()PHLUEHT
pacmblieHus] yBeJIUYHBAETCS] OUeHb MeJJEHHO C POCTOM 3HEpPTHH
uoHOB. 3) Kos(¢guuueHT pacnblieHuss 3aBHCHT OT yrJja mnajeHus
HOHOB (CM. puc. 2.2) u u3MeHseTcsl NMPOMOPLHOHAJBHO (cos @),
rie 6 — yros MexJAy HOPMaJbi0 K NMOBEPXHOCTH MHUIeHH H Hanpas-
JleHHeM [BHXKeHHs HoHOB. Kak BugHO u3 pHuC. 2.2, Ha KOTOpPOM
1ipefcTaBJeHbl CKOPOCTH HOHHOTO TPaBJEHHsS DPa3JIMUHBIX MaTepHa-
JI0B, HaGJMIONAI0TCS OTKJOHEHHS OT 3TOH 3aBucuUMOCTH. 4) B mnose-
IeHUH KoadduuueHTa pacHbleHHs CYLIeCTBYIOT TaKXe H3MeHeHHs
MepHOJMUECKOr0 XapaKTepa, COBNajaiolide C IepHOAMYHOCTHIO
CBOKCTB 3/JeMeHTOB B TalOuaulle MenpeneeBa. OpHako K03a(huuH-
€HTbl PaChblIEHHS] Pa3/JHUYHBIX 3JeMeHTOB HOHaMu Art ¢ sHepruei
1 k3B orsuyaioTcs Apyr OT apyra He Gosee yeM B 5 pas. 5) Ko-
3 ¢uUIUeHT paCHblJIeHHsT MOHOKDUCTAJIMYECKUX MHIIeHeH BO3pa-
CTaeT MpPH yMeHbUIEHWM TJyOWHBl NPOHUKHOBEHHS HOHOB B KpHC-
Ta/Jl B HanpaBJeHHH pacnpoCTpaHeHHs HOHHoro mnydka. 6) Pac-
TipefeseHHe BbIOHBaeMbIX YacCTHI[ 11O SHEPTHAM MOJUYUHSAETCH 38KOHY
MakcBesnia H nmpoctupaercss najseko B 006J1aCTb BBICOKHX 3IHEpruil.
Tlpu yBenuuenuy sHepruu GoMOapiMpYIOIIHX HOHOB SHePTHs yac-
THI[, COOTBETCTBYIOLIAsl MaKCHUMyMy paclipeleseHHusi, H3MeHsercs
He3HAUUTeJbHO, U ee BeJUYHHA B CPeJHeM Ha NOPSJOK Bhbillle 3Hep-

1 PaccMoTpeHHble B JaHHOM pasjliesie MeTOAbl OCaXKJeHHs MJIEHOK paHee
6pl10 npHHATO OOBENHHSATH HA3BAHHEM <«KaTOAHOe pAcHblleHUe».— [Ipum. nepes.
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TPaBJIEHHSl Pa3NHYHBIX MarepHaJoB OT YyrJaa
najeHHs HOHOB (@) M 3aBHCHMOCTH KO3(dH-
LIMEHTa PAachblJIeHHS MaTePHAJOB OT JHEPrHH
HOHOB JBYX BHIOB, HMEIOLIMX pa3HBIA yroua
nanenus (6).

Depeun 10HOB, KaB
5

2.2. 3aBHCHMOCTH CKOPOCTH HOHHOTO

THH TePMHUYECKH HCHapsie-
MBIX aTOMOB IIPH OJHHAKO-
BHIX IJIOTHOCTSIX IOTOKOB
aTOMOB.

B nmpomecce HoHHOrO
pacHblIeHHsl JIerko ocylie-
CTBJIATH TOYHOE PEryJHpo-
BaHHe CKOPOCTH OCaXKIEHHS
IJIeHKH, TaK KakK KoJiHue-
CTBO BHIOMBaeMBIX YaCTHIL
IPONOPIHOHANBHO  YHCJAY
najamomux uoHos. OnHaxo,
MOCKOJIBKY KO3 GHIHEHTHT
pachblieHusi MaJjbl H HOH-
HBI€ TOKH OTPaHHUYEHH, CKO-
POCTb OCaXKIeHHS TIPH HOH-
HOM paCHBUIEHHH BCerjaa
Ha ONMH HJH JABa MOPSAKa
BeJHUUHBEl HHUXKE, 4eM IIpH
TepMHYECKOM  HCNapeHHH,
IPOBOAUMOM B OGBIUHBIX
ycnoBusix. HoHubie TOKH
60/1b110H NJIOTHOCTH
(~100 mA/cm?) u cooT-
BETCTBEHHO BBICOKHE CKO-
pocTH OCaXJeHUst
(~10 HM/c) MmoryT OBITH
HOJIYUEHBI TOJBKO B CIe-
HHAJbHBIX CHCTEMax HOH-
HOTO pacHbljIeHHs, TaKHUX,
KaKk MAarHeTpoHHHE CH-
CTeMH. 3aMeTHM, UTO IpO-
1ecc HOHHOTO PACHBIICHHST
siB/seTcsl  HU3K03(hdeKTuB-
HBIM C  3HepreTHyeckon
TOYKH 3pEHHS, TOCKOJbKY
OCHOBHAasl ¥acTb HoTpebJs-
eMOHl 32Hepruu InpeBpalla-
ercsi B TEIJIO, YTO IPHBO-
IUT K CHHXKEHHIO CKOPOCTH
ocaxjeHusi miaeHku. Ecau

(U3UKO-XUMHUYeCKHe CBOHCTBa IOBEPXHOCTH MHIIEHH H3 MHOro-

KOMIIOHEHTHOro MaTtepHaJa

(cnnaBa,

coeuHEHUs HJAH CMeCH

BEIleCTB) He H3MEHSIOTCS BcJeAcTBHe TepMoAH(y3uH, XHMHYe-
CKOrO B3aWMOMAEHCTBHS WJIH OOpaTHOrO pacHblIeHHs], Ipouecc HOH-
HOrO pachblieHusi o6ecCreyHBaeT BO3MOXKHOCTb IIOCJIOHHOrO ynaJfe-
HHUsI aTOMOB C IIOBEDXHOCTH MHIUEHH H, CJI€AOBaTeJbHO, NMOJNYUeHUS
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Tabauya 2.3. CKOpOCTh pacnblleHHsi pas3/iM4HbBIX MaTepHalOB HOHAMH aproHa
c sHepruefi 500 3B npH miotHocTH TOKa 1 MA/cM?

KOpPOCThb
Marepuan | CKOPOCTS || Matepuan | CHoPAcTS | Marepman | .
HM/MHH HM/MHH HM/MHH

Ag 200 Nb 39 w 34
Al 63 Ni 56 CdS 210
Au 150 Pb 270 GaAs 150

C 4 Pd 110 GaP 140
Cr 54 Pt 78 InSb 140
Cu 87 Si 32 PbTe 340
Fe 50 Sn 150 SiC 32
Ge 92 Ta 38 SiO, 40
Mo 47 Ti 34

ONHOPOJAHOH IJIEHKH, COCTaB KOTOPOH He OTJHYaeTcs OT COCTaBa
mumend, [IpH ucmosb3oBaHHH HECKOJBKHX MHLIeHeil M3 Pa3/IHYHBIX
MaTepHaoB CcOCTaB IJIEHKH OyJeT OnpenessiTbCs COOTHOUIEHHEM
naomanei U KoapduuueHTOB pacnblaeHnss MullleHeil. Ilepectpoiika
MIOBEPXHOCTH H BTOPHYHOE pAacHbLI€HHE HOHOB OKa3blBAIOTCS 3Ha-
YHTEeJbHBIMH, KOTJla MaTepuaJs MHULIEHH HMeeT HU3KYIO TeMIepaTypy
NJIaBJEeHHST U BBICOKHI KO3(pOHUUEHT paclbljIeHHs, 03TOMY B Ta-
KHX CJy4YasX COCTaB IJIEHKH MOXKeT CYILeCTBEHHO OTJIHYaTbCA OT
coctaBa MuuleHd. M Haxkonel, BHICOKAasi 3HEPrus BbIOHBaeMBbIX
YacTH[ M CONYTCTBYyIoLlass OGoMOGapnaupoBKa oOCaxKJaeMOH IJIEHKH
(koTopast neficTByeT Kak aHOA) 3JEKTPOHAMH H OTPHIATEbHBIMA
HOHAMH OKa3blBAIOT 3HAYMTE/bHOE BJIMSHHE HA Ipouecchl 06paso-
BaHMA 3apoAbllliell H pocTa NJEHKH H, B YACTHOCTH, 00YCJIOBJIHBAIOT
BBICOKYIO aire3uto MNjeHoK. CKOPOCTH pacHblJIeHHs] pas3HYHBIX
MaTepHaJoB NpHBeAeHH B TabJ. 2.3.

[Tpouecchl HOHHOrO pacHblIeHHs,, HECMOTPS Ha HX OGOJBIIYIO
3HEeProeMKOCTb, 00ecrneyuBaloT NMoJyyeHue HaubGoJsee NMPOYHBIX Ije-
HOK MHOTOKOMIIOHEHTHHIX MaTepuajioB Jwboro Buia. B Teuenue
psina jer OblI0 paspaboTaHo 60JiblIOe KOJHYECTBO BAPHAHTOB CH-
CTeM HOHHOTO pAacIblJIeHHs], KOTOphle OTJHYaloTCsl KoHGurypauuei
KaToAa, a TaKxe crnocoGaMH TreHepauud H IepeHoca HOHOB. Me-
TOABl HOHHOrO paclblJIEHHS, HX XapaKTePUCTHKH H CBOHCTBa MOJY-
YaeMblX IJIGHOK NMOJAPOOHO OOCYXKAAIOTCS B Pas/HYHBIX KHHrax H
o63opax [1—4]. PaccmatpuBaeMble HuKE METOIBl INpPENCTABJSIOT
0OCcOOBIi HHTepeC, MOCKOJBbKY C HX IIOMOILBIO MOXKHO IOJIYyYaTh.
Marepuassl [Jif TOHKONJIEHOYHBIX COJIHEYHBIX 3JIEMEHTOB.

223.1 WNoHHoe pacnbineHue B TnelollemM paspspe

HanGonee mpocroii crmoco® reHepalud HOHOB CBsI3aH C CO34a-
HHeM HOPMaJIbHOro TJIEIOIIEro paspsiia MPH OCTATOYHOM JaBJIEHUHK
pacnbiisgollero rasa (0o6bIYHO aproHa), NMPHOGJIM3HTENbHO PaBHOM
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1 Ila, 1 moctosiHHOM Hamps:eHun oT 1 mo 3 kB Mexay Kartolom
(MulIeHbIO) M aHOAOM (Ha KOTOPOM YCTaHOBJeHa TOAJNOXKa),
YAaJIieHHBIMH APYr OT Apyra Ha paccTosiiue okojo 5 cM. TousmiuHa
d KaToNHOrO TEMHOTO HPOCTPAHCTBA (Ha KOTOPOM MafaeT OCHOB-
Hasg 4acTbh NPUJIOKEHHOrO HANpPsAKeHHs) o6paTHO NMPONMOPLUOHAJIbHA
JaBieHuto rasa p (3akon Ilamena). B kawectTBe pacmbuLisiioniero
rasa uvallle BCero NpuMeHs0T Ar, OJsi KOTOpOro Ipou3BeleHHe
pd=40 Ila-cm. IlockonbKy GoJsiee MHTEHCHBHAsl reHepalldsi HOHOB
Npy TOBBLILIEHHH AAaBJIeHHs ra3a CONPOBOXKAAeTcs YCHJIEHHEM pac-
CesiHUsl PACTBLJIEHHBIX YACTHI, B pe3yJbTaTe COYIAapeHHil ¢ aToMaMu
rasa, CylnecTByeT HHTepBaJl ONTHMaJbHBIX maBJjenuit 3,3...10,0I1a,
obecrneynBaOUX 3P (HEKTHBHOE OCaKIeHHe IJIeHOK. K3-3a CTOJK-
HOBeHUIl ¢ aTOMaMM ras3a pachblJeHHble YaCTHLH, AOCTHTAIONIHe
NOJUIOKKH, HMEIOT HeollpeJe/ieHHBI! yroJ nafeHHs u O0oJbILOH pas-
Opoc no sneprusM. BeseactBue Aud(y3HOHHOro MexaHH3aMma Iepe-
HOCa pacHblJIeHHBIX YaCTHLl HX OCa)KJeHHEe NPOHUCXOAUT HE TOJBKO
Ha TeX y4YacTKaX MOJJIOXKKH, KOTOPBIE paclOJIOXKEeHH HeNOCPEeICT-
BEHHO NPOTHB KaTofa. AHaju3 NPOCTPAaHCTBEHHOrO paclpeleseHus
pacublJIeHHBIX YacTHlLl [IOKa3blBaeT, YTO INPH ONTHMAaJbHBIX YCJO-
BHUSX OCaxXJIeHHA M TIPH PacCTOSHUH MEXJIY KaToIOM H aHOJOM,
npubJIM3UTENbHO BJBOE IPEBBILIAIONIEM TOJIHHY KAaTOLHOTO TeM-
HOro MNpPOCTPAHCTBA, OAHOPOAHAsA IJeHKa obOpasyercd Ha TOBepX-
HOCTH, TJIOIIaAb KOTOPOH, NpH T'pybOH olleHKe, COCTaBJ/sfeT INpHU-
MEepHO NOJIOBHHY IJIOLIAAH MHUILEHH.

[ToMumo HauboJsiee moOmMyssApHOH CHCTEMBl ABYX IJIOCKOMapaJ-
JIeJIbHBIX 3JIGKTPONOB B OIpEJeJeHHBIX CJAydasdXx MOTYT IpHUMe-
HATBCS NPOBOJIOYHBIE, UJIMHAPHUECKHE U BOTHYThle KaToAbl. Kpome
TOrO, IJisi ONHOBDEMEHHOTO HJIM MOCJAeA0BaTeJbHOro OCaxIeHHs
MHOrOKOMIIOHEHTHBIX HJIM MHOI'OCJOHHBIX MOKDHITHH MOXKHO HC-
[0/1b30BaTh HECKOJbKO KaTOJOB.

HenpepeiBuasgs 6oM6apAnpOBKa ocCaxKAaeMoll IJIeHKH HeHTpaJib-
HBIMH aTOMaMH M OTPHIIATEJbHO 3apsKeHHBIMH HOHaMH aproHa,
a TaKXe aToMaMH peaKIHOHHOCNOCOOHBIX ras3oB, IIPHCYTCTBYIO-
mux B pabouell Kamepe, W 3JEKTPOHAMH IPHUBOAHT K TOMY, 4TO
NJeHKa 3axBaThiBaeT O6o0Jblloe KOJHYECTBO (B 3aBUCHUMOCTH OT
VCJIOBHH OCaMJI€HHS — A0 HECKOJbKHX INIPOLEHTOB) aTOMOB rasa H
npuMmeceil. IlapuuanbHoe [aBjeHHe pPeaKLHOHHOCHOCOOHBIX TIa3oB
MOKHO 3HAUKUTEJbHO YMEHbIUHTh NIPH IPOBEJEHUH T'eTTEPHOTO pac-
nblJIeHHs, Korjaa O6Jiarofapsi reTTepupyouleMy AeHCTBHIO paciibi-
JIJeMOro BellleCTBa OYUCTKA aproHa NMPOU3BOAUTCS A0 TOTO, KaK OH
NoNajfaer B Ty YacTb CHCTEMBI, I'ie IPOUCXOAUT OCaxKIAeHHe IJIEHKH.
YMeHbUIEHHIO COJAepKaHHUA B NJeHKaX 3aXBadeHHBIX aTOMOB rasa
€NOocOOCTBYeT TakKxKe IOHHKeHHe palbouero HaBJ/IEHHsI TJIEHOIIEro
paspsina. Takue ycjoBusi obecmednBaeT TPex3JeKTPOAHAsl CHCTEMa
HOHHOr'O pacIlblieHHs, B KOTOPOH 3JIeKTPOHBI, UCIYCKaeMble TEPMO-
KaToJoM TpsAMOro HakaJja H TpuoOperamouine IONOJHHTEJIbHYIO
SHEPTHIO TOJ AelCTBHEM YCKOpPSIOUIEro HampsKeHHs, NOLIEPKHU-
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BAlOT TJEOWHA pa3psaf NPH HU3KUX AaBieHusx V. [Ipu nanoxenuu
MarHuTHOTO TOJIsl, YBEJHYMBAIOUIEro MJHHY Npobera 3/eKTPOHOB
OpH MX ABUKEHHH IO HalpaBJEHHIO K aHOAY, BepPOSITHOCTbL HOHHU3a-
MM aTOMOB aproHa 3JeKTPOHaMHu NoBelaercs. TakuMm crocoGom
AOCTHralOT BBHICOKOH CKOPOCTH ocamjaeHuss mienkn (~0,1...
...1,0 mM/c) npu naBsenun, npubausutenpbHo pasHom 102 [la.
3axBaueHHble MJIEHKOH Trasbl MOXHO yAaljsTh, II0JaBasi Ha MOJ-
JIOXKKY OTPHLATeNIbHBHIH II0 OTHOLIEHHIO K AaHOAy TOTeHluan?d),
B pe3yJ/ibTaTe 4Yero IJieHKa B Mpolecce ocax/JeHuss Oyner Hempe-
prIBHO 60MOapaupoBaThCsd HOHAMH.

2.2.3.2 MarHeTpoHHOe MOHHOE pacnbineHue

CucreMa MAarHeTpoHHOrO HOHHOIO pAaCHbleHHs TpPeACTaBJseT
co6o# ycTpORCTBO, B KOTOPOM MAarHHTHOe [OJie ITIPHUJIOXKEHO mep-
MEeHIHKYJISPHO 3JeKTpHYeCKOMY. B cHcTeme ¢ MJIOCKHM KatopoMm
MarHuTHOE MOJIe, HallpaBJeHHOe INapaJJe/bHO ero IJOCKOCTH, Tpe-
MATCTBYET BBIXOAY 3JEKTPDOHOB U3 TPUKATOAHOR o6JsiacTd, YTO
nosbiaer 3(@PeKTUBHOCTb MOHHM3ALHHM rasa W NpeJOTBpallaer
OGoM06apAHPOBKY oOcaxKaaeMoll MJeHKH 3JeKTpoHamu. [locTosiHHBIE:
MAarHuTH pasMellalT 3a KaTOAOM pa3JIMYHBIMH crocobaMu, HO Ta-
KUM o060pa3oM, 4ToOBl NOBEPXHOCTh Karoja HMeJda IO KpalHed
Mepe ofHy oO6Jiactb, BOJIHM3H KOTODOH CHJIOBBIE JIHHMH MAarHUTHOTO
noss 6bln OBl HampaBJieHbl NapaJJesbHo NoBepxHocTH. [Inasma
paspsja cyulecTByeT TOJbKO BOJH3M KAaTOLa, BHYTPH TOPOUIAJNBHON
MarHuTHOH JIOBYIIKH, CO34aBaeMOH MAarHuUTHBIM [IOJIEM, COCPE/O-
TOYEHHBIM B Y3KOM KoJblie. B03MOXKHOCTL TOJNyYEHUS MOJS
TakKoH (OpMBl H COOTBETCTBYIOUIMX TDAEKTOPHUH 3JEKTPOHOB 3aBH-
CHT OT reOMeTpPHYeCKHX I1apaMeTpPOB M CXeMBbl paclo/IOKeHHs Mmar-
HUTOB. ,

Boamyuenus B nsasMe, BBI3BIBaeMble JpeH(oM 3/eKTPOHOB
B HalpaBJileHHH, NeplNeHAUKYJAAPHOM KaK BEKTODY 3JIEKTPHUECKOro
noisi E, Tak u BeKTOpY MAarHuTHofi MHAyKUuH B, MOXKHO ycTpa-
HHTb TIPH HCIOJIb30BAHHH LHJIMHADPHUECKOrO KaTOAa, Korjga Jpei-
(oBble TOKH OKa3blBAIOTC 3aMKHYTBIMU. DTOT NPUHILHUI IIOJIOXKEH
B OCHOBY UMJIMHADUYECKHX MAarHeTpoHHHIX CHCTeM. B HHX npume-
HSIOT MarHuTHBle 3epKaJja, oTpaxKalolllhe 3JEeKTPOHH, HJIH CO34ai0T
HEeOJZHOPOJHOe MarHuTHoe 1oJie. B COOTBETCTBUH C 3THM BO3MOIKHBI
camMble pa3HOOOpasHble KOH(pHUrypauud LUJIHMHIPHUYECKHX MarHe-
TPOHHBIX cHcTeM [4].

MarzeTpoHHOe HOHHOE pacHbljeHHe I03BOJIIeT C BBICOKOH 3¢-
¢dekTuBHOCTBIO (mocturaoweit 60 %) ucnosb3OBaTH MOABOAUMYIO-
K KaTody MOIUIHOCTb [Jsl TeHepallid TOKOB BBICOKOH INJOTHOCTH

1) MetoJ, M3BeCTHBIH MOX Ha3BaHHeM paclblieHHe B TJeOLleM paspsije, NMOA-
JlepXKHBaeMOM TepMO3JIeKTPOHHOM sMHccuel. — [Tpunm. nepes.
2) Meron, Ha3BIBaeMHH «pachblIeHHe CO cMelneHHeM».— [Ipum. nepes.
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(mpumepro a0 50 MA/cM?) TIPH OTHOCHTENBHO HH3KHX HAampsixke-
HUsAX (~500...1000 B) u obecneynBaeT CKOPOCTH OCaXKIEHHS
IJIEHOK, KOTOphle MO MeHblled Mepe Ha NMOPSAOK BeJHUYMHBI BhILIE,
yeM B HeMarHeTPOHHBIX CHcTeMax. I[IpH yjaeJbHOH MOIIHOCTH
-okoJ10 30 Br/cM? a5 MIEGHOK MeQH HOCTHTHYTa CKOPOCTb OCaKie-
HHS 2,5 MKM/MHH. BEICOKasi CKOpPOCTb OcCakKleHHSI H OTCYTCTBHe
60oM6apAHPOBKH IJIEHKH IIJIa3MOH M 3JIEKTPOHAMH [1alOT OCHOBaHHe
paccMaTpHBAaTh MATHETPOHHOE HOHHOE paclbliIeHHe KaK Ieperek-
‘THBHBIH HHM3KOTEMIIEDATYPHHIH METOJ OCaXKAEHHs IJIEHOK O0JbLIOH
njomand. HegaBHo NpomeMOHCTpPHpPOBaHa BO3MOXKHOCTb IIPHMEHe-
HHsl 3TOrO MeToAa AJIs OCaXKAEHHsS psga MaTepHasoB AJs COJHEY-
HBIX 3JIEMEHTOB, B TOM 4HCJe OKCHAa oJoBa (0603HayaeMoro
uHorga TO) [13], cMecH OKCHIOB MHAHS H 0JioBa (paclpocTpaHeH-

Hoe o6o3nauenue — ITO) [14], cynbdpuna kaamus [15] u cyabbdHuna
menu [15].

2.2.3.3 BbicoKouacToTHOE MOHHOE pacnbineHue

HoHHOe pacnblieHHe MOXKHO IPOBOAHTbL IPH HH3KOM [aBJIEHHH
raza (~0,1 I1a), ycunue ero HOHH3alUMIO NPH BO30OYKAEHHH Oe3-
DJIEKTPOAHOTO pa3psijfia BHEIIHHM BBICOKOYACTOTHBIM 3JIEKTpOMar-
HUTHBIM noJsieM. Ecsiiu Marepnasom xaTtoja CAYXKHT DH3JEKTPHK, TO
WOHHOE paclblieHHe Ha IOCTOSITHHOM TOKE HEOCYLIECTBHMO BCJEA-
CTBHE HAaKOIUIEHHS NMOBEPXHOCTHOTO MOJIOXKHTENbHOro 3apsga (Art).
OnHako NPH MCIOJb30BAHHM IEPEMEHHOTO HAMPSXKEHHs BBICOKOM
YacTOTHl 3apsifi Ha NOBEPXHOCTH IHIJIEKTPHKA MOXKET IepHOAHYe-
CKH HeHTpasjM30BaThCsl 3JIEKTPOHAMH IJIa3MBl, KOTOpBIE HMEIT
3HaYHTeJbHO 00Jiee BBICOKYIO MOJBHXKHOCTb, 4eM IIOJIOXKHTEJIbHbIE
vonbl. HanuuWe MM OTCYTCTBHE Ha IMOBEPXHOCTH KaToda MOJIOMKH-
TeJbHOTO 3apsifia, BJHSMOUIEro Ha IPOLECC pachblieHHs, 3aBHCHT
OT aMIJIUTYAbl M YaCTOTHl NEPEMEHHOTO HaNpsIXKeHHs, a TakKxe OT
KoHpHUrypamuu Karofa. OObYHO KaToJ COEIHHSIOT Yepe3 coryacy-
IOIYI0 CXeMy C HCTOYHMKOM HampsiKeHHs dyacToToil 13,56 MTIL
(paspelieHHON Al NPOMBILIAEHHOrO NpHMeHenus ®enepaspHOi
komuccueil cBasu CIIA) u mousoctsio 1...2 KBT npu aMmmiutyne
Hanpsixenuss okono 1 kKB. BricOKouacToTHOE pacHbliieHHe MOXKeT
NPOBOAUTLCS B JIOGOH CHCTeMe 1/ HOHHOTO DaCHBJIEHHS B TJeIO-
lleM paspsifie MJIM MarHeTPOHHOTO pacmblienHs. Meron BeiCcOKodac-
TOTHOTO HOHHOTO DAaCHblIeHHS He3aMEHHM JJisi OCa)K[AeHHs TOHKHX
NOJIYIIPOBOJHHKOBBIX H JH3JIeKTPHUECKHX MJIEHOK.

2.2.3.4 NoHHo-nyueBOe pacnbineHue

[IpH HCNO/ML30BAHHH HOHHOTO HCTOYHHKA OCaKIEeHHe Ppaclibl-
JIEHHOTO BelllecTBa MOXHO OCYIIEeCTBJSATh B YCJOBUSIX BLICOKOTrO
BaKyyMa IIPH KOHTPOJHpYyeMOM jaBJieHHH. IlepBEIl BapHaHT Npo-
BeJleHHsl TIpolecca OCaKAeHHS C TOMOINbI0 IMyYKa HOHOB CBsI3aH
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C NPSIMBIM IOJYYEHHEM HOHOB HEOOXOAHMOTrO MaTepuasa W KOHJEH-
calHefi HX Ha NOBEDXHOCTH B BHJe TOHKOA NJeHKH. Bo BTopom
BapHaHTe HOHHBIH HCTOYHHK CJYXXHT MAJIsl TOJy4YeHHS HOHOB Art,
KOTOpble G0oMOapAHpPYIOT HaxXOAfIIYIOCS B BaKyyMe MHIIEHD,
nocsie 4ero paciblJICHHbIe YaCTHLBI BelIeCTBA OCaXKAAIOTCS Ha MOfA-
JoxKe. B Teuenne nocmemnero pecsitunetus oba cmocoba OblIH
3HQYHTEJIbHO YCOBEpLICHCTBOBAHBI, H Teleph OHU SBJAAIOTCA oOlle-
NPUHATHIMH, XOTSl H JAOPOTOCTOSLIHMH METOJaMH, I03BOJISIOIIHME
HCNIOJIb30BATh [IpEHMYyllecTBa INpolecca HOHHOTO pAaCHbLIEHUS H
npolecca oCax/JAeHHs NJIEHOK B yCJOBHSX BaKyyMa.

JJsi ocaxkKAeHHS INJIEHOK OOBIYHO NPHMEHSIOT HCTOYHHKH HOHOB-
JIBYX THIIOB: AYONJa3MOTPOH H HCTOYHHUK, pas3paboraHublii Kayop-
MaHoM. B nyomsnasmMoTpoHe HOHBI CO3JaIOTCS B KaMepe C TJIEIOIIHM
HJIM AYTOBBIM Da3psnoM H 3aTeM 4Yepe3 OTBEPCTHE HCTEKalT BO
BTOPDYIO KaMepy CO 3HauHTeJbHO OoJiee HHU3KUM JaBJeHHEM
(~1072...10-3 Ila). B ucrounuke Kaydpmana kondurypauuu pas-
psOHOH KaMepel M MHPHJIOXKEHHOrO MAarHUTHOrO IMOJSI TAKOBBl, 4YTO:
3/1eKTpOHbI, HCIyCKaeMble B pe3yJbTaTe TEPMO3MHCCHH, ABHIKYTCA
N0 TIPOTS:KEHHBIM CIIHPAJbHBIM TPAeKTOPHUSM K IHJIHHADPHYECKOMY
aHOLy, OXBaThiBalolleMy o6Jgacte paspsiza. ITo obecmedyuBaeT
BBICOKYI0 3G (@eKTHBHOCTh HOHHM3AaLHH ra3a, a TaKiKe OJHOPOIHOCTb.
nnasMel. Ecau MexXay NByMsi CeTKaMH C TOYHO COBMELIEHHBIMH OT-
BEPCTHSIMH CO3[aTb Pa3HOCTb HOTEHUHUAJOB, TO HOHBI, MPOXOAsIHe:
Yyepe3 OTBEPCTHS CeTKH, OYIyT yCKOpSTbCA MOJ AeHCTBHEM 3TOH
pa3HOCTH moTeH1Hasn0B. C IMOMOILBIO MATHUTOONTHYECKHX YCTPOHCTB.
MOHBl COOMpPAIOT B NapaJiie/ibHbIl NMy4oK, oObeMHBIN 3apsl KOTO-
poro MOXKHO HeHTpaJH30BaTb MeJJIEHHBIMH 3JIeKTPOHAMH, HCIY-
CKaeMbIMH HHTBIO HakaJja, pacloJoXeHHOH ¢ OombapaupyeMoi
croponbl cetok. HMcrounnk Kaydmana mnosBosisier mosyyaTh MOJ-
HOCTbIO HeHTpaJ/IH30BaHHBIE NMYYKH MOHOB aproHa JHaMeTpPOM B Ipe-
gejax 25 CM C IJIOTHOCTBIO TOKa, mocturatomeit 50 mMA/cm2, npu
yckopsifomieM HanpsikeHHH 0,5...1kB. 9TOT HCTOYHHK MOKHO HC-
NoJb30BaTh KaK [Jisi TpaBJeHHss T[OBEPXHOCTH (Ha3blBaeMOro:
HOHHBIM TpPaBJIEHHEM), TaK H [JIs OCaXKJeHHUs paclblJIEHHBIX IPOBO-
AAHX M HeNpPOBOASILIMX MaTepHaJioB. MoHHoe TpaBieHHe npuMe-
HSEeTC TpPH H3yuYeHHH OODBEMHBIX CBOHCTB MHOTOCJIOHHBIX COJIHEY-
HbIX 3JeMeHTOB. IIpu H3roTOBJIEHHMH COJIHEYHBIX 3JIEMEHTOB CO-
CTPYKTYpPOH MNOJIYNIPOBOAHHUK — JH3JEKTPHK — IOJYNPOBOAHUK C IIO-
MOIIIbI0 HOHHOTO HCTOYHHKA Ha KpeMHHH ocaxpalor miedkn ITO’
[16]. Kak nmokasaHo Ha pHC. 2.2, CKOPOCTb HOHHOTO TpaBJIeHHs (H,
c/efoBaTe/bHO; OCaXAeHHs TMJIEHOK) 3aBHUCHT OT BHJa MaTepuana
M yryia najeHHsi HOHOB Ha MHILEHb.

2.23.5 WHUonHoe ocampeHue

HouHbIM ocaxkjeHHeM Ha3bIBAIOT MeTOJ, OCHOBAaHHBIH Ha Tep-
MHYECKOM HCMapeHHH BelecTBa Ha NOAJIOXKKY (KaTox) C ee OJHO-
BpeMeHHOH O60MOapAHPOBKOH TOJIOKHTEJLHBIMH HOHAMH (HampH-
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Mep, Ar'), mosyuyaeMbIMH B TJEIONIEM paspsje HJIH ¢ HOMOLIbIO
MOHHOTO HCToYHHMKa. DoMObapaupoBka ocaxpaeMoll MJeHKH TpH-
BOAHT K ee YMJOTHEHHIO M MOBHUIEHHI0 ajresuud. HemocTatkamu
MeTO/la fBJIFIOTCS HOHHOE TpaBJieHWe pacTylled uJeHKH H 3aXBaT
nJeHKoH OBICTPHIX HOHOB rasa. boJsee cosepuiennwsit u Gosiee Bax-
HbIfl BapHaHT MeToJa HOHHOI'O OCaXKJEHHs BKJIOYaeT HOHH3ALHIO
NapoB C MOMOLIbIO YCKODEHHBIX 3JEeKTPOHOB, NOJIyYaeMbIX W3 Tep-
MO3MHCCHOHHOTO HCTOYHHKA, M OCa)k[eHHe Ha MOJJOMXKKY HOHOB,
KOTOpbIe IPH HeoOXOAMMOCTH MOTYT OBITh YCKOPEHBHL. '

2.23.6 PeakTMBHOe MOHHOE pacnbineHWe

Baaropapsi BHICOKOH XHMHYECKOH aKTHBHOCTH HOHOB M BO30YXK-
JAEeHHBIX aTOMOB, KOTOpble JIeNKO c03[aBaTh B MJa3Me TJ/eOLIero
paspsjna TOpH NOCTOSHHOM TOKE HJIH BBICOKOYACTOTHOM paspsie,
MOXKHO MOJIy4aTh TOHKHE IJIEHKH KapOuJ0B, HHTDPHIOB, OKCHIOB,
TUAPUNOB, CyJbpHAOB, apceHHmoB u ¢ochunoB. C 3ToH 1esbiO
B Ja3My MHEPTHOTO Tra3a BBOJAAT peaKIMOHHOCIOCOOHBI ras.
B 3aBHCHMOCTH OT AaBJIeHHS M XHMHYECKOH aKTHBHOCTH B3aHMO-
JeACTBYIOLIHX YaCTHL, CBOHCTB MOJAJIOKKH H TeMIEpPaTypHBIX yCJO-
BUIl XUMHUYECKas peakius NMPOMCXOAMUT Ha KaTo/Je, B [Ja3Me HJIH
y aHozna. CocTaB MJEHOK, MOJyYaeMblX 3THM METOJO0M, 3aBHCHT OT
0coOeHHOCTEHl KHHETHKH MJa3Mbl H TePMOJHHAMHYECKHX Tapamer-
pOB MpoTeKawuux npoueccoB. CpelH OCHOBHBIX MPUJIONKEHHH 3TOro
MeTOa — MOJIyueHHe OKCHAHBIX TJEHOK C PeryJHpyeMbIM COCTaBOM
JAJis1  COJNHEYHHX 3JeMEeHTOB CO CTPYKTYpoll MeTas — AH3JeK-
TPHUK — MOJIYIPOBOJHUK M  HOJYNPOBOAHUK — AH3JIEKTPHK — HOJY-
MPOBOJIHUK, & TaKxXKe [J/151 NPOCBETJSAOUUX NOKPLITHH. B Hacrosmee
BpeMsl JOCTATOYHO XOPOLIO OCBOEHO N pPHMeHeHHe peaKTHBHOTO
Pacnbl/ieHHsl U TJIa3MEeHHOrO HJH <«CYXOro» TpaBJ/eHHs (cenek-
THBHOI'O M HeCeJeKTHBHOrO Xxapakrepa) IleJoro psaa MeTaJjjdye-
CKUX M HeMeTaJ/UIM4eCKHUX MNoBepxHocTed [4] mnyTeM RBeaeHHs
B IJIa3My COOTBETCTBYIOUIMX TaJIOreHOYIJIePONOB, BCTYNAIOIIUX B pe-
aKLHIO C MOAJOXKKOM, B pe3ynbTaTe KOTOPOH o0pasyloTcs raJiore-
HHAB ¢ BLICOKHM faBJjieHHeM napoB. TakuM cnoco6oM MOMKHO MOJY-
yaTh TOHKHE IIJIEHKH C HaMeuyeHHbIM KOHTAKTHBIM DHCYHKOM HDH CO-
3/aHHM KOHTAKTHOH CETKH Ha MOBEPXHOCTH COJHEYHBIX 3JIEMEHTOB.

2.3 MeToabl XMMUUECKOTO OCaKAEeHUS

2.3.1 TlynbBepu3aums ¢ NocneayrolUm MUPONU3OM

[ly.1pBepu3anusi pacTBOpa C MOCJAEAYIOUUM MHPOJH30M Oblsa
BrnepBole npumenena B 1910 r. gasa moaydeHusi mpO3pauvHBIX OKCHI-
HeX nieHok [17]. B 60-e rogsr YUembepaun u ap. [18—20] ucnosnb-
30BaJH 3TOT METON MJsi OCaxKAeHHs MJIeHOK cyJb(HI0B H ceJleHH-
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noB. IIpu mHpoJsM3e pacHBIJIEHHOTO PacTBOpa IPOHUCXOAHT TepPMO-
CTHMYJIHDOBaHHasl PeaKIHsi MEXIY KJacTepaMH aTOMOB Pa3JIHYHBIX
XHMHYECKH aKTHBHBIX BelleCTB, HAXOSLIHXCS B XKHIKOH HJIH mapo-
Boii (asze. Ecau cuuraTh, UTO oOcakaeHHe TOHKOH IJIEHKH Mpel-
craBJisieT co6oi mpollecc MOCJOHHON KOHAEHCAlHH aTOMOB, MOJIEKYJT
HJId HOHOB, TO B 3aBHCHMOCTH OT Pa3MepOB MOJy4aeMbIX KJIacTepOB
NyJIbBepU3aLUI0 C TOCJEAYIOIIUM NMHPOJH30M MOKHO OTHECTH JHOO
K TOHKOIJIEHOUHBIM, JIK6O K TOJICTONMJIEHOYHBIM METOAaM OCaxkK-
JEeHUS.

ITOoT MeToJ MOJYYHJ LIHPOKOe pa3BHTHe 6Jarofapsi yCHJIHSAM
Uembepsanna u ap. [18—23] (ubiHe compymnukoB Photon Power
Inc.), Brio6a u np. [24—30] B Crandpopackom yHuBepcutere, Ca-
Besasn M Ap. [31—34] B yHuBepcuTete r. Monnesne, a Tak:xe Hompa
u ap. [35—42] B MuauiickoM TeXHOJOrHYeCKOM HHCTHTYTe, T. [leau.
Henasuo Yompa u np. [43] ony6aukoBann 0630p HCCieN0BaHHUIL
B 3Toil obOsmactu. B caenyromux paspenax oco6eHHOCTH Ipolecca
NyJIbBEPH3AUUH C NOCJNEAYIOIIHM IHPOJH30M OYAYT PacCMOTPEHHI
6oJsiee mogpo6HO.

2.3.1.1 ®uanueckne acnekTsbl

Meron mnyapBepH3alHH C MOCJELYIOUMM THPOJH30M CBfI3aH
C pacnblieHHeM Ha HarpeTylo MOAJIOXKKY pacTBopa (4alie Bcero
BOLHOTO), COJEpPIKallero pacTBOPHMBIE COJH KOMIIOHEHTOB OCaK-
JLaeMoro coejuHeHHs. Kaniu pacnblleHHOrOo pacTBopa, AOCTUTHYB
MOBEPXHOCTH ropsivyeldl NMOJJIOXKKH, NOJBEPralTcs MHPOJHTHIECKOMY
pas/oKeHHIO (3HJOTepMHYecKHH mpoumecc), a NPOAYKT peaKUuH
o6pa3yeT Ha TNOBEPXHOCTH OTHENbHBIE KPHUCTAJNJIUTBH HJH TPYMIB!
KpHCTaJNHuTOB. JleTyune nmo6GOYHble MPOAYKTHl peaKUHH H H3GBITOK
pacTBOpHTeNs BBIAENSAIOTCA B BuAe mnapa. K INOANOXKKE MOABO-
IHUTCs TemJoBas 3Heprus, HeobxoguMmas AJs TePMHYECKOrO pasJio-
JKEHHSl pacTBOpa, XHMHYECKOrO B3aWMOJEHCTBHS KOMIOHEHTOB Be-
1IeCTBAa M MOCJEAYIOIHX IPOLECCOB arjoMepalud W pPeKpPHCTaJIH-
3alud TIPYNN KPHCTAJ/JIMTOB, 3aBepluatouiuxcs obpa3oBaHHeM
CIJIOMIHON TJIEHKH.

Buok-cxeMa oObIYHOH YCTaHOBKH [JIsI MHUPOJIH3a PACHbLIJIEHHOrO
pactBopa, npuMeHseMOH B JgabopaTopuM aBTOPOB KHUTH, TNpen-
cTaBjieHa Ha puc. 2.3. PacnblieHue XHMHYECKOro pacTBOpa Ha
MeJlbYallHe Kaljd OCYIeCTBJSAETCS C IOMOLIbI0 MyJbBepH3aTOpa
IPH HCMNOJIb30BAHMM OYHMIIEHHOrO ras3a-HOCHTe/s, KOTOpBIil Hemo-
CPelCTBEHHO Y4acTBYeT (KaK 9TO MPOHUCXOAMT B cjyyae OCaKAEHHS
nneHoK SnOy), HO MOXeT H He y4acTBOBaTb (HampHUMep, MPH MOJY-
yenun njeHok CdS) B peakuun muposusa. [as-HocuTenbp H pac-
NblJIsieMbl pacTBOp, MOJaBaeMble B NMYJbBEPH3ATOP, UMEIOT IIOCTO-
sIHHBIE, 3apaHee pacCUUTaHHble AaBJEHUA M CKOPDOCTH IIOTOKOB.
TemnepaTypy MOAMOXKKH MOJAEPKUBAIOT HA ONpPEAEJEHHOM YpOBHE
IpH TOMOIIM YCTPO¥cTBA ¢ 0OpaTHOH CBS3bIO, KOTOPOE pEryJHpyer
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Puc. 2.3. Biok-cxema ycTaHOBKH, NpHMeHseMOoH B JaGopaTOPHH aBTOPOB MJIsi
Oca¥JeHHsT TOHKHX IJleHoK CdS MeToJOM myJabBepH3aLHMH ¢  MOC/EAYIOUIUM
HMHPOJH30M.

TOABOJ OCHOBHOTO M JOMOJHHTE/bHOrO IIOTOKOB TeNJIOBOH 3Hep-
run. s mosyyeHHs OJHOPOJHOTO INOKPHITHS OGOJBIIOH IMJIOLLALH
pacHBIIUTEbHYIO TOJNOBKY H HNOAJOXKKY TepeMellaloT OTHOCHTENbHO
JpYrT JApyra C HCNOJb30BaHHEM MeXaHHYeCKHX HJH 3JeKTpoMmexa-
HUYeCKHX TPUBOJLHBIX YCTPOHCTB.

QdopMa pacnblIeHHOH CTPYH, pacmpefiesieHHe KameJb N0 pas-
Mepy H CKODOCTb pacHblleHHs] B 3HAYHTEJbHOH CTeNeHH 3aBUCAT
OT KOH(Urypaluu NyJbpBepH3aTOpPa, B KOTOPBIH MOCTYNAIOT ras o
KHUIKOCTb. PaspabGoTanbl pasHooOpa3Hble MyJbBEPH3aTOPBI JJIsl
pacmblieHHsl PAacTBOPOB Ha HEMOABHIKHYIO HJIH IlepeMellaloulyiocs
noasoxky. Ha puc. 2.4 cxemaTHueCKH H300pa’keHBl HEKOTOpbIE
THNBl TYJbBEPH3aTOPOB, a TaKxe IONepeyHoe CedeHHe NPOMBILI-
JIeHHO BBIIycKaeMoro mnyJbBepusatopa (Spraying Systems Co.,
CHIA).
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Puc. 2.4. CxeMn 06bYHO MPUMEHSEMBIX NYJbBepH3aTOpoB (a, 0, 8) M moNepeu-
HOe ceueHHe MyJbBepHsaTopa, Bhiyckaemoro Spraying System Co., CIHA (o).

2.3.1.2 Kunernka pocrta nneHok

Msyyenne aspoJMHAMHKH PaCHBIJIEHHOTO BellecTBAa H IIpolec-
COB CTOJIKHOBEHHSl KameJb NO3BOJWJIO JIsMnkuHy [44] ycTaHOBHTHL
B3aHMOCBSI3b MEXIy AMHAMHYECKHMH XapaKTepPHCTHKaMH Ipoliecca
pachbUIeHHs, KMHHETHKOH pocTa IJIEHKH M CTPOeHHeM ee MOBepX-
HocTH. B TOM cayuae, KOTAa pachbljieHHble KalJH OXHOPOAHBI IO
pasmepy M 06JagaloT NPHMEPHO OJIHHAKOBBIM HMIIYJbCOM, IpH
ocaxkgenun CdS o6pa3yorTcs IJIEHKH C IVIaJKoH NOBEPXHOCTbIO H
BEICOKMMH ONTHYECKUMH XapaKTepHCTHKaMH. [IpH HaIHuuH 3JeK-
TPHYECKOTO TOJsi NOTOK DAacHbJIEHHOrO PacTBOPa CTaHOBHTCH GoJee
HanpaBJIeHHBIM; KpOMe TOro, IOJIaraioT, YTO NOBBILIEHHe NOA Hei-
CTBHEM IOJII CKOPOCTH Kamesjb M HHTEHCHBHOCTH Ipoliecca COeNH-
HeHHsl 4acTHI[ HA MOBEPXHOCTH NOJJIOXKKA OKa3hBaeT CYLIeCTBEHHOE
BJHAHME HAa XapaKTep MHKDPOCTPYKTYpbI IJIEHOK.

Corsnacuo gaHHeiM Danepmxu u gp. [37, 39], npH CTOIKHOBEHHH
C TIOBEPXHOCTBIO TMOMJIOXKH KaIUIH XXHAKOCTH NPHHHMaIOT dopmy
nucka. [eoMeTpuHuecKHe MapaMeTpbl AHCKA 3aBHCAT OT BeJHUMHBI
MMIOyJbca H 06beMa KaIllH, TeMIepaTypbl MOJJIOXKH H COOTHOLIE-
HHA MeXAy KHHeTHYeCKOH HeprHed YaCTHIL XKHAKOCTH HA TOBEpPX-
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HOCTH H 3Heprueil, 3aTpauHMBaeMol Ha TelsioBble mpouecchl. IIpo-
LlecC OCaxKJAEHHsl BKJ/IOYAeT CJeAyIollHe cTaiuu: 1) pacmiaouiuBa-
HUE KallJli Ha TOMJIOXKKE; 2) NHPOJHTHYECKYI0 XHMHUECKYI0 peak-
LHI0O MeXJAy peareHTaMH, o0pa3oBaBUIMMHCS B pe3yjbTare pas-
JIOXKeHHsl; 3) HCNapeHHe pacTBOpHTessl; 4) NOBTOpeHHE 3TOro
npouecca NpH NOCTYMJIEHHH Ha NOAJOKKY HOBBIX Kanesb. O6pasyio-
uasicst TJIeHKa OOBIYHO COCTOHT H3 NPHMBIKAWOIIKX APYr K APYTY
AUuCKOB. KuHeTHKa pocTa H 0cOGEHHOCTH MHKDPOCTPYKTYPH IJIEHOK,
HOJIy9aeMBIX MpPH MYJbBEPH3ALHH C IOCJHEAYIOUHM HHDOJH30OM, 3a-
BHCAT OT NOABHXXHOCTH YacTHL[ >KUAKOCTH Ha IOBEPXHOCTH IOJ-
JIOXKKH, @ Takxe OT KHHETHKH IIpOllecCOB OGbeJHHEHHS U cpacra-
HHUsl KJIACTEPOB, COCTOSIIUMX H3 TPYIN KPUCTAJNJHTOB, HMEIOU[HX
¢dopMy amucka. JTOT MeTOJ BbIpALIUBaHUs TJIEHOK HMEET CJeryio-
mHe BaxkHble ocobennoctu. 1) ITockosnbKy pacnibinsiemasi momx aas-
JIEHHEM JKHJKOCTb HENPephIBHBIM IIOTOKOM OMbIBaeT 0ecHopsiaouHo
pactyuiie AHMCKH, o0pa3oBaHHe B OcCa)[aeMOil IJIEHKE MHKpPO- H
MaKpOCKONIHYeCKHX YraybJeHuil u moJocTell HckJoueHo. baaronaps
3TOMY ()OPMHPYIOTCH CIJIOIIHbIE TJIEHKH, KOTOpHle Aa)Ke MPH OueHb
maJjoi tonmuHe (100 HM) He comepkaT MHKDOCKOTMHUYECKUX OTBEP-
CTHH, eCJM TOJNbKO TeMIlepaTypa MOMJIOXKKH INOAJNepKHUBAeTCsl Ha
BHICOKOM YpDOBHe, AOCTAaTOYHOM [Jis 3aBepIUeHHs IHPOJHUTHYECKOH
peakuuH. 2) IlosyyaeMble NJIEHKH MOTYT HMeTh Pas3JIHYHYI0 MHUKPO-
CTPYKTYPY B 3aBHCHMOCTH OT (DaKTOPOB mpoliecca, CpefH KOTOPbIX
HanboJsiee CYILECTBEHHBIMH SIBJSIIOTCS: KOHCTPYKIMS DPaCIblINTEN -
HOH TOJIOBKH, XapakKTep M CKOPOCTh TEUEHHs ra3a-HOCHTeJs U XKHUA-
KOCTH, CKOpOCTb, pasMepbl H ¢opMma Kamejb, IPUPOAA MaTepHanua
NOAJIOXKH U ee TeMIleparypa, KHHeTHYeCKHe W TepMOAHHAMHUYECKHe
0cOOEHHOCTH peaxklMH NHPOJIH3a, a TaKXKe XapakTep pacnpenele-
HUS TeMIlepaTypbl IO TOBEPXHOCTH MOIJIOXKKH B IIPOLECCE OCaXK-
JEHUS.

2.3.1.3 XuMuueCkue acnekTsbl

K xuMuueckuM peaKTHBaM, HCIOJb3yeMbIM HJ5 NMHPOJH3a pac-
OBIJIEHHOTO  pacTBOpa, NpPeIbABIAIOT clefyioue TpebGoBaHus.
1) B pesyabrate TEPMHYECKOrO pAa3JiOKEHHS COAEpIKalUXCT
B paCTBOpPE PEeaKTHBOB JOJKHBl 06pa3oBaThCs YACTHLB HJIH KOMI-
JIEKCBI, KOTOpble, Y4acTBYysl B CTHMYJHPOBAHHOH HarpeBoM XHMUYe-
CKOfi peaklnH, o6pa3ylOT HeOOXOAHMBIH MarepHas TOHKOH TNJEHKH.
2) OcrajibHble KOMIOHEHTHl PEaKTHBOB, B TOM 4HCJe PACTBOPUTEJb,
JIOJDKHBI HCIIApsIThCA NPH TeMIepartype ocaxkaenus. s mosydyeHus
OTpe/le/IeHHOr0 TOHKOIJIEHOYHOTO MarepHasja MOXHO HPHMEHATh
pa3JiduHble COYETAHHS pPEeaKTHBOB, V/OBJETBOPAIOUINX JaHHBIM
tTpe6oBaHuaM. OmHaKO TpH 3TOM [J5 TOJYYeHHSA CPABHHMBIX IO
KayecTBY (IO CTPYKTYPHBIM XapaKTepHUCTHKaM) IJIEHOK MHOJIKHB
BHIOHPATHCA PasJiMuHbBle NTapaMeTphl Ipolecca OCaXKAEHHs.

2.3.1.3a. Cyavpuder u cenenudet. Ins ocaxmenus niaesok CdS
yame BCero HCHoJb3yioT pasbasienHsii (or 0,001 M go 0,1 M)
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BOAHBIH PacTBOP COJIH KaJAMHSI U COJNH CEPAOPraHMyYeCKOro COeLH-
HeHus [4, 39, 45, 46]. O6biuHo npumMensieMmble CdCly; ¥ THOMOYeBHHA
NO3BOJAIOT moayuyaTp MJeHKH CdS B COOTBETCTBHHM € peakiMeil

CdCly + (NHj)CS + 2H,0—-CdS + 2NH,CI + CO,.

XHMHYeCKHe peakUHH aHAJOTHYHOrO THIIA NPOTEKAIOT H TMpH HC-
NOJIb30BAHHH JPYrHX coJsell kaamus, TtakuX, kak Cd(NOj;),,
CdSO4, Cd(CH3COO)2, Cd(CH02)2 H Cd(CgHst) TI/IOMO'-IGBHHY
MoxkHO 3aMeHuTb N, N-nuMerunatnomoueBuHON  Ny(CH;)oH,CS,
annuatuomoueBHHOH HoNCSNHCH,CH : CH,, THOYKCYCHOIT KuCJIO-
toi CH3COSH wuau pomanucteiM ammonnem NH,CNS.

CJoeiyer OTMETHTb, UTO MPOAYKTHl psiia IPOMEKYTOUYHBIX XHMH-
YeCKHX peaKUHH SABJSAIOTCA IOBOJIbHO CJOXKHBIMH COEIHHEHHSIMH.
st GoJbliMHCTBA MOJYMPOBOAHHKOBHIX MaTepHasoOB peaKUHH
NHpo/n3a H3yueHsl c1abo u TpebyloT GoJjee AeTaJbHOro HCCJAENO-
BaHUS, NOCKOJIbKY OHH BJIHSIOT HAa KayeCTBO H CTENEeHb YHCTOTHI
OCaXKJIaeMBIX IJIEHOK.

Ilpu nosyuyeHHH NJEHOK CEJEHHAOB BMECTO THOMOUYEBHMHBI IIpH-
MEHSIOT CeJIEHOMOUEBHHY HJH ApYyroe HoAXojsllee CcOelHHeHHe
cejeHa, HanpuMep N, N-muMetHjcesneHomoueBHHY. CooTBeTCTBYIO-
Hiasi peakuus 3alHCHIBAETCS B BUIE

CdCly -+ (NH,);CSe -+ 2H,0 —>CdSe + 2NH,Cl -+ CO,.

C moMolpl0 NMHPOJHTHYECKHX peaKUuii Nogo06HOro THIA OCaX-
JaloT Takxe IJIEHKH CYJb(HIO0B M CeJeHHJOB pSla APYrHX MeTas-
JIOB, Takux, Kak Zn, Cu, In, Ag, Ga, Sb, Pb u Sn. IlneHku Ten-
JYPHIOB IOJYYHTb STHM METOAOM He YyAaercs, IIOCKOJbKY COJH
TeJJYyDOPraHH4YeCKHX CoelMHeHHH KpaHHe HeyCTOHYHMBHL H HX
TPYAHO CcHHTe3upoBaTh. OAHAKO YCTOHNUHMBOCTL 3THX COEAMHEHHH
MOJKHO TIOBBICHTb IIyTe€M BBeJEHHsI OINpeNeJeHHBbIX JerHpYIOMHX
npuMecel, NPHCYTCTBHE KOTOPHIX B IJIeHKax OyaeT HeOOXOAMMO
JUIst CO3J1aHUsl COJIHEUHBIX 3JIEMEHTOB.

5.3.1.3b. Oxcudeir. Tlpn mONyyeHHH NJIEHOK OKCHAOB METaJJIOB
Ha Harperymo MNOAJOXKKY, HAXOASMYIOCS Ha BO3JLyXe, pAaclblISIOT
BOJHbBIe pacTBOPHl coJseil COOTBeTCTBYIOIHX MeTa/1oB. [llupoko
npuMmeHstor xJaopuas: SnCly — nas ocaxaenust SnO, [38], InCl; —
nas IngO; [47], AICl; — nast Al,O3 [48], FeCls— nst Fe,O3 [49],
CoClg— nast Coy03 [60], ZnCly— pas ZnO [51]. Ilomumo 3TOrO
MOXKHO BbIpalllUBaTh MJEHKH HHTPATOB, KapOOHATOB, aleTaToOB U
6poMumos [43].

OO6blyHO WcHOJb3yeMBle BOJIHBIE PAacTBOPHL XJOPHIOB C KOH-
neHtpanuei or 0,07 M go 0,1 M oGecneyuBalOT MoJyyeHUEe TJEHOK
SnO, ¢ BBLICOKHMH ONTHYECKHMH XapaKTepHCTHKaMH, OJHAKO IpH-
MEHSIOTCSI TaKxke pacCTBOPbl, KOHIEHTPALHs KOTOPHIX [OCTHraeT
2,85 M [52]. OnTtHManbHasi KOHIEHTpalUHs pAacTBOpa 3aBHCHT OT
TOrO, KAKHMH ONTHYECKHMH H 3JeKTPHUECKHMH CBOICTBAMHU JOJIKHA
o6Ja4aTh NJEeHKAa, OT CKOPOCTH OCa)KJeHHs M XapakTepa XHMHUe-
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CKOM peakuuu. TunuuHas peakuusi, B pesyjbTare KOTOpoH o6pa-
syercs miaenka SnO,, mpoTeKaer CAEAYIOHM 06pasoM:

SnCl, + 2H,0—Sn0, 4- 4HCI.

BriGop aHnOHa COJM MeTaj/la 3aBHCHT OT TENJOBOro sddekra

peakuuu. Ilpu monydennu miaeHok ZnO MoJjsipHAast TENJOTa peax-
LHH

(ZnA)BO)belﬁ pacTBop + H20—+Zl’]0 + 2H A,

rie cuMBOJMOM A 0603HaueH aHHOH, COCTABJsieT NPH KOMHAT-
HOM TeMmmeparype 125,5 kI[K/MOab masi  XJIOPHCTOTO ILMHKA4,
—0,42 x]JI>x/Monb A1 YKCYCHOKHCJIOTO nyHKa B —41,8 kI x/MoJb
/Il a30THOKMCJIOTO IHHKA [43].

Kpome TOro, mnss NOJyYeHHS OKCHIHBIX IJIEHOK IPHMEHSIOT
MeTaJlJIoOpraHuvYecKHe COeJHHEHHS. DTH COeJHHEHHS HMeT 6oJee
BHICOKYIO CTOMMOCTb, OJHAKO OHH IIO3BOJIIOT IPOBOAMTL OCaxje-
HUHe IpHM HHU3KOH TeMIepaType, 4TO ocjabJjsieT B3aUMOJACHCTBHE
napa M BellecTB, BXOAAILUX B COCTAaB TOAJOXKKH M IJeHKH. K Mme-
TaJJIOOPTaHHYeCKHM COeJHHEHHSM, B YaCTHOCTH, OTHOCATCS AuBY-
tuaonosoguanerat (C4Hg)oSn(CH;COO),, ucnosnbsyembiii  ass
ocaxpaenuss SnOg [63], m amernnauneronar wuHgus In(CsHy0,),
NO3BOJAKIIKY Hoay4ath In.O; [54, 55]. Keiin u ap. [56] ansa ocax-
nenus InyOz NpHUMEHANH XeJlaTHOe COefAMHEHHE HHAMS, NMOJYyYaemoe
C HCIIOJIb30BaHHEM AHMIIHBAJIOMJIMETaHa.

2.3.1.4 XapaktepHble ocoBeHHOCTM npoluecca NynbBEPU3ALUM
€ nocneayloWMUM MNUPONU3IOM

2.3.14a. CropocTe pocra naeHxku. XHMHUeCKHe CBOHCTBa, IIO-
BEePXHOCTHHH pesbed M TeMmepaTypa NOAJNOKKH, XMMHUYECKHE CBO-
CTBa M KOHUEHTpPALHUS PACHBLISEMOro pacTBOpa W BXOASUIUX B HEro
KOMIIOHEHTOB, a TakxXe YCJHOBHS Ipolecca NyJbBepH3allud — Bce
3TH IapaMeTphl OKa3blBalOT 3HAUHTE/NbHNE BJMSHHE HAa CKOPOCTh
pocra naeHkH. Ilpu ocaxpenuu mieHox SnO, (TO) u In,Oy,, Je-
rupoBaHHbX Sn (ITO), ux TojmMHA BO3pacTaeT C YBeJTHUEHHEM
IPOLOMKHUTEAbHOCTH MYyJAbBEPU3AlHH, T. €. C yBeIHYEHHEM KOJHYE-
CTBa pacHblIeHHOr0 pPacTBOpa IO 3aKOHY, O/JM3KOMY K JIHHEHHOMY.
CxopocTh pocTa OKCHAHBIX IJIEHOK MOXKeT Jocturath 100 HM/MHH,
a nyeHok cyabdunoB — 50 HM/MuH. Ha puc. 2.5 nokasana saBHcu-
MOCTb CKODOCTH ocaxkjeHus mjaeHok CdS ot Temmepartypn nof-
JIOKKH TIPH Pa3/HYHBIX YCJIOBHSX mpolecca paclblIeHHS.

2.3.14b. Bausanue nodaoscku. TIpouece nuposnsa pacnbljeHHOrO
pacTBopa, BooOuie rOBOPS, MEHSIET ITOBEPXHOCTHHIE cagﬁcma noj-
JoxkkH. Ecan yuyacTne MaTepuaja NOMJNOXKKH B NHPOJUTHUECKHX
peakuHsixX HexeNaTeNbHO, MPUMEHSIOT NOLJOXKKH H3 HHEPTHHIX Ma-
TepHaJOB, TaKHX, KaK CTEKJO, KBapll, KepaMHKa, HJIH IOJJIOXKKH
C COOTBETCTBYIOUIMM NOKPBITHEM H3 OKCHIOB, HHTPHAOB HJH Kap-
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6unos. EcaH Ha NOBEPXHOCTH
KpEeMHHEeBO# MON0KKH HMEITCS
OKCHUIHBIE CJOH OIpeleseHHOro
coCTaBa, TO HX MOXKHO YaCTHUHO
yAaJuThb 3a CyeT TpaBJeHHS,
NpoHCXoAfero B Ipolecce
ocaxJeHus miaeHku [57]. Merai-
JIMUECKHe IIOJLJIOXKKH MPH3HAHHI
HENpUroAHBIMH AJsl IOJyYEHHs
[JIeHOK C HMCIOJb30BaHHEM JaH-
Horo Meroia ocaxaeHus [39].

Copepxamuecss B XHMHUECKH
MHEPTHBIX MOJJIOXKKaX MOABHXK-
Hble HOHBI LIEJOUHBIX H pEIKO-
3eMeJbHBX MeTaJJioB, B TOM
yucae Li+, Na+, Ca2?+, Sr?+ u
Mg?*, mMOryT BHeAPAThCS B IJIEH-
Ky [47], npHuemM HX KOHLEHTpA-
1usi GyleT yBeJIHUHBATHLCA C I1O-
BLILIEHHEM TeMIlepaTypsl MHOI-
JIOXKKH.

IIpn monMXKeHHOH Temmepa-
Type NOAJOXKH OOBIYHO OCaxK-

T,=320°C

Cwopocms  pocma, MKM /U
w»

1 3 5 7 9 "
Crkopocms  pacnsmesus  pacmBopd, e/ M

Puc. 2.5. 3aBHCHMOCTH CKOPOCTH po-
cra mnsedku CdS, ocaxpaemoii Me-
TOAOM myJbBEpH3aLUMH C TOCJEAYIO-
IHM OHPOJIM3OM, OT CKOPOCTH Dacmbl-
JIeHHsI pacTBopa H TeMmnepaTypbl NOA-

Jal0TCS TYCKJble IUIeHKH c mo-  TOXKH (Tw) [39)

BepXHOCTbIO, AHGbdY3HO paccen-

Bajomei wu3ayueHHe. IIpu BBICOKHX TeMmIepaTypax (opmHpYyHTCS
Gosiee TOHKHE, HO CIVIOLIHBIE 1 MEXAHHUECKH IIPOYHBIe IIJIEHKH C 3€p-
KaJlbHO OTpaalouieli nosepxHocTblo. IIpn moBhIIIEHHOH TeMmepa-
TYpe MOXKeT NMPOUCXOAHTb IOBTOPHOE HCIAPEHHE aHHOHOB, B Pe3yJb-
TaTte Yero o6pasyloTcs NJIeHKH ¢ H3OBITOYHBIM COJEpIKaHHEeM Me-
Taja.

2.3.14c. Cocras naenok. CocTaB NJIEHKH 3aBHCHT OT OCOGEHHO-
cTell 'KMHETHKH IIpollecca pachblJeHHs pacTBOpa W TePMOJMHAMH-
YeCKHX XapaKTepHCTHK npolecca nuposausa. [Ipu onpenesneHHBIX yc-
JOBHSIX OCa)KJIeHHS MOXKHO IOJNYyYaTb IVIEHKH CYyAb()HIOB H CeJeHH-
JIOB CTEXHOMETPHUYECKOr0 COCTaBa W OKCHAHBIE TJIEHKH, HMeMouiHe
coctaB, GJH3KHE K cTexHoMeTprHueckoMmy. CocTaB m/IeHOK cyJabdu-
OB caabo 3aBHCHT OT OTHOLIEHHS KOHUIEHTpalHil, copepxaumuxcs
B pacnbliieMOM pacTBOPe HOHOB Cepbl W MeTajJa IpH H3MeHEeHHH
ero B auamnasose oT 1:1 mo 1:5, oiHaKo BeJMUMHA 3TOro OTHOLUIe-
HHsl OKasbiBaeT 3HAUUTeJbHOE BJIHMSIHHE HAa MHKPOCTPYKTYpPY IJIEHOK
{26, 34, 58].

Ecin H3-3a HeN0CTATOYHO BBLICOKOH TeMIepaTypnl MpOIEcC MH-
po/ik3a He 3aBeplIaeTcst, TO HEKOTOPHIe NMOGOYHBIE MPOAYKTH peak-
IUMA M IPOMEXKYTOUHble COEeJHHEHHS MOTYT BHEIPSATLCS B IUIEHKY
B KauecTBe -mpuMecedl. Ilpu Hcmosnp3oBaHuMH cojelt xaopa B o6pa-
3YyIOWHXCS TJIEHKax yacto o6HapyxuBaioT [51] aToMbl 0cTaTOYHOrO
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Ce%  XJopa. Kak mokasaHo Ha

Cons “2 puc. 2.6, KOHIUEHTpauus
\ xpopa B mienkax CdS

AN 1 yMeHblUIaeTcsi IpH IOBHI-
.\\‘\* UIeHHH TeMmIepaTypbl IOA-

ol LA e s JIOXKKH B IIpoliecce IHpO-
\: 350 400  T°C jusa. CyuiecTBoBaHHe 3TOH

3aKOHOMEpPHOCTH [pHBO-
JHT K TOMy, YTO BCJel-
CTBHe  OXJa)KAeHus Io-
BEPXHOCTH pacTyuieil NJeH-
25 - KM KOHIEHTpauus XJopa

Ha II0BepXHOCTH BO3pac-

taer. CojepkaHHe xJopa
a B IIJIeHKaXx oIlpejeasercs
l TaK¥Xe OTHOLIeHHEM KOH-
T LUeHTpauHui cojell xjopa u
400 T,°C cepel B pacnblisseMoOM pac-

TBOpe [34, 49].

Puc. 2.6. 3aBHCHMOCTb KOHLEHTpALHH XJI0pa CocTaB OKCHAHBIX mJje-
Cc1 B muenkax CdS, ocaxjpaeMBIX METONOM oK 32aBHCHT OT HECKOJBKO

MyJbBepH3aLUHH C IOCAeAYIOIMM HHPOJH3OM,
OT TeMmIepaTypsl mOAJOKKH Ty [34] [6407‘Hee ggoxgax HDHO;JIeP([:fIEEé
’ bl -

B miaeHkax SnO. xucJo-

ponnblx Bakaucuit (Vo2t)
CBSI3aHO ¢ npesBpaumenneM Sn*t B Sn?t B cOOTBETCTBHH C peak-
LHAMH

»

[ 4

A 4.

!
200 300

1 _
0(—_+_2_OQ+2e + Vi

Snt+ - 2e— 2 Sn2+.

CreneHb OTKJIOHEHHS COCTaBa IIEHKH OT CTEXHOMETPHYECKOro OIl-
penessieTcss KOJHYECTBOM KHCJOPOAHBIX BaKaHCHH, KOTOPOe DaBHO
yhcay HoHoB Snt, BocctaHoBIeHHBbIX 10 Sn?t. [Ipomecc BoccTaHoB-
JIEHHUs] PeryJupyloT NyTeM H3MEHEHHS COLepKAHHS BOABI M CIIHpPTa
B pacmelisieMoM pacTBope. VICTOUHHKOM KHCJIOpOma CJAYXKHT BOJA,
B TO BpeMs KaK CIUDT sIBJseTcss BOocCTaHOBHTesleM. KoHueHTpauus
KHCJIOpOLa B IIJIeHKe 3aBHCHT TaKXe OT CKOPOCTH OXJaxKAeHHS
OcaXKJeHHOH IIJIEHKH, B IIpolecce KOTOPOro NPOHCXOAHUT agcopOuus
KHCI0pOA. ‘ ’
23.1.5 MonyueHue coepuHEHUN, copepIKALLMX
nerupyiouiue nNPMMeEcH, U Cnnasos ~

Hnsi monyueHHst JIerHpOBaHHHIX IJIEHOK CYJb(HIOB H CeJeHH-
IOB KaJMH$, IMHKA M CBHHIIA, a TaKXe HX CIJIaBOB psJOM Hccie-
nosareneii [20, 28, 30, 36, 37, 39, 40] ycnewHo npuMeHsics coBMe-
CTHBIA NHPOJHM3 HECKOJbKHX BellecTB. /1 OCYLIECTBJIEHHs 3TOrO
npouecca MOAGHPAIOT ONpejesieHHBIe COMH, a 3aTeM HX OOIWHH pac-
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Puc. 2.7. 3aBHCHMOCTH OTHOIUEHHS KOHLEHTpallHi aTOMOB 0Ji0Ba W HHIAHA
Csu/Cin B naekax ITO or coctaBa pacnbiigeMoro pacTBopa IIPH HCNOJB30Ba-
HHH Da3J/IMUHBIX MojJoxKex [47].

TBOp pacCHbUISIOT C [1OMOLIbIO OJHOrO MyJbBePH3ATOpa WJIH XKe IJs
pacrblieHHst pacTBOpa KaxKAOH COJH HMCIONb3YIOT OTAEJNbHBIA NyJib-
Bepusartop. Hns serupoBanus niaeHok CdS wuHAHEM H TaJIHEM
HOuuwotas u gp. [61, 62] npuMeHsiin pasiHuHble Tasbl-HOCHTEJH.
Mamnaun u @urencon [63, 64] monyuunim pasHooOpasHble Tpex-,
yeTblpeX- M ISITHKOMIIOHEHTHble COeJIHHEHHSI 0JI0Ba (O4yeHb TBEp-
Iple MaTepHaJsbl) H XaJbKONHPHTHL.

BaxHO OTMETHTb, YTO MEXJYy COCTaBOM HJIEHKH H COCTaBOM
pacheLIseMOro pacTBopa INpsIMOH CBSI3M He cymectByeT. [as Jio-
6Oro COefMHEHHsS 3Ty 3aBHCHMOCTb HEOGXOJHMO OIpENeJHTb IMIH-
pudyeckuM nyteM. I1pu nonydennu nieHok CdxZn;—xS mias kaxnoro
KOHKDETHOT0 cOCTaBa H0A6Hpanach COOTBETCTBYIOIAs TeMIepaTypa
noanoxku [39)], 6arogaps ueMy nmpu BCeX BO3MOXKHBIX OTHOCHTENb-
HBIX KOHIEHTpPAUMAX KaJMHS M IHMHKA IUVIEHKH HMeJH Takoi ke
COCTaB, KaK H pachblisieMblii pacTBop. IIpH OTK/IOHeHHH TeMmepa-
Typbl IOAJOXKKH OT ONTHMAaJ/JbHOH 06pasyloTcsl MJeHKH, oboraiieH-
Hble IIHHKOM WJIH KaaMueM. IIpH ocaXKmeHHH IJIEHOK APYTHX COeIH-
HeHHH, HampuMep okcujaa oJoBa SnOyx, JernHpoBaHHOro GTopow,
KOrJla OJIHH H3 KOMIIOHEHTOB HMeeT HH3KOe JaBJ/ieHHe I1apOB HJIH
o6pasyer Jerytee ra3oo6pasHoe BeIIECTBO, IIEHKA MOXKET OYeHb
CHJIBHO OTJIMYaThCS IO COCTABY OT pacmblisieMoro pacrsopa. OGHuHO
IPH OTHOLIEHHH KOHIEHTpauui aToMoB (TOpa H OJIOBA B HCXO-
HOM pactBope, paBHOM 0,38, KOHIeHTpauus dropa B mieHkax SnOx
He TpeBbIlIaeT HecKoJIbKHX NPOIEHTOB [65]. B To e BpeMsi B mieH-
kax SnOx, derupoBaHHbX Sb, n Iny,Qs, JerupoBanHslXx Sn, oTHowIe-
HHSl KOHLeHTpanu# atomoB Sb u Sn, Sn u In coBmagaioT ¢ ux sHa-
yeHHssMH B pacTtBope. COCTdB IJIEHOK 3aBHCHT OT TPHPOABI MaTe-
pHaJja MNOAJOKKH, KaK 3TO II0Ka3aHO Ha pHc. 2.7 Ha mnpHMepe
nneHok ITO, ocaxaeHHBIX Ha I1OBEPXHOCTb KPEMHHS M CTeKjaa
Mapku nupekc [47].
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Tabauya 2.4. TunuuHble cOCTaBHl pachbiisieMblX pacTtBopoB [43]

Conn
Oxkcup Aas nonynpo- | nqag gerupyiomeii | PacTBODHTEb HHrpeaueHThl
BOAHHKOBOTO npHMecH
BellecTBa
SnOy, Jeru- SnCl,-5H,0 SbCl, HsonponHo- —
pOBaHHBIH 0,135 r (mo- BblHf COMPT
Sb JIsipHast AOJIst 150 cm?®
1,4 %)
PacrtBopsiercs
B KOHLEHTpH-
posauHoii HCI
SnOy, neru- SnCl,- 5H,0O NH,F H3omnponuio- —
posauemit F | 5 cm® 2,856 M | 1,0 r (mostsip- BBl CIIUPT
pactBopa Hast J0JIsl 5 cm®
65,4 %)
In,Oy, aeru- InClg SnCl,-5H,0 | H,0 u C,HsOH| 7,5 r HCI
pORaHHHI Sn 82r 0,25 r (Mossip- no 42 r
Hast joas 2 %)
CdSnO, CdCl,- 5H,0 — H,O (s pactso- InCl,
100 r 1,67 M pax CdCl, {3r 1Mpacrsopa,
pacTteopa u SnCly) 10 r KoHuUeH-
u SnClg- 5H,0O TpHPOBAHHOH
10 r 1 M pac- H7!
TBOpa (BOAHBIH
pacTBop)
ZnOy ZnCl, — H,0 (8 pactso- | 1,2 em® H,0,
100 oM 0,1 M pe ZnCly)
BOJHOTO pac-
TBOpa

Jlst JerupoBaHMsl IIEHOK OKCHJAA 0JI0BA B KauecTBe IpHMeceH
npumeHsitor meranaasl: Sb [38], In [66], Cd [67], Bi [68], Mo [69],
B [70], P [69, 71], Te [43] u W [72], a Takxke merannouns: F [65] u
cmecb F ¢ Sb [73]. IlaeHku okcuma HHOHs JerHpyiotr Sn [47, 74],
Ti [74], Sb [74], F [75], a Ttakxke Cl u cmecbio Sn ¢ F [76].

Hexotopble ncenenoarenu [58, 77, 78] ¢ noMOIIbIO COBMECTHOrO
NHPOJHM3a OCaXKJAaJH IJIEHKH, COCTOSIBIIME H3 TeTEPOreHHOH cMecH
okcunga u cyappuna. IIpu pacnoinenun cMmecH pactsopoB CdCly,
AlCl; 1 THOMOuUEBHHBI MMH ObLIH HoJyueHsl mjaeHkKu CdS, B Koto-
pix Al;O; ¢dopmupoBascsi Ha rpaHHLAX 3epeH B BHIE BbIIEJHB-
meics (asol.

[ToMHMO COBMECTHOTO MHPOJIH3a MOXKHO OCYLIECTBJISTb IMHPOJIH3
[OC/IeI0BATEIbHO PaCHblIsiEMbIX PaCTBOPOB Pa3HOro cocTaBa ¥ IO-
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Jy4aTth IIPH 3TOM MHOTOCJOHHBIE NJIEHKH, COCTOSIIIHE H3 Pa3JHYHBIX
MaTepHaJOB, HJIH IUIEHKH C IJIaBHO H3MEHSIOIHMCS IO TOJILHHE
cocTaBOM. B na6opaTopHH, COTPYAHMKAMH KOTOPOH SIBASIOTCS aB-
TOpPbl KHHUTH, NOC/JA€IOBATEJbHBIH ITHPOJNH3 TNPUMEHSJICH TPH H3TO-
TOBJIEHHH COJIHEYHBIX 3JieMeHTOB Ha ocHoBe CupsS—CdS nis Hane-
cennsi maeHok CdS, HeOTHOPOAHO JIETHPOBAHHBIX AJIOMHHHEM.

B Ta6s. 2.4 npuBeleHbl COCTaBbl pacTBOPOB, OOLIYHO HCIIOJb3Ye-
MBIX A/l OCa’KJEeHHS TOHKHX OKCHAHBIX IJIEHOK METOJOM IIyJibBe-
pH3allMKH C TOCAEAYIOIHM NHPOJH30M.

23.1.6 CeolicTea NAEHOK, NOAYHAaEeMbIX METOAOM NyAbBEPU3aLUM
C NoOCneayroWMM NMPONU3OM

PaccmoTrpeHue CBOHCTB IJIEHOK, OCaXKAaeMbIX IIOCPEJCTBOM
NyJbBEPU3AIHK C MNOCAEAYIOUIUM HHPOJH30M, H HX CpaBHEHHE CO
CBOHCTBAMH IJIEHOK, BbIpAIIMBaeMbIX ADYTHMH MeTORAaMH, OyAyT
IpoBeleHbl B caenyomiel riaaBe. 3J4ech XKe Mbl MOXeM KparTko OT-
METHTb, 4TO METOJ TY/JbBEPH3ANHH C IOCAENYIOUHM ITHPOJH3OM
ofecrneyHBaeT MOJYyyeHHe IJIEHOK, KaK IpPaBH/I0 06JafaloiHX CHIb-
HOU ajAresHel, BHICOKOH MeXaHHUeCKOH IIPOYHOCTbIO, He coaepxa-
LIHX CKBO3HBIX OTBEPCTHH, CTAOHJIbHBIX IPH BBHIJEpPXKKe B OOBIUHBIX
YCJIOBHAX H TpPH NOBBHIIEHHOH TeMnepaType (ZOCTHramlleli TeMe-
paTyphl mpomecca ocaxjeHMs). [IJeHKH HMeT IIepoXOBaTyIO MO-
BEPXHOCTb, IpHueM (popMa H pas3Mepbl HEPOBHOCTeH oOnpefessioTCs
YCIOBHSIMH pacCHblI€HHSI pacTBopa M TeMNepaTypold NOAJOXKKH.
B 3aBHCHMOCTH OT NOJABHXKHOCTH YaCTHIL KHAKOCTH H XHMHYECKOH
AKTHBHOCTH KOMIIOHEHTOB OCaXJaeMOro BellecTBAa MHKPOCTPYKTypa
IJIEHOK MOXKET H3MEHSTbCs OT aMopdHOH 10 MHKPONOJHKDHCTaJ-
Juyeckod. Tunnuublfl pasMep 3epeH B IeHKax cyab@uIOB u cene-
HHAOB KoJjebsercs B npenenax ot 0,2 mo 0,5 mxm [39], a B nienkax
okcupoB — ot 0,1 no 0,2 Mkm [42]. OTxur, NPOBOXHMBHIH mOCIE
ocaxKJeHHs IIJIeHOK, OObIYHO H3MeHsleT MX 3JeKTpHUecKHe CBOMACTBA,
CBSI3aHHBIE C HA/JHYHeM KHCJIOpOJa, HO He BJIHsSET Ha MHKDPOCTPYK-
Typy [41]. B pesy/ibTate peKpHCTaJJH3aIHH, IPOUCXOAsIIEH B IpO-
fecce OTXKHra IpH TeMIepaType, MpeBHILANIEH TeMIeparypy
OCa)KJeHHs IJIeHOK, WJHM NOJ BO3JeHCTBHEM XHMHUYECKH aKTHBHOH
cpelbl, pa3Mep 3epeH YBeJIHUHBAETCs H B HEKOTOPBIX cayuyasix 06-
pasyeTcsi CTPYKTypa C NpeHMyIleCTBEHHOH OpHeHTauuel 3epeH [41].

2.3.2 OcaxpeHue NNeHok M3 pacTeopa

PasBuTHe Meroga oOcaXKIeHHs IJIEHOK M3 pacTBOpa CBfI3aHO
¢ pa6oramu Boyna u coaBt. [79—81], BbHIMONHEHHBIMH B HayyHO-
uccaenopatelbckoM ueHTpe r. Canra-Bap6apa, CHIA, T'. A. Ku-
TaeBa M COaBT. [82—87] — B YpasbCcKoM NOJHTEXHHYECKOM MHCTH-
TyTe, a Takxke Yompa u coaBT. [88—91] — B HMHaulicKOM TeXHOJO-
rUYeckoM HHCTHTYTe, . Jlenu. BnepBnle 3TOT MeTon OBl HCIIONb-
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3oBaH B 1946 r. [92] npu moayueHny mieHoK PbS, npexHasHaueHHBIX
naa uHpakpacHoil TexHukH. M TosnbKo HenaeHo [88—91] wHpokoe
NpHMeHeHHe 3TOTO MeTOjAa B IPOMBILIEHHOM Maclutabe gJjsi H3ro-
TOBJIEHHSl KaK JIETHPOBAHHBIX, TaK H HEJErHPOBAHHHX IIEHOK MHO-
TOKOMIOHEHTHBIX MOJYNPOBOJHHKOBBIX MaTepPHAJIOB [JIsi H3BECTHBIX
¥ HOBBIX CTPYKTYp, a TaKxXKe CTPYKTYp, HAXOASIUIHXCS B CTagUH
pa3paboTKH, CTHMYJHPOBAJO HCCAeNOBaHHe (DU3HUECKHX H XHMHU-
YEeCKHX TIIPOLeCCOB, NPOHCXONSIIHX INPH BbIPAIMBAHHH IJIEHOK.
B Hacrosimee BpeMs ocaxKIeHHe IJIEHOK M3 PacTBOpa MOXKHO pac-
CMaTpHBaThb KakK OKOHYaTesJbHO C(HOPMHPOBABLIHMIHCS, IepPCIEeKTHB-
Hblli MeToA. Ero ommcaHHi0O H MOCBSIIEH NAaHHBIH pasied.

23.21 Xumuueckue acnextsl

3aKOH nocroancTsa npoussedenus pacreéopumoctu. Tlpousse-
JleHHe MOJSIpHBIX KOHIEHTPalHMH HOHOB pacTBOpa MaJjopacTBOpH-
MOro CoefiMHeHHsi (KaKablHi COMHOMKHTENb, MPECTABSIOUIMH KOH-
LEHTpAlUI0 HOHOB ONpEeIeJeHHOr0 BHIA, BO3BOAUTCS B CTEIEHb,
pPaBHYIO KOJIMYECTBY 3THX HOHOB B JaHHOM CO€IHHEHHH B COOTBET-
CTBHH C €ro XxuMuueckoH ¢opmyJsoii), HasplBaeMoe HOHHBIM INIPOU3-
BeJleHHeM, SBJISeTCS NPH AAHHOH TeMIepaType HacCBILIEHHOro pac-
TBOpa TNOCTOSTHHOH BesjHuuHoH. Hampumep, mnpu pacTBOopeHuHu
Cd(OH): B Bote IPOHCXOAUT €ro AHCCOLHAIIHS:

Cd (OH), == Cd2+ + 2 (OH)-. )

Honnoe mnpoussenenne [Cd2+][OH-]? B HacbllleHHOM pacTBOpe,
HasblBaeMoe Npou3sedenuem pacT8OPUMOCTU,— NOCTOSTHHAS BeJH-
upHa, paBHas 2,2- 104 (mpu teMmepatype 25 °C). DTo paBeHCTBO
CIpaBelJIMBO [JISI PAaBHOBECHOr'O COCTOSHHS pactBopa. Ecanm HoH-
HOe MpOHM3BeJNeHHEe IpeBbIlIaeT NPOM3BEIeHHE DPacCTBOPHMOCTH, TO
pacTBOpeHHOe BEleCTBO BHMAajxaeT B OcajoK. B mpoTuBHOM cayyae
BellecTBO, Haxojsuieecss B TBepnoi (ase, OygeT pacTBOpPSTbCH OO
TeX IOp, MOKa HOHHOE MPOH3BEJEHHE HE CTaHeT paBHBIM NPOH3Be-
JEHHIO PaCTBOPHMOCTH.

JJs1 ocyliecTBJeHUS YNpaBJsieMOro OcaXK[eHHsl TOHKOH MJeHKH
HEOOXOMHMO HCKJIIOUHTh BO3MOXKHOCTb CaMOIPOH3BOJBLHOTO 00paso-
BaHHs1 ocagka. C 3TOH LeJNbi0 B pacTBOp A00aBJSIOT OTHOCHTENbHO®
YyCTOHUMBBIE KOMILJIEKCHBIE MOHBl MeTaJJa, KOTOphle IpH IHpoTeKa-
HHM peaKLMH, aHaJOTHYHOH

M (A)R+ == M2+ + A,

0GeCneynBaOT B YCJOBHSIX pPaBHOBECHS peryJjHpyeMoe KOJHYeCTBO
CcBOOOJHBIX HOHOB MeraJjja. MX KOHIEHTpaunHs [pH olpefeneHHOR
TeMnepatype paBHa

[M2+] [A]

M (A)2+]
rie K;— KoHcTaHTa paBHOBecHss KOMIJeKkcHoro HoHa. [lpu Hc-
NOJIb30BAHUH COOTBETCTBYIOIIETO KOMILIEKCOOGpa3yIollero aresra

= i
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KOHIEHTPAIHIO MOHOB MeTa/ljla peryJlHpyloT KOHIeHTPauHeH 3TOro
areHra M TeMmmepatypol pactBopa. Kommiaekcoo6pasyiolline areHThl
JJIsl pas/IHuHbIX HOHOB HpHBeleHbl B TabJ. 2.5.

Ecan B KakKOH-TO 4YacTH pacTBopa KOHUEHTpaluusi HOHOB S2~
BO3pacTaeT HAacTOJAbKO, UTO HOHHOE IPOHM3BEIeHHE CTAHOBHTCS
6oJibllle NMPOH3BENEHHS PACTBODHMOCTH, TO BO3MOXKHO CaMOIIPOH3-
BOJIBHOE JIOKaJbHOE BbiMaJieHHe B OCAJ0K CEPHHUCTOrO COeJHHEHHS.
Hnst Troro 4to6bl MpeRoTBPATHTb 3TOT Nponecc, of6ecnednBaloT ycmao-
BHS, NMPH KOTOPHIX HOHBl ABYXBAJEHTHOH Cepbl 00pasyioTcs ¢ Mma-
JIOH CKOpOCTbIO H pacHpeiessioTcss paBHOMEPHO BO BceM o0beMe
pactBopa. TakHe yc/l0BHS CO3JalOTCs NpPH PaCTBOPEHHH THOMOUe-
BHHBI B BOJIHOM pacTBOpE I€JO0YH, KOTOpOe HpOTeKaeT CACYIOLIHM
obpasoM:

(NH2)2CS -+ OH‘—)CHzNz -+ H,0 + HS—,
HS— 4 OH— —H,0 -+ S*—.
TruoMo4yeBHHY MOXKHO 3aMeHHTh aaauATHOMOueBHHOH mau N, N-gu-
MEeTHJITHOMOYEBHHOH.

ITanenkn cesneHunoB [83, 93] mosyyaioT, HCIOJb3Yyst BMECTO THO-
MOUYEBHHbI C€JIeHOMOUEBHHY HJ/IM ee MNpou3BoaHble. s co3naHus
noHoB Se?~ Kaitutaa u ap. [90] pacTBopsiiu ceneHocy/bhaT HaTpHS
B I1[€JIOYHOM pacTBOPe B COOTBETCTBHH C peaKiuel

NaySeSO; + 20H— — Nap,SO, -+ Hp0 4 Se2—.

Tabauya 2.5. TunuuHble KOMIUIeKcooOpasylollfe areHThl
1Jisi MOHOB DA3J/IMYHLIX MeTaJUIoB

Mertanan Komnnekcoo6pa3syoouHe areHTsl
Ag CN-, NH,, CI-
Cd CN™, NH,, CI~, CH,03~, C,H,02~, aaTAD
Co NH,;, CN™, SCN~, C,H;0:~, C,H,05~
Cu NHj, Cl—, CN—, 3ITA
Hg ° | NH,, Cl-, CN—, 3ITA
Mn C,03~, CeHz0%™, CHs03~, CN™, 3ITA
Ni CN—, SCN—, 3/TA, NHs
Pb BITA, CgH;03~, C,Hs03~, OH™
Sn | CHy0Z™, C,H,OF~, C,05~, OH™
Zn CN™, NH;, JITA, C4Hso’§;, CGHSO:;—

Danra
— OOLEeNpPHHSITOE COKPAlleHHOe HAa3BaAHHe
-auneTarta HaTpHus. «— [Ipum. nepes. STHICHARAMA T ETPa -
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8 IIpeumymectso 3TOro MeToAa
%, | COCTOHT B TOM, UYTO CEJ€HOCYJb-
R (aT HaTpuA Jerko CHHTE3HpY-
i eTcsl IPH pacTBODEHHH Se B pa-
crBope NaySQ;. [Tonyuenne xe
CeJIeHOMOYEBHHBI H €€ IIpOH3-
BOJIHBIX CBSI3aHO C OOJbIIHMU
[l 4 TPYAHOCTSIMH; KpPOME€ TOro, s
MOBHILIEHHST YCTOHUHBOCTH pacT-

2
% BOPOB 3THX COeJHHEHHH Heo6Xo-
%

~ —_
—

(HHHHHHA

JAUMO TNpHMEHATb AHTHOKHCJH-
1 TesH, HanpuMep NapSOs.
2 CoenvHeHHs, B COCTaB KOTO-
pbIX BXOILHT TE€JANAYD, CHHTE3HPO-
6 BaTb He YyJae€TCd BCAEACTBHE HX
L O4YeHb HH3KOH  YCTOHYHBOCTH.
OnHako A/ IIoONydyeHHsda pacrt-
BOpa, COAepiKallero Houw Te?~,
Puc. 28. xen HTANBH T MOXHO HMCIOJb30BaTb HEOPraHH-
HOBKa, Anbnmeﬂﬁeeng:geBana()aoﬂpa%cp:n ueckoe CoelMHEHHe, MOL0GHOE
aBTOpOB A% BupaumBamns noaynpo-  AHTHOHATY HaTpHst NayS40s; Ko-

BOJAHHKOBBIX IJIEHOK H3 pacTBoOpa. TOpO€ pacTBOPAET TEJANYD.

1 — oxnlaxkpaolasi cMecb HJAH Boja, 2 — pe- SKcnepHMeHTaana;{ yc’ra-
aKUHOHHAsA BaHHa, J — Harpesareab, 4 —

NONJOKKA, 5 — Memaska, 6 — pexe, 7 — HOBKa MOJ5 oOCa>XJe€HHS TIIJEeHOK

)}:g;ﬂeﬁ'!‘ U JBHraTesNb, 8 — KOHTAKTHbIH TEep- U3 paCTBopa cXeMaTHyeCKH Hu30-
P.
6paxena Ha puc. 2.8. Tloa-
JIOXKKH MOTpyalT  BepTH-
KaJbHO B pPeaKLHOHHYIO BAHHY H C MOMOMIbI0 MarHUTHOH MeLIAJKH
HelpepbiBHO MepeMelINBaOT pacTBOp. TeMmepaTypy BaHHH KOHT-
POJMUPYIOT KOHTAKTHHIM TEepMOMETPOM, KOTOpHIH BKJIOYeH B Iielb
o6paTHOH CBSI3H, peryJjHpylouleli MOIHOCTh HarpeBaTenas s
NOAJEPXKAHHS TNOCTOAHHOH TeMmepaTyphl pacTBopa. Eciu HoHHOe
IIpOH3BEJeHHe pacTBOPA, COLEpKAILero HOHBl MeTalla U Cephl,
IpeBHIIAET NPOH3BeJeHHe PpPACTBOPHMOCTH COOTBETCTBYIOLIErO
XaJIbKOr'eHHa, TO Ha INOAJNOXKKe B pe3yJbTaTe IOC/Jel0BaTeSbHOLR
KOHJIEHCALlHH HOHOB o0pasyeTcs IMJeHKa XaJbKOTeHHIa MeTaJJa.
Aunanus BAHSIHMS COCTaBa W TeMIepaTyphl BaHHB Ha IIPOIECC
(hOpMHPOBaHHSA INJIEHKH MOMKeT OBITb IPOBENEH pAacyeTHBIM NYTeM
Ha OCHOBe 3aKOHOB TepMOAHMHaMHKH. Takoe HccienoBaHHe GHIJIO Bbl~
MOJIHEHO 1J151 CJedYIOIHNX pPacTBOPOB:

1. Cd(NH“ —(NH,),CS—OH™ [82, 91};
2. Cd(en)3™—(NHp),CS—OH™ [94]";

3. Cd(CgH;07)~ — (NH,),CSe—OH~  [95];
4. Cd(NH;);T—SeSO3"—OH™ (86, 90].

1) en—onenpunmoe ycjaoBHOe  o603HayeHue  STHJIAEHAMaMuHa. — [Tpum.
nepes. -
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Puc. 2.9. Tpaduxn 3aBucumoctn pH ~ Puc. 2.10. Tunuunbiii  xapaxktep pocra
or p[Cd2*+] u p[NHs] [91]. IJIEHOK, OCaXKJI4eMblX Hu3 pactBopa [43].

1 — HeaKTHBHPOBaHHag MNOIJOXKa, 2 — aKTHBH-
pOBaHHas IOMAJIOXKKa.

Yeaosus ocaxpuenns naesok CdS u CdSe u3 pacrtsopos 1 u 4
ONpefeNSIOTCS MyTeM pelieHHsi rpagHyecKumM MEeTOAOM CJelyoIHuX
ypaBHEHHH:

Cd2+ -+ 20H— = Cd (OH),

npu

[Cd2+] [OH~]? = 2,2-10—1,
"

Cd (NHg3t == Cd®t + 4NH,
npu

_[Cd2+] [NH,)¢

=7,56-10-8.
[cd (NHaT

[TonyuyeHHblE ¢ MOMOILIbIO PHBEAEHHBIX BHIIIE ABYX ypaBHEeHHH rpa-
¢ukn 3asucumoctd pH or p[Cd**]!) (mpu nOCTOSHHOH BeJHYHHE
PCeonu) TPEACTABJSIOT COGOH, KaK MOKa3aHo Ha pHc. 2.9, npaMbe
JIMHHH, Ha3blBaeMble JMHUSIMH THAPOKCHIA M KOMIIJIEKCHOTO COEMH-
HeHusi. 3alITPUXOBaHHBM o6sacTsM B B By, pacnosoXeHHHM Haj
JMHHMEHl THAPOKCHAA, COOTBETCTBYIOT MApPaMETpPhl, NPH KOTODHIX
B pactBope npucyrctByer Cd(OH),. Has 3THx o6gacted xapak-

D CumBosioM p 0603HAauaIOT BENHYHHY, PABHYIO IeCATHYHOMY Jorapudmy KoH-
ueHrpauuu (uanpumep, [Cd%+] nmn Ccoan), B3ITOMYy C OOpaTHHIM 3HAKOM. —
IIpun. nepes.
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TEpHO oOcax/JeHHe TOHKMX (~60 HM), MeXaHHYeCKH IIPOYHBIX
coowHbx maeHoK CdS ¢ 3epkaibHO MOBEPXHOCTHIO, HMEKOUIHX
CTPYKTYpy BlopTuHTa. [Ipn coderaHHsX mapameTpoB, OTBEYAIOMIMX
obaactam Ar n An, xorna Cd(OH), B pacTsope He comepmuTcs,
o6pasyioTcst peixabie maeHKH CdS co crpykrypoit chanepura. Ilpu
YCJIOBHAIX, COOTBETCTBYIOIIMX TOYKAM Ha JHHHHM KOMIJIEKCHOTO CO-
efiuHeHuss B o6GJjactu II, ¢opmupoBaHHe MIEHOK BO3MOXHO JHILIb
npu TeMmmeparype, IpeBniuammel 45 °C, Korma HOHHOe MPOH3Be-
JeHHe pacTBOpa CTAHOBHTCS GOJble NMPOHU3BEAEHHS PACTBOPHMOCTH
XajbKoreHufa kaamus. Ilpum 3TOM mosyyaroTcst MexaHHYeCKH MPOY-
Hble W CIJIOIIHble MJIEHKH C 3epKaJbHOH MOBEPXHOCTHIO, MMEOLIHe
CMelIaHHYIO CTPYKTYypy c¢ajepura u BlopTtuurta [91].

Ocaxpgenne naeHok CdSe ¢ ucnonbzosanueM Na,SeSO; B03-
MOXHO TOJIBKO NpH NapaMeTpax, OrpaHMYeHHHIX 06JjacTbio B, H
KoMHaTHOH TeMmmepatype. CTpyKTypa 3THX IJIEHOK IMpeacTaBasier
co6oit cMecb cthaneputa M BroopTuMTA. [IpH Yyca0OBHsSX, COOTBeT-
CTBYIOIIMX JHHHH KOMIJIEKCHOrO COeJMHEHHs, H TeMIepaType He
nuxke 45 °C nmaenkn CdSe kpucTannusyloTcss B CTPYKTYpe cdaJe-
pura [90].

23.2.2 XapakrtepHble ocobeHHOCTH npouecca
OCaMjeHMs NNEeHOK M3 pacTsopa

C KuHeTHYeCKOH TOYKH 3peHHsS TpOLecC pocTa TOHKOH IJIEHKH
COCTOMT B NOC/JENOBATeIbHOM OcaxKJeHUH HOHOB XaJbKOreHHAa Ha
Te Y4acTKH IOTPYKeHHOH B pacTBOp MOBEPXHOCTH, KOTOpbie cOfep-
¥KaT 3apojblumieBble UeHTpH. Ha HavaabHOH cTagud OcaxaeHHs
CKOpOCTb pOCTa MJEeHKH OYeHb Maja, TaK KaK CyLecTBYeT CKpLITHIH,
TaK HasblBaeMBIl MHKYOalUHOHHBIH NepHOJ, B TedeHHe KOTOPOTrO
B TOMOTreHHOH cHCTeMe MpPOHCXOAHT (QOpPMHDOBaHHE KPHUTHYECKHX
3apoablieli V) Ha yncTOH moBepxHOcTH. I1pH HanMYMK 3apOALILIEBEIX
LEHTPOB CKODPOCTb OCAaXKJEHHs MJeHKH pe3KO BO3pacTaeT M MpPOLOJ-
’KaeT yBeJHYMBATbCs A0 TeX MOp, MOKa He CTaHeT paBHOA CKOPOCTH
pacTBOpeHHs BellecTBa, APYrHMH CJIOBAaMH, MOKA HOHHOE MpOH3Be-
JIeHne pacTBOpa He [NOCTHIHET TPOU3BEeNeHHS pacTBOPUMOCTH.
K stoMy MOMeHTY, KakK NmOKa3aHO Ha pHc. 2.10, pocT miaeHKH mpe-
Kpamaercs. Eciii moBepXHOCTb MOJJIOXKH MpeJBapUTeNbHO aKTHBHU-
poBaTh, TO MHKyOalUOHHBIH mepHon 3apOAbiieo0pa3oBaHHs OTCYT-
CTBYeT, TaK KaK MOJIJIOXKKa YiKe CONEpXKHT 3apOJbILIEBEIe LEHTpPHI
(cM. puc. 2.10). YcTaHOBJEHO TakKKe, UTO HPH MOrPy*eHHH MON-
JIOXKKH B pacTBOp A0 BBeIeHHs KOMILJIEKCOOOpa3yIollero areHTa
TOJIIMHA Oo0pasylouleics NJeHKH MeHsieTcsl MO0 TaKOMy Xe 3aKOHY,
KaK ¥ NpH OCaXKAeHHH TJeHKH Ha aKTHBHPOBAHHYIO MOBEpPXHOCTE.
D10 03HayaeT, YTO YCJAOBHSA 1Js1 06pa3oBaHMs 3apOALILIEBEIX LEHT-

1) KpHTHYecKHM 3apOJbllIeM Ha3bIBAIOT MHHHMAaJbHOE MO pasMepy yCTOHYH-
BOe CKOIUIEHHe YacTHI, aacopGHPOBAaHHBLIX HAa NoBepxHocTH.— [Ipum. nepes.
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Puc. 2.11. 3aBucumoctu TtoauuHsl mieHkd CdSe, ocaxpmaemoii Ha aKTHBHDOBAH-
HYI0 TOAJOXKY, OT IPOSOJKHTEJIbHOCTH TNpOLECcCa OCaxKAEHHs INpPH PA3JIHYHBIX
KoHueHTpauusax NHs [95].

poB ofecrmeuyuBaeT caM pactBop. JaHHBIH BBIBOJ HJIIOCTPHPYET
puc. 2.11, Ha KOTOpOoM mNOKa3aH XapakTep H3MEHEHHS TOJILHHBI
naeHok CdSe, a 3HaueHns KoHueHTpauun NHjz BuiGpaHbl B Kaue-
CTBE mapaMerpa.

CKopocTb OcaXK/IeHHs M KOHeyHasi TOJNIIMHA MJEHKH 3aBUCHAT OT
KOJIMYEeCTBA 3apOJBIIIEBbIX LEHTPOB, CTeNeHH IMepechHIleHus pac-
TBOpa (onpezejsieMOfl OTHOLIEHHEeM HOHHOrO MpPOM3BEIEHHS K IIpo-
M3BeJEeHHI0 PACTBOPHMOCTH) H CTeIeHH ero OZHOPOAHOCTH, KOTOPYIO
NOBHIIAIOT NepeMelldBaHHeM pacTBopa. OcoOGEeHHOCTH KHHETHKH
OCa)K/eHHs IJIEHKH OMNpEeessioTcs KOHIEeHTpalued H CKOPOCTHIO
HOHOB B pacTBOpe, a TakxkKe napameTpaMu HpoleccoB (popMupoBa-
HHSI M pOCTa 3apONbILIEBBIX LEHTPOB Ha MOBEPXHOCTH MOrpyKeHHOH
B pacTBOp NMOMJIOXKKH. B cieayromux pasigenax paccMaTpHBaeTcs
BJIMSIHHE YCIOBHH ocaXKJeHHs Ha CKOPOCTb pocTa M TOJILMHY NOJY-
9aeMOH INJIEeHKH.

2.3.2.2a. Cocras coau. KuHeTHueckKHe MmapaMeTphl mpolecca
OCaXK/IeHHs IVIEHOK 3aBHUCST OT BHJA COJeH M cOeAHHEeHHH, SBJSIO-
MUXCST HCTOYHMKAMH HOHOB MeTaJj/ja M cepbl. Ilojaralor, 4To mpH
NOJy4YeHHH IJIEHOK ceJeHHIOB (c mpHMeHeHHMeM cejeHocynabdaTa
HaTpHsi) CKOPOCTb MX OCaX/JEeHHs yMeHbLIaeTcsi, a KOHeyHas TOJ-
IIMHa BO3pacraeT NPH HCHO/Ab30BAHHU cyJbdaTa COOTBETCTBYIO-
uiero Mertasnaa. AHajlorMuHele H3MeHEHHsT NPOUCXOASIT U B mpolecce
ocaxkaenus miaeHok CdS u CdSe npu BBegennu B pacrsop CdCl,.
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Puc. 2.12. KpuBble 3aBHcHMOCTeH cKopocTH pocta (/) M KOHEYHOH TOJILUHHBI
(2) mnaenok CdS, ocaxpaemblx M3 pacTBOpa, OT KOHUEHTPAIHM HOHOB Cepbl
B HCXORHOM coequHeHuu [91].

B nepsoMm cayuae uoHnl SO, o6pasyiomuecss npu pacTBOpeHHH
cyiabdara Merasnja, CBS3bIBAIOT MOHH Se?~ W YMeHbUIAIT TeM ca-
MBIM HX KOHIIEHTDALMIO, BO BTOPOM cayuae HoHbl Cl—, mosyueHHbIE
B pesyabrarte pactsopeHHss CdCly, coco6CTBYIOT MOHHKEHHIO KOH-
ueHtpauuu oo Cd*t 3a cuer GopMHpPOBaHHUST KOMIJEKCHOro CO-
epunennss CdCl—. Tlpn OZMHAKOBBEIX YCJOBHSIX OCaXJE€HHs MJeHKH
cyabpunoB 0OLIYHO HMEIOT NMOBBLIIIEHHYI0 CKOPOCTb pOCTa U 6O0Jb-
Y0 KOHEYHYI0 TOJNMIMHY MO CPaBHEHWIO C MJIEHKaMH CeJeHHIOB
COOTBETCTBYIOIUX METaJJIOB.

CKOpOCTb OCaxKJAeHHsi W KOHeuHas TOJIIMHA IJIEHOK YBeJHUYHBa-
IOTCS1 C POCTOM KOHIEHTPaIlM¥ HOHOB JBYXBAaJIEHTHOHR CepH, eClIH HX
copepxKaHue B pacTBope HeBelHKO. IIpu 3HauHTeJbHOM yBeJHUYEHHH
KOHLEHTpAalUHK HOHOB Cepbl B OCaJOK BhHIMajaeT GoJbllee KOJHYe-
CTBO BellecTBa W HAa MOAJNOXKKe ofpasyeTcs NJeHKa MeHbLIeH TOJ-
IWHHBEL. BausiHHe 3TOro 3¢ggexkra Ha nponecc OcaxKAeHHs MJIEeHOK
CdS nokasaHo Ha puc. 2.12.

2.3.2.2b. Komnaexcoobpasyroujuii azent. TIpn yBelIndeHHH KOH-
LeHTPAUUK KOMIVIEKCHBIX HOHOB KOHLEHTpaunMs HOHOB MeTaJjJa
(M2+) monuxaercs. B pesyjabrTaTe CKOpOCTb peakNHH H, CjieJOBa-
TeJIbHO, KOJIMYECTBO BhINTaJarmomiero B OCagoOK BelleCTBa YMeEHblIa-
eTcss, YTO NPUBOAHUT K YBEJHUEHHMIO KOHEYHOH TOJIIHMHBI IJIEHKH.
Takass 3akoHOMepHOCTb HaGaiopaercss Ads miaeHok CdSe, CdS,
PbSe u ZnS. CooTsercTByoLIye 3aBHCHMOCTH NapaMeTpOB Ipo-
necca ocaxjeHus miaeHok CdSe mpusefeHnl Ha puc. 2.13.

2.3.2.2c. 3nauenue pH. JlomonnuTesbHOEe BBEIEHHE B pacTBOP
nonos OH—, T. e. yBesIMUeHHe ero BOAOPOJHOro mokasareJs pH, mo-
BHIIIAET YCTOHYHBOCTb KOMILJIEKCHOT'O CO€JHHEeHHs NPH YCJIOBHH, 4TO
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woust OH~  yuactByloT 20
B KOMILJIEKCOQOPa30BaHHH —{400
(KaKk MpPOUCXOAHMT B CJY-
qae HCI0Jb30BaH U
Pb(OH)CgHs07 ). Cuaen-
CTBHEM YMeHbUIEHHsS KOH-
LeHTpauuu cBOOOJHBIX
HOHOB MeTajna M?+ mnpu
nosbliiennn pH sBasioTcs
CHHXXeHHe CKODOCTH OCax-
JeHUS NJIeHKH U YBesHue-
HHe ee KOHEYHOH TOJ-

300

CKOpOCMs  OCOLKDEHURA, HM /MUK
KOHEHHNR  MONMULLHLL , HM

& 2,2 3,0

HIMHbL. 3aBHCHUMOCTH CKO- Cuig » Moms/n

pocTH OcaxaeHHsd M TOJ-

IIHHBL nieHOK PbSe or pH Puc. 2.13. Kpussle 3aBucuMocTell KOHeYHOH

TOJMIUHL (/) U CKOPOCTH OCakKAEHUS U3 pac-

pacTtsopa  mpeAcTaBJEeHBI TBopa (2) mueHok CdSe OT KOHUEHTpalUHK

Ha puc. 2.14. KoMILIeKcoobpasyioulero areita [95].
Ecan wnonet OH- me

BXOIAT B COCTaB KOMILJIEKC- 1enc
HOro coennHeHus (Kak, Ha- a0 D .
x
mpuMep, MPH HCIOMb30Ba- 3 ; 2
nun Cd (NH;3),®*), nannune 3 2 1 ¢
JONOJTHUTEJNBHOTO  KOJIHYe- ] E)
crBa OH- BHi3BIBaeT BHI- g {a00 €
najleHue B 0CaJOK COOTBET- g2 =
CTBYIOILETO  THADPOKCH/A. g 1z
Ilpyn BBICOKMX 3HaueHHMSX g 2
o
pH napsay c yseaunuenuem 3 200
koHuentpauun  Cd(OH), 0 ! ! L
B 06beMe pacTBOpa BBeje- 10,0 1,0 12,0
pH

Hue NaSeSOs; conposox-
JaeTcsi BbilaJeHueM B Oca- Puc. 2.14. Buusuue pH Ha ckopocTb
I0K GOJIbLIOrO KOJHYecTBa pocta (KpuBasi /) U KOHEYHYIO TOJUIUHY
CdSe, B peayJbTaTe 4ero Ko- (kpuBass 2) mneHok PbSe, ocaxjaaeMbix

’ u3 pacrsopa [43] mnpu TeMmepartype
HeyHas TOJIIMHA TOJaydYae- panEy 60 °C.

MOH NJIEHKHM yMeHbLIAeTCs.

Baxubiit pesyabrat, monyueHHwit I. A. KuraeeiM u ap. [86],
COCTOHMT B TOM, YTO OTHOIIEHHEe KOHLEHTPauuil aTOMOB KaiMHS H
ceseHa B mJeHkaXx CdSe ne 3asucut or pH pacrtsopa.

2.3.2.2d. Bausnue nodaosku. B TOM cayuae, Korma Matepuas
MONJIOXKKH H OCa)KJaeMOe BEHIeECTBO COOTBETCTBYIOT ADPYT APYTY MO
CTPYKType KpHCTAJ/IHUYeCKOH peLIeTKH H ee mapaMeTpaMm, CKOPOCTb
OocaXkJeHHs1 ¥ KOHeUHas TOJIIHHA MJEHKH BO3pacTaloT. DTy 3aKOHO-
MepHOCTb [HJs1 njaeHoK PbSe, ocaxJaeMbX Ha TNOAJNOXKKH H3
CTeK/Ja, MeIH, MOJHUPOBAHHOrO MOHOKPHCTAJNJIHYECKOrO KpeMHHS H
repManus, HJdOcTpupyer puc. 2.15. TIpH OZMHAKOBLIX mapamer-
pax mpouecca OcaKAeHHsi CKOPOCTb pOCTa H TOJNIIHHA MJEHOK
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Puc. 2.15. BuausinHe MaTepHana MNOMJIOXKH
Ha Tpouecc ocaXKAeHHs M3 PacTBOpa MJEHOK
PbSe [43] npu Temneparype Banubnt 28 °C u
pH = 10,4.
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Puc. 2.16. BansHHe TemmnepaTypbl BaHHBI
Ha CKOpPOCTb pocra (KpuBasi I) H KOHed-
HY[0 ToJIHHY (kpuBas 2) mieHok CdSe,
ocaxJaeMmblx u3 pacrsopa [49].

PbSe, o6pasymoomuxcs Ha
nosepxnoctd  Ge, BBHIIE,
4eM Ha mosepxHocTH Si,
u3-sa 6ojee TOYHOrO CO-
OTBETCTBHS napaMeTpoB
KDHCTaJMJH4YeCKOH  peler-
Ku PbSe u Ge [95].
2.3.2.2e. Bausnue tem-
neparypel 8axHsl U noo-
A0%Ku. TIpH DOBBIIIEHHH
TEeMIepaTyphl pacrBopa
JuccolMalisl  KOMILJIEKCo-
o6pasylolero areHra u
COoeMHEeHHs, SIBJISTIONILE-
rocss HMCTOYHHKOM HOHOB
Cepbl, CTAaHOBHTCH GoJee
HHTEHCUBHOH. YBeJHueHue
KOHLIEHTPAaLlMH H KHHETHYe-
CKOH 5HEPruH HOHOB Me-
Taldjga U CEepH YCHAHBAET
HX  B3auMojedcTBHE U
obecneunBaer Gojiee BbI-
COKYI0O CKOpOCTb oOcaxje-
HUSI XaJbKOTEeHHAa MeTaJl-
Ja. [Ipy NOBHIIEHUH TeM-
nepaTypbl BaHHbBI KOHeUHasg
TOJI[AHA TJIEHKH MOXKET
YBEJUUUBATbLCS HJIM YMEHb-
IIaThCs B 3aBUCHMOCTH OT
CTeNeHH MepechllleHus pac-
TBopa. To/aiuHa TIJIeHKH
VBEJHYMBAETCST TPH  He-
60JIbIIOM nepechllleHHH
(BcoiecTBHE  MOBBILIEHHUS
KOHI[EHTPALlUH HOHOB) H
yMeHblIaeTcss  OpH  J0-
BOJIbHO CHJIBHOM Tepechl-
IIEHUH DPacTBOpPA, KOTOPOE
COMpPOBOXKAAeTCsT  BhIMAaje-
nveM ocagka. CremeHp Ie-
pechlIleHNst pacrBopa
MOXKHO PperyJupoBaTh, H3-

MeHAS TeMNepaTypy BaHHBI W KOHIEHTpPALHI0 KOMIJIeKcoobpasyto-
11ero arenTa. 3aBHCHMOCTH CKOPOCTH OCaXKIEHHS W KOHEYHOH TOJI-
unbl nienky CdSe or TeMnepaTypsl Bannbl mokasanbl Ha puc. 2.16.

CsnienyeT OTMeTHTb, YTO NPH HCHOJIB30BAHHH MOMJIONKKH 0OJb-
urei miomanud obllee KOJHUECTBO XaJbKOTeHHAA, OCaXK1eHHOTo Ha
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NOBEPXHOCTb B BHIE IJIEHKH, BO3pacTaer. KpoMe TOro, mpu moBToOp-
HOM TIOTPYXKEHHH B CBEXHH pacTBOP NOMJIOXKKH C yxkKe HaHeceHHOMH
NJIeHKOA TNpOMCXOAHUT [najbpHeHllee OCAaXJ€HHe BellecTBa. TaKUM
o6pasoM, Npu MHOrOKpaTHOM MOBTOPEHHH Ipoluecca MOryT G6BbITb
MOJIyYeHbl TOJCTble M MHOTOCJIOHHBIE IMJIEHKH.

23.2.3 Jleruposanue

BHenpeHne B 0OcaxpaaeMyio IJIEHKY NpHMecel, cOxepxauuxcs
B MCXOJHBIX peakTHBaX, BO3MOXKHO JHIIb B TOM CJAydYae, €CAH NpH
JIaHHBIX YCJIOBHMSAX OCaXK/AEHHS 3TH NPHMecH 006pas3yloT HepaCTBOpH-
Mble XaJbKOreHHJbl W MX HOHHOE€ IIPOH3BejEHHE Bblllle NPOH3Bene-
HUS PACTBOPHMOCTH. [laHHBIM TpeGOBaHHSM YyIOBJETBOPSieT OYeHb
He6OJIbIIOe KOJNHWYECTBO MAaTepHanoB. DTO OOCTOSATENbCTBO HMeeT
BaXHOe CJeJCTBHE: CTemeHb YHCTOTHI HCXOAHBLIX PEAKTHBOB IPH HHU3-
KOH KOHLLEHTPAUMM COAEPKALIUXCA B HHUX IIpHUMeceH M IIpH YCJO-
BUH, YTO COOTBETCTBYIOLlee HOHHOE [IPOM3BeJeHHe MeHblle NPOH3Be-
JeHHsI PacTBOPHMOCTH, HE OTHOCHTCS K YUCJAY HapaMerTpoB, 3HAUH-
TeJbHO BJIUSIONIMX HA CTENeHb YHCTOTH OCaXKAaeMOH MJeHKH.

2.3.2.4 neHKkH MHOrOKOMNOHEHTHbIX COEAUHEHMUMN

CyuiecTByeT BO3MOXKHOCTb [OJYYeHHS] MHOTOKOMIIOHEHTHBIX IIJIe-
HOK XaJIbKOr€HHJIOB C IIMPOKHM AHamasoOHOM cocTaBoB. B jsabGopa-
TOpUH, COTPYZHHKAMH KOTOPOH SBJSIIOTCS aBTOPbl KHHTH, MOJY-
YeHbl pasHooOpasHble TPeXKOMIIOHEHTHble CIJIAaBbl Pa3JHYHOrO CO-
cTaBa, KOTOpbie Mepeurcaens B TabJa. 2.6.

[lneHKH CHIaBOB HECKOJbKMX BEHIECTB OCaKAaioT B Mpoliecce
XHMHUYECKOrO B3aHMOJEHCTBHS cesleHocyabdara HATpUS HJIM THO-
MOYEBHHBI CO CMECbI0 Pa3/JMYHBIX KOMIJIEKCHbIX HOHOB. B Towm ciy-

Tabauya 2.6. CruiaBbl, nosyyaeMble METOLOM OCAXAEHHS
H3 pacTBopa [43]

Cnnas CocraB
Pby_xHgsS 0=<<x=<<0,33
Pb;—xHgxSe 0<<x<<0,35
Cd;—xHgyS 0<<x<<0,30
Cdy—xHgxSe 0<<x<<0,15
Cdy—+¢ZnyS 0<<x< 1,0
Cd;—¢PbySe 0<<x<1,0
CdSe;—xSx 0<<x<<1,0
PbSe;—xSy 0<<x< 1,0
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yae, KOrja AJisg cO3JaHUsA KOMIJIEKCHBIX cOeIMHEHHMH HA OCHOBE Ka-
THOHOB JIBYX BUJIOB NMPHMEHSIIOT Ba He B3aHMOJEHCTBYIOLIUX MEXIY
c060H KOMIJIeKCoO6pasyoIHX areHTa pasHOro cocTaBa, AHCCOLHA-
LMsi MOHOB B BOJHOM paCTBOPE NMPHUBOAMT K 06pasoBaHUIO CBOGOJ-
HBIX HOHOB METaJ/lJIOB B COOTBETCTBHH C peaKUHsSIMH

M AT 2 M - nA
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CocraB NJIEHOK, XapaKTepU3yeMbli mapaMeTpoOM X, MOXKHO H3Me-
HATb, PEryJupys HCXOAHble KOHHEHTpaUuHu COJMeHd M KOMIJIEKCO06-
pa3yIolHX areHTOB, a TaKKe TeMIlepaTypy BaHHBL [[pyroi cmoco0
MOJTY4eHHs MJIEHOK Pa3HOro COCTaBa COCTOMT B H3MEHEeHHH KOHIIEHT-
palud KOMIJIeKCOOGPA3YIOIMX areHTOB HPH NOCTOSTHHOM KOHIIEHT-
panuoHHOM oTtHOWeHuHU cojel. TIpu ocaxaenun niaexHok Cd;—xPbxSe
HX COCTaB M3MEHSIOT NyTeM 106aBjeHHss B pPEaKUHOHHYIO CMech
pasanuHOro XxoJsHuectBa pactBopa NH4Cl [95]. CocraB mieHOK
Cdi—xHgxSe, Cdi—xZnxS, Cd;—xHgxS u Pb;xHgxS Bapnupyior
TaKKe MOCPEeJCTBOM H3MEHEeHHS OTHOCHTEJbHOro COJepKaHHUS CO-
Jiefl B pacTBOpe NPU HCIOJAb30BAHHH OJHOTO KOMILIEKCcOOOpasylo-
LIero areHra JJs KaTHOHOB 060uX BHAOB [95—97].

HOCKOJIbe THOMOUYEeBHHA HMEET BLICOKOE€ 3Hau€HU€ KOHCTaHTHI
JUCCOIMAIHH, I[0J1araiT, 4TO KOJHYECTBO COAEepKalluXcsi B pac-
TBOpe HOHOB S?~ Gosibile, YeM KOJHYeCTBO MOJIEKYJ THOMOUEBHHHI.
Kpome TOro, mockoJibKy NpOH3BeNeHHS PaCTBOPHMOCTH CY/Ib(pHIOB
H CeNIEHUJO0B OTJIHYAIOTCS He3HAUuUTeJbHO, MJEHKH COeRHHEHHH, yC-
JIOBHO 0603HauaeMblX MSe;_xSx, MO-BHINMOMY, JO/XKHBI HMETb H3-
ObLITOK Cepbl, KOJHYECTBO KOTOPOH O6yneT 3aBHUCETb OT OTHOCH-
TEeJBHOr0 COjiepKaHuss B pAacTBOpe THOMOYEBHHEL. [103TOMY ecaH
cocTaB BellecTBa MJeHKH npeacraButh B Bupe CdSe;_ySy, a cum-
BOJIOM X 0003HAuUThL AOJIO MOJIEKyJ THOMOUEBHHBI B DacCTBOpe, TO
JIOJI’KHO BBHIIOJIHATHCH COOTHOLIEHHe y>x [95].

Kak u B ciayyae HOCJOHHOrO OCaXAEHHS aTOMOB, B Ipouecce
HOCJOHHOH KOHAEHCAalWX HOHOB MHOTOKOMIOHEHTHOTO COeJHHEHHS
oGecrneyuBaloTCst Gojiee IIHPOKHE BO3MOXKHOCTH [UIS TNOJYYEHHS
pPa3JMuHBIX TOJYNPOBOJHAKOBBIX TBepPAbIX pacTBopoB. CuHuTaloT, 4TO
IpH OmpejnesleHHBIX NapaMeTpax Ipouecca OCaXKIeHHs BO3MOXKHO
o6pa3oBaHHe YCTOMYMBBIX MOJMMOP(OHBIX MoauduKauuid XajabKore-
HHMIOB, KOTOpble OGBIYHO SIBJASIIOTCS CTaOHJAbHBIMH JIMIIb DU BHICO-
KO# TeMmepaType Wau 60/bIIOM aaBjeHuH. Tak, HanmpuMep, CIJIaBbl
Pb—xHgzS (0<<x<<0,33) u Cd;—xPbxSe (0<<x<C1) ynmaercs ocax-
IaThb B BHJe TOHKHX IJIEHOK, B TO BpeMs KaK MacCHBHHe 00pasilbl
TBEPALIX PACTBOPOB ITHX Xa/JbKOreHHZOB He noaydeHns [95, 96].
Kpome TOro, mpu ocaxAeHHH IJIEHOK H3 PacTBOPOB BO3MOXKHO MO-
BLILIEHHE YCTAHUMBOCTH KakK a-(asst HgS (¢ mupuHOi 3ampemieH-
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HOH 30HBI 2,0 5B u TPUrOHAJBHOH CTPYKTYPOH KPHCTAJLIMUECKOH pe-
WeTKH), CTAOUAbHON NMPH KOMHATHOM TeMNepaType, TaK H BHICOKO-
TeMnepatypHoil B-pasnt HgS (¢ wupuHoi sanpemenHoi 3016t 0,1 5B
H KyOWUYECKO# CTPYKTYpOH), CTabMJbHOM NIPH TeMmepaType Bbille
280 °C, myTeM cO3/1aHHS IUIEHOK cOefHHeHHH o'~ niu B’-PbxHg S,
HMEIOLUIHX I'PaHELeHTPUPOBAHHYIO KyOHUeCKYyl0 CTPYKTYpy [96].

2.3.2.5 OkcupaHble NNeHKK

OcaxaeHHe OKCHAHBIX IIJIEHOK M3 pacTBOpa OCYLIECTBUMO Gaaro-
japsi TOMY, 4TO B pe3yJbTaTe THAPOJH3a BOZHOrO pacTBOpa Lie-
Joud obpasyercss 0OJblIOE KOJHYECTBO HOHOB MeraJsa (Mo+),
‘BhIMaflalolKMX B 0CafloKB Buae rujpara okcHua (MyOp-xH;0), Ko-
TOPLI TPH HarpeBaHHMH pasjaraerci ¢ o0Gpa3sOBaHHEM COOTBET-
cTBylomiero oxkcuaa. ITpuMepoM TakuxX peaKuHil ciayxar

Snt+——, Sn0,-xH,02 %> 800,
1eJIOYHOH
pacTBop 120°C

Zn**+_ . 7Zn0.xH,0———->ZnO

11eJIOYHOH
pacTBop

DTuM crmoco60M MOryT OBITh MOJY4YeHH IJIEHKH oKCcHaAoB Mn, Fe,
Zn, Sn, Pb, Cu, Cd, Cr, Ti u Al. YaenbHoe cOnpoTHBJIEHHE NJEHOK
SnO; u ZnO HeNmOCpeACTBEHHO MOCJe OCaXKAeHHs B 3aBHCHMOCTH
OT mapaMeTpoB mpormecca cocrasasier 102...108 Om-cM, a X K03(-
¢unveHT NPONMYCKaHHS B BHAMMOH 06JAcTH CHEKTPAa H3MEHSIETCs
B auanazoHe oT 10 1o 70 %. [Ipu onTuMasbHBIX YCJOBHUSAX OCaXK-
JleHHsi U NPH BBeJE€HHH COOTBETCTBYIOUIHX JErHpyIOUMX NpHMecel
(m1s1 merupoBanuss SnO, NPUMEHSIIOT MHAHH) MOJyuaeMble MJIEHKH
HMeloT Ko3(pduuueHT mpomyckaHus, G6au3kuii K 80 %, u ymenbHOe
conporuBaeHne nopsigka 1072 Om-cM. DTOT mMpPOCTOH METO} OCaXK-
JeHHsl NJEeHOK NPEeACTaBJASeTCs MEePCHeKTHBHBIM MJisl [aJbHeHIIero
NPHMEeHEHHUs.

23.26 OcHoBHble CBO/CTBa NNEHOK, NONyYAEMBIX
MEeTOOM OCaMAEHWA W3 pacTeopa

HccaepoBanne [90] mieHOK, ocaxpaeMblX H3 pacTBopa, C MO-
MOIIbI0 TNPOCBEUMBAIOIIEr0 3JEKTPOHHONO MHKPOCKOmMa MoKasaJo,
4TO mpouecc GOpPMHPOBAHHS IJEHKH CBS3aH ¢ 06pa3oBaHHEM H pO-
CTOM 3apozblilleli M aHaJOTH4Y€H MpOIeCCy, NMPOHUCXOAALIEMY IpH
OCaXKJeHHH NJIeHOK u3 mapoBoi (aspl. OO6LIYHO NJIEHKH HMEIOT
MHKDPONONUKPHCTANINUECKYIO CTPYKTYpy C pasMepoM 3epeH B HH-
tepBase 30...100 nmM. PasMep 3epeH 3aBHCHUT OT cOcTaBa H TeMIle-
paTypol BaHHBH, a TaKXke OT NPUPOAL MaTepHasa NOAJOXKH. [Ipu
YMeHblIeHNH CKODOCTH OCaXKAeHHsl (HampuMep, MyTeM MOHUKEHUs
CTereHH MepechilieHHst pacTBOpPa), MOBLIIIEHHH TeMIepaTypbl BaHHbI
M NP MCOOJb30BaHMH NMOAJOXKKH, CcOrJacylollefcss mo mapaMeTpam
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KPUCTAJJIMUECKOH peleTKH C oOca)XJaeMbIM BellecTBOM, 006pasy-
I0TCS NJIEHKH ¢ Gosiee KPYMHBIMHE 3€pHaMH.

[Ipn cOBMeCTHOM OcaxKAeHHHM IBYX HJIH GOJbLIEro 4yucjaa Xagb-
KOreHHJOB MOJydaeMble MJEHKH HMeIT 060Jiee TOHKYIO MHKpPO-
cTpykrypy [95, 98], nono6Hyl0 cTpyKType MNJEHOK, OcaxKjaeMblX M3
napoBo#t ¢asel. MHKpPOCTPYKTypa MHOTOKOMIOHEHTHBIX MJIEHOK 3a-
BHCHT OT Da3MepoOB YYacTBYIOLIMX B peaKIHH HOHOB M XapakTepa
B3aHMOJAEHCTBHS MeXJAy HHMH.

CorsacHo coobuieHuio lllapma u zap. [99], Ha MOHOKpHCTaMIH-
YeCKUX MOAJNOXKKaX MpH ONpelesneHHBIX YCAOBHSX OcaxKAeHHs Ona-
rogapst JOCTAaTOYHO BBICOKOH MOABMIKHOCTH aJcopOHpOBaHHBIX
MOHOB 06pasyloTcsi ISNMUTAaKCHANbHble MJEHKH C YHOpPSAOYEHHOH
CTPpYKTYypO#. ABTOpaMH NpOBeJEHO 3MHTAaKCHaJbHOE OcaxkieHue
naeHok Pbi—xHgxS (0<<x<C0,33) Ha MOHOKpHCTaAJHYECKHE MOA-
JIO’KKH M3 repMaHusi mpH TeMmnepaType BaHHH HHXe 20 °C.

Ha crpykrypy nienkn CdS 3HauuTelbHOe BJHSIHHE OKa3biBaer
BUI KOMIeKcoob6pasylomero arenta. [lnenkn CdS, nonyuaembie
npH HMCnosib3oBaHuH KommiaekcHoro coeaunenust Cd (NHs) 2+, B 3a-
BHCHMOCTH OT YCJOBHH OCaK/JeHUs HMMeIOT CTPYKTypy cdaJgepura,
BIOPTIHTA WM cMellaHHYo cTpykTypy. Ilaenkn CdS, ocaxjnaembie
M3 pacTBOpOB, coaepkKawux KommiaekcHble coeaunenuss Cd(CN),2
nnn Cd(en)s?t, Bceria KpHCTaMJIH3YIOTCS B CTPYKType BIOPTIIHTA,
IpH 3TOM OChb ¢ HampaBjeHa NepreHIHKYyJasipHO MOBEPXHOCTH MOA-
J0xKH [91, 94, 97].

[TpOAOIKUTENBHBI OTKHUI OCaXKJeHHbIX IJIEHOK NpH TeMnepa-
Type, npebniameil 400 °C, npHBOAKT K CYLIeCTBEHHOMY yKpymHe-
HHIO 3epeH. Bosiee GBICTPOe yBeqHueHHe Pa3MEpOB 3€PEH NMpPU MeHb-
wed temmnepartype (~ 300 °C) MOXHO CTHMYJUPOBATb NMyTEM BBE-
nedusi onpeneneHHblx nmpuMeced [95, 100]. Kpome Ttoro, mieHku
CdS u CdSe pekpucrannusyiorcst [95] npu HaHeceHMH Ha MX MO-
BEpXHOCTb TOHKHX cioeB Cu uium Ag M mporpese mpH temmeparype,
npessimasoieir 350 °C.

JleTajibHOE pacCMOTpeHHE 3JeKTPHYECKHX M ONTHYECKHX CBOHCTB
MJeHOK, Oca’kJaeMbplX M3 pacTBOpa, H MX 3aBHCHMOCTH OT OCOGeH-
HOCTedl MHKpPOCTPYKTYpHl NMpPOBELEHO B cJjejyiouled riase.

2.3.3 MNonyueHne nneHok MeToAOM TpapapeTHOW neuvatu

ToJscTon/eHOYHAs TeXHOJIOTHs, KOTOpasi pacrnoJsaraer yJ00HBIMHU
NpH OCBOEHHH B NMPOW3BOJCTBE M JeIIEBHIMM METOJAMH OCaXK/IeHHS
JIEHOK, NPUMEHsieTcs 1Js pa3MeTKH PHCYHKa KOHTAKTHOH CeTKH Ha
MIOBEPXHOCTH COJIHEUHBIX 3J€MEHTOB, CO3JaHHs MeX3JIeMEHTHbIX
coeJMHEHHH NPH H3rOTOBJEHHH COJNHEYHbX OaTapei, a B mociel-
HHE TOAbl — AJsl MOJydYeHHst (DOTOAKTHBHBIX MOJIYNIPOBOIHHKOBHIX
CJI0EB M CO3/aHHS COJMHeuHbX saeMeHTOB [101—104]. OcobeHHoCcTH
3TOH TEXHOJOTHH COCTOSIT B TOM, YTO Ha COOTBETCTBYIOIHE YYaCTKH
MONJIOXKKH OOBLIYHBIM MeTOJ0M TpadapeTHOH mneyaTH HaHOCHTCS
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nacra, coaepxauias MaTepuaj, HeoOXOAUMBIH JJIsi OJNyYeHHsl Npo-
BOAAILKX CJIOEB, NVIEHOUHHIX PE3HCTOPOB HJM npuHOOpOB. B pesyiin-
TaTe MNOCJAEAYIOUIEro OTKHra, NPOBOJHUMOrO B OMNpeNeJeHHOM pe-
XKUMe BPEeMEHH W TEeMNepaTyphbl, TBepAble KOMIIOHEHTH INacTHl
NIPOYHO COeNMHSIOTCS C MONJMOXKKOH. Ha moBepxHocTd mpubopa uiu
CXeMbl MOXKeT OBITb CO3/aHO 3alMTHOE MOKPHITHE U3 CMOJH. Dosee
HaJIeXHYI0 3aluuTy obecneyuBaeT TrepMeTH3alUHUss B [PO3PayHOi
060/10uKe, B METAJIMYECKOM HJH KepaMuuecKom Kopmyce. Ilpu uc-
NOJIb30BAHHH NAHHOTO METOJa KaNHTAaJOBJIOXEHHsS M TEKyllHe pac-
XOAB OTHOCHTEJbHO HEBEJNHKH, AJg 0oO0CJayXHBaHUS 00OpYNOBaHHS
He TpeOYyIOTCS BBHICOKOKBAJH(DHUIMPOBAHHBIE H ONBITHBIE ONEPATOPHI,
a4 mepexoj Ha H3rOoTOBJIEHHEe HOBOH INPOAYKIMH NPH U3MeHeHHH

¢opMbl npubOpa WAH KOHCTPYKLHH CXeMBI OCYIIECTBJSIETCS NPOCTO
u Oe3 OOJbIIMX 3aTParT.

23.3.1 dusuueckue OCHOBBI MeToAa TpadaperHoM neuvaTu

2.3.3.1a. IIodaosxku. TIOANOKKH, HCNOAb3YEMbIE [IJIi HAHECEHUS
IJEHOK C TNPUMEHeHHeM TOJICTONIEHOYHOA TeXHOJOTUH, MOJKHBI
obnanaTth CAEAYIOWHMH CBOHCTBaAMH: 1) OXHOPOAHOH IMIamKoH mo-
BEPXHOCTBIO, OOeCneunBaloled BBICOKYIO a[Are3ul0 TOJCTOH NJIEHKH,
npoileauei TepMoo6paboTKy; 2) MHHUMAaJbHHIM H3THOOM NOBEPX-
HOCTH U MJIOCKONApajseJbHOCTbIO; 3) YCTOHUMBOCTBIO K BBICOKO-
TeMIepaTypHOMY BO3JeHCTBHIO B  mpollecce TepMooO6paboTKH,
OoOBIYHO MPOBOAMMON B HHTepBase Temmnepatyp oT 500 mo 1000 °C;
4) GoJblIOH MeXaHWYeCKOH NPOYHOCTbIO, BHICOKOH TEmJONpPOBONHO-
CTBIO M XOPOLUMMH 3/JeKTPHUECKHMMH XapaKTePUCTHKAMH; D) cOBMe-
CTUMOCTBIO 1O (PU3MUECKHM W XHMHYECKHM CBOHCTBaM ¢ IIacTof,
NpUMeHAeMOR JJId CO3JaHUsl NJEHOYHBIX MPOBOAHHUKOB M PE3HUCTO-
pPOB, a TakKxKe JAMIJEKTPUUYECKHX U MNOJYNPOBOAHHKOBHIX CJIOEB;
6) HM3KOH CTOMMOCTbIO NPH MAacCOBOM BHINYCKE MNPOAYKIIHH.

B kayecTBe MOAJMOXKEK B NPHHLHIE MOXHO HCINOJb30BATH pas-
HooOpa3Hble KepaMHyecKHe MaTepHajbl, HanpuMep OKCHIH aJjiio-
MUHHUs, OepU/IHs, MarHus, TOpusl ¥ LupKoHus [5, 105]. das noay-
YeHHUs TOJYNPOBOTHUKOBBIX CJIO€B NMPHMEHSIOT TaKXKe CTeKJASHHBIEe
nomyoxku [102, 104]. Buicokouucteit (96 %) oOKcup amoOMUHHS
UMeeT Haujdyuyllee cOYeTaHHe 3JEKTPHUECKHX, TEeNJIOBHX H MeXa-
HHUYecKUX cBOHCTB. [TonsoxKu U3 okcupa Gepusnins, obiafaioniero
BBICOKOH TeNmJIONPOBOAHOCTBIO, O0ecneynBaloT atpcpexmaﬂoe pac-
ceslHHe Tensa, BBIAENSIOUICTOCS B 3JIEKTPHYECKOH CcXeMe.

[Ipu HaHeceHWH NJIEHOK NMEYaTHHIM METOAOM 0cO60€ BHHMaHHe
yaensieTcss CTPYKTYpe NOBEPXHOCTH NOMI0XKKH. OQueHb Tiafkas Imo-
BEPXHOCTb NPHBOAHUT K HH3KOH ajresuu TOJCTHIX NJEHOK, o6pasyio-
LIHXCSl B Pe3yJibTaTe OTXKHUra, B TO BpeMsi KaK MOBEPXHOCTb C KpYII-
HBIM MHKpOpe/abeOM He MNO3BOJSIET MNOJYYaTb IMJEHKH BOCIPOH3-
BOJUMOH TOJIIMHLL. JJg MPaKTHUYeCKOro NPHMEHEHHs NpHeMJeMbl
TOAJIOXKKH, ¥ KOTOPHLIX BBICOTA BBHICTYNOB Haj YCpPeIHEHHOH LeHT-
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Puc. 2.17, Cxema ycrpoiicTBa Aast TpadapeTHOH NevarH.

panbHOH JHHHeH, XapaKTepu3ylollas CTeneHb YHCTOTH INOBEPXHO-
ctd, coctaBasier 0,5...1 MxM. CoriacHo onpefeNeHul0, BHICOTa
TAKHUX BLICTYNOB pPaBHa cpelHeapH(PMETHUeCKOMY 3HaueHHIO OTKJO-
HeHHH NpoduJIs NMOBEPXHOCTH KaK BBepX, TaK M BHH3 IO OTHOLUEHHUIO
K IeHTpaJbHOH JIMHUU u3MepeHHoro npodunasa. [Ipodusbp nosepxHo-
CTH MOXHO OBICTPO H3MEPHUTb C INOMOWIBIO NPOPHIOMETpaA THNA
Talystep.

Has GonabluuHcTBa o6JjacTell NMPHMEHEHHS TOJCTHIX ILJIEHOK H
MeYaTHOr0 MeTOAAa MX HaHeCceHHs AONYCTHMbie OTKIOHEHHS NJIHHHL
U IIMPHHB NOAJNOXKEK OT IpeJyCMOTPEHHBIX pa3MepoB, a TaKke
TOYHOCTb PAaCHOJIOXKEHHs1 OTBEPCTHH COCTaBJSAIT OKOJIO =1 MKM.
ITnomanb noAjoxeK onpelessieTcsi KOHKPETHHIMH TPeOOBAHUSIMHU H
0OGBIYHO HaXomuTcs B npenenax ot 3 o 30 cm2. TosmuHa NOAIOKKH
cocrapiaser 0,05...0,1 ¢M ¢ HONycTHMBIM OTKJIOHeHHeM OT *25 1o
=100 MxM. V3ru6 nomsioxKH, Kak NpPaBujo, He NOJIKEH NpeBH-
mwath 40...50 MKM/cM.

Manbiii gonyck Ha JAJHHY, WHPHHY W TOJUIAHY NOAJOXKEK,
a Takxe TpeGOBaHHS BBICOKOH TOYHOCTH PAaCNOJOXKEHHS OTBEPCTHH
¥ HEe3HaYHTEeJbHOro H3ruba moaoXKeK HeOOXOAMMBl IJIsl YCHEINHOTO
BLINIOJIHEHHST MOCAENYIOMIMX Onepanuii neyatHoro MoHTaxka. Kak
OTMEYajioch paHee, MaTepHas MNONJOXKKH IO CBOMM (PU3HUECKHM H
XMMHYECKHM CBOMCTBaM JHOJIKeH OBTb COBMECTHM C MaTepHajoM
NacThl, IPUMEHsIeMOll JJIsl NMOJyYeHHs TOJCTOH mjeHkd. [IpeanpHs-
TUSA, BHIYCKalouide TaKde nacThi, OOBIYHO TrapaHTHPYIOT, YTO OHH
COBMECTHMBE IO COCTAaBY CO CTAHAAPTHBIMH MaTepHassaMH IJs MOA-
aoxek. ONMHaKO HanOMHHaHHEe O TOM, YTO NACTH H TNOJAJO0XKKH
JIOJIKHBl COOTBETCTBOBATH APYr APYTY MO CBOMM CBOHCTBaM, OYyaeT
HEeJHIIHUM [/ TeX, KTO CAMOCTOSTENbHO FOTOBHT IIACThHl CHellHalb-
Horo cocraBa. [asi Toro ytoOnl H36€XKaTh NOABJEHHS MEXaHHYECKHX
HanpsKeHHH, TpeuiuH, OTC/AaHBAHHMA H HEOOPAaTHMBIX H3MeHeHHH
CBOHCTB MJIEHOK, KO3(PGhHIHEHTH TEmJIOBOTO pPaCIUHPEHHs MOJHO-
CTBIO OTOXKYKEHHOHM MacThl M MaTepHasna NMOAJOXKKH HOJKHB HMETb
MaKCHUMaJbHO OJH3KHe 3HayeHHs.
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2.3.3.1b. Ilpoyecc neuwaru. Ilpolecc TpadapeTHOll neyaTH, cxe-
MaTHYeCcKH H300pakeHHHIH Ha puc. 2.17, BKIIOUYAET YCTAHOBKY MOJ-
JOXKKH B KOpmyce HepxkKaTess, NepeBO] AepXKaTeyass B NOJOXKEHHE,
IpH KOTOPOM OH HAXOJHTCH HeNOCPeACTBEHHO NOx TpadaperoM, H
TOYHYI0 (DMKCALHIO MOJJIOXKKH OTHOCHTEJIBHO PHCYHKa Tpadapera.
Pucynok tpacdapera co3faloT ¢ HCNONb30OBAHHEM METOLOB (OTOMH-
tTorpaduu, Npd 3TOM YYACTKH MOJOTHa Tpadapera ¢ OTKPHTHIMH
sYefiKaMy ONpenensiloT KoHHUrypanuio obaacTi, Ha KOTOpYIo Oymer
HaHecena nacra. [Tonsoxka, nepesefieHHasi B pabouee NOJOKEHHE,
HaXOJUTCs Ha MajoM, CTPOro ONpefeeHHOM PACCTOSIHHH OT Tpada-
pera. BepxHIO NMJOCKOCTb Tpad)apera NOKPLIBAIOT HEGOJBHIAM KO-
JIHYeCTBOM mnacTH. Pe3uHOBHIH CcKpeGOK, Ha3niBaeMblil pakesnem D,
nepeMerasick OT OJHOro Kpasi Tpagapera K Ipyromy, nporubaer
€ro, NPHBOAS B KOHTAKT C NOJJOXKKOH, H BHITAJKHBaeT MacTy uepes
OTKpPHITHE slYeHKH ceTKH. Koria pakenb BHIXOIHT 3a Mpelesbl NOI-
JIOXKKH, NOJOTHO Tpadapera NOA HAeHCTBHEM YNPYTHX CHJ BO3Bpa-
11aeTcsl B MCXOJHOe MOJOXKEHHe, 8 Ha MOJJOXKKe OCTaeTcsl oTneya-
TOK macThl Heo6xonuMoi @opMbi. ITocae 3TOro Aep:kaTtesb BHBOISAT
U3-nojx Tpadapera H, YCTAHOBHB HOBYIO NOMJIOXKKY, NPOAOJKAIOT
npollecc neyaTH.

[TeyaTHOe YCTPOACTBO COAEPKHT CJENYIOLIHE OCHOBHbIE 3Je-
MeHTH: 1) Tpadaper, 3akpenjeHHHH B paMe; 2) aepxareib NOJI-
JIOXKKH H CHCTeMY MEeXaHHYeCKOH Mojxayd, KOTOPYIO MOXKHO NPHBO-
IUTb B JelCTBHE BPYYHYIO HJIH aBTOMAaTHYeCKM; 3) pakeab H NpH-
JKHMHOe YCTPOHCTBO; 4) Pery/iHpOBOYHBIH MEXaHH3M JIJisi YCTAHOBKH
MOAJNIOXKKH CTPOrO B ONpPENEJeHHOM TNOJIOXKEeHHH 10 OTHOLIEHHIO:
K Tpadapery.

Tpadaper kpenuTcs ¢ NOMOLIbIO MHKPOMeTPHUECKHX BHHTOB, KO-
Topble 0OJieryaroT €ro yCTaHOBKY (NyTeM NepeMeiieHHds B JABYX
B3aUMHO NEPNEeHIUKY/IAPHbIX HANnpaBieHHsAX H NOBOPOTA) B TAKOM
MOJIOKEHHH, NPH KOTOPOM MOBEePXHOCTh Tpadapera napasnneibHa
nomyoxke. Bo3MoxkHa TakXe peryjupoBKa 3as3opa MexAay Tpada-
peToM H moAJNoXKOH. Ero BesHYMHA ByHsleT Ha KOJHYECTBO HACTHI,.
npoxojsuied dyepes Tpadaper, H Ha TOYHOCTb BOCIHPOHM3BEIEHUS PH-
CYHKa.

Jlepxatenb NOMJIOXKKH NpeAcTaBiasieT co00H nmaacTHHY ¢ yray6-
JIEHHEM IJI5 MOJAJIOXKKH, PHKCHPYeMOH ¢ NOMOLIbIO BAKYYMHOIO NpH-
JKUMHOTO ycTpoiicTBa. JlepxkKaTelb YyCTaHABJIHBAIOT Ha [BHXKY-
medcs KapeTke, KOTOpas NepeMenjaetTcss MexKAy TeMH YacTsaMH Te-
YaTHOrO yCTPOMCTBA, Ile OCYUIECTBJSIOTCA 3arpyska MOIJIOXKKH H
neyaTb.

MexaHu3M, npuBOAAIIMA B NeHcTBHe pakKesb, cCHabXKeH pasyuy-
HBIMH MHKPOPEry/1sTOpamMH, KOTopbie 06ecneduBaloT ero napaJJesb-

1) Pakenb — TOHKAsl MJacTHHA B BHJe HOXKa, NPUMeHsieMas B MalUHHaxX Tpa-
¢daperHoit (a TakxkKe rayGOkoH) meyaTw aJs pa3paBHUBAHHUSA H NPOJABJHBAHHS
ryCTOH KpacKM HJH MacThl uYepe3 OTBEPCTHH ceTyaTod mnewaTHOH (GOpMbl.—-
ITpun. nepes.
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Hoe nepeMenleHHe NO OTHOUIEHHIO K Tpadapery, HeoOXOAHMOe NaB-
JieHHe M ONpejleJieHHbIH yros MeXJy Je3BHeM pakess U Tpadape-
ToM. OOBbIYHO nepeMellleHHe paKeJs BHOJb Tpadapera MPOH3BO-
JUTCS B aBTOMAaTHYECKOM peXHMe CO CKOPOCTbIO, YCTaHaBJIHBaeMOH
B nuanasone ot 0,25 g0 25 cM/c. [TeyatHOe ycTpoHCTBO MOXKeT pa-
00TaTb KaK NPH NPAMOM XOoJe paKesis, TaK M NPH ero nepeMellieHHH
B NPAMOM H 00paTHOM HamnpaBJieHUsIX.

[TacTa HaHOCUTCA HA MOBePXHOCTb TpadapeTa BPYUYHYIO NpPH MO-
MOINH IUNAaTessi, OAHAKO MOXKHO HCNOJbL30BaTh MU ABTOMATHYECKOe
Jlo3upylollee yCTPpOHCTBO.

Tpadaper BunoJHsAeT nBe (GYHKIHH: C ero MOMOIIBI CO3[aI0T
PUCYHOK OTTHCKA H PeryJHpyIOT KOJHYeCTBO MOCTynaloiled Ha mof-
JIOXKKY nactel. O6beM macTh, copepixkaileiics Ha yvyacTkax Tpada-
pera Cc OTKPHITHIMH sil4edKaMH, 3aBHCHT OT IJIOTHOCTH suYeekK, HX
JuaMeTpa M TOJIIMHB NOJOTHA Tpadapera. Yauie Bcero npuMeHsIOT
TpadapeTsl CAeIyIOUUX YeThiPeX THIOB.

1) OMysbcHOHHBLIH Tpadaper, NPH H3TOTOBJIEHHH KOTOpOro ¢o-
TO3MYJIbCHSI HaKaThIBaeTcsl OAHOPOAHBIM CJIOEM Ha CeTKY H IpoCy-
muBaercd. 3ateM AJs Pa3MeTKH DHUCYHKa NPOU3BOJUTCSA 3KCIIOHH-
poBaHHe 3MYJIbCHH Yyepe3 COOTBETCTBYIOMIMH (OTOWAGNOH ¢ HCIOJb-
30BaHMEM yiabTpaduosneroBoro ussnydeHus. OO6/lydeHHble yYacTKH
($hOTOSMYJbCHH CTAHOBATCS HepACTBOPDUMBIMH H OCTAIOTCH B Aa/b-
HelilleM Ha NOBEPXHOCTH Tpacdapera. XHMHUECKH aKTHBHbie (He-
SKCNIOHHPOBaHHbIE) YYacTKH 3MYJbCHH YAAJAIOTCA B NPOABHTEJE.
‘D0TO3My/IbCHSA, HAHECEHHAass B BUIEe TOHKOrO CJ0s, 3aKpbIBaeT OT-
BEPCTHSl siueeK W NMPAKTHYEeCKH He BJHsieT HA TOJNLIMHY Tpacdapera
WIWd Ha KOJHMYeCTBO MNACTH, comepxKauledcss B OTKPHITHIX syefiKax.
Tlpu Hcmosb30BaHUHM OOMbIIEr0 KOJHYECTBA 3MYJbCHH BO3PAacTaroT
Kak sbp¢exkTuBHAs TONLMHA TpadapeTa, TaK U 0ObEM NacTel B OT-
KPHITHX AdYeHKax.

2) B kKOMOHHHUPOBAaHHOM 3MYJbLCHOHHOM Tpadapere npuUMeHs-
eTcsl CBETOYYBCTBUTE/NbHAS NJIeHKd, K THJILHOH MOBEPXHOCTH KO-
TOPOH NpHKJIeeHa NOJU3I(pUPHAs NJEHKa, HMelowas NOKPHITHe H3
2xkenatuHa. CJIOUCTYIO CTPYKTYPY, COCTOAUIYIO M3 CBETOUYBCTBUTEb-
HOH M NOJHMA()HPHOH MJEHOK, 3KCHOHHUPYIOT, NMPOSBJIAIOT H NPOMBI-
BAIOT TAaKUM Xe 06pas3oM, KakK M IPH H3rOTOBJEHHHU OOLIYHOTO
3MYJBCHOHHOTO Tpacdapera, a 3aTeM BJAXHYIO NJEHKY HAaKjIalbl-
BAIOT Ha CeTKy W CKpemssioT UX O/aromaps KaeslllUM CBOHCTBAM
)kenaTuHa. [locse mpocyliMBaHUS NOJNH3(QHPHYIO MJIEHKY YIaJdloT,
U NnosyyeHHbIH Tpadaper rotoB Aas ynorpebneHus. Hanuuue xies-
IIero cJosl yBeJHYUBAeT TOJIIMHY Tpadapera.

KoMOuHUpOBaHHbIE 3MYJIbCHOHHBIE Tpadapersl HMeroT OoJee
O/ HOPOAHBI# MO TOJIIMHE CJAOH 3My/JbcHH M obecneduBaior Gosee
BBICOKOe paspellleHHe JHUHHHE MO CPAaBHEHHIO C OOBIYHLIMH 3MYJIbCH-
OHHBIMH TpadaperaMu. OaHAKO A HHX XaPAKTEPHO OTHOCHTEIbHO
cnaboe MexaHHuYeCKOe CIlelJieHHe MEXY CJI0eM 3MYJIbCHH U CeT-
koi. Ecam ¢ nomoupbio OGHIYHOrO 3MYJbCHOHHOro Tpadapera
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Tabauya 2.7. CooTHOWEHHS MeXAY MJIOTHOCTHIO siueeK Tpadapeta,
JUaMeTpOM INPOBOJIOKH CeTKH H TOJILUHOH HaHECeHHOro csios nactsl [105]

KonnuecTso oTBepCTH Hame . TonuuHa ca08 nacTe
Ha OUH JHHEAHBIA [OiiM, Pl TPM?(];AOBOHOK“ BO BJaXHOM cocTosinuu,!)
Mew MKM
105 76 113
120 66 98
145 56 83
165 51 74
165 48 72
200 53 56
200 41 60
250 41 54
250 36 51
270 41 51
270 36 48
325 36 44
325 28 39
400 28 35
400 25 34

1) Mpeanonaraetcs, uro Bes macTa, cogepxamasicsi Ha Tpadapere, NEPEHOCHTCS
Ha TIOAJIOKKY.

MOXKHO HOJYYUTb OKOJO 20 ThiC. OTTHCKOB, TO NPH HCNOJb30BAHUH.
KOMOMHHPOBAHHOro Tpadapera — JHIIL OKOJIO 5 THC.

[Ipu usroToB/eHHH TpadaperoB 0OOMX THUNOB B KadyecTBe IO--
JIOTHa OOGBIYHO NPHUMEHSIOT CeTKH W3 HelJioHa MJM HeprKaBeoulei
crani. HarsxkeHue ceTKH 3aBHCHT OT pPasMepoB paMbl M juaMerpa
NPOBOJIOKY HJAM HUTH. B Taba. 2.7 npeicTaBieHsl COOTHOLIEHHsL
MeXIy NJOTHOCTbIO OTBEPCTHH CeTKH, AWAMEeTPOM IPOBOJOKH ~H
TOJIHIMHOH HaHeCeHHOro c/10s1 nacTel. [Ipu TmiaTelbHOM KOHTPOJe
mpolecca meyaTH, NPUMeHEHHHM NacT Ha OCHOBE TOHKOro NOPOLIKA
¥ MeJKHX TYCTBIX CeTOK MHHHMMAaJbHO BO3MOXHBble 3HAUeHMs ILHU-
PUHBI JIMHKH U PACCTOSHUSA MeXIY HUMH cOcTaBiasiioT ~ 100 MKM.
Hcnonbp3oBaHue MpH KOHTAKTHOH MeyaTH MeTaNdJHYyecKUX Macok
03BOJISIET MOJYYaTb PHUCYHOK C IIMPHHOH JHHUH NO 25 MKM, pac-
CTOSTHHEM MeXJAy HHMH OKOJIO 75 MKM NpPH JONYycKe Ha LIMPHHY JIH-
HUH =5 MKM.

3) I'ubkue Merannnyeckue TpacdapeTsl H3TOTOBJISAIOT METOILOM
TpaBJeHUs] K3 MeTajjudeckoli QOJbry TOJIIHHOH 25...50 MKM,
KOTOpYI0 MOCJe XHMHYeCKOro BHITPAB/IMBAHHUSI COOTBETCTBYIOLIEro-
pPUCYHKAa NPHKPEIISIOT K PAacCTAHYTOH Ha paMe ceTKe U3 Hepxa-
Belollell cTamlu.

4) J)KecTkne MerannuyeckHe TpadapeTsi, mojsyyaeMbie MeTOLOM
TpaBJIeHHs, COCTOSIT M3 OWUMeTaJsJH4ecKOH INJAaCTHHB, B HHXKHEM
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«€JI0e KOTOPOH C NMOMOLIBIO COOTBETCTBYIOLIEr0 TPABUTENSI CO3LAIOT
HeoOXONUMBbIi PUCYHOK, @ B BepXHeM cJioe, Haj yyacTKaMmH, Ha KO-
TOpble B COOTBETCTBHM C PHCYHKOM HOJIXKHA [OCTynaTh macTa, BHI-
TPaBJHBAIOT HA00pP CKBO3HBIX OTBEPCTHH.

[IpumeHeHHe KeCTKHX TpadapeToB BMecTO THOKHX MeTajsunde-
CKAX (y KOTOPBIX NOJYYeHHLIH TpPaBjleHHEM DUCYHOK TOYHO He COB-
najnaeT C PacnoJiolKeHHeM siueeK CeTKH) NO3BOJseT YMEHbIUHTL A0-
NYCKH Ha pa3Mepbl JUHUH, MOCKOJAbKY NPH HX H3rOTOBJEHHH nepen
NpoBeJeHHeM OnepauMd TPaBJAeHHS PHCYHKH BepXHeH M HHXKHeH
yacTefl 6MMeTaNJHuecKOH NMJIACTHHE! TOYHO COBMELIAIOT ¢ NOMOIIbIO
MHKpOcKona. Metannnueckue Ttpa@apersl HMeloT GOJBLIMHA CPOK
-cAyKOH, YeM 3MyJbCHOHHBIE, IpUdeM Haunbojee DOJTOBEYHBI XKecT-
KHe MeTajJindyeckue TpadapeTol, nojydaeMble MeTOAOM TPaBJECHHA.

Jasi paBHOMEPHOro NMOCTYINJIeHHS MacThl U3 Tpagapera Heo6GXO-
JUMO, 4TOOH NMpH pabouyeM XOJe pakeJs ero HHXKHHEH Kpad nepeMe-
maJcsi mapaJjienbHo Tpadapery. Elle ofHO Ba)kHOe YCJOBHe NPH
NPOBEJCHHU I€YaTH COCTOHT B TOM, UTO JIe3BHe paKejss JOJXKHO
OBITb H3rOTOBJEHO U3 MaTepHala, XMMHYECKH HHEPTHOro IO OTHO-
IIeHHI0O K OOBIYHO NpPHMEHseMbIM PAacTBOpUTeNsM. K TakuM Mare-
puajaM OTHOCSITCS HEONpeH, NOJHMeTaH H NOJUTeTPa(dTOP3ITHJIEH.
CorsacHo peKOMeHAaIUsaM, Yyrol MeXIy Je3BHeM pakels U Tpada-
PeTOM [0JI)KeH COCTaBJAATh 45°, OJHAKO NMpH ONpefeJeHHBIX YCJO-
BHSAX K JIYYUIMM pPe3yAbTaTaM NPHBOJHT HCNOJb30OBaHHE 3aTyIJIeH-
HOTO JIe3BHSI U3 OTHOCHTEJBHO MSATKOro MaTtepuana.

JlaBieHne paKensi Ha TpadapeT HONKHO OHITb TAaKHM, 4TOObI
-ero NPOXOKJIEHHe Yepe3 YYaCTKH, He COAepKali¥e NacThl, He Bhi3hl-
BaJI0 MOBpPEXIeHHS TOHKOH IJIeHKH, 3aKphiBawouiell siyeHKH CeTKH.
Ycuane, KOTOpOoe HEOOXONHMO NPHJIOKHTH K PakKesdlo, 3aBHCHT OT
HATSKEHUs] CeTKH M 3a30pa MexAay TpadapeToM H NOMJOXKKOH, H
ero BeluunHa 0oO6bIYHO He npesnaetr 54 H. Ma6GwpiTouHOoe ycHiaue
NPUBOIUT K 06pPa30BAHMIO OTTHCKOB C HEDOBHBIMH KPasiMH U MOXKeET
BHI3BAaTh JAedopManuio Tpadapera NpH BHXOJE paKe/s 3a mpefelibl
TIOAJIOXKKH.

2.3.3.1c. Kauecrso orrTuckos. KayecTBO OTTHCKOB B 3HauH-
‘TeJIbHOH CTeneHH 3aBHCHUT OT peOJIOrMYeCcKHX NapaMeTpOB MACTH,
‘TAKWX, KaK BfI3KOCTb, TMOBEPXHOCTHOe HAaTsKeHHe H CnocobHOCTb
K THKCOTPONHOMY BOCCT@HOBJIEHHIO CTPYKTYpH. IDTH mnapaMeTphl
BJAUSIIOT HAa CMauyHBaHHe NacTofl NOBEPXHOCTH NMOAJOXKKH H Tpada-
peTa M, CJefOBaTeNbHO, Ha KOJHMYECTBO NACTHI, BHIAENAOILEHCS M3
syeeK Ha TOJJ0XKKY B MIpollecce NMeyaTH.

HauGosee BaXXHBIMH XapaKTepHCTHKAMH OTTHCKA  ABJAIOTCA
‘TOJIIIMHA TJIEHKH ¥ YeTKOCTh pHCYHKa. [l noJy4YeHHs OTTHCKOB
MaJOH TOJNUIMHB HeOGXONMMH CJeAYIOmHe YycJaoBHsi: 1) HH3Kas
BA3KOCTb MacThi, 2) BBICOKOE [aBjeHue pakenas, 3) Ooabluas CKO-
pOCTh NepeMelleHHs] pakess, 4) y3KHHl 3a30p MexXHy TpadapeToM
U MOJJIOKKOH, D) HeOOJDBIIOH yrosa MexAy Je3BHeM pakeljid U Tpa-
tdaperom, 6) uCNONBL30BAHHe pakess C Je3BHeM M3 TBEPAOro MaTe-
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puana. Ecau kakue-nu60 M3 3THX YCJOBHI He BBINOJHSIOTCS, TO
TOJIIIMHA TJIEHKH BO3pacraert.

OTTHCKH, HMeoule HEONHOPOXHYIO TOJNLIHHY @O JJIMHE MOJ-
JIOXKKH, 00pasyloTcs npu 1) HepaBHOMEPHOM NepeMelleHHH pakens,
2) HemapajJeJbHOM pPAacnojioXKeHHH Tpadapera H  NOJNIOKKH,
3) HemOCTAaTOYHOM KoJHYeCcTBe NacThl Ha Tpadapere U 4) y3koMm
3a3ope Mexay TpadaperoM H noanoxkKoi. OTTHCKM HeOZHOPOLHOMH
TOJIIMHE MO ILIMPHHE NOMJIOXKKH NOJyYaloT npu 1) Hemapajfenb-
HOM pAacrnojioKeHHH Tpadapera M NOAJOXKKH, 2) HejOCTATOUHOM
KOJIMYeCTBe macTsl Ha tpadapere, 3) ciaboM AaB/ieHHH pakKejd Ha
tpadaper ¥ 4) u3HOce Je3Bus pakeis. HMcmonb3oBaHue mnacTu
C OYeHb BLICOKOH BSI3KOCTbIO TaKxKe NPHBOAHUT K 06pa30BaHHIO He-
OJIHOPOJHBIX CJIOEB.

HepoBHbie Kpas JHHMHA, Hajluyde Y4YacTKOB, He 3alOJHEHHBIX
acToil, Wid ee pacTreKaHHe CHHUXKAIOT YeTKOCTb PUcyHKa. HepoBHbie
Kpasl OTTHCKa SIBAAIOTCA cJefcTBHeM 1) u3HOca Tpadapera, 2) us-
HOCa JIe3BHs pakejs, 3) HEJOCTATOYHOro J[amJieHHs pakKelds H
4) rpy6oro nmOBEepPXHOCTHOro pejbea nmomNoxkKH. He 3anosnHeHHbIe
nacTod yYacTKH NOMJOXKKH 06pasylorcss npd 1) 3acopeHHH sideek
CeTKH, 2) BBHICOKOH BSI3KOCTH NAacTh, 3) HEAOCTATOYHO OO0JbIIOM
JaBJeHHH pakens, 4) HCNOJb30BAHHH TBEPAOr0 WM H3HOLIEHHOro
Jle3Bs pakess, b) MajoM yrie MeXay Je3BHeM pakeas u Tpacda-
peToM u 6) upe3aMepHO BEICOKOH CKOPOCTH NepeMelieHHs pakess.
Pacrekandve macTel BBI3LIBAIOT 1) ee oOuyeHb HHU3Kasg BA3KOCTD,
2) HemOCTAaTOYHO ILIHPOKHE 3a30p MexAy TpadapeToM H MOAJOK-
Kof, 3) manast CKOpOCTb NepeMellleHHs pakejs, 4) H3HOC Je3BHA
pakedsi, 5) u3GHITOUHOE JaBjeHHe pakess Ha Tpacdapert, 6) 3arpsas-
HeHue Tpadapera u 7) cinaboe HaTaXKeHHe CeTKH Tpadapera.

2.3.3.1d. IIpoyecc orscuea. B mpouecce panbHefime#d o6paboTKu
OTTHCKOB MOXKHO BBHIIEJIUTb YeTbipe CTAJUH: COeIHHEHHe YaCTHIL
MacThi, CYyUIKY, YAaJeHHe OpPraHuyecKoro CBSI3YIOUIEro U OTKUL NpH
BBICOKOH TeMmmepartype.

CeexeHaneyaTaHHbII PHCYHOK COCTOHT H3 MHOXECTBA OTHeNb-
HBIX TOYeK, MOJIOXKeHHe KOTOPHIX COOTBETCTBYET OTKPBITHIM siuefKam
tpadapera. IIpu-BoigepKKe NOAJOXKKH B TedeHHE HECKOJbKHUX MH-
HYT B OOBIYHBIX YCJOBHAX NPOHUCXOAUT CJAUSHHE YaCTHUI[ NACTH H
obpasyercs CIJOIIHasi POBHAas nJjeHKa. Bpewmsi, HeoGXopumoe IJst
COeJIMHEHMs 4YacTHIl, 3aBHCHT OT cocTaBa nactel. [Ipu ucnonbsoBa-
HUK MeTaJIHYeCKHX TPahapeTos, He COAEPKAUIMX sYeeK, AOMOJHH-
TEILHOTO BPeMeHH MJisl NOJYyYeHHs CIVIOIIHOM NVIeHKH He Tpebyercs.

[TpocymuBaHue ci0si NAacThl, HAHECEHHOH MeTOAOM Tpadaper-
HOH TMeyaTd, KOTOpPOe CONPOBOXKJAaeTcs BHIAeNeHHEM ee Haubojee
JIeTYYHUX KOMIIOHEHTOB, OOBIYHO NPOBOINHUTCS NPH TeMOepaTtypax oT
70 no 150 °C B Teuenue 15...30 mMuH. [Jisi mOJydYeHHs: BbICOKOKa-
YeCTBEHHBIX TMJEHOK HeOOXOAMM THIATEJbHbIH KOHTPOJb Npollecca
cywikd. IIpu HenpaBuJbHO BHIOPAHHBIX MapaMeTpax 3TOro mpoiecca
BO3MOXHO 00pa3oBaHHe TaKHMX HOe(eKTOB, KaK NYy3bIPH, PaKOBHHEHI
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M TpeILHHBI, KOTOpble NPHBOAAT K Pa3pylLIeHHIO MieHKH. JJs CylKu
4acTO NPUMeHAI0T HeOoJbliHe NeYydn WIX HH(pakpacHbe JaMIbl,
XOTS HaWNyYlIUX pe3yJbTaTOB MOXKHO JOCTHYb NPH HCHOJb30BAHHH
HHU3KOTEMNEPAaTYPHOH TYHHEJbHOH ey ¢ pe3UCTHUBHBIM HJIM pajHa-
LHMOHHBIM HarpeBOoM, cHa0XXeHHOH KOHBeHepoM. B mpolecce cymkH
Heo6X0IMMO NPOBOAMTL BEHTHJAIHUIO TNEYH.

3HayuTe/NbHOE KOJHYeCTBO OPraHHYeCKHX MaTepHaJsoB, OOBIYHO
UCNapsIOUIUXCsl U3 MACThl NPH CylUKe, MOXKHO OBICTPO yAaTHTbL NPH
OTHOCHTEJIbHO HHM3KOH TeMnepatype (~400 °C) mocpeacTBoM Ha-
CHIIIIEHHs MACThl YIJIEPOAOM H KHCJIOPOJOM. B cBs3M ¢ 3THUM TepMo-
06paboTKy NPOBOAAT B OKHCJIUTEJbHOH aTMocdepe. OpraHnyeckoe
CBsA3YIOlLee IMOJHOCTbIO BBIAE/NSETCS W3 MacThli Ha NEepBOM 3Tame
3aKJ/I0YUTeILHOrO Npollecca OTXKHra.

OTXKHUr OCYUIECTBJASIIOT B MHOTO30HHOH TyHHeabHOH meun. Ee
TeMnepaTypHbiH NpoPuab fo/MXKeH obecnedMBaTh HEOOXOAHUMYIO MPO-
JOJIKHTEJNbHOCTh BBIAEPKKH 00pas3loB NPH HHU3KOH TeMmepatype
ANl TOro, 4ToObl MOJIHOCTbIO YAaJHTb OPraHHYecKoe CBsI3ylouiee.

Ha BTOpOM 3Tame OTXKHra TeMIepaTypy NOBBIILAIOT A0 €e HaH-
Goabluero 3HayeHusi, Kotropoe moxeT pocturatb 1000 °C. Crekio,
BXOJflllee B COCTAB NAcCTH, pacljaBasercs, 1 00pa3yoIascs CTeK-
JooOpa3Has Macca COeNHHsSeT YACTHIbl BellecTBa NJIEHKH, a TaKxke
obecrneynBaeT ee COeJHHEHHE C MOBEPXHOCTHIO NMOIJOKKH. Bo3MOxk-
HOCTb TOJYYeHHS] NJEHKH C HEOOXOAHMMBIMH CBOHCTBAMH 3aBHCHT
OT XapakTepa XHMHUYECKHX peakKIWd, NMPOTEKAlOUIHUX B BbICOKOTEM-
nepaTypHo#i 30He neyd. JlJs mosydyeHUs BHICOKOKAUeCTBEHHBIX IJe-
HOK TpebyeTcsi TOUHBIf KOHTPOJb TEMIEPATYpPHOIO pexuMa.

23.3.2 Xumuueckue OCHOBbI npouecca

XUMHYecKHe peaklMH, NPOTEKalollde B Npolecce OTKHra, B 00-
1eM BH/E€ MOXKHO ONHCAThb CJeAyiouled cXxeMoi:

PeakTuBboi—I1poMexyTouHble NpOAYKTHI—-KOHeuHble NMPOAYKTHI

CKopocTb peakKUMH 3aBHCHT OT KOHLIEHTpPallMH DeaKkTHBOB, MpO-
MEXYTOUHBIX W KOHEYHBIX NPOAYKTOB peakuuid, OT (Pu3nyeckoro
COCTOSIHUSI PeaKTHBOB, COCTaBa OKpyXKalollled cpejbl, NPOLOJKH-
TeJIbHOCTH W TeMOepaTypnl OT:KHWra. [/ macT cheluaJu3upoBaH-
HOro Ha3HaueHHsi OCHOBHAs 4YacTb MEPEeYHCIeHHBIX MapaMeTPOB
UMeeT (UKCHPOBaHHBIE 3HayeHHs. [IByMs nepeMeHHLIMHM IMapaMer-
paMH, C MOMONIbI0 KOTOPHIX MOXHO pPeryJupoOBaTb TeueHHe peak-
IIMH, SBJSIOTCS NPOJOJKHTEJNbHOCTh U Temneparypa npouecca. Cko-
pPOCTb peakKUHMH MOXKeT ObITb Bbipa)KeHa COOTHOLIEHHeM

ckopocTh peakunu = A exp (—B/T).

3pecs A 1 B — nocrosiHHble BeJHYMHBI, a | — abCONIOTHAS TeMmIe-
parypa.

Peakiuu, nporekaiouiye B Npoliecce OTXKHra, KIacCHQHIHPYIOT
caeayouum obpasoM: 1) peaknun MekAy KOMIOHEHTAaMH NAacTHI,
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2) peakuMH Mex/]1y KOMIOHEHTAaMH NAaCThl M MAaTepHajoM TOj-
JIOXKKH, 3) peaklUH MeXAy KOMIOHEHTaMH NacThl ¥ BelleCTBaMH,
COJlepXKAIIMMHUCS B TedYd, 4) peakUHH MeXXJy KOMIOHEHTAMH pas-
JIUYHBIX TACT, HAXONAUUXCS B KOHTaKTe APYr ¢ Apyrom [105]

K peakuusM, npoUCXOASIIIMM MeXAY KOMIOHEHTAMH MacThi, OT-
HOCSITCA peakuuu MexAy l) MeTasnnamH, KOTOpbie SBJSIIOTCH OC-
HOBHBIMM COCTAaBJISIIONIMMH TNACThl, 2) MeTajlJaMH U CBS3YIOUIUMH,
NOCTOSIHHO NPHCYTCTBYIOUIUMH B TnacTe, 3) MeTajljJaMH H CBA3YIO-
HIAMH, KOTOpBIE BIOC/JAEACTBHH OYyLyT ynaJjieHbl M3 NacThi, 4) KOM-
NOHEHTAMH NMOCTOSIHHO NPUCYTCTBYIOUIMX CBSI3YIOHMIUX U 5) CBA3YIO-
UIMMH OOOMX BHUAOB.

BemiecTBa, copep:Kawuecs B arMmocdepe meyd, MOTYT B3aHMO-
JefcTBOBAThL ¢ MeTaJJlaMH WJIH MX COeJMHEHUSIMH, a TaKXe CO CB-
3yIOUIUMH 060UX BHUJOB.

TIpu co3naHUM MHOTOCJOHHBIX NOKPBITHH HJIW HaHECEHHH Of-
HOTO NOKpPBITHS (HanpuMep, TOKOBenyileld HIHHBI) NMOBEPX APYroro
(koTOpPOE MOXKET NMpeACTaBJATh COO0H MeYyaTHYIO CTPYKTYPY, COCTOS-
IIYI0 U3 NOJYNPOBOAHHKA, AWJIEKTPUKA H NJIEHOYHOTO Pe3nCTopa)
BO BPeMs OTXKHra BO3MOXHO B3aMMOJeHCTBHE KOMIOHEHTOB NpHJIe-
raloIUX IpYr K APYry nieHokK. TUNMYHBIM NpPHMEepOM TAKOro Npo-
Hecca sBaseTcss AUGGY3NUs MeTalniuyeckKod (a3l NpoBOAsiiel
NJIEHKH B PE3UCTOP.

2333 Xapawrepuc-m'ku nactel

ITacTel, npuMeHsieMble /ISl MOJY4Y4eHHs] TOJICTBHIX MJIEHOK, OOLIYHO
cojepxkat: 1) OCHOBHOH KOMIIOHEHT, KOTOPLIH AOJKEH MPHCYTCTBO-
BaTb B MeTaJJIMYeCKOH, PEe3UCTOPHOH, AU3JEKTPHUECKOH WJIH Mmojy-
NPOBOJHUKOBOH IJIEHKe B BHIe TOHKOH3MEJbYCHHOrO TNOPOLIKA;
2) cBf3yiOlllee BEIECTBO, NpPeiCTaBjasiionlee COGOH TOHKOU3MEJ b-
YEHHYIO CTEKASHHYI0O QPUTTY; 3) OpraHHYecKyio CycneH3uio; 4) op-
raHu4ecKH# pacTBOPHTENb.

CocTaB macTel BBIOHpaeTcs HMCXOAd H3 TOro, KaKHMH CBOHCT-
BaMH 10JKeH 00/1a1aTh KOHeUHBbIl NMpPOAYKT (OKOHYaTeNbHO chop-
MHpOBaBlIasics NJeHKa); NPH 3TOM HMeeTCs IIHPOKHE BHIGOD mpo-
MBIILJIEHHO BHIMYCKAaeMBIX NaCT [/ NOJYYeHUs NPOBOAAILIHUX, pe-
3UCTOPHBIX U AH3JEKTPHYECKHX cjoeB. [10JynpOBOJHUKOBBIE NACTH
NOKa He H3TOTOBJSIIOTCS B NPOMBIIJIEHHOM MaciiTabe, U HUX TNpH-
MeHeHHe orpaHudyeHo. B rtabn. 2.8 npuBeneHn HauGojee BarkKHbIE
XapaKTepHUCTHKH NACT, UCNOJb3YEeMBIX JJIS NMOJYYEHUS 37eKTPONpO-
BOAALIAX U TNOJYIPOBOZHUKOBBHIX MJIEHOK.

23.4. Xumuueckoe ocamaeHue M3 NapoBoi ¢assl

[lepBbie NMONBITKH NPAaKTHYECKOTO NPUMEHEHHS MeToJa XUMHYe-
CKOro OcaXKAeHHsl U3 napoBod ¢aswl orHOcsATCH K Hauany XIX B.,
KOrja [/ OYHCTKH M OCAaXKAEHHsl KPEeMHHsl OCYIIECTBJISJIH peak-
IIUI0 BOCCTAHOBJIEHHS YeTBIPeX()TOPUCTOrO HJH YETHIPEXXJOPHUCTOrO
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Tabauya 2.8. OcCHOBHble XapaKTEPHCTHKH TEXHOJOrHH H3rOTOBJEHHS IUIEHOK,
06yCJIOBJIeHHbIE CBOMCTBAMH HEKOTOPBIX 3JIeKTPONPOBOASILINX
(@) ¥ MOJYNpPOBOAHHUKORLIX (6) macT

a
OCHCBHBbIE KOMIIOHEHTHl NacThl
X apakTepHCTHKH
Au Pt/Au Pd/Au Pd/Ag

‘OnTuMalbHast — Temne- 850 850 850 850
patypa omxura, °C
Cnoesoe conporusie- | 0,005 ... 001(0,08...0,1|0,04...0,1/ 0,01...0,03
une, Om/kBagpar
BosmoxHOCTE naitku OrcyrcTByer OvueHb OueHb OueHb

xopouias xopotiuast xopouas
Anre3us

¢ NPOBOJIOKOH Ovuenb BblcoKast | Beicokas Beicokas Bricokast
¢ KpPHCTaJJIOM » » » Her angresuu

1llupuna noayuvaembix | 130 ... 380 |130...380]130...380 | 130...380
JIMHHH, MKM
CroumocTh Bricokas HauGonee Bericokas Haumenee

BBICOKAs BbICOKAS
6

OCHOBHblEe KOMINOHEHTbI MAacThl
X apaKTepHCTHKH

CdTe

Cds

CocTaB nacThl

CdTe (2,5 M)+ CdCl,
(maccosas poas 1 %) +

CdS (2 M) 4~ CdCl, (macco-
Bas jgoas 5 %) -+ GaCl,

NPOTHJIEHTTHKOMb (merupytouiasi TPHMECH,
maccoBas goas 0,3 %)+
- nMponuAeHraHKONb
OHTHMaJIIgHaﬂ TemMneparypa 720 620
orxura, C
YaenbHoe CONMpOTHBJEHHE, ~103 ~10—2
Om-cM
Pasmep 3epeH, MKM ~10 ~10
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KPEMHHs C MOMOLIbIO HAaTpus WM Kanusa [106]. Bospociiee BHHMa-
HHe K METOAY XHMHUYECKOro OCaxKJeHHs M3 NapoBOH ()a3bl B TpH-
AlaTble roJbl Hallero CTOJeTHs ObIO BHI3BAHO BO3MOXKHOCTBIO €ro
HCIIONBb30BAHUSA [JIs1 NONYYeHHS TYTrONJNIaBKHX COeIHHEHHH, B TOM
ypcye KapOHAOB, HHUTPHAOB, CHJHLHAOB, GOPHIOB H OKCHIOB Me-
TaJJIOB, a TakKke cyJAb(HIO0B, CENEHH]OB, TANYPHIOB, HHTEpMeTal-
JIMYeCKHX COeJMHEHHH M cIJaBOB. Pe3ysbTaTOM 3KCNEepHMEHTOB IO
3MUTAKCHAJbHOMY BBHIPAIIHBAHHIO MOJYNPOBOJHHKOBbLIX MarepHa-
JIOB SIBHJIOCH ILIHPOKOE NpPH3HAHHE MeTOJa XHMHYECKOro OCaXKACHHS
W3 1napoBOi (a3bl, NO3BOJAIOLIET0 MOJYYaTb NOJYNPOBOIHHKH
B BHJE€ TOHKHX CJ0eB. DTOT MeETOJ yKe HalleJ NpPHMeHeHHe s
OCaKJ€eHHsl NMJIEHOK Pa3JHYHOrO THNA, BK/JII0Yas NJEHOYHble JH3JeK-
TPHKH, POBOIHHKH, PE3HCTOPHI, BAPHCTOPHl H (DEppPHTHIL.

XHMHYecKOe OcaxkJeHHe H3 napoBoH (aspl MO CYyLLeCTBY CO-
CTOMT B TOM, UYTO NOJAJOMXKKY INOABEPraloT BO3AeHCTBHIO NapoOB
OJIHOTO MJIH HEeCKOJDbKHX COefHHEHHH nH60 BO3AEHCTBHIO peaKIHOH-
HOCMOCOOHBIX Ta3oB, YacTb KOTOPbIX, a BO3MOXHO, H BCE COCTaB-
JS0IHe NapoBOH (a3pl SBASIOTCI KOMIOHEHTAMH OCaXK1aeMOro
BeuiectBa. IIpoAyKT XHMHUYECKOH peakUHH, npoTekawouied BOIH3H
NMOJJIOKKH HJIH Ha ee MOBEPXHOCTH, BbIAEJSETCS B BHAEe TBepJOH
¢asbl 1 KOHIEHCHPYETCs Ha NOAJOXKKe, [[J151 aKTHBAaUHU XHMHYECKOH
peakiHH INPHMEHSIOT TENJOBOe BO3JeHCTBHE, BBICOKOYACTOTHOE
3JIEKTPOMAarHUTHOE mnoJie, CBET HJIH PEHTreHOBCKOe H3JyueHHe, 3JIeK-
TpPUYECKHH AYroBOH paspsf, 3MeKTPOHHyI0 60MOapAHPOBKY WJH HC-
NOJb3YIOT NOJJ0XKKH ¢ KaTaJHTHYECKH aKTHBHOH IOBEPXHOCTHIO.
Cnenyer NMOAYEPKHYTh, YTO MOPGOJOrHsl OCaxKAaeMOro c/0s B 3Ha-
YHUTENbHOH CTeNneHH 3aBHCHT OT THNA XHMHYECKOH DEaKIHH H cIo-
coba ee akruBauMH. Ecin peakKUHs NPOUCXOIUT B ra3oBOod (ase
(roMoreHHasi peakuus), To obpasyercs pPBIXJBIH 0OCaZ0K, NO3ITOMY
BajXHO nojpo0paTh TAaKHE YCJOBHS OCaXKAEHHsl, IPH KOTOPLIX peak-
M npoTeKaeT BOMH3H NONJNOXKKH HJIH Ha e€e NOBepXHOCTH (rerepo-
reHHasl peakilHs).

