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Baxkantox [.B. CtpykTypHi Ta ONTHYHI BJIACTUBOCTI OIHAPHUX Ta JIETOBaHUX
TOHKUX TUTIBOK Ha ocHOB1 CdTe, CdS, otpumanux MeToa0M (Di3MYHOIO OCAIKEHHS Y
BakyyMi. — KBanigikaniiiHa HayKkoBa Ipalls Ha IpaBax PyKOIHCY.

Hucepraniss Ha 3700yTTS cTyneHsi JAoKTopa Quiocodii B ramys3i 3HaHb 10
[Ipupognuyi Hayku 3a crietianbHicTiO 104 @i3uka Ta actpoHomis. — [IpukapnaTcekuii
HalloOHAJIbHUM yH1BepcuTeT iMeH1 Bacuna Credanuka, IBano - @pankiBebk, 2025.

HucepraniitHa poOoTa MNPUCBSIYEHA JOCIIPKEHHIO MOPQOJIOrii MOBEpXHi,
CTPYKTYPHHMX Ta ONITHYHUX BJIACTUBOCTEH OIHApHUX Ta JIETOBAHMX TOHKHX ILTiBOK Ha
ocHoBl CdTe, CdS. IIpoeneno anamiz audy3iiiHUX MpOIECiB, 110 BiTOYBAIOTHCS B
mapax (OTOENEKTPUUHUX IUTIBOK IMiJ Yac IX OCAKEHHs METOAOM TEPMIUYHOTO
BUTIAPOBYBaHHS y Bakyymi. Ha OCHOBI e€KCIIEpUMEHTaIbHUX JOCITIIDKEHb Ta
BiJIOBITHUX TEOPETHYHHUX PO3PaXyHKIB BUKOHAHO MOJCIIOBAHHS (POTOCICKTPHYHOT
rerepocuctemu CdTe/CdS y cucremi komm 1oteproi cumynsainii SCAPS.

Y BCcTymi OOTPYHTOBAHO AaKTyaJbHICTh JOCIIKEHHS, BHU3HAYEHO OO0'€KT 1
npeIMeT aHaji3zy, cpOpMyIbOBAaHO METY Ta OCHOBHI 3aBJaHHs. OKpecjIeHO HayKOBY
HOBHU3HY OTPUMAHHMX pe3yJbTaTiB, PO3KPUTO iXHE MpakTUyHe 3HadeHHs. [lomaHo
BIIOMOCTI Tpo TyOsikaiii 3a TEeMOK JOCHIPKEHHS Ta ampobariiro pe3ysbTaTiB
JUcepTaItii.

Y nmepmomMy po3miai  TPEACTAaBIEHO aHa3 HAyKOBUX JDKEpeNd, SsKi
BiIOOpakalOTh CYYaCHMM CTaH JIOCHIPKEHOI TEMH, IpOaHaIi30BaHO CTaH
aNbTEPHATUBHOI EHEPreTHMKM B YKpaiHi, 30KpeMa pO3BUTOK Ta BIPOBAHKCHHS
COHSYHUX CHEPTreTHUYHHMX TEXHOJIOTIH. PO3TIIIHYTO OCHOBHI TEHICHIIII, TEXHOJIOTIYH1
JOCSTHEHHS Ta  TEPCIEeKTHUBU  BIOPOBA/DKEHHS  IHHOBAI[IMHMX  MaTepiaib.
[IpoananizoBaHO OCHOBHI KJTFOYOB1 aCTIEKTH PO3BUTKY Ta MEPCTICKTUBA BUKOPUCTAHHS
TOHKOTUTIBKOBUX COHSUHUX TexHojorid Ha ocHoBi CdTe, CIGS Ta ix edexktuBHOCTI.
HaBeneHno momapoBy CTpyKTypy 1 €HEpreTUYHy 30HHY JliarpamMy THTIOBUX COHSYHUX
einemeHTiB. OcoOnuBy yBary mOpuAuIeHO (I3UKO-XIMIYHUM, CTPYKTYPHHM,
eNeKTPOPI3UYHUM, CHEPTeTUYHUM XapaKTEPUCTUKAM OIHAPHUX HAIMIBIPOBIAHUKOBUX

cnionyk II-VI. Takox nmpoBeeHO Oris JKepen U010 BIUIMBY MOBEPXHEBUX €(EKTIB
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Ha eJekTpo(di3udHi mapaMeTpu TOHKUX MIiBoKk CdTe, mo € kiro4oBUMHU (HaKTOpaMu
JUTSL ONITUMI3ALIlT CTPYKTYPH.

