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Ha ocHOBiI mpoBeneHUX EKCIEPUMEHTAIBHUX JOCIIKEHb Ta BIAMOBIIHUX
TEOPETUYHUX PO3PAXyHKIB BUKOHAHO aHajli3 BIUIMBY Mapoda3zHoi TEXHOJIOr1T TOHKUX
IUTIBOK HA OCHOBI KaJIM1i TeTypuay Ha (POPMYBAaHHS CUCTEMH Ne(EKTIB, sIKa BU3HAYAE
KOMIUIEKC 1X CTPYKTYpPHUX, €JIEKTPUYHUX Ta ONTHYHUX BJIACTUBOCTEH JIs
MPAKTUYHOT'O 3aCTOCYBAHHS y SKOCTI MarepiajiB JJii CUCTEM OINTOEIEKTPOHIKH Ta
(OTOENEKTPUYHOIO NTEPETBOPEHHS €HEPTIi.

VY mepuioMy po3nuii aBTOpKa BHUKOHala OIJISIA JITEpaTypHUX JKEpeN II0J0
Cy4acHOTO CTaHy PO3BUTKY JOCHIIKEHb HAmiBIPOBIIHUKIB Ha ocHOBI CdTe mis
(hOTOENEKTPUYHOTO TEPETBOPEHHSI €HEprii Ta BHU3HAYWJIAa OCHOBHI HAIPSMKHU iX
PO3BUTKY. 30KpeMa, aKIIEHTOBAHO yBary Ha MPUKIAJHUX AaCHEKTaX 3acTOCYBaHHS
TaKMX MareplaniB W OKpEeciIeHO BHUMOrM 10 HHX. I[IpoBeneHo orisa poOIT 1mom0
BUBYEHHs1 ocobimBocTeit P-T-X miarpam ¢da3oBoi piBHoBaru y cuctemi Cd-Te,
MPOAHaTI30BaHO 3HAYEHHSI KOHCTAHT pIBHOBaru, siki JalOTh 3MOTY BCTaHOBHUTH
TEeMIIepaTypHI PEXUMHU BUIIApOBYBaHHA O1HAPHOI CNONYKHU. PO3riIsiHyTO KpHCTaIidHy
CTPYKTYpY, (I3UKO-XIMIUHI, TEPMOJMHAMIYHI BJIACTUBOCTI KaAMIA TEIypUIy.
BukoHnaHo aHani3 €HEPreTUYHUX Ta ONTUYHUX XaAPAKTEPUCTHK KAAMIIO TEIypUIY.
OCHOBHHMH aKIIEHT B OIJIAJII 3pO0JE€HO Ha MeToAax (POpPMYBaHHS Ta MOJEIAX OMHUCY
CUCTEMU AEPEKTIB Yy O€3I0MIIIKOBOMY Ta JETOBAHOMY KaJIMIIO TEITypH/IL.

Y apyromy  po3aiil  AgucepTaiii  HaBEIEHO ~ 3aralibHi  NPUHLUIHN
BUKOPHUCTOBYBAaHUX y po00Ti MeroiiB cuHTe3y OiHapHoro CdTe (i3orepmiunmii
BIJIMAJI, JABOTEMIIEpATypHHUI BiAmNan), KOHTPOJIO BIAXWIICHHS BiJ CTEXIOMETpili Ta
OCa/DKeHHST 3 mapoBoi (ha3u: METOA «Tapsyuoi CTIHKM» Ta METOJ BIIKPUTOTO