Poct nineHKH npH XHMHYECKOM OCa)KAGHHH H3 NapoBoH (asml
npejacraBasieT cOG0H Mpolecc NMOCJHOHHOA KOHAEeHCAlUH aTOMOB HJIH
MoJeKyJ. Bo MHOrux 4eprax OH aHaJOTHYeH Ipomeccy pocra
NJIeHKH TNPH HCNOJb30BAHHH (DH3HYECKHX METONOB OCaXKAEHHs H3
napoBoii ¢asbl, TaKHX, KaK HCapeHHe HJH HOHHOe paclblIEHHE,
NIOCKOJIbKY B KaXX[IOM H3 3THX CJydyaeB IJIeHKa (GOpMHpYeTcsi H3
naposoit ¢asbl. CyllecTBEHHOe pa3NHuHe MeXIy NpOLeccaMH XH-
MHYeCKOro M (PH3HMYecKOro OCaxKJeHHsI W3 NapoBOH (hasnl COCTOHUT
B TOM, 4TO NPH ‘XHMHYECKOM OCaXJE€HHH IJIeHKa obGpasyercs B pe-
3y/bTaTe reTePOTeHHOH XHMMHUYeCKOH peakIHH, Korja He Tpebyercs,
4TO6bl CpeAHsAs AJMHHA cBOOOAHOro npo6Gera MoJieKyJa rasa Gbiia 6bl
Gosiee BHICOKOH HJH CPAaBHHMOH C pasMepaMH KaMephl /sl 0CaxK-
henns. TeM He MeHee XMMHYECKOoe ocaxkJeHHe W3 napoBoii ¢asm
npH HeOOXOAUMOCTH MOXKHO OCYILIECTBJSITb IPH HHU3KOM [aBJEHHH
WIH B YCJOBHSIX BHICOKOrO BaKyyMma.
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Haunb6osiee BaxHble NpeHMyIleCTBA MeTOAa XHMHYECKOTO 0CaX-
JAeHHsi H3 TMapoBOoH (asel COCTOAT B CaelylomeM: 1) MOCKOJIbKY
HAacocel H Jpyroe BakyyMHOe 00OpyloBaHHe OObIYHO HE NpHMe-
HAIOTCS, YCTAHOBKA HMEET OTHOCHTEJIBHO NPOCTYIO KOHCTPYKLHIO, U
ee MOXHO OBICTPO NOATOTOBHTb K CJEAYIOLIEMY LHKIY OCaXAeHHS
C mesblo MOJYyYeHHs] HOBOH IJIEHKH; 2) Npolecc OCaXAEHHS MOXKHO
NPOBOJHTE C BBICOKOH CKOPOCTbIO; 3) NpH MOJyYeHHH IJIEHOK XH-
MHYECKHX COEAHHEHHH JIerKo peryJHpoBaTh HX coctas; 4) Jo-
BOJIbHO NPOCTBIMH CIOCOGAaMH MOXKHO OCYILECTBJISATb JIETHPOBaHHE
IJIEHOK, KOHTPOJNHpPYsl KOJHYECTBO BBOAHMOH NpPHMeCH; D) BO3-
MOXHO OCaxJeHHe MHOTOKOMIIOHEHTHBIX CIJjaBoB; 6) ocaxaenne
TYrollJIaBKHX MaTepHaJ OB NPOBOAMTCH TNpH OoJjiee HHU3KOH TemIe-
parype IO CPAaBHEHHIO C BaKyyMHbIM HcHapeHHEM; 7) BO3MOXHO
BblpallHBAHHE 3MHTAKCHAJbLHBIX CJIOEB C BBICOKOH CTENEHBIO COBEp-
IIEHCTBA CTPYKTYPbl U HU3KHM COJAE€PXXKaHHEM npHMecel; 8) MOKpHI-
THS MOTYT HAHOCHUTbCS Ha OOBEKTHl CJIOXKHOH KOHpUrypanuu;
9) HemocpelCTBEHHO Mepej NPOLECCOM OCaXKIEHHS BO3MOXKHO NpO-
BeJl€HHEe XHMHYECKOIo ra3oBoro TPaBJeHHs MOAJOXKEK.

OnHako faHHBIH MeTOX HMeeT psijJ HeIOCTATKOB, K KOTOPHIM OT-
HocATes: 1) BBICOKAst CJOXKHOCTb (C TOYKH 3pEHHS TEPMOLHHAMHUKH
¥ KHHETHKH PeaKLHH) MNpPOIecCOB, NPOUCXOAALIHX NPH OCAXKIECHHM
IJIEHKH, H HX HeJOCTaTOYyHoe NOHHMaHHe; 2) HeoOXOAHMOCTh HAa-
rpeBa NOMJIOXKKH 10 GoJiee BHICOKOH TeMIepaTtypbi, 4eM Ipu (H3H-
YECKOM OCaKIEHHH IJIEHOK H3 napoBoit (asbi; 3) BBICOKAA TOKCHY-
HOCTb, B3DBIBOONACHOCTb H KOPPO3HOHHAsi AKTHBHOCTb pPEaKIHOH-
HBIX Ta30B, HCNOJb3YeMBIX B NpoLecce OCaxX/JIeHHs, H NPOLYKTOB
XUMHYECKHX peaKuui; 4) BO3MOXKHOCTb B3aHMOJEHCTBHSI KOPPO-
3UOHHO-AaKTHBHBIX NMapoB C NOAJOXKOH, ocaxaaeMoil IJIEHKOH HJH
MaTepHasaMH, H3 KOTOPHIX H3TOTOBJEHO 06GOpylOBaHHE, a TaKkKe
BHEJPEHHE B PACTYLLYIO NJIEHKYy B BHI€ NDHMeced JIeTyYyHX NPOAYK-
TOB XMMHYECKHX pPEaKLHH, NPOTEKAaIOUHX B IPOLecce OCaXJIeHHUst;
5) orpaHH4yeHHbIi BbHIGOD MaTepHaJOB NOIJIOXKKH BCIEICTBHe BO3-
MOXHOCTH AH(pGY3HH, CNJIaBJEHHS H NPOTEKAHHS Ha NOBEPXHOCTH
NOJJIOKKH XHMHYECKHX peaklUHil TNpH BBICOKOH TeMmeparype;
6) TPYAHOCTH B OCYLIECTBIEHHH KOHTPOJISI OCaXKJACHHSI OJHOPOJHOH
IJIeHKH; 7) KaK NPaBHJO, OTCYTCTBHE BO3MOXKHOCTH MAacKHPOBAHUS
NOJJIOKKH.

B nocseaywouiux pasgenax OyAyT pacCMOTPeHbl XapaKTepHbie
0COOEHHOCTH Npolecca XMMHYECKOTO OCaXKAE€HHUs U3 MapoBoH (asH.
[Toppo6Hoe H3JI0kKEHHE 3THX BONPOCOB MOXKHO HAHTH B HCYEPMbI-
BaOIIUX 0030pax No [JaHHOMY MeTOAYy oOcaxkJeHHs NJaeHok (107,
108].

23.41 Xumuueckue acnekTbl
Ins mnpoBeleHHS XHMMHYECKOTO OCaXKJeHHsi H3 NapoBoit dasnl

MOXKHO HCNOJb30BaTh JIOOYI0 XHUMHUYECKYI0 PEAKHHI0O C Yy4yacTHeM
PeakKIHOHHOCTIOCOOHBIX NapOB OJHOTO HJIH HECKOJBKHUX BHJOB, B pe-
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3yJbTaTe KOTOPOH o06pasyeTcsi BeulecTBO B TBepRoli ¢aze. B neko-
TOPBIX CJydyasix NPH AOCTATOYHO BHICOKOH TeMmepaType B peaxiHu
MOXKeT yYyacTBOBAaTb H NMOAJNOXKKA. Tak, HanpuMep, Ha KPeMHHEBBLIX
H aJIOMHHHEBHIX NONJIOXKKAX NMPH BO3AEHCTBHH OKHUCJHTEJbHOH art-
mochepnl ob6pasyrorcst ciou coorBercTBeHHo SiOp u AlyO;. BriGop
THNa XUMHYECKOH PEaKIHUH AJsl PAKTHUYECKOro OCYILECTBJIEHHsS Mpo-
BOMHUTCS C YYeTOM CBOHCTB NOAJIOXKKH H OCOOEHHOCTEH peakIHH.
IToMuMO 3TOro Hy>KHO NPHHHMATb BO BHHMaHHE, YTO B JHE€HCTBH-
TeJbHOCTH TpOIECC NPOTEKAHHS pPeaKUHH MOXKeT ObITb JOBOJBHO
C/0XKHBIM, CONPOBOXKJAAMOIIHMcS oOpasoBaHueM (B COOTBETCTBHH
C KHHETHKOH peakIHH) IPOMEXYTOUHBIX NpoayKToB. OcobeHHOCTH
KHHETHKH PEaKUHH 3aBHCAT OT psAjxa (aKTopoB, CpelH KOTOPHIX
HanboJiee CyLIeCTBEHHBIMH SIBJISIIOTCSI CKOPOCTH IIOTOKOB ra3oB, HX
napuuajbHoe HaBJi€HHe, TEMIEepaTypa OCaKJAeHHs, TeMIepaTypHBIH
npoduabp NOAJNOXKKH, NPHPOJA MaTepHasla U NOBEPXHOCTHHIE CBOMH-
CTBa NOAJIOXKKH.

XHUMHUYECKHe PEaKIHH, HCMONb3yeMble IPH XHMHUECKOM oOCaxie-
HUH H3 napoBoil (a3bi, MOKHO pa30HTb Ha CJeAyIOLiHe TPYIbL:
1) peakuuu pasjioxkKeHHs, 2) BOCCTAHOBJIEHHEe TaJIOTeHOB C IO-
MOLIbIO BOZOPOJAA HJIH MeTaJJoB, 3) moJuMepu3amusi, 4) TpaHc-
nopTHble peaknud. Huxke npHBOAHMTCS HX KpaTKoe OMHCaHHE,

2.34.1a. Pasaoxenue. IIpu nopBefeHHH [OCTATOYHO GOJIBIIOTO
KOJIHYECTBA 3SHEPTUH HCNOJIb3yeMOe MAJsi OCaXKAEHHs IMJEeHKH raso-
o6pa3Hoe COeIHHEHHEe, KOTOPOe INIPONYCKaeTcsl Hal MOAJOXKKOH HJIH
HaxoOAMTCS B aAcOpOHPOBAHHOM COCTOSIHHM Ha €e ITOBEPXHOCTH,
pasnaraercsi, a ofpasylolieecss TBepJAOe BeIeCTBO KOHIEHCHpYeTCH
Ha NMOIJ0XKe. DTa peakLHsl MOXeT GbIThb 3alHCaHa B BHIE

AB (napoBas ¢asa) == A (tBepaas dasa) | B (naposasi ¢asa).

HMcxonHBIMH BellleCTBAMH [AJisi NMPOBENEHHsl peakUud TaKoro THNA
CJy3KaT KakK OpraHH4YecKHe, TakKk H HeOpPraHHYecKHe COeJHHEHHS
C HOHHOW MJIM KOBaJEeHTHOH CBsi3blo. B KauecTBe nmpumepa MOKHO
NPHUBECTH CJIEIYIOULYI0 THIHYHYIO PEaKUHIO Pa3JIOXKEeHUs:

SiH, 2 B0C, 65 1 om,.

Ilpouecc pasnoxeHHUs, HA3bIBaeMbI TaKXKe MHPOJH30M, MOXKET
OBITb BBICOKOTEMINIEPATYPHBIM, TpeGYIOIINM HarpeBa IMOAJIOKKH 10
tremnepatypsl Bbiie 600 °C, M HH3KOTEMnepaTypHbIM, OCYILECT-
BJISIEMBIM B JHManasoHe TeMIeparyp ot KOMHaTHOH npo 600 °C. Ilpwu
BBLICOKOH TeMmepaType pasJaraloTcst rajoreHHJn MeTaJJoB, B 4acT-
HOCTH HOmuabl. K cOelHHEHHSM, KOTOpble pasjaraloTcsl NpH HH3-
KOl TeMmepartype, OTHOCATCS THAPHAB METasJoB, KapOOHWIB Me-
TaJ0B, CJOXKHbIE KapOOHHJbHbIE COeAHHEHHs, OCHOBHAsl YacTb
MeTaJJIOOPraHHYeCKHX COefHHEHHH, GOpPOrHAPHAbL METalJIOB H He-
KOTOpble U3 HaubOJiee HEYCTOHUHBBLIX TajIOTeHHAOB METajJIOB H
KapOOHHJIraJOreHH 10B.
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[Ipu npoBeleHHH MUPOJH3a B YCIAOBHAX HH3KOTO AABJEHHS Ma-
POB WJIM NPH NOJNYYeHHH OOJbLIOTO KOJHYECTBA NMPOAYKTOB peakIHH
pasyioxeHnHsi MOMJIOKKY HEOOXOLHMMO HarpeBaTb Ho 06oJjiee BBHICOKOM
Temnepatyphl. IloBbillleHHe TeMnepaTypbl MOAJMOKKH G6J1aronpHsTHO
CKa3blBaeTCsl Ha KayecTBe KPHCTAJIHUECKOH CTPYKTYphHl, CTEXHO-
METPHH, CTENIeHH YHCTOTHl H aATe3UH 0CAXKIAEMOTro CJOS.

HecmoTpss Ha mpocToTy mpoiecca pas/ioxeHHs, MOT'YT BO3HHK-
HyTb oONpeJeJeHHble Npo6JieMbl, cBs3aHHble ¢ 0oOpa3oBaHHeM He-
CKOJIbKHX HEJIeTyYyHX OCTAaTOYHBIX NpPOJAYKTOB peakluH, TaKHX, KakK
yryiepoJ (BXOASILIHA B COCTaB KapOOHHJIBHBIX H MeTaJlJIoOpraHHye-
CKUX coelHHeHHH), 60p (U3 OGOPOTHAPUAOB) U OKCHAH (H3 KHCIO-
poxacolepxamux coeguHenuit). Ilpu anekTpoHHONH GoMGapAHpPOBKeE,
NpUMeHsIeMOH JJIsl aKTHBallMH Ipouecca pasJsoXkKeHHs, MPOHCXOAMT
npespalleHde aJAcOpOMPOBAHHBIX HA MOBEPXHOCTH MNOJJOXKKH pas-
JHUYHBIX CHUIHKOHOBBHIX Macea B SiO u SiOp, KOTOpHE COAepIKAT
BKJIIOUEHHs, MpeAcTaBasomiie co60f KOMIIOHEHTB OpraHHYeCKHX
coexuuenni [109].

2.3.4.18. Boccranosaenue. Tlponecc BOCCTAHOBJEHHS MOXKHO pac-
CMaTpHBAaTb KakK IPOLECC pPas3joXKEeHHs KaKoro-jaubo CcoelHHEHHS
IPH y4yacTHH elle OJAHOrO peaKIHOHHOCHOCOOHOro BellecTBa. B aTom
clydyae OcaKJAeHHe IJIEHKM IPOHMCXOAHT Npu Gosiee HH3KOH TeMIe-
paType MO CpPaBHEHHIO C TeMIepaTypoil MHPOJH3a MepPBOro KOMIIO-
HeHTa. B KauecTBe BOCCTAHOBMTENs NMPHMEHSIOT BOJOPOJ MJIH maphl
Merajia, B TO BpeMsi Kak OCa)/laeMoe BelIeCTBO MOXET BXOAHTb
B COCTaB raJIOTeHHIOB METaJJIOB, KapOOHHIraJoreHH/10B, OKCUTraJo-
PeHHIOB M JAPYTMX KHCJIOPOLCOAEpKALIHX coeqHHEHHH. B HekoTo-
PHIX CJydasix NPH OCYLIECTBJEHHH NMHPONH3a BBeJeHHEe BOCCTAHOBU-
TeJls B Tapbl PeaKIHOHHOCNMOCOOHHIX BelIECTB MNPEeROTBpallaeT
HeXeJaTeNbHYI0 KOHIEeHCAalHI0 OKCHAOB WM KapOHIOB MeTasljioB
COBMECTHO ¢ ocaxpaaeMoil nneHko#. CKopOCTb peakuUHH BOCCTaHOB-
JIeHUsi IPH XMMHYECKOM OCaXKJIeHUH M3 NMapoBOi (as3bl ¢ HCMOJb30-
BaHHEM TraJIOTeHHIOB METAJJIOB 3aBUCHT OT aKTHBHOCTH BOCCTaHO-
BUTeJsl M BO3pacTaeT NpPH [epexoje OT OJHOrO 3JeMeHTa K JIpy-
roMy B TaKOH NOCJ€A0BaTEJbHOCTH:

Hy—Cd —Zn— Mg —Na — K (T < 1000° C).

OnHako NpH OYeHb BBLICOKOH AaKTHBHOCTH BOCCTAHOBHTEJS PeaKIHsd
B napoBoil (aze HauMHAeTCA NpeXIeBPeMEeHHO H ocaxjJaercss phiX-
Jasi [NJeHKa. XapakTepHbIM IIpUMeEpOM Ipolecca XHMHYECKOro
OCaJeHHUs U3 NapoBOH (pasnl, OCHOBAHHOIO Ha pPEaKLUHH BOCCTA-
HOBJIEHHS, fIBJISIETCS OCaKJeHHe KPeMHHS H3 [1apOB COOTBETCTBYIO-
[Iero rajoreHHJa NpPH HCIOJb30OBAHHH B KAauyecTBE BOCCTAHOBHTENS
Hy nnu Zn:

SiCl, + 2H; — Si -+ 4HCI.

BOILOpOIl He OTHOCHTCA K YHCJY BBICOKOAKTHBHBIX BOCCTaHOBHTeJEH,
H ero NpeuMyIllecTBO COCTOHT B TOM, YTO B NpeABAPHTEJNbHO IOJY-
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YEeHHOH 'CMeCH BOJOpOJA C TaJIOTEHHAOM MeTalja MpexJeBpeMeH-
HOH peakiHH BOCCTAHOBJECHHS He NPOHCXOMHT.

Merananl, npuMeHsieMble B KadyeCTBe BOCCTAaHOBHTEJsI, MOTYT
BHE/PSATbCA B Oca)AaeMyio IJIEHKy B BHAe npumecedl. das Toro
yTOOBl TNPEefOTBPATHTb 3TOT IIPOIECC, KOJHYECTBO HCMOJIb3yeMOro
MeTajljla ONpeiesiOT, HCXOAS H3 CTeXHOMETPHYECKOro COOTHOILe-
HHUS, M OCaXKJeHHe INPOBOAAT INPU MOHHKEHHOM [aBJEHHH NapoB.
Ecniu B mpouecce peakuuu MeTaJsu, SBJAIOILIMACA BOCCTaHOBUTE-
JjeM, o6pasyeT Cc rajJOreHOM COeIHHEHHE, KOTOpPOe OKa3blBaeTcs Me-
Hee JIETYYMM IO CPaBHEHHIO C OCa)/JaeMbIM MeTaJJ/oM (H MO3TOMY
MOKEeT COBMECTHO C HHM KOHJEHCHPOBATbCsi Ha MOJJOXKKe), TO yc-
JIOBHSI OCaXJIeHWsi HeOOXOZMMO peryJHpoBaTb TaKHM 00pasom,
uto6B JaBJeHHe O00pa30BaBLIErocst raJioreHuaa OblJI0O HHXKe [aB-
JIeHHsi er0 HaCBIIEHHOro Iapa INpH TeMIepaTtype ocaxkaeHus. Hro
Kacaercsi NMEPeyHcNeHHbIX BbIllle METaJJIOB, KOTOpble NPHUMEHSITCSH
B KayecTBE BOCCTAHOBHTEJEH, TO HX (TOPHUIAB, XJOPHAB H Opo-
MHIbl (32 HCKJIOYEHHEM COeJHHEHHH C IHHKOM), a TaKxke HOLUMbI
(3a HWCKJIIOYEHHEM HOJMIOB IMHKAa H MarHuf) SBJIAITCA MeHee
JETYYHMH COeIUHEHHSMH, YeM oOca)KJlaeMble MeTaJJibl, BXOAsLIHE
B COCTaB HCXOMHBIX TaJIOTEHHIOB, NMPHYEM HaUMEHbIIEH JIETY4ecTbiO
o6analoT ¢ropuabl, a HauGoJblieli — HoAuAbl. CoenHHeHHs lile-
JIOYHBIX METaJIOB C TrajioreHaMH MeHee JIETYYH IO CPaBHEHHIO
C BOCCTAHOBJIEHHBIMH METaJIJIaMH, COJAepIKaIlUMHCsi B HCXOMHBIX
ranorenunax. Iloatomy Hau6oJjiee OJaronpHATHBIE YCJAOBHA OJS
ocaxaenuss obecneyuBalOT HOAHMIBL, a IIeJOYHble MeTaJJibl B HaH-
MeHblIeH CTemeHH MOAXOAAT AJs HCIOJNb30BaHHSA B KayecTBe BOC-
CTaHOBHTEJIA.

Jnast TepMuueCcKOH aKTHBAIMH PEAKUHH BOCCTAHOBJIEHHS MOXKET
notTpe6oBaTbCsl CHJBHBIH Harpes NoaJoxXKH. OQHAKO NpH 4pe3MepHO
BEICOKOil TeMIlepaType BO3MOXE€H MHPOJIH3 NMPOAYKTOB DeaKUHH 3a-
MelleHusi (TaKHX, KaK rajJoreHoBOLOpOA), COMPOBOXAAIOLIHHACA 00-
paTHO# peakmMell KOMIIOHEHTOB HJIH TPaBJEHHEM MONJOXKKH.

23.4.1c. Hoaumepusayus. Ilpu nonuMepusauvu oOpraHHYeCKHX
COeJIMHEHMH WJH OPTaHHYECKMX H HeOpPraHMYeCKHX BellecTB NPOHC-
XONHUT HX NpeBpalleHHe B MOHOMEpHI, MOJIEKYJbl KOTOPBIX COeIH-
HAIIOTCA MeXKAYy CO6OH MoJ JeHCTBHEM OJHOTO M3 CJEAYIOUIHX akK-
THBaLHOHHBIX TPOLECCOB: 1) 2/IeKTPOHHOH HJM HOHHOH Gombap-
IOUPOBKH, 2) 0OJyyeHHs] CBETOM, PEHTI€HOBCKHM H3JyYyeHHEM HJIH
y-1yuaMu, 3) 3JIEKTPHUEeCKOro pa3psiia B Napax MoHoMmepa, 4) Ka-
TaJUTHYECKOH peakuHH Ha MNOBEPXHOCTH INOJAJOXKKH HJH IOBEpX-
HOCTHOH peKoMOHHAIMH MOHOMEpPOB, HMEIOLIHX CBOOOAHbIE DajH-
kagawl. [TosuMepHble MJEHKH MOryT OBITb IOJYYE€HB NOCPEACTBOM
1) KoHAeHcaUWH NMapoB MOHOMepa Ha NOJJI0XKe C OLHOBpPEMEHHOH
HJIM Tocjefylolllefi akTHBallMeH, 2) akTHBallWM NapoBo# ¢asbl H
OocaxJeHHs MOJHMEepPH30BaBILerocss BelIeCTBAa Ha MOAJOXKKY HIH
3) ocax[eHusi Ha MOAJOXKKY KaKUM-THOG0 APYrHM COCOGOM NJIEHKH
MOHOMepa ¢ mocjefylonled aKTHBAallMeld Mpouecca NoJHMepH3alHH,
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ITo . cBOMM 3JIEKTPHYECKHM XapaKTepUCTHKaM [OJHMEepHBIE
IJIEHKH OXBATHIBAIOT IHAaNa3oH, 0ObIYHO CBOHCTBEHHBIA NMOJYNPOBOA-
HHUKaM M JAH3JEKTPHKaM, H HMEIOT DAN MOJOXKHUTEJIbHBIX KauecTs,
TaKHX, KaK OTCYTCTBHE Da3pbIBOB, NIPOYHOE CleNJieHHe ¢ MOAJIO0XK-
KOH, MaJjible, MeXaHU4ecKHe HANpsKeHHs] ¥ BHICOKAs IJaCTHYHOCTb.

2.34.1d. Tpaucnoprroie peaxyuu. IlpoBenenne XuUMHYECKOH
TPAHCIOPTHOH PEeAaKIUH CBA3aHO C MepeHOocoM BellecTBa, objana-
OIlero OTHOCHTEJIbHO HH3KOH JIeTyueCTblo, H3 30HBl HCTOYHHKA
B 30HY NOAJIOXKH B IOTOKe Mapa XUMHYeCKH aKTHBHOIO BEIIECTBa,
HMEIOLIEro BLICOKYIO JIeTyYecTb. PeakLusi COCTOMT H3 Tpex OCHOB-
HBIX 3TanoB: 1) NpeBpalieHusi B pe3yJbTaTe XHMHUYECKOH peakiliiu
BellleCTBa HCTOYHHKA B JleTyuee COeIHHeHHe, 2) mepeHoca napa
K TOAJIOXKe, 3) pasjoXeHHe napa Haj MOIJIOXKKOH H OCaXKAeHHs
Ha ee NOBEPXHOCTb MaTepHalJa UCTOYHHKE.

Jns  ocyliecTBAeHHS TPAHCIHOPTHOH peakUWH HeOOXOAUMO,
4TOGBl NMpU I[IepeHOce BellecTBA W3 30HbHl HCTOYHHKA B 30HY MNOJ-
JIOXKKH PaBHOBeCHe peakUUH CMellaJoch B HeOOX0JMMOM Hanpas:-
deHnd. B KauecTBe NpHMepa- MOMKHO paccMOTPeTh Ipolecc mnepe-
TOHKH ¢ 06pa30BaHHeM NPOMEXYTOUHOIO COeNXHHEHHUS

Ti (kongenc. cocr.) -+ 2NaCl (rasoo6p. dasa) = TiCl, (raéoo6p: ¢aza) +
- 2Na (rasoo6p.‘ dasa).

CMellleniie PaBHOBECHs DeaKUHMH DETyJHPYETCs H3MEHEHHEM TeMIle-
parypsrd JaBieHns napa. CiexoBaTesibHO, B 30HaX HCTOYHHMKA H
HOAJOKKH STH NapaMeTpsl JOJKHEI ObITh pasimunbiMu. Jipyroi
CTMOCOG CMellleHHsT pPaBHOBECHsST TPAHCIOPTHOH ‘peakuuu CBs3aH
C BBeJeHHeM [IONOJIHMTEJbHOTO peaKTHBA, BOCCTAHABJIMBAIOIIETO
JHGO - OKHCJISIIONIEro BellecTBO, COAeprkalleecs B MNOTOKe Mapa.
DT0F mpolece - MPOTEKAaeT y: MOBEPXHOCTH MOMJIOXKKH, Ha KOTOPYIO
v ‘ocaxpuaercs obpasywolleecs coenuHenne. Hampumep, npu mepe-
noce SiOy B notoke Gosiee JieTyuero coeauHeHHs SiO' mpoucxonar
CJIeyIOlIHe peaKIIHH:

Si (xomjienc. cocr.) -- SiO; (konpenc. coct.)—25i0 (rasooGp. dasa)
2Si0 (rasoobp. ¢asa) -+ O, (rasoobp. daza)—2SiO; (konpeHc. cocr.).

Cpeau pasjiMyHBIX XHMHUYECKHX TPAHCIOPTHHIX pPeakUui Hau60-
Jiee IIMPOKO MPHMEHSIETCsT peaklHs AHCIPONOPLHOHHPOBAHHMS, NPH
3TOM 4allle BCEro IPOBOAUTCSA "AHUCIPONOPLUHOHHPOBAHHE TaJOTeHH-
nos. [Tepenoc merassa, Haxoasiuerocss B TBepAoH (ase, CONPOBOIK-
JaeTcd ero XHMHYeCKHM B3aHMOILeﬁCTBHeM npu BBICOKOH TeMIepa-
Type € IapaMu rajorexujia, B KOTOPOM 3TOT METasl HAXOAMTCH
B BHICIUEl H3 XapaKTepHBIX AJs Hero crelleHedl BaJeHTHOCTH. B pe-
3yJabrare oOpasyercss JeTyYH# _rajioreHu, HUMeloIu# GoJjiee HH3KOe
BaJIeHTHOe COCTOSIHWE, KOTOpbIH, MOCTynas B HHM3KOTeMIlepaTypHylo
30HY CHCTEMBI, pasjiaraercs ¢ 00pasoBaHHEM JIeTydYero rajoretiuua
MeTanna B BHCIIEH CTENEHH BaJeHTHOCTH H TBEPAOH METANTHYECKOH
¢asbl. JTOT rajOreHHI. CHOBAa ‘BO3BpAIHAETCsi- B BBHICOKOTeMIepa-
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TYPHYIO 30HY CHCTEMBI, Iile pa3MellaeTcss HCXOAHOe BemiecTBo. Ta-
KHM 06pa3oM, HaHHas CHCTEMa MOXeT paboTaTh MO NMPHHIMITY 3aM-
KHyTOro muknaa. Huxke B KauecTBe THNMYHOTO NpUMepa PacCMOTPeH
mpouecc oca)<IeHHs KpeMHHs B mapax uoxa [110]:

0°C .
Si (kougenc. cocrt.) + 215 (rasoo6p. ¢asa) 0 — Sil4 (ra3oo6p. ¢da3a),

110
Si (xoupeHc. coct.) 4 Sily(rasoobp. dasa) o

<, 2Sil, rasoo6p. dasa),

2Sil, (rasoo6p. q)asa)go0 c, Si (konzeHc. coct.) -+ Sily (rasoo6p. dasa).

JlonosHUTEeIbHOE NPEHUMYIIECTBO NpoLecca OCaXKAeHHs ¢ MNpH-
MeHeHHeM TPaHCIOPTHOH peakUHHU COCTOMT B BO3MOXKHOCTH OYMCTKH
HCXOJHOTO BellecTBA IPH YCJIOBHH, YTO [aBJieHHe NapOB HOAUIOB
OCHOBHBIX 3arps3HSIOLIMX NpHMeceH, CONEpXKalHXCA B Marepuase
MCTOYHHKA, 3HAYUTEJbHO OTJHYAeTCs OT [AaBJIeHHs NapoB Ocaxja-
€MOro BellecTBa (3TO yCJOBHE BHINOJHsETCA AJsA TPeX paccmoT-
PEHHBIX BHILE peaKIHi).

TpaHcnopTHbie peaKUHH NPOUCXOAAT B TeX cJjaydasx, Koria

IpsiMasl peaklust SIBJACTCS OKHUCJHTENbHOH, a obOparHas — BOCCTa-
HOBHTEJIbHOM:

2Ga (kougenc. cocrt.) 4 HaO (rasoobp. dasa) = GagO (rasoobp. ¢asa) 4~
- Hj (rasoo6p. dasa),
Ge (kougeHc. coct.) -+ HqO (razoo6p. dasa) == GeO (rasoobp. dpasa) -
-+ Hj (rasoo6p. ¢asa).

MoOXHO OTMETHTDb, YTO TPAHCIOPTHble DEAKIHH MO3BOJAIT IpO-
BOJAMTb TIa30BOe TpaBjieHHWe (HAampuUMep, TepMaHus HJIH KpPeMHHS
napamu HCI [111, 112] u Al;O3 ¢dTopupOBaHHBIMU YrieBOAOPOAAMH
[98]) mns ycTpaHeHMs 3arps3HEHUH M NMOBPEXKIEHHOTO CJIOsl MOBepX-
HOCTH MNOJJIOXKKH Iepej OCa)KIeHHeM 3NUTAKCHAJbHBIX TIJIEHOK,

a Takxe IJ5 YTOHbIIEHHs CJIOSi KOHAEHCATa C LeJblo nonyqemm
TOHKO# 1eHkH [108].

23.42 Mdusnueckue acnekTsl

2.34.2a. Tuner cucrem. OcHOBHBlE (YHKIMU CHCTEM XHMHUECKOITO
OCa’kJIeHHsi TOHKHMX IIJICHOK H3 NapoBoii (a3bl COCTOAT B CJEAYNO-
weM: 1) reHepamHs XMMHYECKH AKTHBHBIX MapoB; 2) MOJBOK, KOHT-
poJib pacxofa H INPOJOJXKUTEJbHOCTH NMOCTYIJIEHHS B PEaKTOp pas-
6aBHTesl U PEAKLHOHHOCIOCOOHBIX Ta3oB; 3) NOABOL SHEPTHH AJNS
aKTHBalLlMH peaklUMH, B pe3yJbTaTe KOTOpoidl o6pasyeTcs TOHKas
IJeHKa HeoOXOAUMOro Marepuasa; 4) BbIBeJeHHe H3 BBICOKOTEM-
nepatypHoil 30HB MOOOYHBIX NPOAYKTOB peakUHu M HUX HeHTpanu-
3anus.

CyllecTBYIOT pa3/IHUHble THIIBI CHCTEM XHMHUECKOTO OCaXKAEHHUS
U3 napoBofi (asbl, OT OUYeHb MPOCTHX JabOPaTOPHBIX YCTAaHOBOK
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JO CJOMKHBIX, TMOJHOCTHLIO 4BTOMATH3HPOBAHHBIX NPOMBIIIIEHHBIX
peaKkTopoB, CHa0XEHHBIX 3JEKTPOHHBIMH CHCTEMaMH yNpaBleHHs
H BBIYHCJHTeJbHOH TeXHHKOH. CyIIEeCcTBYIOT cucTeMBl OCaXKACHHS
KaK 3aMKHYTOTO THIIa, B KOTOPBIX XHMHUECKH aKTHBHble BellecTBa
NOJTHOCTBIO DPEreHepUpyIOT H HCNOJbL3YIOTCS NOBTOPHO, TaK H OT-
KPBITOTO THIA, TPeOylollHe NOCTOAHHOrO NMOABOAA H3BHE Martepuasa
MCTOYHHMKA M3BJIEYEHHS NPOAYKTOB pEaKIHH.

Haubosnee BaKHOH YacTbi0 CHCTEMB XMMHYECKOTO OCAXKIEHHS
H3 MapoBoi (a3bl ABJAAETCA peakTop. PeakTopbl MOKHO Kjaaccuu-
LHPOBaTh MO CJEAYIOIeMy NMPUHIHNY: 1) HH3KOTEeMIepaTypHble pe-
aKTODbl, NpUMEHsieMble npu TeMnepartypax Hmxke 500°C u Hop-
MaJIbHOM J[aBJIeHHH; 2) BBICOKOTEMIIepaTypHble PEaKTOPHI, HCHOJIb-
3yeMble NpH Temneparypax, npesbiuaiomux 500°C, H HOPpMaJbHOM
HJIM IOHHMXKEHHOM JaBJIEHHH. B COOTBETCTBHM C XapaKTepOM TeueHHs
rasa ¥ MNPHHIMIOM [JeHCTBHSI HH3KOTeMIIepaTypHbie peaKTOphl
B CBOIO Ouepeib NOLPasdeNslOTCST HAa YeThpe OCHOBHBIX KJjacca:
1) NpOTOYHBIA peakToOp C FOPH3OHTANbHBIM PacHOJOKEHHeM TpyOhi;
2) pOTalHOHHBI BEPTHKAJIbHBII peakTOp MNEPHOAMUYECKOro jeii-
CTBHSl; 3) peakTop HeNpepLIBHOrO JeHCTBHS, B KOTOPOM IIOTOK
npefBapUTeNbHO CMeIIaHHBIX ra30B NPONYCKaeTcsi yepe3 JHUcep-
THPYIOILYI0 NJIACTHHY C KDYNHBIMH OTBEPCTHSIMH; 4) peakTop He-
NpPepLIBHOTO JeACTBHS C Ppas3feJbHBIMH IOTOKaMH pa36aBJeHHOro
a30TOM KHCJOPOJa M THIPHAA OCHOBHOTO BellleCTBa, HampasJse-
MBIMH K MOAJIOXKKe Yepe3 MaTpyOKH, KOTOpble 00ecrneuuBalOT JIaAMH-
HapHoe TedyeHHe rasoB. BbicokoTeMIepaTypHble peakTOpbl NMOApas-
AensoTcst Ha 1) peakTopbl ¢ «TOPSYHMH CTEHKaMH», IPHMeHsieMble
B TOM cJyyae, Korja IIpollecc OCaKAEHHs SIBJsSeTCH 3K30TepMHue-
CKHM, H 2) peaKTOpbl C <«XOJOXHBIMH CTE€HKaMH», HCIOJb3yeMble
NpH NpoBelleHHH SHAOTepMHUYECKHX peaKuuid. PasnuuHble TUnbl pe-
aKTopoB NoApo6HO paccMoTpenbl KepHom u Bsnom [114].

Js1 monydyeHHs: BHICOKOKAaYeCTBEHHBIX IIJIEHOK C BOCIHPOH3BOLH-
MBIMH CBOHCTBAMH HeOOXOAUM TOYHBIH KOHTPOJb IapaMeTpoB Ipo-
Lecca OcaxIeHHs, CPeIH KOTOPbIX HaHGOJee BaxKHBIMH SIBJISIIOTCS:
1) Temneparypa BHYTPH peakropa (OAHO- HJH MHOTO30HHOIO),
2) KOJHYeCTBO M XHMHUECKHil COCTaB BCeX ra30B HJH NapoB, MOCTY-
MaolliX B peakrop, 3) MOMEHTH BpeMeHH, KOrja HeoOXOZHMO H3-
MEHHTb SHepreTHYecKHe XapaKTePHCTHKH CHCTEMbl HJIH XHMHYECKHUH
coCTaB cpeisl, 4) AaBleHHe rasoB. TemmepaTypa H3MepsieTcsi janGo
C NOMOUIbI0 TepMmonap, JHOO NHPOMeTpPHUecKH. BhixomHo#l curaas
JHATYHKA TEMIEepaTyphbl MOCTynaeT B TEPMOPEryJsTop, KOTOPH# Noji-
Iep:KHBAaeT TeMIepaTypy Ha OIpe/leJIeHHOM YPOBHe C MOrPEIIHo-
cteio or =1 go *=5°C. CkopoCThb NOTOKa rasa omnpepensieTcss H
perviupyercss pacxofOMepoM-pOTaAMETPOM HJIH 3JEKTPOHHBIM JaT-
YHKOM KOHTPOJS Maccel. PorameTp HMeeT KJjacc TOYHOCTH O, a
3JIeKTPOHHBIA pacxogomep — 2. TIpH HCNOJb30BAaHHH 3JEKTPOHHBIX
pacxoAoMepoB BO3MOXKHO CO3JaHHe aBTOMATH3HPOBAHHBIX CHCTEM
OcaXIeHHs ¢ NPOTPAMMHBIM yIpaBleHHeM H NOJYyYeHHe C HX
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BY kamytiky
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Puc. 2.18. Byiok-cxeMa CHCTeMBI 1JIsi XHMHYECKOTO OCa)KAeHHsi U3 mapoBoil ¢assl,

npHMeHsieMasi JJsi M3TOTOBJEHHS TOHKODJIEHOUHbIX KDPEMHMEBHIX COJHEUHBIX
saemeHntos [115].

1 — nepexkpbiBalollue BEeHTHJIH, 2 — NO3HpYylolWlWe BeHTHsu, A, B, C, D, E, F — pacxozmo-
MepHI.

TIOMOLUBIO CJIOXKHBIX TOHKOIJIEHOYHBIX CTPYKTYpP NpPH TOYHOM KOHT-
pojle cocTaBa H TOJIIHHBI OCaXJaeMbIX CJOEB, KOTOpDble 3aBHCAT
OT KOHIEHTPallHH Ta3000pasHbIX peareHTOB H MHPOJLOJKHUTENbHOCTH
nporecca.

AKTHBalHsi XHMHYECKHX peakumuil dyalle BCEro OCYLeCTBJAETCS
TepMHYeCKHM MeToZoM. IToaNoKKy nmpH 3TOM HarpeBalmT ¢ IOMO-
b0 Hapy:KHOH NEYH HJIH Xe HCNOJb3YIOT KaKOH-MHO0 BHYTpEH-
HHH HCTOYHHK Temna. Hns HarpeBa NOAJNOXKKH Uepe3 Hee MHpOmy-
CKalOT 3JeKTPHYeCKHH TOK (ecJu OHa H3roTOBJeHa H3 NPOBOAM-
iero MaTepHaJja), MoAJOXKKY NOMEIlaloT Ha IJACTHHY C BBICOKHM
COTNPOTHBJIEHNEM HJAH Ha TOKONPHEMHHK, HarpeBaeMblii HHIAYKIH-
OHHBIM METONOM, WpPHMEHSIIOT WH(paKpacHble H3AyYaTeJgd HIH
MOUIHble JaMNbl HaKaJUBaHHSA, a TakKKe INPOBOASAT 3JEKTPOHHYIO
60M06ap/inpoBKy. TOKONpHeMHHKH OOBLIYHO HM3TOTOBJSIOT H3 Fpa-
¢uTa, NOKPHITOro NJOTHBHIM cJoeM Kapbuma kpeMmuus. Ilas wusro-
TOBJIEHHsI TPYyObl peakTopa HCIOJNB3YIOT NJAaBJEHHH KBapil.

Ha puc. 2.18 npuBefeHa cxeMa CHCTeMBl XUMHYECKOTO OCaXK-
JleHHsi U3 napoBoil (a3bl, MPUMeHsIEMOl [JIsi NOJYUYEeHHs CTPYKTYp
C p—n-nepexoioM Ha ocHOBe KpeMHHs [115].

Kepu u B3u [114], ananusupysi npoueccsl XHMHYECKOTO OCax-
JeHUsi TOHKHX HEOpPraHHYeCKHX IJIEHOK M3 NapoBo#l ¢asel, oTMe-
YalT, YTO, HECMOTps Ha OOoJbllHe ycrneXd B paszpaboTke H cozia-
HHH pPeakKTOpOB, HEOOXOAHMO HX 3HAUHTEJbHOE YCOBEPLIEHCTBOBA-
HHe 1JIs1 COKpallleHHs NoTpeb/ieHuss XMMHUECKHX PEaKTHBOB H 3Hep-
rHd, YMEeHbLICHHS! TENJIOBBIX NOTepb M INOBHILEHHS CTEMEeHH INOoJie3-
HOTO HCNOJIb30BAHHS PEaKTHBOB.
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2.34.2b. Tepmodunamura u xuneruxa peaxyuti. Ha ocHoBe 3a-
KOHOB TCPMOJIMHAMHKH MOTYT OBITb PacCUMTaHbl OCHOBHbIE MNapa-
MeTpBI Mpollecca OCaxKJAeHHSI, KOTOphle MO3BOJSIOT ONpeleuTh Ipe-
IeJIbHOEe TeOPETHYECKOe KOJIHYECTBO OCAXKAEHHOIO BellecTBa W Map-
IHaJbHble [aBJIEHHS BCeX KOMIIOHEHTOB NapoBOH ()a3bl NpH KOH-
KPETHBIX 3KCIEeDHMEHTANbHBIX ycaOBHsAX. OnQHako H3yueHHe Tep-
MOAHHAMHUYECKHX XapaKTePHCTHK NPOLECCOB He jpaeT MHPOpPMaUHH
O CKOPOCTH NPOTEKAHHS DEAaKUHH NPH XMMHYECKOM OCaXKJeHHH H3
naposoii ¢asbl. Kpome Toro, mpu pacuere TepMOAMHAMHYECKHX Ta-
pPaMeTpOB CHCTEMa CYHTAETC XHMHYECKH DaBHOBECHOH, YTO MOKeET
He COOTBETCTBOBATL JAeHCTBHUTeNbHOCTH. TeM He MeHee TaKHe pac-
YeTbl MOJE3Hbl [/ OLleHKH BO3MOXKHOCTH OCa)KJ€HHsI NJIEHOK C HC-
N0JIb30OBAHHEM TeX HJIH MHBIX peakKLHi.

Hamenenne cBoGoauoit sHepruu AG.° TepMOJAMHAMHYECKOH CH-
CTEeMBl B pe3yJbTaTe XHMHUYECKOH PEaKIHH MOXKHO PacCUHTaTh C HC-
N0JIb30BAHHEM COOTHOLIEHHS

AG? = Y, AGj (npogykter peakumnu) — Y, AG} (peakTHBbi),

rie AG,°—cBoGofHAsi 3HEPrHsi XHMUUYECKOTO COeIMHEHHs. Bemnu-
ynHy AG,° MOXKHO NPEACTABUTHL B BHJE

—AG}=2,3RT gk,

rue kp—-TepMOILI/IHaMH‘{eCKaﬂ KOHCTAaHTa paBHOBeCHs, CBsiI3aHHAA
C napuHaJbHbIMH JaBJICHUSIMH P; KOMIOHEHTOB CHCTEMBI COOTHO-
1I€HHEM

n n
k,= [I P;(npomykTsr pearuun)/ Hl P; (peakTuBbi).
i=1 i=

Jns onperneseHusi mapaMeTpPOB MHOIOKOMIIOHEHTHBIX H MHOIO-
($a3HBIX CHCTEM B YCJOBHSX TE€PMOJHHAMHUYECKOrO PaBHOBECHS NPH
XHMHYECKOM OCaXKIeHHH IJIEHOK M3 NapoBoi (asel npHMeHAeTCH
ONTHMH3aHHOHHBIH MeTox [116] uau Mmetox [117], ocHoBaHHBIN Ha
pellleHHH HeJWHEHHBIX ypaBHeHHH. B mnepBoM cayuae cBoGOfHAS
sueprust G cHCTEMBI, cojepiKalleifl m KOMIIOHEHTOB B rasoolpas-
HOH U TBepIOH (pasax, NPeICTaBJAAETCS B BHJE

m S
G= Z (anG?ing RTInP 4 2T In _]'\’IL) + Z (niAGH),
i=n; & i=1
rae I’Lig U 1% — KOJHUYECTBO MoJIeH pasauYHBIX KOMIIOHEHTOB COOT-

BETCTBEHHO Tra3006pa3HOil M TBepHOH (a3bl, Ng— oblllee KoJuue-
CTBO MoJiell rasoobpasHbIX BeulecTB, P — ofulee IaBJeHHe, AG?{

u AG) -—cBOGOAHBle 3SHEPIMH COOTBETCTBEHHO Ta3000pasHbIX H
is

TBEpPABIX BellleCTB IPH TeMnepartype ocaxAeHHs. OnTHMH3aIMOH-
Hble pacyueThl MO3BOJSIIOT HAalTH HA60p 3HAYeHHH rn;, NPH KOTOPBIX
BeqnunHa G MuHHMajbHa, C NOMOULBIO CHeLHaJbHOH NpOrpaMMbl
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{116] nna DBM MoxHO paccuuTaTh COCTaB raso0o06pasHO H TBep-
Joi (a3 B COCTOSIHHM DaBHOBECHSi NPH 3aJaHHBIX NapaMeTpax
npouecca OCa)KJeHHsl, TaKHX, KaK TeMlepaTypa, AaBJieHHE U KOH-
UEHTpalHsl HCXOAHBIX BemiecTB. BTopofi meron onpepeseHuss napa-
METPOB CHCTeMbl CBSI3aH C BBHIBOJOM U peElLIEHUEM (C IOMOIIbIO
OBM) cucreMbl m ypaBHeHHiHl (OGBIYHO HEJIMHEHHBIX), KOTOpHIE yC-
TaHaBJIMBAIOT KOJHYECTBEHHYIO B3aUMOCBSI3b MEXAYy MNapuuab-
HBIMH [aBJIEHHUSIMH YYaCTBYIOLIHX B pPEaKIHH BELIECTB U MO3BOJAIOT
paccyuTaTb HMX 3HAY€HHs MpPH ONpefeJeHHbIX COYETaHHSX Mapa-
METpPOB Npollecca 0CaXKIeHHUS.

[Ipu mpoTekaHuu OOBLIYHBIX FeTEPOreHHbIX pPEAKUHil NPOUCXOAAT
ciaenywoline mnpouecchl: 1) nuddysusi peareHTOB K MOBEPXHOCTH
NOJJOXKH, 2) ajcopbuus peareHTOB Ha IOBEPXHOCTH, 3) XHMH-
yecKkOe B3aHUMOJEICTBHe BeLLECTB, HX MOBEPXHOCTHAs MHUTPALHsl H
(opMHpOBaHHe KPHCTAJJIHYECKOH pelleTKH, 4) Aecop6uus NMpOAYK-
TOB peaklLWud C MOBEPXHOCTH, 5) nudPy3usi NPOAYKTOB peakUHH
¢ mnoBepxHocTd. Haubosiee MenJeHHBIH H3 YKa3aHHBIX IPOLECCOB
OmnpelesisieT CKOPOCTb peaKIHH.

[TepeunciuM (akTopsl, KOTOpHIE BJIHSIOT Ha CKOPOCTb OCaXAe-
HHSl, CTeNeHb OJHOPOJHOCTH, COCTAB M CBOHCTBA MJIEHOK, MOJydae-
MBIX METOJOM XHMHYECKOTO OCa)KJAeHus u3 mnapoBoil ¢aswl. 1) Tem-
neparypa noajoxku. Ha puc. 2.19,a u 6 B KayecTBe NpUMepOB
NpeJCTaB/AeHB 3aBUCHMOCTH CKODOCTH OCa)XIeHHs maeHOK Si oT
TeMmepaTypbl TONJOXKKH MPH HCHOIb30BAHHU Pa3/JIHYHBIX ra30006-
pasHbix ucroyHukoB Si [118]. HeonunakoBulii xapakrep Temmepa-
TYPHOH 3aBHCUMOCTH CKODOCTH OCaxKJA€HHSl TNpPU MOHHKEHHBIX W
MOBBIILIEHHBIX TeMIepaTypax CBHUAETEIbCTBYeT O TOM, UTO C H3Me-
HEHHEM TeMIEepaTypbl MOJJOXKKH CTeNeHb OTHOCHTEJNBHOrO BJIHS-
HHSl HECKOJbKHX IPOUECCOB, ONPeeJsIOUNX CKOPOCTb OCAXKAEHHS
NJeHKH, MeHsieTcsl. 3aBHCHMOCTb CKOPOCTH OCaKJIeHHsl OT Temiie-
paTypbl TOJJIOXKKH HCCNeNOBAHA H JJs NOJYIPOBOAHHKOBHIX COC-
nunenuit [119, 120]. Caeayer oTMETHTb, UTO NPUBEIEHHBIE 3J€Ch
TeMIepaTypHbie 3aBHCUMOCTH CKODOCTH OCaXJIeHHS He SABJSITCS
VHHBepCaJbHBIMH — IIPH  NOJIYUeHWH T[JEHOK JPYTHX BellecTB,
a TakXe NPH H3MeHEHHH NPOYHX MapaMeTPOB Npouecca XapakTep
3THX 3aBUcuMocTeii MensieTcs. 2) OpueHTaunus noajqoxku. Ha cko-
pOCTh OCaXKACHHUS INJEHOK 3HAYUTEJbHOE BJHSHHE MOXET OKa3H-
BaTh KpuCTajjorpaduyeckas opuenTtanus moiaoxku [121], kak 3To
nokasaHo Ha puc. 2.19,6 1Jsi cayuas BelpaumuBanus miaeHok GaAs.
Hab6nwopaeMble pas3iuuus B CKOPOCTH OCaXIeHHS MOryT ObITb
CBfi3aHBH C U3MEHEHHeM IJIOTHOCTH W FeOMETPUYECKHX NapameTpoB
ofjiacTeil BBIXOJa [HCJOKALUHH HA TOBEPXHOCTb MOAJIOXKH, KOJH-
YyecTBA M NPHPOIB MOBEPXHOCTHBIX XHMHUYECKHX CBsi3eH, aTOMHOTrO
COCTaBa Ppa3/JHYHBIX KPUCTAJNIOTpadHUecKUX IJIOCKOCTeH, KoJudge-
CTBa H BHJA MOBEPXHOCTHBIX Ne(EKTOB, TAKUX, KAK CTYNEHbKH, H3-
JIOMBI, BBHICTYNIBI ¥ MYCTOTH. DTH CBOHCTBA MOBEPXHOCTH BJIHSIOT HA
anpcopbuuio, AecopOUHIO, NMOBEDXHOCTHYIO MOJBHIKHOCTb H XHMHUYE-
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CKYI0 aKTHBHOCTb YacTHll BemiecTBa. Kpome TOro, ckopoctb pocra
H KayecTBO CTPYKTYpPH IJIEHOK, MOJY4aeMHX XMMHUYECKUM OCaxle-
HHEM U3 MapoBOH (asbl, 3aBUCAT OT COCTOSIHHS NOBEPXHOCTH HOX-
JIOXKH, HalpHMep OT HaJHYUA 3arpsisHeHUH, W xapaKrepa NOBepX-
HocTHOro pesbeda. 3) IlapumanpHoe naBienue peareHTOB. CooOT-
HOLUEHWE MEXAY MOJISIDHBIMU KOHIEHTpaLUUAMH pa3JH4YHBIX peareH-
TOB OKa3biBaeT 3HAUYMTEJNbHOE BJHSHHE KaK Ha CKOPOCTb OCax/e-
HHSl, TaKk M Ha CBOHcTBA MJeHoK. IIpu aToM cymiecTByer TecHas
B3aHUMOCBSI3b MeXJYy 3((deKTaMy, BHI3BIBAEMBIMH H3MEHEHHEM TeM-
nepaTtypsl NOAJOXKH ¥ KOHLEHTPALMOHHOTO OTHOLIEHHSI peareH-
toB [114]. 4) CoctaB u cKOpOCTb MOTOKa rada-uocurens. IIpu oyenp
BBICOKOH HJ/IM OYeHb HHM3KOH CKODOCTH [OTOKa rasa ocaxKIeHHe
NJEHKH 3aMejJsideTcd, a CTelNeHb ee HEOJHODOAHOCTH MNOBHILIAETCS.
CKOpOCTb OCaXKJEHHSl CYIIeCTBEHHO H3MEHSIeTCS B 3aBHCHMOCTH OT
coctaBa rasa-Hocuressi [114]. 5) Kondurypanus peakropa u TeM-
nepaTypa CTeHOK KaMephl. JluHaMuka TeueHus rasa H, cjaeloBa-
TeJNbLHO, CKOPOCTb OCaKAEHHS M OAHOPOLHOCTb TOJIIHHBI IJIEHKH
ONpelensATCsd TOYHOH (HOPMOH H pasMepaMH peakKIHOHHOH KaMephl,
a TakxKe KaHaJoB JJisl BBOJA U BHIBOJA rasos.

Kepu u Pocaep [122] npoBesnu ucc/ienoBaHue 3aBUCHMOCTH CKO-
POCTH pOCTa H CBOHCTB MJeHOK (oC(HOPHO-CHIMKATHOIO cTeKJ/aa NpH
HHU3KOTEMIIEpATYPHOM XUMHYECKOM OCaXKA€HHH U3 NapoBOH (Basbi
OT Pa3JHYHBIX NapaMeTPOB Npoliecca OCAXKAEHHS ¥ MOJIyuyeHHbIe pe-
3yJbTaThl, NO3BOJAKIINE OLEHUTh BJHSHHE KaXKAOrO M3 Mapamer-
POB Ha CBOHCTBa IJIEHOK, HpeACTaBUIU B rpaduueckoiéi popme.

2.3.4.2c. Meroder secupoBanus u MHO2OKOMNOHEHTHble Mmare-
puaasl. TTocKONBbKY NpPH XHMHYECKOM OCa)KJeHHH M3 MapoBOil ¢azwl
BBeJleHHe NpHUMecel B MOJYyNPOBOAHHKOBYIO NJIEHKY OCYIECTBJSETCS
B Npoliecce ee poCTa, mojyyaeMble NPOMUIH pacnpeleseHus: MpHMe-
cefi MOryT HMetb J006yl0 TpeGyeMylo ¢GOpMy, KOTOpas B [JaHHOM
cayyae He onpegensiercss 3akoHaMu auddysuu. Ilpu ocaxjaeHun
B 3aMKHYTOH CHCTeMe JETHDOBAHHHIX MOJIyNPOBOAHUKOB M CTOEB
MHOrOKOMIIOHEHTHBIX MOJYNPOBOAHHMKOBHIX cniasoB [108, 114] mpo-
HCXOAST JIeTHPOBaHWe WU CIJIaBleHHe MaTepuasa HCTOYHHKA C He-
00XOJHUMEIM TNpPHUMECHHM BeLIeCTBOM H TpAaHCHOpPTHAs XWMHUecKas
peakuus, B KOTOPOH Yy4acTBYIOT KaK OCHOBHOH, TaK U JIeTHPYIOLIHI
matepuansl. OfHaKO B CHCTeMe TAaKOro THNA AJisl MOJyYeHHs OTpe-
JeTeHHOr0 pacnpefe/eHuss NMpPUMecH MOXKHO HCIOJb30BATh TOJBKO
3apaHee NpeLyCMOTPEHHBIH MarepHals; KpOMe TOTO, HeJb3s INpPOBe-
CTH 3aMeHy OJHOTO JIETHPYIOIIEro MaTepuaja APYrHM B Hpoliecce

Puc. 2.19. 3aBHCHMOCTH CKOPOCTH POCTa MJEHOK Si MPH XHMHYECKOM OCaxIeHHH
H3 napoBoif ¢asel OT napuHaAbHOro jAaBjeHHst SiHy npu ucnosb3oBaHUHM pasauy-
HBIX TasoB-HocuTesell [118] (a); 3aBUCHMOCTH CKOPOCTH OCaxIeHHS NJeHKH Si
OT TeMnepaTypbl MOMJOXKKH NpH Hcnoab3oBanuu SiH, (1), SiH,Cl, (2), SiHClg
(3) u SiCly (4) [118] (6); saBHCHMOCTH CKOpOCTH OcaxieHnss GaAs oT KpHCTaNI0-
rpadHyecKOR OpHeHTAUHH MONJIOXKKH NPH TeMnepaType noatoxku 750 °C (1)
u 755°C (2) [121] (e).
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ocaxjenus. CHCTeMbl OTKPHITOrO THma GoJiee YAOOGHB AJsi OCylle-
CTBJIEHHsl JIETHPOBaHHsA 6Jiarofapsi BO3MOMXKHOCTH AOMOJHHTEJIbHOTO
BBEeJleHHs TNpPHMeCedl B PEAKTHB, COAEpKalIMH ocaxKIaeMoe Belie-
crBo. CymecTBylolmue MeTOABl JErMPOBaHHs 1O CBOed OCHOBE
ONM3KH METONaM XHMHUECKOro OCaxKIeHWs M3 MapoBoi (assl CO-
e/IMHEeHU#, cMeceld, CNJaBOB MM TBepAbIX pacTBOpoB. Hiuke Mbl
KPaTKO PaCCMOTPHUM 3TU METOJHI.

Ocaxjenue coelMHeHUH, CMJIABOB WJM JIECHPOBAHHBIX MaTepH-
aJloB CBfI3aHO C MOJIyYEHHEM HCXOJHOH CMecH MapoB CTPOrO OMpe-
NIEJIEHHOTO COCTaBa MNP HCMONb30BAHUH HECKOJbKUX HCHapHUTeliei
X HE3aBHCHMOM KOHTpOJIe KOJIH4eCTBa HCIapsieMOro BellecTBa Kax-
apiM u3 HuX. OJHAaKO peryJupoBaTh COCTaB a3oBOH CMeCH IO-
BOJILHO TPYAHO. MeTox mosyueHHsl ra3oBOH cMmecH, obecneuHBalo-
wui 6ojiee TOUHBI KOHTPOJb OTHOILEHWS KOHUEHTpalHH ee KOMMNO-
HEHTOB, COCTOHT B cjaeaywoueM. [InuHHy0 Tpy6y HANONHSIOT CMEChIO
HUCXONHBIX BellecTB (KOTOpHle OGBLIYHO HMEIT pas3Hoe [aaBjeHke
napoB), a 3aTeM HarpesaTesNb NJAaBHO NepeMellaloT BLOJbL TPyGHI,
HauWHas OT KOHLA, HauboJsee OJIM3KO PAaCMNOJIOKEHHOIO K peaKIu-
OHHOH 30He, W MOJIHOCTBIO HCNApPAIOT HaXoAAlHHcH B Tpybe Mmate-
puan [108]. Ins noayuyeHus] ras3oBeIX cMecedl NPUMEHSIOT TaKke
JHUCKPETHOe UCMapeHHe.

CyuecTByeT eme OAMH METOJA HCIMapeHHs BeUEeCTB CJOMXKHOTO
cocTaBa, NPW HCIOJb30BAHHHM KOTOPOTO HEOOXOLHMOE OTHOCHTEJIb-
HOe COJepXKaHWe KOMIIOHEHTOB Mapa ycTaHaBJHBaeTCs aBTOMATH-
yecku 6Jaromapsi TOMy, YTO COeJHHEHHe HJH CMeCb, SBJSIOLIHECS
HCTOYHHKAMH OCa)K/JaeMOro BelllecTBa, MOMeEILalT B HCIapHTeNb
HeGOJBIIOrO pasMepa W B IpoLecce TEPMHYECKOTO HCHAPEHHSA KO-
JIMYECTBO COEAMHEHUS WJH CMECH NOMOJHSIOT TaKUM 006pa3oM, YTOOH!
X 00'beM OCTaBaJIC MOCTOSIHHBIM. DTOT METOJ HA3bIBAIOT METOL0M
HCIapeHHusl U3 MOCTOSHHOTO HCTOYHHKa [108]. -

B HekoTOpPHIX CJyyasix OJs MOJYYEHHS MapoB BellecTBa Hal
MOBEPXHOCTBIO HATrPeTOro MeTaJjjla WJIH ero COeAMHEHHsS MpoIlyc-
KaloT Tra3co6pasHbBlii rajoreH € MHCIOJb30BAHHEM T[a3a-HOCHTEJs
(nnst nepeHoca Bry u I) nam 6e3 mero (nmotok Cly). Baxkno orme-
TUTb, YTO TPH OCYIIECTBJEHHN TPAHCIIOPTHOH peaKUUH OJHOBAJEHT-
HbIX METaJUIOB HEJOCTAaTOYHO TOYHBIH KOHTPOJb TeMIepaTyphl, CKO-
POCTH IOTOKa ra3a ¥ COCTOSIHUSI NMOBEPXHOCTH NOAJOKKH He OKasbl-
BAaeT CYLIECTBEHHOTO BJWSHHUA Ha XOJ PeaKLHH, B TO BpeMs Kak
NpH OCaXKIeHUU MEeTa/JIOB, HMCIOUUX Pa3/JIHYHYI0 BaJIEHTHOCTh, OTl-
pelleJIEHHYIO CTeleHb HX OKHCJEHHs MOXKHO 00eCHneuuTb JHMIb MPH
TOYHOM KOHTpOJIE TIapaMeTpPOB Npolecca 0CaxkKIAeHH.

2.3.43 Mopdonorus nneHok, nONy4aeMblx XMMHUYECKMM OcaxaeHuem
M3 napoBsoy asbl

B 3aBucumocTtu OT NpupoAbl MarepuaJga NOAJMOXKKH H COCTOAHUA
€€ INOBEPXHOCTH, yC./’IOBPIﬁ OCaxKJeHHsl, a TakxKe BUJAa W KOHLeHTpa-
ouu anMeceﬂ MJIeHKH, MoJyYaeMble XHMHYECKHM OCaXKIeHHEeM Hu3



MeTtoabl OCaMAEHUS TOHKMX NNEHOK 107

napoBoit (asbl, MOryT 3HAUHMTEJbLHO OTJHYATbCA IO XapaKTepy
MHUKDOCTPYKTYPH H OHITb MOPHCTHIMH H IUIOTHHIMH, aMOp(HBIMH
H MOHOKDHCTAJJIHYeCKHMMH (IpH 3MHTAKCHAJBbHOM pOCTE), PHIX-
JIBIMH ¥ M@XaHHYECKH MPOYHBIMH.

OO6bIuHO, KaK ¥ NpH (PU3HYECKOM OCaxKAEeHHH U3 MapoBoil (asH,
TIpU BBICOKOH TeMmepaType MOIJOXKH M HeOOJbIIOH NJOTHOCTH
napa o6pa3yioTcs MJEHKH, COCTOSIIIME W3 KPYIMHBIX KDPUCTAJJHTOB,
IpY HU3KON ke TeMmIepaType MOAJOXKKH H BHICOKOH MJIOTHOCTH napa
0CaxIalTcsi aMophHBle U MHKpPOKpHCTasnnuieckue cjou. Heobxo-
IMMO OTMETHTb, UTO XapaKTepHble OCOOEHHOCTH YKa3aHHOH 3aKo-
HOMEpHOCTH OOYCJIOBNIMBAIOTCH COCTABOM B3aHMOJAEHCTBYIOLUIMX Ma-
pOB, NpHUPOAOH MaTepHaJa MOAJNOXKKH, CKOPOCTbIO NOTOKOB Napa H
BHIOM NpUMeceH.

Mopdonorusi naeHOK, NOJYYeHHBIX XHMHYECKHM OCaXK[IEHHEM H3
napoBoH (asbl, B 3HAUHUTEJNbHOH CTENEHH 3aBHCHT OT Xapakrepa
fpouecca 3apoablileo6pa3soBaHHsl Ha paHHUX CTaJuaAX pocTa
nieHkd. Ouabu u ap. [123] ormeuasn, YTO OTHOCUTEJNBHO BBICOKAs
CKOpocTb 0Gpa3oBaHUsl 3apojpliliell CIOCOGCTBYET MOJNYUYEHHIO CJIOEB
C TJIaJIKOH TOBEPXHOCTHIO, B TO BpeMsl Kak MPH BBICOKOH CKOPOCTH
pocra 3apojbliliell B MONEPEYHOM MO OTHOLUEHHIO K MJOCKOCTH MOJ-
JIOXXKH HampaBJieHUH o0pas3yloTcs MNJEHKH, NOBEPXHOCTb KOTOPHIX
COJEPXKUT MJIOCKOCTH CKOJa ¥ CTyneHbKH. KauecTBO NMOBepXHOCTH
SMUTAKCHAJIbHBIX IJIEHOK MOXeT TaKxKe 3aBHCeTh OT KPHCTaJ.o-
rpacduyecKoil opreHTauuu nojoxKku [108].

CyllecTBEHHOe BJ/IMsiHHe Ha Ipouecc (OPMHPOBAHHA MHKPO-
CTPYKTYpbl OCaAaeMblX IJIEHOK OKa3blBaeT TeMmmepaTypa MOJI-
JoxkH. [Ipy oueHb HU3KUX TeMmepaTypax o6pa3yrotcsi MUKpPOKpH-
CcTajnyeckue, amopodHble uau MopUcThe ciaou. Ilpu mNoBbILIEHHH
TeMIepaTypsl OCaXKAEeHWs pa3Mep 3epeH H MJIOTHOCTh MJEHOK YyBe-
auyuBawotcsd. OueHb BbICOKAasi TeMmmepaTypa CHocoGCTByeT GHICT-
poMmy pocty 3epeH. OxHako B 3TOM cJydae CIJIOIIHOCTH IJIEHOK
HIXe MO CPAaBHEHUIO C MOKPHITHAMH, OCaXJAaeMbIMH NPHU HHU3KOH
TeMmeparype.

[TapuuanbHoe naBieHHe B3aHMOJEHCTBYIOUIMX IapoOB BIHSET Ha
CKOPOCTL OCAKJIEHUsl NJACHKH H, CJAef0BaTeJbHO, HA pasMep 3epeH.
ITo mepe yBeanueHHst CKOPOCTH OCaxKAeHHSI CTPYKTypa IJIEHOK MO-
JKeT U3MEHSITbCS OT CToN6YaTod (NMpH HU3KOH CKOPOCTH) A0 NMOPH-
CTOil (NpH BBICOKOH CKOPOCTH ocaxuieHus) [124].

23,44 Bupabl nneHOK, nONy4aembiX XMMMUUECKUM OCAKAEHUEM
M3 nNapoBoKr ¢asel

2.34.4a. Iloaynposodnuxu. CyuiecTByeT O60JbIIOE KOJHYECTBO
nyGJaMKanuil 10 pas3lIHYHBIM BONPOCAM, CBSI3AHHBIM C XHMHYECKHM
ocaxk/ieHieM U3 NapoBoH (as3bl HOJYNPOBOAHMKOBHIX MJEHOK. [le-
TaJbpHOe OOCYXKIeHHe [aHHBIX paboT BBHIXOAUT 3a paMKH 3TOiH
KHUTH, OJHAKO XapakKTepHble O0COOEHHOCTH HauboJee BasKHBIX MpO-
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leccoB, INpPHMEHSeMbIX IPH XHMHYECKOM OCaXKIEHUH H3 MapoBoOi
basel, ¢ yKasanueM TeX IOJYNPOBOAHUKOBHIX MAaTepHAJOB, KOTOpble
HCNOJB3YIOT B (DOTOINEKTPHYECKHX NPHOOpaX, CyMMHPOBaHb
B Ta6n. 2.9. PaccMOTPHM oueHb KpaTKO OCOGEHHOCTH mpolecca
OCaXK/I€HHsI HEKOTOPHX HauboJsiee BaXKHBIX MOJIYIPOBOAHHKOBBHIX Ma-
TEPHAJIOB.

s noJiydeHusi KpeMHHs OGHIUHO MPUMEHSIOT CHJIAH H Pas/uy-
Hble XJIOpcHJiaHH. IIpeHMMyIiecTBO HCMOJNB30BaHHS CHJIAHA COCTOHT
B TOM, YTO OCaxK[eHHe MOXKHO NPOBOAUTb NpPH HU3KUX TeMIepa-
Typax. OIHaKO NpHMeHeHHe OTHOCHUTEJbHO JeIIeBBIX XJOPCHJIAHOB
obecrieuriBaer GoJiee BBICOKYID CKOPOCTb POCTa MJEHOK BCJeJCTBHE
MOBHILIEHHOH TeMImepaTypel ocaxAeHdsi. [losyyaemble mieHku Si
MMEIOT 3MHUTAKCHAJIbHYI0O MOHOKPHCTAJ/IHYECKYIO, MOJUKPHCTAIIHYe-
CKYI0 HJIH aMOp(HYI0 CTPYKTYpPY. B KauecTBe MaTepuaJsioB jijis MOJ-
JIOXKEK NP BbipaUIMBAHHH KPEMHHEBBIX MJIEHOK HCHOJb3YIOT pas-
JIMYHble BHMAB KPeMHHsl, OT MOHOKDHCTAJJIHYECKOTO A0 MOJMKDPH-
CTaJIIAYeCKOr0 MeTaJsIlyPTHYeCKOro, a Tak¥Xe rpaHT, HepKaBeio-
IlYI0 CTajb, canpyp U KBapl.

Hns ocaxleHusi NOJYNPOBOJIHHUKOBHIX coeauHenuii [114] I11—
V rpynn nepuojadueckoit cucteMul, B gacTHoctH GaAs, AlAs, GaSh,
InP, InAs, GaP u GaN, npuMeHSIIOT THAPHAB, XJOPHIB H MeTaJ-
Jopranuueckue coefuHeHus. IIpH NOJNydYeHHH TPEXKOMIIOHEHTHBIX
cnaaBoB, TakuX, Kak Gaxlni P umu GaAs;_. P, TouHBIH KOHTpOJIb
LIMPHHB 3aNpelleHHO 30Hb MaTepHaJoB OCYLIECTBJAIOT NMyTeM H3-
MEHeHHsl COCTaBa, XapaKTepu3yeMoro napamerpom x. Meroiom XH-
MHYeCKOTO OCaXX[eHHs U3 NMapoBOH (asbl MOXKHO TaKike CO3AaBaTh
yeTHPeXKOMIIOHeHTHble cliaBsl [114], Hanpumep Gaylni_As,Pi_y,
HMelolHe HeOGXOAHMble 3HAUeHHS IIMPHHBI 3alpeleHHOH 30HB H
napaMeTpOB KPUCTAJVIHUECKOH PeLIeTKH.

Ilnenku coenunenuit 11—IV rpynn ocaxpator{l14] ¢ ucnoanso-
BaHHEeM XHMHYECKOIl PeaKIHH MeXAy MapaMu MeTajna U THAPHIAMH
snemenToB VI rpynnb, npu 3TOM B Ipoiecce Ta3oTPaHCIOPT-
Holt peakuun mapw coeauHenuii I1—VI rpynm nepenocaTcsa ¢ mo-
mombo HCl unu HBr, a ruapunas snementoB VI rpynnel B3auMo-
JIeHCTBYIOT ¢ MeTaJJIOPraHHYeCKHMHU COeJHHEHHSIMH, COAepKaUUMU
JU3TUJIOBBlE HJIM NMMETHJIOBBIE IPYIIIL.

[1po3paunbie MpoOBOASALIHE OKCHAHBE IJIEHKH, 4 MUMEHHO MJEeHKN
SnO,, Inc0s3, VO,, V03, V05, SnO,, nerupoBannoro Sb, u InyOs,
JIETHPOBAHHOIO Sn, MOJNy4yalT C MOMOIIbI0 THAPOJH3A XJOPHIOB
MeTaJ/IJIOB MJIH NHPOJH33 MeTaJjJopraHHYecKHX COeJHHeHHH.

2.34.4b. Meraarb., XuMuueckoe oOCaxKieHue MeTaNIOB H HX
CMJIAaBOB COMPOBOXKAAETCH CJEAYIOLIMMH NpolieccaMu: 1) TepMmuue-
CKHM pa3JioXKeHHeM, WJIH MHPOJH30M MeTa/JOPraHUuYeCKHUX COedu-
HeHHH, NPOUCXOAAILUM, KaK MNpaBUJIO, NMPH HH3KUX TeMIepaTypax:
2) BOCCTAaHOBJEHHEM ¢ IOMOIIbIO BOAOPOJNA TaJIOTEHHIOB MeTaJ-
JIOB, OKCHUTAJIOTEHUJIOB, KapOOHU/ITAOTeHHAOB H APYIHX KHCJODOA-
COApXKAaLIUX COeAUHEHHUH; 3) BOCCTAHOBJEHWEM THADPHUAOB MeTaJ-
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Tabauya 2.9. VicxonHble BeilecTBa Vst TMOJYYeHHs] METOJOM XHMHYECKOTo
OcaxJIeHHsI H3 NapoBO# (a3bl pa3/jiHYHBIX MaTepHaJoB,
IIPUMEHsIEMBIX B COJTHEUHBIX 3/leMeHTaX (4]

—r

Kpucrasa- M
- H K
romon | Mesommus nemeerns | ISR TS| M
Pa
Si SiCly, H, 1200 3 [Tnacruna
MOHOK pHCTAJI-
Jryeckoro Si
Si SiCl.H, H, 1150 ] To xe
Si SiCl,H,; H, 1100 ] »
Si SiH4, H2 1050 3 »
Si SiH,, He 900 3 »
Si SiHy, H, 960 3 Cancup
Si SiH4, H2 960 3 IInuHenb
Si SiH,, N, uan H, 700 . .. 900 I1 SiO,
Si SiCl3H B H, 900 ... 1000 II Cpadur, me-
TaJlJIbl
Si SiH, 600 ... 700 I1 CTpykTypht
(Hn3Koe JaBJie- JIH3NEKTPHK —
HHe) TIPOBOJIHUK
Ge GeCly, H, 600 . .. 900 3 Candup,
LA HEb
Ge (CHy),Ge, H, 700 . .. 1000 3 To xe
Ge GeH,, Hs 600 3 »
SiC SiCl,, Toanyon, H, 1100 I1 [lnactuna
MOHOKpHCTAJI+
Judeckoro Si
SiC SiCl,, rexcan, H, 1850 3 To xe
AlAs Al, HC}I{, AsHs, 1000 3 GaAs
2
AlAs (CHa)gll\_Il, AsHj, 700 3 GaAs
2
CdSe Cd, H,Se, H, 700 3 CdS,
CdSe (CHa)ZCd, Hgse, 600 2 Can(l)Hp
H,
GaAs Ga, AsClg, H, 760 i) GaAs
GaAs +Ga, HCI, AsH,, 725 3 GaAs, Ge
H,
GaAs (CHg)3Ga, AsHs, 700 3 In#Helb
H,
InP In, PCl3, H, 650 3 InP
InAs (CyH5)3In, AsHg, 675 3 Cangup
H,
InAs HCI, AsH;, H, 700 3 InAs
AlGaAs (CHg)3Al, 700 3 GaAs, candup
(CH)3Ga, AsHg,
H,
GaAsP Ga, HCI, AsHg, 750 3 Ge, GaAs
pH3y H2

Ha— amoppHasi, M — MoHOKpHcTaaanyecKas, [T — nosMKpucramIuyeckass, D — 3 MHUTa-

K CHaJjibHas
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Ipodonscerue
Kpucran-
nposomuk | Hcxomuse emectsa | ocommmmroc ﬁ?;i%“%’f Hommomicn
)
pa
GaAsP Ga, AsCl;, PCl, 800 3 GaAs
H.
GaAsSb | Ga, HCI, AsH,, 700 3 GaAs
GalnP Ga, In, HCI, 700 3 GaAs
pHS» H2
GalnAs Ga, In, HCl, 725 3 GaAs
ASH:;, Hz -
GalnAs (CHy)Ga., 600 3 GaAs
(CoHs)sIn, AsHj,
H
InAsP | In, HCI, AsH,, 700 3 InAs
pH3» H2
GalnAsP Ga, In, HCI, 650 3 InP
pH3, ASH:;, Hg‘
ZnS Zn, H,S, H, 825 3 GaAs, GaP
ZnS «%I{93Zn, }hs, 750 2 Can@ﬂp
H
ZnS ZnS, HCI, H, 800 3 GaAs
ZnSe Zn, H,Se, H, 890 3 GaAs, candup
ZnSe ZnSe, HBr, H, 550 3 GaAs, Ga
ZnSe (CoHs)eZn, HsSe. 750 ] Cangup, BeO
H, %
CdS Cd, H:S, Ho 690 3 GaAs, candup
CdS (CH3),Cd, H,S, 475 ) Cangup
H,
CdTe Cd, Te, He 700 . . . 960 n Vraepox
CdTe (CH3),Cd, 500 3 CandHp, wnK-
(CH),Te, H, Heab, BeO
SnO, (C4Hy),Sn, 420 A Si, kBapl,
(OOCHg),, O, CTeKJIO
Ov
Sn0, : Sb C.Hy).5n, 450 A To e
(OOCH%g, SbhCly,
In,O4 : Sb XeJ'[aTHOg coenu- 500 A »
Henue In,
(C4H,),Sn,
(OOCHg),, H,0,

V,05, VO,, | (CoH,00,V, N, 400 n Crexito, carl-
Vo0, O, ¢up, Kapu
ZnO (C3H;0,)5Zn 500 . .. 600 A Mertaset

650 M »
1,04 (CsH;04)51In 450 . .. 550 A »
630 M »

D oA aMopdHasi, M — MOHOKpHcTalduyecKkas, Il — NOJMUKpHUCTaNINYeCKas, D— 3nuTa-

KCcHanbpHaa
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JIOB HaXOJAIIMMHUCS B MapoBoH ¢ase 6oJjiee aKTHBHLHIMH MeTajlJlaMHu-
BOCCTAHOBHTE/ISIMH; 4) TPaHCIOPTHOH XHMHYECKOil peaKLHel.

2.344c. Juaaektpuku. B GOJBLIKHCTBE ClydaeB METON XUMHUUe-
CKOIO OCaxK/J€HHs U3 NMapoBOH (a3bl B OTJIHUHE OT APYTHX METOA0B
OCaxK/[eHHsl MO3BOJAET mNoJydyaThb O6ojiee BBHICOKOKAayeCTBEHHBIE [IH-
3JIEKTPHYECKHE IIJIEHKH, KOTOpbie MNPUMEHSITCH KaK ONTHYECKHe
MOKPHTHUS, TIOKPHITHS [/ NaCCHBAIHH MOBEPXHOCTH, H30JANUONHBIE
MOKPLITHA B MHOTOCJOHHBIX CTPYKTypaX, Kak MacKu IpH INpoBele-
HUU A @y3un U QOTOTpaBJeHHs], a TaKxKe KaK NOKPHITHSA, NPeloT-
BpallaioLIHe KOPPO3UIO.

23.45 TasorpaHcnoptHble peakuuu B KBA3U3AMKHYTOM obteme

[ns BeIpamuBaHus SNUTAKCHANbHBIX IJIEHOK IIOJYIPOBOAHHKOB
M UX COeJMHEHHH psgom HccaepoBartenei [125, 126] ocymectsas-
Jlach, XAMHUeCKasi TPAHCIOPTHAs peaklus B KBa3U3aMKHYTOM O0b-
eme. Ilpu HCnoOJBL30BAHHH 3TOrO MeTOAa MeXAY OJHU3KO pacroJio-
KEHHBIMH (Ha PAcCTOSIHMH ~ | MM) MCTOYHHKOM H MOJJIOXKKO#H MO~
JepXKHBaeTCcs ONpejeNeHHass Pa3HOCTb TeMmmepaTyp. B pesyabrarte
B3aUMOAEHCTBUS XHMHUUYECKH AKTHBHOTO ra3a C BeIIeCTBOM HCTOY-
HuKa o6pasyeTcs JieTyuee COEUHEHHE, KOTOPOe 3aTeM pasjaraercs
y MOBEPXHOCTH MOJJIOXKH, H HCXOJHOE BEIeCTBO OCaXAaeTCs B BHIE
ToHKOH MJieHKH. CKOPOCTb pocTa M/IEHKH CHUJIbHO 33aBHCHUT OT KHHe-
THKM Tpolecca TNepeHoca aKTHBHOIO rasa, TeMIlepaTyphl HCTOYHHKa
U MOJIJIOXKKH, COCTOSIHHSI TOBEPXHOCTH TOJJIOXKKH H, pa3ymeercs,
TepMOJHHAMHUYECKHX IapaMeTPOB XHMHUYECKHX peaxuui. Teoperu-
YeCKHH ailajiu3 IMPOUECCOB, NPOUCXOAAILHX NMPH OCAXKIEHUH TJIEHKH,
BoinosiHen Befu u ap. [127]

C nomoumpbio 3TOr0 Meroga ocaxiaenus Moem [128] mosyuennt
SMUTAKCHAJbHbIE KPEMHHEBHE NJEHKH B YCJIOBHSIX, KOTJa NepeHOC
Si ocymectBasercsi napamMu I, ¢ HH3KHMM -JaBJeHHEM, a HCTOYHUK
uMeeT 6ojiee HU3KYIO TeMIlepaTypy, yeM moanoxka. Kypruc u Bpan-
Hep [129] nasi SNMUTAKCHANBHOLO OCAXKIEHUS -TIIEHOK CdS u GaAs,
CKOPOCTh pocra KOTOPBIX COCTaB/sia OKOJO | MKM/MHH, TpuMe-
HSJIM XMMHYECKHE TPAHCIOPTHblE peaKlHH, aHAJOTHYHBlEe peaKIHH

CdS (koupeHc. coctT.) + Hy (rasoo6p. ¢asa) <= H,S (rasoobp. dasa)
-+ Cd (razoo6p. dasa).
DTHM MeETOJOM MOJNYUeHbl TaKxke snutakcuadpHoie miaenku CdTe

[130] u GaAs [131] npu ucronb3oBaHUK B KauecTBe ra3a-HOCHTEJs
BOJSTHOTO mapa.

2.3.4.6 [MnasmeHHOe ocaxpaeHue

[Tna3mennoe ocaxKueHHe, Ha3blBaeMoe TaKkKe OCaxKIeHHeM
B TJIEIOIIEM paspsge, MpelcTaBiser coO0OH, MO CYLIECTBY, NPOICCC
XHMHYECKOTO OCaXKJAEHUs M3 MNapoBOH (asbl, OCYIIECTBJASEMBbIH
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B nuasme. C noMouIbio NasMbl TJEIOWEro paspsiga (mpu MOCTOSII-
HOM TOKe HJH BHICOKOYACTOTHOM BO30YXKAEHHH) Napel pasnarailoT
Ha COCTaBJsIIOUIME, B pPe3y/bTaTe B3aHMOAEHCTBHUSI KOTOPHIX 06pa-
3yeTCsi BeleCTBO ocaxiaeMoii mienku. Tak, HanmpHMep, B mpoiecce
XHMUYECKOH DeakIHHM MeXAay cofepxamuMmucs B nape SiH, u NH;
ocaxnaercss naeHka SisNs;. AnanoruynsIM oGpasoM mpu B3auMo-
neicteuu SiH, ¢ mapamu HyO obpasyercs nienka Si. IIpu pasio-
JKEHHHM NapoB TETPa3THJOPTOCHAHKATa (opMupyercs niaexka SiO,.
MeTo NJIa3MEHHOTO OCaXKAeHHs y106eH I/ MOJYYEHHS MOJUMep-
HBIX MJIEHOK CJIOXHOTO COCTaBa.

Haubonee uHTepecHOd 06/1acTbl0 NpPHMEHEHHS 3TOro0 MeToAa
B HaCTosilllee BpeMsi fIBASETCA OCaKAEHHEe MJIEHOK THAPOreHU3UpPO-
BaHHOTO aMOP(HOro KPeMHHs AJ COJNHEUYHBIX 3JEeMEHTOB, KOTOpOe
NIPOBOIMTCA B TJIEIOUIEM paspsiie B aTMochepe YHCTOrO WJIH pas-
6aBjgeHHOro apronoM cunana SiH, [las ocaXiaeHus NJNEeHOK HC-
NoJIb3yeTcs MpocTasg YCTAHOBKA, B KOTOPOH 0e33JIeKTPOJHBIH TJaelo-
WHH pa3psaa Bo36yxKAaeTcs BHEIUHHM BUTKOM mpu uactote ot 0,5
a0 13,5 MI'u. ITpu naBnenuu 13...27 I1a u ckopoctu nmotoka SiH,
(B cranpapTHHX ycaoBusix) 0,2...5,0 cM3/MHH cKOpocTb oOcaxkie-
Hus mieHkd cocrasiser 10...100 aM/muH. CremeHb OLHOPOAHOCTH
NIEHOK T'HAPOT€HH3MPOBAHHOrO aMOP(HOro KPEMHHUS 3HAYUTEIBHO
noBHIIAeTCS, eCaM TJewowui paspan B SiH, cospaercs Mexny
nJocKonapaJe/bHEMU 3JeKTpoaMu (pa3psii NMOCTOSIHHOTO TOKa)
HJIH C TIOMOLIbI0 KOHJAEHCATOpa BO36YXKAaeTcsi BBLICOKOYACTOTHBI
paspsan ¢ uactoroir 13,56 MI'm. HM3meHsis nioTHOCTb KaToOZHOTO
toka ot 0,2 no 2,0 MA/cM? B TielomeM paspsiie MOCTOSTHHOTO TOKa
npu nasiennn SiH;~133 Ila, MoXHO ocaxKZaTh MJEHKH CO CKO-
pocteio 0,1...1,0 HM/MuH. B Tiewomem paspsine, Bo3GyxaaeMoM
BBICOKOYACTOTHLIM TmoJgeM, npu gasiaeHun 0,7...33 [la u ckopocTu
notoka SiH, (B cranpaprtabix ycaoBusix) 10...30 cm3/Mun poctu-
JKMMbI CKOPOCTH OCaK/JeHusi TieHok okosao 50 um/muu. Cocras mije-
HOK, B YaCTHOCTH KOHIEHTpallhus BOAOPOLA, CHJbHO 3aBHCHT OT
XapakTepucTHK pa3psiia, aasneHus SiHs u Temnepatypn mnol-
qoxkd. [Ipu BeicokoM AaBnenuu Sill, ¢opMupYIOTCA TJIEHKH, HMeE-
IolMe OCTPOBKOBYIO CTPYKTYpy. IlleHKH ruaporeHu3HpoBaHHOroO
aMop(hHOro KpeMHusi mpeicTaBasior coboit cnnaB Si ¢ Hy, B koTO-
pom artomHoe coaepxkauue Hp mocruraer 50 %. [Tnenku, ocaxnae-
Mble npu TeMmepartype Huxe 200°C, comep:KaT BKJIIOYEHHS AUTHI-
puia 4, BO3MOXKHO, Tpuruapuaa kpemuus. [Ipu temnepartype ocax-
nenus, npesnmatomen 200 °C, BoJOpPOA NPUCYTCTBYET B IJIEHKe,
NO-BUIHMOMY, TOJbKO B BHIe MOHOTHIPHAA KPeMHHS (BKJIOUEHHS
SiH). JlanHbie 0 HaAIUYHH aTOMOB HJIH MOJIEKYJ BOJOPOJa B MeX-
N0y3JHsX OTCYTCTBYIOT. IlJIEeHKH THIPOreHH3HPOBAHHOrO amopd-
HOrO KpPEeMHHsI MOXKHO JIeTHpOBaTb GopoM H/IH (oChOpoM Npu BBe-
JleHu# B ra3oByio ¢asy napos BoHg uan PHs.
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2.3.5 Peakuus samew,eHus

[Tnenku cyabduaa Meau MOXKHO MOJMY4aTh C NOMOWIBIO MOBEPX-
HOCTHOH MOHOOOMEHHOH peakl Uy, UJH, HHaue, PEAKIMH 3aMelIeHHs,
KOTOpas YCJIOBHO 3aNHUCHIBAETCS B BHIE

CdY + 2CuX —Cu,Y + CdX,,

rie cuMBosioM X o6ozHauen arom ranorena (Cl, Br uam I), a cum-
BosioM Y — arom 3sneMenta VI rpynnu (S, Se nau Te). dror npo-
IecC, Ha3blBaeMbIH TakKxke YNPOLEHHO OKYHAaHUEM HJIH MOKpbIM D
XHMHUYECKHM I[POLeCCOM, CBsi3aH ¢ 3aMeumienneM noHa Cd nByms
nonamu Cu. Peaxuuyn 3aMelieHusi HCHOJb3YIOTCS AJS BHIpalluBa-
s miaeHok CueS [132] u CugTe [133]. ITpoaykr peakuun CdX,
yZAanseTcsi IPOMBIBKO# B BOJ€ WM MeTaHOJe,

Peakiiust 06bIYHO TPOBOAMTCS B BOJHOM pPacTBOPe B HHTepBaJe
temnepartyp ot 90 mo 100°C. Onsa noswienusi pactBopuMoctd CuX
B pactBop nobGaBasiioT Takde coqu, kKak NaCl uan NH,Cl. ITpume-
HsileMble B KayeCcTBe BOCCTAHOBUTEJSI THAPA3UH WM THAPOKCHJIAMHH
npejoTBpaIaloT OKucjaeHHe uoHoB Cut. Peakuuio mnpoBoAsT
B HHepTHOH aTMocdepe, NIPU TOM HaJ BAHHOH CO3JAIOT 3aUUTHHIH
cnoit Ar uam N2. Hexoropeie aBtopnr [134] nm1s BoccTaHOBieHUS
HOHOB MeJW TNOMemaloT B BaHHy MefHble onuaku. Coobuialnoch
takxke [135] 06 uCmOJb30OBAHMM OpPraHMYECKOrO pacTBOpPa BMECTO
BOJIHOTO.

TunuuHHi pacTBOp IJs OKYHaHHS, IPUMEHSieMHiI B Hallei Ja-
60paTopud IJISl H3rOTOBJEHHs COJIHEUHBIX 3JIEMEHTOB Ha OCHOBe
CuyS — CdS, uMeer caenymomui cocTas:

CuCl (cBexenpuroToBjaeHHblH) — 4 r/a
NaCl—6 r/n

pH=3,0 (ycranaBauBaercs ¢ nomompio HCI)
Temneparypa Baunbl — 97 °C

Kunernka peakuuu 3aMelleHUsl U3yyajacb HECKONbKUMH aBTO-
paMu, npuueM HauboJiee NeTaJbHO HCCJENOBAJICS NPOLECC MOJyde-
Hua CuyS. 3HauuTesibHOe BIHSIHME Ha CKOPOCTb PEAKIHUH OKa3bl-
BaeT KOJMYECTBO HOHOB MeIy B PacTBOpe, KOTOPOe B CBOIO Ouepelb
3aBMCUT OT KOHLEHTpaluu coJH, KoHueHtpauumu NaCl, 3HaueHus
pH u oT MHKPOCTPYKTYpHl NOBEDXHOCTH, HAa KOTOPOi NPOUCXOJUT
peakuusa. TosumuHa o6pasyouerocs cJos BO3PACTAaeT C YBeJH-
YeHHeM MPOJOJKHUTENbHOCTH OKYHAHUS TIPH YCJIOBHH, YTO TPO-
e TapaMeTpsl Ipolecca He H3MeHsiloTCA. Peakius mnpoTekaer
¢ 6oJibluofi CKOPOCTbIO, W NpH mNodydyeHun cjaosi CupeS TOJIMHOMN
200 HM NpPOJOJIKUTENbHOCTb OKYHAaHHsA OOBIYHO COCTaBJsSeT OT D 10

1) B orsinuMe OT MOKpPOro NpolLecca aHaJOTrHYHBIH CcyXolf XHMUUYecKHH mpo-
1lecC TPOHCXOAHT B TBepiOH (ase NPH HaNblIEHMH B BakyyMe Ha IUIeHKY, Ha-
npumep, CdS csaos CuCl u oxHOBpeMeHHOH (HJM mnocJenywoiueit) TepMoobpa-
60TKe 17151 OCYILIeCTBJIEHHsI peakuuu 3aMetenus. — JTpum. peo.
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Puc. 2.20. Bausuue pasimuHBIX TapaMeTpoB Ha TPOLECC OCAXKAeHUs MNJACHOK
Cu,S, noayuaembix mocpeacTBOM oKyHaHus [137].

10 c. CxopocTb pocTa NJEHKH 3aBUCUT OT BUJAA rajioreHa H OBHILIA-~
erca npu 3ameHe atoMoB Cl Ha atomwl Br u I B coorBercTBuM ¢ NO-
caenoBarenabHoctbio Cl—Br—1 [136].

[TockoabKy peakiusi NPOMCXOAUT B NPUIOBEPXHOCTHOMN OGJACTH,
caoiit CupS wuMeer Takywo »Ke MHKPOCTPYKTYDY, Kak H HCXOJAHBIH
caoit CdS. Cyabdua Meau MOXKeT CYIIeCTBOBATH B BHAE HECKOJb-
Kux (a3 ¢ pasauunbiM coctaBoM. CocTaB MoOJyuyaeMoro cJoOst 3aBU-
CHT. OT CKODOCTH peakKluH M CTelleHH OKHCJEeHHs MOHOB MelH B pac-
TBOpe. JJEKTPHYECKHe M ONTHYECKHe CBoOHcTBa Cyabdura Meau
omnpeAessIOTCS IJaBHEIM 06pa3oM ero coCTaBOM. _ ,

Ha puc. 2.20 B rpaduyeckoit ¢opMe MNOKa3aHO BJHsIHHe Das-
JIMYHBIX TIapaMeTpoB peakluud Ha npouecc pocra naeHok Cu,S, mo-
JyyaeMblX MOCpeACTBOM okyHauus [137].

HecMoTps Ha TO 4TO MOKpBIH MeTOA, HJIH MeTOA OKYHaHHUsd, WIH-
POKO TpUMeHsieTCsl B NPOU3BOACTBE COTHEYHBIX 3JE€MEHTOB, OH HMEET
HECKOJbKO HEeJOCTATKOB, K KOTOPHIM OTHOCATCS: 1) HeoOXOAMMOCTb
HCIOJAb30BaHHA TOJCTOro (~25 MKM) HcxoxHoro cjaosi CdS mas
IpeJOTBpalleHisi IIYHTHPOBAHMS 3JEMEHTa BCJEACTBHE BBHICOKOH
cxopocTu auddys3nu NoxBHKHBX HOHOB Cu B obaactax caost CdS,
HMEIOUIMX HECOBEpIIEHHYIO CTPYKTYDY, K KOTOPHIM OTHOCSITCA, B 4a-
CTHOCTH, TPAaHHULBL 3€PeH; 2) HeOLHOPOLHOCTb cBOiCTB caost Cu,S
M3-32 PE3KOTO NPEPLIBAHHUS PEAKLHU TPH NOCTHKEHHH HEoOX0AuMOH
TOJILMHBI CJjosi; 3) Hajuuue B ciaoe Cly,S mocje OKOHYaHHs peak-
uun rpagdentoB Kouuenrpauuu Cu u Cd; 4) OTCYyTCTBHE BO3MOK-
HOCTH peryJaupoBaTh coctas ca0st Cu,S.

[Tpu mpoBeneHun peakuuu 3aMelleHHss B TBEPHOH (ase ykasaH-
Hble MPo6JeMbl OTCYTCTBYIOT. IlJist OCylLIecTBJEHHSI 3TOro mpoiecca
1138, 139], nasbiBaeMOro yacro CyXuM, Ha mnoBepxHocTb caos CdS
METOJOM BaKyyMHOTO HcHapeHusi ocaxAaioT ToHkyw mnaenky CuCl
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Ee tonmuHa BHOHpaeTcsi ¢ y4eTOM HEOGXOAMMON TOJIIMHBI CJIOS
Cu,S. Tlpu HarpeBe mnueHOK, 0Gpa3yOMHUX cucremy CuCl — CdS,
MeXAy NJeHKaMH NPOMCXOAHT peakuusi B TBepaoi ¢asze. Jlac u ap.
[139] coobwanu o MOJy4eHHH MJIeHOK CuUpS CTeXHOMETPHYECKOro
cocTaBa €O CTPYKTYpOH BIOPTUMTA HJu cdasiepura, BOCIPOU3BOAS-
mwed cTpykrypy caos CdS, npu reMneparype peakinuu B HHTEpBaje
200...250°C. [NaHublfi mpouecc NPOMCXOIHT NPEHMYNIIECTBEHHO
B TNOBEPXHOCTHOM cJjoe, M TojmuHa CupS ¢ BBICOKOH TOYHOCTBIO
perynupyercss uaMenenueM toguuHbl cjioss CuCl. Ilockonbky B oc-
HOBe peaklluH, NMpoTeKawlled B TBepaod ¢ase, Jexur aucddysu-
onnwlii mpouecc [140] 1 ee MOXHO NPOBOAWTH O MOJNYYEHUS TOJ-
HOCTbIO OAHOPOAHOro coctaBa [116], B oGpasywomemess clioe CYJib-
¢una Meau rpaguerthl KoHueHTpauuit Cd u Cu OoTCyTCTBYIOT.
Onnako nns ob6pasoBanusi ciosi CupS CTEXHOMETPHYECKOrO COCTaBa
nepes NPOBEAEHHEM PeaKIUH BCe BHAB HOHOB MelIH, NPUCYTCTBYIO-
mue B CuCl, He06XOAUMO BOCCTAHOBHTb A0 HEHTPAJBHOrO COCTOS-
uHusa. Hcenapenne CuCl uepes npokjagky H3 MeJHOH <«IIEpPCTH»
CrocO6GCTBYyeT BOCCTAHOBJEHHIO HOHOB Mepd. Ilpu ppyroM cnocobe
NpOBeJeHUsi peakuuu B TBepHoil $ase Ha noBepxHocth CdS B mep-

ByI0 Oouepelb HAHOCAT TOHKHH cjoi Cu, a 3aTeM HCHAPSIOT MJEHKY
CuCl [140].

2.3.6 DnexkTponuTMYECKoe OcCaXkAeHue

XuMuueckue INpPOLECCH, MNPOUCXOAflIMe TNPU NPOTEKAHUH 3JeK-
TPHYECKOTO TOKa yepe3 3JEKTPOJHT, HOCAT Ha3BaHHe 3JeKTPOJu3a,
a BBIJeJIeHHe Ha 3JIeKTPOAAX B Pe3yJbTaTe THX MPOIECCOB KAKOro-
Ju60 BelleCTBa HA3bIBAETCH 3JEKTPONHUTHYECKUM OCAMKAECHUEM WJIH
3JIeKTPOOCAKAEHUEM.

SIBneHne 3JeKTPOJM3a OMHCHIBAeTCs ABYMSl 3aKOHAaMH, chopMmy-
aupoBannbiMu Papageem B 1833 r.: 1) macca BbgenuBlIerocst Be-
LIeCTBA TPSIMO MPONOPLHOHABHA KOJIHYECTBY 3JIEKTPUYECTBA, MPO-
ule/Iero depes 3JeKTPOJHUT; 2) MacChl Pas/HUdHBIX BEIEeCTB, OCaXK-
JEeHHBIX Ha 3JeKTPoJe WJIH yAaJeHHHX BCJEACTBHE HX PacTBOPEeHHS
NpH TPOXOXKAEHUH Yepe3 3JEKTPOJHT TaKOTO Ke KOJNUYecTBa 3JEK-
TPUYECTBA, MPSIMO MPONOPLIHOHAJNBHE XUMHYECKHM SKBHUBaJIEHTaM
3TUX BeilecTs.

OO6bequHeHHBIH 3aKOH 3JEKTPOJH3a MareMaTHYeCKH MOXKHO
NpejCTaBUTh B BHJE W = IEt/F,

rie W-—mwMacca (B rpaMmax) oca)KIeHHOTO BemecTBa, [ — TOK
(B aMnepax), E — XMMHUYECKHIl SKBUBAJIEHT BellecTBa (B rpamMmax)
H {— NPOLOJIKHUTEJbHOCTb Ipouecca (B cekyHAax). Besawuyuna F,
nasbiBaeMasi uucioMm Papanmes u pasuas 96485 Ku/mosb, npen-
cTaBJaser coboil 3apsi, KOTOPHIH HeOOXOAMMO INPONYCTHUTb uYepe3s
pacTBop, 4TOOB BBI3BATbH OCaXK/[EHHEe HOHOB Kakoro-iubo Belle-
CTBa, KOJMYECTBO KOTOPOTO UHCJEHHO DPaBHO €ro 3JeKTPOXHMuue-
CKOMY 3KBUBAJCHTY.
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23.6.1 MNpouecc ocampeHus

[Ipu norpyxeHuu MeTanauyecKOro 3JeKTPOJa B PacTBOP CO-
JepXKallMi HOHBI TOrO e MeTajla, yCTaHABJIMBAETCA AHHAMUYeE-
CKOe paBHOBeCHE

M= MX oL Xe,

rie cuMBoioM M o603Hayen aToM Merajna. PasHocTh MOTeHLHa-
JIOB, BO3HHKAWOLAsA MeXAY 3JEKTPOLOM U 3JEKTPOJHTOM INpPH OT-
CYTCTBHH BHELIHero HaNpsIKeHus, Ha3biBaeTcs 3JeKTPOJHBIM I0-
TEHIIHAJIOM,

B ycnoBusix AMHaMHYeCKOro paBHOBECHsi 3JI€KTPOA NMpuobperaer
onpefieJieHHbI# 3apsifi, KOTOPBI NMPUTArMBAeT HOHBI C 3apsiloM INpO-
THBOIIOJIOKHOIO 3HaKa, a TaKxXKe MOJEKYJH BOJAbH U YAepKHBaeT
HX Ha rpaHylle pasjena 3JeKTPOJA M IJEKTPOJHTA 32 CUET 3JIeK-
TpocTaTHYecKoro B3auMopedcTBHsA. [lpu 3ToM o6pasyerca Tak
Ha3blBa€MBIH [IBOHHOH 3JeKTpUYECKHH CJIOH; ero BHYTDEHHSs 4acTh
COCTOMT B OCHOBHOM M3 JHUNOJied, O6OPa30BAHHHIX OPUEHTHPOBAH-
HBIMHM MOJIEKYJJaMH BOJb, U Pacnpele/]eHHbBIX MeXJy HUMH H36Gupa-
TeJIbHO afCOPOHPOBAHHBIX HOHOB, B TO BPEMsi KaK ero HapyXHbIF
CJI0H COMEPXKUT HOHBI C 3apsilOM MPOTHUBOTOJOKHOIO 3HAKa IO OT-
HOUIEHUIO K 3JeKkTpoly. B mnpomecce OcaxaeHusi BemecTBa HOHBL
JIOCTHralT 3JeKTPoja, a 3aTeM, nepemeniasch Mo €ro NOBepXHOCTH,
3aHMMAIOT YCTOHUYMBOE NOJIOXKEHHE, U eC/IU OHU HMEIT COJbBATHYI>
000JI04Ky, TO OZHOBPEMEHHO C 3TUM INPOUCXOAUT OTAEJEHHE JIHrad-
J0B (MOJIeKY/1 BOABI MJH KOMIJIEKCOOOpa3ylolMX areHToB), B pe-
3yJbTaTe yero MOHb NPUOOPeTalOT CBOHCTBEHHBIH UM 3apsif. B sTux
YCJOBHUAX TNPOTEKaeT 3apaHee IPeAYCMOTPEHHAsi 3JEKTPOXHUMHYE-
CKasl peakuus. DricTpoe yMeHblIeHUe KOHLEHTPAIMU HOHOB B ABOH-
HOM CJIOe NPH OCaKAeHHH BellecTBa KOMIEHCHPYeTCS HernpepBBHBIM
NOCTYyMJIeHHEM HOBBIX MOHOB M3 o0beMa 3jekTposura. [lepewoc
HOHOB B O6elHeHHYI0 06/acTb OOYyCJOBJEH CJAEAYIOUMMHU MOpOlec-
camu: 1) audoysueii, cBsI3aHHONR ¢ HaJIUYHEM TIPAJMEeHTa KOHUEHT-
pauuu HOHOB; 2) npeiidoM moj AeHCTBHEM MNPUJIOKEHHOrO 3JEKTpH-
YeCcKOro ToJis; 3) MPOTEKAaHHEM B 3JEKTPOJUTEe KOHBEKUHUOHHBIX TO-
KOB.

CyuiecTByeT psifi mapaMeTpPOB Ipoliecca OcaxKJaeHus, U3MeHeHHe
KOTOPbIX 3HAUMTENbHO BJHMSET HAa YCJOBHSA POCTA U CBOHCTBA MOJV-
yaeMblx 1maeHoOk. 1) IlaorHocre ToKka. dTa BeTWUHHA, COTJIACHO OIl-
pelleJleHHIO paBHAsi OTHOLIEHHIO OOLIEro TOKa K IMJOWIaAW 3JeK-
TpoOAa, sBJsETC OJHUM U3 HauboJiee BaKHBIX NapaMeTPoB, OT KO-
TOPOro 3aBHUCAT OOMIMe XapaKTePUCTHKHM IUIEHKH, B TOM ducje
MHUKPOCTPYKTYpPa, 3(P(EKTUBHOCTb OCAXKACHHS H CKOPOCTb pOCTa.
s Ka)kaoro KOHKPETHOro MPOLEcca OCaAXKAEHHS ONTHMAaJbHBIA
NHana3oH I[JOTHOCTeH ToKa, 0GecNeYUBAIOIIUX MOJyYeHHe OCaiKa
¢ ofnpeleJeHHBIMH CBOHCTBAMH, MOXKHO ONpefes]HTb 3KCIepUMeH-
tanbHo. 2) XapakrepucTuxu 34eKTPOAUTUHECKOU B8aHHbl. BaxHyio
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poJib B Npollecce ocaxJeHusi urpaer coctaB BaHHbl. OCHOBHLIM Ma-
paMerpoM, onpele/]fOIIUM NPOLECC OCAXKAEHHs MJEHOK, SBJSETCS
COCTaB 3JIEKTPOJIHTA, KOTOPHIH CJAYXKHUT HCTOYHUKOM HOHOB, HMEIO-
IWHX TPocTyI0 GopMy HiH O6PasymoUHUX KOMIJIEKCHOE COeJHHEHHe.
B 3aBucHMOCTH OT XapakTepa npolecca ocaxkKaeHusi (OH MOXKET Ipo-
TeKaTb Ha KaTole MJM Ha aHOle) 3HAUHTeJbHOE BJHMSIHHE HA CTPYK-
TYpy obpasywouleficsi NJIEHKH OKa3biBAalOT CBO#cTBa JHOO aHHOHOB,
JUOO KaTHOHOB, NPUYEM 3TO BJHSHHE YCHJIHUBAETCS, €CJH HA NOBEpPX-
HOCTH pasjesna 3J€KTPoJa U 3JIEeKTPOJIUTA CYIIEeCTBYIOT H36upa-
TeJbHO aAcOpOMpPOBaHHBIe HOHBI, oOpasylomiie 4YacTb BHYTpeHHell
o6s1acTH ABOHHOro cjosi. MoJsleKyJibl HEKOTOPBIX OPraHHYeCKUX coe-
JUHEHUH, colepxauifdecss BO BHyTPeHHeHl 4acTH ABOMHOrO CJOsi, Hr-
paloT TaKylo Xe poJib, KaK U aJcopOupoBaHHble HOHBI. B HEKOTOpPHIX
clydyasiXx B BaHHY [06aBislloT NOBepPXHOCTHO-aKTHBHbIE BEl1ECTBA,
yJaydllamlie CMayHBaHUe MOBEPXHOCTH KaTOAAa 3JeKTPOJUTOM, 6a-
rojaps 4eMmy c NOBEPXHOCTH yRaJSIOTCS NMY3bIPbKU BOROPOAA U Hpe-
HNOTBpallaeTcss KOPPO3Hs, KOTOpas MPOUCXOAMT NPU BHAEJEHHH BO-
Jopoja B mpolecce KaTOQHOrO ocaxaeHus. Ec/u 3/eKTpoJur He 06-
JajaeT AOCTATOYHO BBICOKOfi 3J€KTPOHPOBOJHOCTBIO, B Hero BBOJST
KHCJIOTHI, 1EJOYH HJIU COOTBETCTBYIOLIME COJIM, KOTOpPBlE HMEIOT BhI-
COKYI0 HOHH3UPYIOIWYI0 CHOCOGHOCTb M NO3BOJAIT M3MEHSTh 3JeK-
TPONPOBOAHOCTbL 3JIEKTPOJIHTA, @ TaKXe peryjaupoBatb pH BaHHHL
3uauenrieM pH onpenensiercs o6uiasi JE€KTPONPOBOAHOCTh 3JeK-
TPOJIUTA C BBeJeHHBIMH B Hero jpo6aBkamu. OnHaKo HeoO6XOaUMO-
BbIOpaTh ONTHMAaJbHOe 3HAYeHHe pH, MOCKOJbKY NpU OYeHb HHU3KHX
pH Oyzer npoucXOAWTh JHIbL BblJejeHHe BOXOPOAA, a NPH Ype3-
MepHO BbIcCOKMX pH ocakJeHHOe BewlecTBO MOXKET COJAePKaThb.
BKJIOUEHHS Trufpokcufa. TemmepaTypa BauHb BJausieT Ha AHDDy-
3HUI0 MOHOB, KOHBEKIIMOHHbBIE TOKH, COCTaB U YCTOHUYHUBOCTb KOMIUJIEK-
CHBIX COeIMHEHHI, a TakxKe Ha Mpollecc pa3JoxKeHus K06ABOK (ecau
onu npuMensiiorcst). 3) Popma 3sexrpoda. PacnpeleneHne ToKa I0.
MOBEPXHOCTH 3JEKTPOAa M, CJIeJ0OBAaTeJbHO, CTeNeHb OJHOPOAHOCTH
oca)kIaeMOH NJIEHKH 3aBHCAT OT (OPMB AKTHBHOTO 3JIEKTPOJA..
Bosiee BBICOKasi MJIOTHOCTL TOKa MO KpasiM 3JEKTPOAa, a TaKXe HA
BBIIYKJIBIX y4acTKaX NOBEPXHOCTH, U GOJiee HU3Kasf — HA ydyacTKax,
ColepXKamux TPEeWlHHB H yray6iaeHHs, IPHUBOAUT K TOMY, 4TO TOJ--
IHMHA IJIEHKA YBEJHYHBAeTCs TO HAampaBJEHHIO K  KpasaM.
4) Bcrpeunoui 31ekTpod. BeTpeunblii 3JeKTpOJ, 0OBIYHO Hemocpen-
CTBEHHO He YYacTBYIOWIMH B OCaXJEHHH IJIEHKH, HeoOXOAHUM AJiT
NoJIyueHHsi 3aMKHYTOH 3JeKTpHUecKo# wenu. OJHAKO B HEKOTOPHIX
caydasix OH MOXKeT HCIOJb30BaThCs MUIsi TOMOJHEHHs 3JEKTPOJIHTa
HOHAMH oca)kjaemoro BemectBa. 5) [lepemewiusarnue 34eKTposuTa.
Co3gaBass B BaHHe C TOMOIIbIO BHEIIHEro MepeMelIMBAIOILEro YCT-
poiicTBa KOHBEKIHOHHBlE TOKH, MOXHO YMEHBIUHTb BePOSATHOCTD-
BO3HMKHOBEHHSl KOHLEHTPALMOHHOIO MepeHanpsKeHHus.
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23.6.2 Obnactv npuMmeHeHus

2.3.6.2a. Jaektpoocarxcdetue merannsos. st TMOJYYEHHS KOH-
TaKTOB K COJIHEUHBIM 3JeMEHTaM MOXKHO MPOBOAMTH 3JIEKTPOOCANXK-
JieHHe pa3JuyHBIX MeTaJJyoB, B ToM uucie Cu, Ag, Au, Rh u Pd.
Cepe6po, Kak MaTepuasj C HCKIIOYUTENbHO BEICOKOH 3JIEKTPONPO-
BOZHOCTBIO, B Haubosblleli CTeNeHH NOAXOAMT IJSI HU3rOTOBJIEHHS
koHTakToB. OJHAKO, YYUTHIBasi CNOCOOHOCTL cepebpa OKHCJIAThCH
B aTMocQepHBIX YCJOBHSIX, €ro 3samumaioT caoamu Au uiau Rh.

IIneHKH 2/eKTPOOCAXKAEHHOrO0 MHIUST 4YaCTO HCNOJb3YIOTCS
B KayecTBe HCTOYHHKA AKIUENTOPHOH MPUMeCH NPH H3rOTOBJIEHUU
TpaH3ucTopos Ha ocHoBe Ge u GaAs [141—143].

2.3.6.2b. daexrpoocascdenue cnaasos [144]. Moub 6JaropogHbIx
MeTaJlJIoB ocaxAalTcs Gosee 3¢)(HeKTHBHO MO CPABHEHHIO C MOHAMH
HeGnaropofHbIX MeTaJsiioB. BeieacTBue 3TOro B Ipoliecce COBMECT-
HOro OCaXKJEHHWsI METaJ/JIOB NPU TOJNYYEeHHH CIJIaBOB HeOGXOAMMO,
YTOOBl y TOBEPXHOCTH pasfiesia KaTofa M 3JEeKTPOJHTAa KOHLEHTpa-
UM MeTaj/a C MeHbUIeH XHMHYECKOH AKTHBHOCTBIO OBHJIA 3HAuyH
TeJbHO HUxe., C 3TOH Uesdbl0 UCHOJB3YIOT 3JEKTPOJHUTHYCCKYIO
BaHHY, B KOTOPOH OTHOCHTe/bHAsi KOHLEHTPalusi 6aropogHoro Me-
Tajljla MeHblle, YeM ero OxuJiaeMasi KOHIEHTPalus B OCAXKACHHOH
njeHke. JIpy COBMECTHOM OCaXKAEHHM [BYX MeTaJJIOB 3JIEKTPOLHBI®
NOTEHUMAaNb 1JiS HOHOB OGOUX BHJOB HOJIXKHBI MUMeThb OJU3KHE 3Ha-
yenus (260 mB).

B ra6ua. 2.10 npuBeneHB TUNWYHBIE COCTABH BAHH M NapaMeTpsl
mpouecca 3JEKTPOJIHTHYECKOrO OCaXKJIeHMS TIPH TNOJYYeHHH pas-
JIMYHBIX METaJIJIOB H CilJIaBOB, OGBIYHO TPHUMEHSIEMHIX B TPOM3BOI-
CTBe COJIHEYHBIX 3JeMeHTOB [144—146].

2.3.6.2c. daexrpoocascderue noaynposodruros. Ilnenkn cene-
HHJAZ ¥ TeJJypuAa KajaMusi NOJYYalOT COBMECTHBIM OCaxKIAEHHEM
Ha NpoBoOAsllMe NOMJOXKM KaaMHf H CeJeHa W/IM KaAMus H Tel-
aypa. Hdas ocaxnenust mieHok CdSe Ha THTaHOBBE NMOATOXKH XO-
yac u ap. [147] npumensiau kucanii pactsop CdSO, u SeO, [a-
Hasp u Jluon [148] ocaxpanu niaenkn CdTe mpu NOCTOSIHHOM Ha-
NpSiKEHUH Ha 3JEKTPOJUTHYECKOH siuedKe, COCTOsNEH u3 JABYX
CeKlUMH, ¢ HCNOJb30BaHMEM B KadectBe aHosjuTa 2M Ho850 .,
a B KadecTBe KaToJuTa — pactsop, comepxamuit 0,01M H,yTeOs,
1,6 M HoSO4 u 0,22M CdSOy; npu oca)kIeHUH NPUMEHSJHCh M&-
THHOBBIH 4HOJ, THTAHOBHIH KaTOJ, a COeJHHEHHEe CEKIUH OCYyLecT-
BJISLJIOCH C TIOMOUIbI0 NEPeXOAHOH suefiKH, HAMOJHEHHOH COJIEBBHIM
pacTBopom arapa B XJODHCTOM KaJlHH.

BapanckuMm u @ocstom [149] npensoxcen HOBHE Cnoco6 moJy-
YeHHS] Ha PAa3JHYHBIX TPOBOASIINX MOJNJIOXKKAX TOHKHX TOJYNpO-
BOJAHHUKOBHLIX TJIEHOK XaJbKkorenupos, Takux, kak CdS, HgS, PbS,
Tl,S, BisSs, CusS, NiS, CoS u CdSe. ABTOPH HCNOJNb30BAIU 3JEK-
TPOJIUT, B COCTAB KOTOPOrO BXOJAHJIH COJIb COOTBETCTBYIOLIErO Me-
Ta/sla W Cepa WM CeJeH B 3JeMEHTapHO# ¢(opMe, pacTBOPeHHbIe
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Puc. 2.21. OcofenHoctH mpolecca pocta (a) W 3aBUCHMOCTH COCTaBa IJIEHOK
CuyS, nosayuaeMblx MeTOLOM 5JEKTPOOCAXKJAEHHS, OT TEMIEPATYPH H MJOTHOCTH
TOKa NpH Da3JHyYHO# NpOROJKHTeJbHOCTH mpouecca (6) [151].

B 6e3BOJHOM pacTBOpHTeNe, HaNpUMep B AMMeTWJIpopMaMuie, Au-
MeTHJICY/Nb(OKCHIE WU STHIEHIJMKoJMe. Buinensiouuiics Ha KaTofe
‘MeTaJlJ cpa3y Xe B3aUMOAEHCTBYET C PACTBOPEHHBIMHM CEpPOH HJH
ceJIeHOM, B pe3ysabTaTe dero ofpasyercss HeOOXOAMMBIA XaJjbKore-
HH]L. ‘ '
Hns cosgaHust cOMHEYHBIX 3JeMeHTOB co CTpyKTypoit CusS —
CdS Haxkaama u ap. [150] npoBoauau snekrpoocaxnaenne CupS Ha
KepaMHUYyeCcKylo NJacTHHY, NMOkpHTyio cjoeM CdS. Ilpomecc anek-
TPOOCAXKJeHHs, CONMPOBOXKAAIOIUICT XUMHUECKOH peakiied B mo-
BEPXHOCTHOM CJ0e TOHKOH mjeHku CdS, Oblg ycoBepleHCTBOBAH
Cakcena u Ap. [151], ucnosb30oBaBWIMMK MPOCTYIO 3JEKTPOJNHTHYE-
CKYI0 fiyellKy ¢ MelHHIM aHOJOM u karogoM u3 CdS, a B kauecTpe
sJjiekTposnuta npuMensaBmumMun CuSO, ABTOpH HccieIOBajIu 3aBH-
CHMOCTb COCTaBa IJIEHOK cysib(uAa Meau oT 3HaveHusi pH, KOHUEHT-
paunyu 3JeKTPOJUTA, TEMNEePaTypH BAHHB H IJIOTHOCTH KaTOLHOTO
Toka. Puc. 2.21 panocTpupyer Xojn npolecca OCa)KAeHHd, a TaKxke
3aBHCHMOCTb COCTaBa IJIGHOK OT TeMMepaTypbl U TJOTHOCTH TOKA
NPH HMCNOJb30BAaHHH BaHHH TUNMHyHOro cocrasa. Ilpum Temmeparype
55...65 °C u nJjoTHocTd Toka 2,5...5 MA/cM? ocaxaaroTcs IJICHKH,
cocTaB KOTOPHIX B HauboJjblled CTeneHW NPUOIMKaeTcsi K CTEXHO-
MmeTpuyeckomy. Jlasi oObsicHeHHs OCOOeHHOCTeHl Ipolecca oca)Kie-
HUsl OblJO BBIABHHYTO NpEeACTaBJeHHe O HAJHYUH ABYX KOHKYDH-
PYIOILUX peaKUuH: XHMUIeCKOH HOHOOOMEHHOH M 3JeKTPOXMMHYe-
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Tabauya 2.10. Tunuuublii cocTaB BaHH W NapaMeTphHl MPOIECCOB 3JEKTPO

Fnasa 2

Metann

CocTaB BaHHBI

TeMmneparypa,
WU CNJaB l K °C
OJIHYeCTBO
KoMmnoHeHTs BelleCTBa. !
r/a |
|
DJIeKTPOJIH THYECKoe
Cu CuCN 15
NaCN um KCN } Hparicras 23 41 ... 60
Na,CO, BaHHa 15
CuSO4- 5H,0 188
Cu B cBOGOJIHOM BHjIe } KH::OI::M 48 32 ...43
CepHast KMcJI0Ta H 75
Cu?+ 1 22 ... 38
(P,0)4— | Mupodoc- | 150 . . . 250
(NOg)— ( taTHas 5...10 50 ... 60
AmMuak RaHHA 1...3
Oprodocdar <70...970
Ag AgCN 30 ...55 i
Ag B cBoGoaHOM BHJe 24 ... 44 |
O6uee koauyectBo KCN 50 ...78 20 ... 28 |
KCN B cBo6oxHOM BHIe 35...50 !
K,COs 15 ... 90 [
Au KAu(CN), 6...235 |
Au B cBOGOLHOM BH e 4...6
KCN Hlenoynas | 15 ... 90 25 70
K,COq BaHHa 0...30 T
KoHPO, 0...45
KOH 0...30
KAu(CN), 3...235
Au B cBOOOIHOM BH e 2...16
KHO,PO, Kucnotwass | 0 ... 100 40 70
Xenatel BaHHa 10 ... 200 T
JIOMOTHU TeNbHBIA  TO- 0...10
JIMPOBOYHBIH areHT
Cnuias OunoBo 60
60 % Sn, | Csunen 25
40 9% Pb | HBF, 100 -
Tenton 5.0
Pd Pd(NHj)4Br, 30 50
NHgBr 45 '
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JIUTHUECKOTO U XUMUUECKOro OcCaxJeHHA IVIEHOK MeTaJlVIOB H CIJIaBOB

TIn0oTHOCTD TOKa, A/pam? l

| Hanpsixenne ?J,:',f““;e*;’;e
Ha B;x-me. PH aHOn’;‘ JlnTtepatypa
Karon Anon H KaToja
! |
OoCaxJieHue
1,0...32(05...10 6 — 3:1 [144]
3...5 1,7 — — — [145]
1,1 ...86(122...43|1,4...4 81 ...84f 1:1... [146]
0,56...25|05...15 2:1
05...15 — — — — [145]
02...1 — — 6...8 —_ »
0,1...05 — — 3...6 —_ »
3,2 — — —_ — [144]
4 — — 9,2 — »
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Mnasa 2

CoCTaB BaHHBI

MeTtann TeMnepaTtypa,
WJH CIJ1aB °C
KoaunuecTso
KoMmnoueHTbl BelecTBa,
r/n i ‘
XuMuYecKoe
Ni NiCl,-6H,0O 30
Tuipodocdur Hathus
(NaH,PO,- H,0) Kncaornas 10 90
['unpokcuauerat Hat-| BaHHa
ust
(HOCH,COONa) 50
NiCl,-6H,0O enoynasn 30
NaH,PO,-H,0 BaHHA 10
JINMOHHOKHC/IbIH  HAT- 90
ui
(NazCyH;0; - 2H,0) 84
Cu NH,CI 50
CuSO,;-5H.O 3,6
BuHHOKHCABIR Kaiuit — HAaTpUil 929
(KNaC4H,O4- H,0) 25
NaOH 3,8
dopmaJiberus 10
Pd PdCl, 2
NH,OH (27 %) 160 ma/n 50
NH,CI 26
NaH,PO,- H,O 10
Au KCN 13 ;
KAu(CN), 58 75 i
KOH 11,2 !
KBH, 21,6 !
Ag AgCN 1,34
NaCN 1,49
NaOH 0,75 55
[umetnaMHHEGOpaH
((CHj3),NHBH-) 2,0
TuomoyeBHHa. 3-10—¢
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IIpodoascerue
|
TnoTHOCTHL TOKaA, A/aM?
Hanpsixkeuue O,,;'L%?;;Z%e
Ha %aHHe, pH aHona Jintepartypa
Karop AHog M Karoja
OCaXJAeHHE
— — — 4...6 — [145]
— — — 8 .10 — »

— — — [145]
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CKOHl BOcCTaHOBHTeNbHOH. [lpenmyinecTBo mamHoro MeTola mepen
JAPYTUMHM MeTOZaMHU NoJydeHHsl MaeHOK CupS cocTOUT B BO3MOXKHO-
cTu 60Jiee TOUHOrO KOHTPOJIsS Ipoliecca ocaxjeHusi Gnaronaps ero
GoJibliell NPOJOJKHTENLHOCTH M HCKJUEHHIO M3 YHCJIa PearedToB
HecTaOUAbHBIX COJIell MeIH.

2.3.6.3 Xumuueckoe MnM AaBTOKATANUTMHECKOE OCAMAEHHE

Tak Xe kak ¥ NPH MEKTPOJUTHYECKOM OCaXKAEHHH, B IpolEecce
XHMHYECKOr0 OCaxKAEHHS IPOUCXOJUT BOCCTAHOBJIEHHe HOHOB Me-
Tajgja ¢ o6pa3oBaHUeM OCaxXAAaeMOro BellecTBa, OJHAKO B AaHHOM
cJy4yae BHEUIHHH HCTOYHHK 3HEPrHH, reHepHPYIOULIHl 3JEeKTPOHHI, He
npuMeHsercsi. BMecTo 3TOro nssi aKTHBAallMM Ipolecca OCaXKAeHHs
HCIIOJIb3yeTCsl KaTaJHTHYECKH aKTHBHAs NOBEPXHOCTb, MpHYEM MJIA
JlaJbHEHIIero NpoTeKaHUsl peaklud HeoOXOAMMO, 4yTOOB CcaMm Me-
Tann Obla Kataausatopom. Hanvuue B pacTBope 3J/€KTPOHOB,
YyUacTBYIOWIHX B peaKLHH BOCCTAHOBJIEHHs, 06ecleyuBaeT BOCCTaHO-
BuTe b. [IOoCKOJIBKY OcazkiaeMble MeTaJsibl NOJIKHBE 00/1a1aTh KaTa-
JIMTHYECKOH aKTHBHOCTBIO, JAHHBII MeTOJ NPHUMEHHM JJs IOJyde-
HHs IJIEHOK OrpaHHYeHHOro yucjaa merannoB. B rtaba. 2.10 npuse-
JleHB THIHYHble MapaMeTpbl NpoLlecca OCAXKIEHHS PAfA MeETaJJIOB.
JlocTouHCTBAa MeTOJa XMMHYECKOTO OCa)KIEeHHSI COCTOAT B CJelylo-
meM: 1) BO3MOXKHO OcCa)KJIeHHe OYeHb OJHOPOAHHIX IJIeHOK O0e3
YTOJIIEHHI MO KpasM M Ha BBINYKJBIX yyacTKaxX NOMIOXKKH; 2) MO-
JiyyaeMmbie MJIeHKH 06JafaloT MeHblleHd MOPHUCTOCTHIO, 4eM 3JIEKTPO-
ocaxJeHHble IUVIEHKH; 3) BO3MOXKHO OCaxJAeHHe IJICHOK Ha Hempo-
BOAfIIME TOMIJOXKKH TIOCJe TNpelBapUTeNbHON 00pabOTKH, NPHUAAIO-
1eil HX NOBePXHOCTH KATAJUTHUYECKYI aKTHBHOCTb.

2.3.7 AHopupoBaHue

AnonupoBanue mnpexacraBisier co60il Pa3HOBHAHOCTb Ipolecca
TEPMHYECKOTO OKHCJIEHHS, OCYILECTBJSEMOro B 3JIEKTPHUECKOM ToJe
[152]. AHox, H3rOTOBJIEHHBIH W3 MeTaJs1a, Ha KOTODBIil A0JIKHO GBITDL
HAHEeCeHO IMOKPbITHE, IOTPYKaloT B KHCJIOPOACOJAEpPIKAIUHH 3JeK-
TPOJIUT, B KayecTBe KOTOPOTO MOKET IPHMEHATbCS BOAHBIA 111K
6e3BOJAHBIH COJIEBOH pacTBOp, a Takxke pacnaas couad. OcaxkieHue
MOXXHO TNPOBOAMTbL INPH IMOCTOSIHHOM HampsikeHHH [153] uau no-
CTOAHHOM TOKe. B mepBOM cjyyae NpH NOTpy:KeHHH MeTajjia Ha
IIPOJOJIKUTENbHOe BPEMsl B 3JIEKTPOJIHTHYECKYIO BAaHHY MOJy4awOT
MJIEHKH BOCIIPOM3BOJUMOH TOJIUIHHBL, KOTOpas 3aBHCHUT OT IMPHJIO-
JKEHHOTO HampsiKeHHsi. BeanyuHy, paBHYIO OTHOIIEHHIO TOJILIHHBI
MJEeHKH K TPHJIOKEHHOMY HaNpsiKeHHIO, Ha3bIBAKT KOHCTAHTOH pO-
cTa aHOAHOH mJeHKH. B Ta6a. 2.11 nmpeacraBieHbl KOHCTAHTHI POCTA
aHOJAHO NJIEHKH AJsi Pas3IuyHbIX MeTaJsoB. Hemocratok mpouecca
aHOJUPOBAHHS, OCYLIECTBJSAEMOro INPH TNOCTOSIHHOM HAaNpsAXKeHHH,
COCTOHT B TOM, YTO Ha HAyaJbHBIX CTaJMsiX POCTa IUIEHKH HEOGXO-
IMMO OGECIeYHTh TOKH OueHb BBICOKOH muotHocTH. I[Tono6uoi npo6-
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JieMbl He BO3HHKaeT NpH NPOBeJeHHH aHOJAHPOBAHHS B PEKHME NO-
CTOSIHHOrO TOKa, KOrJa TOJIIMHA MOJydaeMOH MJEHKH NPSAMO MPO-
MOPLHOHAJbHA MNPOJOJIKHUTENbHOCTH mpoliecca. OnHako NpH yBe-
JIHYEHHH TOJIUMHB OKCHIAHOH TJIEHKH NMajeHHe HampsiKeHHs Ha Hel
Heu3bexHo Bo3pacTaer. IIpenenbHele 3HaueHHWs HanpsiKeHHs H,
CJIel0BaTEeNbHO, TOJIIHUHBl NJEHKH IOCTHraloTCs K MOMEHTY ee mpo-
Gosi. [TpenesnbHasi TOJMINMHA NJIEHOK JJis PA3jHYHBIX METAJJIOB NpPH-
BefeHa B tabu. 2.11.

B03MOXHOCTb TOJy4YeHHS CIVIOLIHBIX IJIEHOK 3aBHcHT oT pPH
sJeKTpoauTa. IIpu oueHb BBICOKOH HWJIM OUEHb HH3KOH KHUCJOTHOCTH
BaHHBI IUVIEHKH OYAyT PacTBOPATHCS B MpoOlecce POCTa, YTO MpUBe-
IeT K 00pa3oBaHHI0 MOPHUCTOH CTPYKTYpH [154]. Ilpu onTHManbHOM
3HayeHuM PH cnjolIHble aHOXHble OKCHIHBIE MJEHKH MOTYT GbITh
noJydeHbl Ha pa3iHYHbIX Merasanax, BkJawouas Al, Ta, Nb, Si, Ti
u Zr. KoHeuHasi TOJILIHHA IJIEHKH ONpeIeNseTCsi BHIOM MeTallia,
NPUJIOKEHHBIM HaNpsKeHHeM, TeMIepaTypoidl BaHHH W BpeMeHeM,
B TeyeHHe KOTOPOro MeTaJJl HaXOMUTCA B 3JekTposnte. KoHeunast
TOJIIIMHA IJIEHKH, BbIpAL[MBaeMoOii B peXHMe MOCTOSHHOrO TOKa,
3aBHCHT, B YaCTHOCTH, OT CTeNeHH YMCTOTHl MOJJIOXKKH H 3JEKTpPo-
JIMTAa, NOCKOJIbKY Ha/JuuMe NMpuMecell BhI3BIBaeT Npo6ofl MJeHKH IpH
60Jiee HU3KOM HaINPSKEHUH.

B Hacrosiliee BpeMsi ycTaHOBJEHO, YTO NPH aHOAMpOBaHuu Ta,
Al, Nb u Si uoHH MeTasna u KHCJIOPOAA 06JafalOT MTPHGIH3H-
TeJIbHO OJHHAKOBOH MHOJABHXKHOCTBbIO. UTO Kacaercsi aHOLUPOBaHHSA
Zn, TO POCT aHOIHOH TMJIEHKH OOYCJIOBJIEH MEepeHOCOM HOHOB KHC-
Jopoza [155].

Ilpu aHOmMpOBaHHMH O6DPa3yIOTCs CIJIOIIHbIE OKCHIHBlE IJIEHKH
aMOpP(HOA CTPYKTYDHI, MOBTOpSIOLIHE pesbed MOBEPXHOCTH MOJ-
JIOXKKH. .

AHonupoBaHue MONYNPOBOJHUKOB HrpaeT BaXKHYIO POJb B IIPO-
H3BOACTBe NPHGOPOB M INpHMEHsieTcss [J1sl OuepUHMBAHHUSI TpaHHIL
CTPYKTYpH H o6JsacTefl pacrnosioxeHusi p—n-Nepexoj0B, MaccHBa-
LHH MOBEPXHOCTH MOJYNPOBOAHHKOBBIX NMPHGOPOB M CO3RAHHS OK-
CHIHBIX MJIEHOK JAJs1 NpUOOPOB CO CTPYKTYpOH MeTaJJ— OKCHA —
noaynpoBoaHuk. Anoxuposanue Ge [156] u Si [157, 158] nposoasT
AJs TOJIydeHHs] OKCHAOB 3TuX BewectB. Ilpu anomupoBanun Cd
[159] u Bi B cysabbuaHONl BaHHE MOJNYYalOT NOJHKPHUCTAJNIHYECKUE
mienkd cootBercTBeHHO n-CdS u n-BipSs. Ilpouecc aHogmpoBaHHsA
MOKHO OCYHIeCTBJISITb KaK NPH MOCTOSIHHOM HalpsiKeHHH, TaK H
IpH TOCTOSIHHOM TOKe.

B rta6a. 2.11 npuBeeHbl COCTaBH 3JEKTPJUJIMTOB U NapaMmeTphl
npouecca aHOJUPOBAaHUS Pa3JHYHBIX METaJJIOB.

2.3.8 DnekTtpodopes

IIpu nposeaeHuu 3JjieKTpodope3a Ha 3JEKTPOAE OCaxKAAITCS .
3JIEKTPHUYECKH 3apsiKeHHble yacTHUb BEIIEeCTBa, JHCIEPrupPOBaHHBIE
B XUIKO# cpene. TONBKO 4TO OCaxkJAeHHbIe MOKPHLITHA NPEACTaBJASAIOT
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COGOH pBIXJble IJIEHKH, MEeXaHHYeCKH He CBSI3aHHblE C MOBEPXAG-
CTbIO MOAJIONKKH. [Nl mojyueHust NJIOTHBIX M MEXaHUYECKH MNpOY-
HbIX IOKDHITHH C BBICOKOH aaresueit tpebyercss HX aaJjbHeHuias
o6paboTka. O6BIYHO OHA BKJIOYAET YMJOTHEHHE IJIEHKH MOJ AaBJie-
HHEM M TepMO0OpPabOTKy, IPH KOTOPOH YyAAJSAIOTCS OCTATKH CYCIIEH-
3MH M NIPOHUCXOJHUT CIIeKaHHe YaCTHIL MJEeHKH.

OaexTpodope3 obecrneyuBaeT MIHPOKHE BO3MOMKHOCTH JJsl 0CAXK-
ZleHHsl KaK NMPOBOASIIMX, TaK U HENPOBOASILIMX MaTEPUAJIOB, B TOM
YHCJIE METaJJIOB, CIJIaBOB, COJiel, OKCHAOB, TYrONJIaBKHX COEAHHe-
Hul, MOJUMEPOB W MHOrocJofHbX cTpykTyp. Ocobble npeumylie-
CTBa 3TOr0 -MeTOAAa COCTOAT B chaedylomieM: 1) mpakTHuecku Jioboe
NOpOMIKOOOpa3HOe BeUIeCTBO MOXKET OBbITb OCaxkKAEeHO Ha JI00YIo
NPOBOJALLYI0 NMOAJNOXKKY; 2) Aa)Ke IPU CJAOXKHOH GOpMe MMOANOKKH
nojyyaemasl IJIeHKa OJHOPOJHA IO TOJIIIMHE; 3) BO3MOXKHO OCAXK-
JeHHe OYeHb TOJICTHIX MOKDHITHH, NpHYEM AaHHBII MeTox obecreyu-
BaeT NPelH3HOHHBIH KOHTPOJb TOJILIHHBL, 4) IPH COBMECTHOM OCaXK-
JleHHH HECKOJbKHX BELIeCTB MOXKHO DeryJupoBaTb HX OTHOCHTEJb-
HYI0 KOHLEHTDPaLHI; 5) NPOAOJKHTEJIbHOCTb MepHOAA OCaXKIeHHS
OueHb MaJja M COCTaBJsET, KaK NPaBHJO, OT HECKOJbKUX CEKYHI 0

HeCKOJIbKHX MHHYT; 6) OTXOJIB 0CaKAaeMOro BellecTBa OTCYTCT-
BYIOT.

2.3.8.1 OcobenHoctH meToma

TeopeTuueckoe paccMOTpeHHe IpoLecca OCaXACHHS NPOBENEHO
psagoM HccaenoBareneit [163—166). [Ipu ucnonb30BaHHM HAHHOTO
Metola TpebyeTcsi IPUrOTOBJEHHE KOJJIOMAHOIO PacTBOpa ocaxjae-
Moro BewecTBa. YacTuubl, o6pasylouue JUCIEpcHyO (dasy, moay-
4aT AX60 NYyTeM H3MeJbyeHHUS KPYNHO3eDHUCTOrO MOpOIIKa ¢ 06-
pa3oBaHHEM YacTHL, MMEIOLIMX pa3Mephl, XapakTepHble A KOJ-
aounoB (ot 1 mo 500 HM), 160 MOCPEACTBOM COENHHEHHS OYeHb
MeJKHX YacTul, 0ObIYHO MOHOB HJIH MOJeKyJ, B 6oJiee KpynHbie 06-
pa3oBaHHs HeoOXOAHUMOro pa3mepa. B mepBom ciaywae JJs mogayde-
HHf MENKHX YacTHI, BeUleCTBAa AHCNEPFHPOBAHHBIH B pacTBOpHUTENE
MOPOUIOK (moc/e ero mpeJBapHTEeNbHOr0 MPOCEHBAHUS I/ OTHENe-
HHUS yacTHL, HEOOXONHMOT0O HCXOAHOro pasmepa) Apo6GsT ¢ NOMOIILIO
11apoBoit MeJabHUIB. B KauecTBe QHCIEPCHOHHON cpelbl NPHUMEHSIOT
OpraHHYecKHe PacTBODHTENH, HalpHMep AaueToH HJIH MEeTHJIOBIH,
5THJIOBBIA ¥ TPONHUJOBBHI cnupthl. Js1 TOro utob6bl H3MeabyeHHBIE
4aCcTHLB MOPOIIKAa Pasfe/]dTb B COOTBETCTBHH C MX pa3MepaMH Ha
(paKUUH, CYCHEH3HH NAIOT BO3MOXKHOCTb OTCTOSIThCS B TeUEHHE OIl-
pelle/leHHOrO BpeMeHH, pPacCYUTHIBAEMOro ¢ MOMOmbI0 3aKOHa
Crokca. HacTHipl He06XOJHMOro pa3Mepa BBIIENSIOT H3 XKUAKOH
(da3pl nyTeM LEHTPHPYrHPOBAaHUsA, a 3aTeM TNOJYYeHHHH MNOPOUIOK
COCAMHSAIOT 'C ADYTUM PacTBOpPHTeNeM JJIsl NPHUTOTOBJEHHUS KOJJIOU-
HOro pacTBOpa, UCIOAb3YEMOro’ NpH ajekTpodopese. HacTuus, cme-
LIaHHBIE ¢ PacTBOPHTENEM, CaMONPOHU3BOJNBLHO NPHOOpPETAIOT 3JeK-
TPUYECKHH 3aps.
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Bo BTOpOM ciyyae uyacTHLH HEO6XOAMMOTO pasmepa NOJY4aloT
C NIOMOIbI0 XHMHYECKOH pDEaKIHH HemocpeACTBEHHO B pacTBOPH-
tese. Takum crnoco60M JIETKO MPHIOTOBHTb KOJJIOHJHEE PacTBOPH
pasHOoOO6pa3HBIX BeulecTB, B TOM yHC/e MeTajJoB, Takux, kak Cu,
Ag u Au, HemeraJ10B, HanpuMep S u Se, cynbdHIA0B, THAPOKCHIOB
H THAPATOB OKCHHAOB.

ITpu a1060M crnocobe MmoNyyeHHsT KOJJIOMJHOrO PacTBopa B HEro
MOXHO BBOAMTb NOBEPXHOCTHO-aKTHBHEIE BELIECTBA, H3MEHSIOLIHE
3apspoBoe cocTosiHUe yacTull. MHorga nms1 crabunusanuy KoJiouaa
406aBJSIOT He6oJbIIOe KONHIeCTBO nmofuMepa. Ecnu cBsAsymwoee Be-
IIECTBO, BXOJAIIee B PACTBOPHUTENb, OCAXKAAIT COBMECTHO C MOPOILU-
KOM, TO Heo0XOJMMO NMPHMEHATb cleununanbHeie pactBopurenu. Cie-
JyeT OTMEeTHTb, 4YTO C NMOMOILIbIO 3JeKTpodope3a MOXKHO oOcaxKAaTb
YacTHLBI, pa3Mep KOTOpbX AocTHraer 20 MKM.

JlonycTuMast KOHIEHTPALUs KOJJOWAHBIX PAcTBOPOB HJs 3JeK-
Tpodope3a uaMeHsieTcs B IMHPOKMX npedenax. OnTuMmajbHash KOH-
LHEeHTpaUHusi BEIGHPAETCs ¢ YYeTOM IJIOIAAH NOAJIOKKH H HeoOX0dH-
MO# TOJILIUHBI MJIEHKH, TPU OCaXJeHHH KOTOPOH HOJIKHO NPOU3OUTH
HCTOLIIEHHEe pacTBOpA.

IIpu ucnonb30BaHUH CMECH KOJIJIOHJOB MNPOBOJST COBMECTHOE
Ocak[ieHHe BeIeCTB, NIPH 3TOM OTHOCHTEJbHOE COJep:KaHHEe YaCTHIL
B obpasywomeficsi Ha 2JeKTpOoAe IJeHKe OObIYHO He OTJaHYaeTcst OT
HX COJep:KaHUs B pacTBope.

[Ipu ocaKJeHHMH NJIEHOK U3 BOAHLIX PACTBOPOB K 3JIEKTPOAAM
NPUKJIAABIBAIOT HAMpsiXKeHHe oKono 15 B, B To BpeMsi Kak mpuMe-
HeHHe OpPraHHYeCKHX pacTBOpHUTesneH Tpebyer HampsKeHHH mopsika
HECKOJIbKHX COTeH BOJbT. [IJIOTHOCTH TOKa COCTaBJAAIT OKOJIO
1 mA/em2. 51 NOBBHILIEHHS] aJre3ud IJIEHOK 4YacTO NPUMEHSIOT
noHoob6pasylonue no6aBky, Takue, kak NH4OH, numonnas kucnora
v GeH3oiiHas kuciorta [167]. [Tepuoauyeckoe M3MeHeHHe HampasJe-
HUg ToKa [168] mo3Bosisier mosyyaTtbh 60slee ONHOPOJHBIE NJIEHKH, CO-
JiepKariye MeHbllee KOJHYECTBO MOP.

23,82 O6nactu npuMeHeHus

I auuui meTos ucronbsyercs [169] anst ocaxiaeHus Ha Boabdpa-
MOBYIO IIPOBOJIOKY H30JIIIHOHHOrO NMOKPBITHSI M3 OKCHAA aJIOMHHHS.
Vunbamc u ap. [170] npu ocaxienuu mieHok CdS mast conHeuHbX
s7eMeHTOB cO cTpyKTypoit CueS — CdS npuMeHSIH KONJOHIHBIH
pacTBop cy1bduAa KaAMHA, NOJYIeHHOrO HemocCPeACTBEHHO B pact-
BoputeJsie. /st IPUrOTOBJICHHUSI STOr0 KOJIIOHAA aBTOPBI IPONYCKaH
H,S uepe3 Boaunit pacteop Cd(CH3COO),. Ilpu HaHeceHHH mJe-
HOK Zn,Cd;—S B pacrBop po6aBasiu Zn(CH3zCOO),. Ocaxpenue
IJIEHOK IPOUCXOAMJIO HA aHONe M3 Hep:KkaBeioliell cTaju mocue pas-
6aBNeHHsl PacTBOpa CIMPTOM NpPH IJIOTHOCTH ToKa 2,56 MA/cM? u
HanpsXeHHOCTH noJs okoso 33 B/cum.

C nomoubio ajekTpodope3a Ha pas3inyHble MOAJNOXKKH OBHIIH Ha-
HeceHbl HeKOTOpHe BUABI nonnmepor. TlonyueHbl MOKPHITHS U3 MOJIH-
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TeTpadTOPITHICHA, OCAXKAEHHOIO0 KaK B uucToM BHuze [171, 172], Tak
U B coueTaHWH ¢ Kepamuko#t [173], us nmoaustunena [174], a Takxke

[NOJHBUHUNXJOPHIA, TONHAKPHJIATOB U MOJUMeTHAaKpunatoB [175,
176].

2.4 MeTOopAbl OCaXKAEHUA U3 HUAKONU dasbl

HecMoTpst Ha TO YTO METOABI OCAXKAEHHA M3 XHAKOH (a3l He
OTHOCATCA K TOHKONJIEHOYHBIM, HX CYHTAIOT NEePCNEKTHBHBIMH MeTO-
JaMH IOJyYyeHHsI Ha MOBEPXHOCTAX OOJ/IbIIOH MJOLIAJH TOHKHX CI10€B
Martepuasna (TONLIHMHOH HECKOJbKO MHKDOMETDOB), NpeAHa3HaueH-
HBbIX JJIst IPUMEHEHHST B COJHEUHBIX 3JIEMEHTaX.

2.4.1 dnuTaKcua u3 KuAKoM asbl

B ocHOBe 3TOro MeTOAa J1€XKHT OCaxKAEHHe BEl(eCTBa U3 OXJaxK-
JaeMOoro pacTBOpa Ha MOHOKPHCTAJJIHUECKYIO MOA/0XKy. [Ipuroros-
JIEHHBIH JJI OCaXJ\eHHs PAacTBOD NPHBOAAT B KOHTAKT C MOJJIOXKKOH
Ju60 MmyTeM <«ONPOKHALIBAHHA» MeYd C PacTBOPOM, JUGO mocpen-
CTBOM IOTPYKEeHHSl MOAIOKKH B DAacTBOpP, HaXOASUIUHCS B BEPTH-
KanbHO# neyd. PacTBop, Harpereii 0 HEOGXOAMMOH TeMiepaTyphl,
HACHILAIOT NpeJHAa3HAYeHHBIM [JIs OCaJeHHsS BEIIeCTBOM, a 3aTeM
OXJaXXJawT (IPH KOHTAaKTe C NOIJ0XKKOH) C TaKoH CKOpPOCTbIO H
B TeyeHHe TAaKOro IPOMexKYTKa BpDEMeHH, KOTOpbie TpeGyioTcs AJs
[OYy4eHHs cJ0d HeoOXopuMo# ToyuuHbl. [IpH onTHManbHHIX ycno-
BHSX OCaXJEHHS CTPYKTYPa PACTYIIEro cJOs SABJSETCS MPOXOJNKeE-
HHEM CTPYKTYPBI MOHOKDHCTAJINYeCKOH MOAJNOXKKH. Ha momnoxkax,
[0 CTPYKType 3HAUHTEJbHO OTJIHYAIOMHUXCA OT MOHOKPHCTAJJHUe-
CKHX, TPYAHO BHIPAUIHUBATb AaxKe MOJUKPHUCTATIHYECKHE CJIOH.

TTocKOJNbKY npH 3MHTAKCHH M3 KHUAKOH has3bl ocaxkgaeMoe Belle-
CTBO HaXOAHTCSi B PACTBOPEHHOM COCTOSIHHH, JAaHHHH METOJ NpH-
MEHHM JIHIIb B TeX CJIyyasX, KOrja pacTBOPUTENb He OKa3HBaeT He-
0J1aronpUATHOTO BJHUSHHS HAa NMOAJNOXKKY. [TonyueHue moaynpoBox-
HUKOBHX coeauHeHuil [I1I—V rpynn ue Bei3biBaer npo6iiem, Tak Kak
pPacTBOPHTEJNSAMH MOTYT CJHYXKHTb BeHIeCTBA, BXOAAIHE B COCTAB
3TuX coenuHenuit. Ilpu ocaxnenun Si u Ge B KauecTBe pacTBOPH-
TeJsi yNOGHO NMPUMEHATb BELECTBO Jerupyoueld npumecu (Hampu-
mep, Sn npu noaydenun Ge). CieayeT OTMETHTb, 4TO METOAOM
KUAKODA3HONH 3MUTAKCHH TPYAHO MOJYYaTb [OJYNPOBOLAHHKOBHE
COeJMHEHH, cojep:Kaiue 60Jiee ABYX KOMIOHEHTOB, B OCHOBHOM
BC/IEACTBHE Pa3nhuda MX KO3(QUUHEHTOB pacnpeieseHHs B TBep-
noi ¢pase. Kpome Toro, HajuuHe pacTBOPHUTENS He NO3BOJNSET TOUHO
pery/iupoBaTh COCTaB BHIPALIMBAEMHIX C/I0EB.

Meron XKHAKODA3HOH SMMTAKCHH YCIEUIHO HCIONb3YeTCA MJIS
ocaxpaenus coeauHeHud 11—V rpynn, npurogHbix mo csoemy Ka-
YeCTBY [J1a M3roToBJeHHs npubopo [177]. Bompoc o BO3MOXHOCTH
NPHMEHEHHsl 3TOr0 MeTola MAJSI MOJNYdeHUs [OJHUKPHCTAJINHYECKHX
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CJ10eB C KPYNHBIMH OPHEHTHPOBAaHHBIMH 3€pPHAMH B KauecTBe Mare-
pHAJIOB 17151 COJIHEYUHOH 3HePreTHKH A0 CHX I0D HAXOAUTCA B CTa-
JHH U3yueHHs V.

Xapuun u Tomacom [178] ony6aukoBaHo coobuienne o paspa-
6OTKe HOBOrO MHTEPECHOrO METOAA MMPOBENEHHA KHAKOPA3HOH SIH-
TAKCHH C NpPHUMEHEHHEM IOMJIOXKEK, CONEep:KAUIMX MapaJelbHbie
pALBl CYOMHKPOCKONHYECKHX OTBEPCTUI, B KOTOPHIX IMPOHCXOMHUT 3a-
ponbliieobpasoBanne. Ha moasoxkkax u3 maiiapa B MOHOKpHCTAJ-
JIMYECKUX TOMJIOKKAX, MOKPLITHIX (DOTOPE3HCTOM, HNPH OCaKIEHHH
M3 XKHUIKOH (a TaKxke H3 NMapoBoii) (as3bl aBTOPAMH BhIpaueHbl OPH-
eHTHPOBAHHBIE CJIOM TpPUriHUepuHcynbdaTta. B nuenke Mainapa
TOJIIMHOA 4 MKM C MOMOLIbIO J1a3epa OblIM IOJYUYeHbl OTBEPCTHA
AUAMETPOM OKOJO 15 MKM, ylaseHHble APYr OT Apyra Ha paccros-
nue 100 mkM. OTBepcTHs B cjloe (POTOpE3UcTa CO3AaBaJUCh TEXHH-
Koii squTorpaduu. B ganbHefimeM HeoOXOAMMO HCCIENOBATL BO3-
MO2KHOCTh HPHMEHEHHS 3TOT0 HeCOMHEHHO HHTEPEeCHOro MeTona HJis
CO3MaHHU COJIHEYHBIX 3/1eMEHTOB HAa OCHOBE MJIEHOK XaJbKOreHHIOB.

2.4.2 Metop BbITArMBaHMS NEHT M3 pacnnasa

Mertoa BHITATHBAHMS M3 pacllylaBa IpU GBICTPOM MNOCJEAYIOLIEM
OXJIaKJI€HUH OTHOCHTCS K IEpPCIeKTHBHBIM MeTONAaM BHIPAIIHBaHHUS
JIEHTOUHOTO MaTepHala M obecleyHBaeT BBICOKYIO CKOPOCTb POCTa
JIEHTHI, JOCTHIaIOILYI0 HECKOJbKHX METpPOB B ceKyHAy. [Ipm npuse-
JEHHH B KOHTAaKT cojepxkaiunerocss B opMoobpasoBaresie pacmniaBa
C BPAILAIOUIUMCS BBITAXKHBIM YCTPOHCTBOM CJIOH KHIKOCTH BBITSTH-
Baercss B Qopme neHThl. CKOPOCTb OTBEPXKAEHHS paciljiaBa H TOJ-
LUIMHA JIEHTBl 34aBHCAT OT pa3MepoB (opmoobGpasoBaTens, TOUHOH
(OpMBI €105 pacmyiaBa NMpH ero CONPHKOCHOBEHUH C MOBEPXHOCTHIO
BPAIAIOULErOCs BHITAXKHOIO YCTPOHCTBA, NHHEHHOH CKOPOCTH €ro no-
BEPXHOCTH UM ocobeHHOCTeH mpolecca Tensaonepenayd. I1pu BhICOKO#
CKOPOCTH BPAaLIEHUS BBITSXKHOIO YCTPOHCTBA 3TOT METOH NMO3BOJISET
110J1y4aTh M3 pacijlaBa CTEKASAHHBIE JeHTH ToJuHOoN 10 ... 100 MKM
NPH CKOPOCTH oxJaxAeHHsl oxoso 10 K/c. CoTpynHHKaMu GHpMBI
IBM u nabopatopuu aBTOPOB NPOJEMOHCTPHPOBAHA BO3MOXKHOCTh
INpUMeHeHHs AAHHOTO MeTO#a AJs NOoJydYeHHs OBICTPO OTBEpAEBalO-
WIHX NOJHKPHCTAJNJHUCCKHX JIGHT KpPeMHHSl ¢ OOJbIIHM pasMepoMm
3eped. Kpome TOro, Ha OCHOBE 3THX JIEHT H3TOTOBJIEHBI COJIHEUHBLIE
3/7€MEeHTHI ¢ p—n-NepexofoM. B npuHUuUNe NpH ONHOBpEMEHHOM HC-
NOJIb30BAHUU HECKOJNbKHX (opMoobpasoBareneil WIM MyTeM MNocJe-
JIOBATe/bHOrO HapallWBaHHs JIeHT MOXKHO MOJyYaTh LIHPOKHE KpeM-
HHUEBbie JIEHTH HA TMPOBONALIHX METaJJIHYeCKHX IOMJN0XKKAX [JIs

1) CoBeTcKkHe aBTOpbI (CM. CHHCOK [OMOJHHTEJNLHOH JHTEPATyphl) HCMOJMbB30-
BaJH JaHHBIH MeTox AJAA co3naHusi 3PPeKTHBHHX reTepodoronpeobpasoBareseit
Ha OCHOBE apCeHH[a ra/ulisi H YCIEIHO HCMBITaJH HX B HA3€MHHIX H KOCMHYe-
CKHX yCJIOBHsAX. — [Tpum. peo.
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NnpUMeHeHUs: B NMPOHU3BOACTBE COJIHEYHBLIX 3JE€MEHTOB. HeCMOTpﬂ Ha
IIPOCTOTY 3TOrO MeETOHAad, NPOLECC pOCTa JIEHTHI CJIOZKHbIM 06p830M

3aBHCHT OT MHOXKECTBA NMapaMeTpOB, BJHUSHHE KOTOPBIX HCC/IELyeTCst
B HacTosuee spemst [179—180].

2.5 [pyrue metoabl ocaXaeHUs

B sroM pasgesne Mbl KpPaTKO O3HAKOMHMCSI C HEKOTODBLIMH HO-
BbIMH MJIM YCOBEPUIEHCTBOBAHHBIMH MeToAamu [181], koTopeie mos-
BOJISIIOT YJEIIEBUTb U YNPOCTHTb MpPOLECC OCAXKAEHHs (POTOINEKTPHU-
YeCKHX MATepHaJoB Ha MOMI0KKH 6osbluoil maowmand. ITockosbky
9TH METOAbl NMOKA MMEIT OrPaHHYEHHYIO 06/1aCTb NPHUMEHEHHS, Mbl

OyaeM HX paccMaTPHBATb CO CCBHIIKOH Ha KOHKPETHBIH ocarkmaaeMbli
MaTepHadl.

2.5.1 Kpemuuin (Si)

1. Jzaexrpoeudpodunamuneckur merod. BpicokoTeMmepaTypHbIi
3J1eKTPOTHAPONUHAMHUUECKHH METOJ OCaXKAEHHS KPEMHHSl CBs3aH
C MCMOJb30BAHHEM CHJIBHOTO 3JeKTPOCTATHYECKOTO ToJsd (Hamps-
JKEHHOCTBIO oKosio 10° B/cM), KoTOpoe, OylyuH MPH/IOKEHHBIM K Ka-
MuAAspHOi QOpCyHKe, CO3[JaeT MOTOK 3apsKeHHBIX Kamejb KpeM-
Hud. Kanjau pacniaaB/iieHHOro KpeMHHs [IHaMeTpOM B mpejesax
150 MKM MOJ NeHCTBHEM YCKOPSAIOIIEIO HANpPs:KEHHS Pa3BUBAIOT Bbl-
COKYIO CKOPOCTb H COYAAapsIOTCSl ¢ HAarpeTOH MOJJ02KKOH, pacnoJo-
>KeHHOH moa HOpCcyHKOH Ha paccTOHHH 5...8 cM OT BBLIXOAHOTO
OTBEpCTHA.

Toro KosnuuecTBa pacrnaaBJCHHOrO0 KPEMHHS, KOTOPOE MOCTylaeT
B (POpPCYHKY HOA IeHcTBHEM KaNHJ/JISPHBIX CHJ, OCTATOUHO /s OCY-
ILIECTBJIEHHS] YCTOHYHBOrO npoliecca 3J1€KTPOCTaTHYECKOTO paclblie-
HUSl 3apsiKEeHHBbIX yacTHl, KpeMHHsl. CKOpOCTb IOTOKAa YacCTHI[ pery-
JIUPYIOT H3MEeHeHHeM BeJHYHHBl TPHJIOKEHHOTO HaNpsiKeHHs NpHU
paclblleHHH pacnJasa.

C wucrno/sb3oBaHHEM MOTOKAa pAcCHblIEHHOTO Si MJEHKH KpeMHHUS
MOJYyYatoT Ha NOAJ0XKKAX H3 Tpadura, MyJJUTa, MOHOKpHCTAJJIHYe-
ckoro Si u creks006pasHoro yriepona. ToJmuHa N1eHOK AOCTHTaeT
500 mkM. Ilpu ocaxkaeHHWM KpPEeMHHsI Ha XOJIOAHbIE MJIHM HELOCTa-
TOYHO Harperble NOJJN0XKKH 06pasyioTcs IJEHKH C pa3MepoM 3epeH
okoso 2 MKM. Ilpu BbICOKO# TeMmepaType NOAJNOXKH OCaXAATCA
MJIEHKH C 3epHaMHu cTosb4yaToll GOpMbl, AJMHHA KOTOPLIX paBHA TOJ-
IHHE IVIEHKH Noc/1e ee oxaaxaeHus (= 30 MKM).

2. JaekTpoautuyeckoe ocaxcoesue. MeTOJOM 3JEKTPOJTHTHYE-
CKOTO OCaKAeHHsI MOXKHO MOJIYyYaThb IOJHKPHCTAJJHYECKHE IJIeHKH
KPeMHHs] Ha 3JeKTPONPOBOAAIUX MOMJ0XKKAX H3 Pa3JHYHBIX Mare-
puafoB. B cocTaB NnpuUMeHsIeMbIX 3JIEKTPOJHTOB, KOTOPHIE MPeNCTaB-
J10T cob0li pacnnaBbl ABYX- HIH TPEXKOMIIOHEHTHBLIX COJlelH, BXOAAT
¢ropocunukar kanusa (KySiFy) unu mecok, pacrsopenHsie Bo. ¢pTo-
punax menounbix Merannos (KF, LiF). Ecau x anexkrponuty npu-
JIOXKEHO HampsiKeHue, TO Ha KaTOAe, WJIH OTPHILATENIbHOM 3JI€K-
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TPOAE, MPOHCXOAMT OCaXKAEHHE MOJHKPHCTANJIHYECKOro KpeMHHUS
B ajieMeHTapHOH (opme. PasMep KPHUCTAJIUTOB ¥ TOJILKHY IJIEHKH
PeryJHupyioT myTeM H3MeHeHHs IapaMeTPOB Mpollecca OCaxKAeHHS.
[na nonydyeHuss KpeMHHsI p- HJH A-THNA IPOBOAMMOCTH C Heo6Xo-
JNUMBIM YIEJbHbIM CONPOTHBJEHHEM B COCTAB 3JEKTPOJHTA MOXKHO
npejHaMepeHHO BBOAHUTD JICTHPYIOLIHE IPHMECH.

Mertonom 2/eKTpoocaxaeHust Ha noanoxkax u3 Ag, Ta, Mo, Ni
¥ rpadura BBHIPALIMBAIOT MOJHKPHCTAJJIHYECKHE KPEMHHEBbLIE
IJIeHKH TOJAMMHOA J0 250 MKM C pa3mepoMm 3epeH B mpepesax
100 MKM.

3. Merod ocasmdenus ¢ oTOesexuem NAeHKU OT NOOAONHKU 8 pe-
3YabTaTe HEPABHOMEPHO20 TENA0B8020 pACUiUperus. ITOT METOJ CBS-
3aH C OCaxKJeHHeM KDEMHHEBBIX IJIEHOK B MJa3Me BbICOKOrO AaB-
JIeHHs] Ha MHOTOKPATHO HCHOJb3yeMble MOJHOIEHOBbIE NOMJIOKKH H
nocjefyoled JlazepHoOH peKpucTa/u3anuel BAOJb NOMJIOKKH,
B pe3ysibTaTe KOTOPOH MJIEHKH NPHOOGPETAIOT MOJUKPHUCTANIHYECKYIO
cTpyKTypy. IToBepxXHOCTL MOMMGIEHOBOH MOMJIOKKH HEOGXOAUMO Te-
PHOJHYECKH (MOCJe KaXAblX CEMH LHKJOB OCaXAEHHS H OTAEJIEHHUS
IJIeHKH) BbIPABHHBATb AJsl TOr0, 4TOObI HCKJIIOUHTb BO3MOMKHOCTD
NOBpeXNeHUs TJIeHKH TIIpu ee oTaedneHud. Ilpomecc oTpeseHus
TJIEHKH CBsi3aH ¢ 06pa3oBaHHeM Ha NOBEPXHOCTH pasfesia KpeMmHHUS
H HCIIOJIb3YeMOH MOMJNOXKKH nosocTedl Kupkenmana B pesydbrare
npenMymiecTseHHOH auddy3uH Si yepe3 NPOMERYTOUHBIH CJIOW
MoSi,. Hanpsixkenue capura, BO3HHKAIOLIEE TIPH OXJIAXKIEHUH CTPYK-
Typbl, IPHBOAUT K OTHE/NEHHIO NJEeHKH Ha yyacTKaX IMOBEPXHOCTH
pasjesa, copepKailux HOJOCTH, TAe aare3usi mieHKH ocaabJeHa.

[TpoBeneno mucciefoBaHHe npouecca OCaxAEHUs MJIEHOK Si
B TMJ1a3Me C MOMOIIbIO XpOMaTOrpadHyYecKoro aHaJju3a rasoB MOCJe
IIPOXOXKJAEHHS peakTopa NpPH pasje/eHHH UX Ha KOMIIOHEHTH. Dd-
(DEeKTHBHOCTb OCaXK/JEHHS TJIEHKH U TPOU3BOJHTENBHOCTHL Npolecca
MaKCHMaJjlbHbl B TOM CJyyae, KOrja HCXOAHBbIM Ta3oM CJOYXKHT
SiH,Cly u MunuMaabHbI npH Hcnonb3oBahuu SiCly. OxHako mpume-
HumocTs SiHpCly B kadecTBe MCXOJHOrO rasa OrpaHHYeHa BCJEN-
cTRHe 00pa30oBaHus 3apojblllell B MapoBoit (ase U ocaxkJeHUS pBIX-
J0# MJeHKH. Eciau B KayecTBe MCXOAHOro ra3a npumeHsiercs SiCly,
TO NPOLECC OCaXKIEHHs OKa3biBaeTcs 0OoJlee 5KOHOMHYHbIM 6./1aro-
Jpapst ToMy, 4To obpasympoiieecs B XOJ€ XUMHYECKOH peaKlHH raso-
o6pasnoe coenuHenne SiHCls MoxkeT GbITb HCNO/NB30BAHO OBTOPHO.

Jns yKpynHeHHs 3ePeH MHKPOKPHCTaJ/JIHUECKHX KPEMHHEBBIX
IJIEHOK, OCaXAAaeMbIX B IIJ1a3Me BLICOKOrO JABJICHHS H OTHesseMBbIX
OT NOJJIOXKKH, TPOBOAMTCS TMpoLecC Ja3epHOH peKPHCTaJJIH3aLHU
BJIOJIb TIOMJIOKKH, CKOPOCTb KOTOPOrO COCTaBJsieT 2,5 CM/MHH.

2.5.2 Cynepug xagmus (CdS)

OcaxaeHue MeTOAOM XHMHYeCKOH mnyJabBepusanuu. IIpu o6bru-
HOM crocobGe noJydeHus mieHok CdS nyTem mnyabBepu3amuu pa-
crBopa CdCly; u THOMOUYEBHHHl C MOCJAEAYIOIHM MHPOJH3OM (CM.
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paszen 2.3.1) XxuMuueckas peakiHusl pacnblIeHHOr0 Ha MOAJNOXKKY
pacTBOpa NpOTeKaeT C JOBOJBLHO 60/blUOH CKOpOCThio. Besencrtue
HeJOCTATOYHO BBICOKOH MOBEPXHOCTHOH MOABM:KHOCTH HOHOB IIPH OT-
HOCHTeJbHO HH3KOH TeMmIepaType MOAJMOKKH OcaxjaeMas MJeHKa
COIepPXKUT CTPYKTYpHble AedekTol. KpoMe TOro, ¢ moBepXHOCTH IOA-
JI0KKH HeoOXOAUMO YAAJATh CAOXKHBIE OCTAaTOYHble MOOGOYHBbIE MPO-
JAYyKThl peakuuH. YUTOOGb HCKIIOYHTH HELOCTATKH, CBOMCTBEHHHE
3TOMY Mpoleccy, pa3paboTaH HOBbII MeTOA OCaXKJAeHHS, KOTOPHIH
COCTOMT B TOM, YTO Ha MOBEPXHOCTH HArpeTod MONJOXKKH MOcjae
nyJibBepU3alluid PACTBOPA COOTBETCTBYIOLIEH COJIM KaAMUS B MEPBYIO
ouepenb opmupyercss niaeHka CdO, koTtopas 3aTeM MOJHOCTbHIO
npespamaercs B CdS B pe3ysabraTe o6MeHa aHHOHAMH, MPOUCXOMS-
1Iero TNpH MOBBILIEHHOH TeMllepaType B mapax cyiaopuna. B atom
clydae NepBOHAYaJbHas peakUHs 06pa30BaHHs OKCHAA NpPOTeKaeT
JI0 ee TOJHOro 3aBeplleHusl B COOTBETCTBHH C TePMOAMHAMHUYECKHMHU
napamMeTpaMu 3toro mpouecca. Kpome toro, npu mnoayudeHuu CdS
NOGOYHBIM TNPOAYKTOM peakUuHu CyJbhUPOBAHUS sBJsSETCH BOJAA,
a ynJIOTHeHHe KPUCTAJJIUYECKOH pellleTKH cy/dbduga B mpoiecce pe-
AKILUK 3aMelleHHsA TPOUCXOAHT ¢ HeOOoJbIUOH CKOPOCTbIO B yCJO-
BHUsiX, OJH3KUX K paBHOBeCHHIM. B mesom ocaxpaenue niaeHkn CdS
npejxcraBiser cob60H coyeTaHHe MABYX TNPOIECCOB: MYyJAbBepU3AIHH
pacTBOpa U XUMHUYECKOro OCAXKJEHHS M3 NapoBOH (pa3bl, CONPOBOXK-
Jatolerocst peakiiueil sameneHus.

ITnenkn CdO mosydaioT Ha CTEKJISHHBIX NOMAJOXKKAX TOCPe-
CTBOM MNYJIbBePH3aUUH BOAHBIX WJH Oe3BONHBIX PacTBOPOB pa3Jjiuy-
HbIX OPraHHYeCcKHX M HeopraHuyeckux cojel Kaamus. CKOpPOCTb po-
CTa TJIEHKH 3aBHCHT OT BHAA MNOJJIOXKKH, COCTaBa pPacTBOPUTENS,
CKOPOCTH NOTOKAa pPacTBOpa M TeMIepaTyphl MOAMOXKKH. Tum coau
KaJMHSl U PACTBOPHTE/sl 00YCHOB/IUBAIOT CTeNeHb KPHCTANJIHYHOCTH
H TIPeHMYIIeCTBeHHOH ODHEeHTALUH 3epeH IJeHKH. [Ipu Hchnodb3oBa-
HIIM HEKOTOPHhIX BHAOB cosell kaamusi niaenka CdO He oGpasyertcs.
CKOpPOCTb OCaKJAeHUs TJIeHKH MOKeT mAocTuraTh 0,2 MKM/MUH.

ITnenka CdS ¢opmupyercss B Ipouecce OTKUTA INPH COOTBET-
cTBylomux TeMmnepartypax miaedHku CdO B notoke rasoBofi cMecH
HsS ¢ Ho. Ilponecc uonHoro o6MeHa xapakTepudyetcsl sHepruei ak-
tTuBanuy, pasHoil 0,93 3B, a ckopocTb pocTa mMJeHKH AOCTHraer
1...2 wmKM/u. BeaeacTBue pa3nuuHOR TJIOTHOCTH MaTepHalOB
miaenka CdS no 3aBepuieHHH XHMHYECKOH peaKIHH HMeeT IPHMEPHO
B/IBOe 6OJBUIYIO TOJNLIHHY MO CPaBHeHMIO ¢ HcXOAHOH nieHKoiH CdO.
Tunuunbii pasmep 3epeH B Mienkax CdS cocrasiasier or 0,5 mo
1 MKM. YBenuweHUI0 pa3Mepa 3epeH N0 3 MKM CnOcOGCTBYET MOBHI-
1eHNe ckopocTu notoka HyS Ha 3aBepuiaioileM 3Tane OTKHra.
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®U3NYECKME CBOMCTBA TOHKMX TJIEHOK,
MPUMEHSAEMbBIX B COJIHEYHbBIX 3JIEMEHTAX

3.1 BeepeHue

HcuepneiBarouii 0630p JUTEpaTypbl IO TOHKUM MOJYTPOBOTHU-
KOBBIM IIJICHKaM BBIXOJAHT 3a PaMKu 3TOH KHUru. B paHHO# rsiaBe
Mbl OrPaHHYMMCS PAcCCMOTPEHHEM TeX TMOJYyNPOBOJHHKOBBIX Marte-
PHAJIOB, KOTOPble TPUMEHSAIOTCH WIH MOTYT ObITh HCHOJb30BaHbl 115
H3TrOTOBJIEHHSI TOHKOIJIEHOYHBIX COJTHEUHBIX 3JeMeHTOB. KpoMe Toro,
OyayT oOCyXIATbCA TONABKO T€ CBOHCTBA MJEHOK, KOTOPble BJHSIOT
Ha (OTO3TEKTPUUECKHe XapPaKTEPUCTHKH 3/1eMeHTOB. IIoCKONbKY
TOHKHE TOJYNPOBOAHUKOBbIE IMJEHKH [0 CBOMM MapaMeTpaMm cy-
1IeCTBEHHO OTJIMYAIOTCS APYr OT ApPyra B 3aBUCHUMOCTH OT BHAA Ma-
TepHasa W MeTOda ero OCarKJeHHs, Mbl PACCMOTPHM XapaKTepHble
0COOEHHOCTH KOHKPETHBIX MaTepHasoB H NPOBENEeM CpPaBHeHHe IJje-
HOK, MOJyuaeMbiX pas3juuHbIMH MeroaaMu. B pasgenax 3.4 u 3.5
OyleT TaHO KpaTKoe OMHCaHue CBOHCTB MJIEHOK MeTaJs/JOB H AU3JeK-
TPUKOB, KOTOpBIE€ fABJSIOTCS HeOTbeMJeMOH YacTbl0 TOHKOIJIEHOY-
HBIX COJIHEUHBIX 3JeMEHTOB, B UACTHOCTH 3JeMeHTOB ¢ Oapbepom
HIOTTKH M €O CTPYKTYPOH MPOBOAHHK — AHM3JAEKTPHK — MOAYIPO-
BOJHUK.

3.2 lNonynpoBOAHMKOBLIE NMEHKH

3.2.1 Kpemuun (Si)

ToHkne nJeHKH KpeMHHUS IOJYYalOT pPa3JHYHBIMH MeTOJLaMH,
B TOM UHCJe XHMHYeCKMM OcaxJIeHHeM H3 napoBoit ¢asw [1—16],
ucrapennem [17—20], noHHBIM pacnblieHueM [21—24], HaHeceHneM
Ha KepaMHuecKHe MOAJMOXKKH [25—27], ocaxKIeHHeM Ha MHOTOKDPaTHO:
HCIIONb3yeMble MOMJNOXKKH C MOCJAEAYIOUIMM OTHeJ]eHHeM IJIEHOK 3a
cueT HepaBHOMEPHOro TemJI0BOro pacuiupenus [28, 29], anextposu-
tuueckuM [30] u anekTporuapoanHamudeckuMm [31] meronamu.
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3.21.1 CrpykTypHble cBOMCTBA

CornacHo naHHbIM AnaMueBcKoi H ap. [3], KpeMHUEBbLIE MJIEHKH,
nojiyyaeMble XHMUYECKHM OcaKieHHeM u3 mapoBoil ¢a3el Ha amopod-
HBIX MOAJIOXKKAX, HarpeThlX Jo TemnepaTypbl Menee 500°C, ob6na-
nanT amopdHO#l cTpyKTypoH. Ilpu Gosee BBICOKOI TeMmmepaType
noanoxkn (~550°C) o06pasyroTcss MOJUKPUCTANJIHYECKHE IJI€HKH
€ Pa30OpHEHTHPOBAHHBIMH 3epHaMH. [lJeHKH, ocaxkjgaeMble MPH TeM-
nepatype 600...700°C, UMEIOT MONHKPHCTANIHYECKYIO CTPYKTYPY
C NPeHMYHIECTBEHHOH OpHMeHTalHell 3epeH, KOTopas B 3TOM TeMIie-
paTypHOM JAHamnasoHe MeHseTcst oT HanpasJenuss <110> o
< 100>, a sarem po <111>. Ilpu ewe Gosee BBICOKOH TeMiepa-
Type (~750°C) n/leHKH BHOBb NPHOGPETAIOT PasymopsiLiOYeHHYIO
TIONIHKPHUCTAJIHYECKYIO CTPYKTypy. llpu TeMmmepatype NOMJIOXKKH
Huxke 500°C cTpyKTypa oca)kiaeMoil MJeHKH He 3aBHCUT OT OTHO-
LIeHHsl KOHLeHTpAaUuMH cHJaHa W a3ora B ras3oBod cmecH. OpHakKo
npu 600 °C u Bblllle OTHOLIEHHE KOHUEHTPAUHMi CHJaHA H a30Ta OKa-
3bIBAET CYILeCTBEHHOe BJMAHHE HA CTPYKTYpPYy MJEHKH, IPHYEM Xa-
PaKTep U CTeNeHb ero BJAHAHHA 3aBUCSAT OT TEMIEPATYPhl MOLJOXKKH.
Xupocs u np. [6] ycraHOBUAIH, uTO MJeHKH Si, ocaxkjgaeMble Ha KBap-
LleBble MOJAJOXKHU MOCPEACTBOM TEPMHUECKOrO Pas3jio:KeHHs CHJIaHa,
KPUCTAAIU3YIOTCI TpPH TeMmmepaType, mpeBoinaooueil 675°C. AHa-
JIOrMuHbBie pPe3yAbTaThl ObLIH moayueHsl Kamuncom u ap. [11]; ocax-
JlaeMble MJEHKH HMeldH aMOp(pHYI CTPYKTypy MNpH TeMmepatype
nomioxKKu Huxke 600°C ¥ MONUKPHCTANJIHUECKYIO, C TPEHMYLIECT-
BEHHOH opHeHTalueldl 3epeH B HampaBjeHuu < 110>, — npu 6ogee
BBICOKHX TeMIepaTypax. B pesysbTaTe pocta M PeKPHCTANNU3ANHUU
KPeMHUEeBbIX MJEHOK Ha MOMJIOXKKAX U3 OKCHIA aNlOMHHHA 06pasy-
I0TCA NEeHIPUMTHBIE KPUCTaJbl [15] ¢ mpeuMymiecTBEHHOH OpHeHTa-
1Hell OTHOCHTEJbHO HampaBjeHua <111>.

M3y4eHHI0 MHKPOCTPYKTYPHI IJIEHOK, OCaXKAaeMbIX XHMHUECKHM
MeTOJ0M H3 mapoBoil Gasel, mocBsmieH psn pabor [7, 10, 12, 13—
15]. Ommanysab u [Moanok [12] uccienoBanu BiIUsHYUE TeMIepaTyphl
MOJAJI0KKH, COCTaBa ras3a-HOCHTessl M CKOPOCTH MOTOKa rasa Ha
pasMep 3epeH B mJjeHKax Si, BblpamHBaeMHX Ha NOIJOXKKAaX Hu3
SisNy u SiO,. Ilpu Temnepatype momjoxku He MeHee 720 °C obpa-
3YIOTCS MOJMKPHCTANJHUECKHe TIIeHKH, Y KOTOPBIX MPH ONpenesieH-
HBIX YCJOBHAX MOryT ObITb TOJyueHbl 3€pPHA, OJHOPOJHBIE MO pas-
Mepy (~30 um). IIpu BEICOKOH TeMmnepaType NONJ0XKKH (6osee
770°C) ocaxpaaloTcd HeclJOWHbe TjaeHKH. Uy u ap. HaHOCHIH
KpeMHHeBble MITeHKH HA CTaJjibHbIe MOAMIOXKKH C MOKPBITHEM M3 60po-
cuankata (mpemsitcTBylomuM Auddysun marepuanon) [13] na rpa-
¢ut [13] ¥ pekpucTaNIU30BAHHBIN MeTajdJaypruyecku kpemHui [10,
14]. Ha momsoXkKax U3 cTaadu co cioeM OOPOCHIMKATa NPH TeMIe-
parype 900°C o6pasyroTcsl MOJHKPUCTANJIHUECKHe TIJIEHKH ¢ pa3Me-
pom sepeH oT 1 1o 5 MkM. HekoTopble U3 KPHCTAJNJIUTOB HMEIOT XO-
polIo BeipaxeHHy orpaHky. ITo cBouM cBofictBam rpadur ayuine
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corjacyercs ¢ KpeMHHeM, yeM CTaJjlb, H KPeMHHeBble IJIeHKH, MOJaY-
yaeMble Ha rpaduTOBBIX mojoxKax mpu 1000°C, uMeil0oT 3HA4H-
TeNbHO 6oJjiee COBePIIEHHYI0 MHKPOCTPYKTypy. Ilpu Hanecenuu Si
Ha Harperble 10 1150°C nmoasioXKH U3 PEKPUCTAJIH30BAHHOTO Me-
TaJNJypPruyecKoro KpeMHHs NMPOUCXOLHUT 3MHTAKCHANbHBIA POCT mJe-
HOK, KOTOpble MO BHEIIHEMY BHIY He OTJIHYalTCA OT IOAJONXKEK.
[Ipn pexpHcrannu3andy KpeMHHEBHIX MJEHOK, OcaxJaeMblX Ha TH-
TAHOBbIE MOAJOXKKH CO CJoeM OKcHaa ajiomMuHusi, Caiito U ap. [15]
HabJI0Janu POCT NeHAPUTHBIX KPHCTAJNJIOB IIHPHHOH OKOJO 0,3 MM
H JJIMHOH, COCTaBAAWLIeH HECKOJIbKO CAHTHMETPOB.