Y apyromy po3auii MpOBENEHO aHami3 JOCHIIKEHb, MPUCBIYEHUX BUBUCHHIO
ocoonmuBocterd P-T—x niarpam ¢da3oBoi piBHOBaru cuctemu Cd—Te, KOHTPOIIO
BIIXWJICHHS BIJ] CTEXIOMETpii, OMMMCAHO TEXHOJIOT1YHI aCTeKTU CUHTE3y. Po3risHyTo
3HAUEHHS KOHCTAHT pIBHOBard, 10 JO3BOJISIOTh BH3HAYMTH  ONTHMAJbHI
TEMIIEpaTypHi YMOBH BHITAPOBYBaHHs OiHapHOi croiykn. ONHCaHO METOIHUKY
NIPOBEJICHHS IBOTEMIIEPATYPHOTO BiIay.

JleTaJlbHO pO3TITHYTO OCHOBHI MeToau jeryBaHHs CdTe Ta BIUIMB Jleryrodmx
JOMIIIOK Ha €EeKTPUYHI, ONTHYHI Ta CTPYKTYPHI BIIACTUBOCTI MaTepiany. 3I1HCHEHO
aHaii3 OCHOBHHUX METOJIB ((PIBUMYHMX Ta XIMIYHHMX) OCAHKCHHS TOHKHUX ILJIIBOK.
OnucaHo TEXHOJIOTIF0 OTPUMAHHS TOHKOIUTIBKOBHX Napo(da3sHUX KOHJCHCATIB 3a
PI3HUX TEXHOJOTTYHUX YMOB METOJIOM (Di3MYHOr0 OcaJKEHHS y Bakyymi. HaBegeHo
KOHCTPYKTHBHI ~ OCOOJIMBOCTI ~ €KCIIEPUMEHTAIbHOI  YCTAaHOBKM, BKa3aHO Ha
TEXHOJIOT1YHI PEXXUMHU OCAPKEHHS Ta BHKOHAHO iX Moau@ikalliro, BiMOBIAHO 0
MOCTaBJIEHUX 3aBJaHb. PO3MISIHYTO METOAMKY BHU3HAUYEHHS MIKPOTBEPJOCTI TOHKHUX
IUTIBOK 3a BikkepcoM Ta TOBIIMHM 1HTEp(PEPEHIIHHUM METOJOM 3a JOTOMOTOIO
MikpoiHTepdepomeTpa.

[IpoBeneno aHanmiz  (YHKIIOHATBHUX  XapaKTEPUCTUK  JTIarHOCTUYHOTO
oOnagHaHHS, 3aCTOCOBAHOTO JJIi CTPYKTYPHOTO BHUBYEHHS TOHKOILTIBKOBHUX
MarepianiB. PosrimsHyro Meroaw imeHTHdIKaIii XIMIYHOTO CKJIady, OIlIHKH
MOPGOJIOTIYHUX OCOOIMBOCTEH TIOBEPXHI, a TaKOXX JOCIIDKCHHS MEXaHI3MIB
3apOJKEHHS Ta POCTY TOHKHMX IUIIBOK. HaBemeHO omuc BiIMOBIMHOTO OOJagHAHHS:
aTOMHO-CHJIOBOTO Mikpockoma (ACM), CKaHyIO4YOro eJIeKTPOHHOTO MIKPOCKOIa
(CEM), eneproamcriepciitnoro X- nmpomeneBoro aHamizy (EDS) ta X-mpomeneBoi
doToenekTpoHHOT crieKTpockorrii (XPS).

PosristnyTo MeTou A1 BU3HAYCHHS ONTUYHUX XapaKTEPUCTUK TOHKHUX TUTIBOK
METOJIaMH CIIEKTPOGOTOMETPIi 1JIsI BABUCHHS ONTUYHOIO IMOTJMHAHHSA Ta B1IOMBaHHS.