BUMAPOBYBaHHA Yy  BakyyMi. Bka3aHo Ha  TEXHOJIOTIYHI  OCOOJIMBOCTI



BUKOPHUCTOBYBAaHUX YCTAaHOBOK. JleTalbHO OMHMCAaHO METONWKY (opMyBaHHS
HAHOCTPYKTYPOBAHHMX IOBEPXHEBUX IIapiB JIETYBaHHAM 13 BOJHHX PO3YUHIB Ta
orpumannsa mapiB P-CdTe. BusnaueHo TexHOJOTIYHI (AaKTOpH, SAKiI BILUTUBAIOTH Ha
CTPYKTYpPHI, €JICKTPHYHI Ta ONTHYHI BIACTUBOCTI TaKWX IIapiB. HaBemeHo mepernik
BUKOPHCTOBYBAHUX METO[IB KOHTPOJIIO SIKOCTI IUTIBOK (XIMIYHUH Ta (pa30BUil CKIaaH,
Mop(hoJIoTisl TIOBEPXHI Ta MIKpPOTBEPICTh TOHKHX IUTIBOK Ha ocHOBI CdTe) ta ommc
BIIMOBITHOTO OOJIaIHAHHSA: aTOMHO-CHJIOBA Ta €JICKTPOHHA CKaHYyI0Ya MIKPOCKOITis,
npodiiomeTp, iHTepdepomeTrp. BukoHaHO aHaM3 ONTHUYHMX Ta CHEKTPaIbHHUX
METOJIB JOCHII)KEHHS, HaBEJACHO OIUC 3aCTOCOBYBAHMX y POOOTI CHEKTPaIbHOT
YCTAaHOBKM JJIi BUBYEHHS ONTUYHOTO TIOTJIMHAHHSA, ONTUYHOTO BiJOWBaHHS,
MOJYJISITOpa ONTHYHOI'O BHUIIPOMIHIOBAHHS, YCTAHOBKM JJIs JOCJIDKCHHS A-
MOJYJThOBAHUX ONTHYHUX CHEKTPIB, YCTAaHOBKH I BHUMIPIOBAaHHSA CIEKTPiB
dboTomoMiHecHeH i, AUGPAKIIHHOTO  MOHOXpoMaTopa,  (HOTOMOMHOXYBaya.
Oco0nMBOCTI BUMIPIOBaHHS €ICKTPUYHUX TapamMeTpiB ToHKuMX IutiBok CdTe
TOCTIKEHO 32 JIOMOMOTOK  (PYHKITIOHAJIBHOI YCTAaHOBKM aBTOMAaTH30BaHUX
BUMIPIOBaHb (DOTOETNEKTPUYHUX TMMApaMeTPiB IMIETAHCHUX HAaIiBIPOBITHUKOBHUX
TUTIBOK, @ TAKOK HABEACHO MEpPeJiK BUKOPHUCTOBYBAHOT'O MPOTPAMHOTO 3a0€3MeUeHHS
U151 0OOpOOKH OTPUMAHUX €KCIIEPUMEHTAJIbHUX JTaHHX.

Y TpeTboMy pPO3MUTI BUKOHAHO aHAi3 KPUCTAIIYHOI CTPYKTYpU KPUCTAIIB i
wiiBok CdTe Ta 3ampornoHoBaHO KBa3iXiMi4HI PIBHSHHS HECTEX1OMETPUYHHX TLIIBOK
KaaMmid Tenypuay. Ha OCHOBI BHUKOpHCTaHHS KBa3iXiMIYHUX PIBHSHb BHU3HAYCHO
3QJIC)KHOCTI PIBHOBAXKHOT KOHIICHTPAIIIl NTepEeBaAKAIOYNX BJIACHUX aTOMHUX JS(EKTIB
BiJl MapIialbHOTO THUCKY Tapy KaaMilo 1 TeMmmepaTypu Bianany. BukoHaHo aHami3
MOBEJIIHKU JTOMIHYIOUHMX BJIACHUX TOUKOBHUX Je(EKTIB y TUNBKAX KaaMil TEIypUIy Ta
iX  eKCIepUMEHTaJbHOTO  IMJATBEP/PKCHHS  MeTogaMu  (POTOFOMIHECIICHITI].
HocmipkeHo ontudHi Ta enekTpudHi BractuBocTi miiBok CdTe. IlpoBeneHo cepiro
TECTOBMX BHUMIPIOBaHb IMIIEIaHCHUX 3pa3kiB. IIpoaHanizoBaHo (HOTOUYTIUBICTH
miiBok CdTe, sika € eeKTUBHUM MMapaMeTpOM y BU3HaUeHHI (poTonpoBigHOCTI. Takoxk
PO3MIISIHYTO TEPCIEKTHBH 3aCTOCYBaHHS TOHKOILTIBKOBUX retepoctpyktyp CdTe B

COHSYHIN €HEePreTHIII.



HedbexTHy CTpyKTypy Marepially BHUBYQJIM [UIAXOM MOJEIIOBaHHS 3
BUKOPHUCTAaHHSIM CHCTEMHU PIBHSHb KBa3IXIMIYHUX peakiliii. 3Ha4eHHS KOHCTAHT
piBHOBaru KBaziximMiuHux peakiid gedexroyrBopernHss B CdTe pospaxoByBanu

TeopetnyHO. KoHCTaHTH peakiiil yTBOPCHHs HEHTPanbHUX AeDEKTiB Kre,y 1 Kcqy

pPO3paxoByBaJdlM METOJAOM TEPMOJMHAMIUHUX TMOTEHIIANIB, KOHCTAHTU peakIlii
iomizauii K,, K,, K,, K, Ta 30y/KeHHs BiacHoi IpoBigHOCTi K; po3paxoByBamy
BUKOPHUCTOBYIOUYHU 30HHY TEOPiI0 HEBUPOKEHUX HAMIBIPOBITHUKIB.