[Taenkn Si, monyyaemMbie MeTOLOM HCIAPeHHS] HA CTAJbHBIX MOXA-
JOXKax ¢ mokpuiTHeM u3 Ti [19], TeMnepaTypa KOTOPHIX MOAJEPKH-
BaeTcsl Ha ypoBHe He HHxXe 525 °C, UMeIOT APKO BbIPaXKeHHYIO KpH-
CTAMJINYECKYIO CTPYKTYPY C NMPEHMYIeCTBEHHOH OpHeHTalHel 3epeH
B HanpaBieHHu <220>>. [1neHKH, mojiyuaeMbHle Ha aJIOMHHHEBHIX
NOJJ0XKaX, ODHEHTHPOBAHbl OTHOCHTeJIbHO HampasJjeHusa <l11> u
UMeIT cToJa6YaTyio CTPYKTypy. @envaman u np. [20] Takxke HaGJIIO-
JaJjd pocT IJeHOK Si ¢ 3epHamMH ctoj6uaToil Gopmbl. KpemHHeBbIe
MJIeHKH, oca)KJaeMble Ha can@Hup U CTEK/JI0 B OAHHAKOBLIX YCJIOBHAX,
HMeloT GJH3KHE MO BeJHYHHe 3epHA, CpPeJHHH pa3Mep KOTOPHIX CO-
crasasiet ot 0,2 1o 0,5 MxM. Ban 3osuHren u ap. [17, 18] HaHOCH K
caon Si Ha KepamuyeckHe ! u MOHOKpPHCTaJJHYeCKHe KpeMHHEBbie
MOMJIOXKKH C NH3JMeKTpUuecKuMu mOKpoiTuaAME u3 SisNg # SiOp. He-
MOCPe/ICTBEHHO MOc/e OcaxKJaeHUs cJOH Si, mosyyeHHble Ha Kepa-
MHYECKHX TOIJ0XKKAaX, COCTOAT H3 3epeH cTo6uaTOd (DOpPMBI nHa-
meTpom 10...15 MKM, mpuyeM 3epHa 06pa3oBaHbl BOJTOKHAaMH AHAMeT-
pom okoJ0 0,4 MmKM. Ciiou Si, ocakieHHble Ha MOHOKPHCTAJJIHYECKUEe
MOAJNIOXKKH € NOKPHITHeM u3 SizN4, TakKe HMeOT cTon64aTyio
CTPYKTYpPY (AuaMeTp 3epeH 2...8 MKM) H COCTOAT H3 BOJOKOH
auamerpom 0,2...0,5 mkm. Ha MOHOKpHcTanIMYecKHX MNOAJOXKKAX
¢ nokpbiTdeM u3 SiOp mosyuyeHbl cJ10H Si ¢ OYeHb TOHKOH CTPYKTY-
poii, o6pa3oBaHHOi BOJOKHAMH nuaMerpoMm okoiao 0,1 mMxm. Orxur
cnoes Si mpomo/kHTeNnbHOCTbIO | u mpH Temmepatype 12509C B aT-
Moctepe aproHa 3HAUHTEJNbHO TNOBBLIIIAET KayeCTBO KpPHCTaJJHYe-
CKOH CTPYKTyphl. 3epHa cTOo164aTOH (OPMBI paspyluampTcs, H 006-
pasyloTcs KPUCTAMJIUTHL pa3MepoM ~ | MKM.

MeTon BBICOKOUACTOTHOrO HOHHOro pacnblieHdss [21] mosBoaser
noJay4aTh IJIEHKH Si ¢ fpKO Bbipa:KeHHOH opHeHTalMed B Hampas-
JeHnd <111> Ha momnoxKax U3 camdupa ¢ TeMnepaTypod Bblle
900 °C, moBepXHOCTH KOTOPHIX mapaJuienbHsl miaockocTd (0001). ITpu
TeMnepartype mnomiaoxke 800...900°C ob6pasymoTcs NOJHKPHCTAJ-
auyeckde nyeHkH. [Ipu eme GoJjee HH3KOH TeMmIepaTtype ocaxkna-
10Tcsl aMOp(HBle MJIeHKH. B KpeMHHUeBBIX NJeHKAX, MOJy4YaeMbIX Ha
MOMJIOXKKAX H3 MYJJIHTA (MeTONOM BBIPAILHUBAHHS CJIOEB NOJHKPH-
cTaanMyeckoro Si Ha KepaMHuyecKHX MOAJIOKKax [25]), oGpasyercs

9 TaG/eTKH, CrieyeHHble W3 MOPOIIKOB KpeMHHsi. — [Tpum. ped.
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TEKCTypa € npeHMYyLIeCTBeHHOH OpHeHTanHe#d 3epeH OTHOCHTEJLHO
ocu < 110>, a HanpaBJseHHe pocTa (<211>) coBmanaer c Hampas-
JieHHeM BBITArHBaHHSl TMOMJOXKKH M3 pacnsiaBa. PasMep 3epeH no-
CTHraeT BeJIHYMHBI TOPSIAKA HECKONbKHX MHJJIHMeTpoB [25, 26].
TlneHkH, ocaxknaemble Ha MHOIOKPATHO HCNOJb3yeMble MOIJIOXKH
{29], umetor cTon6YaTYyIO CTPYKTYPY, OLHAKO POCT 3€peH MPOUCXOLHT
B HalpaBJ/ieHuH, NeplneHIHKYJIPHOM IJOCKOCTH NOAJNOXKKH. Pasmep
3epeH paBeH |...5 MKM. B pe3ynbrarte JasepHOH peKpPHCTAJJIU3A-
UMM KPEMHHUEBHIX JIeHT 3epHa CTAHOBATcA 60jee KPYNHBIMH H JOCTH-
raioT HeCKOJbKHX MUJIJHMETPOB B LIHPHHY H HECKOJIbKHX CAHTHMeT-
poB B A/HHYy. KpemHHeBble MJEHKH, OcaxKxaemble 3JeKTPOJUTHYE-
ckum MetomoM [30] Ha nmomnoxku u3 Ag, Ta, Mo, Ni u rpadura u
uMem#re ToamuHy nopsaaka 200 MKM, COCTOAT M3 KPYNHEIX 3€peH
nadamerpom 1o 100 mkm. [Taenkn Si, monydaemble (Ha MOANOXKKaX
U3 rpaduTa, MyJJHTA U CTEKJI006Pa3HOr0O yraepojaa) 3JeKTporuapo-
JHHAMHYECKMM METOIOM, NPH HH3KOH TeMIepaTrype OcaxJeHHS CO-
JepxaT 3epHa majoro pasmepa (~2 Mkwm). Ilpu pacnblieHdu pac-
njaBa KpeMHHs Ha TOMNJIOXKKH, HarpeTele AO BLICOKOH TeMiepa-

TYpPH, 00pa3yioTcs 3epHa cTONO64YaTOH (OPMbI LHAMETPOM OKOJIO
30 MKM.

3.2.1.2 DnekTpuueckue cBoNHCTBA

Xupocs u ap. [6] mpoBesH neranbHOe HUCCJeNOBAHHE BJIHMAHUA Ia-
pPaMeTpoB Tpoliecca OCaXKAeHHS Ha 3JeKTPHuecKHe CBOHCTBA KpeM-
HHeBBIX TJIEHOK, MOJIy4aeMblX Ha KBapUeEBbIX MOAJNOXKKaX MeTOLOM
XHMHYECKOro OCaxKAeHHS M3 mapoBoi (ha3bl. DHeprus aKTHBAIHH,
HafileHHasi MO pe3yJbTaTaM HCCJAENOBAHHS 3J1eKTPONPOBOAHOCTH
NJeHOK MPU BO3AEHCTBUH MOCTOSHHOIO 3J1eKTPHUECKOro MoJsd H AJs
Temnepatyp Bbilie 280 K cocraBaswoomas 0,53...0,61 3B, mens-
eTcsi B 3aBHCHMOCTH OT TeMnepaTypsl ocaxieHus. Ilpu temnepary-
pax, meHpiux 280 K, peaJsusyercs MeXaHU3M MPBIXKKOBOH NPOBO-
JUMOCTH MO ray6OKHM 3JHepreTHYecKUM COCTOSIHHAM, JOKAJH30BaH-
HbiM BOMU3U ypoBHA @Depmu. KoHueHTpauus pnedekrToB, KOTOphIe
HAEHTHQUIHPYIOTCS ¢ MOMOIIbIO MeTOAa 3JeKTPOHHOTO NapaMarHuT-
HOro pesoHaHca, cocraBiaseT He MeHee 10'® cm—3. TemmeparypHasn
3aBHCHMOCTb YAEJILHOM NMPOBOJUMOCTH TMOKasaHa Ha puc. 3.1. AHa-
JIM3  3aBUCHMOCTH  (OTONMPOBOAMMOCTH OT TeMIeparypnl (CM.
puc. 3.2) cBUAETeJbCTBYeT O TOM, YTO MO O6e CTOPOHHl OT YPOBHSA
@epMH CywIecTBYIOT 5HepreTHYecKHe 30HbI JIOKAJTH30BAHHBIX COCTOA-
Huil. Xdpocs u ap. [6] BeicKasaau npeanosoxKeHue, 4TO NOSIBJIEHHE
9THX 30H BBI3BAHO JIABHBIM 00pa3oM HajJH4YHeM «XBOCTOB» COCTOA-
HUI, CBSI3aHHBIX ¢ o6jacTsimMu BOJIM3H rpaHHun 3epeH. Ecuxapa u np.
[8] ycranoBHaM, 4TO 3Heprua aKTHBALUH, ONpedesleHHas H3 Hccle-
JOBaHHSl TNPOBOJHUMOCTH TOJHKPUCTANJHYECKHUX KpEMHHeBHIX IJe-
HOK, B KOTOpble BHellpeHbl aTOoMbl 60pa H (ochopa, o6paTHO mpo-
TIOPIMOHAJNbHA KOHIIEHTPAUMHU Jerupyouield npumect (cM. puc. 3.3).
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T,K [TonyyeHHble  pe3yabTaThl
102 500 300 200 aBTOPBI HHTEPIIPETHPOBAJH,
" UCXOASl U3 MOJeNH T'PaHHIL
_m%&l;;w 3epeH, OCHOBaHHOH  Ha
A M’ Npeano/oxKeH!H, 4To Ipa-
0,02 2B 2 HULBL CJY2KAT JIOBYILKaMH
' IJIa  HOCUTeJeH 3apsaa.
Pacuersl mokasanu, uTO
NJIOTHOCTDb JIOBYIIEYHBIX CO-
0,073B o
. Y croauuii  paBHa  3,5X
0,04 2B X 1012 ¢m—2 B maeHkax Si,
3 JIETHPOBAHHBIX GOPOM, H
i 5,2-10!2 ¢cM~% — B MJIeHKax
Si, nerupoBaHHBIX ¢ocdo-
poMm. Ilpu »3TOM Heo6XO-
e 0,15 38 JUMO OTMETHTb, YTO TMJIOT-
- HOCTb JIOBYIIIEYHBIX COCTOS-
HH# ¥, CJeI0BaTeJbHO,
CJI0eBOE COMPOTHBJ/IEHHE
B IJIEHOK, 3aBHCSIIHE OT TeM-
102 4 nepaTyphl ocaxJeHus,
- yMeHbIIATCS INpPH TOBHI-
LIeHHH TeMIepaTypbl. JTOT
BBIBO/JL, UJLTIOCTPHUPYET
puc. 3.4.

Ilpu u3MeHEHHH TeMIie-
paTypsl ocaxienus ot 700
g0 1050 °C mJIOoTHOCTB JiO-
BYLIEYHBIX COCTOSAHMI CHH-
kaetes ¢ 3,5-10!2 1o 2,0X
%1012 ¢cM~2, B TO BpeMms
KaK CJoeBOoe COIpOTHBJE-
HHe yMeHblIaercss npubin-
sutenbHo ¢ 105 go 102 Om/
kBaapar. CHUXKeHHe MJIOT-
HOCTH JIOBYLIEYHBIX COCTOS-
Hui Ha6JawopaeTcd TaKkKe
NpH OTXKHre, ONHAKO KO-
JIHUeCTBO JIOBYLIEK YBeJH-
yuBaeTcss MO Mepe BO3pa-
CTaHUust KOHILEHTpaLHH
BHEIPEHHOr0  KHCJIOPOZA.
Isypeuenckuit u ap. [2]
NP HCCJAEOBAHHU MJIEHOK
5 5 Si MeToAOM 3JeKTPOHHOTO
107 (T,K) napaMarHuTHOTO Pe30HaHca

° 00HAaPYXKHUJIH nedeKTH,

0,1138

o
o

E, = 0,078

107'°

~
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OHKKMX nNNEeHOK
npencTaBAsiome cob6oii BakaH- 1 --
CHH, TJIOTHOCTb KOTOPBIX COCTaB-
aser 3-104. . 4.101 cm2.
[Tnenxu Si, cozgaBaeMble Ba- 013
KYyMHBIM HcnapeHuem [17], He-
TIOCPENCTBEHHO TOCJe OCaXKie-
HHSI HMMEIOT HHU3KHe 3HaueHHus
VAeJbHOH NIPOBOJAUMOCTH
(~10"3 Om~'-cM™1) W nomBHK-
Hoctu Hocuresedt (~0,5 cm?/
{(B-c)), Kotopble nouTH He 3a-
BUCAT OT KOHUEHTpPAUUH IpUMe-
cu. B pesynbrare oTKHra mpo- 0,23 38
BOAMMOCTb BO3pacTaeT Ha He- §
CKOJIbKO MOPSIAKOB BEeJUYUHHI. |
B oToxXeHHBIX o0pasmax Ha-
Os10/1aeTCsl 3aBUCUMOCTb TTPOBO-
JUMOCTH OT YPOBHsSI JerupoBa-
HH$l, a SHEeprusi aKTUBALHUM IPO-
BOAMMOCTH, KaK W B TJeHKaX,
MoJyyaeMblX MeTOAOM XHMuye-
CKOrOo OCaKJeHWs W3 MapoBOH
¢ a3pl, ymMmeHpliaeTca NpH IMOBH-
LIEHHH KOHIIEHTPALMH TPUMECH.
AHanuz TeMmepaTypHBIX 3aBH-
CHMOCTCH TOABHXXHOCTH HOCHTeE-

0,138

0

O
2758 °2Qg 0,038 i

10—2_

A, OMHOCUMENbHOR  3HUYBHLLE

! | | i j
25 35 45 55 85 7,5
103/7 (1,K)

Puc. 3.2. TemnepaTypHblie 3aBHCUMOCTH
doronpoponumocti AS (u3mepenHble
npu 3Hepruu QotoHoB AV = 2,14 3B)
OTOXIKEHHDbIX  MOJHKPHUCTANJIHYeCKHX
n/JeHoK Si, MOJyYeHHBbIX XMMHYECKHM
ocaxleHHeM M3 mapoBoll ¢a-bl NpH
pPasJIMuUHbIX TeMrepatypax IOAJOXKKH

Jel 3apsina (cMm. puc. 3.5) moka-
3bIBA€T, YTO MNPH HU3KHUX KOH-
ueHTpauusix npumecu (<4-101°
cM~3) paccesiHue HOCHTeJNeH BbI-

[6]: 1—680 °C; 2—600 °C; 3--700 °C;
temneparypa orkura 1050 “°C; okomno
KPUBbIX YKa3aHbl 3HauyeHUs >HepTUH
aktuBauuu E 4.

3BAHO B OCHOBHOM HaJIHUHeEM JIO-

TeHIHANbHBIX 0apbepoB MeKAy KPHCTAJJIUTaMH, NpU 6oJiee BBICO-
KHX JKe YPOBHSIX JleripoBaHus npeobJafaeT pelleToOYHOe U IpUMec-
HOe paccesiHue.

Xa6epae n @péuuvie [23] u3yyasu 3aBHCUMOCTb YANBHOIO COM-
POTUBJIEHHS, KOHILEHTPALUMH HOCHTeJel M XOJJOBCKOH MOABUKHOCTH
B KPEMHMEBbIX MJEHKAX, HAHeCEeHHbLIX HOHHBIM pacHblieHHeM, OT 1a-
paMeTpoOB INPOLECCOB OCAXKIAEHHsl, OTXKHUra u auddysuu. IlIpu ontu-

Puc. 3.1. TemneparypHble 3aBUCHMOCTH YJAe/JbHOH MPOBOJAMMOCTH Oy, HAHECEH-
HBIX BaKyVMHBIM HCrapeHHeM H OTOXKEHHbIX IJIEHOK Si IPH pPassudHON KOH-
neuTpanuu Jerupytoweii npuMecu (a) [18] u ygenuHON NPOBOAMMOCTH O MOJH-
KPHCTANJIHUECKHX TJIeHOK Si, MOoJyueHHbIX XHMHYECKMM OCaXKAeHWeM M3 ma-
poBOi (a3bl npu pasJauuHbix TemnepaTypax momnoxkn T, K (6) [6]. Kouuen-
Tpanusa Jerupyiowell npumecn: / — 1,8-1020 em—3; 2 — 1,1-10% em—3; 8 —
3,6-101% cm—3; 4 — 2,9-101% cm—3; Temnepatypa nofsnoxku: I’ — 500 *C; 2" —
600 “C; 3’ — 650 °C; 4 — 700 "C; 0K0J/I0O KPHBBIX yKa3aHbl 3HAYEHHS SHePTHH
akTtuBanuu E 4.
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1,0 MaJbHBIX ~ YCJOBHSX pOCTa
NJeHOK MOryT OBbITb MOJY-
YyeHbl HH3KOe YAeJdbHOE CO-
NPOTHBJIEHUHE, [OCTHralollee

' 3.10% OM-cM, M NOIBHUXK-

! HOCTb  HOCHTeJeH, paBHast

.16 cm?/(B-c). Konuentpa-

Pocgop U HOCHTeJieHl B 3THX IJIeH-

Kax  cocTaBJjsier 0KOJIO

1020 e¢m—3. OcHOBHIBAasicb Ha

LA pesy/ibTaTaXx H3MepeHuil ma-
o o paMeTpoB MJeHOK Si ¢ spKo

BLIPAKEHHOH  IMperMYIIecT-
BeHHOH OpHeHTaluel 3epeH,
OCaXJEHHBIX Ha MNOLJOXKKH
3 candupa MeTOIOM BbICO-
KOYacTOTHOrO HOHHOIO pac-
nbiieHns, Xapman u ap. [21]
NPHILIH K CJAeAYIOIHM BBIBO-
| nam: 1) yneabHOE CONMPOTHUB-
10® o leHHe IIeHok (~0,1 OmX
Np, em-3 XCM) 3HAYHTEJbHO MeEHblie

Puc. 3.3. 3aBucuMoctn sHepruu aktusa- YA€/IBHOrO — CONpPOTHUBJCHHUS
uu¥ E4 or koHuenTpauun Np Jerupyio- KPEeMHHEBOH MHIIeHU
uiei npnMQeicu 'i).n nl?nHHHKb;I)HCTa:lmuqecxnx (102 Om-cMm); 2) mnuaeHkH
g?:;ﬁiiueﬁyusnnagogoﬁ q)){asg 1EASH]q.eCK]m HMEIOT TaKOH K€ THIl IPOBO-
NUMOCTH, KaK H MaTepHal

MHLIeHH; 3) TOABHXKHOCTh

9JIEKTPOHOB B MJIEHKaX (ee MaKCHMaJbHOe 3HaueHue — 256 cm?/ (B X
Xc)) HHxe, yeM B Marepuate wmuedd (1100 cm?/(B-c));
4) nNeHKH HMEIOT J[OBOJbHO BBICOKYIO KOHIEHTPAlHI0 HOCHTe-
Jeit — aaekTponoB (10'7...10'8 cm~3). Xunuebepr u ap. [22] nmox-
TBePAHJH, 4TO IO THIY NPOBOJHMOCTH MJIEHKH He OTJIHYaloTcs OT
MaTepuaja MuureHd. [ToaBHKHOCTL HOcuTesell, u3MepseMmas IpH
KOMHAaTHOH TeMmepaType, CHJIbHO 3aBHCHT OT TeMIepaTyph Ocaxk-
NeHHs [JIeHOK u cocTtaBasier 1...20 cm?/(B-c), 4uTO COOTBETCTBYeT
3HAYEHHUAM TMOABMKHOCTH HOCHTeNel B MAacCCHBHBIX KpHCTalJIax.
Bojiee HH3Kas MOJBUKHOCTb HOCHTeNEH B TOHKHX IJIEHKaX (TOJLIH-
HOH ~1 MKM) cBsi3aHa ¢ HX JONOJHHTEJIbHBIM paccesiHHeM Ha
JedeKTax KpUCTaau4ecKOH cTpPYKTypwl. [Ipu KOMHAaTHOH TeMmImepa-
Type KOHIIEHTpAIMsl HOCHTesNell B SMHTAKCHAJBHBIX CJAOSIX H3MeEHS-
ercst or 1-10'% o 2107 cm—2. Mcxona U3 TeMmepaTypHO! 3aBHCH-
MOCTH KOHIEHTpaUH¥u HocuTenedl (cM. puc. 3.6), ycTaHOBJeHO, UTO
aKILeNnTOpHble YPOBHU OTCTOAT OT Kpas BaJeHTHOH 30HH Ha 0,05 3B;
HaJIH4He 3THX ypPOBHEH OOBSCHAIT NPHCYTCTBHEM B IJIEHKAX IIPH-
mecu 6opa, comepxkaBllerocs B MaTepuaJje MulieHd. bBakkapauu
u 1p. [24] npoBeneHO KaK TeopeTHYeCKOe, TaK H 3KCIE€PHMEHTaJbHOE




Mu3snueckme CBOMCTBA TOHKMX MNEHOK 141

0,3 — [ \ 105
+ Mnomuocmes  noByuiex
u Boicoma Supeeprt
\\ + Cnoeboe conpomubBnenue

<
N
!

A
l

0,1]

Mnomrocms  noBywek, 10'2 ¢m2

N
1

Boicomtt nomeHuuansHo20  dapeepa, B
CnoeBoe  conpotubneHue, 0r1/ kbadpam

| 1 ! L 10
600 700 800 900 1000 1100

Temnepumypn “ocaxdenus, °C

Puc. 3.4. 3aBHCHMOCTH BBICOTBl MOTeHIHaJAbHOrO Gapbepa, MJIOTHOCTH JIOBYLieK
M CJI0EBOTO CONPOTHBJEHHS OT TeMHepaTypbl OcCaxKAeHHsl HMIIaHTHPOBAH-
HplX 6OpOM MOJHKPHCTAMJIHUECKHX NJIEHOK Si, MOJyYeHHBIX XHMHUECKHM MeTO-
IZoM u3 mnaposoii ¢asw [8].

HCC/IeAOBaHUe 3JIeKTPOHHBIX CBOHCTB KPEMHHEBBIX MJIEHOK.
Hsmepenne nuddhy3uoHHOA AJHHBL HEOCHOBHBIX HOCHTeJdel
B CJIOSIX KPeMHHS, MOJY4aEMBIX XHMHYECKHM OCaKJIEHHEM U3 Mapo-
BOH (hasbl, OCYIIECTBJSETCS C UCIOJb30BAHHEM T'OTOBBIX COJMHEYHBIX
3JIEMEHTOB, U ee 3HAaueHHs 0ObIYHO cocTaBasioT 1...25 Mgm [9, 15,
16]. B caosx ‘Si, BHpAleHHbIX HA MOMJOXKKaX H3 DPEKPHCTAJJIH30-
BAaHHOrO MeTaJJIyprHYecKoro KpeMmHHs, HEOCHOBHble HOCHTEJNH B 3a-
BHCHMOCTH OT JIOKaJbHbIX (PAYKTyaluii IoTeHIHANa HMEIOT pa3jny-
Hy0 1HGOYy3HOHHYIO AJUHY — oT 15...20 1o 30...40 Mkm. denba-
MdaHOM H Ap. [20] mokas3aHO, YTO COJIHeuHble 3JeMEHTH Ha OCHOBE
cloeB Si, MONyuyeHHBIX BAaKYyMHbIM HCIapeHHeM IIPH MOHHKEHHOH

TeMIlepaType, “UMEIOT 6oJiee BLICOKYIO ANGP(PY3HOHHYIO NJIHHY HeocC-
HOBHBIX HOCHTeJEH.

3.2.1.3 Ontuueckne ceoicTea

Kron u ap. [1] u3amMepunu 3aBHCUMOCTH OIITHYECKOro Ko3pduuu-
eHTa MOrJoleHUss KPEeMHHEBbIX MJEHOK, HAHECEHHBIX HA MOJAJOXKKH
u3 candupa MeTOAOM XHMHYECKOro ocaxJeHHs H3 IapoBoil ¢asbl,
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T,k OT HX TOJIUHHB. ABTOpHI

102 500 300 200 OPHLIH K BBIBOAY, YTO Ha
B NOTJIOLleHHe CBeTa CYIIecT-
= BeHHOe BJIMSIHHE OKa3bIBAIOT
Kak TeMmIepaTypa OTXKHTa,
TaK M TeMmIepaTypa OCaxe-
HIisi TJeHOK, TpHYeM CJIOU
NJeHKH, pacnoJioKeHHbIe
0/MKe K TOAJIOXKKe, HMeEIOT
6oJiee HH3KOe KadecTBO. Ha-
JHYHe CJIos aJIOMOCHJIHKATa
- W Ha TpaHHlLle pa3fesa MJeHKH
L ~0,01s8 C TOAJOXKKOH H oborauieH-
HOTO aJIOMHHHEM cJ1051

B NJeHKe Si BbI3bIBaeT yXyn-
UleHHe ONTHYECKHX CBOHCTB
3 NJIeHKH TpPH YMeHblIeHHH ee
ToMMHb. [IpH oONTHMAJb-
HBIX  YCJOBHAX OCaXHAeHHd

Miggyr em?/(B-c)

0,02558 0,04 33

1 l | L | 3MUTAKCHANbHBI® TJIeHKH
0 1 2 33 4 5 6 ToauuHOH Gogee 0,3 MKM
1057 06MafaloT  NPHMEepHO  Ta-

KHMH K€ ONTHYeCKHMH CBOH-

Puc. 3.5. TeMmepaTypHble 3aBHCHMOCTH CTBAMH, KaK H MacCCHBHbIE
5(}eKTHBHOR XOJIJIOBCKOH MOABUKHOCTH

HOCHTEJeH [l eff B IJeHKAX Si, OCakIeH- 06pasupl.

HBIX METONOM BAaKYyMHOro HCHMapeHHd, Ilo pesyabratam u3mepe-
NP [a3JIHYHBIX KOHUEHTPAUKAX JIeTHPYIO0- HHH KOS(I)(I)HH.HeHTOB oTpa-
el mnpuMecH [17]1 1 —1,1-1019 cm—3; JKeHUd u nponycKaHua [ie-

2 — 1,810 cm—3; 8 — 3,6-1019 cm—3; :
KOO KPHBHIX yKasaHbi suauenus snep. LOK Si, MoJIiyyeHHBIX XHUMHUE
THH akTUBauvH F 4. CKHM oOcaxJaeHuHeM H3 Iapo-

Boi ¢aswl, ‘Xupocs u ap. [6]

onpele/HJHd HX TOKa3aTelb
npejoMJeHuss u KoapduuueHnt mnorsoulenus. Ha puc. 3.7 mnpuse-
JleHpl 3Ha4YeHHs NoKasaTesed mpesoMJeHHS aMOP(HBIX H TNOJHKPH-
CTaJNIMYeCKHX MJeHOK. MccienoBande aBTOpaMu BJHAHHS OTXKHra
Ha MOKa3aTeJb NPeJOMJEHHs NJEeHOK 0Ka3aJo, YTO 3aMeTHasl KPH-
CTAJJIM3aLUA TNPOUCXOAHT B HHTepBajJe TeMnepaTyp or 675 1o
690 °C. Ha puc. 3.7 npeacraB/ieHbl TakXKe CNeKTpajbHble 3aBHCH-
MOCTH KO3(p@uUHeHTa MOTJOUIeHHs cBera B aMOP(QHBIX H TMOJH-
KPDHCTAJJIHYeCKHX KDEeMHHEBBIX IJeHKaX. XHpPOcd H JP. YCTaHO-
BHJIM, UTO TPH 3HepPrusix, NPeBLILIAIONINX IIHPHHY 3anpellleHHON
30HBI, KO3(DQHUUHEHT MOTJIOIIEHHST NOJHKPHCTANIHUECKOrO Si He
OoJlee 4yeM B 1Ba pasa Bblllle KO3((HIHEeHTA NOrJOILEHHS MOHO-
KpucTananuyeckoro Si. [I0BOJBHO CHJBHOE ONTHYECKOE MOTJIOlLeHHE
NPH 3HepPrusiX, MeHbIIHX IIHPHHBI 3alpelleHHOH 30HbI, CBsI3aHO
C TMepeXx0JaMH HOCHMTeJell C 3amoJHeHHBIX TJAYOOKHX 3HepreTHye-
CKHX ypOBHeH B 30HY INPOBOJHMOCTH HJH Ha YPOBHH, COOTBeTCT-
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BYIOILHE «XBOCTY» COCTOSIHHI
BO/IM3W Kpas 3TOH  30HBI.
PesysnbraTht MpOBeeHHBIX
aBTOpaMH H3MepeHHH NpOBO-
JHMOCTH TJICHOK, 3JeKTPOH-
HOrO MapaMarHUTHOTrO pe3o-
HaHCca H (OTOMPOBOJUMOCTH
MOATBEPIKAAI0T 3TH BBIBOJHL.

3.2.2 Cenennpg kapmus (CdSe) 1 7 10 13

=
1037 (T,K)

Toukue ninenku CdSe no-
JY4YaloT MeTojaMHu BakKyyM- Puc. 3.6. TemnepaTyphble 3aBHCHMOCTH
HOTrO HCHaPeHHH [32__37]’ KOHUEHTpauHHu p HOCHTeJeHl B 3NHTAK-

_~ cuaxabHom cyoe Si (/), ocaxIeHHOM MeTO-
HOHHOrO pacmblienns  [38 JOM HOHHOTO pacnbliends [22], u B mac-

40], nyJabBepusauumum ¢ MO-  Cypyuom o6pasue Si (2). Kpusas 3 coort-
CJeAYIOUIUM THPOJUu3oM [41], BercTByer cOGCTBeHHOH — KOHUEHTpALMH
aHoaupoBaHus  [42], aJjex- HocHTeseil.

TPOJIMTUYECKOTO ocaxjaeHund

[43, 44] u ocaxpenus u3 pacrsopa [45, 46]. CTpyKTypHble H 3JeK-
TpUYeCcKue CcBOHCTBA MJEHOK 3aBHCAT OT MeTOoAa noJiyuyeHud H Imna-
PAMETPOB Mpoilecca oCaxKaACHU .

3.2.21 CrpykTypHble cBOMCTBA

B maccuBHbix o6pasuax CdSe kpucTamiusyercs B rekcaroHaJb-
HOH CTPYKType BIOpTUHTA H KyGuueckKoH cTpyKType cdhanepura (HuH-
KOBOI o6MaHKH). BropTiut npencrasasier coboll HU3KOTeMIepaTyp-
Hyl0 ¢a3y, KoTopas mnpeBpauiaeTrcss B cajepHT NpPH TeMmepatype
700 ...800°C [47]. B 3aBUCHMOCTH OT YCJOBHUH OCa)KAeHUS TOHKHE
naenku CdSe nmpu KoOMHATHOH TeMmepaType MOTYT COJAepiKaTb JI0-
Oyio u3 3TuX a3 uau ux cmecb. Tonkue mienku CdSe, ocaxpae-
Mble HCTIapeHHeM B BaKyyMe Ha HeHarpeTble CTeKJsTHHbIe MOMJM0XKKH,
COCTOSIT B OCHOBHOM M3 rexcaroHaJbHoOH daswl [34, 48, 49] u umeror
nmockoeTh Tekerypol (0001). Ilpm temnepatype moanoxku ot 200
10 500°C o6pasytores niaeHkd CdSe cMelaHHOH CTPYKTYpbl, B KO-
topbix 60 9% BeliecTBa cocTapJ/sieT rekcaroHasabHas dasa u 40 Y —
Ky6uuyeckas ¢asa [50]. B Tom ciyuae, Korja noTokK mapa majaer Ha
NOJIOXKKY TOJA MPSIMBIM YIJIOM, 0CaXKAAITCH MIEHKH C MI0CKOCThIO
tekctypsl (0001) mau (111). dnurakcuanbpHbie naedkn CdSe, mo-
JydaeMble BAKYyMHBIM HCIapeHHeM, KPHCTAJIH3YIOTCS B CTPYKType
canepura uau Biopruuta [51—>5H5]. Ilpu BakyyMHOM HCMapeHUH
CdSe na nmoasnoxku u3 AlyOs, Harpersie 10 TeMmepatypel 580 °C,
IIPOHCXOJHT IMUTAKCHAJNBHBIH POCT MJIEHOK, MPH KOTOPOM IJIOCKOCTh
(0001) CdSe napacraer napaaiensto miockoctd (0001) Al,Oj [53].
I1pu ucro/nb30BaHHH MOANOXKeK M3 (e 3MHTAaKCHAJNbHOE OCaXKAeHHe
BO3MOXHO npu Temneparype 300...450°C, kotopasi MeHsiercs
B 3THX MpejeJax B 3aBHCHMOCTH OT OpPHEHTallMH MOAJO0XKKH. Paccak
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Puc. 2.7. 3aBUCHMOCTH ONTHYECKOro Ko3(dHUHEHTa MOIJIOMEHHs (@) H Mmokasa-
Teast npesdoMyeHHs n (6) aMOPMHBIX M MOJHKPHUCTALJIHUYECKHX NJaeHOK Si, moay-
UeHHBIX XHMHUECKHM OCa)KAEHHEM H3 maposoi ¢asel, oT 3Hepruu doroHos [6].
I — amopdubii Si, TeMmneparypa orxura Tg = 650 °C; 2 — MOMHKPHCTAJIH-
ueckuit Si, Tq = 1050 °C; 3 — MoHOKpHcTaMTHYeCKHH Si.



Mu3muyeckme CBOWCTBA TOHKMX MNNEHOK 145

H 1p. [35] Takxe oTMeyasH, 4To Hpu Hoaydenunu maeHok CdSe co-
BMECTHBIM HCHapeHHeM HX KOMNOHEHTOB H3 Pa3HBIX HCTOYHUKOB Ha
HarpeTble K0 100 °C THTaHOBble NOJJIOXKKH mNpeoblafaer rekcaro-
HajpHaa ¢asa CdSe c maockoctbio Teketypu (0001).

Jleman u Yuguep [38] usyuanum mpoumecc pocra mieHok CdSe,
OcaxkJaeMblX METOJIOM BBICOKOYACTOTHOTO HOHHOTO paclblieHus Ha
NOAJNOXKKY U3 candupa u KBapueBoro crekna. IIpu TeMmepartypax
ocaxaenusi Huxe 400 “C nuieHKH, nojyyaeMble Ha T€X U IPYruX IOM-
JIOXKKaX, 06/1a1al0T OJMHAKOBBIMH CBOHCTBaMH. [IJIeHKH HMeEIOT IO-
JUKPHCTANIHUECKYIO CTPYKTYPY C IVIOCKOCTBIO TeKCTyphl (0001).
Ilpu temneparypax Beimie 400°C creneHb aMopdu3anuu MJIEHOK Ha
MOMJIOXKKAX M3 CTEKJNa NOBBIIAETCH O Mepe yBEJHYEHHs TeMmepa-
TYpPBl NOMJIOXKKH, B TO BpeMs KaK Ha MOHOKPHCTaJJIMYECKHX MOA-
JOXKKax H3 candupa ocaxJaloTcs 3MUTakcuaabHble mieHkn CdSe,
y Kotophix miockocthb (0001) napasanenbua rpanu (0001) kpucramia
Al,O3. Ilneskn CdSe, nmonyyaemble METOAOM MyJbBEpH3aUHU C TIO-
CJIeIYIOLIMM TNHPOJU3OM, COCTOSIT K3 rekcaroHasabHoi ¢assl [38],
IUIeHKH 2Ke, BBIpalllMBaeMble M3 pacTBOpa, B 3aBUCHMOCTH OT YCJO-
BHH OCaxIeHHs UMeloT JH60 KyOuuecKylo, Mu60 CMeIaHHYIo — Ky-
OHYeCKYyI0 M reKcaroHasbHylo CTPYKTYypy [45, 46]. Ctpykrypa mie-
HOK, MOJIyuaeMBIX 3JIEKTPONHTHYECKHM OCaXKIeHHEM U aHOAHpPOBA-
HHeM, He H3YyYasach.

YCTaHOB/IEHO, UTO MapaMeTPbl KPHCTAJIHYECKOH peleTKu IIe-
HOK CdS;Se;_, m1aBHO M3MEHSAIOTCS OT 3HAUEHHH MapaMeTpoB pe-
[weTKH, xapaktepHux aas CdSe, 1o smaueHu#, TunuyHux pias CdS,
4TO CBHJETENbCTBYET O NOJHOH B3aHMHOH PacTBOPHMOCTH TpeX KOM-
MOHEHTOB B TBepJaOH ¢a3e Bo BceM auamnas3oHe cocTaBoB [46, 56, 62)].

3.2.2.2 JneKtpuyeckue CBOWCTBA

Hanuune B3anMOCBA3H MEXKAY 3TeKTPHUECKUMH CBOHCTBAMH, CO-
CTaBOM H MHKPOCTPYKTypoH miueHok CdSe o6ycioBnuBaeT 3aBHCH-
MOCTb HX 3JIEKTPHYECKHX CBOHCTB OT MeTOJa MOJIYYeHHsI U NapaMer-
poB mpomecca ocaxkAeHHs. BcieAcTBHe cylIeCTBOBAaHHS BaKaHCHH
Se nmenkn CdSe Bcerna HMeOT IPOBOAUMOCTb M-THNA (JOHOPHBIE
ypoBHH o6pasylor atoMel Cd). AToMbl Se cO31al0T B 3ampelLieHHON
30He rIy60KHe aKIenTopHble ypoBHH (Ha paccrosiuuu ~0,6 3B or
BepIUMHBl BaJeHTHOH 30HBI), MO3TOMY MJIEHKH He MOryT o6JagaThb
NPOBOAUMOCTBIO p-THIMA.

CornacHo pesyabrartam usmepenuii [0 [40], y mienmok CdSe,
MOJYYeHHBIX HOHHBIM pachblieHHeM B TJIEKOUIeM pa3psifie Ha I0CTo-
STHHOM TOKe, B030yxkjaaeMoM B raszooéi cMecu HySe ¢ Ar, yaenbHoe
TEMHOBOE€ CONPOTHBJIEHHe B HaNpaBJeHHH, MepneHIuKyJsipHOM IIo-
BEPXHOCTH MOMIOKKH (~10° OM-cM), BBIIE, YeM B IJIOCKOCTH
naeHkn (~ 107 OM-cM). AHH30TPONHUIO 3JIEKTPHUECKHX CBOKCTB IIe-
HOK OODBACHAIOT CYLIeCTBOBAHMEM MOTEHLHAJbHBIX 6apbepoB, CBS-
3aHHBIX ¢ AeheKTaMH ynakoBKH. [Ipn HHTEHCHBHOCTHM MaIaloIero
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H3nyueHuss ~3 MBT/cM? yiesnbHOe COMPOTHBJEHHE IJIEHOK B OGOHX
HanpasJeHuaAX ymenbmaercs go 10%...108 Owm-cm. [locrosiHHas
BpeMeHH 3TOro mpoiuecca coctaBnser MeHee 1 mc. OTHOUEHHE TeM-
HOBOTO YJ€JBHOrO CONMPOTHBJICHHUS] MJEHKH K yAeJbHOMY CONpPOTHUB-
JIEHUIO NIpH OCBEUIeHHH, M3MepeHHOe B MONepeyHOM HampaBJeHHH,
nocruraer Haubosbiuero 3Havyenus 1,8.10° npw TosluHe NJEHKH
1,5...2 MKM, B TO BpeMst Kak B IPOJAOJBHOM HaNpaBJeHHH 3TO OT-
HOLIEHMe NPH yBeJWYeHHH TOJMMIMHB MueHKH Bospactaer ¢ 10710 80.
MakcnmasbHbBle 3HAYEHWS yKAa3aHHOro OTHOLIeHHs paBHB 8- 103—

B MONMEpEYHOM HalpaBJeHun (AJAd NJeHOK, Oca)KAaeMblX Ha HOl-
JN0XKH ¢ Temnepatypoir 150°C), u 60 — B mpopOJNILHOM Hampa,Je-
HUM (MJd TJIEHOK, MoJyyaeMblx npu temieparype 175...200°C).
[Ipu npunoxeHun K 3TUM MJIE€HKAM CHUJIBLHOTO 3JEKTPUUECKOro MOJS
Ha0JI08aeTCsl HaChIIeHHe TOKa.

Hop u ap. [34,57] cooburanu, YTO NAEHKH C TOHUKEHHBIM yAeJb-
HBIM CONPOTHUBJIEHHEM, MOJyYyaeMble METOJOM BaKyyMHOrO Hcrape-
HHs, COCTOAT M3 3epeH OoJbllero pa3Mepa H UMewT GoJjee
YyIOPAAOYEHHYIO CTPYKTYPY, UeM NJEeHKH C IOBBIIIEHHBIM yAeJbHBIM
COIIPOTHBJIEHNeM, KOTOpBIe coAepxaTr amopdHuble ob6aactu. [Lias HU3-
KOOMHBIX IIVIEHOK HelOCPeACTBEHHO IOCJe OCaXKAEHHs XapaKTepHO
He0OJIbIIoe H30BITOUHOE KOJMYECTBO KaAMUA,KOTOpOe yBeTHYHBAETCS
npu tepMoo6palboTKe, B pe3yJibTaTe 4ero KOHUEHTpalHst HocuTesel
BO3pacTaer, a yAeJbHOe CONPOTHBJIEHHE IVIEHOK YMeHbllaercs. 3Ha-
YHTeNbHOE MOBBHIILEHHe YAeJbHOr0 COMPOTHBJEHHUS IIJIEHOK, OCax-
JaBLIUXCS C BBICOKOH CKODOCTBIO, IIpH BBLIEpPIKKe B aTMoChepHBIX
YCJIOBUSIX W NMpu TepMooGpaboTKe CBsA3aHO C oOefHEeHMeM HOCHTe-
JsiMH MeJKuxX 3epeH. CKOpPOCTb OCasKJAeHHs M TeMIlepaTtypa HCmapH-
Tesisl CYyUIeCTBEHHO BJIMSIIOT HAa MHUKPOCTPYKTYpPYy H, CJIeJOBaTe/bHO,
Ha 2JeKTpuueckue CBOHCTBa MJyeHoK. Xamepcku [36] mposen uccie-
JIOBaHWE 3aBUCHMMOCTH CBOHCTB ucnapsembx nieHok CdSe ot pas-
JIeHUsl OCTATOYHOr0 KMCJIOPOAA M TeMIlepaTyphl NMOAJIOKKH M CAeTalt
BBLIBOJ, UTO INPHU BBICOKMX TeMIepaTypax MOMJI0XKKH obpasylorcs
IJIeHKH crennguyeckoll CTPYKTYpH, colep:kauve BKIoueHUs Op
B BUJE KOMILJIEKCOB. ABTOPOM TakiKe I0Ka3aHO, YTO Y[AeJbHOE CO-
IIPOTHBJIEHHE IJIEHOK CHJIbHO 3aBHCHUT OT MApuya/tbHOrO JAaBJeHHS
O; ¥ B MeHblilell CTeNEHHW — OT TeMIePaTyphl NOMJIOXKKH M Mare-
puajda ucnapurens. Ha kpusofi, oTpakamwuieii 3aBUCUMOCTE YI€/b-
HOTO COMNPOTHBJIEHHs IJIEHOK OT CKOPOCTH OCaXXJeHus, HabJrofa-
IOTCSl aHOMaJibHble MHHMMYMBI, TOJIOXKEHHe KOTOPbIX MJs MJeHOK
CdSe, mosiydeHHBIX NpU pa3’MUYHBIX MapuuaNbHBIX AaBiaeHusx Og,
3aBUCHT OT OTHOIIeHWs KosnuectBa Moaekys CdSe (B maposoit
dase) n Oy, cOyHapsIOUIMXCS ¢ MOLTOXKKOHA. YCTaHOBJIEHO, YTO VY-
6UHA MHHHMYMOB OTlpeJesisieTCs] mapuuanbHeiM aaBienyeM O, B Ipo-
ilecce OCaXKJIEHMS MIEHKH.

UsH u Xuaa [33], ucxonst n3 pe3yJbTaToB M3MepeHHuii B TeMIepa-
TypHoM auanaszoHe or —100 xo 80°C 3/1eKTpOnpOBOZHOCTH M (-
¢dekta Xossa B KomIeHcupoBaHHbIX mieHkax CdSe, monyueHHBIX
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BaKyyMHbIM HCNapeHWeM (NpH KOHTPOJUPYEMBIX 3HAUEHHSIX CKOpPO-
CTH OCAXK/JEHHs, TeMIepaTypel HCIHApUTeNs] U TeMlepaTypu MOJ-
JIOXKKH), NPHUVIA K 3aKJIOYeHHIO, 4To Npyu Temnepatypax Boie 0 °C
NPOBOJMUMOCTb O0YCJOBJIEHA 3JMeKTPOHAMH, COJAEPKAIUIUMUCA HA JO-
HOPHBIX YPOBHSX, HMeOUIMX 3Hepruio uonuzauuu 0,186 3B wu
KoHueHTpauuwo okoso 1020 cm™3. IIpu TeMnepartypax, iex) allux B yKa-
3aHHOM JMAaNasoHE, TpeobiajaeT paccessHHe HOcUTedefl HA rpaHu-
nax sepen. Ilis temnepatyp, Menbmux 0°C, xapakrepHa MpPOBOAHU-
MOCTb B npumecHo# sone. Kyrpa u ap. [58] coo6uianu, 4ro npu tep-
MooOpafoTke B HHepTHOH aTMocdepe ciaoeB n-CdSe, B Koropbie
npoBeleHa MMIJIAHTAlUUsI HOHOB Se, NPOUCXOZUT HHBEPCHs THIIA
nposoaumoct ¢ obpasoBanuem p-CdSe. B 3Tux caosx Xo0s/0B-
cKasl MOABMIKHOCTH ABIPOK coctasJisier 0,4...0,6 cm?/(B-c), a KoH-
LeHTpaius Abpok — 4,2- 104 ...9,8. 107 cM—2.

ITnenku CdSe, ocaxnaeMble H3 pactBopa [46], HemocpeacTBeHHO
nocjie HaHeCEHWsT HMEIOT TeMHOBOe YAeJbHOe COIPOTHBJIEHHE
108...10° Om-cM, BelMYMHA KOTOPOrO 3aBHCHT OT YCJOBHMH pocra.
Orxur B Bakyyme npu temnepartype 300 °C cHHXaeT yaejbHOe COT-
potusJieHue mieHok a0 1...10 Om-cm. Kefintaa [46] usyvan Bans-
HHe OTXKHra, OCYLIEeCTBJSEMOro B pa3jinuHbiXx aTrMocdepax, Ha CBOH-
CTBA MJEHOK U YCTaHOBUJ, yTO Hajuyne Op NPUBOAUT K YBEJHYEHHIO
HX TeMHOBOIO Y/IeNbHOrO CONpPOTHBJAeHHs. PoJb OTXKHra CBOAUTCS
K TOMY, 4TO OH CTHUMYJHpyeT aAcopbuuio uam gecopbunio O, (ana-
JIOTHYHbIE TPOIlecCH XapakTepHul M s nieHok CdS, nosnyyaembix
MeTOJOM MNyJbBEePH3AUMK C MOCHAeLyIOUIMM nupodnsom). Konuen-
Tpauus 3JeKTPOHOB B OTOXKeHHbIX mieHkax CdSe usmensercs
B npexgenax 5-107...5.10® cm—3, a HX [OABUKHOCTb —
1...10 cm2/(B-c). DHeprusi akKTUBAUUH AOHOPHHIX ypoBHeH (cBs-
3aHHbix ¢ atoMamu Cd), HafiieHHas dU3 TeMnepaTypHOH 3aBUCHMO-
CTH KOHIEHTpauuyu Hocutededl (cM. puc. 3.8), pasua 0,015 3B. Ycra-
HOBJIEHO, YTO TeMIepaTypHas 3aBUCUMOCTb NOJABHIKHOCTH HOCHTeNeH
umeer Bug u~ 7" . Oas naeHok CdSe, ocaxkpaeMblX M3 pacTBopa
[59], mocne ouyBCTBJAEHHS HA BO3AyXe OTHOUIEHHe (HOTONPOBOAUMO-
CTH (npu oCBelleHWH GebIM CBETOM HHTeHCHBHOCTBIO 50 MBTt/cM?)
K TeMHOBOH IPOBOAMMOCTH cocTapJjsier 2-103. MakcUMyM CHEKT-
pajJbHON YYBCTBHTEJNBHOCTH IJIEHOK COOTBETCTBYeT JJIMHE BOJIHBI
0,7 Mxm (cM. puc. 3.9), uTo yKaspiBaeT Ha COOCTBEHHBIi XapakTep
¢doronposoaumoctd. CoriiacHO oleHKaM, B WHTepBaje 3Hepruii ot
0,21 no 0,26 3B nsoTHOCTb JIOByIIeK TNPUGJU3UTENbHO paBHA
10!7 ... 10'® cm—3 . 3B~!. Tlokasano [46], uTo BBeleHHE JIETHPYIOUINX
npumeceii Li u Cu npuBOIUT K yBeJHUeHHIO OTHOLIEHUsT (OTONMPOBO-
JIHMOCTH K TeMHOBOI NPOBOAMMOCTH IJIeHOK. IIpn Ha/luuuu npume-
ceit Cu u Ag cneKTpaJbHBIH AHATNA30H YYBCTBUTEJIBHOCTH PAaCLIMpPSI-
eTCsl B TMHHOBOJIHOBYIO 00J/1aCTh.

TemHOBOe yaenbHoe compoTupjenue mieHok crniiaBa CdS,Sej_y,
ocaxjaaeMblx W3 pactBopa [46], He 3aBUCHUT OT UX XUMHYECKOro CO-
craBa. BoiusiHde OTXKHMra Ha CBOMCTBAa NJIEHOK CIIaBa W Xapakrep-



148 Fnasa 3

G

5 o

=" 5k E,=0,015s8 )

[ >

x —5,0 =
3

2L
| 1 | 1 ! 2.0
2,0 2,6 3,2

0¥/ (1,K)

Puc. 3.8. TemneparypHble 3aBHCHMOCTH KOHUEHTpauuu n (I) u HO}IBPDKHOCTH{
{ HocHTese i B OTOXXeHHBIX NJenkax CdSe, ocaxieHHbX H3 pactBopa [46

1001~ —.—CdSe
CdSe: Ag
sol ————CdSe’
{100
20}
2 80
- -
5 60 Z
x
g £
o o
& st e
50 &

b4 0,6 0,8 10
Jnusa BomHel, MKM

Puc. 3.9. CnexTpanbHble 3aBHCHMOCTH (POTOUVBCTBHTENbHOCTH HeJEeTHPOBAH-
HBIX H JerdpoBanHbix njeHok CdSe, ocaxjienusix u3 pacrsopa [46] Kpusble
1, 2 — neBas wKaJja, KpuBble 3, 4 — mpaBas MKaJja.

Hble 0CO0eHHOCTH (POTONPOBOAUMOCTH AHAJOTHUHBl PACCMOTPEHHBIM
Bhille Ags mieHok CdSe. Ceeunnkos m Karanosuu [60] ¢ Hcrovib3o-
BaHHEM TPeX3/JeKTPOJAHOro BapHaHTa MeTOla HOHHOIO paclbljieHHs
(HOHHOro pacmelJieHHsl B TVIelOUleM paspsije, NOLAEPKUBAEMOM Tep-
MO3JIEKTPOHHOH 3MHCCHell), a TaK¥ke NOCPeACTBOM OCakKJIeHHS H3

{1
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Puc. 3.10. 3aBucuMocTs KBajpaTa Kod(duHUHEHTA MOIVIOLEHHS @? OT SHEPrHH
(oToHOB hv (@) H 3aBHCHMOCTH NoKa3sareJis npejomjeHus n (I) u @ (2) oT AJHHB
BOJIHBI cBeta A (6) pJs naenok CdSe, ocaxnennbix u3 pacrsopa [46]. Beaununna o
H3MepsieTcss B cM—L,

pactsopa noayyanu naeHkn CdS.Se;—, ¢ WIHPOKHM AHama3oHOM H3-
MeHeHHs (OTO3JeKTpHUYeCKHX CBOHCTB. ®duresbcoH u ap. [56] oTme-
yaJjd, 4TO yAeabHOe compoTuBiaeHde mieHok CdS.Se;_., ocaxpae-
MBIX METOJAOM NYyJbBePH3AUHH C NOCAEAYIOUIUM NOHPOJIH30M, caabo
3aBHCAT OT HX COCTaBa, TOrJa KaK TeMIepaTypa MNOMJIOXKKH, CKO-
pOCTb pacnblIeHHsI PacTBOpPa M CKOPOCTb OCaAeHHs MJIeHOK OKa3bl-
BalOT 3HAYHTENbHOe BJIHSIHHE Ha HX 3JIeKTPHUYECKHe CBOMCTBA.
B nnenkax CdS.Se;_, pas3inuHOro cocraBa KOHHEHTPALHS 3JEKTPO-
HOB H3MeHseTcs B npefenax 10'7... 108 cm—3.

3.2.2.3 Ontuuyeckue cBolCTBA

B nnenkax CdSe, ocaxkgaeMbiX H3 pacTBOpa, MPOUCXOAAT HPsi-
Mble ONTHYECKHE NepeXO]bl, H LIMPHHA 3alpelleHHON 30HBI COCTaB-
nser 1,74 3B. 3aBucuMocTh KBajpata Koa(dHUHeHTa NOrVIOUIeHHS
OT 2Heprud (OTOHOB, a TAaKXKe 3aBHCHMOCTH MOKas3aTessl MpejoMJie-
Husl 1 KodQ@HuuHueHTa NOIVIOUEHHS OT AJHHBI BOJHLI CBeTa NOKa-
3aHbl Ha puc. 3.10. Pentu u Beprep [61] orMeualoT, yTo crieKTpasib-
HOe TOJiOXKeHHe Kpas OCHOBHOH mosiocwl morJyioulenus nJjeHok CdSe,
NOJyYeHHBIX BAaKYyMHBIM HCHAapeHHeM U He MOJABEPraBINUXCS AOMOJ-
HHTebHOH 006paboTKe, onpefelsieTcss KOHIEHTpanued mpumeceit
B IJIeHKaX. B pesy/ibTaTe BBICOKOTEMIIEPAaTyPHOrO OTXKHUra INJEHOK,
HaHeceHHBIX Ha CHJIBHO Harperele NOAJIOXKKH, BOJH3H Kpas MOIJIO-
IleHHs TNOABJSIOTCS MOJOCH, XapaKTepHue /51 3KCHTOHHOIO MOIJIO-
IeHHs.
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Kak mokasan Keifintna [46], mimpuna 3anpeuienHoil 30Hbl NJIEHOK
CdS.Se;_., nonyueHHBIX OCaXKAEHHEM H3 PacTBOpa, MJABHO H3Me-
HseTCs B 3aBHCHMOCTH OT HX cocraBa B auamasone ot 1,74 3B
(mnenku CdSe) mo 2,44 3B (mnenkn CdS). Ipyrumu ucciegoBare-
asmu [56] oTMeuasoch aHaJOrHYHOE MJIABHOE H3MEHeHHe UIHPHHBI
3aNpeleH ol 30HBI MJeHOK, HaHeCeHHbIX MEeTOJOM IY/JbBepH3aUHH
C NOCJeYIOIIHM MHPoau3oM. [Torsoiense cBera B MIeHKax J110060ro
COCTaBa CONPOBOXKAACTCS MPSIMBIMH [E€PEXOIAMH. s

3.2.3 Tennypug kaamua (CdTe)

[Tnenku CdTe mosyuaroT BakyyMHBIM HcnapenueMm [63, 64], woH-
HBIM paclibiiienneM [63, 65, 66], snUTaKCHAIbHBIM OCAKIEHHEM Me-
TOLOM «TOPSYUX CTEHOK» [67], mysibBepusamuell ¢ MOCIEAYIOLWIMM MHU-
ponusom [63, 65], ¢ mOMoIbl0 HECKOJbKHX BAaPHAHTOB Tra30TpaHC-
nopraoro merona [63, 65, 66, 68, 69], ra30TPaHCHOPTHBHIM METOAOM
B KBAa3H3aMKHYTOM o0beme [63, 65, 70—72], mocpencrBoM Tpada-
peTHo#l mevaTu [73, 74] U MeTONOM XHMHUYECKOro OCaXKJAeHUs M3 pa-
cTBOpa [75].

3.2.3.1 CrpykrypHble cBOWHcTBa

[Tnenku CdTe, ocaxkpaeMble BaKyyMHLIM HCMAPEHHEM MPH KOM-
HaTHOH TeMmmeparype [64], cornacHo pe3ynbTaraM pPeHTreHOCTPYK-
TYPHOrO aHanu3a, KPUCTAJJIH3YIOTCA B KyOHUecKoil pelieTke H CO-
nepKar HeGOJIbLIOE KOJHYECTBO CBOOGOAHOrO Tennypa. [las mieHok,
co3nasaeMbix npu Gosee BhicOKOf Temnepatype (150 uau 250 °C),
XapakTepHbl TeKCaroHajJbHasi CTPYKTypa H OTCYTCTBHE TeJnypa
B CBOGOJHOM COCTOSIHUH. I17€HKH, MoJyueHHble NIPY KOMHATHOMH TeM-
neparype, nocie otxkura npu 300°C UMEIOT TaKHe Ke PeHTreHO-
TpamMMbl, KakKk H IJIeHKH, HaHeceHHble npu Temmepartype 300 °C.
bap6e u np. [66] orMeuanu, uto naedku CdTe, KoHAeHCHpYIoUHeCsS
MpH HOHHOM pAacCHbIIEHHH MNOJUKPUCTANNHUYECKOHi MHLIeHH, obna-
JLal0T MOJHUKPUCTANINYECKO! CTPYKTYpPO# M cojaepKar 3epHa cToj0-
yatoii GOpMBbI, IPEANOUTHTENbHOE HAIPABJEHHE POCTA KOTOPHIX Mep-
MEeHAUKY/ISIPHO TJIOCKOCTH MOAJNOXKKH. 3epHa COCTOSAT U3 MHOTOYHC-
JIEHHBIX JBOHHHKOB C XapaKTEPHBIMH pa3MepaMH ~5 HM, KOTOpHIe
0GpasyloT uepeAyIOIUIHECs CIOM C MeKCaroHaJbHoOfl MIOTHOYNAaKOBaH-
HOH ¥ Ky6uuecKOH rpaHelleHTPHUPOBAHHOH pelleTkaMu, pacnoJsoxKeH-
Hble BJIOJIb BBITSHYTHIX 3epeH. B cayuyae COBMECTHOTO MOHHOrO pac-
noiiennss Mutiedefi u3 CdTe u Cd npu HuU3KOH TeMmmepaType MHOA-
noxku (20°C) ocaxpaaiorcs IJEHKH C TeéKCaroHaJbHOH CTPYKTYpO#,
a TpHU NOBBHILIEHHOH TeMmepaType — CO CMelIaHHOH (KyOHuecKOH H
rekcaroHajbHoil) crpykrtypoi. Ilpu ente Gonee BbICOKOH Temmepa-
Type noanoxkku (350 °C) mnjieHKM KPHCTAJIH3YIOTCS TOJBKO B Ky-
Ouueckoit crpykrype. OfHaKo, €C/IH MOBBLICHTh HampsKeHHe HA MH-
wend u3 Cd, To B mIeHKaX yBeJHUYUBAETCs COJepKaHUe TIeKcaro-
HaJbHO# (a3bl U HX CTPYKTypa CTAHOBUTCS MeHee YIOpsA04eHHOH,
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a npu remneparype nomioxku 350 °C obpasyercsi apyras, BHICOKO-
TeMnepaTypHasi rekcaroHajbHas ¢asa. [1JeHKH, ocaxjpaeMble raso-
TPAHCMIOPTHLHIM MeTOAOM [68], Bcerna MMEIOT MOJNUKPHCTAIUYECKYIO
CTPYKTYpY, W CPelHHH pasmep HUX 3epeH BO3pacTaeT NMpH yBeJHue-
HWH TeMnepaTtypnl noaoxku. I1lpu remnepartype 500 °C MoryT GbiTh
nonyyenst 3epHa pasmepom 20...30 mxM, a npu 600°C — 50 MkMm
u 6osee. CornacHo pesysnbrataMm Mumunia-Apoiio u ap. [72], npu
ocaxaennn CdTe Ha MmoHOoKpHucTa/inueckde nomioxkn u3 CdTe
ra3oTPaHCHOPTHLIM METOAOM B KBa3W3aMKHYTOM oObeMe BCerja Ha-
0J10/1aeTCsl OPHEHTHPOBAHHHIH POCT MOJHKPHCTANIHYECKHX IJE€HOK.
PasMep 3epeH CcyuecTBEHHO 3aBHCHT OT COCTOSIHHSI MOBEPXHOCTH
MOMJIOKKH (H3MeHsSIeMOro XHMHYECKHM HJIH TepMHUYeCKUM TpaBJie-
HHMEM, OCYIIeCTBJISIEMbIM Mepejl OCarKJAeHHeM MJIEHKH), TeMIepaTypbl
MOAMOXKKH M CKODOCTH pOCTa MJEHKH. BiHsiHHe OpHeHTaUHH TOXA-
JIOZKKH Ha OCOOeHHOCTH 3mHTaKcHanbHOro pocra maenok CdTe,
OCa)K/laeMblX B KBa3M3aMKHYTOM o6beMe, usyuasocb @apenbpyxom
u np. [63, 71]. Eciu ocb ¢ KpUCTANJIHYeCKOH penieTku Ccyabdujia
KaJMHsl, H3 KOTOPOTO COCTOHT MOANOXKKA, NMepheHIuKyaspHa Mmioc-
KOCTH poCTa IJIeHKH, TO obpa3dyeTcs SPKO BbIpa’KeHHas 3MHUTAKCH-
aJibHasi CTPYKTypa, npu 3ToM HanpamjeHue < 111> kybuueckodl pe-
weTkn CdTe mapannensno ocu ¢ peuetkn CdS. 3epua CdTe umetor
dhopMy yceueHHOH mUpPaMHUABI CO CTOPOHOH OCHOBaHUA 50 MKM U BbI-
cotofl 0koJ0 5 MKM. IIpu NOBBILIEHUH TeMIepaTypsl pasmep 3epeH
06HIYHO yBeJHUHBaeTcs. IIpeaBapuresbHOe TepMHUECKOe TPaBJjieHHe
noasioXKu npu Temnepatype 750°C cnoco6CTBYeT CTPOrO OpHEHTH-
POBAHHOMY 3MHTAKCHAJbHOMY POCTY MJEHKH H 06pa30BaHHIO 3epeH
pasmepoM, jgocturaromuM 50 MxM u Gosnee. Ecinu mepen ocaxie-
HUeM IJIeHKH TeMIepaTtypa MOMJOXKH MOJAepKUBAaeTC HAa MOCTO-
SHHOM YPOBHE, COOTBETCTBYIOUIEM TeMMepaType poCcTa 3MHTAKCHANb-
HOH nJeHKH, To popMUpYIOTCA OoJsee MeJKHe 3epHa (pasMepoMm
~20 Mxm). B Tom cnyuae, Korja nepeja ocakjeHHeM IJIEHKH H Ha
HAYaJbHBIX CTAJMAX €e pOCTa MOJJ0KKA HMEeT HHU3KYIO TeMmIiepa-
TYpy, 3epHa CTaHOBATCA eule Menabde (~5 MkMm). IIpnm HaHecenuu
CdTe merozoM TpacdapeTHOH meyaTH o6pasyloTcs MJIEHKH, COAep-
xamue kybuueckyio ¢aszy CdTe [74] u cocrosiuine u3 3epen pas-
mepom okoso 10 MxMm. CBOGOMHAS MOBEPXHOCTb MJEHKHM MPOHH3aHa
nopamy, B To BpeMs Kak o6sacTb BOJM3M TpPaHUIbl pa3fena NJeHKH
¢ noAI0XKKoH okasbiBaercsd Gosee miuotHoil. Caon CdTe, ocaxnuae-
Mble 3JIEKTPONIUTHUECKHM MeTOAOM [75], MPOYHO COEIHHEHHl C I0-
BEPXHOCTBIO MOJJOXKKH, H IJI5 MOJY4eHHS] BHICOKOKAUECTBEHHOH KpH-
CTaJLTMYeCcKOl CTPYKTYpbI He TpeGyercst TepMOOGPaboTKH.

3.2.3.2, 3nextpuyeckuMe CBOWCTBA

Yaenbnoe conpotuBnenne mnaeHok CdTe, ocakmaeMbiXx HOHHBIM
pacnbiienneM [66] Ha MONJOXKKHM ¢ HH3KOH TeMmepaTypoil B ycJo-
BUAX, Korga Hanpsikende K Mumenu u3 Cd He mpunoxeHo, cocras-
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Jisiet okosio 108 OM-cM. Ecit Ha KaAMHEBYIO MHIIEHb NOAAETCS BhI-
COKOe HampsiKeHHe CMELIEeHHs, TO YAeJbHOe CONPOTHBJIEHHE MJIEHOK
cHuKaetrcsa 10 | OMm-cM. IIpu BHICOKHX TeMmmeparypax OcCaKIeHHs
yIeabHOe conpoTHBJeHHe 06bYHO npeBwimaer 106 Oum - cM. [lneHky,
nojyyaeMble U3 MaTepuaJia MHLIEHH, JETHPOBAHHOrO HHAHEM, TAKXKe
OKa3blBAlOTCS BHICOKOOMHBIMH JlaXKe NPH HHTEHCHBHOH auddys3nn
In B nseHKe, 4TO CBHIETENBLCTBYET O HH3KOH 3JIEKTPUYECKOH aKTHB-
HOCTH 3TOH JIETHPYIOLLEH NpHMecH. B jilerHpoBaHHBIX HHIHEM 3IH-
TakcHanbHBX mieHKax n-CdTe, ocamgaeMblX MeETOLOM <TOpPSYHX
cTeHOk» [67] Ha noasoxku, Harperse n0 480...500°C, co cko-
poctbio 1...3,7 MKM/4, NOABHXXHOCTL HOCHTE/JEH 3aKJHOueHa B AHa-
nasone 54 ...69 cm?/(B-c), a X KOHUEHTpPAuHs COCTABJSET OKOJO
1-107 cm—3. Tlnenku CdTe, nonyyaeMble Ha MOJJI0XKKaX, NMOABEpP-
raBLIUXCS TEePMHYECKOMY TpPaBJeHHIO, MMEIOT 3HAYUTENbHO GoJee
BHICOKYIO TOABHXHOCTH HocuTenel, pocturawouyio 240 cm?/(B-c).
KouueHnrpauus HocureJeidl B 3TUX nJeHKax papHa (6...7) - 1016 cm=3,
B nueHkax, HaHeCeHHHX Ha MOJJMOXKKH NOCJIe TEPMHUYECKOTO TpaBJie-
HHUsl, BHSIBJIEHO HAJHYHE TEMIEepaTypHOH 3aBHCHMOCTH NOABHXKHOCTH
HOCHTeJeH, 4To sIBJsETCsS CJOEACTBHEM HX paccesiHHsl Ha rpaHHuax
3epeH. TeMHOBoe yjaenbHoe conpoTuBiaeHune miaeHok CdTe, ocaxnae-
MBIX TasoTpPaHCHOPTHHIM MeTOAOM Ha HHOPOAHBIE NOMJIOKKH [68],
npeBbimaer 105 Om-cM. [1pu HCIONTB30BAHHH B KauyecTBe HCTOUHHKA
Jerupyouedt npumecd HI unu Cdl; Moryt 6vITh moJiydeHn NJI€HKU
CdTe n-tuna ¢ KoHueHTpauuell Hocurened okosno 3-10'3 cm~3. Ogn-
HAaKO BCJEJCTBHE TPaBJeHHUS MOBEPXHOCTH IVIEHKH TeJlypHia Kap-
MHSl KOHLEHTPAUHIO HOCHTeJNeH He/b3sl yBeJHYHUTh NYTEM MNOBBIILeE-
HHS YPOBHS JerupoBaHus. [T0ABHKHOCTb HOCHTEIEH B 3THX NJEHKax
cocrapaser 20...30 cm?/(B-c), a sddekrupHas aupdysnoHHasn
IJIAHA JAHIPOK BHYTPH 3epeH, COMJIaCHO H3MepeHHs M, paBHa
0,8...1,5 mxm. Ciienyer oTMETHTb, YTO NPH NPOBEJACHHH Mpolecca
ocaxzaeHus B atMoctepe renusi 6aarogaps 6osee caiaboMmy Tpasie-
Huto CdTe mosydeHb! IJIEHKH C KOHIEHTpaluHed HOCHTesefl moOpsilKa
106 cM—3 u nomBuKHOCTBIO B npenenax 10...15 cm?/(B-c). Ilpu
HCNOJb30BAHHH B KayecTBe Jerupymouux npumeced Sb uaun P obpa-
sytorest miaeHkd CdTe p-tuna, o6aanaoiine BHCOKAM YAEJAbHHIM CO-
nporusiednemM. HuszkooMubsie (10 Om-cm) muenkn n-CdTe nomy-
yalT npu oaHoBpemeHHoMm JernpoBaHuu CdTe fiomoM u rannuem
[69]. dnurakcuanvibie mienkn p-CdTe BHpamuBalOT METOOM raso-
TPAHCMIOPTHOTO OCAa)K/[IeHHUsI B KBA3H3aMKHYTOM 0oObeMe Ha JIerHpo-
BaHHHX HHAHeM MoHOKpucrasnax CdTe, ucnonb3ys B KayecTBe HC-
TOYHHKA MaTepHada TWIEHKH TeJJypHI KaAMHs, JerHpoBaHHBIH
mbiibsikoM [72]. CorsmacHo pe3yJbTaTaM H3MEpeHHH TepMo-3.1.C.,
B mieHkax p-CdTe, monyyeHHBX Ha MOAJOXKKAaX U3 candupa Mero-
JIOM Ta30TPAHCHOPTHOrO OCaXJAeHHs1 B KBa3H3aMKHYTOM o0beMme,
KOHIIeHTpauHusi AbIpOK paBHa 5-10'5 cM~3, a X MOJABHKHOCTDb, Orpa-
HUYeHHAst paccessHHeM Ha TIpaHuUax 3epeH, H3MeHseTcs OT
10-% cM2/(B-c) (mpu 270 K) mo 1 cm?/(B-c) (mpu 370 K). Onu-
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takcHaJbHble nieHKH CdTe, BHIpa- n
IIeHHBle HAa MOHOKPHCTaJJHYeCKHX
noanoxkax u3 CdS, umeor B 103

pas Gojiee HH3KOe YJesabHOe Co-
nporusnenne. Masi caoeB CdTe
(tomuiunoi 10 MKM), co3paBaeMblx  35[
NeYyaTHHIM METOJOM, XapaKTepHo i
ynenbHoe comporuienue 0,1...

1 OM-cMm, 6aH3KOE K YIENPHOMY  ,q|
COTNPOTUBJIEHHI0O MaCCHBHBIX 06pas- ’
mop CdTe, Koropble CJAyXKaTr HC- =
XOAHHIM MAaTepHAJOB [Jsi MOJyya-

eMoil nyeHkH [73]. fr s

& | ! !
1,0 15 2,0 25 3,0
A, MKM

3.2.2.3 Onruueckne cBoMcTBa
Puc. 2.11. CnexTtpa/ibHble 3aBHCH-

OnTtHyeckHe TMOCTOsSIHHBlE 1 i1 R MOC]TH nokaszTenei ILP&(‘/ngjIIe*}:H}f{l
TOHKHX TIOJMKPHCT@/IMYECKHX IUie- & d%z‘“:(?;;"f:]‘;“b'f; MeToﬂg s
Hok CdTe B nuamasoHe ANHH BOJH  yyymuoro ucnapewns npH 1ByX
or 0,3 MKM g0 3,0 MKM OINpefie- pasiuuHbix TeMmepaTypax Moo~
aenbl Tyrynanmu u TomauHom [64] xku [64].
C HCOOJb30BaHHEM  H3MepeHHBIX
3HaueHHH KO3(GhHIHMEHTOB OTPaKeHHsl H NPOMYCKaHHS NJEHOK NpH
HOpMaJ/IbHOM TaJeHHH H3JydyeHHs. AHalu3 NAaHHBIX TO MOTJIOMEHUIO
usnyyeHuss B nieHkax CdTe mokaseiBaer, yTo IWIHPHHe 3ampelieH-
HOH 3onbl, paBHOH 1,50 3B, COOTBeTCTBYIOT mpsMble ONTHYECKVE
nepexo/bl, a HePrHs CHUH-OPOHUTAJIbHOTO pAaCIUEeNieHHsT B BaJieHT-
Hoii 3oHe cocrasisier 0,88 3B. Bo3MoKHBl Takxke HempsiMble mepe-
XOIbl, KOTOPBIM OTBedaer IWIHUPHHA 3anpeuleHHOH 30Hb 1,82 3B.
CnekrpajbHble 3aBHCHMOCTH n H k mieHok CdTe mpuBefeHn Ha
puc. 3.11.

3.2.4 dochug unpua (InP)

Toukue cnon InP nonyuaorT XuMUYecKHM oOcaxKJeHHeM H3 NapoB
MeTaJJIOPraHHYeCKHX COoeIHHEHHH [76], XHMHUECKHM OCa*KAeHHeM M3
naposod ¢aswl [77—79], ucnapenuem [80] ¥ miaaHapHBIM peaKkTHB-
HBIM ocaxkjeHHem [81].

3.241 CripykTypHble cBoOiCTBa

ITpu xomHaTHO# TemnepaType InP umeer cTpyKrypy chanepura
C MOCTOSIHHOM KPHCTaJJIMYecKOH pelieTKH a, pasHoi 0,6869 um [80].
[Tpu ucnapennu InP H3 OAHOrO HCTOYHHKA MOrYT OBITH MOJYYeHbl
KaK KpDHCTaJUIHYeCKHe, TaK H aMop(HBIe MNJEHKH, cojaepiKalHe
Bkatoyenust In u P B snemenrtapHoit ¢opme [80]. ITpu HU3KO#H TeMm-
nepaTtype NOMJOXKH H BBICOKOH CKODOCTH OCaxKIeHHs 00pasyroTcs
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IJIeHKH, oforalieHHble ¢ochopom,
a TpW BLICOKOH TeMmmepaTtype MNoOJ-
JIOXKKH U HU3KOH CKOPOCTH OCax-
1o 10 JleHUsi — TJIeHKH ¢ U30bITOYHBIM
conepxkanneM wuHaus. MHcnapenie
M3 JIBYX HCTOYHUKOB 3JIEMEHTap-
upix In u P mpuBoauT K opMi-
pPOBaHHI0 TNJIEHOK, COCTOSIIHX H3
ofHOH (asbl, ¢ pasMepoM 3epeH
o) Gonee 1 MM (mpu TtemIeparype

Z 3 nopoxkd 500 K). Tlpu xumiiue-
10¥T.(T,K) CKOM ocaxjeHuu InP u3 mapoBo#
' ¢aspl 00pasyloTcss MOJHKPHCTA-
Puc. 3.12. Tewmmeparypubie 3aBH-  jgyecKHe IVIEHKH C pPa3OpPHEHTH-

M, CMz/ ( B- C)
/
/
p, tM~3

10H \ﬂ1015

«CHMOCTH HOILBH)KHOCTPI" W H KOH- pOBaHHOﬁ CprKTypOﬁ [77]
LUEHTpAUHU p HOCHTeNeH B MJeHKax

InP, ocamietHnix Metoxom saky- 11JEHKH InP, HaHeceHHble Ha MHOJ-
yMHoro Hcnapenust [80]. JIOXKKH H3 YyrJjepojaa, COCTOAT M3

foJiee  KPYNMHBIX  3€peH,  4eM

NJIeHKH, BbIpauiiBaeMble Ha MoO-
JUONEHOBBIX IOAJNOXKKAX, XOoTa B 000MX CcJayuasix pasMmep 3e-
peH cpaBHHM ¢ aHbdY3HOHHOH AnMHOH HocHTeseii B InP
{ <[ mMxm). B pabore C2iito u ap. [79] mokasaHo, 4To CTPYKTYpHbIE
cBoiicTBa MJeHOK n-InP, mosyueHHBIX Ha MOJHOMEHOBBIX MOMAJNOXK-
KaX MeTOJOM XHMHUYECKOTO OCa)KJAeHHs U3 mapoBoH (asbl, MEHAIOTCA
B 3aBUCHMOCTH OT TEMIIEPATYPbl H MPOJOJKHTEJNbHOCTH OCaXKAEeHHs
H He 3aBHCAT OT KOHUEHTPAUHMH pPeakUUOHHOCOCOOHOro rasa.
ITnenku n-InP, monyuaemble Ha moajoxkkKax, Harpernix ao 600°C,
HMeIOT CcTO6YaTyo CTPYKTYpPY C NpeHMYLIeCTBEHHOH OpHeHTalHel
3epeH OTHOCHTeJbHO HanpaBseHHs < 110>. Ilpu Temmepatype mon-
JoKKH HHxke 550 °C usiH NpU TOJIUIHHE IJeHKH MeHee D MKM 3epHa
OpPHEHTHPOBAHbI cayyaiiHbIM o6pas3oM. [IJeHKH p-THNa, HE3aBHCHMO
OT yCJIOBHH 0CaJIeHHs, COCTOAT H3 Pa3sOPHEHTHPOBAHHBIX 3epeH.
IIpu yBesuueHHH KOHIUEHTpauUHH Jjerdpywouied npumecu (Zn) Ha-
OJofaercss TeHAEHIHS K 00pPa3sOBAHHMIO HHTEBHIHBIX KPHCTA/JOB
InP. JlerupoBaHubie GepunaueMm NieHKH InP rommuHO# ~1 MKM,
nosyyaeMmble rnpu temmeparype 280°C MerofoM NJaHAPHOTO peak-
THBHOrO ocaxjeHHus [81] Ha mMOBepXHOCTH pEKPHCTAJIH30BAHHDBIX
mnenok CdS, uMeloT cOBepLIEHHYIO 3MHTAKCHAJbHYIO CTPYKTYDY,
a pasmep 3epeH InP B npomonbHoM HanpassaeHuu (~40 MxMm) co-
BIIaflaeT C pasMepoM 3epeH NoAnoKKH. [Ipm Temmeparype mnoi-
a0xkKH 380 °C snuTakcHalbHas CTPYKTypa siBJSIeTCS HecOBepLIeH-
HO# BeJieficTBHe o6GpasoBanus mpomexytoyHoro ciaos InCdS.

3.2.4.2 dnektpuueckue CBOMCTBA

st HejerHpoBaHHBIX 3MHUTAKCHAJAbHBIX IJeHOK InP n-tHma,
BBHIpALIMBAEMbIX HA MOHOKDPHCTAJIJIMUECKHX IOAJI0OKKAaX H3 apCeHH1a
rajJiis, JIerHpOBaHHOTO XpoMoMm [76], MpH KOHUEHTPAUHH 3JeKTpo-
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HOB MeHee 10!® cM~3 xapaKTepHO yBe/JHYEHHE HX MOABHKHOCTH
O/IHOBPEMEHHO C NOBBILIEHHEM KOHIEHTPaluMH. 3HauHTe/IbHOe BJHA-
HHe Ha TOJBHXKHOCTb HOCHTeJieH OKa3blBalOT CPaBHHTEJNbHO HeGOJIb-
LiHe NOTeHUHaJbHble Gapbepbl B IJIeHKe, IOsBJEHHE KOTOPBIX BhbI-
3BAHO ee CTPYKTYPHBIMH HecOBepLIeHCTBAMH. B 3mHTaKCHaJbHbIX
miaeHkax InP, monydyaemblx Ha NOANOXKKAaX H3 Qocpuna HHAHSA,
JIETHPOBAHHOTO KeJse30M, KOHLEHTPalHsi 3JEKTPOHOB MNpeBbilliaer
106 ¢cm~3. CorjacHo pe3ysabTaTaM H3MepeHHH, MpU TeMIeparypax
77 u 296 K moABHIKHOCTb 3JIEKTPOHOB B I/eHKaX InP, HaHeceHHbIX
Ha noanoxkku u3 GaAs, JerHpoOBaHHOrO XPOMOM, paBHa COOTBETCT-
genHo 10500 u 3100 cm?/(B-c), a B mJeHkKaX, ocakJeHHBIX Ha
noatoxku H3 InP, Jjerdposannoro  kejesoM,— 16600 u
3540 cm?/(B-c). Hanuune B maenkax p-InP, mosyyaemblx Baky-
yMubiM HcmapeHdeMm [80], TemmepaTypHOH 3aBHCHMOCTH MOJBHK-
HOCTH HocHTeJseil (mokasanHOH Ha puc. 3.12) cBHUIETe.ILCTBYET 09
MX paccesiHUHd TpaHULAMH 3epeH. YCTaHOBJEHO, YTO BBICOTA
Gapbepa Ha rpanuuax 3epeH cocrasasger 0,04 sB. Jueprust axru-
BalMll, olipejesieHHasi U3 TeMIepaTypHOH 3aBHCHMOCTH KOHLEHTpa-
uuu Hocuteaedt, pasua 0,19 aB. Baxman u ap. [77] MeToa0M XHMH-
4eCcKOro ocakAeHus U3 MapoBoil ¢asbl BbIpalllBaJu Ha MNOAJOKKAX
u3 InP, JserHpoBaHHOrO »KeJse30M, I3MHTaKcHajbHble cjou InP
C TPUMechbIo LHMHKa, UMelomde yjaeapHoe conpotuBienue 0,07 OmX
X CcM TpH KOHUeHTpauuu Abpoxk 9-10'7 cM™® u HX NOABHIKHOCTH
97 cm?/(B-c). Cafito u ap. [79] coobuianu o cyuecTBOBaHHH TPO-
BOJHMOCTH M-THNA B HeJeTHPOBAHHBIX MOJHMKPHCTANJIHYECKHX TJICH-
Kax InP, monyuaeMbiXx METOJOM XHMHUYECKOTO OCaXK/IEHHUs H3 Mapo-
BO# (hasbl, y KOTOPBIX B 3aBHUCHMOCTH OT TeMIlepaTyphl OCaKJeHHs
KOHLEHTpaUHUsi 3/71eKTPOHOB H3MeHsieTcst oT 1015 no 107 cm3 (npu
MOBLIILIEHHH TeMIEpaTypbl KOHIEHTpPAalUHsi HOCHTeJell YBeJHUYH-
paercst). Kak mokasanu H3MepeHHs, INONBHXKHOCTb 3JEKTPOHOB
B 3TMX IJIeHKax npubausutTenbHo pasHa 10 cm?/(B-c), a ynenbHoe
conpotuBnenne maeHok cocrasaser 10...100 Om-cMm. DsexTpuue-
cKHe cBoHcTBa nseHok InP, serupoBaHHBIX cepoil, HaXxoaATcs
B CHJbHOH 3aBHCHMOCTH OT YCJIOBHil IIpollecca OCaKAeHHs |
KOHUeHTpauuu ‘npuMecH. [lnenku p-InP, jerupoBaHHble IHHKOM,
HMelOT yJelbHOe conpoTHBJaeHHe 18 OM-cM, KOTOPOMY COOTBETCT-
BYIOT KOHIeHTpauHs nablpok 4,6-10® cM™® u uX HOABHIKHOCTD
7,5 cm?/(B-c). OneHouHble pacyeThl [OKa3ajH, uTO B IJEHKax

p-tuna aupy3HOHHAs [JHHA 3JEKTPOHOB COCTABJSET OKOJO:
0,2 MKM.

3.2.5 Mochug umHka (Zn3P,)

J15 HaHeCeHHsl TOHKHX NJeHOK ZnsPs Ha pas/iMuHble MOIJIOXKKH
yCMNelHo MPUMEHSIIOTCA BaKyyMHOe HcmapeHHe [82, 83], xuMuueckoe
OcaxJeHHe M3 TNapoBo# (aswl [68], a TakKe MeTON rasoTpaHCIOPT-
HOro OcaKJeHHs B KBa3H3aMKHYTOM o0beMe [84].
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3.2.5.1 CrpyktypHbie cBOMiCTBa

B maccuBHBIX o6pasuax ZnsP, anemeHTapHas siyefika KpHcTaJl-
JHYeCKOH pellleTKH COOTBETCTBYeT TeTpParoHajbHOH CHHTOHHH H

iMeer napamerpsl a=b=0,8097 um u c=)2a=1,145 um. Ha cBoil-
CTBa MJEHOK, MOJy4yaeMblX BaKyyMHBIM HCNapeHHeM, 3HaUHTeJbHOe
BJMsIHHE OKas3blBaeT TeMmllepaTypa MOMJOXKKH H MeHee CYIIEeCTBEH-
Hoe — TemnepaTypa Hcnaputeas [83]. Ilpu yBeiHueHHH Temmepa-
Typel nopjoxkid go 200 °C u BbIWe o6pasyloTcs NJeHKH c Ooliee
ynopsifodeHHoH opHeHTanHedl 3epeH. CreneHb HX OpUEHTALHMH, Olpe-
JenseMas OTHOLIeHHeM TJollajel, 3aKJIOUeHHBIX Ha peHTreHo-
rpaMMax 0oj AHGPaKUHOHHBIMH MHKaMH, COOTBETCTBYIOIHMH Ha-
npasjenusMm < 004> u <400>, nomblliaercs IpH YyBeJUUEHUH
TOJIIUHBI TJIeHKH. [l 1mJeHok TtoamuHod Oosee 10 MKM xapak-
TepHa OYeHb BBICOKAsl CTelleHb OpHEHTaUHUH 3epeH OTHOCUTEJNbHO
6asucHOil nJjockocTH. Pasmep 3epeH B IJeHKax cocTaBJjser
1...2 mMkM, a raybuHa MOBepXHOCTHOTO penbeda yBeaHUHBaETCS
NpH BO3PAaCTaHHH TOJIUMHBI MJeHKH. CTpyKTypHBle 0COOEHHOCTH
naeHok ZngPs, ocakpaeMblX ra3oTpaHCIOPTHBIM METOAOM B KBa-
3uzaMKHyTOoM oObeMe [84] B armochepe Ar u H,, 3aBucar B oc-
HOBHOM OT CTeNleHH 3arpsi3HeHHst aproHa KHCJIOPOAOM. YCTaHOB-
JIeHO, YTO B aTtMmocdepe BOJOPOAA CKOPOCTb POCTa IJIEHKH BBbIlIe,
YyeM B aproHe.

3.2.5.2 dnekTpHueckue CBOMCTBA

[Inenxku ZnszPe, mosyyaemMble MeTONOM BaKyyMHOTO HCIapeHHs,
TIpH ONTHMaJbHBIX YCJIOBHSIX OCa)KAeHHs 00JafalT ylelbHbIM CO-
nporusaendem nopsinka 105 Om-cm. Ilpu moBBbILIEHUH CcTeNeHH
OpHeHTAllUH 3epPeH Yy/IeJibHOE CONPOTHBJEHHe YyMeHbluaercs [83].
[IneHKH MMelOT TPOBOAMMOCTb p-THIA, NMPHYEM IOABHKHOCTbL Mbl-
pok cocrasisier 10...40 cm?/(B-c). B pesyabrare oTxkura mpu
temrneparype He Huxke 250 °C M COOTBETCTBYIOUHX MaplLHaJbHBIX
JAaBjeHusix mapoB Zn U P yneabHOe CONPOTHBJEHHE MJEHOK MOXKeT
nonmKatbest ¢ 105 go 10 Om-cM [82]. DHeprusi akTHBAUMH NPOBO-
IMUMOCTH MJIeHOK ZnsPs, BBIpaliMBaeMBIX METOAOM Ta30TpPaHCIOPT-
HOTO oOca)kJeHHs B KBasH3aMKHyTOM oObeme [84], cocraBasier
0,11 3B npu nosbllieHHBIX TeMmIepartypax U 0,04 3B npH nonvxeH-
HbIX TeMmneparypaxX. [lieHku, noaydaemble npdH 600 °C Meroaom
XHMHYECKOrO OCa)KJIeHHsi M3 napoBoil ¢dasbl [68], mpu KoMHaTHOH
TemnepaTtype HMeloT yaeabHoe conpotusienHe 200...400 Owm-cw,
noaBHKHOCTh ABpok 10...12 cm?/(B-c) u 3pdekTuBHyIO AHDDY-
3UOHHYIO JJIMHY ABIPOK BHYTPH 3epeH okoso 0,5 MkM. Ilana cpas-
HeHHs: au(Gy3HOHHAST [MJHHA [ABIPOK B MOHOKPHCTAJIHYECKOM
tdocdune nuHKa, paCCYHTaHHAsE IO U3MePEHHOM CTEeKTpasbHOH 3aBH-
CHMOCTH  (DOTOYYBCTBHTEJNLHOCTH, 3aKJ/lO4eHa B  HHTepBaJe
5...10 mxwM [89).
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3.2.5.3 Ontuueckne cBoMCTBA K

B6au3u kpasi NOTJIOIIEHHS Mac-
CHBHBIX KpHcTalnoB ZnsP, 3aBu-
CHMOCTb KO3(dPHUuHeHTa MOraolLe-
HUS (Npu ero 3HaueHUsIX MeHee -
1500 cM~!) oT sHepruu H3ydeHUs
HMeeT 3KCNOHeHUHaJbHYIO (opMmy. 0.1
B TOHKHX TJIeHKax NpH aHaJOTHY-

HBIX 3HauYeHUsX KoddduuHeHTa MO-
[JIOIeHUs] yKa3aHHasi 3aBHCHMOCTD 0 2
TaK)Ke $BJSeTCS 3SKCNOHeHUUa/b- 05 0,7 0.9 1T
HOH, OIHaKo KO3((HUUHEHT MOryo- Ry e

LieHHsl H3MeHsieTcst GoJiee MJABHO.  Pyuc. 3.13. ChekTpadbHble 3aBHCH-
ODefiren [83] BbICKasaJ NpPEANONO-  MOCTH ONTHUECKHX TOCTOAHHLIX 7
JKeHHe, UTO NpPH OGojee BLICOKMX H k mieHok ZnzP, [83 |.
3HayeHHsIX Koa(duuueHTa MOrJo-

LleHHsl ONTHYeCKHe MepeXOlbl, BEpPOATHO, SBJAIOTCA NPAMBIMH H
lIMpHHA 3anpeuleHHoH 30HB mpuUMmepHo paBHa 1,6 3B. Corsnacho
pacueram, I[OKaszaTelJb TpeJOMJEHHs MJEHOK B Onukuell HHppa-
<pacuoift obmactu cocraaser 3,3+0,1 (cm. puc. 3.13).

0,2

3.2.6 Apcennp rannus (GaAs)

Toukue nnenkn GaAs, npeaHasHaueHHble [Js H3TOTOBJIEHHS
COJIHEUHBIX 3JIeMEHTOB, MOJYYalOT B OCHOBHOM METOAaMH XUMHUUe-
CKOTO OCa)KJeHHUsi U3 M[apoB MeTaJJIOPraHHUecKUX COoeJHHeHHN
[86—89] u xumHueckoro ocaxkaeHusi u3 napoBoil ¢asel [90—94],
XOTSI OCYULECTBJSIOT TaKKe HOHHOe pacublieHHe [95], MOJeKynsIpHO-
JayudeByio [96, 97] u rasosyio [98] sanurakcun. [lieHKH crnjiaBoB Ha
ocHoBe GaAs, rtakux, kak GaAlAs, GaAsP u GalnAs, Bnipauu-
BalOT Pa3/JHYHBIMU METOJZaMH, B TOM YHCJIe XHMHYECKHM OCaxKJe-
HHeM M3 mapoBoil ¢asbl [94], XHMHUECKHM OCaxKAEHHEM H3 MapoB
MeTaJJopraHH4yecKux coeinHeHHH [99—101], a Takxke MeTomamu
MOJIeKy IsipHO-ay4eBolt [96, 97, 102, 103], rasosoii [103, 104] u xun-
KodasHoit [103, 105] anurakcuii.

3.2.6.1 CrpyxTypHble cBojicTBa

Yy u ap. [93] coofmann, uTo mpH ONpeleseHHBIX YCIOBHSX
ocaxkneHusi GaAs XHUMHYECKHM MeTOIOM H3 MapoBo#d (aspl Ha
BOJIb()paMOBble IMDJIOKKH, IOKPBITEIE Cl0eM rpaduTa, MOTYT GBITh
MOJIyYeHBl CNJIOIIHbIE IIJIEHKH TOJNIIHHOH MeHee 2 MkM. [lapamerps
npoyecca OCaXJeHHsl, B YaCTHOCTH TeMIlepaTypa TO/J0MXKKH, COCTAB
H CKOPOCTb IOTOKOB XHUMHWUYECKH aKTHBHBIX [a30B, a TaK¥Xe KOH-
LeHTpaudsa XJOPHCTOTO BOJAOPOJAA y NMOBEPXHOCTH MOAJOMKKH, OKa-
3BIBAIOT CYILECTBEHHOe BJIHSIHHE Ha MHKPOCTPYKTYpY TieHok. [lpu-
CYTCTBHE  XJOPHCTOrO  BOJOPOAa CHOCOOCTBYET YMeEHbLIEHHIO
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CKOPOCTH 3apoAbllieo0pa3oBaHHsi, pocTy 00J€e KPYMHBIX KPHCTaJ-
JIOB U HacCbILIeHHI0O XHMHUYeCKHX CBA3ell Ha rpaHumnax sepeH. CpenHuil
pasmep 3epeH BO3pacTaeT IO Mepe YBeJHUEHHs] TOJIIHHBI MJEHKH
GaAs u cocrasaser okojo 10 MKM npu ee rtosuuHe 20...25 MKM
H 0KOJIO 5 MKM 1npH ToquiuHe 8...10 mKM. B njenkax, ocaxmpaeMmbix
XHMHYECKHM METONOM H3 NapoBO# ¢a3bl Ha CHJILHO HarpeTble MOA-
JIOKKH, TpeHMMyUIeCTBEHHOH OpHEHTAaUHH 3epeH He HaOGJ/I01aercs.
IIpH HH3KOM MOJISIPHOM COOTHOIIEHHH apCHHa H XJOPHCTOrO BO-
popona (paBHom 0,5...1) noBblllleHHe TeMnepaTypbl TOAJOXKKH
criocoOcTBYeT (hopMHpOBaHuio Oosee KpYyNHbIX 3epeH. MX cpeanu#
pasMep [OCTHraeT MakKCHMaJbHOTO 3HaueHus npu 750...775 °C u
yMeHblIaeTcss NpPH JAajbHeilleM BO3pacTraHuu remmepartypbl. [lpu
BBICOKOM MOJIIPHOM COOTHOLIEHHH apcHHa W XJOPHCTOTO BOAOPOAa
(paBHOM, Hampumep, 2) cpeiHHH pas3Mep 3epeH He 3aBHCHT OT
TeMIepaTypbl NOMJMOKKH B HHTepBaste 725...775 °C u yMeHblIa-
eTcsi npH Gosiee BLICOKHX TeMmmeparypaxX. Ecau remmneparypa mnom-
JIOXXKH paBHa 725...750 °C, To yBesHueHHe KOHIEHTpauHH apcHHa
B PeaKIMOHHOCHOCOOHOM CMeCH NPHBOAUT K YKPYIHEHHIO 3€epeH.
Has nienok GaAs, ocaxpaeMblX Ha cjab0 HarpeTble MOMJIOXKKH,
NpH HU3KOH KOHIEHTPALMH apCHHA XapaKTepHa sIpKO BbIpayKeHHasi
IpeuMyllecTBeHHass OPHEHTAlUs 3epeH OTHOCHTEeJbHO HamnpaBJieHHs
<110>, a npu BLICOKOH KOHLEHTpaUHH apCcHHA — OTHOCHTEJBHO
HanpaBJgenus: <C111> [92]. TIpu Hcnosb30BaHHH MeTOZAa XUMHYe-
CKOTO OCakK/JeHHs H3 NapoB MeTaJsJlopraHuuecKHX coeqHHeHHi Bep-
HOH H ap. [88] nosyudsnn niaeHkn GaAs TOJMUHHOH 5 MKM, pasmep
3epeH KOTOPBIX INOcJe PEeKPHCTa/JJH3allHH B NMOTOKe apCHHA JOCTH-
raa 0,2...0,5 mM.

3.2.6.2 dnexkTpuyeckue CBOMCTBA

[Tnenkn GaAs, ocaxkmaeMble Ha NOKPBITBIe CJ0eM BOJb(pama
rpagHUTOBLEIe TNOANOXKKH XHMHYECKHM METOIOM H3 NapoBOH (aswl U
He cojleprKallHe CIeNHaJbHO BBeJeHHOH JIeTHPYOUIeH TnpHMecH
[94], uMeloT NpPOBOAMMOCTb A-THIA H KOHUEHTPAIHIO HOCHTeJef
5-10'6...10'7 cm~3. B slerHpoBaHHBIX MJeHKax (NPH HCNOJb30BaHHHU
HyS B KauecTBe HCTOUHHMKA NPHMeCH) KOHIIEHTpAIHs HOCHTeJeH
noseimaercst go 2-10'8...5.10'% cm3. Tlpu Temmepatype ocaxie-
Husg 750 °C KoHUeHTpalHst HOCHTeJell B TJeHKax GaAs mo cyuie-
CTBY He 3aBHCHT OT COCTaBa XMMHUYeCKH aKTHBEHOH cmecH [92]. On-
HaKo npu GoJjiee BHICOKMX TeMIlepaTypax KOHLUEHTpalHs HOCHTeJeH
yMeHbIIaeTcsi B C/yyae BO3PACTaHHS MOJISIPHOIO COOTHOLIEHHS ap-
CHHAa H XJOPHCTOro Bomopoaa. ucddysnoHHas NJHHA HEOCHOBHBIX
HocHTeJNed B nueHKax GaAs, nojiyuaeMbiX XHMHUYECKHM OCaKie-
HHeM U3 TNapoBOd asbl, COrJacHO oueHkaM, cocrasaser 0,2...
0,4 mkm [92]. Tlnenkn GaAs, BblpailuBaeMble Ha IpadHTOBHIX MOA-
n0xKKax [91], umeror audbysHOHHYIO. ANHHY HOCHTeNel B npegenax
0,5...0,8 MM, Konuenrpauus Hocuresdeii B niaenkax GaAs, ocax-:
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JlaeMblX XHMHYECKHM METOJOM M3 NapoB MeTaJIOPraHHYecKHX coe-
aunenn# [87), paBna 6-10' cM~3, a nupGy3HOHHAs AJHHA JOBIPOK
B MOHOKPHCTAJJIHUECKHX MJeHKaX, KaK [0Ka3aJH H3MepeHHs, rpe-
BoiaeT 2 MkM. SluroM u ap. [106] npoBeneHbl H3MepEHHS 3JEKTPH-
UeCKHX XapaKTepHUCTHK TMOJHKPHCTaNIHYecKUX miaeHOK GaAs, jeru-
POBaHHBIX CeJeHOM H IHMHKOM, OCa)KJeHHe KOTOPbIX IPOBOJHIOCH
XUMHUECKHM MeTOJOM H3 NapoB MeTaJJOpraHHYeCKHX COeIHHEHHI.
ABTOpaMH yCTaHOBJIEHO CYylleCTBOBaHHe TeMIepaTypHOH 3aBHCH-
MOCTH Y/1€JbHOTO COTPOTHBJEHHS TJIEHOK H NMOABHXKHOCTH HOCHTe-
Jell B IIMPOKOM HHTepBaJse TeMneparyp. IlosyueHHble pe3y/bTaThl
COrJIacyloTCsl ¢ NpeaNoJIOKeHHeM O pacCestHHMH HOCHTeJell Ha rpa-
HHIAX 3epeH. ,

dieKTpHuecKHe cBoHcTBa cr/1aBoB Ha ocHoBe (GaAs 3aBucAT
r1aBHBIM 00pa3oM OT HX COCTaBa.

3.2.7 Cynbdpup xapmus (CdS)

Cyabpug KagMust OTHOCHTCS K HaHOOJee LIMPOKO HCCJELOBaH-
HbIM TOHKOIJIEHOYHLIM MOJYNPOBOAHHKOBbIM MarepHajaM. Ocax-
neHue ciaoeB CdS, npHromHbIX MO CBOEMY KauecTBY JJ/si H3LOTOB-
JIEHHSI COJIHEUHBIX 3JIEMEHTOB, OCYUIECTBJASETCS C MOMOUIbIO pa3Jny-
HbIX MeTonoB. K HHM oTHOCsiTCS: BakyymHOe HcnapenHe [107—130],
nyJbBepU3allus ¢ mocjaeaytouium muposauszom [109, 131—143], uon-
Hoe pacnblieHue [144—148], mosnexkyaspHo-1ydeBas [149] u raszosas
[150] anuTaKCcHH, ra30TpaHCHOPTHOE OcaKAeHHe B KBa3H3aMKHYTOM
o6beme [114, 151], xumuueckoe ocaxjaeHHe H3 napoBoil ¢asel [163],
Tpadapernas neuatb [152, 153], ocaxaenue us pacrsopa|l54—156],
anonupoBaHHe [157] u anexkrpodopes [164].

3.2.7.1 CrpykTypHble CBOMCTBA

ITnenkn CdS, nosyyaemble BakKyyMHBIM HCIlapeHHeM H TipejgHa-
3HaueHHble IS CO3MAHHUS COJIHEUHBIX 3J1€MEHTOB, OOBIYHO HMEIOT
toauiHHy 15...30 MKM, U HX OcaKAeHHe NPOBOJAAT CO CKOPOCTbIO
0,5...3 mkM/MuH npu TeMmneparype noatoxku 200...250 °C u rem-
neparype ucnapureas 900...1050 °C [113, 117, 130]. Tlpu a3tux
ycaoBusix njeHKH CdS KpHCTannH3yoTCs B CTPYKType BIOPTIIHTA
W OKa3biBalOTCS OpPHEHTHPOBAHHBIMH TakHM 00pa3oMm, UTO IJIOC-
KocTh (002) napansesbHa, a OChb ¢ NepleHAHKYJspHA TOBEPXHOCTH
noasoxku. Kak nokaszano Ha pHc. 4.2, JeHKH HMEIOT CTOJ0YaTylo
CTPYKTYpY, IPHUEM KaxKAbll CTONIOHK NpeAcTaB/]seT co00d OThe/b-
Hoe 3epHO. Pasmep sepeH B Takux mnJjeHKaX, Kak NpaBHJO, H3Me-
Hsiercs oT 1 po 5 MKM, xors coobuiajochk [130] o noaysenuu u
OoJsiee KpymnHBIX 3epeH pasmepoMm a0 10 mkM. CjefiyeT OTMETHTb,
UTO NJIEHKH MeHblie# TOJIIMHBI COCTOSAT M3 0oJiee MeJKHX pas-
OpHEeHTHPOBaHHBIX 3epeH [121]. Ha xpHcrannnueckyio CTPYKTYpy H
MHKPOCTPYKTYPY TJIEHOK CYyIeCTBEHHOe BJ/IHSIHHE OKa3blBaeT TeM-
nepatypa NOAJIOXKKH B NPOMECCe OCaXIeHHUSs.
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Bankap u ap. [111] u dac [116], uccrenys 3aBHCHMOCTb CTPYK-
TYpHBIX CBOHCTB MIeHOK ZngCd;—S, nosyuyaeMblx BaKyyMHBIM HC-
napeHueM, OT TeMIepaTypbl MOAJOXKKH, YCTAHOBHJH, UTO KPHCTAJ-
jJorpacduyeckast CTPYKTypa M IapaMeTpsl KPHCTaJNJHYeCKOH
pemerkd nieHok CdS B 3HauHTe/NbHOH Mepe oOnpenefAlOTCS TeMIe-
parypoii ux ocaxjenusi. [Taenku CdS, nosyuaembie mpu Temmepa-
Type MOAJIOXKH B HHTeppajie OT KomHaTHOH a0 150 °C, umeior
CTPYKTYpy cdasepuTa, TOraa Kak TNpH TeMnepatype NOLIOKKH
170 °C u BHIIIe MJeHKH KPHCTAJJNH3YIOTCS B CTPYKType BIODTIHMTA.
B nnanasoune temmepatyp oT 150 mo 170 °C njieHKH HMeIOT IBYX-
($hasHyo CTPYKTYpy, COCTOSILYI0 H3 CMecCH caJjiepUTa M BIOPTUHTA.
[Tpu TeMmeparype ocaxaeHHsi, paBHO# Hiau npesbinatoweii 200 °C,
o6pasyloTcst MJIeHKH ¢ NpeHMylllecTBeHHOH opHeHTauHe# 3epeH. Ilo-
BbILIIEHHE TeMIepaTypbl ocaxaeHus niaeHok CdS npusBoaur K yse-
JHYEHHIO pa3Mepa 3epeH. Pa3Mepbl NMOBepXHOCTHBIX HepOBHOCTeH
MJIEHOK NMPH BO3PACTaHUH TEMIEpaTyphl MOMJIOXKKH CHauaJja yBesH-
4HBAalOTCA, a 3aTeM NpH teMueparype Gojsee 150 °C ymeHbIuaiorcs,
BEpOSITHO, BeJeAcTBHe moBTopHoro ucnapedus CdS. B nienkax,
HaHeceHHbIX mpH TeMmneparype Bbime 200 °C, o6HapyKeHbl pako-
BUHbI [116].

Js nmosnydenus sepen pasMepoM, pocturarmoium 100...800 MkmM,
®paaz u gp. [125] ocymiecTBasNAH PEKPHCTANIN3ALNIO MONYYEHHBIX
BaKyyMHbiM ucnapenueM njeHok CdS mocpenctsoM ux tepmooGpa-
6otku B motoKe HyS. Ilpu 3TOM H3MeHs/acb OpPHEHTauus OCH C
KpHcTajiunueckol pemerku CdS u nHabaiopanoch paspylleHHe
croa6uaroil MHKpPOCTPYKTYpbl TieHOK. CorsacHo peayabraram
Avura [113], npH yBeJHUeHHH TOJUIMHBI [JEHOK Hab/0AaI0TCs
YKpynHeHHe 3epeH, TMOBbIIIEHHE CTeNeHH HX IPEeHMYIIeCTBEHHOH
OpHEHTalUHH, a TaKXKe CTeleHH OPHEHTAUHH OCH ¢ B HalpaBJ/eHHH
Ha HCIapure/b, KPOMe TOrO, BO3PACTalOT Pa3Mepbl MOBEpPXHOCTHBIX
HeposHoctell. Xosa [119] ormeuaer, uto B mienkax CdS Henocpen-
CTBEHHO II0CJIe OCaKJeHHSI OCb ¢ 3epeH OOBIYHO OTKJOHEHa OT
HOPMaJi K NMOBEPXHOCTH MOJJIOXKH B CpelHeM Ha YroJj, paBHbIH
19°. KpuBasi pacnpejeseHust yrja OTKJOHEHHSI OCH ¢ OTHOCHTEJIbHO
cpelHeH BeJHUYHMHBI HMeeT TIJaiKyio (opMy, a NOJYIWIHPHHA pac-
npefesieHusi Ha YPOBHE, COOTBETCTBYIOILEM [OJOBHHE MaKCHMyMa,
cocrasasier 10...12°. B pesyibrarte nocaenyoiuefi TepMoo6paboTKu
naeHok npu  Temneparype 190 °C  u  BHICOKOM  J1aBJ/IeHHH
(~7-105 TTa) moaymHpuHa yKa3aHHOrO pacnpelejeHHs Ha ypOBHe
NOJIOBUHBI MaKCHMyMa yMeHbluaercst 1o 3°.

Hcxoas n3 pesyiabTaTtoB 3JeKTPOHHO-MHKPOCKOIHYECKHX HCCJIe-
nosanufi, sur [121] cmenan BBIBOA O TOM, UTO B BepXHeM CJoe
njaedok CdS co crpykrypoil BopTuHTa cOmepKaTrcs 3epHa ¢ Ha-
¥ TOHHBIMH TPaHHIAMH H HX YroJ pasopHeHTallHd H3MeHsieTcsi oT 9
no 40°. OcHoBHast Ke uyacThb TpaHHI 3epeH NapajielibHa Apyr
apyry. Hape u Ilapuk [108] oTMeyasu, 4To CTeneHb ynopsigodeHHst
CTPYKTYPbI, COBEPIIEHCTBO KPHUCTAJ/IHUECKOH pEIIeTKH H KauyecTBO
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OrpaHKH KPHCTAJJIUTOB IMOBLILIAIOTCS MPH CO3aHHHU GoJiee ry60oKoro
BakyymMa B npouecce ocaxaenus mieHok CdS. Pomeo u np. [107]
¥3ydaJ/ii BJMsiHHE OTHOLIEeHHS KoHueHTpauuii atroMoB Cd u S Ha
ceoiictBa nJjenok CdS, manelisieMbix ¢ npHMeHeHHeM JBYX HcCHa-
pureseil. ABTOpaMH MOKa3aHO, 4TO IMJEHKH BBLICOKOIO KayecTBa
MOTYT ObITb MOJIyYeHbl B LIHPOKOM JHana3oHe OTHOLIeHHH KOHIEHT-
pamui Cd u S, onHakKo Hauaydmide pe3yJabTaTbhl obecrneuHBaeT
oTHollieHHe, paBHoe 1,5. KpoMme Toro, 60see coBeplieHHYIO KPHCTAJ-
JIMYECKyl0 CTPYKTYpy uMelor mieHKH CdS, B KOTOPHIX KOHIIEHTpa-
¥ JIETHPYIOILedl npuMecd (B JaHHOM cjyuae — WHJHUSL) AOCTHraeT
npenena pacTBOPHUMOCTH.

HauGosiee Ba)KHbIM [apaMeTpPOM, BJIHMSIONIMM Ha KPHCTaJJIO-
rpaduueckHe XapaKTePHCTHKH H MHKpocTpyKrypy muaeHok CdS,
MoJiyyaeMbIX METOJOM IyJIbBePH3alHH C MOCAeAYIOLHM MHPOJIH30M,
ABJIsieTCs TeMIepaTypa MOIJIOKKH B npouecce ocaxnenus [131, 134,
158]. OmHako pasmep 3epeH M CTelneHb X OpPHEHTalUHH (ecJH INpo-
HCXOJHT POCT YNOpPSIAOYEHHOH CTPYKTYpbl) 3aBHCAT TaK:Ke OT psifa
Apyrux (akTopoB, B TOM YHCJE OT COCTaBa COJIH, COAepKauledcs
B pacnblisemoM pactsope [136, 159], oTHOlIeHHS KOHIEHTPAalHH
KaTHOHOB M aHHOHOB [131—134, 140, 141, 143], a Takxe oT BUAA
Jerupytoutefi npumecu [134, 140].

Puc. 3.14 uaniocTpupyeT BJIHSIHMe OTHOLUEHUsI KOHIeHTpauui
Cd u S, remneparypsl NONJOXKKH, TOJILIMHBE IJIEHKH, JeTHpylolleH
NpUMeCH, Ha/JUYMs Ha TOAJNOXKKe JPYTHX CJOEB H OTXKHra, 0oCy-
IIeCTBJISIEMOr0 MOCJe OCaX[IeHHs, Ha CTelleHb OpHEHTAUHH MNJEHOK
CdS. Heo6x0qHMO OTMETHTD, YTO 3TH pe3y/bTaThl He HOCAT OOLIEero
XapakTepa H 4TO Pa3JHYHBIMH aBTOPAaMH NPH aHAJOTHUYHBIX YCJO-
BUSIX OCa)KJ€HHsl OBbLIH TOJy4YeHbl MJEHKH C Pa3HBIMH HarpasJe-
HussmMu opHeHTanuu. [lnenkn CdS, ocaxjgaeMble ¢ TpHMeHeHHeM
pacTBOpa COJH YKCYCHOH KHCJOTBI, COCTOSIT M3 OYeHb MeJKHX
3epen [159]. [Ipu ucno/b30BaHUH PacTBOPOB XJOPHAOB 00OpasyloTCs
Gosiee KpyNHbIe 3epHa C OTMpPeAeJeHHbIM HalpaBJeHUeM OpHEHTallnH
ocu ¢ [136, 159]. O6biuno B mienkax CdS, nmosyuaeMbix MeTOOOM
NyJbBepH3alUH C TOCJAeLyIOLIUM [HPOJH30M, pasMep 3epeH co-
crapasier 0,1...0,5 MKM, 0OflHaKo, COrIacHO COOOLIEHUAM HEKOTOPBIX
aptopos [132, 138], on moxer mocturath l...4 MrM. Hajauuwe Ta-
KUX npuMecefl, kak In u Ag, cnocoGCTByeT YKpPYIHEHHIO 3epeH;
HepacTBOPHMble e INpHMecH, nomobunle Al,O; [135, 160, 161],
NPHCYTCTBYIOLHE B CKOJIbKO-HHOYIb 3HAUHTENbHOH KOHIIEHTpAalHH,
NPensTCTBYIOT peKpucraanuzauuu mieHok CdS, a Takke BHI3LIBAIOT
pe3koe yMeHbLIeHHe Pa3MepPOB 3epeH H HapylieHHe WX [peHMylle-
CTBEHHOH OpPHEHTalUH.

Bcenencraue Boigenennst AlyO; nHa rpaHHuax sepeH NMOBEPXHOCThb
nnenok CdS npuobperaer jaGupuHTHYIO cTPyKTypy. Ilosepxuoct-
HBI peJibed MJIEHOK HeJerMpoBaHHOTro cyadbtuaa kaamuss u CdS
¢ npumecnio Al;O3 nokasan Ha puc. 4.3. Ma u Bbw6 [158] oTmeua-
OT, YTO MJIEHKH, OCa’kK1aeMblie MeTOJOM IyJbBepHU3aLHHU C OCTeNYI0-
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Puc. 3.14. Biusanue oTHOLIeHHS KoHUeHTpauul atomos Cd u S (a), TeMmepaTypsl
HOAJOXKKH (6), TOJUIMHB TJEeHKH (), JerHpymouieli npuMecd (2), HaJUYus Ha
ROAJNIOXKKe APYTHX csoeB (J) M OTIKHIa, POBOJHMOrO IOC/E OCaXIAeHHs () Ha
eTeneHb OPHEHTANHH TJIEHKH.

a) Ttemmepartypa NOANOKKH T, =340 °C; I —Cd:S=05; 2—Cd:S=2; 3—Cd: S=1I;

6) Cd: S=1; 1 —T;=300°C; 2— T =420"°C;

8) Ty =380 °C; | — d=4,3 MkM; 2 — d=1,8 MKM;

2) Cd:S=1, T, =400°C, d=6 MxM; [— HeJeTHPOBaHHAA IJeHKa; 2 — IJIeHKa, JeTHPOBAH-
nasg Al (5 %);

9) T, =380°C; I— nnenka Tommuuoii 4,3 MM, neruposamkas Al (5 %); 2 — mieHka TOJ-
muHoi 4,3 MKM, nerdpoBaHHasi Al (5 %), H HeJderHpoBaHHasl NnJeHka (oGUlas TOMIIHHA 9 MKM),
e) Cd:S$=0,5; ! — HesnerypoBaHHas IIJIeHKa [0 OTXHra; 2 — IJIeHKa, JierHpoBaHHas Zn,

‘#l0 OTXKHra; 3 — HesernpoBaHHasl IJIeHKa IIOCl€ OTXKHra; 4 — nJjeHKa, JerupoBaHHas Zn,
HOCJIe OTIXKHra.



MDu3nyeckrme CBOMCTBA TOHKMUX MMJIEHOK 163

IEM NHPOJIH30OM Ha NOJIOXKKH, HMelomne Hu3Kyo (<400 °C) u BH-
cokylo (>400 °C) Temmepatypy, KpHCTAJJIH3YIOTCA B CTPYKType
chasepuTa ¥ BIOPTUHTA cooTBeTcTBeHHO. O/HAKO, Mo MHeHHIO Ba-
HepaKH # Ap. [139], THn dopMupYyiOMmeHCca KPUCTANIHIECKOH CTPYK-
TYphl He 3aBHCHT OT TeMIepaTypbl OCakiaeHHs NJaeHKH. OTIHYH-
TeJIbHBIMH CBOHCTBAMH IJIEHOK, MOJydaeMBIX JaHHBIM MeTOJOM,
ABJISIIOTCS HX BBICOKAasi aare3ust K MOMJOXKKe M HaJH4YHe CIJIOWI-
HOCTH JAaxe NpH HeOO/bUIOH TONUIHHE.

Has naenok CdS, ocaxkaaeMblX ¢ IOMOLIbIO HOHHOTO pacib-
JIeHHsl, XapakTepHa 0oJjiee BHICOKAs CTeNeHb OPHEHTALMH OCH C IO
CpaBHEHHIO ¢ IJIEHKaMH, N0JydaeMbIMH BAaKYYMHBIM HCIapeHHeM
[148]. Kpome TOroO, MpH HX OJHHAKOBOH TOJIHHE B MJEHKax, co3ja-
BaeMBIX MeTOJOM HMOHHOTO pacHBLJIEHHs, COLEPKHTCA MeHbllee KO-
JIMUECTBO CKBO3HBIX NOp. IDTH NJeHKH [145] 0ObIYHO COCTOAT H3
sepeH Menbliero pasmepa (<1 MKM), TeM He MeHee OHH 06J1afaloT
cronbuaToit crpykrypoil. [Tnenkn CdS, o6pasytwouinecs npH HOHHOM
pacIblIeHHH, BCeraa KPHCTAJIM3YIOTCS B TeKCaroHaJbHOW CTPYK-
Type ¢ MPEeHMyLIeCTBEHHOH OpHeHTalHeHd OCH ¢ OTHOCHTEJbHO HOp-
MaJH K MOBepXHOCTH noasioxku [162]. TInn u Meppait [147] orme-
4aloT, YTO NPH TAKOM crnocobe HaHeCeHHs IJIEHOK B HHX MNPHCYT-
CTBYIOT 3aXBaueHHbE B ITpOLecce POCTa HOHM3MPOBAHHBIE YACTHLIBI
rasa, B KOTOpoM B030yxaaercst paspsia. Mutuesn u ap. [114] ¢ no-
MOLIIbIO [a30TPAHCIIOPTHOTO OCAaXK/JEHHs B KBAa3H3aMKHYTOM o0beMe
nosyunan miaeHkn CdS Tommmno# 1...3 MKM ¢ pasmepoM 3epeH
B 3THX ¥Ke Tpejejax H He OOHAPYIKHJIH B3aUMOCBSI3H MEXIy BeJH-
UMHOI 3epeH H TeMIepaTypoil MOAJIOXKKH B nHTepBase 325...500 °C.
CorsiacHo pesyabratam EcukaBa u Cakait [151], Temneparypa mnox-
JIOXKKH OKa3blBaeT BJIMSIHHE Ha MOD(OJIOTHIO NOBEPXHOCTH IIJIEHOK,
OCaXkJAaeMBbIX JaHHBIM METOJOM, TpHUeM AJs MNOJY4eHHS TJ1adKOH
NOBEPXHOCTH MOJJIOXKKY HeOOXOAHMO HArpeTh JO BLICOKOH Temmepa-
Typel. OJHAKO NPH OYeHb BBHICOKOH TeMmnepatype HabJ/I0aeTCs POCT
HHTEBHAHBIX KpHCTasioB. IIpn rasoTpaHcmopTHOM OCaXKIeHHH IJjie-;
Hok CdS B xBa3au3aMkHyTOM 00ObeMe OCb ¢ HX KpHCTaJJIHUecKoH
pelleTKH HAmNpaBJjeHa IOYTH MEepIeHAHKYJSPHO IJOCKOCTH MOA-
JIOXKKH.

AnurakcuanpHele mieHkn CdS [149—151, 163] 6blin noJiydeHbr
Ha noxnoxkax u3z GaAs, CdTe, Ge, wmmnunesau, Au, Al u InP.
[Tnenku CdS, BwIpauHBaeMble MeTOAOM MOJIEKYJIIPHO-JIYUeBOH
SMNUTAKCHH Ha IMOBEPXHOCTH IINHHEJH H Au, HMEIT CTPYKTypY
BIODTLUHTA, & INpPH HCIOJb30BAHHH NONJNOXKeK H3 Al — CTPYKTypy
cthagnepura [149]. Mertomom rasoBoit anutakcuu [150] mpoBoausoch
ocaxJeHHe MOHOKpUcTasindyeckux cjoeB CdS rekcaroHasbHoi V)

) B ucrnosibayeMoli AJsi ONMHCAHHST TeKCAOHAJBHBIX CTPYKTYP 4YeTBIPEXKOM-
NOHEHTHOH cHcTeMe o6o3nayennii Muanepa—bBpase TpeTnii HHIEKC, OJHO3HAYHO
onpejessieMblH NepBLIMH JABYMS, PaBeH HX CyMMe, B3ITOH ¢ OOpPaTHbBIM 3HAKOM.
Ecnu uHAeKC HMeeT OTpHIlaTeJbHOe 3HAaueHHe, TO Haj HHM MPHHSTO CTaBHTh
3HaK Munyc. — [Tpum. nepes.
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monucdukanuu Ha rpand (111), (110) u (100) xpucranmos InP;
NpH 3TOM OTMEUeHBl CJeAyIoUlHe BHJAH TIeTepO3NMUTAKCHAIBHOTO

pocra: (0001) CdS|(111) InP, (0113) CdS|[(110) InP =x

(3034) CdS|(100)InP.

[nenku CdS, ocaxpaemble u3 pacTBOpa, COCTOST H3 MeNKHX
sepeH pasmepoM He Gosee 100 uM. I[Ipu ymeHbUIEHHH CKOpPOCTH
pocTa IJIEHKH M IOBHIIEHHH TeMrmepaTypsl BaHHH 00pasylores
Gosiee xpymnHble sepHa. CTPYKTypa MJIEHOK, BHIpALIUBAEMBIX TaAKHM
€1oco00M, MOXKeT MEHATHCS B 3aBHCHMOCTH OT YCJOBHH OCaXKAeHHS.
Inenxu CdS, nosmyuaemble u3 pacTBopa, comepKalllero KOMIJIEKC-
Hoe coenunedve Cd(NHj;)2*;, mpu u3MeHeHHM mnapaMeTpoB mpo-
recca OcaXkJeHHs KDHCTANJNH3YIOTCS B CTPYKType cdaJgepura,
BIODTUMTA MJHM B CMeLIAaHHOH CTPYKType, TOrja KakK NpHUMeHeHHe
pPacTtBOpPOB, B COCTaB KOTOPHIX BXOAAT KOMIJIEKCHBIE COEILMHEHHS
Cd(CN)24 u Cd(en)?*+s, Bcerga npuUBOAUT K (HOPMHUPOBAHHUIO Tie-
HOK, MMEIOIIUX CTPYKTYPY BIOPTIHTA C OCBIO C, NEPIEeHAHKYJspHOM
nonJoxke [155, 156].

3.2.7.2 DnekTpuuecKkue CBOWCTBA

VsmeHeHHe yCcIOBHH OCaXKIEHHS Pe3KO MeHseT 3JeKTpHUYecKHe
cBoiictBa ToHKHX miaeHOK CdS. ITaenku CdS, moayuaembie BakyyM-
HBIM HCIIapeHHeM U NpHMeHsieMble B COJHEYHBIX 3JeMeHTaX, 0ObIUHO
HMEIOT yJeabHoe compoTuBJjenue 1...1038 Om-cm [116, 118, 130] u
KOHUEHTpauuio Hocuteseir 106...10'8 ¢m—3 [80, 108, 116, 117, 126].
[Tnenkn Bcerga 06J2aRaIOT TPOBOAHUMOCTBIO A-THNA, YTO OGYCJOB-
JIeHO OTKJOHEHHeM HX COCTaBa OT CTEXHOMETPHUYECKOTO BCJEACTBHE
HaJMYMs BaKaHCUH cepbl U H3OLITOUHOrO KoJHuecTBa Kaamus. [Tog-
BHXKHOCTb HocHTesel cocrasaser 0,1...10 cm?/(B-c) [108, 116,
126]. CorsnacHo pesyJabTaTaM H3MepeHHH, AHPOY3HOHHAS [JHHA
HEOCHOBHBIX HOCHTeJel B IMJEeHKaX, OCakIaeMHX BaKYyMHBIM HC-
napenuem, usmensercs ot 0,1 go 0,3 mkm [116, 120, 165]. KoHueHnrt-
pauusi HOcuTeJell Bo3pacTaeT IPH NOBHIIEHHH CKOPOCTH pocTa
nnenok CdS [129] u yBenuuenun ux Ttomamuusl |113]; npu stom
HaOMIoOfaeTcsl COOTBETCTBYIOLEe CHHIXKEHHe YJIeJbHOTO COMPOTHB-
JEHUS.

DuieKTpHUeCKHe CBOHCTBA TJIEHOK B 3HAUMTEJbHOH CTENEHH 3a-
BHCAT OT OTHOLIEHHs KoHUeHTpauui aromoB Cd u S B mpouecce
HClapeHHsi, a TakKXe OT HaJHuHsA Jerupymoumux mnpumeceir [107].
[Inenkn CdS, neruposannnie In, npH OcaxIeHHH KOTOPHIX KOH-
HeHTpanroHHoe otHoueHne Cd u S cocrasasier 1,5, oTaduaioTcs
HauboJiee BBICOKHMH 3JIeKTDHUECKHMH H CTPYKTYDHBIMH XapakKre-
puctikaMH. Huskue 3HaueHHsi yJeJbHOTO CONPOTHBJEHHS, JOCTH-
rajomue 10~ Om-cM mpr nopsuxkHOCTH HocuTesteir 90 cm?/(B-c),
nonydyeHs y miaeHok CdS c¢ KonueHTpauue#t unpusi, pasHoi 1,5 Y.
Ha puc. 3.15 npuBeseHb 3aBHCHMOCTH YAEJbHOTO CONMPOTHBJEHHS H
HOABHKHOCTH HOCHTeJNeH OT OTHOueHHs KoHueHTpauuii Cd m S
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Puc. 3.15. 3aBHCHMOCTH yJeJbHOIO CONPOTHBJEHHS O (@) M MOABHKHOCTH M (6)
HocuTesell B mienkax CdS, mosyyeHHBbIX BaKyyMHBIM HCllapeHHEM M JIeTHPOBaH-
HHIX HHJHEM, OT OTHOUIeHHS! KOHUEeHTpauuit atoMmoB Cd ¥ S B mortoke napa [107]-
1 — xounentrpauusi In — 1 %; 2 — xouuenrpauuss In — 1,5 %.

mas aByx miaexHok CdS ¢ pasanunoil Konuentpauuedt In, HaHeceH-
HBIX METOLOM BaKyyMHOro ucnapenus. Baur [110] coobuiaJ, uTo npu
yBeJHUeHHH MaccoBoit Joau In mpumepno no 2 Y% KOHUeHTpauus
HOCHTeJIeH BO3pacTaeT MOUTH Ha TPU MOPSAKA BEJHUHHBI, a TaKXKe
3HAUHTE]bHO INOBBIIIAETCS HMX NMOABHKHOCTb. IIpu GoJjee BHICOKOM
CONepXAHUU JerHpylollefi NMpHMecH KOHLEHTpallMsi HOCHTesdell He
yBeJHUHBAETCHA, a HX TMOJBHKHOCTb HE3HAUHTEJbHO MOHHKAETCH.
OpHako TpH MaJblX YPOBHSX JIETHPOBAHHUS HHAHEM MJs TJIEHOK
XapaKTepHBl HH3KHe 3HAYeHHs KaK KOHLUEHTpallMH HOCHTeJeH, Tak
u noAaBuxKHOCTH. IIpn ocaKieHHH JerHpOBaHHBIX MJEHOK (C comep-
XKaHHeM HHAHsT ~2 Y ) KOHIEHTpauus HOCHTeNed H HX INOABHK-
HOCTb, KaK NMOKa3aHo Ha puc. 3.16, oueHb cjaabo 3aBHUCAT OT TeMIe-
paTypsl NOAJNOXKKH B IIMPOKOM TeMIlepaTypHOM HHTepBaJge. Jleru-
poBanne miaeHoK CdS Meapi0 TNPHUBOAUT K NPOTHBONOJONKHOMY
3 PeKTy — yMeHbIUCHHIO KOHIEHTPALUH HOCHTENeH M MOBHIIIEHHIO
Ha HeCKOJIbKO NOPSJKOB Be/JHYMHB YAEJbHOr0 cOompoTHBJeHHs [126].
IToMumMoO 3TOro CHHUKaeTCs MOABHKHOCTb 3JEKTPOHOB.
Heckonbkumu astopamu [108, 122, 126] uccaenmosascs Mexa-
HM3M IlepeHoca HocHTesell 3apsfia B MJEHKaX, IMOJyYyaeMbIX MeTo-
JoM BakyymHoro ucnapenusi. Hanmu u Kaccunr [122] cBsiswiBaioT
0COOEHHOCTH 3JIGKTPHUECKHX CBOHCTB IJIEHOK ¢ TMpeol6Jsafaiolium
BJHSHHEM OJHOTHIHHIX TIJIyOOKMX YpOBHel, TMOSIBJIE€HHE KOTOPHIX
00ycJ/I0BJIeHO BAaKaHCHAMH cepbl. DHepreTHuYecKHe XapaKTepHCTHKH
3THX ypOBHeH ONpenessiOTCS KOJHUYECTBOM BaKaHCHH cepwl, H eCJH
HX KOHIEHTpauus HeBeauka (<107 cm~®), To JOKa/JbHBIE YPOBHH
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Puc. 3.16. 3aBUCHMOCTH KOHIEHTPAlMH 1 M TNONBHKHOCTH W HOCHTeJdeH
OT TeMmepaTypbl MOAJIOXKKH T IJsi HeJeTHPOBAHHBLIX M JIETHPOBAHHBIX HHIHEM
njaeHok CdS, mosnyyeHHBIX AHCKpeTHBIM ucnapexueMm [110].

yaaJeHBl OT Kpasl 30HBl NpoBoauMocTd npumepHo Ha 0,6 3B. Coob-
[aJ10Ch, YTO TIPH BBICOKOM KOHIEHTPAllHM BakKaHCHi obOpasyercs
npuMecHas 30Ha. [{ape u Ilapux [108] o6Hapyxu/in sHepreTHUeCKHH
ypoBeHb ¢ 3Hepruedl aktuBauuu 0,22 3B. By u Brio6 [127] ormeuator,
Y4TO B ITJIEHKAX, MOJY4YaeMBIX METOJOM HCIApeHHs U COJiepIKallux
MeJIKHe JOHODHBIE YDOBHH, NIPH OTCYTCTBHH OCBEIIE€HHS KOHIEHTpa-
IMA 3JeKTPOHOB B TemNlepaTypHoM wHHTepBajse ot 200 mo 330 K
(baKTHUeCKH He 3aBHCHT OT TeMIepaTypbl. JHeprusi akTHBAIHH,
HafileHHasl M3 TeMIlepaTypHOH 3aBHCHMOCTH KOHLEHTpALHH 3JieK-
TpoHOB, u3mensiercs ot 0 go 0,04 3B. CorsiacHo TeMnepartypHoil 3a-
BHCHMOCTH TIOJBHKHOCTH HOCHTeJell, IpeA3KCIIOHEHIHAJbHbIH MHO-
KHTe b Kotopoit paBeH 50...100 cm?/(B-c), 3HaueHHsi 3HepruH
aKTHBalUU 3aKJioueHH B npenesaax ot 0,11 go 0,19 3B. B nienkax,
0CaxKJaeMbX TaHHBIM METOJOM, CYIIeCTBEHHOe BJIHSIHHE Ha Ipouecc
MmepeHoca HOCHTesiell 3apsijfia OKa3bIBAIOT CTPYKTYPHBIE CBOHCTBA
H 3JeKTpOQH3HUeCKHE XapaKTepUCTHKH MeX3epEeHHbIX T[paHHIl.
[Tnenkn CdS HemocpencTBeHHO mocJie HCIAPEHHsT HEUYBCTBUTEJbHBI
K BO3zeilicTBHIO cBera. OmHako mocjie BBedeHHsi B mieHKy CdS
(auddysnoHHbEIM cnocoboM) aTOMOB MeaH HabJiogaercss 3HAuH-
TesbHas (OTONPOBOAMMOCTb, U B YCJOBHSIX BHICOKOTO YPOBHSI (DOTO-
BO30y:KJIeHHs KOHLEHTpallUsi 3JIeKTPOHOB OKasblBaeTcs 60Jiee HH3-
KO, a HX MOJABH:KHOCTb — OoJiee BHICOKOH, yeM B IieHkax CdS, ne
COJEep:KANIHX MeH.

dnekTpuueckue cBoictBa mieHok CdS, mosyuaeMblx mocpencT-
BOM MyJ/IbBEPH3ALHU C MOCJAEAYIOIIHM NHPOJIH30M, ONpee/sIoTCs
rJIaBHBIM 06pa3oM OCOGEHHOCTSIMH IIpollecca XeMOCOPOLHH KHCJIO-
poia Ha TPaHHLIAX 3epeH, CONMPOBOXKAAIOIIErOCsi CHHXKEHHeM Kak
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KOHIIEHTpPAllHH, TaK W TNOJABHXKHOCTH Hocutesed [136]. Bcesenctsue
HaJH4usl BaKaHCHH cepbl TaKHe IJIEHKH Bcerga 00/1a1aloT MPOBOIH-
MOCTBIO 7-THNIa, H HX YJeJbHOE CONPOTHBJIEHHE MOXET BapbHpPO-
BaTh B OuUeHb IIHPOKHX IpeJesiaX, OTJHYASICh JO BOCbMH MOPSIAKOB
Besununnbl [136, 166]. ITocaenyomuit orxur mienok CdS Ha BO3-
JlyXe TPUBOJUT K YBEJHUEHHIO HX YAEJbHOTO CONPOTHUBJIEHHS MpH-
MepHO 10 107 OM-cM U TNOABJEHHIO CHJIBHOH (DOTONMPOBOAMMOCTH.
CorsiacHO H3MepeHHsM, BBIOJIHEHHBIM B Ja6opaTOpPHH aBTOPOB
[166], mpuMepHO uepe3 | Mc MNOcJie BKJIOYEHHSI HCTOUHHKA CBeTa
HHTeHCcHBHOCTBIO 50 MBT/cM? mpoBOAMMOCTH TJIEHOK BO3pacraer
B 10°6...107 pa3. B pesysbTaTe BaKyyMHOTO OTXKHra MJIEHOK HX
yAesNibHOE CONMPOTHBJEeHHe yMeHbiiaercss o 1...10 OM-cM, a Takxke
IIPOUCXOAHUT TallieHHe (OTONPOBOJUMOCTH, UTO CBH/ETENLCTBYET 00
06paTHMOCTH TIPOLECCOB XeMOCOpOUHMH H AecopOLMH KHCJIOPOJAA
[136]. 3aBucHMOCTb YAeJbHOrO compoTHBJeHHs mieHok CdS ot
TeMIepaTypsl OT)KHra HJIIOCTpHUpyeT puc. 3.17, a.

JleranbHOe 3KCIepHMEHTaJbHOe HCCJAefAOBaHHe I1apaMeTpoB
mpouecca TepeHoca 3JeKTpoHoB B miaenkax CdS mposepeHo
HeCKOJIbKHMH aBtopamu [126, 136, 158, 167]. Ma u bbb
[158] o6Hapy:ku/M OCUMJIJIUPYIOUIMH XapaKTep H3MeHEHHs 3JeKTpo-
TIPOBOJHOCTH, KOHIIEHTPALUH HOCHTesel M HX IIOABHXKHOCTH B 3a-
BHCHMOCTH OT TeMIepaTyphl OcCakjeHHs IyeHOK. CKOpOCTb OXJaX-
JeHUs TJIeHOK (0 OKOHYAHHM HX pOCTA) BJIUSET HA KHHETHKY
XeMOCOpPOLIMH H NO3TOMY cKa3blBaeTcsi TaKyKe Ha Mpollecce Iepe-
Hoca 3JekTpoHOB [158]. Kok u Ceio [132], u3yuaBuiHe IJEHKH
CdS, nosyuaeMble MeTOJOM MYJbBEPH3ALHMH C TOCJAELYIOMHM ITH:
POJIN30M, OTMEUaIOT, YTO IIPU YBeJHYEHUH HX TOJIIHHBI, COIPOBOXK-
JawueMcsl YKpYIHeHHeM 3epeH, TeMHOBas KOHLEHTpauMs 1 IOJBHX-
HOCTb HOcHTeJiell BozpacratoT. Ha puc. 3.17, 6 nmpuBeneHsl 3aBHCH-
MOCTH KOHUEHTPAUMH H TOABHXKHOCTH HOCHTEJEeH OT TOJIIMHBI
IJIeHKH [pH HaJHYHH H OTCYTCTBHH oOcBelleHus. Vamepenus ag-
dekra Xosaa U TEPMO-3. I.C. B OCBeneHHHX ob6pasmnax [136, 168]
[I0Ka3HIBAIOT, UYTO TOJ JeifiCTBHEM CBeTa IPOHCXOAUT H3MeHeHHe
KOHLEHTPAIMH HJIH NOJBHIKHOCTH HOCHTeJIel, a BO3MOXKHO, U 0060HX
mapaMeTpoB OfHOBpeMeHHO. Kakoil U3 HUX H3MeHsieTcst B Gosiblield
CTelleHH, 3aBHCHT OT OTHOCHTEJBHOTO BJIHSIHHS CBOHCTB MHKPO-
CTPYKTYpH (pasMepa 3epeH) H TepM0ooOpabOTKH ocaKJeHHOH
NJIeHKH (Ha/u4us XeMocOopOHpPOBAHHOrO KHCJOpPORAa) Ha Ipolecc
nporekaHuss toka. CorjacHo H3MepeHUsM, NU(EYy3HMOHHAA [JIMHA
AHIPOK B TJIEHKAX, MOJIyuaeMblX MOCPEJCTBOM TyJbBepH3alHU C I10-
clefyouuM nuposusom, cocrasjser 0,2...0,4 mrm [136].

ITnenxku CdS HemocpeACTBeHHO MOCJe OCaXKAEHHST METOJOM HOH-
HOro pachblJeHHs1 HMEIOT BHICOKOe YJeJIbHOe cOupOoTHBJeHHe [145,
148, 162], Kotopoe mocruraer 108 Om-cm. Ilpu coBmecTHOM pac-
neieHnd CdS u In obpasyioTcsi mjeHKH C yAeJbHBIM CONPOTHBJIE-
HueM ~1 OM-cM H TOABHXKHOCTBIO HOCHTeJel, MpUOJU3UTENBHO
pasHo#i 40 cm?/(B-c). JluxreHwreiirepom [169] mosiyueHs! Jerupo-
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Puc. 3.17. TeMnepaTypHble 3aBHCHMOCTH TEMHOBOT'O YJIEJbHOT'O CONPOTHBJIEHHS
niaenok CdS, ocaxIeHHBIX MeTOXOM NyJbBePH3alHH C NOCJHELYIOWHM INHPOJH-
30M, NIpH OTXKHTe B BAKyyMe H B aTMocdepe pa3anyHbx rasoB [136] (a). Touka A
ompefe/sieT ylelbHOE CONPOTHUBJEHHE IVIEHOK HENOCPENCTBEHHO MOCJe Ocaxje-
HHS, KpuBas AB — M3MeHeHHe yIeJbHOTO CONPOTHUBJIEHHS IVIEHOK B Ipolecce
OTXKHra B BaKyyMe, kpuBas BC — yJnenbHOe CONPOTHUBJIEHHE NJIEHOK, OTOXMKeH-
HBIX B BaKyyMe HJH atMocepe MHEPTHBIX ra3oB, H3MepPEHHOE IPH PasJHYHBIX
TeMnepaTypax, Toyka D — H3MepeHHOe IDH KOMHATHOH TeMmmeparype yleJbHoe
CONPOTHBJIEHHE IJIEHOK, OTOXIKEHHBIX B BaKyyMe.

3aBHCHMOCTH NOJBHKHOCTH |4 M KOHIEHTPALUH 1 HOCHTeJel OT TOJIHHH d
naenok CdS, noJsyyeHHBX nOCpeICTBOM nyJbBepH3allMH C MOCJeIYIOUHM MHPO-
ausom [132] (6); L — npu ocBewenud, D — B TeMHOTe.

BaHHble miaeHkd CdS p-tTuma ¢ DOABHKHOCTBIO ABIPOK 6...15cm2/
(B-c). Konuenrpauus nocureseii B ninenkax CdS, serupoBaHHBEIX
uHaHeM (atoMHOe copepxkaHue 1 %), corsiacHo H3MepeHHSM, CO-
craBsdeT OKojo 7-10%8 cm—3 [144]. YcraHoBJeHO, 4TO B OTJIHUHE
0T HeserupoBaHHbIXx IJeHOK CdS, oca)aaeMblX HOHHBIM pacIblie-
HHeM, yIeJbHOEe CONPOTHBJEHHe IJIEHOK, COIepXKallHMX Jerupyo-
yi0 NpUMech, caafo 3aBHCHT OT TeMIepaTypbl NOJAJOXKKH B NpPO-
mecce ux HaHeceHusi [144]. Ilo snekTpHUECKUM CBOHCTBAM IJIEHKH,
nojyyaemMble MOCPEACTBOM HOHHOTO pACHblJIEHHs, aHaJIOTHYHEl
IJeHKaM, co3aBaeMbiM MetofoM ucnapenus. [Tun u Meppait [147]
IJISI HHTepIpeTaliy pe3yabTaToB U3MepeHH MPOBOJAHMOCTH B CHJb-
HOM 3JIEKTPHYECKOM MoJie mpHuBJeKaloT apdekt Ilyna — Ppenkens.
CoraacHo manHbiM Xuaga [148], B naenkax CdS, ocaxpaeMbix
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C TOMOIbBI0 HOHHOTO pacHBlIeHHS H 00/aJalolMX BHICOKOH mOA-
BUXKHOCTbIO HOcHUTesel, nuQy3HoHHAS HJHHA 3JEKTPOHOB paBHA
~1 MEKM.

IMnenkn CdS, mosmydyaemble myTeM XHMHYECKOTO OCaXK[AEHHS H3
pacreopa [154, 155], uMelOT MpPOBOAMMOCThL N-THNA, H HX YAE/NbHOE
conmpoTHBJIeHHe, cocTaBasiollee 107...109 Owm-cM, mocae OTXKura
B Bakyyme yMeHnbmaercst o l...10 OM-cMm. ITo cHHXKeHHe ylesb-
HOTO CONPOTHBJIEHHS, CBOHCTBEHHOE TaKXKe NJEHKaM, CO34aBaeMbIM
MeTOJ0M NyJbBepH3alllH, CBSA3aHO ¢ jAecopbuueil kucjaopopa. ITo-
CJEeAYIOIUH NPOrpeB NJEHOK Ha BO3JYyXe HJM B atMocdepe KHCJIO-
poja MOXKeT INPHBECTH K BOCCTAHOBJEHHIO HCXOJHBIX 3HaYeHHH
yIebHOro conpoTHBaeHHs. CoraacHo 3KcrnepHMeHTaJbHbIM JaHHBIM
[TaBackapa u gmp. [170], B ocBelleHHHIX oOpasllax KOHIEHTpAaLHUs
HocHTesiell npubausuTeNbHO paBHa 10 cM™3, a MX HOABHKHOCTb —
5 cm?/(B-c). B pesysabrate OTXKHra Ha BO3AYXe IJIEHKH, OCaXkKJeH-
Hble U3 pacTBOpa, NpHOOpeTaloT BHICOKYIO (DOTOUYBCTBHTEILHOCTD
[154]). TInenku CdS, nonyuaembie merogoM TpadaperHoit nesarH [152),
Takxke 00/1alaloT BHICOKOH (POTOUYBCTBUTENBHOCTbIO, U OTHOLIEHHE
YAeJbHBIX CONPOTHBJIEHUH NpPH OTCYTCTBHH H HaJIHUHH OCBeELleHHs
(npu uHTeHcHBHOCTH M3ayueHus 100 mBr/cm?) cocraBasieT AJus HHX
~10% Tlnenxu CdS, ocaxpmaemble MeTofoMm 3JekTpodopesa [164],
HIMEIOT YAeabHOe compoTHBJeHHe B mpelenax 10%...105 Om-cwm.

Ins snurakcHadbHeiX NileHOK CAS xapakTepHa odeHb BBHICOKAS
NOABHKHOCTb HOcHTesell. DiekrpuueckHe cBofictBa miaeHok CdS,
SMUTAKCHAJNbHO OCa)KAaeMblXx Ha MOANOXKH H3 GaAs mpu ocylue-
CTBJIEHHH XHMHYECKOHl TPaHCHOPTHOH peaKUHH B KBa3H3aMKHYTOM
ob6beme [151], B 3HauMTE/NbHOH CTENEHH 3aBHCAT OT YCJOBHH HX
BHIpAllMBaHHUs, NpHYeM HauboJsee CyLIeCTBEHHO — OT TeMIepaTyphl
NOAMOXKKH. [IpH MOBBIIEHHH TeMrepaTypbl NOMJIOKKH KOHIEHTpa-
LU¥s HOcHTesJeH Bo3pacTaeT IO 3KCIHOHEHIHaJbHOMY 3akoHy. Ilpu
3TOM TaK)Ke yBeJHYHBaeTcs MOABHIKHOCTb 3/1eKTPOHOB. MaKCcHMaJIb-
HO€ M3 NOJIyYeHHBIX 3HAaUeHHH WOJBHIKHOCTH cocraBaseT 241 cm?/
(B-c). IIpu Bapnauusx temmneparypsl NOAJIOXKH YAeJbHOE COIPO-
THBJIEHHE IJIEHOK MoxeT H3MeHsTbcs ot 102 mo 1 Om-cm. Hese-
THPOBaHHbIE 3MHTaKcHaabHble nuaeHkd CdS, ocaxngaemble MeToIOM
MOJIEKYISIpHO-ydeBO# asnutakcuu [149], obmanaior yaeabHBIM CO-
nporuBJaeHreM 105 Om-cM, KOTOPOEe SKCIOHEHIHAAbHO YMeHbIIaeTcs
NpH MOBBILIEHHH TeMIepaTyphl, H XapaKTepH3YIOTCs 3Heprhell ak-
TUBalUKH, paBHOH 1,6 3B. B nieHkax, JerHpoBaHHBIX HHAHMEM, KOH-
LeHTpauuss HocHtesell cocrasaser 108 cM~3, a Hx XoJJsoBcKas
noaBHKHOCTb — 65 cM?/(B - c). dnurakcuanbube miaenkun CdS, mo-
JydaeMble XHMMHYeCKHMM METOJOM H3 NapoBOH (pasbl, HEMOCpPeaCT-
BEHHO IIOCJe OCa)KJAeHHs HMeEIOT yJeJbHOe comportusjieHue 10...
100 Om-cm. Orxur nienox B atmocdepe Hy uaum Ar npu remnepa-
type 400 °C mpHBOJAHMT K CHHIKEHMIO YIEJbHOTO CONPOTHBJEHHS MO
3Hauenuit 0,01...0,05 Om- cm. IToABHKHOCTL HOCHTeJeH B BHICOKO-
omublx maenkax CdS cocrasaser 100...150 cm?/(B-c).
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Puc. 3.18. CnekTpasbHble 3aBHCHMOCTH IOKasaTeJseli NpeJOMJEHHS n (@) 4 1o-
raomenns k (6) niaenok CdS, mosyueHHBIX BaKyyMHBIM HCIapPeHHEM NPH Tpex
pasIMYHBIX TemnepaTypax nogmoxku [124]. I — xomMHaTHasg TeMmepatypa;
2 —140°C; 3 — 180 °

3.2.7.3 Ontuueckue cBoiCTBA

Ontuyeckue cBofictBa miaeHok CdS cyuiecTBeHHO 3aBUCAT OT
X MHKPOCTPYKTYPBl H, CJeI0BaTeNbHO, OT YCJOBHH OCaXIeHHS.
ITpn ucnmapenun CdS obpasyiores raajgkue 3epKajbHO OTpakalo-
e IJIGHKH, OJHAKO IO Mepe YyBeJHYeHHs HX TOJIIHHEL NOBEPX-
HOCTHBIH peJsibed CTAHOBHTCS OoJiee TpyOBIM H OTpakeHHe H3Jyde-
HHSL OT TOJICTBIX [NJIEHOK HOCHT B OCHOBHOM AH(OY3HBEI Xapak-
rep. KBas u Tomaun [124] npoBenu usaMepeHHs KO3(hOdHIHEHTOB
OTPa>KeHHs1 W NPONYyCKaHUs TJIEHOK, HAHECEHHBIX METOJOM Hchape-
HUS, U ONpEeNHJH HX ONTHYECKHE MOCTOSIHHBIE 1 U R B HHTEpBaJse
Jaaud BosH 0,25...2,0 MKM ¢ yuetoM 3ddekTa paccesiHHs H3TyYeHHUs
IIOBEPXHOCTBIO.

AHanu3 nosydYeHHBIX pe3yabTaToB (cM. puc. 3.18) nokaswiBaer,
4TO MOIJIOLleHHe cBeTa ¢ 3Heprued 2,42...2,82 3B conpoBoxaaercs
NPSMBIMH ONTHYECKHMU NEPeXOAaMH, a MPH IHEPrusXx, NMpeBHILIAI0-
mux 2,82 3B, BO3MOXKHBI Kak npsMbE, TAK H HENpsIMEE Nepexosl.
3HaueHusi n U k 3aBHCAT OT TeMIEPAaTyphl NMOAJOXKH B Ipoliecce
ocaxkieHusi niaeHku. [Ipu BBICOKOH TeMmepartype NOIJIOXKKH, obec-
nmeuuBaloOueil POCT KPYNHBIX 3epeH, TIOKasaTeJb NPeJOMJEHHUS
nJeHKH npub/auxaercss K 3HAUYEHHIO, XapaKTepHOMY AJs MOHOKDH-
crannnueckoro marepuana. Ilaenkn CdS, cosgaBaeMble ¢ OMOIIbIO
HOHHOTO pacneuieHusi [162], uMmelor o6/acTh pPe3KOro H3MeHeHHS
Koo(duliHeHTa NPONYCKAaHHS NPH 3HA4UeHHH AJHHBI BOJHBI OKOJIO
0,52 MEM, COOTBETCTBYIOWIEM LIHPHHE sanpewennoil 3oun CdS.
B 11uHHOBOJIHOBOH 06JacTH CreKTpa MJeHKH 00/1afaioT BHICOKOH
MpO3pauHOCThIO. B mileHKax, mojydaeMblX MeTOA0M NYJ/bBEePH3ALHH
¢ mocaeaylomum mupoansom [134—136, 141], mupuHa 3anpeuieH-
HOH 30HBI M CIEKTpaJ/JbHOE MOJOXKEHHe Kpasi OCHOBHOH IOJIOCH IO-
TJIONIEHHSI He 3aBHCAT OT MUKPOCTPYKTYpH. oasa audbdysHo otpa-
JKEHHOI'0 CBeTa M, CJeJl0BATEJbHO, MPO3PAYHOCTh IJIEHOK OIpeje-
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Puc. 3.19. CnekTpajbHble 3aBHCHMOCTH KO3(Q(QUIHEHTa TPONYCKAHUS IJIEHOK
CdS, ocaxmeHHBHIX MeTOAOM MYJbBEPHU3ALHH C TOCAEAYIOU[HM NHPOJIH3OM NPH
pasauyHblXx ycaoBusx [134, 141]. | — T = 365°C, d = 3,5 mxm; 2 — T =
380°C, d=15,7 mkmM; 3 — T =260°C, d=3,3 mMkm; 4 —Cd:S =
1:14, T, =317°C; § —Cd:S=1:1,2, Ty =317°C; 6 —Cd:S =
1:1, Ty = 317 °C.

Ty — TeMnepatypa NOMJIOXKKH; d — TommuHa miaedkd; Cd : S — oTHouwe-
HHe KoHUeHTpauuit aromoB Cd u S.

JISI0TCA, KaK TOKasaHo Ha puc. 3.19, ux TOJUIHHON, TeMIlepaTypoi
MOMJIOKKH U oTHOleHHeM KoHueHtpanuit Cd u S. [lpu yBennuenun
TOJIIIMHEL TJIeHKH npeobaagaer Aucddys3Hoe oTpakeHHe H3JYyUeHHH,
OJlHaKO OHO ocJsabJjseTcs y IJEeHOK, BEIPAUIeHHBIX NPH NMOBHIILIEHHOH
TeMIeparype (6sarozaps yBeJHUeHHIO Pa3MepOB 3epeH H CTeleHH
ux opueHtanuu). Ilpn oueHb BBICOKHX TeMIepaTypax OCaKAEHH:
(6osee 500 °C), BepOATHO, NMPOHCXOAHT CYILIeCTBEHHOE H3MEHeHHe
KHHETHKH pPOCTa NJIEHOK, BCJEACTBHE Uero HX IOBEPXHOCTb CTaHO-
BHTCA LIEPOXOBATOH M pacceHBalOmed H3JydeHHe.
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Bepr u ap. [135] orMeualoT, uTo 0COGEHHOCTH CTPYKTYpBI 3€peH
H MOP(OJIOTHH IJIeHOK (TOJIHUHOHA 3...4 MKM), ocakKJgaeMblX MeTo-
JIOM NYy/JbBEpH3aUUH C MOCJAeAYIOUIUM NHPOJH30M, OGYCJIOBIMBAIOT
CHJTbHOE paccestHHe cBeTa M OoJbliiHe 3HaueHHs 3(PPEKTHBHOTO
Kospduuuenta moraomenus (~500 cm~!) npH mJIMHAX BOJH
~1,0 MKM, T. e. IpH 3HepPrHsX, MEHbIUUX UIHPHUHBI 3anpelleHHOH
sonbl CdS. ¥ naenok CdS, ocaxpaembix M3 pacTBopa, Kpail OnTu-
YeCKOTO TOTJIOUIeHHs JIeXKHT B TOH Ke 00/1aCTH AJHH BOJH, YTO H
Yy MacCHBHBIX KpHCTaJIOB cyabduaa kKaamus [154]. Opnako us-3a
A @y3HOro paccesHHsi cBeTa IJIEHKAMH MeJKO3€PHHCTOH CTPYK-
TYpPBHl CHEKTpajbHass 3aBHCHMOCTb Ko3(¢HUIHeHTa NOrJOLIeHUsS
B 3TOf 00J1acTH MMeeT 3HAuUTeJNbHO GoJiee MOJOTYIO, CrilaXKeHHYIO
tdhopmy.

3.2,7.4 Mnenkn cnnasa Zn,Cd;_,S

Ha crpykTypHble, 3/1eKTpHUeCKHe U ONTHUeCKHe CBOHACTBA mJje-
HOK CI1aBOB HamboJiee CYIIeCTBEHHOE BJHsIHHE OKa3biBaeT HX COC-
taB. [I7eHKH cnaBoB MOJy4alOT MeTOAaMH BaKyyMHOIO HCMapeHHs
[11, 112, 115, 116, 127, 130, 171], nymbBepH3aunu ¢ MOCIENYIOUIHM
nuposausom [136, 137, 139] u nounoro pacmbuienus [146]. Kak mpa-
Buso, CdS u ZnS BO BceM BO3MOXKHOM JHaNa3oHe HX OTHOCHTEJb-
HBIX KOHILEHTpauHu# o06pa3yloT TBepIblil pPacTBOp, U HE3aBUCHMO OT
MeToJa ocaxkKAeHHs NPH KOHUeHTpauud ZnS B npenenax po 60 %
IJIEHKH CIJIaBOB KPHCTAJNJIHM3YIOTCS B CTPYKType Bioptuurta. Ecan
KoHueHTpauus ZnS npeswimaer 80 Y, To mIeHKH HMelOT KyGHue-
CKYI0O CTPYKTYpy casepurta. IIpn konueHtpauuu ZnS 60...80 %
IJIeHKH KPHCTAJJ/IM3YIOTCS B 00€HX YKa3aHHBIX CTPYKTYPHBIX MOJHU-
¢uxanusax. B cayuae ocaXkieHHs NJIEHOK MeTOJOM BaKyyMHOro Hc-
napeHHUs MpH KOHUeHTpauuu Zn Huxe 60 Y obpasyercs KpUCTaJJIH-
yeckass peleTKka BIOPTIUHTA C OCbIO ¢, TepHNeHIHKYJ/SpHOM
TJIOCKOCTH HOJAJIOXKKH.

Bankap u gmp. [l111] ycraHOBHJH, YTO THN KpHCTANIHYECKOH
CTPYKTYpPHl W mapaMmeTpul pelieTKu NJjeHok ZnCdS, noayuaembix
C NMOMOUIBIO HCNapEHMsl, B 3HAUHTEJBLHOH Mepe ONpelessiloTCs TeM-
nepatypo#t ux ocaxpeHusi. [lapamerp pelletkd a MJIaBHO H3MeH:si-
eTcst NpH BapualusAx cocraBa NJaeHKH (cM. puc. 3.20, a). Koaiin
u ap. [128] coobuiaior, uto npu Takux cocraBax ZnCdS, korna
IJIeHKH MpeJACTaBAfA0T COO0H cMech BIOPTHHTA H KyOHueCKOH
Gdasel, paccTosiHHe MeXIy KpHUCTaJIorpadHuecKUMH IJIOCKOCTSIMH
(002) rexkcaronambHOH cTpyKTypsl M (111) KyGuueckoil cTpyKTypH
onuHakoso. IloatomMy npu J1006BIX cocTaBax CIyaBa KyOHUecKYIO
CTPYKTYPY MOXKHO OXapaKTepH30BaTh 35KBHBAJEHTHBHIMH INapaMeT-
paMH @ M C TeKCaroHaJ/bHOH siueflKH, KOTOpble ONpefelsioTcs pac-
dyeTHBIM nyTeM. CyliecTBOBaHHe B3aHMOCBSI3H MEXAY IapameTpaMu
KpHCTAJJINUeCKOH pelleTKH IJIEHOK CIJIABOB H TeMIepaTypol ocax-
JleHHsl KayeCTBEeHHO OODbsICHAETCS OTKJIOHEHHEM HX COCTaBa OT CTe-
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Puc. 3.20 a. 3aBHCHMOCTb 0,5 5———
napameTpa a reKCcaroHajbHOH
KPHCTAJJIHYeCKOH  pelleTKH
naenok  ZngCd;—xS or Hx
cocTaBa IIpH TeMmepaTtype
ocaxaenns 200 °C (1), 170 °C
(2) mw 90 °C (3) [ll1]; ana-

050 [

JIOTHYHAsi 3aBHCHMOCTb AJIst 045
MaccuBHOro oGpasiia, paccuu- (.
TaHHasi C [OMOLIbIO 3aKOHa
Burapaa (4). £

50404

035+
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Cds 80 80 40 20 ZnS

MaccoBas dona Cd S, %

XHOMETPHUYECKOTO BCJEACTBHEe H3OBITOUHOTO KOJHMYECTBA aTOMOB
MeTaJJa.

Kansu u ap. [171] oT™MeualoT, yTo pasmMep KPHCTAJJUTOB M Ha-
npasJeHde UX OpHEHTAlLHH B BecbMa HeOOJbIIOH CTelleHH 3aBUCAT
OT BHJAA NOAJOXKH U KOHueHTpauuu ZnS. Ilpn yBesMYeHHH KOH-
LeHTpauuu ZnS cHauaja HabJofaercs He3HAYHTeJNbHAss pa3opHeH-
Tauus KPUCTANJNHUTOB cToa04atoil ¢opMbl, KoTopas MOCTENeHHO
yeunusaercsi. Corsacho fanneiv Xodaaa u ap.[115], naenku ZnCdS,
noJjyuyaemMble BaKYyMHBIM HCIIapeHHEM, COLepKaT 3epHa pa3MepoM
okoJo 2 MKM. BeptoH u zap. [112] ycraHOBHJIH, 4TO COCTAB IJVIEHOK
CNJIaBa, OCaXAaeMBbIX C HCIOJb30BaHMEM OJHOTrO HCHapHTessi, He-
oJHOpoJeH no toauuHe. banepaxu u ap. [136, 139] mokasaHo, uto
napamerpbl KpHCTaJJIHYeCKOH pelleTKH niaeHok Zn,Cd;—.S, moay-
yaeMbIX METOAOM IMyJ/bBEepH3AUHH C IOCJAEAYIOUIUM HPOJIH30M,
IJIaBHO H3MeHSIOTCS B 3aBUCHUMOCTH OT cocraBa. IljaeHKH cnsasos,
ocaxKjaeMble TaKUM cloco6OM, MpeAcTaBJSIIOT cO00H eHHCTBEHHYIO
KpPUCTaMIHYecKylo a3y (rekcaroHaJsbHYIO HIM KyOHYeCKYIO), THI KO-
TOpOH ompejesserTcss COCTAaBOM IJIEHOK. B oTiHuMe OT MNJeHOK
CNJIaBOB, HAHOCHMBIX BAaKyyMHBIM HCIapeHHeM, CBOHCTBa KpHCTaJ-
JINYECKOH CTPYKTYpHI NJIEHOK, MOJIy4aeMBbIX IIOCPeACTBOM MNYJbBEpH-
3aluH, He 3aBUCAT OT TEMIepaTypsl ocaxaeHus. IIpu KoHLeHTpalHH
uHHKa MeHee 60 % mNJEHKH HMEIOT TIeKCaroHaJdbHYI0 CTPYKTYDPY,
a npu KoHUeHTpauusx Zn Buile 80 Y — Kybuueckylo. B nnamasone
KoHueHTpauu# 0,6 <x<0,8 B maeHKax NPHUCYTCTBYIOT Kak TIeKca-
roHanbHas, Tak M kKybuueckas Moaudukauuu. CorsacHo cooblie-
Huro Cunrxa u Jxkopmana [137], B nJeHKax CHJaBOB TOJILIHHOM
5...6 MKM, ocaxKJaeMBIX MeTOAOM IyJbBepH3aUHH C MOCJEAYIOUHM
nuposn3oM, Habalofaercsi sSIPKO BblpaKeHHasi NpeHMyllecTBeHHas
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Puc. 3.20 6. 3aBucHMOCTb OTHOWIEHHs  Puc. 3.20. B. 3aBHCHMOCTL YIEJbHOTO
G ¢dorompoBOAMMOCTH K TEMHOBOH  conpoTuBJeHHs O MJjeHOK Zn,Cd;_xS,
NPOBOLUMOCTH OT IlapaMeTpa X MJEHOK  [oJlyyaeMbIX MeTOJOM MNyJbBePH3alHH

Zn,Cdy—_,S, moJyyaeMbX

MeTOol0M C IMOoCJIelyIOUIUM MHUPOJH3OM, OT mapa-

MyJbBEPH3aLHH C MOCJEAYIOWMM nu- MeTpa x [139]. / — HemocpeACTBEHHO

poausom [139].
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Puc. 3.20. r. 3aBHCHMOCTb
ONTHYECKOH LIMPHHE 3ampe-
HnieHHOH 30HHB TIJIeHOK
‘zm}c]d,_xs OT napameTpa x

[ocCJle OCaXJIeHHs, 2—Tocje OTXKHUTA.

OpHeHTauMs 3epeH BJOJb OCH ¢, a TH-
IHYHBIA pasMep 3epeH cocTaBJjsdeT | ...
2 mxwm. Ilpn Bapuauusx KOHUEHTpalHH
Zn cpenHuil pasMep 3epeH MeHseTCs He-
3HauHTeNbHO. IIpu 3HAueHHAX X, TpeBHI-
watomux 0,7, Ha NOBEPXHOCTH MJIEHOK
00pasyloTcsl TpPeLIHHHL.

YBennueHHe KOHIEHTpauuu Zn o6bly-
HO CONpPOBOXK/JaeTCA MOBHILIEHHEM yesib-
HOTO CONPOTHBJIEHHS NJEHOK CIJaBa Ha
HeCKOJ/IbKO MOPSAJAKOB BeJHUHHH. HH3KO-
oMHble (1 ... 20 OM-cM) miIeHKH cnJja-
Ba C HebOJbIIOH KOHUEHTpauueir Zn Mmo-
ryT OBITh HOJIy4eHH METOJAOM BaKyyM-
Horo wucnapenust [115, 116]. dac [116]
YCTaHOBHJI, UTO NPH yBeJIHUEHHH COJep-
KaHus Zn YMeHbLIAIOTCA KaK KOHLEH-
Tpanysi HOCHTeJeH, TaK H HX NOJBHXK-

HocTb. B pabore Danepmxku u ap. [139] nokasaHo, 4To
HENOCPEeACTBEHHO MOCJe OCaxKJAeHHdA NJICHOK chJyiaBa METOJAO0OM MYJib-
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BEPU3ALNH OTHOLIEHWe 3HAUEHHH MX 3JIEKTPONPOBOAHOCTH NpPH Ha-
JIHUMH H OTCYTCTBHH OCBellleHHst coctaBiser 104 1sq nieHok uncroro
cyabduaa KaaMusi 9 | A7 MJIEHOK 4HCTOro CyJjbdHaa uuHKa. JlaH-
Hble Pe3yJbTaThl MpeAcTaBjaeHH Ha puc. 3.20, 6. TeMHOBOE yne/abHOE
CONPOTHBJIEHHe 3THX MJIEHOK NOBHILIAETCA PH yBeJHYCHHH KOHIIeH-
Tpauun Zn. B pesysnbTaTe OTXKHra yjeJbHOE CONPOTHBJIEHHE IJie-
HOK CI/aBa yMeHbIIaeTcsi, MPH 3TOM, KaK BHAHO H3 puc. 3.20 B,
s ekt oTKHra MaKCHMajeH JJs miaeHok uuctoro CdS u mpede-
6pexumo mas npu x=0,80.

Uro Kacaercss ONTHYECKHX XAPAKTEPHCTHK IJIEHOK CIJaBa, TO
OHH TIJIABHO M3MEHSIOTCA MpPH BapHauusax cocrasa. Ilienku jio6oro
cocTaBa SABJAIOTCA <IPSIMO3OHHBIMH» MOJynpoBogHHKamMu [116],
nmpHyeM 3aBHCHMOCTb IIXPHHBI 3ampelleHHO 30HH OT COCTaBa IIpH
nepexoge ot uncroro CdS x umcromy ZnS, Kak cjeayeT H3 pHC.
3.20 r, orsinuaercsa ot JguHeldHod. HabsaronaeMoe yBeJHYeHHe IIH-
PHHBl 3anpellleHHOH 30HBI NPH BO3pacTaHHH B CIJIaBe€ KOHLEHTpa-
IUH Zn crnoco6CTBYeT MNOBBILIEHHIO HANpPsXKEeHHSA XO0JIOCTOTO XOHAa
COJIHEUHBIX 3/ieMeHTOB Ha ocHoBe CuS—Zn,Cd;—.S.

3.2.8 Cenenng mean (CuySe)

ITockosibKy WHTepec K TOHKUM mjeHkaM Cu.Se kKak K Mare-
puajy [Jsi M3TOTOBJEHHS! COJHEUHBIX 3JIEMEHTOB YCHJIHWJCH JIHIIb
B NOCJeAHHE TOoJbl, KOJUUYeCTBO NyO/JAHKAaUUH 1O AaHHOMY BOIPOCY
oueHb orpaHHueHo. Toukue mieHKH CupSe HoJyualoT NpeHMYIIECT-
BEeHHO BaKyyMHBIM ucrnapeHuem [172—174]. CusS cyuiecTByer B He-
CKOJIbKMX KpHUCTa/iorpadHuecKux MOAH(DHKALHAX, MU CBOiCTBA
NJIEHOK B 3HAUHTEJbHOH CTENeHH ONpeleslOTC HX COCTaBOM, KO-
TOPHI B CBOIO OYepeab 3aBUCHT OT YCJOBHH OCaXKIEHHS.

3.2.8.1 CrpykrypHbie cBosicTea

B npouecce BakyyMHOH TepMoOoOpaGOTKH NJIEHOK NpH TeMIepa-
type Huxe 350 °C Uladusane u ap. [173] Habuoganu nocienosa-
TeJIbHOCTh (pasoBHIX mepexonoB CuSe:

100. . . 300°C 300°C OxJaxpaeHue 1o
CuSe — = Cuy_4Se — Cu,Se —-K—wi’ﬁw—n—* CupSe
Ky6uueckas KyGHuyecKas TeMmepaTypH HHM3KO-
rpadeneHTpH- rpaHeneHTpH- TeMIlepa-
poBaHHas poBaHHas TypHast
pelreTxa, pellleTKa, MoaHdHKa-
a=0,568. . .0,575 iy a=0,584 Hm uA

[Tapamerp @ KyOHueckoit TI'DaHELEHTPUPOBAHHOH pelIeTKH
Cuy—xSe wmeHsiercs B uHTtepBajte 0,568...0,575 HM, COOTBeTCTBYyIO-
ueM Bapuauusam cocraBa oT Cu;4Se mo CuyzsSe. B ananasone
coctaBoB oT Cuy,75Se 10 CusSe cyluecTByeT ynopsifioyeHHas HH3KO-
TeMnepaTtypHas (asa cejenuga meau. Ilpu rtemmneparype Bbile
350 °C CuSe pacmapmaercst Ha aBe ¢asel ¢ a=0,584 u 0,565 HM.
IIpn oxnmaxkjaeHun cejeHnZa MeAH /[0 KOMHATHOH TeMIepaTypl
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o6pasyeTcsi U OJHOBDPEMEHHO CyIIeCTByeT ABe (assl — HH3KOTEMIIe-
patypHast mMoxudukauus CusSe n Monudukanus, uMeromas KyGH-
YeCKyl0 TpPaHelleHTPHPOBaHHyIO pelleTky ¢ a=0,563 HM, KOTOpoH
orBeuaeT ¢asa cedeHHga MeAH, Oiau3kas mo cocraBy K Cuy,sSe.
[Tapamerpnl 3JeMeHTapHOH fYeHKH 3NHUTAKCHAJbHBIX MJIeHOK [172]
HH3KoTeMIepaTypHoil Moaudukauuu CupSe, BHpallHBaeMbX Ha MO-
Hokpucraaaax NaCl npu Temneparypax 200 u 400 °C, BhipaKeHHbIe
Yyepe3 MapaMeTpPel eKCaroHaJbHOH peEIIETKH @ H C, PaBHBl COOT-
BerctBeHHo 0,707 u 0,668 HM. Bangxaynt u ap. [174] coobmanu
0 MOJy4eHHH TOHKHX MJIeHoK Cug_.Se, comep:kalliuxX TOJBKO rekca-
ronaabHyio ¢asy, npu rtemmeparype moAdoxku 150...275 °C. Or-
MeyaeTcs, YTo NpH 6oJiee BLICOKHX TeMIlepaTypax MOAJOXKKH COCTaB
NJIeHOK B MeHbIUEH CTemeHW 3aBUCHT OT CKOPOCTH OCaKIeHus Se
(ecn oHa mpeBBbIIIAeT HEKOTOpOe MoporoBoe 3HaueHue). CoraacHo
H3MepeHHUsIM, pasMep 3epeH B TJEHKAaX COCTaBJjsieT ~ 1 MKM.

3.2.8.2 dnekrpuueckue CBOMKCTBA

HsMepenns sdpdekra Xoana ¥ yAeJbHOTO CONPOTHBJEHHS IIO-
Ka3bpBaloT, 4To NJeHKH Cup—Se 06/1a1al0T NPOBOAUMOCTBIO p-THIA
U B IJIeHKaX, nMetomux coctas Cu;gSe, MOABHAKHOCTL ABIPOK paBHA
10 cM?/(B-c), a ux KoHueHTpauus — 2-102! cm—3 [174].

3.2.8.3 Onrtnuyeckue cBOMCTBA

ITo xapakTepy cHekTpaJbHOH 3aBHCHMOCTH Ko3(dHuMeHTa MO-
raouleHusi [174] MOXKHO 3aKJIOYUTH, YTO TIOTJIOIIEHHE CBeTa B IIJIeH-
kax Cup—Se compoBoxkpaercss KaK HeNpsIMBIMH ONTHYECKHMHU Tepe-
XofaM#  (COOTBETCTBYIOIlee 3HaueHHWe LIMPHHB  3amlpelLleHHO
30HBl — 1,4 3B), TaK u npAMEIME mepeXxoxaMu (IIMPHHA 3ampelleH-
HOft 30HH — 2,2 3B).

3.29 Cynedup meamn (CusS)

[Tomumo xaabkouuta (CusS), orTamuatouierocss Haubosee BHCO-
KHM cojep:KaHHeM MeaH, u Koseaaura (CuS) obaapatomero Hau-
GoJiee BBHICOKOH KOHILIEHTpallHeidl cephl, CYLIECTBYET HECKOJbKO ApY-
rux MoauduKauud MaccHBHBIX KpHcTaminoB Cu,S, KoTopbie MIEHTH-
¢unupyorcs JaH60 MO THNY KPHCTAJNIMYECKOH CTPYKTYpHI, Ju60 IO
cocraBy, Ju60 1Mo OOOMM INIpH3HAaKaM OJHOBpeMeHHo. Kak BHIHO
u3 puc. 3.21, cucrema Cu — S uMeeT MOBOJIbHO CJI0XKHYIO a30BYIO
auarpammy [175]. B Ta6a. 3.1 ykasaH THNBl KPHCTAJJIHYECKOH
CTPYKTYPH H NpHUBEIEHB MNapaMeTpbl pelIeTKH OCHOBHHIX (a3
Cu,S [176]. CaenyeT OTMETHTBb, UTO B KPHCTAJJJIHYECKOH CTPYKType
pasanuHbx ¢as cucreMol Cu—S moapenlerka, cocTosilias U3 aHHO-
HOB cephl, IpejcTaB/aseT coO0H KeCTKyH0 OCHOBY KpHcraJjna. [lon-
peuietka, o6pasoBaHHasi KATHOHAMM MeJH, NPUHHMAET pas3JHUHYIO
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Puc. 3.21. ®asoBas guarpamma cucremsl Cu—S B oGsactu coctaBoB CuyS, mpu
eMJeMbiX JIJs CO3LaHHs COJHEUHLIX 3JeMeHTOB co cTpykTypoit CurS—CdS
Or — pureuutr, K — koseaaur, a1 — mwopanr, X; — HU3KOTeMIIepaTypHBIH
XaNbKOIHUT, X, — BBICOKOTEMIIEPATYPHBIH XaJdbKOUHUT, A — aHHJHT.

$opMy, MOCKONBKY OYeHb NOJABHKHble KaTHOHBI Cu MoOryT Haxo-
JUTbCS B HECKOJbKHX 3KBHBAJEHTHBIX MOJOXKEHHSX.

HesaBucuMo oT KpHUCTANNHUECKOH CTPYKTYpHl cyabduna Meau
€ro 3JIeKTPHUECKHEe M OITHYECKHE CBOWCTBA ONpPENeJsIOTCS B OC-
HOBHOM KOHUeHTpauue#d BakaHcufi Cu, T. e. cOCTaBOM BeleCTBA.
Cyabdun Menw Bcerja ob/afaeT MpoBOAHMOCTbIO p-tTHHma. Harpa-
(uKax TeMIepaTypHHX 3aBHCHMOCTEH NPOBOAHUMOCTH, MOCTOSHHOH
Xoana u kosdduuueHta TepMO-3.1.C. B 00JACTH NOBHILIEHHBIX
tremnepatyp (60...300 °C) umerorcsi fBa paspbiBa, COOTBETCTBYIO-
wue ¢asopem nepexogaM. as B-Cu.S (remmeparypHas 06/acTh
crabuabHoctit 103,5...435 °C) xapaKrepHa BBICOKas HOHHas MpO-
BOAMMOCTb, KOTOpasi He 3aBMCHT oT cocrasa [177, 178]. Ilpu koH-

Tabauya 3.1. 3HaueHUs TAapaMeTPOB KPHCTAINHYECKOH pelIeTKH
pazauuHbiX a3 CuxS

ggw XanbKouuT . g_ ég o égw; égwg é ¢
EE%2 s = QK 2R = Za A ;*E(
il | 3k | Es | s £
9w E 22 2 €2, | ¢=3L | g=8 | E=B gg,_
SEF | 58 g8 SeE | SEg2 | 23y | &%g | SgE
a, um | 0,3961 | 1,1848 | 1,5246 | 1,571 1,6475 | 1,1355 | 0,4008 | 0,556
b, uM — 2,7330 | 1,1884 | 1,356 — — — —
¢, aM | 0,6722 | 1,3497 | 1,3494 | 2,684 1,3356 | 1,3506 | 1,1268 —
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Puc. 3.22. 3aBucumocTp moteHuuana Eg pasnoxeHuss CuxS (I) B ToKa KOpOT-
KOTo 3aMBIKaHHsi Isc (2) cOJHeuHBIX 3jeMeHTOB co cTpykTypoli CuyS—CdS ot
napaMerpa x [179].

IeHTpauuu BakaHcuit Mexau 3-10'%...8,4-10'9 cm—® B wuHTepBaJse
temneparyp or 150 po 400 °C pmsis NpOBOAHMOCTH CHpaBeAJHBO
cooTHomeHHe [178]

0;=(8,9- 10/T) exp (— 0,24 q/kT).

3nech g — 3apsin sJeKTpoHa, kB — mocrosinnas Boabumana u T —
abco/loTHAsl TeMnepaTypa. YCTaHOBJIEHO, UTO MOABHXKHOCTb BaKaH-
CHH KaTHOHOB OOpaTHO MPOMOpIHOHAJbHA HX KOHIEHTpAlMH U He
3aBHCHT OT TEMIEpPATYpPHL.

AHa/sn3 TeMmepaTypHBIX 3aBHCHMOCTEH 3JEKTPHYECKHX mapa-
MeTpoB xaJsbkouuta CusS cBHIETENbCTBYET O BHICOKOH KOHIEHTpa-
uuu Hocutened u JedekroB. Bceuaexctshe sToro moayuute CueS
CTEXHOMETPHUECKOrO COCTaBa MpaKTHYeCKH HeBO3MOKHO. [leficTBH-
TeJbHO, H3-32 OYEHb HH3KOro IOTeHIIHaJa 3JeKTPOXHMHUUECKOTO
Pa3J/IoXKeHHsT OPOHCXOAHUT CaMOMpPOH3BoJbHoe mpeBpalleHne CuyS
B Jpyrue MoAu(HUKAUUH C HapylUIeHHOH cTexHoMeTpuell. 3aBUCH-
MOCTb MOTeHIMaJa pasjoxeHus cynbduaa menu [179] oT cocraBa
npejicTaBjgeHa Ha pHuc. 3.22. OueBHAHO, UTO [Js MOJYYEHHS BBICO-
KOTO HOTEeHIMaJja pasjoxeHHs cJeAyeT BbIOHpaTh HauyajJbHOe 3HA-
yeHHe X, 6au3koe K 1[,995. IlogBHKHOCTD HocHTeseldl B mMJEHKax
o6byHO HeBesnka (3...30 cm?/(B-c)). B 3HaueHHAX KOHUEHTpalHH
HocHTes e, onmyO/JHKOBAHHHIX pas3JUYHBIMK aBTOPaMH, CYUIECTBYeT
6oablIol pa3bpoc. B pesyabrare serupoBanus Cu.S uHgueM, Kaji-
MHeM HJau nuHKoM [178, 180] cTexwmomerpus yayuimiaerca H IO
3JEKTPHUECKHM H ONTHYECKHM CBOHCTBAM CyJAb(QHA Memu npubJiu-
kaetcsd K CueS crexnomerpuueckoro cocrasa (cM. puc. 3.23). dd-
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(dekTHBHast Macca [JBIPOK MNPHUMEPHO —
pasHa 1,7 mo[180], xoTa B muccienosa-
HUAX APYrux aptopoB[175] 6bliu no- g
Jydensl Kak Gosee Huskoe (0,58my), i
TaK U 6oJiee BHICOKOE (31mp) 3HAUEHHUS. . 2
Yposeub @DepMH, KOTOPHIH ABJAsSETCA
nmapameTpoM, 3aBHCALIUM OT CBOHCTB
MaTepHaJa, BCJAeACTBHE BHICOKOH KOH-
HeHTpalXu CBOOOAHBIX HOCHTeJIEH pac-
moJiokeH B 00J1aCTH, yJdaJeHHOH OT
Kpasi BaJIeHTHOH 30HBI MeHee 4eM Ha
3 kT. Tlo TemnepaTypHBIM 3aBHCHMO-
CTSIM TNPOBOAMMOCTH H TOCTOSAHHOH
XoJss1a B 06J1aCTH HU3KUX TeMIEPaTyp
pPSIOM aBTOPOB OBIJIH OIpejeseHbl
3HAUEHHsl IHEPTHH AaKTHUBALHH, KOTO-
pole cocrasuau 0,007...0,6 3B [175].
C uesibi0 BHISIBJEHHS MeXaHH3Ma pac-
CesIHHSl HOCHTeJell HEKOTOpble aBTOPHI
NPOBOAM/IN HCCJIEJOBAHUS TeMnepa-
TypHOH 3aBHCHMOCTH HOABHXKHOCTH
IBIPOK M YCTAHOBHJIH, YTO B PAa3HBIX
TeMIepaTypHBIX JHala3oHaX peaJH- AT T,
3yIOTCS pa3/iMuHble MeXaHH3MBI pac- 0 5104/ 11(07 Q) 52
cessHus [175]. 3aBHCHMOCTb MOJBHXK- ’

HOCTH JBIPOK OT HX KOHIEHTDalHH, E:;Mgﬁi Teﬂl\g&%ﬁ?}igfﬂss:
npeJcTaB/eHHasA B JOrapUPMHUECKOM THBﬂeHmngCCHBHHX 06pasiio
Macuitabe, H306paxkaercs NPsIMO# JIH-  Cy,S [180]. I — HesernpoBaH-
HHeH, 4TO CBHAETEJbCTBYET O pacces- muuit Cu,S, 2 — Cu,S, Jjerupo-
HHH HOCHTeJIeHl Ha NMpPUMeCsX. DTa 3a-  BaHHBIH KaaMueM.

BUCHMOCTB OKa3aHa Ha pHc. 3.24 [180].

Tonkue naeHKH cyabdHAa MeqH MOJYYAlOT PA3JHUYHBIMH METO-
Aamu. Yallle Bcero npu H3rOTOBJEHHH COJHEYHBIX 3JEMEHTOB CO
cTpyKTypoii CusS—CdS ocyliecTBAsSIOT peakliHio 3aMellleHHs IpH
IpoBeleHHH MOKporo mnpouecca (okyHanus) [181, 182] uau cyxoro
XHMHYeCcKoro npoiecca (peakuuu B TBepmoi dase) [118, 183]). Hasa
OCaxKJIeHUs IJIEeHOK MPHUMEHSIOT TaKKe BaKyyMHoe HcrnapeHHe [184,
185], akTHBHpPOBaHHOE peaKTHBHOe Hcnapenue [186], HoHHOe pacmbl-
aenue [144], anektpoaurnueckoe ocaxienue [187, 188] u nynbBepu-
3alui0 ¢ mocaenyomuM nupoaunsom [189]. Hanee 6ynyT paccMoT-
peHnl cBoficTBa TOHKHX NJeHOK Cu,S.

104E A

3.29.1 CrpyktypHble cBoicTBa

Kpucranauueckass cTpyKTypa mJeHOK cyJab(HAa Medd ompefe-
JisieTcst TJ1aBHBIM 06pa3oM HX coctaBoM. OcOo6eHHOCTH MHKPOCTPYK-
Typhl miaeHoK CupS 3aBHCAT OT BHAA NMOAJOXKKH, METOJAa BHIPAILH-
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Puc. 3.24. 3aBHCHMOCTb NOABHKHOCTH ABIPOK W OT HX KOHIEHTpAallHH p B Mac-
cuBHBIX ofpasuax CuxS [180].