OrnurcaHo mporpaMHe CepelOBUILE KOMI IOTEPHUX CUMYJALINA Ta 0a30B1 MPUHIUIH
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SCAPS-1D, crtBOpeHe [nisi MOJETIOBAHHS EINEKTPUYHUX XapaKTepUCTUK (Ha
MOCTIMHOMY Ta 3MIHHOMY CTpyM1) (hOTONEpPETBOPIOBAUIB 3 T€TEPONEPEXOIAMHU.

VY TperboMy pO31UII HaBEAEHO OCHOBHI TEXHOJIOTIYHI MapamMeTpu OTpPUMaHi
MEeTOIOM (PI3UYHOTO OcapkeHHs y Bakyymi ToHkux MmiaiBok CdS, CdTe, CdTe:In.
[IpoBenenuii excrpec-aHali3 MOBEPXHI CBDKOHANMMIICEHUX IUTIBOK OTpPUMaHOi 3a
JOTIOMOT'O0 MIKPOCKOIIa — TBEpJOMipa BKa3aB Ha OpMyBaHHS pIBHOMIPHOI HOBEPXHI
0e3 HasIBHOCTI CTPYKTYPHHX HEOJHOPIAHOCTEH, IO MIATBEPIKYE IOIUIBHICTD
OTPUMAaHHS TUTIBOK METOAOM (DI3MYHOr0 OCa/KeHHs y BakyyMi. Ha ocHOB1 nanux X-
pOMEHEBO1 (HOTOETEKTPOHHOI CIEKTPOCKOTIi1 TIOCIIHKEHO eIEMEHTHHIA CKIIa 1 TUTIBOK
CdTe 1 CdS. Metonom eneproaucmnepciitHoi X-npoMmeHeBoi crnekrpockorii (EDS)
BCTAaHOBJICHO MAacOBWI CKJajJ OTpuMaHuX MarepianiB. [lokazaHo, mo ckimag €
OMM3BKAM JI0O CTEXiOMETPUYHOTO  CIIIBBiJHOIIEHHS. MeToJaMu  CKaHYH4YOi
€JIEKTPOHHOT Ta aTOMHO-CUJIOBOI MIKPOCKOITIi MpoaHaii30BaHO MOPGOJIOTi0 MOBEPXHI1
toHkux TIiBoK CdS 1 CdTe ocamkeHuUXx 3a PI3HUX TEXHOJOTIYHUX (HAKTOPIB.
Bceranorneno 3anexHicTh MOpQoJIOTii MOBEPXHI MUIIBOK Bl TEXHOJOTTYHUX (haKTOPIB
ocaJKeHHs. 30Kkpema, 11 TiiBok CdS noka3zano hopmMyBaHHS MOBEPXHEBUX YTBOPEHB
y dopMi «wrycku». 30KkpeMa, IUIIBKM MEHIIOI TOBIIMHU MAalTh <(JTYCKOIOIIOHY
CTPYKTYpY, TOOTO KOHJEHCAT YTBOPIOE OKPEMI IJIACTHHU Ha MTOBEPXHIi TUTIBKU. Po3Mip
IIUX TUIACTHH 1 caMa iX HasgBHICTh BU3HAYAETHCA YaCOM OCA/KEHHA. XapaKTEepHOIO
OCOOJIMBICTIO METOY TEPMIYHOTO BUIIAPOBYBAHHS Y BaKyyMi CTaB BUCHOBOK IO TeE,
o 30UThIIIEHHS Yacy IUTIBOK OCA/PKCHHsS TPU3BOAWTH /IO 3MEHIICHHS PO3MIpiB
«TyCKW» (3MEHIICHHS JIaTepaIbHUX PO3MIpIB MOBEPXHEBUX yTBOpeHb). llle omHmM
BOXJIMBUM PE3YJIbTaTOM JUCEPTAllifHOI pPOOOTH CTaB BUCHOBOK TMIPO Te, IO
30UTBIIICHHS Yacy OCAXKEHHS MPU3BOJUTH 10 PO3MUTOCTI KOHTYPIB TaKUX IUIACTHH, a
JUTISL HAOUTBIII TOBCTHUX TUTIBOK BOHO B3araji BicyTHE. TaKuM 9MHOM, 31 30 TBIIICHHSM
TPUBAJIOCTI OCAPKEHHS TIOBEPXHEB1 INIACTUHKU MOCTYTOBO 3MEHIITYIOTHCS B pO3MIpaXx.
A 3 toBuMHHU TUTIBOK moHaa 1000 HM TUTACTMHKHU B)KE HE BHU3HAYAIOTHCS SK OKpEMi
IJIACK1 CTPYKTYPH, 11X MOKHA PO3TIIAIATH, SIK CYLUIbHY TOBEPXHIO.