[lokazano, mo Yy pe3yapTaTi TemmepaTtypHoro Bianamy 1utiBok CdTe
CIIOCTEPITa€ThCsl JOCTATHLO 1IHTEHCUBHA (DOTOIFOMIHECIEHIIIS, IKa HE CIIOCTepiranacs
y BUXIIHMX 3pa3kax. [losiBa 1HTEHCUBHOI JTIOMIHECUEHIIIT MIiCJsI TEPMIYHOTO BIUIUBY
BKa3y€ Ha ICTOTHE 3MEHIIECHHS POJii OE3BUIIPOMIHIOBAIBLHUX MPOIIECIB 332 YyYaCTIO
noBepxHeBux JAedexrTiB. ToMmy Takuil pe3ynabTaT € BaXJIUBUM [JII OTPUMAaHHS
JIETEKTOPIB PI3HOI'O POy, OCKUIBKU B HUX OYJIyTh 3MEHIITYBATHCS IOBEPXHEBI CTPYMH
BTpAT 1 pIBEHb IIYMIB Ta ICTOTHO (Ha ~ 2 MOPAJIKHU) 3pocTaTu (POTOUYTIUBICTb.

Po3pob6ieHo Meton BiAnany Ha MOBITPI MIAKIATO0K XaJIbKOTEHIIIB KaJMIiIO
(CdTe, CdSe i CdS), sxuii 103BOJIIE OTPUMYBATH Ha IX MOBEPXHI XapaKTEpHY IS
HAaHOCTPYKTYpP 3€PHUCTICTh. ATOMHO-CHJIOBE MIKPOCKOIIYHE JOCIIKEHHS BHUSIBUJIO
npiOHI TipaMimzanbHI €IeMEHTH 13 JaTepadbHuMu po3mipamu 10-50 HM, SKi MOXYTh
o0'eqayBatucs B Oimbmni 3 po3mipamu 100-300 am. TlokazaHo, mo micis Bigmaty
MOBEPXHSI CYTTEBO 3MIHIOE CBOIO MOP(OJIOTit0 BHACIIJIOK YTBOPEHHS TaKUX
mipamizok. Taka 3MmiHa xapaktepy mnoBepxHi CdTe, CdSe 1 CdS ob6ymosiioe
MOXJIMBICTh ICTOTHOI Mopaudikamii BiIacTUBOCTeM Martepiamy. JlociiKeHHs
ONTUYHOTO NMPONYCKaHHS MOKa3aju JMHAMIKy HOTO BEJIMYMHHU B KpailoBid 00JacTi.
Tak, nns Bunaaky CdTe BCTaHOBIIEHO, L0 BIAMAT 3yMOBIIOE 3MIIIEHHS TTOJIOXKEHHS
MaKCUMYMY JOCIIKEHOTo AU(EpPeHIiaIbHOTO CIEKTPY MpomyckanHs 10 ~ 1,3 eB.
[Ipu npomy, Ha nudepeHIiaTbHUX KPUBUX ONTUYHOTO BIJOMBAHHS Rc'u MOJIOKECHHS
MakcuMyMy He 3MiHIeThcs. Y Bumaaky CdSe i1 CdS cmocrepiratoTbCsi aHaIOT14H1
3MIHU CIIEKTPIB.