BaHMA M IapaMerTpoB npouecca ocaxieHus. Ilmenku CupS, moay-
yaeMble B pe3yJbTaTe peaklUHH 3aMelleHHs B IIpoliecce OKyHaHHs,
HMeIOT PasBHTYI0 MHKPOCTPYKTYPY, KaK 3TO BHAHO H3 pHuc. 1.9 u
4.3. IToBepxHoCcTHHH penbed mnaeHKH CupS BOCIPOH3BOAHT penbed
pacnosoxeHHoro moxa Hel ciosg CdS, KoTOpwIH 0caxaarT BaKyyM-
HBIM HCIIapeHHeM HJH HOHHBIM pachblleHHeM. [losTomy meHKa
CueS ¥ ucxognwt caolt CdS cocTosiT U3 3epeH OAHHAKOBOTO pas-
mepa. [Ipun mnpoBeleHHH MoOKporo mpouecca ObicTpas auddysus
HOHOB MeiH B 006JlacTH TPaHHUI] 3epeH NPHUBOJAHT K TOMY, UTO Ha
s1HX yuyactkax Cu,S nponukaer B ray6uny ciaos CdS. Mukpo-
CTPYKTYpa TOJIy4aeMoro TakuM cnocobom cjoss CusS cxemaTHuecKH
u3obpaxena Ha pHc. 4.4. [las anekTpoocaxAeHHHX MaeHoK CupS
TaKXe XapakTepHO TIJy0oKoe IPOHHKHOBeHHe CyJabdHAa Mexu
B caofi CdS Bposb rpaHun 3epeH. B oTauude oT miaeHok CugS,
BhIpalllUBaeMBIX B pacTBope, MJeHKH, oOpasyiollliecss B pe3yJ/bTaTe
peakIHH B TBepHoH (a3e, HMeIOT IJOCKYI MOBepXHocTh. [IpH ocy-
IeCTBJIEHHH KaK CyXoro, Tak M MOKpPOro Ipoliecca XHMHUecKas
peakuusi MpoTeKaeT B NPHUIOBEPXHOCTHOH o6JacTH 6a30BOro cJos
CdS. B o6oux cayuasix OTJIHUHTeNbHasi 0COOEHHOCTb PeaklMH Ta-
KOI'O THIMa COCTOHT B TOM, YTO IPH HaJHUHH NPeHMYILECTBeHHOMH
opHeHTauun 3epeH CdS nHabalomaeTcst CTPOro OpPHEHTHPOBAHHBIH
pOCT noBepxHOCTHOH NJeHKH CusS. B mosyuaeMbix Opu 3TOM IJEH-
kaXx CusS ocb ¢ HampaBJeHa NepNeHAHKYJSPHO IJIOCKOCTH NOJ-
JIOKKH.

3.2.9.2 dnektpuueckne cBoMCTBa

SyeKTpHYecKHe CBocTBa TOHKHUX MeHOK Cu,S, kKak U cBofi-
CTBa MACCHBHBIX KPHCTAJJIOB CyJbPHaa MelH, 3aBHCAT B OCHOBHOM
OT UX COCTaBa H, CJeNOBATEJNbHO, OT MeTOfa U YCJOBHI OCaxkKaeHHUS.
[TneHkH, mosydyaeMble MOCPEACTBOM OKYHaHHs, KaK NPaBUJIO, HMEIOT
yaeabHoe comportHBaeHne 1073, ..107! Om-cM, KOHUEHTpauuio Ho-



MdusmuyeckMe CBOWCTBA TOHKMX NNEHOK 181

cateser 1019...102! ecm—=3 wu mogx- |
BHXKHOCTb HocHTeJelt 1...5 cm2?/ 100F |
(B-c). Cocras mieHok CusS, BbI- !
pallMBaeMBIX CYXHM  METOJOM, ‘
B OoJbllled cTemeHH TNPHOJHKA-
eTcsl K CTEeXHOMETDHUECKOMY; WX
yAeNbHOEe  CONpPOTHBJEHHE PaBHO
0,I...1 Owm-cM 1mpH KOHLEHTpa-
UMM HocHTesnel mopsinka 1019 cm~3
M TOABHXXHOCTH HOcHTeJeH 5 cm?/
(B-c). Caemyer OTMETHTb, YTO
B IJIEHKax cyabduga MenH, mpen-
cTaBJsomero coboH BBHIPOXKIEH-
HBIH TOJYNPOBOAHHUK p-THNA, KOH-
LeHTpauHusl HOCHTeNeH oIllpefess-
€TC KOJIMUeCTBOM BaKaHCHH MenH,
T. €. COCTaBOM BellecTBa. Koys
n nap. [185] mpoBenn perasdbHoe  Puc. 3.25. CnekTpaibHble 3aBUCH-
HCCaeIoBaHHEe BJHSHHS COCTaBa  MOCTH KO3(QHIHEHTA NMPOMYCKAaHUSA
microx CuS (ocazaeusix - TASI0K (L pestiumol o,
TOXOM ~ BaKyyMHOTO HCHapPeHHH)  yenapenms [185]. 1 — 0,13 wmkwm,
Ha yIaeJbHOE CONMpoTUBJEHHe. 2 — 0,256 wMmkMm, 3 — 0,33 MkwM,
YcraHoB/IEHO, 4TO cocTaB MjeHok 4 — 0,45 mkM, 5 — 0,6 mkm.
3aBHCHT OT WX TOJILIHHHE, ¥ B AHa-

nmasoHe 1,89<x<1,95 ynenbHoe compoTHBIeHHe H3MeHSIeTCs OT
1072 go 102 Om-cm. Ha xapakTep TeMIepaTypHOH 3aBHCHMOCTH
yAeJbHOTO CONPOTHBJIEHHUS] BJHSIOT COCTAB H, CJA€AOBATEJNbHO, TOJ-
IMHA TJIeHKH (cM. pHc. 3.26). OTxXur mJeHoK cyabuma Meau
B BOJOpPOJie NPHBOJUT K NOBBILIEHHIO YAEJIbHOTO CONPOTHBJEHHS H
yJyulleHHIO CTeXHOMETPHMH, B TO BpeMs KaK OTXKHI B KHcJopoje
JaeT NPOTUBONONOXKHBH 3ddext. JuddysnoHHass AaMHa HEOCHOB-
HBIX HocHTendell B mieHkax CupS, moJiyyaeMbBIX Pas/HYHBIMH METO-
paMHu, JexuT B npegenaax ot 0,05 po 0,5 mxm. Juaman [190] orme-
yaeT, u4To nauddy3voHHAsE AJMHA HEOCHOBHBIX HOCHTeNeH BIOJb
ocH ¢ GoJbllle, UeM B HaNpaBJeHHH, NMepleHIUKYJISIPHOM OCH C.

KoatprpuuieHm  npOnycKuHUR, %o

1,23 0,82 0,64 M
U S N T T U T T U T T e | J

1 1,5 2 A, mem

3.29.3 Ontuueckue ceoiicTa

Ontuueckue cBolicTBa maeHOK CupS omnpefensiorcsi TJIaBHBIM
o6pasoM HX cocTaBoM. B Hacrosiliee BpeMsi YCTaHOBJIEHO, YTO
B XaJIbKOLUTE NPOHUCXOAAT NPSIMble ONTHUECKHE MepeXo]bl, KOTOPHIM
COOTBETCTBYeT LIMPHHA 3ampelleHHOH 30HH 1,2 3B, H, BO3MOXKHO,
TakXe HeNpsMble IepexoAbl INpH LIMPHHE 3ampelleHHOH 30HBI
1,8 3B. IIpu OTKJIOHeHHH cOCTaBa OT CTEXHOMETPHUYECKOro IIHPHHA
3anpelleHHOH 30HB yBeJnuuBaercsi. CHekTpaJbHEe 3aBHCHMOCTH
KoadHuureHTa NponyckaHus MaeHoK Cu,S, moJaydaeMbIX BakyyM-
HBIM HCIIapeHHeM H HMEIOUIHX Das3JHuHYI0 TOJUUHY (M, cllefoBa-
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Puc. 3.26. TemnepatypHble 3aBucuMoc-  Puc. 3.27. 3aBHCHMOCTH KBajpata

TH yAeJbHOTO CONPOTHBJEHHS O TJe-
HOK Cu,S pasyiuHOM TOJIIHHBL, IOJY-
YeHHBIX METOJOM BaKyyMHOTrO Hcmape-

Ko3(hHI HeHTa MOTJIOWEHHS O MJEHOK
CuxS, moayyeHHHIX METOZOM BaKyyM-
HOTO HCIIapeHHsi, OT 3HepTHH (OTOHOB

uus [185]. I — 0,17 MM, 2 — 0,25  Av [185] ans mJeHOK pa3sHuHOM TOJ-
MkM, 3—0,36 Mkm, 4—0,45 MKM. wWHHEl (0603HAYeHHST KPHUBLIX CM. B
noxnucH puc. 3.25).

TeJIbHO pAasHBIH COCTaB), MpeJACTaBJEeHH Ha pHc. 3.25, a cooTBer-
CTBYIOIIHE UM 3aBHCHMOCTH KBajJparta Ko3(dHUHEeHTa NOrJIOLeHHS
a? ot 3Hepruu GOTOHOB Av MOKa3aHBI Ha puc. 3.27.

3.2.10 Cenennpg mepu u mugua (CulnSey)

ITockosibKy MIMpPHHA 3ampellleHHOH 30HE MacCHBHHX 00pasioB
CulnSe; paBna 1,04 3B, cosHeuHble 3/IeMEHTH C reTepoNnepexofoM
CulnSe,—CdS [191] umeror 6/au3Koe K ONTHMAJIbHOMY (C TOYKH
3peHusi 3¢(eKTHBHOCTH TpeoOpa3oBaHHs 3HEPTHH) COYETAHHE IO-
JIYIPOBOJHHKOB, KOTOPO€ NPH3HAHO MEPCHEeKTHBHEIM H 1/ COJHeY-
HBIX 3/JeMEHTOB B TOHKOIIJIEHOUHOM HcroJsiHeHHH. CTeleHb HecooT-
BETCTBHS MapaMeTPOB KPHCTAJIHUECKOH pellleTKH [Js1 NOBepXHOCTH
CdS ¢ opuenranueit (0001) u nosepxHoctu CulnSe; ¢ opHeHTaune
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(112) cocraBasier 1,16 %. Tonkue nienku CulnSe; nosyuaior pas-
JIMYHBIMH MeTOLaMH, B TOM 4YHCJe BaKyyMHBIM HcrmapeHHeM [192,
193, 195, 196], BBICOKOYACTOTHBIM HOHHBIM pacnblieHneMm [194],
JUCKpeTHBIM HcmapeHneM [197, 198], nynbBepusaumeii c¢ nocieny-
oK™ nuposusoM [199] u MosekyasipHO-1yyeBO#t anuTakcuei [200].

3.2.10.1 CrpyKTypHble cBOMCTBA

[Tnenku CulnSe;, ocaxnaeMble Ha NOMJIOKKH, Harperbie [0
500 K, c¢ ucnosb3oBaHHeM ORHOTO HCIApHTENs, NPEICTaBJSIOT CO-
O6o#t ofHO(a3Hble CHCTEMBl C HaJHuYHeM NpeHUMYLUeCTBEHHOH OpHeH-
tTauuu ocu c¢. Ilpu yBenHueHHH TeMmepaTypbl NMOIJIOXKKH 00pasy-
10Tcs GoJsiee KpymHBle 3epHa, M npu Temmeparype 500 K nueHku
COCTOSIT H3 3epeH pa3MmepoM okoJso 0,5 mkM. [Tocaenyromuii oTKur
IJIeHOK NPHUBOJAHT K YBEJHYEHHIO pa3MepoB 3epeH A0 | MKM H
Gosee. [Tpu monu:keHHoO# TeMnepatype moanoxkH (350 K) B n.en-
Kax B cBo6ojgHOM Buae npucytcteyior Cu u In. depuu u ap. [197]
METOJOM JAMCKDETHOTO HCHapeHHsl HAHOCHJIH aMop¢HBe IMJeHKH
CulnSe, Ha cTekJsiHHble MOJJIOXKKH, TeMmllepaTypa KOTOPBIX CO-
craBasina 77 K. XopuHrom u ap. [189] meTonom QHCKpeTHOro Hcma-
peHHsI TOJydeHHEl NOJHKPHCTAJNJIHYECKHEe TNJIEHKH C Pa3MepoM 3epeH
okousio 0,1 MKM Ha MOAJOXKKaXx, HarpeTslx g0 450 °C.

KauecTBO mJeHOK, OcaKJaeMBIX METOJOM HOHHOTO pacibljeHHSs
[194], cyluecTBeHHO 3aBHCHT OT pa3Mepa 4acTHI[ BeLIeCTBA, H3 KO-
TOPOTO H3TOTOBJIeHa MHIIeHb. [IpH pacnblleHHH MeJNKO3e€PHHCTHIX
MHLIeHe# o06pa3yloTcss MHoOroasHele NJAeHKH ¢ JedHIUTOM Se H
u3bpiTkoM In, TOrda Kak IpPH HCNOJb30BAaHMH KPYIHO3EPHHCTHIX
MHIIeHel ocaxkAaloTcsl IJIEHKH CTeXHOMETPHUYECKOrO cOCTaBa, KO-
TOpHle, COTJIACHO pe3y/bTaTaM pPEHTreHOCTPYKTYPHOIO aHaJH3a,
HMEIOT CTPYKTYpY cdasiepHTa HJIH XaJbKONHPHTA. Y CTAHOBJIEHO, UTO
TeMIepatypa MNOIJOXKKH BJIHS€ET Ha KPHCTAJJHYECKYI0 CTPYKTYPY
U pa3Mep 3epeH MJEHOK, HO He OKa3blBaeT BO3AEHCTBHS Ha HX COC-
taB. [IpM HOHHOM pacHBEIJIEHHH KPYNMHO3ePHUCTHIX MHIIeHeH Ha
NOJJIOXKKAX, UMEIOIIHX HH3KYI0 Temmeparypy (20 °C), ob6pasyiorcs
amopdHele mueHKH. [lpu Temmeparype mommoxku 50...300 °C
IJIeHKH KDHCTaJJH3yIOTCS B CTPYKType cdasepura. B Temmepa-
TypHoM HHTepBase 450. .550 °C ocaxjgaeMble MJEHKH HMEIOT
CTPYKTYpPy XaJbKONHPHUTa M COCTOSIT M3 OPHEHTHPOBAHHBIX 3€peH.
B nJenkax, nojyyaeMblX NpH BLICOKOH TeMIepaType, pasmep 3epeH
paBeH 1 MKM.

Jlns1 HaHeCeHHs] BHICOKOKaUeCTBEHHBIX MJEHOK METOAOM IyJbBe-
PH3alLHH C MOCJeAYIOIHM MHPOJH30M TeMIepaTypy MOMJIOKKH He-
o6xoauMo moAjdep:kuBath B npegenax 250...450 °C. Ilpu rtemme-
patype 350 °C mieHKH KPHCTAJJIH3YIOTCS B CTPYKType cdajepura.
Kak mnokasbiBaeT aHaJjH3 pPeHTTeHOTpaMM, NIPH TeMIepaType MeHee
250 °C cremeHb KpHCTA/JIH3alUHH IJEHOK NMOHHXKAeTCsl, a NMPH TeM-
nepatype Bbie 400 °C B cocTaBe MNJIEHOK MOSIBJsIETCST BTOpas
dasa.
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HocuTeJie#l (@) B YAeNbHOFO CONPOTUB-
Jenus p (6) niaeHok CulnSe,, moayuen-
HBIX BAKYYMHLIM HCIIADEHHEM NIPH TEM-
neparype nmoasoxku 250 °C, oT usGu-
TOYHOTO COJepXKaHHUS ceJieHa B HCHa-
psieMoM BemectBe [193] ans miaeHok

conmporuBjienuss p miaeHok CulnSe,,
MHOJIY4YaeMbIX  METOJOM  BaKyyMHOTO
HCIapeHHs, OT TeMIepaTyphl MOAJIO-
*KKd Ty npu u3OHTOYHOH KOHIEHTpa-
HMH Se B HCIApseMOM  BellecTBe,
paBHo# 20 % [193].

n- U p-THNOOB.

3.2.10.2 Dnektpuueckne CBOMCTBA

B ronkux mienkax CulnSe; mpeobGaanaer paccesiHHe HoCHTeJeH
Ha TpaHHLlaX 3epeH, a THI HOCHTeJeH H HX KOHLUEHTpalus Ompefe-
JSIIOTCSI B OCHOBHOM CTEIEHbIO OTKJIOHEHHsI COCTaBa OT CTEXHOMeT-
prueckoro. HM36biTouHOe KoJnuecTBO Se 00yc/OBJIHMBA€T NPOBOAH-
MOCTb p-THIA, IPHYEM IPH MOBBIIIEHHH KOHIEHTPAUMH Se yae/bHas
TIPOBOAHUMOCTh IJIeHOK yBejuuuBaercs [193, 195]. Tlnenku ¢ Hemo-
CTAaTOYHBIM COJEepXKaHHeM Se HMeT NpoBoAuMocTh n-tuna. On-
HAaKO NpPH BHICOKOYACTOTHOM HOHHOM pacnblieHHu [194] nieHkH ¢ ge-
buunToM cefeHa o0JafalT MPOBOAHMOCTbIO p-THna. KasMepcku u
ap. [196] coobimanm, 4TO mpu HCIapeHHH MaTepHaja MJIeHOK H3 Of-
HOTO HCTOYHHMKA HAHECTH IJIEHKH p-THIA HENOCPEJCTBEHHEIM IyTeM
He ynaetcs. /s mosyyeHHst MJIEHOK ¢ ALIPOYHOH HPOBOJHMOCTBIO O
3aBepUICHHH [pollecca OCaXKAeHHUs OCYLUECTBJSIOT HH3KOTeMIepa-
TypHEIE OTXRKHr B atMmochepe HySe. Bumsinme H3OLITOYHOTO KOJIH-
yecTBa Se B HCIapsieMOM BellecTBe HAa KOHIEHTPALHIO HOCHTeJeH H
yAeJbHOE COMPOTHBJEeHHe maeHoK [139] mamocrtpupyer puc. 3.28.
3aBHCHUMOCTb y/eJbHOTO CONPOTHBJEHHSI TeX Ke IJIEHOK OT TeMIle-
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paTypel MOJJIOXKKH NpHBefeHa Ha puc. 3.29. B cBexeocaXleHHBIX
IJIeHKaxX f-THIA NPOBOJHMOCTH, MOJyYaeMbIX BAaKyyMHBIM HcHape-
nuem npu teMmnepatype 500 K, ¢ moaBHKHOCTBIO HocuTesell (mpu
KOMHATHOH TeMmneparype), pasHoit 1...20 cm?/(B-c), npeobnanaer
paccesiHie HocHTesell Ha rpaHuuax 3epel [196]. Ias nieHok, ocax-
IeHHbIX mpH Gosiee HU3KOH TemmnepaType nmomjoxku (480 K), xapak-
TepHO MAOMOJIHHTEJbHOE paccesiie Ha npuMecsix. OTXKHT MJIEHOK
n-THNa He MNPHBOAHT K HM3MEHEHHIO THIA IMPOBOAMMOCTH, OIHAKO
Onaronapsi yBeJH4eHHIO PA3MEPOB 3epeH MOJBHXKHOCTb HOCHTeJeH
BO3pacTaer.

3.2.10.3 Onrtuueckne cBoicTBA

B nosukpucranmnueckunx mieHkax CulnSep, mosydaembix AHCK-
PETHBIM HCIapeHHeM, NPOHCXOAAT NpSIMble ONTHYECKHEe Mepexolbl
NpH IUNpHHe 3ampelileHHO# 30HH, pasHolt (1,02+0,01) 3B [198].
[Tnenkn, ocaxkpaemble ¢ NOMOLIbIO BEICOKOYACTOTHOTO HOHHOTO
pachblIeHHsi, UMET IIHPHHY 3ampeuieHHofl 3oHb 0,86...1,00 3B
[194]. B nnenkax, BbIpalllUBaeMbIX METOJOM IyJ/bBEPH3ALHUH C IO-
crenytomuM nuposusom [199] Ha monsoxkax, Harpetsix po 300...
400 °C, mpu sHeprun okojo 0,95 3B nHaGmiomaercsi peskuil Kpai
norsomenus. [Ipn Temmeparype ocaxpenusi mieHok 200 °C kpait
MOTJIOIIEHHST Pa3MBIT, TOTAAa Kak y MJEHOK, MOoJyd4aeMblX MpH
400 °C, cmekTpajbHasi 3aBHCHMOCTb KO3(@HIHEHTa IOTJIOIEHHS
UMeeT pe3kuil Kpaf.

JanHble, npuBeneHHble B TabJ. 3.2, MO3BOJSIOT CPABHHTb CBOM-
CTBAa MOJYNPOBOLHHKOBBIX IJIEHOK, OCaXAaeMbIX Pa3/IMYHBIMH Me-
TOLAMH.

3.3 TllpospauHble NpoBoOAsLLME OKCUAbI

Tonkne mnpospayHbie NPOBOASIINE OKCHAHBIE IJIEHKH YXKe Ha
MPOTSKEHHH MHOTHX JIeT YCHelIHO NPHMEHSIOTCS B PasJHYHBIX
obJsactssX TexHHKH. OHH CJHyXKaT HarpeBaTeNbHBIMH 3JEMEHTAMH
B CHCTeMaX, NpeJOTBPAlIAIOUIHX OOJefeHeHHe H 3alOTeBaHHe CTe-
KOJI B CaMoJleTax; HX HAHOCAT B KaueCTBe MOKPBITHH, yMeHbUIAIOUIHX
CTaTHYeCKHH 3JIeKTPHYeCKHH 3apsj, HaKalMBalOUIMiics Ha maHe-
JsiX H3MepHTeJbHBIX NMPHOOPOB; HA HX OCHOBe CO3JaI0T 3JeKTPH-
YyecKHe KOHTAKTHl K KHAKHM KDHCTaJ/1aM, a TaKxkKe 3JeKTPOXPOM-
Hble H 3JIeKTPOJIIOMHHECIIEHTHble HHAMKATOPH JAJs AHcIJeeB. Brico-
Kasi oTpaxarejbHasi cmoco6HocTb B HH}pakpacHoH 06JacTH
B COYeTAaHHH C Xopolled Npo3pavyHOCTBI0O B BHAHUMOH objacTH
CIIeKTpa IO3BOJISIET HCHOJb30BATb TaKHe IJIEHKM B KauyecTBe Tell-
JOBBIX 3epKaJs. BoszoOHoBHBIIMICS B HOCJIEeJHHe TOIB HCCJAENOBA-
TeJIbCKHH HHTepec K MJeHKaM TaKOro THIA CBSI3aH C BO3MOKHOCTBIO
M3rOTOBJIEHHS Ha HMX OCHOBEe BBICOKO3((EKTHBHEIX CTaOHJBHBIX
COJIHEUHHIX 3JIeMeHTOB 6O0JbIIOH MJIOMIAH.
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Tabauya 3.2. TunuuHple XapaKTePUCTHKH MOJYIPOBOAHHKOBBIX I/IEHOK,

BU — BakyyMHoe wucnapenue, I'TO — rasorpancnoptaoe ocaxnenue, 'TOKO — raszoTrpaHcrnopT
pacnblieHHe, MJID — MoJeKyAsipHO-l1yuyeBass 3NHTakcHs, O — okyHaHue, OMHMII — ocaxnaeHune
CeHHe CJI0eB TNOJHKDPHCTANIHYECKOTO KPEMHHSI Ha KepaMHYeckHe TMOoAJ0XKKH, TTIT — nysabBepu
peakuusi 3amellleHust B TBepaoit dase, TIT — TpadaperHas neuatb, XOIIMOC — xHMHYecKoe
H3 maposoft ¢asbl, IO — 3JeKTPOruapOAMHAMHYECKOe ocaxAaeHHe, DJIO — 31eKTpoaHTHYE

A — amopduas cTpykTypa, Il — MONHKPHCTaJ/NHyYecKass CTPYKTypa, O — SMHTaKCHaJbHbIH
Woepnsn | ooMIR | Tecc | KPimmecses | Pasep seoen
Si XOIl® 600 ... 750 | I, opueHTauus 0,03

{110y —
{100y —
(111)
=900 I 1 .5
BU =500 I, (111 | mao-| 0,5...5
CKOCTH TMOI/IOKKH
Hup 800 ... 900 I1 —
>900 [1, opueHTauus —
111y
[TKKII — IT, ocb  TEKCTYpHI ~103
OMUII — I1 1 .5
3J1I0 — I1 ~102
arao Huskas I1 ~92
TeMrepatypa
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MPpUMeHsIEMBbIX /11 U3TOTOBJIEHHS] TOHKOIVIEHOYHBIX COJIHEYHBIX 3JIEMEHTOB

HOe oCaXK[eHHe B KBa3H3aMKHyToM o6beMe, M — auckpeTHoe ucnapenue, HP — uonnoe
Ha MHOTOKDAaTHO HCMOJb3yeMmbie TOANOXKH, OP — ocaxkgeHHe u3 pactsopa, ITKKII — naHe-
3auMsl ¢ n#ocjaepylouHM nuponu3doM, ITPO — nnaHapHOoe peaKTHBHoe ocaxpaeHue, P3T® --
ocaXXJeHue H3 IMapoB MeTaJJopraHuyecKux coeaunHeHuf, XOIT®P — xuMuHUYeCKoe ocaxKieHHEe
croe ocaxjgenue, DOTC — snuTaKCcHaJbHOE OCAXKAEHHE METOAOM <«TOPSIYHX CTEHOK»

cno#, T, — Temmepatypa ucnapurens, I — TeMmnepaTypa MOANOXKKH

KoHneHTpanusa Y nenbHOe
ggg::gflggcab 371eKTPOHOB n CONpPOTHBJIe-
’ HJIH {IPOK HHE O,
cm2/(B-c) Em=3 p OM-cM

Jlutepa-

TlpuMeyaHus Typa

— — 108 Hanpasnenne opuen- | [3, 7,
TauMd  3aBUcHT oOT | 12, 13]
TeMrepaTypsl;  THII
MPOBOAHMOCTH "
3/1eKTPONPOBOJHOCTD
OnpefessioTess  BH-
JIOM M  KOHLEHTpa-
nved  Jerupyiouiei
pUMeCH

_ _ — SnurakcHanbHb poct | [10, 14]
Ha  PeKPHCTANJIH30-
BaHHOM MeTa/l/lypru-
yeckoM Si npu Ty =
= 1150 °C

0,3 1016 103 HuteBunuele croag- | [17—20]
yaTble 3epHa

16 1020 3-10—3 Amopduas cTpyK- | [21—24]
typa  mpn  Tp <

256 1017 . .. 1018 ~10—1 < 800°C

_ — — [Tognoxxka uz wmya- | [25—27]
JauTa

— — — [Tognoxkka us wmya- | [28, 29]
JIMTA; cTondyaTble
3epHa

. _ — Iomnoxka u3 Ag, [30]
’ Ta, Mo uau rpagura

— — — [Tpu BeIcOKUX T pas- [31]
Mep 3epeH ~ 30 MKM
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Mopnen | ocliiohe | Tpc | KPiSmmeosan | Paswep sepen
CdSe BHU 200 ... 500 | IT, 60 % — rexcaro- —
HaJbHasi dasa, 40% —
Ky6Hueckast
up <400 I1, opuenTauus —
(0001)
11 200 ... 300 | II, rekcaroHaJabHast —
OoP — I1, xy6Guueckast, ky- |0,05...0,2
6uyeckass -~ rekca-
roHaJIbHast
CdTe BU 150 ... 250 | II, rekcaroHa/ibHas —
P ~100 I1, xy6uueckas -+ —
rekcaroHaJibHast
r'TO 500 ... 600 20 ... 50
I'TOKO — IT 20 ... 50
TII — I1, kyGuueckast ~10
a0rc ~ 500 1 —
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[Tpodoaxcenue

TTogBHXKHOCTDB
HocuTenelt W,
cMm?/(B-c)

KoHueHTpanus

5JIeKTPOHOB n

HJI¥ BIDOK P,
cm—3

VY penbHoe
conpoTrHBae-
HHE 0,
OM-cM

TlpuMeuanus

Jiutepa-
TYypa

1 020

<107

TekcaroHasbHast

cTpykrypa npu Ty,
paBHOH  KOMHaTHOH
TemnepaType;  3MH-
TaKCHaJIbHBIH  pOCT
(0001) CdSe || (0001)
AL,Og pu Ty~ 580°C,

CdSe—Ge mpu

Tqn =300 ... 450°C

[32—37]

107 ... 109

SnuTaKCHaJbHbIH
poct (0001) CdSe ||
(0001)  Al,Os mpHu
Ty > 400 °C

[38—40]

(411

5-1017 .

.. 5108

108 ... 10°

Bricokast
BOJHMOCTb

doronpo-

[41, 45,
46]

108 ... 108

Ky6uueckast cTpykK-
Typa npu Ty, paBHOH
KOMHaTHOH TeMIepa-
Type

[63, 64]

108 ... 108

Ilpy Hcmosb30BaHMU
A3yX MHIIeHeH U3
Cd u CdTe npu Ty, =~
~ 20 °C o6pasyercs
reKcaroHaJbHas
CTPYKTYpa, npx
Tn =~ 350 °C — xy-
6uyeckas

[63, 65,
66]

20 ...30

3. 10

10®

[68]

10-3...1

5.10%

OnuTaKcHaAbHbI
pOCT Ha MOHOKpHC-
Tajanyeckom CdTe

(63,
70—72)

0,1...1

[73, 74]

1017

[67]
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Musepuan | octwpcun | Twcc | KPShammeessn | Paeg e
InP BU ~225 II >1
XOIlo <550 I, pasopUeHTH PO- <l
BaHHblE 3epHa
XOTIMOC 500 . .. 700 3 —
ITPO 280 3 40
Zn;3P, BU ~200 I1, opueHTHpOBaH- 1 .2
Hble 3epHa
XOIo 600 ' — -
GaAs XOro ~700 I, opuentnpoBau- [ 5 ... 10
HBlE 3epHa
XOITMOC - I1, chanepur 200 . .. 500
CdS BU 200 ... 250 | TII, opHeHTHDORaH- 1 .5
Hble CTOJGYaThHe 3ep-
Ha, OCh C ). TOAJOXK-
Ke, BIOPTIHUT
11 300 ... 350 | II, opuertHpoBaH- ; 0,1 ... 1,0
Hble 3epHa, BIOPTUHUT
up 300 ... 500 | I1, OpHeHTHPOBAH- <l
| HBle cTOJMGUaTHIe 3ep-
Ha
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N podorxernue
KoHueHTpauus VY penbHoe
TTOABH>KHOCTDb 3JIEKTPOHOB n conpoTHBJe- Jlutepa-
HocHTeJleRt |, M ABIPOK p, HUe O, TpumeuaHus Typa
cm?/(B-¢) cM—! OmM-cM
~25 2.1018 — JlBa ucnapuTess [80]
~10 101 . .. 10Y7 10 ... 100 | Opuenrauus (110) | [77—T79)
npu Ty ~ 600 °C
3100 > 1016 — Ha noajsoxke H3 [76]
GaAs, JIETHPOBaH-
noro Cr
— — — Ipu Ty =~ 380°C [81]
SMUTAKCHSI  HHU3KOro
KauecTBa
10 ... 40 — ~10° [IpeHMylIECTBEHHAS I [82, 83]
opHeHTalHUs npu
Tq > 220°C
10 ... 12 — 200 . . . 400 [68]
— 5-10% . .. 10v7 — HamnpaBnenne  opu- | [90—94]
eHTalHH 3aBHCHT
oT KOHUEHTPALHH
apcHHa
— 6-1016 - [86—89]
0,1...10 1016 . . . 108 — Chaneput npu Ty ot | [107—
KOMHATHOH TeMIe- 130}
patypsl go 150 °C
1...5 <1018 105...107, | Ilpu omnpenesennsix | [109,
(mocnte ort- 01 ...1 ycloBHsX ofpa3dyer- | 131—
JKHUTa) (mocnie or- | cA cTpyKTypa cdase- 143)
KHUra) puTa; IpPH OcBelle-
HHH  NIPOBOAMMOCTD
Bo3pacraer B 104 . . .
10® pa3; mnocie pe-
KPHCTa/JIH3aLUHH pa3-
Mep 3epeH 4 MKM
— — 108 [148]
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Woepian | oo | Tpcc | KPicmmmseesss | Pasuep seper.
CdS oP — | TI, cdanepur, BIOPT- ~0,1
IUT HJIH HX CMECh
TII — I1 10
I'TOKO — —
XOIl® — 3 —
Cuy,5Se BU 150 ... 275 | II, kyGHuecKas rpa- ~1
HeLeHTPH POBaHHast
pelueTka
Cu,S 0O >90 I1, OpHEHTHPOBaH- 1 .3
(teMnepaTypa | HBle 3epHAa, OCb C_|
pacTBopa) MOJIOKKE, C/A0it He-
N/1aHapHOH (OPMBL
P3T® 200 [1,  opHeHTHpOBaH- 1 .3
(temmepatypa | Hble 3epHa, OCb C.L
peaKIIHH) MOJJIOKKeE, caoi
MJ1I0CKOH (hOPMBI
BU 100 ... 120 I1 —
HupP 150 I1 —
[I1 ~ 150 I1 0,1...02
CulnSe, BU 220 ... 250 | II, OpHEeHTaUHsI ~0,5
(onuH ucna- {001y
pHTeNID) MpH TOJILHHE MJIEHOK
>150 um
BU 300 ... 340 I1 1 .2

(n1Ba Wcmapu-
TeIst)
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IIpodoaacenue
KoHueHTpauus Y penbHoe
MoaBHAKHOCTL 3JIEKTPOHOB 1 CONpoTHBJIE- Jlutepa-
HOCcHTeJlel W, HIH IBIDOK D, Hue D, IMpumeuanus Typa
cM?/(Bc) cM—3 OM-cM
— — 107 ... 10° | Tlpu ocBemennu mpo- | [154,
BOIMMOCTb  BO3pac- 156]
taer B 104 ... 108
pas
— — 10—2 [73, 74]
241 — 10—3 . ..1 | DaekTpHuecKHe CBOM- [161]
cTBa 3aBHcAT OT Ty
100 . . . 150 — 10. .. 100 [163]
10 2-10% [174)
1...5 10 ... 1020 |[10—1...10—2| Pasmep 3epex u ua- | [181,
npaBJieHHe  OpHeH- 182]
TAUMH  3aBHCAT OT
aHAJOrHYHBIX  Mapa-
metpoB CdS; mepe-
MeHHBIH cocTaB
1 .5 101 0,1 Cocras, GNH3KHH [118,
K CTeXHOMEeTpHUe- 183]
CKOMY
— — 200 . . . 400 | CrexHoMeTpuueckHi [184,
cocTaB 185]
- — 10 . . .100 ! [144]
— -— — Hapywennas  cte- | [189]
XHOMETpHSs1
~10 1017 ... 101 10—-2 . .. p 3aBucutor Ty; 0, 1, [193,
102 p 3aBHCAT OT H30HI- 196]
TOYHOH  KOHLEHTpa-
uuu Se B Hcnapsie-
MOM BellecTBe
— 3-10%6 . .. 4.1016 ~102 Ty (CulnSe,) = | [80, 195]
=1150°C, Ty (Se) =
=200°C; p 3aBu-
cut ot Ty (Se)
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!
Murepnsn | ochiioha | Tecc | NPiCmamsn | Paes sepen
CulnSe, pang! 450 Il 0,1
200 A —
) l
1T ~350 I1, chanepur —
HupP — ! I1, xaJlbKOMHPHUT ~1
MJI3 300 l (112) —
CulnSe, || (0001) CdS

Has toro urobn INJeHKH o6safajH HeoOXOAMMOH CcTelleHbIO
IIPO3payHOCTH H BHICOKOH NPOBOAHMOCTbIO, HX LIHDHHA 3alpelieH-
HOM 30HBHI JOJIXKHA npeBbliaTh 3 3B, a Hocuresan 3apsifa AOJKHBI
HMeTb HH3KYyI0 3G (eKTHBHYIO MacCy H OOJbIIYI0 IOABHXKHOCTb.
Yaue Bcero NpPHMEHSIIOTCS [po3payHble MPOBOASALINE MJEHKH H3
Sn0,, Iny0; u CdeSnO4. HenasHo nosydens mieHKn ZnO, KoTophie
MO CBOHM CBOHCTBaM IPHTOAHB AJIsl CO3AaHHS NPO3PAayHBIX 3JEKT-
ponos. [asi ymo6cTBa cpaBHeHHSI XapaKTePHCTHK PAasjHUHBIX OK-
cuaHblx niieHok ®pasepom u ap. [201] Obla BBeleH HeKHil KpHTepHi
KayecTBa, B KOTOPOM (HTYDHPYIOT ONTHYECKHH KO3(P(HIHEHT IIpo-
MyCcKaHHs U cJoeBoe comporHBieHHe. [Ipu onmucaHuH XapakTepHCTHK
COJIHEYHHIX 3JeMeHTOB Xaak [202] mpeasioXHJs HCIOJNb30BaTh CJe-
pyroiyo GopMy 3TOr0 KPHTEPHSI:

¢1c=T" /R = od exp (—oad). (3.1)

3necy T — Koa(puiHeHT NpomycKaHusi, R — cjoeBoe CONPOTHB-
aenne (Om), o—yleapHass nposogumocts (Om~!.cm~!), o—
K03(p(DHUHEHT MNOrJOLleHHsT cBeTa H ¢ — TOJLIHHA IJEeHKH (cM).
[Ipu ¢puKCHpPOBaHHOM 3HAYEHHH CJIOEBOTO CONPOTHBJIEHHS KPHTEPHH
KauecTBa Ppc MOXKHO BBIPA3HTh YePe3 OCHOBHBIE IIapaMeTphl Ma-
TepHaJsa IJIEHKH H IPeJCTaBHTb B BHJE

¢1c ~ exp (—const - /o).
BennuHHa Prc AOCTHraer MakcuMyMa IIPH MHHHMAJbHOM 3HaYeHHH
OTHOILUEHHSI @/c. DTO OTHOLIEHHe 3alHCHIBAETCS B BHAE
/o = qlmenvipim*.
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ITpodonscerue
KoHueHTpauus ¥ penbHOe
IMoxBuxHOCTL 3JIeKTPOHOB N CconpoTHBJIe- Jlurtepa-
HOocHTeneh W, ANUTABIDOK P, Hue P, IpuMeuaHus Typa
cm?/(B.c) cM—3 OM-cM
— — — Ty =~ 1350 °C [198]
— — 2-108 . .. Ta =~ 1300 °C [197]
8-108
— — 2 Tun ctpyktypsl 3a- | [199]
BHCHT OT Ty
6 — 0,3 2 [194]
— — — Ty (Cu) =~ 1030 °C, [200]
Ty (In) =~ 850 °C,
Ty (Se) = 200°C
31ech w=gt/m* — NOABHKHOCTb CBOGOAHBIX 3JEKTDOHOB B 30HE

IPOBOJMMOCTH, m* — 3¢(eKTHBHAsT Mmacca CBOGOAHBIX HOCHTeJef,
T-— BPeMs peJlaKCallHH, 7 — [I0Ka3aTtesb IpeJOMJEHHs, § — 3apsaf
3JIeKTPOHA H € — cKopocThb cBeTa. OueBHAHO, o/ HMeeT Haubojee
HU3KHE 3HAYEHHS IIPH BHICOKHMX W H MaJjblX M*, IOCKOJbKY 3TH Ma-
pameTphl CBSI3aHBl COOTHOLIEHHEM

p=(m*)""

3HaueHHe x AJST MHOTHX NOJYIPOBOJHHKOBHIX MaTepHaJOB IPUGIH-
3uTesNbHO paBHO 1,35 [203].

st mosrydeHHs MJIEHOK IPO3pauHBIX IPOBOJSIUIHX OKCHIOB IIPH-
MEeHSIIOT Pa3JH4YHble MeTOJAbl OCaXKJEHHS, B TOM UHCJe: HOHHOe pac-
IBJIeHHEe B TJEIOLleM pas3psfe MocTosiHHoro Toka [201, 204—209],
BbICOKOUACTOTHOE HOHHOe pacnblieHue [210—215], nouHO-NMyueBOE
pacnblienne [207, 216], woHHoe ocaxnenue [217], myJibBepH3ALHIO
¢ mocJenyomuM nupoansom [218—225], xumuueckoe ocaxkIeHHE H3
naposo#t ¢asm [226, 227], smektponHO-nyueBoe [228], mHCKpeTHOE
[229], peakTuBHOe [230—232] W akTHBHpOBaHHOe peakTHBHOe [233,
234] ucnapenns, a takxe aHogupoBaHue [207]. B caemymoomux pas-
Jleflax Kpatko OoOCY:K[IaloTCsl pasJ/iMuHble (QHU3HUecKHe CBOfCTBa MJe-

HOK, BaxXHble C TOYKH 3DEHHS HUX HCIOJb30BAHHS B COJIHEUHBIX 3JI€-
MeEHTax.
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3.3.1 Okeug kagmua (CdO)
3.3.1.1 CrpyktypHble cBoO#cTBa

IMaenkn CdO umelor crpykrypy kamenuoit conn (NaCl) ¢ mpe-
HMYIleCTBeHHOH opueHTauued ocu << 100> oTHOcHTENbHO HOpMaJH
K TOBePXHOCTH MOAJIOXKKH. [TocTosiIHHAS KpHCTaJJIHUeCKOH pelIeTKH
yBEJIHYMBAETCs] TIPH NMOBHLIIICHHH KOHIEHTDAlMM HOCHTeJeH, MpHueM
ee OTHOCHTeJbHOe H3MeHeHHe MoxeT gocrurats 0,88 Y% [235].

3.3.1.2 Dnekrpuueckue ceoMcrea

Kounentpauus u mojiBukHOCTb Hocureseli B miaenkax CdO co-
CTABJAIOT cOOTBeTcTBeHHO 5-10%6...10%1 em—2 u 2...120 cm?/(B-c)
[235]. ¥YcraHoBieHO, uTO 3¢ GheKTHBHAS Macca 3JeKTPOHOB BOJH3H
JHa 30HBI TMPOBOAMMOCTH npHMepHO paBHa 0,14m. [236] u ee 3Ha-
yeHHe BO3pacTaer MPH MOBBILIEHHH KOHIEHTPalHu HocHuTeael [237].
Haunniit 3pdexr MOKHO OODBSICHHTH HellapaGOJHYHOCTBIO 30HH MPO-
BOJAMMOCTH M yBeJHUYEHHEM IOCTOSIHHOH KPHCTaJJHUYECKOH pelleTKH
[237]. TTnenku CdO uMeioT HH3KOe YJeJbHOE CONPOTHB/IEHHE, 3HaUe-
HHe KoToporo jpocturaer 5-10~* Om - cm [238].

3.3.1.3 Ontuueckue cBoMcTBa

Kpait ocsoBHo#t moJiock norsomwennst CdO pacrnosioxeH B BH-
IMMOH o6jacTH cnekrpa (mpu AjuHe BoJHbl ~ 0,5 Mkm). Beaen-
CTBHE BBICOKOH KOHIEHTpAIMH HOCHTEJeH Mla3MeHHasl dacroTa Je-
XKUT B HHppakpacHoit obuactu?. OnTHyeckue CBOHCTBAa IJIEHOK
BGJIH3H IJIa3MeHHOH uacToTHl [237] ¢ HOCTATOYHOH TOUHOCTHIO OIH-
coiBaorest Teopueft [pyne. Tlpu yBeanueHHH KOHIEHTPaIHM HOCH-
TeJleli Kpafi MOIJIOIleHHsi mepeMmemaercs or 2,3 K 2,7 3B. [lanuwiit
addekT o6ycsaoBien casurom Bypurefina — Mocca 2.

3.3.2 Okeug onosa (SnOy)
3.3.21 CrpykrypHble cpBoMiCTBa

Maedakn SnO, aBAsiIOTCS OOBEKTOM aKTHBHBIX HCCJEIOBaHHE.
Kak u MaccuBHHle 00pasilbl, OHH HMEIOT CTPYKTypy pyrtuaa [221],
a HampasJieHHe OPHEHTALHH COJlePKALIHXCS B HUX KPHCTAJJIHTOB, 1O~

) 31ech aBTOpaMH JHOINylleHAa HETOYHOCTb: IIPH YBEJHYEHHH B IOJYNPOBOJ-
HHKE KOHLEHTPalMH CBOOOIHBLIX HOcHTeNeH HabMomaloTcsi MOBBILEHHE IJa3MeH-
Holf yacCTOTHl M €€ cMellleHHe B GJIHXKHIOO HHOpPaKpacHyl0 06JacTb crnekTpa. —
I punm. nepes. u ped.

2) B yc/ioBHAX CHJIBHOTO BHPOXKIEHHs, Korfa yposenb QPepmu Ef nexur
B 30He NMPOBOJMMOCTH (B 3JeKTPOHHOM IOJIYNPOBOJHHKE), NpuHuun Ilaynu npak-
THYECKH HCKJIOYaeT BO3MOXKHOCTh MEPEXOJOB B COCTOSHHS 30HBI IPOBOAHUMOCTH
¢ omepruelt, menbmweli Fy. Kpali norJiolleHHs: npu sTOM oTeedaer sHepruu Eg+
+E;—E, (E¢ —wupnHa 3anpelieHHoil 30Hbl, Ec — IHO 30HBH NPOBOXMMOCTH),
T. e. cMellaeTcs B 06JacTh 6oJjiee BHICOKHX SHepruif. DT0 sIBJeHHe Ha3LIBAETCS
casurom Bypiireitna — Mocca. — ITpun. nepes.
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BHJYMOMY, 3aBHCHT OT MeTOJAa
ocaxpenus. [1nenku SnO, (6ec-
NpPHMECHBE M  JIErMPOBaHHHIE
CypbMOH), MOJiyyaeMble MeTo-
JOM TyJbBEpH3AIHH C IOCie-

—
o

S

AYIOLLAM ITHPOJIH3OM, COCTOST H3 oy
3epeH C MPeHMYLIeCTBEHHOH OpH- 8z | ©
eHTalHe#l OTHOCHTENbHO Hal- R
paBiaeHns <200>, ecaH HX i| %

~
|

ocaxJeHHe NPOBOJUTCS Ha IOJ-
JIOXKKH C MOHUKEHHOH TemImepa-

typoit (623...723 K), u mpe- 2

AMyleCTBEHHOH OpHEHTaNHEH Omnrocumenstas  dons amomo8 Sb, %
OTHOCHTEJIBHO HampaBJeHHA a

<110> mnpu G6osee BHICOKHX

TeMnepaTypax MMOAJIO2KKH

(>723 K). Jleruposauue me-
HOK (PTOpOM NpPHBOAHMT K MOSAB-
JIEHHIO NPEUMYIeCTBeHHOH OpH-
€HTAIHH 3€peH OTHOCHTENbHO
<112> u <121> npH HH3KOH
KOHIleHTPal¥u NIpHMeCcH H OTHO-
cuTeNbHO < 121> TpH BLICOKOH
KOHIleHTpaluuu ¢ropa [219, 220]. . 1
JJs mJeHOK, TMOJiydaeMbIX HOH- : ‘ . ‘ l
HbIM pacnelJieHHeM TIpH IOBBI- 0 20 40 60 80 100
1IeHHOM COJlepIKaHUHU KHCJIO- OmHocumensHos agnﬂ amomo F, %
poja, xapakrepHa IpeHMyIlecT-

n=10"% cu73

M, omZ/(B0°
S

BEHHAsl OpHEHTAlUs 3epPeH OTHO-
cutespHo <110>, B 10 Bpems
KaK IpH IOHHXXEHHOM JaBJIeHHH
KHCJIOpPOZAa ~—  OTHOCHTEJbHO
<101> [206]. B naenkax SnOs,,

Puc. 3.30. 3aBHCHMOCTH YIenbHOTO
CONPOTHBJIEHHsI 0, NOXBHKHOCTH U H
KOHUEHTpAlKH 1 HOCHTeJel OT comep-
KaHHs npuMecH B nJueHkax SnOy,
g;apipoaanﬂmx Sb (@) u F (6) [219,

Ocax/JaeMbIX MeTOAOM DPeaKTHB-

HOT'O HOHHOTO pacmblieHHsi, 0O6HapyxeHa ¢asa, cocrosimas u3 SnoO,
HaJIHuHe KOTOPOH, KaK yCTaHOBJEHO, 3aBHCHT OT psifa MapaMeTpoB
npomecca ocaxiaeHHsi [206], B yacTHOCTH OT MapIHaJbHOTO aaBJe-
FHSI KHCJIOPOZA MpPH pacheliieHuH [205].

33.22 JnektpuueckMe CBOMCTBA

[ToxBuxkHOCTL, HOcHTeJiell B miedkax SnO, HuXKe, YeM B Mac-
CHBHHIX 00paslax, H ee 3HAaYeHHs] NPH KOHUEHTPAIHMU HOCHTes el
10'8...10%" cM~2 u ypmenbHoM conporusierun 0,1...4-10~¢ Om.cMm
vusMmensiorcss B mpenenax 10...50 cm?/(B-c). Pacceaune Hocureneh
Ha IpaHHIAaX 3€PeH fABJsIeTCS] OCHOBHHIM MPOIIECCOM, OTPaHHUHBAIO-
IAM HX NOABHXKHOCTL [219—221, 223]. VieapHOe cOMPOTHBJIEHHE
tieHok SnO,, JernpoBaHHBIX HTOPOM, HHIKE, UeM IJIEHOK, JIETHPO-
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BaHHBIX cypbMoii [219, 220, 239]. Pasnnuunas dopma 3aBHCHMOCTH
MOJBUXKHOCTH HOCHTEJIeH OT KOHUEHTDALHH NMPUMECH B IUVIEHKAX, Jie-
THPOBAHHBIX cYpbMOH u ¢ropom (cM. puc. 3.30), BbI3BaHa H3MeHe-
HHEM XapaKTepa paccesiHHsl Ha rpaHuuax sepen [219, 220]. Orxur
3THX MJIEHOK B BaKyyMe HJH B aTMocdepe BOLopoJa NMOHHKAET HX
yIeJbHOe CONpPOTHBJIEHHE, a OTMKHI Ha BO3JyXe IIPHBOAHT K €ro
yBeanueHunio [240]. Dddexr, nosyyaeMmblii B pe3yJbTaTe OTHKHIa,
o6ycyoB/ieH xemocopOlyei uiam AecopOunell KHCIOPORa, MPOHCXO-
JAIHMH TJIaBHBIM 00pasoM B oGJacTu rpanui 3eper [240].

3.3.2.3 OnTtudeckue cBOHCTBA

B nerupoBanublx miaenkax SnO; mpu H3MEHEHHH KOHUEHTPAIHU
Hocuteseir ot 10 no 4,6-102° ¢cm~® HaGaoonaercs 3HAYHTENbHBIR
casur Bypurefina — Mocca (¢ 3,97 3B nmo 4,63 3B). Onrnueckue
CBOHCTBA MJIeHOK BOJM3M NJ1a3MeHHOH YacToTHl, Jexalleii B uHb-
pakpacHo#l 06s1acTH, MOT'YT GBITL HHTEPNPETHPOBAHE B paMKaX TeO-
puu Hpyne. DbdekruBHass Macca HOCHTEJNEH, OmpenesasieMasi Mo pe-
3yJbTaTaM H3MepEeHHH CIEKTPaJbHOIO MOJOXKEHHS MJIa3MEeHHOH Ya-
cTOTH, u3Mensiercs ot 0,1me no 0,3m., a xapakrep ee 3aBHCHMOCTH
OT KOHIEHTPAIHH HOCHTeNell CBHIETeJbCTBYET O HemapaboJHYHOCTH
30HB MpoBOAHMOCTH [219—221, 223].

B s3akaouenne ciaenyer orMeTHTb, uTo mieHKn SnOp obiagaor
BLICOKOH CTaOHJBHOCTHIO, CHJIBHOH ajaresnell (NpH OCaXKAEHHH Ha
CTEKJIO0, KBapI[ H IOAJIOXKKH H3 IPYI'HX MaTepHasoB), a TaKke yc-
TOHYHBOCTBIO K BO3JAEHCTBHIO BJalH H KHCJIOT.

3.3.3 Okeng wmugua (InyOs)
3.3.3.1 CrpykrypHble cBoicTBa

ITnenkn IngO3 u ITO (cMecn OKCHIOB MHAMS H 0JIOBa), aHaJoO-
THYHO MAacCHBHBIM KPHCTasJlaM, HMeIOT OO'beMHOLEHTPHPOBAHHYIO
KPHUCTAJIJIHYECKYIO PEIIeTKY H COCTOAT H3 3epeH C NMPEHMYILEeCTBeH-
HOM OpHeHTauuell OTHOCHTEJbHO HampaBJeHus <111> uan <100>
[201, 208, 222, 224]. TIpu moJy4eHHH TMJIEHOK METOJOM HOHHOTO pac-
MBIIEHHST B TJEIOIEM paspsile Ha MOCTOSIHHOM TOKe Ha Hampaslie-
HHE OpHEHTAUMH 3€PEH CYILIeCTBEHHOE BJIHSHHE OKa3hHBAaIOT TaKHE
mapaMeTpsl mpouecca OcaXkAeHus, KaK TeMIeparypa MOLJIOXKKH, CKO-
POCTb pacHbLIEHHs W mapluajbHoe naBJenue kucaopoxa [213]. Mme-
IOTCSl MPOTHBOPEYHBHIE JaHHBIE O HAaJHYMH B 3THX IJIEHKaxX (ashl,
KOoTOpasi mpefcTaBisier cobo# XuMHYeckoe coequHeHHe Sn. B mien-
KaX, HaHEeCEHHbIX METOAOM HOHHOrO pacmbuieHus, boymen u gap.
[241] o6uapyxuau SnsOs, Torma Kak B MJEHKaX, NMOJYYEHHBIX MO-
CPEeJCTBOM MyJbBEpH3aIHK C MOCJENYIOUIHNM MHPOJH30M, BHISBJIEHA
¢dasa SnO, npu koHuentpanun Sn Beime 60...80 % [224]. Oxnako
Mosnudeiicep u ap. [222] He nabaonanu ¢asel, cOCTOSIICH H3 COenH-
HeHus Sn.
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3.3.3.2 DnekTpMueckHe cBOMCTBA

YaenbHOe cOmMpOTHBJIEHHE, KOHLEHTpAlHsi HOCHTeNeil M HX MO-
JBHKHOCTL B mJieHKax InyOs o6b1uHO paBuel 2-107%..1072 OM - cM,
10%°...2.102! ¢m~3 u 15...70 cm?/(B-c) coorBercrBenno. s mie-
HOK, OCarKJaeMblX METOJOM MyJbBepH3aLHH C MOCJIELYIOLHM IHPO-
JIH30M, ONTHMaJbHOE aTOMHOe cojepxkanHHe Sn, obecrneunBaloniee
BBICOKHE 3HauyeHHsl YAeJbHOH NPOBOJAUMOCTH H ONTHYECKOTO KO3(-
duunenra nponyckanus, cocrasiser ~ 10 %. Ilpu Gosee BeIcOKOM
colep:KaHuK SN yaesbHasi IPOBOJHNMOCTb yMeHbinaercs [224] Benen-
crBHe 0Opas3oBaHus B MieHKax In,Os knacrepoB (SnOg),.

JleTanbHbIX HCCJAENOBAaHHE MeXaHH3Ma MPOBOLMMOCTH B IMJIEHKAX
In,O3 ne mpoBozmiock., IlpeobJafarouinM MeXaHH3MOM pacCesHHS
HOCHTeJIeli B HEBBIPOXKJEHHBIX TMJIEHKaX, MOJYyYaeMBbIX PeaKTHBHBIM
HOHHBIM pacnblieHneM [242], BeposiTHO, sIBASIETCST paccesiHue Ha rpa-
Hunax 3eped. Psgom aBstopoB [208, 214, 243, 244] npuBeneHH naH-
Hble [0 BJHSHHIO OTXKHla B PAa3JHYHON aTMochepe Ha YaeJdbHOE
CONPOTHBJIEHHE IJIEHOK, OCa)KJaeMbIX ¢ MOMOIIbI0 HOHHOTO PacmHbl-
nenusi. Habmonaemble H3MeHeHNUst 3TOH BeJHYHHH MOTYT GBITH CBS-
3aHBl ¢ ykpynHeHHeM 3epeH [208], nuddysmeit kucaopoma BHYTPb
IJIEHKH HJH ero 3k3oiuddysuenrn [214], a Takxke ¢ H3MEHEHHEM
CBOIICTB I'paHuL 3epeH [243].

JlernpoBanue mniaexok In,Os3 kKagmuem o6ecneyrBaeT HHU3KOE
yaenbHoe compotHBieHne (~3,3-10~* OM-cM) npd KOHIEHTPAIHHU
Hocureseft ~3-10%2° cM~3 ¥ UX MOABHIKHOCTH, MPHOJH3HTENLHO PAB-
Ho#l 6 cM?/(B-c) [245]. OueHp BBICOKHE 3HAYEHHS MOJABHIKHOCTH HO-
CHTeJIell TOJyYeHbl MpH JIETHPOBAHHWH IJIEHOK THTaHOM (p= 120 cm?/
(B-c), n=10% cm—®) u uupkoHuem (u=170 cm?/(B-c), n=~8X
X 1019 em~3).

3.3.3.3 Ontuueckue ceoicTBa

InyO3 nMeer «HempsiMyi0» 3ampelleHHYI0 30HY WHPHHOH 2,6 3B
[246], a pa3pemieHHble TPSIMble ONITHYECKHE MEPEXOMBI, COTJIaCHO NaH-
HBIM Da3HBIX aBTOpOB [214, 242, 244, 246, 247], cOOTBETCTBYIOT 3Hep-
ruam 3,6...3,85 3B. Ilpn u3MeHeHHH KOHUEHTpalHH HOCHTeJel N
BeJMYMHa cABHra Bypiireiina — Mocca MeHsieTcst TPONOPIHOHAJBLHO
n?A, 4T0 CBHAETENBCTBYET O MapaboOJIHYHOCTH 30HB IIPOBOJHMOCTH
[214, 224, 247). 3navenus 3pPeKTUBHON Macchl HOCHTeJNeH, Ompee-
JIeHHBle MCXOJS M3 BeJHYHHBl 3TOrO CABWra, JeXaT B Ipefenax oOT
0,25m. no 0,45m. [214, 224, 242, 247], npuuem pacueTHblEe 3HAYEHHS
MpUBEJEHHOH Macchl Beerfa 6oJbiue 3¢ (eKTHBHOR MacCH 3JeKTPo-
HOB, 4YTO BO3MOXHO NpPH OTPHIATEJNbHOH KPHBH3HE BaJIEHTHOH 30HHI
[214, 224, 247]. Tlnenxku InyOs JMerko TpaBsATCS KHCAOTAMH.
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3.3.4 Crannar kagmua (CdaSnOy)

3.3.41 CrpyKkrypHble cBOMCTBa

CdeSnO4 — enuHCTBEHHBI NPOBOASINNA OKCHA, KOTOPHIH HMeET
Pa3JMYHYIO KPHCTAJIMYECKYIO CTPYKTYDY IpH MOJYYEeHHH ero B BHAE
IJIEHOK (KyOHueckasi pelleTKa ILIMHHENH) ¥ B BHAE MAaCCHBHBEIX 06-
pasuos (opropomObuueckas peuierka). Xaak [210, 249] ycranosua,
YTO NJIEHKH CTaHHAaTa KaJAMHs, OCaKJaeMble C MOMOLIbIO BHICOKO-
4aCTOTHOTO HOHHOTO paclblleHHs, OOBIYHO MNPEeACTABJASIT COOOH
MHorodasusle cucrembl, cocrosimue u3 CdO, CdSnO; u CdySnO,.
JJas  moJyueHHs TMJIEHOK, CORepiKallWX eJHHCTBEHHYI0 a3y —
C%dSSCh’ nocjle WX HaHeCEeHHs MPOBOAST OTKHUI B atmochepe Ar
| .

3.3.4.2 Dnexkrpuueckue cBOHcTBa

KoHueHnTpauuss 1 moZBHXKHOCTh HOCHTeJEH B MJEHKax CTaHHATa
KaaMHusa cocrasisior 1017...1021 c¢mM—3 u 8...73 cm?/(B-c) coorser-
cTBeHHO [210, 212, 248]. OroxxeHHble 0JHO(Ma3HbE NJEHKH, 0CaX-
JlaeMble METOJOM HOHHOIO PACIbLIEHHs, OTIHYAIOTCS BHICOKOH KOH-
uentpauuei Hocureneir (>102 cm~?). Musra u ap. [212], perynu-
pysl mapameTpnl Ipoliecca HOHHOTO pacHblIeHHs, mojydanu (6e3
NOC/TeYIOIero OTXKHra) IJIEHKH C HU3KHM YAEJNbHEIM CONPOTHBJIE-
uueM, nocrurapomum 5+ 1074 Om - cm.

3.3.4.3 OntuueckHMe CBOMCTBA

B aMop¢HBEIX NJeHKax, Co31aBaeMblX METOAOM HOHHOTO DacIbl-
JieHHsi, 0GHAPY2KEeHO YBeJMueHHe IHPUHB 3anpenieHHoN 30HH ¢ 2,06
1o 2,85 3B npu NOBBIIEHHH KOHUEHTpauHWH HocuTeneir ot 1,1X
X107 no 1,2-10% cm~3. D10 H3MEeHeHHe IIHPHHBEI 3alpelleHHON
30HBl CBSI3aHO C BJHSHHEM caBura Dypmurefina — Mocca [248). Pac-
CYHTAHHAsl MO pe3y/bTaTaM ONTHYECKHX H3MepeHHH 3¢ deKkTHBHAS
Macca HOcHTeJsiell, mpubausutensHo paBHas 0,04m., 3aBUCHT OT HX
KoHIeHTpauud. ONHAKO TpHBeldeHHble BHIMIe AaHHbBIE MOCTABJEHBI
XaakoMm MojJ COMHEHHE, NMOCKOJNBbKY H3yuaBIIHecH IJEeHKH NmpeacraB-
JISIJIH cO60# MHOrO(asHbe CHCTEME.

3.3.5 Okcupg umnka (ZrO)

3.3.5.1 CrpykrypHble cBojicTBa

Tonkne BHCOKompoBojsmue mjaeHKH ZnO TnoJyYeHB HeJaBHO
[218, 223, 250, 251], u 06beM 3KCIEpUMEHTAJNbHBIX HCCIELOBAaHHM
Mo uX H3yyeHHio orpaHuueH. [TompoGHBHIfi aHaNM3 CTPYKTYPHHIX,
9JICKTPUUECKHX M ONTHYECKHX CBOHCTB IIJIEHOK, OCAXKJIaeMbIX METO-
AOM TyJIbBEpH3alUH C MOCHEAYIOMIHM THPONH3OM, BhIMONHEH ApaHo-
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BUYeM H ap. [218]. DTH nIeHKH HMEIOT CTPYKTYPY BIOPTIHTA C OCHIO
¢, TMepPUeHAHKYJISIPHOH WJIOCKOCTH NoAsoXKH. Ilnenkn ZnO, nouay-
YeHHble NOCPEACTBOM IyJbBepPH3AIHH C NOCIEAYIOIHM ITHPOIH3OM H
JerHpOBaHHEIE HHIHEM, COCTOAT H3 Pa30PHEHTHPOBAHHBIX KPHCTaJ-
autoB pasmepom 20...40 um [269]. Ilnenku, ocaxnaemble XHMHYe-
CKHM METONOM M3 NapOB METaJJOpraHuuyeckux coefusenus [270] na
MOAJIOXKH, Harperhle GoJee yeM fo 250 °C,— MONHMKDHCTANIHIHB,
a sepHa pasmepoM ~ 10 HM uMmeroT croaGuartyio ¢opmy. Ocb ¢
3epeH OpDHEHTHDOBAaHA INEPIEHAHKYJSPHO IUVIOCKOCTH NOMJIOXKH, H
ux pasmep (5...20 HM) yBeauuuBaeTcsl NPH INOBHILIEHHH TeMIepa-
Typel nmomioxkH. Coobmianoch Takxke [271] o mosydeHHH IJIEHOK
ZnO c NoMOLIbIO BHICOKOUACTOTHOIO PEaKTHBHOIO MAarHeTPOHHOIO
pacIblIeHHs .

3.3.5.2 DnekrpuueckMe cBOMKCTBA

Ha asexTpuueckne cBoficTBa IJIEHOK, INOJy4aeMbIX METOI0M
IyJbBEPH3AIHH C NOCeAYIOLUIUM NHDPOJNH30M, 3HAUUTEJbHOE BJIHA-
HHME OKAa3BIBAIOT TeMIlIepaTypa MNONJOXKKH H CKOPOCTb DPaclblIso-
lero MOTOKa Bo3ayxa. HemnocpeicTBeHHO Nocse OCaAeHus IJIEHKH
HMEIOT BBICOKOE YJenabHOe compoTuBiaeHHe (~ 102 Om-cm), KoOTO-
poe ymeHbinaercss npuMepso 1o 10~2 OM-cM B pe3ysbTaTe OTXKHra
B BakyyMe [223] unu B Bomopoie [218]. DTo cHuKeHHe YHeJbHOrO
CONPOTHBJIEHHS CBSI3aHO B OCHOBHOM C H3MEHEHHEM IIOJBHIKHOCTH
HocuTeneln [223). Ananus TemmnepaTypHOH 3aBHCHMOCTH TEpPMO-
3.1.C. CBHAETEJNbCTBYET 0 NpeobsajalolleM BJAHSHHM MeXaHH3Ma pac-
CesTHHSI HOCHTENIel Ha MOHH3HpoBaHHBIX npuMecsx [218)]. IIpu nanu-
YHH OCBELEHUs] MPOBOAMMOCTh IJEHOK Bo3pacraer B 100 pas, T. e.
B IJIeHKax QOTOPEe3HCTUBHBIN 3¢ dekT BHpaxeH ciaabee, 4eM B Mac-
CHBHBIX OOpasumax. Xapakrep Ipoiuecca IlepeHOoca HOCHTeJeH npu
BO3/eHCTBHH H3JYUeHHs TpeTeplneBaer rIyO0OKHe H3MEHEHHS MOCe
OTXKHra IJIEHOK, BEPOSTHO, MOJA BJHSHHEM KHCJIOPOAA, XeMOCOpOH-
POBAHHOIO Ha TOBEPXHOCTH IJIEHKH H B 0GJACTH T'DAHHUIL 3€PeH,

B oxmo#i u3 mocaenHux paGor [269] coobuiaercs 0 NONYUeHHH
MOCPELCTBOM INyJbBEPH3ALHH C NOCJELYIOIIUM MHPOJH3OM ILIEHOK
ZnO 6oJplIOH NJIOMIAAH, UMEIOUIHX HH3KOe YAeJNbHOE COIpPOTHBJIE-
HHe (~8:10~* Om:cM) H BBICOKYI0 KOHLUEHTPALHIO 3JEKTPOHOB
(~5-10% cM~®) mpu ux noasuxHOoCcTH ~ 15 cm?/(B-c). [To mepe
VBEJIHYCHHS KOHIEHTPALUH HOCUTE el UX NOJBHIKHOCTh CHayaja Mo-
HHXKAeTCs], a 3aTeM Bo3pacTaeT. TakoH BHI 3aBHCHMOCTH OGBSCHS-
eTcsl 3aXBaTOM Hocuresell rpaHuuamu 3epeH. Ilneskun ZnO, ocaxk-
JaeMble XHMHYECKHM METOJIOM H3 NapoB MeTaJJopraHu4YeCKHX co-
enunenuit [270] na monsioxku ¢ Temneparypoit 280...350 °C, umeror
yIeJbHYI0 NPOBOAUMOCTL B mnpexenax 1072...50 Om~!-cm—!. ITo-
JBHXXHOCTb HOCHTeJIell B IJIEHKaX OrpaHHuYeHa H3-3a IPOLECCOB Tep-
MOHOHHOH H TEepMO3JIeKTPOHHOH 3MHCCHH Ha rpaHunmax sepeH. [Ipu
MCIO/Ib30BAHHH  BBICOKOYACTOTHOTO PEaKTHBHOIO MAarHETPOHHOTO
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Puc. 3.31. CnekTpanbHele 3aBHCHMOCTH NapaMeTPOB pa3JIHUHBIX NMPO3PayHBIX
nposoAsimux njeHok. Kosdduumenr nponyckanus: I — ZnO [251],2 — ITO
[225], 8 — SnO,, neruposauusi ¢gropom [219], 4 — Cd,SnO, [252]. Koaddu-
uHeHT orTpaxeHus: 5 — ITO [225], 6 — SnQ,, neruposanuslii propom [219].

pacnblJieHHss MOryT ObITh TOJyYeHH MyeHKH ZnO ¢ ymaeabHOH mpo-
Boaumoctbio 10-8...5-102 Om~!.cM~!, 3sHaueHwe KOTOpOi ompene-
JISIeTCS] YCJOBHSIMH IPOLECCa PAaCIblIeHHS.

3.3.5.3 Ontuueckue ceojicTBa

Hast nnenox ZnO, KaK U [J1s1 MaCCHBHBIX KPHCTAJIJIOB 3TOTO Be-
IecTBa, XapakTepHH NPSIMble ONTHYECKHe NepexOibl, KOTOPHIM OT-
BeuaeT NIMPHHA 3alpelleHHol 30HH 3,3 3B [218]. I1nenxku, ocaxnae-
MBlEe METOAOM MYJbBEpH3alUUH C MOCAEAYIOUUM INHPOJH3OM, 06Jia-
Jal0T  BHICOKHM  ONTHYECKHM  KO3(POHIHEHTOM  NPONMyCKaHUS
(~85%) B 06nacTH COJHEUHOrO CIEKTpa HpPHU YAEJbHOM COIPO-
TUBJeHUH ~ 8+ 10~* OM:cMm [269]. ¥V miieHOK €O CJIOEBHIM CONPOTHB-
Jenuem 85 OM/KBampar, MOJyYaeMBIX MarHeTPOHHHIM paclblJIEHHEM
[271], K03 dHIHEHT NPONYCKAHUS B CIEKTpaJbHOM Ananasoxe 0,4...
0,8 MM cocrapiaser okoso 90 %.

B ra6a. 3.3 npuBefeHH MJisS1 CpPaBHEHHS XapaKTEPHCTHKH He-
CKOJIbKHX BHAOB NPO3PaYHBIX NPOBOASLINX OKCHAHBIX MJIEHOK, OCAXK-
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Puc. 3.32. 3aBucuMocTH cj0eBOro conpoTtuBieHHs (I) u KoapduuueHTa npony-
CKaHHs (2) JMerHpoBaHHBIX (TOpoM MaeHOK SnOy, MOJYUYEeHHBIX METOIOM IYJb-
BEDH3ALHH C NOCASAYIOUHM NMHPOJH30M, OT HX TOJIHHBI d.

naeMblIX pasHbiMH Metomamu. Ha puc. 3.31 usobpaxkennl cnekTpab-
Hble 3aBHCHMOCTH KO()(HUIIMEHTOB NMpPONMYCKAHHS U OTPaxKeHHs pas-
JMYHBIX OKCHAHBIX NJeHOK. Ha puc. 3.32 mpeacraBieHbl 3aBUCHMO-
CTH CJIOGBOTO CONPOTHBJIEHHS U KO3(dHUIHeHTa TPOMyCKaHUs JIEru-
pPOBaHHBIX (DTOPOM MPOBOASALIMX OKCHAHBIX MJeHOK SnOx or ux
TOJIILHHHL.

3.4 KuHeTnueckue sBneHus B MeTannnyeckux njieHkax

MertannnyecKre MJEHKH NMPUMEHSIIOTCS MJs CO3[aHHs NpO3pau-
HBIX 3JIEKTPOLOB B COJIHEYHHIX 3JeMeHTax ¢ Gapbepom IlorTkH,
2 TakKXe CeTYaTOro M CIJIOIIHOTO KOHTAKTOB B Pa3jIHUHBIX KOHCT-
PYKIHUSIX COJIHEYHEIX 3JeMeHTOB. B naHHOM pasiese KpaTKo pac-
CMOTDEHH T€ CBOHCTBA METAJJIHYECKHX TJIEHOK, KOTOPble BJIHSIOT
Ha XapaKTepPHCTHKH 3JeMeHTOB. Bosee riy6okoe u moppobHoe 06-
CyXkJieHHe 3THX BOMNPOCOB NPOBeNeHO B psale MoHorpaduil [254, 255]
H 0630poB [256—258].
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Puc. 3.33. TunHuHasg 3aBHCHMOCTh YA€JbHOro comporuBieHHs p npu 300 K
NJeHKH Au, HaHeCeHHOH Ha CTEKJSHHYIO MOAJOXKKY, OT ee ToJwHHH d. O6nacTu
I—IV xapaxkTepusyiorcsi pasJqHYHBIMH MEXaHH3MaMH INPOBOAHMOCTH.

Puc. 3.34. TeMmnepaTypHble 3aBHCHMOCTH
JnorapudMa yaeAbHOH MNPOBOLMMOCTH HecII- E4=0,18338
JIOWHBX IJACHOK NJaTHHE DAa3JHYHOH TOJ- I~
IMHEl, ONTHCHBaeMble ypaBHeHHeM AppeHuyca
[254]. ¥BeauueHwe TOMmMHHB MJAEHOK cCO- L
0,2313B
- 0,338 3B
0,

|
o

3HaueHHH 9HEepruH akKTHBALIHH.

!
I

3.4.1 Dnextpuyeckue CBONCTBA

TunuuHasi 3aBHCUMOCTb YIeJbHO-
rO CONPOTHBJIEHHSI MeTaJJIMYecKoi
IJIEHKH OT ee TOJILIMHE NOKa3aHa Ha
puc. 3.33. dra 3aBHCHMOCTb HMeeT
yeThipe XapakTepHole o6gactu. O6-
JacTb | COOTBETCTBYeT HECIJIOUIHBIM AT s
IJIeHKAM, COCTOSIIIUM H3 OTHeJbHBIX T T ’
OCTPOBKOB  (rpanyJ). JeKTpOmpo- ’
BOJHOCTb TAaKHX NJIEHOK OIpefie/IsieTCsl PACCTOSTHHEM MeXIY OCTpPOB-
KaMy, UX pasMepamu U temneparypoi. Kak BugHo us puc. 3.34, 3a-
BUCHMOCTb YJeJbHOH NPOBOJHMOCTH CBEPXTOHKHX IJIEHOK IJIATHHHI
OT TeMIepaTyphl OTBeyaeT ypaBHeHMIO Appenuyca. Hamepeuube
3HAUEHUs] SHEPTMH AKTHBAIMM COBNAJAIOT CO 3HAUEHHAMH, Ompefe-
JsieMbIMH M3 BBRIDAXKEeHMS AJIS YAEJNbHOH MPOBOAMMOCTH

8 = (AqTIE) exp {—I[(¢—Bg¥/d)/kT]).

|
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OTBETCTBYeT Bo3pacTaHuio Ejs — pacueTHHX
L 518 3B
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3necb A ¥ B — nocTosHHbIE BETHYHHLI, ¢ — paboTa BHIXOJAA JEKT-
POHOB M3 MAaCCHBHOIO MeTaJJIMYecKoro obpasiua, d — paccTOsiHHe
MexJy OcTpoBKaMu. Beaunuuna Bg?/d xapakTepusyer yMeHblIeHHE
paboTH BHIXOJA IOJ BJHSHHEM CHJ H300paxkenus. TemmepaTypHBIH
KO3(PGHIHEHT YJeJbHOIO CONPOTHBJIEHHSI OTPUIATENEH, H ero 3Ha-
YeHHe 3aBHCHT OT MHKPOCTPYKTYDH IJIEHKH. -

B o6macru Il nsenkn ob6nanaioT GpuU3MYECKH HECIJIOLIHOMH, ceTya-
TOH CTPYKTYPOH, ONHAKO OCTPOBKH 3JIEKTPHYECKH COEAMHEHBl APYT
C Apyrom. ¥/JeJbHOEe CONMPOTHBJIEHHE H €r0 TeMIepaTypHHH K03hbdu-
IHEHT 3aBHCAT OT OTHOCHTEJNbHOrO O0GbeMa CIJIOUIHBIX Y4YacTKOB
IJIEHKH, H KaXJasd U3 3THX BEJHYHH SIBJSETCH CYMMOH JBYX COCTaB-
JISIOIIHX, CBSA3AaHHBIX CO CIJIOIIHOM M HECIJIOUIHOM YacTSAMH IJIEHKH.

B o6aacru IIl gns mieHok xapakrepHa (DH3HYECKH CILIOUIHAS
oJHOpOAHAsl cTPyKTypa. Mx ynaeabHOe CONPOTHBAEHHE Pr MOXKET
ObITh MPEACTaBJEHO B BHAE CYMMBI

Pr=Pp+0s+pes+Pp+ P01

KaxKJoe cjaraeMoe KOTOPOH OTBeYaeT OMpeNeJeHHOMY MeXaHH3MY
paccesnnsi (cumBosaamu B, S, GB, D u [ o6o3Hauedsl NpPOLECCH
paccesiHHsl 3JeKTPOHOB COOTBETCTBEHHO Ha (OHOHAX B obGbeMe
IJICHKH, CBOOONHBIX MOBEPXHOCTSIX TJIEHKH, FPaHUIaX 3epeH, CTPYK-
TYpHBHIX Jedexrax u npumecsx). Coaraemoe, cBsisaHHOe C pacces-
HUEM Ha MOBEPXHOCTH, 32BUCHT OT TOJILIHHBI MJIEHKH U ee NOBEPXHO-
CTHBIX CBOHCTB. B smuTakcHalbHbIX MJEHKAaX, a TaKxXe IJIEHKaX
C KDYNHBIMH OpHEHTHDOBAaHHBLIMHM 3€PHAMH, MOJyYaeMBIX IyTeM
OCaXKJeHHSl MeTaJJIOB HA CHJBHO HAarpeTble MOIJIOXKKH, CBOOOIHBIE
3JIEKTPOHBI TOYTH 3ePKaJbHO OTpaxkaloTcs orT moBepxHocred. On-
HAaKO B IOJHKDUCTANJHUECKHX TJIeHKAaX, OOGLIYHO HCIIONb3yeMBIX
B COJIHEYHBIX 3JeMEHTaX, NO-BUAMMOMY, Hpeobsaraer auddysHoe
paccesiHHe HOCHTeJeH M BeJIMYHMHA pg OMpenessieTcss ¢ yYeroM pas-
MepHHX 3¢ddexkToB. Heobxoaumo Takxke OTMETHTb, YTO TPH HaJH-
YUH Ha IOBEPXHOCTH MJIEHKH MOHOMOJIEKYJISIDHBIX CJIOEB [PYroro
BEILIECTBA XaPaKTep MOBEPXHOCTHOTO PaCCEesiHUS MEHSeTcsl, OJHAKO
yAeJbHOE CONPOTHBJIEHHE OTKJOHSETCS MPH 3TOM Ha HEGOJBIIYIO
Besnunny (<<20 %). CocraBisiouiie yAeJbHOTO COMPOTHBACHHS PGB
H Pp CYIIECTBEHHO 3aBHUCAT OT MHKPOCTPYKTYpH (a 3HAYHT, U OT
TOJIILMHB TMJEHKH), YCJAOBHH €e OcaxIeHHs H Mocjenyloulei tep-
Moo6paborku. Puc. 3.35,a u 6 HATIOCTPUPYIOT BJHSIHHE TEMIepa-
TYpHl OCaxKJI€HUSI H OTXKHra IUIEHOK MeIH Ha 3aBHCHMOCTb V/&/b-
HOrO CONPOTHBJEHHS H €ro TeMIepaTypHOro Ko3adohuiuenra,
d(In pr)/dT, OT TOMUHKHBI TJIEHOK.

Heob6xonuMo 0co60 BBHIAEJHTbL CAEAYIOIIHE MOMEHTHI.

1. PaccesiHue 3JIeKTPOHOB HA CTPYKTYPHBIX AedeKrax (B OCHOB-
HOM Ha OJHMHOYHBIX BaKaHCHAX U 00Opa3oOBaHHHIX HMH KJjacrepax
BHYTPH 3epeH, a TakKxke Ha TIpaHHllax 3epeH) OKasblBaeT HauboJjee
CYILLeCTBCHHOE BJHSIHHE Ha Yy[eJbHOE COMPOTHBJIEHHE IJIEHOK, €CJH
HX TOJILIHHA CPaBHHMA HJIH MPEBHIIIAET CPEAHION AJMHHY [ cBOGO-
HOro npofera 3J€KTPOHOB.
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Puc. 3.35. a) 3aBHCHMOCTH yJeJbHOrO CONDOTHBJIEHHS NJEHOK MeIH (HaHeCeH-
HHX Ha YHCTYIO NOBEPXHOCTb CTE€KJa H HA CTEKJAHHYIO NMOMJIOXKKY, NOKPHITYIO
cjoem SiO) OT HX TOJIHHBEL d NMPH PA3JHYHBIX NapaMeTpax NMPoIeccOB OCAXKAEHHS
u omxura [259]; 6) saBHCHMOCTH TeMIepaTypHOrO KO3(QQHUHEHTa yAeJbLHOTo
conporusaenust d (In pp)/dT (T, K) nneHok Mead (HaHECEHHHIX HA YHCTYIO MO-
BEPXHOCTb CTEKJa H Ha CTEKJAHHYIO NOMJIOXKKY, MOKphITYyIo ciaoeM SiO) ot HX
TOJIIHHBl HEIIOCPeACTBEHHO NOCJe OCaXAeHHsi H NOCJe OTxKHra B Bakyyme [259].

2. B meraanax, o6aafaioniix HH3KHUM YIEJbHBIM COMPOTHBJIE-
HHeM, (opMa TpaHHIl 3epPeH He OKa3blBaeT 3HAYHMTEJHHOTO BO3JeH-
CTBHS Ha ITIPOLeCC PACCeSHUSI HOCHTEJEH, MOCKOJNbKY I'PaHUIbl HMEIOT
HeOOJIbUIYIO TOJIIMHY 1O CPaBHEHHIO CO CpelHeld IJIMHOH CBOGOJ-
Horo npo6era 3JeKTpoHOB nposoxuMoctd. OfHako paccesHue, oGyc-
JIOBJIEHHOE BJIHSIHHEM <«reOMeTpuueckoro» (axkTopa, Hrpaer OueHb
BaXKHYI0 pPOJib B TOM cJjyuyae, KOTLa TPaHHLbI 3epeH COAepkKar Ba-
KaHCHH HJIM HMEIOT HCKaXKEHHBIH MOTeHUHAJbHBIH peabed, HaAmpH-
Mep BCJeACTBHE OKHCJIECHHs (B MJEHKaX JIErkKO OKHCJAILIMXCH Me-
tajos, takux, kak Cr, Ta, Ti, Nb). [lneukn ¢ XuMMHUeCKH aKTHB-
HBIMM I'DaHHIlAMH 3€peH 00/1a1aloT BEICOKUM YA eJbHLIM COMPOTHBIIE-
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HHUEM, KOTOpPO€ HMeeT OTPHLATeJbHHl TeMIepaTypHbIH Ko3dpou-
IHeHT.

3. TlonaraioT, 4TO NMpH BHICOKOH TeMmepaType OCaxKAEHHS OT-
JKUT BaKaHCHA B MpoIecce pocTa IJEHKH OKasbiBaeTcs 6oJsee 3o-
¢eKTHBHBIM, YeM NpH nocieayoliell tepmoobpaborke. Ilpn ymeHb-
LIeHHH TeMIepaTypbl OCaKIeHUS TJIEHKH KOHIEHTpAlMs BCeX BH-
JIOB «3aMOPOKEHHBIX» JAe(peKTOB pe3Ko Bo3pacTaer. I[TocKosbKy
SHEpPTHs aKTHBAIlMH Tpolecca AH(QY3UH BaKaHCHE B 6J1aropoaHBIX
MeTaJlJlax A0BOJIbHO BesnKa (~ 1 3B), mpu TeMneparypax, 6JH3KHX
K KOMHAaTHOH, BBICOKAsi KOHIIEHTPALHMS «3aMOPOIKEHHBIX» BAKaHCHH
COXpaHseTcs, 4TO CHOCOGCTBYeT 3HAYMTENBHOMY pOCTY Y/EJIbHOTO
CONMPOTHBJIEHNST TWIeHOK. [IpuM TOBBIIEHMH TeMMepaTyph oOcaxK-
JeHHsl (MJIM OTKMIa) MHUTPAlUUs U AHHUTHJISALHS BaKaHCHH MPHBO-
ASAT K YMEHbIIEHHIO YIeJbHOTo comnpoTuBieHHS. [IpH BHICOKMX TeM-
nepaTypax NMPOUCXOAAT MepenoJisaHue M HCUe3HOBEHHe AMCJOKAIH,
COTIPOBOXKA AIOILMECS YKPYNTHEHHEM 3ePeH U UX peKpHCcTasjH3alued.
OTH TpolecCH 0Ka3bBAIOT He3HAUHTENbHOE BO3NEHCTBHE Ha YAeJb-
HO€ COMPOTHBJIEHHE M €ro TeMIepaTypHbIH KO3 (HUIHEHT, ONHAKO
OHH CYILECTBEHHO BJIHSIOT Ha JApPYyrue 3JeKTpUYecKHe XapaKTepu-
CTHKH, TaKue, KakK TepMo-3.1.c. [259).

4. TlockosabKy napameTphl Npollecca MEpPeHOCa 3JeKTPOHOB OIl-
pelessiioTcss 0cO6EHHOCTIMH [ BHKEHHSI HOCHTeJeH 3apsila BHYTPH
SHEPreTHUCCKHX 30H, a MOsIBJEHHe pa3MepHHX 3(P¢eKToB JHIUb Ya-
CTHYHO CBSI3aHO C paccesiHHeM HocHuTeJsefl, 06YC/IOBJIEHHBIM reoMeT-
puueckHM» (akropoM (T. e. GOpPMOH TIpaHHIL 3e€peH), 3aBHUCHMOCTb
3THX MAPaMeTPOB OT TOJIUHHBI TJIEHKH MOMKET OKa3aTbesi GoJsee
CJIOXKHOM, YyeM TpefCKa3blBaeT TeOPUs CBOGOMHBIX 3JIEKTPOHOB.

U nakonern, o6aacts IV cooTBercTByeT TOJICTHIM MIeHKaM (TOJ-
IMHOHR d>>1), nuist KOTOPBIX Haubosiee 3HAYUTENLHBIMH COCTABJISIO-
IIMMH YIeJbHOTO COINPOTHBICHUS SBJIAIOTCS Pp H Pp. JI10OBE H3Me-
HEHHUsI TTapaMeTpPOB 3THUX TJIEHOK TMPU BapHALUAX TOJIIMHBI BBI3BaHBI
ee BJIHSIHHEM Ha MHUKPOCTPYKTYDY IUIEHOK H BCJENCTBHE 3TOrO CBS-
3aHBl C YCJOBHSIMH Mpollecca Oca)KAeHHs. TemmepaTypHbLI# K03b-
(HULIMEHT YIeJbHOTO COMPOTHBJEHHs mJeHOK B obGaactax III u IV
BCerja HHXKe, 4YeM Y MaCCHBHBIX 06paslloB, TaK KaK MJIEHKH HMEIOT
6oJlee BBICOKO€ yJeJNbHOE COMPOTHUBJEHHE Pr M JHILIL COCTABJSIO-
masi ps 3aBHCHT OT TeMmepaTypbl. IloCKoJIbKY TeMmmepaTypHBIH
Ko3(ppuuHeHT yneNbHOIO CONPOTHUBJIEHHS IJEHOK MOABEpPIKEH BJIHSA-
HUIO KO3(dUIHeHTa «r JHHEHHOTO TEMJOBOrO pacCIIHpeHHs MOJ-
JIOXKKH, €ro MOXHO CYyLIeCTBEHHO H3MeHATh myTeM BHOOpa MOA-
JIOXKKH C OTIpeJieJIeHHBIM 3HaueHHEeM QL.

CorsacHo mpaBuany MariccoHa, mpH BBeleHHH MPUMece# YAenab-
HOE CONPOTHUBJIEHHE MeTa/JIMYeCKHX NJeHOK Bo3pactaer. [Ipu cnias-
JIEHHH MeTaJslJIOB (KOTOPOe MOXKET TaKKe NPOUCXOAMUTb HempeaHa-
MepeHHO BcseAcTBHe NH(B(Y3uH KOMMOHEHTOB Ha TPaHHUIle pasjena)
JUIsT TJIeHOK OMHApHBIX CIJIABOB C PasymopsifoYeHHOH CTPYKTYpOH
cmpaBefJuBa 3aBucHMMOcT,b Mortra — [IXoHca, wuMemas BHI
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Puc. 3.36. ¢) 3aBHCHMOCTb HOPMHPOBAHHOW KPHTHUECKOH TOJILHHBL MJIEHOK Ag,
ocax/laeMblX METOJOM BAaKYyyMHOrO HCIapeHHsi Ha CTEeKJsHHble NOAJIOXKKH INpH
Temneparype 25 °C co ckopocTbio ~ 0,1 uHM/c, OT yraa nageHnst Q Ha MOAMOKKY
nyuka napa [254]; 6) saBucHMOCTH KPUTHYeCKOH TOJUIMHBI MJEHOK OT TeMmepa-
TYpPbl HOMJIOXKKH NPH OTCVTCTBHH 3JIEKTPHUECKOro moJisi (/) H NPH HAJTHYHH MOJS
HanpsiKeHHOCTbIo 100 B/em (2).

Ax(1—x), rie A — NOCTOSIHHAS BEeJHUYMHA, a X — aTOMHAs KOHIIEHT-
pauMss OLHOTO M3 KOMMOHeHTOB. Eciu mpu xakoMm-iu6o cocTaBe
cmyiaBa 00pa3yercsi OPHEHTHPOBAHHAS CTPYKTypa, YAeJNbHOE COMpo-
THBJIEHHE JOCTHUTraeT MHHUMAJbHOTO 3HAUEHHS.

PaccmoTpuM Tenepb (akTOphbl, KOTOPHE BJHSIOT Ha MOJOKEHHE
IpaHHI YeThIpeX XapakKTepHbIX obsacrell 3aBHCHMOCTH, IIPUBEICHHOM
Ha puc. 3.33. IllupuHa Kaxao# u3 3tHX obJacrell ompelessercs
0COOGHHOCTSIMM TIPOLIECCOB 3apOALIIe06pa3oBaHUst M POCTa KOH-
KPeTHOH IUIEHKM IIpH [JaHHBIX YCJOBUSAX OcCaxKJAeHHsI H, CeloBa-
TeJbHO, He SBJSETCS NMOCTOSHHON Ka)e AJS MJIEHOK OJHOTO H TOro
e MeTaJjljla, €CJIH OHM TOJIYYEHBl B PA3JNHYHBIX YCaoBHSAX. OGBIUHO
TpU TOHHXEHHOH TemIepaType ocaxaeHus Guaronaps MeHsbliell mo-
JIBHXXHOCTH afcopOHPOBAaHHEIX aTOMOB 06pasyioTcsi GoJjiee KPYMHbIE
3apoAbIllK, M TMO3TOMYy IIHpHHA obgacrelt [—III ywmeHblnaercs.
MoxXHO BBeCTH MOJe3HBII MapaMerp, HasbiBaeMBIH KPHTHYECKOMH
TOJIUMHONA TJIeHKH de (cM. [254]), mo mocTHXKeHHM KOTOPOH mieHKa
CTaHOBHUTCS (usudeckn cmowHoll. Ha puc. 3.36 mpusenenw 3a-
BHCHMOCTH @ OT TeMIepaTypbl OCaxK[eHHsl, yIia NajieHus Ha MOJ-
JIOXKY HCIapeHHBIX AaTOMOB W HAMpPSIKEHHOCTH 3JEKTPHYECKOTO
nosst. [Ipy M3MeHeHMH YCJIOBHE Tpollecca 3apoABILIe06Pa3OBAHUSA
BO3MOXKHBl BapHalMH KPHTHUECKOH TOJIMHBI MJIEHKH B IIHPOKHX
npenenax. Tak, HanpuMmep, KpHUTHUYecKasi TOJILIMHA MJICHOK MeIH,
OocaxkfiaeMbiX Ha CTeKJo npu Temmepartype 300 K, ymeHnbmaercs
NPUGJH3ATeNBHO ¢ 12 10 5 HM, eCau CTEK/ISIHHYIO MOMJIOXKKY Ipef-
BapHUTEJbHO TOKPHITb MOHOMOJEKYJASAPHBIM cioeM SiO.

Cpemu JApyrHX 3JIeKTPHYECKHX MapaMeTpOB IJIEHOK IMpeiCTaB-
JISleT HHTepec paboTa BHIXO4A 3J€KTPOHOB, 3HAUEHHSI KOTOPOH Gblan
M3MEepeHbl AJa pAfla MeTaJJHYeCKHX MJIeHOK (POTO3IMHCCHOHHBIM Me-
Togom. Kak npaBusio, pa6oTa Bbixofia [Jisl HEOTOXIKEHHBIX TJIEHOK
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Puc. 3.37. 3aBHCHMOCTH ONTHYECKHX MNOCTOSIH-
HbiX n U k nprn Anune Boaubnl 0,59 Mkm (a)
U Ko3bdHuluKeHTa 3anoJIHEHHS ¢ &6) NJIEHOK
cepe6pa or ux Toammuubl d [254

HM2Ke, YeM JJiss MacCHBHBIX 00pasloB
(B ciyyae MeAHBIX MJEHOK 3TO YMEHb-
meHne Moxer gocrurath 0,72 3B), u ee
3HayeHHe BO3pacTaeT MPH YCTPaHEHHH
CTPYKTYPHBIX Ae(eKTOB C IOMOIIBIO OT-
KHra.

3.4.2 Onrtnueckue cBoMcTBa

CBepXTOHKHE HECIJIOLIHbIE MeTaJlJIu-
yeckKHe IMJEHKH II0 CBOHM CBoOHcTBaM
NpHOGIMKAIOTCA K  JH3JIEKTPHKAM H
MMEIOT BBLICOKHMH NOKasaTesb IPeJOMJIEHHS 7 M HU3KHH mMOKasaTesb
norjomenuss k. TIpM yBenMYeHMH TOJIIHHBI TJE€HKH 3HAUEHHS N
NOHMKAIOTCS, a 3HaueHHs K BO3PACTAlOT. 3aBHCHMOCTH OIITH-
YeCKHX IOCTOSIHHBIX IJIEHOK cepe6pa OT HX TOJIIUHBI MOKAa3aHbl
Ha puc. 3.37. XapakTepHble OCOGEHHOCTH STHX 3aBHCHMOCTEH
MOXHO OOBACHHTD B paMKax Teopun Makceensna — 'apHerta niu
KaKo#-1n00 APYrod TEOPHH IDaHYJHPOBAHHBLIX MJeHOK. Kak BHIHO
u3 puc. 3.37, CyllecTBYeT SIBHO BBIPAXKeHHAs 3aBHCHMOCTb MEXIY
ONTHYeCKHMH IIOCTOSIHHBIMH IJIEHKH M JoJefl o6beMa, 3amloJHeH-
HOTO BeIleCTBOM IJIeHKH (Ha3blBaeMOH KO3(pGHIHEHTOM 3amoJHe-
Hus q). Ilpn ompelesneHHON KJHHe BOJHBI, 3aBHCAILENl OT pasmepa
OCTPOBKOB, H IIPH BBINOJHEHHH COOTHoweHHs R(A)>n(A) B rpa-
HyJHPOBAHHBIX IJIHKaX HabJiofaeTcss aHOMaJbHOe TMOIJIOIIEeHHE
ceera. [losiBleHHe NHMKa TMOIJIOLIEHHS M HaJHUHe COOTBETCTBYIO-
ILHX 3TOMY 3(pPeKTy MaKCUMyMOB Ha KPHUBBIX CIEKTpajbHOH 3a-
BHCHMOCTH 1 U k o6cyxkpaorcs B pabore [257]. C dusnueckoit
TOYKH 3PEHHS YacCTHUBl MeTaJia, o6pasyioline MJEHKH MOog0GHOro
THI4, MOXKHO pacCMaTpPHUBATb KaK CHCTEMY OCIHMJJIATOPOB, B KOTO-
poll mpH omNpefeseHHOH 4YacToTe HACTymaeT pe30HAHC.

OnTHueckne MOCTOSIHHBIE H, CJI€LOBATeNbHO, KO3(M(UIMEHTH OT-
paxeHusi R u nponyckanust T 3aBHCAT OT MHKPOCTPYKTYPH MJIEHOK.
Ha puc. 3.38 npuBenensl cnexrpasbHble 3apucuMoctd R u T mJe-
HOK 30JI0Ta Pa3/IMYHOH TOJIIMHBI, MOJYy4YeHHBIX NPH OZHOR H TOH XKe
TeMnepaType MOAJNOKKH, U MJIEHOK AU OXHHAKOBOH TOJILIMHHI, KO-
TOpble 0CaXAaJuCh HA MOMJOKKH C pasnuyHoil Temmepatypoil. [Tpn
TIOHHMKEHHH TeMMepaTypH OCaKICHHS pasMep 3epeH yMeHbUIaercs
M BO3pacTaeT KOHIEHTpauus AepekToB. [JOmoJHHTENbHHIA NUK MO-
[JIOeHUsT TIpU [JMHE BOJHB | MKM CBfI3aH C paccesHHeM CBeTa
Ha TPaHHLaX MeJKHX 3epeH.

3nauenuss R u T cyuieCTBEHHO H3MEHSIIOTCSI NPH HAJHYHH MO-
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Puc, 3.38. CnexTpalibHble 3aBHCHUMOCTH KO3(Q(dHIMeHTOB OTpaxKeHus R W mpo-
nyckauus T nJjeHoxk sojota [262]; a) naenkd TosmuHONH 12 HM HMelOT pasHyio
KPHCTaJJHYecKylo cTpykTypy (1, 2, 3); 6) Tommuna naeHok: / — 27,5 um, 2 —
15,0 um, 8 — 5,6 uM.

BEPXHOCTHOTO pesibeda, ONTHYECKOH aHH30TPOIMHH, HEOTHOPOLHOCTEH
coCTaBa M MPH HApYIIEHHH CTeXHOMETPHH COCTaBa IeHOK. Pacces-
HHe H3JydYeHHsl OBEPXHOCTHBIMH HEPOBHOCTSIMH TMPHBOAMT K OTHO-
CHTEJIbHOMY H3MEHEHHIO KO3 (HUIHEHTa OTPaXkKeHHSI Ha BEJHUMHY
AR/R ~ (4no/\)? (mpu Manbix 3HauyeHHsX Of/A), Tie o — CpejHe-
KBaJpaTHYHAsl HIEPOXOBATOCThL IMOBEPXHOCTH. Y IMUJIEHOK, IOJyyae-
MBIX BaKyyMHBIM HCIapeHHEeM, JIerKO JOCTHXKHMBI 3HAUeHHs
6/h ~ 1072, nosToMy yMeHbleHHe KO3IPHUIHEHTA OTPaKeHUs B JaH-
HoM cayuae Heesquko (<1 9%). Ilnenku, cocrosiime H3 3epeH

Tabauya 3.4. Hekotopble 3SMeKTpHUECKHE TNapameTpbl PasjMUHBIX MeTalJIHYeCKHX
nieHok [254, 255]

Ynenbuoe TeMnepaTypHb#t
CpefHEeKBagpaTHy- Pa6ora COTPOTHBIIE- | 1o3h HIMEHT YHedb-
Merann Hasl WepoXoBaTOCTh, | ppixopa, 5B H;’g c‘g’“ HOTO COTMpPOTHBJECHHS
. MKOM-cM npn 20 °C, K1

Al 16,9 (273 K) 4,28 2,65 0,00429

Ag 57,0 (300 K) 4,26 1,59 0,0041

Au 40,0 (293 K) 5,1 2,44 0,0034

Cu 45,0 (293 K) 4,65 1,67 0,0068

Ni 20,2 5,15 6,8 0,0069

Fe — 4.5 9,7 0,0065

W — 4,55 5,6 0,0045

Mo — 4,6 5,7 0,004

Ta — 4,25 2,5 0,001

Ti — 4,33 — —

Cr — 4.5 — 0,0025

Pt — 5,65 — —

Pd — 5,12 — —

Pb — 4,25 — —

Mg — 3,62 — —

Cd 3,94 — —
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Tabauua 3.5.A. KoadduuneHTs! OoTpaxkeHHS M NPONYCKAHHSA
MeTaJIHYECKUX TJIEHOK DAa3HOH TOJILIHHBI, NPHMEHSEMBIX B COJHEUYHBIX
3/1eMEeHTaX, NPH HECKOJbKHX 2HAUeHHsiX IJIMHEL BOMHBI

[263, 264)
Mertaaa d, HM R T R T R T
= 0,4 MKM A = 0,546 Mxm A = 0,650 MM
Al 4,0 0,125 0,65 0,33 0,51 0,38 0,42
Ha 8,0 0,52 0,36 0,60 0,24 0,63 0,18
cTeKJIe 12,0 0,70 0,19 0,74 0,12 0,75 0,09
16,0 0,79 0,11 0,81 0,07 0,82 0,05
20,0 0,84 0,05 0,85 0,03 0,85 0,02
24.0 0,88 0,03 0,88 0,02 0,87 0,01
28,0 0,90 0,019 0,89 0,01 0,88 0,008
32,0 0,91 0,011 0,90 0,005 0,89 0,004
36,0 0,91 0,006 0,90 0,004 0,90 0,003
40,0 0,92 0,004 0,91 - 0,002 0,90 0,002
50,0 0,92 0,001 0,91 <0,001 0,90 <<0,001
A = 0,545 Mxm
Cu 20,0 0,133 0,605
40,0 0,264 0,374
50,0 0,340 0,291
60,0 0,395 0,227
70,0 0,437 0,186
80,0 0,465 0,136
100,0 0,513 0,073
A = 0,545 MrM
20,0 0,209 0,445
Cr 40,0 0,369 0,244
50,0 0,421 0,200
60,0 0,475 0,160
70,0 0,509 0,132
80,0 0,544 0,097
100,0 0,614 0,053

crosn6uatoit ¢opmbl (06pa3yoOIKXCA NPH HAKJIOHHOM MaAeHHH IO-
TOKa HCIapsieMOTo BellecTBa), 06/1alal0T aHU3OTPONHLIMH CBOHCT-
BaMH. B Hux nHabuiofaeTcs cUJbHOe NOTJIOLLEHHE CBeTa, 3aBHCsllee
OT HalpaBJeHHs PACIHPOCTPaHEHUS JydeH, a TMOJOXKEHHEe MJIOCKOCTH
NOJISIPU3ALHN OMNpelessieTcss HaNpaBJeHHeM TJIaBHOH OCH 3epeH.
HeonHoponHocTsh M HeCTeXMOMETPHUHOCTb COCTaBa IIJIEHOK OKa3hl-
BAaIOT CYLIeCTBEHHOe BJHSIHME Ha ONTHYeCKHe CBOHCTBA NJIEHOK
CNJIaBOB H IIOJTYTIPOBOAHHKOB.

B ra6n. 3.4 m 3.5 cyMMHpOBaHB HEKOTOpble NOJIe3Hble JaHHbIE
06 3JEKTPHYECKHX W ONTHYECKHX CBOHCTBAX MeTAJJIHM4eCKHX Ijie-
HOK, IIpUMEHAEMbIX B COJIHEUHBIX 3JIEeMEHTaX. STH MJICHKH, KaK Ipa-
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Tabauya 3.5.5. OnTHueckHe XapakTePHCTHKH TOJCTHIX MJIEHOK
HEKOTOpHIX MeTasnoB [265—268]

Merana | A, MKM n k R A MKM n k R
Al 0,30 0,25 3,33 0,921 0,578 0,93 6,33 0,915
0,32 0,28 3,56 0,922 0,650 1,30 7,11 0,907
0,34 0,31 3,80 0,923 0,700 1,55 7,00 0,888
0,36 0,34 4,01 0,924 0,750 1,80 7,12 0,877
0,38 0,37 4,25 0,926 0,800 1,99 7,05 0,864
0,40 0,40 4,45 0,926 0,85 2,08 7,15 0,863
0,463 0,47 4,84 0,927 0,900 1,96 7,70 0,885
0,450 0,51 5,00 0,925 0,950 1,75 8,50 0,912
0,492 0,64 5,50 0,922 2,00 2,30 16,50 0,968
0,546 0,82 5,99 0,916 — — —_ —
Ag 0,301 1,34 0,964 0,163 0,549 0,06 3,586 0,982
0,311 1,13 0,616 0,806 0,582 0,05 3,850 0,987
0,320 0,81 0,392 0,553 0,617 0,06 4,152 0,986
0,331 0,17 0,829 0,669 0,660 0,05 4,483 0,990
0,342 0,14 1,142 0,784 0,705 0,04 4,838 0,993
0,354 0,10 1,419 0,875 0,756 0,03 5,242 0,995
0,368 0,07 1,657 0,928 0,821 0,04 5,727 0,995
0,381 0,05 1,864 0,956 0,892 0,04 6,312 0,996
0,397 0,05 2,07 0,962 0,984 0,04 6,992 0,996
0,413 0,05 2,275 0,968 1,088 0,04 7,795 0,997
0,430 0,04 2,462 0,977 1,216 0,09 8,828 0,995
0,451 0,04 2,657 0,980 1,394 0,13 10,100 0,994
0,471 0,05 2,869 0,978 1,611 0,15 | 11,850 0,995
0,496 0,05 3,093 0,981 1,938 0,24 14,08 0,995
0,521 0,05 3,324 0,983 — — — —
Au 0,301 1,53 1,889 0,386 0,549 0,48 2,455 0,786
0,311 1,563 1,893 0,387 0,582 0,29 2,863 0,882
0,320 1,54 1,898 0,387 0,617 0,21 3,272 0,930
0,331 1,48 1,883 0,389 0,660 0,14 3,697 0,962
0,342 1,48 1,871 0,386 0,705 0,13 4,103 0,971
0,354 1,50 1,866 0,383 0,756 0,14 4,542 0,974
0,368 1,48 1,895 0,392 0,821 0,16 5,083 0,976
0,381 1,46 1,933 0,403 0,892 0,17 5,663 0,979
0,397 1,47 1,952 0,406 0,984 0,22 6,350 0,978
0,413 1,46 1,958 0,409 1,088 0,27 7,15 0,979
0,430 1,45 1,948 0,407 1,216 0,35 8,145 0,979
0,451 1,38 1,914 0,408 1,394 0,43 9,519 0,981
0,471 1,31 1,849 0,401 1,611 0,56 | 11,21 0,982
0,496 1,04 1,833 0,446 1,938 0,92 | 13,78 0,980
0,521 0,62 2,081 0,643 —_ — — —




214 Fnaesa 3

IIpoponxenue

Metaan | A, MKM n k R A MKM n k R
Cu 0,284 1,45 1,638 0,330 0,521 1,18 2,608 0,591
0,292 1,42 1,633 0,333 0,549 1,02 2,577 0,619
0,301 1,40 1,679 0,347 0,582 0,70 2,704 0,725
0,311 1,38 1,729 0,362 0,617 0,30 3,205 0,899
0,320 1,38 1,783 0,375 0,660 0,22 3,747 0,943
0,331 1,34 1,821 0,390 0,705 0,21 4,205 0,956
0,342 1,36 1,864 0,398 0,756 0,24 4,665 0,958
0,354 1,37 1,916 0,409 0,821 0,26 5,180 0,963
0,368 1,36 1,975 0,425 0,892 0,30 5,768 0,965
0,381 1,38 2,045 0,464 0,984 0,32 6,451 0,970
0,397 1,32 2,116 0,464 1,088. 0,36 7,217 0,973
0,413 1,28 2,207 0,491 1,216 0,48 8,245 0,972
0,430 1,25 2,305 0,518 1,394 0,60 9,439 0,973
0,451 1,24 2,397 0,539 1,611 0,76 | 11,12 0,976
0,471 1,25 2,483 0,554 1,938 1,09 13,43 0,976
0,496 1,22 2,504 0,575 — — — —
Cr 0,301 1,53 2,34 0,486 0,549 3,18 3,33 0,554
0,311 1,58 2,40 0,490 0,582 3,22 3,30 0,551
0,320 1,65 2,47 0,497 0,617 3,17 3,30 0,551
0,331 1,60 2,58 0,504 0,660 3,09 3,34 0,556
0,342 1,76 2,58 0,506 0,705 3,05 3,39 0,562
0,354 1,64 2,64 0,510 0,756 3,08 3,42 0,565
0,368 1,87 2,69 0,516 0,821 3,20 3,48 0,569
0,381 1,92 2,74 0,521 0,892 3,30 3,52 0,572
0,397 2,0 2,83 0,529 0,984 3,41 3,57 0,576
0,413 2,08 2,93 0,539 1,088 3,58 3,58 0,576
0,430 2,19 3,04 0,548 1,216 3,67 3,60 0,577
0,451 2,33 3,14 0,555 1,394 3,69 3,84 0,598
0,471 2,51 3,24 0,559 1,611 3,66 4,31 0,636
0,496 2,75 3,30 0,559 1,938 3,71 5,04 0,688
0,521 2,94 3,39 0,558 — — — —_
Ni 0,301 2,02 2,18 0,417 0,549 1,92 3,61 0,643
0,311 2,01 2,18 0,417 0,582 1,96 3,80 0,662
0,320 1,93 2,19 0,423 0,617 1,99 4,02 0,682
0,331 1,84 2,22 0,433 0,660 1,99 4,26 0,706
0,342 1,78 2,26 0,445 0,705 2,06 4,50 0,721
0,354 1,74 2,32 0,460 0,756 2,13 4,73 0,735
0,368 1,70 2,40 0,478 0,821 2,26 4,97 0,744
0,381 | 1,72 2,48 | 0,492 | 0,892 | 2,40 5,23 | 0,753
0,397 1,72 2,67 0,508 0,984 2,48 5,55 0,768
0,413 1,70 2,69 0,631 1,068 2,65 5,93 0,781
0,430 1,71 2,82 0,552 1,216 2,79 6,43 0,799
0,451 1,73 2,95 0,571 1,394 2,96 7,08 0,820
0,471 1,78 3,00 0,587 1,611 3,14 7,96 0,843
0,496 1,82 3,25 0,606 1,938 3,47 9,09 0,864
0,521 1,85 3,42 0,626 - - — —
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[IpogonxeHnue

Merann | A MKM n k R A» MKM n k R

Pt 0,256 1,169 1,929 | 0,445 || 0,999 | 3,419 6,299 | 0,769
0,444 1,939 | 3,159 | 0,583 1,969 | 5,919 9,799 | 0,835
0,588 | 2,629 | 3,539 | 0,590 3,289 7,499 (12,199 | 0,864
0,667 | 2,909 | 3,659 | 0,594 4,649 | 10,899 | 15,499 | 0,885

Pd 0,292 1,179 | 2,229 | 0,514 | 0,704 1,859 | 4,649 | 0,750
0,310 1,209 | 2,349 | 0,534 {| 0,756 1,949 | 4,889 | 0,760
0,354 1,229 | 2,649 | 0,589 | 0,821 2,069 | 5,189 | 0,773
0,381 1,269 | 2,829 | 0,615 || 0,892 | 2,229 | 5,499 | 0,780
0,431 1,329 | 3,029 | 0,635 || 0,984 | 2,339 | 5,889 | 0,795
0,450 1,409 | 3,259 | 0,656 1,087 | 2,519 | 6,329 | 0,807
0,496 1,519 | 3,639 | 0,678 1,215 | 2,659 | 6,899 | 0,825
0,548 1,639 | 3,839 | 0,697 1,393 | 2,799 | 7,649 | 0,846
0,616 1,749 | 4,209 | 0,723 1,610 | 3,009 | 8,589 | 0,866
0,659 1,799 | 4,419 | 0,737 1,937 | 3,339 | 9,889 | 0.885

BUJIO, UMEIOT MOJHUKDPUCTAMNINIECKYIO CTPYKTYPY C PasMepoM 3epeH,
H3MEHSIOLHMCSl NIPH THIHYHBIX YCJIOBHUSIX OCaXKIeHHS NPHMEpPHO OT
10 M (B martepuasax ¢ BBICOKOM TeMIlepaTypoil mJaBjeHHs1) OO
500 uM (B GsaropodHBIX MeTasJax W MaTepuajax ¢ Gosee HU3KOH
TeMIepaTypoll miaBieHusi). BausHue pasMepa 3epeH cKasbiBaercs
He TOJbKO Ha 3JIEKTPHYECKHX U ONTHYECKHUX CBOICTBAX NJEHOK, HO
B 3HAYUTEJbHON Mepe W Ha B3aUMHOH IUGMPY3UH aTOMOB COCEIHUX
CJI0eB, NOCKOJbKY B 06JilacTH TpaHui 3epeH AudPy3HOHHBIE NpPO-
Lecchl NpOTeKalT HauGojee UHTEHCHBHO.

3.5 [usneKkTpuueckue nNNeHKH

Ilpn W3roToBJEHUHM COJNHEUHBIX 3JEMEHTOB JHIJIEKTPUUECKHE
MJIeHKH TNPUMEHSIOTCS AJsi CO3MAaHUST 3JEKTPOH3OJSIHOHHEIX H TPO-
MeXXYTOUHBIX CJIOEB MEXIY MeTaJJaMu H MOJNYNpPOBOAHHKAMH; KpOMe
TOTO, OHH HCIIOJb3YIOTCS B KauecTBe MACCUBHUPYIOIUHX H IPOCBET-
JSAIOIMX NOKPHTHA. B cienyiomux pasmenax KpaTko paccMOTPEHH
CBOHCTBA HECKOJbKHX BHIOB IH3JIEKTPHUECKUX ILJIEHOK, BJIHSIOLIHE
Ha XapaKTepUCTHKH 3JeMeHTOB, a B Tabs. 3.6 mpuBeneHB HEKOTO-
pble 3JIeKTPUUECKHEe M OITHYeCKHe MapaMeTphbl 3THX IJeHOK. Dosee
IeTaJbHO 3TH BOIPOCH PAacCMOTPeHbI B Jurepartype [254, 255].

3.5.1 dneKTpoHHbIE CBOMCTBA

Hcxons us o6mux coobpaKeHHH, MHOTHE CUHTAIOT, YTO MOKHO
HOJIYYHUTb COBEpLIEHHBIE MO CTPYKTYpe [IH3JEKTPHUYECKHe ILJIEHKH,
6/M3KHEe IO TOJILIMHE K MOHOMOJIEKYJ/SIDHBIM CJIOSIM M COXPaHSIO-
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Ta6auya 3.6. dneKTpHYeCKHe H ONTHYECKHE MapaMeTphbl JHIJEKTPHUECKHX IJIEHOK,
NPUMEHSIEMBIX B TOHKOMJIEHOYHBIX COJIHEYHBIX 3J1eMeHTax

IMokasartesb InpuHa 3anpenieH- A usseKTpH- OHepras
Menn | penouaeuna | o som B | RGLI | SHATIE ¢,
SiO, 1,44 (1,6) ~12 4 1,00
Sio 1,7 (6,0) — 6 —
SigNy 2,05 4 (xpucran- 9 -—
JIHUEeCKHIT)

5 (aMopdHBbIii) — —
Ta,04 2,2 (0,59) 4,3 25 4,4
TiO, 2,2...2,7(0,55) 3 30 40 4,3
ZnS 2,2 (2,0) 3,7 10 3,9
MgF, 1,37 (0,59) — 5,5 —
Nb,O, — 3,3 39 4,56
Cu,0 — 2,0 12 —
Sby0s — 4,20 — 4,22
Cr,03 — 1,4 . 12 4,98
MgO 1,77 (0,36) 7,3 9,65 1,72

1) B cko6Kkax yKasau: 3HaueHHS AJMHH BOJHE B MHKDOMETDaX.

live AH3JEeKTPUYeCKHe M ONTHUECKHe CBOHCTBA COOTBETCTBYIOLIHX
MACCHBHBIX MaTepHaJoB. B mojib3y 3TOTO BHIBOAA TOBOPAT DPe3yib-
TATbl HEKOTOPHIX EJMHUYHBIX HM3MepeHHH XapaKTepUCTHK IIeHOK
cTeapara KaAMHs TOJIIHHOH 2,46 MM, HAHECEHHBIX HAa CKOJIBI MOHO-
kpuctannoB BigTe;Ss. CBepxToHKHe [AHMIJNEKTPHUECKHE IMJIEHKH,
ocaxk/aeMble M3 NapoBo# (aswl, NpHOGPETAIOT CIJIOLIHOCTh TOJIBKO
NpH ONpelesNeHHOA TOJIIMHE, 3aBHCslledl OT YCJ0BHA 06pasoBaHus
M pocTa 3apojHlIel, KOTOpasi B ciaydae CO3LAHHSA aMOP(HHIX Ije-
HOK MOXKET COCTaBJIATb BCEr0 HECKOJBbKO JAeCSATHX J0Jiell HaHOMeTpa.
JnsseKTpHyeckne U ONTHYECKHE CBOMCTBA HECIJIOLIHBIX I'PAaHYJHPO-
BAHHBIX IJIEHOK 3aBUCAT OT KO3(uineHTa 3amnoJjHEeHUs IJIeHKH Be-
IeCTBOM M OT XaPaKTEPHUCTHK 3TOTO BellecTBAa B MAaCCHBHHIX 006pas-
nax.

[Tosarator, uto cpengHsisi AJuHa cBOGOAHOrO mpobera HOCUTeseH
3apsila W CBOMCTBA MNOBEPXHOCTHBIX COCTOSIHMH He BJHSIOT Ha IH-
3JIEKTPHUYECKHEe NMapaMeTphl MJIEHOK. ¥ CTAaHOBJIEHO, 4YTO MO 3JeKTDH-
4eCKO!l MPOYHOCTH TOHKHE NJIGHKH OKCHAOB He YCTYNAIT MaCCHBHBIM
o6pasnam. Ecam peanumsyercsi JaBUHHBIH MexaHHU3M IIpo6os, TO
MOZKHO OXHJIaTh, YTO HATPSKEHHOCTb IMOJIsl, BEI3bIBAIOILEro npo6oi,
OyAeT yBeJUUYUBATHCS NPH YMEHbLUICHHM TOJIUHHE IUVIEHKH, KOrha
TOJIIMHA MJIEHKH He MPEeBOCXOAUT CpefiHell AJHHB CBOGOJHOrO Mpo-
Gera 3JIeKTPOHOB, 06pasyioOlluXx TOK mnpo6os. [aa 6GoJabIIMHCTBA
MaTepHanoB 3TOT 3¢ derr HabawLaeTca NPH TOJIINHE IJEHKH Me-
Hee 2 M. OIHAKO B HEKOTOPHIX IJIEHOUHBIX MaTepHalaX 3aBHCH-
MOCTb 3JIEKTPHUUECKOH MPOYHOCTH OT TOJIIMHBI IJIEHKH OOHAPYKH-
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Puc. 3.39. CnekTpajbHble 3aBHCHMOCTH [OKasartejell NpeJOMJeHHsS NJEHOK
Al;04, OcaxeHHBIX METOJOM BAKYYMHOTO HCIapPeHHs] Ha MOAJOXKKH € TeMmepa-
Typoit 40 1 300 °C (a), u anonno#t naenku Ta,Os (6) [254].

Baercs NP 3HAYUTENbHO OOJMBIIMX TOJIIMHAX, YTO, NO-BHAMMOMY,
CBSI3aHO C OCOOEHHOCTSIMH MX MHKPOCTPYKTYDHI.

Toscrele (pUsHuecKH CIJOLIHBIE NJIEHKH KaK C MOHOKpPHCTaJJIH-
4eCcKOH, TakK U aMOpPQHOH CTPYKTYpOH (OKCHAHBIE IJEHKH B CBOEM
OOJILILIMHCTBE SIBJASIIOTCS HMEHHO aMOpPGhHBIMH) M MAacCCHBHBEIE 00-
pasibl COOTBETCTBYIOLINX MaTepHasjioB HMeIOT NPUMEPHO OAHMHAKO-
Bble JHM3JIEKTPHUECKHe CBOHCTBAa. XapaKTepHble OCOOEHHOCTH TMJIe-
HOK, TaKue, KaK HaJHyhe CKBO3HBIX NOP, HEOLHOPOAHOCTb TOJILHUHBI,
HECTEXHOMETPHUYHOCTL W HEOLHOPOAHOCTb COCTaBa, AHU3OTPOIHSA
CBOHCTB, a TaKXe CYLIeCTBOBAaHHE JIOBYIIEYHHIX YPOBHEH, CBf3aH-
HBEIX CO CTPYKTYDHBIMH He(heKTaMH, BAUSIOT Ha UX AHU3JEKTPUYeCKHe
CBOHCTBA ¥ NpOIECC MepeHoca 3JeKTPOHOB. Bce yKasaHHBEIE OTKJO-
HEeHHs NapaMeTpOB IJIEHOK OT HJeaJbHbIX, CBOACTBEHHBIE MHOTO-
KOMIIOHEHTHBIM JIH3JIEKTPHUECKHM IUIEHKAM, ONpeNessioTcs YCJIo-
BHSIMH MX OcaxKJIeHus. B uactHocTH, Npu nosayueHuu miaeHoK SiOy
BaKyyMHBIM HCIIADEHHEM IlapaMeTp X MOXKeT H3MeHATbC oT 1 1o
2 [260]. TTnenkn SiOy, ocaxkpaemble U3 napoBo#l ¢asbl Kak (u3u-
YEeCKHMH, TaK M XMMHUECKHUMH METOLAMH, Bcerna HeoZHOPOIHBI IO
COCTaBy, a B HEKOTOPHIX cjaydasix OHH cofepxkar cMmecb Si ¢ SiO.
AHanu3 cocTaBa IJIEHOK, OCYLIECTBJSIEMBIl DPA3JIHYHBIMH METONAMH,
MOKa3bBaeT, YTO CJOH HEeCTEeXHOMETPHUEeCKOro cocraBa, o6pasylo-
muics Ha rpaHule pasfena BelpaumuBaeMoit mimenku SiOp n mox-
JOXKH U3 Si, UMeeT TOJIUIMUHY OT HECKOJbKHX MOHOMOJIEKYJSIPHBIX
cnoeB mo 1,2...1,3 um. JIusnexTpHueckast IPOHUILAEMOCTb H OMNTHYE-
CKHe IIOCTOSIHHble HEOJHOPOAHBIX II0 COCTABY IJIEHOK CYILECTBEHHO
OTJIMYAIOTCS OT COOTBETCTBYIOIHX NapaMeTPOB MacCCHUBHHBIX 06pas-
LOB M 3aBHCSIT OT TEMIIEPATypHl M MeToLa ocaxpaenus. [Toarsepx-
IeHHEM 3TOMY CJy¥KaT NpUBeleHHBle Ha puc. 3.39 cmekTpajbHbE
3aBUCHMOCTH NOKa3zaTes npejsoMseHus miaeHok AlyOz, mosyueHHBIX
BAKYYMHBIM HCIapeHHeM, H aHOAHOH mieHKH TasOs.

ITop BAMSIHMEM CTPYKTYPHBIX HECOBEPIIEHCTB M MeXaHHYECKUX
HanpsiKeHUH AHMIJIEKTpHUeCKHe MOTepH B IJIEHKAX YBEJHUYHUBAIOTCS
IO CpaBHEHHIO C MOTEPSIMH B MAaCCUBHHIX o6pasuax. Bcienctsue
3TOr0 IJIEHKH HMeIT O6oJjiee BHICOKHH TeMIlepaTypHHH KoaddHuuu-
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T,°C eHT JM3JeKTPHYeCKOH NPOHHILAEMOCTH,
o7 30,500 =50 -100  -140 o, = (dlng/dT), koTopHii ¢ MOMOIIBIO
NpuGIHKeHHOro ypaBHeHHst [eiiBepa
MOKeT OBITb NMpeACTaBJeH B BHIe

o g =Atgd—a, (14-¢).

3pecs A — mocTosiHHAs — BEJHUYHHA,
tgd — raHreHc yrsia AM3JeKTPHUECKHX
noTepb M or — KO3(pHIMEHT JHHeH-
—=0000006 0080000 HOT'O TEMJIOBOT'O paclIHpeHHUs.

I~ HaJsuuue CKBO3HBIX TOp U JIOBY-
LIeYHBIX YPOBHEH, a TaKXKe HEOJHO-
POJHOCTb COCTaBa OKAa3HIBAIOT CHJIb-
3 HOe BO3JleHCTBHEe Ha I[pouecc mnepe-

168/7(T, K) HOCA 3JIEKTPOHOB B TOHKHX JH3JIEK-
TpHUeCKHX M/IeHKaX. HecmoTps Ha ak-
Puc. 3.40. TemnmeparypHas 3a-  TppHble HCCJAEJOBAHHA B J2HHOH 06-
preiocts ToK, MSXOINETO  nacry (254, 256], sonpoc 0 mpeoGa-
SigN,—Si npu wanpamennocrn AAIOIIEM MeXaHH3Me TEPEHOCA 3JIeK-
sJeKTpHueckoro moas 5,3-108 TPOHOB B 3THX IJIeHKaX JCG CHX NOp
B/em [261]. 7,—moK, 06ycloB-  ocraeTcsi HepelIeHHBIM. BLICKa3aHbI
gf{*e‘fl’;’,” fﬁ‘fi“y:"ﬁggf{‘;;?gg NPEAMOJOKEHH O CYIEeCTBOBAHHH
I — oMHuecKHi ToK. pPa3IMYHBIX MEXaHH3MOB TIepeHoca,
IpUYeM OTHEJbHble M3 HHUX (HJIH HX
COYeTaHHUs1) HAOGIIOJANUCh PASHBIMH aBTOPAMH B ILJIEHKAX HEOTH-
HakoBoro cocraBa. Puc. 3.40 HAJIOCTpUpYET HaJH4YMe HECKOJbKHX
MeXaHHU3MOB NepeHoca 3JeKTPOHOB B mieHKax SizNy.

OcHoBHBIE pe3y/bTaThl MHOTOUHC/IEHHBIX HCCAELOBAHUA THIJIEKT-
pPMYECKHX INJIEHOK TOJUINHOH MeHee 10 HM B 3JIeKTPUUECKOM MOJIE,
£03[1aBaeMOM MEXJAY MeTaJJHUYeCKHMH 3JeKTPOJLaMH, OXBAThIBAIO-
WIMMH MJICHKY, MOTYT OBITh NMpeNCTaBJeHbl B BHIE CAEAYIONIHX BBIBO-
JIOB.

1. Tun npeo6yajgaoliero MexaHu3Ma MPOBOLMMOCTH 3aBHCHT OT
HANPSXKEHHOCTH MOJIS M TeMmmepaType. B CBepXTOHKHX mMJEHKax
(TommuuHOA <{3 HM), KaK MpaBHJIO, HAKGOJee BAXKHYIO POJIb HTPAET
NpOLEecC TYHHEJHPOBAHHUSI HOCHUTENeH.

2. KonnuecTBeHHOE COMOCTABJIEHHE YKCMEPHMEHTAJbHBIX AAHHBIX
C TEOPeTHUCCKHMMH De3yJbTaTaMH BO3MOXKHO TOJBKO INPH MOAG0pe
COOTBETCTBYIOLIUX 3HAU€HUI BBICOTHI MOTEHIHAJLHOrO Gapbepa HJH
TOJILHMHBl MJEHKH (HWan 060MX mapaMeTpoB oxHOBpeMeHHo). K or-
JUYUTEJbHBIM XaPaKTePHCTHKAM KaxJA0H KOHKPETHOH MJIEHKH OTHO-
cATcsA: BblcoTa U ¢opma Gapbepa, SHeprusi CpPOACTBA K 3JIEKTPOHY,
CTeleHb HEOJHOPOJAHOCTH IJIEHKH MO TOJL[HHE, TJOTHOCTh CKBO3-
HBIX TIOp, AHM3JEKTpHUecKas NMPOHHUI[aeMOCTb, BO3MOKHOCTb NHDY-
3HH HA TPaHHUIe pa3flesia IJIEHKU C MOAJOXKKOM, a TaKXKe mapaMerphl
HOBEPXHOCTHLIX H MPUMECHBIX YPOBHEH.

107°-

I,A

10—10_

10-11
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O6pasoBande B MJEHKaX CKBO3HBIX TOP SBJSAETCA CJEACTBHEM
CTATHCTHYECKOrO, BEPOSITHOCTHOIO XapaKTepa Ipolecca 0CaxIeHHs
M3 NapoBO¥ (asbl M HAJMUHS YACTHI NLIM B aTMOchepe, OKpyKalo-
e pacryulywo miaeHky. [TnorHocTe mop pasmepom MeHee 1 MKM
MOXHO YMEHbIIHTb A0 3HAueHHss ~ 103 c¢cM~2, 4TOo He 06s3aTENbHO
NPHUBEAET K CYLIECTBEHHOMY H3MEHEHHIO TYHHeJbHOTO TOKa.

B HeOMHOPOAHBIX IO TOJIIHHE MJEHKAX BO3MOXKHBI 3HAUMTENb-
Hble POCTPAHCTBEHHbIE BAPHALNH TYHHEJbHOTO TOKAa, KOTOPBIH CBsi-
3aH C TOJIMHON IJIEHKH SKCIMOHEHIHAJbHOH 3aBHcHMOCThIO. Ilpu
OCaxKJIeHHH aMOP(GHHX MJIEHOK pas3époc HX TOJLIMHBL MO MJIOLIALH
(anu mepoxoBaTOCTb) ompenesseMbli 3akonoM Ilyaccouna, mpo-
nopuuonasnen yd (d— roauiuHa niaeHku). Pa3bpoc sHaueHud TOJ-
IIMHB TJIEHKH, COCTOSIefl M3 KPYNHBIX ODHEHTHPOBAHHBIX 3epeH,
BEpOsIiTHO, OyAeT HaMHOro 6oJiee CyUIeCTBEHHBIM.

MHOXeCTBO CTPYKTYDHBIX [e(heKTOB, COAepKaIUHXCS B MHKDO-
MONIUKPHCTAJIMUECKUX W aMOpP(HBIX JH3JEKTPHYECKHX TMJIEeHKaX,
a TaKXXe HecTeXMOMeTPHUHOCTb H HEOLHOPONHOCTb HX cocraBa o0yc-
JIOBJIMBAIOT BBICOKYIO KOHIEHTPALUIO JIOBYLIEK, pacrnpefeseHHBIX
B 3ampelleHHOi 30He (KOTOpas y MaTepHasioB TAaKOTO THIA HUMEeT
Goabiuyio mupuny). KomuuecTBo uccieflOBaHUH, TTOCBAIIEHHBIX H3Y-
YEHHIO 3TUX SIBJEHHH, HEBEJHKO, ONHAKO 3HAUYEHHsT KOHLEHTPalHH
noBymek or 10 mo 102° cM—® MOXKHO CUMTAThb YCTAHOBJIEHHBIMH
JOCTATOYHO HAMEXKHO, 4 HX Yy4eT I03BOJIsseT OODBIACHHTb pe3Koe
yMeHbIIeHHe MJIOTHOCTH TYHHEJbHOIO TOKA.

IToBepXHOCTHEIE COCTOSIHHSI CIIOCOGCTBYIOT HAKOIUIEHHIO 3apsiia
H HrpaioT pOJb PEKOMOHHAUMOHHBIX LEHTPOB; KpOMe TOrO, MPH HX
y4acTHH TPOUCXOAHUT TYHHeJHpOBaHHMe HocHTeneH. Hakowmemn, cie-
AYeT OTMETHTb, YTO MPH DPACCMOTPEHMH Tpoliecca MepeHoca rops-
YHX 3JIEKTPOHOB B TOHKOM IH3JIEKTPHUECKOM CJiOe HeOoO6XOAHMO
VUHTBIBATh MOTEPH 3HEPrHM, CBSI3aHHBIE C reHepauueHd ONTHYECKHX
¢dounonoB (cM. [254]). BeaencrBue storo sddexra 3HaYHTENBHO YCH-
JINBAETCS 3JIeKTPOH-3JIEKTPOHHOE paccesHue.

3.5.2 OnTtuueckue ceoMcTBa

Kak pusnexkTpuueckne CBOHCTBA, TAK M ONTHUECKHE MOCTOSHHBIE
JIN3JEKTPHUECKUX MJICHOK 3aBHCAT OT OCOGEHHOCTel HX MHKDOCTPYK-
typel (cM. puc. 3.39). ITockoMbKYy MHKPOMOJHKPHCTAJNIHUECKHE
IJIEHKH H COOTBETCTBYIOIINE MacCHBHble 06paslbl UMEIOT OAMHAKO-
BBl OJMKHUA TOPSILOK CTPYKTYPHl, OHM HE OTJIMYAIOTCA M MO IIH-
prHe 3anpeuieHHOH 30HH. OJHAKO H3-3a HAJMUHSA B MJIEHKAX CTPYK-
TYPHBIX He(heKTOB 1 MeXaHHUECKHX HaMpsixKEeHUH Kpas UX dHepreTH-
YeCKHX 30H MOTYT OBITb Pa3MBITHI.
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COJIHEYHbBIE 3JIEMEHTbI HA OCHOBE
CYJIbOUOA MEIM

4.1 Bsepenue

Cynbpun mexn CusS obnanaer upesBbluaifiHO 6/1aTONPHUSTHBIMH
CBOACTBAMH, IO3BOJISIOIIMMH HCIOJb30BATh €ro B (POTO3JEKTpHUE-
CKHX npeoGpas3oBaTessix SHEPruu, mpuueM HaubGosee YIAYHBIMU $IB-
Jsitotest ero coueraHus ¢ CdS n ZnCdS. Tlpupopnble 3amace Xu-
MHUYECKHX 3JIeMeHTOB, BXoAdAumuX B cocraB CusS u CdS, nosoabno
BeJIMKH, NIO3TOMY HEYIUBHUTEJBHO, YTO CPeAH PA3JHUHBIX THIOB TOH-
KOIVIEHOUHBIX (POTO3JIEKTPHYECKHX NMpeobpasoBaTesedl HanboJee LIH-
POKO HCCJEeJOBAHbI COJNHEYHbIE 3JEMEHTH C TeTePONepexoioM
CuyS — CdS [1—5]. PesyabratoM mnpoBefeHHBIX Pa3paboTOK SIBU-
JIOCb CO3/laHHE TOHKOMJIEHOYHHIX COJIHEYHHIX 3JIEMEHTOB CO CTPYKTY-
poii CusS — CdS, umeromux KITM 9,15 % [6], u snemenToB Ha Oc-
HoBe CuyS—ZnCdS ¢ KIIA 10,2 % [7]. Teoperuueckuii aHasus
MoKasaJl, yTo AJIl TOHKOIJIEHOYHHBIX (POTO3JEKTPUUECKUX Mpeobpaso-
Bareseft tuna CueS — CdS u CuyS —ZnCdS peanbHO HOCTHARKHUMBEL
suauenus KIT 11 % u 14...15 % coorBerctBenno [8, 9].

ITepBble cooGlieHNsT O COMHEUHBIX 3jeMeHTax Ha ocHoBe CupS —
CdS nosiBuaich Goslee uerBepTH Beka Hasan. B 1954 r. Peiinonbac
u 1ap. [10] mocine mpoBelenuss TepMoOGPAGOTKH METHBIX KOHTAKTOB
K CdS BnepBbie 06HADYXHU/IKM B AaHHOH CTPyKType oToadderr mpu
3Heprusix (POTOHOB, MEHbUINX LUIMPUHBI 3ampelieHHol 3oubl CdS. Ha
HayaJbHOM 3Tame M3YyueHHe COJHEYHHIX 3JEeMEHTOB Ha OCHOBE
CuyS — CdS ocyurectBisiocs HecaeL0BaTENbCKUMH TPyInaMu Gupm
Harshaw, Clevite, ARL, RCA u Craudopackoro yHuBepcuTeTa
(CIIA), a rakxe ¢upm SAT (@paunmus), AEG — Telefunken
(®PT) u IRD (BenukoGpurauus). Ha stom srtame 6uu1 paspaGo-
‘TaH PSIJL METOJOB H3TOTOBJIEHHSI TOHKOIJIEHOUYHBIX COJIHEUHBIX 3JIe-
MEHTOB, a4 YpOBEeHb TEXHOJOTHH, HNOCTUTHYTHII K KOHHY 60-x —
Hauaay 70-x rojoB, o6ecneyus MOJIy4eHHE 3JEMEHTOB MaJof IMJIO-
magn ¢ KIIA ~7 % npu HU3KOH BOCIPOM3BOJMMOCTH MX Xapak-
TepucTHK. Tunuunbe 3HaueHusi KI1J[ KpymHBIX COJHEUHBIX 3JeMeH-
-ToB cocTaBasin 3...4 %. B xole wucciefoBaHUE BO3HMKIO He-
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CKOJIbKO TNpO6JieM, CBSI3aHHBIX C TPOLECCOM H3rOTOBJAEHHS H
IKCITyaTalyell CONHEUHBIX 3JeMEeHTOB, KOTOPHE B TO BpeMs PELINTh
He yaaBajoch. K uX uHCJy OTHOCHJMCH HeOOPATHMOE YXYALIEeHHE Bbl-
XOJHBIX NapaMeTPOB 3JEeMEHTOB, HH3KOE HANPSKEHHE XO0JOCTOTO
XO[la, HEBOCIIPOM3BOAMMOCTL cocTaBa cjiosg CusS u OTCYTCTBUE Ha-
JeXHOH repMeru3anyu. PaspaboTKH MpPOBOAMJIHCL B OCHOBHOM Ha
SMIOMPHYECKOU OCHOBE NPHU HELOCTATOYHO I'y6OKOM NMOHMMAaHHH NPO-
I[eCCOB, NMPOMCXOASLINX B COJHEUHHX 3JeMeHTaX. TakuM 06pasom,
JAaHHBIA 3Tall XapaKTepHU3yeTcsl HEBBICOKHM YPOBHEM KaK TEOpeTH-
YECKHX MCCAeNOBAaHMM, TaK M INPAKTUYECKUX PE3yJbTaTOB.

B 70-e rogsl paboThl MO CO3LAHHIO TOHKOMJIEHOUHBIX 3JIEMEHTOB
co crpykrypoit CuyS — CdS BHMoMHAMNCH TJIABHBIM 06pa3oM B YHH-
Bepcutete wt. Jenasap, ryrrraprckom n CrandopickoM yHuBep-
curerax, B Jabopartopusix Photon Power (CIHA), CNRS (®pan-
uus) u Ja6opaTOpHM TOHKMX mJeHOK Munufickoro TtexHoJsorunye-
ckoro uHcrutyra (r. Heau). HoBwlifi sTanm uccaepnoBaHu#i oTMeueH
CO37aHHeM BHCOKO3((EKTHBHBIX COJIHEUHBIX 3JIEMEHTOB, H3IOTOB-
JeHueM MOJyJe# u maHesel 37eMeHTOB, pa3paboTKON Meroxa OCaxK-
JleHHs TJIEHOK MOCPEACTBOM IMYJbBEPH3AIHH PacTBOpA C MOCJIERYIo-
IIUM NHPOJIH30M, 3HAYUTEJbHLIM INOBBILICHUEM CTAGUJIBHOCTH 3Je-
MEHTOB H JOCTHXKEHHEM BOCIIPOU3BOJMMOCTH HX XapPaKTePHCTHK.
B pesysnbraTte nmpoBeNeHHBIX HCCAEAOBAHHE U pa3paGoOTOK GBLIM MO-
JUGUIHPOBAHB H YCOBEPIIEHCTBOBAHBI paHee NPUMEHSBIIHECS Me-
TOJAbl H3TOTOBJIEHUS, 4 TAKKe MOBLILIEHO KaYeCTBO HCIOJNb3yEeMBbIX
MaTepHaJoB. JMIHPHYECKHE NOUCKH INyTeHl YCOBEpILIEHCTBOBAHHS
TEXHOJIOTHYEeCKHX IPOIECCOB YCTYINMJIH MecTO OoJiee IeJieHANpaB-
JIEHHBIM M COTJIACOBAHHBIM [eHCTBHSIM, OCHOBAHHBIM Ha GOJbIIOM
KOJINYeCTBe TEOPETHUECKUX HCCAEIOBAHMH 3JeMEeHTOB, BKJIIOUAIOIIHNX
aHaJ M3 NPHYMH MX BHIXOAA M3 CTPOf, 4 TaKxKe BHIIBJEHHE U YCTpa-
HeHHe HCTOYHHMKOB IOTEePb M3JYUYeHHSI W HOCHTesell 3apspa. ycra-
HOBJICHO, UTO reHepauus (GoTOTOKA MPOUCXOAUT B OCHOBHOM B CJIOE
CugS, u mocse npH3HAHUS BaXKHOH POJIM 3TOrO CJOS COJNHEUHBIE 3JIe-
MEHTH TAaKOro THUIMA, MU3BECTHHE MOJ HA3BAHMEM 3JIeMEHTOB Ha OC-
HoBe CdS, 6blIO MpensoKeHO NmepeMMeHOBATh B 3JEMEeHTH Ha Oc-
nHoBe CupS. Jlnist 06bsicHeHHsT 0COOEHHOCTEH XapaKTepHCTHK COJIHEY-
HBIX 3JIeMEHTOB pPa3paboTaHO HECKOJNbKO TEOPETHUECKHX Mojeseil,
6a3upyloluXCs Ha JAaHHBIX O (PU3MUECKHX, FJIEKTPOHHBIX H OMNTO-
3JIeKTPOHHBIX CBOHCTBAX 3J€MEHTOB.

Cosineunnie snemeHTs c rereponepexonoM CusS — CdS mnpusie-
KaloT BHMMaHHe 06Jiarofaps peasbHOH BO3MOXKHOCTH HX ILIHPOKOTO
TpHMEHEeHHs B KauecTBe Ha3eMHBIX (POTO3JEKTPHUECKHX Mpeobpaso-
BaTejied 3HEPrMH; KPOMe TOTO, H3y4deHHe CBOMCTB TeTeporepexoia
NpeNCTaB/seT 3HAuYNTeJbHBLIH HaydHbll HHTepec. B crpykType
CusS — CdS mnabmonaercst psf 30(PeKTOB u sBJIeHMil, KOTOpHle
XapakTepHHl A HeHAeaJbHbIX FeTEPOIEPEXO0B U BH3BAHHE HECOOT-
BETCTBHEM MapaMeTPOB KPHCTAJINYECKHX PELICTOK U SHEPruil cpoi-
CTBa K 3JICKTPOHY YKa3aHHBIX MAaTEPHAaJIOB, HAJIHUYHEM TIYBOKUX JO-
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BYILICUHBIX YPOBHEH, a TaKXkKe CYIeCTBOBaHUeM 3aBUCHMOCTH HANps-
JKEHHOCTH 3JIEKTPHYECKOro MOJISl B Mepexofie OT HANDSKEHHS CMe-
HIeHHS W AJIMHBL BOJIHBL INajaiollero ceera. [103TOMY COJIHeUHBE
s7eMeHTH co cTpykTypoit Cuy,S — CdS MoxHO paccMaTpuBaTh Kak
YAOOGHBI OOBEKT AJS HCCJAELOBAHUS SIBJEHMEH, MPOUCXOMASIIUX B re-
Teponepexofax. JleficTBUTeNbHO, OCHOBHAs 4acTh COBPEMEHHBIX Ha-
VUYHBIX NPEACTABJEHHH O TOHKOIJIEHOUHBIX (POTO3/JEKTPUUECKHUX IIPH-
6opax ¢ rereponepexofioM OCHOBaHA Ha TeX 3HAHHAX, KOTOpble Ha-
KOIUIGHBl NpH H3Y4eHHH 3JeMeHTOB co crpykrypoir CusS — CdS.
Eme ofHa 0COGEHHOCTb 3THUX COJIHEUHBIX 3JIEMEHTOB COCTOHMT B TOM,
4TO OHH SIBJISIOTCS, NO-BUANMOMY, €IHHCTBEHHLIM THIIOM cboroaneKT-
pHdeckux npeob6pasoBaTenell, KOTOpble B TOHKOMJEHOUHOM HCIIOJIHE-
Hun obaanaior Gosmee Buicokum KITJL (9...10 %), uem aunasornu-
HBEle MOHOKpHCTaNjiHueckye sjeMentol (7...8 %) [9].

PesysbraTel ncciefoBaHUH COJNHEUHBIX 3JIEMEHTOB CO CTPYKTY-
poit Cu,S — CdS, mpoBopuBIINXCS B TeueHHe MHOTHX JIeT, OTpa-
XKeHbl B 60JIBIIOM KOJHUecTBe MyOJuKanmui U HeNaBHO MpeNCTaB-
JIEHbl PSIIOM aBTOPOB B BuAe 00630poB [2—4]. [l1s o3HaKOMJeHHS
c HanboJiee paHHUMHU pas3paboTKamMu B 3TOH OGJACTH MOXKHO PEKO-
MeH0BaTh 0630p CTaHMH [2], B KOTOPHIN BKJIIOUEHBI BCE JUTEPATYP-
Hble JaHHble, onyOankoBaHHBe N0 1975 r. OpHako 3HAuMTesNbHAS
4acTb WHQOPMAINM, OTHOCHLIEHCS K 3TOMYy IMepHOLY, ycrapena, H
e¢ HeoOXOAMMO [IONOJHUTh HOBEIMM CBEJEHHSIMH, IIOJYYE€HHHMH
B XOJ€ AKTHBHBIX HCCJEJOBAaHUHA HA TMPOTSKEHHH MOCTETHUX He-
CKOJIbKHX JieT. B 31O riaBe 6yAyT oOCYyXKAaThCsi TOJNBKO HanboJsee
COBpEMeHHHE [IaHHBIE O COCTOSIHMM pPa3paboTOK TOHKOMJIEHOYHBIX
COJTHEYHBIX 3JIeMEHTOB co cTpykTypoit CupS — CdS.

4.2 MeToAbl U3roTOBNEHUS

ToHKONMIEHOUHBIE COJIHEYHBle 3j1eMeHTH Ha ocHOBe CusS — CdS
1 CupS — Zn,xCdi—S B HacTosilllee BpeMsi H3TOTOBJSIOT PA3JUIHBIMH
MeTOLaMH, B TOM YHCJE HCHApEHHEM B COYETAHUH C OKYHAHHEM
[6, 8, 11—13], ucnapeHneM B COYeTaHHM C peaKied 3aMelIeHHS
B TBepHo#t hase [14—22], uckmouurtenbHo ucnapenuem [23], nyabBe-
pusanueii ¢ NOCAEAYIOIIHM INHPOJM30M B COYETAHHH C OKYHAHHEM
[19, 24—29], Tonpko myJbBepu3anueil ¢ MOCAEAYIOIUM NHPOJH3OM
[30], MOHHBIM pacHblIeHHEM B COYETAHHM C peakied 3amelleHHsi
(Mpu TpOBefeHMH MOKPOTO HJIM CYXOrO XHMHUECKOTO Tpomuecca)
[31—34], mocnenoBaTeNbHBIM OCAXKJEHHEM CJOEB C MOMOIIBIO HOH-
Horo pacnbuienus [31, 33], mocpencTBoM TpadapeTHOH meuaTu B CO-
YeTAHUH C XMMHYECKMM OcaxkIeHneM M3 pactsopa [35], ¢ moMoribio
aJekTpodope3a B coueTaHHH JAuGO C peakiuedl 3aMmelleHus (mpu
NpPOBeJeHNH MOKDOTO WJM CYXOro mpoiecca), Ju60 ¢ BaKyyMHBIM
ucnapenuem [36]. B ;naGopatopuu aBTOpOB [Jsi CO3[aHHS COJIHEU-
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CyliecTBYIOT [Be OCHOBHBIe KOH- 7 I

CTPYKIHH TOHKOIJIEHOYHBIX COJIHEY- Z Cu,S

HBIX 3JeMeHTOB Ha ocHoBe CueS — CMeATAHHS NoBNoMA
CdS: ¢ponTanbHo-6apbepHast H THlJb- R

Ho-6apbepHas. Ilpu pabore ¢pon- OcBewenue

TaJbHO-6aPbePHBIX  3JIEMEHTOB  Ia- 8

JAlomuid CBeT NMepBOHAYAJNbHO MOCTY- Puc. 4.1. CxeMmEl KoHCTpyKUHMI
naer B rIOI‘JIOI.uaIOHlHI'/’I CJ[OI‘;‘I CU2S, TOHKOMNJEHOYHBI X COJITHeUYHBIX
TOrAa KakK THUIbHO-GapbepHble 3Je- g or ;?)Ogggﬁsﬁo_%ggsbe'p:
MEHTHI OCBEILAIOTCS CO CTOPOHBL CMIOS  yaz, 6 — TeLIbHO-GapbepHas,
ONTHYECKOTO  OKHa (CdS HJIH 6—c O6paTHEIM pacmoJokKeHHeM
ZnyCd—,S). Ecau THABHEI KOHTAKT  C/OeB.
obsamaer BHICOKOH OTpaxkaTesJbHOH
CnocoGHOCTHIO, TO CBET, HpeTeplleBas MHOTOKPaTHOe OTpaXeHHe,
MO3KeT HeCKOJIbKO pa3 NPOXOJIHUTb depe3 sjaeMeHT. K HasBaHHIO, Xa-
PaKTepU3YIOLIEMY KOHCTPYKLHIO 3JeMeHTa, N006aBJSIOTCS B 3TOM
CcJlyuae CJ0Ba «C OTPaKalOLUM KOHTAaKTOM», HalpHMep «COJHey-
Hble 3JIeMeHTH (DPOHTAJbHO-OAPbEPHOH KOHCTPYKIHH C OTpaxkaro-
L{AM KOHTAKTOM». BBICOKO3((eKTHBHBEIE COJIHEYHble 3JIEMEHTH KakK
¢GpOHTAJbHO-, TaK H ThIJIbHO-6aPbepPHOA KOHCTPYKUHH OOBIYHO
HMeIOT OTPaKaloLlyl0 THIJIbHYIO MOBEPXHOCTb, NpHYEM ee K03dbhH-
LHeHT oTpaxeHus H TosmuHa cjaos CueS, a Takxe J00be mapa-
MeTpbl TeXHOJIOTHYEeCKOTO IIpoliecca, BJHSAIOLIHe Ha 3TH [Be BeJH-
YHHBl, B 3HAUHTEJbHOH Mepe ONpele/iflOT BHIXOAHBIE XapaKTepH-
CTHKH 3JIeMeHTOB [8].

CxeMa THOHYHOrO ()POHTAIbHO-62PHEPHOTO COJHEYHOTO 3JeMeHTa
C OTpaxamwliuM KoHTakTOM Ha ocHoBe CuyS — CdS npuBenena na
puc. 4.1,a, a nomepeyHoe ceueHHE THIIBHO-6aPbePHOrO 3JE€MeHTa
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C OTpa’kalollHM KOHTAaKTOM H306paxkeHo Ha puc. 4.1,6. Ilpu usro-
TOBJIEHHH (PPOHTAJbHO-6APbePHBIX TOHKOMJEHOUYHBIX 3JEMEHTOB CO
ctpyktypoit CueS — CdS caoit CdS, xak npaBHIIO, HAHOCAT BaKyyM-
HEIM HCIapeHHEeM; THIbHO-0apbepHble 3JEMEHTH CO3Lal0T MEeTOAOM
NyJbBEPH3aUHMH ¢ MOCAEAYIOUHM nuposu3om. OJHAKO BaKyyMHOE
HCllapeHHe MPUMEHSIOT W JJIsi H3rOTOBJEHHS ThUIbHO-6apbepHBIX
snemeHToB [18, 37]. C noMomb0 HOHHOTO paclblIEHHS HJIH MpPH HC-
NONb30BAHHH TOJBKO BAKYYMHOTO HchnapeHus OOBIYHO HOJYYaloT
(bpoHTa/NbHO-0apbepHbIe 3JeMeHTh. [IpenmyiecTBo THIILHO-6apbep-
HBIX COJIHEUHBIX 3JIEMEHTOB Iepel (POHTaNbHO-0aphepHEIMH CO-
CTOHT B TOM, UTO MX TBUIbHBIH METaJIJIHUECKHH KOHTAKT CJYKHT Of-
HOBpEMEHHO M 3al{UTHbIM MOKPHTHEM, 6GJarogaps uemy He Tpeby-
eTcsl CJIOXKHOH cHcTeMBl repmern3auud. Jdac u ap. [15] paspaboranu
(pOoHTANbHO-0apbepHblE 3/IEMEHTH HOBOH KOHCTPYKIHH, B KOTOPOH
npegycmorpena samura cioss CisS oT BO3AEHCTBHS BHEUIHEH CPENbL.
CrpyKTypa Takoro sjeMeHTa nokas3aHa Ha puc. 4.1,6. Ilpu ero us-
rOTOBJIEHHH Ha TOBEPXHOCTH cofg CueS, 0caXAEHHOTO Ha CTEKJSH-
HYI0 TOIJIOXKKY (C TNPeABaPUTEJNbHO CO3MaHHOH KOHTaKTHOH CeT-
koil), HaHocar ciou CdS u meranna, obecreuHBaOIHE repMeTHY-
HOCTb KOHCTDYKIIHH.

B TOHKONJIEHOYHBEIX COJTHEUHBIX 3JeMeHTax Ha ocHoBe CugS yc-
TElIHO TPHMEHSIIOTCS Pas3JIMUHBIE BHAH TNOAJN0XKeK. PponrasnbHo-
GapbepHBE 3JEMEHTH CO3Mal0T Ha MOMJNOXKKAX M3 KantoHal), mo-
KPHTHIX cjoem Zn [38], u3 Mexau co cloeM Zn, NOJNYYaEMBIM 3JIE€KT-
ponutHueckuM Merofom [6—8, 13], us kBapua co cmoem CdeSnO,
[37], U3 cTekna ¢ NpeABapHUTENbHO HaHeceHHBIMH caosmMH Cr—Ag
[11, 12], Cr—Pb [19], Cr—Au [31], Ag [32] u Nb [33, 34], u3
NOJMHAMHIHBIX ILIEHOK C 3JEKTPOJIUTHYECKH OcaxKIeHHbIMH Fe u
Au [36], a Takxke Ha MOMJOXKax M3 xenesa [36]. [Ipu usrorosue-
HHH TbLIBHO-6apbepPHBIX 3JEMEHTOB HCHNOJb3YIOT CTEKJSIHHBIE MOJ-
JOXKH co caosmu H3 SnOy [22, 36], SnOy, serupoBaHHOrO Cypb-
moit [18, 19], SnO; — SbeO; [32], ZnO [39] u ITO [39, 41], kpome
TOrO, NPHMEHSIIOT KBapleBble MOAN0XKKUH ¢ nokpuTHeM u3 CdeSnO,
[37]. Haub6osee BHICOKHE XaPaKTEPUCTHKH HMEIOT (QPOHTANbHO-6aphb-
€pHBIe COJIHEYHBIE 3JIEMEHTHl C OTPaXKaloIHM KOHTaKTOM, CO3ZaBae-
MBle HAa MEJIHBIX MOAJIOXKax C NMOKPbITHEM H3 IHHKa [6—8].

4.2.2 dnemeHTbl, Nonyyaembie BaKyyMHbIM MCRapEeHHEM

[Iponecc H3roTOBJEHHSI BBICOKO3((PEKTHBHBIX COJNHEUHBIX 3JIe-
meHToB [8], y KoTophix caoit CdS moayuaror ¢ mOMOLIBIO BaKyyM-
Horo ucnapenusi, a ciaofi CuyS — mocpeacTBOM OKYHAHHS, COCTOHMT
H3 CAEAYIOLIHX TEXHOJOTHUYECKHX onepauuii. Ha mosepxuocts rub-
KO MOJJIOKKH H3 MENHOH (hOJbrH TOJNLIHMHON 0KOJIO 35 MKM Mero-

1) KantoH — (upMeHHOe Ha3BaHue BhIMyckaeMbix B CIIIA MOJHHMHAHHIX M-
HOK, 06JafalolmuX BHICOKOH TePMOCTOHKOCTBIO, GOJbIION MeXaHHYecKo# NpOYHO-
CThI0 M XOPOLIHMH 3JIEKTPOH3OJISILHOHHEIMH cBo#cTBaMu. — [Ipum. nepes.
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JOM 3JIEKTPOJIHTHYECKOTO OCAaKJEHHsS HAHOCSIT NJEHKY IHHKA TOJI-
nIHOH 0KoJo 80 HM, mpHUeM AJS OCaxKAeHHs Zn BHOHPAIOT Ty CTO-
pOHY NOAJNOXKKH, KOTopas o6sanaer HauboJsee rpyObIM NOBEPXHOCT-
HHIM penbedom (¢ pa3mepom HepoBHocTelr 8...10 MrMm). Ilnenka
Zn CcNy:XKHT OMHYECKMM KOHTAaKTOM K CO3/aBaeMOMY 3aTeM CJIOIO
CdS, a TakKe NpensiTCTBYeT B3aWMOJEHCTBHIO BEIIECTBA MOAJIOKKH
¢ MoJieKyJaMu S, mpuBoAAlleMy K o6pasoBanuio CueS B mpouecce
ucnapenus CdS. ITomumo 310rO B pesynabrate B3aHMHOH AHGDGY3HH
Zn u Cu npu ocaxnaenHn CdS ¢opMupyercss BHICOKOOTpPaKaIOLHiA
CJOH JaTyHH C HH3KHM colep:KaHHeM uuHKa. Ha wmennyio mnon-
JOXKY C NJEHKOW Zn, HarpeBaeMmylo H3JyueHHEM HPHMEPHO 10
220 °C, nanocar cnoit CdS n-tuna tonmuHoi 30 MKM C OPHEHTHPO-
BAHHOH cTOJI04YaTOH CTPYKTYpOH (OCh ¢ NMEpPNEeHIHKYJSPHA IJIOCKO-
CTH NOMJIOXKH) H YAeJbHBIM conpotuBieHueMm l...10 Om:cMm. [pa-
(UTOBHH HcmapHTeNb, HMEIOIIHH ¢opmy 6ajjoHa H 3aNOJHEHHBIH
NOPOWUIKOOOPa3HHM CYAbGHIOM KanMus (cM. pasnp. 2.2.1.4) D, non-
nepxuBaercs npu temneparype okoso 1000 °C. Ckopocth ocaxKie-
Hust CdS paBHa 1...2 MKM/MHH. PasMep 3epeH B NMOJHKPHCTAJJIH-
gyeckoM cnoe CdS cocraBnser ~5 MkM. 3aTeM npd OKYHaHHH 06-
pasia B pacTBOp, COAepxaliui HOHBI Meldd, B KoTopoM Ha | a HyO
npuxoaarcs 2 r NaCl u 6 r CuCl (pH=3...4), B pesyabrare pe-
aKuM{ 3aMmelleHus, nporekamoieii npu 90 °C, na mosepxuoctu CdS
o6pasyercst mieHka CupS tommuuoit 30 um. Ilepen oxkynauunem mo-
BepxHOCTh cosi CdS moaBepralor XHMHYECKOMY TpaBJIEHHIO
B 50 %-Hom pactBope HCI npu remneparype 60°C B TeueHue 2 c,
B pEe3yJbTaTe 4Yero IOBEPXHOCTb CTAHOBUTCS TEKCTYPHPOBAHHOM,
C PpaBHOMEDHO pacnpefeNeHHBHIMH BLICTYNAMH [HPaMHIAJbHOR
(OpMBI, HaJHYHE KOTOPHIX CHOCOOGCTBYET HOMOJHHTEJILHOMY MHOIJIO-
wenuro ceera. [Tocnenyromas trepmoo6paboTka 06pasloB CO CTPYK-
1ypoii CusS — CdS B BoccTaHOBHTENBHOH aTMocdepe, 06HYHO OCY-
wectBasgemass B npucyrctBHH CO 1pu temmnepatrype 170°C B Teue-
Hue 16 u, HeoOGXoniuMa [Js yaydiieHusi crexuomerpuun Cu,S, manb-
HeHlIero pocra cJos JaTyHH Ha rpaHHue pasgena Zn — Cu, ocnab-
JAIOHIEro MOIJOLEHHE CBETa MOMJOXKKOH, H BO3SHHKHOBEHHSI 3JeK-
TPUYECKOTO IOJISt 3JEKTPOHHO-ABIPOYHOro mnepexona B cjoe CdS.
3arem Ha noBepxHOcTb CuyS moCpeaCcTBOM BaKyyMHOrO HCNApPEHHSt
30J10Ta HAHOCHTCSl KOHTAKTHAsl ceTKa TOJNINHHOH 2...4 MKM ¢ IJIOT-
HOCTbIO noJioc 32 cM~!, mponyckaiomass K MOBEPXHOCTH 3JEMEeHTa
95 9% nagamoumero H3NyuYeHHs. 3aKJIIOUHTENbHOH TEXHOJOTHYECKON
onepauHel siBJsieTcs 0CaxAeHHe Ha Pabouyio MOBEPXHOCTb NpHGOpa
METONOM BaKyyMHOrO HCNAPEHHS INPOCBETJSIONEr0 MOKPHTHS H3
SiO rTonmuHo#i 70 HM. Baarosaps 3TOMy NOKPHITHIO H BJHSHHIO TO-
BEpXHOCTHOro pesnbeda nieHkd CdS U MeIHOH MOAJOXKKH, a TaKxke
BCJICACTBHE HH3KOH CTENEHH 3aTEHEHHs OCBelIaeMOil [0BEPXHOCTH

D B pasa. 2.2.1.4 aBTOPH ONHCHIBAIOT AHAJOTHYHBIA NpPOLECC C MPHMeHEHHEM
KBapLEBOro Hcmapuressi. — [Ipum. nepes.

8  3akaz Ne 1939



226 Tnasa 4

KOHTaKTHOH CeTKOH HaHHafl CTPYKTypa o6jajaeT BHICOKHMH ONTHYE-
CKHMH XapaKTePUCTHKAMH U o6ecreyuBaeT MpOXOXKACHHE B 3JIeMEHT
0K010 92 % COJIHEUHOrO H3JYUEHHUS.

Cenon u Ap. [13] ucnosb3oBany no cyiecTBy aHaJOTHYHHE CIO-
€06 H3TOTOBJIEHHS! 3JIEMEHTOB C TeM JIHIIb OTJIHYHEM, YTO MeJHas
KOHTAKTHAs CeTKA C 3JIEKTPOJIHTHYECKH OCAXKJEHHBIM CJIOEM 30J10Ta
toequHsIach ¢ MoBepxHOCTbIO cjiog CupS mocpencTBOM MexaHHYe-
CKOH MNpOKATKH M HeOOJBIIOTO BAABJIHBaHHSA, a TepPM0oOOpaboTKa
npencrasisiga co60l ABYXMHHYTHBIH mporpes ofpasuma B CYIIHJIb-
HOM neyn mpu Temneparype 250 °C B HHPKYJIHDYIOLIEM NIOTOKE BO3-
nyxa. Apunr u np. [11, 12] ¢ momompbio Takoro xe merona GoOpMH-
poBaHHsi Tepexofa NOJMYYHIH (Ha CTEKJSHHBIX NOAJOXKKAaX ¢ THO-
kpbitieM u3 Cr—Ag) craGuibHBle TOHKOIJIEHOUHbIe COJIHEUHHe
3JeMeHTH Ha ocHOBe CupS — CdS 6ospmoi niomanu (7X7 cm?),
KIIOd kotopuix B ycioBusix AMID cocrasua 7,1 %. KonraktHas
ceTKa CO3/aBaJjiach HEMOCPENCTBEHHO Ha CTEKJ/SHHOH IJacTHHE, KO-
TOpasi Ha 3aKJ/IOUHTENbHOM 3Tane H3TOTOBJEHHs 3JIeMeHTa Kpenu-
Jach MeTOLOM npokaTkd K cjolo CusS u cykuia repMeTH3HPYIO-
wuM nokpbitieM. O6paborka 06pasioB nocsie GOPMUPOBAHHS Nepe-
XoJa cocTosi1a B HAHECeHHH Ha NoBepXHOCTb CuyS BaKyyMHBIM
ucnapenreM ToHKoro ciaost Cu (tommuuoi# 5...10 HM) HJH B BH-
JlepXKKe HX B TJEIolEeM paspsie, Bo36yxaaeMoM B BOAOPOJE, ¢ MO-
caenymomei TepMoo6paboTKON B TeUeHHe HECKOJbKHX MHHYT Ha BO3-
JyXe WIH B KHCJIODOACOAepiKalue#i aTMocdepe INpH TeMmmeparype
oxosio 220 °C. Bxat u ap. [18], a Takxe Banepnxu u ap. [19] ycra-
HOBHJIH, YTO /s YJYYIIEHHs XapaKTeDUCTHK 3JEMEHTOB Ha OCHOBE
CueS — CdS, nosayuaeMbIx ¢ HCIOJb30BAHHEM XHMHYECKOH DeaKIHH
3aMelleHHst B TBEPAOH ¢ase, Heob6xonuMa TepMooOpaboTKa NPHU TEM-
nepatype okojo 200 °C NpPOXOIKHTENbHOCTbIO & MHH B YCIOBHSX
BaKyyMa npu aasjeHun ~ 13 Ila.

[Ipomecc H3TOTOBJIEHHsI COJHEUHBIX 3JEMEHTOB CO CTPYKTYpO#H
CusS—7Zn,Cd—xS [7] He oTiHuYaeTcsi OT pacCMOTPEHHOro paHee, 3a
HCKJIIOUeHHEM TOro, YTO METOJOM BAaKyyMHOrO HCHapeHHst ¢ NMpHMe-
HeHHeM TPadUTOBOrO HCTOYHHKA, COCTOSILIErO H3 JABYX KOAKCHAJBHO
PAacnoJIoXeHHbIX HCNAPUTENEeH, BMECTO CdS ocaxpawotr Zn,Cdi—S
(cM. pasn. 2.2.1.4). Cpenuuit pasmep 3epen B mieHkax Zn,Cdi—.S
npu 0,1 <x<0,2 cocTaBisier ~2 MKM. TOHKONJIEHOUHbIE 3/1EMEHTHI

1) CnexTpa/bHbll COCTaB COJHEUHOTO H3JyyeHHs H €ro HHTEHCHBHOCTE Ha
HOBEPXHOCTH 3E€MJIH MEHSIOTCH B 3aBHCHMOCTH OT [JIHHB OMNTHYECKOro MYyTH
CBeTOBBIX Jydell B atmoc(epe. [liuHa 3TOro NMyTH XapaKTepPH3YeTCs BEIHYHHOM,
HA3BBAEMON ONTHUEeCKOH aTMocgepHoil Maccoil m, koTopas CBs3aHa ¢ yrjioM 0
Mexay HampabienHeM Ha CoJHIe H NPAMOHN, NPOXOAsINed dyepe3 3eHHT, 3aBH-
cumoctbio m=1/cos 0. Ecau CoJsiHue HaXOOUTCA B 3€HHTE, TO ONTHYECKAs aTMO-
ctepHas Macca paBHa efuHHIe (ycaoBHA AMI), npH ero yRajeHHWH OT 3eHHTa
arMocoepias Macca Bospacraer. B CCCP u crpanax C3OB B kauecte cranu-
JapTHBIX YCJIOBH TIPH H3MEPEHHH MapaMeTPOB COJIHEUYHBIX 3JIEMEHTOB MPHHATHI
AMI1, AMI,5 u AMO (CMeKTp COJHEYHOro H3JyYeHHs 3a Mpejesamu aTmocdepsl
npu HyJeBoil arMmocdepHoil Macce). — [Tpum. nepes.



ConHeuHsle 3nemeHTsl Ha OCHOBE Cynnduaa MegM 227

Ha ocHoBe CupS — Zn,Cdi—xS c npocBeTifONMM NOKPHTHEM H3
Ta0s TommuHof 70 HM mocje TepMoO6paGOTKH B CTPye BOZOPOZLA
npu Temneparype 170°C umeror KI1JL 10 %. B Tom ciayuae, Koraa
mieHKn Zn,Cd—xS nosy4alor ¢ moMoiubio oJHOro ucnapurens [19,
40], conHeuHble 3jeMedTHl 06sanawT Gonee Huskum KIT.

4.2.3 DneMeHTbl, Nonyuyaembie METOAOM Ny/ibBepH3aLlmu
C MoCnefyloW MM MUPONU3OM

[Ipouecc H3rOTOBJNEHHS THUJIBHO-6apPbEPHBIX COJIHEYHBIX 3JEMeH-
ToB Ha ocHoBe CupS—CdS [19, 26] HaunHaercss ¢ HaHeceHHs (Ha
XUMHYECKH WYHCTYI0 CTEKJISHHYIO TOJJIOXKKY IIpH TeMmeparype
~400...450°C) meromom NyJbBepH3alHH C MNOCHELYIOUHM MHPO-
JIH30M IPO3payHoro nposogsauiero cios SnOy, JerHpOBaHHOTO CYpb-
Mo#. Ero cioeBoe conmpotuBaenue cocrasisier 5...10 Om/kBagpar,
a ONTHYECKHH KO3(D(HUHEeHT MPOMycKaHUs BO BCeH BHUAMMOH 06.a-
CTH COJIHEYHOro crekrpa npubausurenbHo paseH 90 %. Ha mosepx-
HOCTb 39TOr0 CJosi OcaxpawTt mneHKy Zn,Cd;—,S rommunoi
3...4 MKM mNOCpPeACTBOM INYJbBePH3al{H BOLHOrO pacTBopa cMe-
mwaHHbX B onpeneneHHoM cootHourenuu CdCl,, ZnCl, u CS(NH;).
(Temmepatypa moAJ0XKKU nmopjep:xkuBaercs Ha yposHe 300°C). Or-
®Kur miaeHKH ZneCd;—,S, croco6CTByOMUH YMEHbIUIEHHIO €€ Yelb-
HOTO COMPOTUBJIEHHS!, OCYIIECTBJISIOT B BaKyyMe NMpH TeMmepartype
oxoJio 300°C B Teuenue 30 MHH uiu B cTpye Bojopoma npu 200 °C
[27]. 3arem pas nonyuends cios CueS mpoBOAST mpolecc OKyHa-
Husi. Tepmoo6paborka, Heo6xoauMas Aas GOPMUPOBAHHS MEPEXONa,
npeacraBisier cO60H BAKYYMHBIH OTXKHI, TeMIepaTtypa H AJHTENb-
HOCTh KOTOPOTO 3aBHUCAT OT cocTaBa mieHKH. O6byHO npH x=0 TeM-
neparypa oTxura cocrasiser 250°C, a ero npomosIKHTENbHOCTb —
okoJio 5 MuH. CrytolIgo#i MeTalJIHuecKHH KOHTAKT K cJoio Cu,S co3-
JHaloT Ha OCHOBE cepe6psiHOH 3JeKTponpoBoisAled macTel. B kaue-
cTBEe oMHueckoro KoHtakra K CusS Cuurx [29] Hcnonb3oBas MHOro-
cioiinyio ctpykrypy Au—Cu—Pb, ocaxpaemyio MeToioM Ba-
KyyMHOrO HcrnapeHus. s yaydlIeHHss XapaKTEPHCTHK 3JIEMEHTOB,
NOJIyYaeMbIX C IOMOMIBIO TyIbBEPH3alHH, HEKOTOPHIE HCCJIeOBATENH
[39, 41] ocymecTBasaH TEPMOOGPaBGOTKY MOCJe HAHECEHHS HA HX
MIOBEPXHOCTb IJIEHKH MeIH.

Maprunynuu #u gp. [27], nonyuasmue menku CdS meromom
NyJAbBEPH3ALHU C MOCACAYIOIHM MHPOJIH30M NPH Pa3JHUHOM OTHO-
IIeHHH KoHueHTpamuii atomoB S u Cd B pacnbuisieMoM pacTtsope
(u3MensomeMcss ot 1 mo 3), yCTaHOBMJIM, 4YTO NpH TeMmmepatype
ocaxaenust 3809C H OTHOLIEHHH KOHUEHTPAUHH, PAaBHOM €IHHHUIE,
IJIEHKH, COCTOSII{HE H3 KPHCTANJIUTOB pasmMepom ~0,5 MKM c mpe-
HMYIECTBEHHOH OPHUEHTalHell OTHOCHTEJNbHO HampaBJeHus <002>,
06/1alaI0T NPO3PAaYHOCTBIO B 06JacTH AJHH BOJH A>520 HM H, cie-
JIOBaTENbHO, MOTYT OBITb HCIOJB30BAHBI [JI H3OTOBJEHHS COJHEY-
HBIX 37eMeHTOB. OnHaKO B /1a60paTOPHH aBTOPOB HaHJydiIHe pe-
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3YJABTATHL. ObUIH NIOJTYY€Hbl IPH OTHOLICHHA KOHUEHTpauuii -aToMoB S
u- Cd, paBHOM TpeM. Cileyer .OTMETHTH, YTO 3TO OTHOLIEHHE He
BaHsieT Ha coctaB MwieHOK -CdS} a okasbiBaeT BO3ALHCTBHE TOIBLKO
Ha HX MHKDOCTPYKTYpYy. Bomxpamx wn np. [26], MapTunyuiy u- ap.
[27], a Takxe [IxopmaH [30] B cOMHEYHBIX 3JCMEHTAX Ha OCHOBE
CusS—CdS npumeHsIH JerupoBaHHple alioMHHHEM mJeHKH CdS
C TepeMeHHOH KOHIEHTPAuHeH NPHMECH, NPH QCAXKIEHHH KOPOPHIX
OCYINECTBIANOCH MJIaBHOE n3MeHeHne KoHuentpauuu AlCls, cayxus-
LIEro HCTOYHHKOM JIETHPYIOLIEH NPHMECH B PaCHbLISEMOM PacTBOpE.

Jxopnau [30] u3roTOBHJ TOHKONJEHOUHBIE COJTHEUHBIE 3J1eMEHThI
Ha ocHoBe CusS — CdS, ucnoab3ys JHIb METOA MYJAbBEPH3ALHH.
Ha creknsiHHyI0O NOAJIOXKKY ¢ mokpoiTHeM u3 SnO, B mepByIO oue-
peab ocaxpancs crofi CdS TommuHOA 2 MKM ¢ mepeMeHHOH KOH-
UeHTpandefi Jerupyomei npuMecH, a 3aTeM B Ipoliecce pachblie-
HHSl pacTBOpa (COJEep:KaBlIero, B YaCTHOCTH, YKCYCHOKHCAYIO MeIb
u N, N-gumeruntnomoueBuny) Ha mosepxHoctH CdS mpu temmnepa-
type 150 °C BripamuBancs cnoit Cu,S.

XapakTepHoil 0COGEHHOCTBIO BCEX METONOB H3rOTOBJEHHS COJ-
HEYHBIX 3JeMeHTOB co cTpyKTypoil CueS—CdS siBasieTcst Heo6Xonu-
MOCTb NPOBeACHHS TepMOoo6PabGOTKH Imocie (POPMHPOBAHHS mepe-
XoJa. DTOT mpouece, OTHOCAIMACA K yHCAy Haubosee BarKHBIX TEX-
HOJIOTHYECKHX onepauufi, Oymer paccmMotrpeH G6ogee mnoApo6GHO
B pasn. 4.5.1.

4.3 dusnueckme moaenm

B Hacrosiiee BpeMsi yCTaHOBJICHO, YTO XapaKTEPHCTHKH COMHEY-
HBIX 3JIEMEHTOB B 3HAYHTEJbHOH CTENMEHH 3aBHUCAT OT MHKDOCTPYK-
TYpBI Kaxjoro cjaost (ToipHoro KoHrtakra, CdS u CueS) u mopdo-
Jorun nosepxHoctH pasgena CusS—CdS. $lcHoe mpexcrasieHue
O MHKDOCTPYKTYpe TOHKOIJEHOYHBIX 3/1eMeHTOB Ha ocHoBe CupS—
CdS moayyeHo ¢ MOMOMLIBIO HCCJAENOBAHHI METONAMH 3JEKTPOHHOM
MHKpocKonuHu. PaspaGoTaHb pas3nH4yHble CNOCOOBI MPHIOTOBJEHUS
06pa3LOB AJs1 H3YUCHHUS MONMEPEUYHOro CCUECHHS 3JEMEHTOB H OBEPX-
HoctH pasgena CusS—CdS. McenegoBaHue CTPYKTYpsl # Mopdo-
JIOTHH Hapsily C aHAJIH30M COCTaBa M NPOQHJIs pacnpeneeHus
XHMHYECKHX 3/7eMEHTOB MO IJyOHHE MO3BOJSET BHISICHHTb Psifi BOI-
POCOB, CBSI3aHHHIX ¢ (POPMHPOBaHHEM NEPEXOAa H MPOLECCaMH, PO-
HCXOJAIMMH NpPH paboTe CONHEUHHX 3JeMeHTOB. B naHHOM pasjene
NPEICTaBICHBl PE3Y/IbTATH THX HCCAEL0BAHHH.

4.3.1 MukpocTtpykTypa

CoJHeuHble 3/7€MEHTHI, CO3faBaeMbie METOAAMH BaKyyMHOro Hc-
napeHusl W NyJbBEPH3AUHHK C MOCAELYIONIHM MHPOJH30M, HMEIOT CY-
I[ECTBEHHO HEOJHHAKOBble MHKDPOCTPYKTYpY H Mmopdosoruio. Pac-
CMOTPHM cHayaja 3JeMeHTH, H3TOTOBJISIEMbie ¢ TMOMOILBI0 BaKyyM-
HOTO-HCIapeHn .
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MugpeeTpyKTypa H NOBePXHOCTHEIL peaned crag €dS japmany
oF c;rp_ GHHS TMOBEPXHOCTH NOMIOKKA, KaX HpaBu/Io, NPE TeMHepa-
Type ocaxacHus 200°C u Bpuue o6p yioFes] epﬂeﬂmposauﬂue
TUIeHIH, oéglanaxomne cTonGuaToj CTPYKTYDO¥i, ¢ pasMepoM 3epeH
B BEpXHEH yaeTH CTOJIGHKOB nopsiika 3...5 MkM. Ha mukpocuuwm-
KaX TIONepevyHorQ CeYeHysl COMHEYHBIX 9JIeM€HTOB Ha ogHoBe CusS—
Cds, N0Jy4aeMblX C NOMOLIbIO PACTPOBOrO H HPOCBEUHBAIHEIO
3/IEKTPOHHBIX MHKPOCKONOB, BHIHO, uTO yacTh c1og CdS, nemocpes:
CTBEHHO NpHJIEralmas K MoAN0XKKe, COCTOHT U3 GoTibe: MENKHXPA3-
OppeHTHPOBaHHBIX 3epeH [42]. Coobuwanoch [8], uto TOBEPXHOCTHEI
peﬂbe(p nimedok CdS, ocaxpaeMblX Ha NOKDHITEIE IIHHKOM MeIHbIe
NOMJNOKKH, BOCIPOH3BOLHT (POPMY IOBEPXHOCTH HOAJOXKKH. I[Ipu
xumuueckom TpasneHnn CdS B HCI, ocywectsisieMom nepen cos-
JlagueM HEpexoiaa, Ha NMOBEePXHOCTH Cds NOSIBJISIETCH NMHPaMHAAJb-
Hyll perbed [13, 42—46) Tounas dopma u pasmepsi mupamun 3a-
BHCAT OT KOHIGHTPAIHH TPABHTEJs, €r0 TeMIepatypbl H NPOLOJIKH-
TenbHOCTH TpaBieHHs [13, 44, 45]. [ns noayuyeHHs oNTHMAaJbHOH
<pOpMBL IOBEPXHOCTHOTO penbeda, obecneynBarliei 6JaronpUusTHbIe
YCJOBHSL 17151 06pa30BaHHsl NEPEXOfa C XOPOIIHMH XapaKTePHUCTH-
KaMH, HEOOXOAHM BbI6OP COOTBETCTBYIOUICTO pEXHMAa TPABJEHHS
[13, 44 45].

Inenka CuyS, BeIpamMBaeMasi Ha NOBEPXHOCTH TIOJHKPHCTAJIIH-
yeckoro cnosi CdS B mpomecce peakuuy 3aMelieHHst NPH OKyHaHHH,
¥IMEET CIOXKHYIO, 3HAYHTEJBHO OTIHYAIOIIYIOCH OT IJIOCKOH (opmy.
TockospKy MpH MPOBEAEHHH MOKDOTo mpouecca pacTBOp MPOHHKAET
10 rPAHHNAM 3€PEH H TPEIHHAM B Ny0b Clos CdS, nenka Cu,S
TIOMHMO TOHKOH NOBEPXHOCTHOH 06J1acTH, 06pasyomeiics B pe3yib-
Tate AHQY3uH peareHTOB ¢ HApyiKHo# cropoun €dS, conepme
MHOrOYHCJEHHBIE BBICTYIIHI mpenmy'mecmeﬂﬂo B MONEpeYyHOM Ha-
npasieHnn, yray6asiomuecs B ciofi CdS Ha Tex yyacTkax, rie
nuddysns pearenToB B 06beM CdS MPOHCXOAHT CO CTOPOHBI IPaHHIL
3epeH [13, 43—46]. B sTux BeICTYynax MoOXeT GBITb COCPELOTOYEHO OT
20 1o 80 9% ob6meit maccer CuyS, a uX AJMHHA, WHOrAA NpPEBHILIAN-
1m1asi HeCKOJbKO MHKDOMETPOB, 3aBHCHT OT pa3Mepa 3epeH, CTPYK-
TYpbl NOBEPXHOCTH NOJJIOXKKH, Ha KOTOpyl0 HaHocHTcs cioii CdS,
a TakXke OT NapaMeTpPOB IIPOLECCOB TPABJEHHsT M OKyHaHus. Ha
puc. 4.2 npuBefEHBl NOJYYCHHBIE C MOMOIIbIO PACTPOBOrO 3JEKTPOH-
HOTO MHKpOCKONna H300pakeHHsi MOBEPXHOCTHOTO pesabeda M morme-
peunoro cevyeHHs NaeHkH CdS HemocpeacTBEeHHO NOCHe ee Ocaxie-
HHS METOMOM BakKyymMHoro HcnapeHus. Kpome Toro, mpemcraBiieHbl
MHUKPOCHHMKH moBepxHOocTH CdS nocsie XUMHYECKOTO TPaBJIEHHS H
nienku CusS, BHIpaIeHHOH MOKPBIM MeTOJOM Ha moBepxHoctu CdS,
nojaBepruyTofl TpaBaeHHio. Ha puc. 1.9 mnokazaHbl - MUKDOCHUMKH
rpanuubl pasgena CusS—CdS (mocae pactBopenuss Cu,S B KCN),
noBepxHoCTH cBoGoAHOH maeHKH CueS (co cTOpoHBI, NmpHJeraBLIel
k cioto CdS) u nonepeuHoro ceueHus naeHku CuspS.
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Puc. 4.2. MHKDOCHMMKH, TMOJyYeHHbIe C TOMOWIbIO PACTPOBOrO 3/EKTPOHHOFO
MHKDOCKONA: @ — MOBEPXHOCTHbIA peJbed M CTPYKTypa NOMEPEHHOTO CedeHHs
nneHku CdS, HaHeceHHOH METOJOM BaKyyMHOTrO HCIapeHHs, HellOCpeICTBEHHO
mocJle ee ocaxieHusi; 6 — mosepxHocts CdS mocsie TpaBJeHHs; 8 — MOBEPXHOCT-
bl pesbed mieHkn Cu,S, BHIpameHHOH Ha TpasJaeHoli nosepxuoctu CdS.