[IpoBeneno ananiz nedgekrnoi crpykrypu CdTe:In, sixkuii nae 3MOory KOpEeKTHO

IHTEpOpeTyBaTH ONTUYHI BIACTUBOCTI Marepiaqy Ta BpaxoByBaTH 0a30Bi



5

XapaKTePUCTUKU  Je(eKTiB Ml Yac KOMII'IOTEPHOTO MOJICNIOBAHHS  HOTO
dboToenekTpuuHUX MmapaMmeTpiB. HaBeneHo pIBHAHHS EIEKTPOHEUTPATBLHOCTI Ta
3amporoHoBaHo Mojeni (popmyBanHs cuctemu aedextiB mansa CdTe neroanoro In
(oIHO3apsIH1 BakaHCIl y MO3UINT KaJaMilO0 Ta 3aMIIIEHHS 1HJIEM BY3JIOBUX aTOMIB
KaJMIfo0).

OTpuMaHO Ta JOCHIIKEHO XapaKTEPUCTUKH (DOTOENEKTPUYHOI CTPYKTYpH Ha
ocHoBi rerepomnepexony CdS/CdTe. XimiuHuil ckiaag reTrepocTpyKTypH JITOCTIIKEHO
3a ponomororo TEM y pexumi 3oMkH BHUCOKOI po3ainbHOi 31atHOCTi (HAADF).
[IpoBenenmii aHami3 TMokaszaB, MIO0 IMpouec (I3UYHOIO OCAIKEHHS Y BaKyyMmi
NPU3BOAMTH 10 aKTUBAIll JU(Y31IMHUX MPOLECIB MK CYCITHIMM IIapaMH BITHOCHO
CdTe, mo BUKIMKAIO 3MiHH B ONTHYHUX Ta CICKTPUYHUX XaPAKTEPUCTHUKAX IILUIOT
(bOTOEHEKTPUUHOI TeTepPOCTPYKTYpH. JloCHiKeHHsI MIATBEPKY€E HASIBHICTD NTUDy3ii
cipku B matpuito CdTe. @opmysanns mapy CdTe1«Sx BiIOyBaeTbes ModIM3y Mexi
po3ainy CdTe/CdS. HaiiGinpm WMOBIpHUM MEXaHI3MOM € YTBOPEHHS MPOMIKHOTO
mapy CdsTeSa, mo 3ymoBieHe B3aeMHOI0 nudy3iero aromiB cipku (S) 1 tenypy (Te)
mix mapamu CdTe ta CdS.

KpiMm Toro, mnoka3zaHo, IO HarpiBaHHs CKJISHOI MIAKJIAIKH CIPUYUHIOE
BUTIAPOBYBAHHS YAaCTUHU aTOMIB KyNpyMmy 13 KOHTakTHoro tmapy. Illpu 1mpomy
dopmyeTbest mpomixkani map CuxTe, skuil yTBOPIOE 3BOPOTHHM KOHTAKT 13 HUKYUM
ITUTOMHUM OTOPOM, (POPMYIOUH CHUIILHO BUPOJKEHI crionyku p+-CuyxTe Ta HacTymHuUiA
map CdTe 13 neryrogoro gomimkor Cu. [lokazano, mo audysis Cu B CdS Bukiukae
nepeKuanHs Woro mo Mmexax 3epeH, a audysis Cu B miiBky CdTe cnpuumHioe
dbopmyBaHHs Ne(dEKTIB, SKI 3MEHIIYIOTh TEPMIH CIYX)OM (OTOr€HEpOBAHUX HOCIIB.
TakuM 4YrHOM, 3pOOJIEHO BHUCHOBOK, IO KOPUTYIOUM KITBKICTh HAJUIMIIKY aTOMIB
KylpyMy, MOXHa IUUIaBHO BIUIMBAaTH Ha BIACTUBOCTI TETEPOCTPYKTYpH. Tak,
Hajymmok Cu COpUYMHIOE TOHWXEHHS €(EeKTHBHOCTI dYepe3 30UTbIICHHS
pexomOiHaIii HOCIiB, KO Mae micie audy3is Haamumky Cu 10 nepeaHpoi 00macTi,
a TaKOX uYepe3 BIUIMB Ha BUCOTY Oap’epy.