UeTBepTuil po3JUT TMPUCBIYEHUN aHaMi3y Je(PEeKTHOI CTPYKTypU ILIIBOK

BHACIIIOK XiMiuHOro jeryBaHHsa Li Tta Ca, a Takox JyeryBanHsM O 3a JOMOMOIOIO



TepMiuHux metoniB. Ca, gk ememeHT Il rpymu, Bigirpae B KaaMiil Teaypuji pojb
130BAJICHTHOI JIOMIIIKH, SIKa, Ha BIAMIHY B1J] 3BUYaHOT JOMIIIKKU TUIY L1, He 3aBx U
YTBOPIOE JIOKaJIbHI PiBHI B 3a00pOHEHIN 30HI HaMIBIPOBIJHUKA, MPOTE MOXKE
CTUMYJIIOBATH F'€HEpallilo BIACHUX TOUYKOBUX JI€PEKTIB IOHOPHOTO a00 aKIIENTOPHOTO
tuny. Jlist neryBaHHs 0a30BUMM MiAKIAJKaMU CIYKWIHA [JACTUHKUH PO3MIPOM
4x4x1 mm3, axi Bupizamu 3 o6'emHoro kpucrany CdTe. B pesynsTaTi Kum'aTiHHS
migknanok y Boasaux cycrnensisx LiNOsz 1 Ca(NOs)z iX TOBEpXHEBI IIapu 3MIHIOIOTh
€JIEKTPOHHY MPOBIAHICTh HA AIPKOBY, IO HMIATBEPIXKYETHCS OBEAIHKOIO TepMOo-EPC.
[Ticnsa npununenHs nporecy nudy3ii, sskuii Tpusas 15 xB., 30 xB., 45 xB., 60 XB. 3pa3ku
3-5 pasiB peTelbHO NMPOMHUBAIM B KHUIT Y9Il JHCTHJIBOBAHIA BOJI I BHJIAJCHHS
3aJIMIIKIB cojied. Po3paxyHKOBI 3HAUeHHSI €HEprii 10Hi3alllil 3 ypaxyBaHHSM CUJIbHOT
komneHcarii ctanoBiaTh 120 meB mist mapis CdTe:Li ta (100 — 175) meB aiist mapis
CdTe:Ca, B1AIIOBIAHO.

J171s1 IKICHOTO OMKCY MPOIIECIB 1ePEKTOYTBOPEHHS Y KPUCTATIYHUX CTPYKTYpax
MPOBEICHO KPUCTAJIOKBA3IXIMIUYHHIA aHAITI3 KaaMill Teaypuny, seropanoro Ca rta Li.

JloCHiI>KEHO eJIEKTPUYHI BIACTUBOCTI IAPiB, YTBOPEHUX JIETYBAHHSIM MOBEPXHI
kpuctany CdTe momimkamu Ca ta Li. BectaHoBneHo, 1110 po3paxoBaHUi KOe]illieHT
nudy3ii ana WoHiB Li BUABMBCS OUTbII HIXK y TpuU4l BUIIUMA, HIX aia HoHIB Ca,
OCKUIbKM HoHHUN paaiyc Li 3HauHo meHmuid (76 mm mpotu 99 mm mns Ca).
Po3paxoBana mnuTOMa €IEKTPONMPOBIAHICTG MOBEPXHEBOro MIapy N-TUIY, TpHU
OJIHAKOBUX KOHIICHTPAIIISX JIETYIOUOT IOMIIIKY 1 YacaX BUTPUMKH, BUSIBUJIACS BUILIOIO
OB HIX Ha MopsAoK. Lle qo3BoaMI0 3MeHIINTH 3aranbauit omnip B 10-20 pasiB npu
nepexoi Bif yeryBanHs Ca 1o neryBaHHs Li.

[Tokazano ¢hopmyBaHHS MOBEPXHEBO-0ap’€pHUX CTPYKTYp Ha 0a3i MiJKIAI0K
CdTe:Li i CdTe:O, sxi MaroTh HabaraTo OUTBIIY BHUCOTY MOTEHIIANEHOTO Oap'epy B
MOPIBHSHHI 3 €TaJIOHHUMH (0€30MIIIKOBUMU) MaTepiaIaMu.

O1iHEeHO KOHIIEHTpPAIlII0 BUIBHUX MIpOK B AUQY31MHUX IIapax mpu KIMHATHUX
TeMIeparypax, npuiimaioun TopmuHy d=10 MkM 18 3pa3kiB 000X TuiB. BusiBieHo,

110 KOHIIEHTPALlig AipOK B OTPUMAHHUX LIApaxX 3HAXOAMTHCA B Mexkax (5-50)-10% cm,



[le moBoii BHUCOKI 3Ha4eHHs, Oepy4yn 10 yBaru aHoMaibHO HH3BKY (~400 K)
TeMIIepaTypy JIeryBaHHS.

Oxpemuii iHTepec BukiInkawTh miakaagku CdTe:O, y sSkux 3a NeBHUX YMOB
BIJIMAJTy YTBOPIOETHCS TOBEPXHEBA HAHOCTPYKTYpa. Taki mapu GopmMyBaIu METOIAMU
TepMiuHOoro Bianany Ha mnoBitpi. [loBepxus 3paskiB CdTe:O xapakrepusyeTbcs
3€pHUCTOI0 CTPYKTYPOIO 3 JaTepalibHUMU po3Mipamu 3epeH 10-50 HM, sKi MOXYTh
00’ eqnyBatucs y 6ubii (100-500 am) cy63epna. KoxHa 13 1ux rpyI 3epeH BiAirpae
CBOIO poJib y dopmyBaHHI (Ppi3uuHuX BracTuBocTedl moepxHi miakiaagok CdTe:O i
MOBEPXHEBO-0ap’€PHUX  CTPYKTYp Ha iX OCHOBL. [lOTYXXHICTh COHSYHOIO
BUIIPOMiHIOBAHHS /I TAKMX CTPYKTYp ckinana 69 MBt/cM?.