TInenkH, oGpasyiomuecs B pe3yibTaTe XHMHYECKOH peakIHH
B TBEPMO¥ (ha3e, 3HAUHTENBHO OTIHYAIOTCS 1O (opMe OT IJIEHOK, CO-
3jaBaeMbiX C TOMOLIbIO MOKpOro mpomecca. OHH HMEIOT IJIOCKHH
TIOBEPXHOCTHBIH peibed H HE COLEPXKAT BHICTYNIOB B 06JIacTH rPaHULL
sepen [14—16, 21]. Kacnepa u Xuin [21] oTMeuanH, 4TO B COJHEY-
HBIX 3J1€MEHTaX, H3TOTOBJEHHBIX CYXHM METONOM, TyOHHA NPOHHK-
roBenns Cu,S B caoit CdS B o6JiacTH IpPaHHL 3ePeH HE MPEBBHIIACT
1 MEM.

OcoBeHHOCTH MOP(OJOrHH COJHEUHBIX dJIEMEHTOB, IPH CO3NaHHH
Kotophix cioii CdS ocaxaaercsi METOLOM MyJAbBEPH3ALHH C TOCHKE-



ConHeuHble 3neMEHTEI HAa OCHOBEe CysnbdUAa MERM 231

é&ﬁl
Puc. 4.3, MHKDPOCHMMKH, MOJyYeHHble C MOMOIIbIO PACTPOBOIO JIEKTPOHHOIO
MHKPOCKONa: @ — NMOBEPXHOCTHHIH pesibed HesqerupoBaHHOH mnaeHku CdS, Ha-
HeCeHHOH MeTOJOM NyJbBePH3aNHH C TOCAEAYIOUMM IHPOJH30M; 6 — MOBEpPX-
HOCTHBIH penbed naenkn CdS, smerupoBanHOH aMIOMHHHEM; 8 — NOBEPXHOCTb
pasnena CuyS—CdS conHeuHOro 3/eMeHTa, H3TOTOBJIEHHOIO MeTOLOM NyJbBepH-
3allid B COYETaHHH C MOKDHIM XHMHMYECKHM IPOLECCOM, I0C/e ylaJeHNs MJICHKH
Cu,S mocpencrsoM Tpasaenus B KCN; 2 — nuenka Cu,S, oTesleHHas OT TOHKO-

NJIEHOYHOrO COJIHEYHOrO 3JeMeHTa co cTpykTypoil Cu,S—CdS, monyuensoro
MeTOJIOM MyJIbBEPH3alMH B COYeTAHHH C MOKDPHIM NPOIECCOM.

LYIOWAM DHPONH30M, a cloil CusS GopMUpPYeTCsT MOKPHIM METOLOM,
OIpeleNsIOTCs PasIHYUAMH B CTPyKType miaeHku CdS [26, 41, 47,
48]. Ha puc. 4.3 mpeacTaBJieHbl MOMYdYeHHblE ¢ MOMOUILIO PACTPO-
BOrO 3J€KTPOHHOrO MHKPOCKONA CHHMKH GecnmpHMECHBIX IJIEHOK
CdS, naHeceHHBIX MOCPEACTBOM MMYJIbBEPU3ALUH C NOCTEAYIOMHM MH-
ponusoM, i mieHok CdS, sernpoBaHHbIX amoMuHHeM. Heserupo-
BaHHble MieHkd CdS, BoipammuBaembie mpu Temnepatype 380 °C,
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06/1a7a10T OPHEHTHPOBAHHOH cTpYyKTypoii [49]. HecmoTps Ha TO utO
JIETHPOBAHHUE, KaK NPaBHJIO, MPUBOJHT K HapYLIEHHIO NMPEHMYILECT-
BeHHO# OpHEHTAlMH, NPH HH3KOH KOHIEHTPAUHH NPHMECH CTeleHb
opueHTaunu miueHok CdS nosbimraercs. [ToBepXHOCTb HeJIETHPOBAH-
HeX IieHoK CdS cocrouT Kak Gl M3 MHOXKECTBa Y3eJKOB, B TO
BPEMs KaK IJIEHKH CdS, conepxamue B KayecTBe MPHUMECH aJIOMH-
HUH, UMEIOT NPEeUMyllecTBeHHO JaOHPHUHTHYIO CTPYKTYPY [26 47—
49]. Tnenku CdS ¢ nepeMeHHOl KOHICHTpaWHel JIerHpYomeli IpH-
Mecd (Al) u mByXciOfiHBIE TUIEHKH, cocTosimue H3 cyabduaa Kaj-
MHS, JIETHPOBAHHOrO aJloMHHUEM, H GecipumecHoro CdS, Takxke 06-
JIafaloT TMOBEPXHOCTHBIM pesbeoM JabHPHHTHOH (opMmul [26, 41,
48, 49]. ¥seaku npelcTaBasioT coboH mycroresnble nosnycdeps [47,
50], o6pa3oBaHHEIE TOHKHM CJOEM MaTepHaJja, COCTOSINEro H3 MHK-
pokpucrannutos pasmepom 0,1...0,5 mm. Cregyer OTMETHTb, UTO
aJIIOMHHHI TO CYIIECTBY He SIBJIsieTCS JIETHPYIOUIEH NPHMEChi0 Mo
otHowenuio K CdS: ero Hasuuue NPUBOAHT K o6pasoBaHuio Aly,Os,
BBIIEJIEHHE KOTOPOTO Ha Y4yacTKaX MOBEPXHOCTH MEXAY Yy3eJKaMH
cnoco6eTByer GOPMHPOBAHUIO JTaGHPHHTHOH CTPYKTYPHl [26, 30, 48].

B mpouecce oxkyHaHus ciosi CdS, nonyyaemoro mHHpOJIHTHYe-
CKHM METOIOM, Ha NMOBEPXHOCTH KaXXJOoro ysenka o6pasyercs
menka Cu,S, uMelomas B 0eJOM TPEXMEPHYIO CeT4aTyio CTPYKTYpY
[39, 47]. JlerupoBaHHble mueHKH CdS ¢ HeogHOPOAHBIM mnpodHIEM
pacnpefieNieHHss KOHLEHTpAalHWH alIOMHHHsI OKa3elBalTcs Gosee
MJIOTHBIMH M Gjaromaps npHcyTcTBHIO Al,O3 moutH He comepikar
TPEIUH U TMOJNOCTeH, XapaKTEPHHIX JJs OGeCnPUMECHBIX NMHPOJHTHYE-
ckux miaeHok CdS. Benmencrsue storo Cu,S mnpoOHHKaeT B JIErHPO-
BaHuble miaeHKH CdS na Menbmywo ray6uny [26, 30, 49], uto nosso-
JsieT ucrosib3oBath miaeHkH CdS TonmuHo# He Gosee 3...5 MKM.
[TosiyueHHOE € NMOMOIIBIO PAaCTPOBOTO 3JEKTPOHHOTO MHKPOCKONa
uso6paxenue nosepxHoctd pasgena Cu,S—CdAS comnHeuHoro 3ge-
MeHTa, H3TOTOBJIEHHOrO METONOM IyJbBEPH3AIUH C INOCJAELYIOUIHM
NMUPOJIM30M, Toche ynaneHuss miaeHKH Cu,S myTem xuMmHyeckoro
tpaBieHust B KCN npuBeneno Ha puc. 4.3, 6. B oTiiHuHe OT cTpyK-
TYpHI, TOKa3aHHOH Ha puc. 4.3, @, 3lech BUIHA CeTKa, IPOHHU3HBAIO-
mas TOBEepXHOCTh y3eJkoB. OHa o6pa3oBaHa TeMH OO6JacTAMH
MeXAY 3epHaMH, KOTOpble OBLIH 3amOJiHeHbl cyjabpHmoM Mmend. Ha
puc. 4.3, ¢ npeAcTaBieH MUKPOCHUMOK cBOOOIHOH mieHKH CueS (0T-
JEeJIEHHOM OT TAaKOro 3JieMeHTa) NMPH ee PaCCMOTPEHHH CO CTOPOHHI,
npuseraBueii K cnono CdS.

IMaenkn CdS, monyuaemble HOHHHIM pachbuieHHem [32], paxe
IpH OYeHb MaJiof TOJIHHe o00snajalot 0oJee BLICOKOH CIJIOLI-
HOCTbIO, YeM IJIEHKH, OCa)KIaemble METONOM BaKyyMHOro Hcmape-
HHSl, OZIHAKO B 0GOHX clydyasix 06pa3yroTCsl MJIEHKH C ODHEHTHPOBAH-
HO# cTpykTypoit. Xumi u ap. [32] coobuwany, yro niaenkn CusS, dop-
MHUpYIOIHecs TPH TNPOBeJeHHH XHMHUYECKOH peaKuMH B TBepAOH
(ase B MOBEPXHOCTHOM cJjioe CyJabdHAa KaAMHS, HAHECEHHOro Io-
CPEICTBOM HOHHOTO pPAacHBUICHHS, HMEIOT IJIOCKYIO (opMmy, a rav-
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Puc. 4.4. CxemaTHueckoe H306paKeHHe MHKPOCTPYKTYPhl TOHKOIJEHOMHBIX COJ-
HeyHLIX 3JeMeHToB Ha ocHoBe Cu,S—CdS, cosnaBaeMblx MeTOJAMH HCHapeHHs
B COUETAHHU C MOKPHIM NpoueccoM (a), HCIapeHHs B COYETAHHH C CYXHM Npolec-
coM (0) H NyJNbBepHU3aLHH B COUETAHHH ¢ MOKPBIM mpoueccoM (8).

OuHg MpOHHKHOBEHHs CupS BHOJIL,IPAHHUI] 3€PEH MeHblle, YeM MpH
HCII0JIb30BaHuN IeHOK CdS, MosMydeHHBIX METOLOM HCIApeHUsl.

Ha ocHoBe pe3y/nbTaToOB HCCIEAOBAHHH MHKPOCTPYKTYPH TOHKO-
NJICHOYHBIX COJHEUHRIX 3JIeMEeHTOB ¢ rerepomepexofoM CuyS—CdS
Opuiy paspaboTanbl (H3HMYECKHE MOJENH 3JeMEHTOB, CO31aBaEMBIX
pasnuuHbIMH MeToiamd. Ha pwuc.. 4.4 cxemaTHyecKH H306pareHbi
nonepeyHble CeYeHHs 3JeMEHTOB cienynomux tunos: CdS (BakyyM-
Hoe ucnapenne) —Cu,S (Mokpmift npouece), CdS (BakyymHoe. me-
napenne) —CusS (¢yxoii npouecc) u CdS (nmysibBepusanus c mocie-
Lywumum nupoaunsoM) — CusS. (MOKpHIH mpouece)

4.3.2 Aunanms cocTaBa

CorsacHo .HMeoLEMes TYCAHKIRAAM, H3YHGHHIO: (€OCTABA - €Qas
HEUHPIX 3/jeMeHTOR Ha pcHoBe CusS—CdS noessiueno, . HeGoabige
uRCN0 padaT, IlpocTpancTBeHHGR: pacupesgIgHte. 350MP Cu i Ld
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ONpeJeNsaoch NMyTeM H3MEPEHHS C MOMOIIbI0 (JyOpHMETpPa HHTEH-
CHBHOCTH JHHHH Kq-cepHil XapaKTepHCTHYECKHX pPEHTTeHOBCKHX
CNIIeKTPOB NPH CKAHHPOBAHHU B NPOAOJBHOM HampaBlieHHH obJacTel
3/IeMEeHTOB, COJePXKaIHX HeCKOJNbKO rpauul 3eped [51]. Beuto ycra-
HOBJIEHO, 4TO CMeKTphl u3jaydeHHss Cu u Cd yepemyioTcs nmpH mepe-
MellleHHH CKaHHPYIOLIEro Jiyua, yTo CBUAETEIbCTBYET O SIPKO BhHIpa-
xenHoi cerperaunu CusS B 06,1aCTH I'paHHIl 3epPEH H COryacyercs
C pesyJbTaTaMM CTPYKTYPHOTO aHasiu3a. AHaJOrH4YHble NaHHbIE NO-
JydeHel MykepAXHu u Ap. [46] npu HccleJOBAaHHH METOAOM KaToOJ0-
JioMHHecleHIHH o6pasuoB Cu,S—CdS mnocne cosganus Kocoro
mnda. Hsur u Tpundung [52], usyyapine METOLOM OXKe-CIIEKTpPO-
CKONIHHM pachpeleseHne XHMHUECKHX 3J€MEHTOB B CTPYKTypax
CugS—CdS, H3roToOBJIEHHBIX C MOMOIIBI0 MOKpPOTO mpouecca, coob-
11a7H, 4TO B NOBePXHOCTHOM cjoe moMumo S m Cu comepKurcs
6oabioe KonudectBo O, C, Cl u Cd. [Tonarator, uto O u C mpoHu-
kaloT B caoii CupS npu Be/IEpxKKe 06pa3loB HA BO3LAYyXe, HaJIHUHE
ke Cl u Cd cBa3aHo ¢ 0coOGeHHOCTSIMH TIpolecca OKYHaHHS. YcTa-
HOBJIEHO Takxke, uTo cJoH Cu,S COJMHEUHBIX 3JE€MEHTOB, HMEIOIHX
BBICOKHH KO3((HLHEHT 3amojHeHHS BOJbT-aMIEpHOH XapaKTepH-
CTHKH, COCTOUT B OCHOBHOM H3 XaJIbKOIMTa M HEKOTOPOTO KOJHYe-
crBa Alopaurta. [IpH HEZOCTATOYHO BHICOKOM COAEPIKAHHH XaJbKO-
IHTa 3JE€MEeHThl HMEIOT IJIOXHEe XapaKTePUCTHKH.

TonmuHa c0os XaJdbKOLHTA YMEHbIIAETCS CO BPeMeHEM BCJel-
crBue nudPy3uu Menn B cnoii CdS ¥ K MOBEPXHOCTH CTPYKTYPH B
ee ToCHeayiolero okuciaeHus. Kak mokasand HCCAeROBaHHS METO-
IaMH 3JEeKTPOHHON CIHEKTPOCKOMHH [JiSI XHMHUECKOro aHajiH3a H
OKe-CNeKTPoCKoNmHH [13], aHasorHYHble TpOLECCH TNPOHCXOAAT H
B miaeHkax CueS, mojydaeMBIX NOCPEACTBOM OKYHAaHHS MOHOKpH-
crajnanueckoro cynbduna kaamusa. Cu, Cd, S, Cl,0 n C 6bliu 06Ha-
PY2KeHbl Ha NMOBEPXHOCTH 0Opas3lOB KaK HEMOCPEACTBEHHO MOCHe HX
TIPHrOTOBJIEHHS, TAK H IOCJAe TepMOOGPabOTKH Ha BO3AYXe, OXHAKO
TepMO06pa6oTKa MPHUBOAHT K TOMY, YTO OTHOLIEHHE KOHLEHTPaUMi
atomMoB Cd u Cu 3HAYHTENbHO MOBBLIILACTCS. YCTAHOBJEHO, YTO
OTOXKIKEHHble 00pasLbl COMAepPKAT CE€pPy B ABYX BAJEHTHHIX COCTOS-
Husx (B suge S u SO4~). B obpasmax, npoumefmnx TtepMoobpa-
60TKY, KagMHH mpuHCyTcTByeT B riy6uHe cioss CusS, B TOo Bpems
KaK HeNOCPeICTBEHHO nocae HX H3roToBjeHHss Cd comepkHTCS
TOJIbKO Ha moBepxHocTH. IIpu yaanenun cnosi CueS HOHHHIM TpaB-
JIeHHEM Ha TOBEPXHOCTH pasfesia GbliH OGHAPYIKEHH Y3€JNKH MelH.
[T¢ucrepep u ap. [53] omy6GuiHKOBasH pe3yabTaTHl HCCIENOBAHHUI
(MeTonaMH OXKe-CIeKTPOCKOMHH H 3JIEKTPOHHOH CHNEeKTPOCKONHH AJs
XHMHUYECKOr0 aHajii3a) BRICOKO3((PEeKTHBHEIX COJHEUHHX 3JeMEeHTOB
Ha ocHoBe CupS—CdS, co3aaHHHIX ¢ MOMOLIBI0 MOKPOro mpoliecca,
a 3aTeM NMOJABEPTHYTHIX TepMooOpaboTKe mocje HaHeCeHHS Ha HX MO-
BEPXHOCTb IUIEHKH MeIH. [laHHBIE, NMOJyyeHHHEe 3THMH aBTOPaMH,
CBHIETENbCTBYIOT O TOM, YTO MeAb NPHUCYTCTBYEeT B 3JIeMEHTAaX B OC-
HOBHOM B OJIHOBAJIEHTHOM COCTOSIHHH, Cepa CyLleCTBYeT B BHAe S?-,
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a Ha BHewHeH moBepxHocTH CupS uMeercs oKcHAHHEA cioi. Hanu-
yHe KHcaIoposa B BuAe O2~ o3Havaer, 4TO B BHICOKO3((EKTHBHHX
COJHEYHBIX 3J1eMEeHTaX OKCHAHBIA cioft cocroutr 3 CuyO, a He u3
CuO. JlaHHble 0 CYIIECTBOBAHHH B 3jeMeHTax coeguHendus CuSO,
OTCYTCTBYIOT.

Carkesnu u Yapa3 [54] mpoBenn aHaaH3 coctaBa 06pasLoB
CupS—CdS (mosyueHHBIX MOCPEACTBOM OKYHAaHHsI) METOXOM Macc-
CNIeKTPOCKOMHUH BTOPHYHBIX HOHOB, KOTOPHIH TOKa3aj, 4TO MOcHae
KaXJ0# TeXHOJOrHYECKOH ONepamHH B MpPOIecce H3roTOBJEHHS 006-
PasuoB NpodHJIH pacnpelesNeHusT BXOASUIMX B HX COCTaB XHMHYe-
ckux snemeHToB (Cu, Cd u S) wn3mensiorcs. [IpHunHa 3THX H3Me-
HEHHH, BepOsiTHO, CBA3aHa C o0pas3oBaHHEM CJIELYIOLIHX COEIHHe-
Huli: CuySO;-HO — Ha moBepxHocTH CusS, CuS man CuO — Ha
rpanune pasnena CupsS—CdS u (unn) CdO — Ha nosepxxoct CdS
1o ¢opmupoBanusi nepexona. B cnosax CdS u CusS obHapyxeHH
Takue npumecy, kak Fe, Mn, Li, Na, Ca, K u Si. IIpu nponomnxu-
TeJbHOH BBIZepXKKe 06pasioB Ha Bo3nyxe KouneHTpauus CuOH*
TIOBBILIAETCS, YTO CBHIETEJIbCTBYET O BO3MOXKHOCTH NPOHHKHOBEHHS
B Hux H;O.

Hccnenosanue pacnpefie/ieHHs] XHMHYECKHX 3JIEMEHTOB MO TOJ-
LHHE MHPOJHTHYecKHX miaeHoK CdS MeTomoM o3Ke-CneKTPOCKONHH
{26] nokasaso, uTo B IJIEHKAaX, HE COAEPIKAIIHUX AJTIOMHHHS, KHCJIO-
POI OTCYTCTBYeT, TOrla KaK XJIop OOHapyXeH B OeclnpHMeCHHX
nnedkax CdS W B mIeHKax, JerHpoBaHHBIX ajioMHHHeM. [Toaaraior,
YTO HaJHYHE XJIOpa SIBJASETCS CJEACTBHEM BHEIPEHHS OCTaTOYHOrO
XJopa H3 pAaCHBUISIEMOrO pacTBOpa, B COCTaB KOTOPOTO BXOJHT
CdCl,. YcraHOBJIEHO, 4TO B JerHpoBaHHBIX miaeHkax CdS amiomu-
HHMH NPHCYTCTBYET B BHAe coelHHeHHs AlyOs.

CornacHo nanueiM jae Benpe [14], konuentpauus Cd B mienkax
Cu,S, BHIPAIEHHBX C IIOMOIBI0 pEaKUHH 3aMelleHHs B TBepAOH
da3e, HHXKe npejlesa pa3pelIeHHss aHAJHTHYECKOTO 060pYHOBaHHS,
¥, CIIeJI0BaTeIbHO, IPH CYXOM METOJe H3rOTOBJIEHHS 3JIeMEHTOB CJOH
CugS u obnactb p—n-nepexofa oTJaHYaloTca GoJiee BHICOKOH cTe-
TIeHbI0 YHCTOTH. AHaJIOTHYHBIE Pe3yJabTaTh GBLUIH MOJYYEHH H APY-
THMH aBTopaMi [21, 39], OfHAKO OHH OTMEYAJIH HAJHYHe KaAMHS Ha
nopepxnocTH CupS n Habmonanu audoysuo menu 8 CdS.

Maprunynun u ap. [22] ycraHoBusau, uro B caosx Zn.Cd;—S,
OCa¥JaeMHX HOCPEACTBOM HCNApeHHS M3 OXHOrO HCTOYHHKA, KOH-
uenTpauus Zn, cia6o H3MeHAIOmAACA MO TOJIIHHE CJION, BO3pac-
Taer BO/IH3H cBOGOAHOR moBepxHocTH. [IpH coBMecTHOM HcnapeHuH
ZnS u CdS o6pasyioTcs NJEHKH, OQHOPOJAHHE 1o cocTasy. Hceneno-
BaHHl METONAMH OXe-CNEKTPOCKONHH H 3JIeKTPOHHOH CNEKTPOCKO-
TIHK VISl XHMHYeCKOro aHajik3a, NO3BOJMIOINHMHE H3y4aTh COCTaB
THIEHOK NOoCJofHo [55], MOKa3a/lH, YTo B COJNHEUHHIX 3JEMeHTax Co
cTpykrypoit CusS—Zn;Cd;—:S, H3roTOBJIEHHHX C MOMOIIBIO CYXOro
npouecca, npodpHan xoHueHTpauHu Zn H Cd cyuecTseHHO OTIKHYa-
wica o Ppopme B0 Becex 06aacTAX 371eMEHTOB, OT BHeWIHefi nosepx-
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HOCTH ¥ XO' BHYTpDEHHel yactm Ga3oBoro marepwana: B cate GusS
HaONofaeTcss aHOMAJbHO BbICOKASI KOHIEHTPAIMHS HUHKA, FFPUGTFI-
3UTEJIPHO PaBHasd” ero KOHIEHTpaluu B 6a3oBoi -o6nactu. OTHOLIE-
HHe KOHUeHTpauui atoMos Zn i Cd Bhllle eHHHIE B GOJblIel ya-
cth o6bema cnosd CugS. MerosoM 3/1eKTPOHHOH CNEKTPOCKONHUH A
XMMHUYECKOTO aHanu3a uleHTHOHuupoBaHb Cu, Cu?+ u Zn**: Cepa
B OCHOBHOM COHEPXKHUTCS B CYJbhHAAX, U JHIIb HeGONbLIOE KOfHye-
ctBo cynbpaTtoB (SO42~) o6Hapy:KeHO Ha BHEUIHeH MOBePXHOCTH
sneMeHToB. PedynbTaThl aHanu3a NMOKa3bIBaIOT, YTO B' Ipolecce pe-
aKkIUM 3aMelieHHst HOHbl Zn?+ nHpGYHAUPYIOT K NMOBEPXHOCTH Mel-
JienHee, yeM HoHbi Cd?+. DTOT BBIBOA MOATBepKAaeT HabJionaeMoe
yMeHblIeHHe cKopocTH pocta ciosi CugS (BeipamuBaemoro nocpen-
CTBOM OKYHaHHsI) NpPH TOBBIIIEHHH KOHUEHTPAalHH LHHKA.

[TonyyeHHBIE METOLOM O3Ke-CIIEKTPOCKONUH [JIs1 TOHKOMJIEHOUHBIX
CONHeYHHIX 3MeMeHToB Ha ocHoBe CuyS—CdS xapakrephbie mpo-
Gbnayu pacnpeneneHHs MO TOJHIMHE BXOMSIIIMX B HX COCTAB XMMHYe-
CKHX 3JIeMeHTOB mokKasaHnl Ha puc. 1.10.

4.4 MoTO3NEeKTPUUECKME XAPAKTEPUCTUKH

B nannom pasgene G6yAyr mpHBeleHbl THIHUHbIE paboyue xapak-
TEPUCTUKH "“TOHKONJIEHOYHbIX COMHEUHBIX 3JIeMEHTOB Ha OCHOBE
CupS+~ZnCdS, "u3roToBisieMbIX pPaA3JTUYHBIMH METOJAaMH, a B &tlhe-
AYIoIeM pasfiefé Mpl pacCMOTPHM BJHSHHE HEKOTODHIX TEXHOJIOIH-
JeCKHX NPOLIECCOB U CBOHCTH MATEpPHAJOB HAa MapaMeTpsl 3TUX 3Je-
MEHTOB.

4.4.1 Bonbr-aMnNepHbIE XapaKTePUCTHKK

BrHacrosiee BpemMs Hanbosee IO PEeKTHBHBIMU SBASIOTCH TOHKO-
TTRHOYHEBLE ‘COMTHEYHBlE S7TeMBHTHI € TIPOCBET/IS IHIAM TOKPBITHEN KO-
‘Tﬁpﬁ’é;h ‘copepikair-enoll ZnyGdi#:S, ocadcnaembli MeTOZOM BAKYYM-
-Horo iief{apeuds ‘Hd MeAHYI0 TOMAOKKY "¢ TOKPEHTHEM U3 Zn; W C0H
CusS, HOyTdembrite: fToMbLBl0’ MOKporo npoiiecea [7]. B ecrecren-
HBIX ~* YCAOBWSEX:‘ ‘TIPH’ ' MHTEHCHBHOCTH  CONHEUHOPO- . M3ITyUeHYEs
81,2 MBr/em? Hureitentir Takdro  tifia: (momagbio 0,98 <) GaeT
caenyiomue hotosfiekTpuuecHitt frapamérpol: KL #=10,2 %4 na-
HpskeHB¥ kdiBerof & ixofa Va=0:899 By filietdocts - Toxa 'KOPOT-
Kot 3ambikanisr Jiit= 18,6 MAfem? " f »KospPuiinent IanviaHertss
HOTibA- dviepirbil TabaxtepicTHRY PF 0748, {1apakietp »; "onpeie-
AIGHIMI KGHeHTp a0 ZiC padeMOH 6 DuemeltTsl & HOHIKeAHOH
KOBICHTPANHEH 211 ~ (=9, FO)7" “ipw ™ ~ BT eHEuBHOCTY - W yEeHITT
82 ‘uBrfoM? Gonagewr Hpimepro Takum me KL (1 =40, % ) »itpu
Vot =056 1B, ¥l lomi feid® o "FF=0;697." [1p@fitbiar ati#*tro
3& cuer ysemmueHNS MEHPAKSHMIXx0NocTore Rona 1Dk BOHEEHEHCY-
KIXekOHUeHEREIBIAY : Zh (¥=0;36 . ... 0,85) KT} bodpdtres mo15 i, .

¥ TORKOHTIN GEHIRK  ConHEAHbIX 9 REMelToB Ha  wiHEs eCrisSr—
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Puc. 4.5. Boabr-aMnepHble XapaKTePUCTUKH BBICOKO3((eKTHBHBIX TOHKOMIEHOY -
HbIX COJNHEeYHBIX 3JeMeHTOB Ha ocHOBe Cu,S—CdS (@) n Cu,S—Zn,, 13Cd0,34S
(6), H3rOTOBJIEHHBIX * METOJJOM HCTAPEeHUs B COYETAHHH C MOKPBIM XAMHYECKHM
npoueccom [6, 7]; a — nnomans snementa A = 0,84 cM2, MHTEHCHBHOCTHL W3-
ayuenus H = 87,9 mBr/em?; 6 — A = 0,98 cm2, H = 81,2 mMBt/cm2.

CdS mumomanpio 0,884 cM?, mosyyaemblX [OCPEACTBOM OKYHAHHS
cnost CdS, ocaxaeHHoOro MeToAoM ucnapeus [6, 8], n cHaOXKeHHBIX
MPOCBETIISIONIUM MOKPBITHEM, B ecTeCTBEHHBIX YCAOBHSX MW HHTEH-
cuBHOoCcTH e¢BeTa 87,5- MBr/cM? mocrirtiyr KIIIO 9,15 %, xotopomy
grsedatoT Voc=0,516 B, J;c=21,8 mA/eM2 u FF=0,714. [Tpusenen-
Hbl€ BLIUIE PE3YJbTATHl AJS COMHEYHBIX 3JI€MEHTOB CO' CTPYKTYpaMu
CupS—ZnCdS u CuS—CdS nenydenst Xomrom u Ap. {6—8} s ynu-
Bepcurere WT. JemaBop. Ha pué. 4.5 usobpaskenn BoabT-dMnepHsie
XAPAKTePHCTHEH ‘BbICOKOI(hEeKTHBHEIX (POHTANBHO-0aPbePHBIX TOK-
KOTIJICHOUHBIX - COTHEUHHX 3JIEMEHTOB “Ha - OcHOBE - CugSeZniCdS u
CuS-—CdS ¢ NPOEBETSAIOUIMM: TOKPHITHEM - #  OPPaAKAKSITHM * KOH-
TAaKTOM, H3TOTOBJCHHALIX' ¢ ITOMOUbIO* BaKyyMHOPG ncnape'Hmr I/EMO'K
POro XMMHUYECKOF@ IpoLecca.” = ver -1 = iwde: -
4> TbiTbHO-Gaphbe PHBIE "3 TeMEHTh, cosaa‘afa'eMHeB*maéopmgpnn aB-
TOPOB: [IpH~ HEROVIB3OBAHHY ~BaKyyMHOr6 Menapenus. w npO’BeZ&Hnn
XUMHYECKON peakuuu” 8 Teepioi- ase;” 0OMAAAIOT BHICOKRHM! TOKOM
®OPOTKOTO: 3aMblkatus u-KIFL ~10:% 118]. -Oftnako ycTavtofifiend,
Y0 B 3TUX 3feMeHTax TONONHUTETERbIN BRAXN B f & TRIOT JUHCTKN
TOBEPXHOCTH, HARGASIIHEES * 3d - [IpeseTa N © axTusndii wA6fanN.
Bierencrsue storo! ix peanwiipis KTII mieet BoreeHn3Koe Fndlferme.
Xbrour u Jp. [43] coobuibfiit ¥ FoM; uTo B *yCHoBHAX - AMP (Hpu
HHTEHCHBHOCTH- U3y YeH s 85 MBT‘fGM‘Z)‘ Vi pep METR3N POBARHIAR - TOH -
KOTIICHOUHBI X= BALMEHTOB PasMefoM~# X 7 eM~{npu’ Hitoma ik «6a0n
CueS 42 eME+3ro TOBASHHBIX A CTERNTHHBIN A0 IA0 KR EX B o¥ p bF-
FREM U3 A Er  METOEANR BARYYMHOTY nchtapenus : (CASy raMory-
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Hauua (CupS), moaywen KIIO 7,39% npu V,=053 B, Ji.=
=19 mMA/cM? u FF=0,62. KI1[I ¢orosnekTpuueckoro npeo6pa3opa-
TEJIS, COCTOALLEI0 H3 BOCbMH 3JIEMEHTOB pa3MepoM 7X7 cM, KOTO-
Pble COeAHHEHB MeXAY co60H ¢ NOMOLIbI0O HHTErpajibHOH CXEeMH,
CO3M1aHHOH Ha O6lIeM AJS BCEX 3JIEMEHTOB 3alIMTHOM CTEKJISAHHOM
NOKPHTHH, focturaer 4,3 % [11].

Cenon u ap. [13] ¢ noMoubI0O BaKyyMHOro MCNapeHds H OKyHa-
HUSl H3rOTOBHUJIM HA MEIHBIX MOJJIOXKKAxX C IOKPHITHEM H3 LHHKA
3JeMeHTH co cTPYKTypoit CusS—CdS, xoTopele moxy HMHTAaTOPOM
COJIHEYHOrO H3JIy4yeHHst NPH HHTEeHcHBHOCTH cBera 100 MBT/cm?
umetor KII no 6 %, V,.=0,480 B, J;c=20 MA/cM?2 u FF=0,63. ba-
HepmXu H Ap. [19] Ha CTEKNAHHBIX MOAJIOXKKAX C NMOKPHITHEM H3
Pb—Cr npu npoBeneHHH CyXOoro XMMHYECKOrO NpOIEcca MONYYHIH
TOHKONJIEHOYHBIE  COJHeYHBe 3jJeMeHThl Ha ocHoBe CupS—
Zn,Cd;—«S ¢ npocBeTNSIOMHAMH NOKPLITUAMH. [IpH HHTEHCHBHOCTH
usnyveunss 100 MBr/cm? KIT[, saementoB niomaznpio 1 cm2, B co-
CTaB KOTOPHIX BXOAMT ILIEHKa yucrtoro cyabduga kaamus (x =0),
pasen 6,5 %, a coorBercTBylOUMEe €My (OTOITEKTPHYECKHE mapa-
MeTpnl MUMEIOT cleayiomue sHaueHuss: Voe=0,54 B, Jsc=19 MA/cM2
u FF=0,67.

TolibHO-6apbepHble COMHEYHEIE 31eMeHTh Ha ocHoBe Cup,S—CdS
naomansio 1,7 ¢cM? ¢ oTpakaomMuM KOHTaKTOM, H3TOTOBJSeMbIE Me-
TOJaMH BaKyyMHOTO HCHApeHHsi H OKYHaHHMs Ha KBapUEBHIX MOJ-
JioXKaxX, nokpuThix cioeM Cde,SnOy B yenoBusx AM1 o6mamaror
KITO mo 5,2 % npu V,.=0,48 B, J;.=17,1 MA/cM?2 u FF=0,634.
bBxar u pp. [18] y THIbHO-GapbepHBIX 3JEMEHTOB €O CTPYKTYpOI
CuyS—CdS nmomanpio 1 cM?, CO3AaHHBIX CYXHM METOAOM Ha CTeK-
JSHHHX MOJJOXKaX ¢ MOKPHTHEM H3 OKCHAa oJoBa SnOy, Jerupo-
BAaHHOTO CypbMOH, MpU HHTEHCHBHOCTH cBera 100 mMBr/cM? mnony-
YHUIH 3HAYEHHS HaANpSXKEHHs XOJOCTOro XOoia B Npeaenax
0,47...0,49 B. Hac u ap. [15] H3roTOBHAM COJHEYHBIE 3JEMEHTHI
¢ 00paTHBHIM PacHOJOXKEHHEM CJI0€B, Y KOTOPHX OCBeHlaeMBbiil CJA0H
Cu,S wHaxomutcs nox CdS. TIpy HHTEHCHBHOCTH  H3JYyYeHHS
100 MBt/cM? a1H 3nemeHTH uMelT V,.=0,45 B, Jsc=9 MA/cM? u
FF=0,5, a coorBercTByiouiee 3Hauenne KIIJ pasuo 2 %. B aaH-
HOM cay4ae npuynHOH HH3KHX KII1I| siBAsiloOTCA BBICOKOE mOC/]€n0-
BaTeJIbHO€ CONPOTHBJIEHHE H MaJIbil TOK KOPOTKOro 3aMBKaHHS 3Jjie-
MEHTOB BCJEACTBHE HEONTHMAaJbHHIX 3HayeHHH TONWMHH c1os CusS
H napamMeTpoB KOHTAKTHOH ceTkH. HMarortoBisieMble B JaGopaToOpHu
aBTOPOB TOHKOMJIEHOYHHIE 3JIEMEHTH co cTpykTypoii CuS—CdS,
Yy KoTopuiX ¢opMmupoBaHHe ciost Cup,S ocymecTasieTcss B npouecce
3JEeKTPOXHMHYECKOH peakunH, o6niuHo HMelor KIIM 2...3 % (koH-
CTPYKIHS 3THX 3J€MEHTOB He ONTHMH3HPOBAJNACh).

TonkonjeHoyHHe coJHeYyHHEe 3JieMEHTH Ha ocHoBe CugS—
Zn,Cd,—.S, noayyaemuse nocpeacTBOM NyJAbBEPH3ALHH € MOCJAEAYIO-
HIMM NHPOJIH30M, KaK MNPaBHJO, NPeBOCXOAAT no 3dpdexTHBHOCTH
3JeMEHTH aHaJOTHYHOro THIIA, CO3/aBaeMHe C NOMOLLbIO BaKyyM-
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Horo Hcnapenusi. Maprunyuny u ap. [56], a Takxke Byuvo u ap. [41]
coobmanu 06 H3rOTOBJEHHH THIJIbHO-6apbepPHBIX 3JEMEHTOB I10-
manpio 1 cM? co crnoem CdS, ocaxaaeMblM MeTOAOM NY/bBEpH3a-
uuy, U mieHkoit CueS, BepanmyBaemMoil B npouecce okynanus, KITIL
KOTOPBIX NPH HHTEHCHBHOCTH COJIHEYHOro usnydenuss 100 mBr/cm?
nocruraer 4,5 %, a snaueHus Vo, Joc 1 FF paBHB COOTBETCTBEHHO
0,425 B, 19 MA/cM2 u 0,56. Bosbloe mocieioBaTeNbHOE CONPOTHB-
JeHue sjneMeHTOB (~4 Owm) ob6ycloBnHBaeT HHU3KHH KO3(p(pHIHEHT
3anoJIHEHHUs] BOJIbT-aMIEepHOH XapaKTepUCTHKHU. [1pu HCNOIb30BAHHH
MeroAa nysnbBepusanuu CHHrxoM [29] ObLiM NONY4YEHH 3JEMEHTH
momanpio 1 em? ¢ KITIA mo 5,3 %. KIIJL TeIbHO-GapbepHBIX COJ-
HEYHBbIX 3J1eMeHTOB €O CTPYKTypo#l CupS—CdS Ha CTeKNSIHHBIX MOA-
JIOXKKaX, MOKPHTHIX cioeM SnO, NOJHOCTbIO H3TOTOBJIEHHBIX METO-
IOM NyJbBEPU3AIHNH C MOCAEAYIOIHM MHPOJHU3OM, COTJIACHO CO00-
menuo xopnana [30], mocturaer 4,92 %. DnemeHTH NJIOIIAABIO
1 cm?, cosnannbie Banepmxku [19] Ha CTEKISAHHBIX MOAJIOKKAX (C MO-
KpbITHEM M3 oKcupa onoBa SnOy, JErHpoBaHHOTO CypbMO#) H €O-
crosiue U3 chaost Znp,CdoeS, HaHECEHHOr0 MeToaOM NyJbBepH3a-
niu, 1 miedkd Cu,S, BHpaueHHOH Npyu NpPoOBeIeHHH MOKPOTO XHMHU-
4ecKOro npomecca, npu HHTeHcHBHOCTH cBeta 100 MBT/cM? uMeloT
KI1 5,6 %, Voe=0,45 B, Joc=19 MA/cM? u FF=0,65. B Tom ciy-
yae, Korga 6a3oBod 06GJIACTBIO JEMEHTOB CHYKHT CJOH YHCTOro
cyappuna kagmus, Voc=0,4 B, Jo=15 MA/cm? u FF=0,7, 4t0 OT-
BeyaeT KITL ~4 % [24]. OcHOBHBIMH npHYHHAMH ROBOJBHO HH3KHX
snaveHud KITJl coJHEUHBIX 3J€MEHTOB, CO3ZaBaeMbLIX MEeTOAOM
MyJbBEPU3ALMH, ABJAIOTCS HEBLICOKOE HANPAKEHHE XOJOCTOTO XOna
(0,37 ...0,45'B) u 6Gosblioe MOCJHEIOBATENBHOE CONPOTHBJIECHUE, BBI-
3BIBaIOIEE yMeHbUIeHHe KO3(h(HUIHEeHTa 3amoNHEHUA BOJbT-aMIiep-
HOM XapakTepHcTHKH. B Heonmy6nukoBaHHOH pa6ore CHHrxa coo6-
HmiaetTcs O NOJYYEHHH AAHHBIM METOAOM 3JeMeHTOB, uMelomux KITJL
okosmo 7 %. MapTHHynuM HemaBHO W3roTOBHJ 3JeMmeHTH c¢ KITIL
8 %. B na6opatopuu aBTOPOB METOAOM MNYyJbBEPH3ALHH CO3[aHBL
BHICOKO9(D(PEKTHBHBIE THIJIbHO-6apbepHEIE CONTHEYHBIE 3JIeMEHTH yCO-
BepLIEHCTBOBAHHOH KOHCTPYKLHH, y KOTOPHIX Gjaromapsi HajJHuHio
H30THIHOTO THIJIBHOTO 6apbepa MJIOTHOCTb TOKA KOPOTKOrO 3aMblKa-
HHs npesbinaer 30 MA/cM2. OgHAKO noOc/ie HENPOAONKUTENbHOH BHI-
JlepKKH 3JIEMEHTOB B OOBIYHHIX YCJOBUAX J4 YMEHbIIAETCH A0 3HA-
uyeHu#t ~ 20 MA/cM2,

TonkonneHoyHBIE CONHEYHBIE 3J1E€MEHTHI, OJNy4aeMble Ha MOKPHI-
THIX 30JI0TOM CTEKJSHHBIX MOAJOXKKAaX C MOMOIIbIO BAKYYMHOTO HC-
napenuss CdS u HonHoro pacneuieHust CusS [57], corntacHo pesysnb-
TaTaM MCNBITAHHA B €CTECTBEHHHIX YCJOBUSX MPH HHTEHCHBHOCTH
cBera 82 mBt/cM2, umelor Mmakcumanbuuil KITH okono 4 %. Y asae-
MeHTOB CcO.cTpYKTypo#t CueS—CdS, nosHOCTbIO H3rOTOBIEHHHX Me€-
TOAOM HOHHOTO pacnnuineHHs [31, 58], orMeueHnl cymiecTBeHHO Gosee
Hu3kHe 3navenus KILI. ConHeyHbie 3eMeHTH NJOWaAblo 2,4 cM2,
COrJacHo faHHuIM AHjaepcoHa u JlxkoHata [58], npH MHTEHCHBHOCTH
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usnydenus 107 MBt/cm? umeroT Voe=0,43 B, Joc=3,4 MA/cM2u FF=
=0,41, kotopbiM coorBercTByetr KIIH ~0, 58 %. Mioniepom U Ip.
[31] mosyuenst anements ¢ KITJ, e npesnmaromum 1 %. Coaneu-
Hble 3JI€MeHThl, cocTodamue U3 ciosd CdS, HaHeceHHOro MeTOLOM
HOHHOTO pacnblieHus, ¥ niaeHKH CueS, BHpameHHOH C MOMOIIBIO CY-
Xoro xumuuyeckoro mpomecca [33, 34, 58], B ycimoBusx AMI1 obaa-
naor KITH okono 1,2 % npu Je=6,9 MA/cM?, V,c=0,4 B u FF=
=0,43. HeBbicokHe 3HaueHHus Jo B 3THX 3JeMeHTaxX CBS3aHHl TIaB-
HbIM 006pa3soM ¢ HH3KOH 3G (eKTHBHOCTbIO COOGHpPaHHST HOCHTesNeH
BCJEJICTBHE MAaJiOH HamNpsI)KeHHOCTH 3JeKTPHUeCKOro mojs B obJa-
CcTH mnepexopa B ciaoe CdS, nosyyaemMmoM MeTOgOM HOHHOro pac-
TIBLJIEHHUS.

Y conHeuHbIX a/MeMeHTOB Ha ocHOBe CupS—CdS, H3roTOBIEHHBIX
MeTonoM TpadapeTHo# meyaTH [35] U HCHIBITAHHBIX NPHU HHTEHCHBHO-
ctu u3nyuenuss 100 mBr/cm2, monyuen KITI ~2 % npu Ve.=0,45 B
u FF=0,5. KI1[ snementos miomanbio 0,01 cM? Ha ocHOBe CYJib-
¢uga KagMHusi, HaHECEHHOT0 MeTOAOM aJjeKTpodopesa, u cyabduma
MeJH, OCaXKIAeHHOrO C IIOMOILbI0 BAKYyMHOIO HCIIapeHHs!, He MpeBbl-
waer 4,7 %. ¥V snementros Gosaburefi miomanu (1 cm?) KITJ npu-
oauxaercd K 2 9. KIIJ cosHeYHbIX 3J€MEHTOB IUIOMmIAAbI0 1. cm2
co caoeMm CdS, HaHeceHHBIM MeTOZOM 3JeKTpodope3a, H MIEHKOH
Cu1eS, BhIpalueHHO# mocpesCcTBOM MOKPOTO XHMHYECKOTo Mpolecca,
cocraBasier 1...2 9%..

OTnuunTeNbHOH 4YepTOH BCeX TOHKOIJEHOYHBIX COJHEUHBIX 3Je-
MEHTOB co CTpYKTypoi Cup,S—CdS, He3aBHCHMO OT MeToma HX H3-
rOTOBJIeHHS], ABJdeTcs Hasnuune 3d(deKra nepeceyeHnss TeMHOBOH H
CBETOBOH BOJIbT-aMIIEPHBIX XapaKTepHCTHK. ITAT 3¢ddekT o0ycaoB-
JIeH Cyl{eCTBOBaHHEM I1yOGOKHX.3HEPreTHUeCKUX YPOBHeH B KOMIIeH-
cupoBaHHo# obsnactu CdS, pacnonoxkeHHo#d B6aH3M nmepexona. On-
HAKO B TOM cJydae, KOrjga H3MepeHHe TeMHOBOH BOJbT-aMIepHOH
XapaKTePUCTHKH OCYIIECTBJISETCS MO TOYKAM H MPH KaxKJOoM 3Haue-
HUHM HanpsSKEHHS CMelleHHs 3JieMeHT BBIJEPKHUBAETCS ONpeleseH-
HOe BpeMsl, A0CTAaTOUHOe [Jsi YyCTAHOBJEHHS paBHOBecHs (HMeHHO
TaKOH Ccrmoco6 H3MepeHHs MOXHO CYMTATh MPABHJIBHBIM), MOJydae-
Masi KpuBas He mepecekaeTcs cO CBeTOBOH XxapakrepucTHKoOH. Bosee
noapo6Ho 3(ddexT mnepeceyeHHs: BOJbT-aMIePHBIX xapaKTepHch
OyZneT o6CcyxKaaThCA. HIXKE. .

AHaJOrnyHyo mMpHpPOLY HMeeT SBJEHHe 32BHCHMOCTH BOJIBT-2M-
TIePHBIX XAPAKTEPUCTHK OT JJAHHBL BOAHBI cBeTa [59]. TIpu obuayue-
HHM .COAHQUHBIX 3JEMEHTOB KOPOTKQBOJHOBBIM- HJIH . IJIHHHOBOJIHO-
BBIM; CBET@M. C OJMHAKOBOH MJIGTHOCTHIO ITOTOKA (POTOHOB HArpy304-
Hbhik 19K # MaI D HKEHUL . X00ETOr0 X0/ka He H3MEHSIOTCd, B, TO BpeMs
Kaj 3HayeHHs TOKAa KOPOTKORQ; 38MBIKAHUA H K0P BYIHeHTa 32164l -
HEeHIsI: BOJLT-aMAEPHON XaPaKTEPHCTHKH OKasbiBaloTes ,6o/ee HH3s
KHMI B.TOM C/yYae, KONKA.B NARKAIOUIEM.. H3TYUCHHH ; 11PEO0aaI0T
doToHE KpacHOH, ANHHHABROJIHOBEH ;00/1aCTH COJHEUHOTO: -CHEKPRA.
{1pH:€KaHUPOBAHUH @BCTOBBIM -JEYUQM -JIOBEPXHOCTL: WKy IHH X; 9AL-
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MeHTOB oOHapyXeHbl 06J1acTH, 06Jafaloniie pPa3jiuyHOH CNEKTPalb-
HOHl 4yBCTBHTeJbHOCTBIO [73].

Hecko/nbKHMH aBTOPaMH HCCJe0BAJIOCH BIMSHAE HHTEHCHBHOCTH
H3/yYeHHS M TEMIIepaTyphl Ha CBETOBBIE€ BOJIbT-aMIIepHble XapakTe-
PHCTHKH COJTHEYHBIX 2JIeMeHTOB co cTPyKTypoi CueS—CdS [29, 36,
56, 60—63]. B HanGonee panHell u3 3Tux pa6or Ulupnang [62] npo-
BeJ H3MepeHHs XapaKTEePHCTHK TOHKOMJIEHOYHBIX COJHEYHBIX 3Je-
MeHTOB Ha ocHOBe CupS—CdS (M3roToBJIeHHBIX METOAOM BaKyyM-
Horo ucnapenusi CdS c¢ nmocieAymouuM OKyHaHHEM) NPH MHTEHCHB-
HOCTH M3J1yYyeHHs, H3MeHsIomedcsa B mpenenax 25...200 mBr/cM?,
H YCTAaHOBWJI, YTO TOK KOPOTKOrO 3aMbIKaHHS CBfI3aH C WHTEHCHB-
HOCTbIO CBeTa JHHeHHO# 3aBHcHMOCTblo. Kak H oxupanoch, HpH
yBeJHYEeHUH MHTEHCHBHOCTH U3JIyueHHs HampsXKeHHe XOJOCTOro X04a
TOBBILIAETCS, U NPU OYeHb BBICOKHX YPOBHSIX CBETOBOIO MOTOKA Ha-
omnonaercss ero HachimeHue. OnHako KITI npeo6pasoBaHus 3Hep-
THH He U3MEHSeTCs, MOCKOJNbKY N0 Mepe YBeJHYeHHs OCBeILleHHOCTH
K03 (PUIUHUEHT 3aMoJHEeHHS BOJbT-aMIEPHOH XapPaKTePHCTHKH IMOHH-
xaercs ¢ 0,71 o 0,66. Hanuune B CdS ¢oropesncruBHOro s dexra
MPUBOJUT K YMEHbUIEHHIO HIYHTHPYIOLIEro CONPOTHBJIEHHS 3JeMeH-
T0B ¢ 102 10 7 OM H mocJiefoBaTeJbHOr0 conpoTuBigeHuss —c 0,16
no 0,04 Om. HanpstkeHHe, cOOTBeTETBYIOLlee MaKCHMAaJIbHOH MOMI-
HOCTH, NPH yBeJHYEHHH OCBELIeHHOCTH noBhmaercsa. bpuan u Tiaio
[61} Ha6mol1am1 APYTYIO TEHAEHUHIO: NPH yMeHbIIEHHH HHTEHCHBHO-
ctd usayuyenuss KITI siemenToB Ha ocHoBe CusS—CdS HesHaum-
TeJIbHO BO3pacTaeT, MOKa HHTEHCHBHOCTb He JOCTHTHET TaKoOro
YPOBHS, MTPH KOTOPOM HauyMHaeTcsl pe3Koe HM3MeHeHHe IOC/el0Ba-
TeJbHOTO CONPOTHUBJeHHS. [Ipn pasnbHefimieM yMeHbLICHHH HHTEH-
cuBHocTH cBeta KIIJL anemeHTOB, KaK noka3aHo Ha puc. 4.6, a, cy-
LIECTBEHHO MOHHU)KaeTcs. YBeJUUeHHe HHTEHCHBHOCTH H3JIyUYeHHS
CONpOBOXKAAeTCS TMJIABHBIM yMEHbIIEHHEeM LIYHTHPYIOIIEro COmpo-
THBJIEHHS] U POCTOM MOCJ€J0BATeIbHOTO CONPOTHBAEHHS. [IpH MOBHI-
UIEHHH HHTEHCHBHOCTH cBeTa (OTOTOK BO3pacraerT MO JHHEHHOMY
3aKoHY, yTo HJLIIOCTpHpyeT puc. 4.6, 6. Ha 3Tom ke pHCYHKe npen-
CcTaBjieHbl 3aBHCHMOCTH OGpPaTHOrQ TOKAa HACBIeHHS H THOAHOTrO
Ko3(h(HUIHEeHTa OT WHTEHCHBHOCTH H3JIydeHHs, KOTOpble, KakK IoJa-
raipT, XapaKTepH3yIOT BJHSHHE OCBELIeHHS Ha BBICOTY NMOTEHIHAJb-
Horo Gapbepa Ha rpaHule pasaena CusS—CdS.

Tok KOPOTKOro 3aMbIKaHHSI H HAlPsiKEHHE XOJOCTOTO XOAa COJI-
HeuHblX .3JeMeHTOB co cTPYKTypoi CusS—CdS.. o6biuHO cBA3aHBL
C WHTEHCHBHOCTbIO H3JY4YeHHS ~COOTBETCTBEHHO JHWHeH#HOH U Jjora-
pumuueckoii 3apucumoctsamu [36, 56, 60, 63]. Onnako HeKoTophie
ucchénoparenn [63] coobmann o ToM, 4To npH ocsemeﬁnu 3/1eMeH-,
TOB MOHOXPOMATHYEeCKHM H3JyueHHeM C AJHUHOH BOJHBI ~0,9 MKM
3aBHCUMOCTh TOKa KOPOTKOIO 3aMbIKAHHS OT MHTEHCHBHOCTH CBeTa
TIpW HU3KHUX. MHTEHCHBHOCTAX - ABASETCH . .CYOJINHERHOM, -2 . IDH BbHIEOs
KXy CYRPARHEHHON.  JIDYTHME . ‘awopamn 128] yeTaHOBACHO, HT@
Y. COMPRYHBIX IJICMBHTQR ¢ 1A : Q9HOBe: : CleS—ZRGAS, ; osyyaeMpix
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Puc. 4.6. 3aeucumoctn KIIJ, nocnepoBaresbHoro Rg M IWyHTHPYIOuEro Ry,
conpoTHBJeHHH (a), a Takxke ¢poToToKa [, AMoAHOrOo Ko3abdHIHEHTa n U o6par-
HOro TOKa HacullleHHs /g (6) cosHeyHoro sjeMeHTa Ha ocHoBe Cuy,S—CdS or
HHTEHCHBHOCTH u3jyueHuss H [61].
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Puc. 4.7. KpuBble 3aBHCHMOCTell HanpsXKeHHS X0J0CTOro xofia Voo OT HHTEHCHB-
HOCTH M3JyuYeHHs H 175 cOJHeYHHX 5JeMeHTOB Ha ocHoBe Cu,S—Zng,,Cdy oS
(1) u CuyS—CdS (2), nonyuaeMblx MeTOAOM NyJbBepH3aUHH, H THOHYHBIX 3Je-
MeHTOB co cTpyKTypoii Cu,S—CdS, cozfaBaeMbix ¢ MOMOILBIO BaKyyMHOro Hena-
penns (3) [28].

METOJOM INYyJbBEPH3alHH C MOCAEAYIOIHM MHPOJH30M, 3aBHCHMOCTD
HanpsiXeHHS XOAOCTOrO X042 OT MHTEHCHBHOCTH H3JIYMEHHS OT/EHHYA-
ercst OT JorapuMHuecKoll. DTH pe3yAbTaTH HapAAy C rpapukom
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JiorapHpMHYecKOi 3aBHCUMOCTH V¢, OOBIUHO Ha6J101aeMOH Y TOH-
KOTIJIEHOUHBIX COJIHEYHBIX 3/JeMeHTOB Ha ocHoBe Cu.S—CdS, npuse-
JeHbl Ha pHc. 4.7.

HInpaangom [62] uccnenoBaHo BAHsSHHE TeMnepaTyphl Ha Hanps-
2KeHHe XOJIOCTOro X04a, TOK KopoTkoro 3ambikanus ¥ KI1J anemen-
TOB B HHTepBaJse Temneparyp: —180... +150°C. [Ipu noBhLiileHHH
TEeMIepaTypul HanpsKeHHe Xoaoctoro xoxa V,. nmajnaer, npuueM Npu
Temnepatypax g0 —50°C V,. yMeHbuwiaercs ¢ HeGOJbLIOH CKO-
POCThIO, a NPH AaJjbHefleM pocTe TeMmepartypsl, BiioTh go 150 °C,
TIPOHCXOAUT Gosiee GLICTPOe CHHKEHHE V., XapakTepusyiouieecs JH-
HeHHOH  3aBHCHMOCTBIO C  TEMIIEpPATYPHBIM KO3 (HIHEHTOM
—1,6 MB/°C. B o6aactu temneparyp menee 100°C TOK KOpPOTKOTO
3aMblKaHHs, HMeoIHA MakcHMyM npumepHo npu —40 °C, cia6o 3a-
BHCHT OT TeMnepatypsl. [1pu Temneparypax, npessiatouiux 100 °C,
TOK KOPOTKOTO 3aMbIKaHHs CYIleCTBEHHO yMmeHbwaeTcs. B ob6naactu
oueHb HH3KHX TeMnepatyp KIIJ cuauana pe3ko Bo3pacraer, JOCTH-
rasg MakcumyMa npu —80°C, a npH GoJsiee BHICOKHX TeMIepaTypax
OBICTPO CHHXKaeTcsl. 3HaueHHe TeMmeparypHoro kosdguuuenra Ve,
noayuedHoe Cunrxom [29], cocrasaser —1,3 mB/°C.

4.4.2 CnekrpanbHas 4YyBCTBMTENbHOCTb

OtanunTeIbHOH OCOGEHHOCTBIO CNEKTPaNbHHIX XapaKTepHCTHK
YYBCTBUTENLHOCTH BCEX COJHEUHBIX 3J€MEHTOB CO CTPYKTYpoOH
CuyS—CdS saBasieTcs Hanuyue sipKO BbipaxKeHHOro rucrepesuca, Ko-
TOPLI MPOSIBASIETC B TOM, YTO NpPH H3MepeHHSX, HAYHHAEMBIX NPH
GOJbIMX 3HAYEHHSX MJHHB BOJHB H OKaHUYHBaeMbIX B KOPOTKOBOJI-
HOBOH 4YacTH cneKTpa, YYBCTBHTEJIbHOCTb 3JE€MEHTOB 3aMETHO HHXe,
yeM NPH NMPOXOXKAEHHH TOro XKe CHeKTPasJbHOro AHanasoHa B Npo-
THBOMNOJIOXXHOM Hanpasienun [13, 19, 62, 63]. Ilpu AnuHax BOJH
2>0,65 HM YYBCTBHTEJIBHOCTb 3JeMEHTOB NoHHKaercs [37]. DTH 3¢-
«<ekTH CBfI3aHH ¢ siBIeHHEeM rauieHHs GOTOUYBCTBHUTENBHOCTH, 00YyC-
JIOBJIEHHBLIM 32BHCHMOCTBIO HAaNpsiXKEHHOCTH MOJIs B Iepexoie OT
JJIHHH BOJHB H HHTEHCHBHOCTH cBeTa [59]. OaHako naHHBe 3¢-
(eKTH YCTPAHAIOTCH NpPH HAJTHYHH TOACBETKH, OCYIIECTBJAEMONH
C NOMOLIBI0 KOPOTKOBOJIHOBOro uiau 6enoro csera [13, 19, 37]. Ecan
NPH H3MEPEHHSIX CNEKTPaJbHOH YYBCTBHTEJLHOCTH 3JIEMEHTOB Ha OC-
HoBe Cu,S—CdS Hapsay ¢ MOHOXpOMAaTHYECKHM H3JydyeHHeM JO-
TIOJIHHTEJbHO HCHoJIb3yeTc Gesbli CBeT, TO THCTEpe3HC OTCYT-
cTByeT, a GOTOOTKIHK OKasbiBaercsi 6o0Jiee BHICOKHM H OJHOPOXHHIM
BO BceH o6aacTu yyBcTBHTEbHOCTH [64). Baaronaps noacserke B ne-
pexofie NMOAAEPKHBAEGTCH BHICOKAA HANpPSAXKEHHOCTb 3JIEKTPHYECKOro
1044, 410 cnoco6cTByeT 3¢ PeKTHBHOMY COOHPaHHIO HOCHTeNeR 3a-
psana. Puc. 4.8, @ HaJaOCTpHPYeT BJHSIHHE HHTEHCHBHOCTH -H3jayue-
HHf, C NOMOIIbIO KOTOPOro CO3JaeTcs NOACBETKAa, Ha Ko3dpdHuuerT
cOO6HpaHHs HoCHTesefl 3apsaa B BHCOKO3()(PEKTHBHHX TOHKOMIEHOY-
HBIX COJMHEUHHX 3jeMeHTax Ha ocHoBe CusS — CdS [64, 65).
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Puc, 4.8. 3aBucunocts KoapduuHeHTa cobHpanHus Q HocuTened npu A = 0,9 MKM
B toHKonIeHOYHBIX “CONMHEUHBIX 3JeMenTax Ha o¢HoBe Cu,S—CdS or HiTeHCHB-
HOCTH H Gesioré cBeta, Memonb3yeMold B° kauecTse moxicBerkw ‘(a) [65F cnex-
TpafitHble 38BHCHMOCTH IHIOTHOCTA TOKa'J COJHEYHBIX 3AEMEHTOR -CO -@TPYKTYPOH
CuyS—CdS, .monyuaeMblXx METOAOM .JLyJbBepH3AlH, NPH. PA3JAHUYHRX HaOpgKe-
HHsAX, cMemenus (6) [56]; saBHcHMOCTH TOKA I _THIbHO-6apPBEPHBIX COHEYHBIX
afi&meliTod Ha ociose Cu,S—CdS of sneprum $oToHOB Av npH ToAHHE diToR
Cd8 0,4 (1y v I8 ‘MkM (2), & Takke"§dpHchMocTs Kosdduituenta cobupanna &
HOCHTeJleHl Bb (GpourainpHo-6apsepliom-wreMente  co - cTPyKIypolt Cup8—CdS
(3). 0T AJIHHLL BOKHLL.cBeTa .A (8)..{65]

DoToTORUBIeMeHTOB, KaK ClEéfyeT W3 rpadukos, NPHBEABHHBIX
warpue. 48, G, THAbHG SagcT FoT Hafipipiennn eMetiterust [56]. On
BOGH ACTAET T ip L yBeinaeudirt 06patHore © HANp sKe s MBI EHI
BAEOBEBETCHBRN ¢f cODTHOEHAEM ] '~V EyifiecfBoBane’ s18i1*3a-
BrRCHNMOETH < 0B A84HO0 ~ ¢ *H3MEHEHREM - (I1d Biivsiniiem »HanpseHue
EMRILTEH 15F) - KO HH OCTH HOM s* B 0BAaCHE rHmepexdfa urRoxddu-
‘Hitenrat CoGnp daus’ HotH TR ei®{BO] . }
UM PN 1A 16 7T koath RN SHT. 66K PR Y ToBHOGdYs-
epHBbIX 3éMBHTOR Teoperubciit BBILte; aoF* Y= DhoHrasbmc6apbep-
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HBIX, 3J€MeHTHl BTOpOro Tuna GJjarogapf Gousibuiedi " wivpuHe  ¢HEK-
“TPajIbHON 06JACTH UYBCTBHTENBHOCTH, WMEIOT, KaK MpaBuiIo, Gomee
BhICOKHE (oTOoTOK.-‘Ha puc. 4.8, 8 npeacTdBieHbl creKTpaibHbé 3d-
BHCHMOCTH KosthtpuuueHTa cobupanus u ¢ortoroka (Npu HaJanuuu
TIOACBETKH) COOTBETCTBEHHO BBICOKOS(Q(MEKTHBHBIX (POHTAIBbHO-
GapbepHBLIX CONHEYHBIX 3JeMEHTOB C OTPAaXkKAIOUMM KOHTAKTOM [65]
H ThIbHO-GapbepHbIX 3jMeMeHTOB Ha ocHoBe CuS—CdS, u3roros-
‘JsieMBIX MEeTOJOM TYJbBePH3alHy ¢ MOCJedyIoUHM IMHposnu3oM [48].
‘DTOT pPHCYHOK TakXe WIIOCTPUPYET BJIHsHMe TosiuuHb cios CdS
Ha cleKTpaJbHoe pacrnpenenéHue GoTOTOKA THIbHO-6apbepHBbIX 3ile-
MeHTOB [48]. AHanu3upys naHHble 3aBHUCHMOCTH, MOXKHO OTMETHTB,
4TO BBICOKAsi YYBCTBHTEJIbHOCTb (PPOHTAMbHO-0apbePHBEIX 3JeMEeHTOB
¢ OTpaXKalolWMM KOHTAaKTOM NpH A<0,5 MKM fAB/feTcs clenctbuem
co6upanusi GoToreHepHUpPOBAHHBIX HEOCHOBHBIX HOCHTesqefl 3apsia
Kak u3 cjaos Cu,S, tak u u3 €dS; peskoe cuikenue quCTBuTeJ‘ib-
HOCTH ThIJIbHO-6apbepHBIX 3/71eMeHTOB NpH A=~0,5 MKM BbI3BaHO MOJI-
HBIM TOTJIOIEeHeM cBeTa ¢ AJAHHOH BOJHBI A<0,5 MkM B ciaoe CdS;
‘IJIAHHOBOJIHOBAasl TPAHMIIA CNeKTPaJbHOH 06JACTH YYBCTBHTENLHO-
cT¥ nmpHu A=~1 MKM oTBeyaeT Kpai mnorsomienuss GueS; crnekTpaiib-
Hast XapaKTePMCTHKA YYBCTBHTEIbHOCTH (POHTANBHO-GapbepHBIX
3/IEMEHTOB HMeeT mnpoBaa B -obaactd it Bosaun 0,51...0,55 mxm
{19, 38,42, 58, 64, 66]. Bonpot¢ 0 mpHuMHE ero BO3HUKHOBEHHUS $IB-
Jasercd AHcKyccroHHBIM. Hekotopble aBTOphi [66] 00BACHFIOT 3TOT
s dekt naduyuet’ Poronposomsiero ciod B CdS u nuka B 30He
NPOBOAMMOCTH Ha rpanuie paspexa CusS—CdS, npyrue aBTOpHl
[42] monaratoT, yto BCAeICTBMe AOBOJEBHO BBICOKOH MPO3pauyHOCTH
BépxHero caos CipS 1o OTHOMIEHMIO K- H3JIYYeHHIO B YKa3aHHON
ClIeKTPHJIbHON 06JIacTi ero ‘sHAYHTebHAaH 0N MOIVIOUAETCS B TIIY-
O6uHe 6asdosoro ciod CdS.H, cienoBaresbHO, JaeT MEHbIUHH BKiaf
8 ‘dorTorok. Pesynbrath “pacuera cnéxfpanbﬂdﬁ "4YBCTBUTENBbAOCTH
q)poﬁ’raﬂbno GapbepHBIX COJHeUHBX "~ 31eMEHTOB CO  CTPYKTYypoil
CipS==CdS ripi~pasmudnoi romumHe cfios CliyS NOKASHBAIOT, YTO
Haubo/abuwas TyOHita” ipoBaja HA CHEKTPadLHON XapaKTepHCTHKe
€OOTBETCTBYET TOHRUM: THOAM G115, TOoTa KaK NPH OuweHb 00/ttt
“fohune caost CusS nposan ncuésdet [42)

443 Anddy3ncHHasn AnMHa HEOCHOBHBLIX HOCUTeNel 3apsaad

Hnst 'dnpezteneﬂym “u P yItool ANHE b HeOCHOBHEIX *HOTHTE-
T 3ap;ma B ¢0AféunbIX seMEiTAX HA OCHEBE CuiS~+CdS menoas-
sytorosm cHéiipanbusre XapaxtepHeTHkH ¢ q‘yﬁcfﬁmmhﬁﬁ%ﬁ {83,458,
67]; a_Taxike npomoistcs Adtfepentis vora ! Hapenénnort Bl eHpon-
ubiM Ayaou 197 20 24 68~ PFI] w Toka, 8036y deitbro fasepuiiy
Y AOM TP KAl poﬂénnn Be;fkmﬁ*m"kb“éoré fidnda direvensdn
[13i944]:-3Aadenis ‘)fmqaqaysnoxmon LTHHbL *4re0CHOBHEIX FHOCHTened,
Haennbte BARep R W 1P A48} Ho p@ﬁyhbi‘&’?ﬁmiﬂsﬁébéﬂmwwa
HABEAEHROTD* SneKtp oMHBI N Ay oRt: B TOHNSHARHOSHBIL # COH HEMIBIX
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‘3JIeMEeHTaX, H3rOTOBJEHHHX C IOMOLIbI BaKyyMHOrO HCHapeHHf
B COYETAaHMHM C XMMHYeCKOH peakuueir B TBepuod ¢ase, paBHH
0,13 mxm (B CdS) u 0,18 MM (B CupS), a B 3;ieMeHTaX, [OMyYeH-
HBIX METOJOM IYJbBEPH3aUHH C TOCAEAYIOUIMM MHPOJH3OM, —
0,41 mxm (B CdS) u 0,27 MM (B CupS). CornacHo pesyibTaTaM
Ilapreiina u np. [70], npH co3NaHHHK 3/1eMEHTOB NOCPEICTBOM BaKy-
YMHOIO HCNapeHHs H OCYIIECTBJEHHH MOKpOro npouecca AupdysH-
OHHAasd [JIMHA HeOCHOBHBIX HocHTenei B Cu,S cocrasasier
0,11...0,57 mxm, a B CdS — 0,10...0,31 mxm. 3Hauenus audpdy-
3HOHHOH NJIMHBI, H3MepeHHble ['HayoM u BbioGom [72] ¢ momouibio
CBeTOBOro MHKposzoHzaa B ciosx Cu,S u moHokpucraaiaax CdS, 3a-
kaouenbl B npegenax 0,1...0,4 u 3...7 MKM COOTBETCTBEHHO.
Mosec u Baccepman [67], ncxoas M3 H3MEPEHHHIX CNeKTPaJbHBIX
XapaKTePHCTHK YYBCTBHTEJIBHOCTH, pacCcuHTatu AHGY3HOHHYIO
JJIHHY HEOCHOBHHIX HOCcHTeJael 3apsana B ciaosdx Cu,S ToMHHOH
0,2...0,3 mkm u noayuuau 3Hadenus 0,08...0,26 mxMm. 3acayxH-
BaeT BHHMaHHA TOT (akKT, 4To, HeCMOTPS Ha CyLIECTBEHHOE M3MeHe-
HUe TOKa KOPOTKOrO 3aMblKaHHs 3JeMEHTOB Iocje TepMooGpaboTKH
Ha BO3/lyXe H B BOAOPOJE, CKOJbKO-HHOYIb 3HAYHTEJNbHBIX BapHa-
Ui AuQ@PYy3HOHHOH MJIMHH He oOHapyxeHo. Ha ocHoBaHHH 3TOro
6bl1 cAedaH BHIBOA O TOM, YTO TNOJ BJHSHHEM TepMOOOPAGOTKH H3-
MeHsieTCS 3/JIeKTPHUYecKoe noJje B nepexoie. Mcnoab3ys cnekTpajib-
HYI0 3aBHCHMOCTb UYBCTBHTEJBHOCTH COJHEUYHBIX 3JeMEHTOB CO
cTpykTypoii CueS—CdS, nomHOCThI0 M3rOTOBJEHHHX METOJOM HOH-
HOro pacnbiieHHs, Augepcon # JxkoHat [58] BbluHCAHAH AHDDY3H-
OHHYIO JJIHHY HocHTeneit B cioe CupS, KoTOopas, Kak 6Ka3ajoch,
npubausutespbHo pasHa 0,1 mm. ITo pesysnbraTam H3MepeHHH TOKa,
HaBeJleHHOTO 3JIEKTPOHHBIM JIYYOM, H CHEKTPaJbHOH UyBCTBHTEIbHO-
cta anementos I1ducrepep u np. [53, 68], a Takxke ok [69] noay-
UHH 3HaYeHHe AuQPy3HOHHON NIHHB HOcHTedeH B CurS ~0,3 MKM.
¥YcTaHOBJIEHO, YTO CKOPOCTb NMOBEPXHOCTHOH PeKOMOMHALMH HOCHTE-
Jeii cocraBaser ~ 10* cm/c. ITH 3HayeHHss NMapaMeTPOB OTHOCATCS
K 3/7eMeHTaM, TpolleJlIHM TepMooOpaGoOTKy B ONTHMAaIbHOM pe-
KuMe, Y Kotophx coctaB ciosi CurS coorsercrByer x=1,995. Oa-
Hako pesyabraThl [1ducrepepa u ap. [53, 68] He coraacylorcs ¢ AaH-
HolMH Moseca u Baccepmana [67] H moKasHBalT, 4YTO moC/e
TepMOO6GpPaGOTKH 3JeMEHTOB OYeHb CHJIBHO H3MEHAIOTcA Kak dH-
py3HOHHasl AJIHHA, TaK H CKOPOCTb NMOBEPXHOCTHOA peKOMOHHALHH
HocHTesel.- HeoToXKeHHHe CO/MHeYHHe 3/IeMEHTH, N0/1yJaeMble MOK-
pPHIM METONOM, ¥ KOTOpHX cocTaB caosi Cu,S orBevaer x=1,98, He-
NOCPEACTBEHHO MOC/Ie H3TOTOBJIEHHA HMEIOT HH3KYI0 AHPOY3HOHHYIO
AAMHY HOcHTesell (~O0,1 MKM) H BHCOKYIO CKOPOCTb NMOBEpXHOCTHOM
pekomGuHauun (108...107 cM/c). Ha ocHOBaHHH H3MepeHHH TOKa,
‘HaBeAEHHOro 3JeKTPOHHHM ayuoM, Oykc H Ap. [71] caenaas BuBOA
© TOM, 4TO npu cocraBe cjosi Cu.S, OJH3KOM K CTEXHOMETpHYe-
cKkomy, Anddy3HoHHaR, AMHHA OKa3mBaercs Gospiued (>0,4 MKM),
yeM 8 ca0sX ¢ HapyweHHok crexHomerped- (~0,1 MKM): Haveuns
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nudoysnonHoll mauHbH Hocuteneft B cioe CupS, Hafinenunie Cepo-
HoM H g1p. [13, 14] B 3KcnepuMeHTax cO CKaHHPYIOUIUM Ja3epHBIM
JIy4oM, paBHbl ~ 0,2 MKM.

4.4.4 EMKOCTHbIE M3MeEpeHHUs

B xone uccienoBanuit coiicts reteponepexona CuyS—CdS mpo-
BOJHJIHCb MHOIOYHC/JIEHHbIE H3MEpeHHS €MKOCTHBIX XapaKTepPHCTHK
TOHKOIJIEHOUHBIX COJTHEuHHX 37eMeHToB [20, 24, 29, 42, 56, 58, 59,
64, 68, 74—78]. BonbT-papanHbie XapaKTEepUCTHKH 371eMEHTOB, HE
NoJBePraBUIHXcA TepMO0OOGpaboTKe, NPeACTAaBACHHbIE B BHE 3aBHCH-
mMocTd C~2 oT V, 06biuHO HMeIOT OPMY NPSAMBIX JHHHH, YTO CBHAE-
TeJbCTBYeT O HAaJHYHH pe3koro rereponepexona. Ilo Benuunne ot-
PE3KOB, OTCEKAEeMBbIX HUMH Ha OCH HalpsXKeHHH, MOXHO ONPEeNHThH
3HaueHus Au¢dy3nonHoro norexurana Vp. Tepmoo6paboTKa mpH-
BOJHT K CYUIECTBEHHOMY H3MEHEHHIO BOJbT-(apaJHbIX XapaKTepH-
CTHK, 00YCJIOBJEHHOMY TeMH Xe 3((}eKTaMH, KOTOpPbe OKa3biBAaIOT
BJHSIHHE HA BOJIbT-aMIepHble XapaKTePHCTHKH H CNEKTPaJbHYIO UyB-
CTBHTEJILHOCTb 3JIEMEHTOB (3TOT BONpOC GYAeT 06CYKAaThCA HHXKe).
'paduku 3aBucumoctu C—2 or V 31eMeHTOB, NPOMEIUIHX TepMOOG-
paboTKy, Bcerfa coiep:ar ABa JUHeHHbIX yuacTka. O6aacTb niaas-
HOTO H3MeHeHHs1 BeJHUHHbl C~2 mpoOCTHpaeTcs OT BBICOKHX o6par-
HbIX HanpsiXKeHHH CMeuleHHs A0 3HAyeHHH NPAMOro HamnpsiKeHus,
COCTaBJSIOMIUX HECKOJbKO HecATHX jponeil Boabra. [Ipn nanbHeit-
IleM TMOBBIILEHHH HANpPAXKeHHs, IPHAOKEHHOrO B IPSIMOM HalpasJe-
HHH, HAaK/JIOH KPHBOH Pe3KO YBeJHUHBAeTCsl M MPOHMCXOJMT ee mepe-
ceueHHe ¢ ocbio abceuuce. TunnyHas 3aBucuMocTb C—2 ot V a4 coa-
HeyHbIX 37eMeHToB Ha ocHoBe CupS—CdS nokasana Ha pHc. 4.9, a.

YBesqHueHHe €MKOCTH COJHEYHBIX 3JE€MEeHTOB NPH HAJHYHH OCBe-
IIeHHS ¥ HYJIeBOM HANPSKEHHH CMeEIleHHs CB3aHO C YMeHblleHHeM
IIHPHHBL CJI0s, 00eIHEHHOr0 HOCHTeISIMH 3apsiaa. IIpH ocBeleHHH
37eMeHTOB IUIOTHOCTh NPOCTPAHCTBEHHOro 3apsiia moBulmaercs. Ha
rpa¢Ke CHOEKTPaJbHOH 3aBHCHMOCTH €MKOCTH OCBELIEHHOrO 3Je-
MeHTa NOJIOKeHHe o6aacTell cmaja | pe3KOro yBeJHYeHHS €MKOCTH
COOTBETCTBYeT NPHMEPHO TeM XKe IJHHAM BOJH, NMPH KOTOPBIX Ha-
6alonaloTcs rauleHue u poct GoroToka.

Ananusupys 3aBucuMocTH C~2 oT V coJHeuHBIX aJIemeHTOB u3-
TOTOB/JEHHBIX METOJOM MYJbBEPH3AUHH C MOCAELYIOUIHM MHPOJH3OM,
Hdac u np. [74] ycTaHOBHIIH, YTO KOHLUEHTPAUHA HOCHTeeH BOIHU3H
nepexona cocrasiser okodo 1,5-10' cM~3, a B o6beme CdS—
1018 cm~3. CornacHo pacueraM, IHPHHA 06eHEHHOrO CJIOS paBHA
~0,9 MKM. B co/iHeyHBIX 3/71€MeHTaX, NOJYUYEeHHHX C IIOMOIIbIO Ba-
KYYMHOrO HCNapeHHsi, 3HayeHHs KOHUEHTpallHH HocHTesleH BOJIHSH
nepexoga u B oO6beme . CdS paBHH: cooTBeTcTBeHHO 3,5-10'¢ M
3-10'7 cM~3, a wupHHa -o6eAHeHHoro cjosi cocrasiaser 0,12 Mrm.
3HaveHHss AH((Y3HOHHOro NMOTeHLHaJa AJs 3JeMEeHTOB, CO3JaBae-
MBIX METOJAMH . NY/NbBEPH3AUMH. € TNOCJEAYIOUHM MHPOJHIOM K
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Puc. 4.9, 3aBucumocts C—2 coiHeyHOTO 3jeMeHTa Ha ocHoBe Cu,S—CdS, usro-
TOBJIEHHOTO METOJOM IyJAbBEPH3alHH, OT HanpsiKeHHS cMmemeHHs V (emxocTh C

uamepera B H®) (a) [74]; kpuBble 3aBHcHMOCTH Cy° CONIHEUHBIX  5JEMEHTOB
co cTpykTypoit CuyS—CdS, noaydyeHHBIX METOZOM BaKyyMHOTO HCIApEHHs, C He-
TpaBJieHbIM (6) H TpaBJeHHM (8) caosmu CdS, or HanpsKeHHsl cMelieHHs V npH
PasNHYHOH TNPOAOJKHTENILHOCTH ! TepMooGpaGoTku (ynenbHas eMKocTh Cyg
usMmepena B ®/m2) [76].

BaKyymHoro ucnapesusi, paBuel 0,96 B u 0,87 B. ¥ colHeuHBIX 3u1¢-
MEHTOB, H3rOTOBJeHHBIX CHHrXxoM [29] nmocpemncTBOM Iy/AbBEPU3AIHH,
IHpHHA 00eJHEHHOTO CJIOSl NPH OTCYTCTBHH OCBEIlEHUS COCTaBJsieT
0,74 MKM, a npu BO3JeHCTBUH CBETOBOTO IIOTOKA, OTBEUalolero yc-
goBusim AM1, — 0,23 Mkm. [110THOCTh MPOCTPAHCTBEHHOrO 3apsna
B ITHX 3JieMeHTax HuameHsietcss oT 1,4-1015 cM—® (B TeMuoTte) 10
1,2+ 10 cM—® (npu ocBeueHHH), a pacyeTHoe 3HayeHHe. THPY3H-
oHHOro nortennxaJtga pasHo 0,8 B. ITocie ponmosnnurepHol TepMoo6-
pabOTKH TeMHOBas NJIOTHOCTh MPOCTPAHCTBEHHOrO .3apsifa NMOBHIIA-
eTcst. 1o 2,4:10'% cm~3. CorsacHo pesysabTataM HM3MepeHHi Xoaja
u CuHrxa [75], TOHKON/IeHOUHBIE 3JIeMEHTBI, H3TOTOBJEHHBIE METO-
JIOM, BAKYyMHOTO HCIADEHHS B COYETaHHH C MOKPBIM. XHMHYECKHM
npoueccom, mocjae TepMooGpabOTKH Ha ‘BO3AYyXe NpH TeMmepaType
240 °C B TeueHHe 45 C. HMEJOT IIOTHQCTb IPOCTPAHCTBEHHOrO 3a-
psina 8,910 ¢m~, kotopasi yMeHbiaercs o 2,5: 101 cm~? nocne
NATUMHHYTHON TepMOOOpaGOTKH. ABTODH OTMEYAIOT, YTO IO Mepe
VBEJHYEHHST NIPOJIO/I2KUTEIbHOCTH TepMaoOpaboTKH 10.15 MUH Touka
nepeceyeHHsi, SKCTPaNOAHPOBAaHHOH 3aBHCHMOCTH C~2 ot V ¢ .ockio
HanpsiKeHuil ymansercs OT Hauaja KoopauHat. [Ipu maurTenbHOCTH
QTXKHTa, NpeBbIIAOUlel: 15, MHH, eMKOCTb NepecTaeT 3aBHCETb OT
HappsUKeHHs, 4TO JeJaeT HEBO3MOXKHBLIM. ONpEAeNeHHe IJIOTHOCTH
NPOCERAHCTBEHHOTO 3aPsAAa.

Fl¢ucrepep: 0 Ap. [68] ycTaHOBUIH, ‘HTO B, HEOTOKKEHHEIX €QJI-
HEUHBIX 3AeMeHTaX- Ha ocHoBe Cu,S:=—CdS .¢ NI0CKHM HNEPeXoLoM,
(¥+ KOTOPHIX.CAQH.CAS ¥He NQARGPRANCS TPABJLHHID) GO3XABAEMBIX
MeTQLOM BAaK¥YMHOFO HCHADEHH# B ¢OUefaHHH ¢ MOKPHIM Ipolee-
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COM, KOHIIEHTpalHs HOCHTe-
aeit pocruraer 1-1017...1,5X
X 1018 cm~3. IIpu yBeJHUEHHH
MPOJOMKHTEIbHOCTH — TEPMO-
00pabOTKH TrpagHKH 3aBHCH-
moctd C-2 ot V cMmewalorest
OTHOCHTEJbHO JApYr JpYra,
a MX HaKJOH He3HauyHuTe/bHO
Bo3pacraer (cMm. puc. 4.9,6).
Y 3/1eMeHTOB C HellJIaHapHBIM
nepexogoM (c TpPOTpaBJeH-
HeiM ciaoem CdS) astor ad-
(exT, Kak II0Ka3aHO Ha pHC.
4.9, 8, BeIpaxkeH 6oJjiee sSPKO.
Anpnepcon u [IxkoHaTt [58] co-
ofmiajy, YTo IIHPHHA CJOA
IIPOCTPAHCTBEHHOrO  3apsiia

HachlllaeTcst ~ Ha  YpOBHe 0 [ s ,

~0,48 MKM; 3TO 3HaueHHe ’0'“5 07w Lo, 0

C JIOCTaTOYHO BBICOKOH CTe- A, - t (ud=s |8
[eHbI0 TOYHOCTH COBNafaeT o

¢ toamuuoit (0,5 MxMm) HeJe- 8 / -6
THPOBAHHOTO  BBICOKOOMHOTO /° 8
cnost CdS B moJsiyyeHHBIX aB- i O/O/A/i5 4
TOpaMH  METOJOM  HOHHOTO 0" st o
pacrblIeHHsT COJIHEYHBIX 3JIe- 2= T o0 12
MeHTax co CTPYKTYPOH

CupsS — CdS  (uenerupoBaH- oy — — o
Heifl caoit) — CdS  (caoi, se- 3 v, B

THpOBAHHEIH HHI\l}‘HeM)' Co- Puc. 4.10. CnexTpaibHas 3aBHCHMOCTb
rJ1acHO NAaHHBIM MAapPTHHYUUH  eykoctu C TOHKONJIEHOYHOTO COJHEYHOTO
u ap. [66], B ameMeHTax, U3- anementa Ha ocHoe Cu,S—CdS (a), 3a-
TOTOBJIEHHBIX METOAOM IYJib- BHCHMOCTb €ro leeJIbHOﬁ €MKOCTH Cy}l
BepH3allMH C TOCAeAYIOLHM OT HHTeHCHBHOCTH H3nayuyenus H (6) [65,

5 79] u KpHBBle 3aBHCHMOCTH Ko3(hdHLHEH-
MHPOIU3OM, IIHPDHHA OOCAHEH- 15 ypenuuenns Ap nJOWAnW mepexofa

HOro cJjosi paBHa ~2 MKM, or 06paTHOTO HanpsiKeHHs cMelleHHs V
a KOHIEHTpallusi AOHOPOB CO- NpH PasiUYHOH NPOMONKHTENbHOCTH Tep-
crapiasier 1014...1015 cm—3—  MooGpaGotku (6) [76].

BHYTDH cJI0st CdS w

10%5 ... 10'® cM—% — y moBepXHOCTH pa3mesa.

Ananornynble pe3y/abTaThl NOJYYeHbl COTPYIHHKAMH YHHBEPCH-
tera wT. Jenassp [42, 64]. Kak noka3aan pacyeThl, IIIOTHOCTb NpO-
CTPAaHCTBEHHOrO 3apsiia H3MeHsiercsi oT 5+ 105 c¢cM~® (y moBepXHO-
CTH pasjena) Jo 3HauyeHus mnopsiika 107 cM~® (B oGbeme cuaos
CdS). Ilpu Hanuyuu OCBeLIeHHs] MIOTHOCTb MPOCTPAHCTBEHHOTrO 3a-
psna BOJM3H NOBEPXHOCTH pasjeda Bo3pacraer jgo 1,4-:10' cm—3,
a mocJje TepMooGpabOTKH ee 3HaueHHe yMeHbliaercs 10 2. 1015 cM—3,
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1llupuHa c/10d NPOCTPAHCTBEHHOrO 3apsiia B pe3yJjbTaTe OTXKHra
yBesnuuBaercst ¢ 0,1 po 0,5 Mkm. CrnekTpajbHasi XapaKTepHCTHKa
eMKOCTH OCBeLeHHOro 3/jeMeHTa, NokasaHHas Ha puc. 4.10, a, co-
JAEPXKHUT 00JMacTH crajla H pe3KOro MOBHIIEHHS eMKOCTH. 3aBHCH-
MOCTb eMKOCTH OT HHTEHCHBHOCTH H3JyyeHHS IipelCTaBJeHa Ha
puc. 4.10, 6. TIpu BapuauMsAX HHTEHCHBHOCTH cBeTa HabJjroaaeTcs
NJAaBHOE H3MEHEHHME eMKOCTH, IIpHUYeM IpH HH3KHX YPOBHAX OCBe-
LLIeHHOCTH OHA CTaHOBHTCS CPaBHHMOH 10O BeJHYHHE C €MKOCTbIO He-
OCBeIIIEHHOTO 3/ieMenTa [64].

Jnsi uATepripeTallHd BOJbT-(papagHbIX XapaKTepHCTHK HEKOTO-
pble aBTOpPbI HCHOJb30BAJH MOJAEJb 3J€MeHTa C KOMNEeHCHPOBaHHON
obnacTbio BOMM3H rpaHHUBl pa3fena, obpasywoulefics B npoiecce
TepMOOOPabOTKH BCJAeACTBHE AHPGY3UH MelH B CYAb(PHR KaaMHS.
HeoToX:KeHHble 3J€MeHTh HMEIOT JHHeliHyl0 3aBHCHMOCTb C~2 OT
V, xapakTepHyo IJs pe3koro reTeponepexofaa. Ilockoabky CueS
TI0O CBOHM CBOHCTBAM MpPHOJHXKAETCSH K BHIPOKAEHHBIM MOJYNPOBOJI-
HHKaM, MOXKHO CYHTaTb, YTO MNAaJeHHe HaNpsKeHHS IPOHCXOLHT
rJ1aBHBIM 00pa3oM B 00€IHEHHOM HOCHTeJAsiMH cioe mieHkn CdS.
Ilpu 67aronpHATHHIX YCAOBHAX TepM0o6pabOTKH, obecreuHBaloiHX
BBEICOKYIO CTelleHb KOMIIGHCAllHH MaTepHaja, WHPHHA o00efHEHHOro
CJ105 yBeJHUHBaeTcs, B pe3yJabTaTe yero rpaduk 3aBHCHMOCTH C—2
or V cMemaercs napaJienbHO HCXOAHOH KpuUBOH. B cooTBeTcTBHH
¢ ypaBHeHHeM (1.7) Beaumunny C—2 MOXHO npeicTaBHTb B BHJIE
CYMMBI HEeCKOJbKHX CJaraeMblX, OJHO H3 KOTODHIX 3aBHCHT OT Ha-
TIpsSIXKeHUs.

Kouuentpauust Np Jerupymoiieil NpuMecH HaXOAHUTCS PacueTHBIM
TyTeM M3 CJlaraemMoro, B KOTOpO€ B KayecTBe NepeMeHHOl BeJHUHHbI
BXOIHUT Hampsi)KeHHE, ApPYyrue ke ciaraemble, He 3aBHCsUIME OT Ha-
NpPSIKEHHS] U oNpefessioude BeJHYHHY YKa3aHHOI'O CHBHTa BOJbT-
¢apaiHOH XapaKTepHCTHKH, NO3BOJSIOT BBIYHCIAHTb 3HAayeHHE MPO-
usBefeHusi Nad?, rpe d — paccTosiHHe MeXJAy NOBEPXHOCTbIO pas-
nena U HaubGoJiee ylasleHHBIM OT Hee KpaeM KOMIIEHCHPOBAHHOTO
cnosi, a N4 — KOHIeHTpalus akuentopoB. [IpH oueHb BHICOKHX 3Ha-
yeHussix Na o6pasyeTcsi romoreHHuli p—n-nepexox B caoe CdS,
2 MmpH OYeHb HH3KOH KOHIEHTPalHH aKUENTOPOB OGeJIHEHHBbIH CJOH
COJIEPKHUTCS BHYTPH KOMIIGHCHpOBaHHOH o6GaactH. Ilasi aByX pac-
CMOTPEHHBIX TNpeJeNbHbIX cayuaeB 3aBHcuMoctTH C—2 ot V cosmna-
0T, H eCH MPOBECTH HX JHHEHHYI0 5KCTPanofslHIo, TO COOTBeT-
CTBYIOLIHE KPHUBBIE TIepeceKyT OCh HanpsxkeHHH B Touke V= Vp. [Ipu
HensaHapHoll ¢opMme mepexojna B ypaBHEHHE, C NMOMOIbI0 KOTOPOTO
oInpejesieTcss eMKOCTb, HeOGXOAHMO BBeCTH KO3(D(MHIHEHT yBesHuye-
HHUS TJIOLIAJH MepexXxona. ¥ COJHEUHBIX 3JeMeHTOB C OOJbIIOH IJOo-
waapio nepexofa (BcieldcTBHe TpasieHHs cioss CdS) [76] momumoO
casura rpaduka 3aBHCHMOCTH C~2 oT V mpOHCXOAUT H3MeHeHHe ero
HaKJIOHa, KOTOPOe CBSI3aHO ¢ BapHauusiMH KosdGdHuUHEHTa yBejHye-
HUS TJIOLIAJH TepeXxofa BCJAEJACTBHE TOrO, YTO Kpall 06s1acTH npocT-
paHCTBEHHOTO 3apsiia mnpuobperaer Gosee riaaakyw dopmy [75, 76].
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Kak nokasano Ha pHc. 4.9, 8, K03 UIHEHT yBENHUEHHA IVIOLIAAH
nepexoja CHUXAercsi NMPH NMOBbILIEHHH NPOJOJIKHTEIbHOCTH TepMO-
06paGOTKH ¥ BO3PacTaHHH OOGPATHOTO HANPSKEHHA cMelleHus [76].
Hannune BHICOKOH NJIOTHOCTH 3apsinia Ha rpaHHLe pasjena H HH3-
KOro AH(@y3HOHHOTO MOTeHLHANTa MOXKHO OODBACHHTH HCXOAs M3
NPEANOJNIOKEeHHs] O CYIIeCTBOBAHHH B 06JIAaCTH MEpeXofa CHUJILHO 3a-
PAXKEHHOro TOHKOrO ¢J10s,, KOTOpPHI o6pa3yercsi BCAeJCTBHe 3HaUH-
TeJbHOr0 HeCOOTBETCTBHS MapaMeTPOB KPHCTANJIHYECKHX peEIIeTOK
Cu,S u CdS [29].

Jnsi onMcaHUsl eMKOCTHBIX XapaKTePHUCTHK COJHEUYHHIX 3JIEMeH-
ToB Ha ocHoBe CusS—CdS (npu ocBemeHHH H B TEMHOBBIX YCJIO-
BusiX) PotBopd [42] npemnoxua apyryio ¢H3HYECKyI0 MOJENb, CO-
rJ1IacHO KOTopoH B 3anpeueHHoH 3oHe CdS umeroTcs riay6okue sHep-
reTHYeCKHe yYpoBHH. JlaHHBEIE O HX HAJHYHUH TOJYYEHH C MOMOIUIbIO
H3MepeHHHl XapaKTepUCTHK 3JIeMEeHTOB MEeTOIOM eMKOCTHOH crek-
TPOCKONHH I'1y60KHX ypoBHeH (cM. ra. 1). Ilpu onpeleseHHoM Ha-
NpPAXKEHHH, NIPUIOXKEHHOM B NPSAMOM HamnpaBJ/eHHH, obnacTb, oben-
HEHHAasi HOCHTeJsAMH 3apsiia, oTcyTcTByeT. IIpu Gosee HH3KHX Ha-
NPsI?KEHHUSX CMelleHHS 3JeKTPOHbI YXOIAT H3 06JacTH ToawmuHol W,
6naropaps yemy B caoe CdS obpasyercs noTeHUHaJdbHBIH Gapbep
BoicoToH Vp—V. Ecan ans pesynbTHpYIOmiell KOHUEHTPAUHH JOHO-
poB BBecTH o60o3HauenHe Np* (Np*=Np—N,), To

W=[2(Vp—V)e/gNp]"2
C i =2¢(Vp—V)/eNp.

3paech &s— AU3JEKTpHYecKass NPOHHIAeMOCTb IOJYIPOBOLHHKA,
a g — 3apsn snexkTpoHa. IIpu jpanpHelilleM yMeHbUIEHHH HalpsiKe-
HHA ypoBeHb ®Pepmu B 06JacTH mepexola 3aHHMaeT Gosee HH3Koe
NOJIOJKEHHe [0 CPaBHEHHIO ¢ IVyGOKHMH 3HepPreTHUeCKHMH YPOB-
HsiMH. MoHu3alusa 3THX ypoBHell BbI3bIBaeT JOMOJHHTeJNbHOE Maje-
HHE HaNpsXeHHs, HO He NPHUBOAMT K pacIIHPeHHIO 06/1aCTH NpOCT-
paHcTBeHHoro 3apsna. [Ipu emle 6ojlee HU3KOM HamnpsiKeHHH CMele-
HHSl 1IMpHHa 006JacTH [POCTPAaHCTBEHHOrO 3apsjia H3MeHseTcd
He3HauyHTeIbHO M rpaduk 3aBHcHMOCTH C—2 ot V umeer majwlit
yroJl HakKJOHa.

CuxTaeTcsd, YyTo NMOA BJAHAHHEM TepMOOOPaBOTKH MPOHCXOMHT IO-
BbIIIEHHE KOHIEHTPAallMH TIJIyOOKHX ypOBHEH, a He pacliHpeHHe 06-
JacTH MPOCTPAHCTBEHHOro 3apsia. YBeJHYeHHe KOJNHYecTBa TrIy6o-
KHX YpOBHeil IpUBOAHT K GoJiee CHIbHOH KOMIIEHCALHH MeJKHX NpH-
MeCHBIX YPOBHeH H, ciael0oBaTeJbHO, K MOHHXKeHHI0 Np*. B 3ToM
caydae B MpOLECCe YMEHbIIEHHs HaNpsiXKeHHs cMeuieHHs cBOGOaHbIE
HOCHTE/IH 3apsija AOJKHBI NOKHHYTb GoJiee 3HAYHTENLHYIO 4YacTb
caos CdS, mpexnie yeM Ha4yHeTCS HOHH3aIMA IIYGOKHX YpoBHEH,
9T0 H ABJISIETCH NPHUHHOH pacHIMpeHHss 0GeIHEHHOTo CJOf.

B paMKax naHHOH MOJeNH OCOOEHHOCTH €MKOCTHBIX XapaKTepH-
CTHK OCBELIEHHBIX 3/IeMEHTOB OODBSACHAIOTCA BJHSHHEM Ipolecca
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HOHH3aLMH IJ1yOOKHX ypopHell. OnHaKo ciejlyeT UMeTh B. BUAY, UTO
NoJ AefiCTBHEM CBeTa MOXET [POHCXONHTh HOHH3AIHs 3HAYHTEJbHO
6aJ1ee riy6oKuX ypoBHel. [Ipu ocBelieHHH 3J1eMeHTOB HOHH3HPOBAH-
Hble T1y60KHe YDOBHH 00eCleuMBalOT MONOJHHTENbHBIA 0GbeMHbIH
3apsj, cnocoOCTBYIOUHE MOANEPKAHHIO Pa3HOCTH NMOTEHLHAJIOB Ha
nepexoje, 4TO NPHBOAHUT K YMeHbUIEHHIO HIMPHHBI 00/1aCTH NpOCT-
P4HCTBEHHOrO 3apsijla, CO3LaBaeMOro MeJKUMH JAOHODHBIMH YpOB-
HSIMH, H yBeJIHUCHHIO H3MepseMbiX 3HaueHUl eMKOCTH. XapaKTepHbIe
YepThl CHNEKTPaJibHOH 3aBUCUMOCTH eMKocTH (cM. puc. 4.10) w,
B YacTHOCTH, 3(pPeKTH ee cmaja M Pe3KOro BO3PACTAHHS CBA3AHBI
¢ HOHH3alHeHd rnyOOKHX YpOBHEH M oOpaTHbIM IpOIECCOM — 3aXBa-
TOM HOCHTeJeH, KOTOpble NMPOUCXOAAT NMPH BO3JAEHCTBHH H3JYy4yEHHUS
C pa3HOH NJIHHOH BOJIHBI.

4.4.5 AHanuz BONbT-aMMepPHbIX XapaKTepuCTUK

Hac u np. [74] ncciaenoBanu BAMsHHe TeMIepaTypbl Ha BOJbT-
amiepHble XapaKTepPUCTHKH TOHKOIIEHOYHBIX COJTHEUHBIX 3J€MEHTOB
co crpykrypoii CusS—CdS, H3roToB/sSIeMBIX METONOM BaKyyMHOTO
HCcrapeHHus B COUETAHMH C XMMHYECKOH peakuuell B TBepno#t dase, n
YyCTaHOBHJIH, uTO Ha rpadukax zasBucuMmoctd 1g(l’+1.) or V npu
BCEX DacCCMOTPEHHBIX 3HAYEHHSIX TEeMIEpaTypbl OTUETIHBO BHIHBI
JBa yyacCTKa C Pa3/JWUHBIM HaKJIOHOM. [IpH NMOBBINIEHHBIX HaNpsiKe-
HHSIX NaHHasi 3aBHCHMOCTb XapaKTepH3yeTcsl NHOAHBIM KO3dduiu-
eHToM n=1, Torga Kak 00/1aCTH NOHMIKEHHbIX HAMpsIKeHUH COOoT-
BeTCTBYeT n=2. Bricora Gapbepa, HaliieHHAsl pACUETHHIM MyTeM JJs
nuona ¢ n=1 npu HaJaMun¥ pekoMOHHALMH HA rpaHHue pasjena, co-
crapaser 0,98 3B, a mnjaoTHOCTb TOKa HachluieHHsi J; paBHa
~7-10° wmA/em2 Ias  BeawuuHb Jg [OJY4eHO 3HayeHHe
~8- 108 mA/cM2, u ¢ nomourbio cooTHomeHust Jso=~gN.S; (Ne— sd-
(dekTHBHAS MJIOTHOCTb COCTOSIHHI B 30He mpoBogumocTH CdS, S;—
CKOPOCTb peKOoMOHHAlLMM Ha rpaHudle pasjesja) BbIUHCJIEHO 3Hayge-
Hue S, cocraBusliiee ~ 2 10%cm/c. [IpH HU3KUX HaNpPsIKEHHSIX TIpe-
obnanaer pekoMOHHALMOHHO-reHepal[HOHHBIH MeXaHH3M NPOTeKAHHs
Toka B oOegHeHHOM cjoe. CorsacHO pe3ysgbTaTaM MapTHHYLUIH H
Maunsema [80], B COJMHEUYHBIX 3JeMEHTaX, CO3[aBaeMbIX METOAOM Ba-
KyYMHOTO HCIapeHHsI B COYETAHHH C MOKDPBIM NPOLECCOM, /IS IJIOT-
HOCTell TEMHOBOro mpsiMoro J; u oGpaTHOro J, TOKOB CripaBelJHBhHI
cooTHOWeEHUSI Ji=Cexp(BV+vyT) u J,=—CVoxp[—A(Vp—V)~"1].
3nece C — TOCTOSHHASI BeJHYHHA, P M y — NapaMeTphl, NpaKTHye-
CKH He 3aBHCSIIHEe COOTBETCTBEHHO OT TeMnepaTypbl I W Hamnpsxe-
Hust V, a A npencrasisier co6oit dynkuuio T. Hannune sKCcroHeHLH-
asbHOH 3aBucuMoct Jf u J, or T, JuHefiHbIl XapakTep M3MEHEHHs
InJ, npu sapuanusix (Vp—V)~Y% a Takxke cyuiectBoBaHHe c1aGo
BbIDayKeHHOH 3aBHCHMoCTH BeauuuHn d(Infy)/dV or T mnossoasior
NPEANON0KHTh, UTO peann3yercs NPOLECC MHOrOCTYNeHYaToro TYH-
#eJIHPOBaHUsl HOCHTeJell, mpuueM YHCJO COBEPIIaeMbX HMH TYH-
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‘HeJIbHBIX [epeXoJ0B INPH NMPOTEKAHUH NPSIMOr0 TOKa COCTaBJSeT
50.,.80, a mnpu npoxoxAeHuH obOparHoro Ttoka — 103...5-105.
Xsnmu u Quanunc [60] u3aMepuan 3aBUCHMOCTb HANPSIKEHHUS XOJIO-
CTOFO XO/1a 3J1€MEHTOB, U3rOTOBJEHHBIX TAKUM K€ CNoco0OM, OT MH-
TEHCHBHOCTH H3JYyYeHHS] M HCCIel0BaJ/H BJIHSHHE TEMIepPaTypnl Ha
MX BOJIbT-aMIepHble XapaKTEPUCTHKH. ABTOpPHl YCTAHOBUJH, UTO CY-
IEeCTBYIOT ABa MeXaHH3Ma NPOTEKAaHHs TOKa, KOTOPHIM OTBEUAIOT
3HaueHuss AHORHOTO KoddduuueHta n=1 (B o6JacTU BBHICOKHX Ha-
npsixkeHul) u n=2 (B 06sacTH HU3KHX HanpsixKeHui). Bce BbICOKO-
3¢ (eKTUBHbIE COJHEUHBIE JI€MEHTH W 3JeMeHThl, 00JyyaeMbie CBe-
TOBBLIM TIOTOKOM HHTeHcHBHOCTbIO 10...100 MBT/cM2, uMelOT mHOA-
Hbelii KoapuuueHT, paBHell enuHuue. [Ipu 6oJjee HU3KMX YPOBHAX
HHTEHCHUBHOCTH W3JYy4YeHHUs] NHUOAHBIH KO3(p(dHLUUEeHT NPHHUMaeT 3Ha-
yeHHe n=2, ¥ BCJAELCTBHE 3TOT0 yMeHbUIaeTcsl KoappuuueHT 3anosu-
HEeHHsl BOJIbT-aMINepHON XapakTepucTHKU. [Ipu n=1 mjioTHOCTb 06-
paTHOro TOKa HachllleHHsl J; cBSI3aHa C TeMIepaTypoH 3KCIIOHEHIHU-
a71bHOH 3aBMCHMOCTBIO, aHAJU3 KOTOPOH NOKa3blBaeT, YTO BHICOTA
6apbepa B obsacTH mepexona npumepHo pasHa 0,9 3B. B siemen-
Tax ¢ JUOXHBIM K03 dunHeHTOM n=2 BbicoTa Oapbepa coCTaBjsieT
okos0 0,4 3B. 1/ TOHKOMJEHOUYHBLIX COJIHEUHBLIX 3J1€MEHTOB, CO3/a-
BaeMblX METOJOM BaKyyMHOIO HCHApEHHS B COYETAHHH C MOKPHIM
npoueccoM, Cropti u Kyiuk |78] nosayuusn 3HaueHUsi BHICOTH 6aph-
epa B uHTepBaje 0,86...0,94 5B npuJs=3,2-107...3,7- 10 mA/cMm2.
[Ipu uWcciefoBaHUM 3J1€MEHTOB, U3TOTOBJIEHHBIX METOAOM TMYJib-
BEepU3alMU C NoCJAefyIouMM nupoausoMm, [dac u ap. [74] oGuapy-
KHJAHM cyulecTBoBaHMe B oOjactu temmnepatyp 300...333 K aByx
MeXaHH3MOB NPOTEKAaHHS TOKA M YCTAHOBUJIH, YTO 3HAYEHHSIM n =]
u /s~ 10~° MA/cM? cooTBeTcTBYeT BhiCOTA Gaphepa ~ 0,86 3B. Ana-
JIOTHYHBIE pe3yabTatThl noayuusn CuHrx [29], coobiasuuii o ToM, 4TO
Ha rpaduxe 3aBucumocty 1g(J/+Jr) ot V MOXKHO BbIIENHTL ABA JIH-
HeHHBIX yyacTKa, IPUYEM NPH BHICOKHX HATPSKEHHUSIX YroJ HaKjIoHa
npsiMO#l NPaKTHYECKH He 3aBUCHT OT TeMIIepaTyphl, a B 06JacTH
HH3KHX HanpsikeHuii oH c1abo MeHsieTcs NPU BapHanHaX TeMmiepa-
Typbl. ['paHuyHOe HanpsixKeHHe, pa3nensioniee 3Tu ABe 00JaCTH, OI-
pefeisieTcs TeMIePaTypo# 3jeMeHTa, OJHAKO BO BCEX cjyyasiX OHO
oKasbiBaeTcss 6oJjiee HU3KUM IO CPABHEHHIO C HANpsiKeHHeM, OTBe-
YalOU¥M MaKCHMaJbHOH MoOmHOCTH. IIpH Hanuyu¥ OCBEeIIEHHS H
TemnepaTypax —66 ... +25°C nporekaHue NpsiMOro TOKa 06YCI0B-
JICHO B OCHOBHOM MHOTOCTYNEHYAThIM TYHHEJbHO-PEeKOMOHHAMOH-
HbIM npoueccoM. Mayuasi BOJbT-aMnepHele XapaKTePUCTHKH TOHKO-
TN/JeHOYHBIX COJTHEYHHIX 3/7eMeHTOB Ha ocHoBe CueS u CdS (c Heon-
HOPOAHBIM NPOdHUIEM JerHPOBAHKSA), NOMNYUCHHLIX METOAOM IyJjbBe-
PHM3ALMHA B COUGTAHHH C MOKPBIM npoueccoM, MapTunyiuu 1 ap. [56]
NPUILIM K BBIBOLY O TOM, UTO Npeo0iajaloiMM MeXaHH3MOM Mpo-
TeKaHHs TOKa SIBJseTCS MHOTOCTYIEHYaTOe TYHHEJIHPOBaHHUe.
Corsiacio coobwienuto Angepcona H Jlxonara [58], npsimbie
BOJIbT-aMHOePHbIe XapaKTePHCTHKH  TOHKOIVIEHOYHBIX COIHEUHBIX
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3neMeHToB co cTPYKTypoit CueS—CdS, H3rotoBasieMbIX METOAOM
HOHHOTO pacrblIeHHs, OTJIHYAlOTCH OT XapaKTepUCTHK 3JeMEHTOB,
CO3/laBaeMbIX C IOMOLIbI0O BAKYYMHOTO HCNAPeHHs HJH MyJbBepH3a-
UHH, H HX MOXHO HHTEPIPETHPOBATb MCXOIAsl H3 NPEANOJOXKEHHS,
YTO MPOTeKaHHe TOKAa OrPaHHYEHO MPOCTPAHCTBEHHBIM 3apPsIOM.

4.5 BnusHue pasnuuHbix cnocobos obpaboTim
M CBOMCTB MCMONb3yeMbiX MaTep1anos
Ha XapaKTepPHCTUKU SNEMEHTOB

B nanHom pasfesne GyneT pacCMOTPEHO BJHSIHHe HAa XapaKTepH-
CTHKH TOHKOIIJIEHOUHBIX COJHEUHHX 3JeMEHTOB C reTepolepexoiom
CupS—CdS pasnuuHbIX cmoco6oB 06PaGOTKH W CBOMACTB NPHUMeHsie-
MBIX B HHX MaTepHaJ/iOB, B TOM uHcJae TepMoo6paGoTKH [3, 42, 53,
78, 81—87], cocraBa Cu,S [52, 53, 67, 70, 88—91], yaeabHoro co-
nporusieHus [93] 4 KOHIEHTpaUUH JerHpyomeld npumecu [3, 79, 89,
91, 94] B CdS, cocrasa cnaasa Zn,Cd—S [7, 19, 22, 28, 38, 40, 59,
74, 79, 95—97] u MHKpPOCTPYKTYphl caoeB [3, 13, 26, 27, 42, 44, 45,
48, 63, 64, 78, 90, 99—101].

4.5.1 Tepmoobpaborka

Panee oTMeuasoch, 4To BBIXOAHble XaPAKTEPHCTHKH COJIHEUHBIX
sseMeHTOB Ha ocHOBe CupS—CdS ynmaercs yJyd4liMTb ¢ NMOMOIIBIO
onpefleJleHHHX BUIOB TepMO06pabOTKH. DTOT NpoIecC MOXKeT OCy-
ILeCTBJAATbCS B BaKyyMme npu Temnepatype 190...200 °C u 3aBep-
WAaThCs NPONOJIKUTENbHHIM NPOrPEBOM 3JIeMEHTOB B aTMocdepe BO-
nopona. TepMooGpaGoTKy NpOBOAST Takxke B TJeKIleM paspsie,
Bo30y>XK1aeMOM B BOZOpOJAe, a 3aTeM 3JieMeHTH IIPOrpeBalOT Ha
Bo3ayxe. B npyrux ciydyasix 3jieMeHTHl OTXKHIalOT Ha BO3ayXe NOC/e
HaHeceHHs TOHKOTO cJiosg Meau Ha NoBepxHOcTh Cu,S Hin XKe mpo-
CTO TpOrpeBalOT B OGBIYHBIX aTMochepHBIX ycaoBHsX. Henocpen-
CTBEHHO I10CJIe W3TOTOBJIEHHsI COJHeUYHble 3JeMEeHTH 06/aAaloT Xa-
paKTepUCTHKaMH, GJM3KMMH K OMHUECKHM, H HMeIOT HH3KHe 3Ha-
YeHHUS HampsKeHWsl XOJOCTOr0 X042, TOKA KOPOTKOTO 3aMBIKaHHS W
kKoaddunuenTa 3amoJHEHHS BOJBT-AMIIEDHOH XapaKTepHCTHKH.
B npouecce TepM006pabOTKH yayyuaoTes (OTo3eKTpHUeCKHe Ta-
paMeTpHl 37eMEHTOB M, KaK NOKa3aHo Ha pHc. 4.11, Gosee ueTKo
NPOSIBJASAIOTCA BHIPSMJSIONMe CBOHCTBA Nepexoja.

BhICKa3bIBAIHCh Pa3jIMYHEIE MPEANIOJNOXKEHNST O IPHUYHHAX H3MeHe-
HUH, IPOUCXOASIIMX B 3jieMeHTaXx. PorBopd [42] mosnaraer, uto Hemo-
CPEJCTBEHHO TOCJe H3TOTOBJIEHHSI COJIHEUHble 3JeMeHTH COnepHKaT
c/loil HEeKOMIIeHCHPOBaHHOrO cynbduna kaamus 4 miaedky Cu,S, co-
CTaB KOTODOH He3HAYuTeJbHO OTJIHYaeTcs OT CTeXHOMeTPHUecKOro.
BcaiencTBue 3TOrO 3J1eMEeHTH HMeT Y3Kylo 06J1aCTb NPOCTpaHCTBeH-
Horo 3apsiaa [102], Kk ToMv ke HOHH3AIHus N0J AeficTBHeM cBeTa ray6o-
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KHX YpOBHeH, pacnojioxeH- 4 3
HblX BOJH3H nepexoja, CIo- IMA
«cobcTByeT emie OoOJblieMy 20}
YMeHbIUGHHIO ee  LUMPHHBL
TyHHPJIbeIe nepexo/ibl HOCH- 15t 200°C
Tenedl Ha 3HepPreTHyYecKue 150°C
YPOBHH B 006JacTH TPaHHILI 10} [ 100
pasneja MOPHBOAAT K IOHH-
XKeHHI0  3(p¢eKTHBHOH BHI- st
€OThl Oapbepa H, CcJeJ0Ba- 4
TeJIbHO, yMeHbIUEHHIO Hanps- _]’5 —1Lo _0‘5 05 1"0 1"5
XKeHHs1 xoJqoctoro xoxa. Ilpu : ’ ’ v B
TepMoOo6paboTKe  MOJIEKYJIbI Sr
KHCJIOpOAa W MocTynaooumue

u3 Cu,S aToMbl Megd M0- =10
CTUraroT 006JacTH NPOCTpa-
CTBEHHOro 3apsga H oO6pa-
sytlor B CdS xoMIeHCHpYIO-
IHe aKIeNnTOpHble YPOBHH,
B pesyJabTaTe 4Yero 3Ta 00-
JlacTh pacuupsiercs. baaro-
naps JaHHOMY sa¢ppekry Puc. 4.1 H3menenne GopMbl BOJIbT-aM-
yMeHbIHaeTCﬁ BepOﬂTHOCTb MepHbIX XapaKTepHCTHK TOHKONJIEHOYHBIX

o COJIHEYHBIX 3J1eMeHTOB Ha ocHoBe Cu,S —
TyHHeJUPOBAHUS HOCHTEJCH. (CdS B mnpomecce Tepmoobpaborku. I —

yBeJUUYHBACTCSA 3(QheKTHB- remnoBas xapakTepHCTHKa, 2—4 — cBe
Has BbicOTa Oapbepa M IIO- TOBbie XapaKTePHUCTHKH.
BhlIaeTcsl HanpsikeHue Xo-
aoctoro xona. Popmupyromuiics Ha mosepxHoctd Cu,S cmoit CuO
und CuO cHUXKaeT CKOPOCTb pPeKOMOMHALUMK HOCUTesel, 4TO TpH-
BOAMT K BO3pacraHdi0 (POTOTOKA. YMeHblleHHe (POTOTOKA 3JjeMeH-
ToB (NpH Heu3MeHHOM 3HadeHuu V,c), HabjalopaeMoe INpu upes-
MepHOM HarpeBe, 0ObsAcHAeTcss Jub0 ocjabieHueM 3JeKTpuye-
CKOro moJisi Ha rpaHulle pasjesa BCJeACTBUHe NepeKOMIeHCAaLuH H
3HAYMTeJHHOrO pacliypeHusi 00JjacTH TNPOCTPAHCTBEHHOro 3apsaa,
snbo usaMeHeHueMm (a3oBoro cocrosiHus Cu,S u3-3a pedpunura
menu. HecooTBeTcTBHe mNapaMeTpoB KPUCTAJNIHYECKUX peIIeTOK
CugS u CdS saBasieTcss NMPUYMHON TOSIBAEHHS] MeXaHHYECKHX Ha-
npsizkeHUil B 06/1aCTH IpaHMIBI pas3jena, a Takxke yNPYrHX Hamps-
JKeHWH, TPOCTUPAIOIUXCS B 00beM CTPYKTYPHI, MOJ BJAUSIHHEM KO-
TOPEIX 00pas3yloTcsl 3HepreTHueckHe ypOBHHM B 3ampelleHHOH 30He.
O06beMHble MexaHW4yeCKHe HAMpsiKeHWs, MO-BUAHUMOMY, KOMIIEHCH-
PYIOTCS TOJIAMH YIPYTUX HaNpsKeHWil AUCAOKAIUi, BOZHUKAIOUIUX
B 00JlaCTH TpaHMIBl pa3fesna B rnpoiuecce TepMooOpabOTKH.
Husefinn u pap. [87] cuuraior, uto TepMooGpPabOTKa 3JeMeHTOB
B Teuende | u npu temnepatype 190 °C u napienuun ~27 Ila, a 3a-
TeM B TedyeHde 2 u npu temneparype 170 °C B atmocdepe Bogopoaa
(Takoil pexuM HCNONb3YyeTCs] TNPH OCYUIECTBJCHHH KpemaeHHst

-20

-25 L
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KOHTAKTHOH CeTKH MeTOJAOM MPOKaTKH) H HX NOCJAeAYIOUHUH mpo-
rpeB npu OGojsee HU3KOH TeMrepaTtype oO0ecneudBalOT YCJI0BUS
LJIsT BOCCTaHOBJIeHHs paHee o0pa3oBaBmIUXCsS OKCHAOB Menu. Ilo-
siBleHHe IPUH 3TOM cBOOOxHBIX aromMoB Cu, yJyYLIAIONAX CTEXHO-
merpuio ciiost Cu,S, saBjsieTcs OCHOBHBIM TNOJOXKHUTEIbHBIM 3pdek-
TOM Takoil Tepmoo6paborku. IIpu cocraBax Cu,.S, G1M3KHX K cTe-
XHOMeTPHYECKOMY, BO3pactaer AU((Py3uoHHAs [JdHA HEOCHOBHBIX
HocuTeseli [78] u BciencTBre 3TOro MOBbIIIAeTCsl 3D (HEKTHBHOCTL HX
cobupanus. YBenHueHH10 (HOTOTOKA 3JeMEHTOB CNOCOOCTBYeT TaKiKe
cniapyende Zn ¥ Cu B mpouecce TepMooGpabOTKH, CONMPOBOXKAAI0-
meecst o6pa3oBaHueM BLICOKOOTpaxkKawuero cios a-Gasel JaTyHH,
Osnarofapsi KOTOPOMY BO3MOKHO TIOBTOpHOe TMPOXOK/eHHe CBeTa
gepe3 ciaoit CupS. Ilox BausinmeMm nocsienHero sddexrta (GHOTOTOK
BO3pacraer npumepHo Ha 15 %.

CornacHo paHubiM [lducrepepa u np. [53], okcuaHuIll cioft 3Je-
mentoB coctout U3 Cup,O u He comepxut CuO. ABTopamu He 06-
napyxeno takxe npucyrcreus CuSOy. Ilonarator, uto Cu.O ¢op-
MHpYeTCsT TOJBKO INpPH HaJHYMH CBOOOXHBIX aTOMOB MejH, HCTOU-
HUKaMH KOTOpDBIX MOTYT CJYXKUTb ocaxjpaemas nienka Cu wuiu
cynbdux Meiu (NMOCKOJbKY NpH TepmooOpaboTKe B TjeloleM pas-
psiie, BO30yaaeMoM B BOXOPOLE, BO3MOMKHO BOCCTAaHOBJEHHE
CuxS). ABmopamu pabor [53, 83] oTMeueHsl ciepyloliHe Xapakrep-
Hble OCOGEeHHOCTHM 3J1eMeHTOB HellOCPeACTBEeHHO IOocjie WX H3TOTOB-
JeHust 1 TepMooGpaboTku: 1) HectexuomerpHyHOCTh coctaBa Cu,S
¥ BbICOKAasi CKOPOCTb NOBEPXHOCTHOH peKOMOHHAUMHM (0o 3aBepiie-
HUM MOKDPOro XHMHUYECKOro Mpollecca); 2) yJydlleHHasi CTeXHOMeT-
pust cyibdULa MeLH NpPU COXpaHEHHH HU3KOH 3(P(HEKTHBHOCTH 3Jje-
MEHTOB BCJenCTBHe o0pa3oBaHUs Ha HX ToBepXHOcTH Oapbepa
lortkn Cu—Cu,S (nocie HaneceHHst mieHKu Cu uiu TepMoobpa-
00TKH B TJelolleM paspsafe B aTmocdepe BOLOpOAa); 3) Halduuue
okna u3 CugO, cnocoOCTBYIOLIEr0 CHHXKEHUIO CKOPOCTH NMOBEPXHOCT-
HOIl peKOMOHHALHMH, 1 OJNU3KHHA K CTeXHOMETPUYECKOMY COCTAB CYJlb-
duna Mmengu, obecreuuBalollWil BbICOKMe 3HaueHUs AMP(DY3NOHHOM
IJIMHBL 3JIEKTPOHOB (NPH ONTUMAJbHBIX YCJOBHSAX TepMooOpaboTKu
Ha Bo3ayxe); 4) Hamuude ciaos Cu,O(1<x<2), BH3BIBaWOIIErO
MOBbILIEHHEe CKOPOCTH IIOBEPXHOCTHOH peKOMOHMHAUUH, U HHU3KHE
3HayeHust AU(pOY3UOHHOA HJUHBEI 3JEKTPOHOB H3-3a HAPYILEHHS CTe-
xuomerpun Cu,S (B pesyabTaTe neperpeBa 3JIeMEHTOB HJH TpH
NIPOJXOJIKHUTENbHOH BbIIep:KKe B KHCJAOPOACOAep:Kallell aTmochepe).

Jlodepcku u ap. [85] BricKazasu HpennosoxKeHue, 4TO B Pe3yJib-
tate TepMoobpaboTku Ha nosepxHoctH Cu,S obGpasyercs IIHPOKO-
30HHBIH ciofi okHa u3 Cu,S,0,—,. AxpamoB u Ap. [84] nabaropanu
yBeJudeHHe TOKAa KOPOTKOIO 3aMbIKAHUS M HaNpPsiKeHHs XOJOCTOro
X0la TpH TepMooOpaboTKe 3JeMEHTOB Ha BO3Jyxe. 3HaueHHs KO-
abdunrenTa BHIIPSIMJEHHs, HalileHHble U3 TeMHOBBIX BOJILT-aMIIep-
HBIX XapaKTePUCTHK, YBeJHUYMBAIOTCS B pe3y/abTaTe Tepmoobpa-
Gorkn ¢ 102 go 103, a wyHTHpYIOlLlee CONPOTHBJEHHe BO3pacraer



ConHeuHble 3/1€MEHTbI Ha OCHOBe CcynbhuAa Meau 257

B 2...5 pa3. [lo MHeHHI0 aBTOpPOB pabGoThl [84], comepkauiuecs
B HEOTOMIKEHHBIX 3JeMEeHTaX MHKPOKJacTepbl MeAyd MOTYT 3aKopa-
yuBaTh nepexon. Jduddysus menu B npomecce TepMoo6pabOTKU Npu-
BOAMT K paspylleHHIO KJacTepoB, 00pa3yOIUX LIYHTHPYIOIIHE Ka-
Hajel. AMur [102] npennoJiaraer, 4To 3aKopauydBaHHe Iepexoja
Bbi3biBaoT TOHKHe ciaou CusS, obpasyiomuecss BIOJIb TpaHHIL 3e-
peH. [Ton nelfictBueM TepMOOGPabOTKH 3TH CJIOH pa3pylIaloTcsi, B pe-
3yJabTaTe Yero KaHaJjbl IJs1 NPOTeKaHHs INYHTHPYIOLIEro TOKa Hc-
uye3atoT. AkpamoB u ap. [84], Kacsenn u Bync [86], a Takxe Amur
[102] naGatonanu yBejHyeHUe LIMPHHBI 00/1aCTH MPOCTPAHCTBEHHOTO
sapsina B CdS y 3jeMeHTOB, mpowemiiux Tepmoo6paboTky. Akpa-
MoB ¥ ap. [84] cuuraioT, YTO paciIdpeHHe KOMIEHCHPOBAHHOI 006-
aactd B cioe CdS cnocoberByer Gosiee MOJIHOMY MOTJIOLIEHHIO Ma-
JAI0Lero W3JyueHWsi W TOBbIIIeHHIO 3¢ ¢GeKTHBHOCTH cobupaHus
HEOCHOBHBIX HOCHUTes el 3apsiia, YTo TMPUBOLHT K yBeJHueHHIO do-
TOTOKA. UyBCTBUTENBLHOCTh 3JIeMEHTOB B JJIHHHOBOJHOBOH 00/1aCTH
CIIeKTpa NPU 3TOM CYyIeCTBEHHO BO3pacTaer.

Xoan ([81] ormeuaer, yto HauGosiee BaKHbIM CJIEJCTBUEM Tep-
M0OOOpabOTKU 3JIeMEHTOB IOJ AaBjeHHeM, OCYyIIeCTBJseMOH B Npo-
Hecce KpemJieHHsi KOHTAKTHOH CeTKH W NpH MOCJAefyIONMX TeXHOJIO-
THYeCKHX ONlepauHsiX, sBJsSeTCS MOBHILIEHHe CTeleHH OpPHeHTALHH
ocu ¢ 3eped mieHKu CdS oTHOCHTebHO HOPMaJH K NOBEPXHOCTH
NOJJOKKH M yMeHbLICHHe IIHPHHBI 00;1acTH, OrpaHHYMBaeMOU KpH-
BOH pacnpejesieHust yraa OTKJOHEHHs 3TOH OCH OT HopMmaJHd. XoJ-
JIOM YCTaHOBJIEHO, 4TO HeNMOCPeACTBEHHO NOcje HM3TOTOBJEHUs 3Je-
MEHTOB MOKDHIM METOAOM OCb C 3€peH OTKJOHeHa OT HOPMaJjH
B cpenHeMm Ha 19°, npuuem KpHBas pacrpejfeseHusl yrjia OTKJOHe-
HHsT OCH ¢ OTHOCHTeJbHO cpefHeil BeJUUYMHBI HMeeT TrJaj-
Kylo Gopmy, a MNOJyIIHpWUHA pacnpeleseHdss Ha ypOBHe, COOT-
BeTCTBYIOILEM IIOJIOBHHe MakchMmyma, cocrasiser 10...12° ITocae
TepMo06pabOTKH MOJ AaBJeHHeM MPU CO3JaHHH KOHTAKTOB Hampas-
JieHue MpPedMyIlllecTBeHHOH OpHeHTAUMH OCH C COBMajaer C HOP-
MaJ/Ibl0 K TIOBEPXHOCTH MOJJIOKKH. B pesysbTaTte nocsaenytouieil mpo-
JOJIKHTeIbHOH TepMooOpabOTKU KpHBasi pacrnpeneseHust yrjad oT-
KJIOHEHHsI OCH ¢ OTHOCHTEJbHO HOPMaju NpHOGpeTaer pe3Kylo

GbopMy, a mosymuHpuHa pacrpefeseHHsi HA ypOBHe MOJOBHHBI Mak-
CMMyMa yMeHblIaeTcsi MprMepHo 10 3°.

4.5.2 Cocras Cu,S

OKcriepuMeHTasbHble JaHHBIe MOKa3biBAIOT, UTO CJI0EBOE COMpO-
TupJeHHe MJIeHOK CuyS ¥ TOK KOPOTKOTO 3aMBIKAHHSI 3J1€MEHTOB
3HAYUTEJbHO M3MEHAIOTCS NPU Bapualusax cocraBa CuxS. DTOT BH-
BOJ HATJSIAHO MNOATBEPXKAaeT NpUBeldeHHass Ha puc. 4.12,a 3aBu-
CHMOCTb TOKa KOPOTKOro 3amblKaHust Is, oT cocraBa Cu.S B nmna-
nazone 1,9<x<2,0 [88, 89].ITanu u np. [89] coobuiany, uto Hau-
Ooslee BBICOKHH KOI(DOHUIHUEHT COOMPAHUS HOCHTENell HMEIOT 3Jc-

9 3akas Mo 1939
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Puc. 4.12. Buausinne coctaBa cjost CuxS Ha TOK KOPOTKOTO 3aMblKauus g (@)
[89] u xosduunent co6upanust @ HocuTeselt (6) [92] B conHeuHBIX 3JMeMeHTax
co crpykrypoii CuyS—CdS.

MeHThl, B KOTOPHIX HCIOJb3yeTcsi OpPTOPOMOHYECKHH XaJbKOIMT
Cu.S. B toMm cayuae, Korpa obpasyiorcsi dasel Cu,S, obGexHeHHbIe
Melbl0, yMeHbllleHHe Ko3pdHuHeHTa cOOHpaHHS HOCHTeJell MpHBO-
IUT K cHuxeHHIo [s.. Hakasma n ap. [103] nokasanu, 4TO OTHOCH-
tesabHoe 3HadeHde KIIJl cosHedHBIX 37eMeHTOB Ha ocHOBe Cu,S—
CdS saBucur or cocraBa Cu,S caeayioomum o6pas3om: ecaud 3a
100 9% npuusts KIIJ snementoB co caoeMm CupS, 1o Cuy9S coort-
sercreyer KIII 60 %, CussS — 10 % u CuS —5 %. AunajornyHsie
pe3ysbTaThl MOJYYeHH W APYTHMHU HcciemoBateassmMu [53, 91].

Buer u Karanano [92] uamepusud chnekTpaJjbHble 3aBHCHMOCTH
TOKa KOPOTKOrO 3aMBIKAHHSI COJJHEYHBIX 3JEMEeHTOB Ha OCHOBe
Cu,S—CdS npu 3Hauvenusx x B uHTepBajte 1,9<x<2,0. Pesyib-
TAaThl 3THX aBTOPOB NpejcTaBJeHb Ha puc. 4.12,6. CpaBHeHHe 3Kc-
TepUMeHTAJbHBIX JaHHBIX C TEOpeTHYeCKHMM MO03BOJISAeT CJeaaTh
BLIBOJ O TOM, UTO ocjabJeHHe YyBCTBHTEJbHOCTH 3JieMEHTOB MpH
yMeHbIlIeHHH X BBI3BAHO TJIaBHBIM 00pa3soM CHHxKeHHeM Anddysu-
OHHOH JAJIMHBI HeocHOBHbIX HocHTenell B Cu,S. Ilourn mapannesnsn-
HOe CMellleHHe BHH3 KPHUBBIX UYBCTBUTEJBHOCTH B CHEKTpaJbHOM
nuanasone 0,6...0,8 MKM TpH yMeHbIIEHHH X CBSI3aHO, BepOSTHO,
¢ TmoHMKeHHeM Ko3(hduuueHTa MOIJOIIeHHs cBeTa. Pe3y/bTaThl
Hunmana [90] cBHAeTeILCTBYIOT O TOM, 4TO AHGMOY3HOHHAS AJIHHA
HeOCHOBHBIX HOCHTeJeH He mpeBbimiaer 5 HM BO Bcex daszax Cu,S.
3a HCKJIOYEHHEM XaJIbKOLUTa, B KOTOpOoM JAHDPYy3HOHHAs JJHHA
3J1eKTpoHOB L.~35 HM B HalpaBJieHHH, NepUeHAHKYJSPHOM OCH
¢, 1 Le~90 HM B HanpaBJ/ieHHH, 00pasywlleM ¢ ocblo ¢ yroa 35°.
CorsiacHo BHIBOZAM aBTOPA, TOJbKO XaJbKOLLMT HMeeT TNpHEMJeMYI0
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An(PHy3HOHHYIO IJIMHY HEOCHOBHBIX HOCHUTEeJIeH, NpHYeM 3HaueHHe
L. MakcuMa/JbHO B HampaBJ/IeHWH, NapaJlieJbHOM OCH C. YCTaHOB-
JIEHO TaKXe, 4YTO XaJbKOLHUT o6JajaeT Gosee BHICOKHM KO3dHiH-
@HTOM IIOIJIOLeHHsl CBeTa N0 CPaBHEHHIO C APYTHMH (a3aMHu CyJb-
¢duia Menu M ero 3HaueHHe MAaKCHMaJIbHO B HampaBJeHHH, napaJ-
JeJbHOM OCH C, KoTtopasi Oblja HanpaBjeHa MNepleHAHKYJIsSPHO
[IOBEPXHOCTH MOJJIOXKKH B HCCJ€LOBAaHHBIX 00pasiiax.

Hekotopbie aBTOpH! {42] 06'bsICHSIIOT HaJHYHe 3aBHCHMOCTH AHM-
¢y3uoHHO# AauHB 3JekTpoHOoB B Cu,S OT cocraBa BeuiecTBa BJH-
siHHeM KOHLEHTPalMH ABIPOK, KOTOpas onpejessieTcss KOJHYECTBOM
BaKaHCHI Mexu. Ecau mNpeirnoJoXuTb, YTO INpeobsalaiomiuM pe-
KOMOHHAUHOHHBIM NIPOIECCOM sIBJIieTCs OXKe-peKOMOHHALHs, TO NPH
KOHIIeHTPallUH ABIPOK, PABHOH p, BpeMsl XKHU3HH 3JEKTPOHOB, COOT-
BETCTBYIOLlee 3TOMYy Iipoueccy, T~ p~!. Belpaxenue gas nuddy-
3HOHHOH AJIMHBI 3/71eKTPOHOB HMeeT BHJ

L, = (ukTlg)""® ~ (ukTIpg)"™.

3aBHCHMOCTb CJIO€BOTO conpoTuBJeHHsi mieHKH Cu,S oT p omnpene-
JISIeTCs COOTHOLIEHHEeM

R = pld= (qu.,pd)~*.
3necp d —roamuHa nieHKH Cu,S. Takum o6pasoM, ecau Is~ Le
(npu L.<d), 10 Is:c~R'2. Kak nokasajd H3MepeHHs, TaKOH Xa-
pakTep 3aBHCMMOCTH ¢ OT R HaGJi0jaeTcsi B IUHPOKOM AMAna3oHe
COCTaBOB.

ITpuBenennble BpIIIE Pe3y/bTaThl HE COTJACYHOTCH € JaHHBIMH
Moseca u Baccepmana [67], He 0OHapyKUBLIHMH B3aMMOCBS3H
MeXAy HU3MepeHHBIMH 3HaueHHSMH L. u cocraBoM cjost Cu.S. Us-
MEHeHHsl BOJIbT-aMNepPHbIX XapaKTePHCTHK H CHeKTPajbHOH 4YyBCT-
BHTEJbHOCTH 3JIEMEHTOB, Bbi3biBaeMble TepMo0oOpPabOTKOH, 3TH aB-
TOPBl OOBSCHSAIOT BapHALMSMH HANpPSXKEHHOCTH 3JeKTPHUECKOro
mosist B oGjactu mepexona. PesysbraThl, mnojydenHbie B JabopaTo-
pHM aBTOPOB KHHIH, NMOKa3bIBAlOT, 4To Npu 3HaueHusix KIII coa-
HEeYHbIX 3JIeMeHTOB, paBHHX 3...4 %, Bausinke cocraBa Cu,S Ha
KIIL u apyrue (GoTO3/MeKTpHYECKHEe NapaMeTpbi He3HAYHTEJbHO H
UTO YEeTKYI0 3a8BHCUMOCTb MeXAY [s U X YCTAHOBUTb HEBO3MOXKHO.

4.5.3 YpenbHoe conpotusnenne CdS

Mapekom [93] u3MepeHBl pasjuuHble TapaMeTphl nepexona
B COJIHEYHBIX 3/1eMeHTaX Ha ocHoBe CusS—CdS npu KoHueHTpauuu
Hocutesedi B O6asosom caoe (CdS), usmensiomeiics or 3-101% 10
4-10' cM~® B 3aBUCHMOCTH OT KOHLEHTPALHH «3aMOPOKEHHEIX»
nedexToB, 00pasylOlwKX AOHOPHBIE YPOBHH. DTH AedeKTH, NpemnsiT-
creytompe Audpdysun Cu u CdS, oxaswiBaloT Takxke BJAHSHHe Ha
IHPHHY 0GelHeHHOro c/iost. [TpH nOBHILEHHOH KOHIEHTPALHH HOCH-
reseii B CdS npoucxoaur Gosiee cuibHast KOMIeHCAIHs MaTepHaJsa
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atomamu Cu, a nporekanue TOKa OGYyCJIOBJIMBAETCS B OCHOBHOM
pexkOMOMHAIHMOHHBIMY TipoueccaMu. IIpu HH3KUX KOHUEHTPALUUsX
HOocuTesell npeo6aajalomuM MexaHU3MOM NPOTEKaHHsl TOKA B OCBe-
IEHHBIX 3JIeMEHTaxX fBJSETCH TYHHeJIHPOBAHHE HOCHTeJeH MpU yda-
CTHH PeKOMOHHALHOHHBEIX LeHTpoB. IloATBepIKaeHHEM 3THX pe3y.Jib-
TA4TOB CJYXKHT yMeHbLIeHHe 0OpaTHOrO TOKAa HAachIleHHs U BO3pac-
TaHde 3HayeHHH napamerpa a= (1/nkT) mpu yBeaudyeHUH KOHIEH-
Tpaluu HoCHTeJel.

Poropd {42] ormeuaer, 4TO NpH HAJIMYMH HHU3KOOMHOIO CJIOSI
CdS BosmoxHO ociabJeHHe NOJs B Nepexoje, OTPHIATEJbHO CKa-
3piBaouleecss Ha npoilecce coOMpaHUst HOCHTeJeH 3apsja.

4.5.4 NeruposaHue

Byubo u ap. {104] uccaemoBanu naenku Cu,S, JjerupoBaHHbie
KaJMHeM, IIHHKOM WM HHJHEeM, ¥ YCTAHOBUJH, UTO NMapaMeTp X BO3-
pacTaer IpsMO NPONOPIHUOHANLHO YHCJAY aTOMOB NPUMECH, BBEJeH-
HbBIX B IJIEHKY B Ipomecce ee ocajJeHus. [IpubaukeHue cocraBa
K CTeXHOMEeTPHYECKOMY CONPOBOXKAAETCs YJAyyllleHHeM 3JeKTpHue-
CKHX CBOHCTB.

AHann3 3KCNepHMEHTaJbHBIX NaHHBIX NOKasbiBaeT, 4T0 AHDDY-
3usi Cu u3 Cu,S B caoit CdS mocsie M3roToBIeHUs 3/1€MEHTOB NPH-
BOJMT K NpeBpalleHHI0 XaJbKouura B Apyrue ¢asn cyiabduaa Meau
C NOHMXeHHBIM cojepxanueM Cu, B pe3ysbTaTe Yero xapakTepu-
CTHKH 3JIeMEHTOB pe3Ko yxyamwatrcsi. [lapreiitn u DBepuenanan [91]
NOJIaraiT, YTOo CTAGU/IBHOCTb 3JEMEHTOB MOKHO IOBBICHTb NyTeM
Beefenusi B CdS serupyomux npuMecef, npeioTBpallanwmux AHd-
¢y3uo Cu. Bexr [105] ycranosuna, uro JerupoBanue CdS xjopom
yeunuBaer auddysuto meau. CoraacHo pesysnbratam Byanbepu [106],
IpU BBeleHHM GOJBLIOrO KoaudectBa WHAMS Nuboysus Ag s CdS
ocsabJasercs.

IIpn mpoaOMKHTENBHOH BbIEPKKe 3J€eMEHTOB B YCJIOBUSIX, KOI'Aa
K HHM INpPHJOKeHO HampsikeHue cMmeutenus, [Tamm u ap. [89] na-
0J1I0J1a/Ii yMeHbIlIeHHe He TOJbKO TOKa KOPOTKOTro 3aMblKaHHsl, HO U
Koo dHIHeHTa 3aM0NHEHHsT BOJMbT-aMIepHoil XxapakTepHcTHKH. CHHU-
JKeHHe BBIXOJHBIX MapaMeTPOB 3JEMEHTOB CBSI3aHO C yMeHbLIeHHeM
HWIYHTHPYIOIEr0 COMNPOTHUBJEHHS BCJEACTBHE 3JEKTPOXHMHUECKOIO
pasaoxenusi Cu,S (IpH HaJHYMH HANPSKEHHs CMELIeHHs HJH B pe-
JKHMe X0JiocToro xopa), aubdysun Cu u o6pa3oBaHHus BKJIIOYEHHI
mean B CdS. Jlernposanue CdS npumecsiMM, BHUA KOTOPBIX TOUHO
He ycTaHOBJIEH, MPENSTCTBOBAJO BhIAeJeHHI0 Melu. B mpormecce yc-
KOPEHHbIX HCHBbITAHUIl He OOHApYyKeHO Aerpajaulud XapaKTEPHCTIik
3JIEMEHTOB, COJePXKallUX CJOH JerMpoBaHHOrO CcyJbdHAA KaJAMud,
B UACTHOCTH, He M3MEHHJOCh INYHTHPYIOUlee CONPOTHBJeHHE R
3JIEMEHTOB, TOrJla KaK 3HaueHHe R, HeJerHpOBaHHBLIX 3JIEMEHTOB
yMenbiuaoch ¢ 5 10 0,1 kOM. He Ha6m01anoch TakxKe KaKux-a1u60
HU3MeHEeHHH BOJbT-aMIIePHBIX XapaKTepHUCTHK JIETHPOBAHHBIX COJIHEY-
HBIX 3JIEMEHTOB, XOTsl XapaKTePHCTHKH HeJlerHPOBAHHBLIX 3JIeMEHTOB
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3aMeTHO JAerpaauponaju. JlerupoBanue NPUBOAUT K YMEHbIUEHHIO
WAPHHBI OOEIHEHHOrO CJIOS, CHHIKEHHIO YIEeJbHOTO COMPOTHBJEHUSA
CdS u He3HaYHTeJbHOMY INOBBILIEHHIO CNEKTPaJbHOH UYyBCTBUTEJb-
HOCTH 3/1eMeHTOB. AHAJOTHYHBIEe Pe3y/bTaThl NOJNyYeHb JIyke u ap.
[107] npu ucciefOoBaHHK COJHEYHHBIX 3JIeMEHTOB Ha ocHOBe CupS—
CdS co ciioem sernposanHoro cyiabduaa Kaamus. [IpoBeaentbie aB-
TOpaMu H3MepeHHs BOJbT-QapafHbIX XapaKTePUCTHK 3THX 3JIeMeH-
TOB MOKAa3aJjH, 4TO N0 CPABHEHHIO C HeJeriPOBAHHBIMU 3J€MEHTaMU
iw¥puHa obJgacTH NPOCTPAHCTBEHHOro  3apsija  yMeHbIIUJAach
B 4 pasa, KOHLeHTpalus JOHOPOB y TpaHMIBI pasjesa BO3pocaa
B 16 pas, a KoHueHTpamusi AoHopoB B oO0beMe CdS mosbicuaach
B 50 pa3. OtHolleHHe OO6PATHBLIX TOKOB HacCILEHUS JIETHPOBAHHBIX
¥ HeJeTMPOBAHHBIX 3JIeMEHTOB NPHOJH3HTENHbHO PABHO OTHOIIEHHIO
COOTBETCTBYIOLIMX 3HAaUeHHH 3JeKTPHYECKOH NPOBOAMMOCTH CJIOEB.

YmapoeiM u ap. [94] MccaenoBaHo BAMAHUE KOHIIEHTpAIMH Jie-
rupylomnx npumeceit (In u Ga) B CdS B auamasone 10'2...
... 1017 cM—2 Ha ¢oTO3/MeKTpHUECKHe XapaKTePHCTHKH TOHKOMJ/JIEHOY-
HBIX COJIHEUHBIX 3JIeMeHTOB ¢ rereponepexomoM CusS—CdS. Asro-
paMu o0Hapy:KeHO CYyIIECTBOBaHHE 3aBHCHUMOCTH HANPSIKEHUS XO-
JocTtoro xoxa Ve U CHEKTPa/bHOH UYYBCTBHTEJNBHOCTH OT YPOBHS
qaerupoanus. Mamenenus KIIL u Vo, 3JeMeHTOB npu BapHalHsX
KOHLiEHTpaUHH INpHMecell OOBACHSAIOTCA PAasaHUHsIMH B 3HAYEHHX
nocJaef0BaTeNIbHOTO W IIYHTHPYIOLIEro CONPOTHBJEHHH, a TakxKe
obpatHoro Toka HacbeHusi. OnTuManbpHasi KOHIEHTpAUUs JIerH-
pywoueil npumecHd, obecrneyuBaioumas JOCTHXeHHe MaKCHMaJbHOTO
KIT14, nexur B uuteppase 10%5... 10 cm—2, [TosyuenHnble aBTopamu
[94] 3nayeHuss HampsiKeHusl xoJjoctoro xona ~ 0,8 B cymecTBenno
oTrauyaloress ot 3Havenuit 0,5...0,55 B 1151 3JleMeHTOB ¢ HeslerHpoO-
sanHbiM cjaoeM CdS, npuBefleHHBIX APYrHMMH aBTOopaMu. Xuaa {3]
OTMeyYaer, 4TO, XOTSl JIETHPOBAHHe HkAHMEM H CHOCOOCTBYeT CHHKe-
HUIO yAejbHOro conporusaenus: CdS,Boipenenve In Ha rpanumax
3epeH BbLI3bIBA€T yMeEHbIIeHHE UIYHTHPYIOILEro CONpPOTHBJEHHS, YTO
0co0eHHO 3aMeTHO TNpOSIBJSETCS B MJEHKaX HeGOJbIIOH TOJLIHHbL
(<5 mgm). CospaHue CTPYKTYPhl, COCTOSIIENl W3 HH3KOOMHOIO CJIOSI
CdS, neruposannoro CdCl; (¢ mepeMeHHO!Hl KOHLEHTpamueil Npu-
MeCH), WU BepXHero cJosi YHCTOro cy/bdHuia KaaMHs, yJaydiiaer
CcBOHICTBA THIJIBHOTO KOHTaKTa M MOBbIIIAeT (OTOTOK 3jeMeHTOB [3].
boaxpaax u jap. [26] coobuiany 06 H3TOTOBJEHUH METOAOM MyJib-
BepH3aLMU C MOCJAeAYIOUIMM MHPOJIH30M COJHEUYHBIX 3J€MEeHTOB CO
cnoem CdS, HeoZHOPOAHO JIETHPOBAHHBIM ajllOMHHUeM, 06Janaio-
UIMX YJAYyYlIeHHBIMH (OTO3JEKTPHUUYeCKHMH TMapaMeTpaMy npu 6oJsee
BBICOKOH cTaGHIbHOCTH XapaKTEPHUCTHK Mepexoa.

45,5 Cocras cnnasa Zn,Cd, ,S

VBeauyeHre KOHIEHTPALUH IMHKA B COJHEUHHIX 3JeMeHTax Ha
ocHoBe CupS—Zn,Cd;—«S, kKak npaBuso, NPHUBOAHUT K NOBBILIEHHIO
HampsixkeHust xoJoctoro xoxa. OpxHako BoapacraHue - Voo compo-
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Puc. 4.13. I'padukyn 3aBHCHMOCTH TOJIUUHBI CJI051 CyJdbdHAa MeAH d OT NPOZOJI-
XHTEJbHOCTH OKyHAHHS IIPH pPasJHuHBIX cocraBax njeHoK ZnyCd;_,S [79].

BOXKJ@eTCsl yMeHbIUeHHeM TOKa KOpoTkoro 3ambikauus u KI1J1. Bep-
TOH H Ap. [96] ycTaHOBH/H, Y4TO TOHKOIJIEHOYHBIE COJIHEUHBIE 3Jie-
MeHTBl cO CcTPYKTypoit CueS—Zn,Cd;—.S, mojyuaemble MeTOLOM
HCIapeHHss B COYETAHHH C CYXHM XMMHUYECKHM IIpPOIECCOM, MPH OT-
HOCHTENbHOH KOHIeHTpauuu Zn Boimie 10 % uMeT HanpsiKeHHe
XoJocroro xofia 0,67...0,68 B. Ilpu ocyuiecTBieHdH MOKPOro Mpo-
llecca CTOJIb BBICOKHE 3HaueHHsi Voo MOTYT ObITh JOCTHTHYTHI MPH
KoHueutpaunn Zn~409Y% (makcumanabHoe 3Hauende V,. cocras-
aster 0,72 B). [ljaoTHOCTh TOKa KOPOTKOrO 3aMBIKAHHS 3JIEMEHTOB
oboux THNOB, Npubiu3uTesbHO paBHas 15 MA/cM? B cayuae -uc-
noas3oBanust yncroro CdS, yMeHburaercs moutd g0 1 mMA/cm2 npH
KoHUeHTpauuu Zn Beimre 35 %. Kak mokaswiBaloT M3MepeHHsi, Ha-
IpsiKEHHE XOJIOCTOrO XOJa CBS3aHO C BBHICOTOH NOTEHUMAJBHOrO
Gapbepa JMHeHHOH 3aBUCHMOCTBIO.

B napyro#i pa6ore Bepron u nap. [40] ormeuaroT, uTO MJeHKH
Zn,Cdi—S, ocaxjaeMble MeTOJOM BaKyyMHOrO HCIapeHUsl H3 OJ-
HOTO MCTOYHUKA, HEOJHOPOJHBI 10 COCTABY B HaNpaBJleHHH, MepreH-
JHKYJASIPHOM  TNOJAJIOXKKE, TOCKOJBKY W3  NOPOIUIKOOOGPa3HOrO
Zn,Cdy—«S MHTEHCHBHO Hcnapsietcsi KaAMmuii. ABTOpH BBeJH B yIO-
TpebeHHe KOHLEHTPHYEeCKHH ABYXKaMepHBIH HCHapHTEIb, KOTODHII
obGecrneunBaer 0oJiee BBICOKYIO CTelleHb OJHOPOJHOCTH IJEHOK H
¥ TI03BOJIsieT pery/auposath ux coctas [7]. Bepron u Xenu [95] mo-
JaraloT, 4TO HHU3KME 3HaueHHsi TOKA KOPOTKOrO 3aMBLIKAHHs 3Jie-
MeHnTOB Ha ocHOBe Zn,Cd;—.S CBsI3aHbl ¢ HEONTHMAJJIbHOH TOJNIIUHOH
cnos Cu,S, 3sHayHTeJbHBIM OTKJIOHeHHeM coctaBa Cu,S or crexuo-
METPUUYECKOT0 ¥ BBICOKOH OTpaKaTeJbHOH CIOCOOHOCTHIO NOBepX-



ConHeuHble 3nemeHThl Ha ocHoBe cynbdMAa meau 263

HOCTH 3J/1eMEHTOB, y KoTophuix cJjoii CdS He moaseprajicsi Xxumude-
CKOMY TpAaBJICHHIO. ¥YCTaHOBJEHO, 4To NpH x<<0,2 mocjenoBaTeb-
HOe CONPOTHBJIEHHE OCTaeTcsl AOCTAaTOYHO HH3KHM. [locsenyrouine
3KCIepHMeHThl [79] nmokasaJu, 4TO NPH HAEHTHYHBIX YCJOBHSX NPO-
uecca popmupoBanus niaeHkrn Cu,S ee To/uHHA OKa3biBaeTcst GO-
Jlee HH3KOH, ecau B KadecTBe NOAJ0XKH BMecto CdS wucnosan-
syerca caoil ZngCd;—,S. Ha rtonuuny nueskn Cu,S, Kak BHAHO
u3 puc. 4.13, 3HauuTe/bHOE BJIMAHHE OKa3blBaeT KOHIEHTPALHs
nuHka. OpHako fnaxe npu cocraBe CuyS, GH3KOM K CTEXHOMETPH-
YeCKOMY, H NPH cO3AaHHH NJeHOK Cu,S, cpaBHHMBIX IO TOJIIHHE
¢ NJIeHKaMH, mojydaeMbIMH Ha nosepxHoctH CdS, cosiHeuHbie 3Je-
MeHTHl Ha ocHOBe Zn,Cd;—.S HMeIT NOHHKeHHble 3HAUEHHS] TOKA
KOPOTKOr'0 3aMblKaHHsl. DTH pe3yJbTaThl NPHBOAST K BBIBOAY O TOM,
YTO CHHKeHHe 3(P(HeKTHBHOCTH COOMPAHHsS HOCHTeNEH B 3JeMeHTax
Ha ocHoBe Zn,Cdi—S BbI3BaHO ocJab/eHHEM 3JIeKTPHUYECKOTO MOJIs
B 06JlacTH IlepeXxoja BCJEACTBHE BBICOKOTO YAENbHOrO CONPOTHBJE-
s caoeB ZnxCdi—S. Jleruposanue Zn.Cdi—S ungueM cnoco6-
CTBYeT YMEHbILICHHIO YJeJbHOIO CONPOTHBJEHHS, OJHAKO He obecre-
yHBaeT OxKHjaeMoro npupocra Ttoka. Hemasuo Xossnom u ap. [7]
H3TOTOBJIEHBl COJIHEYHBblE 3JeMeHTH Ha ocHoBe Zn,Cdi—_,S c¢ BeICO-
KOHl IJIOTHOCTBIO TOKa KODOTKOrO 3aMblKaHHS (3HaueHHs Js, mpHBe-
JeHHBle K HHTeHcHMBHocTH H3aydenusi 100 MBrt/cm2, cocrasasiior
22...26 mA/cm?), cpaBHUMO ¢ Jg JYYIIMX 3JEMEHTOB aHaJOrHY-
HOH KOHCTPYKLHH Ha OCHOBe YHCTOro cynabduaa xaamus. OpHaxo
TOYHO He YCTaHOBJIEHO, KaKH€ HMEHHO YCOBEpILEHCTBOBAHHS B TeX-
HOJIOTHMH H3rOTOBJIEHHSI 3J1eMEHTOB O0ecledusid AOCTHIKEHHE CTOJIb
BHICOKHX 3HaueHHii Je. Coobuiasoch [59], 4TO HampsiKeHHE XOJO-
CTOrO XOJa COJIHEYHBIX 371€eMeHTOB cO CTPYKTYypo#l CueS—Zn,Cdi—,S
MeHsIeTCSl C TeueHHeM BpeMeHH. [locse HenpogO/IKHTENbHOH
(~30 MHH) BBIAEPKKH 3/71€MEHTOB B OOGBIYHBIX YCJIOBHSIX 3HaueHHE
Voe crabunnsupyercs. IToT 3G deKT cBsS3aH ¢ 3JEKTPOHHBIMH IPO-
neccaMH, NMPOHCXOASAIHMMH IIPH y4acTHH IJy6OKHX ypoBHell B ob6ef-
HEHHOM cJioe. YBe/HMYeHHe e€MKOCTH 3JEMEHTOB AAHHOrO THHA MpH
NOBBIIIIEHHH KOHLEHTPALHH LHHKA CBHIETEIbCTBYET O TOM, YTO B Ma-
TepHaJsie, 060OramleHHOM UHHKOM, AH(QY3UsT MeaH NPOHCXOIHT Me-
Hee HHTEHCHBHO.

Coraacho pesysaprataMm Maprunyuun u ap. [38], npu ysenunue-
NHH KOHUeHTpauuu Zn ot 0 1o 159, HanpsikeHHe XOJOCTOrO X0Aa
nosbimaercs ¢ 0,48 1o 0,60 B, a naoTHOCTb TOKa KOPOTKOTO 3aMbi-
KaHusi yMeHbmiaercs ¢ 12 no 7 mA/cm2 Ecan 6a3oBoil 06s1acTbiO
3JleMeHTa CJAYXHT AByXcJaoiinas crpykrypa CdS—ZnCdS, to mnpu
KOHUeHTpaunun Zn, paBHoit 15 %, MoryT GbiTb MOJyyeHbl 3HAUEHHS
MJIOTHOCTH TOKa KOPOTKOro 3aMbikaHusi ~ 10,5 MA/cm2 OpHako
B 3TOM CJydyae HalpsiKeHHe XOJOCTOrO XoAa cHuxaercsa no 0,54 B.
Kak mnokasano Maptunyuun u ap. [22], y coJIHEYHBIX 3J€MEHTOB,
U3rOTOBJIEHHBIX C IOMOILBIO CYXOTO XMMHYECKOro Ipoiecca, MJoT-
HOCTb TOKAa KOPOTKOro 3aMbikaHusi (~ 12 MA/cM2) He MeHsercs
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Puc. 4.14. 3aBucHMOCTH HanpsiKeHHs] XOJOCTOro xofa Vo, (), NIOTHOCTH TOKa
KOpOTKOro 3amvbikaHus Jg (2), KoabdulueHTa 3anoJHeHHs BOJbT-aMIepHOIt
xapakrtepuctuku FF (3) u KIII (4)or cogepxanusa cynbduia nuHka ZnS B cjoe
ZnyCd;—xS TOHKONJIEHOUHBIX COJHEYHbIX 3JeMeHTOB HaocHOBe CuaS—7Zn,Cd;—,S,
H3rOTOBJEHHbIX MeTOAaMH BAaKyyMHOIO HCIapeHHS (CNJIOIIHbE JHHHH) H IyJb-
BepH3alWH ¢ MOCAeAYIOHM NHPOAKH3OM (WTpuxosble Juuuu) [19].

IpH KOHLeHTpauuu Zn, He npesnimaiouiell 8 %, a 3nauenne Vo,
oTBeyawllee KoHueHTpauuu Zn, pasHoit 8 Y, cocrasaser 0,63 B.

Banepnxu u ap. {19] nogpo6HO uccnenoBasu XapaKTepPHCTHKH
COJIHEYHBIX 3JeMeHTOB Ha ocHoBe CusS—Zn,Cd;—S, H3roromJse-
MBIX METOLAMH BaKyyMHOLO HCIApeHHs M TyJbBepH3alUUH C IO-
clenymomuM nuposusoM. CorsiacHo pesysabrataM aBTOPOB, MakKCH-
MmanpHble 3HayeHHss KIIJ 3neMeHTOB, MOJydyaeMbX AAaHHBIMH METO-
IAMH, COCTaBJAIOT cOOTBeTCTBeHHO 6,5 % (mpu x=0) u 5,6 % (npu
x=0,1). 3asucumoct Vo, Jsc, FF 1 KII[ 3THX 3JIeMEHTOB OT KOH-
LeHTpauuu ZnS mnokaszaHw Ha puc. 4.14. IInoTHOCTH TOKa KOpOT-
KOTO 3aMHEIKaHHs 3JEMEHTOB, CO3J1aBAEMBIX C NMOMOUIBIO BAKYYMHOIo
HCTapeHHs, YMEHbIIAETCsT IPH NOBHILIEHHH X, & Y 9JIEMEHTOB, H3roO-
TOBJISSEMBIX IOCDPEACTBOM INYyJbBEPH3alHH, 3aBHCHMOCTb Js OT CO-
craBa ciost Zn,Cdi—xS umeer Makcumym npu x=0,1. ¥ rtoabHO-
GapbepHBIX 3JEMEHTOB, NOJYYAeMbIX METONOM INy/bBEDH3aLHH, NMPH
BBejgeHny nuHKa B CdS KOpPOTKOBOJIHOBBIH Kpail crleKTpaJjibHOH UyB-
CTBHTEJBHOCTH CMelllaeTcsl B 06JiacTh MeHBLINX 3HAYeHHi IJIHHBL
BOJIHHL.

Cuurx u Jxopaau [97] ¢ nomoubio Meroja NyJabBepH3aLHH
M3TOTOBHJIH COJHeUHble 3jieMeHThl Ha ocHOoBe CusS—Zn,Cd;—«S,
HMeolnre cTabu/bHOe HANpsKeHHe XOJIOCTOI'O XOZa, 3HauyeHHe KO-
toporo pocruraer 0,784 B (mpu x=0,55). Ilpn Hanuumu ocelle-
HHsl WIHpHHA o6GefHeHHOTO cyiosi B NieHKax Zn,Cdi—xS npu noswi-
meHnu x yseauuupanack ¢ 0,16 no 0,31 Mkm. MaMeHenne 3HayeHHST
x ot 0 1o 0,55 BHi3biBajso yMmeHbluenue Jo ¢ 18,7 no 1,9 MA/cM2.
Maprunyuun v ap. {28] noxkazanu, yTo B 3JIEMEHTAX, CO3AaBaEMbIX
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MEeTOZOM INyJbBepH3alMH, H3MeHeHHe KOHUeHTpauun Zn or 0 10
5 9% mnpuonuT K nosuueHuio Voo ¢ 0,48 no 0,58 B u cumxenuwo
Jse ¢ 14,5 1o 11 MA/cMm2.

Hac wu nap. [74] u3Mepuanm BOJIbT-aMIePHble XapPaKTEPHCTHKH
COTHEUHBIX 3JeMeHTOB Ha ocHOBe CusS—Zn,Cd;—S u ycraHoBuH,
4TO MPH BCEX BO3MOXKHBIX 3HAYEHHSX X CYLIECTBYIOT J(BA MEXaHH3Ma
IpoTeKaHHs ToKa. [IoBHIIIEHHBIM HANPSKEHHSIM COOTBETCTBYET IH-
OIHBIA KO3 dUUHEeHT n=1, a NOHHKEeHHBIM —n=2. B a3neMeHTax,
noJydyaeMblX METOAOM TNyJbBepH3allHH, BeicOTa Gapbepa $p IpH
TpoTeKaHUH ofpaTHOoro Toka HameHsercs ot 0,86 3B mpu x=0 no
0,96 3B npu x=0,2. B 3jeMeHTax, H3rOTOBJASEMBIX C HOMOIILbIO
BaKyyMHOro wucmapenus, ¢p yseanuusaercs ¢ 0,98 3B mpu x=0
d0 1,14 3B npu x=0,3. ¥V 3/eMeHTOB 060MX THNOB NpH JIOO0H TeM-
nepaTtype yBeJHYeHHe KOHUEHTPALMH IIMHKA IPHBOAHT K IOHHKe-
HHI0O OGPATHOrO TOKAa HacbILeHHA. Y 3JeMeHTOB, CO3JaBaeMbIX Me-
TOJOM BaKyyMHOrO HCIapeHHs, BO3pacTaHHe HANpPSKEHHsS XOJIo-
CTOTO XOJ4a, CBSI3aHHOE C MOBBILIEHHEM KOHLEHTpaUHH Zn, BEI3BAHO
yMeHbllUeHHeM 0OpaTHOTO TOKa HAacCHILEHHs, KOTOpoe 0O6YCJaOBJIEHO
raaBHeiM 06pasom yBeauueHneM Pp. ABTopnl [74] oTMeuaioT, 4TO
HEeCOOTBETCTBHE NapaMeTPOB KPHCTAJNJIMYECKHX PELIeTOK HCHOJb-
3yeMBIX MaTepHasJoB He OKa3blBaeT CYUIeCTBEHHOrO BJHSIHHS HA
IJIOTHOCTb COCTOSIHHI B o6JacTH rpaHMLbl pasjena. B asneMenrax,
H3rOTOBJISIEMBIX IIOCPEJCTBOM IyJbBepH3alMH, BO3pacTaHHe HAMps-
JKEHHUsS] XOJIOCTOrO XOfAa NpPH NOBBILIEHHH X OOBbSCHSETCS yBeJHue-
HHeM BBHICOTH Oapbepa, KOTOPOe B CBOKO Ouepelb BBI3BAHO POCTOM
wupuHp  3anpementoil  30HH  ZN:Cdi—=S  (AVee~A$Ps~AEy).
Y 3JeMeHTOB 060HMX THINOB HPH HOBHIIEHHH X CTeleHb HECOOTBET-
cTBUsT AE. 3Hepruil cpoactsa K 3JIEKTPOHY NOHHXKaeTcs. Mapru-
Hyuuu ¥ ap. [22] yTBepKAamoT, YTO B HCCJAEIOBAHHBIX HMH 3Je-
MeHTax Bo3pacraHue V,. CBSI3aHO HENOCPEACTBEHHO C YBEJHYEHHEM
BLICOTH 6apbepa M, C/l€I0BATENbHO, C yMeHblleHneM AE..

4.5.6 MukpocTpykTypa

Muxkpoctpykrypa naeHok Cu,S um CdS okasbiBaeT cyliecTBeH-
HOe BJIMSIHHE Ha CBOHACTBA rereporepexona H (OTO3JEeKTPHUECKHE
XapaKTePUCTHKH COJHEUHBbIX 3jeMeHTOB THna CuyS—CdS. Heckosb-
KHMH HCCJIeIOBaTeNsIMH OBIJIH NPEANPHHSTH IONBITKH YCTAHOBHTD
KOJIMYECTBEHHYIO B3aHMOCBSI3b MEXAY NapamMerpamMd  MHKPO-
CTPYKTYpBl H HabaogaeMbiMH (GOTO3/JEKTPHUECKHMH XapaKTepH-
CTHKaMH 3JeMeHTOB. HecMOTpsl Ha TO 4TO OCHOBHON BKJaji B ¢HOTO-
ToK naer cjaoil CupS, cobupaHne HOCHTeNell 3apsifia NPOHCXOIHT
OJarogaps HaJHUHIO 3JeKTpHueckoro mnosas B CdS. Bcesencrsue
3TOr0 MHKPOCTPYKTypa cnost CdS HemocpencTBEHHO BJIHsSET Ha Xa-
PaKTePHCTHKH NPHOGOPOB, H, KPOME TOrO, MOCKOJbKY mieHKa CusS
cosgaercss (B Ipollecce peakUHH 3aMelleHHs) B NOBEPXHOCTHOM
caoe CdS, napamerpsl cTpykrypsl CusS B 3HAUHTENBHOH cTemeHH
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3aBHCAT OT CTPYKTYpHEIX cBodicTB CdS. Teopernueckue pacyeTsl
MOKAa3bIBAIOT, UTO (OTOTOK MOBHILIAETCS NPH yBEJHUEHHH Pa3MepoB
3eped [100]. 3epna croanbuatoil popMbl MMeOT GoJiee HH3KYIO CKO-
pocTb 00beMHOH DPEKOMOGHHALMH, YTO CHOCOOCTBYET BO3pacTaHHIO
¢dororoka. Takum ob6pa3oM, ImJeHKH, O06Jaalollie CTOJ6YATOl
CTPYKTYpOIii, oOecnmeunBaloT 60Jjiee BBICOKHE XapaKTEDHCTHKH 3Je-
MEHTOB, IIPHYEM yJyylleHHe XapaKTEPHCTUK NMPOUCXOAHUT TAKKe HPH
yBeJHUYEHHH pa3MepoB 3epeH. IlueHKu cToa6uyaToll CTPYKTYpHI, HO-
JyyaeMble METOJOM BAKYYMHOI'O HCNapeHHs, CONEPKAT 3epHa ¢ SIPKO
BBIDA:KEHHON INPeHMYLIeCTBEHHOH OpHeHTauuel OCH ¢ OTHOCH-
TeJbHO HOPMAaJH K HNOBEPXHOCTH NOJIO:xKKH. [Ipn HeGosbiION TOJ-
UlMHe IIJIeHKH 006pa3yloTcs OueHb MeJKHe pPa3OpPUEeHTHPOBaHHBIE
3epHa. [ToaToMy MOXKHO NpPeNNOJIOKHTb, UTO IPH HCIOJIb30BAHUH
nneHok CdS maJofi TOJUIMHEL XapaKTEPHCTHKH 3JEMEHTOB OyayT
niaoxumi. Amur [101] nccnepoBan BausiHde TOJAuUMHBL mieHkn CdS
Ha (OTO3/MEeKTPUUECKHE XAPAKTEPHCTHKH COJIHEUHBIX 3JEMEHTOB Ha
ocHoBe CusS—CdS. ABTOpOM ycTaHOBJIEHO, UTO pa3Mep 3epeH, cTe-
IeHb UX TPEHMYyUIeCTBEHHOH OpHEHTAlLMM H pa3Mepbl HepOBHOCTeil
noBepxHocTd miaeHKH CdS Bo3pacTalOT mo Mepe YBeJHUEHHs ee
TOJILHHBI, KPOME TOrO, IPH 3TOM MOBBILIAETCS KOHIEHTPAIHUs AOHO-
pOB, YJY4YLIAIOTCSl AMOAHBIE XAPAKTEPHUCTHKHU 3JIEMEHTOB H YMeHb-
LIaI0TCsl TOKH YTeUKH (KOTOpble 3aBHCST TaKyKe H OT HallpsIKEeHHS).

Panee oTMeyajioch, YTO HauWJyYllHe XapaKTEDHCTHKH HMEIOT
3JIEMEHTHl, B COCTaB KOTOPBIX BXOJHT IJIEHKA XaJbKOLHTa C OCbIO
¢, TepIEeHAMKYJSIPHON NJOCKOCTH TOMJOKKH. ITocKOABKY INJeHKa
Cu,S obpasyercss B npunosepxsHocTHo#t obsactu CdS, nas noay-
YyeHHsI OPHEHTHPOBAHHBIX IJIEHOK Heob6xoauMmel cjaon CdS ¢ gocra-
TOYHO cOBeplleHHOH cTpyKTypoil. Coobmanoch [63], yTo ocaxpe-
e CdS MeTonOM BaKyyMHOrO MCIapeHHs IPH HOHHXKEHHOH TeMIe-
patype ucrtouHuka (~950 °C) nNpHBOAHT K NOJy4YeHHIO O6oJjee
BHICOKHX 3HAUEHHH HATPSIKEHHs] XOJIOCTOrO XOAa 3JEMEHTOB (IpH
YCJIOBHH, YTO MpPOUYHe MapaMeTPHl Ipolecca H3rOTOBJCHHS He MeHs-
I0TCS1). YMeHbllleHHe TeMIepaTypbl HCTOYHHKA HCIapseMoro Belle-
cTBa He OKas3biBaeT CYIIECTBEHHOrO BJIHSHHS Ha TOK KOPOTKOTO
sambikaHus. [Ipn TakoM crnocofGe H3rOTOBJICHMs 3J1eMEHTOB HaO6JIio-
npaercss GoJsiee caalwliil THCTepe3HWC CIEKTPAJbHBIX XapaKTepHCTHK
4yBCTBHTEJNBHOCTH, YeM B cJaydae ocaxieHus CdS mpu BbicOKOf
(1050 °C) remmeparype Hcnapuress. B asjeMeHTax, NOJY4eHHBIX
NpH MOBBILIEHHON TeMIepaType M HMeHX TOHKHHA caoi CusS,
npH AJHHAX BOJH A<<0,5 MKM NpPOHCXOAHMT 3ddekTHBHOE cobHpa-
Hye Hocureseli u3 cjoss CdS. IIpu HH3KHX TeMmmepaTypax HCHapH-
teJiss o6pasyiorces caon CdS ¢ 6osiee BHICOKMM yAeAbHBIM CONPOTHB-
nenneM. Croptu u Kysauk [78] ormeyaioT, uTO NPH YBeJHYEHHH
cKopocTH ocaxaeHHs n/aeHoK CdS moBbiuiaercss KOHIEHTpAUHUs 10-
HOpPOB, BO3pacTaeT NOJOXKHTENbHBEIl IPOCTPAHCTBEHHBIH 3apsf
(B TeMHOBBIX YCJOBHSIX) H yBeJHYHBAETCA HANPSKEHHOCTHb MOJsI Ha
rpanune pasnena. [IpH OTCYTCTBHH OCBEILEHHS BCE HOCHTENH, 10-
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CTHTAIOLIKe TPaHUIBl Pa3jena, NoJ AEHCTBHEM 3TOr0 MOJs NMPeojo-
JIeBalOT Nepexo] He PEeKOMOHHHDYS.

Ynekymap [48] coobuiaer, 4TO cHEKTpaJbHasi YYBCTBHTEJbHOCTD
ThIJIbHO-0aPbePHBIX COJHEYHBIX 3JeMeHTOB Ha ocHoBe CuxS—CdS,
H3rOTOBJISIEMBIX METOAOM IyJbBEPH3ALHH C TOCJAEAYIOUWHM IMHPO-
JIH30M, B 3HAYHTEJbHOH CTeNEeHH 3aBHCHT OT TOJIIHHBE cjosg CdS
(cM. puc. 4.8,8). CorsnacHo paHHbIM Maptunyuuy u ap. [27], kaue-
CTBO KPHCTAJJNHYECKOH CTPYKTYPBI IJIEHOK, OCaiKAAeMBbIX TNOCpeN-
CTBOM INyJibBEDH3ALHH, ONpelessieTcsl OTHOLIEHHEM KOHUEHTpaluui
aromoB S u Cd B pacnblisieMoMm pacTtBope. IIpu OTHOIIEHHH KOH-
LeHTpalul, PAaBHOM e[JHHHIEe, pa3Mep 3ePeH, HMEIOIHX IPeHUMylle-
CTBEHHYIO OPHEHTALHIO OTHOCHTEJbHO Hampasjenus <002>, co-
crasiasier ~0,5 MKM, a nienkn CdS obsmanarT BHCOKOH Npospau-
HocTbio npu A>0,52 MkM. Takwe mNJeHKH Jydllle BCErO MOAXOMAST
IJIST M3TOTOBJIEHHs1 COJIHEUHBIX 3JeMeHTOB. Doaxpamx u ap. [26]
NPH HCIOJb30BAHHH HEOJHOPOAHO JIETHPOBAHHBIX AJIOMHHHEM Ilje-
HOK CdS ¢ n/JIoTHOH JaGUPUHTHON CTPYKTYpOH NONydHJIH GoJjiee cTa-
OHJIbHBIE 3JIEMEHTHl C YJYUIIEHHBIMH XapaKTePHCTHKAMH.

Kak ormeuajioch paHee, B 3JE€MEHTaX, CO34aBaEMBIX METOIOM
BAaKYyMHOrO HCIApPeHHsT B COYETAHHH ¢ MOKPHIM XHMHYECKHM IIpPO-
neccoM, maeHka CupS, obpasyomascs Ha IpaHHLAX 3epeH, NPOHH-
xaer BHyTPb cJjost CdS, 4To NPHBOAHT K 3HAUHTEJNBHOMY YyBeJiHue-
Huio (6Gosiee uem B 10 pa3) apdeKTHBHON NAOLIaAH Tepexona M Io-
HIJKEHHIO HaNpsKEHHsT XOJIOCTOrO Xo4a. TpaBieHHe NOBEPXHOCTH
CdS (cmocobcTBylollee yMeHBIIEHHIO ee KO3 (HIMEHTa OTparxKe-
uus) ycuauBaer 3ToT 3pdext [100]. Xptour u Baoce [98] ycrano-
uaH, 4To njeHKa Cu,S COCTOHT M3 rOPH3OHTAJBHON H BepTHKAJb-
HBIX yacTell W npu pasmepe 3epeH 0,5...1 MKM njomanb BepTH-
KaJbHBIX Y4YacTKoB mnepexona B 10 pa3 6osbuie NJOMAAH €ro
rOPHU3OHTAJBHOH uacTH. BepxHsisi 06sacTb BePTHKAJbHOTO ydacTKa
nepexojia OCBellleHa 3HAYHTEJNbHO CHJbHEEe HHXKHEH, Kyfa H3JyueHHe
BCJIE/ICTBHE €ro INOTJIOUIeHHs B HOJNYNPOBOAHHKE NOUYTH He IPOHH-
kaer. [ToaTomy HHXKHAA 06JiacTb BEPTHKAJBHOTO Tepexoga Haxo-
JUTCS NPAaKTHYECKH B TEMHOBBIX YCJOBHSIX, U, CI€OBATENbHO, B Hell
Ha6JII01aI0TCSl MeHblUHe NOTepH HOcHTesell 3apsaa. [Ipu Toammue
ropusoHTaJdbHOl yacti caosi Cu.S, paBHoil 0,2 MKM, H TakoH ke
[IHPHHE €ro BePTHKAJbHHIX YacTell pacueTHble 3HAUEHHS IJIOTHO-
CTH TOKa KOPOTKOTO 3aMBIKAHHS B FOPH30HTAJbHOM H BepTHKAJb-
HOM Ilepexojax paBHBl cooTBeTcTBeHHO 20 m 10 MA/cm2. Hanpsixe-
HHE XOJIOCTOrO Xoja Takux 3jaeMeHToB Ha 0,1 B uuxe, ueM Vo
MOHOKPHCTAJIMYECKHX 3JeMeHTOB. Xblour u Baocc [98] paccun-
Taan takxe 3aBHCHMOCTH Vo, I u KITIl aneMenToB oT pasmepa
3€epeH.

CosiHeuHBle 3JeMeHTH Ha ocHOBe CusS—CdS, u3rorosaseMble
CYXHM MeTOJOM, uMeloT MakcuMaJabpHblil KIT/| npu TosujiuHe NjeHKH
Cu.S 0,1...0,15 mMxm. Hexoropeie aBtopn [13, 44, 45] ormeuarwr,
4TO XaPaKTEPHCTHKH 3JEMEHTOB, NOJYyYaeMblX MOCPEICTBOM OKyHa-
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Tabauya 4.1. BrixogHble XapaKTEPHCTHKH TOHKOIMJIEHOYHbIX
H3roTOBJISIEMBIX pasjinyg
BHW — BakyyMHOoe wucnapenue, UP — nHoHHOe pacnmsienue, O — okyHaHHe, [I[1 — nynbse

TpadaperHass neuarb, 3P — dJeKTpodopes;
T — Tbl/ibHO-6apbepHasi KOHCTPyKIusA, d — PPOHTaNbHO-6apbepHasi KOHCTPYKIU S

M Tun i UHTeHcHB-
CTpykTypa 3JiemMenta H3ro1‘§:?!§ﬂun KOHCTpyK- nocuhla%}lb' Hs;)?:gzu A,
nHu MBT cMm®
p-CuyS — n-Zng,16Cdo,sS O — BU @ 0,98 81,2
p-Cu2S —_ n-an,ICdg_BS O — BU (o] — : 82,0
l
|
p-Cu,S — n-CdS O — BU @ 0,884 87,5 |
O — BU ) 42 85
O — BU @ — 100 I
P3T® — BU @ I 100 |
0 — BU T 1,7 AMI
P3T® — BU T 1 100
P3T® — BU — — 100
0 — M1l T 1 100
O — mn T 1 —
I — Mn T 1 —
p-Cu,S — n-Zng,1Cdy,S 0 —1mmn T 1 100
|
p-Cu,S — n-CdS NP — BU — — 82
WP — UP - 2.4 107
P3T® — KP — . AMI
T — — 100
BU — 30 @ 0,01 — '

HHf, CYILLeCTBEHHO 3aBHCAT OT MopdoJsorun niaeHkn Cup,S. s sae-
MEHTOB C BBICOKHMH BBIXOJAHBIMH NapaMeTPpaMH XapaKTepHbl 60JIb-
was MJIOTHOCTb IMIyOOKHX SIMOK TpaBJ/IeHHs], pa3BHTHIH NHpaMHAa/b-
Hbolff pesnbed noBepxHocTw CdS W 3HauuTesnbHAs TayOHHA NPOHHK-
HoseHust Cu,S B ciuoit CdS. HcciegoBanne CTPYKTYpbl IJIeHOK
CuS B 3/eMeHTax ¢ pas/MUYHBIMH BBIXOJHBIMH NapaMeTpaMH IMO-
Ka3aJ/0, YTO IJIEHKH ¢ OOJBIIHM YHCJIOM BePTHKAJbHBIX BBICTYIOB
Jyyllle NOIVIOUAIOT U3Jy4yeHHe, 4TO oOecneuuBaeT NOBLIIIEHHbIE 3HA-
yeHHuss PoroToKa. UyBCTBUTEBHOCTL 3JEMEHTOB B O6JIACTH Mexk3e-
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COJHEUHBIX 3J1eMeHTOB Ha ocHoBe Cu,S — ZnyCd;_4S,
HBIMH METOaMH. :

pH3anMs ¢ NOCJeAYIOIHM NHPOJAK30M, P3T® — peakuus 3ameuleHuss B TBepAoft ¢ase, TI1 —

Voer B M}I\CSC,M’ FF Ko, % IMpuMeyanus JiutepaTtypa
0,599 18,5 0,748 10,2 C nIpoCBeTISIIOUIUM TTO- [7]
KphITHEM
0,561 21,1 0,697 10,1 To xe [71
0,516 21,8 0,714 9,5 » [6, 8]
0,53 19,0 0,62 7,3 CepMeTH3HpPOBaHHbIE [43]
3J1eMEHThI
0,48 20,0 0,63 6,0 C npocBeT/IsIOUUM 110- [13]
KphITHEM
0,54 18,0 0,67 6,5 [19]
0,48 17,1 0,634 5,2 [18]
0,47 37,1 0,60 10,4 JlononHUTEIbHBIH [18]
BKJIaJ nepH@epuiHbIX
V4acTKOB
0,45 9 0,5 2 OGpaTHoe pacnoJioxe- [15]
HHe cJ0eB
0,425 19 0,56 4,5 [41]
— — — 5,3 [29]
- - — 45 [30]
0,43 19 0,65 5,6 ; [19]
— — — 4 [57]
0,43 3,4 0,41 0,58 [58]
0,4 6,9 0,43 1,2 [33, 34, 58]
0,45 — 0, 2 [35]
— — — 4,7 [36]

peHHBIX rpaHHl B 1,0 pasa Beille, yeM B LeHTpe 3epeH. CorjacHo
pesysbTaTaM pacyera, IPH YMEHbIIEHHH AHaMeTpa 3epeH ¢ 2 10
1 mxm dororok Bospacraer Ha 40 %. Poropd [100] ycranosm,
4TO NPH ONTHMAJIbHOM peXHMe TpaBJjeHHsl noBepxHocTH CdS 06-
pasyioTcss mHpaMuAbl cO CTOpOHOH ocHoBaHus 0,2...0,4 MKM H BHI-
coroit 0,5...2 MKM.

