AHOTANIA

Asopcokuii  P.C. CtpykTypHi, MOpQOJIOTIYHI Ta ONTUYHI BJIACTHUBOCTI
TOHKOTUTIBKOBHX T€TEPOCTPYKTYp Ha ocHOBI cnionyk |-V — KBamidikariiitna HaykoBa
npails Ha mpaBax PYKOIHCY.
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Ha ocHOBI mpoBeneHUX KOMIUIEKCHUX EKCIIEPUMEHTaJIbHUX TOCIHIHKEHb Ta
BIJIMOBITHUX TEOPETHUYHUX PO3PAXyHKIB BUKOHAHO aHaJi3 BIUIUBY CTPYKTYPHUX,
MOP(OJOTIYHUX 1 ONTUYHUX BJIACTUBOCTEH BepxHBOro Mmapy ZnO, «BIKOHHOTO
mrapy» CdS, mornmunansaoro mapy CdTe ta ix rerepocTpykryp Ha e(EeKTHUBHICTH
(OTOENEKTPUUHOI KOMIPKH.

VY nepuoMy po3auil 311MCHEHO OIS JTITEpaTypHHUX JHKEPES CTOCOBHO (D13UKO-
XIMIYHUX, TEPMOJMHAMIYHHMX, CTPYKTYpPHHX Ta ONTHYHUX  BJIIACTHBOCTCH
HamiBrnpoBinHukoBux cnoayk II-VI (CdTe, CdS, ZnO). 3okpema, poO3riasHYTO
ocoOnMuBOCTI (pa30BUX JiarpaM OIHApPHHUX CIOJYK, TMOJAHO 3HAYEHHS KOHCTaHT
pIBHOBaru, sKi JalOTh 3MOTY UYITKO BCTAHOBUTH TEMIIEPATypHI PEKUMH
BUIIAPOBYBaHHs OiHapHOI crionyku. st chopMoBaHOi TeTepo CTPYKTYpPH JI€TaIbHO
MIPOAHAJII30BAHO 30HHY 1 KPHUCTAJIIYHY CTPYKTYpY KOXXHOro 13 ImapiB. OnucaHo
G13UYHMI  3MICT ONTHUYHMX TMapaMeTpiB, TaKUX SK KOE(DIIIEHTH TOTJIMHAHHS,
MPOXO/)KEHHS Ta BIAOMBAHHS, ONTHYHA IIMPUHA 3a00POHEHOI 30HU KOXKHOTO
Marepialy, a TaKOXX OCHOBHI TMPOIIECH IO CYNPOBODKYIOTHCS TIPH B3aEMOJIIT
€JIEKTPOMATHITHOT XBHJII 13 TIOBEPXHEIO TOHKOI TIJTIBKH.

Hpyruii po3ain qucepTauifHoro JOCHIIKEHHSI CTOCYEThCSI TEXHOJIOT1i CUHTE3Y
Oinapaux crmonyk CdS ta CdTe Ta oTpuMaHHS TOHKOIUTIBKOBHX Mapoga3HuX
KOHJIEHCATIB Ha miaknaaax 31 ckia ta (100) kpeMHito 3a pi3HUX TEXHOJOTTYHUX YMOB
oca/pkeHHs. HaBeneHO KOHCTPYKTHBHI OCOOJIMBOCTI YCTAHOBKH, TEXHOJOT1YHI
peXKUMHU OCADKEHHS Ta 1iX Moaudikaiis s KOHKPETHHMX 3aaad. [akox
poaHai30BaHa KiHETHKa IPOIECY OCAPKCHHS TOHKHMX IUIIBOK 13 IMapoBOi (asw,
MEXaHI3MHU 3apOoJKEHHS, (JOpMyBaHHS 1 POCTY TOHKOIUIIBKOBUX HAHOKOHCHCATIB,

BIUTMB YMOB OCAPKCHHS Ha MIBUAKICTH POCTy OKpemoro mapy. OxapakTepu3oBaHO



IpoLIEC JIA3€pPHOTO IMITYJBLCHOTO OCA/KEHHSI MJI BHUPOIILYBaHHS TOHKUX IUTIBOK
OKCHJy NMHKY. BukoHaHO omuc (yHKIIOHATLHUX OCOOJWBOCTEH M1arHOCTUYHOTO
oOjanHaHHS, SIK€ BHUKOPUCTAHO J[UIA CTPYKTYpPHOTO aHamidy, 30Kpema, s
BU3HA4YEHHs ()a30BOTO 1 XIMIYHOTO CKJIaay, MOpdoJIorii MOBEpXHI Ta BCTAaHOBJICHHSI
MPOIIECIB 3apO/KEHHSI 1 POCTY IUIIBOK OCHTIDKYBAaHWX MaTepiaiiB: CKaHYHOUHMA
enexkTponHuil mikpockon (CEM), atomHo-cunoBui Mikpockon (ACM), ycTaHOBOK
JUIS IpOBeIeHHsT eHepro-auctepciiiHoro (EDS) ta X-mpomeneBoro-audpakiiitHoro
(XRD)  amnamizy, mnpodiioMeTp;  CHEKTPaJIbHUX  METOMIB  JOCHIIKEHB:
cnektpodoToMeTp. JleTanbHO PO3IJISHYTO OCHOBHI NPUHIUIMN 3aCTOCOBYBAaHUX Y
poOOTI TEOPETHMYHUX METOAUK: PO3PAXYHKH ONTHYHUX KOHCTAHT METOJaMHU
Caanenoinsa ta Tayka, a TAKOXK CUMYJISIIHHUX MaKETIB.