VY m’saToMy po3aiial JOCHIIKEHO ONTHYHI BJIACTUBOCTI Ta (DOTOJFOMIHECUHEHIIIIO
oesnomimkoBoro CdTe Ta jeroBaHuX NPUIIOBEPXHEBUX IIApiB Ha HOTO OCHOBI.
OnTtuuni BrnactuBocTi 0OazoBoro Marepiany CdTe Bu3Hayanu 13 JOCHIKEHb
ONTHUYHOTO MPOIyCKaHHS [, 1 BigOuBaHHS R, IlpomyckaHHs XapakTepu3yeTbCs
TUIOBUM CHEKTPaJbHUM PO3MOJLIOM B oOnacti eHeprid ¢otoHiB Aw = 1-1,55 eB.
MOHOTOHHUI XapakTep 3aJeKHOCTI BKa3y€ Ha BIJACYTHICTh HEKOHTPOJIbOBAHUX
JOMIIIOK, SIKI MOXYTh OyTH BHECEHI IpH BHUpPOILyBaHHI. PasoM 3 TuM, y [iama3oHi

ho > 1,55 eB cnocrepiraeTbcsi pi3Kuil cnaj] IHTEHCUBHOCTI MPOMYCKAHHS, XapaKTep

SKOT'0 BIACTUBUI JOBFOXBUJIBOBOMY KparO MOTJIMHAHHS.

JlocnikyBanuch €IEKTPUYHI, ONTUYHI Ta JIIOMIHECHEHTHI BIACTHUBOCTI
Heneropanoro CdTe i cnerianbHo JeroBanux nmosepxHesux mapis CdTe:Ca, CaTe:Li.
OnTudHl MpolLeCH TOTJIWHAHHSA, BiIOWBaHHSA 1 JIIOMIHECICHIII BHBYAJIMCH Ha
YHIBEpCAIbHIN ONTUYHINA yCTAHOBII, sIKa JO3BOJISJIA TPOBOAUTH BUMIPIOBaHHS SIK 3a
KJIJACUYHOI0 METOJMKOI, TaK 1 3 BUKOPUCTAHHAM METOAY A-MOAyJiAlii. JleryBanHs
miakiaagok CdTe i3oBaneHTHOO JoMimkor Ca He BIUIMBAJO Ha XapakTep
3aJIEKHOCTEH KpUBUX oONTHYHOro mnornuHaHHs. JleryBanna CdTe i130BasIeHTHORO
nomiiikor Ca 00ymMoBitoe (popMyBaHHSI IHTEHCUBHOI PoTotominecteHIi. Ominka ii
KBaHTOBOI €()eKTUBHOCTI J03BOJWIA BU3HAauUTH BenuuuHy 77~ 8-10% mpu 300 K.

Cniz 3a3HaYUTH, 11O JUIs1 HEJIETOBAHOT'O MaTepialy BOHA HE CIIOCTEpIraiach HaBiTh NpU



77 K. 3a niTepaTypHUMHU JAaHUMHU 3K, IPU MOXKJIMBOMY JIETYBaHHI 1HIIMMH THUIIAMU
JOMIIIIOK OTPUMYBaJN MakcUMaibHe 3HadeHHs y mexax 0,05-0,1%.

BHacnigok JeryBaHHs KaaMmito Tenypuny y BoaHoMy po3duHi Ca(NOs):
CIIOCTEPITraJiocss YTBOPEHHS P-TUITY MPOBIAHOCTI MOBEPXHEBOro mapy. JlociiKeHHs
CIEKTPUYHUX XAPAKTEPUCTUK OMIYHUX KOHTAKTIB IOKA3ajo BIJMOBIAHY JIHINHY
3QJIEKHICTh CTPYMY IPH 3MiHI HAMPYTH 1 CAMETPUYHICTh NPSIMOT Ta 0OEPHEHOT BITOK,
o BKAa3y€ Ha MEPCIEKTUBHICTh 3alpPONOHOBAHOT TEXHOJIOT1l OTPUMAHHS JErOBaHUX
130BAJICHTHOIO JIOMIIIKOK IIApiB MPHU BUTOTOBJIEHHI NPWIAAIB TBEPAOTUIBHOI
enexTpoHiku Ha ocHoBl CdTe.