3HauyuTespHOE BJHSIHHE Ha NPOLECC POCTAa H CTPYKTYPY MJIEHOK
Cu,S okaspiBaerT aTOMHBIf cocTaB BHellHe#l moBepxHoctH CdS. Kac-
BeJls1 1 Ap. [99] ormMeualoT, 4To Ha MOBEPXHOCTH, COJEpKalled aTOMBI
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S, nnernka CusS dopmupyercs B 1,5 pasa 6uicTpee (a ¢oTo-3. A. c.
HEOTOXIKEHHbIX 3JIEMEHTOB B 3TOM cJydyae npumepHo Ha 20 9%
BbIlLIE), YeM Ha NMOBEPXHOCTH, o6pasoBanHoil aTromamu Cd.

[lnenxku CdS, ocaxgaeMble METONOM NyJbBePH3AIMHH C NOCJe-
AYIOUHM IHPOJH30M, HMEIOT CTOJN6YaTyi0 cTpPYKTYpy {24], omnako
OHa 3HAYUTEIBHO OTJHMYAETCA OT MHKDPOCTPYKTYPHl NJIEHOK, NOJY-
4aeMblX BakKyyMHbIM HcnapeHHeM. KIIJl 3ieMeHTOB, H3rOTOBJASEMbIX
OCpeACTBOM NyJbBepH3alMH, coctaBiasieT 7...8 %. [Tosyuenusie
pe3y/abTaThl CBHAETENbCTBYIOT O TOM, UYTO HaJIHUHe CTOJ6YaTOH
CTPYKTYpPHl 3epeH SBJseTCS BaXKHBIM YCJIOBHEM [Ji1 JOCTHIKEHHs
BBICOKHX XapaKTEPHCTHK 3JEMEHTOB, CO37aBaEMbIX C MOMOIIbIO HC-
NapeHus, TOrja Kak BJHsHHe OCOOEHHOCTEH CTPYKTYpPH 3epeH Ha
XapaKTePUCTHKH 3JIEMEHTOB, H3TOTOBJASEMBIX METOLOM IyJbBepH3a-
LHH, OKa3biBaeTcs MeHee CYyLIeCTBeHHHIM. Takne HeXOCTATKH 3Jie-
MEHTOB, I10/Iy4aeMbIX IOCPEACTBOM Iy IbBePH3ALHH, KAK MaJblii pas-
Mep 3epeH H OTCYTCTBHE CTOJOYATOH CTPYKTYpbl, KOMHEHCHPYIOTCS
NOJNIOXKHUTEIbHEM 3 PeKToM, OOYCJOBJEHHBHIM HAJHUHEM 3JIEKTPH-
YeCKOTrO MoJis BOJHM3H THIIBHOI MOBEPXHOCTH ¥ TSHYIIErO MNOJSs
B cioe CdS, xoTopele 06pasyioTcsi NpH HEONHOPOLHOM JIETHPOBa-
HUH 3TOro cjosi. Cjenyer MONUEPKHYTb, YTO NMPH PABHLIX 3HAaUe-
uuax KILIL s/ieMeHThl, cOo31aBaeMble MeTONAMH HCIAPEHHS U NYJb-
BEpU3aIMH, HMEIOT HEOJHHAKOBYI0O MHKPOCTPYKTYPY H PpasjiHuHble
napaMeTpsl KOHCTPYKI[HH.

Iannble, npencTaBieHHbie B Ta6ua. 4.1, MO3BOJSIOT CPaBHHTH
BBIXOJHBE XAPAKTePHCTHKH TOHKONJIEHOYHBIX COJIHEYHBIX 3JeMeH-
ToB Ha ocHOBe CusS—7ZnCdS, u3roToB/sieMbIX Pa3JHYHBIMH METO-
JaMH.

4,6. DHepreTHueckas 30HHas puarpamma
M MeXaHW3Mbl NOTepb

Paspa6oTraHo HeCKOJNbKO (PH3HUYECKHX MOAeJell CONHEUHBIX 3Je-
MeHTOB ¢ reTeponepexonoM CusS—CdS [1—4]. Porsopd [42] 0606-
IIHJ TOJyYeHHble paHee Pe3Y/bTAThl M HPENJOKHJ TEOPETHYECKYIO
MOJleJib, B KOTOPO# YUHTHIBAETCSI PEKOMOHHAIIMs HOCHTeJel 3apsija
Ha rpanuue pasgena. Ha ocHoBe 3toit mogenu Hac u ap. {74] no-
CTPOHMJIH 3IHEPreTHYECKYI0 30HHYIO AHarpaMMy 3JieMeHTa, KOTopas
nzobpaxkena Ha pHuc. 4.15. 3HaueHHs] BceX NapaMeTpOB Ilepexo.a,
HCNONL30BaHHbIE B 3TOH JHarpaMme, ONpeleNeHbl 3KCIEepHMEeH-
tanpHo. CorsacHo JaHHOW MOJENH, NPH OOGBIYHBIX 3HAUEHHAX KOH-
unentpanun Hocutesed (p=10" cm~3 B Cu,S m n=10"7 cm?
B CdS) ob6nacTe mpOCTPAaHCTBEHHOrO 3apsiia cocpeloToueHa B OC-
nosuoM B cjaoe CdS. Bo ¢poHTanbHO-6apbepHBIX 3/eMeHTax CoJ-
HeuHOe H3JlydeHHe C 3Hepruein ¢ortoHoB hAv>12 3B (wmpuna sa-
npenieHHofi 30HH CueS cocrasasier 1,2 3B) modrn mOJHOCTBIO NO-
rnoutaercs B cjaoe CupS rtommunoit 0,1...0,3 MKM H TeHepHpYyeT
5JeKTPOHHO-ABIPOUHble Napbl. B  THIBHO-GapbepHBHIX 3JIeMeHTax
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Puc. 4.15. JHepreTHuecKasi 30HNasi AHArpaMMa COJIHEYHOTO 3JleMeHTa C reTepo-
nepexogoM Cu,S—CdS; Ecp, Egp ¥ Eyp — COOTBETCTBEHHO JHO 30HBI IIPOBO-
NMMOCTH, WHPHHA 3alpeUleHHON 30HbB W BepLMHA BajeHTHOH 30ub B Cu,S;
E¢n, Egn u Eyn — anajioruunbie napamerpsl CdS; Ef — yposens ®epmu, Vp —

nudQy3HOHHBI noTennHan, Wp — wupHHa ob6efHerHoro ciosi, AE; = Ep—Ecn,
AE, = Eyp—Eyn.

okoJio 20 % mnanarowero cseta norsouiaercs B cjaoe CdS. Duekt-
pOHHO-ABIpOYHble mapel B caosx Cu,S m CdS (uam B onHOM H3
HUX) AUGOYHIHPYIOT K rpaHule pasfesa, H 3JeKTPOHBI, NPOIIel-
wine B GdS, nu6o BruibpachiBaorcs B o6beMm caost CdS non neft-
cTBHeM mnoJs Fa, cyulectsyouiero B 06/acTH Hepexopa, JH6O 3a-
XBaTBIBAIOTCS] 3HepPreTHYeCKMMH YPOBHAMH Ha rpaHulle pasjena H
pPeKOMGHHHPYIOT ¢ ablpKaMu, nocrynamomumu n3 Cu,S. Hanps-
JKEHHOCTb 3TOTO IOJIsI ONpefe/seTesl PA3HOCTbIO MOTEHIHAJO0B, NMPH-
JIOJKEHHOIl K 3JIEMeHTY, NMOTOKOM (OTOHOB, JJIMHOH BOJIHH CBeTa R
XapakTepoM pacHpejleseHHsl JOHOPOB M aKIeNTopoB BOJH3H Iepe-
xona B CdS. Tok KOPOTKOro 3aMBIKaHHsl H KO3(OHIHEHT 3amoJHe-
HHS BOJBT-aMMEpPHOl XapaKTePHCTHKH 3aBHCST OT HAIPSIKEHHOCTH
nosia B 00JiacTH Hepexojla M, CAeLOBaTeNbHO, OT MapaMeTpOB, BJAH-
SIOUUX Ha 3Ty BeauunHy. O6paTHBII TOK HACHIUEHHS H HampsxKe-
HHE XOJIOCTOrO XO[a OMNpelesslioTcs OCOOeHHOCTSIMH Ipoiecca pe-
KOMOHHALMKY HOCHTeNed Ha rpaHule pasiena.

ToKk KOPOTKOrO 3aMblKaHHs (DPOHTaJbHO-0apbepHOr0 3JeMeHTa
paBed loe=A,Js. 3nech A, —miomanb 31eMeHTa H

A

peFa (@) £
Jo=—Lt=2 20 [ @y (W) T, [1—R M) [1—AM)] X
Sy 4 peFa (@) a=0
XQ(a, L, dy, Fy, r, S)dh. 4.1

31ech Mg — IJHHA BOJIHBI, COOTBETCTBYIOILASl IIHPHHE 3alpelleHHOH
sonnl CupS, py — momsukHOCTL HocHTeselt B CdS, Sy— ckopocTsb
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pekoMOMHaUMH Ha rpanHie pasiena, Mp(A) — MJIOTHOCTb Majalo-
uero moroka $OoToHOB, Tg— cTeneHb NPO3PayHOCTH KOHTAKTHOIN
ceTkH, R (M) — KO3 HIHEHT OTPaKEHHS OT NOBEPXHOCTH 3JIeMEHTa,
A (L) — noJis M3MydyeHHs, TepseMOro Jsi Npeo6pPasOBaHHsi BCJe-
CTBHE TNOTJOWeHHs,, H Q — Ko3pduuuent cobupanust HocHTesel
B caoe Cu,S. Ha Beianunny Q oKa3bBalOT BJHSIHHE CJeLYIOUIHE
napamerpnl caosg CugS: Kospouument norsmoweHus csera a(A),
AnddysuonHast AauHa Hocutededl L, spdeKTHBHAS TOJNIIHHA CJOS
di, pasMep 3epeH r, HAaNPSKEHHOCTb TsAHywero nojsi Fy 1 CKOPOCTb
NOBEPXHOCTHOH pekoMOuHauun S. Bennmunna @ 3aBHCHT TakXe OT
THIIa KOHCTPYKUHH 3JeMeHTa ((poHTaabHO-GapbepHasi, THIILHO-
GapbepHas WJH 3TH XK€ THObl KOHCTPYKUHH, HO C OTpPazKalouium
KoHTakTOM). McXoass M3 paccMOTpeHHONl MoJesdu pacCUUTaHBl OT-
HOCHTeJIbHble [0JIH yMEeHbIUeHHS TOKa KODOTKOro 3aMblKaHHs BbI-
COKO3(P(hEeKTHBHBIX COJIHEYHHIX 3JeMeHTOB Ha ocHoBe CupS—CdS,
CBfi3aHHble C Pa3JHYHBIMH MeXaHH3MaMH NOTepb. VX 3HaueHHs co-
craBJsiior: 5. .. 8 % — norsiouieHte u oTpaxenue csera, 5...10 % —
3aTeHeHHe TOBEPXHOCTH KOHTaKTHoi#l cerkoit, 1...2 % — nosepx-
HocTHasi pekomOuHauus, 10...15 % —o6bemHasi pekoMOGHHANHS,
5% — pexom6uHanyst Ha TpaHuiue pasgena, 1 % — pekomGu-
Haius Ha MeXK3epeHHBIX rpaHuuax, 2 Y% — morepu cera BOAH3H
THJIBHOH NMOBEepXHOCTH U B 06beMe cjosti CdS. Ilpu cymmapHBIX mo-
Tepax, cocraBasfomux 25...35 %, nmaoTHOCTH TOKa KOPOTKOrO 3a-
MbIKaHUST B ycJoBuaXx AMI1 pasHa 22...26 MA/cMm2

Ecnn npeanono:KuTh, YTO NPOTeKaHHe TOKa ONpejensercs B OC-
HOBHOM DPeKOMOHHAIHOHHBIMH IpOIeccaMu Ha rpaHHie pasfena H
YTO LIYHTHPYIOUee COMNPOTHBJEHHE 3JeMeHTa [OCTAaTOYHO BeEJHKO,
TO BBINOJIHSETCH COOTHOLIEHHE

qVoe=Eg—AEc+ kT InJ o —kT In (gNeS,)— kT In (A;/A ).
, (4.2)

3necb AE.— pa3HOCTh 3Hepruit cpopctBa K 37aekTpoHy CusS
CdS, Ne—3ddexTrBHAS NIOTHOCTH COCTOSIHHH B 30He NPOBOJH-
moctu CdS, g — 3apsin anekTpoHa u A;— nuomanp nepexona. Co-
TJIaCHO OIEHOYHBIM pacueTaM, cJjaraeMble, BXOJfAIlHEe B COOTHO-
menne (4.2), uMmeoT caepyomne 3HadeHHs: (Egi—AEc)max~1 3B,
kT InJe=—0,1 3B, kTIln (¢gNS;)=—0,33 3B, a Beanuuna
kT 1n (A;/A,), 3aBucAmas oT Iiomand nepexoxaa, pasxHa 0,03...
...0,06. B pesyspTaTe MakcHMaJbHOe 3HAaueHHe HaNPSXKEHHS XOJO-
CTOr0 XOja IIaHapHOro sJjemeHta cocrasaser 0,54 B. HauGosee
BHICOKOe 3HaueHHe Vo, JOCTHTHYTOE Ha NpaKTHKe Y COJHEeYHHIX
sseMeHTOB Ha ocHOBe CupS—CdS, H3TOTOBJISIEMBIX CYXHM METOAOM,
trakxke pasHo 0,54 B {19]. HanpsixeHHe XOJIOCTOTO XOHa MOXKHO
CyIeCTBEHHO MOBHICHTL NyTeM usmeneHuss AE. u S;. Opnako, mo-
CKOJIbKY BesinuuHbl AE. 1 S; onpenensiiorcsi cBOHCTBAMH HCXOLHBIX
NOJYNPOBOJHHKOBBIX MaTePHaJoB, AJs 3TOro Heo6XoanMa MOAUDH-
Kanusi CTPYKTYpbl MaTEPHaJIOB HJIHM 3aMeHa OJHHX MOJyNpOBOLHHU-
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KOB 1pyruMu. ¥ sjemedToB Ha ocHoBe CusS—Zn,Cd;—.S, BeposTHo,
MOryT OBITb NOJYyYeHH 3HaueHust Eg—AE.=1,2 3B u V,.~0,74 B.
Y peasbHBIX 3JIeMEHTOB TAKOrO THNA HaMpsiKeHHe XOJOCTOrO0 XoAa
cocraBaser 0,656...0,71 B. Buicokoe 3nauenne Voo 3THX 37eMeH-
TOB fABJISIETCS CJEACTBHEM yBeJHYeHHs LIMPHHBI 3alpelieHHONl 30HbI
Zn,Cdi—»S (mo cpaBHenuio ¢ CdS), compoBOXKAAOUWIErOCs yMeHb-
wenueM AE. 1 Bo3pacTaHHeM Benuuuun Eg—AE,.

Kak nokasbiBaloT pacueThl, Y TOHKOMJIEHOYHOTO COJIHEUHOIO 3Je-
MeHTa Ha ocHoBe CusS—CdS ¢ uaeanbHHIMH QHOAHBIMH CBOHCT-
Bamu npu Voc=~0,561 B ko3pduuyeHT 3anonHeHus BOJbT-aMIepHO
xapaktepucthuku pased 0,80. B peaspHBIX :Ke 3jeMeHTaX Koaddu-
LUHEHT 3anogHeHHsi yMeHbiiaercs Ha 0,02...0,04 nonx BausHHeM
IOCJNENOBATENBLHOIO CONPOTHBJIEHHS W JAONOMHHTENbHO — Ha 0,03
BCJIeJCTBHE CYLIeCTBOBAHHS 3aBHCHMOCTH TOKA KOPOTKOT'O 3aMHIKa-
HHSl OT HampsXKeHHOCTH NOJs B 00JacTH mepexofa. B Hacrosiulee
BpeMs JydlllHe 3JeMeHThl co cTpykTypoi CusS—CdS umeror 3Ha-
yeHHs KoapdHuHeHTa 3anonHeHnsl B npefenax 0,68 ... 0,72

[TpoBeneHHBINl aHaNH3 3HEPreTHYECKHX MOTEPh NMOKa3biBaer, 4TO
KI1d coaneunbix sjgeMeHTOB Ha ocHOBe CusS—CdS moxer OnITb
nosbimen npuMepro fo 11%. Y snementoB co crpykrypoit CupS—
Zn,Cdi—S oxumaemoe 3HaueHue KIII cocrasaser ~ 15 9. Cue-
JIyeT OTMETHTb, YTO B YCJOBHAX, KOUZa Npeol/afalolluM pPeKoMOH-
HAIHOHHBIM NIPOIECCOM SIBJSACTCA peKOMOHHALMS HOCHTeNel 3apsna
B o6beme CusS (TmpH HHM3KOH CKOPOCTH pPeKOMOMHAuUMH Ha TpaHHIe
pasjena), HalpsiKeHHe XOJOCTOrO XOAa NMPH KOMHATHOH TeMmepa-
Type MoxkeT Bo3pacTu fo 0,86 B, a xosdbduumeHT 3amosHeHsd
BOJIbTAMIIepHO#l XapakTepucTHKH — fo 0,86. [Ipu 3THX 3HaueHHSX
napamerpoB KITJL mocturaer 26 %.

4.7. Boisoapb!

Y TOHKONJIEHOUYHBIX COJNHEYHBIX 3JeMeHTOB Ha oOcHoBe CueS—
Zn,Cd1—S MaJgofi miaomann, U3TOTOBJSEMbBIX METOAOM BaKyyMHOTO
HCNAapeHHs B COUYETAHHH C MOKPBIM XHMHUECKHM IIPOLECCOM, MOJy-
yen KIII Gomee 10 %. [losarator, 4To AJs JAajbHefliero ysesu-
yenus KILI norpebylores ontuMmusauus coctaBa cnosi ZngCdi,S
W NpUMeHeHHe OoJiee COBEpIIEHHBIX METOLOB YIpaBJEHHA MHpoilec-
com opmuposanus niaeHkn Cu,S Ha nosepxnoctn Zn,Cd;—,S. Coa-
HeYHble 3JIeMEHTHI, CO3JaBaeMbie INOCPEACTBOM NYJbBEPH3alHH
¢ NOCAEAYIOLIUM NHPOJH30M, TaKxke 00JaLaloT BHICOKOH 3 (eKTHB-
HOCTBIO, OJIHAKO 3JIEMEHTbl, NOJyuyaeMble C NMOMOUIbIO NyJbBepH3a-
UHH ¥ BAKYYMHOTO HCIApeHHs, UMeIOT HEeOJAHHAKOBYIO ONTHMAaJb-
HY10 MHKPOCTPYKTYpY. KILJl co/HEUHBIX 3JeMeHTOB GQJBIIOH MJ0-
Waau B YCJOBHSIX MacCOBOrO INpPOH3BOACTBa cocTaBiser 6...7 %.
Heob6xoauMbr 3HaUHTENbHEIE YCHIHS AJIST TOTO, YTOOB OCBOHUTD ONBIT-
HOoe MPOHM3BOACTBO BhicoKos(dderTupHuX (¢ KITI Gosee 10 %) cra-
OUJBHBIX 3/eMeHTOB OOJbLIOH NJOUIaAH C BOCHPOHU3BOJUMBIMH Xa-
PAKTepPUCTHKAMH NPH BBHICOKOM BHIXOJA€ TOAHOH MPOAYKIHH.
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TOHKOIJIEHOYHbIE MOJIMKPUCTAJUJTMHECKUE
KPEMHUEBBLIE COJIHEYHbLIE J3JIEMEHTbHI

5.1. BeepeHue

MoHO- W NOMUKpPHCTANNHUeCKHA KPeMHHH B BHIE MAaCCHBHHIX
06pasnoB OTHOCHTCH K HaunboJsee MOAPOOHO M raybOKO HCCJACLOBaH-
HBIM TIOJYNPOBOAHHKOBHIM MaTepHasjaM. TeXHOJOTHA NOJyYeHHS H
06paboTKH KpPEeMHHS, a TaKyKe H3rOTOBJEHHS 3JEeKTPOHHBIX CXeM H
npubopoB Ha €ro OCHOBe 6Jarogapsi BHICOKOMY YDOBHIO Da3BHTHSA
i ObLICTPOMY COBEpIIEHCTBOBAHMIO A0 CHX NOp ocraercs 06a3oBoil
TEeXHOJIOTHEH B 3J€KTPOHHOI NPOMBILIJIEHHOCTH; IPH 3TOM KpeMHHI
3aHHMaer Belylllee INOJOKEHHE BO BceX 00JacTAX 3JeKTPOHHKH.
KpoMme TOro, KpemMHHil HCHOJNb3yeTCs B ONTO3JEKTPOHHKE, HHTe-
rpajpHOll ONTHKE H BBLIUHCJUTENbHOH TeXHHKe.

Cpeon pasJHYHBIX THOOB (OTOIJEKTPHUECKHX MNpeobpasoBare-
Jiefl JIMIIb MOHOKPHCTAJINYeCKHe KPeMHHEBbie COMIHEUHbIE 3JIEMEHThI
B Hacrosiliee BpeMs HAIUJNH IIHPOKOE NPHMEHEHHE B COJHEYHOH
SHepreTHke (HanmpuMep, B CHCTeMax 3HeproobeclneyeHHs HCKYCCT-
BEHHBIX CNYTHHKOB). DBOJIbIIOH NpaKTHUeCKHH ONBLIT M 3HAHMA, Ha-
KOMJIEHHbie IIPH MPOHU3BOJACTBE MOHOKDHCTAJJIHYECKHX KPEMHHEBBIX
COJIHEYHBIX 3JIEMEHTOB, 06eCNeynBAOT BO3MOXKHOCTb MEPexoia K H3-
FOTOBJIEHHIO TOHKOIJIEHOYHBIX 3JIEMEHTOB H paclIMpeHHi0 o0beMma
HX BBIIyCKa A0 yPOBHS, HEOOXOAHMOro MAJisl YCHELIHOrO Pa3BHUTHS
HOBOH OTpacju IPOMBILIJIEHHOCTH — (POTO3/1eKTpHYecKoi.  Ecun
K TOMY e y4ecTb, YTO KPeMHHII OTHOCHTCS K HauboJiee pacnpocrpa-
HEHHBIM B TMPHPOJAE XMMHUECKHM 3JIeMEHTaM, & MOHOKPHCTaJJIHYe-
CKHe KpEeMHUEeBble COJHEUYHbe 3JEeMEHThl 06/1aaloT BHICOKOH 3 dek-
tusnocThio (nx KITI mocruraer 16...19 %), 10 kpeMHHuii MOXKHO
CYUHTATb BO BCEX OTHOIUEHHSX NEPCHeKTHBHHIM MaTepHAJIOM JJis
CO3[aHHsI TOHKOIJIEHOYHHIX (hOTO3/IEKTPHUECKHX MPeobpasoBaTeseii.
[Tostomy mpeacraBasiercss yANBHTEJbHBIM, 4TO JO MOCJIEAHEro Bpe-
MeHH pa3paboTKe COJNHEYHBIX 3JCMEHTOB HA OCHOBE TOHKHX MJIEHOK
Si yaensiioch cTOAb Mano BHUMaHuA. BeposTHO, nepsoie [1] neynau-
Hble MONBITKH H3TOTOBHTb BHICOKOKAUECTBEHHble NPHOOPH Oc/1abH/IH
HHTepec K MCCJAEAOBaHHI0 KPEMHHEBHIX Ipeo6pasoBaresiei, 1 B 1aJb-
HeillmeM OoJsiee aKTHBHO H3ydaJsHCb ApyrHe MNOJYNPOBOAHHKOBbIE
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MarepHajibl AJid TOHKONJIEHOYHBIX COJIHEUHBIX 3JIEMEHTOB: COeLHHe-
Hug 1I—VI rpynn nepuoauyeckoit cucremn (CdS, CdTe) u III—
V rpynn (GaAs).

BoinosHenneie HelaBHO B HECKOJbKHX J1a60paTOPHAX HCCJAELO-
BaHHs TOHKOIIEHOYHBIX KPEMHHEBHIX COJNHEYHBIX 3JEMEHTOB MpH-
BeJIH K CyLIeCTBEHHOMY yJyYlIeHHIO HX XapakTepHCTHK. Ha ocHose
IVIEHOK Si, MOJNYYEHHBIX METOJOM XHMHYECKOr0 oCaKIeHHs U3 mapo-
BO# ¢aspi [2] Ha MOANOKKAX M3 PEKPHCTAJNIH30BAHHOLO METaJJyp-
THYECKOro KPEeMHH$, H3rOTOBJIEHBI KPYIHbIE 3JeMEHTH (IJIOIaibio
30...50 cm2) ¢ KII 8...9 %. IIpu co3maHuu CONHEUHBIX 3JeMEeH-
TOB M3 MNOJHKPHCTAJNJIHYECKHX KPEMHHEBBIX MJEHOK, NMOJBEPTHYTHIX
Ja3epHOH DEKPHUCTANIM3aUMH, ¥ M3 IJIeHoK Si, ocaX[gaeMbix
B NJla3Me BBICOKOTO [AaBJIEHHS Ha MHOTOKPATHO HCIOJIb3yeMbie MO-
JU6NeHOBble NOAJOXKKH (C HX NOCTeAyIUWHM oTaenexHuem) [3],
KI1[ snementoB cocraBasier 12 9 (nmpu maomamn 2X2 cm2) u
9,93 % (nmpm nmomanan 28 cMm2). Pa3paboTaHo HECKOJbKO HOBBIX
METOJ0B OCaXJIEHHA KPEeMHHS, MO3BOJSIONIHX MNOJNYYaTh BBICOKOKA-
YecTBeHHble TOHKHE IJIEHKH O0JbIIOH NJIOMAaAN W MPUMEHSTh UX JAJs
co3faHusg (OTo3JeKTpHYecKHX npu6opoB. B ra. 3 obcyxmannch
CBOHCTBA TOHKHX MNOJHKPHCTAJNJNHYECKHX IJIEHOK KpPEMHHS, BbIpa-
IUHBAaEMbIX PAa3JHUHBIMH MeTofaMH. B naHHOH rsiaBe Mbl OrpaHH-
YHMCSl ONHMCAaHHEM IpOHecca HM3TOTOBJEHHS TOHKOMJIEHOYHBIX MOJIH-
KPUCTAJJIMYECKHX KPEMHHEBBHIX COJIHEUHBIX 3JEMEHTOB C YKa3aHHeM
HX BBIXOAHHIX mnapamerpoB. CoJHeuHble 3JIeMEHTH Ha OCHOBE
aMop¢Horo KpemHusi OyAyT paccMOTpeHH B IJ. 6.

5.2. CospeMeHHOe coCTOsiHMe pa3paboToK MAacCUBHbIX
KPEeMHHEBbIX CONMHEYHbIX 3NIEMEHTOB

B mepsyio ouepenb O6yAeT KPATKO PAaCCMOTPEHO COBpPEMEHHOE
COCTOSIHHE Pa3paboTOK MACCHBHBIX MOHO- H NOJHKPHCTAJIHYECKHX
COJIHEYHBIX 3JIEMEHTOB, YTO IIO3BOJIUT 3aTeM OlleHHTb YPOBEHb MO~
CTHXKEeHH B 06JIaCTH CO3AAHHS TOHKOMJEHOYHBIX KPEMHHEBBIX 3Je-
MEHTOB:

Baarogaps psiiy ycOBEepLIEHCTBOBAHHH KOHCTPYKIHH KpeMHHe-
BBIX COJIHEUHBbIX 3jeMeHTOB HX KIIJ] B TeueHHe MmoOCJeIHEro AECATH-
Jetns yBedquuimiaca o 16...199%. OcuoBbiBasich Ha pe3yJbTaTax
pacuera, BbimosHeHHoro Boabdowm [4], JIunamaiiep u dmnucon [5]
H3rOTOBHJIH 3JIEMEHTH, Y KOTOPHIX 3a CYET CO3[AaHHs MeJKO3aJera-
IOIIEr0 p — N-nepexofia U H3MEHEHHS CTPYKTYPH KOHTAKTHOH CeTKH
yAaloch 3HAUYHTEJbHO MOBBICHTb YYBCTBHTEJBHOCTb B KOPOTKOBOJ-
HOBOII 00JIaCTH creKTpa H KO3(@UIHEHT 3aN0JHEHUS BOJbT-aMIep-
HOM XapakTepHCTMKH. IDTH COJHeuYHble 3JeMeHTH ([OJYyYHBIIHE
nHasBanne ¢uoserosbix) umeor KIIJ okoao 16 %. das yMeHbiue-
HHSl NOTEPb M3JyYeHHs, BHI3BIBAEMBIX €r0 OTpaKeHHeM OT (poH-
TaJbHON MOBEPXHOCTH, BMECTO NPOCBET/AIONIErO MOKPHITHS M3 OK-
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cuga kpemHusi SiO,, ocaX[gaeMOro MeTOAOM BakyyMHOro Hcmape-
HHUS, CTaJIH NPUMEHATb NOKPHITHS Ha ocHOBe Tax0s, CeOy uim TiO,.
3HaueHHs NoKasaTessd MPENOMJEHHsS 3THX MAaTepHajoB 3aHHMAIOT
NPOMEXKYTOUHOE MOJOXKEeHHe MeXAy I[0KasaTeJsiMH IpeJOMJeHHs
KPEMHHs M CTekJa, 6;1arofaps 4eMy oHH 06ecneyHBalOT MHHHMAJb-
HOe OTpajKeHHe CBeTa NPH HAJHYHH Ha NOBEPXHOCTH 3JeMeHTa 3a-
IIHTHOrO CTeKJSIHHOro mnokphithsA. [Ipn o6paboTke MNOBEPXHOCTH
KPEMHHEBBIX MNJIACTHH, ODHEHTHPOBAHHBIX OTHOCHTEJBHO Hamlpas.e-
Hug <100>, cooTBercTByIOLIMMH TpaBuTeasimu (HanpuMep, KOH,
NaOH wuau rugparoMm rujgpasusa) ¢opmupyercs pelibed, cOCTOA-
LIHA M3 NHPaMHA, HMeWIUX rpaHu c opueHTauueit <111>. Ilo-
BEPXHOCTHble HEPOBHOCTH TaKOrO THIA BBI3BIBAIOT MHOrOKpaTHOE
OTpa’keHHe CBeTa H CJYXKaT Kak OB CBETOBBIMH <JIOBYLIKaMH»,
yMeHbLIAIOINMH IOTePH H3JYYEeHHS Ha OTpa)KeHHe IO OYeHb HH3-
KX 3HayeHuil. CoJHeYHble 3JIeMEHTHhl C TeKCTYpHPOBaHHOH NOBepX-
HOCTbIO, H3BECTHHlE MOJ Ha3BaHHEM HEOTPaXKAIOUIUX 3JEeMEHTOB
dupmbp Comsat, umeror KIIJI 17...18 %. YcoBepluieHCTBOBaHHE
TBIJIBHOTO OMHYECKOrO KOHTaKTa OOBIYHBIX COJIHEYHBIX 3JIEMEHTOB
¢ nt—p- uau pt—n-cTPYKTypaMH, COCTOSIBIEe B CO3JaHHH Ha MO-
BEPXHOCTH 06a30BOH 06JacTH HH3KOOMHOrO CJIOS KPeMHHS TOro
JKe THIA TNPOBOJHUMOCTH, YTO H Yy 0a3bl, NPHBEJO K MNOSBJIEHHIO
BCTPOEHHOIO 3JIeKTPHYECKOro MNOJs BOJH3H THIIbHOH NOBEPXHOCTH.
[Tox BAMsiHHEM 3TOrO MOJIS HANpsKEHHE XOJIOCTOrO XOAa AOCTHIJIO
HeoObIYHO BHICOKMX 3HaueHu#r (~ 0,61 B); xpoMme Toro, yseanuu-
JIHCh KO3(QHUIHEHT 3aNOJHEHHS BOJbT-aMIEPHOH XapaKTepUCTHKH
(~0,82) u nJAOTHOCTb TOKA KOPOTKOro 3aMblkaHus (~ 49,6 MA/cm2
B ycaoBusx AMO0), noBbcHIach YYBCTBHTEJNBHOCTb 3JIEMEHTOB
B AJIMHHOBOJHOBOH OO0JIACTH CIEKTPa M YMEHBIUHJOCH NepPexOofHOoe
COIPOTHBJIEHHE OMHYECKOr0 KOHTAKTa Ha TIpaHHIle C NOJYINPOBOI-
HuKkoMm [6—8]. B pesyabraTte aToro HoBoBBeleHHs KIII sjemeHToB
B ycjoBusix AMI yBenuunscs npuMepHo no 19 %. Baarogaps Bcem
IIePEYHC/IEHHBIM YCOBEPIIEHCTBOBAHHAM MOJyYeHHblE HAa NpaKTHKe
3HayeHHs (oroToka coctaBuin ~ 90 % oOT mnpenesbHOl TeOpeTH-
YeCKOH BeJHYMHBI, a HaNpsiKeHHs XoJocToro xoxa —75...80 % or
pacyeTHoro 3HauyeHus [8].

ConHeyHBe 3JIEMEHTHI, H3rOTOBJSEMBE H3 MeXAEeHAPHTHEX
kpeMHuueBbix JeHt [9, 10], B ycaoBuax AMI umeror KIIJ no 14 %,
a tunuyHble 3Hayenus ux KIIJ cocrasasior ~ 12 %. Makcumasb-
ot KIIJL (B ycaoBusx AMI) coJHeYHBIX 3JIEMEHTOB, CO3JaBae-
MbIX M3 NPOGHJHPOBAHHBLIX KpPEMHHeBBIX JIeHT, BLIPAIIMBAEMBIX
METOJIOM BBITATHBAHUS M3 pacniaBa yepe3 ¢uabepnl [11, 12], npn-
Gnnxkaercs K 12 %, rtorma kak cpennee 3Hauyenne KIIJ cocras-
aser ~ 10 9%. VY cosHeyHBIX 3J€MEHTOB CO CTPYKTypOH mHOJynpo-
BOJHHK — JM3JIEKTPHK — MOJYNPOBOAHHK mJjomaibio 1 cm? Ha oc-
HOBe NOJHUKPHCTAJIHYECKoro KpeMmHHs n-tuna H caoa ITO, ocax-
JaeMOro METOAOM IyJbBEPH3ALHM C TOCJIEAYIOLHM HHPOJIH30M,
nonysen KILJ 11,2 9 [13]. CosneuHble 3JieMEHTH CO CTPYKTYPO#
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NOJIyNPOBOAHHK — AHJEKTPHK — TOJNYNPOBOLHHK HAa OCHOBE TOJH-
KPHCTAJNAHYECKOr0 KpeMHHs p-tTHna u caos ITO, cosmaBaemoro
METONOM HOHHO-JIyueBOro pacmbiienus [13], umeror KITO 11,5 %
npu miowann 11,5 em2 u 9 Y% npu nsomann 18,5 cm2. M3 mosu-
KPHCTAJ/IIHYECKOTO KPEMHHs p-THIIA H3rOTOBJIEHH COJIHEUHLiE 3JIe-
MEHTbI C HMHBEPCHOHHBIM CJIOEM M CTPYKTYPOIHl MeTaJs — AHIJIEKT-
puK — nosaynpoBofaHuk [13] miaomapgeio 1 cm?, KIIJ korophix co-
craBaseT ~8 Y. 4

5.3. TexHONOrMs U3roToBNEHUSA

ToHkHe NJIeHKH KpeMHHs, NPHUMeHseMble A/ CO3LAHHS COJHEeY-
HBIX 3JIeMEeHTOB, I0JYYalT NMOCPEACTBOM XHMHYECKOrO OCAXKAEHHS.
u3 mnapoBoli ¢a3m [2, 14—22], 3/MeKTPOHHO-JYy4eBOrO HCIAPEHHS.
[23], HaHeceHHs Ha KepaMuyecKHe NOLJIOKKH [24—26] H ocaxaeHHst
Ha MHOIOKPAaTHO MCIOJIb3yeMble MOAJNOXKKH (C MOCJAeAYIOLIMM OT-
JeseHHeM 3a CyYeT HepaBHOMEDHOro TEIJIOBOro paciuupenus) [3].
Hamub6onee Bbicokne 3Hauenuss KIIZ (9...12 %) mocTHrHYTH y 3Je--
MAHTOB Ha OCHOBE KPEMHHEBBIX IJIEHOK, HaHECEHHBIX METOAOM XH--
MHYECKOro OcaxK[eHHs H3 mapoBodl ¢asw [2, 14, 15, 18, 19], u nxe-
HOK, PeKPHCTaJJIH30BAHHBIX NOCJe OTHeNeHHsT OT MHOTOKPaTHO:
HCIOJIb3YeMBIX mojJoxek [3]. Lis1 M3roToB/ieHHs 3JIeMEHTOB NMpHMe-
HSIIOT NOAJOXKKH H3 Pa3jMYHbIX MAaTePHAasoOB, B TOM YHCJeE H3 CTAJH
¢ antuaunddysnonnnM cjoem OGopocuankara [20], rpacura [20].
OUMIIEHHOTO MeTaJgsypruyeckoro kpemuas [17, 21] u okcupa adio-
MHHHS, NOKPHTOro cjoeM THTaHa [22],— mpH OCylUIeCTBJIEHHH XHUMHU-
4eCKOTO OCaXKIeHHs U3 MapoBoH ¢a3bl, u3 candupa [23] — npu Ba-
KyyMHOM HCIapeHHH; M3 yraepoia [26] u Myanura, NOKPHTOro-
cjoeM yraepojaa [24],— npu BHpAaMHBAHHHU NOJHKPHCTAJIHYECKOTO
JEHTOYHOTO MaTepHaja H3 pacmnjaBa; H3 Moaubaena [3]—B cay-
yae 0CAXKAEHHs MJEHOK C IOCJAeAYIOUIHM OTAEJNeHHEM OT MOAJNOXKEK,
a TakXke M3 DPEeKPHCTAJNJIH30BAHHOrO MeTaJJIyprHYecKOro KPeMHHS
[2, 14, 16, 18, 19] u nmpoduAHPOBAHHBIX KPEMHHEBHLIX JIEHT, MOJY-
yaeMbiX METOJOM BBITATHBAHHS W3 paclmjaaBa uepe3 (QHIbepH
[15],— mpu smHTaKCHAJLHOM OCaMXKAEHHH TJIEHOK.

ToHKonJleHOUHBble KpeMHHeBbie COJIHEUHbie 3JeMeHTH!, KaK Ipa-
BHJIO, MUMEIOT CTPYKTYpPy NpOCBeTJ/sIollee MOKPbITHE — KOHTAaKTHAA
cerka — nt-Si—p+-Si — noAsoxka; KpoMe TOro, B HEKOTOPHIX pa-
6orax [25, 26] uccienoBaJuch 3JMEeMEHTH CO CTPYKTYypol MeTasa —
JLH3JIEKTPHK — NMOJYNPOBOAHUK. THNHYHBIA npouecc H3rOTOBJIEHHS
BbICOKO3((DEKTHBHBIX COJHEYHHX 3JeMeHTOB [2, 16] cocTouT u3 cie-
JNVIOIHX 3TanoB: 1) pacnbieHHe pacnaaBa MeTajJaypruyeckoro:
KPEeMHHSI M €ro OYHCTKAa MOCPeACTBOM MHOTOKPAaTHOro BhlNleJadH-
BaHUSA B BOAHOH cpefie; 2) ocyuiecTBJeHHe HalpaBJeHHOH KpHCTaJ-
JU34LHK pacljaBa Ha MOBEPXHOCTH rpa¢UTOBBIX MJACTHH (CiayKa-
LIIMX TMOMJOXKKaMH), B pe3yabTaTe KOTOpoH 00pasylorcst CcJou
MeTamnTyPTHYECKOro KpeMHHSI pt-THIA ¢ HU3KHM YAEJbHBIM CONpO-
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-TuiieHueM (0,01 OM-.cM), cocTosiliMe M3 NOBOJBHO KPYNHBIX KpH-
CTaNNUTOB; 3) MOCJeLOBaTeNbHOE BHIPALIHBAHHE 3MHTAKCHAJBLHOTO
cnost p-Si ToMMHON ~25 MKM ¢ Y[IeJbHHM COIPOTHBJIEHHEM
0,1...1 OM-cM ¥ HeORZHOPOAHO JerHpoBaHHol njeHkH nt-Si ToJ-
WHHOA ~ 10 MKM MeTOJOM XMMHYECKOro OCa)KAeHHd H3 NapoBoil
$ha3ul ¢ HCMOJb30BAHHEM TePMHYECKH AaKTHBHPOBAHHOH peakUHH
BOCCTAHOBJIEHHs] TPHXJOpcHNaHa (Heo6XomuMas Jerupyrmouias MOpH-
Mecb COZEpIKHTCS B BOAOPOJE) IPH TeMIepaType NOMJOXKKH OKOJIO
1150°C u cpenHeil cKkopocTH pocta ~ 1 MKM/MuH; 4) noJayyeHue
KOHTAKTHOH CeTKH C MOMOIIbI0 BaKyyMHOro ucnapenus Ti u Ag ue-
pes MeTaJJIHYecKyi0 MackKy; 5) cO34aHHe [POCBETJSIOLIEro MOKpPHI-
i u3 SnO, nyTeM OKHCJEHHS TETPaMeTHJO0JOBA NIPH TeMIepaType
400 °C B at™octepe Ar; 6) OTKHr MOJYyYEHHOH CTPYKTYpH B aTMO-
chepe He, crumynupylomuit auddysuio npumecefi K rpaHHuam
seped. ['paduroBass njacTHHa CJAYXKHT OMHYECKHM KOHTAKTOM
K pt-o6JiacTH 3JieMeHTa, a HH3KOOMHAas MNOAJOXKKa H3 MeTaJjJyp-
ruyeckoro KpeMHus pt-tuna o0ycJOBJHBaeT NOsSIBJEHHe 3JeKTDPH-
YecKOro 10 Ha rpaHune paspena p-Si—pt-Si BOMH3H THUILHOM
NoBepXHOCTH. BcesieacTBne HEOZHOPOAHOrO JIerMPOBAHHS BepXHEro
cjios nt-Si B HeM obpasyercs TAHYyllee 3JeKTpHUECKOe IOJe.

[Ipn M3roTOBJIEHHH COJIHEYHBIX 3JEMEHTOB H3 KPeMHHEeBBIX MJe-
HOK, CO3[aBaeMBIX METOJAOM BaKyyMHOro Hcmapenus [23], a Takxe
MJIeHOK, BbIpalllHBaeMbiX Ha KepaMHYecKHX [24] m MHOrokKpaTHO Hc-
nosb3yeMbix [3] moasoKKax, JerupoBaHue H (GOPMHPOBaHHe p—n-
mepexofa OCYUECTBJASIOTCS C NOMOLIbI0 0O0byHOi AHGGY3HOHHOM
‘TEXHOJIOTHH.

5.4. O PeKTMBHOCTL (DOTOINEKTPHUECKOrO
npeobpazoBaHusi CONHEYHOrO M3NYyUYeHMs

dorosneKTpHYECKHe XapakTepHCTHKH H 3Hauvenuss KIII He-
CKOJIbKHX THIIOB TOHKONJIEHOYHBIX KPEMHHEeBbIX COJIHEYHBIX 3JIeMeH-
TOB, M3rOTOBJSIEMbIX DAa3JIHYHBIMH MeTOAAMH, MPeACTaBJeHHl
B taba. 5.1. B caenyromux pasnenax 6yayT paccMOTPeHHl (aKTOpH,
BJMSIOIIHE Ha XapaKTEPHUCTHKH 3THX 3/eMeHTOB.

5.4.1 ddoTosnekTpMUECKHE XapaKTEPHMCTHUKU

KIT[ cosHeyHbIX 3JeMeHTOB pa3mepoM 2X2 cM (¢ mpocBersiio-
HIMMH TOKPHITHAMH H3 SizNy4), co3fZaBaeMblX U3 KPeMHHEBHIX MJe-
HOK, OcakJaeMbiX Ha MHOrOKpPaTHO HCIOJb3yeMble NOJJIOXKKH C MHO-
caefytouleli JazepHOH peKpucTasaH3auHel, AOCTHraeT B YCJOBHSIX
AM1 129 npu V,.=0,582 B, J..=28,3 mA/cm? n FF=0,73. Cnu-
skenne KITI sieMenToB Gosbliefl miomann (28 cm?) cBsg3aHO rias-
HHIM 06pa3oM C yMeHbIIeHHeM MJOTHOCTH TOKa KODOTKOrO 3aMbi-
kanus. Takue 3Je€MeHTH NPH BHIXOAHBIX MmapaMerpax V,.=0,595 B,
Jse=23,1 MA/em2 u FF=0,72 umeror KILI, pasubiit 9,93 %. Ocuos-
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HOli MPUYHHOH, OrpaHHYHBAIOILel BO3MOXKHOCTb yJyYIIEHHs] Xapak-
TEPHCTHK COJHEYHBIX 3/eMEHTOB Ha OCHOBe IJIEHOK, 0CaXKAaeMBbIX
Ha MHOrOKDATHO HCHNOJb3yeMble TMOLJIOXKKH U COCTOSLIUX H3 $OJb-
UIOr0 KOJIHYeCTBA 3epeH, IO-BHAMMOMY, SIBJSETCS BBICOKAas MJIOT-
HOCTb MMCJIOKAaUMH (Ha OTHEJbHBIX YyyacTKax BO3pacraiomas 1o
108 cM~2).

CosHeyHble 3/1eMEHTHl Ha OCHOBE 3MHTAKCHAJIbHBIX KPEMHHEBBHIX
NIeHOK, BBIPAILIHBAEMBIX Ha TMOAJOXKKAX H3 METaJJypPruyeckoro
KPeMHHsl (NOcJie ero OYMCTKH C MOMOILbLIO OQHOrO H3 BapHAHTOB
MeTO4a 30HHOH NJAaBKH— TaK Ha3blBA€MOro MeETOAa TelJoOOMeH-
HHKAa) ¢ yJaeabHbIM conpoTuBjaeHueM 0,05 OM-cM, B YCJIOBHsIX
AMI1 ob6maparor KIIA mo 12 % [19]. YayuuienHio XapakTepHCTHK
3THX 3JIEMEHTOB CINOCOOGCTBYeT M3OTHIHBII MepeXxol, o0pasyoluiics
(6e3 mpHMeHeHHs OOMOJHHTEJIbHBHIX TEXHOJOrHYECKHX Omepaiuil)
MeXKIy SMUTAKCHaJbHOH MJEHKOH H MoAJM0xKKoi. PobuHcoH m fp.
[19] coobwann o noaydyenun KIIIL Gosee 10 % vy cosHeuHbIX 3JI€-
MEHTOB Ha OCHOBe TOHKHX 3MHTAKCHaJbHBIX IJIeHOK Si, ocaxiae-
MBIX XHMHYECKHM METOAOM H3 INapoBOH (a3pl Ha MOMJIOKKH U3
OYHILEHHOr0 MeTaJJyprH4eckoro KPeMHHsl C MOJHKPHCTAJIHIECKOH
cTpykrypoil. Uy u ap.[2] paspaGoranu aneMeHTH GOJBIIOrO pa3Mepa
Ha OCHOBe NMHTAaKCHaJbHBIX MJEeHOK Si, BHpalluBaeMblX HA MOAJO0XK-
Kax u3 MetaJjnypruueckoro kpemHus, KIIl KOTOpBIX B YCJOBHSX
AMI cocraBaser ~9 9% (npu mmomanu 30 cM2) u ~8 9% (npu
miaowagn 50 cm?), a 3HaueHHs1 Vo, Joo 1 FF 3akiiouenn B mpege-
aax 0,56...0,58 B, 19...22 MA/em? u 0,70...0,72 (Gosee Kpyi-
HbIM 3JIeMEHTaM COOTBETCTBYIOT MeHblHe 3HaueHHs HallpsKeHUs
XOJIOCTOIO XOJa M MJOTHOCTH TOKa KOpPOTKOro 3aMmblKaHus). Kak
nokasasau uaMepeHus, sa¢¢pexTuBHasA AUPGHy3HOHHAS IJHHA HEOCHOB-
HBIX HOCHTeJell 3apsia B 3THX 3JeMeHTax paBHa 15...25 Mywm.

Bapabucako u ap. [17] ¢ mOMOLIbI0O XHMHYECKOrO OCaKAEeHHs
13 TapoBoil ¢a3sl M3rOTOBHJHM MOJHKPHCTAJIHUYECKHE KpPEMHHEBBIE
-COJIHeYHBIe 3JIeMeHTHl Ha NOAJOXKKAaX H3 MeTaJlJyPrHuyecKoro Kpem-
nug ¢ KIIIO (B ycnoBusix AMI1) 7,3 %. DTu 3/eMeHTH HMEIOT OT-
HOCHTeJIbHO OoJbinyio naomanb (8,3 cM2) U cocToAT H3 (POTOAKTHB-
HOTO CJIOSt p-THIA TOJIIMHOH 25 MKM, IOBEPXHOCTHOrO cJj0sl nt-THna
TonmuHoil 0,5 MKM H npocBeT/soumlero nokpuTHs u3 SiO. Husxue
3HAQYeHHs MJIOTHOCTH TOKa KOPOTKOrO 3aMblKaHMs (IPH OTCYTCTBHH
NPOCBeTJsiiollero mOKpeTHS — 13,1...15,2 MA/cM2) BHI3BAHB CJIHIL-
KoM MaJoii AHPY3HOHHOH AJHHON (OTOreHepHpOBAHHBIX HOCHTe-
Jiefl B aKTHBHOM CJIOe, KOTOpasi, COIJIaCHO H3MEPEHHSM, COCTaBaseT
7...11 MKM. ¥YcTaHOBJEHO, UTO BJHSHHE TpPaHHll 3epeH Ha (OTO-
TOK He CTOJIb 3HaYHTeJbHO. AHAJOTHYHEE pe3yJbTaThl HOJYYeHbl
3THMH e aBTOPaMH NPH HCCJAeJOBAHHH COJHEYHBIX 3JeMeHTOB Ha
‘OCHOBe TOHKHX AEHADHTHBHIX MJIEHOK KDEMHHS, OCaXKIeHHBX Ha HOJ-
JOXKKH U3 oKcuia anoMunuus [22]. [Iudy3uoHHAs IOauHA 3JEKTPO-
OB B p-cJjoe, HafileHHAss pacueTHbIM NyTeM [0 M3MepeHHO#l CleKT-
PajbHO 3aBHCUMOCTH YYBCTBHTEJbHOCTH 3THX 3J€MEHTOB, NpHOJH-
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3uTesnbHO paBHa | MKM. HccrefoBanue 3/1eMEHTOB C IIOMOLIbIO CKa-
HHPYIOLLEro Jia3epHOro Jydya [10Ka3aJo, 4TO B OOJIACTH CpaHHI 3e-
peH u3MeHeHHMe (POTOTOKa cocTaBjsieT Julib 10 9% ® 4TO HU3Kas
AupQy3sHoHHas AJHHA HOCHTesed 3apsafa oOyc/OBJIeHa MOITOMY He
pedeKTaMu CTPYKTYPH, a I'JIyOOKHMH NpPHMECHBIMH YPOBHSIMH.

HanGosee sHaynTebHOE BIHSAHHE Ha XapaKTePHCTHKH TOHKOIJIE-
HOYHBIX COJIHEYHBIX 3JeMEeHTOB OKa3blBaeT MHKDOCTPYKTypa ¢oro-
AKTHBHOrO cJIOS KpeMHHS. MHKpPOCTPYKTypa NJIEHOK CYIIECTBEHHO
3aBHCHT OT YCJOBHH OCaKJAeHHs, a TaKkKe OT KauecTBa M NPUPOAHL
Martepuaja NOAJOXKH. HH3KHe 3HaueHHA HANpPSKEHHS XOJOCTOTO
xona (He Bolue 0,1 B) u KIIO (~0,05%) cosHeuHbXx 37eMeHTOB
c OapbepoM lIOTTKH M p—n-nepexofOM Ha OCHOBE IOJNHKpPHCTAJ-
JIMYECKHX KPeMHHEBHX MJIeHOK, HAaHECeHHBIX Ha CcTaJjbHbE NOMJOXKKH
METOAOM XHMHUYECKOTrO OCaKAeHHs H3 NMapoBOi (a3bl, CBA3aHLI C He-
BBICOKHM KaueCcTBOM MHKDOCTPYKTYphl NJeHOK Si (cpemHuit pasmep
3epeH paBeH 2,5 MKM) W HaJuuHeM B 00JIaCTH Mepexofa MexaHuue-
CKHMX HanpsikKeHHil, BbI3BAHHBIX HECOOTBETCTBHEM KO03()(PHUUEHTOB.
TenJoBoro paciuMpeHdss kpeMmHusi H crand [20]. Tlpu ucnosbzoBa-
HHH NJIeHOK Si, BbIpAllleHHBX METOJLOM XHMHYECKOTO OCaxKIEHHS N3
napoBoil ¢a3bl Ha rpaUTOBHIX NOAJ0XKKAX H 00/1a4a0WHX HAMHOIO:
6oJiee cOBepLIEHHOH MHKPOCTPYKTypoii, B yciaosuax AMO (upu ot-
CYTCTBHH Yy 3JIEMEHTOB NPOCBETJSIONHX NOKPBITHIH) TOJyYeHbl 3Ha-
ueHnst Vo.=0,33 B, Joe=13 MA/cm? u FF=0,44, KOTOpEIM OTBeyaeT
KITA 1,4 % [20]. KIT[ conHeyHBIX 3JieMeHTOB Ge3 NPOCBETJSIOUIHX
MOKPHITHH €O CTPYKTypoH n+-Si—p-Si—p+-Si— merannypruveckuir
KPEMHHIi, H3rOTOBJEHHBIX C NOMOUIbI0 XHMHYECKOI0 OCaXKAEHUS H3
napoBoii ¢assl [21], B ycnoBusx AMO orpaHnueH (BcJeACTBHE BJIHSA-
HUs TpaHuL 3epeH) 3HaueHdeM 2,8 %, ogHako NpH yBeJHYEHHUH KOH-
LeHTpaUUH Jerupymllefl NpuMecd B p-06JacTH ero MOIKHO IOBBI-
cuth 10 3,5 %. Hanuume serupyromieil npumecd ociab/sieT akTHB-
HOCTb TpaHHI, 3ePeH M IPHUBOAHUT K BO3PACTAHHIO HANDPSIKEHHS
X0JIOCTOr0 XOAa MU K03 GHIHEeHTa 3aM0/HEeHUs BOJbT-aMIepPHOH Xa-
PaKTepHCTHKH, a TaKxkKe K YMeHbIIeHHIO NOCJeL0BaTeJbHOTO CONpO-
THBJIEHHs1 37leMeHTOB. lcmonb3yst HM3MepeHHBIe chneKTpaJbHHE Xa-
PaKTePHCTHKH YYBCTBHTEJbHOCTH COJNHEYHBIX 3/EMEHTOB Ha OCHOBE
NJeHOK Si, HaHeceHHBIX Ha NOJJOXKKH H3 METaJJIypruyeckoro KpeM-
HHUSl TIOCPEACTBOM XHMHYECKOro OCa*KAeHHs M3 napoBod ¢aswl, Uy
u ap. [16] onpenennau 3pdekTHBHYI0 AUGPDY3HOHHYIO NJIHHY Heoc-
HOBHBIX HOCHTeJIel ¥ NOKa3aJid, YTO B 3JEMEHTaX, H3rOTOBJEHHHIX
Ha BO3BBHILIEHHBIX yYyacTKaxX HOOBEPXHOCTH KPEMHHEBHIX IJIEHOK, ee
3uaueHus paBHH 30...40 MKM, a B 3jieMeHTax, MOJY4YeHHHIX B TO-
BEPXHOCTHHIX Yri1y6JeHHsX (rae GOTOOTKIHK yMeHbuIaeTcs Ha 15. ..
...20 %),— 15...20 mkM. Caenyer OTMETHTb, 4TO yruyGJaeHHs T1O0-
BEPXHOCTH MJIEHOK OOBIYHO COOTBETCTBYIOT 0GJACTSIM, COAEPKALIHM
60JIbLIEYTIOBHE I'PAHHUILE 3€pPeH.

KII conHeyHBHIX 37€MeHTOB (CHAOXKEHHBIX MPOCBETMASIOUIMMI
MOKPHITHAMHY U HUMEIOIIHX INIOUIaAb AKTUBHOH NMOBEPXHOCTH 1 cm?)
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Ha OCHOBe KPYMHO3@PHHCTHIX (C pasMepoM 3epeH Ao 40,4 cM) mo-
JHKPHCTAJNIHYECKUX NJIEHOK KDeMHHs, BbIpallUBaeMbIX Ha KepaMH-
YeCKHX IOAJNO0XKKax, coctaBaseT 9,6 %, npu stom Js.=26,8 MA/cm?
(vaTeHcuBHOCTL M3ayuyenns 100 mBt/em?), V,c=0,53 B u FF=0,675.
ITockosmbKy KOHTaKThl K p- H n-0067acTiM ObiH BBIBeJEHB Ha OAHY
U Ty e NOBEPXHOCTb, 3JeMeHTh ofJafgajH 3HAaYHTeJbHBIM MOCJe-
JOBaTeJbHLIM CONPOTHBJIEHHEM, He MO3BOJIHBIIMM MOJYUHTL OoJiee
Boicokuit KIIH. HccnemoBaHue 3jieMeHTOB MeTOHOM BO30YKAEHUS
TOKa CBETOBBIM JIyYOM H pe3yJbTaThl H3MepeHUil TOKa, HaBeLeHHOro
3JIGKTPOHHBIM JIy4YOM, IIOKa3aJH, YTO Hajuyue IPAHHULL 3ePeH yXyn-
ulaeT XapakTepHUCTHKH NPUOOPOB, TOrAa Kak TPaHHUbl ABOHHHKOB
He OKas3blBAlOT CYLIECTBEHHOro BJHMSAHHS. YCTaHOBJEHO, uTo AHDGV-
3HOHHAs [JIHHA HOCHTeJell JIeXKHT B npenenax 6...25 MKM.

B cosHeuyHBIX 3J€MeHTax, M3rOTOBJEHHBIX U3 NMOJHKDHCTAJIHYe-
CKHX KDEMHHEBHIX MJIEHOK, HAHECEHHBIX Ha KepaMHUYeCKHe IMOJ-
Joxku, @abp u boxe [26] nabaionanu ysenudenne nuddy3HoHHOI
JNJIHHBl HEOCHOBHBIX HOcHTejell 3apszia ¢ 6 MKM po 22 MKM IpH
NOBHIIIEHNH MJAOTHOCTH MoTOKa ¢oToHoB ¢ 10 mo 3.10%7 cM—2.c1.
B ycaosusix AMI1 snementst umenu KITI 6,2 % npu V,.=0,495 B,
Jse=23 MA/cmZz u FF=0,55. Bospacranue nuddy3sHoHHON AIHHDI
HOCHTEJIEH MOXKHO OOBSCHHTb 3alOJIHEHHEM COAEPKAaLIUXCH B NJEH-
Kax JIOBYIIEUHBIX yPOBHeH moj HAelfictBueMm cBera. Hzs njoTHOCTH
TOKa KOPOTKOrO 3aMbIKaHHUS XapakTepHa CBepXJHHei{iHas 3aBHCH-
MoCTb OT cBeTOBOro nortoka Js=K®"05 (3gece K — nocrosinHas
BeJHYHHA ¥ O — MJIOTHOCTH MOTOKA (QOTOHOB). YBeanueHue Auby-
3HOHHOH [JIHHB HEOCHOBHBIX HOCHTeJseil 3apsfa NIpPH TNOBBILEHHH
HHTEHCHBHOCTH H3Jy4eHMs] OTMEYEHO TaKxKe B COJHEYHBIX 3JieMeH-
Tax Ha OCHOBe NPOPHIAHPOBAHHBIX KPEMHHEBBIX JIEHT, NOJydaeMblX
BBHITAATMBAHWEM M3 pacljasa depe3 ¢uibepn [27, 28]. CymecrBoBa-
HYEe B 3THX 3JIeMeHTax CHJbHON 32BHCHMOCTH AH(DPY3HOHHOH AJNHHEI
Kak OT 00beMHOH CKOPOCTH reHepauuu HOCHTeJed, Tak H OT AJIHHBI
BOJIHBI 11aJ4[OLIEro H3JydYyeHHs TNOATBEpKAAeT MNPeANOJoXKeHHe
0 TOM, YTO MOJ JeHCTBHEM CBeTa MPOHUCXOAHT 3aNOJHEHHEe JIOBY-
LIeK, KOTOpble pacnpejeseHbl MO BceMy oObeMy 0asoBoii o6JacTH
3JIEMEHTa.

Co3zaBaeMble B HACTOsilliee BpPeMsi TOHKOMJEHOUHBIE KpeMHHe-
Bble COJIHEYHble 3JE€MEHTH CO CTPYKTYpoH MeTasJ — AU3JEKTPUK —
MOJNYNPOBOAHHK He 00J1aAaloT BBICOKOH addexTuBHocThio. [IpH nc-
NOJIb30BAHMH B 3J1€MEHTAaX TAKOTO0 THIA NOJHKPHCTAJIHYCCKHX MJe-
HOK KDEMHHsI, HAaHeCEHHBIX Ha KepaMHYeCKHe MOAJOXKKH, M IJIEeHOK
xpoma [25, 29] noayuenn snavenust KIII 6...8 %. Tonkonaenou-
Hble KPEMHHEBbie 3JeMeHThl cO CTpyKrypamu MeTaana (Ti) — au-
3JIEKTPUK — MONYIPOBOAHUK (CHAOGxKeHHble MPOCBETJAAIONIMMHE I[10-
kpoiTuAMH 3 TiO2) H NOJYNPOBOAHHMK — AH3JEKTPHK — MOJYNIPO-
BogHHK (c mokpeitusmMu u3z ITO) [26] B ycaoBusax AMI umeror
KIT coorBercTento 3,9 u 1,6 % npu nJ0THOCTAX TOKA KOPOTKOIO
3amblkaHus 21,6 u 25 MA/cm2.



MonuKpMcTannMueckue KPEMH, COMH, 3NEMEHTbI 283.

5.4.2 AHanus cBOMCTB nepexoga

JuonHble XapaKTePUCTHKH p—ri-EPEX0J0B B TOHKHX KpeMHHe-
BbIX MJIEHKaX HCCJELOBAJHCh HECKOJBKHMH aBTopamu [16, 17, 20—
23, 30] ¢ mesbio H3yYeHUS] MEXAHU3MOB NPOTEKAHUsS TOKA H BHISIBJIE-
HUsl TapaMeTpoB MarTepHajia, BJHUSIOIIMX Ha BBIXOAHble XapaKTepH-
CTHKH 3JIeMEHTOB.

QeqbamMad M Ap. [23] uU3MepHJIH BOJIbT-aMIepHble XapaKTepH-
CTHKH HECKOJIbKHX COJIHEUHBIX 3JeMeHTOB Ha OCHOBe IJIEHOK KpeM-
HUsl, TOJYYeHHBIX METOJOM BaKyyMHOrO HCIapeHHs HpPH pasJjHy-
HbIX TeMIepaTypax NOJJOXKH H HMeIOIIHX HeOAHHAKOBHIH pasmep
3epeH, M YCTAHOBHJH, YTO TeMHOBble XapaKTepDUCTHKH OTBe4aloT
ypaBHEHHIO, COJepXKallleMy [Ba 3KCIOHEHIHAJJbHBIX YJeHa C Ipea-
3KCIOHEHI[HAJbHBIMH MHOXUTENIMH Jo; H Jgo M AHOAHBIMH KO3(-
¢uLHeHTaMH ny=1 U ny=2, COOTBETCTBYIOWIHUMH AHPDY3HOHHOMY
H peKOMOWHAIMOHHO-TeHepallMOHHOMY MeXaHH3MaM MpOTeKaHHs
toka. He3saBucumble uamepenuss Aup@y3HOHHON IJIHHBI HOCHTes el
3apsiia U pa3Mepa 3epeH HOKas3aJjH, uTo Js yMeHbIIaeTcs NPH BO3-
pacrtaHuu AuGGY3HOHHOH OJHHBI (YTO corjacyeTrcsi C TeopeTHue-
CKHMH pe3ysabTatamu), a Jg TOHHMKAETCH HPH YBEJHUYEHHH pas-
Mepa 3epeH BCJeICTBHE YMeHbIUEeHHS KOJHYeCTBa pPeKOMOHHALU-
OHHBIX L[EHTPOB.

3aBucumoctd Jg M Jsp COOTBETCTBeHHO OT AH(GHY3HOHHON
JUIMHBI HOCHTeJell M pa3Mepa 3epeH NoKasaHbl Ha puc. 5.1. Baus-
HHe pa3Mepa 3epeH Ha HaNpskKeHHe XOJOCTOro X0/a, IJOTHOCTH.
TOKa KOpOoTKoro 3amblKaHusgs u KIIJL 3/71eMeHTOB HJANIOCTPUPYIOT
puc. 5.2, a u 6. Ha puc. 5.2, 6 mpejicTaB/eHb TaKXe TeopeTHue-
ckue 3aBucuMoctH KIIJ or pasmepa 3epeH, noJjyuyeHHble pa3jny-
nbiMH aBTopaMu [31—34]. ®enpaman u ap. [23] 3KCTpanosupoBasu
3KCHepHMeHTaJ/bHble JaHHble H II0Ka3aJ/Hd, YTO TNPH YBeJHUEHHH
anametpa 3epeH go 30 mxm KIIJL sneMeHTOB MoOr Gbl MOBBICHTHCS
10 10%. OnHako aBTOPEH OTMEYAIOT, YTO, MNOCKOJbKY MJeHKH
KpeMHHs, ocaxjJaeMble MeTOJOM BaKyyMHOrO HCIAPEHHS, HMeEIOT
cTO/I04aTyl0 CTPYKTYpY, AJs NOJydyeHHs 3epeH auaMerpom 30 MKM
noTpe6oBasoCc, Obl HaHECTH NJeHKY ToJiuHoil 50 mkM. CorsacHo
OnyOJIHKOBAHHBIM pe3yJbTaTaM, COJIHEUHble 3JIeMEeHThl, H3[OTOB-
JieHHble W3 KPEMHHEBbIX IJIEHOK, BbIPAllleHHBIX Ha TPa@UTOBBIX
NOAJNIOKKAaX XMMHYECKHM MeTOJOM H3 NapoBo#l (asbl U COCTOSIHX
u3 3epen pasmepom 20...30 mkm [35], umeror KII[, paBHbIi JHlIb
1,59% (r. e. Takoil Xe, KakK M 3JeMEHTH Ha OCHOBE IJIEHOK Si
C pa3MepoM 3epeH 5 MKM, oCaxJaeMblX C MOMOIIbIO BaKyyMHOIO
MCIIaPEHHs), YTO CBH/AETE]bCTBYET O CYUIECTBEHHOM BJIHSIHHH HA
XapaKTePUCTHKH 3JeMeHTOB HEeCOOTBETCTBHsI MapaMeTPOB KPHCTAJ-
JIMYECKHX DPelleTOK MaTepHa/OB HJIEHKH H MOJJIOXKKH, CTENeHH UM-
CTOTLl MOBEPXHOCTH 3ePeH M KOHUEeHTPaUHH Jerdupymoiled nOpuMecH.

YpaBHeHHe BOJILT-aMNeEpHOll XapaKTePHCTHKH p—r-Tepexoia
B COJIHEUHBIX 3JIeMEHTaX Ha OCHOBe MJEHOK KpeMHHsi, MOJydaeMblX
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Puc. 5.1. Bansnue fuddysHOHHON AJMHBL HOCHTesell 3apsiia M pasMepa 3epeH
B nJjeHKe KpeMHHsA Ha AH(OY3HOHHYIO Js; U PeKOMOHMHALHMOHHO-TeHEpAalUHOH-
Hyi0 Jsp COCTaBJSIOUIHE NJOTHOCTH OGPATHOTO TOKA HACHIUIEHHS] B COJIHEUHBIX
3/1eMeHTaX, M3TOTOBJEHHbIX METOXOM BaKyyMHOTO HcmapeHus [23]. a) sasucu-
MocTb Jgy OT 1udy3HoHHON ANnHBL L HOCHTeselt; 6) 3aBHCHMOCTB Jsy OT pasMepa
3epen r (Ipejes paspewmleHHs MeTOJa NMOBEPXHOCTHOH (oTo-3. A. ¢. — 4 MkM).

R

a
o 2
o

Prc. 5.2. @) 3aBHCHMOCTH HANpsXKEHHs XOJOCTOrO X0Aa Ve M MJOTHOCTH TOKA
KOPOTKOTrO 3aMbIKaHHs Jgc COJMIHEUHBIX 3JIEMEHTOB, M3TOTOBJEHHBLIX METOJOM Ba-
KYyMHOrO HCrnapeHHsi, OT pa3Mepa 3epeH 7 B NJIeHKe KPeMHHs; CIJIOLWHast JH-
HHsl — TeOpeTHUeCcKass 3aBHUCHMOCTb Voo 01 r; 6) 3aBucumoctu KI1JL coHeuHBIX
3JIeMEHTOB OT pa3Mepa 3epeH 7 B IJIeHKe KpeMHHS; | — SKcnepHMeHTaJsbHble
LauHble [23], 2—5 — pesyabraThl pacuéTa pasJMuHBIX aBTOpoB: 2 — [32],
3 — [34], 4 — [31], 5§ — [33].

XHMHYECKHM OCaKJeHHeM M3 MapoBoil (a3bl, TaKKe COJEPKHT JBa
3KCNOHeHIHadbHbIX ujeHa, CorsacHo gaHHbIM BapaGucako u Ap.
[17], Js1 <10~ Afem2, Joo~10-7 Afem?, ny=1 u no=2.

Uy u np. [20] oT™MeuaroT, 4To cojiHeuHble 3JeMEHTH ¢ GapbepoM
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lllorTkH H p—n-mepexo/OM, H3TOTOBJEHHble H3 MJeHOK Si, HaHe-
CCHHbIX Ha CTaJjbHble MOJJOXKKH METOJOM XHMHUECKOIO OCAaXJIEHHS
U3 mapoBoi (¢asbl, 00/aalOT MNJIOXMMH JAHOAHBIMH XapakTepu-
cTuKaMu. JIHOAHBIH KO3 (HUIIHEHT 3JEMEHTOB C p—~n-NepexoioM
u OapbepoM IIOoTTKHM, pacCUMTAHHBIH HCXOJAs H3 TMPSIMbIX BOJbT-
aMMepHbIX XapaKTepPHUCTHK, paBeH cooTBeTrcTBeHHO 3,9 u 2,8, Toria
Kak [/ MOHOKDHUCTA/NJHYECKHX 3/JeMEHTOB C p—rn-NepPexoioM
3HaueHHe 3TOro KoadpouuueHra cocrapiser 1,8, a A1d HIea bHbIX
OapbepoB LlloTTku — 1. B TOHKONJIEHOYHBIX 3JeMEHTax ¢ p—n-le-
PexXoloM IJIOTHOCTb OOPAaTHOTO TOKa HACHIEHHs HA HECKOJbKO
TIOPSI/IKOB BEJHYHHBI Bbllle, YeM B MOHOKPHCTAJJIHYECKHX 3JEeMeH-
TaX, HMEIOIIHUX aHaJOTHYHbIH Npodu/b pacnpejeseHHss NpHMeceil,
a B COJHeuHbIX 3JjemeHTax c OapbepoM [lloTTKH — cyluiecTBEeHHO
Gousblle, yeM B 3JeMEHTax ¢ p—n-nepexofoM. bosbine obpaTHble
TOKH B TOHKOIJIEHOUHBIX 3JIEMEHTaX, 03/ aBaeMbIX Ha MOJJIOXKKAX
M3 CTaJM, CBSI3aHbl C MaJblM pa3MepoM 3epeH B IJeHKaXx Si u
HaJH4Y¥MeM MeXaHHYeCKHX HamNpsxKeHHH B o0O6JacTH Iepexoja.
B cayyae HCHOIb30BaHHS KPeMHHEBBIX IJIEHOK, HaHECEHHHIX Ha
NoANOKKH Hu3 rpadura [20], aneMeHTH 06/Ma7AIOT JYUYLIHMH BhHI-
NpAMJSIOIMMHE CBOHCTBAMH. 3HaueHue [IHOAHOTO KO3(pHIHEeHTa,
HafileHHoe H3 TNPAMBIX BOJbT-aMINEepHBIX XapaKTEPHUCTHK JaHHBIX
3/71eMeHTOB U paBHOe ~ 1,9, cpPaBHUMO C ero 3HaueHHeM B MOHOKPH-
CTaJJIMYEeCKHX 3JeMeHTaX, 4TO CBHJeTeJbCTBYeT O cJaboM BJIHS-
HUM TpaHHI, 3epeH B 3THX IJIEHKaX Ha HpollecCc MPOTEKaHHs TOKa.
O6parHble TOKH B 3J€MEHTaX, H3rOTOBJSEMbIX Ha TPapUTOBLIX
NOJAJOXKKAX, N0 MeHblllefl Mepe Ha MOPSAJOK BeJHUHHbI HHXKE, YeM
B 3J1eMEHTaxX Ha MOAJOKKaX H3 CTaJH.

Yy u Cuurx [21] ycraHOBWIH, YTO TMacCHBAllMsi TPAHHUIL 3epeH
C TOMOUIbIO CHJIbHOTO JIETHPOBAHHS CNOCOOCTBYET YJyUYUIEHHIO TeM-
HOBBIX BOJIbT-aMIEPHbIX XapaKTEPHCTHK COJIHEUHBIX 3JE€MEHTOB Ha
OCHOBe IJIEHOK Si, HaHeCeHHbIX Ha NOJJIOXKKH H3 MeTasiyprude-
CKOrO KDEMHHS NOCDPeJCTBOM XHMHYECKOrO OCaXJeHHs U3 MapOBO
taspl. ABTOpaMH TaKxke OTMEYEHO, YTO MApaMeTPbl KaK MPSMBIX.
TaK U 0OpAaTHBIX BOJIbT-aMIEPHBIX XaPaKTEPHCTHK COJIHEUHBIX 3Je-
MEHTOB CO CTPYKTypoil nt-Si— p+-Si— Merasaypruueckuii Kpem-
HUH 3HAYMUTEJbHO NPEBOCXOAAT COOTBETCTBYIOLHE MapaMeTphl 3Je-
MEHTOB CO CTPYKTYpoil nt-Si— p-Si— Merasyprudyeckuii Kpem-
Huil, mnpuHueM yJydllleHHe CBOMCTB mMepexoma COTPOBOXKIAETCS
yJayuyuleHHeM (OTO3JEKTPHYECKUX XapakTepHCTHK. (CHOBBIBASICh
Ha pe3yJbTaTax H3MeDeHHH TOKa, HaBeJeHHOrO 3JIEKTPOHHBIM JY-
YoM, M BOJbT-aMIepHBIX XapakTepuctuk, Curep u ap. [30] mpuxo-
AAT K BBIBOAY O TOM, 4TO HachllleHHe I'PaHUL 3epeH MOJHKDPHCTAaJ-
JIMUECKHX COJIHEYHBIX 3JeMEeHTOB BOJOPOJOM OKa3blBaeT GJIarompH-
AITHOe BJIMSIHHe Ha HX MNapaMerpbl. [ HaporeHusamus 3JeMeHTOB
N03BOJIeT 3aMeTHO YJyYUIHTh TEMHOBble BOJIbT-aMIlepHble Xapak-
TEPUCTUKH (CM. pPHC. 5.3) M OUeHb CYUIECTBEHHO MOHHU3UTb OGpaT-
HHA Tok. B apyroii pabote, BeimosHeHHoO# Curepom u JKuHIH
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Puc. 5.3. TeMHOBbie BOJIbT-aMIIepHble
XapaKTePHCTHKH MOJHKPHCTaJIHYec-
KHX KpeMHHeBHIX COJIHEYHBIX 3JeMeH-
TOB C n—p-NepexojoM HeloCPeACT-
BEeHHO IIOCJIe H3roToBJeHHs (I, 2) ®
nocJje o6paGoTKH B BOAOPOAHOI NJa3Me
(I’, 2') B TeueHue 16 u npu Temmnepa-
type 350 °C u naBnenuu ~270 I1a[30].
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Puc. 5.4. ® TeMmnepaTypHble 3aBHCH-
MOCTH JHDDY3HOHHOH Jg; H peKoM-
6HHaHOHHO-TeHepallHOHHOH Jgp cOC-
TaBJSIOUNHX  IJIOTHOCTH  o6paTHoOro
TOKa HaCHIUleHHs JHOJO0B, H3IOTOB-
JIEHHBIX Ha BO3BBIIIEHHHX YyyacTKax
NJIEHKH KPeMHHss H B yrayGJaeHHsX
nopepxHocte [16].

Tok I u3mepsiercss B A, HamnpsXeHHe
V —B B.

[36], momoGpaHbl pexMMbI Mpollecca THAPOreHH3alluH, obecredn-
BalollWe YCTpaHeHWe BCeX MOTEHUHAJbHBIX OapbepoB (KOTOpbIE
MOr'yT OBITb OOHApyKeHbl H3BECTHbIMH cloco6aMH) Ha TrpaHHLAx
3epeH, 3aKJIOUEHHBIX B MOBEPXHOCTHOM CJIO€ KPEMHHs TOJIIHHON
0,2...0,5 MM. BaxueiMu mapaMeTpaMu, omnpereasiiolluMu 3doex-
THUBHOCTb MpOllecca MacCHBALMH, SIBASIOTCS (opma paspsna, Bo3-
OyKJaeMoro B BOAOPOJE, MJOTHOCTb IMJa3Mbl, a TaKxke TeMIepa-
Typa H KauyeCTBO TOBEPXHOCTH CJOS MOJHKPHUCTANJIHYECKOTO
KpEMHHUSI.

C moMOIIbI0 H3SINHOTO 3KCIEPHMEHTAa, COCTOSBILEr0 B H3TOTOB-
JeHHH HeCKOJbKHX Me3ajHO0J0B Ha OT/eJbHbIX ydyacTKax MOJIH-
KPHCTAJJH4eCKOH 3NHUTaKCHalbHOH myeHKH Si (BbIpallleHHOH Ha
NOAJNIOXKKE U3 MeTaJJIypPrudecKoro KpPeMHHs) C pas3juyHOH MHKpPO-
CTPYKTYpPOH W H3MepeHUH HX TEeMHOBBIX BOJbT-aMIEPHBIX Xapak-
tepuctHk, Uy u ap. [16] ycraHoBusau, uto GOTO3/TEKTpHIECKHE
CBOHCTBA 3/JIeMEHTOB 3aBHCAT OT MHKDOCTPYKTYpHI MJIeHKH. B mno-
JYYEHHBIX AHOJAX peaM3yloTcs ABa MeXaHH3Ma NPOTeKaHHs TOKa,
KOTODBIM OTBeualoT n=1 u ny>1,5. 3Hauenus J5 AHOLOB, pacro-
JIO’KeHHbIX Ha BO3BBIUIEHHBIX YYaCTKaxX MOBEPXHOCTH MJIEHKH Si u
B yray6ieHusix, COBNajgalT ¢ Js; MOHOKDHCTANJIHYECKHX SMHTAK-
CHJIbHBIX JHOJOB, MMEIONIHX aHaJOrMYHbie 3HA4YeHHs YIeJbHOro
CONPOTHBJIEHUS U TOJIIMHBEI N- W p-oOnacreit. [liornoctu obpar-
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HOTO TOKa HachlllleHUs Jg AMOJOB, HAXOJSIIUXCS Ha BO3BbIIIEHHBIX
yyacTKax, ¥ MOHOKPHUCTAJJIUYeCKUX JHOMOB OJHHAKOBHI. I1OBBI-
LIeHHble 3HauyeHUs Jgo AMOJOB, H3TOTOBJIEHHBIX B YIJYOJEHHUSX IO-
BEPXHOCTH HJIeHKH Si M cojepiKalyuX XaoTHYeCKH OpHEHTHPOBaH-
Hble KPHCTAJJIUTHI, AAI0T OCHOBAHHE MPEANOJOXKHUTb, YTO B 06J1aCTH
TPaHWll 3epeH COAEPKHUTCA OOJIbIIoe KOJHUYECTBO PEKOMOHHALMOH-
HbIX LeHTpoB. C NOMOLIbIO TeMIepaTypHbIX 3aBucuMocTed Jy U Jg
(cM. puc. 5.4) omnpegeneHsl COOTBETCTBYIOIHe 3HAYEHHsS BBHICOTHI
6apbepoB Op; u Opy: 148 IUOLOB, HAXOASUIMXCS B YrAyOJeHHSX,
Op,=1,17...1,24 3B u ®p,=0,53....0,63 3B, a aas auonos, pac-
TIOJIOKEHHBIX HA BO3BBILIEHHBIX yuyacTkaX, Vp=1,19...1,24 3B u
Dy,=0,58...0,66 5B. OTu 3HaueHHs coOryaacywTcs C NpejcKa3aH-
HbIMH TEOpeTHYeCKH, a UMeHHO: Dpi=Egz u Opa=1/2E,.

JuonHble XapaKTepPUCTHKH COJTHEUHBIX 3JEMEHTOB Ha OcHOBe
TOHKHX JEeHJPHUTHBIX MJEHOK KpPeMHHs, MNoJydyaeMblX Ha [OJJOXK-
KaxX W3 OKCHAa aNOMHHHS [22], oTsiHyuaioTCsi OT paHee pacCMOTpEH-
HBIX XapaKTepHCTHK. [IpoTekaHue TeMHOBOro ToKa B 3THX 3JEMEH-
Tax O0O0YCJOBJIEHO [poOllecCaMH, MPOUCXOASIIUMH B 06GJACTH IIpPO-
CTPAHCTBEHHOrO 3apsja, INpUYEeM TOK H3MEHseTCs MPONOpPILHO-
HaJbHO KBAaJpaTy HanpskeHHs. BeposiTHO, BaxHYIO poOJib B 3THUX
npoleccax HrpalTt rayboKHe IpUMecHble YDOBHH.

5.4.3 MexaHuazmbl notepsb

Kak moxasbiBaeT NMpoBeJeHHbIH Bhllle aHaJJH3, XapaKTePHCTHKH
TOHKOIJIEHOYHBIX KPEMHHEBLIX COJIHEYHBIX 3JIeMeHTOB B 3HAUYH-
TeJIbHOH CTENeHH 3aBHCAT OT CBOHCTB rpanull 3epeH. Huskas -
(DEeKTHBHOCTb cOOUPaHUA HEOCHOBHBIX HOCHTeJeH 3apsja BCJIEICT-
8He HMX MHTEHCHBHOH peKOMOHHAlMu - -Ha TPAHHULAX 3€pPeH H HEBbl-
COKOe KauyecTBO p—MN-nepexoja SBJAAIOTCH JABYMSI OCHOBHBLIMH
$hakTOpaMH, OTPHIATEJNbHO BJHSIOLIMMH Ha XapaKTePUCTHKH TOH-
KOTIJIEHOUHBIX TMOJHUKPUCTAJNINYECKHX COJHEUYHBIX 3JeMeHTOB. K pe-
3yJbTaTaM OllEHOYHBIX PaCyeTOB HEKOTOPBIX aBTOpoB [23], ompeje-
JSBIIMX DasMep 3epeH, KOTOpbld obecmeunBaer gocTuxenue KITJ
soiie 10 %, caeqyeT OTHOCHTbCS KPUTHYECKH, MOCKOJbKY Ha Ipo-
Ilecc mepeHoca HEOCHOBHBIX HOCHTe/ell 3apsiia, MOMHMO TI'paHHIL
3epeH, MOTYT BJIHSTb IMIyOOKHe NpHMeCHble YPOBHH, KOHIEHTpauus
Jerupyrouieil  mpuMecH, JaedeKThl MHKPOCTPYKTYyphl (Hampumep,
JMCJIOKAUMK H BAKAaHCHH) M MeXaHHYeCKHe HamnpsiKeHHs.

Kapa u Xyaur [37] npoBesn TeopeTHueckoe HCCJeJOBaHHEe TOH-
KOIJIEHOYHbIX KPEMHHEBBIX 3JeMeHTOB ¢ Gapbepom IlloTTku ¢ yue-
TOM TaKHX [apaMeTpOB, KaK KOHILEHTpallUs, JeTHPYolleld npH-
MecH, pasMmep 3epeH, DPa3HOCTb IOTEHIHAJOB, BO3HHKAIIlas Ha
MEX3epEeHHbIX TpaHHulaX, H IJOTHOCTb COCTOSIHMH Ha rpaHHmax
seped. Kapx u Slur [33] usyuanu BiHsHHe HHTEHCHBHOCTH H3JTyue-
HHSL Ha BBICOTY MOTEHUMAJbHOTO Gapbepa Ha TIpaHHLAX 3epeH.
‘Baxupll pe3y/abTaT, MOJYYEHHBIH B XOJe HCCJAELOBAHHI 3THX 3Je-
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Puc. 5.5. TeopeTuyeckHe 3aBHCHMOCTH OTHOCHTEJbHOTO KosauuecTBa N, IpaHul
3epeH, COJepKalluX aKTHBHblE PEKOMOMHALHOHHBIE LEHTPbI, OT HANPAKEHUS
cMelleHHst V, MPUJI0XKeHHOTo K 3JeMeHTy ¢ GapbepoM LIOTTKH, Npu pasiuyHbBIX
pasMepax 3sepen: 10—% cm (1), 10—4 cm (2), 10—3 cm (3) u 10—2 cm (4) (a); saBu-
cuMocTH 3¢hdekTuBHOR NHODY3HOHHON ANUHBI Leff HEOCHOBHBIX HOCHTeJel 3a-
psiia OoT pasMepa 3epeH 7 NpH PA3JHYHBIX HanpskeHUsiX cmewenus V (6) [37];
CTJIOLIHBIE JIHHHH COOTBETCTBYIOT BBICOTE IOTEHLHAJbHOrO 6apbepa Ha TpaHUUAx
sepen ®g = 0,5 B, wrpuxosre Jaunuy — @y = 0,6 B.

MEHTOB, COCTOHT B TOM, UYTO OTHOCHTEJbHOe KOJIHYECTBO T[paHHIL
3epeH, colepKallNX aKTHBHble DEKOMOHHAIMOHHHE LEHTPH, 3aBH-
CHT OT HamnpsixkeHHs cMelleHnus (cMm. puc. 5.5,a) [37]. Ha puc.5.5,6
NoKa3aHe 3aBUCUMOCTH 3¢ deKkTHBHOH aU(QYy3HOHHOH AJMUHBI He-
OCHOBHBIX HOCHTeJNeHd 3apsa OT pa3Mepa 3epeH INpH Pa3IHYHBIX
HanpsKeHHsX CMelleHHus IJs JBYX 3HaueHMH Pa3HOCTH NOTeHUHa-
JIOB Ha rpaHulax sepeH. By u zap. [38] u3roroBuiIn cosHeuHble 3Je-
MeHTHl ¢ 6apbepom IIIoTTKM Ha OCHOBe aMIOMHHHS M NMOJHKPHUCTAJ-
JIHYECKOr0 KpeMHHS M YCTAHOBHJIHM, YTO MaJIOyIJIOBble T'PaHHUILBI
3epeH MOYTH He BJHUSAIOT Ha BOJbT-aMIepHble XapakrepucTukHu. Co-
rJ1aCHO H3MepeHHsM, JUOAHBIA KOo3(h(ULHEHT 3JeMeHTOB, COAep-
KalliX [BOHHHMKM W MaJIOyrJoBble I'PaHHLbLl 3epeH, paBeH 1,17.
[Tpu Hasnuuu GOJbIIEYIJIOBHX IPAHHIL 3epeH, Ha KOTOPHIX cCOCpe-
JOTOYEHHl UEHTPH PeKOMOWHALHH M JIOBYLIKH, BOJbT-aMIepHbIE H
HH3KOYaCTOTHBIE BOJIbT-hapajgHble XapaKTEePUCTHKH 3JeMEeHTOB CY-
[IeCTBEHHO H3MEHSIOTCS BCJeACTBHe yBeJlH4eHHs peKOMOWHAlHOH-
HOTO TOKa H CHHXKeHHMS 3((heKTHBHOH NOABHKHOCTH HOCHTeNel
3apsja.

PexkoMOuHauMOHHEIE MNpoOlecChl BHI3BIBAIOT MOTEPH HOCHTEJel
3apsjga. BausHHe MHUKPOCTPYKTYpPHl H, CJI€OBaTeJNbHO, YCJIOBHH
OCaXJeHHsl TJIEHOK Ha MNOTepH HOCHTeJiel H3y4EHO JOBOJILHO MO-
JApo6HO, Torja Kak JerTaJbHBIX HCCJEeJOBAaHUH MOTEPb H3JydYeHHS
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IO CHX IOD He NMPOBOAWJIOCH. [10CKOIbKY KPEMHHE OTHOCHTCS K IO-
JYNPOBOJHHUKAM C HENPSIMBIMH ONTHYECKHMH INIePeXOAaMH U HMeeT
HU3KUH KO3((HUIHEHT MOrJOUIeHHs, AJs1 AOCTATOYHO MOJHOro HC-
NOJIb30BaHHsi CBeTa HeOOXOJUMBI IJIEHKH OGOJBLIOH TOJLIMHEL.
B TOHKON/IEHOYHBIX KpEeMHUEBHIX COJIHEYHBIX 3JeMeHTax TOJILHHOM
30...50 MKM 3HauuTe/]bHas JOJs HOCTYNAIOIEro H3JYy4YeHHS Te-
psieTcst BCJeACTBHe HeIOCTATOYHOro HorJaolleHus. Kpome Toro,
UMeIOTCsl NOTepH H3JyYeHUs, CBsI3aHHBIE C OTpaKeHHeM, HaJHuHe
KOTOPBIX TaKxKe NMPHUBOAUT K YMEHBIIEHHIO TOKa KOPOTKOrO 3aMbl-
KaHud. Ha noBepXHOCTb COJIHEYHBIX 3JeMeHTOB, KaK NpaBHJO, Ha-
HOCSIT TPOCBETJISIIONINE TOKPHITHS, OAHAKO HeT YBEPEHHOCTH B TOM,
UTO OHH ONTHMAJbHBI AJI51 TOHKOTJIEHOYHBIX 3JeMeHTOB Y.

5.5. HanpasneHus fanbHeuwnx uccnenoBaHui

Paspaborkn B o6JjacTH CO3JaHUs 3NHUTAKCHAJBHBIX KpeMHHe-
BHIX TOHKOIJIEHOYHBIX COJIHEYHBIX 3/1eMEHTOB NOCTHIJIH AOCTAaTOYHO
BLICOKOr0 ypoBHA. M3 3/eMeHTOB GosbwOfl miomaiy HeoOXoZHMO
HU3rOTOBHTb NMaHes H W MOAYJH, a 3aTeM C LeJabl0 H3yYeHHS HX YyC-
TOHYHMBOCTH K BO3[eHCTBHIO OKpYyXKalollel Cpeibl MPOBECTH HCIIbI-
TaHHsl B eCTeCTBeHHBIX YCJOBHAX KM YCKODEHHBle pecypCHble HCIbI-
TaHusA. Kak nokasplBaeT ONBIT SKCHJIyaTallHd MAacCHBHBIX KpeMHHe-
BbIX COJIHEUHBIX 3J€eMeHTOB, Si siBJIsieTCst CTaGUJIBHEIM MaTepHaJsoM.
ONHAKO cCJelyeT MNOMHHTb O TOM, YTO B TOHKHX HJIeHKaX C BHl-
COKHM OTHOILeHHeM IJIOIIAAH MOBEPXHOCTH K 006beMy, GOJbLIOH
IJIOTHOCTBIO JAe(EeKTOB H CHelHpHUeCKOH MHKPOCTPYKTYpoH BO3-
MOXKHO YCKOpEHHOe TNpOTeKaHHe XHMWYECKHX peakKUuii u auddy-
3uu. [loaToMy 6Bl10 OBl pasyMHO H3YYUTb SsiBJEHHS, OOYCJIOBJH-
Balollde Jerpajalyio TOHKOIJIEHOYHBIX KPEeMHHEBHX 3J1eMeHTOB.
3areM B YCJIOBHSIX ONBITHOrO MPOH3BOJCTBA HEOOXOJHMO OCBOUTDL
H3roTOBJIeHHe BHICOKO3((EKTHBHBIX 3JeMeHTOB GOJbIION MJOIIALH
¥ MOKa3aTh, YTO BHINYCK 3TOH NPOAYKUHH 3KOHOMHUUECKH ONMpaBaH.

HanpHefimiee noBbIIeHHe 3PPEKTHBHOCTH COJHEUHBIX 3JeMeH-
TOB TpebyeT MJIaHOMEpPHOTo WHPOKOro HM3y4YeHHs MaTepuajoBepye-
CKMX Tpo6JieM, CBA3aHHBIX C MOJyYeHHEM TOHKOIMJEHOYHBIX CTPYK-
Typ. B mepBylo ouepenp Heo6xoAHMBI: 1) meTasbHOe Hcc/edOBaHHe
npomecca ocaxX[eHus M BJHSHHS ero napaMeTpoB Ha MUKPOCTPYK-
TYypy BBIDAIIHMBAaeMBIX IJIEHOK; 2) pa3paboTka (Ha OCHOBe paHee
NOJIyYeHHBIX Pe3yJbTaTOB) MeToJa OCa)KAEHHs KPYMHO3ePHHCTHIX
BBICOKOKAQYeCTBeHHBIX IJIEHOK GOJIBLION TJOUIAAH ¢ HHU3KHMH KOH-
LeHTpauusiMu TTyOOKHX TPHUMECHBIX YPOBHeH U Je(eKTOB MHKpO-
CTPYKTYPHI, TAKHX, KaK AMUCJIOKALHKM H BaKaHCHH, 3) HccaelOBaHue

) B CCCP paspa6otaHsl H HCIOJIb3YIOTCSl HA TNPAKTHKE NPOCBETJSOLIME
TIOKPBITHSA [JI1 BCEX THIOB COJHEYHHIX 3JIEMEHTOB, B TOM YHCJe AJS TOHKOIJIEHOY-
HBIX (CM. CIIHCOK JOIOJHHTENbHOH Jutepatyphl [25]).— Ipun. ped.

10 3akas Ne 1939
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CBOHCTB TrpaHuIl 3epeH; 4) ocCyllecTBJeHHe MacCHBAllMU FpaHHUl 3e-
peH MNOoCpelICTBOM THAPOreHHW3aluu HWJH JIErHpPOBaHHs (BO3MOXKHO
OJHOBpeMeHHOe TMpHMeHeHHe O0OGOHMX TmpoleccoB); 5) paspaboTka
COOTBETCTBYIOLLE!l KOHCTPYKIMH 3JEMEHTOB C yYeTOM pe3y/bTaToB
aHaJH3a 1OTepb H3JydeHus M Hocureseil 3apsanaa. Ilpu peuwenan
nmocJeJHero M3 MepeyrcyieHHbIX BOMPOCOB HNOTpebyeTcst NpoBele-
HUe ONTHMH3aLHH TOJILUHHB 6a30BOr0 M BepXHEro cJjoes, CTPYK-
Typbl KOHTAKTHOIl CETKH, MapaMeTpPOB IIPOCBETJISIOIIErO NOKPHITHS
¥ OTpa)kalollero THIBHOTO KOHTaKTa, a TakKxke NPodHJs pacmpe-
JdeJieHHs TpUMecH B IIOBEPXHOCTHOM cJioe. Kpome Toro, Heobxo-
JUMO HCCJeIOBATb BO3MOXKHOCTb NOBHIIEHHS 3((eKTUBHOCTH CO-
OupaHusi HocHUTesell 3apsija 3a CuYeT YMEeHbIUEeHHs TOJIIHHH ¢o-
TO4KTHBHOTO CJIOSI M CO3JAHHUS BBICOKOOTPAXKAIOLIEro THIJIbHOTO
KOHTaKTa. B a3jieMeHTe TakKoH KOHCTPYKLHH, npeljoxeHHOH# Pen-
dungom [39], AByKpaTHOe NpPOXOXKAEHHe CBeTa uepe3 CJIOH KpeM-
HUsSl 00eCIeYuT JOCTATOYHO MOJIHOE ero NorJolleHue.
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COJIHEYHbBIE 2JIEMEHTHI HA OCHOBE
AMOP®HOIO KPEMHUA

6.1. BeeneHue

B 1969 r. Unrtuk u zAp. [1] omy6GunKoBasn HpeaBapHTeNbHBIE
pe3yJbTaThl HCCJAELOBAHHI MO OCaX/AEHHIO T'HAPOreHU3NPOBAHHOrO
aMopdHOro KpeMmHHsi (B JaJbHelileM o6o3Hayaemoro a-Si:H) u
ero JernpoBanuioo ¢ochopoM, obecrneyrBaolleMy MOJyYyeHHe TBep-
poro pacrtBopa 3aMeuiehus. B 1976 r. Cnup u ap. [2], noapo6uo
M3yYyhB CBOHCTBa mJeHOK a-Si:H, JernpoBaHHbIX pasJHYHBLIMH
npuMecsimu [3], BnepBble cosfanu p—n-nepexoasl B a-Si:H. Coa-
HeuHble 3JEMeHTH Ha ocHoBe a-Si:H Obuiu u3roroBieHbl B Hccie-
JoBaTebCcKuX Jabopatopuax ¢upmsl RCA [4, 5]. ®ortoadpdexr Ha-
6Jarojgancs B npubopax HeCKOJbKUX THNOB: C p—n- U p—Ii—n-
crpykrypamu, G6apbepom IIoTTKH M rereponepexoioM.

ITocne Toro Kak Obljia NPOLEMOHCTPUPOBAHA BO3MOXKHOCTb
npUMeHeHHsl THAPOreHH3HPOBAHHOrO aMOp(HOro KpeMHHs B (oTo-
3JeKTPHUeCKUX npeobpasoBaTesnsix 3IHePruH, 3TOT MaTepuas TMpH-
BJIEK BHHUMaHHe HCCJAeloBaTe/lell BCero MHPA, O 4YeM CBUAETEeJbCT-
ByeT pe3KO BO3pocillee KOJHUECTBO HayuHbIX mnyGsaukauuid [6—35],
0630poB [36—39] u koubepenunit [40] mo manHOMy Bompocy. ITo
BbI3BAHO CJIeAYIOIUMMH INpHYHHAMU. TexHOJOrui H3roTOBJIEHHS
3JIeMEeHTOB, OCHOBaHHYIO Ha Ipoliecce ocaxaeHHs a-Si:H B Tierno-
uieM paspsie (MHaue Ha3blBaeMOM IJIa3MEHHBIM OCaXjeHHeM},
NO-BUAHMOMY, MOXHO YCIELIHO HCNOJIb30BaTh JJIsi CO3JaHHs jellle-
BbIX COJIHeYHbIX OaTapeil OOJbIIOH mnJjoliadd Ha HEAOPOrHX MOJ-
JOXKAaxX B YCJOBHAAX aBTOMATH3HPOBAHHOIO MOTOYHOrO IPOU3BOA-
cTBa [41]. O6mas cTOMMOCTb NPHMeHsSIEMOro MaTepHaja OKa3blBa-
ercs KpaiHe HH3KOH, TaK KaK 3JeMeHTbl C NpHeMJEeMBIMH Xapak-
TEPUCTUKAMH MOTYT ObITb H3rOTOBJIEHBl Ha OCHOBE OYEHb TOHKHX
NJeHOK KPeMHHS (TOJNIAHOH ~ 1 MKM), ocaxjaeHHe KOTOPBIX OCY-
IIECTBJISIETCS HEMOCPEACTBEHHO U3 MaTepuasta HCXOMZHOrO ChIpbs
(cumana) 6e3 NPOMEXKYTOYHLIX MPOLECCOB €ro npeBpallleHHs B CJIH-
TOUHBIl HJIM MOPOLIKOOOpasubiél KpeMHui.; ITocKoabKy KpeMHHIl
UIMPOKO pacrnpocTpaHeH B ‘NpHPOLe, ero mnoJydyeHHe B HeOO6XO/IH-
MOM KOJIHUECTBe He BbI3biBaeT 3aTpyjAHeHHil. AMopdHBIH KpeMHIii

10*
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umeer GoJjiee OJaronpHATHYI0 AaS 3(p@eKTHBHOro npeobpa3oBaHus
COJIHEUHOTOo W3JyYeHHsi LIMPHHY 3anpelleHHod 30HH (~1,6 3B
[42]), uem KpHucTasnudeckKuH. Byaydu mnonynpoBoAHHKOM c mpf-
MBIMH OINTHYECKHMH IlepexofaMH, OH objanaer BBLICOKHM KO3hdi-
LHEHTOM IorJiolneHusi cera [42, 43]. B muenke amopdHOro Kpem-
HUsi ToJuuuHoi 1 MKM norjomtaetrcs no 70 % majaltoniero usJayue-
nust (B ycaoBusix AMI) c¢ sHeprueir Gosee 1,6 3B. Coruacho
TeOpeTHUEeCKHM olleHKaM, npejenbHblii KIII costHeuHbIX 3J1eMEHTOB
Ha ocHoBe a-Si: H cocrasaser 15 % [5, 30].

OCHOBHBIM CTHMYJIOM K HCCJEJOBAHMIO THAPOreHU3HPOBAHHOrO
aMop¢HOro KpeMHHsI £BJsSETCH peanbHass BO3MOXKHOCTb KPYHHO-
MacmiTabHoro npHMeHeHHs (OTO3/IEKTPHYECKHX InpeobpasoBarte-
Jeil, 109ToMy oco0oe BHHMaHue yAe/sieTcss Co3JaHHI0 NpHOOpPOB Ha
ocHoBe a-Si:H (pa3paboTke KOHCTPYKUHH, aHAJIH3y CBOMCTB Ie-
pexoja ¥ BbISBJEHUIO MPHYHH NOTepb 3Hepruu). B To XKe Bpems
elle HeJOCTAaTOYHO TIJAy0OKo H3ydeHbl KHHeTHYeCKHe $IBJIEHHS,
MeXaHU3M JIErHpPOBaHHs, ONTHYECKHe XapaKTEPUCTHKH U OCOOEHHO-
CTH MHUKPOCTPYKTYpbl a-Si:H. Kpome Toro, M3BecTHble TEXHOJOIH-
yecKHe MEeTOIbl HeJOCTATOYHO COBEPUIeHHBbl [Js TOro, uToObl obec-
TEeYUTh [IOJTyueHHe MJIeHOK ¢ TpeOyeMbIMH cBoiicTBaMH. Taxkum 00-
pasoM, cyllecTByeT elle MHOro HpoO/eM, JAJs pelleHHs KOTOPbIX
HeoOXOJHMbl HHTEHCHBHBIE 3KCIepHMeHTa/JbHble H TeOpeTHYecKHe
HCCJe0BaHUus aMOp(dHOro MaTepHasa.

Hecmorpsi Ha To uTO HEKOTOpble CBOMCTBA MJIEHOK aMop(HOro
KDeMHMs] aHaJOTHYHBI CBOACTBAM MAaCCHBHBIX MOHOKPHCTAJJIOB H
TOHKHX TOJHKPUCTAJJIHYECKHX IJIEHOK, a JAeHCTBHE COJHEeYHbIX
3/1eMEeHTOB, H3rOTOBJSEMbIX H3 aMOP(HOrOo KpPeMHHs H H3 OObIYy-
HbIX MaTepHaJsoB, OCHOBAHO Ha OJAHUX H TeX Ke APHHIHIAX, B CHJY
CyllecTBOBaHHsl OCOObIX CBOHCTB mJjeHoOK a-Si:H amopdubie ane-
MEHTBH 006/1a71a10T CcrelH(pHYeCKUMH XapakrepucTHKaMu. HMwmeercs
60J1b11I0€ KOJHYECTBO MyOJHKALMH 110 BONpPOCAaM, CBSI3aHHBIM C pas-
paboTKOH COJIHEUHBIX 3JeMeHTOB Ha ocHoBe a-Si:H. HecomHenHo,
aMopdHble MarepuasJbl H COOTBETCTBYIOUIHE 3JeMeHThl 3aCJyXKHU-
BAIOT ToApoOHOro paccMoTpeHHs. OOCYXKAeHUIO CBOHCTB amopd-
HBIX MOJYNPOBOJHHKOB (B TepBylo ouepeab a-Si:H) u usroros-
JsieMblX Ha MX OCHOBe (DOTO3JEeKTPHUECKHX NPUOOPOB MOCBAleHa
JaHHas IJaBa.

6.2. KuHetnueckne sBneHns B amopdpHbix MaTepuanax

Crarinueckasi yjie/jbHas MPOBOJMMOCTb Dsiia aMOPOHBIX MOJYV-
1IPOBOJHIKOB B oflLieM cjyyae MoKeT ObITb NpeAcTaB/]eHa B BH1e

0 =0pexp (—E4/kT). 6.1
3necb Ea—3Heprus aktuBauuu, obbiyHo paBHas 0,5...1,0 3B

[44]. Hnst mMHOrux amMop@HBIX XaJAbKOTEHHIHBIX IMOJYINPOBOJHHKOB
op=103 Om~'-cm~l. IIpu rtemneparype 300 K 3tum mapamerpawm
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Puc. 6.1. 3aBucuMOCTH NMOABHKHOCTH p (E) HocuTesieH 3apsifia (@) U MNJIOTHOCTH
cocrosinuét N (E) (6) ot snepruu E B aMOpdHBIX moJaynpoBopHHKax. Ef — ypo-
BeHb ®epmn, E; u Ey — moporu NOABHIKHOCTH, COOTBETCTBYIOLUIHE JHY 30HBI
NPOBOAMMOCTH M BeplUHHe BaJeHTHOH# 30HBI B KPHCTAJJIHUECKHX IIOJYIPOBOX-
HUKax

OTBeYaloT 3HaueHHs1 YAeJbHOH MPOBOAMMOCTH B mpejeiax 1073...
... 10718 Om—t.cm~1. KpuBas 3aBHCHMOCTH MOJABHIKHOCTH HOCHTeJel
oT 3HeprHH p(E) uMeeT 06/1aCTH pe3KOro CHHXKEHHs MOJBHIKHO-
CTH NpPH 3HEPrHsX, COOTBETCTBYIOIIHX JHY 30HBI MNPOBOAMMOCTH E.
M BepliuHe BaJleHTHOH 30HH £, (cM. puc. 6.1, a). Dtu obaactu
Ha3blBAIOTCS MOpPOraMu IMOABMXKHOCTH, U npu T==0 B uHTepBase
9Hepruil, 3akiaoueHHblx mMexay E. u E,, p(E) npuHUMaer odYeHb
HU3KHe (HO He HyJeBble) 3HAUeHHMs. YKa3aHHbII HHTepPBAJ 3HEPTHil
MOKeT ObITb Ha3BaH «IIeJbi0 [JIs1 NOABHXKHOCTH®, a BeJHuHHa L4,
Bxojsas B ypasHenue (6.1), mpeacrasJisier co60# 3Hepruio, KOTo-
.past obecrneuvBaeT nepexoj HOCHTeJded 3apspma vyepe3 obsaacTb HH3-
KHX 3HaUeHHH IOJBHKHOCTH.

6.2.1 Mopenu 3HEepreTMYeCKMX 30H

Hst onvcaHusi mpoliecca nepeHoca HOCHTe el 3apsiia B aMopd-
HBIX MOJYNPOBOJHMKAX MNpeJOXKEeHO HeCKOIbKO MojeJell 30HHOI
cTpykTypbl. O6iiast A5 Bcex MojeJiedl IOCbIIKa COCTOHT B TOM,
YTO B XBOCTAX 3JHEPreTHYECKHX 30H CYIIeCTBYIOT JIOKaJH30BaHHbIE
cocrosiiusl. MIX mosiB.leHue CBSI3aHO C NPOCTPAHCTBEHHBIMH (VK-
TYauHssMH [OTeHllana, o0yCJOBJAEHHBIMH OTCYTCTBHEM YIIOPALO-
YeHHOIl CTPYKTYpPhl Y aMOP(HbIX MaTepHaJIOB.

KosH, ®putuie u OBLIMHCKK [45] paspaboranu Moje/b 3HeEp-
reTHYeCKHX 30H B XaJbKOIEHHIHBIX CTEKJaX, COrJIacHO KOTOpOH
«XBOCTbI» MJIOTHOCTH COCTOSIHHH, BbI3BaHHble HAJUUHEM XaOTHYe-
CKHM pacrpejleJleHHbIX CTPYKTYpPHBIX Je(eKTOB, NMPOHHKAIOT Ha 3HA-
YHTeJbHYI0 [JIyOMHY B 3alpelleHHYI0 30HY HaeasJbHOrO MOJYHpO-
BOJHHKA, [IPHYEM CTeleHb Pas3yNopsJLOUEHHs CTPYKTYpPbl HACTOJbKO
BeJIMKa, YTO XBOCTb] COCTOSIHMH, COOTBETCTBYIOL}E 30HEe NPOBOMH-
MOCTH M BaJIeHTHOH 30He, NMepPeKPLIBAIOTCA W B CepejyHe 3ampe-



294 [naesa 6

IEHHOH 30HBI COCPeJOTOYHBAETCS GOJbIIOE KOJHYECTBO JIOKAJIH30-
BaHHBIX cocTosiHui. BeieacTBHe 3TOro NMPOHCXOAMT TNepepacrnpene-
JIeHHe 3JIEKTPOHOB H TIOSIBJISIIOTCS 3amnoJiHeHHble, OTPHLATeJNbHO 3a-
psiXeHHBle COCTOSIHHSI B XBOCTe, NMpHJeramlieM K 30He NMPOBOJUMO-
CTH, u CBOOOJHLIE, TOJIOKHTEJIbHO 3apsiXKeHHble COCTOSHHS —-
B XBOCTe, CBSI3aHHOM C BaJIeHTHOH 30HOH. DTH MNPOLECCH BbI3bI-
BAIOT CaMOKOMIIeHCAllMI0 MaTepHaJsa, B pe3yJbTaTe 4ero ypoBeHb
depmu 3aHuMaer (UKCHPOBAHHOE IOJOXKeHHe BOJH3H Cepe/HHbt
3anpellleHHOH 30HBI. [laHHast Mojesb MO3BOJIIeT OODBACHHTbL 3JEK-
TpHYECKHEe CBOMCTBA XaJbKOTeHHWAHBIX cTekKoJ. OnHako amopdHble
XaJbKOTeHHJbl 006JaJaloT BBICOKOH ONTHYECKOH NPO3PayHOCTbIO
3a KpaeM MOTJIOIIeHHs, HMeIOUIUM pe3Kylo TpaHHly, uTo He corJja-
cyeTcsl ¢ mMpeamnoJsioXkeHueM o TJyOOKOM NPOHHKHOBEHHH XBOCTOB
MJIOTHOCTH COCTOSIHHA B 3amnpelienuylo 3oHy. PaccmarpuBaemas
MoJeTb B GOJbllell CTeneHH [OAXOJUT JAJs ONHUCAHHS CBOMHCTB
aMop(HOro KpeMHHs, B KOTOPOM CBET MOIJIOLLaeTcs 3HAYUTEJbHO
CUJIbHee, YeM B COOTBETCTBYIOILMX KpHCTaJJIHUYeCKHX oOpasliax.

{Cornacno mogesu [sBuca— Morra [46], y3kHe XBOCTH JOKa-
JIU30BAHHBIX COCTOSIHUA MNPOHUKAIOT B 3anpelleHHYI0 30HYy Ha He-
GoJsblIyi0 TJIyOWHY, PaBHYI0 HECKOJbKUM JEeCATBIM [A0JSAM 3JeK-
TpoHBOJbTa. [ledeKThl, CBOHCTBEHHBIE HEYMOPSJAOYEHHBIM CTPYKTY-
paM, TakHe, KaK HeHachilleHHble CBSI3M M BaKaHCHH, BHI3BIBAIOT
nosiBjleHue BOJIM3M cepeiUHbl 3aNpelieHHOH 30HbI 00JaCTH KOM-
NeHCHPOBAHHBIX YPOBHel, KOTOpas MOXKeT pacllellIiTbcs Ha To-
JIOCHI, COJep:Kalllie YpPOBHH JUOO AOHOPHOro, U060 akKlenTopHoro
THUNA, NPU 3TOM ypoBeHb ®depMU OKa3blBaeTcs «MpHUBA3aH» K ce-
peluHe 3amnpelieHHofi 30HBL. Ha rpaHunax, pasiensiomux obaacth
JeJIOKA/IH30BaHHbIX M JIOKAJHU30BaHHBIX COCTOSIHHH, MOJABHAKHOCTH
HOCHTeJlell pe3KO HU3MeHseTCss Ha HeCKOJbKO MOPSAJAKOB BEJHYHHBI,
YTO. O3BOJISIET BBECTH MOHSATHE <IOPOrOB MOJBHMNKHOCTH» (HHTEp-
BaJl 9HEPrHii, 3aKiOueHHbIX MeX1y Ec u E,, Ha3blBaeMblil LIEJNbIO
JJIST  TOJBHKHOCTH, SBJI€TCS [CeBAO3anpeleHHol SQ_I;IOH), Ox-
Hako, no MHeHHio Kosua [47], moABUKXHOCTL HOCHUTeJell B 30He Je-
JIOKaJHU30BAHHBIX COCTOSIHHII MJIaBHO YMeHbIIaeTcss B 00J1acTH TG-
pora nOABUKHOCTH, He MpeTeprneBasi pe3KOro H3MeHeHHs,

Ciieyer OTMETHTb, YTO B peasbHbIX aMOP(HBIX MOJYNPOBOA-
HUKaxX He HalbJlOZaercsi MOHOTOHHOINO yMeHbIUEHHS TMJOTHOCTH JIO-
KaJIM30BaHHbIX COCTOSIHHII MO Mepe yAaJieHHS OT NOPOroB MOABHIK-
HOCTH, a, KaK nokasaHo Ha puc. 6.1, 6, B oTJeJbHBIX JAHanasoHax
SHEPruil CYIIECTBYIOT OTYETJIMBO BBIpaKeHHble MUKH MJIOTHOCTH CO-
crosauuii. [TosiBeHHe 3THX COCTOSIHHII CBSI3aHO C HaJHYHeM Aedex-
TOB, NPUPOJY KOTOPBIX He BCerga ynaercss ycraHoOBUTb. [losoxe-
HUe ypoBHsi @PepMH B 3HAUMUTEJbHOH crelmeHH 3aBHUCHT OT Xa-
pakTepa pachnpejejeHus HoOcHTeJell 3apafa B JOKa/JIM30BAHHLIX
COCTOSIHHSIX.

IOMuH [48] npensoXKHN MOAENb <«IOJSPOHOB MaJioro pajuycas,
‘OCHOBAaHHYIO HAa TOM, 4TO [J51 HEKPHCTAJJIHYECKOIO TBEpPAOro Tesia
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C pa3ynopsAJoueHHOH CTPYKTYpOH xapaKTepHa TeHJeHUHs KyMeHb-
LIeHHI0 TMOABHKHOCTH HOCHTesJell W WX JIOKa/au3alHuu BOJH3H aTo-
MOB. Eciu HocHuTeJdb 3apsja HaxOAMTCS B JIOKaJH30BaHHOM CO-
CTOSSHUM B TeUYeHHe HeKOTOPOro BpeMeHH, JAOCTATOYHOro JJs
H3MeHeHUs] B3aHMHOI'O pacloJIOKeHHS aTOMOB, TO B pe3yJjbraTe
cMelleHUs OJauKaWIIUX K HeMy aTOMOB o0Opasyercsl MNOJAPOH Ma-
;10ro pajguyca?.

6.2.2 DnekTpoHHble CBOMCTBA

Corsniacio mogzenu [sBuca — MoTra, B aMOpP@HBIX NOJYyNPOBOA-
HHKax peaqu3yloTcss TPH MeXaHH3Ma INPOBOJAHMOCTH, OTHOCHTE/b-
HOe BJIHSIHHE KOTOPHIX Ha HOJIHYIO NPOBOJHMOCTb HEeOJHMHAKOBO
B pasJHYHBIX JHanazoHax TeMnepartyp. [Ipu odeHb HHM3KHX TeMIe-
paTypax MNpPOBOAHMOCTh OOYyCJOBJeHa TePMHYECKH aKTHBHPOBAH-
HBIMH TYHHEJbHBIMH TE€peXOfaMH HOCHTeJieH 3apsja Mexay JoKa-
JIM30BAaHHLIMH COCTOSIHUSIMU BO/1M3H ypoBHs ®epmu. B obJacTtH
HPOMEXKYTOUHBIX TEMMEpPaTyp HOCHTENH MepexoJaT B JOKaJH30-
BaHHble COCTOSIHHSI, COJAepKalluecsi B XBOCTax 3HEPreTHYeCKHX
30H, U HX NepPeHOC MO 3THM COCTOSTHHSIM OCYyLIecTBJSeTCS 3a cYeT
NPBIXKKOBOrO MexaHu3Ma. IIpH BBICOKHX TeMmeparypax HOCHTEJIH
3apsila CcoBepLIAIOT MepexoJbl dYepe3 Ileb JJ5 NOJABUKHOCTH
B 30HY /IeJIOKA/JH30BaHHbIX COCTOSHHH.

6.2.2.1 lMpoBoaumocTs B 30HE [ENOKANU3OBAHHbLIX COCTOSHHWMA

[Ipu oTCyTCTBUH BBIPOXK/EHHS H TMOCTOSHHBIX 3HAaYeHHAX IJIOT-
HOCTH COCTOSIHMH M MNOABHMXKHOCTH HOCHUTeJeH 3apsafa yldeJdbHYIo
[IPOBOJIUMOCTb MOJIYNPOBOJHHKA MOKHO MNpPEICTaBHTb B BHJeE

0=gN (E;) kT p.exp [—(E.—Ey/kT]. . (6.2)

3mech uc— CpelHee 3HaueHHe mnoJBHKHOCTH, a N (E.) — miot-
HOCTb COCTOSIHHH BOJIM3M Kpasi 30HbI mnpoBoanmoctd. CorJjacHo
pesyabratram MotTa [49], moaBUKHOCTL HOCHTeJNell paBHa

pe = 0,078ga® B/#kT . (6.3)

31ecb a— paccTosinde MexKJAy aToMaMu ¥ B — wHpuHa 30HBI je-
JOKann30BaHubIX cocTosdHui. Ecau a=0,2 um u B=5 3B, 1o npu
KoMHaTHOH TeMnepatype =10 cm?/(B-c). [Ipu rtakom 3HaueHHH
NOABHKHOCTH CpelHsisi JJIMHA cBOOOJHOrO Tpobera HocuTeJell 3a-
psila cpaBHHMa C PacCTOSIHHEM MeXAYy aTOMaMH.

1) Tlonsipon mnpejcrasJgeT co60f OGBEKT, COCTOSIMHE U3 3apsiKeHHOH ua-
CTHUBI M CO3JaHHOrO el «o6jaka» mnoJssipusanud. Pasmep mnosspona onpene-
JsieTcsl paauycoM 06Jaka TNOJSPH3AUMH; €CJAH OH NpHGJIU3HTENBHO DaBeH pac-
CTOSIHMIO MEXK]Y 'aTOMaMH, TO TFOBODPAT O MNOJSpOHaX MaJoro panuyca.— [Tpum.
nepes.
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[lonaras, yTo nepemelleHHe HOCHTeJNed HOCHT Xapakrtep 6poy-
HOBCKOTO JBHXKEHHSI, H HCIHOJb3ysl COOTHOWleHHe JiHuTelHa, Ko3H
[47] nomyunn cienyoliee BhpaxeHHe AJS HX MOABHMKHOCTH:

ho= —é- (qa¥/kT) v—qDIKT. (6.4)

3nech D — xoadpduiment puddysnu, 3anucbiBaeMblii B BHIE

D= —éva{ (6.5)

v —uacrora nepexofoB. Cjelyer OTMETHThb, YTO BeJHYHHA [, OM-
pexnesasieMast ¢ moMmolibio ypaBHeHHit (6.3) u (6.4), umeer TeMmme-
paTypHYI0 3aBHCHMOCTb OJHOrO H TOTO Ke BHJA.

ITocKOJIbKY MOABHKHOCTb HOCHTEJNEH B 30HE JeJOKAJH30BaH-
HBIX COCTOSIHMH H3MeHsieTcss NponopuuoHanbHo 1/kRT, mns ynpenb-
HOIl MPOBOAMMOCTH CIPpaBeJIHBO COOTHOILIEHHE

o=ayexp [—(E.—E)/kT]. (6.6)

Ecay npeanosoXuth, 4To BeJuduHa E.—FE; siBAseTCs JHHEHHOI
(GyHKIHed TeMnepaTyphl

E,—FE;j=E (0)—+T, 6.7)

rae E(0) — 3nauenne E.—E; npu T='K, 10 yaenpHyw NOpOBOAH-
MOCTb MOXKHO MpEACTaBHTb B BHJE

o =oyexp (y/k) exp [—E (0)/kT] = Cyexp [— E(0)/kT). (6.8)
31ech
Co=qN (E;) kT pexp (v/k). (6.9

Y MHOrux aMopQHHIX MOJYIPOBOAHHKOB 0o=10...103 OM~!.cM™
a THNHYHBlE 3HAYEHHS y JUIS XaJbKOTEHHAHBIX CTEKOJ 3aKJI0YeHol
B npegeaax 2-10~*...4.10~* 3B/K.

Xuugau [50] u Ppuaman [51], ucxoass U3 MoAeH <«CJydaiiHBIX
Gbas3», NOJNYYHJH cJelyiolllee BbipaKeHHe MJs CTAaTHYECKOH Y/elb-
HOH NPOBOAMMOCTH B 30He AeNOKAJU30BAHHBIX COCTOSHHIA:

0 = (2nq*/3ka) (Za®J? [N (E)1?} exp [—(Ec—Ep/kT].  (6.10)

3necb Z — KOOpPAHHANHOHHOEe YHcA0 H J— oOMeHHBIH HHTerpaJ.
Ecau ypaBHenne (6.9) mpexncraButh B Bule (6.6), To MOABHKHOCTH
HOCHTeJ el paBHA

te = (2nqa3k) Z [(J/KT) a®I N (EJ)]. (6.11)
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6.2.2.2 MpoBOAMMOCTL MO JOKANM3OBAHHLIM COCTOSHUSM
B XBOCTAX 3IHEPreTMYecKWX 3OH

TTockoJIbKy BOJIHOBBlE (YHKIHH 3J1EKTPOHOB JIOKaJH30BaHbI, TO
o(E)=0 u mnepeHoc HocHTeJsel 3apsja MOXKeT OCYLIECTBAATHCA
TOJBKO 3a CUeT MPbIXKKOBOro MexaHH3Ma. [ MOABHXKHOCTH HO-
cuTesiefl  py, OOYCJOBJEHHOH 3THM MeXaHH3MOM MPOBOAMMOCTH,
CHpaBeJJIMBO COOTHOLIEHHE

b= Moexp [— W (E)/RT]. (6-12)

HPERSKCHOHeHuHaJIbeIIjI MHOXHTEJIb po MO2KHO IpPeACTaBHTb
B BHUJE

o = _e‘;_ v, GR¥ET . (6.13)

31ech vpn—uactota GoHOHOB W R — jpuuHa npeixka. IloxcraBus
B cooTHolueHHe (6.13) 3Hauenus vpr=10" 't u W==~T npu xom-
HaTHOH TeMmepaType, MOJYYHM 3HAUeHHe MOJABHXKHOCTH HOCHTeJeH
ith ~ 1072 cM?/(B - ¢), KoTOpoe oka3biBaeTcsi MPUMEPHO Ha jaBa MO-
psilKa BeJHYHHBI MEHbILE (.

Ecau  npeamosioKHTh, YTO pacnpejeieHHe MJOTHOCTH COCTOSI-
Hufl N(E) (B exuHHUe oObeMa BelllecTBa) MO IHEPTHSM OMNMCBIBA-
€TCs COOTHOLIeHHEeM

N (E)= [N (E)/Ex)(E—E.), (6.14)
rne Eo=E.—E,, T0o yienbHas NpOBOAUMOCTbh pPaBHA
o =0on (RT/E 4)° C exp [ —(Ea— E; -+ W)/kT]. (6.15)
3pech
0u = —— VRN (ED), (6.16)
C:s!——(f—; sexp(— f; )[l—}-s(g —|—s(s—1)(—g§- 2+ .. .],

(6.17)

W — pa3nocth 3Hepruil, COOTBETCTBYIOIUMX HAYyaJbHOMY H KOHeu-
HOMY COCTOSIHHSIM IIPH [iepexofe.
[Tpun nuneiinom pacnpejeNeHHH MJOTHOCTH COCTOSIHHE MO 3Hep-

rusaM (s=1) ypaBHeHHe A/ yAeNbHOH MPOBOAMMOCTH NPHUHHMaeT
BH],

0, =0¢, (RT/E 4) Crexp [—(E,— E; + W)/RT]. (6.18)
3necs
Cy=1—[1—(E,/kT) exp (— E 4/kT). (6.19)
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6.2,.2.3 lMpoBOAMMOCTE MO JNOKanNW30BaHHbIM COCTOSHHUIM
B61m3n ypoeHs Mepmu

[Tonaralor, 4To MEePexoi 3JeKTPOHOB H3 OJHOrO JIOKAJH30BaH-
HOTO COCTOSIHUS B JPYroe IPOUCXOAUT NMpH yuacTuu (oHoHOB. Ecan
pa3HOCTb 3Hepruil, OTBEYAIOLWIUX ITHM COCTOSAHHAM, paBHa W, To
BEPOSITHOCTb MPBI}KKOBOI'O Mepexoia MOXKHO NpPeJCTaBUTb B BHJeE

p =", exp [—2aR—(W/kT)]. (6.20)

31ech R — jgauHa NpblKKa (NpU BBLICOKHX TeMIepaTrypax 3Ta Be-
JHYHHA paBHA PACCTOSTHHIO MEXJAY aToMaMu), a mapaMeTp o Xa-
pakTepusyer pasMep JIOKaJu3alUMU BOJHOBOH (DYHKUHH 3JeKTPOHA.
C nomomibto cooTHolreHust JitHuTeiiHa npu D=pR?/6 MoxHO mO-
JYUYHTb CHeAdylolllee BblpaxKeHHe [AJs1 YAeJbHOH MPOBOAMMOCTH:

0= ——@pRN (Ep), (6.21)

rae N(Ef) — NJOTHOCTh COCTOSIHMH TpPH 3HEPTHH, COOTBETCTBYIO-
mweit ypoBHio @epmu. [locse mojcTaHOBKU BeJIWYHHBl p H3 ypaBHe-
uus (6.20) B (6.21) nonyuaeMm

o= -é— ¢*R*v,,N (Ej) exp (—2aR) exp (— W/kT). (6.22

Ilpu moHuKeHWH TeMIepaTypbl YHCJIO W 3Heprus (OHOHOB, PaBHO
KaK ¥ BEPOSITHOCTb MEePeX0J0B, TPeOYIOUIMX ydyacTusi (HOHOHOB Bbl-
COKHX 3Hepru#i, yMmenbwalorca. Hocurtenu 3apspa, «BbiOupas»
HEpPreTHUECKH KBHUBAJIEHTHblE COCTOSTHHSA, BBIHYXK/EHbI COBepIIaTh
NPbIKKK Ha 6oJblliee paccTosiHHe. DTOT MeXaHH3M IePexoj0B Ho-
CHT Ha3BaHHMe <«NPOBOJUMOCTH C [epPeMeHHOH IJHHOH MNpPbIKKA».
Jlas mepexonoB Ha' cocegHHe COCTOSIHHSI 3HAaueHHs BeJHYMHbB
exp[—2aR— (W/kT)] He wmaxkcuManbubl. HaubGosee xapaxrepHas
IJMHA TpbIXKKa, corjacHo pesyabraramM Motra [53], paBHa

R—1[9/8xaN (E;)kT)"", (6.23)
a BepOﬁTHOCTb nepexoaoB onpenessiercs CcoOoTHoOUIeHHueM
p=v,exp(—A/T"), (6.24)

rae A=2,1[a?/kN (Ef)]14. TemnepaTypHyi0 3aBHCUMOCTb YAeJbHOW
MPOBOJMMOCTH MOXKHO Terepb NPeJCTaBUTh B BHJE

o= _é_R?q%p,,N(Ef) exp (—A/T'Y) (6.25)
HJIH ‘
0 =0y (T)exp(—A/T"?). (6.26)
3mech MpelKCNOHEHIHANbHbIl MHOXHTeNb oo(7) paBeH
_ _@ven [ N(Ep T2 27
0o (T) 2(8:[)"2[ okT ] ' (6.27)
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CrenyeT OTMeTHTb, YTO NpPH aHaJH3e NPOBOAMMOCTH C MepeMeH-
HOH JJIMHOR NpbIKKA MOTT HCXOAMJ M3 HECKOJbKHX YNPOULAIONIHX
npejnoqokKeHU M He YYMTHIBAJ 3HEPreTHYECKOH 3aBHCHMOCTH
NJIOTHOCTH COCTOSIHHE BO6JM3H ypoBHs Pepmu Ej;, KOppeasLHOHHBIX
5(PeKTOB NpH TYHHEJHPOBAHUHM HOCHTEeJECH, MHOTOQOHOHHHIX MPO-
LeCCOB H 3JIeKTPOH-GOHOHHOrO B3auMojelicTBuA. HecMmorps Ha TO
UTO 3aBHCUMOCTb In o ~7~Y* MHOrOKpaTHO MOATBepXKAeHa 3KcIe-
puMenTtaJbHo, Beauuuna N (E;), onpelenseMast U3 ypaBHeHHS A
00(T), uMeer upe3amepHO BblCOKHe 3HayeHusa. HeckonbKuMH aBTO-
paMM IOKa34HO, 4YTO Ha pe3yJbTaThl TEOPETHYECKOro ONHCaHHs
npoliecca MPOBOAHMOCTH C TepeMeHHOH AJHMHOH MNpbIKKA CylIect-
BeHHOe BJIMSHHMe OKa3blBaeT BHJ (YHKUHH pachnpepeseHHs MJIOT-
HOCTH COCTOSIHUH 1O 3HeprUsM.

6.3. OcaxfgeHue rMaporeHM3uMpoOBaHHOro
aMOPMHOro KpeMHus

DJleKTpOHHble CBOHCTBA aMOpP(HBIX MOJYNPOBOJHHKOB B 3HAYH-
TeJbHOR CTENeHW 3aBHUCAT OT MeToAa WX noaydyeHusd. Tak, Hanpw-
Mep, mpollecc MepeHoca HocUTesell 3apfjna B aMop(HOM KpeMHHH,
OCa’KJaeMOM MOCPEJCTBOM BAaKYyMHOTO HCMAapeHHs, U ONTHYeCKHe
CBOIICTBA 3TOr0 MarepuaJja MOJHOCTbIO ONpeeSIOTCS BJHAHHEM
CTPYKTYPHBIX JAe(eKTOB, NpPH HAJHYUHU KOTOPHIX 00pasylorcs co-
CTOSIHUS, JOKaJH30BaHHble B JHAaNa30He 3HepPruH, COOTBETCTBYIO-
LieM Iieau JJs NoABUKHOCTH. IIOCKOJNbKY B NepBHX 3KCIepUMEH-
Tax MO0 OCaXKJIeHHI0 IJeHOK aMOp(pHOr0 KpeMHHS C [OMOIIbIO
BaKYYMHOrO HCNapeHHs W HMOHHOTO pachblIeHHs MNoJyyaeMmble 00-
pasubl Bcerja cojepxkanu 60JbllIoe KOTHYECTBO Je(deKTOB, CJAO0XKH-
JIOCb MHEHHe, 4TO BO3MOXKHOCTb JIETHPOBAHUS TMJEHOK aMOp(HBIX
MOJIyIPOBOJHHKOB OTCYTCTByeT. OCHOBaHHEM /1 TAaKOro BBIBOJA
TIOCJYXKHUJAM  IKCepHMeHTaJibHble JaHHble, CBUIETEJNbCTBYIOLIHE
O TOM, 4TO B aMOpP(pHOM KpeMHHH, CO3/[aBaeMOM TPaAHIHOHHBIMH
MEeTOJaMH, B YAaCTHOCTH BAaKyyMHBbIM HCIapeHHEeM, BbICOKASf KOH-
HeHTpamus JedeKToB (HeHachllieHHBIX CBf3eil) O0O0YCJIOBJIUBAET
HACTOMbKO OOJbIIYI MNJOTHOCTb JIOKAJH30BAHHBIX COCTOSTHUMH
(~10% cm3), uro ypoBenb depMmMu 3aHHMaeT CTPOro (UKCHPO-
BanHoe H crabuibHoe mnoJsoxeHHe. [loaToMy MOXKHO mpeanoJio-
JKHTb, 4YTO HMEHHO BOJAODPOJ, NPUCYTCTBYIOIIMH B mnJjeHkax a-Si:H,
ocaxjJaeMblX B TJelOlleM paspsje, CyllecTBeHHbIM 00pa3oM H3Me-
HseT UX CBOHCTBA.

Heckonbkumu uccaenoBatenssmu [54, 55] Obl10 ycTaHOBJEHO,
YTO MPW BBEJeHHH B aMOD(HBIA repMaHUH MeTa IMYeCKHX MpUMe-
ceil B KOHUeHTpauuu, pgocruramoomieii 40 % 1, cpobogible xuMHYe-

) 3nech W B panbHefimleM peub HAeT 06 ATOMHOM CONCPIKAHUHM TPHUMECH.—
Ipunm. nepes.
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CKHe CBsi3M Hachlliaworcs. Takywo ke poJb urpailor atomsl H, Ko-
TOpble NPOHHKAIOT B IJEHKH, BBbIpallliBaeMble B BOJOPOJCOJEP-
x)ale aTtmocgepe. B pesysnbrare KoMmheHcallud HeHACHILEHHbBIX
cBs3ell BOAOPOJOM KOHUeHTpauus gedexroB [60] U BeJUUHHA MpPbIK-
KOBOH NpoBOAMMOCTH [61] 3HauHTesbHO yMeHbIaloTCs, GoTOMpOBO-
JUMocThb [32] H HHTEeHCHBHOCTBL doToMOMHUHecleHIHH [33, 62] yBeau-
YUBAIOTCA, a KPaH ONTHYECKOro NOLJIOLIEHHs cMellaeTcss B 00.1aCTb
6osee BEICOKHMX 3Hepruil [63]. B psime pa6or [28, 56—59] mokasaHo,
yTto B TieHKax a-Si:H, ocaxpaeMbix B TieiolueM paspsije, KOH-
HeHTpalusl Bojopoxa oObiuHO cocrtaBjser 5...50 %, nostomy run-
POreHH3HPOBAHHBIH aMOD(HBIA KpPeMHHH MO CYLIeCTBY SBJsETCs
cnjaBoM. B mocsneanue roxbl HekoTopbiMu aBTOpamu [6, 14] uccie-
J0BaHa BO3MOXKHOCTb HCNOJb30BaHHS B (POTOZJEKTPHYECKHX Mpe-
oOpasoBarensix aMopdHOro cnjiaBa KpeMHHs ¢ QTOPOM U BOAOPO-
gom (a-Si:F:H). Beenenue B amopdusiii KpemHuii atomMoB H u
F oGecrneunBaer OTHOCHTE/JbHO HH3KHe 3HauYeHHS MJOTHOCTH CO-
CTOSIHMH B 3ampelleHHoit 30He (meHee 10'7 cM—3), uro o6neryaer
JerHpoBaHHe MaTepHasa KaK JOHODHBIMH, TaK H aKLIENTOPHBIMU
NpUMECSIMH.

ArtomapHbBIii BOJOPOA YyAAeTCs TaKXKe BHEAPSATb B IJIEHKH
aMopdHOro KpeMHHsl B IpOlLlecCe HX OCAXKIEeHHS, OCYLleCTBJSEMOro
C TNOMOLIbI0O BHICOKOYACTOTHOTO MOHHOTO pacheijienus [24, 64] u
nuposausa [38]. Porosapdekr Obl1 0GHAPYNKEH B CTPYKTypax, H3ro-
TOBJIEHHBIX Ha OCHOBe MJIEHOK, HaHECEHHbIX MOCPEACTBOM BBICOKO-
YaCTOTHOIO HOHHOTO pachblieHdsi [65]. Baxknas posab Bomopona
B CHHMKEHHHM HJIOTHOCTH JIOKAaJHM30BAHHLIX COCTOSIHHII B MOJYNpO-
BOJIHHKAX C TeTPa’JPHYeCKUM paCHONOXKEHHeM aTOMOB Obljia BHI-
siBJIeHa TPHU H3YYeHHH aMOP(HBIX MJEHOK, CO3AaBAaE€MbIX METOJOM
HOHHOro pacnblieHus: [66]. [1neHku amopdHOro KpeMHHs HOJydaiorT
TakKXe C NOMOLIbI BaKyyMHOro ucnapenusi [67], HOHHOTO ocaKje-
Hus [68], HaHeceHHss B AYroBOM H KOpPOHHOM paspsinax [23], marhe-
TPOHHOI'O HOHHOTO pachbiieHus [40] 1 wonHoM wuMnaantanuu [40].

Ilnenkn a-Si:H o6sagaior BbBICOKOH (HDOTOMPOBOAUMOCTBIO i
60/IbIUMM y[IeJbHbIM CONMPOTHBJEHHEM H HpPH JErHpoBaHUHU MOTYT
npuobpeTarh NPOBOJUMOCTb KaK p-, TaK U M-THNOB. DTH CBOKCTBA
HJIEeHOK He TOJIbKO MOJIe3Hbl, HO U HeOOXOAUMbl AJISI CO3[JaHUS COJI-
HEeYHBIX 3/1€MEHTOB C XODOIUMMH (POTO3JMEKTPHUECKHMHU XapaKTepHu-
cTukami. [nsi H3roTtoBseHUss HPUOOPOB B HauOOJblLIeld CcTeneHd
HOAXOAAT IJIEHKH, OCa)kjaeMble B TJelollleM paspsile, Bo3Oyxiae-
MoM B cunaHe. [losyyaeMble Ha HX OCHOBe COJIHEYHBIE JEMEHTHI
umeror KITM 5...109% [14, 37—39]. DaemenTH, co3jaBaeMble C I10-
MOIIbI0 BBICOKOYACTOTHOrO HOHHOI'O pachbljieHHs, 06JafaiT XYl-
WIMMHM  XapakKTepUCTHKAaMH, OJHAKO B CHJAy Dpsjaa ocobeHHocTeil
npouecca pacnbleHHs ero MOXKHO NPU3HAThb NEPCNEeKTHBHBIM AJ5T
OPUrOTOBJIEHHST TOHKHX TJIEHOK. PacCcMOTpHUM .KpPaTKo YCJOBHS
ocaxenuss a-Si:H B TselolleM pa3psfe W B cHCTeMax AJS BbICC-
KOYaCTOTHOrO HOHHOTO pachblieHHs.
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6.3.1 OcawpeHue B Tnewwem paspsage

B nauboJsee paHHux paborax Bo306yxkAeHHe O6e33JE€KTPOLHOTO
TJICIOLlET0 pa3psija OCYIIECTBJSJIOCh C TMOMOIIbI0 BHEIIHEr0 BHUTKA
[1]. Pabouass yacrora o6bluHo cocTtaBjsiia 0,5...13,56 MI'u, a maB-
geHue cujaana SiHy— 10...270 Ila. Ilpu ckopocTH moToka rasa
(B cranmaprtHbix ycaoBusx) 0,2...5,0 cM®/MUH nJeHKH ocazjia-
Juch co ckopoctbio 10...100 HM/Muu. OmHAKO H3-3a HEOOJIbIIHX
pa3MepoB paspsiAHOH KaMepbl OHYM OBLLIM HEOAHODOIHHL.

[Inenku 60Jiee BLICOKOTO KaueCTBa HAHOCAT B CHCTeMaxX C BHI-
COKOYAaCTOTHBIM TJIECIOIUM pas3psijoM, BO3OYKAaeMbIM C NOMOILbLIO
KoHJleHcaTopa [69]. B atoM cayuyae Ha mJjockomapaJgesibHble 3J€K-
TPOJbl, HAaXOAsllHeCsT BHYTPH Pa3psiJHOH KaMmepbl, MOJaeTcss nepe-
MeHHoe HanpsakeHue uacrorod 13,5 MIn. I[lpu maBaenun 0,7...
...33 Tla u ckopocTH moOTOKa CHJIaHa (B CTAHZAPTHBIX YCJOBHSX)
10...30 cm®/MuH CKOpOCThL OCaXKJAEHHS [JIEHOK COCTaBJSET OKOJO
50 HM/MuH. Ecau K 3JeKTpoJaM [IOMOJHHTENbHO MPHJIOKHTb I10-
CTOSIHHOE HampsiKeHHe CMellleHHs, TO MJIEHKH, obpasyiouinecs Ha
aHoge W KaTtojge, MOryT 00sajaTb pas3JHYHBIMH CBOHCT-
Bamu [70].

B rtieromeM pa3psije MOCTOSHHOIO TOKa, BO30Y:KAaeMOM B CH-
JaHe npu Aasjedun ~ 130 [1a, npu BapHamusx NJOTHOCTH KaToj-
HOro TokKa B mnpegenax 0,2...2,0 mA/cM? CcKOpOCTb oOCaXIeHHS
IIJIeHKH Ha TOJAJIOXKKE, CJAYXKallleH KaTOAOM, MOXKeT H3MEHSATbCS OT
0,1 mo 1 mrM/muH. Ilpn HCNO/NB30BaHHH B KauyeCTBe MNOAJONKKH
aHoja CKODOCTb OCaXKJeHHs YMeHBUIaeTCsl NMPUMEPHO Ha MOPSAAOK
BEJIHYUHBIL.

[Inenkn a-Si:H, nosnyuaeMble Ha MNOAJNOXKKAX, HATPETHIX [0
tremnepatypbl 200...400 °C, Kak npaBHJIO, HMEIOT XOPOUIHE 3JEK-
TpoHHble cBoiicTBa. CJjleyeT OTMETHTb, YTO HH3KOe AaBJieHHE rasa
CnocoOCTBYeT OAHOPOJAHOMY OCaXJEHHIO THAPOreHH3UPOBAHHOIO
aMOpGHOro KpeMHHs Ha BCeX ydyacTkax mnoioxku [37—39]. Ilpu
BbICOKOM JlaBJIeHHH ra3a CO3[aloTcsi OJaromnpusiTHble YCJIOBHS AJIS
NOJMMEPHU3alud U 00pa3yloTcsi TYCKJble, CHJIbHO pacCeHBalollHe
cBeT MJeHKH a-Si:H, B KOTOpbIX B BHIe BKJIOUEHHIl comepiKaTCs
3axXBaueHHble U3 mapoBoii ¢(a3bl KjaacTephl aucuiaaHa SigHg u Tpu-
cunada SizgHg [27]. HccaenoBaHue CBOHCTB HJEHOK MNOKa3bLIBaerT,
YTO WX KayeCTBO B 3HAUMTE/bHOH CTemeHW OmnpeaessieTcs Temile-
paTypodl NMOAJOXKKH M MOLIHOCTbIO pa3psiia. Buausiiwe apyrux na-
paMeTpoB mpolecca OCaXKAeHHS, TAKHX KaK pacHoJOXKeHHe MOJ-
JIOXKKH, (popMa peaKUHOHHOH KaMepbl, AaBJeHHe U CKOPOCTb IO-
TOKa rasa, H3yuYeHO HeJoCTaTO4YHO ray6oko. lmeiorca panuble
0 TOM, 4TO HpPH 3arpsi3HeHHH HCXOAHOrO rasa BOZOPOJAOM HJH a3o0-
TOM XapaKTepUCTHKH NMpUHopoB yxyamatwTtes [39).
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6.3.2 BbicoKO4acTOTHOE WMOHHOE pacnblieHKe

K npeumyliecTBaM MeTOAA HOHHOTO PpAacCHblIEHUs OTHOCSTCH:
BO3MOXKHOCTb OCax/JeHHs a-Si:H npu oTCyTCTBHH TOKCHYHBIX ra-
30B, GoJsiee TOYHBIH KOHTPOJIb YCJOBHfI KOHAeHCALUU M MeHblUas
CTeNeHb 3arpsi3HEHUS MJEHOK KHCJIOPOJOM M a30TOM.

FuaporennsupoBanublii aMop(dHBII KpeMHHIl OcaxAaloT, pac-
OblIsis KpeMHHeBYI0 MHUIeHb B BOAOpOJACOAepxKalled armocoepe.
Has nomyuenns cob6erBenHo a-Si:H ucnosb3yior MullleHb H3 He:
JIerMPOBAHHOIO KPeMHHs, a NpH HaHeceHHH MJueHOK a-Si:H n- uan
p-THNOB NPOBOJMUMOCTH HCTOYHHKOM BeIIeCTBA CJYXKHT KPeMHHH,
JIErHpPOBaHHbIl  (ocopom Hau  OGopoMm. JlerupoBaHue MJIEHOK
MOXKHO TaKXKe OCYIIECTBJAATb [OCPEJACTBOM BBeJEHHS B CHCTEMY
(B mpoliecce pacmblieHHsI) THAPUAOB ¢ocdopa uau Gopa. AHzep-
con u ap. [32, 60—63] nmoxpo6HO HCc/IeL0BaNH CBOHCTBA IMJEHOK
a-Si:H, co3gaBaeMbIX METOZOM BBLICOKOYACTOTHOI'O HOHHOrO pac-
NblICHHUS, U OMNPeNeJNUIH ONTHMaJbHble 3HAUeHUS JBYX MapaMer-
poB mpolecca ocax[eHHsA: TeMneparypnl noijoxku (~200 °C) u
napuuasbHoro jasjeHus Bogopoxa (~0,7 Ila). OpHako, Kak mo-
Ka3aJH u3MepeHHss (HOTONPOBOJHMOCTH M HMHTEHCHBHOCTH JIOMH-
HeClLeHLHH, J1axKe MPH ONTHMAaJbHBIX YCJOBHUAX HAHECEHUs MJIEHOK
MJIOTHOCTb COCTOSIHUII B 3alpellleHHOH 30He He CHHXKAeTcs [0
YPOBHA, CBOHCTBEHHOTO MeHKaMm a-Si: H, BelpauiuBaeMblM B TJetO-
mem paspsafe. BeaencrBue storo npubGopel Ha OCHOBe THAPOreHH-
3UPOBAHHOTO aMOP(HOr0 KPEMHHS, MOJY4aeMOro C MOMOIIbIO HOH-
HOr0 pacnblIeHHs], UMeT XyALIHe XapaKTepHCTHKH.

BricoKkas MJIOTHOCTh JIOKAJH30BAHHBIX COCTOSIHUEI B aMOpQHOM
KPeMHHH, OCaxKJ1aeMOM METOJOM HOHHOIrO pAachblieHHs, BePOSITHO,
CBsI3aHa ¢ HaJuuueM JedeKToB, 00pa3yIOUIUXCs NPH COYLapeHHH
C pacTtyuleil mJaeHKO# OBICTPBIX aTOMOB KpeMHHs [22], KoTOophle
npUoOperaloT BBICOKYIO 3HEPTHIO BCJEJACTBHE HU3KOrO AaBJEHHs
raza (oObluHo paBHoro ~0,7 Ila), cuibHoOro yckopsiioulero Ha-
NpsIKeHHUs (~1,0 kB) wu OGoabmo#l yAeJbHOHl MOUIHOCTH
(~1,6 Br/cm?) BBICOKOUAacTOTHOTO pa3psiga (OTMETHM [Jsi Cpas-
HeHHusl, 4TO TJEMIHUHA pa3psan B CHJIaHe Bo30yxXKjAaercs MpU Hamps-
KeHnu 650...800 B). Takum o6pa3oMm, MOMHMO CHUXKEHHS MJOT-
HOCTH JIOKAQJM30BAHHbIX COCTOSIHHUH MOCPEACTBOM THIPOTEHH3aLUK
HCOOXOAUMBI [OMOJIHUTE/bHbIE Mephbl [/ YyCTpaHeHus [AedeKToB
ykazaHHoro tuna. C 1esnbi0 MaKCHMaJbHO MOJHOTO HAaChIEHHS
cBob6oaHblXx cBasefl Ilecsep u np. [71] BBOAMIH GoJiblliee KoJuue-
CTBO KOMIEHCHPYIOIIUX MPUMECHBIX - aToMOB. Jlpyroi# cmocot [72]
VMEHbIIeHUs KOHLIEHTPAaUUH JAedeKTOB, MOSBJISIOIIUXCA B Pe3yJb-
TdTe COyJapeHUs aTOMOB KpeMHHsI C BbIpaulMBaeMoO# [JIEHKOH,
yCIelIHO NpPHMEeHSBIIMICA HeCKOJbKUMH aBtropamu [22, 24, 72],
CBfi3aH C YyBeJHYeHHeM MapUHaJbHOTO JaBjeHHus aproHa (HpH-
MepHO 10 4 [la) npu HaHeceHuu a-Si:H. B arom cayuae o6pasy-
I0TCA MJeHKH OoJiee BBICOKOTO KayecTBa, CpaBHUMble MO CBOHCT-
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BaM ((poTonpoBOAHUMOCTH, (OTONIOMUHECUEHIIMH, ONTHYECKHM Xa-
paKkTepUCTHKaM M IlapaMeTpaM mnpoliecca NepeHoca HOCHTeNel 3a-
psiia) ¢ mieHkaMu a-Si:H, nosyuaemblMu B TJjelomeM paspsize.
Uro xe KacaeTcd MexaHu3Ma yCTpaHeHud ,Ele(beKTOB B JaHHBIX
NNeHKax, TO [0 3TOMYy BONPOCY CYLIECTBYIOT pPa3/jiMuHble MHEHH.

6.3.3 lMNuponus cunaHa

IIpu ocyuiecTBJeHHH NHUPOJM3a CHJIAHA TeMIeparypa peakilHH
I JaB/ieHHe B KaMepe BbIOUPAIOTCH C y4yeTOM (PU3HUECKOrO COCTOS-
HHS HUCXOAHOro BelllecTBa (raszoo6pasnHas uju TBepAas (asa).
B npouecce ocaxkjieHHs €0CTaB IJIeHKH HeNpepHBHO H3MeHSAeTCs:
N0 Mepe yBeJHYeHHs ee TOJIIUHBLI KOHIEHTpalus BOAOPOLA yMeHb-
waercd. B HayasnpHBIA mepuoj pocTa IJIEHKH €e COCTaB ONHCHIBA-
eTcsi aMnupuyeckoll gopmynoin SiH,, a Ha Gojlee MO3AHUX CTAAUAX
peakuuu obpasyercs ciaoil a-Si: H.

6.3.4 KuHetuka npouecca ocaXjeHuss B Tnelowem paspsge

HsyueHHIo KUHeTHKH ocaxJeHust a-Si:H B TieioileM paspsile,
HJM XHMHMYECKHX acHekTOB 3TOro MNpoliecca, NOCBALIEHO HEMHOro
pabor. C mnomolbl0 MacC-CNeKTPaJbHOro aHa/ju3a YyCTaHOBJIEHO,
gto B muasMme SiH,; B 10BOJIbHO 6GOJBIIOM KOJIHYECTBE COAEpPKATCSH
puruapuast  (SiHgt) m tpurmppuasr (SiHs*) kpemHus, KoHueH-
Tpauus Ke BoiclIMX cunaHoB (SiyHy, x>2) Mensercs B 3aBucu-
MOCTH OT YCJIOBUH ocaxJeHus. Bonpoc o BAMAHHU coCTaBa MJya3Mbl
Ha KayecTBO MJ/eHOK a-Si:H ocTaeTcs AMCKYCCHOHHBIM, TeM He
MeHee MCCJle[OBaHHe THAPOTreHH3HPOBAHHOTO aMOP(dHOro KpeMHHUS,
NOJIy4aeMOro B pa3JIMYHLIX YCJIOBHSAX, MOKa3blBaeT, YTO HajHyHe
B mJja3Me MOHOruapuia kpeMHusi (SiH+) GmaronpusTHO ckasblBa-
eTcs Ha ero CBOHCTBAX.

[lneHku, BhpamuBaeMmble npu temneparype menee 200 °C, co-
JlepxaT BKJIOYEHHS AUCMAPHAA ¥, BO3MOXKHO, TPUrHAPHAA KpeM-
HHS U He ob6nanawT TpebyeMbIMH 3JIEKTPOHHBIMH CBOMCTBaMH,
TOrAa KakK B MJIEHKaX, NOJyyaeMblX Ha NOAJIOXKKAX, Harperbix 10
temnepatypsl Boie 200 °C, ¥ 1o CBOMM CBOICTBAM [PUTOJHBIX
JJif H3FOTOBJIEHHS! COJIHEYHBIX 3JIeMEHTOB, MPUCYTCTBYET JHlIb MO-
HOTHApPHA KpeMHus [56, 75, 76]. Ilpu TemmepaType NOMNOKKH,
OMM3Koil K KOMHATHOH, B MJIeHKax, NO-BHIHUMOMY, 00pasyiorcs
BKJIIOYEHUS mNoJMcHaaHoB. baysp u Buarep [23] usmepunu napa-
MeTphl NJ1a3Mbl METOAAMH 3MUCCHOHHOH CHNEKTPOCKONHH M Macc-
CIEKTPOCKONHMM, a TakXe C MOMOUIbI0 3JeKTPHUECKOTO 30HAa H
YCTAHOBMJIM, YTO ONTHMAaJbHAs KOHLUEHTPALHUs YACTHI, Pa3JTHU4HOrO
BHJa 3aBUCHT OT HECKOJbKHX NapaMeTPOB [polecca OCaXIeHHs.
AsTOpBl paspaGoTasH MeTOJbl KOHTPOJHPYEMOro H3MEHeHHS napa-
METPOB MJIa3Mbl, CYLLeCTBEHHO BJHSIOIIHX Ha cBoficTBa a-Si:H,
4YTO MO3BOJMKJIO TOJNYY4aTb IJIEHKH C BOCIPOU3BOAUMBIMH XapaKTe-
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Puc. 6.2. 3aBHCHMOCTH KoHUeHTpauu# C KpeMHHs Si ¥ MOHOTHAPHAA KPEeMHHsI
SiH ot manpsikeHHst V Ha 3JeKTpojax B CHCTeMe JAJsi BBICOKOYAcCTOTHOT'O HOH-
HOT'O pacnbljieHHusl (a) H OT IJIOTHOCTH TOKa J TJeloliero paspsia B CHCTeMe JJis
nJaasMeHHoro ocaxjeHus (6) [23]. a) cocraB rasa — Ar + H, (10 %), nasJe-
nue — 1 Ila; 6) cocraB rasa — Ar + SiHy (I %), naBnenue — 3,6 Ila.

PUCTHKAaMH, M H3yYWJH NapaMeTpbl NJa3Mbl B pas3JMYHBIX TIaso-
BbIX pa3psiax, NPUMeHsieMbIX JAJIs HaHeceHHsl myeHok a-Si:H. Itu
JaHHBle CyMMHpoBaHH B Taba. 6.1, a Ha puc. 6.2 mpeAcTaBJeHbI
3aBHCUMOCTH OTHOCHTeJIbHOHl KoHueHTpauuu Si u SiH, npucyrer-
BYIOIIIMX B CHCTeMax AJs BBICOKOYACTOTHOTO HOHHOT'O pacCHblJIeHHs
U MJa3MEHHOTO OCaXKAeHHsl, COOTBETCTBEHHO OT HaNpsiKeHHS Ha
3JIGKTPOJax M MJOTHOCTH TOKa paspsaa. HemaBHO ¢ momoulbio BHI-
COKOYACTOTHOTO MAarHeTPOHHOTO pachblIeHHs (B cHcTeMe ¢ MJjoc-
KUM KaTtogoMm) [132] Ha momyoKKaxX, UMEIOIIHX KOMHATHYIO TeMmIie-

Tabauya 6.1. TlapameTps N1a3Mbl

KoHueHTpauus
Metog ocaxpeHus 3JEeKTPUYECKH CocTtaB Temnepartypa rasa,
WU BUA pa3psapa HeﬂTpa.’lebl?l( YyacTHL, | HeHTpaJbHOro rasa . K :
cCM™
BeicokouacToTHOE 1013 . .. 108 H, 300
HOHHOE (-+ uHepTHBIH ras) | (TeloBOe PaBHO-
pacrblienue BecHe OTCYT-
CTBYeT)
Taetowuii paspsig 101 . .. 10w SiH, + H, <3000
MOCTOSIHHOTO TOKa (+ uHepTHbIfi ras) | (TemnoBoe paBHO-
BecHe OTCYT-
CTBYET)
KopoHHBIH paspsin 1018 . .. 1019 SiHy + H, 300
(+ uHepTHBIH ras) | (Tema0BOe paBHO-
BecHe OTCYT-
CTBYeT)
Hyrosoii paspsin 10t . . . 108 2 3000 . . . 6000
(- uHepTHBIH ras) (1oxanbHOE
TenJoBoe paBHO-
Becue)




ConHeuHble 3neMeHTbI Ha OCHOBe aMOPGHOro KPemHHMs 305

patypy, ObJM BrIpalleHH IHJeHKH a-Si:H, cpaBHUMBIE no CBOIiCT-
BaM C IIJIeHKaMH, OCaXJaeMbIMH B TJ/eEIOLeM paspslie HJIH NOJYy-
4aeMbBIMM MeETOAOM BBICOKOYACTOTHOTO MOHHOTO pacHbljIeHuss Ha
HarpeThx MOAJNOXKKAX.

6.3.5 BnusHue nomnoxkm

[TonJoxku u3 takux marepuasos, kak Cr, Ti, V, Nb, Ta u Mo,
He OKa3bBAlOT CYLIECTBEHHOTO BJHSIHHSI HAa CBOHCTBA MNJIEHOK T'HJ-
POTeHH3HPOBAHHOI'O aMOpP(HOTO KpPEMHHS, HOCKOJbKY IMpPH TeMmIe-
parypax jgo 400 °C koa¢pduuueHt auPPY3HH 3THX MeTaJsJIOB
B a-Si:H, kax mokasa/ju HcCCJeIOBaHHS METOJOM OXe-CIeKTpo-
CKONUH, OueHb MaJa (kKoapoduuueHT AUDDYy3HH MoJubAeHa NpH
teMnepatype 450 °C He mnpesnliraer 108 cwm?2/c). Tlomsioxku u3
XeJe3a W aJIOMHHHS MOXHO NDHMEHSITb NpPU TeMlepaTypax HHXKe
300 °C; npu Ttemneparype okosio 400 °C kosdduiuueHT RuPHy3HI
Fe u Al cocrasaser 2-1071%...3.10715 cm?/c. Tlpu wucnosb3oBa-
HUH aJIOMHHHEBHIX NOJJIOXKEK HaJIM4He OKCHAHOTO CJIOSI NMPHBOAMT
K HEeKOHTPOJIHPYeMOMY H3MEHEHHI0 KOHTAKTHOT'O COTNPOTHBJIEHHS U
cnocob6cTBYeT (OpMHpOBaHHIO cHAuLKMAa. Hekotopble MeTasJbl 06-
PasyloT CHJAHIMIAB Jaxe I[PH HHU3KHX TeMmmepaTtypax. B cuaydae
NpUMEHeHHs MOMJIOXKEK M3 30JI0Ta U MeIM NPOUCXOAMUT B3aUMHas
Iuddy3uss Mmerasana H BeulecTBa myeHKH. [Toasnoxku u3 cepebpa
HeJb3sl HCIOJb30BaTh HM3-3a cyaboil  ajaresuu mjeHok a-Si:H.
Crek/a, cojepiKalue L(eJOYHbIe METaJJIbl, MOTYT CJYXKHTb HCTOY-
HUKaMHu Jerupylomeii npumecu (B a-Si:H arombl 3THX MeTasI0B

B Pa3JIMUHBIX Ta30BbIX paspsiax [23]

SHeprus CreneHnb Marepuan Mpouece,
3J1eKTPOHOB, HOHM3ALHH Karoxa NPOTEK AU it
3B Ha KaTtojge
10 < 10— Si PacnbieHue HOHAMHU Bbl-
COKHX 3Heprui
2...5 <10—* Si Monnoe  pacnbuieHne
: (CKOpPOCTh pacmbUIeHH S
3aBUCHT OT TJIOTHOCTH
TOKa)
6...8 <107 Karton He mpume- —
HSIeTCsl BCJeJCTBHE
3po3uu
<10—% Si Tepmuueckoe ucnape-
HHe
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00pasyloT JOHOPHble ypoBHHU). IIpH ocaxAeHHH NJEHOK Ha MNOA-
JOXKHM H3 IJIaBJIEHOTO KBapLa BO3MOXHOCTb HX 3arpasHeHHs Ta-
KHM crocofoM HcKJodeHa. Bo Bcex cayyasix, B OCOOeHHO MpH ynn-
TpeGJeHHH MeTaJ/IMIeOKUX [OAJOXKeK, HelocpeACTBeHHO Iepei
naHecenueM a-Si:H »esnaTesbHO NpPOBeCTH HX OUUCTKY C IIO-
MOILbIO XMMHUECKOTO MJIH HOHHOTO TPaBJIeHUS.

6.4 CeomcrtBa NNeHoOK
rMAPOreHU3UPOBAHHOrO aMOPGHOro KPeMHHS

CpoiictBa nuieHok a-Si:H B 3HauuTesbHOH Mepe 3aBHCAT OT
MeTOJla OCaXKAeHHS H YCJOBHH pocTa. B paHHOM pasjelie pedb
NOHAEeT O CTPYKTYpPHBIX, 3JEeKTPOHHHIX M ONTHYECKUX CBOHCTBAX,
a Takxe 0 cocrtaBe MIeHoK a-Si:H, nonyyaeMblX pasjHUHBIMH Me-
TOZaMH.

6.4.1 CrpykTypHble CBOMCTBa

IIpennoxennas Ilonkom u ap. [77] uaeanusupoBaHHas MoJesb.
CTPYKTYpBLI YHCTOTO aMOP(HOro KpeMHHs NpeacTaBjseT coboit cly-
yaliHyio ceTky artoMmoB. [Hns amopdHOro kKpeMHus (Kak u AJad
KpPHCTAJJIHYeCKOr0) XapaKTepHO TeTpasipuueckoe pacHoJIoKeHHe:
aTOMOB, OJHAKO pasMmepnl obJiacTell ¢ yHNOpPsiAOYEHHOH CTPYKTYpoO#
CPaBHUMBI C MeXAaTOMHBIMH paccrosHusiMHu. Mccrenys amMopoHBIH
KpeMHHII MeToi0oM 3JekTpoHorpaduu, bapra u ap. [78] ycrano-
BUJIM, YTO IPU HacCHIILEHHH ero BOJOPOAOM pajuasibHas ¢yHKLHS
pacrnpejiesieHuss aTOMOB He IpeTepleBaeT 3HAUUTENLHBIX H3MeHe-
Huil. Jluub B ciayuae paccMoTpeHus mieHoK a-Si:H, ocaxkpgaembix
B TJIEIOIIeM pa3psije, NOABJAsETCA AONOJHUTENbHBIH NMHK (QYHKIHH
pacnpelesieHus,, pacloJOXKeHHbI# Ha paccrosHun r=0,5 HM oOT
aToMa, NPUHSTOrO 32 HauyaJo oTcyeTa. Hasnuuue 3toro muka, co-
OTBETCTBYIOILEr0 3HAUeHHIO YIrja MexXJy CBs35iMH, paBHOMY 45°
NO3BOJIMJIO C/eJaTh BHIBOJ O TOM, 4TO NJeHKH a-Si:H, Belpamm-
BaeMble B TJielollleM paspsijge, ob6nafalT OoJiee COBepIICHHBIM
OJUKHUM TOPSIAKOM CTPYKTYpHI, YeM IIIeHKH aMOp(HOro KpeMm-
HUs, co3faBaeMble MeTOJIOM BaKyyMHOTO HcHapeHds. AHaJorH4Hbie
pesyabTatel nosyuensl Moccepy u ap. [13]. HM3syuas nuseHku
a-Si: H, HaHeceHHble B TJelollleM paspsiie, aBTOpPH HalbJs0Aal1H
MUK pajuanbHOi (YHKUMH pacnpelesneHus npu r=0,49 um (coor-
BeTCTBYIOIUH 3HAYEHHSIM YIVIOB MeXay cBs3simu 35...45°), no-
fIBJIeHHE KOTODOTO MOXKHO OOBACHUTh OOpasoBaHHeM BOJHU3H CBH-
seit Si—H KoJen, cojep:KaliuX He MeHee CeMH aTOMOB KpeMHHs.
CornacHo JaHHBIM 3THX aBTOPOB, B MJjeHKax a-Si:H npu koHuen-
tTpauuu BomopoAa 33 9% KOOpAMHALMOHHOE YHCJAO COCTABJsET
3,5, Torga Kak B YUCTOM aMOD(HOM KPeMHHH OHO DABHO uYeThIpeM.

Hafitc n ap. [79—87], ucciaeays BaMsHHE YCJIOBHH ocarkKIeHUS
a-Si: H, B TieromeM paspsile Ha CTPYKTYpy M COCTaB BelllecTBa,
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YCTAaHOBHJIM, 4TO IJIEHKH aMOP(QHOro KpeMHHs, NPHOJIHKAIOLWIEroCs
II0 CBOMM CBOHCTBaM K COOCTBeHHOMY IOJYNPOBOAHHUKY, o6paso-
BaHBl CTOJNIOMKaMH AuaMmerpoM okoJio 10 HM, B KOTOPHIX MOTYT CO-
JlepXKaThCsl ToyeuHble Je(deKTh B BHAE MOJIEKYJ MOHOTHIPHUAA
KpeMHHs, 3aMmellalollux aroMbl Si. CTon6uKuH (opMHpYOTCS Ha
rpaHulle pasjesia MJEHKH ¢ NOJAJOXKKOH, U HX HanpaBjeHHe pocTa
cOBIajgaer ¢ HampaBjieHHeM JABHXKEHHS 4YacTHL napa K MNOJJOXKe.

eXNy eAVMHMYHBIMU CcToJ0HKaMu oOpasyloTcs o0JacTH C NOHH-
JKEHHOH NJIOTHOCTbIO BellleCTBa, B COCTaB KOTOPOro, MO-BHAHMOMY,
BXOAAT Lenouky nonucusnana (SiHy), u MoHOrMApUJ KpeMHHs, Ha-
cullawpuiuii cBoboaHble CBA3H. B BBHICOKOKAUeCTBEHHBIX MJIEHKAX
a-Si: H, npuMeHsieMBIX JJ5i H3TOTOBJEHHs NPHOOPOB, pasMephl
o6nacTefi ¢ NMOHHMKEHHOH MJOTHOCTbIO BellleCcTBa MaJibl, a BOJOPOZ
NMPUCYTCTBYeT B OCHOBHOM B BHAe MOHOTHApHAAa KpeMHus. ' Takue
NJeHKH cjaabo OKHUCJAAITCA [ocJde OcCaxKJAeHHs, KOJHYecTBO HX
CTPYKTYPHBIX 3JieMeHTOB pa3mepoM ~ 100 HM He3HayHTeJbHO, U
B TO € BpeMs B IJIEHKaX MOXKHO OOHapyXKHTb CTOJIOHMKH JHAMeT-
pom ~10 HM. BiusiHuie MHUKPOCTPYKTYPhl Ha (U3HuecKHe CBOHCTBA
TIJIEHOK OKa3blBaeTcs odeHb cylecTBeHHBIM. OcOOGeHHOCTH Ke MHK-
POCTPYKTYPHl OMNpeAessioTCS TapaMeTpaMH MNpoLecca OCaXAeHHs.
2Hauenusi MJIOTHOCTH BellecTBa B MJeHKax a-Si:H, mpeacrasieH-
Hble B Tal6J. 6.2, MOKa3bIBAIOT, HACKOJIBKO 3HAUYMTEJbHB BapHALUH
CBOICTB T'M/JPOTeHH3UPOBAHHOrO aMOp(GHOrO KpeMHHS NPH H3Me-
HEHHH YCJIOBHH OCaxeHHus.

PesyabraTel aHaJju3a CHEKTPOB KOMOHWHALlMOHHOTO paccesiHHsi
cBeTa [88] cBHAETENBCTBYIOT O TOM, UYTO JIETMPOBaHHbIE MNJIEHKH
a-Si:F:H wumetor cTpyKTypy, OJIM3KYI0O K MOJHKPHCTAJJIHYECKOII.
Tem He MeHee MX MOXKHO YCHELIHO MCHOJb30BaTh B KayecTBe KOH-
TAKTHBIX CJIOEB COJIHEYHBIX 3J1eMEHTOB.

ITpu ocaxpeHHH 4YHCTOrO aMOP(HOTO KPEMHHsS C MOMOLLbIO
HOHHOTO pacnblieHus [22, 63, 75], Tak Xe KaK U TPU TOJYUEHHH
a-Si:H B Tueromem paspszne, o6pasyloTcst pbiXJible NJIEHKH, B KO-
TOpHIX cojepxkatcs nosocTH. HemaBHo ycranoBjeHo [89—91], urto

Tabauya 6.2. VisMeHeHVe TJIOTHOCTH T'MAPOreHH3HPOBaHHOro amopdHOro
KpPeMHHSI U KOHLEHTpPallWH COJepKalllerocs B HeM BOJOPOJa B 3aBHCHMOCTH
OT JaBJIeHHs CHJIaHA W TeMMepaTypbl NMOMJIOXKKH B INpollecce
ocaxjenus [38]

OTHoOMmeHUe TNOT-
Howmep TeMneparypa JlaBaeHue HocTe#t a-SitH u ComepKaHue
obpasiua TMOAJIOXKKH, °C ciJaHa, [la KPHCTAMIHYeCKOro BogoOpoma, %
KpeMHust

1 25 133 0,63 25

2 25 13,3 0,73 25

3 250 13,3 0,98 18

4 250 133 0,86 14
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aHaNorMuHoOi CTpYKTypo#t obnagaror njaedku a-Si:H, coszaae-
Mble MeTOAOM HWOHHOro pacnblieHus. Hagauuue noJgocrtelt, Bepo-
SITHO, CBSI3aHO C NOBPeXKJeHHeM CTPYKTYDbl, NPOUCXOASLINM IpH
coynapeHHUs X aTOMOB 0CaxK/AaeMOro BelllecTBa C pacTylled NJeHKOM
[24]. T1nenku a-Si:H, BepamuBaeMble MeTOAOM HOHHOrO pacmblie-
HHS, UMEIOT TaKyl0 e MHUKPOCTPYKTYpy, Kak M IJIEHKH, NoJydyae-
Mble B TJeIOILEM pas3psiie, U COCTOAT U3 CTOJOUKOB, BHITAHYTHIX
B10JIb HalpaBJIeHHsl JBHXKEHHs YacTHIl mapa K NoAJoxke. B pe-
3yJbTaTe aHU30TpONHOro TpaBjeHusi a-Si:H (ocyumwecTsasemMoro
TaKuM Ke crnocoboMm, kKak W NpH o6paboTKe YHCTOrO aMOpPQPHOro-
KpeMHHs1 [24]) Ha mnOBepXHOCTH NJIeHKH 00pasyeTcss MHOXKECTBO
BBHICTYNIOB CTOJI0UaTOl (popMbl, YAAJEHHBIX APYr OT Apyra Ha pac-
crosinde mopsiaka 0,1...0,3 mxMm. BceuaeactBue 3Toro Koa(p@HUHEHT
oTpaxKeHusi cBeTa ywmeHbliaercsi ¢ 40 % (3HaueHHe, XapakTepHoe
AJIS NJIeHKH C MJIOCKOH MOBEePXHOCTbIO, He NOABeprasliefics Tpas-
JieHH0) npumepHo 10 3 %.

JlerupoBanuble 6OpoM MJIEHKH aMOpP(HOro KpeMHHus, CO3AaBae-
Mble MeTOJOM BaKyyMHOro HcIapeHus, HeNoCPeACTBEHHO HoOcC/e
CCaXKeHUs CoAep:xkKaT O0JbLIOe KOJMYECTBO MUKPOMOJOCTEH ¥ MHK-
POKPUCTAJIIUTOB. '

. 6.4.2 CocrtaB nneHok

Konuentpauuss Bojopoaa B nJjeHkax a-Si:H, mnonyuaembix
B TJelolileM paspsiie, B 3HAUUTEJbHOH CTeneHH 3aBHCHUT OT YCJO-
BHH OCaXKJeHHUS M, COrJIaCHO JaHHBIM HeCKOJbKHX HCCJeAoBaTeJsei,
coctaBasieT 5...50 %. Ilpu NOBHILIEHHH TeMIepaTypol MNOAJNONKKH
KOHIlEHTPaLHsi BOXOPONA, KAaK MpaBujo, yMeHblaercsi [56, 75, 92].
B cayuae naHeceHHst nJeHOK B 6e33JE€KTPOJHOM BbICOKOYACTOTHOM
paspsiie cojepikaHHe BOMOPOAA Bo3pacTaeT TPH yBeJUYEHHH MOLIL-
HOCTH paspsiia M NOHWXKAETCs MPH MOBBHILEHHH aaBjeHds SiH..
B ngenkax a-Si:F:H, ocaxagaeMblx B TJelollleM paspsije, KOHLEH-
Tpauus ¢ropa yMeHbIIaeTcsi NPU yBeIUYEHHHM OTHOLIEHHS KOHLEH-
tpauuii SiF, u Hy, B rasosoii cMmecu [6], 01HaKO KOJIHYECTBO BOAO-
poaa B a-Si:H 3apucuT oT psga APYruX napameTpoB Mpoliecca
HaHeceHHst. [l M3roTOBJIEHUs] COJIHEUHBIX 3JeMEHTOB NPHMEHSIOT
niaeHku a-Si:H ¢ kouuentpauueil Bomopoaa 10...159% [92]. Ha
MepBLI B3TJISLA NPeACTaBJseTCS, YTO AJisi MOJY4YeHHsS THAPOTeHI-
3MPOBAHHOTO aMOP(HOro KpPeMHHS C XOpOLIHMH 3JIeKTPOHHBIMH
CBOHCTBAMH HeT HeoOXOAMMOCTH HaJjaraTb KakKHe-JHOO OrpaHHye-
HHUsI Ha BeJMYHMHY KOHIeHTpauuu Bogopoia. OAHaKo, Kak oTMeda-
JoCh paHee, IJIEHKH, COAepiallie BOAOPOA B BHAe MOHOTHAPHAA
KpeMHUs, OKasblBaloTcsi HauboJiee BLICOKOKAYECTBEHHBHIMH, H Ha
HX OCHOBe MOTYT OBbITh H3rOTOBJIEHBI NMPUOOPHI C JydUIHME Xapak-
TEPHCTUKAMH.

Ilpu BHegpeHUH BOAOPOAA B aMOpP(dHbIH KpeMHHH o6pasyroTcsd
KOMIIEHCHPOBAHHbIE MHKPOTOJOCTH, TaKue, KAK MOHOBAKaHCHH, CO-
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CToslllie M3 dYeThpeX aTOMOB BOJOPOJA, WJIH IHUBAKaHCUH, COXEpP-
)Kalllde IIeCTb aToMoB Bojopoaa. OHH He CAyXKaT HCTOYHUKAMH
JIOKAJIM30BaHHBIX COCTOSIHHII B 3ampelieHHoil 30He [93], a ux pas-
Mepbl 1 KOHLGHTPALHs CYIIeCTBEHHO 3aBHCAT OT YCJOBHH ocax-
Aenust nyueHok. M3amepenuss nnotHocts a-Si:H [94] noxkaswiBalor,
YTO CpeAHHi pa3Mep MHKPONOJOCTel HeMHOro 6oJbllie pasMepa
JMBAKAaHCHM K YTO KOHIIEHTpPauus BOAOPOJAa OMpefesisieTcss B OC-
HOBHOM KOJIH4ECTBOM 3THX KOMMEHCHPOBAHHBIX MUKPOMOJOCTEH.

Meccoe u Llonr [24] usroroBusu mJuenku a-Si:H, coxepxas-
IIde MPenMYIIeCTBEHHO MOHOTHAPUA KPeMHHsST W He3HauHTeJNbHO
OKHCJSIBIIKECS Nocje ocaxAeHUs. B Heckosbkux mieHKax a-Si:H,
IOJYYEHHBIX METOAOM HOHHOT'O pachblieHuss B aTMocgepe, COCTO-
sIBLIeHl M3 CMeCH aproHa ¢ BOJODPOAOM, aBTOPbl H3MEepHJH KOHIEH-
tpaunio H, Ar u O. KoHueHTpauusi Bogopoaa H3MeHsieTCst B Ipe-
aenax 2...25%, npuyem mnjIeHKH HauboJiee BHICOKOTO KauecTBa,
HaHocuBlIMecs: npy gaBjeHud rasa ~0,7 Ila, comepxkar 17 Y Bo-
popoaa. IIpy moBbIIeHHH RaBJEHHsI PaCHbLIAOINIEr0 ra3a KOHIEH-
Tpauusl aproHa yMeHblIaeTcsl, B TO BpPeMsi KaK KOHUEHTpalus KHC-
Jopolaa Bo3pacTaeT. JTO O3HAYaeT, YTO TJEHKH, OCaXKAeHHble TPU
BBLICOKOM JaBJIEHHU ras3a, JOJKHBl OKHCIASATbCS 6oJiee HHTEHCHBHO.
Ecau naBieHue pacnbuIsIONero rasa HeBeJHKO, TO HaJuude ap-
roHa (ero HoJIOXKHTeJbHOE BJIHSIHHE YCHJIHMBAETCs MMEHHO TNpPH MO-
HHXKeHHOM faBJeHuH rasa [24]) cnoco6ctByer 06pasoBaHyio Tile-
nok a-Si:H, xoropue cofepxar B GOJbLLUIOM KOJIHYECTBE MOHOTHA-
PHA KpeMHHUS M aproH.H He HUMeEIT MHKPONOJOCTell, CYLeCTBEHHO
BJIMSIOLUINX Ha cBodcTBa a-Si: H.

6.4.3 Ontuueckmne cBOMCTBRA

Onrtuueckuii Kosp@HUHEHT TorjolleHus: o nieHoK a-Si:H npe-
BOCXOAHT KO3((HUUHEHT NOIVIOIEeHHsT KPUCTAMJIHYECKOTO KpeMHUs
0oJiee 4eM Ha MOPSIIOK BEeJUYMHLI MOYTH BO Bced BUAMMON o6.ia-
‘CTH cosiHeyHoro cnekrtpa [566]. Ha puc. 6.3,a npeacraBieHn 3aBH-
cumMocTH Ko3dduiueHTa MNorJolleHust TJaeHoK a-Si:H, ocaxaae-
MBIX B TJelOuleM paspsiie, OT TeMlepaTypsl MoAJoxku. Puc. 6.3,6
WJJIIOCTPUPYET BJMSIHHE TeMIepaTyphl MOMJIOXKKH Ha ONTHYECKYIO
LIHPHHY 3anpelieHHol 30HH Eopt (ompegensieMylo ¢ MNOMOLIbIO
KPUBLIX 3aBHcHMOCTH (ahv)!? ot Av) muenok a-Si: H, noayuaembix
B TJIeIOIIeM pas3psjie MOCTOSHHOrO TOKa M B BBLICOKOYACTOTHOM pas-
page [37]. YBesmuuenne Eopt TMPH MOHHIKEHHH TeMMepaTypbl MOJ-
JIOXKKM 00BfCHAETCH BO3pacTaHHeM KOHLEHTPalWu BOAOPOjA
B MJeHkax [56]. MccieaoBanus MeToAOM (OTO3JIeKTPOHHOH 3MHC-
cuy [76] noxasasu, 4TO TPH BBeAEHHH BOAOPOAA B aMOPQHBI
KDeMHHH 3Heprus, COOTBETCTBYIOLlas Kpaio BaJIieHTHOH 30HHI,
yMeHbIUAeTCsl, BeJleACTBHE Yero Bo3pacTaeT ONTHYecKas LIHPHHA
sanpenieHHol 30HB. Ko3(hGHIHEHT TNOTJIOLIeHHsT CBeTa 3aBHCHT
TaKXe M OT psga APYTHX NapaMeTPOB Ipolecca OCaXKIeHHUs
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Puc. 6.3. a) 3aBHCUMOCTH ONTHUECKOrO KO3(QHILHEHTA NOIJIOUWECHHS O NJEHOK
a-Si : H, ocaxpaeMbix B TJelomeM pas3psijie Npu PasJHUHbLIX TeMIepaTypax Moj-
noxku Ty, or aHeprun ¢oronos hAv [37]. I — T, = 210 °C; 2 — Ty, =325 °C;
3 — Ty = 415°C; 6) 3aBHCHMOCTH ONTHUYeCKOH WHPHHb 3anpeuieHHOH - 30Hbl
Eopt nuenok a-Si: H, ocaxkjaeMblx B TJeiomeM paspsile MOCTOSHHOIO TOKa
(/) m B BEICOKOuUACTOTHOM paspsje (2), orT TemnepaTypsl noastoxku Tn [37];
-8) 3aBucumocTb Egpt nienox a-Si: F : H, ocaxniaembix B TJeiouleM paspsie,
OT OTHOIIeHHsT KOHUeHTpanuit rasoB SiF, u H, CsiF,/CH, B paspsiHOit KaMepe
[6]; 2) 3aBucumoctu Eopt nieHok a-Si: H, nosyuaeMblXx MeTOLOM BHICOKOUYa-
CTOTHOT'O HMOHHOTO pAaclblleHHs] NMPH DPAa3JHYHBIX JaBJEHUSIX p PacHbLISIOWErO
rasa, oT KOHIEHTpalHH aToMOB Bojoposa CH B naasme [24]. | — p = 10 Ila;
2—p=2531TMa; 3—p=27TIla;, 4 —p=0,7 Ia.

(TakMxX, Kak MOIIHOCTb pa3psiia . i JAaBjeHHe rasa), KOTOpble
BJIMSIOT Ha KOHLEHTPAILMIO BOJOPOAA B IJIEHKAX.

[Torsomenne ceera B: a-Si:H npu 3sHeprusix (OTOHOB, MeHb-
UIMX ONTHYECKOH IIHMPHHBI 3alpelleHHOH 30HHl, He CBsS3aHO HeMo-
CPeJICTBEHHO ¢ HaJIHYHeM BOLODOAA, a, MO-BUAUMOMY, 06YyCJ/IOBJEHO
BJMSIHHEM  Je(eKTOB, o00pasylolluX 3HepreTHYECKHe COCTOSHUS
B 3anpemiedHofi 3oHe. JlaHHBIIl 3(eKT He3HAUUTEJEeH B TOM CJV-



ConHeuHbie 3n€MeHTbI Ha OCHOBE aMOP(HOro KpPemMHus 311

yae, Korja TeMmIepaTrypa NOJJOMXKKHA TNPH HaHECeHHH IJIEHKH CO-
craBysier ~300 °C [37] (pesy.bTaTel u3MepeHHuii mapamerpos ¢o-
TOJIIOMUHECUEHUHH H HCCJAeOBAHUHA IJIEHOK METOJOM 3JIeKTPOH-
HOTO MapaMarHUTHOrO pe30HaHCa MOATBEpPkKAalT, 4TO MpPH 3TOMH
TeMIepaType KOHLEHTpaluus AedeKTOB MHUHHMAJIbHA).