VY derBepTOMYy pO3AUIl HABEACHO CHEKTPU ONTUYHOTO MPOMYCKAHHA Ta

BimouBanHs ToHKHX MIiBoK CdS, CdTe Tta CdTe:In pi3HOi TOBIMIMHKN HAaHECEHHX Ha
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CKJIsiHI miakmaaku. CrekTpanbHl XapaKTepUCTUKU €KCIIEPUMEHTATBHO JTOCHIIKEHO 13
BUKOpUCTaHHsM criektpodoromerpa Agilent Technologies Cary Series UV-Vis-NIR.
OnTvyHi  BJACTUBOCTI BHUBYAIM IUISXOM  aHAI3y 3aJeXHOCTI KoedilieHTa
MPOMYyCKaHHS Bi JAOBXMHU XBui. ToHki miaiBku CdS XapakTepu3yrOThCS BUCOKOIO
Mpo30piCcTIO B OkHIN 1HPpadepBoHii obsacti cnekrpa. KoedimieHT mpomycKaHHs
orpumManuii B Mexax 70-95%, mio CBIZUMTH MOpPO JOLUIBHICTH BUKOPUCTAHHS
MaTepially SK BIKOHHOTO IIapy B TETEPOINEPEXiTHMX COHAYHUX CJIEMCHTaX.
CrnocrepiraeTbcss pi3KUA Kpall ONTHYHOIO MOMIMHAHHSA Onu3bko 550 HM, 110
BiAnoBiAae mupuHi 3a0oponeHoi 3ouu CdS (2,4 eB). IlniBku CdTe MaioTh BUCOKY
Ipo30piCTh Yy OMIKHBOMY 1H(PpPAYEpPBOHOMY CIIEKTpl Ta CepeaHid Koe]IllieHT
poIycKaHHs, 10 BapitoeThes Bl 57% n0 80%. Yci miBKkU T1eMOHCTPYIOTh PI3KUi
Kpai MoryIMHaHHA 0Ju3bK0 850 HM, 110 y3T0/KYETHCS 3 ITUPUHOIO 3a00POHEHOT 30HH
CdTe, He3anexxHO Bl TOBIIMHU IUTIBKH. [HTEppEepeHIliiiHI MAKCUMYMH Ta MIHIMYMU B
CIIEKTpaxX ONTHUYHOI MPO30POCTi CBIUATHh MPO BHCOKY OJHOPIAHICTH IUTIBOK I10
toBiuHI. Criektp CdTe:In memoncTpye inTepdepentiiini cmyru npu A > 800 HM.
[In1iBKM MarTh BHCOKY TIPO30piCTh y OmmkHIA iH(padepBoHiM oOjacTi 3
MaKCHUMaJIbHUM KoeiiieHToM npornyckanus 93,02 % ains 3pa3ka TOBIIMHOWO 540 HM.

OnTryH1 KOHCTaHTH, 30KpeMa KoeQiIlieHT MOTJIMHAHHS, TTOKa3HUK 3aJIOMJICHHS,
TEOPETUYHY TOBIIUHY IUIBKA Ta ONTHYHY MPOBITHICTh, BU3HAYAIM 33 METOJIOM
Caanemnonss. MakcumanbHuii  koe(imieHT morauHaHHsS TOHKHX IuriBok CdTe
nerosanux In cranosuts 2,7 103 (cM?) ms 3paska Topmuno 580 HM. IIpoBeneHo
PO3paxyHOK ONTHYHOI MHUPUHHU 3a00poHeHoi 30HU i CdS 10MoMOror METOIHKH
Tayka, mokazaHo, 10 OTpUMaHI 3HAYECHHS N0OOpPE Y3TOJKYIOTHCSA 3 JITEPaTypHUMU
JTaHUMU.