JleryBanuss CdTe nomimkoro Li metomom audysii BHU3HAYa€ MOKIUBICTh
OTPUMaHHS BHUCOKOC(EKTHBHOTO KpalOBOTO BHIMpOMiHIOBaHHA 3 717= 12%.
JlromiHecHeHIlisl y KpailoBiid o0sacti (OPMYEThCS MIK30HHOK PEKOMOIHAIIEIO
BUIBHUX HOCIIiB 3apsiy 1 IOMIHYIOUOI PeKOMOIHAIII€I0 32 Y4acTI0 YTBOPEHUX JIITIEM
1eHTpiB Licy. JleryBanHs % 103BoJsie orpumyBaty mapu CdTe:Li BuCOKOT IKOCTI 1 ipH
IbOMY HISK HE BIUIMBAaTH Ha BiIacTUBOCTI 0a3zoBux kpuctaiiB CdTe. Buznaueno
TEXHOJIOTIYHI PEXHUMHU JIETYBaHHS, SIKI JO3BOJSIOTH OTPUMATH IHBEPCIIO THUITY
MPOBIAHOCTI 3 N-TUITY HA P-THUII.

[IpoaHanizoBaHo TOBEpXHEBO-Oap’epHi A1oau Ha ocHOBI migkimamok CdTe,
CdTe:Li ta CdTe:O. BcranoBieHo, 1mo Moaudikaiis MiAKIaA0K TPU3BOAUTH 0
30UTbIIEHHS]  €(QEKTUBHOCTI  COHAYHUX  €JIEMEHTIB, NIpPUYOMY  HaHOUIbIIA
CIIOCTEPITA€ThCS ISl MOBEPXHEBO-0ap’€pHUX JIOAIB 3 KBAHTOBO-PO3MIPHOIO
nosepxuero: 7 (CdTe) = 5%, n (CdTe:Li) = 9%, n (CdTe:0) = 13%. [JocnimkeHo, mo
IMIBUIKICTh TIOBEPXHEBOI peKOMOIHAIlli B [10/1aX, BUTOTOBJIECHMX Ha TMIIKIagKaX
CdTe:O, Ha oMH 1 1Ba MOPSIKK MEHIIIE, HIXK B cTpykTypax Ha 0a31 CdTe:Li ta CdTe.
Takox AOCHIKEHO, M0 IHTEHCUBHICTH lpn oTonroMiHecUeHUli B psAal MiAKIAI0K
CdTe, CdTe:Li, CdTe:O 3meHmyerbcs Maibke Ha Tpu mopsiaku. Ilpu 1pomy,
e(heKTUBHICTb KpalioBoi cMyTH BunpoMiHtoBanHs mijikianok CdTe:O npu 300 K csrae
KUIbKa JIECSITUX B1JCOTKA.

Kurouosi cioBa: Tonki miiBku CdTe, cucrema nedekTiB, JeryBaHHs, MOBEPXHEBUI

1iap, ONMTUYHI BIACTUBOCTI, (DOTOMIOMIHECIEHITIS, (DOTOETEKTPUYHI BIACTUBOCTI.



SUMMARY

Mazur T.M. Defective subsystem, optical and electrical properties of impurity-
free and doped cadmium telluride films. - Manuscript.

PhD thesis in specialty 104 - Physics and astronomy. - Vasyl Stefanyk
Precarpathian National University, lvano-Frankivsk, 2021.

Based on experimental studies and relevant theoretical calculations, the analysis
of the influence of cadmium telluride thin film vapor technology on the formation of a
system of defects, which determines the complex of their structural, electrical and
optical properties for practical use as materials for optoelectronics and photoelectric
energy conversion.

In the first section, the author reviewed the literature on the current state of
development of research on semiconductors based on CdTe for photoelectric energy
conversion and identified the main directions of such research. In particular, attention
is focused on the applied aspects of the use of such materials and outlined the
requirements for them. A review of works on studying the features of P-T-X phase
equilibrium diagrams in the Cd-Te system is carried out, the values of equilibrium
constants are analyzed, which make it possible to establish the temperature regimes of
evaporation of a binary compound. The crystal structure, physicochemical,
thermodynamic properties of cadmium telluride are considered. The analysis of energy
and optical characteristics of cadmium telluride is performed. The main emphasis in
the review is made on the methods of formation and models of description of the system
of defects in impurity-free and doped cadmium telluride.