[TokasaTenp mnpesoMyeHust n TiaeHoK a-Si:H npuGausurtesnbHo
paBeH MOKasaTeJl MNpesJoMJeHHs1 KPHUCTaJ/IM4ecKOro KpPeMHHUS.
[Ipu nmoBblllieHMH TemmepaTypul nomsaoxku ot 195 no 420 °C (koH-
LeHTpalldsi Bojopoja Hpu 3ToM cHukaercs ¢ 40 go 10 %) suaue-
HUe n yBeJHYHBaeTcss npuMmepHo Ha 5 %, uTo corjacyercs ¢ Ha-
Ga0faeMblM  yYMeHbLIEHHEM [IMPHHBI 3anpelieHHofl 30HB [56].
Bpoacku u Jluapu [11] uccnenosanm BsMSIHHE TeMmepaTypsl Ha
noKasaTesb TNPEJOMJIEHHS Oca)ZaeMbiXx B T/eKlleM paspsie Ie-
HOK cOOCTBEHHOro M JerupoBaHHoro a-Si:H u ycraHoBuaH, 4To
IIpY BBEJNEHUM JIeTHPYIOIleldl NMpUMecH XapakTep TeMIepaTypHOH 3a-
BUCHMOCTH 1 U3MeEHSIeTCsl He3HauhTeJbHO, NPHYEM [Js aMOP(HOro:
H KPHUCTAJJIMYeCKOrO KPeMHHsI 3TH 3aBHCHMOCTH COBMajaloT.

OnTHyeckast WHPHHA 3anpelieHHoll 30HB NJeHok a-Si:F:H,
noJy4aeMblX B TJ/€OIleM paspsile, YMeHbIIAeTCss [PH YBeJHUeHHH
oTHoueHust KoHuentpauuii' SiF, u Hy, B HcxomHom rase (cM.
puc. 6.3, 8). [Ipu noHMKEHMH OTHOLIEHWS KOHUeHTpauuii SiF, u
H, xoandecTtBo copmepxkamuxcsi B naeHkax atromos F u H Bospac-
taer. Prop ©H Bomopol 00pasylT ¢ KpemHueMm cBsisH Si—F u
Si—H, xoropble oKasbBawTcs 6oJee TNPOYHBIMM, YeM CBS3b-
Si—Si [6]. BeaenctBue 3TOro onTtHYeckasi WIMPHHA 3anpelileHHOH
30HHl YBEJHYNBAETCS.

INnenku a-Si:H, cosnaBaemMble MerToJOM BBLICOKOYACTOTHOLO:
HOHHOTO pachblieHHs, 06/1afaloT aHaJOTHYHBIMH ONTHYECKHMU
cBofictBamu. [Ipy Bo3pacTaHMH KOHLEHTPALWH BOAOPONA U YBEJH-
yeHHH OOINero JaBJIeHHs PacCIblJSIONIero rasa Kpail HOrJoUleHHs
cMmeniaeTcsi B obJgacTh 6ojiee BBICOKMX 3Hepruit (cM. puc. 6.3, o).

6.4.4 DnekTpuueckme CBOMCTBA

CyuiecTByeT npsiMasi B3aHMOCBSI3b MEXKIY 3JEKTPOHHBIMH CBOIl--
cTBaMH INJeHOoK a-Si:H u (oTo3/eKTpHueCKMMH XapaKTepUCTH-
KaMM H3TOTOBJfAEMbIX Ha HUX ocHoBe npubopon. [ToxpobHoe wuccre-
JOBaHVe IIJIEHOK THAPOreHH3NPOBAHHOTO aMOp(HOTrO KpeMHHA
(kak coOCTBEHHOTO, TaK U JIETHPOBAHHOIO) BHIMOJHEHO B HECKOJb-
Kux paborax [4, 20, 69, 96, 97]. YcraHoBjJeHO, 4TO B MJeHKax
a-Si: H npoucxoasT 3HauMTe/bHble 0OpaTHMbie CTPYKTYpPHHIE H3-
MeHeHHsl NoA AelicTBueM Tensa W csera [98, 99]. Mu orpanuuuMcs:
paccMOTpeHHeM 3JeKTPOHHBIX CBOHCTB TaKHX IMJIEHOK, KOTOpble XO-
pOIIO OTXKHIAIOTCHA, He MEHSIOT CBOMACTB NPH BO3/eHCTBUM CBeTa

H no3TOMYy O6JIaIIa}OT BOCHpOI/I3BOJlI/IMbIMI/I XapaKTepl’ICTl/IKaMl/l
(56, 100].
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6.4.4.1 YpenbHas npoBOAMMOCTb

TeMHOBOe Y[eJbHOe CONPOTHBJICHHE OTOXXKEHHBIX HeJIerHpo-
BaHHBIX IJIEHOK a-Si:H, mosyyaeMmblXx B TJelOlieM paspsjae, MOXKeT
usMeHsitbest oT 10" OM-cMm npu Temmeparype NOAJNOXKKH T'p~
~ 100 °C po 3nauenuii meHee 105 Om-cm (Tn~550 °C) [1, 101].
[lnenku, BeIpaliMBaeMble Ha CHJBHO HarpeTblX NOMJIOKKAX, HMEIOT
JOCTATOYHO BBICOKYIO MPOBOAMMOCTb £-THIA. ¥YJAeabHOe CONPOTHB-
JleHHe U (pOTONPOBOAHUMOCTb 3aBHCAT TaKxkKe H OT JPYrHX napamer-
pOB mpoliecca OCaxJeHHs, MOCKOJbKY YCJOBHS BHIPAllMBaHUA MJ2-
HOK BJIMSIIOT Ha MJIOTHOCTb COCTOSIHMI B 3anpelleHHOH 30He.

TemnepaTypHasi 3aBHCHMOCTb TEMHOBOH YAeJNbHOIl IPOBOAHMO-
CTH HeJierupoBaHHBIX mjeHoK a-Si:H Moxer ObITb mpeacTaB/eHa
B Bujae 0=0peXp(—E4/kT). HalineHHble Cc ee TMOMOIIbIO 3HAYCHHUS
sHepruu aktuBauuu £, cocrasiasiior 0,2...0,8 3B [1, 101]. Ananus
yAEeJBbHOTO CONPOTHBJEHHS H (OTONPOBOAHMMOCTH HeJIErHPOBAHHBIX
nmieHoK a-Si:H MoXeT ObIThb BBHINOJHEH HCXOJs W3 TeMIepaTypHOii
3aBHCHMOCTH [POBOAHMOCTH, OOYCJIOBJEHHOH CBOOOAHBIMH HOCHTE-
JasiMu 3apsiga. CorjlacHo JaHHBIM HEKOTOPbIX aBTopoB [37], Bo Bcem
uHTepBase Temnepartyp 180...330K remHoBas ypesbHas npoBO-
IMMOCTh XapaKTepHu3yeTcsi eIHHCTBEHHbBIM 3HAaYeHHEeM 3SHepruu ax-
TUBaluH, paBHeiM 0,68 3B. Opnako apyrue aBTopnl [101] HaGuo-
nand  H3MeHeHHe MeXaHH3Ma [POBOJAMMOCTH MpPH TeMmmeparype
okosio 250 K u BbICKa3aju NpeANOJIOXKEHHe, YTO HHIKe 3TOH Tem-
nepaTypel peasn3yercsi NPBIKKOBBIH MeXaHH3M IMepeHoca HOCHTE-
Jied 3apsiia M0 COCTOSIHHSM, JIOKAJH30BAHHBIM B 3ampelieHHoit
3oHe. IlosiyuyeHre MpPOTHBOPEUHBBLIX Pe3yJbTATOB MOXKHO OODBACHHTH
pa3JIMUHBIMH CBOHCTBAMM IJIEHOK, OCax/[aBHIMXCS B HEOAHHAKO-
BBbIX YCJIOBHSIX.

J1si yaenpHOH NpOBOAHMOCTH KaK JETHPOBAHHBIX, TaK H HeJje-
rupoBaHHbBIX myeHok a-Si:H cnpaBeanuBo mnpaBuiio Mefiepa —
Henpgens [102], corjacHo KOTOPOMY NpeAsKCHOHEHIHAJbHBII MHO-
XKHTeNb Go B INPUBEJEHHOM Bbille YpaBHEHHH [AJii © pPaBeH
ooo exp(Ea/kTy), tne 0gp u kTo— MOCTOSIHHBIE BeJuuuHbl [37].

Ilpu cpeaHeil HanpsiXKEHHOCTH 3JEKTPHYECKOTO Mo/ Oosiee
10* B/cm mnpoBoAuMOCTb B mJeHKax a-Si:H HocuT HeomuyeckHii
xapakrep. Pe3ynbTaTel HccJeLOBAHHS 3aBHCHMOCTEll MPOBOAHMO-
CTH B CHJIBHOM IOJIe OT TeMMepaTypel W TOJIUIHHB MJEHKH TOKa-
3bIBAIOT, YTO NpPOTEKAaHHe TOKAa, MO-BUAMMOMY, 0OYyCJIOBJEHO 3(¢-
dekTom Ilyna — @penxens [37, 103]. Cheayer noauepkHyTb, 4TO
NPOLECC HOHH3ALMU JOBYIICUHBIX YPOBHell NOJ JeficTBHEeM MOJS
MOXeT Cnoco6CTBOBATh TMOBBIIEHHIO 3()QPEeKTUBHOCTH COOMPAHHS
HOCHTeJIeH, reHepUPyeMBIX CBeTOM B 006/1aCTH NPOCTPAHCTBEHHOTO
3apsiia COJNHeYHBIX 3JIeMeHTOB Ha ocHoBe a-Si: H.

Bnaronapsi sernpoBanuio mieHk# a-Si:H nproGperaiotT mposo-
AUMOCTb JIHGO n-, Ju6O p-TUMa, a HUX YyAeJbHOe CONpPOTHBJIEHHE
cuuxkaercs g0 102 Om-cM. KpuBble 3aBHCHMOCTH Y/AeJIbHOH MpPOBO-
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Puc. 6.4. o) 3aBHCUMOCTb TeMHOBOH yIeJlbHOH MPOBOAUMOCTH Op (IPH KOMHAaT-
HOH TeMmepaType) JerHpoBaHHBIX NJeHOK a-Si: H, ocaxkiaeMblx B TJelolem
paspsiie, OT OTHOWeHUsT KOHUeHTpauHuit rasos ByHg n SiH,, a rakxe PH, u SiHy
[43]; B HesernposannoM a-Si : H npoBOiHMOCTb 3aBHCHT OT NMapaMeTpoB IHep-
reTMYECKHUX YPOBHell B 3anpelleHHOH 30He, CBA3AHHBIX C JeeKTaMH CTPYKTYPHI;
5) TeMneparypHble 3aBUCHMOCTH yJe/bHOH (DOTONPOBOLUMOCTH Gp HeJerHpoBaH-
HBIX NJeHok a-Si: H npum pasjinyHBIX NJOTHOCTSIX TNOTOKa (OTOHOB: [ —
21018 eMm—2.¢"1; 2—2.101* cm—2-¢—1; 3—2- 1018 eMm—2.¢—1; 4—2.10!2 cM—2-¢c}
[37]; nnuua Bosubl cBera — 0,61 MKM; OKOJIO KPHBBIX yKa3aHbl 3HAueHHs HEP
rum aktnBauuu E 4, COOTBETCTBYIOUIME Pa3JMYHBIM MexaHu3MaM PeKOMGHHAUMK,
KpuBasi 5 — TeMnepaTypHasi 3aBHCHMOCTb TeMHOBOH ylelbHOH NPOBOJHMOCTH
OTOXKKEHHBIX 06pa3LoB.

JUMOCTH (IpH KOMHaTHOH TeMmmepatype) mJjeHok a-Si:H n- u
p-Tuma, ocaxkJjaeMblX B TJeWOLleM paspsje, OT coCTaBa rasa moka-
3aHel Ha puc. 6.4, a.

YcnoBusi ocaxJeHHs HeJlerHpOBAaHHBIX MN1eHok a-Si:H okaswl-
BAIOT CYIIEeCTBEHHOE BJIHSHHE HE TOJbKO Ha TEeMHOBOE YyAeJbHOe:
COMpOTUBJIEHHE, HO U Ha (orompoBoauMocTb. CorjacHo pesyJbra-
TaM aHanu3a (HOTOMPOBOAHMOCTH, CYLIECTBYIOT pa3/jHYHBIE MeXa-
HH3MBl PEKOMOHHALUHN HOCHTeJeH.3apsa/ia, YTO ABJACTCS CJACACTBHEM
MHorooGpasusi pacnpegnenenuil rjy6okux ypoBHe#d B a-Si:H. 3a-
BHCUMOCTb Y/Je/MdbHOH (OTONPOBOAUMOCTH Op OT HHTCHCHBHOCTH
usaydenns H umeer BuA op 0 HY, rpe y— MOCTOSHHAS BEJIHYUHA..
B nnanasoHe HHTEHCHBHOCTEH M3Jy4YeHHS, OTVIMYAIOLUXCH Ha ye-
ThIpe nopsjiKa BeJHYHHBI, 3HayeHHs y cocraBasior 0,7...0,75, uro
UCKJII0YaeT BO3MOXHOCTb peajH3aliH MoHomoJdspHoro (y=1) H
6unoasprHoro (y=0,5) MexaHHM3MOB DEKOMOHMHALHH U CBHJETEJb-
CTBYeT O HaNHYHH pacnpeieleHHs pPeKOMOHHALHOHHBIX LEHTPOB,.
6/1M3KOr0 K 3KCHOHEHIHaJbHOMY.

Ha puc. 6.4, 6 npencras/ieHB KpHBBIe TeMiepaTypHOH 3aBUCH-
MOCTH yJIeJdbHOH (OTONPOBONUMOCTH HEJEerHpoBaHHBIX MJEHOK:
a-Si:H npu pasiMuHBIX NJIOTHOCTSIX CBETOBOTO MOTOKA, MOKa3bl-
BalollHe, YTO faxe NMPH HH3KHX TeMneparypax (~ 120 K) mposo-
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Puc. 6.5. 3aBHcHMOCTH yaesbHo#i ¢o- Puc. 6.6. 3aBHCHMOCTH yrenbHo#t ¢o-
TONPOBOIMMOCTH Gp B ycaoBHAX AMI  TompoBogHMMoCTH Op (NPH KOMHATHOH
(a), sHepruH akTHBauMH E 4 (6) u TeM- TeMnepaType) nmaeHok a-Si: H, moay-
HOBOH yJe/ibHOH NPOBOAHUMOCTH Gp (8)  YaeMbIX MeTOLOM HOHHOTO PacCHblieHHH,
njgeHok a-Si: F: H, ocaxpaeMbix B  OT mapuMajbHOro AaBJIEHHS aproHa pAr
TJeIOleM paspsjge, OT OTHOLIEHHS  NPH MapuUHaJbHOM JaBJeHHH BOAOPOa,
koHueHrpauuii SiF, u H, [6]. pasuom 0,03 Ia (/) u 0,08 ITa (2) [22];
sHeprus ¢goroHoB—1,96 3B; niorHOCTD
noroka ¢oroHoB—101% cM—2.c—1,

AUMOCTh 0O0ycJIOBJIeHa HaJliyHeM CBOOOJHBIX HOCHTeNed 3apsaa.
Kpusele uMeloT aBe TemmeparypHhlie 00/1aCTH, KOTODBIM COOTBET-
CTBYIOT pasJiyuHble 3Ha4yeHus sSHepruH axktuBauumu: E,=0,05 3B
(y=0,7) u E4=0,12 3B (y=0,5). 3naueHue TeMnepartypsl, pasje-
JA0lel 3TH 06J1aCTH, onpeje/seTcsl HHTEHCHBHOCTLIO H3JIyYeHHS.
Takoil xapakrep TeMmepaTypHO#l 3aBUCHMOCTH (OTOMPOBOAUMOCTH
corJiacyercs ¢ NpeANoJoXKeHHeM O CyIeCTBOBAHHHU Pa3/HYHbIX MeXa-
HU3MOB pekoM6uHanuu. OfHaKO nmpuBeJeHHblE NAaHHBIC NMPOTHBOpe-
yat pesyabraraM Cnupa u aAp. [96], Hab/J0AaBILIHX H3MeHEBHHE
SHepruu aKTHBAUMM B MJeHKaX a-Si:H, ocamJeHHHIX B BHICOKO-
4aCTOTHOM TJEIOWEM paspsiae, Npu TeMneparypax Huxke 250°C.
ABTOpHI 1OJAraioT, YTo 3TO H3MEHEHHe BBLI3BAHO [1€PEX0J0M OT
NPOBOAHMOCTH, OOYCJOBJEHHOH NepeHOCOM CBOOOAHBIX HOCHTeJeH
3apsja, K NPLI)KKOBOI MPOBOJUMOCTH MO JIOKAJIU30BAHHLIM COCTOSI-
HussM. OTCyTCTBHE NPBLIKKOBOW MPOBOLMMOCTH faKe NpPH OTHOCH-
TeJIbHO HU3KO[l TeMmepaType HMeeT BaxKHOe 3HaueHHe C TOYKH 3pe-
HHUsI BO3MOXKHOCTH CO3J4aHHsi 3Q(HEKTHBHBIX COJHEYHBIX 3JEeMCHTOB.

B nnenkax a-Si:F:H, usroroBaennsix MajgaHom u ap. [6] no-
CPeICTBOM OCaXX[eHHf B TJ/elolleM paspsjie NPH OTHOILIEHHU KOH-
nenrpauuit SiFy u Ho, paBHOM mecsiTH, mJIOTHOCTD JIOKA/TU30BAHHBIX
cocrosiHuit cocrasisier MeHee 10'7 cm—3.3B-!. 9TH naenku ob.a-
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Mal0T BHICOKOH (HOTONPOBOAHUMOCTBIO 0 -2
H 0GoJbUIOH MeXaHHYeCKOH MpOYHO- EA(aB)=0,35ﬁx:»
CThlO; KpOMe TOro, HX CTpPYKTypa He "
U3MeHsieTcsl Hojx JAeHcTBHEM cBeTa.
bBaaronaps HH3KOH MJIOTHOCTH JIOKa-
JIN30BAHHBIX  COCTOSIHHH  BO3MOXKHO -2t 0 T
JerupoBaHue amop¢HoOro MarepHaJa p
KaK JOHODPHBIMH, TaK H aKIenTop- =
HbIMH npuMecsamu. Ilpu atom aas mo- -
JIyUeHHs OYeHb BBLICOKOH YyIeJbHOH
npoBOoAUMOCTH (~5 Om~'-cm™!) u ,
HU3KOH 3HepPrHM akKTHBauHMu (Ea~ 3 4 5
~ 0,05 3B) p0cTaTouHO BBEJEHHsS He- 1077 (T, K)
6OJBUIOro KOJHYEeCTBa BellecTBa. 3Ha-
4CHUS YAIbHOH (HOTONPOBOAMMOCTH, /& o - Lpeiidosci monsm-
SHEpTHM — aKTHBAUMH W TEMHOBOH  yoery ocnoBHBIX HOCHTeseli 3a-
YACJbHOHU ONPOBOAMMOCTH  CYHIECT-  psiga — 3/7€KTPOHOB (Ugn) M Abl-
BEHHO 3aBHCAT OT OTHOUIEHHS KOH-  POK (Ugp) — B mienkax a-Si: H
uentpanuit SiFy u Hy (cm. puc. 6.5). é3gdé/(g?ﬂc‘)3">“0"b namepsercst
KpuBble 3aBHCHMOCTH YAEJBHOM : ‘
tdotonpoBoauMocTH NJaeHoK a-Si:H, cosgaBaembix MeToAOM HOH-
HOTO pAacHbLIEHHS, OT MapilHaJbHOrO [IaBJEHHS aproHa par noka-
3aHbl Ha puc. 6.6 [22]. Tlpu moBbllleHHH par yAedbHasg ¢oTomnpo-
BOJIUMOCTb BO3pacTaerT Ha HECKOJBLKO MOPSAKOB BEJNHYUHBI. YBeJHU-
yeHHe mapiuajdbHoro gaeJjenus aprosa ot 0,7 o 1 Ila He BHI3bIBaeT
M3MEHEHHs] TEMHOBOH y/aeJbHOH TNPOBOAUMOCTH Op, OAHAKO HPH
JNaJbHEHALIeM MOBLIIIEHHH Par €6 3HAYEHHE BO3PAcCTaeT, a JHEprust
aKTHUBalUMKH (ompenmenasieMass U3 TEMIepaTypHOH 3aBHCHMOCTH op)
yMeHbliaercs. [lapiuuanbroe faBJjeHue BOAOPOUAA BJAHSET HA Yaeb-
Hy10 (DOTONPOBOAMMOCTL TakKuM ke o0pa3oM, KakK U par. M3meHe-
HUs (OTONPOBOAUMOCTH ¥ TEMHOBOH y/Ae/bHOH NPOBOAUMOCTH NPH
BapHaUUsX HapiualjbHBIX AaBJEHHH aproHa W BOLOPONA SIBJSIOTCS
CJIeICTBHEM 3aBHCHMOCTH CTPYKTYDHBIX CBOMCTB NJeHOK a-Si:H wu
NJIOTHOCTH COCTOSIHHH B 3aNpelieHHOH 30He OT YCJOBHH OCaKAEHHUS.

Puc. 6.7. Temnepatyphbie 3a-

6.4.42 TomBMIKHOCTE M BpeMs 3KM3HWM HOCUTeneid 3apapa

B nsenkax a-Si:H, ocaxnaeMeix B TJ/eionieM paspsijie MOCTO-
SHHOTO TOKa H B BBICOKOYACTOTHOM paspsje, ApelidhoBas moABUXK-
HOCTb 3J€KTPOHOB [dn H ABIPOK pdp NpHu Temneparypax 20...400 K
o0ycJioBJeHa TPHIXKKOBOI MPOBOAUMOCTbIO. M3MepeHHs: MOABHIKHO-
CTH OCHOBHHIX HOCHTeJeH 3apfjla MOKa3kBAIOT, 4YTO NPH KOMHATHOM
reMnepatype pgn=2-10"2...5-10"2 cm2/(B-c) H pap=5-10"*...
...6-107* cM?/(B-c), a cOOTBeTCTBYyIOIllMEe 3HAYCHUS SHEPIHH aKTH-
Bauud paBHul 0,19 u 0,35 3B [34] (cm. puc. 6.7). CoraacHo pac-
yeTaM, NOABHKHOCTL CBOOOAHBIX HOCHTEJEH COCTaBJsieT MpuOIH3H-
TejrHO 1 cm2/(B.c) [101, 104].
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Bpems XKHM3HM 3/1eKTPOHOB B HeJIErHPOBaHHBIX MIeHKax a-Si:H,
HailleHHOoe 1O pe3yJbTaTaM H3MepeHHil QoTompoBoguMOcTH [56],
usMensiercst B npepenax 10-2...10~7 ¢. Hasuuue 32BHCHMOCTH Bpe-
MEHHU KU3HH HOCHTeJIeH 3apsja OT HHTEHCHBHOCTH U3JyueHus obyc-
JIOBJIEHO cMelleHHeM KBa3HypoBHsi PepMH /s 3JE€KTPOHOB H H3-
MeHeHHeM MeXaHH3Ma peKOMOMHalUMH HOCHTeNeH MpH BapHaLHsax
ocBelleHHocTH [56]. MaMepeHuil BpeMeHH XH3HH HEOCHOBHBIX HO-
cuTesied 3apsfa B NJeHKax a-Si:H po Hacrosiero BpeMeHH He
MPOBOJMJIOCh, OAHAKO, HCXOAS M3 XapaKTEPHCTHK COJHEUHBIX 3Je-
MeHTOB, Ha ocHOBe a-Si:H MOXHO oueHHUTh AUPGDY3HOHHYIO AJHHY
AbIpOK (OHa cocraBaser ~0,2 MM [31]), a 3arem, HcHoJab3ys
3HayeHHe NOJABHMIKHOCTH CBOOOAHBIX HocuTesell 3apsiga (~ 1 cm?/
[(B-c), onpeaenutb BpeMsl KH3HH ABIPOK (~2-10-% c).

6.4.43 TInoTHOCTL COCTOSHMN B 3anpPeuleHHOH 30He

XapaKTepHCTHKH 3JeMEHTOB B 3HAYUTEJbHOH CTEHNEHH 3aBHCAT
OT 3Hepruy, MJAOTHOCTH W THNA COCTOSIHUH B 3anpelleHHON 30He
a-Si: H. TIn0THOCTD M THI COCTOSIHHI ONpeAeNsIoTCs [VIaBHBIM 00-
pasoM yCJIOBHSIMH OcakKJeHHsi nJeHokK. CorJacHo pe3ysnbTaTaM M3-
MepeHU NapameTpoB 6oJbLioro KoJHuecTBa NJeHOK a-Si:H, no-
JIYUEHHBIX B TJIEIOLLeM pa3psije, KOHIUEHTPalHs I1yOOKHX LEeHTPOB
(noByuiek) cocraBasier 101...10' cm—3 [105, 106]. IlioTHOCTB
COCTOSIHHH B 3ampelleHHOll 30He yMeHblIaeTcss MPH NOBBILIEHHH
TemnepaTtypsl nojJsoxku [105, 106] u pocTuraeT MHHHMAaJBHOTO
3HaueHust npu Ty=330 °C [37, 58]. lanpHefilliee yBeJquueHHe TeM-
nepaTypel NOJAJOXKKH INPHBOAUT K BO3PACTAaHHIO KOHLEHTPALHH
JeheKTOB BCJEACTBHE 3K30AHGGY3HN Bogopoaa [68, 107]. Ilpu Bo3-
1eHCTBHH cBeTa IVyOOKHe LEHTPB 3aMOJHSAIOTCS HOCHTENSIMH 3a-
psila, U B YCIOBHSX <«CBETOBOrO HachilleHHs» [37] A/ MJIeHOK
a-Si: H xapakrepHa BBICOKAasi NJIOTHOCTb COCTOSHMH B cepejHHe
3anpeleHHol 30HH.

YcranosJeHo, uto B naeHkax a-Si: F:H, ocaxnmaeMmblx B TJeO-
HeM paspsiae ¥ NONydyaeMblX C NMOMOILbIO BBICOKOYACTOTHOrO HOH-
HOrO pacnblieHHs, MJOTHOCTb COCTOSHMEA B 3alpelieHHOH 30He
paBHa ~ 10'7 cm—2.3B~L

6.4.44 Pasnowenue a-Si:H

Tepmoo6paborka npu Temmeparypax, Gojee BBHICOKHX MO CpaB-
HEeHHIO C TeMmepaTypoil ocaxaenus (npessimawoumx 350 °C), BhI3H-
BaeT pasqokeHue a-Si:H, compoBoxxparomeecs BbliejeHHeM BOLO-
poxa [9, 10, 12, 108). Ilpu yMmeHblIeHHH KOHLEHTPAUUH BOAOPOAA
KOJIMY4ECTBO HeHacBILIeHHBIX cBaseil B a-Si: H yseauuusaercs [109].
BrigeseHde BOJOPOAA MPOHCXOAUT BCJEACTBUE DA3PYLIEHHsT XHMH-
YyecKHX cBfizel MeXAy napaMu aTomoB H, KOTOpble NMpH HH3KHX
TemmepaTypax HaxoAsTci Ha HeGOJbIIMX DACCTOSHHAX ApYr OT
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apyra [10]. OcobeHHOCTH KHHETUKH mpolecca pasnoxenus a-Si:H
ONpeaeNsIOTCs OTHOCHTeNbHOH KOHIEHTpalMell H XapaKTepoMm pac-
npejesieHus B miaeHkax kJaoueHull SiH u SiH,. Bcernemersue skso-
nuhysun BOLOpPOLA CPOK CJAYKOB COJTHEYHHIX 2JeMEeHTOB Ha oc-
HoBe a-Si:H moxeT cokpaTtuTbed. OgHaAKo pe3yabTaThH HCCeL0Ba-
HUs npouecca auddysun mAefiTepHs, BBEIEHHOrO0 B MJEHKHU
aMopHOro KpeMHHs, NPH HANPAKEHHOCTH 3JEKTPHYECKOTO NOJf
~3-10* B/cwm, ‘uHTeHCHBHOCTH u3ayueHUss ~ 100 mMBr/cM2 n TeMm-
nepatype ~ 300°C cBHIeTeJbLCTBYIOT O TOM, 4TO XapaKTePHUCTHKH
COJIHeyHBIX 3JeMeHTOB Ha ocHoBe a-Si:H Oyayr merpamupoBath
He3HAYHTeJbHO, MOCKOJABKY Hpu Temmeparype 100°C npast mosHoro
BbIAeNeHHs1 Bogopoja noTpebyercs 10* ger.

B Tab.n. 6.3 cyMMUpOBaHB OCHOBHBIE CBOHCTBA JIErHPOBAHHBIX
U HesjerupoBaHHBIX mnJeHoK a-Si:H u a-Si:F:H, nonysaemnix
pasJMYHBIMH METOJAaMH.

6.5 ConHeuHble >neMeHTLl Ha OCHOBe
rMAPOreHU3UPOBAHHOrO aMOP@HOrO KPeMHMS

I M3rOTOBJIEHUS COJIHEUHBIX 3J€MEHTOB NPUMEHSIOT MJIEHKH
a-Si: H, ocaxkpaemble Kak B TJeiolleM paspsafe, TaK H C NOMOIILLIO
BLICOKOYACTOTHOrO HOHHOro pacnbuieHusi. B HacTosiiee Bpems
Jyyliie XapaKTepHCTHKH HMEIOT 3JeMEHTH Ha OCHOBe IJIEHOK
a-Si:H u a-Si:F:H, nonyuaembix B Taeomem paspspe [14, 37—
39]. Mix KIIJ cocrasasier 4...10 %, Toraa Kak npu HCmoJb30BaHUH
nieHok a-Si: H, cosgaBaeMblX MeTOnOM HOHHOTO pacnbiieHus, KITL
COJIHEYHBIX 3JeMeHTOB He npeBbiaer 2 %. B npelnayuiux pasme-
Jlax OTMeuasNoch, 4TO MJAEHKH, OocaxKaaeMble MOCPEACTBOM HOHHOIrO
pacmblIeHHs, He 06/M1aalI0T TAaKUMH CTPYKTYPHBIMH H 3JEKTPOH-
HEIMH CBOHCTBAMH, KOTOpble HeOOXOAUMBl /IS M3TOTOBJEHHS BBHICO-
ko3 ekTuBHLIX npubopoB. OnHAKO MpoBedeHHble HEJABHO HCCIe-
JOBaHUs THAPOreHU3UPOBAHHOTO aMOP(PHOro KpeMHHUs, NOJNy4yaeMoro
METOAOM HOHHOrO pacnbleHHsI MPH BBICOKOM MaplilajbHOM JaBJe-
HuH aproHa [22, 24], nokasaJjH, YTO .NPH ONpEJEJEHHBIX YCJIOBUAX
ocaxaeHuss 06pasyloTcs MJEHKH, MO CBOMM CTPYKTYPHBIM H 3J€KT-
POHHBIM CBOfiCTBAaM He yCTyHNalollHe BBIpAIUBAEMBIM B TJelOLIeM
paspsize. JlaHHBe O XapaKTePHCTHKAX COJHEUYHBIX 3JIEMEHTOB Ha
OCHOBE 3THX NJIEHOK ellle He onyOJ/JHKOBaHbI.

PerpocnekTUBHBIA 0630p pe3y/bTaTOB pPa3pabOTOK COJHEYHBIX
3/1eMEeHTOB Ha ocHoBe a-Si:H BBIMOJHEH HeCKOJIbKHMH aBTOpaMII
[37, 39, 42]. MBI Xe OrpaHUYHMCS PacCMOTPeHHEeM XapaKTEePHCTHK
COBPEMEHHBIX COJHEUHBIX 3JEeMEHTOB ¥ HCXOAsi M3 CYLIeCTBYIOIUINX
npeacTaBJeHHi O NPOUCXOAALIMX B HUX MpPOLEccax MpoaHalIu3uPyeM
MeXaHH3Mbl NMOTepb 3Heprud. OCHOBHasi 4acTh MPHUBEJEHHBIX HaH-
HbIX OTHOCHTCH K 3JIeMEHTaM Ha OCHOBe mJeHOK a-Si:H u
a-Si:F:H, ocaxaaembix B TieooLleM paspsje.
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Puc. 6.8. CxeMbl KOHCTPYKUHMil COJHEUHBIX 3/1€MEHTOB Ha ocHOBe a-Si : H. a —
CTPYKTypa c GapbepoM IOTTKH; 6 — CTpYKTypa MeTajs — AM3JIEKTPHK — IO-
JNYNpPOBOAHUK; 8—p—i—N-CTPYKTypa.

6.5.1 KoHcTpykumu anemeHtos

B nacrosimee Bpemst KII npeo6pasoBanus sneprun Gosee 5 Y%
HMeloT aMop(dHBIe cOMHeuHBle 3JeMeHTh Tpex THHOB. CxeMbl HX
KOHCTPYKUHH H3006paxkeHsl Ha puc. 6.8.

6.5.1.1 Dnementsi ¢ Bapbepom LUoTTku

Conneunwle anemeHTH ¢ 6apbepom IHortku (cM. puc. 6.8, a),
NpoLecc H3rOTOBJEHHS KOTOPbIX HauMeHee CJ0XKeH, OOLIYHO MpH-
MEHSI0TC AJs1 HccaeoBaTtebcKux Leseil. OCHOBHHIM HeLOCTaT-
KOM 3/IeMEHTOB 3TOr0 THMA $SIBJASETCST OTHOCUTENBHO HU3KOe Hamps-
JKeHHe XosocToro xojga (He npeppiuatooumee 0,6 B). Onur us Bo3-
MOXKHBIX CHOCOOOB HM3rOTOBJIEHHS 3jeMeHTOB ¢ OapbepoM IlllorTkm
COCTOHT B IOC/EA0BAaTEJbHOM OCaXKAEGHHH Ha MOJHO1EHOBYIO MOJI-
JIOJKKY TOHKOro cjosi (ToJauuHoii ~ 20 HM), JerupoBaHHoro ¢oc-
tdopom a-Si:H, cnoa HenerupoBanuoro a-Si:H u HaHeceHHH Me:
TOJOM BaKyyMHOro HCHapeHHus MJeHKH HaJJajds TOJNIIHHON OKOJO
5 HM. Hamnnuue seruposannoro cmost a-Si:H cmnoco6erByer yayu-

HIeHHIO cbomanempuqecxux W MTHOJAHBIX XaPaKTEePUCTUK 3JE€MEHTOB
{39].

6.5.1.2 DnemeHTtbl €O CTPYKTYpPO#
MeTann — AU3INEKTPUK — MONYNPOBOAHUK
ITpn co3paHuu cOJIHEUHBIX 3J€MEHTOB CO CTPYKTYPOi MeTaa—

IH3JIEKTPHK — MOYNPOBOAHUK (cM. puc. 6.8, 6) Ha MOBEpPXHOCTb
HejlerupoBaHHoro a-Si:H HaHocaT TOHKUE c/OH  AM3/EKTpHKA

t
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(TommuuHOH ~2...3 HM), a 3aTeM O0CaXJaT IJEeHKYy MeraJjja
¢ 6oJsbLIoA paboToit BHIX0ZA, mogo6GHoro miaatuHe. s TOro 4ToOH
B MOJIyIPOBOJHHKOBBIH CJOH MOILJIO MOCTYNaTh AOCTaTOYHOE KOJIH-
4ecTBO CBeTa, MeTaJJIH4yecKas MJeHKa JOJXKHa HMeTb MaJylo TOJ-
wHHy (~5 HM). IlpocBersisiomee mnoxkpuiTHE (HAampHMep, CJOH
ZrOy TOJILHHONH ~ 45 HM) MO3BOJISIET CHH3HTH HOTEPH H3JIYUEHHS
Ha oTpaxeHue [30].

6.5.13 OnemeHtbl ¢ p — i — N-CTPYKTYpPOi

Paspaboransl [Be MOAHGHKAUHMH KOHCTPYKUHH COJTHEYHBIX 3Je-
MEHTOB ¢ p—Ii—n-cTpyKTypoit (cM. puc. 6.8,8), obecneunBaiomue
xopolne (GOTO3JEKTpHYECKHe XapaKTePHCTHKH. B mepBoM ciyuae
HCNOJb3yeTCcsl cTajbHAasi NOJJIO0XKKA, Ha KOTOPOH co31aioTcs JerH-
poBanHbIl 60poM cao#l a-Si: H roamuHoit ~ 20 HM, c/J0H HeJerupo-
BaHHoro a-Si: H Toamunoit ~ 0,5 MKM H JerHpoBaHHBIH ochopom
cnoit a-Si: H ronmuuoit ~8 Hwm {39]. MsroroB/senue ajemeHTa 3a-
BeplUaeTcss OCaxXJeHHEM Ha MOBepXHOCTb BHelHero cjosi a-Si: H,
MMEIOILLero NPOBOAHMOCTb A-THHA, NJeHKH ITO Toamuno# 70 HM,
KOTOpasl CJAYXKHT OJHOBpeMeHHO (pOHTaJbHBIM KOHTAKTOM H MpO-
CBETJIAIOIUM moKpbiTHEM [39)].

CosiHeuHBIE 3JE@MEHTBl ¢ p— [ — n-CTPYKTYpoil BTOpPOro THIA
[109] ocBewmiaioTcss yepes CTEKJSHHYIO HOAJOXKKY, Ha KOTOPYIO Ha-
neceHol caou ITO u wmerannokepamuku (Pt— SiOp) Tonmuno#
~60 HM H ~10 HM cooTBeTCTBeHHO. MeTaJ/lJlIOKEpaMHUECKHH CJIOH
CJYKHT XOPOLIUM 3JEKTPHUECKHM KOHTAKTOM K TOHKOH (TOJIIHHOH
~8 HM) nJenke a-Si:H p-tuna npoBoaumoctH. TosauiuHa HeJje-
rupoBanHoro ciaosi cocramisier 0,6...0,8 mkM. Ha mnoBepxHOCTH
BHEUIHEro ¢J10s #A-THHA TOJUHHONH 20 HM co3faercs THUJIbHBIA KOH-
TaKT, KOTOprI/I npexacrasJsier coboit maenky Ti Toamunon 0, l MKM
HJIH ABYXCJ0iHYI0 cucteMy Ti— Al

6.5.2 MoTo3NEKTPUUECKME XaPAKTEPHCTHUKM

KIIJI co/HeuHBIX 3JIEMEHTOB C p — [ — A-CTPYKTYPOH IJIOLIAAbIO
1,19 cm? Ha OCHOBe THAPOreHH3MPOBAHHOrO aMop(®HOro KpeMHHs,
M3rOTOBJIEHHBIX B HCCJENOBATENbCKHX Jabopatopusx. pupmbl RCA
[39], mpessinaer 5 %. Haubosee BbICOKOe Hampsi:KeHHE XO0JIOCTOTO
xoza (0,91 B) nonyueHo y 3/1eMeHTOB CO CTPYKTYPOil BTOpOro Tuna,
TOrfa Kak MakcHMaJbHble 3Hauenus KIIJ 6,1 % u mIoTHOCTH ToKa
KOpPOTKOro 3aMblKaHHsi (~12 MA/cM? B ycaoBusix AMI1) umeroT
3JIEMEHTBl CO CTPYKTYpOH NMEpBOro THIA, OCBelllaeMble CO CTOPOHBI
BepXHEro cJosi n-Tuma npoBoauMocTH. HauboJbiuee 3HayeHHe Ko-
sdduuHenTa 3an0JHEHHsT BOJLT-aMIEPHOH XapaKTEPHCTHKH COJI-
HEUHBIX 3/IEMEHTOB C p—i—n-CTPYKTYpOll cocTaBJserT okoJso 0,61,
a snemenToB ¢ 6apbepom IoTTkKH — 0,674.
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Puc. 6.9. CnexrpanbHass 3aBHCHMOCTb Ko3pdHIHeHTa coGHpaHusi Q HocHTeneit
3apsja B COJHeYHOM 3JieMeHTe Ha ocHoBe a-Si : H ¢ p—i—n-cTpyxtypo#i l-ro
tuna [39].

Ha puc. 6.9 nokasana KpHBasi CHEKTPaJbHOH 3aBHCHMOCTH KO-
s bunuenta cobupaHusi HOCHTeseil 3apsilla B COJHEYHBIX 3JeMeH-
Tax ¢ p~——i— n-CTPYKTypo#l mepBoro THnma. Hab6JiogaeMoe yMeHb-
1mieHHe Ko3PoHunuenTa co6HpaHusl B KOPOTKOBOJHOBOH 06JaCTH BbI-
3BaHO [JaBHBHIM 06pa3soM MOTepPsSMH H3/JY4YeHHs] BCJEACTBHE €ro
NOTJIOUIEHHST B BEPXHEM JIETHPOBAHHOM cioe. [ToHHKeHHe YyBCTBH-
TEJIbHOCTH 3J€MEHTOB B JJIHHHOBOJIHOBO# 06JIaCTH CBS3aHO C YMEHb-
meHHeM Ko3(@QHIHEHTa IOrJOIIEHUS CcBeTa B HeJerHpoBaHHOM
a-Si: H [110]. TInoTHOCTH TOKA KOPOTKOTO 3aMBIKAHHS, paCCUHTaH-
Hasi C NMOMOLUbIO NAHHOH CHEKTPaJbHOH XapaKTEePHCTHKH, B YCJO-
Bussix AMI cocraBasier 9,27 MA/cM2, OnHako 3HAYeHHE 3TOH BeJH-
YYHBI, H3MepsieMOe INPH COJHEUHOM OCBELeHHH, H3-3a HaJHYHf
paccesHHOro cBeTa, KakK NMpaBHJo0, HA 15...20 % BHIIe pacyeTHOroO.

JuonHeli kK03(pOULHEHT OCBEL(eHHBIX 32JIEMEHTOB € p— i — A~
cTpyKTypo#t paBen ~ 1,1 [39], uTo cBHIeTEbCTBYET O c1aboH pe-
KOMOHHALHH HocuTesnefl B obsacTH nepexoga. AHajoruuHoe 3ua-
YeHHe NHOAHOro Ko3Gh(HUHEHTa NOJIYYEHO Y COJHEYHBHIX 3/JeMEHTOB
¢ 6apbepom lorrku [111]. HecMoTpst Ha TO uTO CBeTOBBle Xapak-
TePUCTHKH 3J1€eMEHTOB Ha OcHOBe a-Si:H 6.IH3KHM K HAea bHBIM, HX
TEeMHOBBIC BOJIbT-aMIePHbIE XapaKTEePUCTHKH OKAa3bIBAIOTCH ILJIO-
XUMH. DTH pe3yabTaThl MOXKHO OODBSCHHTb, NPEANOJNONKHB, UTO
npoTeKaHHe ToKa 0O6YC/JO0BJEHO JMO0 npouleccaMH B 06JacTH mpo-
cTpaHcTBeHHOro 3apsana [5], nu6o abdexrom I[lyna — Openkens

11 3akas Ne 1939
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{39]. B HekoTOpLIX c/IydYasX MJIOXHE BBIIPAMJSIONHE CBOfiCTBA 3Je-
MEHTOB NPH OTCYTCTBHH OCBELIEHMs MOTYT OBITb CBSI3aHHI C peJak-
canuedl NPOBOAUMOCTH B mOJaynpoBojaHuKe [112]. Cuaexyer oTMETHTD,
4TO y COJHEYHBIX 3JeMEHTOB BCeX THIOB Ha ocHOBe a-Si: H, kKak u
y 3JeMeHTOB co cTpyKTypoii CuyS — CdS, nabmonaercs mepeceue-
HHEe TEeMHOBBIX H CBETOBBIX BOJIbT-aMIEPHbIX XapaKTEPUCTHK.

B coBpeMeHHBLIX COJIHEUHBLIX 3JeMEHTaX ¢ p— i — n-CTPyKTYpPOH,
Yy KOTOPBLIX MOYTH Bech MOJYHNPOBOJHHKOBBLIA cofi 00efHEeH HOCHTe-
JSIMH 3apsiia, HanpsAXeHHOCTb 3JeKTPHYECKOTo MoJisi B HeJNerupo-
BaHHOl 00JaCTH B peXHMe KOPOTKOTO 3aMbIKaHHs COCTaBJSAET
~2-10* B/em [39, 113].

B Hacrosiuee BpeMsi y 3/1eMeHTOB maomaibpio 4,2 MM2 cO CTPYK-
TYpPOH MeTaJlJl — AM3JIEKTPHK — MOJYyNPOBOJHHK Ha OCHOBE MJIEHOK
a-Si:F:H, ocaxpaemplx B TieoumeM paspsie [14], B yciaoBHAX
AM1 pocruruyt KIIJ oxono 6,3 %. B KOHCTPYKLHIO 3/€MEHTOB
JAHHOT'O THII2 OOBIYHO BXOJST: BHICOKOMPOBOASAINAS MJEHKA aMOpd-
HOTO KPeMHHs At-THIA NPOBOAMMOCTH TOJMIHMHONH ~80 HM, HaHEeceH-
Hass Ha [OBEPXHOCTb OTPa’Kalollero cJaosi MOJHOIeHa, KOTOPHIH
CIyXKHT THITBHBIM KOHTAKTOM; ()OTOAKTHBHBIH CJIOH HeJerHpoBaH-
Horo a-Si:F:H ronumunoit ~0,5 MKM (A5 3TOro cJOS XapaKTepHH
OTHOCHTEJIbHO HH3Kasi MJIOTHOCTbL JIOKAJH30BAaHHBIX COCTOSIHHE [6],
a B pafoueM pexxuMe — HeGOJIblIOe NOC/AeL0BATENbHOE COMPOTHBIIE-
HHe, MOCKOJbKY B ycJoBHsiX AMI ero yaenabHasi GOTONPOBOTHMOCTD
cocraBjser 107%..1073 Om~!-cm™!); caodt auanektpuka (NbgOs)
TOJIIHHON ~2 HM; maeHka cnaaBa Au (90 %) —Pd (10%) roa-
HIMHOH ~7 HM Ha OCHOBe MeTaJ/JIOB ¢ OoJbluoil paboTo# BHIXOAA
H IIPOCBETJsIoNee MOKPBITHE M3 ZnS TOJIHHOH 35 HM, KOTOpoOe
SIBJISIETCS BEPXHHM CJIOEM 3JIEMEHTa.

CeeroBas BOJIbT-aMIepHAasi XapaKTePHCTHKA COJIHEYHOro 3Je-
MEHTa CO CTPYKTYpOH MeTaJ — AH3JEeKTPHK — NOJYHPOBOJHHEK,
H3MepeHHasi NPH HHTEHCHBHOCTH H3Jy4eHHs 83 mBt/cM?, mokasaHa
Ha puc. 6.10. DTOT 3/eMeHT HUMeeT CleyIOliHe BhIXOJHble XapaKTe-
puctuku: Voc=0,75 B, Joc=12,24 MA/cm2, FF=0,56 u 1=6,2Y%.
B03MOXKHOCTH yCOBEpIIEHCTBOBAHHS COJHEYHBbIX 3JEMEHTOB CO
CTPYKTYpoH  MeTaJsl — AH3JEKTPHK — MOJIyNPOBOAHHK  CBA3AHBI
¢ ONTHMH3AlHeHd mapaMeTPOB MPOCBETJSIONIEro NOKPHITHS (KOTOpoe
JAOMXKHO obecneyuTb MHHHMAaJbHbIE MOTEPH H3JY4eHUs HA OTpaxkKe-
HHMe B CIOEKTpaJbHOM JHaNa3oHe OT YJbTpa(uONeTOBOH 06JaacTH A0
A=0,6 MKM), KOHTAaKTOB, a4 TaKXKe€ 3HAYeHH{l TONUIMHBI Ca0s cOO-
CTBEHHOTO aMOP(HOro KpeMHHUs M n'-caos [6].

Koa¢pdunueHdT BrinpsiMieHusi, HaHJeHHBIA H3 TEMHOBHIX BOJbT-
aMIEepHBbIX XapaKTEePHCTHK 3JEeMEHTOB CO CTPYKTypoH MeTasla—
JU3JIEKTPUK — MOJYNIPOBOAHUK, npH HanpsikeHuu 0,5 B cocraBasier
~105. Ouogusiéi koahduuueHt paseH 1,12, U ero OTKJIOHeHHE OT
3HayeHusi, CBOHCTBEHHOro HaeajJbHOMY aHony (n=1), BbI3BaHO Ha-
JNUuMeM OKCHAHOTO cJjosi [l114]. AHanu3 TEMHOBBIX XapaKTepHCTHK,
OCHOBAHHBIA Ha MPENNOJIOKEHHH O CyUIeCTBOBAHHH AH(DPY3HOHHOrO
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Puc. 6.10. BoabT-aMnepHasi XapaKTepHCTHKA COJHEYHOro 3JeMeHTa Ha OCHOBe
a-Si: F: H co cTpyKTypoll MeTajJ — JAH3JEKTPHK — moJynposonuuk [14];
mjaoman, 3JeMeHTa — 4,2 MM2; MHTEHCHBHOCTbL H3JyueHus — 83 MBt/cMm2,

MexaHH3Ma NPOTEKAaHHs TOKa, II0Ka3bIBAeT, YTO H3MEPEHHOMY 3Ha-
YeHHIO IJIOTHOCTH OGPATHOrO TOKa HachiuieHus Jy=~10~12 mMA/cMm?
COOTBEeTCTBYeT BhicoTa 6apbepa ¢pp= 1,0 3B [6]. Takoe e 3HaueHHe
¢p IIOJY4YeHO HCXOAs H3 TeMmepaTypHo#t 3aBucumoctd Js. Jluon-
HbIfl KO3 (HULUHEHT OCBElLIeHHBIX 3/1€MEeHTOB He H3MeHseTcsl NpH Ba-
puauusax teMmnepatypnl B uHHTepBase 180...300 K, u ero sHauenue
pPaBHO eJHHHIE.

CornacHo JaHHBIM YHJICOHa H Ap. [15], co/HeuHble 3JI€MEHTHI
Ha ocHoBe a-Si:H co crpykTypoil MeTass1 — AH3JEKTPUK — NOJY-
NPOBOJHHMK, Y KOTOPHIX Ha INIEHKy aMOpP(HOro marepHaja HaHe-
cernl cion TiO, u Ni, npu ocBelleHHH HMHTATOPOM COJIHEYHOTO
U3JyueHHsl (HMHTeHCHBHOCTb cBeTa — 60 MBTt/cM2) wumeror KIIJI
48 9%. OcHoBHasi yactb meHkn a-Si:H (oOwe#t TosmuHONK
~1 MKM) npefacras/sfeT co00i HelerHpoBaHHBIN NMONYIPOBOAHUK, H
JULIb TOHKHE cjof a-Si:H, mpunerawomuii K crajbHON NOAJTOXKKE,
obsiajaeT NMPOBOAHUMOCTbIO AT-THNA, YTO OOecleyHBaeT OMHUYECKHH
KoHTaKT. CoJIHeyHble 3/eMEeHThl He CHAOXKEHBl I[POCBETJSIONIUMH
MOKPHITHSIMH; eCJId Ke ydecTb 3d¢deKT npocsersenus, To ux KITI
coctaBuT 6,3 %. [Tpu KoadduuHeHTe nponyckaHus MeTaJJHdecKHX
KOHTaKTOB, paBHOM 50 %, u miomann sjiemeHtoB ~7-10-2 cm?
B ycaoBuaX AMI nosydeHel ciIefyioLiHe BBIXOAHBIE XapaKTepH-
ctuki: Joc>9,6 MA/em2, V,e>0,6 B u FF~0,51. Kak nokasanu
BBITIOJIHEHHBIE YHJICOHOM H Ap. [16] HcciengBaHusi AHOJOB ¢ Gapbe-
pom IIoTTKH, HOCHTe/H, reHepHpyeMble BHE 06JaCTH MPOCTPAHCT-
BeHHOro 3apsana, GakTHYecKH He NOCTHTaloT repexoja, 4to obyc-
JIOBJINBA€T HEOOXOJAMMOCTb CO3JaHHS TSHYLIEro 3JEKTPHUUECKOTO
nossi. TIpu BEICOKOf TeMmepaType ocaxAeHust mieHoK a-Si:H ugys-
CTBHTEJIbHOCTb 3JIEMEHTOB B JJIMHHOBOJIHOBOH 0GJacTH BO3pacraer,
OJHAKO IPH 3TOM YXYAIIAIOTCH UX JUOJHblE XapaKTePHUCTHUKH.
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Puc. 6.11. 3aBucumoctu mnJjo-
THOCTH TOKa KOPOTKOTO 3aMbl-
KaHus J g (1) H HaNpsKeHU st
xosocToro xoxa Ve (2) coa-
HEYHOTO 3JIeMeHTa ¢ 6apbepoM
IlorTkn Ha ocHoBe a-Si:H
u Pt or Temneparypel mox-
JoXKH Ty MpH  oOCaxkJeHHH
naeHku a-Si: H [37].

Fnasa 6

CoJsiHeuHBIE 3JIeMEHTHl 06J1afaIoT Bbi-
cOKOM 3(Q@MEeKTUBHOCTBIO JHWb B TOM
cJiyuae, ecju miaeHka a-Si: H’ ocaxa-
eTcsl Ha IOAJOXKKY, Harperyimo A0 Temie-
parypel Tp=200...400°C. B npexnbiay-
HIUX pasgenax npu oO6CYXKICHHH CBOHCTB
mireHok a-Si: H oTrMeuasoch, UTO HMEHHO
IPH 3THX 3HAUEHHUSIX TeMIlepaTyphbl NOA-
JIOKKH KOHIEHTpPauus AePeKTOB MHUHH-
ManbHa. 3aBUCUMOCTH IJIOTHOCTH TOKa
KODOTKOrO 3aMBIKAHHSI W HanpsxeHus
XO0JIOCTOI'0 XOJa COJIHEUHBIX 3JIeMEHTOB
¢ 6appepom IIIOTTKH, B KOTOPBIX HCIOJb-
3yeTcs MJIAaTHHOBLIH MeTaJUIMUeCKUH KOH-
TaKT, OT TeMIlepaTypbl MOLJOXKKH IpPH-
BeleHbl Ha puc. 6.11. Bospacrauue Js
npu noBbliieHu! Ty 06YCJIOBJIEHO YBEJIH-
YeHHEM ONTHYECKOH INMPHHBI 3alpelleH-
HO¥ 30HB Eopt, KOs uiuenra mnorgaoluie-
HUfl CBETA W BPEMEHH KH3HU HOCHTeJeH
3apsana. [losbiiuenue Ty cOMPOBOXKAaETCA
NOHUKEeHUEM Ve, UTO SIBJSIETCS CJEACT-
BHEM YyMEHbIIEHHsT BHICOTH Oapbepa ¢p

npu yBeauueHuu Eopt. TeMmepaTypHbie 3aBHCHMOCTH HaMpPSIKEHUsI
XOJIOCTOT'O0 XO0Ja COJIHEUHBIX 3JEeMEHTOB CO CTPYKTYPO# MeTana—
JIU3JIEKTPUK — IOJYNPOBOAHUK H p — i — R-CTPYKTypoH HocAT Oo-

Jiee CJIOXKHBIH Xapakrep.

Tabauya 6.4. Bansiane npumeceil Ha POTO3MEKTPHUECKHE XaPAKTEPUCTHKH COJTHEUHBIX
3/JeMeHTOB Ha OcHOBe HJeHOK a-Si: H, ocaxpaembix B TietomeM paspsiae [37]

BUYP — BbricoKOYacToTHHIN pa3pan, PIIT — paspsax HOCTOSHHOroO TOKa;
BB -- BHewHuii BHTOK, K — KOHJIeHcaTop;
KOHI[eHTPallus BOJOpoOJa BO BCeX IJIeHKax cocramJsier 10...30 %

O6beMHast pons % KoHueHTpauuss aToMOB
NpPHMECHOTO rasa B ] = NpHMeCH
B aTMochepe paspsana, HA paspAna = = B nJeHke a-Si:H,
% I - OTHOCHTeJIbHOe 3HavyeHHe
S 3 ¢
> ~ ¢
Bes npumecn (KOH- PIIT 700 | 6,0 | 0,54 | (Cy/Csi =~ 0,20)
TPONBHBII  oGpasel)
2,3 (H;0) PIIT 400 | 0,6 | 0,23 | Co/Csi =~ 0,037
2,3 (H,S) PIT 495 | 3.0 | 0.21 —
L,0 (GeH,) BUP (BB) | 370 | 3,0 | 0,27 | Cge/Csi =~ 0,025
10 (CH,) BUP (BB) | 662 | 40 | 0,53 | Cc/Csi = 0,07
30 (CH,) BUP (BB) | 230 | 0,02 | 0,18 | C¢/Csi ~ 0,21
10 (Ny) BUP (K) | 595 | 6.0 | 0,55 | Cn/Csi =~ 0,008
0,06 (PHj;) PIIT 130 | 1,5 | 0,42 | Cp/Csi =~ 0,0004
50 (SiH,Cly) + 50 (Hy) | PITT (K) | 321 | 0,05 | 0,25 | Cci/Csi ~ 0,07
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Jlaunble, npeacTaBaeHHble B TaGJ. 6.4 [37], M03BOJISIIOT OLEHHTH
CTeNeHb BJIMAHHUS DPa3JMUHBIX npuMeceil Ha (oTO3/MEKTpHUECKHE
XapaKTePUCTHKH COJHEUHBIX 3JIEMEHTOB Ha ocHoBe a-Si: H. B mien-
Kax a-Si:H, nonyyaeMbix B Ta€iOlleM paspsife, cOAepPIKUTCS GOJb-
1I0e KOJIMYeCTBO MpHMecell, OObIYHO IPHCYTCTBYIOIHX B Kamepe,
rje OCylIecTBjsieTcss ocaxaeHne. OQHAKO MHOrHEe BUILI NPHUMECE,
HeCMOTPsI Ha HX BBICOKYI0 KOHIEHTpAIHIO B IJIEHKAX, HE3HAYH-
TeJbHO yXyALIAIT (POTO3JEKTPHUECKHe XaPaKTEPHCTHKH NMPHOOPOB.
Tem He MeHee oTpHIAaTeNbHOe BJHSHHE HEKOTOPHIX W3 HHUX, HAIpPH-
mep HoO, H,S, GeHs n PHj;, okasbiBaeTcst oueHb CyLI€CTBEHHBIM.
Kpome Toro, mioxue xapakKTepHUCTHKH HMEIOT 3JIeMeHTH Ha OCHOBE
MJeHOoK, ocaxKgaeMbix u3 cMecu SiHoCly u Ho.

B uccnenosarenbckux jgaboparopusx gupMer RCA u3rotoBseHbH
KpyIIHbIE COJIHeUHble ajeMeHTH (maomanbio ~ 100 cm?), KIIJL xo-
Topbix mpeBwiiaer 3 Y% (25]. KIII snementoB miaomaabio 100...

. 144 cm?, co3maBaeMbIX ANOHCKHMH pupmamu Sanyo u Fuji, co-
craBysieT 5...6 %. B Taba. 6.5 npuBeleHb XapaxkTEpHUCTHKH COJI-
HEYHBIX 3JIeMeHTOB Ha ocHoBe a-Si:H u a-Si:F:H, usrorosuase-
MBIX Pa3JIMYHBIMH MeTOJaMH.

6.5.3 MexaHusmbl notepb

B nmaHHOM pasjiene OCHOBHOE BHMMaHHe yHAeJIsieTCs XapaKTepHu-
CTHKAM COJIHEUHBIX 3JIEMEHTOB C p — [ — N-CTPYKTYpOH, OJHAKO pe-
3yJbTaTh NPOBEJEHHOr0 aHalu3a B OOJBIIHHCTBE CJAY4YaeB Crpa-
BeUIMBBl M [/ ADPYTHX THIIOB 3JIeMEHTOB Ha ocHoBe a-Si: H.

B mepBblX HCCI€IOBAHHSX COJIHEUHBIX 3J1€MEHTOB C GapbepoM
Iortku {30, 31] GBLIO yCTAHOBJEHO, 4TO HHU3KAs 3PHEKTHBHOCTD
npuGopoB cBsi3aHa rJaBHBIM 06pa3oM ¢ Manol Aub(y3HOHHON HJH-
HO/i HEOCHOBHBIX HOCHTeJEeH 3apfilla, KOTOpasi B HeJeruHpoBaHHOM
a-Si: H cocrasasier 0,03...0,2 mxm [39, 115]. CorsiacHO OLEHOYHBIM
pacueraMm, BpeMs KH3HH [ABIPOK B TaKOM MaTepuase paBHO
~0,34 MKc, a BpeMs KH3HH 3JeKTpoHOB ~ 1,2 Mkc {39]. [laHHbIe,
HegaBHo mosyueHHele CumioM u gp. (cM. pabory Kapucona [39]),
CBHIETEJbCTBYIOT O TOM, YTO INIOTHOCTSIM ToKa ~ 10 MA/cM2 cooT-
BeTCTBYIOT 3HAuYe€HUS BPEMEHH XKH3HM ABIPOK B mnpepeaax 10...

.20 MKc, ofHakKo ApyruMu aBropamu [39] mpuBonATcs 6oJiee BHI-
COKMe 3HaueHHusl 3Toro napamerpa (~1 mc).

OrpunarejsbHoe BJHSIHHE Ha BpEeMsi XKH3HH HOCHTENEH MOryT
OKa3blBaTh Ae(eKTbl HeCKOJbKHX THUIMOB. H¥cTOuHHKaMu LEHTPOB pe-
komOuHanuu B a-Si:H cayxKar HeHachllleHHble cBsi3n (oOpasyrio-
muecss B pesysbraTe 3k3oauddysun Bogopona) [116], nomumepHble
nenouky wiau rpynnsl {80] u HekoTopble MpUMecH, Takue, Kak KHC-
Jopoj, a3oT u ¢ocdop {39]. B cosmHeuHHX 31eMeHTax ¢ p—i— n-
crpykrypo#l, umetomux KIII 5...6 %, KoHIeHTpamus aTOMOB
KHCJIOPOZla, KaK IpaBujo, cocraBiaser 1020 cm—3, yriepoga —
5-10"9 cm~3%, azora—7-10"® cm~3 (npu comepaHHH BOZOPOAA
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10...14 %). XapaKTepHCTHKH COJHEUHBIX 3JEMEHTOB Ha OCHOBe
a-Si: H rakxe yxyAuamoTcs MO BJAUSHHEM H3JyuaTeIbHOH PEKOM-
OGuHauuu Hocurtesedt zapsapa {117, 118]. B matepnasax ¢ HHU3KOH
MOABYMKHOCTbIO HOCHTeJlefl HHTEHCHBHOCTb 3TOro IMpolecca BO3pa-
CTaeT BCJEACTBHE 3HAYHTEJNBHOrO B3aMMHOrO NPUTSXKEHHS (oTore-
HEPHPOBAHHBIX 3JEKTPOHOB M JABIPOK IOJ AeHCTBUEM KYJOHOBCKHX
cust. PacueTsl 1moKas3blBalT, 4TO B pe3yJbTaTe H3JyuyaTeJbHOH pe-
KOMOUHAIIMY HOCHTeJell 3apsfa, reHepHUpyeMBIX CBeTOM C JJIHHOH
BOJHB A=~0,633 MKM, HUX moTepH B KBa3HHeATpaJbHOH 006/JacTH
cocTaBJsiioT 56 %. IIpu HaMMuuK 3JeKTPUUECKOrO IOJsI HampsiKeH-
HocTbio ~ 10* B/cM BesnunHa mOTepb 3TOr0 BHAA CHHXKaeTcs INpH-
MepHo 10 30 %. [ToTepu HocuTeseil 3apsifia, BbI3bIBaeMble H3Jyua-
TeJbHOH peKOMOHHauMeH, yMeHbIIAIOTCS TaKKe M NPH yBeJHYeHHH
3Hepruu HOTOHOB, MOCKOJbKY (DOTOreHepUPOBAHHBIM HOCHTENSAM, 00-
JajamomuM 6ojiee BBICOKOH HauyasJbHOH KHHETHUYECKOH 3Hepruew,
Jlerue INpeofoJieTb KYyJOHOBCKOe INpursixkeHue. Kak mnoxaselBaioT
3KCIHepHMeHTa bHble HCCIeJ0BaHHs, HHTEHCHBHOCTb H3JydaTeNbHON
pekomOuHauuu B a-Si:H 3aBHCHT OT KOHUeHTpaUHH Ae(PeKTOB,
MI03TOMY B BBICOKOKAUEeCTBEHHBIX IIJIEHKaX ee BJHfAHHe MOXKeT OKa-
2aTbCsi He3HauuTeabHBIM. [losmararoT, uTO HOTEpPH TOKa KOPOTKOro
3aMblKaHu$l, CBSi3aHHble ¢ H3JydaTelbHOH peKoMOuWHALHEH HOCH-
Tejieff, He npesbimanoT 15 %.

HezaBucumo ot xapaxkrepa peKOMOMHALMOHHBIX MPOLECCOB, NPO-
TeKalmux B IieHKax a-Si: H, 30 @eKTHBHOCTL COJIHEUHBIX 3J1€MEH-
TOB ONpeJeJisieTCs] B OCHOBHOM IlapaMeTPaMHu 3JeKTPHYECKOTrO NOJIsS
B 00/1aCTH mpocTpaHcTBeHHOro 3apsfa {31]. B BrcOKO3(hdeKTHBHBIX
3JleMeHTax Ha ocHoBe a-Si:H co cTpyKTypo# MeTasa — AH3JIEKT-
PHUK — MOJIYIIPOBOAHUK M p— i — N-CTPYKTYPOH IOUYTH Bech HeJe-
THPOBAHHBIA CJIOH O0eqHEH HOCHTeNAMH 3apsja. AHalH3 MOJeNH
COJIHEYHOTO 3J1eMeHTa ¢ p — [ — N-CTPYKTypoi [39] noxasniBaeT, 4To
1 y3suoHHOH I1HHe ABIPOK ~0,2 MKM, KOTOpasi NmojA AeHcTBHEM
mojisi  (Ipu HyJIEBOM HANPSIKEHHH CMelleHHs) Bo3pacraeT Ao
3,5 MKM, coOoTBeTCTBYeT KO3((HUIHEHT 3anoJHeHHus BOJbT-aMOePHOR
xapakTepucTuku ~0,6.

OcHOBBIBasiCh Ha pe3y/bTaTaX MOJe/JHPOBAHHs YMC/JIEHHBIMH Me-
TOAAMH 3JIeMEHTOB ¢ p — [ — n-cTpykrypo#, Csapri [119] npuxo-
JHUT K BBIBOAY O TOM, 4TO HX XapaKTePHCTHKH B 3HAuMTeJbHOH CTe-
[IEHH 3aBHCST OT KauecTBa CJOEB, COAepKalllUX JIErHPYIOIIHe MHpH-
Mecu. JlerupoeaHue mJeHoK a-Si:H mnpuBOAMT K yBeJHUEHHIO
KOHIIEHTpalUHH nedeKTOB — 3T0 OblJIO YCTAHOBJIEHO MHOTMMH HCCJIe-
poeartensimu [5, 35, 39, 120, 121]. IIpu onTuMa/ bHBIX KOHIIEHTPALHAX
npuMecefl B COJHEUHBIX 3J€MeHTaX C p — i— N-CTPYKTYypoH (B 3TOM
ciiyuae mpu ocaxaeHuu p-ciosi B SiHy pobasasior 0,01 o6beMHyio
noaio ByHe, a npu Hanecenun n-cnosd — 0,01...0,02 06beMHBIX 101K
PH; [30, 31]) BpeMmsi KU3HM HEOCHOBHBIX HOCHTeJeH 3apsjaa B Je-
rMpPOBaHHBIX IJIEHKaX HMMeeT OueHb HH3KHe 3HauyeHus, MO3TOMY
JaHHBIE [JIEHKH, XOTsl ¥ NOIJIOILAIT H3Jy4YeHHe, HO He y4acCTBYIOT
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Puc. 6.12. a) CnexTpajbpHble 3aBHCHMOCTH Ko3dbHLHeHTa coOMpaHuss @ HOCHTe-
Jell 3apsiia B COJMHeYHBIX 3JeMeHTax Ha ocHose a-Si : H ¢ p—i—n-cTpykTypoit
IpPH TOJLIMHE BeDXHEro JerHpoOBaHHOTO CJOsi p-THna, paBHoi 10 M (I) u 36 HM
(2) [122]; 6) 3aBHCHMMOCTH MJOTHOCTH TOK2 KODOTKOT'O 3aMblKaHHUsi Jge (2) M Ha-
IpPsIKEHHsT XOJOCTOro xoxa Voe (I) comHeuHoro ajeMeHnra Ha ocHose a-Si: H

¢ p—i—n-CTPYKTYpO#l OT TOJWHHH d n-ciaosi [39]; sseMmeHT OcBemeH co CTO-
POHBI n-cJ0s.

B co6upaHuu Hocuresed [110]. BuusiHHe TOJMIMHBI BepXHEro Jeru-
POBAHHOrO CJIOS p-THNA NPOBOAMMOCTH Ha KOS(MOHIHMEHT cOOHpaHus
HocuTeJieHl miocTpupyetT puc. 6.12, a [122]. OryersuBo BuAHO, 4TO
YYBCTBHUTEJIbHOCTb 3JIEMEHTOB B KOPOTKOBOJIHOBOH 06/1aCTH ClleKTpa
CYIIECTBEHHO H3MEHSIeTCs NPH BapHAUHUSX TOJNUIHHBI 3TOrO CJOS.
ITockobky B a-Si:H KosdduuueHT morjonieHusi cBera ¢ AJHHON
BOoJMHB A=0,4 MKM paBeH ~8-10~% cm~!, Bricokasi 3)HeKTHBHOCTD
coOupaHusi HOCHTeJeH B KOPOTKOBOJIHOBOH 0GJACTH MOXKeT ObITb
JNOCTHTHYTA HpPM TOJLIMHE BepxHero cJoss Menee 10 um. Ha puc.
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6.12, 6 moka3aHbl KPHBble 3aBHCHMOCTEH MJIOTHOCTH TOKa KOPOTKOTIO:
3aMBIKaHHSl ¥ HaNpsAXKEHHs XOJOCTOr0 X0Ja COJHEYHOrO 3JEeMEHTa
C p—i— N-CTPYKTYPOH OT TOJILIHHEI 1-CJIOsl, Yepe3 KOTOPbIH CBEeT
nocrynaer B 3jeMeHT {39]. IIpu yBejuueHUu TOJIIMHB N-CJI0S Jse
NIOHMIKAeTCHA BCJEACTBHE YMeHblleHusi KoadduuueHta cobupaHus
HOcHTesIefl B KOPOTKOBOJIHOBOH o6JacTH, Bo3pacTaHue ke Jsc NpPH
MaJIbiX 3HaYeHHWsX €ro TOJNLIUHB BBHI3BAHO IOBLILIEHHEM HaMpPsiKeH-
HOCTH BCTPOEHHOTO IIOJISl, O YeM CBUJAETEJIbCTBYET Pe3KOe YBeJH-
geHue Ve

HecMorpst Ha TO uTO onTHueckas IUMPHHA 3aNpeIleHHOH 30HBL
HesernpoBanHoro a-Si:H pasna 1,65...1,70 3B, sHauenus pucd-
(Py3HOHHOro noTeHuuasa Vp B COJHEUHLIX 3JeMeHTax ¢ p—i— -
CTPYKTYpOH cocraBasiorT suumb ~1,1 B [111, 123]. Coranacuo pe-
3yJbTaTaM H3MepeHH# 3JeKTPHUYeCKHX XapPaKTEPUCTHK, B JETHPO-
BaHHBIX ¢ochopom miaeHkax a-Si:H ypoBeHp ®epmu pacnosoxeH
Ha 0,2 3B Huxe 30HB nposogumoctu {124], Torna kak B obpasuax,
nerupoBaHHbix G6opom,— Ha 0,5 3B Bhilmie BaJjeHTHOH 30HBI [121].
ITo mepe npubnuxenus: ypoBHell PepMu K KpasiM COOTBETCTBYIOIIHX
30H BesanunHa Vp Bo3pacraer. B cBfi3u ¢ 3TUM BaxKHOe 3HaAueHUE
UMeeT coOOlleHHe O CO3JLaHHH BLICOKOIPOBOASILINX IJIEHOK a-Si:
:F:H (c ynenbHoit npoBoaumocTbio He MeHee 5 OM~!.cM~1), y KO-
TOpbIX ypoBeHb ®epMu OTCTOHT OT 30HHI mpoBoguMocTH Ha 0,05 3B
[6]. HekotopbiMu ucciefoBaTeNssMH [25] mOJydeHbl BLICOKOIPOBOAS-
mwue mieHku a-Si: H nt- u pt-tuna, koTopbie Tak Xe, KaK U NJIEHKH
a-Si:F:H, umelor MHKPOKpPHCTAJJIHYECKYIO CTPYKTYpy (pasmep
3epeH paBeH ~ 10 HM).

[ToBhllieHHe yAEJbHOH MPOBOAMMOCTH JIETHPOBAHHBIX IIJIEHOK
(npu HU3KOH KOHLEHTpPaUuM AedeKTOB) MMO3BOJUIO0 Obl YMEHBIIUTH
KOHTAKTHOE COIPOTHBJ/IEHHE B 3JIEMEHTaX C p — [ — N-CTPYKTYpOH,
KOTOpOe OGBIYHO cocTaBJsieT ~2...5 OM:cMm?, u Gaarogapsi sToMy
VBEJUYUTL KO3 (HUIHEHT 3al0JIHEHHUsT BOJIbT-aMIIEPHOH XapaKTepH-
CTHKH.

[TockosnbKy B OueHb TOHKOM (TOJMIMHHOH ~ 10 HM) BepxHeM Jie-
CUPOBAHHOM CJIO€ 3JIeMEHTOB CBOOOAHbIe HOCHUTENHM 3apsjia Hpak-
THYECKH OTCYTCTBYIOT, HaJMYHe MOBEPXHOCTHHIX COCTOSIHMH Ha rpa-
Hune pasgena miaeHku ITO u snerupoBaHHOro ciaost a-Si:H moxer
IPUBECTH K YMeHblIeHHI0 nuddy3nonHoro norenuuasa. Kpome roro,
ecJ¥ Ha rpaHuue pasfesna o6pasyercsi BBICOKOOMHBIH CJIOH OKCHAA,
TO MPOUCXOJsillee MPH 3TOM YyBeJHUYeHHE IIOCJAeLOBATENBHOrO CO-
IIPOTHBJIEHHs 3JIeMEHTa CONPOBOXKAAaeTCss CHHXKeHHeM Ko3Ghduuu-
eHTa 3aloJIHEHUs] BOJNbT-aMNePHOH XapaKTepHCTHKH.

6.5.4 CrabunbHOCTL 3NE€MEHTOB

IMosaraiT, 4TOo cosiHeuHble 3J€MeHTH Ha ocHoBe a-Si:H ob6.aa-
Jal0T OTHOCHTE/TbHO BBICOKOH cTabunbHOCTbIO. [lerpajanuio xapak-
TEPHUCTHK, KOTOpas Habsiofasnach y HEKOTOPHX 3J€MeHTOB ¢ Oapbe-
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pom IIIOTTKM M CTPYKTYypOH MeTaJlJ1 — JUIJIEKTPUK — IOJYNPOBOJ-
HUK IPH BO3AEHCTBHMH BJIATH, MOXKHO MPENOTBPATHTb C NOMOIIBIO
COOTBETCTBYIOIIMX repMeTusupytomux nokpbituii [108]. Coobuiamnocs,
OJHAKO, YTO IIOJ BJHSIHHEM TepMOoOpabOTKH B TeueHne | 4 npu
remnepatrype 350°C wuiu NPOLOTKHUTETHHOIO BO3AEHCTBUS COJHEY-
HOTO u3JyueHHs cBoHcTBa mieHOK a-Si:H B oTmenbHBIX ciyuasx
uamensitores 39, 99, 108] u xapakTepUCTHKH 3/eMeHTOB Aerpaju-
pytor. Kak nokasanu pesysnbTaThl HeJaBHO NPOBENEHHbIX HCCJENO-
BaHu#, yXyJlleHHe XapaKTePUCTHK BLICOKO3(h@EKTHBHLIX COJIHeY-
HbIX 37eMeHTOB (¢ KIIL 7...8 %) oueHb cylecTBEHHO.

6.6 Hosble pa3paboTtku

Co3gaHue HOBBIX MaTepuasoB, OTKPHITHE paHee HEHU3BECTHHIX
dbusnueckux siBJeHuUH, INOsBJIEHHE HOBBIX HIEH — OTJIMUYHTENbHbBIE
0COOEHHOCTH COBPEMEHHOro 3Tana HCCIeJOBaHHA aMOPQHEIX MOJY-
NPOBOAHHMKOB. B pmaHHOM pasgene 6GyneT mepeduciaeH psili HOBBIX
pa3paboTOK, MO3BOJUBLINX MOJYUYHTb BIEYATSIOUIHE DPe3YJbTaThl,
KOTOpHI€, MIPABAA, SIBJSIOTCS IIPEABAPUTEIbHBIMH H TPEOYIOT AOMOJ-
HHTEJbHOrO NMOATBEPXKAEHUS.

6.6.1 HoBule maTtepuansl

B Hacrosimee BpeMsi HccefyeTcsi BO3MOXKHOCTb HPHMEHEHHS
B (DOTOZ/EKTPHUECKUX NPeoOpa3oBaTeNsix HEKOTOPBIX HOBBIX aMopd-
HBIX NOJYMPOBOAHHKOB. K 3THM MaTepua/jiaM OTHOCSITCSi: THApPOTre-
HU3UpOBaHHbIH amopdubeli 60op (a-B:H) [68], xambkorenumHble
CTEKJia C TEeTPa3ApPHUYECKUM paCIONOKEHHEeM aTOMOB Ha OCHOBE
sneMmentoB 11— IV —YV rpynn nepuozuueckod cucrembl {40] u
aMop(hHble OpraHHYecKHe MOJyNpOBOAHUKH [125].

Inst cosganus nieHok a-B:H npuMensercs meron ocaxieHus
B TJelOlleM pa3psiie, KOTOPHIN I103BOJISIET PEryJupoOBaThb ONTHYE-
CKYI0 LIMPHHY 3anpelleHHOH 30HBI IOJYIPOBOJHHKA M IOJNydYaTh ee
3HaueHus, GJU3KHEe K OINTHMAaJbHOMY Teopernueckomy. Ilpu seru-
poBaHun a-B:H kpemHHeM WM yriepoioM o6pasyloTcsl IJIEHKH
n-tuna nposoguMoctu. Ecau B a-B:H BBoautcsa ¢rop (mpu stom
obGpasyercsi coefuHeHue, aHajoruuHoe a-Si:F:H), to ontuueckue
U 3JeKTpHYecKHe CBOHCTBA IJIEHOK CYILIeCTBEHHO M3MEeHSIOTCH.
B sjemeHtax c rerepomnepexogom a-B —a-Si:H maoTtHocTh TOKa
KOPOTKOrO 3aMblKaHus cocraBjser ~ 13 MA/cm?!

®orosddekT HabaOfaeTCs U B IJIEHKaX aMOP(HBIX OpraHuye-
CKHX MOJIYMPOBOAHUKOB. Y H3rOTOBJISIEMBIX Ha HX OCHOBE COJIHEU-
HBEIX 3JeMeHTOB HexaBHO mocturHyt KILIL oxoso 1 9 [125].

6.6.2 HoBble TexHonormMueckue metopbl

AKTHBHO H3yuaeTcss HECKOJbKO HOBBIX METOJOB OCAXKIEHUs Iljie-
Hok a-Si:H Gosbiio#i nuomanu. Mccaenyercs BO3MOXKHOCTb HOJY-
ueHHs MJeHOK a-Si:H ¢ noMompio 371€KTPONHTHUECKOrO MeTOAA
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{40]; ux JjerupoBaHHe OCYILECTBJISIETCS MOCPEACTBOM COBMECTHOrO
ocaXKJleHusi OCHOBHOro BellecTBa M moHOpHOH (Li) wmam akuentop-
Heix (Ga w B) mpumeceii. M3MmepeHusi KOHUEHTpauud BOJOpOAA
MOKa3bpIBAIOT, YTO NPH TeMmuepaTtype ocaxpeHusi 35°C B mJIeHKax
copepxurcsi 30 % H, a npu temneparype 70°C — menee 19, H.
Orxur nieHok npu treMmneparype 350...460 °C cioco6CTBYET 3J1€KT-
pOAKTUBALHH JIETHPYIOUIUX NpUMeced.

Hekoroprle aBropbl {40] co3pgaBajiu nJieHKH aMOpP(GHOr0O KpeM-
HHsI METOJOM MAaTHETPOHHOrO HOHHOTO pacrblieHuss (IpU HCHOJb-
30BaHMH PEaKIHMOHHOCIOCOOHBIX Ia30B HJIH JIETHPOBAHHBIX KATOMOB)
¥ Ha HX OCHOBE HM3TOTOBJISJIH COJHEYHbIe 3JIEMEHThl C BOCIPOH3BO-
JUMBLIMH H DeryJHpyeMBIMH XapakKTepHcTHKaMu. [ljsi HaHeceHHsi
IJIEHOK NMPHMEHSJINCh CHCTeMbl KaK C MJIOCKHM, TakK W C UWJIHHIPH-
yecKUM KaTojaMu. I'maporeHusaunusi u JerupoBaHue aMop(HOro
KPEMHHSl OCYILECTBJISAJIUCh C MOMOIbI0O HOHHOH WMIJIAHTAIIHH.
B MarserpoHHbIX CHCTeMax JerupoBaHHHIE IUJIEHKH aMophHOro
KPEMHHsl - H p-THUIOB IIPOBOJHUMOCTH TaKKe OBIH MOJYYEHBI [10-
CPeJCTBOM HOHHOTO PacIblIE€HHS NMPH MOCTOSHHOM TOKE (B YHCTOM
aprose) JIETHPOBAHHBIX MOHOKDHCTAJIJIMYECKHX KPEMHHEBBHIX MH-
mieHeH. ‘

M3yuaercss BO3MOXKHOCTb CO3JaHHSI COJIHEUHBIX 3JEMEHTOB Ha
OCHOBE IJIEHOK aMOpP(MHOro KpEeMHHS, OCaxKIaeMblX U3 NapoBOH
(dasp ¥ HMIJIAHTHPYEMbIX HOHaMu Bopopoza [40]. st nosayueHus
TOHKUX IJIeHOK a-Si:H Hexoropble ucciemoBatenu [68] npuMeHsIOT
METOJ, HOHHOro ocaxjeHus. JlernpoBaHue 5THX IJIEHOK raJliueM
(B mpomecce COBMECTHOrO OCaXKAE€HHSI) MO3BOJISET 3HAYMTEJbHO
H3MEHATb HX YAeJbHOE 3JIEKTPHUYECKOE COIPOTHBIIEHHE.

6.6.3 HoBble koHcTpykumuu npeobpasosareneit

Inst nosbieHus >(QQeKTHBHOCTH 1peoGpa3oBaHHs 3HEPTHH
NpeJNJIOXKEHO CO3[aBaTb KaCKaJHble CHCTEMBl, COCTOSIHE H3 IO-
CJIeIOBATENbHO PACIOJIOKEHHBX 3/J1€MEHTOB C p — i — N-CTPYKTYpOH
[122, 126]. Makcumanabheiii KITJI MoxkeT ObITb JOCTHTHYT NPH CO-
OTBETCTBYIOILEM COYETAHHMH 3HAYEHHH LIMPHHBLI 3alpelleHHON 30HH
€[IHHUYHbIX 3JE€MEeHTOB. BepXHuHl cOJHeYHBIH 3/€MeHT H3rOTOBJS-
eTcsi U3 HauboJsiee IIMPOKO3OHHOTO Marepualja, Y OCTAJbHBIX 3JIe-
MEHTOB MIMPHHA 3allpelieHHO# 30HBI IMOCJIeN0BATENHHO yMeHbIla-
ercsl. Coob11a/10Ch 0 MOJIY4eHHH HMHPOKO30HHbIX criaBoB a-Si: C: H
[20, 127] u a-Si:O:H [128]. Onucu u np. [131] paspaboranu BHI-
COKOBOJIbTHbIE HHTerpaJ/ibHble KacKanHble npeobpasoBatenun ¢ KITIL
8,7 %, cocrosiliye H3 IOCJHELOBATEJbHO COEJMHEHHBIX COJIHEeYHbIX
3JieMeHTOB Ha OcHOBe Si3N,, a-SiC:H u a-Si:Sn. CoraacHo He-
omny6yuKkoBaHHBIM AaHHbBIM ¢upMbl ECD (r. Tpo#i, mit. Muuuras),
y 3J€eMeHTOB Ha ocHOBe MyeHoK a-Si:F:H, ocaxpaeMblx B Tie€l0-
wem paspsge, nogayded KIII 9,2 %. Ilpencrapurenu ¢upmer RCA
HelaBHO OODBSIBU/IM O CO3JaHUH TOHKOIJIEHOUHBIX COJIHEUHBIX 3Je-
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MeHTOB Ha ocHoBe a-Si:H ¢ KIII 10 %. XapakTepucTHKH 3JeMeH-
TOB Ha OCHOBe y3KO3OHHBIX cmiaBoB a-Si:Ge: H yxyauaoTrcs mpH
yBeJIMUeHHH KOHIeHTpauuu repmanus [122].

K npeo6GpasoBaresssiM HOBOT'O THMA OTHOCSTCS BBICOKOBOJIbTHBIE
KackKaJHple cucTeMbl [25], cocTosilue H3 MOCJeA0BATENbHO COEIH-
HeHHbIX 3/eMeHTOB Ha ocHoBe a-Si:H. HepmocratkoM Ttakux cu-
cTeM siBJIsieTcsl HEOOJIbIION TOK KOPOTKOTO 3aMBIKaHHs.

6.7 HanpaBneHus ganbHEWLWWUX MCCNEAOBaHUH

3HaunTe/IbHBIE yCleXu B 06JacTH cO3[JaHusl COJNHEUHBIX »JeMeH-
TOB Ha OCHOBE aMOp(HOro KpeMHHsi JAOT OCHOBAHHUsSI [JIsi ONTH-
MUCTHYHOH OLEHKH MepCIeKTHB HX HCNOJb3oBaHus. OfHAKO AJs A0-
CTHXKEeHHUs] BBICOKMX TeXHHKO->KOHOMHUECKHX [0KasaTesleld mnpous-
BOJACTBA aMODP(MHBIX COJHEYHBIX 3JIEMEHTOB HeOOXOAMMBI IIHPOKHE
3KCIepHMEHTaJIbHble H TeOpeTHYeCKHEe MCcC/efoBaHuss U pa3paboTKH
B CMeXHbIX oTpacisxX. [IpoBeneHHbfi B mpexblAyuIuXx pasjenax
aHa/Jlu3 XapaKTEePUCTHK 3JIeMEHTOB IO3BOJISIET BBIIBUTbL NPOOGJIEME,
KOTOpbIe TPeOYIOT AAaJbHEHIINX HCCIeqOBaHUN.

[Tpennonaraercs ycoBepIIEHCTBOBATb METOJ OcaKJAeHHst aMop -
HBIX MaTepuaJ/oB B TJelOWleM paspsife ¢ yd4yeTOM OcoOeHHOCTEH
NpPOLEeCCOB, NMPOUCXOAAMINX B IJa3Me, W IOBEpXHOCTHBIX XHMHYe-
cKuX peakuuil. Heo6xogumo uaeHTuhuUUupOBATL HaubOee BaXKHbIe
napaMeTrpsl ra3oBoi (asbl M Ipolecca KOHAeHcauuu U paspaboraTb
crnocoObl yIpaB/JeHHss HUMH [Js1 NOJy4YeHHsl IJIEHOK BBICOKOrO Ka-
yecTBa. DoJsiee ray60Ko cjeLyeT H3yuUTb BJHSIHUE Ha CBOHCTBA
aMOpP(MHBIX MaTepHaJOB HeXKejaTe/bHbIX NPUMecell U BellecTB, IpH-
MeHsieMbIX MAJsi KOMIEeHCALUH HeHACHIIIEHHbIX CBsI3€H M Jerupoba-
Hus. Co3aHHe BLICOKOKAUeCTBEHHBIX JIETHPOBAHHBIX [JIEHOK CI1J1aBa
a-Si:H c¢ dropom Tpebyer u3aMeHeHHsl cocTaBa arTMmocdepsl pas-
psila M YCJOBHH OCaXKJeHHs, a TaKxke HCMOJb30BaHWsS IPYTUX Je-
TUPYIOLIHX HpUMeceH.

CymecTBylouiue sJ/eMeHTH ¢ rereponepexogamu ITO —a-Si:H
u SnO;— a-Si: H ob6nagawT OTHOCHTENbHO HU3KUM HAINPSKEHHEM
xoJioctoro xoza [30, 129]. dddeKTUBHOCTL 3/1€MEHTOB C reTeporne-
pexoaaMu Ha ocHoBe a-Si:H MOMKHO MOBBICHTb, NMPHUMEHSIsi HOBHIE
IUHPOKO30HHBEIE BBLICOKONPOBOASIIINE MaTepuasbl TaKue, KaK MOJH-
Kpucraaaundeckue niaeHkd SiC unu GaN.

Ins ynydileHus XapakTepHCTHK KAaCKaJHBIX CHCTEM, COCTOSILIMX
U3 [OCJefOBaTEJbHO pPACHO/IOKEHHBIX COJIHEUHBIX 3JIeMeHTOB, H
HHTerpasbHbIX KacKaJHBIX Npeofpa3oBaresiedl HeoOXOLMMBI OITH-
MHU3alyus X napaMeTpoB H, CJIeJ0BAaTeJbHO, pa3paboTKa H HCIOJb-
30BaHHe CIIJIABOB € PAa3JIHUHOH IUMPUHOH 3ampeueHHOH 30HHI.

[TockoabKy B HacTosillee BpPeMsi HMEETCsl MaJjo AAHHBIX O CTa-
OMJIBHOCTH COJIHEUHBIX 3JIEMEHTOB Ha ocHoBe a-Si:H, mpemmnoaara-
€TCsl MPOBECTH MHOTOUHMCJEHHbIE HCIBITAHUS HEOOJIbIIUX MOMLYJel
aMOpPMHBIX 3JeMeHTOB B peaJbHBIX YCJIOBHsX 3KCHJyaTalHH.
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PesysnbraThl yCKOPEHHBIX HCIBITAHHH MO3BOJISAT NPOTHO3UPOBATh
XapaKTepUCTUKH 3JeMeHTOB Ha mepuox 15...20 xer. Ilpu Heo6xo-
NHMOCTH TMOBLIIIEHHSI TEPMOCTOMKOCTH 9JIEMEHTOB Ha OCHOBE
a-Si:H motpebyercss mMoauduKauus cBOHCTB aMOpP(HOro MartepH-
ana. BaxHoe 3HaueHHe HMeIOT pesyabTaThl TaHaku u gp. {130},
YCTAaHOBHBIUKX, 4TO BhHJeJeHHe BOJOpoja Hu3 mJeHok a-Si:H
MOXKHO NpefOoTBPATHTb MyTeM BBEeJEeHHUs B HUX aTOMOB aproHa.
[Tonaraior, yTo JajbHelillke HCCIeLOBAaHHs MO3BOJAT PEIIHTDb
psiL BONPOCOB, CBSI3aHHBIX C: ONpeJeseHHeM 3aBHCHMOCTH MJIOTHO-
CTH TOKa 3JI€MEHTOB OT ONTHYECKOH MIMPHUHB 3alpelleHHOH 30HBI
aMOp(HBIX NMOJYIPOBOAHUKOB; yBeJuueHHeM KoadduiueHta 3amnoJ-
HeHHUsl BOJIbT-aMIEePHBIX XapaKTepPHCTHUK; ONTHMH3ALKeli TapaMeTpoB
JIETHPOBAHHBIX CJIOEB; OmpejeseHHeM YpOBHell KOHIeHTpauuii He-
JKeJlaTeNbHBIX TpPHMeceH, MPH KOTOPBIX HX OTPHLATENbHOe BJIHSA-
HHe CKa3biBaeTcsi Ha XapaKTepUCTHKAX 3JIEMEHTOB, YJY4IIEHHEM
KauecTBa OMHYECKHX KOHTAKTOB M HAeHTH(HKauueH AedeKTOB Ha
MOBEPXHOCTH U B oObeMe IJIeHOK aMmopHoro kpemHusi. Heo6xo-
NUMO H3Y4YHTb BJHUsIHHe OCOOeHHOCTeH CTPYKTypbl MaTepuaja Ha
mpoluecc nepeHoca HocuTesNeH 3apsifia, YCTAHOBHTb 3aBHUCHMOCTb
KauecTBa [JIEHOK OT THIA peakiuil, MPOTEKAIOUWIHX Ha MOBEPXHOCTH
pasiesa miaasMbl € MOAJOXKKOH, a TakxKe HCCIEJOBaTb BO3MOXK-
HOCTb 3aMeHbl BOAOPOJa (NPHMEHSIeMOro B KauecTBe KOMIEHCHDPY-
[oLIeH -pUMecH) IPYTHMH 3JeMEHTapHEIMHU BelleCTBaMHU HJIH COeLHU-
HeHusimu. ['1y6oKoe MOHHMaHHEe MPOUECCOB, MPOUCXOAALIUX B COJI-
HEeYHHIX 3JIeMeHTaX Ha OCHOBe aMOP(hHOro KpeMHHf, H HX B3aHUMO-
CBSI3M CO CBOMCTBAMH MarepHaja Heo0XOguMo AJIsl CO3JaHHs BHI-
cok03(p(PEeKTHBHBIX 3JE€MEHTOB 0OJBIIOH MJIOIIALH.
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7.1 BeepeHue

[ToMuMO MOMHKPHUCTANIMYECKOTO M aMOpP(HOro  KpEeMHHS,
a Takxke cyJb(HI0B MeIH U KaIMHUsl, yKe NPUMEHseMBIX IJs H3-
TOTOBJIEHHSI TOHKOIIJIEHOYHBIX COJIHEUHBIX 3JIEMEHTOB, CYLIECTBYET
HECKOJIbKO JPYruX [MOJYNpPOBOJHUKOBEIX MaTEpHaloB, TaKHX Kak
GaAs, CdTe, InP, ZnsP,, CdSe, CusSe, CulnSe;, ZnlnsSes u
Cug0, Ha OCHOBE KOTOPBIX MOTYT ObITb CO3JaHBl BHICOKO3(deKTHB-
Hble TOHKOIJIEHOUHble (POTO3JIeKTpHUecKHe mpeoGpasoBartenu. Apce-
HUJ TaJllus U TeJJIYPUL KaJMHs TPUBJEKJH BHUMAaHHE HCCIIEHOBa-
Teseii eule B 60-e roanl, OJHAKO H3-3a OTCYTCTBHSl YBepPEHHOCTH
B BO3MOXKHOCTH TOJIYYeHHs] 3THX MaTepHaJOB B HeOOXOAMMOM KO-
JHYecTBe MX H3yueHHeM 3aHUMaJHCh JIHIIb B HECKOJbKHX Jabopa-
tTopusix. B nociennee Bpemsi HabJr0faeTCsi BO30OHOBJIEHHE HHTEpECa
K COJTHEeuUHbIM 3JemeHTaM Ha ocHOBe GaAs u CdTe. HMccnenoBanus
JPYTHX TOHKOIMJIEHOYHBIX MaTepHaJioB HadaThl OTHOCHTEJIbHO He-
J1aBHO, U, Kak, HampuMep, B cayuae InP u CulnSep, yxe mocie
CO3/MaHUsl MOHOKDUCTAJITHYECKHX COJHEUHBIX 3JeMEHTOB C TeTepo-
nepexonoM (B couetaHuu ¢ cyiabpunom kKaamusi CdS, obpasyoomum
onTHyeckoe OKHO) mpocturHyTel KITII coorBerctBeHHO 15 u 12,5 %.
@ocoun uvHka ZnsP,; npuBjiekaeT BHUMaHHe KakK Marepual, B CO-
CTaB KOTOPOTO BXOJST LIMPOKO paclpocTpaHeHHble B IPHPOJe XHMHU-
yecKue 3JeMeHTH. JTOH mpuYuHOH OOYyCJIOBJIeH HHTEpec U K opra-
HHYECKHM MOJIyIPOBOAHUKAM, HMEIOUIHM K TOMY Ke OYeHb HH3KYIO
CTOUMOCTb. BrICOKO3((eKTHBHBIE TOHKOMJEHOYHbIE COJIHEUYHLle 3Jje-
MEHTHI [0JIy4eHbl Ha OCHOBE JIHIIb ABYX U3 MepeusC/IeHHBIX COelu-
Hennii — CulnSe; u CdTe, npuuem Haumbosapmmmu KIII, paBHEIMH
cootnercTBeHHO 10 m 8 %, o6GsamaloT 3/eMeHTH C reTeponepexo-
JaMH, B COCTAaB KOTOPBIX BXOAHUT Cyabdui KaaMmus, o6pasyiouruil
ontuyeckoe okHO. Ompene/ieHHbIe yCNEeXH NOCTHTHYTHI M MpH CO31a-
HUH 3JIeMEeHTOB Ha OCHOBE [APYrUX MaTepHasioB, OJHAKO OHH He
CTOJIb CYLIeCTBEHHHI.

CeoiictBa ToHkux mnieHok GaAs, CdTe, InP, ZnzP; CdSe,
CupSe u CulnSe, paccmorpenst B rai. 3. B naHHOH riaBe peub
no#ger 0 (OTOZJEKTPHUUECKUX XaPaKTEPUCTHKAX TOHKOMNJIEHOUHBIX
COJTHEUHBIX 3JIEeMEHTOB Ha OCHOBE 3THX MaTepHaJoB.
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7.2. Apcenup rannus

Cpenu pasjuYHBIX THINOB MAaCCHBHBIX COJIHEUHBIX 3JIEMEHTOB Ha
ocHoBe GaAs Haubosee mMOAPOOHO HM3YYEHH 3JIEMEHTbI C TOMOTEH-
HBIM p — n-nepexojoM. /s UX H3roTOBJEHHS OOBIYHO MPHMEHSIOT
MOJMPOBaHHbIe MOHOKPHCTANNYECKHE IIaCTHHBl MaTEPUaJIOB C po-
BOAMMOCTBIO 7-THUNA H KOHIEHTpauue#d Jerupymoues mnpuMecu
okoJsio 107 cM~3; p—n-nepexon (GopMHUPYIOT MOCPEICTBOM BBeje-
Husl IHQPY3NOHHHM METOAOM B IMOBEPXHOCTHHIA CJIOH TOJIIMHOM
~1 MkM akuenrtopHblx mpuMmeceil (Zn uau Cd) [1]. Kpome Toro,
M3TOTOBJISIIOT 3JEMEHTHl C MeJKO3aJ/eralouiM MepexofoM (pacro-
JIOKeHHbIM Ha paccrosiHuu 0,25...0,5 MKM OT MOBEPXHOCTH), KO-
TOpPble B HAa3e€MHBIX YCJAOBUAX o6samaloT Haubosee BoicokuM KITI
(~12 %) {1]. U3mepeHus cneKTpanbHOH UyBCTBHUTEJNbHOCTH COJHEY-
HBIX 3JIeMEHTOB C TOMOTEHHBIM MePeX0J0M MOKa3blBaIOT, UTO MOTEPH
¢doToTOKa CBSAI3aHBI IJIaBHBIM 00pa3oM ¢ HeGoabLIOH AuddY3HOHHOI
IJIMHOH HEOCHOBHBIX HOCHTE/eH 3apsfia Kak B A-, TAK U pP-CJAOSAX
GaAs, a TakxKe C BBICOKOH CKOPOCTBbIO HX peKOMOHHAUWM Ha [O-
BEPXHOCTH pP-CJIOA.

Ha ocHoBe apceHuaa rannusi HefaBHO pa3pabGoOTaHbl 3J1€MEHTH
HOBBIX THIOB: ¢ rerepocTpyKrypoit Ga,—AlAs— p-GaAs—
n-GaAs [2] u rereponepexomom p-Ga,—,Al,As —n-GaAs [3], KII[
KOTOPHIX COCTaBJsieT cooTBeTcTBeHHO 159 (B ycaoBusix AMO) wu
19% (B ycnoBusx AMI). CoJsHeuHble 3J€MEHTHl CO CTPYKTYpO#H
p-GaAlAs — p-GaAs — n-GaAs — n+-GaAs, npefHas3HaueHHble /s
npeob6pa3oBaHus KOHIEHTPUPOBAHHOTO wu3JaydeHusi, ument KII[
23 % npu xoadpduuMeHTe KOHUEHTpaluH, paBHOM 9,9, u teMmmepa-
type 30°C [4]. IIpu Hanuuun ciaost Ga, ,Al.As oBpasyerca orpa-
JKAWOWHKA MOTeHHHaNbHBEII 06apbep /5 3JeKTPOHOB, FeHEPUPYEMBIX
B p-GaAs, Gnaromapsi ueMy CHHXKAIOTCS HMX [OTepH BCJAEACTBHE
MOBEPXHOCTHOH peKOMOHHAlKH; KpOMe TOro, 3TOT CJOH CJYXKHUT
NPO3PayHbBIM HU3KOOMHBIM KOHTakTOM K GaAs, yMeHbIIAIOUIUM II0-
CJIeI0BaTE/IbHOE CONPOTHBI/IEHHE 3JIEMEHTA.

Ha ocHoBe GaAs Tak:Ke H3rOTOBJIEHBl COJIHEUHBIE 3JIEMEHTHI
¢ GappepoM UIOTTKH M CTPYKTYpO#l MeTasa— AU3JAEKTPHK — IOJY-
nposoxHuk. CornacHo panHeiM CrupHa u He (5], KIII moHOKpH-
CTAJITUYECKUX 3JEMEHTOB CO CTPYKTYPOH MeTaJssl — AUIJEKTPHUK —
NOJNYNPOBOAHMK Ha ocHoBe Au u GaAs cocrapiaser 15 9.

ITocne nepeuncienusi HauboJee BaXKHBIX CBEIEHHH O Xapakre-
PUCTHKAaX M OCHOBHBEIX pe3y/bTaTax pa3pabOTOK COJHEUHHX 3Jie-
MEHTOB Ha OCHOBE MOHOKPHCTAJJHYECKOTO apCeHHJa rajjius Te-
pelileM K PacCMOTPEHHIO TOHKONJEHOYHBIX 3/€MEHTOB.

7.2.1 lNpouecc M3roToBneHMs

Tonkue nneHkn GaAs nmoay4yarT METOLOM XHMHYECKOro ocaxje-
HUs 13 napoBo# Baswl {6—14], B ToM uucie U3 MapoB MeTaJI0pTa-
HUYeCcKuX coeanHeHuit [11—14], 1 Ha UX OCHOBE CO3JAIOT 3JEMEHTH
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C TOMOTEHHBIM InepexojoM {6], reTepOCTPYKTYpOil H reTepornepexo-
nom {11], 6apeepom Ilorrku [7, 9, 12—14], a Takxke CTpyKTYpoOH
MeTaJslsl — AU3JIeKTPUK — noaynpoBogauk {7, 10]. B xauectse mon-
JIOXKEeK INPHMEHSIOT JIeTHPOBAHHblE IIHHKOM MOHOKpHCTAMABl pt-
GaAs, mOBepXHOCTb KOTOPHIX OPHEHTHPOBaHA OTHOCHTEJbHO Ha-
npasJjeHus <100> [6], u nerupoBaHHBEIE KPEMHHEM MOHOKDPHCTAJIIBI
GaAs ¢ aHasornuHOW OopHeHTauueil mosepxHocTu {11]; kpome TOrO,
HCIIOJIb3YIOT NOMJNOXKKH H3 rpadura (6e3 KaKHX-AHOO MOKPBITHI
[8] 1 co cnoem Bosbdpama [7, 9, 10]) u monubuena [12—14]. MoHo-
KpPHUCTaJ/lJ1MYecKue NMONIO0XKKH HMEIOT BBICOKYIO CTOMMOCTb U CJIy¥KAaT
HCKJIIOUHTEJ/IbHO AJIsl HCCIeOBATEbCKUX ILeJel.

ToHKON/IEHOUHBIE 3JeMeHTh Ha ocHoBe GaAs cO CTpyKTypo#H
MeTaJlJl — OKCHJ — NOJYIPOBOJAHHK, KaK TpPABHUJIO COCTOSIIHE H3
cnoeB Au— oxeupg — n-GaAs — nt+-GaAs — W — rpacur, u3roros-
JSI0T caenyloumum obpasom [7]. Ilnenky GaAs ocaxmaloT Ha 10-
KPBITYIO cjioeM Bosab(dpamMa rpa@HuTOBYIO MOAJNOXKKY XHMHYECKHM
merogoM u3 mapoB Ga, HCl m AsH; ¢ npumeHeHueM BOJOpOAa
B KauecTBe rasa-HocuTess. TeMmeparypa TMONJNOXKKH COCTaBJSIET
750...775°C, a TeMmeparypa HCTOYHHKA OCAXKAAE€MOTrO BelIECTBA
(Ga) — 800...900°C. Ckopoctu motokoB HCI, AsH; u Hy paBHHI
cooTBeTcTBeHHO 45 MJu/muH, 90 ma/muH u 1 a/muH. B obpasyio-
meMcsi coe n-GaAs TonupHON ~20 MKM 3HaueHHsi KOHUEHTpaIHH
HOcHTeseil 3apsima 3akgaoueHsl B mpexeaax 5-10©...107 cm—3.
IIpu BBeleHUH B XHMHYECKH AKTHBHYIO CMeChb ra3oo6pasHoOro ce-
poBomopoxa H,S moayuwaloT serupoBaHHBIH cepoil caoit nt-GaAs
ToMUIMHOH 3...5 MKM ¢ KOHIeHTpaunuell Hocureneil 2-1018...
...5-101% cM~3, xoTophiit o6ecneunBaer Hu3koe (~ 1073 Om) KOHTaAKT-
HOe CONMPOTHBJIEHHE MeXIy 3JeMeHTOM M mnoanoxkkoil. Tepmoobpa-
6otrka obpasuma B aTMocdepe KHCJAOPOAA MM CMeCH KHCJI0pOJa
C aproHoM mnpojo/KHTenbHOCTbIO 0,50...1 u mnpu Temmeparype
200°C, ocyuecTBaseMasi HENOCPEACTBEHHO TMOCJae OCaXIeHHS
meHkd GaAs, IpUBOAUT K POPMUPOBAHUIO HA €€ MOBEPXHOCTH CJIOSI
OKCHJa, BhIpalIMBaHue KOTOPOrO MPOROJIKAIOT 3aTeM B KHCJIOPOJE,
HACBIUIEHHOM BOISIHBIM mnapoMm, npu Temnepartype 30°C B TeueHue
8...12 4 [8].

Ilns ynyullleHHss XapaKTePHCTHK 3JE€MEHTOB Iepe]] OKHCJIeHHEM
mneiky GaAs Ha ee noBepxHocThb ocaxjpatooT ciaoit GaAs; Py
NepeMeHHOr0 COCTaBa TOJNINMHOH | MKM B Mpouecce XUMHUYECKOH
peakunu Mmexnay Ga, HCI, AsH; u PH; {[7]. 3atem Meromom Ba-
KyyMHOTO HcllapeHHs IpH AaBjeHun MeHee 10~ [Ta HaHOCAT mieHKyY
3oj0Ta TONMMMHOH 6...10 HM M NOCpPEeACTBOM HcmapeHus (uepes
METaNJIHYecKyl0 Macky) cepebpa cO3JalOT KOHTAKTHYIO CETKY.
C nomouIbio THAPOJAHU3a TETPAU3ONMpPONUJITHTAHATA B aTMOocdepe ap-
rona npu temmneparype 80...100°C coznator cioit TiOg ToamiuHONR

60...70 HM, KOTOPHIH CJIYXKHT IPOCBET/SIOUIUM MOKPLITHEM 3Jie-
menTa [8].
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7.2.2 MoTo3/1IeKTPHUUECKHME XAPAKTEPHUCTHKM

CorsacHo naHHbBIM bBosnepa u ®sHa [6], conHeuHble 3JeMEHTHI
(cHab:keHHBIE TPOCBETJSIOLIMMY MOKPBITHSIMH) C TOMOTeHHBIM Ie-
PEXOLOM Ha OCHOBE apCeHHAA TaJljiksi, BHIPANIUBAEMOro Ha MOHO-
KPHUCTA/JIHUECKUX IOAI0XKKAaX METOJAOM XHMHYECKOTO OCaxKJeHHs
u3 mapoBoil (asbl, B ycaoBusAX AMI] (MHTEHCHBHOCTb H3JIyYEHHS —
100 mB1/cM2?) umetor KITIL 15,3 % npu Vee=0,91 B, u I5=10,3 MA
u FF=0,82. HepaBno ®sn u ap. [6] coobuunu o TOM, 4TO IpH
HCIOJIb30BaHUM TexHoJoruueckoro mpoiecca CLEFT D KIT ToHKO-
MJIEHOYHBIX COJIHEYHBIX 3/eMeHTOB Ha ocHoBe GaAs moBbIIIaeTcs
1o 17 %. ¥V conHeuHBIX 371eMeHTOB C rerepocTpykTypoii GaAlAs —
p-GaAs — n-GaAs (6e3 mpoCBeTJASIOUIMX IMOKPBITHEL), CO3MaBaeMBIX
Ha KPUCTA/JIHYECKHX [MOAJIOKKAX H3 JIETHPOBAHHOTO KPEMHHEM
apceHufia TraJj/us METOLOM XHMMHYECKOro OCaxJeHUs H3 MapoB
MeTaJ/lJIOpraHHuYecKUX COeAMHeHUH, B ycaoBusiXx AMO npu HHTEH-
cuBHOCTH cBerta 128 MBTt/cM2 nosyueHbl c/eAyIOUIHE XapakTEpPH-
ctuk: Voe=0,99 B, Jsc=24,5 MA/cM2, FF=0,74 u n=12,8 % {[11].

KITI ToHKON/EHOUHbIX 3JeMeHTOB ¢ OapbepoM IHoTTku mJo-
maapio 8 cM? Ha OCHOBe apceHHaa raJljius, BHIPAlHBAEMOro Ha
MOKPLITBIX CJ10€M BOJb(paMa TrpapUTOBHIX MNOLJIOXKKAX METOAOM
XHMHYECKOr0 OCaxKJIeHHSl U3 MapoBOi ¢asel, cocraBiser 0koJao 3 Y%
[9], npuuem B ycaoBusx AMI! V,.=0,456 B, Je=10,4 MA/cM2 n
FF=0,59. Cnexryer OTMETHUTb, YTO NapaMeTPsl KOHCTPYKUHH 3THX
3J1eMEHTOB He ONTHMH3upoBaHbl. BepHoH u ap. [13] usroroBuau cos-
HeuyHble 3jieMeHTH ¢ 6apbepoM IlloTTKH Ha MONHGAEHOBHIX MOANOXK-
Kax METOJIOM XHMuuecKoro ocaxpeHuss GaAs u3 mapoB Merasnop-
raHHYECKHX COeNMHEHHH W B ycaoBusix AMI1 nmoayuunn KITJI 4,3 0}),
Voe=0,39 B, Jsc=19 MA/cm2 1 FF=0,58. DaeMeHTH aHaJOrHYHOTO
THMAa ¢ TMAacCHBUPOBAHHBIMH (IIOCPEACTBOM aHOJUDOBAHHUSI) IpaHH-
1aMu 3epeH 006/1aJal0T JYYIIMMHU XapaKTEPUCTHKAMH: MPH OTCYT-
CTBHH MPOCBETISAIONUX MOKPHITHHA B ycjoBusix AM1 ux KIII co-
craBasier 5,45 % npu Vee=0,49 B, J(=20,6 MA/cm?2 u FF=0,54
[14].

Uy u gp. [7, 10] U3rOTOBU/IH COJIHEYHBIE 3JEeMEHTB CO CTPYKTY-
poif MeTaJiJl — OKCHJA — MOJYNPOBOAHUK (maowaigpio 9 cm?) mno-
CPEACTBOM HaHeCEHMsl Ha rpaUTOBYIO MOMJOXKKY C MOKDPHITHEM H3
BOJb)pamMa METOAOM XHMHYECKOTO OCaxKJIeHHs U3 MapoBOH (a3
cnoeB n-GaAs — nt-GaAs, KITJI xoropsix B ycaoBusix AM1 poctu-
raer 4,4 %. DueMeHTH, He CHaOXKeHHBIE NPOCBETJSIOUIUMH MOKPHI-
TusAMH, uMeloT Voc=0,45...0,52 B; Joc=11...13,4 mA/cM?2 u FF=
=0,55...0,68. TIpu ocaxkjeHHH HA TOBEPXHOCTb cJosi n-GaAs ToH-
ko# maenku GaAs;_.P, ux HampsiKeHHEe XOJOCTOTO XOJa MOBBILIA-

) TIpouecc, OCHOBaHHbIH Ha BhIpalMBaHHK MJIeHKH GaAs BROJMb MOBEPXHO-
CTH HAaHECeHHOH Ha MOMJIOXKKY Macki (B OTBepCTHAX KOTOPOH ob6pasyioTcs
IEHTPbl KPHCTA/IH3AUHH) C MOCJAEAYIOMHM OTIeJeHHeM IJjeHKH. — [Tpum. nepes.
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ercs po 0,63 B, a KIIJI — 10 5 9% (mpu mJIOTHOCTH TOKAa KOPOTKOTO
sambikanug 13,3 MA/cm?). Tlosaraior, 4TO npu HaHECEHHH MPO-
cBeTasitoulero nokpeitTus KITI snementoB yBesuuutes po 7,5 %.
ITonyuenHble 3THMH e aBTOpAaMHM METOAOM XHMHYECKOLO OCAKE-
HUSl W3 mapoBol (asel (Ha rpadUTOBBLIX MOAJNOXKKAX) COJHEYHBIE
3JIeMeHTBl CO CTPYKTYPO# MeTaJslJl — OKCHUJ — MOJYNPOBOAHHUK I1J0-
wazabio 9 cM? Npu HATHYHH NPOCBETAAIOUIETO MOKPLITHSA B YCJAOBHIX
AM1 umeor KIII 6,1 %, xoTopomy cooTBeTcTBYIOT Voc=0,5 B,
Jse=18 MA/cM? u FF=0,675.

HenaBHO u3roTOBJ/IEHBl TOHKOMJIEHOYHBIE MOJHKPUCTAJIMYECKHE
COJIHEYHHe 3JIeMEeHTH Mmiomaabio 9 cM? Ha ocHoBe cjoeB GaAs
ToJHHON 10 MKM (cpeaHuil pasmep 3epeH COCTaBJsET ~5H MKM)
[04 KI1OA mo 8,5% mnpu Voc=0,56 B, Jc=22,7 mA/cm2 u FF=0,67
[41].

Coob6uianoch 0 CO3JaHUH COJHEUHBIX 3JEMEHTOB Ha OCHOBE MO-
HOKDHUCTa/JIHYecKuX NaeHoK GaAs TosluHOfl 8 MKM, BhIpalnBae-
MBIX Ha MOHOKpHCTaJJsax apceHupa rannus [41]. [Tocne usrorosie-
HUS 3JeMEHThl KPeNU/IHChb K CTEKJISHHOW MJacTHHe, OTAEJSNUCh OT
TIOMJIOKKH, & 3aTEM Ha THUJIBHYIO MOBEPXHOCTh HAHOCUJICS METasJHu-
yecku# koHTakT. Ilpu obumeit niaowanun 0,4 cm? 3jeMeHTH uUMeNH
CJeAyIOlIe BHXOAHbIE mapaMerpol: Voc=0,92 B, Jc=22,0 mA/cMm?,
FF=0,73un=15%.

M3MepeHusi crnekTpasbHbBIX XapaKTEPUCTHK YYBCTBHTEJIbHOCTH
TOHKOTJIEHOUHEIX COJIHEYHBIX 3JIEMEHTOB CO CTPYKTYpPOH MeTasa —
OKCHJ — MOJIYNPOBOJHUK Ha ocHoBe GaAs mokaswiBaloT, UTO HaH-
Gojiee BBICOKHE 3HaueHus kKoadduuueHta coGUpaHuss HOCHTENeH
(6e3 yuera oTpazkeHUs CB€Ta OT NOBEPXHOCTH 3JE€MEHTa), COCTAB-
Jastomye 0,6...0,7, cOOTBeTCTBYIOT HHTepBaJy IJaWH BoJH 0,6...
... 0,7 mgm [8]. 3nauenus sddextTuBHOH AUDPY3HOHHOH AJUHBI He-
OCHOBBIX HOCHTesell 3apsiia, HaHJIeHHBle W3 H3MEPEHHbIX CIeK-
TpaJbHBIX XapaKTEPUCTUK YYBCTBHUTEJIbHOCTH, 3aKJIOUEHBI B INpeje-
aax 0,5...0,8 MkM.

7.2.3 AHanu3 xapaKTepMucTHMK nepexopa

UsyueHuio 371eKTPOHHBIX CBOMCTB MEPEXOHOB H HX 3aBHCUMOCTH
OT CTPYKTYPHOTO COBEpIIEHCTBA IMJEHOK B COJIHEUHBIX 3JeMeHTax
Ha ocHoBe (GaAs NOCBALIEHO JMIIb Heckosabko pabor. Uy u ap. [8]
M3MEPHJIH BOJbT-aMIepHble U BOJbT-papagHble XapaKTePUCTHKU
9JEMEHTOB CO CTPYKTYPOH MeTaJJ — OKCHJI — NOJNYNPOBOAHUK (H3-
TOTOBJIEHHBIX Ha MOJJO0XKKaX U3 rpaduTa), HCXOIAsl H3 KOTOPBIX
onpejiesH/JH COOTBETCTBEHHO MIHOAHbLIA Kosdpduuuedrr (n=2,3) n
BricoTy Gapbepa (®p=1,0...1,02 3B). ITosnaraior, 4T0 B 3/€MeH-
Tax €O CTPYKTYpOH MeTaJll — OKCHJ — IOJYNpPOBOAHHUK, MOJyyae-
MbIX Ha MOKPHITHIX c/10eM BoJbdpama rpaduroBeiX nmomjoxkax [7],
npolecc NMPOTeKaHHsi TEeMHOBOTO TOKa (IVIOTHOCTb OGpPAaTHOro TOKa
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HacblleHus: coctaBasier ~ 10~ A/em2?) obyc/ioBieH peKoMOHHA-
nuell HocuTesell Ha rpaHuuax seped. OAHakKo NOJ BJIHSHHEM Trpa-
HUL 3epeH (OTOTOK yMeHblaeTcs He3HauyuTenbHo. [Ipu BBemeHuu
IUHKa OM(POY3HOHHBIM MeTOAOM B o0JacTh IpaHHL, 3epeH IpoHcC-
XOIUT KOMIMeEHCalus AOHOPHBIX ypPOBHeH, u Gsarozapsi 3TOMYy YCT-
pausiercst addexT wyHTHpoBaHUs nepexoga [10]. Boicokue 3Hauye-
HMs Hampsi)KeHHs] XOJIOCTOTO XO0Ja COJHEYHBIX JEMEHTOB CO CTPYK-
TYPOH MeTaJlJ1 — OKCHJA — MOJIYyNPOBOJHUK Ha ocHOBe GaAs; P.—
n-GaAs — nt-GaAs o6ecneunBaer GoJsbllass BbicotTa Oapbepa.
CorsiacHo pesysabTaTaM H3MepeHHH BOJbT-QapaaHbIX XapaKTepu-
puctuk, ®p=1,2 3B, uto Ha 0,2 3B G6osblue BbICOTH Oapbepa
y 2JIEMEHTOB ¢ TaKOH e CTPYKTYpOH, HO Ha oCHOBe Jullb n-GaAs.
[Tpu Hamuuuu caos GaAs,_P, nnotHOCcTh 06paTHOrO TOKa HAaChI-
HIEHUSl YMeHbLIaeTcsl Ha NMOPsI0K BeJHYHNHBL.

Fauaxu u gp. [12, 14] ycTaHOBU/IH, UTO COJIHEUHBIE 3JIEMEHTHI
c Gapbepom IlloTTKHM MMeIOT O CcyllecTBY aHAJIOTMYHble XapakTe-
puCTHKH. 3HaueHUs X AHOJHOTO Ko3bduuueHra pasHu 2,7 u 1,3
COOTBETCTBEHHO [PH HHU3KHX H BBICOKHX INPSIMBIX HampsiKEeHHUsX
cmemenus. [Ipu n=1,3 nnotHOCT 06paTHOro TOKA HACHIEHHUS CO-
craBasier 1076...10-% A/cm2. Bricora Gapbepa, HaliieHHass MO pe-
3yJbTaTaM H3MePeHHH TEMHOBHIX BOJIbT-aMIEPHEIX XapaKTepUCTHK
Npy pasJHYHBIX TeMmneparypax, paBHa 0,85 3B. KoHueHTpauus Ho-
cuTesefl, ompeleseHHAsA C MOMOLIbIO BOJbT-QapaiHBIX XapaKTepu-
CcTUK (mpu oOpaTHOM HampAXKeHUU CMelleHHus1), CcocTaBaser
6108 cm—3. OcoGeHHOCTH TEMHOBBIX BOJIbT-aMIE€PHBIX XapaKTepH-
CTHK MOKHO OOBSICHUTb, IPENNOJIOXKHUB, UYTO INPOTEeKaHHe TOKa
o6ycJ0oBJeHO peKoMOMHalLMell HOcUTeJiell 3apsia Ha rpaHuliax 3e-
peH. OHaKO, MOCKOJIbKY B TPOLIECCE OCAXKAEHHS MJIEHKH B 06JacTb
IpaHHUIL 3epeH BHeapsieTcsi 0OJbIIOE KOJHYECTBO NMPHUMECH, UX BJIHUSA-
HHe Ha mpouecc coOUpaHMs HOCHTeNeHl OKa3blBaeTcsl HeCylleCTBeH-
HbIM. D¢ deKT IWYHTHPOBAHHUS Nepexoja IpaHHLLAMH 3epeH, NPHBO-
ISLUH K yBeJHYeHHI0O OOpPaTHOrO TOKa HAaChILIEHHsl, ocjabJsercs
Gnaromapsi MX MacCHBALMK HOCPEACTBOM H3GUPATENbHOrO AHOMAHU-
poBaHusi. Apropamu pabot [12, 14] oTMeueHO cyllecTBOBaHHE 3a-
BHCHMOCTH (DOTOTOKA OT Hampsi2KeHHs CMeLIEHHs, YTO MOXKeT ObITb
BBI3BAHO peKOMOHUHAlHell HOCHTeJell Ha SHEePreTHYeCKHX COCTOs-
HUsX B 0GJACTH TPaHHLBl pa3jesa MerTajja ¥ HOJYIPOBOJHHKA.

7.3 Tennypup kagmus (CdTe)

Teanypun KaaMHusi uMeeT OJaronpHsTHy0 LI 3()(OEKTHBHOTO
npeo6pa3oBaHUsl COJHEUHOrO M3Jy4YeHHS IIMPHHY 3alpelleHHOH
30HH (1,44 3B) u OTHOCHTCS K IOJYNPOBOAHHKAM C IPSIMBIMH OII-
THUECKHMHU nepexonaMu. OH sBJISleTCS ONHUM H3 HEMHOTHX COEMH-
HeHul aneMeHToB Il — VI rpynn mepuoanueckoil cHcTeMBbl, KOTOPLIE
MOryT 06J1aJ1aTh POBONUMOCTBIO KaK f-, TaK H p-THHOB. [Ipenesn-
Hpiii Teopernueckusi KITI[ snemeHTOB ¢ rerepomnepexogom n-CdS —
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p-CdTe cocraBasier okoso 17 %. BeaencTBue 3Toro nHTEpec K TeJ-
JypUAy Kajamusi He ocnabeBaeT. CojlHEUHble 3JE€MEHTHl, B KOTOPBIX
CdTe npuMeHsieTcss B KauecTBe (DOTOAKTHBHOTO CJIOSl, MOXKHO pas-
JeNUTb Ha TPHU rpymnnbl: 1) sjeMeHTHI, U3rOTOB/ISIeMble HA MaCCHUB-
HbIX MOJJIOKKAaX H3 MOHO- /M IOJHKPHCTANNHUYECKOrO TeJNYpHAa
Kanmusi, ¢ romonepexojgom {15, 16] unu rereponepexogoM, ob6pa-
syomuMmcsi npu Haauuumu okHa u3 CdS {17—20], ZnCdS {17, 18],
ITO [17, 18, 21, 22], SnO, [23], ZnO [18] uau ZnSe {18]; 2) axe-
MEHTHl C reTEepPONepexofoM Ha OCHOBE MOHOKDUCTAJJIHUYECKHX MHOJ-
goxkek u3 CdS mwiu ZnTe u snurarcuanphoro ciaosi CdTe [24, 25];
3) TonkomseHOuHbIE 3yeMeHTHl ¢ retepomepexonamMu CdTe— CdS u
CdTe — Cu,Te [26—28], a Takxke roMoreHHbIM nepexomom B CdTe
{29]. MaccuBHble cosnHeyHble 3/eMeHTHl Ha ocHoBe CdTe, orHocs-
1uecsi K IMepBoil rpymmne, 06/MafaloT HAWJIYYLUIHMH XapaKTepHCTH-
KaMH. DJEMEHTH BTOPOH TPYMIbl, B KOTOPBIX NMPHMEHSIOTCS NJEHKH
CdTe, ocaxjaeMble Ha MOHOKDUCTAJJIHYECKHE MNOMJNOKKH, HMEIOT
JIOBOJIbHO BBICOKYIO CTOMMOCTb, OJHAKO, IIOCKOJbKY OHH SIBJAIOTCH
CBA3YIOUIMM 3BEHOM MeXKJY MAcCHBHBIMH M TOHKOTJIEHOYHBIMH 3Je-
MeHTaMH, U3yUeHHe HX XapaKTepUCTHK NPEACTAB/SET 3HAUUTENbHBIH
uHtepec. Jlas wupoxoMacuITabHOro NPUMEHEHHUs MNOAXOAAT 3Je-
MEHTBHl JHlIb Tpetbedl rpymnnel. OHU u Oyayr Haubosee MOAPOGHO
paccMOTpeHbl B JaHHOM pasfele.

YV coaHeuHblx aneMeHTOB ¢ rerepomepexogom CdS — CdTe, us-
rOTOBJIIEMBIX [1OCPEACTBOM 3THUTAKCHAJNbHOro ocaxaeHus CdS u3
napoBo#i ¢asw Ha maactuHel p-CdTe ([19], B Hacrosmee BpeMs
noaydyed HaubGosee Bbicokui KIII, pasuwii 10,5 % B ycaoBusix
AMI1,3 (MHTeHCHBHOCTb H3jyueHHsi — 68 MBT/cM2) mpu Vo=
=0,67 B, Jc=20,1 MmA/cM2 u FF=0,59. Ecau onpeneauts ux KIT
0 OTHOLUEHHIO K AKTHBHOH MOBEPXHOCTH, TO €ro 3HaueHHE COCTABUT
11,7 %. Y coJsiHEeYHBIX 3J€MeHTOB, CO3MaBAaeMblX Ha IOJJIOXKKAaX M3
p-CdTe ¢ momouipio BakyymHoro ucnapenusi CdS [18], KIIJ (pac-
CYMTAHHBIA 10 OTHOLIEHHIO K aKTHBHOW moBepxHocTu) paseH 7,9 %
npu Voe=0,63 B, Joc=16,1 mA/cM® u FF=0,66. DneMeHTH C rere-
ponepexonoM ITO — p-CdTe, y kotopeix caofi ITO HaHOCHTCS MeTO-
noM uoHHOro pacmblieHusi {22], umeor KIIIO no 8 % npu Vo=
=0,82 B, Jsc=14,6 MA/cM?2 u FF=0,55. CnekrpanbHas obsaacTb
YyBCTBHTEJIbHOCTH 3JeMeHTOB co cTpyKrypoit CdS — p-CdTe, us-
TOTOBJISIEMBIX METOZOM OcCaXKJAeHusi u3 mapoBoil dassl [19], orpanu-
yeHa 3HAYeHHUSIMH IJIHUHBI BOJHB 0,52 n 0,86 MKM, mpHueM B [Ha-
nasone 0,58...0,81 MKM KpHBas 4yyBCTBHUTEJIbHOCTH MMEET MJOCKYIO
tdopmy. CreKTpasbHble M0J10KEHUs] KOPOTKOBOJHOBOH ¥ AJHHHOBOJI-
HOBOI TpaHHI, OGJACTH YYBCTBHTEJIbHOCTH ONpEdeNsIOTCs 3Haye-
HUSIMH IIHPHHBI 3ampeileHHbX 30H cootBercTBeHHO CdS u CdTe u
He 3aBUCSIT OT HANpSKEHUs CMELIeHHs, KOTOpoe BJIHsET Ha aPdek-
THBHOCTb cOOMpaHHs HOCHTeneH 3apsfia H, CJeIoBaTeJbHO, Ha
dotoTok. [pyras uHTepecHas OCOGEHHOCTb 3ITHX 3JeMEHTOB CO-
CTOUT B TOM, YTO pasJe/siiOllUil HOCHTEJNH 3apsiia 3JeKTPOHHO-



342 naesa 7

IBIPOUHBIH mepexos (opMupyercss He Ha rpaHuue pasfena CdS u
CdTe, a B ry6ute ciosi CdTe, Ha pacCTOSIHHH OT €r0 NOBEPXHOCTH,
paBHOM HECKOJIbKMM MHKpDOMETpPaM, UTO CBSI3aHO ¢ 06pasoBaHHEM
caost n-CdTe B pesynbrate nuddysun ungus uz CdS B p-CdTe.
Anajsoruyno B 3neMeHTax co cTpykrypoit ITO — p-CdTe {22] ucrus-
Hblfi mepexoj pacrnojaraercsi BHyTpH Kpucramna CdTe, a He Ha
rpanuue pasgena ITO — CdTe, mockoibKy B mpolecce HOHHOTO
pacneiienus: o6pasyercs caoii CdTe n-tHna mpoBOIMMOCTH.

[Tpu nsrortosaenun cTpykryp CdS—p-CdTe u ZnCdS — p-CdTe
naeHkud CdS u ZnCdS nanocsit Ha nnactuiel CdTe mMeromoMm myJib-
BEepPH3ALUH C MOCJAEAYIOLMM MHpoau3oM [18]. DjeMeHTH TaKoro
THIIA MMEIOT HaMNpsi’KeHHs XOJI0CTOr0 Xo0Aa cooTBercTBeHHO 0,74 u
0,80 B, a ux KIIII pasuub 6,0 u 7,8 %. CoJsiHeuHbEle 3J1EMEHTBI C TO-
moreHHbiM nepexofioM B CdTe ob6manator ouenb Husakum KIII, co-
craBasomuM 3,25 % npu Voe=0,62 B u Jse=12 mMA/cM?.

ConHeuHble 3jeMeHThl ¢ rereponepexonoM p-CdTe — n-CdS,
NpH CO3JAaHHMH KOTOPHIX 3nuTakcHaabHbIH ciaoli CdTe ocaxnaercs
Ha MOHOKPHCTaJNJHYecKyl0 noioxkkKy u3 CdS (cayxauiyro OHTHU-
YeCKHM OKHOM) Ta30TPaHCHOPTHBIM METOJAOM B KBa3H3aMKHYTOM
oObeMe, HMEIOT HalpsiKeHHe xoJocToro xoxa 0,61 B, koadduunent
cobupanus Hocutenedr 0,85 u KII 4,0 %.

Hanee 6GyayT paccMOTpeHB MPOLECC H3TOTOBJEHHS U (OTOIJEK-
TpHYeCKHE XapaKTepUCTHKH pa3/JIHYHBIX TOHKOMJIEHOYHBIX COJIHEY-
HbIX 3JieMeHTOB Ha ocHoBe CdTe.

7.3.1 Tlpouecc uarotoeneHus

ToHKOMJIeHOUHBIe CcoJIHeuHble 3JeMeHTH Ha ocHoBe CdTe cos-
Jal0T ¢ MOMOIIbIO Pa3JUYHBIX METOJOB B CJEAYIOUIMX COUYETAHUAX:
TpadapeTHas medaTb H OKyHaHHe {26, 27], rasoTpaHCmopTHOe
ocaxKjeHHe U OKyHaHHue [28], oObluHOe BaKyyMHOe H JHCKpEeTHOe
ucnapenus [30], BakyyMHoe ucrmapeHue u okyHaHue {31], a Takxe
ocaxkJeHue M3 NMapoBoH (aspl W BakyyMHoe Hcrnapenue [32] (Bo
BCeX cJyyasix METOJ, Ha3BaHHBIH MepBbIM, NIPUMeEHsIeTCS IJ51 OCaX-
nenusi ciaosi CdTe, Torma kak BTOpPOH MeTOJ HCIOJb3yeTCs MJsi
MOJIyUeHHs1 JAPYroro MoJylnpoBOJHHKOBOTO CJOsl, 06pasyIoLlero re-
teponepexon). Haunbomnee Beicokum KII (~8 %) o6Gaanaior sae-
MEHTHl C TeTepolnepexofoM Ha ocHoBe CcTpYKTypel pt-CusTe—
n-CdTe — n-CdS — InsO3 — crekno [27], u3roToBJisieMble MeTOAOM
TpadapeTHOH MmeyaTH B COYeTAHWH ¢ OKyHaHHeM. PaccMoTpum mpo-
1ecc ux noJsyuyeHusi 6oJsee MoApo6HO.

CxeMa momepeyHOro CeyeHMs COJIHEUHOrO 3JeMeHTa, cOo3j/laBae-
MOTO TeYaTHBIM MeTOLOM, u3obpaxeHa Ha puc. 7.1, a. [Toanoxkoi
CIYyXHUT TNJacThHa GopocunukatHoro ctekna (mapku Corning
Glass 7059), nokpslTass NpO3payHbIM MpoBOASMIUM cjoeM IngOj.
C wucnosnbizoBaHmeM mnactel, cocrtosmeii u3z CdS, CdCl,, GaCl, u
NPOMUJIEHIJIMKONA, MeToAoM TpadaperHodi mneyatH B atMmochepe
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U3nyyenue
v

— ﬁ/Cmenno
Cds

In, Oy

CdTe

CuzTe  Ryped
KoHmakm

Puc. 7.1. KOHCTpyKuUHSI H XapaxTe-
PUCTHKH COJIHEUHBIX 3JIEMEHTOB Ha
ocHoBe CdTe, H3roToBAseMBIX MeTO-
noM TpadaperHoi meuatu [37].

a) cxeMmaTHYecKoe H306pa)keHHe IoNepeu-
HOro CeyeHHsl 3JeMeHTa; 6) TeMHOBas (/)
u cBeroBast (2) BOJbT-aMIepHble XapaKTepu-
CTHKH 3JeMeHTa mJuomafbio 0,36 cm? (HH-
TEHCHBHOCTb H3YYeHHsi B YCJOBHAX AMO—
140 MBT/cM?); 8) KpHBafg 3aBHCHMOCTH KO-
sddunuesra cobGupaHus Q HOCHTesJe#l 3a-
psja OT AJHHBI BOJHBI cBeTa A.

—
o
o

(o2}
o

@, OMHOCUMENLHDE 3HUYEHUE

agota npu Ttemnepatrype oKosno 630°C Ha nOAJIO0XKKY HaHOCAT
mieHky CdS tommunofi 20 MKM € YA€JIbHHIM COINPOTHBJIEHHEM
0,2 Om-cM. [lanee TakuM ke crnoco6oM B aTMmocdepe azora mnpu
temnepatrype 500...800°C, npumensis macty Ha ocHoBe CdTe,
JgerupoBaHHoro uugueM, CdCly u npONU/IEHIINKOMS, OJAYIaIOT CJIOH
n-CdTe romuuHo#i 10 MKM C yHAenbHBIM comnpoTuBieHueM O0,1...
1 Om-cM. Tlorpyxasi o6paseln, Ha HECKOJbKO CEKYHJ B Tropsuuit
pacTBOp, COepKalluil HOHbl MeJAH, B NOBepXHOCTHO# obnactu CdTe
C NOMOINBIO peakuuu 3aMemeHus ¢opmupyor caoit pt-CusTe.
W HakoHell, 3/71eMeHTHl OTXKHraloT npu temnepatype 200°C B Teue-
Hue 10 MHH, a 3ateM J[Js1 NOJyueHUs KoHTakTa K cjioio CupTe
NeYaTHBIM METOJIOM HAaHOCST 11acTy Ha OcHOBe Ag, a Ha IOBepx-
HoctH CdS cosparor nmasHBIl KOHTakT U3 cniasa In— Ga. B uaro-
TOBJSIEMBIX B HAcCTOslllee BPeMsi COJIHEUHBIX 3JIeMEHTaX pa3MepoM
44 cM, KOTOpBIE BIIOCJEACTBHH HCHONb3YIOTCS IJIs COOPKH MOAY-
Jefi MOImHOCTbIO 1 BT (KaXablii MOAYJNb COCTOMT M3 25 €IHHHUHBIX
3J1eMEeHTOB), IJIeHKy H3 Joporocrosuiero Matepuana In,Os; 3ame-
H10T cnoeM CdS ¢ HHU3KHM yIeJbHBIM CONPOTHBJEHHEM, a IJIEHKY
CugTe — GoJiee cTabHIbHBIM KOHTAKTHBIM cJ0eM U3 rpadura (3Tu
CJIOH NOJNYYalOT meyaTHeIM MeropoMm). Kpome rtoro, sMecto n-CdTe
CO3Jal0T  HeJIeTHPOBAHHBIH  CPABHHTEJAbHO BBICOKOOMHBIH  CJIOM
p-CdTe, nockonbKy B Takofi cTpykType ¢otosddekt nabaopaercs
He Ha nepexofe p-CusTe —n-CdTe, a na rpaunuie pasgena n-CdS —
p-CdTe.
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7.3.2 MDoTO3NEKTPUUECKUE XapPaKTEPUCTHKM

[TepBble TOHKOMNJIEHOUHBIE 3JIEMEHTHI C TOMOT€HHBIM [€pPeXoaoM
B CdTe, usroroBneHHble BomakoBbiM u ap. [33], npu ob6ayueHUH
cosiHeyHbIM cBeroM obGaananu KII 4 %. HanbHefmune paspaGoTku
[29] npuBenu x nosuimenHio KIII no 6 % (mpu MHTEHCHBHOCTH H3-
ayuenus 77,2 mBr/cm?) u nonyueHuio Vo.=0,75 B, Jsc=9,8 MA/cm?
u FF=0,63. ConHeunrle 3jeMeHTH C rerepornepexonom CusTe —
CdTe, cosnaunbie Kysano (28], umenn V,.=0,7 B (npu ucnonb3o-
BAHMHM MOHOKPHCTAJJIMUECKOro Tejnypupa kagMmusg) U Vo.=0,5 B
(npu HaHeceHuu TOHKOH mnueHku CdTe). [Insi TOHKOIJIEHOUHBIX
3JIEMEHTOB XapaKTepHbl 0ojiee BbICOKHe 3HaueHus Js, omuako FF
cocraBaster 0,45...0,6, a KIIIL—69% (y MOHOKpHUCTAIIHYECKHUX
sneMenToB FF=0,7 u KII1[ paBen ~7 % ). KpynHble TOHKOMJIEHOU-
Hble COJIHEYHBIe 3jeMeHTH (miomanbio 50 cM?) umelor ele Gosiee
nuskue 3uauvenuss KILI (~5 %), uro oGycioBieHo GOjibLIMM TIO-
Ce10BaTeNbHbHIM CONPOTHBJIEHHEM, YMEHbUIAUUM K03(hQUIHeHT
3anoJIHeHUsT BOJIbT-aMIIEPHOH XapaKTEPHCTHKU. Y TOHKOMJIEHOYHBIX
COJIHEUHBIX 3jeMeHTOB co cTpyKrypolt Cu,Te — CdTe, usrorossen-
Huix Jxkactu u gp. {31], nmoayuennt Vo.~0,6 B u n=4,1%. Bosb-
IIOe [0C/JeNOBaTeJbHOE H Majioe IIYHTHPYIOLIee COINPOTHBIEHHS
BhI3biBaloT cHUXKeHue FF. ¥V paspaGoraunnix BouHe u Pabenxop-
ctoM {32] TepMOCTOIKHX TOHKOIJIEHOYHBIX COJIHEUHBIX 3JIeMEHTOB Ha
ocuoBe CdTe— CdS (crabuibHBIX TpH TeMmIlepaTypax, HOCTHUTAlO-
mux 200°C) npu uHTeHcHBHOCTH u3nyuenus 50 MBr/ecM2 Vo=
=00 B, Joe=15 mAfcm?, FF=0,45 u n=5...6%.

BosbTr-aMnepHble XapaKTePUCTHUKH pacCMOTPEHHBIX B pasf. 7.3.1
TOHKOIIJIEHOUHBIX COJIHEUHBIX 3jeMeHTOB Ha ocHoBe CdTe, cosma-
BaeMbiXx MeTonoM TpadaperTHo# meuaTd, uzo6paKeHsl Ha puc. 7.1, 0.
Y anemenrtoB maJsoil miomanu (0,21 cM?) npu MHTEHCHBHOCTH H3-
ayueHust 72 mBr/cM? nosnyueHbl ciaepyolive 3HAYEHHUs BBIXOJHBIX
napaMerpoB: Voc=0,67 B, Joc=14,2 mA/cm2, FF=0,58 u 1=8,2%.
Anasnoruunble ajieMeHTH miomanbio 10 cM? npu 3aMmeHe [JIEHKH
CuyTe KOHTAKTHBIM cjioeM rpadura uMelT Voe=0,73 B, Je=
=11,4 MA/em?, FF=0,51 u 1n=6,3 % [26]. Moxayib MOIIHOCTbIO
1 Bt, cocrosiiinit U3 TaKuX 3JeMeHTOB, IMPH HHTEHCHBHOCTH K3JY-
yenuss 90 MBr/cM? obsmapaer ciaenylomuMu mnapamMerpaMu: Vo=
=343 B, J=0,711 A, FF=0,15 u n=2,9 %.

CrnekrpaJibHasi XapaKTepUCTHKA YYBCTBUTEJBHOCTH TOHKOIJIEHOY-
HOro COJIHEYHOro 3jieMeHTa Ha ocHoBe CdTe, H3roTOBJEHHOro me-
yaTHBIM MeTOAOM, ¢ KoHTakToM H3 CugTe mokasana Ha puc. 7.1, 8.
KpuBas uMeer 4eTKO BbIpaxKeHHble 00JIacTH craja, COOTBETCTBYIO-
mue xpasim onrtuyeckoro norsouieHuss CdS u CdTe (cnoir CugTe
nedoroakTHBeH). AHaJOrHUHbIE XapaKTEePUCTHKH mosyuenbl KysaHo
{28] npu uccrelOBaHHH TOHKOMJIEHOUYHBLIX 3JIEMEHTOB CO CTPYKTYDOH
Cu,Te— CdTe.

B neony6siukoBaHHBIX naHHBIX upmbr Kodakconepzxurcs nudop-
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Maluss O CO3JaHHH MeETOJOM Tra3so- 10 10
TPAHCIIOPTHOTO OCaKJeHHsT B KBa3u-
3aMKHYTOM 00beMe TOHKOIJIEHOUHBIX
COJIHEUHBIX 3JIEMEHTOB Ha OCHOBeE
CdS — CdTe ¢ KIIO 10 9%.

7.3.3 AHanuz XxapakTepMCTMK
nepexopa

ToHKONIeHOUHEIE COJIHEUHBbIE 3JIe-
MeHTHl cO cTpyKTypoit Cu,Te — CdTe,
u3roroBJieHHble Kysauno [28], oGuana-
I0T IJIOXMMH BBHIPSIMJSIIOUIHMH CBOfi-
CTBAMH: HX JHONHBIA KO3hHUUUEHT
cocraBifer ~2,7,a KO3¢QHUUUEHT BHI-
npsAMJeHus — aullb ~ 102, JluojgHbie o)
XapaKTEePUCTHKH 3JIEMEHTOB Ha OCHO- 0 et N
Be miaeHoK CdTe, co3paBaeMbIX MeTO-
IOM TpadapeTHOH meuaTH, He H3yua-

VimencuBrocms ClieHH I, OMHOCUMETIbHOE  3HOYEHUE

Paccmostue

aucb. OnHAKo HEKOTOpble CBeleHHd
0 pacrno/ioKeHHH Iiepexofa H ero
3JIEKTPOHHBIX CBOHCTBAX MOXKHO IIO-
JYYHTb U3 Pe3y/bTaTOB HUCCJENOBaHHUS
3JIEMEHTOB MeTOAOM pPeHTIeHOBCKOIo

Puc. 7.2. [Ipopunu pacnpegede-
HHUSl KOHUEHTpauuu teaaypa (1)
H cephl (2) B TOHKOIJIEHOYHOM
COJTHEYHOM 3JIeMEHTe Ha OCHOBE
CuyTe—CdTe—CdS mnocae Tep-
M006pabOTKH B ONTHMAJbHOM
pexuMe, onpeleleHHEIE METOLOM

MHKpOaHa/u3a H H3MepeHHs TOKa,
HaBEJEHHOTO 3JIEKTPOHHBIM  JIy4OM.
Ha puc. 7.2 usoGpaxeHbl npoduiu
pacnpenesneHust KOHIEHTPALUU TEJLTY-
pa ¥ cepbl B COJIHEYHOM 3JieMeHTe Ha
ocHoe Cu,Te — CdTe — CdS, moay-
YeHHOM MeYaTHBIM METOIOM H TOJ-
BEPTHYTOM TepMo0oOpaboTKe, ONpeleseHHble METOLOM pEeHTTeHOB-
CKOT'0 MHKPOaHaJ/IM3a, a TakKe KpHBas paclpeneseHHs IO TOJIIHHE
3JeMeHTa BEJHYHHBI TOKA, HaBeJEHHOTO' 3JIEKTPOHHBIM Jiyuom [26].
Hakasima u np. [26], ananusupysi maHHble M3MepeHH# TOKa, HaBe-
JeHHOTO 3JIEKTPOHHBIM JIY4OM, MPHUXOAAT K BBIBOAY O TOM, UTO NpPH
ONTHMAaJIbHOM peXHMe TepMooOpaGOTKH 3JIeKTPOHHO-ABIPOUHBIH Iie-
pexon y BBICOKO3((eKTHBHLIX 3J1eMEHTOB paclroJjaraercs Ha rpa-
Huie pasgena CdS u CdTe, tak kak B peaysbrate nuddysuu Menu
u3 CuyTe B n-CdTe obpasyercs ciofi p-CdTe. [Ipu oueHb KecTKOM
pexuMe TepMOOOpabOTKH 3/eMEHTOB MeIb MPOHHKaeT TaKxke H
B cioft CdS, uTo MPUBOLUT K yBEJMUEHHUIO MOCJENOBATENBHOTO CO-
NPOTHBJIEHHSI UM YXYALUIEHHIO BBIXOAHBIX XapakrepucTukK. Ilpu Ha-
Juuun y 3jeMeHToB co cTpykKtypoit CdTe — CdS, usrotosisieMblx
MeyaTHBIM METOHOM, cjosi rpaduta TepMoo6paGoTKa He BLI3LIBAET
HHTeHCHBHOH nuddy3uu akuentopHo#t npumecu B CdS, torma kak

PEHTIeHOBCKOrO0 MHKpOaHalIH3a
(Macmtab KpHBOH 2 Mo oCH Op-
JHHAT YyMeHbIleH B 3 pasa);
IITPHXOBAst IMHHSI—KpPHBast pac-
npefleJleHUs] TOKa, HaBeJeHHOrO
3JEeKTPOHHBIM JYYOM, MO TOJ-
mHHe 3JeMeHTa [26].
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BeienctBue nuddysun mMenu B CdTe Ha paHee (oTO3/MEKTpUUECKH
HeakTHBHO!I rpaHuue pasgena CdTe — CdS oGpasyercs pasnensio-
UM HOCHTENH 3apsiia 3JeKTPOHHO-AbIpouHblilt mepexon p-CdTe —
n-CdS. bBuoaromaps TOMy uTO cjoii rpaduTa MpensTCTBYeT Mpo-
HHUKHOBEHHIO aKuenTopHoii nmpuMecu B CdS, ssemeHTH 006/apaior
Bosiee BBICOKOI CTaGHIBHOCTBIO.

7.4 CdSe, Cu,_,Se wu Znln,Se,

doroanekTpuueckHe npuOOpLl Ha ocHOBe TOHKHX mieHOK CdSe,
Cuy—xSe u Znln,Se, usyuennr HemocrartouHo riy6oko. CosHeuHble
ajeMeHThl co cTpykrypamu n-CdSe — p-CdTe u n-CdSe — p-ZnTe,
co3laBaeMble Ha MOHOKPHCTaNJHYeCKHX Tnopioxkax u3 n-CdSe
MeTOJOM Ta30TPAaHCIOPTHOTO OCAXKJeHHsi B KBAa3H3aMKHyTOM 00b-
€Me, NPH MHTEHCHUBHOCTH H3JaydeHHs: 85 MBTt/cm? mmeror Hampsizke-
HHS XOJIOCTOrO X0ja, paBHBle cooTBerctBeHro 0,61 u 0,56 B, u
INIOTHOCTH TOKOB KOPOTKOro 3aMblkaHus — 0,75 u 1,89 mA/cm?
[25]. Ha MoHOKpHCTa//IMYeCKHX MOJJI0XKKAaX H3 n-Si MoCpeacTBOM
BakyyMHoro ucnapeHusi Cug—xSe H3rOTOBJIEHBI 3JIeMEHTHl C reTepo-
nepexofnom Cus—Se— Si, y KOTOPHIX NpH HHTEHCHBHOCTH CBETa
75 MB1/cM2 Voe=0,45 B, Jee=23 mA/em?, FF=0,62...0,65 u n=
=38,8 Y% [34]. dnexrpuueckue U HOTOINEKTPUUECKHE CBOHCTBA mepe-
XOZa OIpejessiloTCs COOTBETCTBYIOUIMMY CBOHCTBAMH HCXOLHOTO
KpEMHHSI.

Ha ocuose Cus_,Se — CdS cospaoT TOHKONIIeHOUHbIe COJMHeYHbIe
3JIeMeHTHl Ha CTeKJSHHBIX MMOJJIOXKKAaX KaK (poHTaNbHO-6apbepHOil,
TaK M TblIbHO-6apbepHOil KoHcTpykuuil {35]. Ilpu wusroromsieHHH
TBUJIbHO-6apbePHBIX 3JIeMEHTOB Ha CTEKJSHHYIO MJIaCTHHY HAHOCST
METOZOM BaKyyMHOro McrnapeHust mieHkd Mo u Au (tonuuno# 0,3
n 0,5 MKM COOTBETCTBEHHO), 06pasyloliye KOHTAKTHYIO CETKY, CJIOH
cyabbuna kangMus (6GecipHMeCHOrO MJIHM JIETHPOBAHHOrO HHJHEM)
rosiuHo# 10 MrM, cofi Cup—.Se TosMmuHOA 5 MKM H miIeHKY- Au
ToJIKHOK 0,5 MKM, KOTOpasi CJAYXKHT ThIJIbHBIM KOHTAakTOM. ¥ 3Jle-
MeHTOB ¢ HejerHpoBaHHbIM cjoeM CdS B ycioBuax AMI Vo=
=0,3...0,45 B, Jc=2...4,5 mA/cm? u n=0,51 %. ITosaraior, 4TO
1IpH yMeHbIUEHHH yAeJBHOTO conporuiennus cnosd CdS moseicuTes
HanpsizKeHHe XOJIOCTOrO XOAa, a B pe3ysibTaTe ONTHMU3AUHMH XHU-
muueckoro cocraBa Cus,Se yBeaHUuTCs TOK KOPOTKOrO 3aMBIKa-
Husi. Huskue 3HaueHus FF (~0,36) o6ycioBiieHbl GOJIBIIHM KOH-
TAaKTHBIM CONPOTHBJIEHHEM rpaHuUbl pasjena Merasnna c¢ CdS.

Baaronapst ycoBeplieHCTBOBaHHIO {41] mpouecca H3roToBJeHHS
TOHKOIIJIEHOYHBIX 3JeMeHTOB Ha ocHoBe Cuy ,Se— CdS B yciso-
Bussx AMI rnoJiyueHbl cilefyiollHe BBIXOAHBblE MapaMeTphl: Voe=
=0,46 B, Js=11,6 mA/cM2, FF=0,62 u 1=3,3 %. YcraHosieHo,
uro ocaxueHde Cus .Se Ha MOANOKKH, Harperble IO HEeBHICOKOH
Temnepatypsl (~160°C), u cosmaHue peibeda Ha MNOBEPXHOCTH
mieHkd CdS (uyrem ee rtpaBienuss B HCl nmepem ocaxaeHHem
Cug—,Se) crnoco6CTBYIOT YJYUIIEHHIO XapaKTePHUCTHK 2J1eMEHTOB.
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ToHKON/I€HOYHbIE COTHEYHbIE 3JIEMEHTHI CO CTPYKTYPOH MeTaa—
JH3JIeKTPHK — MOJIyIPOBOAHUK Ha ocHoBe CdSe [36] mosyualot mo-
CPeICTBOM OCaxkeHHsi MeTOJOM BaKyyMHOTO HCIapeHHsi Ha CTeK-
JSIHHYIO TOJMJIOXKKY (C MOKpbITHEM H3 Xpoma TojmuHoi 0,1 MKM)
npu Temnepatrype 425°C cios CdSe roamuHOH 2 MKM CO CKO-
poctbio ~ 1 HM/c. Caofi CdSe numeer MOMHKPHUCTANIHYECKYIO CTPYK-
TYPy C OCbIO ¢, OPHEHTHPOBAHHOH MepHeHIHKYJISAPHO IONJIOKKeE.
CocraB mniieHOK npuOJAHKAETCST K CTEXHOMETPHUECKOMY; KOHLEHT-
pauus HocuTesedl 3apsna pasHa 104 cM—3, a 3HAYeHHs UX TOLBHK-
HOCTH 3akJioueHbl B mpegpenax 10...30 cm?/(B-c). 3atem Ha mo-
BepxHocth CdSe ¢ moMouplo BakKyyMHOro HCHapeHHsI HAHOCAT
TOHKHH (TOMIUHHOH 4...5 HM) cJjoft ausjekTpuxra (ZnSe uan
SbeSe;) u ocaxknaioT MmJeHKY 30/0Ta TOJIIHHOA 20 HM, ONTHYECKHH
K03 dunHeHT nponyckaHust Kotopo#l cocrasiasier 30...40 %. Toto-
BBl oOpasen MoABepralT TepMooGpaboOTKe MPOJNOJKUTENbHOCTHIO
10...30 mun B atMocdepe azora npu TeMmieparype Huxe 200°C.

KII1 TOHKOMJIEHOUHBIX COJIHEUHBIX 3JeMEHTOB CO CTPYKTYpOH#
MeTaJlJl — IH3JeKTPUK — MoJynpoBoAHUK Ha ocHoBe CdSe mpeBw-
maer 5%, npu atoM V,.c=0,55...0,6 B, Joc~20 MA/cM2 (uHTEH-
cuBHOCTb H3nyuenus — 100 mBt/em?) u FF=0,4...0,5. CymecrBen-
HOe BJIMsSIHHE Ha CIEeKTPa/JbHYIO XapaKTepUCTHKY YyBCTBUTEIbHOCTH
3/1eMeHTOB OKa3blBaeT OTPaKeHHe H3JYUYeHUs OT MeTaJJIHYecKOro
cnoga. Ilpu ykKasaHHOH TOJIIHHE IJIEHKH 30J10Ta MHHHUMYM Ko3d-
(puuHeHTa OTpaKeHUs] U MAaKCHMyM Ha KPHUBOH CIeKTpPa/jbHOH YyB-
CTBHTEJIbHOCTH COOTBETCTBYIOT AJIHHe BOJHBEI cBeta ~ (0,5 Mxm. [Ipn
HCIIOJIb30BAHHU IIPOCBETJSIONEr0 MOKPBITHsT (hOpMa KPHBOI 3Hauu-
TenbHO u3MeHsietcsi. KoaddunueHt cobupanus Hocurtesed 3apsiga
B KOPOTKOBOJIHOBOH YaCTH CIEeKTpa BHILe, YeM B JJIHHHOBOJHOBOH,
YTO CBHIETEJbCTBYET O HH3KOH KOHHEHTPAaUHH peKOMOHHAUMOHHBIX
LeHTPOB B ob6siacTH mepexofa U o Masofl AUQPY3HOHHOH msUHE
HocuTesefl BHyTpH nieHku CdSe. Pacmupenue oGnactu nmpoctpa-
CTBEHHOTIO 3apsja 3a CYeT H3MeHeHHsi NpOdH/Is KOHUEHTPAUUH Je-
rupyouieli mpuMecH, MO-BHAMMOMY, NMO3BOJHT IMOBBICUTh 3 (eKTHB-
HOCTb cOOHpaHus HocHTesedl.

CorsacHo pesy/ibTaTaM H3MepeHHil BOJbT-papalHblXx Xapakre-
puctux, nupdysuonnnit norenuuan pasex 0,75 B. Ilonararmot, uyro
ero 3HayeHHe [OJIKHO YBEJHUHTHCS TPH TOBBIIEHUH YPOBHS
JgerupoBanus. Onnako Jeruposanue mieHok CdSe kagmuem mnpu-
BOJMT K CyXKeHHI 00J1aCTH NMPOCTPAHCTBEHHOTO 3apfna M, cjlefoBa-
TeJIbHO, yMeHbllleHHIO Ko3d¢uuueHnTa cobupanus HocHresnedl. [lpn
ocyuiecTByieHud AuGGY3HH cesieHa I/ KOMIIEHCAUHH B MOBEPX-
HOCTHOM CJIO€ JOHOPHHIX YPOBHell, CBI3aHHBIX C NMPHUCYTCTBHEM Kal-
MHud, HampsxKeHHe XO0JIOCTOro Xxoxa moBhbiiaercs a0 0,7 B. Hs
BOJIbT-aMNEPHbIX XapaKTePHCTHK HafleHbl CJeIyiollHe 3HAYeHHs
napaMeTpPoB Iepexofa: MHOIHBIA KO3(pdHULUEeHT n=~2, MIOTHOCTb
06paTHOrO TOoKa HachimeHusi Js==6-10~% A/cm? u BricotTa Gapbepa
(DB=0,85 3B.
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ITpu onrtHueckoil MHPHHe 3alpelieHHON 30HBI CeNeHHAa KaaMHS,
paBHo# 1,7 3B, HanpsixkeHHe XO0JIOCTOrO XOma COJMHEUHBIX 3JeMelTon
Ha ero ocHoBe Moxer coctaButb 0,8...0,9 B. [last yBenuuenus V.
HeOOXOJMMO MOBBLICHTH YPOBEHb JIerHPOBaHHs. Ec/aM Xe, MOMHMO
9TOr0, C MOMOLIBIO IPOCBETJSAIONIETO MOKPBITHS YMEHBUIUTH [OTEPH
H3JlyYeHHs] Ha OTpaKeHHe, a 3a cueT yBeJHUEHHs AUPODY3NOHHOM
JUIMHB HEOCHOBHBIX HOCHTeJIedl 3apsga MOBLICUTh KO3 (HUIHEHT 3a-
TIOJIHEHUsS] BOJIbT-aMNEPHOH XapaKTePUCTHKH, TO MOXKHO OXHMJIaTh
Bospactanusi KI1[ ssementos storo tuna go 10 9%.

Fapcna u Tomap [37] H3rOTOBHIM HA CTEKJSHHBIX MOMJIOXKKAX,
NOKPBITHIX CJOeM LHHKA, TOHKOMJIEHOYHBble COJIHEUHble 3JeMeHTHl
co ctpykrypoit n-CdS — p-ZnlnySey. Ilnenka ZnInSe, ToamuHo#
7...11 MKM HaHOCHJIaCh Ha INONJIOXKKY HpH Ttemmepatype 425 K
MEeTOJOM BaKyyMHOTO HCHapeHHs NpH jaaBjenun ~ 10—* I1a. Ha no-
BepxHocTH Znln,Se, BhipamuBacs caoii CdS tosuuuo# 3...7 MKM.
CosmectHo ¢ ZnIn,Se, u CdS ocaxnanucs Se u In cooTBeTcTBEHNO.
C noMoluipio BAKYyMHOTO HCIApeHUsi HANBLIsAIACh BePXHsAs KOHTAKT-
Has cerka u3 MHAMA. Ilpn nHTeHcuBHOCTH H3nyuenus 100 mBt/cm?
COJIHEUHble 3JeMeHTH umenu V,.=0,27 B, J;.=16 MA/cMm2, FF=0,31
n KIIA ~1,5%.

7.5 ®ocoup umnka (Zn,P,)

®ocdup UMHKA OTHOCHTCS K YHCJIY HOBBIX NEPCIHEKTHBHBIX (o-
TO3JIEKTPHUECKHX MaTepuasoB. Ero omruueckasi miMpHHa 3ampelleH-
HO# 30HBI paBHa 1,55...1,60 3B, a naHHbe N0 KO3pGbHULHEHTY MO-
[JIOIIEHHsI CBeTa CBHIETEJbCTBYIOT O ToM, uto ZnzPy orHocutcs
K NOJNYNPOBOJHHKAM C HPSMBIMH ONTHYECKHMMH mnepexomzamu [38].
B nmuonax c 6apbepom HIOTTKH, M3roTOBJIsIEMbIX Ha OCHOBE IJIEHOK
p-THIIA NPOBOAMMOCTH, NPH CO3JaHHH KOHTAKTa U3 MarHus BbICOTA
G6apoepa coctaBiser 1,0...1,4 3B, a npu Hucnosb30BaHHH aJIIOMH-
Husg — 0,75 3B. Dueprus cpoacTBa K asekTpoHy ZnsP, pasua 3,6 3B
[39]. Hduddysuonnas pauHa HEOCHOBHBIX HOcHTeNel 3apsina [39,
40], u3MepeHHass B MOHOKPHCTAJIJIMUECKUX COJIHEUHBIX 3JeMeHTaXx
¢ 6appepom IllorTkM Ha ocHoBe p-ZnsPs, cocraesisier 5...10 MKM,
a B TOHKOIMJIEHOYHBIX 2JeMeHTax — 3...4 MKM. AHaJIH3 ONTHYECKHX
U 2JIEKTPOHHBIX CBOHCTB TOHKHX IJIeHOK ZnzP, nokasniBaer, uto
OHM ITIPHTONHBEI IJISl CO3JaHHsi (OTO3JNEKTPUUECKHX HpeoGpasoBare-
Jleli, OfHAaKO 00s3aTeJbHbIM YCJOBHEM SIBJSIETCS NPUMEHeHHe IIpO-
CBeTJIAIOMHAX NOKPHITHA. OXHO H3 OCHOBHBIX I[IPEHMYLIECTB 3TOrO
Marepuaja COCTOUT B TOM, 4TO NPHPOIHBIX 3aMaCOB XUMHUECKHX
3JIeMEHTOB, M3 KOTOPHIX OH COCTOMT, AOCTATOUHO IJisi oGecredeHus
KPyNHOMAacUITa6HOrO NPOU3BOJACTBA COJIHEYHBIX 3JEMEHTOB.

ToHkHe MNJIEHKH, INOJyyaeMble NMOCPEACTBOM HCIApeHHs H3 rpa-
(HTOBBIX THIJIe MaccuBHHX o6pasunoB ZnzP, [39], nmpu Temmnepa-
type HcrouHnka 700...800°C u rtemmepatype mnomnoxku 140...

.200 °C o6sanamoT NPOBOLHUMOCTBIO p-THUIA; TTOABHXKHOCTb JBIPOK
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B HUX coctaBiaser 10...40 cm?/(B-:c). IIpu ormxkure ynenbHoe co-
NPOTHBJIEHHe IIJIeHOK MOKeT U3MeHsiThesl B peaenax 10...105 Om X
Xcum. ITnenku ZngPy 06pasyor oMuueckuit KOHTAKT C XKeJe30M, KOTO-
poe coraacyercst ¢ ZnzP, mo mapaMerpaM KpUCTaNJIHYECKHX PeLIeTOK
U Ko3pPHIMeHTaM TENJIOBOTO paCLIMpPEeHHs U MO3TOMY MOXKeT ObITh
Bbi6paHO B KauecTBe Martepuasna noamoxku. KIII ToHKomieHOU-
HBIX COJIHEUHBIX 3JjeMeHTOB ¢ Gappepom IlloTTkM Ha ocHoBe Mg —
ZnsP, [41] npu wuHTeHCHBHOCTH u3nydyeHus 83 wmBr/cm? pasen
2,5 %, u emy orBeuaroT Voe=0,37 B, Jc=12,0 MA/cM? u FF=0,46.

7.6 ®ocoup uuans (InP)

Hanuune y ¢dochuna uHINS «NpsiMOil» 3anpeleHHOH 30HBI IIH-
punoii 1,34 3B mo3BoJisieT HCNOJb30BaTh €ro AJs co3gaHus ¢oro-
JIeKTPHUeCKHX Ipeo6pasoBartenell. BceiencrBue BBICOKOrO ONTHYE-
CKOTO KO03(p¢hHUNCHTA NOIJOLEHUS CBeT IIPOHUKAeT B IMOJYIPO-
BOJHHK Ha MaJyio TJayOuHy, Onarogaps ueMy He TpebyloTcs
IJIEHKH C O4YeHb OosbIIOH AUPPY3MOHHOH AJMHOH HEOCHOBHBIX HO-
cuteneit 3apsima. IlapaMerpnl Kpucrajinueckux peuerok InP (co
CTPYKTYpo#l LHMHKOBO# o6MaHku) u CdS (co crpykrypo# BIOPT-
IHTa) Ha [OBEPXHOCTH pasnena paBHb a1,p=0,5869 HM ¥
Y2acqs =0,5950 M. Taxum o6pa3oMm, creneHb HeCOOTBETCTBHS ma-
paMmerpoB peuieTok ¢docduna HHausg B miaockoctd (111) u B 6Ga-
3HCHOH TJIOCKOCTH TeKCcaroHa/jbHOro cyJjbduga KagMus CcOCTaB-
asier ann 0,32 %. Kpome toro, nmockosnbky InP u CdS cornacy-
I0TCST MeXIy coGOH MO 3HEePrUsiM CPOACTBA K 3JEKTPOHY, Ha
TpaHuIe pasjena He HabJiolaeTcs NHKa B 30He IPOBOIUMOCTH.
Brarogapsi 3TOMy XaHHBIE NOJYNPOBOIHUKH 06pasyioT HjeasbHBIA
reTepornepexo.

JLs1 H3roTOBJIEHHST MOHOKDHCTAJIIHUYECKHX COJIHEUHBIX 3JeMeH-
ToB Ha ocHoBe p-InP—n-CdS (c npocBeT/siIOIMM NOKpPBITHEM
u3 SiO, cos3zaBaeMbiM METOAOM BaKyyMHOIO HCIAPEHHsI) HCIOJb-
3YIOT XHMHUECKH IIOJIMPOBaHHbIE JIETHPOBAHHble KaJaMHeM [jia-
CTHHBI (pochupa HHOUS p-THHA INPOBOAUMOCTH, BBIPALIEHHOTO Me-
togoM Hoxpasnbckoro. Cuoit CdS rtosmuuoit 5...10 MKM HaHOCAT
C TOMOUIbI0 BaKyyMHOTO HCIapeHHsl BeliecTBa Ha IOBEPXHOCTh
TOJJIOXKKH , mapaJjJlesbHylo miockoctu (111), npu Temmeparype
200...250°C co cxopoctbio okoso 0,15 mkm/MuH. Temnepatypa xo-
aKCHAJbHOTO H30TePMHUYECKOIO HCIapHTeJs, ComepKallero OT-
nenbHo Kaxmuii u cepy, cocrasasier 350°C. Kourakr ¢ InP moay-
YaIOT MyTeM OCaXKAeHHS 3JeKTPOJUTHUECKAM MeTOa0M cJoeB Au—
Zn—Au, a Ha nosepxHOocTb CdS HaHOCAT KOHTAaKTHYIO CETKY H3
HHJAHS MJIH CIUIaBa MHAMA C ranndeM. IIpH HHTEHCHBHOCTH H3JY-
yenusi 53 MBr/cM? KIIJl conHeuHBIX 3J1eMeHTOB cocTasJseT 12,5 %,
a 3HayYeHHs HUX BBLIXOAHBIX IapaMerpoB paBHbB: V,.=0,62 B,
Jo=15 MA/cm? u FF=0,71. Kpusast cnekTpasbHOH YyBCTBHTENb-
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HOCTH 3/IeMEHTOB MMeeT IJIOCKYI0 (GOpMy B HHTepBaJie AJUH BOJH
0,55...0,91 Mxm. O6nacTH CHHXKEHHsI UYBCTBHTEJIbHOCTH B KOPOT-
KOBOJIHOBOM M MIJIHHHOBOJIHOBOM JHana3oHax CIeKTpPa COOTBETCT-
BytoT kpasMm noraowenuss CdS u InP. [1noTHOCTE O6PATHOrO TOKa
HaACBIILEHHsT B 3THX 3JeMeHTax odeHb Majaa (~10-% Afcm?). Tox
KODOTKOrO 3aMblKaHdsi H 3(h(peKTHBHOCTb cO6GUpaHHsl HOCHTeJdel
onpene/siloTCsl MCKJIIOYUTENBHO O06beMHbIMH cBofictBaMH InP
oxHa u3 CdS [43] u mouTH He 3aBHCSAT OT CBOWCTB TpaHUUBI Pas-
nena. ubdysuonnass pauHa ssexktpoHoB B InP, Hafigennas
C TNOMOIIbI0 KPUBOH CIEKTPa/bHOH YyBCTBHTEJbHOCTH 3JI€MEHTOB,
cocraBisieT ~ 1,3 mkM. [Ipu nanecenun CdS nHa moBepxHocTH nonu-
jgoxex u3 InP, napannennusie niockoctsam (100) u (110), age-
MeHTH 006J1a1a10T M0 CYLIeCTBY aHAJOTMYHBIMH XapaKTePHCTHKaMH.

B tom cayuae, Korga B IIpoiecce H3rOTOBJIEHHsS MOHOKDHCTAJ-
JHYECKHX COJIHEUHBIX 3JieMeHTOB Ha ocHoBe p-InP —n-CdS
cnoit CdS BelpammBator Ha nosepxHoctd (111) InP meromom xu-
MHYEChOro OCax/eHMsi M3 napoBofi ¢asnl ¢ ucrnosb3oBanueM HoS
(BOIOPO/ CJAYIKHUT ra30M-HOCHTeNIeM) TpH TeMIepaType HCTOUHHKA
700°C u temneparype nomioxkku 620°C, KIII s/eMeHTOB ¢ mpo-
cBeryisiiolnM mokpeltueM u3 SiO B ycsoBusx AM2 pasen 15 %
(mpu ortcyrctBun mokpblTHs — 12,8 %) [43], Voe=0,79 B, Js=
=18,7 MA/cM? (Ge3 mpocBerJsiouiero mOKpHITHSI — 16,0 MA/cM?)
u FF=0,75. B uxerupoBanubix xaaMmuem Kpucrananax InP xon-
leHTpauus ABIPOK paBHa ~2-107 cM™3, a HX NOABUKHOCThH
~80 cm?/(B-c). B mnnenkax CdS koHumeHTpauus 3JeKTPOHOB CO-
crasasier 2-108 .., 1019 ¢cM—® npu UX NOABHUKHOCTH, H3MEHsIONIEHCS
B npenenax 100...150 cm?/(B-c). IlpexBapuTeiibHble yCKOpPEHHBIE
pecypcHbie HCIBITaHHsi MOHOKDHCTAJJIMYECKHX COJIHEUHBIX 3JIeMeH-
ToB Ha ocHoBe InP — CdS mnokasanu, 4To HerepMeTH3UPOBAHHBIE
3JIeMEHThbl He IOJBepKeHbl BO3LEHCTBHIO OKpYy:Kaloliell CPeIHl U UTO
X XapaKTepUCTHKH YXyZIuialoTcs npu TeMneparypax Gosee 400, °C.
[Tpu Temneparype 485 °C cBoficTBa BBICOKONPOBOASINHX IJ1EHOK
CdS He u3MeHSIOTCS B TeueHHe Mecsiia.

Hto u Ocapa [44] co0o6WHAH O CO3TAHHM MOHOKPHCTAJIHUECKHX
COJIHEeUHbIX 3jieMeHTOB Ha ocHoBe InP — CdS (6e3 mpocBetisiio-
1[er0 TOKPBLITUSI) TOCpencTBOM HaHecenus ciaoss CdS na miiockocTh
(111) InP MeTomoM XHMHUECKOTO oOcaxKieHHsT H3 NapoBoil (aswl
u o nosyuennu KITIL 4,1 %. Huskast uyBCTBHTEJNbHOCTD 3JIeMEHTOB
B JJIMHHOBOJIHOBOH 06J1aCTH CleKTpa, BepOSITHO, CBsizaHa ¢ 06paso-
BaHMeM Ha TpaHuile pasjgena ca0d (OGHAPYXKEHHOTO C MOMOIILIO
3JIEKTPOHHO-30HJI0BOTO MHKPOAHAJU3aTOPa), COCTOSIIEr0 H3 CMecH
InP u CdS.

BosMoxHOCTh TOJIyueHHs BBICOKOI(P(}EKTUBHBIX  CTabUAbHBIX
MOHOKPHCTAJJIHUECKHX COJIHEYHBIX 3J1eMeHTOB Ha ocHoBe InP —
CdS crumynupoBajia HCCHELOBAHHS TOHKOIJIEHOYHBIX 3JIeMEHTOB
aHAJIOTHYHOTO THNA, KOTOpHE O6YAyT paccMOTPeHBl B CJeLyIOLIUX
paspuenax.
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7.6.1 TMpouecc uarotoBneHus

751 u3roTOBJIEHHST TOHKOIJIEHOYHBIX COJIHEUHBIX 3JIEMEHTOB Ha
ocHoBe p-InP —n-CdS mnpumeHsioTr MeTOAb BAKyyMHOTO HcHa-
penus [45], xuMuUeCcKOro ocaxjenuss H3 napoBoil ¢aswl [43) u uc-
nmapelidss B COYEeTAHHH C XHMHYeCKHM OCaxjeHHeM H3 IapoBOH
dasnor [46, 47]. DaeMeHTbl CO3JaIOT HAa NMOMJIOXKKAX H3 MojubmeHa
[46, 47] u rpadura (6Ge3 Kakux-au6o NOKPHITHH [47] B co cioeMm
GaAs p-THma TPOBOAMMOCTH TOJIIMHOH 25 MKM, COJep:KalliuM
GoJiblliOe KOJHUECTBO Jerupywoineii npuMecu — Zn [43]). Haubonee
s¢b¢dexTuBHble TpHGOPH [43] MOAYYAlOT METOAOM XHMHUECKOTo
ocaxJeHusi M3 napoBoli (as3pl NPH HCNOJNb30BAHHH I'PadUTOBBIX
noaJioxkek ¢ nokpoitueM u3 GaAs. Iloxaoxkka u3 rpadura s dex-
THBHO OTBOZMT TOK oT caosi GaAs, a na rpanune pasgena GaAs
u InP o6pasyercss OMHYECKHH KOHTAKT C HH3KUM IepeXOJHBbIM
CONMPOTHBJIEHHEM. DJieMeHThl, cO3JaBaeMble Ha INOJJIOXKKAX H3 MO-
Jubnesa u rpadura 6e3 cnosi GaAs, u3-3a HM3KOrO KayecTBa
TBHIJIBHOrO KOHTaKTa HMeET XYJIHe XapakTepHcTHKH [45, 47]

IIpouecc usrotoBsieHust [43] OGBLIUHBIX TOHKOIJIEHOUHBIX COJIHEU-
HBIX 3jeMeHTOB Ha ocHoBe InP — CdS c¢ KIII, npeBvluamomum
5 9%, BKawYaeT HaHeceHHe Ha rpadHUTOBYIO INOLJIOXKKY CO CJIOeM
GaAs MeromoM XHMHUECKOrO OCa)KJeHHs U3 1apoBoil ¢assl
(¢ mpumenenunem PCl;) nosmukpucraaniuyeckoro cjost InP Tomuiu-
Ho#t 50 MkM [47], a 3areM mieHku CdS (mepenoc HyS ocymects-
JisieTcsl ¢ nomoupio Bogopoaa). CoryacHO pesy/nbTaTaM H3MepeHHH
BOJIbT-(DapajHbBIX  XapaKTePUCTUK, KOHIIEHTpalHsl Jerupyoiiei
npumecut B p-InP paBrma 8,3:10% cm—3. B mnnenkax CdS co-
JIep2KUTCS 3HAUMTEJNBHO OoJiblliee KOauuecTBO NpuMecH (~ 1019 cm—3).
IIpocseraswiee mokpeitHe u3 SiO mosyvamT MOCPEACTBOM BakKy-
YMHOTO HcIIapeHHs BellleCTBa IPH TeMIlepaType MOJJIOXKKH OKOJO
100°C. Konrtakr k miaeske CdS ocyiiecTBijisieTcst ¢ MOMOIIbIO HH-
JMs, HAHOCHMOro M3 pacnJjaBa. KoHTakTHasi ceTKa Ha OCHOBE
In — Au obecrneunBaeT AOBOJBHO BBICOKOE 3HaueHHe Ko3hQuiu-
€HTa 3amoJIHeHUsI BOJbT-aMIEPHOH XapakTepucTHKH (~0,75).

[Ipu ocaxpennu InP Meromom BakyyMHOro ucrapeHuss obpa-
3ylolgecs TIJeHKH IPeACTaBasioT co60fi cMechb ABYX a3 — HH-
nust 1 gochopa. Ilnenkun InP c pasmepom sepen Gojiee | MEKM
145], coctosmine u3 ogHOA (Gasbl, MOTYT OBITH MOJYYeHHl TPH COB-
MEeCTHOM HcliapeHHH MHAMA H (ochopa U3 ABYX HCTOUHHUKOB.

7.6.2 MoTO3NEKTPUUECKUE XAPAKTEPUCTUKM

ToHKoOMJIeHOUHEIE COJIHEUHBIE 3JjieMeHTH Ha ocHoBe InP — CdS
miowmaabio 0,03 c¢M2, H3TOTOBJIsSieMble METOLOM XHUMHUECKOTO OCaK-
JeHust u3 naposoit dasnl [43], B ycaoBusix AM2 o6sanaioT cieayio-
WHMMH xapakTepuctukamu: V,.=0,40...0,46 B, J=13,3 MA/cm?
(y 3/7eMeHTOB ¢ NpPOCBETJAIOMHUM MNOKpbiTHEM U3 SiO Jge =
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=154 MA/cm?) u FF=0,68. Mx KIL nocruraer 4,9 %, a npu
HaJIMYMH TNPOCBETJSIONEr0 MOKphiTHA — 5,7 %. ¥ 3/eMeHTOB, CO3-
1aBaeMblX Ha MOJHMOAEHOBLIX IOJJO0XKKaXx C MOMOIILIO XUMHUe-
cKoro ocaxkjaeHust InP u3 nmapoBoil ¢a3bl U BaKyyMHOTO UCHAapeHHs
CdS [46], B ycnoBusx AM1 KILI cocrasasier 2,0 % npua V.=
=037 B, Joe=18 MA/cM? u FF=0,30. XapakTepUCTHKH 3J1eMEHTOB
B 3HAYMTEJILHOH CTeleHH 3aBUCAT OT TeMIepaTyphl MOJJI0XKKH B [1PO-
necce ocaxpaenuss CdS. Viayuumrennio BBIXOZHBIX NMapaMeTpPoB 3Je-
MEHTOB CIIOCOOCTBYeT OTXKHI Ha Bo3ayxe npu TeMmepatype 500 °C
B TeueHdne 10 mun. IlpnunHofi mosyuenus: Huskux 3Hauvenuii FF
ABJseTcss 00pa3oBaHHe BHINIPSAMJSIONEr0 KOHTAKTa Ha TpaHUIe
passena InP— Mo, uro npuBOAUT K TmMOSIBJEHHIO Ha rpaduke
CBETOBOH BOJIbT-aMIIepHOfl XapaKTepUCTHKH TOuKH meperuba. Coi-
HeyHble 3MeMeHThl Ha ocHoBe InP — CdS, usroroesasieMble Ha MO-
JHUOJEHOBLIX NOJJIOKKAX HCKJIIOUHTENbHO METOJA0M BaKyyMHOTO HC-
napenusi [45], TakKe 06JaJalOT BBICOKHM IOCJeLOBaTeNbHbHIM CO-
nporusnenueM; ux KILI cocraBasier 2,1 % npu V,.=0,51 B u
FF=0,51. Bosnee nuskue 3Hauenns FF (~0,31) asiemeHTOB, co3na-
BaeMblX Ha TrpauTOBBIX MOIJT0XKKaX I[OCPEJACTBOM XHMHUECKOTO
ocaxpaeHuss U3 maposoit ¢asel (InP) B coueranum ¢ BakyyMHHIM
ucrnapenuem (CdS) [47], oBycioBjieHbl XYALUIMMH XapaKTePHCTH-
KaMy THJIBHOTO KOHTaKTa. JTH JieMeHTH B ycjoBusx AMI mmeror
1=2,8% u V,.=0,40 B.