TeopeTHyHO BU3HAYEHO XapaKTep TOBEMIHKM TOKa3HWKA 3ajoMJeHHS n(A)
toHkuX M1iBok CdTe:In. [Tokazano, 1o #oro 3HAYEHHS 3MEHITY€ETHCS 31 30UTBIIICHHSM
JIOBKMHH XBHJI1 1 3HAXOJUTHCI B MexKax 2,54-2.62. Pi3ke k 30UIbIIICHHS MOKa3HUKA
3aJIOMJICHHSI TIpH JOBXHHI XBuil <900 HM 3yMOBIIEHE 3MEHIIECHHSM MPOIMYCKaHHS

MO0IM3Y Kparo BJIACHOTO MOTJIMHAHHS.
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OTpuMaHO 3HAYEHHS ONTUYHOI IIMPUHU 3a00POHEHOI 30HHU 3a JOMOMOTOIO
Metony Tayka, siki 3HaXonAThcsi B Mexax 2,27—-2,61 eB. IlokazaHo, mo onTudHe
MOTJIMHAHHS HAOIMKAETBCA 1O HYJSl MPU HUKYMX €HEpriax (OTOHIB, ajie HE O
abcorroTHOTO HYJIS (eeKT XBocTa Ypbaxa).

3a pgomomorow Komm roTtepHoro cepeaosumia SCAPS  3Moz€1b0BaHO
(OTOENEKTPUYHI XapaKTEPUCTUKH, K JJI1 OKPEMUX MIAPIB, TAK 1 JJIsl TETEPOCTPYKTYP
Ty CdTe/CdS («nepenniii koutakt / ckio / CdS / CdSTe / CdTe / 3aaHiit KOHTaKT»).
[lokazano wmoxauBicTh (opmyBanHs mnpomikHoro mapy CdsTeSs 3a paxyHok
MDKIIapoBoi Audy3ii, 110 miABUILYe ePEeKTUBHICTh TeTepocuctemMu 10 22,91%. Anani3
MOKa3aB, 110 3Mi1HAa TOBUIMHU IPOMIKHOTO 1IAapy Majo BIUIMBA€E HA €(PEKTUBHICTD, ajie
Bapiallisi IMUPUHU 3a00pPOHEHOT 30HM ICTOTHO 3MIHIOE TIOKa3HUKHU: 3MEHIICHHS
mUpUHU 3a00poHeH01 30HU /10 1,34 eB 3umxkye epextuBHicTh 10 10,78%.

Kuarwo4oBi cjioBa: TOHKI IUIBKH, TEIYPUJ KaaMil0, Cyib(dil KaaMii0, ONTUYHI
BJIACTHUBOCTI, TETEPOCTPYKTYPH, (HOTOCICKTPHUYHA KOMIPKA, CTPYKTYpPHI BJIACTUBOCTI,

COHSYHI CJICMCHTH, CIICKTPHU IIPOITYCKAHHA, CIICKTPU BiI[6I/IBaHH5L

SUMMARY

Vakaliuk 1.V. Structural and optical properties of binary and doped thin films
based on CdTe, CdS obtained by physical vapor deposition in vacuum. — Qualification
scientific work on the rights of manuscript.

Dissertation for the degree of Doctor of Philosophy in the field of knowledge 10
Natural Sciences in the specialty 104 Physics and Astronomy. — Vasyl Stefanyk
Precarpathian National University, Ivano-Frankivsk, 2025.

The dissertation is dedicated to the study of surface morphology, structural and
optical properties of binary and doped thin films based on CdTe and CdS. An analysis
of diffusion processes occurring in the layers of photovoltaic films during their
deposition by thermal evaporation in vacuum was conducted. Based on experimental
research and corresponding theoretical calculations, modeling of the CdTe/CdS
photovoltaic heterostructure was carried out using the SCAPS computer simulation

system.
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The introduction substantiates the relevance of the research, defines the object

and subject of analysis, and formulates the aim and main objectives. It outlines the
scientific novelty of the obtained results and highlights their practical significance.
Information is provided regarding publications on the research topic and the
approbation of the dissertation results.

The first chapter presents an analysis of scientific sources reflecting the current
state of research on the topic, as well as an overview of the status of alternative energy
in Ukraine, with a particular focus on the development and implementation of solar
energy technologies. It examines the main trends, technological achievements, and
prospects for the introduction of innovative materials. Key aspects of the development
and future potential of thin-film solar technologies based on CdTe and CIGS, along
with their efficiency, are analyzed. The layered structure and energy band diagram of
typical solar cells are provided. Special attention is given to the physicochemical,
structural, electrophysical, and energetic characteristics of binary I11-VI semiconductor
compounds. A review of sources on the impact of surface effects on the electrophysical
parameters of CdTe thin films is also included, as these are critical factors for
optimizing the structure.