In the second section of the dissertation, the general principles of the methods
used in the work of synthesis of binary CdTe (isothermal annealing, two-temperature
annealing), control of deviation from stoichiometry and deposition from the vapor
phase are given: the "hot wall" method and the method of open evaporation in vacuum.
The technological features of the used installations are specified. The method of
forming nanostructured surface layers by doping from aqueous solutions and the
preparation of p-CdTe layers is described detail. Technological factors that affect the

structural, electrical and optical properties of such layers are identified. The list of used



methods of film quality control (chemical and phase compositions, morphology of the
surface and microhardness of thin films based on CdTe) and the description of the
corresponding equipment are given: atomic force and electron scanning microscopy,
profilometer, interferometer. As for optical and spectral research methods, a
description is given of the spectral setup used in this work to study optical absorption,
optical reflection, an optical radiation modulator, a setup for studying A-modulated
optical spectra, a setup for measuring photoluminescence spectra, a diffraction
monochromator and a photomultiplier. The features of measuring the electrical
parameters of CdTe thin films are shown on the functional block diagram of the
installation for automated measurements of the photoelectric parameters of impedance
semiconductor films, as well as a list of software used for processing the obtained
experimental data.

In the third section, the analysis of the crystal structure of crystals and films of
CdTe and the quasi-chemical equations of nonstoichiometric cadmium telluride films
are proposed. Based on the use of quasi-chemical equations, the dependence of the
equilibrium concentration of superior intrinsic atomic defects on the partial pressure of
cadmium vapor and the annealing temperature is determined. The analysis of the
behavior of dominant intrinsic point defects in cadmium telluride films and their
experimental confirmation by photoluminescence methods is performed. A series of
test measurements of impedance samples was carried out. The photosensitivity of CdTe
films, which is an effective parameter in determining the photoconductivity, has been
investigated. The application of thin-film CdTe heterostructures in solar energy is also
considered.

The defective structure of the material was studied by modeling using a system
of equations of quasi-chemical reactions. The values of the equilibrium constants of
quasi-chemical reactions Kr,,, and K4\, Of defect formation in CdTe were calculated
theoretically. The reaction constants of the formation of neutral defects and were
calculated by the method of thermodynamic potentials, the constants of the ionization
reactions K,, K., Kp,, K,, and the excitation of the intrinsic conductivity K; were

calculated using the band theory of nondegenerate semiconductors.



It was obtained that as a result of temperature annealing of CdTe films, a
sufficiently intense photoluminescence was observed, which was not present in the
initial samples. The appearance of intense luminescence after heat treatment indicates
a significant reduction in the role of non-radiative processes involving surface defects.
Therefore, this result is important for obtaining detectors of various kinds, because they
will reduce the surface currents of losses and noise levels and significantly (by ~ 2
orders of magnitude) increase photosensitivity.

The method of annealing of cadmium chalcogenide substrates (CdTe, CdSe and
CdS) in air is developed, which allows to obtain grain size characteristic of
nanostructures on their surface. Atomic force microscopy study revealed small
pyramidal elements with lateral sizes of 10-50 nm, which can be combined into larger
ones with sizes of 100-300 nm. It is shown that after annealing the surface significantly
changes its morphology due to the formation of such pyramids. This change in the
nature of the surface of CdTe, CdSe and CdS causes a significant change in the
properties of the material. Optical transmission studies have shown a change in its
magnitude in the edge region. Thus, for the case of CdTe, it is shown that annealing
causes a shift in the position of the maximum of the investigated differential
transmission spectrum to ~1.3 eV. In this case, the position of the maximum does not
change on the differential curves of optical reflection R,,. In the case of the studied
CdSe and CdS, similar changes in the spectra are observed.

The fourth section is devoted to the analysis of the defective structure of films
due to chemical doping of Li and Ca, as well as the doping of O using thermal methods.
Ca, being an element of group I, it plays the role of an isovalent impurity in cadmium
telluride, which, unlike ordinary Li-type impurities, does not always form local levels
in the semiconductor band gap, but can stimulate the generation of donor or acceptor-
type point defects. For doping, the base substrates were plates with a size of
4 x 4 x 1 mm?3, which were cut from a three-dimensional CdTe crystal. As a result of
boiling the substrates in aqueous suspensions of LINO3; and Ca(NO3), their surface
layers change the electronic conductivity to a hole, which is confirmed by a change in

the sign of thermo-EMF. After the end of the diffusion process, which lasted 15



minutes, 30 minutes, 45 minutes, 60 minutes, the samples were thoroughly washed 3-
5 times in boiling distilled water to remove residual salts. The calculated values of
ionization energy, taking into account the strong compensation, are 120 meV for the
CdTe:Li layers and (100 - 175) meV for the CdTe:Ca layers, respectively.

For a qualitative description of defect formation in crystal structures, a crystal
quasi-chemical analysis of cadmium telluride doped with Ca and Li was carried out.