HIs# u ap. [43] cooburator, uto B ycaoBusix AM2 TOK KOpOT-
KOTO 3aMbIKaHUS TOHKOIVIEHOUHBIX COJIHEUHBIX 3JIeMeHTOB JHULIb Ha
18 % HMIKe, ueM y MOHOKPHCTAJIJIHYECKUX 3JeMeHTOB, a abCoJioT-
Hble 3HaueHHs] KodpduuueHta cobupaHms HocuTesled 3apsiga MpHU-
MepHO OJHHAKOBBL. ABTOPBI MPUXOAST K BBIBOAY O TOM, UTO HaxKe
B TOHKOTJIEHOUHBIX 3JIeMeHTaX peKoMOWHalus HocuTesed Ha rpa-
HHLe pas3jesna He OKa3biBaeT CYILUECTBEHHOTO BJHMAHHA Ha 3Pdek-
THBHOCTb HX cobupanunsa. CorjsacHo ouenkaM, auddysuoHHas
JUIHHA HeOCHOBHBIX HocHuTeldefi B cjoe InP ToHKOMIEHOUHBIX 3Je-
MEHTOB cocTaJjisier 0ko0Jjio 0,6 MKM. CrneKTpaJsibHbIH IHamna3oH 4yB-
CTBHTEJIbHOCTH 3JeMEHTOB BBIXOJUT 3a TpaHULy, OMNpelessieMyIo
IMIHPUHON 3amnpelleHHOH 30HK MACCHBHHIX Kpuctasinios InP, uro
CBHJIETEJICTBYET O CYIIeCTBOBAHUH XBOCTOB 3HEPreTHUECKUX 30H
B obJyacti rpaHui 3epeH. Ilpu yBesuuenuu ryiyOuHB TPOHHKHOBe-
HHsl XBOCTOB COCTOSIHMH B 3ampelleHHYI0 30HY HalpsixKeHHe X0JIo-
cToro xona mnouuxkaercs. [lo MHeHHIO aBTOPOB, Ha/jiMYHe XBOCTOB
COCTOSIHUH, CBS3aHHHIX ¢ AedekraMu B 00JaCTH TpaHHUILl 3epeH, He
OKa3bIB2eT OTPHIATENbHOrO BJIMSIHUS Ha (HOTOTOK, HO H3-3a YMEHb-
wenust Hanpsikeaus: KIIJ{ coslHeUHBIX 3/1eMeHTOB CHHXKAaeTcsl MpH-
MepHO B nBa pasa. [losaraior, YTO NPH MOBBILIEHHH KadyecTBa CJOS
InP KII sneMeHTOB yBeaHUHTCS.

PesyapratThl, nonyuyenHble Kasmepcku u np. [45], ornnuaworcs
OT paccMOTpPeHHbX paHee. CHHKeHHe YYBCTBHUTEJBLHOCTH H3IOTOB-
JIEHHBIX aBTOPaMH MeTOJ0M BaKyyYMHOTO HCIapeHHs TOHKOIJeHOY-
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HBIX COJIHEUHBIX JEMEHTOB B KO-
POTKOBOJIHOBOH 00/1aCTH  CIeK-
Tpa BBI3BAHO IMOIJIOLICHHEM H3-
aydenust B cioe CdS, Torga kak
[OJIOKEHHe TpaHHUbl YyBCTBH-
TeJbHOCTH B JAJHHHOBOJIHOBOH
06JIaCTH  COOTBETCTBYeT Kpalo
norsiomeHuss InP. dneMeHTH He
06Ja1al0T  UYBCTBUTEJIbHOCTBIO
K H3JIYUEeHHIO C 3HeprueH, MeHb-
el  WIHPUHBL  3ampelieHHoH
soHb InP (cM. puc. 7.3). BoJee
HU3KHe 3HaueHHs Koapduuu-
eHTa coO0MpaHus HOCHTeseH 3a-
psiza, ueM Yy MOHOKpHCTaJJHue-
CKUX  3/J€eMeHTOB, 00YCJI0BIH-
BalOT MeHbUWHH TOK KOPOTKOTO
sambikaHus. [loHuxkeHHas 3¢-
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Puc. 7.3. KpuBble 3aBHCHMOCTeH KO-
apduunenta co6Hpanus Q HOCHTeseH
3apsifia B TOHKOTJIEHOUYHBIX COJIHEUHbIX
sJeMeHTax Ha ocHoBe InP — CdS or
IJIMHBl BOJIHBI CBETA A

(eKTHBHOCTL COOMpaHHS HOCH-
TeJed CBS3aHa C HX DEKOMOH-
Hauuell BHyTpu miaeHku InP, co-
gep:xamgeli 06osblIoe  KoJHye-
CcTBO JIe(eKToB, 1 Ha TpaHHUax
3epeH. B TOHKON/IEHOUYHHIX COJ-
HEYHBIX 3JIeMeHTaX, CO3JAaHHBIX
Cafito u fp. [46] Ha MONUOAEHOBBIX MOAJOKKAaX METOJOM XHMHUe-
CKOTO ocaxJeHus u3 maposoit daswsl (InP) B coueranum c Bakyym-
HeiM ucrnapeHueM (CdS), koadduuueHT coOHpaHHs HOCHTeseH
B CnekTpasbHOM jauanasoHe oT 0,6 no 0,7 MKM cocTaBjsieT OKOJO
0,7. OnpeneneHHoe aBTOpaMH 3HaueHHe AH(DPY3HOHHON AJTHHBL 3JI€K-
TpoHOB B mieHKax p-InP pasHo 0,2 MkM. CToib Manas AudGy3Hou-
Hasl JJiMHA HOCHTeJNell 3apsifa M SIBJISRTCS MPUUYMHOH HHU3KHUX 3HaUe-
HUl ko3 duineHTa COOMpPaHUs B AJHHHOBOJHOBOH 06/1acTH CleKTpa
(cMm. puc. 7.3).

CoraacHo manueiM Kasmepcku u pap. [45], mpu OTCYTCTBUH OC-
BelLIeHHA 3aBHUCHMOCTh TOKa OT HAMpPSKEHUS SBJASETCSH 3KCIOHEH-
unanpyoi. JuomHeli Koapuument pasen 2,34, 4TO CBUIETEIbCT-
ByeT O CYLLeCTBOBAHHH TeHepaluOHHO-PEKOMOHHALMOHHOIO Mexa-
HU3Ma NPOTeKaHUs TOKA.

Caiito 1 znp. [46] Tak’>Ke H3rOTOBHJIM HAa MOJHOIEHOBHX MOAJIOXK-
Kax TOHKOIJIEHOUHBble COJIHeUlIble 3JieMeHThl Ha ocHope cioeB InP
n Cu,Se, mosyuaeMbIXx METOJaMH XHMHUYECKOTO OCAXKAEHHS M3 ma-
poBOH (paspl M BaKyyMHOTO HCHapeHHs COOTBETCTBEHHO. B ycio-
Busix AMI asnements umeior KITA 1,7% mnpu V,.=047 B,
Jee=11 MA/cMm?2 w FF=0,34. Tlpu nnuHe Boaunl cBeta 0,65 MKM
Koa(ppHuunedT cobupaHus HocuTesel 3apsina pasen 0,40. Axanus
CMeKTpa.bHOH XapaKTePHCTHKH 4YBCTBUTEJNBHOCTH MOKAa3hIBaeT, 4TO

! — MOHOKPHCTAJIJIMYECKHH SJIEMEHT,  H3ro-
TOBJIEHHBbIH HCKJIOYHTEJbHO METOAOM XHMH-
4eCKOro oca)KJieHus u3 napoBoli dasbi [43];
2 —caofi InP HaHeceH METOZOM XHMHueE-
CKOro oOcCa)<AeHus u3 mnapoBoft da3sbi, cJoit
CdS — ¢ noMouwbil0 BaKyyMHOrO HCHapeHHs
(46]; 3 — caou InP u CdS noayuennl MeTO-
JOM BaKyyMHOro HcmapeHus [45].

12 3akas M 1939
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BKJaJ B (OTOTOK AAlOT JIMIUL T€ HOCHTENH 3apsAad, KOTOpbie reHe-
pPHPYIOTCS CBETOM B 00€JHEHHOM CJIOE.

7.7 Cenennpg mepu u uugus (CulnSe,)

(Cenenny Memn n uHAus obiamaer upe3BHUaHHO OJ1arompHUsT-
HbIMH CBOHCTBaZMH KaK MaTepHas IJst co3JaHHs (oTo3ajeKkTpuue-
cKkHX npeobpasosartesell ¢ rerepomepexoxoM. [lorsomenue ceera
B 3TOM MOJYNPOBOJHHKE COMPOBOXKAAETCS INPSMBIMH ONTHUECKHMH
nepexogaMH, 4YTO IO3BOJITeT BBECTH MeHee »KecTKue TpefoBaHHA
K BeJlHUMHe [U(PY3HOHHOH [IJIHHBI HEOCHOBHLIX HOCHTEJEeH 3apsiaa.
CulnSe; Jserko moJyuuTh B BHAE TJAEHOK KaK M-, TaK H pP-THUIOB
IpPOBOIMMOCTH, II03TOMy Ha OCHOBE JaHHOTO MaTepHaja MOryT
OBITh CO31aHBH 3J€MEHTH ¢ TOMOTeHHBIM H TeTePOreHHBIM Tmepe-
xopamu. Ilupuna 3ampeuienHo#t 3ounl CulnSe; (1,04 3B) 6suzka
K ONTHMaJibHOfl /s 1peo6pasoBaHHs COJHEUHOTO H3JIyYeHHs
B HaseMHBIX ycaoBHSX. IloCKONBKY cTemeHb HECOOTBETCTBHS TMa-
paMerpoB Kpucrasiuuueckux pemetok CulnSe, (cTpyxrtypa xanb-
komuputa) u CdS (rekcaroHaspHasi CTPYKTypa) COCTaBJsieT JIUIUIb
1,2 %, CulnSe; u CdS o6pasyioT uneanpHH rerepornepexon. 3Ha-
ueHHs 3HePrH#l CPOACTBA K 3JAEKTPOHY STHX MaTepHasioB MPHOJH-
3UTEJBHO PaBHBHI MexJy co0ofi, MO3TOMY Ha IrpaHHue pas3jena oT-
CYTCTBYET MUK B 30HE MPOBOJHMOCTH.

B03MOXHOCTD MOJIy4eHHs] BBICOKO3((hEKTHBHBIX npnéopOB Ha
ocHope rereponepexoga CulnSes; — CdS peanusoBana mpu cosua-
HHM MOHOKpHCTaJiuuecKux 3JjemeHToB [48—50]. Ilpu unrtencus-
HoctH uagyuenusi 92 mBr/em2 KIIJ cosHeuHBIX 3JIEMEHTOB MLJIO-
wagpio 0,79 Mm? cocrabasier 12 %, Voe=0,5 B, J;c=38 MA/cM? u
FF=0,60. IIpu #3roToBJeHHH 3/JileMEHTOB Ha XHUMHUYECKH IOJHPO-
BaHHYIO MOHOKpHCTaJ/siHuecKyio momiaoxky u3 p-CulnSe, Hawno-
csat caolt n-CdS tonummuo#t 5...10 MKM C HCHOJb30BaHHEM KOak-
CHAJLHOIO H30TepMHUECKOro JBYXKaMEpPHOIO HCHapuTens, coxep-
saugero Cd u S. Ocaxienne OCyIeCTBASIOT CO CKOPOCTBIO OKOJIO
0.15 mkM/mMuH 1pu TteMneparype ucmapurens 350°C u Temmepa-
Type moj10xKH B npenenax 130...210 °C. IIpocBetansiomum MOKpH-
THEM CJIVIKHT MOJVIAeMsli METOIOM BaKyyMHOIrO HCMapeHHs CJoH
SiO. B unrepsage panu BosH 0,55...1,25 MKM crmekTpaJibHOe pac-
npeneseHue xKospduirenTa cobUpanus OJHOPOJAHO U ero 3HaYeHHs
cocrapasior 0,7...0,8. I'pauuusl crnekTpasbHOTO [HalNa30Ha YyB-
CTBHTEJNBHOCTH 3J€MEHTOB B KOPOTKOBOJHOBOH H JJIMHHOBOJIHOBOH
obaactsax cooTBercTBy0T Kpasm mnoraomenuss CdS u CulnSe,. Cou-
HeUuHble 3JeMeHTH OoJbliell mJjomand 00/afaloT MOHHKEHHBIM
KI1/I, nockosbKy H3-3a” HajuuMs MHKPOTPELlMH B KPUCTaJdjiaxX
CulnSe, HanpskeHHe XOJOCTOrO X012 yMeHbIIARTCH.

[Tocne Toro kak OBLIM NOJyYeHB MJEHKH CeJieHHaa Meld H
unaus [51, 52], mosiBUIaCh BO3MOXKHOCTb CO3JaHUS HCKJIIOUHTENbHO
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MeTONOM BaKyyMHOIO HCHaPEHHsT TOHKONJEHQUHBIX COJHEUHBIX

3JeMenTOB ¢ TrereponepexonoM p-CulnSe; — n-CdS. Paccmorpum
3TH 3JeMeHTHl foJjiee MOAPOBHO.

7.7.1. MNMpouecc M3roToBnEHUs

Ha ocuose p-CulnSe; — n-CdS cosjiaior TOHKOMJIEHOUHBIE COJI-
HeuHble 32JieMEHTH Ha MeTaJJM3HPOBAHHBIX MOIJOXKKaX (POH-
TaJpHO-6apbepHOfl  (37€MEHT OcBellaeTcst CO CTOPOHBI  CJIOs
CulnSe;) wuau toibHO-6apbepHoil (ocBeurenne co cropoHsr CdS)
koHcTpyKuHh | [53]. Ilpu wusrorosnenuu ¢pounranpbHo-6apbepHOro
snementa cao#t CdS tommuuoi 6...8 MKM HAHOCAT METONOM BaKy-
YMHOIO HCHapeHHs Ha TNOAJNOXKKY, Harperylo Ao TeMIepaTyphl
500 K. O6pasel u3BjeKaOT U3 BAKyYMHOH KaMephl, H NOBEPXHOCTh
CdS mojnBepraioor kpaTkoBpeMeHHOMY TpaBieHuio B 10 %-nom pac-
tBope HCI. 3arem mpu temneparype noasoxku 525 K ¢ nomoursio
BAKYYMHOTO HCTapeHHusl (IpHUMEHsieTcsi HCIapuTesib, COCTOSIUMH U3
nBYX joaouek, HamosnHsieMbix CulnSep u Se) BhipamuBaoT TOHKHI
(ronmuuon 0,25...0,5 Mrm) ciaoft p-CulnSe,. Perysnupys kosuue-
CTBO HCMApsieMOro cejieHa, H3MEHSIOT THN TMPOBOAMMOCTH TJIEHOK.
TpaBseune B HCl HeoOX0muMoO st CEHCHOUJIM3ALUH CTPYKTYPHL.
Pasmep 3epen B mJeHKax OOOMX IOJYNPOBOZHHKOB COCTaBJISIET
0,8...1,2 MxMm. Opyroit crmoco6 H3roToBJIEHUS 3JEMEHTOB 3aKJua-
eTcsl B TOM, 4TO BCe BXOASIIHE B HX COCTaB GJIOH OCAXKAai0T METOo-
JOM BaKyyMHOro HCNapeHHs B eJHHOM ILHKJe, 0e3 pa3repMeTH3a-
uun  cHcrembl. [Ipu  co3gaHuM  THUIbHO-02pbEepHBIX  3JIEMEHTOB
nieHky p-CulnSe, HaHOCAT HA NMOAIOXKKY C MOKPHITHEM H3 30JI0Ta
HelocpeJCTBEHHO Mepex MmoJydenieM cigosi CdS (tommuuo#t b...
...6 Mxm). KoHuenTtpauus HocHuTeneit 3apsna B mienkax p-CulnSe,
cocraBasier 3-101...4.10% cm—3. [IpeumyuiecTBeHHOe HampasJie-
HHe POCTa IJIEHOK COBIajaeT C HanpasJjeHHeM <112>, mpu 3Tom
och <221> CcTpPYKTypbl MNepHeHIHKYJSPHA MJIOCKOCTH MOMJOXKKH.
Bepxuufl ceruarnifi KoHTakT co3paiorT u3 Al Ha mosepxnoctu CdS
(B THUIBHO-02pbepHOM 3JeMeHTe) WJIM U3 MacThl Ha OCHOBe Au H
Ag —mua nosepxuoctu CulnSe; (Bo ¢ponTansbHO-GapbepHOM 3J1e-
MeHTe). [OTOBHIe COMTHeuHble 3JIeMEeHThl OTKHraloT NPU TeMIiepa-
type 450 K u ngaBmenun ~ 13 [la B teuenue 15.,.20 mun. HUx
KIIJ ue npesnimaet 5,7 %.

Hepnasno banaxaynr u ap. [54] coo6umunu 0 cCoO3naHUH THIIBHO-
GapbepHbIX COJHEYHBIX 3JIeMEHTOB (C MPOCBETJAIOUIMM TNOKpPhHI-
theMm) muomanbio 1 cm? Ha ocHoBe n-CdS — p-CulnSe; ¢ mepe-
MeHHbIM ypoBHeM Jeruposanus, KITI kotopbix B ycaoBusix AMI
pocruraer 9,63 %. Cxema KOHCTPYKIMH 3JieMeHTa TaKOro THIA
uzobpakena Ha puc. 7.4. Ha noasoxKy M3 OKCHAZ aJIOMHHHSA,
MOKPHITYIO cJloeM MOJIMO/leHa, MeTOAOM BaKyyMHOTO HCNapeHus
(c wcmosbsoBaunem tpex HcrouHHKOB — Cu, In u Se) HaHOCAT
oGorawmennsiii Meapio cjofi CulnSe,. Tlpu ocaXaeHHH NJIeHKH

12*
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Puc. 7.4. CxeMa KOHCTPYKIHH BBICOKOI(phEKTHBHOIO TOHKOIJIEHOYHOTO COJIHEY-

HOro 3JjieMenta Ha ocHoBe p-CulnSe,—n-CdS ¢ mepeMeHHBIM YpOBHEM JIETHPO-
Banus [54].

0,5-15

CdS serupyioulelt NpUMeCbIO CJOyKHUT HHAHHA. BepxuHil KOHTaKT
npeacrasiser coboil ajlOMHHHEBYIO ceTKy. B KauecTBe IpOCBeT-
JAIOIIEro MOKPhITHsi TNpuMeHsiercsd mienka SiO,. Tepmoobpaborka
3JIeMeHTOB OcCyllecTBasiercs npu Temnepatype 200°C B atmochepe
BOJOpOZia U aproxa.

TonkonseHouHble coJHeUHble 3jeMeHThl Ha ocHoBe CulnSe;—
CdS u3roToBIAIOT TakXe M METOAOM MyJbBEPH3aLHH C IOCJeNylo-
UMM NHPOJIM30M [55] MM MOCPENCTBOM HOHHOTO pAaCHbLIEHHS B CO-

YeTaHHH C BaKyyMHBIM ucrnapenuem [56]. KITI sTux 3JeMeHTOB,
KakK IpaBuJIo, He mpesbiiaer 2 %.

7.7.2 MoTo3nEeKTPUYECKME XAPAKTEPHUCTUKM

Bosbr-ammepHass XapaKTepUCTHKAa BBICOKO3()(EKTHBHOrO TOH-
KOIJIEHOUHOTO COJIHEUHOTO 3JeMeHTa ThJIbHO-0apbepHOR KOHCTPYK-
muu maomanbo 1 cm? Ha ocHoee pt-CulnSep: Cu— p-CulnSe; —
n-CdS — nt-CdS : In ¢ npocBer/siiOlIUM TMOKpPHITHEM [OKa3aHa Ha
puc. 7.5. Tlpu ocBelreHHH HMHTATOPOM COJIHEUHOTO H3JyUEHHS,
BOCIIPOM3BOASIIIMM  ycaoBHS AMI  (MHTEHCHBHOCTH  CBeTa —
101,5 MBr/cM?), conHeunble 3JeMEHTH HMEIOT CJIEAyIOUIMe BBIXO/-
Hble MapaMeTpbl: MNPH OTCYTCTBHH MPOCBETJASIOUIET0 MOKPLITHS
Vee=0,396 B, Js.=35 MA/cm?, FF=0,64 u 1=8,72 %; npu ucnosb-
30BaHMd mpoceerasmoulero Mokputusi H3 SiOx — V,.=0,396 B,
Joe=39 MmA/em2, FF=0,63 1 1=9,53 %.

Kasmepcku u ap. [53] moayuuau ¢poHTadbHO-OapbepHble 3Je-
meHThl Ha ocHoBe CulnSe; — CdS (B eIMHOM TEXHOJOrHUECKOM
uuxie) ¢ KITJ 4,4 %. Conneunnie sqeMeHTs], ¥ KOTOpbIX cjoit CdS
noaBepraeTcss XHMHUECKOMY TpAaBJIeHHIO, HMelT O0ojiee HU3KHH
KITO (2,46 %), BepositTHO, BCJIENCTBHE MOBBIIMIEHHOIO MOCJ€EL0BA-
TEJHHOI'0 CONMPOTHBJIEHHS, OOVCJAOBJIEHHOTO 3arpsi3HEHHeM MOBepX-
HOCTH (M MOSIBJIEHHEM HA Hell YPOBHEH 3HePreTHUECKUX COCTOSHHI)
B Tpolecce TPaBJeHHs H BbAEPKKH Ha Bo3ayxe. [Ipu HHTeHCHB-
HocTH ussydenuss 100 MBT/cM? BhiIXoAaHBIE MapaMeTpbl COJHEUHBIX
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2JeMeHTOB 1omanbio 1,2 cm?
paBHel:  Voe=041 B, Je,=
=19,9 mMA/cm? u FF=0,5 (npu
U3TOTOBJIEHHH B €IMHOM IIHKJIE)
H Voc=0,34 B, Jsc=12 MA/CM2 u
FF=0,36 (upu ocymiecTsjeHuH
TpaBiaenus cjos CdS). TelapHO-
G6apbepHble 3JeMeHThl 06J1a4al0T
noBbIIIeHHOH 3} (PeKTHBHOCTBIO
(ux KILO cocrasasier 5,7 % npu
Voe=0,44 B, Jsc=22,5 MA/cMm2 u
FF=0,59) ©6narogaps 6oJsee
MIOJTHOMY TOIJIOIIeHHIO  CBETa
npu Hamuuud okHa u3 CdS u
JY4IIAM XapakTepHCTHKaM Ie-
pexona. Kpome rtoro, Kax moxa-
3bIBAIOT PE3YJbTAThl HUCCJIEN0BA-
HUHA (METOZOM OXKe-CIeKTPOCKO-
TIMM)  XUMHYEecKoro COCTaBa,
3JeMeHTBl  ThlJIbHO-0apbepHOH
KOHCTPYKUHH HUMeIT (ojee pes-
KUl mepexon [57]. ¥ 3neMeHTOB,
NMOABEPraBLIUXCA XHMHUECKOMY
TpaBJeHHIO, Ha TrpaHHlle pas-
nena obHaApyXKeH CJOH OK-
cuna.

Ha puc. 7.6 wu306pa-
KeHa KpHBas chekrpajb- %
HOH 3aBHCHUMOCTH KO3(-
¢uuuenTta cobupaHus HO- °
cutesell 3apsra B TOHKO-
1JIEeHOYHOM COJIHEUHOM %4
aJeMenTe Ha  OCHOBe
CulnSe,—CdS ¢ nepemen- 02[
HbIM YDOBHEM JIETHPOBA-
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Puc. 7.5. BoJbT-ammepHas xapak-

TEePHCTHKA TOHKOMJEHOYHOrO COJIHEY-
HOTO 3JeMeHTa Ha ocHoBe p-CulnSe, —
n-CdS ¢ nepeMeHHbIM YpPOBHeM JIerHpo-
BaHHdA, H3MepeHHas B ycJoBHsx AMI
NpH MHTEHCHBHOCTH H3ayueHus 101,5
MBt/cm2 [54].

'

HUS, IMeIoLeM KIIIL o3
9,53 % [54]. Koadpduuuent
cobupaHust Q uMeer BHICO-
kue (Gosee 0,85) u moutu
OJMHAKOBble 3HAYCHHS B
HHTepBaJe IJUH BOJH A=

Puc.
MOCTH Ko3pdulMeHTa cOOMpaHuHs  HOCH-
TeJiell 3apafa B TOHKOMJIeHOYHOM COJTHEUHOM
sjemente Ha ocHoBe CulnSe,—CdS [54].

A, MM

7.6. KpuBas cnekTpajJbHOH 3aBHCH-

=0,60...0,95 MKM (BCs 00JIaCTb UYBCTBHTEJbHOCTH 3JIEMEHTA OX-
BaThiBaeT AuanasoH A=0,5...1,1 mxm). CnexrpasnbHoe pacmnpenese-
Hye Koa(dHUHeHTa cobupanHus HocHTenell B snemente ¢ KII 5,7 %,
usrorosneHHOM Kaamepcku u np. [54], onnopoxno npu A=0,58...
... 1,3 MKM, ofHaKo 3HaueHHs Q B 3TO# 06JIACTH CYIIECTBEHHO HHKE

(0,50...0,55).
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Baaxxaynt u np. [54] moapo6HO u3yuusau BJAHSHHE TepMoobpa-
60TKH, ocyuiecTBiasieMoii npu temmepatype 200°C u pasinuHOM
coctaBe aTMocdepbl, Ha XapPaKTEPUCTHKH 3JeMEHTOB. ABTOPH OT-
MeualoT, YTO B pe3ysbTare OTIKHTra TOK KOPOTKOro 3aMblKaHHsS BO3-
pacTaer He3aBHCHMO OT COCTaBa OKpYXKalolleH cpedbl, B TO BpeMs
KaK HampsiKeHHe XOJIOCTOr0 Xoxa H KO3(Q(HLUHEHT 3aloJHEeHH:
BOJIbT-aMIepHON XapaKTEePHCTHKH YBEeJHUHBAIOTCA IIPH TepMo06-
paboTKe B cMecH BOJOpOJa C aproOHOM HJM Ha BO3JyXe H IOHH-
JKAIOTCs TpPH OTXKHMre B UYHCTOM BOJOpOJE HJIH BaKyyMe.

Kaamepcku u gp. [67] mcciaemoBanu MeTOZOM OXKe-CIEKTPOCKO-
MHH TOHKOMJIEHOUHBbIe COJNHEeuHble 3j7eMeHTH Ha ocHoBe CulnSe; —
CdS, usroroBjeHHble B eIHHOM TEXHOJIOIHUECKOM IHKJIE H IOI-
BeprHyThie TepMOOOpaboTKe NPOMONIKHUTENbHOCTBIO 2 U MPH TeM-
nepartype 600 K. ABTOopnl ycTaHOBH/IH, YTO KaAMHUH nubGyHAMpYeT
u3 CdS B mjeHKy TpexKOMIOHeHTHOro coenuHeHus CulnSe;. Duep-
rHsi akTHBAllMH 3TOro mpouecca pasHa 1,5 3B, a koadduuuent
IMpy3un aToMoB Kaamus cocrtasisier 1076 cm?/c. Tlpu rtemme-
parypax, He npesnimatomux 575 K, nudpdysus menu B CdS noutn
He HaOmogaercs. Ilockonbky mpu Hu3kux temmeparypax CulnSe;
CYlLeCcTByeT B BHJe €JUHCTBEHHOH (asbl, a aTOMbl MeIH, HAXOMs-
miHecst B KPUCTAJJIHYeCKOH pelleTKe XaJbKONHPUTA, MPOYHO CBs-
3aHBl C APYTHMH aTtoMaMu, sjeMeHTH Ha ocHoBe CulnSe; — CdS
JOJKHBE 006JajgaTh OoJbiledl CTAOUJIBHOCTbIO, ueM NpHOOpHl cO
crpykrypoit CueS — CdS [53]. BcecTOpOHHHX HCHBITAaHHH COJIHeU-
HBIX 3;eMeHTOB Ha ocHoBe CulnSe;— CdS He mposoaunoch, 01-
HAKO, YYUTHIBas, YTO 3a MepHOJ, PABHHIH HECKOJbKHM HeIesaM,
MX HalpsiKeHHe XOJOCTOr0 X04a H TOK KOPOTKOro 3aMbIKaHHs
YMEHbIIAIOTCS HE3HAUUTEJTbHO, MOXKHO MDPEANOJOXKHThb, UYTO 3TH
3/71eMeHTHl OTHOCHTEJbHO CTAGUBHHL.

CsoiicTBa TMepexofOB B COJHEUHBIX 3JeMeHTaX Ha OCHOBe
CulnSey, — CdS mnoxpoBHo He usydasnuch. CorsiacHoO HMeOUIHMCS
nauaeM [53], TOK, mpoxonAuMfi B NPSMOM HaNpaBJCHHH, CBA3aH
C HamnpsiKeHHeM 3KCIOHeHUHaJbHOH 3aBHCHMOCTbIO, a JIHOLHBIE
Koa(unuent pasen 1,9...2,1, uTo CBHAeTeNbCTBYeT O npeolbsana-
HHH pPEeKOMOHHAUHOHHO-TeHepalMOHHOTO MeXaHH3Ma NPOTeKaHns
Toka. Bannxaynt u ap. {54] BHIMOJHHJIH aHA/IM3 NOTEePb SHEPTHH
B BBICOKO3(D(EKTHBHBLIX 3jIeMEHTax C IepeMeHHBIM ypOBHeM Jeru-
poBaHHsi. ABTOpbI YCTaHOBMJIH, YTO IOCJeJOBaTeJbHOE CONMPOTHB-
JieHHe 3JeMeHTOB cocrasaser 1,2 OM, IIyHTHDYIOLlee CONPOTHBJe-
Hue — 10° Owm, mjaoTHOCTL OOPATHOrO  TOKA  HACHIIEHHA —
1,8-107 A/em2 u puomHbiii kKosdduuuent — 1,3. I[lo ux MHeHuIo,
yMeHblleHHe TOC/HEeJ0BaTeNbHOr0 CconpoTHBaeHHs 10 0,5 Om mos-
poauT nosuicuTh KIIJ mo 10,6 %. HMcciaenoBaHa BO3MOMKHOCTh
CO3/laHtsl COJIHEUHBIX 3JeMEeHTOB NAHHOLO THINA, CodepKallhuX CJIOH
ZnCdS Bmecto CdS. ¥V TOHKONJIEHOUHBIX 3/JEMEHTOB CO CTPYK-
typoit CulnSey— ZnCdS mnuomansio 1 cm? moayuen KITO 10 %
{58].
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B sakmiouenue ciexyeT OTMETHTb, YTO pa3pabOTAaHO HECKOJIBKO
HOBHIX TpeX-, YeThipeX- W MATHKOMIOHEHTHHX COeAWHEHHH MeIH,
npelHa3sHaYEHHbIX [AJs H3TOTOBJEHHS COJIHEUHBIX 3JeMeHTOB. Po-
T03¢hGdeKT 00HapyXeH B TOHKOMJEHOUYHBIX CTPYKTypax C rereporne-
pexoiamu p-CulnTey — n-CdS u p-CulnS; — n-CdS, cosganubIxX
MeTONOM BaKyyMHOro HcnapeHusi [45]. ¥V 3j1eMeHTOB Ha OCHOBe
CulnS, KIIO mocturaer 2,55 %. TOHKONJEHOUHbIE COJIHEUHLIE 3Je-
MeHTH Ha ocHoBe CdS — CuGaSeggoTeg, 10 [56], mosyuenusle ¢ no-
MOIbI0 BAKyyMHOTO HCIIapeHHS B COYETAHWH C HOHHBIM pacliblie-
aueM, uMeloT Voe=0,6 B, Js=0,9 mA/cm?, FF=0,35 u n=0,1 %.
Ilpy Wcrmonb30BaHHH KDPYNHO3EPHUCTBHIX KepaMHYECKHX IJIEHOK
Voe=0,43 B, J;c=26 MA/cM2 u FF=0,40. MerogoMm myJbBepusa-
UMH ¢ NOCJeAYIOIUM [HMPOJH30M CO3[ZaHbl YeThipeX- H MATHKOM-
noHeutnble cmiaaBel CulnSSe u CuAgInSSe, xoropnie corsacy-
orcst ¢ CdS mo mapamerpam KpHCTAJJIMYECKHX PEIIETOK W 3Haue-
HMAM LIMPUHBL 3anpelyeHHoll 30HB. OJHAKO COJIHEYHBlE 3JeMEeHTH
Ha OCHOBE 3THX MAaTEpUaJIOB ellie He U3rOTOBJEHH.

7.8 Okenp megn (Cu,O)

Oxcup Menn, MMEIHE «NPAMYIO» 3alpelleHHY0 30Hy MHPUHON
1,95 3B, BnosHe MOAXOAMT /sl IpeoO6pa30OBaHust COJHEUHOTO H3JMY-
uyeHHs. DeMeHTH Ha ocHOBe CuyO 06/1anai0T HEBBICOKOH addek-
THBHOCTbIO, OJHAKO HHTepeC K HCCJAeLOBaHHMIO 3TOr0 Marepuasa
00ycJIOBJIeH upe3BblualHO HH3KOfl CTOMMOCTBIO Tpoliecca ero Io-
JyueHus. CoOTBeTCTBYIOUIUM 06pa3oM OpPHEHTHPOBAHHBIE IJIEHKH
CuyO MoryTt ObITh BHIpallieHbl NMOCPEACTBOM HarpeBa MeIHOH MOJ-
JOXKKH Ha Bosayxe npu temneparype 1050°C. Tlpu stom Ha rpa-
Huue pasnaeqa Cu u CuyO obpasyercss Gapbep Illorrku [59]. Usro-
TOBJIEHHE THIJIbHO-0apbePHOTO COJIHEYHOrO 3JeMeHTa (¢ GapbepoM
Hlortku) Ha ocHoBe Cu— CuyO 3aBepiiaercsi co3JaHHeM OMHUe-
cKoro kKoHTaxkTa K mjaeHke CugO. i mosyuenuss (hpoHTaJbHO-
6apbepHOr0 3/7eMeHTa IOBepXHOCTHHIH caoft nieHku CuO Boc-
CTaHaB/JMBAIOT, B pe3ynbTaTe yero obpasyercs nepexon Cu — Cu0.
Crpykrypa ¢ 6apbepom IlloTTkH oOpasyercsi Tak:ke W IpH HaHe-
ceHHU Ha noBepxHOCTb MiaeHKH CupO ciros Merana.

Ouncen n Boxapa [59] cosnaBanu THUIbHO-GapbepHBE 3J€MEHThI
na ocnose Cu— CuyO, nomenrasi Ha HECKOJbKO MHHYT B medb
¢ temneparypoit 1050 °C ounieHHYI0 MEIHYIO MOAJIOKKY (mas Mo-
ayuennst miedkn Cup0), a 3arem pesko oxJaxaas OKCHAHPOBAH-
HYI0 NJACTHHY C MOMOLIBbIO AHCTHJAJHpOBaHHOH Boawl. Caoir CuO,
obpasyiomuiics B TMpolecce 3aKaJkH, YaaJsajacs IMOCPEICTBOM
tpaBienus B 20 %-Hom pacrBope NaCN. O6pasusl npoOMBIBaJHCD,
H AJs CO3JaHHs OMHMYECKOro KOHTakTa Ha moBepxHocTb Cu,O u3
napoBoil passl Ocaxkaaauch Melb HJIH HUKEJb.

®poHTaIbHO-GapbepPHbIE 3JIEMEHTH IMPEACTABJASIOT CcOoGOH 10
CYLIECTBY MPUOOPBI CO CTPYKTYPOH MeTaJs— AHIJIEKTPUK — IONY-
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npoBoxHUK. HuoAHbI Ko3(pHuMeHT, HafileHHBIH U3 BOJLT-aMIep-
HbIX XapaKTepUCTHK, OKasblBaeTcs BeJHUUHOH OoJiee ABYX. 3Ha-
yeHHsa IuGPY3HOHHOTO noTeHiuasa Vp, omnpenesnsieMble 10 Pe3yJib-
TaraM H3MepeHHH BOJbT-dapaJHbIX XapaKTepHCTHK, C [0CTATOU-
HOI CTeNeHbI0 TOYHOCTH COBMAJal0T C pPacyeTHbLIMH 3HAUYeHHUSMH
Vp nad Mojenu 3aeMeHTa CO CTPYKTYDPOH MeTaJs1— AH3JeKTPHK —
NOJYNPOBOAHHK. VI3MepeHHS BOJIbT-aMIePHBIX XapaKTEePHCTHK H
(bOTOOTK/IMKA TOKa3bIBAIOT, YTO 3HAUEHHs BBICOTHl Oapbepa 3aKJio-
uenbl B mpesenax 0,7...0,8 3B. ¥V anementos co caoem Cup,O ToJ-
munoit 161 u 37 Mxm ko3dduuueHT cobupaHna HocHTesedl NpU
nnuHe Boauel A=0,60 MkM paBeH 0,25 u 0,65 CcOOTBETCTBEHHO.
OcHoBriBasich Ha pesyabratax pacuera, OJgcen u DBoxapa [59]
MPHUXOAAT K BBIBOAY O TOM, YTO IPH ONTHMAaJbHOH TOJIIMHE CJOS
JM3JeKTPHKA M MajoM TOCJeI0BaTeJbHOM CONPOTHBJIEHHH 3Je-
mentoB ux KIII moxer mnpessicuts 10 %. B HacTosimee Bpems
ayumiie ssementnl Ha ocHoBe Cu — CugO mpu MHTEHCHBHOCTH H3-
ayuenuss 100 mBt/em? umenor Voe=0,37 B, Jo=7,7 mA/cMm?,
FF=0,57 u n=1,6% [41].

7.9 OpraHunuyeckue NonynpoBOAHUKK

Opranuueckde NOJYNPOBOJHHKH MPHBJIEKAIOT BHHMAaHHE BCJeH-
CTBHE HH3KOH CTOMMOCTH H BO3MOXKHOCTH HX MOJY4YeHHS B HeoO-
XOAMMOM KOJIMUECTBe MPH KpYNHOMAcCHITaOHOM TPOU3BOACTBE (HO-
TO3JIEKTPUUecKHX TpeobpasoBareseil. OxHako B CHJy OIpeneseH-
HBIX CBOHCTB, MPUCYIIHX 3TUM MaTepHagaM, CO3J1aBaeMble Ha HX
OCHOBE CoOJIHeuHble 3JeMeHTbl 00;1a1al0T OuYeHb HH3KOH 3¢pdek-
THBHOCTbIO. B OfHOH M3 paHHHX paboT, MOCBSALIEHHLIX aHaJIH3Y
KITL coJsiHeuyHBIX 3/€MEHTOB Ha OCHOBE OpPraHHYeCKHX TMOJyIpo-
BOAHHKOB, ®3ur [60] mokasas, 4TO ecad OAMH H3 ABYX KOHTAKTOB
Ha TMOBEPXHGCTH OPraHHYeCKOro MOJYIPOBOJAHHKA He Gylder obJa-
1aTh JGUOJAHBIMH XapaKTePUCTHKAMH, TO BO3MOXKHO IOJyYeHHE
KIIA okono 0,01 %. Tom u ap. [61, 62] usyuanu dotosnexTpuye-
CKHEe M IHOJHble XapaKTepHUCTHKH COJIHEUHBIX 3/71€MEeHTOB C Gapbe-
pom lorTku Ha ocuoe Al — Mg-dprasonuanun — Ag u co CTpyK-
tTypoii Al — rerpanen — Au. ABTOpPBl YCTAaHOBHJIH, UTO Y 3JieMeH-
TOB Ha OCHOBe (prajouMaHHHa MarHUs TOK KOPOTKOrO 3aMbIKaHH$
I CBSI3aH ¢ HHTEHCHBHOCTHIO M3JydeHuss [ 3aBHCHMOCTBIG
Ise~HYS. Jlns HanpsikeHHs X0J0CTOro xopa Vo CIpaBemHBO CO-
otHoiuenue Voo~InH, TunuuHoe aasi 3jemeHTOoB ¢ GapbepoM
Wortkn unun p — n-nepexogom. OTMeuaercsi, 4TO COJHEUHBIE 3Je-
MEHTLI MMEIOT G60JIbIlIoe IOC/aeI0BaTeNbHOe COMpOoTHBJAeHHe. ud-
(ysHoHHAs QJMHA 3JEKTPOHOB, HafileHHAs C MOMOILbIO CIIEKTPaJb-
HOM XapaKTePUCTHKH 4yBCTBHTeJabHOCTH, paBHa 1,5-107% cm. Uys-
CTBHTENLHOCTh 3JIEMEHTOB 3aBHCHT OT HAalpaBJeHHs TMajeHust
cBeta. CornacHo pesynpTaTam H3MepeHHE BOJbT-(QapagHbIX Xa-
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PaKTePUCTHK, TUPPY3HOHHHIN noTeHyuana cocrasjser 0,6 B, a mu-
puna obGegHenHoro ciaosi — 2,5-10-% cm. Koadduuuent cobupanus
¢ororeHepupoBaHHbIX Hocureneidr pasen 1,5.1073. Ecam cser
¢ aauHodl BoJsHBl 0,69 MKM TOCTyMmaeT B 3JIeMEHT CO CTOPOHBI CJIOA
amomiunsg, to KIIIO cocrasaser okoao 0,01 9%. B saemenrax
Ha OcHOBe TeTpaieHa [62] mpoTekaHHe TOKa INPH NPSMOM Hamps-
JKeHHH  cMelleHHs O0O0yC/JOB/E€HO IpOLeccaMu, MPOHCXOASIIHMIH
B 06JacTH MPOCTPAHCTBEHHOTO 3apsiga MPH Y4acTUH JABIPOK, HH-
JKeKTHDyeMbiX H3 cjaost Au. YcraHoBjaeHo, uTo [,~H™, rne n=
=0,6...1. Kak u y 3/JeMeHTOB Ha OCHOBe (hTaJOUUMaHHHA MAarHus,
CMeKTpaibHasi YYBCTBUTEJbHOCTb 3/JE€MEHTOB Ha OCHOBE TeTpaleHa
3aBUCUT OT HalpaBJeHHs MaJeHHs CBeTa.

Y anementoB co crpykrypoit Cr — xsaopodpuan a— Hg [63],
MPH CO3JaHHM KOTOPBIX MHKPOKDHCTaJ/MyecKass IJIeHKa XJOpo-
duana a ocaxjgaercs 3JIeKTPOJHUTHUECKHM MeTOAOM, Ko3(du-
IIIeHT BHUIpsimJeHus coctasasier 103. IIpsamas TemMHOBas BOJBT-aM-
TepHasi XapakTepucTHKa omucbiBaercss ypaBHenuem Hloknau, mpu-
yeM y aJeMeHTOB miomanbio 0,08 cm? nuomHBI KO3Gb(HIHEHT
paBed 1,6, a oOpaTublil Tok HacelimeHus — 2-107!11 A. Mamepenus
nokaspBalor, uro KIIJI mnpeo6pasoBaHuss 3HePrHH H3JydeHHSA
¢ jguunoit Bosnusl 0,745 MKM MpH MOIIHOCTH NaJaiolIero CBETOBOTO
nmotoka 6-10-5 Bt cocrasasier 0,01 %. Ilpu Takom ypoBHe ocBe-
IIEHHOCTH HampsikKeHHe XOJOCTOro xoxa ajaemeHToB, paBHoe 0,32 B,
He 3aBHCHUT OT HHTEHCHBHOCTH cBerTa [, Torna Kak TOK KOPOTKOrO
3aMbIKAHHSI MeHseTcs IO JWHeHHOMY 3aKOHY mpHu Bapuauuax H.
Kosdh¢uunent cobupaHus HocuTesell 3apsiza B 3JeMeHTax 3TOr0
tuna cocrasaser (,007.

CoJeunsie ameMenTsl ¢ 6apnbepom lllorTkn Ha ocHoBe (praJjio-
uHaniHa (B cOCTaB KOTOPOro He BXOAHUT MeTaJJl), AUCIeprupoBaH-
HOrO B OPraHHYeCKOM CBS3YIOUeM H 3aKJ/IOYEHHOTO MEXKAY 3JeKT-
poxamu u3 SnOg: Sb u Al [64], npu HU3KOH MHTEHCHBHOCTH H3JY-
uenus (0,06 Br/m?) ¢ nauno#t Bosusl 0,67 mxm umetor KITZL Gosee
6 %. Ecau skcrpamosauposath 3aBucumocTb KIIIL oT nHTEHCHBHO-
CTH H3JiyueHHs K 3HaueHuio H cBera ¢ MJIHHOH BoJHbl 0,67 MKM,
conepiKalierocst B COJHEYHOM CMEKTPEe MPH MAKCHMaJbHO BO3MOXK-
HOH 0611l MHTEeHCUBHOCTH, cocTaBasomell ~ 1400 Br/m2%, to KIIJ
yMmenpmutess 10 0,01 %. 1o cHukenne 3pPeKTUBHOCTH 3TEMEHTOB
MOXKeT OBbITb CBS3aHO C BJIUSHHEM IMPOLECCOB, MPOHUCXOJASINHUX B 06-
JlaCTH MPOCTPAHCTBEHHOro 3apsijaa. HampsiKeHHe X0J0cTOro Xona
3JIeMEHTOB JaHHOTO THHA pocturaer 1,1 B. BosMoOXHOCTb yJyu-
LIEHHS UX XapaKTepUCTHK OrpaHuyeHa BCJEICTBHE CYL[eCTBOBAHHUSA
3aBHCUMOCTH Ko3(hduuueHTa cOOHPAHHS HOcHTeJNeHl OT HampsiKeH-
HOCTH 3JIEKTPHYECKOr0 MM0Jist B 06J1aCTH MPOCTPAHCTBEHHOTO 3apsna.

Mopean u np. [65], Hcmoab3yst opraHUYecKHe MOJYNPOBOIHUKH,
13TOTOBHJH CyllleCTBEHHO OGoJjiee 3(D@MeKTHBHbIE COJHEUHBle 3Je-
mentsl. Ilpu wuHTeHCHBHOCTH uaiayueuus 78 mBr/cm? KIII aie-
MeHTOB momlafblo 1 cM? Ha OCHOBe MepoIMaHHHA COCTaBJISET
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BU — BakyyMHoe ucnapenue, 'O — rasorpancnoptHoe ocaxaeHue, F'TOKO — rasorpancnopt
IIIT — nysbBepH3auHus ¢ NolJeAYIOIIHM nupoausom, TIT — tpadaperHas neuatb, XOIIMOC —
ocaxXleHHe H3 mapoBoil ¢asbl, DJIO — 3NeKTPOIUTHYECKOE OCaKJIEHHE.

BII — 6apbep IMlortku, ['MIT — romorennniii nepexon, I'TTl — reteporenublii nepexon, I'TC
Typa MeTalJ—IH3J1eKTPHK—IOIYNPOBOAHHK, MOIT — cTpyKTypa MeTaJll—OKCHI—IO/YNpOBO1

nasa 7

Tabauya 7.1. GoTO3MEKTPHYUECKHE
COTHEYHBIX 3JIEMEHTOB Ha

. x R 5
523 5 az 2z
E_% 8 CTpyKTypa 3/eMenta = 002"):;2;1"“ g‘é Q : &5 ‘
gee = et EEEE |
=38 g =F S2¥E

!

GaAs | n+-GaAs — p-GaAs — | ['MIT XOId 0,51 — i
p+-GaAs
p-GaAs — n-GaAs TMIT XOI® 0,5 AMI (

|
p-GaAlAs — p-GaAs — I'TC XOIMMOC 0,29 128 |
n-GaAs :
n-GaAs — nt-GaAs — bl XOIno 8 AMI
W (niau rpadut)
GaAs — Mo bl XOIIMOC — AMI1
n-GaAs — n+-GaAs — bl XOIMIMOC — AM]
Mo
n-GaAs — nt+-GaAs — MOo1m XOI® 9 AM1
W — rpadut
n-GaAs — n+-GaAs — MOTII XOIo 9 AM1
rpadur
n-GaAs — n+-GaAs — MOI1 XOIo 9 —
rpadur
GaAs — GaAs  (moHo- | 'MII XOIle 0,4 —
KPHCTAJJIHYeCKHIl)

CdTe p-CdTe — n-CdTe 'MII — 77,2
Metann — CdTe bl ITI1 0,034 —
p-Cu,Te — n-CdTe ['TI O —TTOY — —
p-Cu,Te — n-CdTe I'TII U — —
p-CdTe — n-CdS I'TII — 50
n-CdS — p-CdTe I'TII TI1 0,21 71
n-CdS — p-CdTe T TI1 10 71
n-CdS — p-CdTe I'TII rTO — —

CdSe n-CdSe — p-CdTe (mo- | ['TII I'TOKO — 85
HOKPHCTAJVIMYeCKHH)
n-CdSe — p-ZnTe (mo- | ['TII I'TOKO — 85
HOKPHCTAIJTHYECKHH)

Au — SbySey — n-CdSe | MIII BU —— AMI

1 nepBblﬁ U3 yKa3aHHbIX METOJOB OCaXIEeHUsl OTHOCHTCHA K BepXHeMy CJIol0 NoJaynpo
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XapaKTEPUCTHKH TOHKOIIJIEHOYHbBIX
OCHOBE HOBBIX MaTepHaJIoB.

HOe ocax/AeHHe B KBa3H3aMKHYTOM o6bewme,
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IOU — nuckperHoe ucnapeHHe, O — OKyHaHHe,

XHMHYECKOe oOCaKJeHHe H3 NapOB MeTaJIOpraHudeckux coenuHenuit, XOIT® — xUMHUecKOe

-~ reTepocTpykTypa, MIIM — cTpyKTypa MeTaq1—IO0ayNpoBoAHHK—MeTana, MIIT — cTpyk-
HHK
i =
| =
‘ 3
Vioer B Jsor MA/cM? FF n o IlpuMeyanus =
i =
— — — 17 C npocBeT/ISIOUHM 110~ 6]
KpPbITHEM
0,91 10,3 0,82 15,3 | Ilpocsetasiiomee Mo- [6]
kpbitHe u3 SiO —
MgF,
0,99 245 0,74 12,8 | Bes mnpocserasitome- | [11]
ro TOKPBITHSA
0,456 10,4 0,59 3 9]
i 0,39 19 0,58 4,3 [13]
0,49 20,6 0,54 5,45 | Bes npoceetasitome- | [14]
ro IOKPbITHS
0,45...0,52| 11...13,410,55 0,68] 4,4 | To xe 17.
0]
0,5 18 0,675 6,1 » [7,
10]
0,56 22,7 0,67 8,5 [41]
0,92 22 0,73 15 [41]
0,75 9,8 0,63 6 [29]
0,36 13,4 0,42 2 [41]
0,5 — 0,45...0,6 6 [28]
0,6 — — 4,1 [31]
0,5 15 0,45 5...6 [32]
0,67 14,2 0,58 8,2 [26]
0,73 11 0,51 6,3 [26]
— — — 10 Ko-
dak
(ue
onyo6-
JINKO-
BaHO)
0,61 0,75 — —_ [25]
0,56 1,89 — _
0,55...0,6 20 04...05 >5 [36]

BONHHKA.
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: F : 5
=) : 3 s a eE @ 3
i% S CTpYKTypa 3/eMeHTa % ocz??xe;gguﬂ §5 § i R—%
Eee = eE g5 5
=88 £g =4 <29¢=
|
Cuy_xSe | p-Cuy—xSe — n-Si (mono- | T'TII BU — 75
KPHCTAJJIHYeCKH )
p-Cuy—»Se — n-CdS I'TI BU — AMI1
p-Cu,_,Se — n-CdS I'TII BU — AM1
ZnlInySe, | n-CdS — p-ZnIn,Se, I'TII BU — AMI
ZngP, | Mg — p-ZngP, BII BU — 83
InP p-InP — n-CdS I'TII XOoIo — AM2
p-InP — n-CdS T XOrIlo — AM2
p-InP — n-CdS — Mo I'TI1 | XOIN®—BUY — AMI
p-InP — n-CdS — Mo I'TI BU — —
p-InP — n-CdS — C I'TIT | XOIIe—BUYH | 0,52% AMI
X 10—2
n-InP — p-CuySe — Mo | ['TIT | XOlI®—BKY AM1
CulnSe, | p+-CulnSe, : Cu — p- I'TIn BU 1 101,5
CulnSe, — n-CdS —
n+-CdS : In
p+-CulnSe, : Cu — p- I'TII BU 1 AMI
CulnSe, — n-CdS — n+-
CdS: In
p-CulnSe, — n-CdS I'TII BU 1,2 AM]
p-CulnSe, — n-CdS I'TII BU 1,2 AM]
p-CulnSe, — n-CdS I'TII BU 1,2 AM1
p-CulnSe, — n-7ZnCdS I'TII BU 1
Cu,0 | Cu — p-Cu,0O bl — AMI
Meponu- 1 78
aHHH
Xnopo- | Cr — xyopoduin a — MIIM 10 0,08 —
duan a | Hg

1) Mepsmit w3 yKasaHH 1 : NCTCACB CCZ% AEHES GTHCCLICH K BEPXHEMY (/1010 NOAYNDO
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Ilpodoascenue
g
: 3
Veer B Jsor MA/cM? FF m % IpuMeuaHus s
g
=
=
0,45 23 0,62...065| 88 34]
0,3...0,45 2...4,5 — 0,51 [35]
0,46 11,6 0,62 3,3 [41]
0,27 16 0,31 1,5 [37]
0,37 12 0,46 2,5 1411
0,4...0,46 13,3 0,68 4,9 | bes mnpocsemsitoue- | [43]
IO MOKPBITHS
0,4...0,46 15,4 0,68 5,7 | IlpocBetasitouiee mo- | [43}
! KkpuiTHe U3 SiO
0,37 18 0,30 2 C npocsetasiioluM mo-| [46]
KphITHEM
0,51 — 0,51 2,1 [45])
0,40 — 0,31 2,8 147}
0,47 11 0,34 1,7 [46]
0,396 35 0,64 8,72 | bes mpocsemasitome- | [54]
ro MOKPHITHS
0,396 39 0,63 9,53 | IlpocBersisitoniee mo- | [54]
V| kpere u3 SiOy
0,41 19,9 0,50 4,4 ®pounTanpHo-6apbep- | [53]
Hasi  KOHCTDPYKUHS;
eJMHbIH  TeXHOJIOTH-
YeCKHH LHKJI
0,34 12 0,36 2,46 | dpoHTanpHO-Gaprep- | [53]
Hasi KOHCTPYKIUHS;
TpasJenne caost CdS
0,44 22,5 0,59 5,7 | TeuibHO-6apbepHasi [53]
KOHCTp YKL S
0,418 36,3 0,65 10 [581
0,37 7,7 0,57 1,6 [411
1,2 1,8 0,25 0,7 65]
0,32 —_ — — {63}

BOJHHKA.
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07%, Voe=12 B, Joe=1,8 MA/cM? u FF=0,25. Koshduuuent
coOHpanus HocHTeJed @ 3aBHCHT OT HANPSIKEHHOCTH MoJsi B 06-
JIACTH TNPOCTPAHCTBEHHOro 3apsiia W SHEPrHH Najaloliero Majyye-
Husa. IIpu BrICOKMX 3Heprusix (OTOHOB NPOHCXOJAMT IOYTH MOJHOE
cobupaHue HocHTesdeH, OAHAKO B OOJACTH TIJIABHOTO MaKCHMyMa
KPHBOH  CIIEKTPaJbHOH  3aBHCHMOCTH  Ko3(pdHUHeHTa cobupa-
HHUsl, PAacmojIoXeHHOro B BHAHMONH YacTH CIeKTPa, 3HauyeHue Q
cocrasaser okoso 0,35. DTn pesyabTaThl OTHOCATCS K 3J€MEHTaM,
HMEIOLIHM HOJIYIPO3PAYHbIA a/JIOMHHHEBHI KOHTAKT C ONTHYe-
CKHM Ko3(HuHeHTOM nponyckaHus, paBHbiM 50 %. [Ipu wasnuuu
a06Co/IIOTHO INPO3PAYHOTO KOHTAKTA MOXKHO OXKHAATh NOBLILIEHHS
KIIJ xo snauenuit 6ogee 1 %.

7.10 HanpaeneHusi ganbHeRLWMWX MCCNeAOBaHMMI

@oTro3/1eKTpHUYECKHE XAPAKTEPHCTHKH TOHKONJIEHOUYHBIX  COJI-
HEeYHBIX 3JIeMEeHTOB, PAcCMOTPEHHBIX B [aHHOH TrJaBe, CyMMHPO-
BaHbl B Tab.. 7.1.

Hns nmonyduenuss nocratouno Bbicokoro KIIJ y ToHKom/eHou-
HBIX COJIHEYHBIX 3JeMeHTOB Ha ocHoBe InP, GaAs, ZnsP,, CdSe u
Cuy—,Se norpebyioTcss HOBble Pa3paboTKH M HCCJAEJOBAHUSA IpPH-
6opoB, CBsA3aHHbie C ONTHMH3alMed KOHCTPYKIMH, COBEpIIEHCTBO-
BaHHEM TeXHOJIOTHYeCKOro npoiecca (C 1eJdbl0 CO3J1aHHS BBICOKO-
KayeCTBEHHBIX IIJIEHOK C BOCIPOU3BOAHUMBIMU OINTO3JEKTPOHHBIMH
CBOHCTBAMH), aHANH30M INPHYHH MOTEPb JHEPTHH W yCTpaHeHHeM
uay ocsnablieHdeM BJHAHHS (aKTOPOB, BEI3BIBAIOUIMX MOTEPH H3JY-
YeHHs H HocHTesel 3apsna.

Uro kacaercs COJHEUHBIX 3JeMeHTOB Ha OCHOBE OPraHHYeCKHX
MaTepHaJoB, TO HeoGXOAHUMO M3YUHUTL BJHsHHE HA HX XapaKTepH-
CTHKH COCTaBa M KOHIEHTpPAIMH KpacuTeseid, ONpeneNHTb MeXa-
HH3MBl TPOTEKaHHS TOKA, a TaKXe HCIBITaTh PAas/HYyHble THIIBL
KOHCTPYKUHA IJs Toro, uto6bl OLIEHHTb BO3MOXKHOCTH MOJYUEHHS
sneMenToB ¢ npueMmiaembiM KILI. B Hacrosiuiee BpemMst 3TH 3Je-
MEHTBhl NPEACTABJSIOT JHIIb HCCIeIOBATEIbCKHA HHTEpEC.

Hcrnionp3ysi TOHKON/JIEHOUHKE COJHEYHbIE 3JIEMEHTHI CO CTPYK-
typamu CdTe — CdS u CulnSe, — CdS, yxe cefiuac MoxHo co-
3/aBaTh MOJAYJIH, CPaBHHUMBIE 110 BBIXOAHHIM I1apaMeTpaM C TOHKO-
MJIEHOUHBIMH COJIHEUHBIMH GaTapesiMd Ha OCHOBE KPEMHHS HJIH
CupS — CdS. [anbHelillee CoBepIIEHCTBOBaHHE Mpolecca H3ro-
TOBJeHHUST 3jeMeHToB Ha ocHoBe CdTe u CulnSe, obecneunt nomy-
YyeHHe 3/J1eMeHTOB 00JbLIof MJOUIAAH ¢ BOCIPOH3BOAMMBIMH Xapak-
TePHCTHKAMH IpU BBICOKOM BBIXOle T'oJHON NpoAyKUHH. B mpous-
BOJICTBE COJHEUHHIX 3JIEMEHTOB Ha OCHOBE MHOTOKOMIIOHEHTHBIX
coeauHenu#l, Takux, kak CulnSe,, ciaenyer Gosee WHPOKO HCHOMb-
30BaTh MeTOJ NYJbBEPH3AUUH C MMOCJAEAYIOMIHM NHpoJau3oM. Heob-
XOIUMO TNpOBeleHHe YCKOPEHHBIX PeCypCHBIX HCIBITAHHH, pe3yilb-
TaThl KOTOPLIX [O3BOJIAT NMPOTHO3HPOBATH CTaGHIBHOCTL 3JE€MEHTOB
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Ha JJUTeNbHbIH MNepHold. I/ TOHKOMJIEHOYHBIX COJIHEYHHIX 3Je-
MEHTOB AOJIKHBI OBITh pa3paboTaHbl 3alUTHblE MaTepuaj bl H Me-
TOJbl T€EPMETH3AIIH.

Hapsay c¢ yme H3yYeHHBIMH H HCCJEAYEMLIMH B HacTosllee
BpeMs (POTOZJIEKTPHUECKHMH MarepHanaMH CyLIeCTBYeT MHOTO 3K-
30THYECKHX COEIMHEHHI, KOTOpbIe MOXHO HCIO0.1b30BaTbh IJs CO3-
JaHHus 3(PPEeKTHBHBIX COJHEUHBIX 37emeHTOB. Cyakut [66] pasme-
JHUJI UX Ha TPYNNbl B COOTBETCTBUU C IIMPHHOH 3ampelleHHOH 30HbI
I 3Hepruefi CpoAcTBa K 3JeKTpoHy. CpeiH 3THX MaTepHaNoB MO-
KHO OTMeTHTb cJleaylolline (B cKOOKaX yKa3aHbl 3HAYEHHS IH-
pHHBI 3ampeleHHoll 30HBEI B 3B): B-ZnsSbs (1, 2), CdsShs (1,25),
B-ZnP (1,33), CdSiAs; (1,55), ZnSiAs, (1,75), BisS; (1,3),
SbeSs (1,7), PbSnS, (1,05) u WSe, (1,35).
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HOBbIE HATMPABJIEHUA B PA3PABOTKE
BbICOKOM®MEKTUBHbLIX COJIHEYHbLIX 3JIEMEHTOB

8.1 BeepeHue

HaunGosee BaxKHBIM MoKasaTeseM IMpH OlEHKE 3KOHOMHYECKOH
9GO (EeKTUBHOCTH KOHKPETHBIX (OTOJEKTPHUECKHX CHCTeM Mpeol-
pasoBaiMsi 9HEPTHMH sBJAeTCA BeJHUMHA 3aTpar Ha [OJyuyeHHe
I BT mHKoBOH MOIIHOCTH, BHpaGaThHiBaeMoi COJHEYHBIMH 3JeMeH-
TaMu. B nmpeapaymux riaBax paccMaTpUBaJMCh DasjMuHble TOH-
KOIJIEHOYHBIE 3JIEMEHTHl, HHTEpec K HCCIeLoBAaHHIO KOTOPHIX obyc-
JIOBJIEH MX COOCTBeHHOH HH3KOH CTOMMOCTbIO. B mocaeqnue rosl
B psie nabopaTopuil akTHBHO pa3pabaThiBAIOTCA COJIHEYHblE 3Je-
MEHTBl HOBOro THIA, NMpeJHa3HayeHHbie 5 paboThi B YCJAOBHAX
KOHUEHTPUPOBAHHOIO CBeTOBOro notoka. CoJiHeYHble 3JeMeHThI
MOTI'YT HMETb BBHICOKYI0 ce0eCTOMMOCTb, OJHAKO OHA KOMIEHCHPY-
eTcsl CHHJKeHHeM 3aTtpaT Ha noayueHue | BT mukoBo#l MOIIHOCTH
3a CYeT yBeJHYEHHA BLIXOAHOI MOIIHOCTH 3JeMeHTOB [PH HC-
N0/1b30BAHUM KOHLEHTPATOPOB COJIHEUHOI'O H3JyyeHHs IpH Yyc-
JIOBHH, YTO CTOHMOCTb ONTHUYECKO[l CHCTEMBbI, KOHUEHTPHpYIoLeH
H3nydyenue, ¥ ycrpoiictBa ciaexenus 3a CoJsiHIeM cocTaB/sieT He-
3HAYUTENbHYIO 4acTb OOIIel CTOHMOCTH CHCTEMBI.

Ananus pacnpeseneHusi 3HepreTHYeCKUX [OTE€Pb B COJHEUHBIX
3JeMeHTaX oOBIYHOTro THIIA IOKa3bIBaeT, YTO CyMMapHbie MOTEpH,
CBsi3aHHble ¢ U3OHITOUHOH 3HeprHeH (OTOHOB M 3Heprueil (HOTOHOB,
He 00/aa0IHKX CHOCOGHOCTBIO BBHI3LIBATH MOSIBIEHHE M3GLITOUHBIX
HOCHTeJeH 3apsifia, CocTaBJAIOT (oJiee IOJOBHUHLI 3HEpPrHH, maja-
foulefl Ha 3JeMeHT. DTo 03HAYaeT, YTo OGBIUHBIE COJIHEUHBlE 3JIe-
MEHTH C XapaKTePHHIMH [JA HHX OGOJBIIMMH NOTEpSMHU >HEPTUH
HENPUIrOAHb AJS PabOTHl B YCJHOBHSAX CHJBHOH OCBELIEHHOCTH,
B YAaCTHOCTH, NMPH HHTEHCHBHOCTH H3JIyUeHHS, MpeBHINAloNled 1ecs-
tTukpatHyo (1 Br/cm?). [TomuMo 3Toro mpu CH/JAbHOH OCBEIIEHHOCTH
KIIJL npeo6pa3oBaHusl HeprUH CHUJKAETCS [OJ BJAHsHHEM 3(dek-
TOB, HAOMNIOAAIOIIMXCA NPH BBICOKOM YDOBHE HHIKEKLUHMH HOCHTelei
H BbICOKOH TeMmepartype. Pelenue ykasauubix npo6jeM mnorpe6o-
BaJo pa3spaboTKM HOBLIX KOHCTPYKUMH COJIHEUHBIX 3J1eMEHTOB, CO-
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xpansiromux Bbicokuit KIIJ npu Gonbuinx 3HaueHHAX Ko3pduuH-
€HTA KOHLEHTPALHMM H3JIyUeHHS M IOBLIUIEHHBIX TeMIepaTypax.

[Mpenenpuwiii KII[ npeoOpasoBaHusi 3HEPrHH COJHEYHOTO H3-
JIy4eHHsl B MoJe3HYI0 paboTy, ompejesieMbill 3aKOHAMH TE€PMOJH-
Hamuki, paBen 93 %. B mocienHne rojgbl NOSIBHJIHCH COJHEYHBI®
3/1eMeHThl NPUHUHIHAJBHO HOBOTO THINA, B TOM 4YHCJIe MHOromepe-
XOjAHble 3JIeMEHTHl Ha OCHOBE HECKOJBKHX [OJYIPOBOAHHKOBBIX
MarepuaJgoB, obpasyloumux kackaaunyio cucremy, KIIJ xoTopbix
nocruraer 40 %, YTO 3HAUHTEJbLHO BbIlle MPEIeJbHOrO TEOPETHU-
yeckoro KITJI oOBYHBIX COJHEUHBLIX 3J€MEHTOB C TOMOTE€HHBLIM HJIH
retTeporeHHbM mepexoaoM u GapbepoMm Ilorrxu, umeromux ¢oro-
AKTUBHBIA CJIOH M3 MOJYNPOBOAHUKOBOTO MaTepHasja OJHOrO BHAA
HJIM eJIHHCTBEeHHbIH mepexof.

Bonpocel, paccMarpuBaeMble B JaHHOM rjaBe, pa3OUTHl Ha TPH
rpynnel. B pasa. 8.2 nepeunciensl adexkThl, BaMAKOIIHE HA pa-
00Ty COJIHEUHBIX 3JEMEHTOB IpH BBICOKOH HHTEHCHBHOCTH H3JY-
yeHusi. B pasg. 8.3 paccMOTpeHH HOBble KOHCTPYKUHMH OOBIYHBIX
COJIHEUHBIX 3JIeMEHTOB € (DOTOAKTHBHBLIM CJoeM H3 Marepuasa Of-
HOTO BHJA, XapPaKTePHCTHKH KOTOPHIX NPUOJIMKAIOTCA K Ipejesb-
HbIM TeopernyeckuM. Hakonen, B pasn. 8.4 obcyxnalorcs Kackaj-
HLIe COJIHeUHBble 3jeMeHTH, obaapaloide cBepxBbicokaMm KIT/I.

8.2. OdpekThl, BbI3bIBAEMbIE BbICOKMM YPOBHEM
MHTEHCMBHOCTH M3Ny4eHus

B cosHeyHoM 2JieMeHTe C HAeaJbHOH AHOJHOH XapaKTepHCTH-
KOH, y KOTOpPOro TOK HachlllleHHsl [, 3HAYHTeJbHO MeHblle (oTo-
ToKa [f, NMoCJenoBaTelNbHOE CONPOTHBJEHHEe NpeHeGpexXUMO MaJjo
M UIYHTHPYIOIee CONPOTHBJEHHE CTPeMHTCA K OeCKOHeYHOCTH, TOK
KOPOTKOro 3aMblkaHus [~ H, a HanpsiKeHHe XO0JOCTOro Xoja
Voe~InH, rae H-—HHTEHCHBHOCTb Majamouiero usjiydenusi. Ecau
NPeANnoJNoKUTb, YTO NPH yBelHYeHHH H KosdduUHeHT 3amonHeHHUs
FF BoJsbT-amMmepHoil XapakTEpHCTHKH OCTaeTCH MOCTOSHHBLIM, TO
B HjeasbHOM cJyuae noBuillenue KIIJ[ mpu Bospacranuu HHTEH-
CHBHOCTH H3JIy4eHHs NPSMO IIPONOPIUHOHAJILHO yBeJuueHHIo ¢o-
T0-3. 1. ¢. ONHAaKO H3BECTHO, YTO B YCJOBHUSIX HHU3KOrO YPOBHS HH-
J)KeKUuH ¢GoTo-3. 1. C., HAacHasACh, NpHOJIUKAETCA K 3HAUEHHIO THG-
¢y3uonnoro norenuuana Vp [1]. CaegoBarensno, KI1J He Moxer
yBeJHUUBATbCS HeorpaHHueHHO. KpoMe TOro, mockosibKy yjaenbHOe
conpoTHBJeHHe 6a30Bofl 06JacTH O6OJbUIHHCTBA COJIHEUHBIX 3Je-
MEHTOB Bhillle Y/IeJbHOI'0 CONPOTHBJEHHS JErHPOBAHHOTO CJIOHA, yC-
JIOBHSl BBICOKOTO YPOBHSI HH)KeKIHH O6YAyT 6JaronpHsATHH [/ CO-
OHupaHus HocHTesell B 06ase A0 Tex Mop, Noka Vo, He NOCTHTHET
3HauyeHust Vp. M3 ycJloOBHSL COXpaHeHHs 3JeKTpuuecKoil HefiTpasb-
HocTH 0a30Bo#l ofJsacTu c/enyer, 4To 0OoJiee BLICOKOH KOHIIEHTPa-
LMY OCHOBHEIX HOCHTeJell MOJXKHO COOTBETCTBOBATb HOBoe 3Ha-
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Puc. 8.1. PacueTHble 3aBHCHMOCTH
ko3tpduuuenTa 3anonsnenus FF BoabT-
aMIEPHOH XapaKTepHCTHKH KpeMHHe-
BOTO 3JieMeHTa OT Ko3(hQHUIHEHTa KOH-
HeHTpaud K COJMIHEUHOro H3JYyyeHHs
NpH pasMYHBIX 3HAYEHHAX IOCJelo-
BaTeJbHOTO conpoTuBjeHus [4]. 1 —
00Om, 2—0,01 Om, 3 — 0,05 Owm,
4 —0,1 Om, 5§ — 1,0 Om; JDHOAHBII
Kosddunuent n=1,5, NJI0THOCTb TeM-
HOBOTO TOKa HacblmeHus Jg = 3,3 X
X 10-12 A/em?, T = 300 K, nJaomaznb

yeHHe KOHIEHTPALHH HEOCHOB-
HBIX HOCHTesedl. DTO MNPHBOAUT
K u3ruby xBasuypoBHell Pepmu
B 0a3e H majeHHIO HanpsKeHHs
B 3TOH 00JacTH Aaxe B pexnme
XO0JIOCTOTO XOza, B pe3yJabTaTte
yero 3HavyeHue GoTo-3.4.C. He 10-
cruraer Vp [2]. Lanee, npu BH-
COKOM YPOBHE HHXKEKIHH ypaB-
HeHHe BOJIbT-aMIepHOH Xapak-
TEePHCTHKH NpHHHAMaeT  BHI
I=1Iexp(qV/2kT). B atom cay-
yae TEeMHOBOH TOK HacblleHHs
BLlIlIe, YeM B YCJOBHSIX HHM3KOIO:
ypoBHsi uHxekuun [3]. Caen-
CTBHeM YBeauueHus [ siBasercs
ymeHblneHne FF.

B peaJsibHBIX CcOJIHEUHBIX 3JIe-
MeHTaxX HaJHuie KOHeYyHOro Io-
CJ1el0BATeJLHOTO  COMPOTHBJIE-
HUSl NPHBOAUT K CHHIXKEHHIO
KI14 (B cuany ymenblieHus FF)
JlaXke NMPH TAaKOH MHTEHCHBHOCTH

snemenTa — 1 cm2; oTOTOK mponop-
HuoHaNeH Ko3(pdUIHeHTY KOHIEeHTpa-
UMH H3Jyye HUS.

M3JIyYeHHs, KOrja YCJAOBHA BHI-
COKOTO YPOBHSl MHXKEKUHH ellle
He BuinoJdHsAoTes. [locaenosa-
TeJIbHOe CONPOTHBJIEHHE OKa3biBaeT OTPHIlATeJbHOE BJIHAHHE Ha Xa-
PAKTEPHCTHKH COJIHEYHBIX 3JeMEHTOB H NpH OObLIYHOH HHTEHCHBHO-
CTH H3JIyueHHs, a NPH HCNOJb30BAHHM KOHIIEHTPHPOBAHHOIrO CBETA
3TO BJIMAHME CTAHOBHTCS uype3BhyaiiHo cuibHbIM. [Tandpu [4] pac-
cunTag 3aBucuMocTh FF or kosd@uuuenTa KOHUEHTpanHH H3Jyue-
HHsSl /151 KpeMHHEBbIX COJHEUYHbIX 3JeMeHTOB IIPH pas3JIHuHbIX 3Haue-
HUAX MOCJeI0BaTe/NbHOrO CONPOTHBNEeHHs (cM. pHc. 8.1) u nokasadg,
yro npu 100-KpaTHOH MHTEHCHBHOCTH H3J1yUeHHs XapaKTePHCTHKH
3JeMeHTOB OyAYT YIOBJETBOPHTEJNBHEIMH, ecIH HX MOocJeloBaTelNb-
HOoe CONPOTHBJIEHHE He NpeBHILIAeT HEeCKOJbKHX COTHIX AoJed oMa.
Y cosHeuyHBIX 3/eMeHTOB, reHepHpYOUHNX HeGoablIo# (POTOTOK, Ha-
npuMep 3JeMeHToB u3 GaAs, AONyCTHMBIM SBJAETCH HECKOJIbKO!
6o/1ee BHICOKOE MOC/JAeA0BaTENbHOE CONPOTHBIEHHE.

O6BbIYHO CYHMTAIOT, YTO HPH HOBBLIIIEHHH HHTEHCHBHOCTH Iaja-
Ioller'o H3JyueHMs (OTOTOK BO3pacTaeT MO JHHEHHOMY 3aKOHY.
HapuBan u ap. [5] BeIcKasa/au NpeaNooXKeHHe, 4TO INPH CHIb-
HOH OCBeLeHHOCTH (POTOTOK HACHILAeTCHs Ha YyPOBHe 3HAueHHs
~ Vp/Rs, rie Rs— nocienoBartesibHOe CONPOTHBJeHHe. XOTS 3TOT
3¢ppeKT B HEKOTOPOH cTeleHH MOXKeT KOMIIEHCHPOBATb CHHIKEHIie
FF, KI1J1 npeoGpasoBanus 3Hepruu He OyJeT NMOBHIIATLCSA BCJeN
CTBHU yMeHblleHHs ¢oroToka. Kpome Toro, yBe/iudeHne KOHIEHT-
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PauuH OCHOBHBIX HOCHTeJiefi B YCJOBHSX BEICOKOTQ YPOBHS HHIKEK-
UMY IIpHBeAeT K MOAYJALUH YAeJbHOIO CONPOTHBJIEHHS MHOJYIPO-
BOJAHMKA. B pe3y/abTare Npu BO3pACTAHHH MOIIHOCTH Mafalollero
U3JlyueHHs [OcCJ/eq0BaTelbHOE CONPOTHBJEHHE 3JeMeHTa Oyjer
YMeHbIIAThCSA, UTO TakXKe cHU3UT motepH FF. OnHako BciencrtBue
pocra TeMHOBOro Toka MoHusutcsa Voo u KILI He yBemunuurcs, XoTs
€ro CHUXKeHHe MpPH MOBBIILIEHHH HHTEHCHBHOCTH H3JyueHHus Gynaer
MeHee ObICTPHIM, YeM B YCJOBHAX HH3KOI'O YPOBHSA HHXKEKIIMHU.
Kpowme Toro, mpu HM3KOM YPOBHE HHXKEKIHH COJIHEUHbIe 3JeMEHTHI,
BeposiTHO, 6yayT ob6aanatb 6oJee BBICOKHM HayajbHBIM 3Haue-
nuem KIII. . Jas Toro 4ToGBl YCHJIMTH IMOJOXKHTEJbHOE BIIHAHHE
MOAYJIALUHH IHPOBOAHMOCTH H BEICOKOTO HauaJbHOTO 3HAaueHHs
Voe, @occym u Byprec [6] npeasoxuaun co3naBaTb B HEKOTOPBIX
BHIAX 3JEMEHTOB H30THNHBLIA ThUILHEI Oapbep. Cuefyer 3ame-
THTb, UTO MaJasa nauddy3uoHHas AJMHA HEOCHOBHBIX HOCHTeJeH He
N0O3BOJISIET UCNOJb30BaTh THIILHBIA 6apbep B COJHEYHBIX 3JIeMeH-
TaX Ha OCHOBe apceHuAa rajiaus. OAHAKO, MOCKOJBKY KOHIIEHTPA-
LUHUS JerHpyIoIHX NpuMeced B COJHeYHBIX 3jeMeHtax u3 GaAs
BhIllle, UeM B KPeMHHeBBIX 3JeMeHTax, 3((eKTbl, CBA3aHHBIE C BbI-
COKHM YPOBHEM HWHXKeKUHH, nposBasiorcs B GaAs Toabko mnpu
OUYeHb CHJIbHOH KOHIEHTPAIHH H3JyueHHs.

Makcumaapupiit KITJ[ snw060oro cofHeyHOro 3JjeMeHTa C OJHHM
nepexogom cocrapaser okoso 25 Y%. Orcioma caepyer, 4TO HpH
BBICOKHX KO3(pdunueHTax KOHIEHTPaUHH H3JyueHHUS B COJIHEUHBIX
3JieMeHTax BhIAeJasercd GoJsblloe KOJHYECTBO TEINJIOBOR 3HEpPrHH,
M ecJH OXJazKIeHuWe 3JeMEHTOB He MNpeAyCMOTpeHO, TO HX pabo-
yas TeMmMmepatypa Bo3pacTaeT. 3HauHTeJbHOE IMOBBIIIEHHE TeMIle-
paTypsl BJHMAET Ha CBOHCTBA HEOCHOBHLHIX HOcHTeseHl H cOOCTBeH-
HYI0 KOHIEHTPAalMi0 HOCHTeJedl B 3JeMeHTe, a TakKxKe, XOTA U
B MEHBbIeH CTelmeHHd, Ha MpOUecc MNOIJIOUIeHHs T (OTOHOB BCJeN-
CTBHe HM3MEHEHHS IIHPHHBI 3anpeuieHHOH 30HBE. [lpH NOBHIIeHHH
TeMIepaTypbl MOJBHMKHOCTb HEOCHOBHBIX HocuTtemed B Si He-
CKOJIbKO yMeHblllaercsd, a B GaAs (HpH THIHYHBIX YPOBHSX JerHu-
poBaHus) MeHseTcss OueHb cjabo, No3ToMy Koadhduuuedt audoy-
3UM HEOCHOBHBIX HOCHTejdeH B Si IOUTH He 3aBHCHT OT TeMIepa-
Typel, a B GaAs MOHOTOHHO pacTeT INPH MOBLILIEHHH Temiepa-
Typel. B pesyabrare auddysnoHHas AAMHA HEOCHOBHBIX HOCHTeJeH
yBeJMUMBAeTCA IPH BO3PacTaHHH TeMmepaTyphl (0COOEHHO SIPKO
310 nposiasiercs B GaAs), Tak KaK BCJeACTBHE MOBLILIEHHS Tell-
JOBOH CKODOCTH HOCHTeJell yBeJHUHBaeTCsl HX BpeMS JKH3HH.
Taxkum o6pa3oM, BO3pacTaHHe TOKA KODOTKOrO 3aMBIKAHHS MpH
NOBHIIIIEHUH TeMIIepaTyphl SBJAsETCs CJAeACTBHEeM YBeJHYeHH:a AHQ-
$y3UOHHOH AJHHB HEOCHOBHHIX HocuTeseli. UTo kacaerca Hamps-
JKeHMsl XOJIOCTOrO XO0Ja, KOTOpoe, KakK M[oJaralot, AOJKHO IOBBHI-
WaThCAd TMPH YBeJUUEHHH TOKA KOPOTKOrOo 3aMbIKaHHA, TO OHO
CHJILHO 3aBHCHT OT COOCTBEHHOH KOHLEHTpaunHH HocUTedel ny,
M3MeHsIoUleicsl 3KCMOHEHHAaJbHO MpPH BapHAIUAX TeMIepaTyphl.
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Tabauya 8.1. PacueTHble XapaKTePUCTHKH COJIHEUHLIX 3JeMEHTOB
n*—p- 1 n*—p — p*-TUNOB Ha OCHOBe Si C YAeJbHEIM CONPOTHBJEHHEM
10 Om-cm npu ko3(OHIUHEHTaX KOHLEHTPALHH H3JyueHHs
K =11 40 (ycnosus AMO) n temnepatypax 27 °C n 100 °C [4]

Haunnune ;
r.c K| "inmonoro | waSys v, FF | KN &
Gapbepa °
27 1 Her 49,9 0,541 0,808 16,1
27 1 Ectb 52,0 0,606 0,809 18,8
27 40 Her 2130,0 0,605 0,715 17,0
27 40 Ectb 2130,0 0,721 0,755 21,4
100 1 Her 50,4 0,350 0,702 9,2
100 1 Ectp 52,6 0,438 0,717 12,2
100 40 Her 2110,0 0,432 0,625 10,5
100 40 EcTb 2110,0 0,580 0,714 16,1

Toku HachllleHUS NPOMOPUUOHAJILHE M;2 M M;, €CJH MeXaHH3MbI
HX MNpOTeKaHHs OOyCJIOBJeHbl COOTBETCTBEHHO AHG(Y3MOHHBIM H
reHepaLHOHHO-peKOMOHIAMOHHBIM mpolleccaMu. CJenoBaTelbHO,
B cJydyae peasu3anuu 3THX npoieccoB Voo H FF 6yayT monuxkartbcs
IpH BO3pacTaHuM TteMnepatypel. [lajsee, Hebosibllioe CyKeHHe 3a-
Npel{eHHON 30HBl MPH MOBBLILIEHHH TeMIepaTypbl TakxkKe MOJIKHO
BBI3BATh YyBeJHUEHHE TEMHOBOIO TOKa HACHILEHHS U TeM CaMbIM
CBECTH K MUHHMYMY IIOJIOXKHTEJbHBIH 3¢ (eKT yBeJndeHHsA KOIP-
(unuenTa MorJaolleHHs cBeTa B AJUHHOBOJHOBOH 06J1aCTH CIEKTPa.
B urtore KIIJ npeoGpasoBaHusi yMmeHnbliaercs, ecjau paGouas
TeMIlepaTypa 3/JeMeHTOB 3HAYHTEIbHO NpeBbIlaeT KoMHaTHYIO. [To-
CKOJIbKY cHHXKeHue V., MO-BHAUMOMY, SIBJSleTCS OCHOBHOH MHpHuH-
Hoit nmagenns KIIJ[ mpu BBEICOKHX TemmepaTypax, HeOGXOAHMBI Bbi-
COKMe HayaJbHbie 3HaueHus V.. Kak Bugno u3 Ttaba. 8.1, cosza-
HHe H30THIIHOrO ThiibHOro Gapbepa siBjsierc 3P GEKTUBHBIM CIO-
cobom mnoBbienusa KIIJ coJiHEYHBIX 3JeMeHTOB Ipu GOJbLINX
TeMieparypax. YJyulleHHe XapakKTepHCTHK OOYyCJIOBJEHO KakK YBe-
JuueHneM AHQPGY3HOHHOH JJIMHBI HEOCHOBHLBIX HOCHTeJsel, Tak H
CHUKeHMeM TEeMHOBOro TOKa MOJ BJHSHHEM ThUJIbHOTO Gapbepa.
Bosiee Toro, temmepaTypHbIl KO3(QGdUUHEHT TOH cocTaBJsdomeil
BLIXOAHOTO HaNpsi’)KeHHs, KOoTopasi omnpejaesnsercss p—pt-mepexo-
oM, nosioxurteneH. baarogaps sromy yMmeHbiuenue Vo, npu BO3-
pacTaHHH TeMIlepaTypbl CTAHOBUTCSI MeHee 3HAYHUTEJbHBIM.
CosiHeuHble 3JeMEHTHl Ha OCHOBe apCceHHaa rajiiusg HpPeBOCXO-
OAT N0 CTabHJIBHOCTH KpeMHHeBBle 3J/IeMeHTBl B YCJOBHAX BEICO-
Ko#i Temneparyphl. [loBHienHbie 3nauenus V,. u Gosee cuaabyio
TeMIIepaTypHYIO 3aBHCHMOCTb V,. o6GecneunBaroT 60gbiias LIMPHHA
3anpenieHHod 30Hb GaAs u npeo6sajgaHne TeHepPalHOHHO-PEKOM-
OHHAIHOHHOTO MeXaHH3Ma MpPOTeKaHus TeMHOBOro Toka. Kpome
TOro, H3-3a MeHblled AMGPY3HOHHOH AJAHHBI HEOCHOBHBLIX HOCHTe-
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Jeit B GaAs moBbllieHHe 1e6aeBCKOM MJIMHBI Lp NpH BO3pacTaHHi
TeMIepaTypht NMPHUBOAHT K GoJjiee CYILECTBEHHOMY YBeJHUEHHIO Js,
yem B 3aeMmentax u3 Si. Tax kax GaAs umeer BBHICOKUH KO3(hdH-
[IMEHT NOIJOILEHUS CBETA, CYXKeHHe 3alpelleHHod 30HHB IPH MOBbI-
IIeHHH TeMIepaTyphl MOXKeT NPHUBECTH K YMeHbUIeHHIO JO0JH [O-
JIE3HO HCII0JIb3YeMbIX BBICOKOIHEPreTHYHHX (oTOHOB. OaHAKO BJIH-
siHke 3TOro 3d@dekTa B HEKOTOPOH cTeleHH MOxkKeT ObiTh oc/aab-
JeHO NpH CO3JaHUM MeJKO3aJeramliero nepexosa.

Conneunble 3jieMeHTH Ha ocHoBe (GaAs, npumenseMble B ycCJO-
BUAX CHJbHOH OCBGUIEHHOCTH, HMEIOT BLICOKONPOBOAAIIMA CJIOH
Ga;_xAlAs, KOTOpBIA crnoco6CTBYeT CHUKEHHIO CKOPOCTH IOBepX-
HOCTHON pekoMOGuHANWH. ToaIIMHa MOBEPXHOCTHOTO CJOA COCTAB-
nser 0,3...5 MKM, a napaMeTrp x, onpejaeJAIOUUHA ero cocTas, IpH-
Gnusutenbho paBed 0,8, B KauecTBe NPOCBETJAIIIMX MNOKPHITHI
uenoabsyiores mieHkd TiOg [7] wau SisNg [8]. Ilpu manuuuu cer-
yatoro KoHTakTa (3areHsiomero 10 % moBepXHOCTH) TIOCJIeN0BA-
TeJIbHOE CONPOTHBJIEHHE 3jeMeHTa auamerpom 1,27 cM MOXKeT
6biTh yMenbmeno g0 0,027 Om. [Ipu temnepatype 200 °C u Ko3d-
¢uurenTe KoHuertpamud, paBHom 312, KIIJ snementoB cocras-
nset 14 9% [8]. ITpu xomuarHo#l Temneparype 1 K= 10 u 1735 KILJ]
coctaBJjsier cooTseTcTBeHHo 23 u 19,1 % [8].

KpeMHueBbe COJIHEUHBIE 3/1eMEHTHl B OTJIHUHE OT 3JEeMEHTOB
C TreTepOCTPYKTYPOIH He HMEIT BBICOKONPOBOAALIETO IOBEPXHOCT-
HOrO CJI0fl, MOITOMY CHHUXKEHHE [OCJeN0BATEbHOTO CONPOTHBIE-
HHs!, HeoOXoauMoe sl obecredeHdsi BOSMOXKHOCTH UX PaboOTH B yc-
JIOBHSIX KOHIEHTPHPOBAHHOIO W3JYYeHHSs, AOCTHraeTcs NMyTeM YCo-
BEPIIEHCTBOBAHHSA KOHTAKTHON ceTKM. B COJHeYHBIX 3JeMeHTax
NPUMEHSIOTCS CETKH pas3nnunoii KoucTpykuuu [6, 9. C ux mnomo-
IILI0 MOXKHO CBECTH K MHHHMYMY notepu MouHoctd npu 100-kpat-
HOH MHTEHCHBHOCTH H3JayueHusd. B Hacroslee Bpems KpeMHUEBLIe
COJIHeYHbIe 3JEMEHTH € H30THIIHBIM THIJILHBIM 6apbepoM HMEIOT
KITJ 1559% [9] u 12,2 % [6] npu koapdHuHeHTaX KOHIEHTPAIUH
23 u 60 coorBercTBenHO. [IpuBeaeHHble JaHHbBIe OTBEYAIOT paboyuUM
vemneparypam 20 u 30°C. KII »sieMeHTOB Masoil mjomain
(0,16:<0,16 cm?) ¢ pt— n— nt-crpykrypo#i [10] 1 ynmenpHBIM CcoO-
nporuBaeHueM Ga3zoBoit obmactu, paBHeM 30 Owm-cm, npu 120-
KPATHOH WHTEHCHBHOCTH wuanaydenusi cocraBisier 8 %. Tommuua
6a30B0it 06J1aCTH 3THX 3JeMeHTOB paBHa 50 MKM; NpexnoJaralor,
YTO MPU YBEJUYEHHH IMOIJIOIIATeJbHOR crOoCOOGHOCTH 3a cueT YTOJI-
nienus 0a3bl BBIXOJHble XAPAKTEPUCTHKU 3JEMEHTOB HECKOJBKO:
yayuiares L.

1) 3uavenue KITJI MOHOKpHCTANIHYECKHX COJHEUHBIX 3JEMEHTOB MaJjoil To.-
IMHBl B HACTOsilllee BPeMs DE3KO YBEJNHWYeHO: 3a CuUeT TEKCTYPHPOBAHHON BHel-
Heli MOBEPXHOCTH M 3epPKaJIbHOrO OTParXKaloulero cjost ¢ ThlibHOM croponbt KITJL
3/IEMEHTOB JaxKe TIpH TojduMHe Gaszosoi ob6aactH 30...50 MKM cocraBiaser
12...14 % npH cOJHEYHOM CIieKTpe, coOTBeTcTByIoUleM yciaoBusM AMO. — [Tpum
peo.
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8.3 Hosble KOHCTPYKL MK
Ob6bIUHbIX CONMHEYHbIX 3N1EMEHTOB

8.3.1 MHoronepexofHble CONHEYHble 3/IEMEHTbI
Cc (POTOAKTMBHBIM CNOEM M3 Marepuala OfHOro BuAa

HccnenoBaHust  MHOronepexoJHBIX  KPeMHHEBHIX  COJIHEUHBIX
3J1eMeHTOB CBfI3aHBl C HM3y4YeHHeM BO3MOXKHOCTH MX MpHMeHeHH$
NPH BHICOKHX KO3 GUUIHeHTAX KOHIEHTPauuu uajydenus [11—14].
Haub6onee agdexTuBHOl fABJseTcs KOHCTPYKIHS 3J€MEHTOB Ha OC-
HOBe MaTepHajia ¢ BBICOKHM BpeMeHeM >KH3HH HEOCHOBHBIX HOCH-
TeJlell, B KOTOPOH HCHOJb3YIOTCA THIJIbHLlE KOHTAKTBI THIA «rpe-
OeHKa B rpebeHKe» u mpo3paunbil cioii SiO, Ha ocBemraemoi mo-
BEePXHOCTH, CHHXKAWOUIHH CKOPOCTb MOBEPXHOCTHOH pekoMOMHALUH
Hocureselt. Pa3znenenne HocuTenell NMPOUCXOAMT HA THIJIBHOH MO-
BepXHOCTH. BbicoKOe ynesbHOe conpoTHBJIeHHe Marepuana 6aso-
BoH o6.actu crnocofcTByeT MOAYJSUMH NPOBOAHMOCTH, MPH 3TOM
MOJyUYaioT MOCJeA0BaTe bHOe comnpoTHBiende anemenrta ~ 0,022 Om
[15]. Coobuaercs, yro npu temneparype 15°C u 220-kpaTHoii HH-
tencuBuoeTH usnydennsa KITI cocrasasier 16,5 %.

HenaBno Uennenom [16] npensoxkeH YCOBeplleHCTBOBAHHBIN
MHOTONepexOaHbifi CONHEUHBIi 3JeMeHT C KaHaBKaMH V-00pasHoit
¢opmbl. Bce enlMHUYHBlE 3eMEHTH TAKOrO MHOTONEPEXOAHOro COJi-
HEeUHOTO 3JieMeHTa (OPMHUPYIOT OZHOBPEMEHHO HAa OAHOH MJACTHHe
KpEeMHHS C MOMOLIbIO XHMHueckoro tpaBieHus. Ha puc. 8.2 npea-
CTaB/JeHO CXeMaTH4YeCKOoe M300pakeHHe COJIHEUHOrO 3JjeMeHTa, KO-
TOPH# COCTOHUT H3 HECKOJbKHX eJHHHYHBIX 3JIeMeHTOB pt—i-— nt-
THIIA, COeMHHEHHBIX MOC/TeNoBaTesbHO. E1HHHYHBIE 3JeMeHTHl Tpa-
neteBHIHOH (OPMBI MONYYAIOT MOCPEACTBOM aHH3OTPONHOrO TPaB-
JIeHHsI TMOBEPXHOCTH KPeMHHeBOH mNjacTuHbl ¢ opueHtaunei ({100}
yepe3 OTBEPCTHs B cJjioe Tepmuueckoro okucia SiO,. B mpouecce
M3rOTOBJIEHHST MHOTONEPEXOAHBIX 3/1€MEeHTOB TpebGyercs JIHIb OXHO-
KpaTHOe HaHeceHue (oOTOpe3ncTa — AJ1 pa3MeTKH IOBEPXHOCTH
caosi- Si0Oy, cayxkamero Mackofl npH TpaBJeHHH V-00pasHLX KaHa-
BOK; p™- W n*"-061acTH MepexoioB CO3JAAl0T MeTOAOM HOHHOH HM-
mnantanuu. [IpH aToM BHeApeHHe aTOMOB JIETHPYIOLIHX INpHMeceH
OCYIIeCTBJSIIOT NMOJA TaKHM yrjom, 4to nt- u pt-obmactu ¢Gopmu-
pylorca oaHoBpeMeHHO. [losyueHHy0 CTPYKTYpy MoIBepraior Tep-
Mo00paboTKe, HeOOXOMUMOI 1715 nepeBofa BHeADEHHBIX NPHUMECHHIX
aTOMOB B 3JIEKTPOAKTHBHOE COCTOSIHHE U 1Jil ycTpaHeHHsa Jedek-
ToB, 06pa3oBaBLINXCS B Mpolecce HMmiaHTauuu. Merananyeckuit
CJIOH, oca)KAaeMbli BAKYYMHBIM HCAapeHHeM, COeIUHACT eAMHHYHbIe
3JeMeHTH 3JIEKTPUYeCKH mnocjienoBatesibHo. [Ipu nonyvyennn V-o06-
pasHBX KaHABOK IMIPOMCXOAHT TNOATPABJIMBAHHE KpaeB M0JI0C,
Ha KOTODHIX B COOTBeTCTBHM C HaMeYeHHLIM TEXHHKOH (OTONH-
TOrpacduu PUCYHKOM COXPAHSETCs OKHUCHBIH CJIOH; HH3KOe KayeCTBO
MeTaJlJINyeCcKOro MOKPBITHA Ha KpasX 3THX IM0JOC NpeaoTBpariaer
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3akopauyuBanue nt- u pt-obnacren Ocbeuierue

OZHOTO M TOrO Ke 3JeMeHTa. ¥3- [ \ }

KHe MOJIOCH C MJIOCKOH MOBEPXHO- v v v

cTbio 6Jaronaps HajJHYMIO Ha HeH

OKHCHOTO CJIOSt 3aUIMLIEHBl OT IIPO- o &/
HHKHOBEHHsl JIerHpYIOUIUX MpHuMe-

cel B mpoumecce HOHHOH HMILIAH-
rayguu.  MeTansHyecKud  CJOH,
Oca)KJieHHBI  Ha  [OBEPXHOCTb
OKHCJa, CJYXHT OTpaKaioluluM
ONTHYECKHM MOKPHITHEM, CHNOCO6-
CTBYIOLUMM YBeJHUYEHHUIO MOIJIOIA-  Pyc, 8.2. CxeMa KOHCTPYKIHH MHO-
TeJbHOH CNOCOOHOCTH 3JEMEHTOB.  romnepexoiHOrO COJNHEYHOro 3JeMeH-
Ha nsnockoit mnoBepxHOCTH Kpem- Ta ¢ V-o6pasHbIMM  KaHaBKaMH.
HHEeBOH MJIACTHHH KpenuTcs MOx- [16].

JOXKKa u3 crekysa wMapru Cor-

ning 7070. ConHeuHBIH 3JIeMEeHT OCBelllaeTcsl CO CTOPOHBI CTEKJSH-
HOH MOJOKKH.

B MHOromepexoAHbIX COJIHEYHBIX 3JeMEHTax AAHHOro THma oc-
HOBHAsl 44CTh HOCHTeJell reHepupyercst BOJH3H OCBemlaeMo# Mo-
BepxHOCTH. O/IHAKO HOCHTEJNH MOIYT IepeMellaTbcs He TOJbKO Ia-
pannejbHO 3TOH MOBEPXHOCTH. MakKcHMasbHOe PpaccTOsiHHE, KOTO-
poe UM HeoO6XOAHMO NpeofoJieTh LI AOCTHIKEHHs Nepexona, paBHO
Wp. Uactb Hocutenedt rerepupyercs Gosee rayGoKO MO ocBellae-
MO MOBEPXHOCTHIO W, CJeloBaTelNbHO, OaHKe K Hepexony. Kpome
TOro, 3a CUeT MHOTOKPATHOTO BHYTPEHHEro OTpaKeHHs CcBeTa OT
TBIJIBHEIX M GOKOBBIX YYacTKOB MOBEPXHOCTH, MOKPHITHIX CJ0eM
vertassia, obecmeunBaercss O6o0Jee BBICOKMH OOIWHH KO3 dULHEHT
cobupaHHsa Hocutesell, yeM y OOBYHOro MJAHAPHOTO COJIHEYHOrO
3/ieMeHTa, TOJIIHHA KOTOPOro paBHA BLICOTE TpaleleBHAHBIX 3Je-
mentoB, O6mui Kodpduient cobupanus oupenessercs 34ech KaK
OTHOUIeHHe KOJUYEeCTBA MNOrJOLLEHHBIX (HOTOHOB K KOauuecTBy ¢o-
TOHOB, TDOIEAIIHX B 3JeMeHT. Takum obpasoMm, 3ddekTHBHAA OI-
THYeCKasl TOJIIHFA MHOTONEPEXOJHOr0 COJHEYHOro 3JeMeHTa BO
MHOrO pas3 MpeBLIIAET €ro peanbHylo TtoamuHy. CorjacHo pac-
yetam [16], npu BbICOTE eIMHHYHBIX 3JIeMEHTOB, pPaBHOH 50 MKM,
cpenHss 3¢ dekTHBHAS ONTHYECKas TOJILHHA cocTaBjser 267 MKM,
uTO COOTBETCTBYeT 06ueMy Koadduunenty cobupanus Gosee 93 %.
[Ipu ncrosb3oBaHUM TOHKHMX CJIOEB KPeMHHsS BBICOKHe 3HA4eHHs
obltei 0 Koabgpuunenra cobupanus obeCreynuBaiOT MOJIyYeHHE BHI-
cokoro (GoToTOKa Jaxe MpH HEA0CTATOYHO OOJbLUIOM BpeMeHH
JKH3HH HOCHTeJseH.

BuyTtpennuii kosddunuent cobupanus ) MHOronepexoaHbIX COJ-
HEYHBbIX 3JIEMEHTOB, [PEACTABJAWIIHA COO60H OTHOUIEHHe YHCI&
3/JeKTPOHHO-ABIPOYHBIX Tap, pasJeeHHbIX MNepPexoaoM, K YHCIY

1 B HekoTOphix paboTax 3TOT (GU3HUYECKHE TEPMHUH OMpelessieTCss Kak Ko3d-
GuuueHT pasaenenus. — I[1pum. peo.
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Puc. 8.3. PacueTHble XapaKTepHCTHKU MHOromnepe-
XOIHbIX KpPeMHHEBbIX COJIHEUHBIX 3JIeMEHTOB C
V-o6pasnbiMu  kauaskamu, [16]. a) 3aBucumocrtn
BHYTpeHHero KoshbHuIlHeHTa cOOUPAHUsA HOCHTesel
3apsjia Q oT KosbduLHeHTa KOHLUEHTpauuu K coJ-
HEYHOro H3JyYeHHs TIPH Pa3JHUHBIX 3HAYEHHAX
00bEMHOr0 BpeMeHH KHM3HH HocHTesefi: | — 0,1
vke, 2 — 1 mxc, 3 — 10 mxc, 4 — 100 Mkc; 6)

3aBHCHMOCTH HamnpsiKeHHs XOJOCTOro xojaa Vye oT 01 0 102 103
00b€eMHOrO BpeMeHM KH3HH HOcHTeJe# T, 0pH Ty MEC
pPa3JUYHbIX 3HAUeHUSAX Ko3(PdHUlIHeHTAa KOHLEeHTpa- 3

UM usayvenus: I —1, 2 —10, 3 — 103, 4 —

103, 5 — 10% @) 3aBHCHMOCTH KH]I OT OGLEMHOTO BPEMEHH JKHM3HH HOcHTeJeli

Tp TIPHU PA3JHYHBIX 3HAYEHHAX KO3(hPUIHEHTA KOHIEHTPALMH H3JYyYeHUs: [ — |,
2 —10, 3 — 102, 4 — 103, 5 — 10%.

reHepHUPOBAHHLIX Hap, onpefeaserTcs rJIaBHHIM 00pPa3oM CKOPOCTBIO
00beMHOl peKOMOHMHAUMH HOcHTesdell. PesysabraThl pacuera 3aBH-
CUMOCTH BHYTPeHHero KkosddurueHta cobupaHus or Ko3pduLH-
€HTa KOHLEHTPAUWH COJHEYHOro H3JIY4YeHHs [O0Ka3aHbl Ha pHuc.
8.3, a. B MHOromepexoJHOM COJHEUHOM 3JIeME€HTe MPH OOEBEMHOM
BpeMEeHH KHM3HH Hocutesnell MeHee 10 MKC W Ko3ddHuHeHTaX KOH-
HEHTpPaluu u3JydyeHus B auanaszose 1...10° Moxer ObITH MOJyyeH
BHYTpeHHUI Ko3bduunent cobupanus, pauuii 95 %. daa moctu-
JKeHHsl CPaBHUMBIX 3HAUEHHH BHYTpeHHero Ko3adduuueHra cobupa-
HHSI B COJTHEYHOM 3JeMeHTe C KOHTaKTaMH THIla «rpefeHKa B rpe-
OeHke», uMmewomeM toamuny 100 MM, Heo6x0aMMO, uTOOHl BpeMs
JKH3HU Hocutesell cocraBaano 90 mkc. Cienyer OTMETHTb, UTO Ha-
fmiomaeMoe yBeJlHMYeHHe BHYTPeHHEro KoadduuneHra cobHpaHua
NpH NOBLIIIEHUH KO3(P(HNIIMEHTa KOHIEHTPAIHH H3JyueHHS MOXKeT
ObITb BBI3BAHO JHeHCTBHEM 3/JEKTPHYECKOro [O0Js, CBS3aHHOTO CO
3HAUHTENbHBIM NajeHHeM HanNpsiKeHHs BHYTPH 3J€eMeHTa NPH BHI-
COKHMX TJNOTHOCTAX TOKa. CHMIXKeHHe BHyTpeHHero Ko3(duLHeHTa
cobupanusl Npu euie 60Jee BHICOKHX WHTEHCHBHOCTSX H3JyUeHHS
ABJISleTCsl Pe3yJAbTaTOM YMeHEIIeHHs AU(PPY3HOHHOH AJIMHBI BCJEA-
CTBHe DaccesiHdsl HOCHTeJel Ha HOCHTeNsX, a TakKxKe ocjabieHus
BJMSIHHSI 3JIEKTPHUECKOrO MeJs NPH HAaJWYUH MOAYJAUMH HPOBO-
JMMOCTH M YMEHbIIeHHH NOABHKHOCTH HocHTesdel [16].

s MHOronepeXoaHbX COJTHEYHBIX 3JEMEHTOB ¢ V-06pasHbIMH
KaHaBKaMH XxapakTepHo O6oJee BEHICOKO€ OTHOUIEHHE MJIOMIAAH OC-
BelllaeMO#l IMOBepPXHOCTH K OGBEMY MO CPaBHEHHWIO C IJIaHAPHBIMH
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3/1eMeHTaMH, M03TOMY B MHOTONePeXOAHbIX 3jeMeHTaX (GOoTOreHepH-
pOBaHHbie HOCHTE/IH COCPENOTOYEHBl B OTHOCHTEJIBHO MeHbLIEM
ob6beme, 4TO 00YCJIOBIAHBAET GOJNee BHICOKYIO KOHUEHTPAIMIO H30HI-
TOYHBIX HOCHTeJNeH W COOTBETCTBEHHO MNOBHILIEHHble 3HaueHHs Vo
MHuoronepexoaHblii KPeMHHeBLIi COJIHEYHBI 3JIeMeHT TOJLIMHON
50 MKM ¢ OKHCJEHHBIMH y4acTKaMH ThIJIbHOA MOBEPXHOCTH WIHPH-
Hoil 10 MKM HMeer 3h(}DEKTHBHYIO ONTHUECKYIO TOJMIMHY 267 MKM
IPH OTHOUIEHHH I[JIOUIAJH OCBeIaeMOH MOBEPXHOCTH K 00beMy,
B 10 pas GoJiee BLICOKOM, UeM y MJIaHAPHOrO 3jJeMeHTa TOJIIMHOA
267 wMmxM. BcuaenctBue 3Toro mnpH 00beMHOM BpeMeHH KII3HH
Hocurenet 100 Mrc V,. MHOromepexojHOro 3jeMeHTa MpeBbiLIAeT
Vo MnarapHoro sjeMeHrta uHa 73 MB npu kosaddpuiHeHTe KOHIEH-
tpanuu usnydenus K=1, ua 51 mMB npu K=10, na 31 mB npnu
K=10%, ua 30 MB npu K=10® u K=10%* PacuerHble 3aBHCHMO-
¢t Voo MHOTONEPEXOIHOrO COJIHEYHOro ajgeMenra npun K=1...104
0T 00BEeMHOrO BpEMeHH KH3HH HOCHTeslell MpeicTaB/JeHH Ha
puc. 8.3,6.

Pesyabratel pacuera {16] mokasbBaioT, 4TO NPH OOBHEMHOM
BpeMeHH XU3HH HOcHTesel, npeBbianomeM 50 MKe, H Koshduuu-
eHTaX KOHIeHTpauuu uaayuenus 1...10% 3Havenus xkosdduiueHTa
sanosHedus FF BojbT-amnepHo#l xapaKTepHCTHKH MOLYT cocCTa-
BuThb 0,8 n Buime. [1pu Bpemenn xu3uu 50 mMxc u 300-KpaTHO#i KOH-
uneHrpaunn usayuennss FF=0,81. Bmarogaps wmasnbnM pasMmepam
€[IHHHYHBIX 3/I€MEeHTOB M 3HAUMTEJbHOH MOAYJAUHM NPOBOIHMOCTH
B 0a30BOH 06J1aCTH MHOrONepexoJHbIX COJMHEYHbLIX 3JIeMEHTOB B yC-
JIOBHAX CHJBHON OCBEIIEHHOCTH OMHYECKHe MOTEPH MOIIHOCTH HA
BHYTPEHHEM MOCJeI0BATENbHOM CONPOTHBJIEHHH NPH K03DdHLHeH-
TaX KOHUEHTPAlHH H3JyueHHs BmaoTb a0 103 oxaswiBalorcd A0-
BOJIbHO HHU3KUMH. OnHako npH KoadduiHeHTe KOHUEHTPAIHH,.
paBHoM 10% moTepu MOLIHOCTH CTAHOBATCS CYLeCTBEHHBLIMH, a 3HA--
uenne FF cuuxaerca no 0,74 npu o6bEMHOM BpeMeHHM JKH3HH HO-
curesell, paBHOM HJUW HECKOJBKO mpeBbimaiomem 10 MKc.

Ha puc. 8.3, 8 npuBenenst 3aBucuMoctd KIT1I omruMusnpoBan-
HOrO MHOTONepeXxOoAHOro COJIHeYHOro 3jieMeHtra ¢ V-00pa3HBIMH Ka-
HaBKaMH OT 06b€MHOrO BPEMEHH XKHM3HH HOCHTeJ e NPH KOMHATHOH
TeMIeparype M pasjIHYHbIX KO3(Q(PHIHEHTAX KOHIEHTPAIUHH H3JY-
yeHHs. BcaencrsBHe TOBBILIEHHST HANPSXKEHHSA XOJIOCTOrO  Xoja
C POCTOM HHTEHCHBHOCTH M3JIyueHHs 3HA4ueHHs 06heMHOro BpeMeHH
»Ku3HH, OOecneunBatomue Boicokuil KIIJ, yMenbmaiores no mepe:
vBesnnuedns Kospduuuenta kouuentpauuun. Jaa nonyuyernns KITI,
paBuoro 20 9%, mpu K=1 Heo6X0AHMO BpeMs KH3HH 229 WMKC,
a npu K=100—5 mxe.

MHuoronepexosnble KPeMHHeBble COJHEYHbIE 3JIEMEHTH, COCTOS-
mHe U3 43 NOCTen0BATENbHO COEAMHEHHBIX €IHHUUHBIX 3JIeMeH-
toB, npu K=300 u temneparype 300 K umetor V,.=30,2 B, [,=
=443 MA, FF=0,63, uto o6ecneunBaer KI1[1 12,2 %, 3HauuTe bHO
oT/MuamHuiics or oxupasiierocs 3HadeHus 24,5 9%. Ilpuuunoi
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HU3KOro K03QHLHeHTa 3amoJNHeHHs sBNAserTcs Majoe oObeMHOe
BpeMsl xu3Hu HocuTened (0,8 mkc). Pacuernoe 3uauenne KII,
paBHoe 24,5 %, 1mosyuyeHo B NPEANMOJIONKEHHH, 4TO 00BEMHOE BpeMs
JKH3HH HOcHTeselt cocTaBiseT 50 MKC M DPOCBeTssiollee MOKPbITHE
CHM2KAeT T0TePH M3JyUeHHUs Ha oTpaxeHue 10 7 % (Habliomaembie
JKe [OTepH 9TOro Buaa gocruraior 23 %).

Kak c/aenyer M3 NpOBeAeHHOro aHaJau3a, MHOronepexojHbe
KpeMHIIeBble COJIHEYHBle 3JeMeHTH 00/1agaioT fepea OOBLIYHBIMH
3JleMeHTaMHU PAAOM IPeHMYyLLeCTB, Giarofaps KOTOPBIM HX MOXKHO
NPUMEHATh B YCJOBHAX KOHUEHTDHPOBAHHOTO H3/aydeHHs. K 3Tum
npenMylecTBaM oOTHocaTcs: 1) Bo3moxHOCTh nocTuKenus KITIL
6onee 20 % mnpH HCHOAB30BAHHHM H3BECTHOM TeXHOJOTHH H3rOTOB-
JIeHUs; 2) BBICOKH{I BHYTPeHHH# Ko3bduUIHEeHT cOGHUpaHHs HOCHTe-
et (>95 %) npu He oueHb KECTKHX TPeGOBAHHAX K O6BEMHOMY
BPeMeHH XXH3HHM Hocuteseil; 3) O6oJiee BbICOKOE HANpsKEHHE XO-
JIOCTOr0 X012, 4eM y MJAHaPHBIX 3JIEMEHTOB 3KBHMBAJIEHTHOH om-
THYECKOW TOJILIMHB; 4) OueHb HHU3KOe IMOC]eN0BaTesbHOe COMpo-
THBJeHue, obecreunBamollee 3¢ HeKTUBHYIO paboTy 3JeMEeHTOB NpH
KoapduiHeHTaX KOHLUEHTPALMH H3Jy4yeHHs, mnpeBbmaomux 103
5) OTCyTCTBHE KOHTAKTHOH CETKH Ha OCBElaeMOH TOBEPXHOCTH; 6)
BBICOKAasi YCTOHYMBOCTb K BO3/efCTBHIO BHellHel cpenbl 6Jjaroaaps
3allHTHBIM CBOHCTBAaM CTeKJSIHHOTO [MOKPLITHS Ha JHLEeBOH Mo-
BEPXHOCTH; 7) OTHOCHTENbHO MPOCTas TeXHOJOrus H3TOTOBJIEHHS.

8.3.2 M3meHeHue CMEKTPaNbHOro COCTaBa M3fy4YeHus
C NMoMOUWbIO NMoMHUHOGpOPOB

[TyreM u3MeHeHHA C NOMOLIbIO JIOMHHO(ODPOB CIEKTPaJbHOrO
CcOCTaBa IMOCTyNawllero COJHEYHOro H3Jy4eHHS MOXKHO MOBBICHTb
CMeKTpPaJbHYI0 UYYBCTBUTENbHOCTb HEKOTOPBHIX THIIOB COJIHEYHBIX
s7emeHToB ¥ yBenuuuts ux KIII B ycsosusx AMO ua 0,5...2 %
[17]. Paccmorpum sddexT u3MeHeHHs CHEKTPaJbHOrO COCTABa H3-
JY4eHUS U ero BJMSIHHE Ha XaPaKTEePUCTHKH 3JIEMEHTOB.

Cuiofi opraHosroMHHOOPA, JIOMHHECUHPYIOLIErO CTeKJa HJIH
Kpucramiogpochopa HAHOCAT Ha OCBelllaeMyl0 I[OBEPXHOCTb COJI-
HEUHOro 3JieMeHTa, Kak noka3aHo Ha puc. 8.4. KopoTkoBosHOBOE
H3Jy4YeHHe, NOMJIOUeHHOe JIOMHHO(OpPOM, Hepeussiyuyaercsi B BHIE
cBera ¢ 6ogbuiell AJuWHONH BOJaHBL. C MOMOLIBIO TAKHX MAaTepHaoB
MOYKHO MOBBLICHTH YYBCTBHTEJBHOCTb K KOPOTKOBOJNHOBOMY H3JIy-
YeHHIO 3J1eMEHTOB, KOTOPble HMeIOT BHICOKHH K03dduuueHT coOH-
paHus HocuTesJell B AJHHHOBOJHOBOH YacTH CHEKTpPa H HHU3KHH —
B 06J1aCTH KOPOTKHX [IJIHH BOJIH (HH3KYIO UYBCTBHTEJBHOCTb B CH-
Hell 06J1acTH creKTpa).

HaunGonee BaXXHBIMH CBOHCTBAMH CHCTEMBl JIOMHHOGOP — COJI-
HEeyHBIl 3/IeMeHT, Ha KOoTophie Heob6xoauMo oOpaTHTb BHHUMAaHHe,
SABJSAIOTCS OOrJollaTeJhbHble W H3JyyaTeJbHble XapaKTepPUCTHKH
JIOMHHO(Opa, a Takxe onThucckas 3()@PeKTHBHOCTL CHCTEMBI, KO-



Hosblie Hanp, B pa3paboTKe CONHEUHbIX 3NEMEHTOB 379

CBem
Shomuropop l o. [Momepu
} C _» uanyueHus
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| — ConHeuHbIiL

3DeMeHm

Puc. 8.4, Cxemaruueckoe H306paykeHHe CTPYKTYpPbl JIOMHHO(POP — COJHEUHDLIE
3/IeMEHT.

A, MKM

TOpas ompeneJisgseTca Kak OT- 09 0706 05 04
T

HouleHWe 4Hucsaa  (OTOHOB, -
NPOXOAAIINX B COJHEUHLIH
3JIEMEHT, K YHCJY (QOTOHOB, 03[
najaioluX Ha ero BepXHIOI
CTOPOHY. 05}
dddekruBHoe  mpeobpa-
30BaHHEe  KOPOTKOBOJIHOBOTO g4
H3JyyeHHSI B JAJHHHOBOJIHO-
Boe ofecrneynBaloT MHOrHe
JIOMHHODOPLL! KBaHTOBLIH
BHIXOJ JIIOMHHeCIleHIIHH (OT- 0 / \ . 0
HOILIeHHe 4YHcJaa H3JY4eHHBIX 1015 20 25 30 35
(POTOHOB K 4HCJY MHOIJIOLSH- SHepzun  cpomonoB, 9B

HBX)  pAla 'HK)MHH%@OPOB Puc. 8.5. Cnexrpa/jbHble 3aBHCHMOCTH
npubanxkaerca K 100 % 0PH  yyrencuswoctn movumecuenunn H (1)
HU3KHX KOHLEHTpauHusxXx akK- u kosbduiuueHta mnoriomenus o (2) py-
THUBHpPYIOLEH MpUMeCH U CO- 6uHa (maccoBoe coxepxkanue Cr 0,7 %),

CTaBJIsIeT 70...90 % npH a TaKKke Ko3(pdHIHeHTa cOOMpPaHUST HOCH-
6 Tesell Q B KPEMHHEBOM COJIHEYHOM 3JieMeH-
OObIYHO ~ CO3MAaBaeMbIX KOH- 1o ¢ g+ p-cTpykTypoil mpu OTCYTCTBHE

IeHTpauuax AKTUBATOPA, (3) M Hanuuuu (4) NOKPHITHS M3 pyOH-
o6ecrneyHBaOIUX gocra- Ha [17].

TOYHO BBICOKHH KO3 pHLHU-

eHT MOTJIOIEeHHs MO OTHOIIEHHIO K MajalolieMy CBETY.

CrhexTpbl TNOIJIOWEHHS M W3JAyueHHs pyGHHA C MaccOBBIM CO-
nepxavueMm Cr 0,7 % wuso6paxensl Ha puc. 8.5. 3nech Takke MpHU-
BeJeHBl CHeKTpaJjibHble 3aBHCHMOCTH YYBCTBHTEJBHOCTH KpeMHHe-
BBIX COJIHEYHBIX 3JIeMEHTOB IIPOMBILIJEHHOrO HW3rOTOBJEHUS M[PH
HaJU4YUH ¥ OTCYTCTBHH MOKDHITHA M3 pyOuHA (pPyOHMHOBas NMjacTHHA
He cHabxKeHa MPOCBETJSIONINM MOKpHITHEeM). JlOBOJBHO HIHPOKAS
moJjioca TOrJolleHHs (c ABYMSI MHKaMM) [MpocTHpaeTcss B yJibTpa-
(pnoJsieToBYI0 0f6nacTb, B TO BpeMs Kak I0J0CAa H3JYYEHHS HMeeT
MaJylo IIHPHUHY H pacrojiaraercs B ILleHTpe BHAUMOH ofjacTH
crieKTpa OPUGAW3UTENbHO NpPH 3Heprud 1,75 3B. Benuuuna crok-
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coBa cIBHra (CHeKTPalbHONO HHTEepBajia MeXAY ABYMs OJuKai-
WIMMH I[IMKaMH [OIVIOIIeHHs H H3JyYyeHHs!) BeJIHKa, MO3TOMY [O-
JIOCHl MOTJIOILEHHS] W H3Jy4YeHHs NOYTH He MepeKphIBAIOTCH.

JllomuHObOp coenMHEeH C COJNHEYHBIM 3JEMEHTOM INPH MOMOLIH
MaTepHana, HMeiollero HeOOXOAMMBIN MOKa3aTedb MpeJoOMJIeHHS;
TAaKHUM MaTePHaNoOM MOXKeT CJAYXHTbL KJjeH, NPUMeHsAeMBH A5
KpellJIeHHsl 3aL(HTHHIX CTeKOJ 3/JeMeHTOB, HJH ONTHYeCKH MpO3-
pauHast KHAKOCTb. J[IJIMHHOBOJIHOBOe H3JiydeHHe MPOXOAUT HYepe3
cJofi JioMHHOGOPa He nNOrJomasich, B TO Ke BpeMs KOPOTKOBOJI-
HOBOe H3JyyeHHe, OYAydu MOrJIONIeHHBIM, MepeH3sydaercs B BHJe
cBera ¢ Gousblleli AjauHON BoaHbl. Ontnueckas spdeKTHBHOCTH CH-
CTeMBl 3aBHCHT OT NOTepb, CBA3AHHBIX C OTPAXKEHHEM H3JYyUeHH:
OT OcBelilaeMOH M[OBEPXHOCTH JIOMHHOQOpPA, KBAHTOBOIO BHIXOJA
JIIOMHHeCIeHIIMH, KOJHYecTBa Iepen3Jy4eHHOrO0 CBeTa, BLIXOAS-
lero Hapy’Xy 4Yepe3 BHEUIHIOID NOBePXHOCTb CJ0s JIOMHHOJODA,
MOTepb H3JIyUeHHs BCJAeACTBHe MepeKPHIBAHHA CIEeKTPOB MNOTJOLie-
HUSl H HW3Jy4eHHs JIOMHHOpOpa, H OT MOTepPb CBeTa, BHI3BIBAEMBIX
€ro OTpa)KeHueM OT HHKHell NMOBEPXHOCTH CJOs JIOMHHOdoOpa OpH
HecOIVIaCOBaHHBIX 3HAUEeHHAX IOKasaTeNsl NPeJOMJEeHHA JIOMHHO-
¢opa H MaTepHajia COJHEUHOTO 3JieMeHTa, KOrja yrosj mnajxeHus
cBeTa NpeBBIIIaeT KPUTHUECKUH yros MOJHOro BHYTPeHHEro orpa-
KeHusl. 3HaueHHsT ONTHYECKOH 3PGHEKTHBHOCTH O OTHOIIEHHIO
K NorJoiaemMoli U HermorJoniaeMoll 4acTsiM CBETOBOrO NOTOKa MpH
HCOOJb30BAaHNHN B KayecTBe JIOMHHOOpa mjacTMaccsl H pybuHa
npeacrasJjieHnbl B Tabu. 8.2.

fcHo, uto JIOMHHOGODP M0MXKeH 00JanaTb BHICOKHM KO3 GHIIH-
€HTOM MOTJIOLIeHHs B KOPOTKOBOJHOBOH 06/1acTH CHeKTpa, BHICO-
KM KBAHTOBBIM BBIXOJOM JIIOMHHeCUHeHUHH, OOJBIION BeJHUHHOMN
CTOKCOBAa CJBMra IPH HHU3KOH CTeneHH MHepeKpbIBAHHS CIEKTPOR

Tabauya 8.2. Ontnueckast 3bbeKTHBHOCTh MOKPHITHI M3 JIIOMHHO(DOPOB
(nract™Maccel H py6uHa)

OntHueckas 3hGEKTUBHOCTD,
Yactb CBETOBOTO Hapamerp %
TIOTOKAa
Tlnactmacca Py6un
He norniomaemas so- | [lotepu Ha oTpaxkeHue 5...10
MHHOGOPOM O6ast addexTHBHOCTD 90 ...95
TMornomaemast ‘momu- | TloTepu Ha oTpaxeHHe 4 7,6
HohopoM Ilotepu u3nyueHus:, BbHIXOAA- 12,2 8.2
Ier0 HapyXy uepe3 BHell-
HIOIO TIOBEpXHOCTh
ITotepu BcreAcTBHE NepeKpHI- 5 0
BaHUS CIIEKTPOB
KBaHTOBLI BbIXOM JtomuHec-| 70 ... 90 100
LeHIUH
O6inas 3¢deKTHBHOCTD 56 ...72 85
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YorJioueHnsd U U3JiydyeHHs1 U BBICO-
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PaccmoTpum aBa BHAa mioMH- O TR
HO(OpOB: MJacTMaccy, akKTHBHPO- Z
BAaHHYIO ODPraHWYeCKHMH KpacuTe- OO 1% 2
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HHU$, BBIXOASIIIEr0 HApyXy uepes 10
ee GokoBble MNoBepxHocTH. Ilnact-
Macchl HMeloT He6OJBIIYIO BeJH-
YMHY CTOKCOBAa CJBHra W MOTYT

Puc. 8.6. CnekTpasibHble 3aBUCH-
MOCTH MHTEHCHBHOCTH JIIOMHHecle-

ycneulHo HNPHMeHATbCA B couUera-
HHH C COJIHEYHBIMH 3JiIeMeHTaMH

Huuu H (I) u Kosdpduuuesta no-
raomenus o (2) pyOpeHa, a Takke
Ko3(hdHuluHeHTa COOMPaHHUS HOCHTE-

Ha OCHOBe GaAlAs — GaAs, jefi Q B THUIbHO-GapbepHOM COJI-
CusS —CdS u u3 amopdHOro HeuHom sjemenTe Ha ocHoBe CupS
KPeMHU$, UMEIOIMH De3KHH Kpaii ;lcndf G (9) u Ha-
YyBCTBUTENBHOCTH. q (4) NOMHHECUeHTHOTO MOK-

PLITHSI, aKTHBHPOBAHHOTO pyGpeHoOM

ConHeuHble 3j1eMeHTBl Ha 0C-  [{7].

HoBe GaAlAs co cioeM JIOMHHO-
¢opa mapku Roehm — Haas 2154 o6nagaioT NOBHIIEHHOH CIeKT-
pajbHOIl YYBCTBHTEJNBHOCTbIO B 00JaCTH BHICOKMX 3Heprufi ¢oro-
wos, 1 ux KIIJ Bospacraer ¢ 14 no 15 %, a B HeKOTOPHX ciy-
yasx—c 11,5 no 13,5% [17]. Ilpumenenne nokpwuiTua Roehm —
Haas 2154 B coJHeuHBIX 3JeMeHTaXx H3 aMOpP(HOro KpeMHHs
¢ p—1[— N-CTPYKTYpPOH NPHUBOAHUT K 3HAUYHTEJbHOMY IMOBBILIEHHIO
YYBCTBHTEJBLHOCTH B 00JACTH BBICOKHX 3Hepruii (OTOHOB, 0OQHAKO
MakKcuMajbHOe 3HaueHHe CIEKTPaJbHON UYyBCTBHTEJBHOCTH MPH
stom cHuxkaercss 0 KII B ycioBusix AMO cyiiecTBeHHO He H3Me-
usaercsi. CrnekTpasbHble 3aBHCHMOCTH YYBCTBHTEJBHOCTH TBHIJIBHO-
6apbepHOro COJIHEUHOro 3jeMeHTa co cTpykTypoit CusS — CdS
Ha KBapueBoi#l mopjioxke, nokpbitoii caoem CdaSnO4 mpu orcyr-
CTBHH M HAJMYHH JIIOMHHECIEHTHOrO MOKPBLITHS, AKTHBHPOBAHHOIO
pyGpeiioM, npuBeneHbl Ha puc. 8.6. JliomuHecueHTHOe MOKpLITHE
3HAYUTENBHO TIOBBILIAeT UYYBCTBHUTEJNBHOCTb 3JIEMEHTOB HpPH BHCO-
KHX 3SHeprusix (OTOHOB, He OKa3biBas OTPUIATEJBHOrO BJHSHHS
Ha YyBCTBHTEJNBHOCTb B HHM3KO3HepreTHueckoil obGmacti. XOTs, Kak
nokasaHo Ha puc. 8.6, ans pyOGpeHa XapakTepeH CTOKCOB CJIBHT
OTHOCHTEJIbHO HeOOJBLIOH BeJMUMHB, MOJOXeHHe MaKcuMyMma H3-
Jy4aTelbHOH CMOCOOHOCTH MOYTH TOYHO COBMAjdeT C MOJOXKeHHEM
MaKCHMyMa CIeKTPa/JbHOH UYBCTBHTENLHOCTH 3JeMeHTa, YTO MpH-
BoauT K yBenuuenuto KIIJ B ycaosusix AMO ¢ 3 no 3,5 %.
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CrekTpanbHass 3aBHCHMOCTb YYBCTBUTEJIBHOCTH KPEMHHEBOro
COJIHEYHOTO 3JIeMeHTa C NMOKphITHeM U3 pyOuHa (cM. puc. 8.5) npu
sHeprun 2,2 5B uMeeT sn0KaJbHBI MHHUMYM, 0OyCJIOBJeHHH mO-
Jocoii norJgolieHnss pyouHa., CHUXKeHHe UYBCTBUTEIBHOCTH IIPH
HHM3KHUX 3Heprusix (OTOHOB CBA3aHO C NMOTepsMU CBeTa Ha OTpaxe-
HHe BCJEICTBHE TOTO, UTO HapaMeTPhl CI0EB, BXOAAIIUX B AAHHYIO
CTPYKTYPY, He ONTHMaJjbHBl. B BBICOKOZHepPreTHUeCcKOH o6sacti
CHeKTPa YYBCTBHTENbHOCTb 3HAYHMTEJILHO MOBHILIAETCA, a HpH Co-
rJIaCOBAHWM TI0Ka3aTejedl MpeJOMJeHHs CHCTeMBl PyOHHOBOe MO-
KpBITHe — coJiHeyHbld saeMedT KIIJI B ycaoBusax AMO, mo-Bupu-
Momy, yeejquuurcs Ha 1...2 %.

Ilpn ucnosb30BaHHH JIOMHHECUEHTHOrO HOKPHITHA M3 pyOuHa
KITA conHeyHbIXx 37eMeHTOB Ha ocHoBe GaAs ¢ auddysHOHHBIM
nepexonoM nosbimaercs ¢ 9 go 9,3 %. YcrpaHenue notepb H3Jay-
YeHUs1 Ha OTpaxeHWe MOJIKHO CHOCOGCTBOBATEL ellle OGOJbIIEMY
nosbiurennio KIT.

8.4 KackapgHbie conHeuHble 3NeMeHTbI
co csepxBbicokum K1/,

B 0GBUHBIX COJHEUHBIX 3JeMeHTaxX Ha OCHOBe OJHOr0 MOJYIpo-
BOJHHKOBOrO MarepHa/ja IOJe3HO HCIONb3yeTcs TOJBKO YacTb
SHepPruy najialiolllero COJHEYHOro M3JaydyeHus. Kpome Ttoro, namps-
JKeHHe XOJIOCTOrO XojAa TAaKHX 3JeMEeHTOB He MOXKET INpPEeBHICUTh
IIHPHHY 3alpelleHHOH 30HH MOJTYNPOBOLHHKA (B CiIyuyae rerepore-
pexona —- IIUPHUHY 3anpelieHHOH 30HB Y3KO30HHOTO HOJYIPOBOJ-
HUKa). DT nBa 3ddekra npHBOAAT K OOJBILHM BHYTPEHHUM IO-
TepsM 3HepruH B OOBIUHBIX 3djeMeHTax, u ux KIIJ npu onTumann-
HOH INMpHHe 3aNpeIleHHOH 30HBl OrpaHHYeH 3HaueHHeM ~25 Y.
B KackaaHHX COJMHeYHHIX 3jgeMeHTax [18—35] npenycmarpusaercs
HCHONB30BaHHE HE MeHee JBYX 3/1eMEHTOB H3 pasJUYHBIX MOJYy-
NPOBOAHHKOBBIX MaTepHasOB C COOTBETCTBYIOIUHM o06pasoM IMOAO0-
OpaHHBIMH 3HAUEHHSMH IIMPHHBI 3aNpelleHHOH 30HH, KOTOpHEe
NpH TNOCTeN0BATETBHOM COeJlHHEHHH 00ecleynBalOT BHICOKOE Ha-
npsixKeHHe XOJIOCTOTO Xojaa. IlpuMeHeHHe MOJYIPOBOJHHKOB C 3a-
NpeuleHHEIMH 30HAMH, 3HAYMTENBHO OTJIMYAIOUIMMUCSA N0 UIMPHHE,
crnocbOcTByeT 6oJsiee 3G PEKTHBHOMY HCIOJAb30BAHUIO COJHEYHOrO
M3/Jy4YeHHs W YMeHblIeHHI0O BHYTPEHHHX NOTepb 3Hepruu. [Ipu npa-
BUJBHOM BBIGOpE MaTepHaloB KacKalHBIE€ COJIHEUHBle 3J1eMeHTH
MOryT uMeTh oueHb BHICOKHII 00wui KIT (Gosaee 30 %).

[IpensoxxeHo nBa crnocofa MpaKTHUECKOrO OCYIIECTBJEHHS Tpe-
06pa3oBaHUsA 3IHEPrMM INPH MHOMOIUHM KAacKaJHBIX COJIHEUHBIX 3Jie-
MeHTOB. [TepBHIl U3 HUX CBS3aH C IpHMeHEeHHeM ONTHYECKHX (PHJIb-
TPOB ¢ 3ePKAJbHOH MOBEPXHOCTHIO B COYETAHHH C HECKOJIbKHMH
3JleMelITaAMH, BTOPOH — ¢ CO3/laHHEM 3JeMeHTOB, Yy KOTOPHIX Iepe-
XOAH pacloJIOKeHH MOC/ef0BaTeJbHO M0 XOAYy CBETOBHIX Jydeil.
B mnepBoM cayuae mapamlllee H3JyuyeHHe pacllenjsercs Ha He-
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CKOJIBKO IIYYKOB, M Ka’kAblfi U3 HHUX HaANpaBJseTcs Ha OnpejeseH-
HBIJl 3JIeMEeHT, XapaKTepPHCTHKH KOTOPOro COrJacyloTcsi €O CHEeKT-
paJbHHIM pacnpelejeHHeM H3Jy4YeHHs B JaHHOM MYuKe.

B KackaJHOM COJTHEYHOM 3/ieMeHTe BTOPOrO THNA 3JEeMEHTH,
HM3rOTOBJIEHHble H3 TOJYNPOBOIHHKOB C pAa3JIMYHOH WIMPHHOH 3a-
NpelleHHO! 30HBI, NOJIXKHB OBITb PAClOJIOXKEHbl APYr 3a IpYyroMm
B TaKOH MOCJeN0BaTeNbHOCTH, YTOOH CBET B IMepBYI0 ouepeab MO-
najzaJ Ha IIHPOKO3OHHBIH MaTepuas. POTOHH, HMeioulne OOJbIIYIO
3HEpruio, TMOrJOLAIOTCS B NMEepPBOM 3JeMeHTe, OCTajbHas 4acTb H3-
JIYUeHYsI COJIHEUHOrO CHeKTpa TonajaeT BO BTOPOH 3JIEMEHT, B KO-
TOPOM Tak)Ke TMOTJOLIal0Tcsl Haubojee BbICOKOdHEpPreTHUYECKHe
«(DOTOHBI TpOILIeUIeld YaCTH CBETOBOrO IOTOKA, a HEeNOoIJIOLeHHOe
H3Jy4eHHe IMOCTynaer B TPeTHH 3jeMeHT. [lpouecc ceseKTHBHOro
NOrVIOeHHST TMPOAOJXKAETCS N0 TeX Iop, MOKa CBeT He JOCTHTHET
3JeMeHTa ¢ HauMeHbllell IHPHHON 3anpelleHHOH 30HHBL. SlcHo, uTO
Takasi KOHCTPYKIHSI ofecneuydBaeT HCNOJb30BaHHE 3HAYHTENbHO
6oJblIefl 4acTH CIeKTpa COJMHEYHOrO H3JIyueHUs H MO3BOJSET I0-
Jayuath 6osee Beicokuit obunit KITII.

Wiess npeoOGpa3oBaHMs K3JAYuYeHHs C TOMOLIbIO KacKaaHOH
CTPYKTYpPB HAaXOAHT JAaJjbHeflllee pa3BUTHe B CO3MLaHHH MOHOJIHT-
HOTO HHTErpa/ibHOr0 KAaCKaJHOTO COJIHEUHOTO 3JieMeHTa, B KOTOPOM
OTHeNbHbBlEe 3JeMeHThl HMeloT ofuiylo 0asy, a HX 3JeKTpHueckoe
coelHHEHHe OCYLIeCTBJISIETCS BHYTPH CTPYKTYpHl (B OTJHYHE OT TO-
CJIeI0BATENbHOIO COEHHEHHsT He3aBUCHMBIX COJIHEUHBIX 3J€MEHTOB,
00pa3yIoluX Kackaa). XOTs MpollecC H3TOTOBJEHHST MOHOJHUTHBIX
KacCKaJaHBIX COJIHEUHBIX 3J1eMEeHTOB MOXKeT OKa3aThcsl 0oJjee CJI0XK-
HbIM, HEOOXOAHUMO 3a4aThCS 11e/bl0 HCKJIOUHTb MPHPOCT CTOHMOCTH
NpUd CO3MaHHM ABYX H 0oJjiee 371eMEeHTOB JJsI KACKAJAHOH CHCTEMBI,
a TakXe pelUIHTb NMPolJeMbl 3JEKTPHUECKOTO COeAMHEHHS 3JeMeH-
TOB, COTJIaCOBaHHSl ONTHYECKHX XapPaKTEPHCTHK K cOOPKH MonyJed.

PaccMorpum 0GoJee NOAPOOHO NPUHUHUN JEHCTBUS COJHEUHBIX
3JeMeHTOB MNPH HCHOJb30BAHHH ONTHUYECKOrO paclleNyeHHsl CIeK-
Tpa U HHTErpaJbHBIX KACKA/IHbBIX COJHEYHBIX 3JIeMEHTOB.

8.4.1 Cuctembl Ha OcCHoBe OnTHUECcKMX (punbTpos U Habopa
COJIHEUHBIX 3MEeMEHTOB

Cxema KackamHoro mnpeoGpasoBaTeisi, BKJOYAKOIUIEro ONTHYE-
xufl QUJALTP, KOHUIEHTPATOP H3JyUeHHss M JABa 3JeMeHTa, IOoKa-
3aHa Ha puc. 8.7. KoHlUeHTpaTOpoM H3JyyeHHs] CayKHUT JHH3a Dpe-
Hessi. I170cKOCTE ONTHUGCKOTO (PHUABTPA PACNOJONKEHA MOJ YIVIOM
45° K ocH KOHIEHTPHPOBAHHOIO CBETOBOro myuka. bJaarogaps
TOMY OTpazKeHHas 4acCTb MyuKa, KOoTopasi HanpasJjdercs Ha [-ii
3JeMEeHT, HMeeT TaKyl0 Ke reOMeTpPHUYecKylo GopMy, Kak H 4acTh
nyukKa, npoweaumass yepe3 (OHJALTD W HaNpaBJeHHas KO 2-My 3Jie-
MeHTy. Kak mpolmenusii, Tak H OTpaKeHHBIH CBETOBOH MY4OK MO-
JKHO C(OKyCHpPOBaTh TakKHM 00pa3oM, uToObl 06GECIeYHTL OINTH-
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Convesioe usnyeriue MaJIbHYI0 KOHIEHTPAIHIO H3Jyue-
HHS MU Kaxjaoro siaeMenta. [Ipu
HEUHHIX 3JeMEeHTOB Ha NYTH CBe-
TOBOrO TNyuyKa HeoOXOMUMO ycTa-
HOBHUTb JOTOJIHHTEJNbHLIE ONTHYe-
cKHe (GHUIBTPH, KaXIHH H3 KOTO-
PHIX IOJIXKEH OTpaxKaThb K olpee-
JIEHHOMY 3JIeMeHTy H3JIyueHHe cO-
OTBETCTBYIOLEHl YaCTH CHeKTpa.
Ananus npepesnbnoro KITJI cu-
CTEMBI, COCTOsAIEH H3 ABYyX 3Je-
MEHTOB, BHINMOJHeH MacngeHoM H
: bBakycom [24] npu caenywomux
) npennosoxenusax: 1) KoHuesrpa-
Sneviesm 2-1 TOp He MeHsieT CIeKTPaJbHOTO
Puc. 8.7. Cxema KacKajHOro coJ- pacnpenenenus 3Hepruu S(A) wus-

HEYHOTO SJIEMEHTA HAa OCHOBE ON-  jyyepygq: 2) mMOTepH H3JAyUEHHS
THYeCKOro GuJIbTPa, KOHIEHTPaTo-

pa HSJyueHH H ABYX oieMenrop, B ONTHYECKOM (HJIbTPe OTCYTCT-
BYIOT, a €ro Ko3((HUIMEeHT oTpa-

XKeHHss R pe3Ko u3MeHsieTcst TDHU
noporosofl AJHHE BOJHHB A, cooTBeTcTByIouleill Eg, Takum obpa-
30M, yTo R=1 npu A<A. ¥ R=0 npu A>A. Ilpenenvuwit KI1I
cucreMsl U3 N sieMeHTOB, paboTalomUX B YCJOBHUSIX KOHIEHTPH-
POBAHHOrO H3Jy4YeHHsl, MOXeT OHITb NpeACTaBJEeH B BHIE

Punsmp

3nemeqm i

Z (VF)m (FF)m E ng Lm
Niim = 7= : 8.1

K }( s (M) dA
0

3aecs (VF)m— dakrop Hanpsi:KeHHsl mM-TO 3JeMeHTa:
(VF) _ Ve _ (BT/q) In {(J L/ Tsm) + 1] . (82)

gm E am

Koadouunent 3anonseHus BoOJbT-aMMepHON XapPaKTEPUCTHKH M-TO
3JIeMeHTa paBeH

(FF),, = [l ___nkT

V;1 (1+—q-r:;—’;p—)][l—— u exp(qv’"” —1)].

(8.3)

Hanpsxenue Ha m-m ssemeHTe Vi, COOTBETCTBYIOILEE MAaKCH-
MaJIbHOH MOIIHOCTH, HAXOAUM H3 YpaBHEHHUS

() ()=(r o) e
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3n1ecn

— 2 1 Wpm s 1 Wnm 'z
St [ (o) o (o) T 9

. { 2,67-10%T3%exp (—Eg,/kT) npu  Eg,> 1,29 3B,
= 4,81-103T3%exp (— Egn/kT)  mpu  Eg,<<1,29 3B,

Egm —mupuna s3anpemiesHo#i 30HH m-ro 3jeMeHTa. IlioTHOCTh
doroTroka m-ro snemenrta Jr;, OnNpenensieTcss ypaBHeHHEM

l‘gm
JLm=—IZ—Z— [ s, (8.6)

gm —1

rie Agm=124/Egm, Agi=0, K—K03hO(UUHEHT KOHIEHTPAUHUH H3-
Jyyenus.

C HCrOJIb30BaHHEM KOHKPETHBIX 3HAYEHHH Wn, Wp, Tn, Tp, Na
u Np aBTOpH paGoTH [24] onmpenesusan YypOBHH MOCTOSTHHOrO mpe-
neapnoro KI1J B Buae GyHKUMH
Eg. uw Ege nns KackagHo#l cH- -
CTeMbl M3 JBYX 3JIEMEHTOB IIDH
Ko3dp¢dHuMeHTe  KOHLEHTDAaUHUH 30
100 B ycaoBusix AM2. Tlonyuen- ’
HBle 3aBHCHMOCTH  MpeJICTaB-
JeHwl Ha puc. 8.8. lasa cucreMsl
Ha ocHoBe 3JeMeHToB u3 Si u Ge ’
KITJ cocraBasier 34 %. as «
KOMOMHAIHA  3JeMeHTOB U3 5
GaAs —Si n GaAs—Ge snave- uf ¥
Hust KIIJ pasawet 35 u 37 Y co-
OTBETCTBEHHO. B ciyuae couera-
HHS KPEMHHEBOTO 3JIeMEHTa C 15
3JIEMEHTOM H3MAaTepHasa, HMelo-
Iero IHPHHY  3anpeleHHon
3oun 1,75 3B, KITJI cocrasasier
41 9%. BaxHo#i 0co6EeHHOCTHIO
MeToJa paculenJeHUs CrnekTpa
aBJISIeTCs 3HAUHTeJbHOe CHHKe- Puc. 8.8. YpoBHH paBHBIX 3HayeHUH
HHe BHYTPEHHHX MOTepb B Kax- NPeaeastoro KIUL (Mmax) Kackaiusix

M CHCTEM Ha OCHOBE JBYX 3JEMEHTOB,
AOM  3JIeMEHTe N0 CPABHEHHIO  gpryyeckoro (uabTpa M KOHLEHTpa-

C COOTBETCTBYIOILHMH BHJAAMH  Ttopa npH 100-KpaTHOil HWHTEHCHBHOCTH
NOTE€Pb B eNHHHYHBIX 3JIeMeH- H3IyueHus B ycuoenax AM2 [24],
Tax r[p” OJMHAKOBBIX yCﬂOBHﬂX B cucremax HCINOJL3YIOTCSA COJIHEUYHble

3JIeMEHTH Ha OCHOBe CJeAyIONHX TOo-
OCBelleHHs. JTOT BHIBOA HJIO- JYNPOBOAHUKOBLIX MaTepHasos: a) Si
crpupyeT puc. 8.9, Ha KOTOPOM  u Ge (Mmax=234 %); b) GaAs u Ge

MpUBEACHH AHarpaMMbl pacnpe-  (max = 37 %); ¢) GaAs u Si (Imax =
JleJIeHHs  3HepreTHUYecKHX I10- Hzgf(m? d);MZTeg}”?J‘ N 151;5‘12 = 1,755B
TepPb B JBYX 3JeMeHTax (Ha oc- Hmax = 0); ¢) Marepuanti c

Gah ONTHMAJNbHBIMH 3HAYEHHSIMH LIHPHHBI
HOBeE aAs u Ge), pa60Ta}o- 3anpeleHHoli 30HB (Mmax = 42 %).

35 ,
“32%

Eg, ) 3B
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Puc. 8.9. PacnpeneseHue norepb 3HePrUK B CAUHUUHLIX COMHEUHBIX 3.JCMEHTAX
Ha ocHoBe Ge H GaAlAs—GaAs (a) ¥ B 1ByX3/eMeHTHOM KaCKaJHOM npeo6paso-
BareJ/e, COCTosilieM M3 3/7eMcHTOB Ha ocHoBe Ge m GaAlAs — GaAs (6), upn
125-KpaTHOil MHTEHCUBHOCTH H3JyucHHs B ycaoBusax AM2 [24]|. A — norepu
B ¢QuabTpe, B — oTpaxeHue M3NyyeHHUS U 3aTeHeHHe NOBepXHOCTH, C — H30bI-
‘TouHass Heprust GoToHOB, D — 3Heprust HedOTOAKTUBHBLIX ¢oToHOB, E — 1o-
TepH NpH coOHpaHHM HOcHTeselt 3apsiga, [ — notepu B obaacTH mepexoja,
G — omuueckue mnorepu (/R?), H — BEIXOJHasT MOUIHOCTb; 3AITPUXOBAHHbIE
©006JIaCTH COOTBETCTBYIOT MOTEPSIM 3HEePrUH, BHI3bIBAIOU[HM HArpeB 3JEMEHTOB.

UlMX HEe3aBHCHMO M B KacKale MpH KO3h(HUHEHTe KOHLUEHTPALHH
u3mmyuenus 125 B ycaosusix AM2.

Keiin u np. [25] nmpoBesu TeopeTHuyeckoe H 3KCIEpHMEHTAJIbHOE
uccye0BaHNe KacKajHbIX CHCTeM Ha OCHOBe JBYX 3JIEMEHTOB.
Jas coueranus snementoB GaAs — GaSb u ontnueckoro ¢uiabTpa
c noporoBoit nuauHOo# BoaHbl 0,88 mkm Teopernueckuit KIII mnpu
300-kpaTHO# HHTEHCHBHOCTH H3JayueHHusi npesbiuiaer 30 %. 3Haue-
uusa KIL, nmonyuyeHHBle B 3KCIepUMEHTAaX C 3JeMeHTaMH Ha. Oc-
#oBe GaAs-—Si W ONTHYECKUM (GUABTPOM, UMEIOIIHM HOPOTOBYIO
AauHy BoJHbl 0,73 MKM, nmpH KoadduuHeHTax KoHueHTpauuu 340
u 800 Oausku K pacueTHbIM. QueBHJIHO, YTO CHCTEMAa 3JeMeHTOB
Ha ocnHoBe GaAs — Si He mpeBocxonut no KIIJ enuHuuHble 37€-
MeHTH U3 GaAs. ABTOpH OTMeYalOT, YTO HeOOXOJHUMBIMH YCJIOBH-
sIMH JUIsl YCIELIHOro MpHUMeHeHHsl NpeoOpasoBaTeseil TAKOro THHA
SIBJSIIOTCSL ONTHMAJbHOE pacliel/ieHHe creKTpa H Bbicokast 3ddek-
THBHOCTb ONTHYECKHX GHUAbTpOB. [IpH OCYIIeCTBIEHHH CIEKTPaJb-
HOTO pacllelJieHHs] B KaXKJOM M3 3JeMEHTOB NPOTEKaeT MeHbIUHi
$oTOTOK, BeMMYHHA KOTOpPOro MNpH rpyboH OlleHKe TNPONMOpPUHO-
HaJbHa NMOTOKY (OTOHOB B OTAEJbHBIX CBETOBBIX NyuKax. Beuaen-
CTBHe 3TOr0 IIPH BBICOKHX KOHIEHTPALHAX H3JIyUYeHHs IOTepH MOIL-
HOCTH Ha MOCJeNOBaTelbHOM CONPOTHBJEHHH 3HAUHTEJbHO YMeHb-
IIA0TCS.

Xorsti ananus npenenpHoro KIIL u naer nHdopmanuio, HeoO-
XOQUMYI0 NI BbIOOpa MaTepHasoB, cJeiyeT MOMHHTb, YTO OH
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' OCHOBAaH Ha psine AomyileHui. JLas mpelckasaHHsi XapaKTePUCTHK
peajbHLIX cHcTeM HeOOXOAHMO yuecTh pasjiHuHble BHIABl INOTepb
sHepruu. Mcxonst U3 pe3ysbTaTOB TEOPETHUYECKOrO amnajusa, Ipo-
BeJeHHOro psiaoM HccjenoBateseit [26, 27), corsacHO KOTODHIM
jiByMsl OJarOTMPHSITHBEIMM COUYETAHHAMH 3HAUEHHH WIMPHHLI 3ampe-
uleHHoH 3oHbl aBasorces 1,69—1,1 3B u 1,69—1,43 3B, korga Mo-
ryT ucnoabsoBatbest GaggAlogAs (1,69 2B), GaAs (1,43 3B) u Si
(1,1 3B), ®anerru u ap. [28] BbicKa3a/au MPEANONOKEHHE, UTO Ha
npaktuxke KIIJ cucremn 1,69—1,43 3B naxe npu yueTe mnoreph
H3JIy4eHUs] B ONTHYECKOM (U/IbTpe MOxKeT mpeBblcHTb 25 %. as
cucTeMbl M3 Tpex 3jeMeHToB Ha ocHoBe Si (1,1 3B), GaAs
(1,43 3B) u GagesAlos7As (1,92 3B) peanbHO AOCTHXKHMMBI 3Haye-
nust  KITHO Gonee 30 %. Conneunnle 3aemeHTnl u3 GaAs R
GapgAlpoAs, usrorosjenHsle ®anertu u Ap. [28] ¢ npuMeHeHHeM
MOAH(DHUIHPOBAHHOTO MeTOJa XKHUAKO(DA3HOHA SNUTAKCHH, B YCJIOBHAX
AM1,5 nmpu 210-kpaTHOi HHTeHCHBHOCTH H3ayueHHs umelor KILIL
coorsercTBenno 21,1 u 19,2 9.

DKcrnepuMeHTa/bHOE MONTBEpIKIeHHe BO3MOXKHOCTH CO3LaHHSE
BBICOKO3((PeKTUBHOH KaCKaqHOH CHCTeMbl Ha OCHOBe paclielljleHHSA
CMeKTpa MpPH HCHOJb30BAHHH COJHeUHbIX 3jeMeHToB M3 Si (1,1 3B)
1 GaggsAlg17As (1,65 3B) moayueno Bau nep Ilnacom u ap. [29].
Usmepennsie 3HaueHusi obuiero KIII cocrasuan 27 % mnpu ko3dh-
¢unnente KoHueHTpaunn K=113 u 26 % npu K=489.

8.4.2 UHterpanbHbie KacKkafHble COMHEUHbIE 3AEMEHTbI

CxemaTtHuecKkoe H300paKeHHe HHTErpajibHOrO KaCKaJHOTO COJI-
HEeYHOro 3/eMeHTa, COAepKallero TPU FOMOTEHHLIX p — n-mnepexoja,
npuBeneHo Ha puc. 8.10,a. Januas cTpykTypa siBJsieTcsl OCHOBHOM,
a B ee MOAH(DHUKALHUSAX MOTYT ObITb HCIOJb30BAHBl reTeponepexo/bt
uan Gapbephl IllorTkH. OcoGeHHOCTBIO HHTErpajbHOM CTPYKTYpPhE
SIBJISIeTCS] HAaJHYHe CHCTEMBl BCTPOEHHOH 3JIeKTPHYECKOH KOMMYyTa-
I[MH, KOTOpasi OCYILECTBJseT IOC/IeJOBaTelbHOe COelIWHeHHe eld-
HUUHBIX 37eMeHTOB. Ha puc. 8.10, 6 noka3ana 3kBHBaJIeHTHAs 3J1eK~
TPHUYECKasi cXeMa KACKaJHOTr'O 3JeMeHTa.

[Ipu ananuse TeopeTHUecKOfl MOJeNH HHTErpasJbHOrO KacKai-~
HOTO COJIHEYHOrO 3J1eMeHTa Mbl OyjJeM HCIOJAb30BaTbh MOAXOJ, Hpel-~
aoxeHHbli Beku [30], paccmMaTpuBaBIIMM 3JeMEHT HCXOAs H3 39K-
BHBaJIEHTHOH CXeMBl, NpeiacTaBaeHHoit Ha puc. 8.10,6. IIpereGpe-
rasi nepexoJHbIM KOHTAKTHBIM CONPOTHBJEHHEM H CONPOTHBJIEHHEM
YTEeUKH, MOXKHO 3aMuCaThb Clefyloliie ypaBHEeHHS:

J=JLi_Jsi []evxp (ﬁV{)—-l], (8'7)
V=>)V. (8-8)
=l
3nech uHgekcoM i=1, 2, ..., N o6o3naueH HOMep eIHHUYHOIO 3Jje-

MeHTa B KackaJHoM npeobpasoBarese, Js — MIOTHOCTh 0GpaTHOrO
1/,13*
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Wanyuenue

BepxHuil
KOHMEKM ]_ - N

______________ 33-iL p-n- nepexod
Monynpospuinele ez 2-L p—n-nepexad
KOHMUKMbI
_______________ 1-i p—n-nepexod
HuxHul
KOHIMELKM Egy < Eg, < Egs

Puc. 8.10. IlomepeuHoe ceueHHe HHTErPaJbHOr0 KacCKaJHOI'O COJHEYHOrO 3Jje-
MeHTa, COJlepKallero TPH TOMOreHHHX nepexofa (@), M ero 3KBHBa/eHTHas
cxema (0).

TOKa HacCHlleHusl i-ro p—n-nepexona, p=q/nkT. Ecan nepexond
npeacTaBasilOT co60i uneanbusie quonbl lokau, To n=1.
Boabr-amMnepHass xapakTepHCTHKA HHTErpajbHOTO KacKaJHOro
COJIHEUHOrO 3JeMeHTa OINpefelisieTcss NMyTeM HAXOXKIeHHs oOuero
peuwienusi ypaBHends (8.7) u MmoxerT OHITb NpejicTaBleHa B BHJe

N
exp (BV) =] ULLJJ;—“_ . 8.9)

=l

Hanpsixenne xosocroro xona cornacHo ypasHenuwo (8.9), paBuo

JLi‘[‘-’sz .
Voo BZ (4 Aty (8.10)

=l

B pexHuMe KOpPOTKOro 3ambikaHus, korga V=0, HanpsxKeHHs
Vi Ha OTAe]bHBIX 3JeMeHTax B o6meM cayuae He DaBHBL HYJIO.
Toabko B cayuae paBeHcTBa Bcex 3Havenuii Jp; npu V=0 Bce
nanpsxenuss V;=0. Ilpu ycaoBuu uto Jr; paBHB Mexay co0of,
HHTerpasbHbifi KacKaAHbIll COJHEUHBIH 3JeMeHT sBjasieTcsi cOajaH-
cripoBaHHbIM. OJIHAKO HE3aBHCHMO OT TOro, c6ajJaHCHPOBAH JH 3Je-
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MeHT, BeJuuHHa J4 DaBHA HauWMeHblleMy H3 3HaueHHit Jp; (1o-
cKOJIbKY J5iJ Li):

Joe=min {J4}. (8-11)

[TnoTHOCTE OOpaTHOrO TOKa HACHIIIEHHS! OMNpefessieTcsl H3 cJe-
AYyIOIero COOTHOLIEHHS, CIpPaBefJHBOTO JJs HAeaJbHOro p — fi-
nepexoja:

J (Ep) = J o exp (— EkT), (8.12)

rie Jo=4,7-10° MA/cM?2 B COOTBeTCTBMHM C H3BeCTHHIMH 3Hauye-
HuaMmu J, paa Si. ®ortoTok Jr; €IMHHYHOTO 3JeMeHTa HaXOLUTCH
C NMOMOIIIBIO VPaBHEHH ST

JL,-(Eg):qhwa ny (1) d (1)} (8.13)
B4

rae ny(hw) —unciao GoroHos ¢ sHepruelt fiw. CuuTaercs, UTO KO-
spdumenT cobupaHHs HoCHTesell paBeH enuuuue. Has kackan-
HOHl CTPYKTYDH, cocTosiliell H3 AByxXx (uJH 6ojiee) COJNHEUHBIX 3Jje-
MeHTOB, CIIPaBeAJTHBO COOTHOLIEHHE

Jl.l(Egn Eg‘z):JII(Egl)_JL?. (Egz)- (8‘14)

3nech Jri(Egi, Ege) — IVIOTHOCTL TOKA, MPOTEKAIOIIEro B 3JeMeHTe
C IIHPHHOH 3anpelieHHON 30HB Egi, pacnoJOKeHHOM 3a 3JeMeHTOM
C LUMPHHOH 3anpelleHHOH 30HBl Egg; Jri(Eg)) ¥ Jro(Ege) — maoT-
HOCTH (DOTOTOKOB, KOTOpBIE MPOTeKa/Ju Obl B 3THX K€ 3JeMeHTaXx,
ecan OBl OHH paboTanu pasjenbHo. [lpuBenenHoe Bhillle COOTHOILIIE-
HHe BBIMOJIHSIETCS MPH OTCYTCTBHH MOTEPb, CBSI3aHHBIX C BHYTpeH-
HUM OTpaKeHHeM CBeTa, H MOKeT ObITb PAaCHPOCTPaHEHO Ha CJy-
yail GoJsbllIero KOJHYeCcTBa 3J1eMeHTOB.

C mnowmomtbio ypaBHenuit (8.10) — (8.14) MoXHO paccuuTaTh
npenesbHbi Teopernueckuii KITIL nHTerpanbaoro KackaaHoro cod-
HEUHOI'0 3J1eMEeHTa, COCTOSILIEro M3 3JEeMEeHTOB C TOMOTEHHHIMH p —
n-nepexonaMu. OfHAaKO NpH pacueTax HeOGXOAMMO MPOBECTH KOP-
pekuuio 3HaueHHH# Jp; H Jg, HCXOJAS M3 H3BECTHBIX MapaMeTpOB
MaTepHaJsOB, a TaKKe yYecTb BJHsSHHE MEePeXOJHOrO COMPOTHBJEHHS
H CONpOTHBJIeHHS yTeukH. Mcrmoab3ys pacuerHble XapaKTepHCTHKH
HECKOJIbKHX TOMOTEHHBIX p — n-nepexojaoB, Beku [30] omnpemenun
pa6oune XapaKTePHCTHKH psila HHTErpajbHHX KacKagHHIX COJI-
HeUHbIX 3/1eMEeHTOB, B COCTaB KOTOPHIX BXOASIT ABa WJH TPH 3Je-
MeHTa, H COMOCTAaBHJ MX C XapaKTeDHCTHKAMH COOTBETCTBYIOIIHX
KacKaJHbIX CHCTEM C He3aBUCHMBIMH 3jieMeHTaMH (He HMeIOIHMH
BHYTPEHHEro 3/JeKTPHUeCKOro CcoeiHHeHHs!). ABTOPOM MOKa3aHo,
yTo cOaJaHCHPOBaHHble HHTEeTpaJ/bHBle KacKaJHble COJIHeYHble 3Je-
MeHTBl MMewT TakHe ke 3Hauenuss KIIII, kak u y cooTBercTByIO-
MHUX KacKaaHblXx MNpeoOpasoBaTesell ¢ He3aBHCHMBIMH 3JieMeH-
tramu. HecGanancupoBaHHble HHTerpajbHble KacKaJAHble 3JeMeHTHl
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Puc. 8.11. PacueTHEle BOJIbT-aMnepHble XapaKTePUCTHKH cGalaHCHPOBAHHOTG
(1) u Hec6anmaHcHpOBaHHOro (2) MHTerpa/JbHBIX KacKalHbIX npeoGpasoBaTedielt,
COCTOSIUX H3 TPeX 3JeMeHTOB [30]. | — Eg;=1,10 3B, Egy = 1,46 3B, Egy =
= 1,97 3B; 2 — Egy = 1,10 3B, Egy = 1,55 3B, Eg3 = 2,40 3B; Vi u J; —
HanpsxeHHe M NJOTHOCTh TOKa, COOTBETCTBYIOLIME MaKCUMaJbHOH MOIIHOCTH,

obsnanalor 3HauuTenbHo Gosee uu3kuMm KII[L, ueM y KacKaaHBIX
npeo6paszoBaTesell ¢ He3aBUCHMBIMH 3JIeMEHTAMH, a B HEKOTOPHIX
cayyasnx — Oosnee Hu3kuM KIIJ naxe no cpasuenuro ¢ KIII enu-
HMYHBIX COJIHEYHBIX 3JeMeHTOB. MHTerpanbHelil KackagHBIi CoJ-
HEeuHblil 3J1eMEeHT Ha OCHOBe JBYX 3JeMeHTOB ¢ Eg=1,10 3B n
Eg=1,68 5B npexncrasasier co6oii cOaqaHCHPOBAHHYIO CHCTEMY H
B ycaoBusix AMI1 umeer KI1M, paBumii 33 Y — Taxoif ke, Kak u
y KackajHOH CHCTeMbl Ha OCHOBE JBYX HE3aBHCHMHX 3JE€MEHTOB
CO 3HAYEHMSIMH LIMPHHBI 3ampelneHHoit sousl 1,10 u 1,68 3B. On-
HAaKo B cJyyae c6ajaHCHPOBAHHOTO HHTErPajbHOrO KacKagHOro
cosmHeyHoro sneMenta ¢ Eg=1,10 3B u Eg=2,00 3B KIII co-
craBaser Juiub 26,6 % B otamume or 3nawenus 33,2 %, xapakrep-
HOrO IS COOTBETCTBYOlIell KacKajHOH CHCTEMBl C He3aBHCHMBIMH
3neMeHTaMH. BosbT-aMmepHass XapakTepHCTHKA TPeX3JeMeHTHOTro
c0a/JaHCUPOBAHHOTO HHTErpajJbHOrO KAaCKajHOTO COJIHEYHOTo 3Je-
MeHT2 € Eg=1,10 3B, Eg=1,46 3B u Eg=1,97 3B usobpaxena
na puc. 8.11. KII sToro npeoGpasoBarenst cosnagaer ¢ KIIJ,
COOTBETCTBYIOUIEAl KAacKaJHO# CHCTEMBl C HE3aBHCHMBIMH 3JeMeH-
TaMH, M ero 3HaueHHe coctaBaser 37,6 %. Ha stom xe pucynke
npuBelleHa BOJbT-aMIepHasi XxapaKTeDUCTHKA TPeX3JeMeHTHOIo He-
c0aJJaHCHPOBAHHOTO MHTErpPaJbHOrO KAaCKaJHOTO COJNHEYHOTO 3Je-
MeHTa (Eg=1,10 3B, Eg=1,55 3B u Eg;=240 3B), uMeroulero
KITO auwb 20,4 %, B To BpeMs kak KIIII cooTBercTBylomiedl cH-
CTeMH C He3aBHCHMBIMH 3jneMeHTaMH paBed 37,4 %. Takum oGpa-
30M, INepBOCTeNeHHOe 3HayeHHe HMeeT NPaBHJBHBEI BHOOp IIH-
PHHBHl 3ampelleHHOHl 30HE MaTepHasoB, OO0YCJOBJAHBAIOIMI cba-
JIAHCHPOBAHHOE COCTOsiHMe mnpeoOpazoBarens. Heofxoammo Takxe
orMeTHTh, yTo npupoct KIIIL npu nepexome OT emHHHYHOrO 3Jje-
MeHTa K JIBYX3JeMeHTHOMY HHTerpajbHOMY KacKajHoOMy mpeobpa-
30BaTeJIO BhIllle, YeM TMpH Mepexoje OT ABYX- K TPeX3/J1eMeHTHOMY
npeo6pasosartento. ITockosbKy 0pH BBefeHHH JOMOJHHTENbHBIX
saeMenToB npupoct KIIJl ymenbpluaercs, MajnoBepOsSITHO, YTO HH-
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p-AlxGay_xAs (10'8)

1,92a8 0.203B
L5938 10— At 4,6t As (107)

n=Alp 1 Bug a5 A (10"

N Alg, a1 B g gseAs (10%)
P Alg 141 6,850 AS (10")

p-Gtg gi2lNg 388 AS (10‘7)

| n=Btg 5o 1Mg, 308 AS (10"

Cmynexunmoe I Modnokka w3
U3MBHEHUE n-GaAs

Puc. 8.12. DHepreTnueckasi 30HHAas JAHarpaMMma HJeaJH3HPOBAHHOrO ABYyXIlepe-
XOIHOTO HHTErpaJbHOro KacKaJiHOr'O COJIHEUHOro 3jeMeHTa Ha ocHoBe AlGaAs—
GalnAs, onTUMH3HPOBAHHOrO AJst paGoTel B ycaoBusix AMO [32]; okoso xumu-

yeckux Gopmys B ckoOKax yKasaHbl 3HaYeHHs] KOHIEHTPallMH HocHTeJel 3apsaia
—3
(em—3).

TerpaJsibHble KacKaJHble npeo0pasoBarTesid, B COCTAB KOTOPBIX BXO-
JIHT Gojiee TpeX eNMHHUHBIX 3JIEMEHTOB, OKAaXyTcs 3()(PeKTHBHHIMH
C 9KOHOMHYECKOH TOUKH 3peHHs.

[IpoBoasiTcs TeopeTHUECKHe W JKCIEpHMEHTAaJbHBle HCCJEe0Ba-
HHSI BO3MOXKHOCTH HCHOJIb30BAHHSI B KACKAAHBIX COJNHEUHHIX 3Je-
MeHTaxX apceHHaa rajius M CIJiaBoB Ha ero ocHose. ®dpaas o
Kuextan [31] paccMoTpesn MOHOJHTHYIO KacKajHYI0 CHCTEMY
AlGaAs — GaAs — Ge ¢ nBymsi mnepexonamu, pacuernslii KITJL
koropoit B ycaoBuax AMO cocrasaser 25,6 %. ®ororokn, Bhpa-
f0aTpiBaeMEle B OOOHX 3JeMeHTax, B ycaoBHsaXx AMO nouTH paBHbI,
Kackaguas cucreMa ¢ TpeMA NepeXofaMH Ha OCHOBe MaTepHaJoOB
Ge — Gaj—InAs — Ga—In,P — Cdi—xZn,S — ITO co 3Hauenu-
SIMH IUMPHUHDBl 3aMpellleHHON! 30HBl, COOTBETCTBeHHO paBHbIMH 0,66;
1,25; 1,77, 2,8 u 3,1 3B, umeer B ycaoBusix AMI,5 reopernue-
ckuit  KITI 33 %. IIpu 300-KkpaTHOH HHTEHCHBHOCTH H3JyYeHHS
B ycaosusax AMI,5 KIII stoit cucreMbl, corsacHo pacyeram, pa-
BeH 40 %.

Jlamopr u A6Gotr [23, 32] npoBenH TeOpeTHUECKYIO ONTHMH3a-
UHIO KOHCTPYKLUHH JABYXNEPEeXOQHOrO KAaCKAaJHOLO COJIHEUHOro 3Je-
menta Ha ocHoBe AlGaAs — GalnAs, npegnasHaueHHOro aJs pa-
6orel B ycaousix AMO u AMI,5 npu rtemneparype 290 K. Ha
puc. 8.12 npuBeneHa >HepreTHueckas 30HHAs JAHAarpaMMa 3TOro
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snementa. On coctout u3 mupokozonuoro (AlGaAs) u y3K030H-
Horo (GalnAs) marepHasioB, COEIHHEHHBIX TYHHEJbHBIM JIHOJOM
nt — pt-Tuna, npeacTaB/fIOINM COOOH YacThb MOHOJHTHOH CTPYK-
Typbl. B ycaoBusax AMO KIIJ cosaneyHoro sneMenTta npeBbllIdeTr
30 %. XapaKTepHCTHKH KacKajHOTO COJHEYHOTO 3JeMeHTa TAaKOii
CTPYKTYPBl M3y4aJiMCb B JHaNa30He CMEeKTPOB COJHEUHOrO H3Jy-
uenus or AMO no AM5 npu kosdduunente Konuentpaunu 103 u
Temneparype, usMensiolleiica B mpenenax 290...600 K. Pe3syab-
TaThl 3THX MCCJAEI0BaHHI NOKAa3bIBAIOT, YTO ONTHMAJbHblE 3HaYe-
HHS TlapaMeTpoB LIMPOKO3OHHOro 3jeMedHTa B ycjoBusix AMO n
AM!,5 HECKOIBKO OTJMYAIOTCS JPYT OT APYra, B TO BpeMsi KaK OIl-
THMAa/JbHble MapaMeTpbl Y3KO30HHOTO 3JeMEeHTa OJHHAKOBHL. Yc-
tTanoBjaeHo, uto teopernueckuil KILJ kackamHoro coJgeydHoro sJe-
MEHTa MOBbILIAeTCSI ¢ POCTOM HHTEHCHBHOCTH H3JYuYeHHs H MpH
KoappuuHeHTe KOHUeHTpauuu, pasHoM 103, mocturaer 40 9%.

DKcrnepHMeHTaJNbHble HCCJAeI0BAHHSI HHTErpasbHbIX KacKagHbiX
COJIHEYHDLIX 3J1eMeHTOB Oblid npoBefeHbl aJsi cucteMbl AlGaAs —
GaAs ¢ 1ByMsi nepexofiaMH, M3rOTOBJIEHHOH METOAOM KIHAKO(as-
HOIl snuTakcuu Ha nomnoxke uz GaAs [33]. [sa anemenra coemu-
HEHBl BHYTPH CTPVKTYPbl MOCJIEA0BAaTeNbHO C TOMOIbI pt — nt-
nepexojpa, o6najalolliero HH3KHM CONpOTHBJAeHHeM. [lpu onHo-
KPaTHCH HHTEHCUBHOCTH u3aydeHus Vo.=~2,0 B. KII nyvywux sne-
meHToB mpubmmkaercsd K 9% npu Jse=~7 mA/ecM? u FF=0,7...0,8.
IIpnynHOA MasbIX 3HAYEHWH MNJOTHOCTH TOKa KOPOTKOrO 3ambIKa-
nug u KITJ sBasioTCA HeomTHMAaJibHble 3HAUEHHS] UIHPHHBLI 3armpe-
LIEHHON 30Hbl U TOJIIMHHBL CJIOEB, a TaKXKe OTCYTCTBHE CJIOSI OMTH-
YeCKOro OKHa Ha BEpXHEM 3JeMeHTe.

KackajgHBlii COJIHEUHBIH 3JIEeMEHT YCOBEepLIEHCTBOBAHHON KOH-
crpyKiuu Ha ocHoBe AlGaAs — GaAs [34] uMeer 3HaueHus J
B uHrepBase 10...13 mA/cM? (6e3 npocBeTnsIONEr0 MOKPHITHS),
npu atoM Voe=1,5...2,15 B u FF=0,72...0,84, uto obGecneunBaer
KITA 10...15% u 12...16 % B ycaoBusix AMO u AM1,5 cooret-
CTBeHHO. BbIcOKOe cONpPOTHB/AEHHE KOHTAKTHOH CEeTKH, pacnoJo-
JKEHHOH Ha JIMIeBOH [OBEPXHOCTH UIHPOKO30OHHOI'O OINTHYECKOTO
okHa us AlGaAs, NpuBOAHT K MaJbIM 3HAaYeHHAM KOo3QuiHeHTa
3aMoJMHEeHHsT BOJIbT-aMIepHONl XxapaKTepHCTHKH. B pesyabrate yco-
BEpIIEHCTBOBAHUS JIMLIEBOTO KOHTAKTa IyTeM BBeJIEHHsI TOHKOTO
caost pt-GaAs MeKAy MeTasJoOM H CJ0eM OKHa BeJHulHAa, paBHas
NIPOM3BEIEHHIO MOCJAeL0BATEJHHOTO CONPOTHBJEHHST 3JieMeHTa Ha
ero maomanb, R.A, yMenbmmaach ¢ 0,2 Om-cM? npuMepHO 10
5107 Owm-cM2 OcaxlaeHHe MeTOJOM 3JEeKTPOHHO-JYyYeBOTO HC-
napeHHsl MHOTOCJOMHON KOHTaKTHOH cTpyKTypel Mg — Ti —Pd —
Ag — Al HenocpeactBenno Ha noBepxunoctb AlGaAs, mposemeHHoe
nocjie CepHH ONepanuii TpaBJeHHS H OKHCJEHHs, T03BOJHIO
yMeHbliHTh RsA o 3uauvenuit ~1-10-2 Om-cMm2? Tlpu Hanecenuu
JBYXCJIOHHOTO TPOCBET/SIONIEro MOKPBITHS, COCTOSIUIEr0 M3 TJIEHKH
TasO; Tonmuuo#t 56 HM u naenkH SiOs toaumuuoi 80...100 HM,



Hosble Hanp. B paspaboTke CONHEUHbIX INEMEHTOB 393

w

04}

0 0,5 0,7 0,9 A,MeM

Puc. 8.13. CnekTpajbHble 3aBHCHMOCTH UYBCTBHTEJNbHOCTH — OTHOLICHHS Te-
HepHpyeMoro Toka [ (A) k MoUmHOCTH majawmomero uaJayuyeHus P (Br) — uHTEr-
PalbHOrO KackajHOTO COJIHEYHOro 3JjeMeHTa co cTpykrypoii GaAlAs—GaAs
[34]. Kpusble 1 1 2 xapakTepu3ylOT UyBCTBHTEJNbHOCTL €IHHHUYHBLIX 3JEeMEHTOB,
M3TOTOBJEHHBIX cooTBeTcTBeHHO W3 GaAlAs u GaAs npu HaJUYHH MPOCBETJSIO-
HIEro MOK[ BITHSA, cocTosmero u3 naeHok Ta,Op Tonmuuoit 56 M u SiO, TosMWLK-
Hoi#t 120 HM: kpuBble 1’ W 2’ — aHaJOTHUHblE 3aBUCHMOCTH JO HAHECEHHS MPO-
CBeTJ/ISIIOIEer0 MOKPBITHS.

06LIYHO HA6JI01a/10Ch yBeanyeHHne Jg KaCKaJgHOTrO COJTHEYHOTrO 3Je-
menta Ha 30 %, mpu 3TOM OTHeJbHBIE 3JEMEHThl HMeJH COrJaco-
BaHHble TOKH. CHeKTpaJibHbie 3aBHCHMOCTH UYYBCTBHTEJBHOCTH HH-
TerpajbHOr0  KaCKaJHOrO COJHEYHOrO 3JeMeHTa Ha OCHOBe
GaAlAs — GaAs npu HaJHYHH W OTCYTCTBHH IMPOCBETJSIONEr0 MO-
KPLITHA MOKa3aHbl Ha pHuc. 8.13.

Tummon u ap. [35] npoBesn uccaenoBaHHe MaTePHANOB 5 HH-
TerpajbHbIX KacKaJHbIX COJIHEUHBIX 3JIeMEHTOB €O CTPYKTYpOIl
GaAiAsSb — GaAsSb. dubdysuonHble nepexoabl OblIH YCHEUIHO
NoJIyYyeHbl B MaTepHanax, Npe/lHa3HAUeHHBIX KakK JJIsl BepPXHEro
(GaAiAsSb), tak u nas uuxkuero (GaAsSb) snementoB. Himxuuh
aneMedT U3 GaAsSb ¢ wupuHOH 3anpeliexHoi 30ubl 1,2 3B, cHab-
KeHHbIH cmoeM okHa u3 GaAlAsSb (1,7 3B), B ycnoBusax AMO
HMeJ I cJeayiolllie XapakTepucTHKU: Voe=0,5 B, J~20,4 MA/cMm2
u FF=0,72. Bepxuuit anemenr u3z GaAlAsSb (1,55 3B) napu Ha-
JHUYHM OKHA M NPOCBETJSIONEero MOKPBITHS ofecnednBan Voo~
~0,57 B Jsc=8 MA/cM? u FF~0,68. Kackaguble Xe 3JeMeHTH Ha
OCHOBe 3THX MaTepHaJOB JO CHX IODP He H3rOTOBJIEHBI.

Cakait u YMsuo [18] npeoXuan CTPYKTypy KAaCKaqHOrO COJ-
HeH4oro saemenrta U3 InP u IngssGaoseAses Po,s (IMpuHa 3anpe-
IWEeHHOH 30HB 0,827 3B), ans1 H3rOTOBJEHHST KOTOPOrO MOTYT
PUMEHSITbCS OOBIYHBIE METOJbl 3MUTAKCHAJLHOro ocaxienus. Teo-
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peTHYecKOe HCCIeNOBAHHE CTPYKTYpHl I0Ka3aJo, 4TO B YCJIOBHSX
AMO KILJ cocrasasier 19,56 9% u moxker 6blTb nosbilied g0 22,2 %
NyTeM CO34aHHS Ha NMoBepxHocTH InP TojcToro ontHueckoro okua
u3 CdS. Ipu ronmune caos CdS okosmo 0,2 MKM oxXHpaeMoe 3Ha-
uyenne KITI pasno 27 %. ABTopaMu H3TOTOBJeH KacKagHbIH COJI-
HeuyHblHl 3semeHT Ha ocHoBe GaAlAs— GaAs, KIII xoroporo
(23,5 %) cpasuum ¢ KIIJl OGbIUHBIX 3JeMEHTOB C FeTepOCTPYKTY-
pofi uu nepeMeHHOH UIMPHHOH 3alpellleHHOH 30HbI.

Hanrom u ap. [20] cooburanoch 06 H3TOTOBJEHHH KacKaiHbIX
CO/JTHEYHbIX 3/IeMEeHTOB H3 KPEeMHHs, HMeOUIHX Nepexoabl KaK Ha oc-
BellaeMOH, Tak U Ha Oousbliell YacTH HeocBellaeMOH MOBePXHOCTH.
Tomuuna cnost kpeMuHst coctaBiassia 100 MM, [Ipu 3tom moay-
vennl 3navenus KIII okomno 159%. Muanecom [36] paccmorpena
BO3MOJKHOCTb CO3JJaHHSl KACKaAHBIX COJHEUHBIX 3JeMeHTOB B TOH-
KOIJIEHOYHOM HCIIOJHEHHH C HCMOJb30BAHHEM TEXHOJOTHH PeoTak-
CHA/JbHOTO OcaxiaeHHs D MNJeHOK, a Takxe OblJH NpelJOKeHbl
Ipollecchl U3TOTOBJIEHHS H CTPYKTYPBl JABYX3JeMeHTHBIX KacKaj-
Heix cucreMm, KIIJI KoTopeix MoxKer coctaBuTh 25...30 % 2.

Apuso u Jlobepckum ([19] npensokeH HHTerpasbHBIl KacKai-
HbIl COJIHEUHBIH 3J€MeHT Ha OCHOBe JBYX 3JEMEHTOB C rereporme-
pexofiamH, HMewluXx obumyo 643y H3 IHPOKO3OHHOIO MHOJYIPO-
BOJAHHKA, KOTOPHIH, KaK nmosaraior, 6yner o6iaagats Boicokum KILJIL.
VY ocBellaeMOro NOJYIPOBOAHHKA IHPHHA 3alpelleHHOH 30HHI
(Eg1) Oogbie, ueM y Tperbero nosynpoBoguuka (Egs). Las mu-
PHHBI 3aNpeLIeHHOH 30Hbl MPOMERKYTOYHOTO NOJNYIPOBOAHHKA BbI-
nonHsieTcst cooTHolleHHe Eg=E =Ez. KIIII npeobpasoBartens
Ha OCHOBe MBYX (OTOAKTHBHBIX HOJYNPOBOAHHKOB ¢ Eg =20 3B
u Eg=12 3B noaxen npesbicuTh 30 %. B xauectBe marepuason
IS Takof CTPYKTYphl aBTophl npeasoxuau CulnSep (1,1 3B) —
CdS (2,4 3B) — AgInS; (1,9 3B). O6Ga (oOTOAKTHBHEIX CJIOS XO-
powio coraacyiorcs ¢ CdS mo nmapamerpaM KpHCTaJJIHUYecKOH pe-
UIeTKH, pas3iuyne MeXKAy KOTOPHIMHK cocTaBaser meHee 1 %.

CornacHo pesyabraram pacuera [enpu [37], 3HauyeHHs Mpe-
nenbuoro KITJl eauHHYHOrO COJTHEUHOro 3JieMeHTa M KacKaJHBIX
3JeMeHTOB, B COCTaB KOTOPBIX BxomsT 2, 3 H 36 nepexomos, mpH
1000-kpaTHO# KOHIEHTPAaLMH H3aydeHHs H Tembeparype 300 K
B cJaydae H/eaJbHbIX XapaKTePHCTHK 3JEeMEHTOB paBHbl COOTBET-
creedno 37, 50, 56 u 72 %. ABTOp OTMeuaer, UTO pacXoXKAeHHE
Mexsay HafineHHbM 3Havennem KIIIL (72 %) u npenpefbHbBIM Tep-
moanHamudeckuM KITIL (93 %) cBsizaHo ¢ H3/1yuaTelbHOH peKOM-
fuHaunell HOCHTeNeHl B p — 1-Mepexonax, K KOTOPBIM TIPHJIOKEHO
NpsiMoe HalpsizKeHHe CMelleHHs .

1) QOcajJeHHe MJEHOK Ha ITOBEPXHOCTH XKHAKOf ¢aswl. — [Tpun. nepes.

2) CjeayeT OTMETHTb, YTO COBETCKHMH aBTopaMu (cM. paboty [1] B pmomoa-
HHTEJbHOH JHTEpaType K JaHHO{l TJaBe) B 3KcrmepuMeHte noayuens KITIL
25...27 % Ha xKackaAHBHIX CTPYKTypax H Ha CTPYKTYpax C BHYTDEHHHM Mepeu3-
Jydaolium cjoeM Ha ocHoBe cucteMbl AlGaAs — GaAs. — [Tpun. ped.
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