The second chapter provides an analysis of studies focused on the characteristics
of the P-T—x phase equilibrium diagrams of the Cd-Te system and the control of
deviations from stoichiometry. Technological aspects of synthesis are described. The
significance of equilibrium constants is considered, enabling the determination of
optimal temperature conditions for the evaporation of the binary compound. The
methodology for performing two-temperature annealing is also outlined.

The main methods of CdTe doping and the influence of dopant impurities on the
electrical, optical, and structural properties of the material are examined in detail. An
analysis of the main methods (both physical and chemical) for thin film deposition is
conducted. The technology for obtaining thin-film vapor-phase condensates under
various technological conditions by physical vapor deposition in vacuum is described.
The structural features of the experimental setup are presented, the technological

deposition modes are specified, and their modification is carried out in accordance with
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the research objectives. The methodology for determining the microhardness of thin

films using the Vickers method, as well as thickness measurement using the
interference method with a microinterferometer, is discussed.

An analysis of the functional characteristics of the diagnostic equipment used
for the structural study of thin-film materials is presented. Methods for chemical
composition identification, assessment of surface morphological features, and
investigation of the nucleation and growth mechanisms of thin films are considered. A
description of the relevant equipment is provided: atomic force microscope (AFM),
scanning electron microscope (SEM), energy-dispersive X-ray spectroscopy (EDS),
and X-ray photoelectron spectroscopy (XPS).

Methods for determining the optical characteristics of thin films using
spectrophotometry to study optical absorption and reflection are considered. The
software environment for computer simulations and the basic principles of SCAPS-
1D, developed for modeling the electrical characteristics (under direct and alternating
current) of heterojunction-based photovoltaic devices, are described.

The third chapter presents the main technological parameters of thin CdS, CdTe,
and CdTe:In films obtained by physical vapor deposition in vacuum. A rapid analysis
of the surface of freshly deposited films, conducted using a microhardness tester-
microscope, indicated the formation of a uniform surface without structural
inhomogeneities, confirming the feasibility of using vacuum physical vapor deposition
for film fabrication. Based on X-ray photoelectron spectroscopy (XPS) data, the
elemental composition of CdTe and CdS films was investigated. The mass composition
of the obtained materials was determined using energy-dispersive X-ray spectroscopy
(EDS), showing a composition close to stoichiometric ratio.

The surface morphology of CdS and CdTe thin films deposited under various
technological conditions was analyzed using scanning electron microscopy (SEM) and
atomic force microscopy (AFM). A dependence of surface morphology on the
deposition parameters was established. In particular, for CdS films, the formation of
surface structures resembling "scales" was observed. Thinner films exhibited a "scale-

like" structure, where the condensate formed discrete platelets on the film surface. The
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size and presence of these platelets were found to depend on the deposition time. A

notable feature of the thermal vacuum evaporation method was the finding that
increased deposition time led to a reduction in the size of the "scales" (i.e., a decrease
in the lateral dimensions of the surface structures). Another important result of the
dissertation was the conclusion that increasing the deposition time also led to blurring
of the edges of these platelets, which were not distinguishable at all in the thickest
films. Thus, with increasing deposition time, the surface platelets gradually decreased
in size, and for films thicker than 1000 nm, the platelets were no longer distinguishable
as separate flat structures and could be considered a continuous surface.

An analysis of the defect structure of CdTe:In was carried out, enabling accurate
interpretation of the material's optical properties and consideration of the fundamental
characteristics of defects during computer modeling of its photovoltaic parameters. The
electroneutrality equation is presented, and models for defect system formation in
indium-doped CdTe (single-charged vacancies in the cadmium position and
substitution of indium for nodal cadmium atoms) are proposed.