The electrical properties of the layers formed by doping the surface of the CdTe
crystal with Ca and Li impurities are investigated. It was found that the calculated
diffusion coefficient for Li ions turned out to be more than three times higher than for
Ca ions, since the ionic radius of Li is much smaller (76 pm versus 99 pm for Ca). The
calculated specific electrical conductivity of the n-type surface layer at the same dopant
concentrations and exposure times turned out to be more than an order of magnitude
higher. This made it possible to reduce the total resistance by a factor of 10-20 when
going from doping with Ca to doping with L.i.

The formation of surface barrier structures based on CdTe:Li and CdTe:O
substrates, which have a much higher potential barrier height compared to the reference
(impurity) materials, is shown.

The concentration of free holes in the diffusion layers at room temperature was
estimated, assuming a thickness d = 10 um for samples of both types. It is obtained that
the concentration of holes in the obtained layers is in the range (5-50) 10* cm™. These
are quite high values, taking into account the abnormally low (~400 K) doping
temperature.

Of particular interest are CdTe:O substrates, in which a surface nanostructure is
formed under certain annealing conditions. Such layers were formed by thermal
annealing inair. The surface of CdTe:O samples is characterized by a granular structure
with lateral grain sizes of (10-50) nm, which can be combined into larger (100-500) nm
subgrains. Each of these groups of grains plays a role in shaping the physical properties
of the surface of CdTe:O and surface barrier structures based on them. The power of

solar radiation for such structures was 69 mwW / cm?.



In the fifth section, the optical properties and photoluminescence of pure CdTe
and doped near-surface layers based on it are investigated. The optical properties of the
base material CdTe were determined from studies of the optical transmission of T,, and
the reflection of R,. The transmission is characterized by a typical spectral distribution
in the region of photon energies A® = 1-1.55eV. The monotonous nature of the
dependence indicates the absence of uncontrolled impurities that can be introduced
during cultivation. At the same time, in the range 2m > 1.55 eV there is a sharp decrease
in the transmission intensity, the nature of which is characteristic of the long-
wavelength absorption edge.

The electrical, optical and luminescent properties of undoped CdTe and specially
doped surface layers of CdTe:Ca, CdTe:Li were studied. The optical processes of
absorption, reflection and luminescence were studied on a universal optical
installation, which allowed measurements to be performed both by the classical method
and using the method of A-modulation. Doping of CdTe substrates with an isovalent
impurity Ca does not affect the nature of the dependences of the optical absorption
curves. Doping CdTe with an isovalent impurity Ca causes the formation of intense
photoluminescence. Evaluation of its quantum efficiency allowed to determine the
value of 7~ 8-10% at 300 K. It should be noted that for undoped material it was not
observed even at 77 K. According to the literature, with possible doping with other
types of impurities received a maximum value of 0.05-0.1%.

Due to the doping of cadmium telluride in an aqueous solution of Ca(NOs), the
formation of p-type conductivity of the surface layer was observed. A study of the
electrical characteristics of ohmic contacts showed a corresponding linear dependence
of the current with a change in voltage and the symmetry of the forward and reverse
branches, which indicates that the proposed technology for obtaining layers doped with
an isovalent impurity is promising in the manufacture of solid-state electronics devices
based on CdTe.

Doping of CdTe with Li impurity by the diffusion method determines the
possibility of obtaining highly efficient edge radiation with 7 = 12%. Luminescence in

the edge region is formed by interband recombination of free charge carriers and



dominant recombination with the participation of Licq centers formed by lithium.
Doping, on the other hand, makes it possible to obtain high quality CdTe:Li layers
without affecting the properties of the basic CdTe crystals. The technological modes
of doping are determined, which make it possible to obtain an inversion of the
conductivity type from n-type to p-type.

Surface-barrier diodes based on CdTe, CdTe:Li and CdTe:O substrates are
analyzed. It was found that the modification of substrates leads to an increase in the
efficiency of solar cells, and the highest is observed for surface-barrier diodes with a
quantum-well surface: 7 (CdTe) = 5%, n (CdTe:Li) = 9%, n (CdTe:O) = 13%. It was
investigated that the rate of surface recombination in diodes fabricated on CdTe:O
substrates is one and two orders of magnitude lower than in structures based on
CdTe:Li and CdTe and also that the photoluminescence intensity Ion in a number of
substrates CdTe, CdTe:Li, CdTe:O decreases by almost three orders of magnitude. In
this case, the efficiency of the edge emission band of CdTe:O substrates at 300 K
reaches several tenths of a percent.

Keywords: CdTe thin films, defect subsystem, doping, surface layer, optical

properties, photoluminescence, photoelectric properties.
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