The characteristics of a photovoltaic structure based on a CdS/CdTe
heterojunction have been obtained and investigated. The chemical composition of the
heterostructure was examined using transmission electron microscopy (TEM) in high-
angle annular dark-field (HAADF) imaging mode. The analysis revealed that the
process of physical vacuum deposition activates diffusion processes between adjacent
layers with respect to CdTe, which leads to changes in the optical and electrical
properties of the entire photovoltaic heterostructure. The study confirms the presence
of sulfur diffusion into the CdTe matrix. The formation of a CdTeSx layer occurs
near the CdTe/CdS interface. The most probable mechanism involves the formation of
an intermediate CdsTeSa4 layer, resulting from mutual diffusion of sulfur (S) and
tellurium (Te) atoms between the CdTe and CdS layers.

It was also demonstrated that heating of the glass substrate leads to the
evaporation of a portion of copper atoms from the contact layer. As a result, an
intermediate CuxTe layer is formed, which creates a back contact with lower specific

resistivity, leading to the formation of heavily doped p+-CuxTe compounds and a
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subsequent CdTe layer doped with Cu. It was shown that Cu diffusion into CdS induces

grain boundary segregation, while Cu diffusion into the CdTe film leads to the
formation of defects that reduce the lifetime of photogenerated carriers. Therefore, it
was concluded that by adjusting the amount of excess copper atoms, it is possible to
smoothly influence the properties of the heterostructure. An excess of Cu causes a
decrease in efficiency due to increased carrier recombination — particularly if Cu
diffuses into the front region — as well as due to its effect on the barrier height.

Chapter four presents the optical transmission and reflection spectra of thin films
of CdS, CdTe, and CdTe:In of various thicknesses deposited on glass substrates. The
spectral characteristics were experimentally studied using an Agilent Technologies
Cary Series UV-Vis-NIR spectrophotometer. The optical properties were investigated
by analyzing the wavelength dependence of the transmittance coefficient. CdS thin
films exhibit high transparency in the near-infrared region of the spectrum. The
transmittance coefficient was found to range from 70% to 95%, indicating the
suitability of the material for use as a window layer in heterojunction solar cells. A
sharp absorption edge is observed around 550 nm, corresponding to the bandgap of
CdS (2,4 eV). CdTe films demonstrate high transparency in the near-infrared region,
with an average transmittance ranging from 57% to 80%. All films show a sharp
absorption edge around 850 nm, consistent with the bandgap of CdTe, regardless of
film thickness. The presence of interference maxima and minima in the optical
transparency spectra indicates high uniformity of the films in thickness. The CdTe:In
spectrum displays interference fringes at wavelengths A > 800 nm. The films exhibit
high transparency in the near-infrared region, with a maximum transmittance of
93,02% for the sample with a thickness of 540 nm.

The optical constants, including the absorption coefficient, refractive index,
theoretical film thickness, and optical conductivity, were determined using the
Swanepoel method. The maximum absorption coefficient of indium-doped CdTe thin
films was found to be 2,7 x 10° cm™ for the sample with a thickness of 580 nm. The
optical bandgap of CdS was calculated using the Tauc's method, and the obtained

values show good agreement with data reported in the literature.
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The wavelength-dependent behavior of the refractive index n(A) of CdTe:In thin

films was theoretically determined. It was shown that the refractive index decreases
with increasing wavelength and lies in the range of 2,54-2,62. A sharp increase in the
refractive index at wavelengths below 900 nm is attributed to a decrease in
transmittance near the intrinsic absorption edge.

The optical bandgap values, obtained using the Tauc's method, range from 2,27
to 2,61 eV. It was demonstrated that the optical absorption approaches zero at lower
photon energies but does not vanish completely, indicating the presence of the Urbach
tail effect.

Photovoltaic characteristics were simulated using the SCAPS simulation
environment for both individual layers and heterostructures of the CdTe/CdS type
("front contact/ glass / CdS / CdSTe / CdTe / back contact™). The possibility of forming
an intermediate CdsTeS4 layer due to interlayer diffusion was demonstrated, which
increases the efficiency of the heterostructure to 22,91%. The analysis showed that
variations in the thickness of the intermediate layer have a minor impact on efficiency,
whereas changes in the bandgap significantly affect performance: reducing the
bandgap to 1,34 eV leads to a decrease in efficiency to 10,78%.

Keywords: thin films, cadmium telluride, cadmium sulfide, optical properties,
heterostructures, photovoltaic cell, structural properties, solar cells, transmission

spectra, reflection spectra.
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