VY TpeTboMy po3Aisi, METOAAMH CKAaHYIOYOi €JIEKTPOHHOI Ta aTOMHO-CHJIOBOI
MIKPOCKOITi HABEJIEHO aHaji3 AOCHIKEeHHS (opMyBaHHS MOpPQOJIOrii MOBEpPXHI
toukux IrBok CdS i CdTe, ocamkenux Ha miakiaagku i3 ckia Ta (100) kpeMHiO
METOJIOM BIJKPUTOIO BHUIIApOBYBaHHS y BakyyMi. Cepid 3pa3kiB OcCaKyBajach 3a
pi3HUX TexHojoriyHux QaxrtopiB. [lmiBku ZnO BupolIyBalu METOAOM JIa3€pHOTO
IMITYJIbCHOT'O OCaJPKEHHSI Ha TIAKIIaKaX 13 CKJIa 1 KPEMHIO.

I3 ¢dazoBoro amamizy wmeromom EDS cmimye, mo ocamkeHI IITiBKH
XapaKTEPU3yIOThCA CTEXIOMETpUYHUM CKJagoM. Kpim Toro, BUXOAsuM 13 aHATI3y
audpakiiiHoro crekTpy, ToHkKMX IIiBok CdTe/ckino crocrepiraeThbesi HE3HAUHE
3MIIIeHHS MiKiB audpaxiii y Oik MEHIIOTro KyTa, IO CBIIYHUTH Mpo Te, mo map CdTe
3HAXOUTHCA Mijl HAIPY)KEHHAM CTHCKY, OCKLIBKM OOuMCIIeHi 3HaueHHs dy = 6.500 A
Ta g = 6.497 A nepeBuNTyIOTH 3HAYEHHS JJIs CTAHIAPTHOIO 3pa3ka Mopoluky (6,481
A). Hanpyru, mo BMHHKAIOTH Y TOHKiil ILIiBIi, € TMOABIMHMMH: BHYTpilIHIMH i
30BHIIIHIMHU. BHYTpiIIHI HANnpyru MOXKYTh OYTH CIIPUUMHEH] YMOBAMH, IO CKJIATIHCS
miJ] yac OCa/PKeHHs IUTIBKHU (TeMIlepaTypa MiIKJIaIK1, MIBUAKICTb OCAIKEHHSI TOILO),
TOMI SK 3O0BHINIHI HANPYTd BU3HAYAIOTHCS PI3HUIICI0 KOE(DIIIEHTIB TEMJIOBOTO
PO3LIMPEHHS MIXK IM1JIKJIaIKOIO Ta TOHKOIO ILJTIBKOIO.

Ha ocnoBi ACM-aociiKeHb BCTaHOBIICHO, 10 picT ToHKuX miiBok CdTe sk
HAa KpEMHI€BIH, Tak 1 Ha CKISHIA NIAKIaAKaxX 3a JOCTIIKyBaHUX 3HAYCHb

TEXHOJIOTIYHUX (akTOpiB peamizyeTbcs 3a MexaHisMoM CrtpaHcki-KpactanoBa —



criepiry Hapoctae map CdTe 13 momanbiiuM yTBOPEHHSM Ha KOHJEHCOBaHIM IUTIBII
OKpPEeMHUX PIBHOMIPHO PO3MOJAUIEHWX HaH000'ekTiB. [Iprmdomy, Haibimbm WMOBipHA
BHCOTa peibedy CTAaHOBUTH ONHM3BKO 25 HM IS IUTIBOK OCADKEHUX HA KPEMHIEBUX
MiIKIaAKax Ta OJU3bKO 35 HM JIJIs TUTIBOK, OCAJKEHUX HA CKIISTHUX IM1JIKJIaIKaX.

BukoHytoun aHasi3 MOBEpXHI 3a JOMOMOror MmoOyaoBaHux Ha ocHOBI ACM-
300paxkeHb 2D-kopensamiiHux (yHKIIA, BCTAHOBJIEHO IO I TOBCTHUX 1 TOHKHUX
IUTIBOK, BHUPOIIEHUX HAa KPEMHIEBUX TMIJKIAIKAaX, a TaKOXX TOHKUX IUIIBOK,
BUPOIIEHUX Ha CKJ, CIIOCTEpIraroThCs mepiofauuHi psau. HasBHICTH mepiognyHuX
PSAZIB  TPOSABISETHCS Ha 300pKEHHAX B OOCPHEHOMY MPOCTOPI, OTPUMAHHUX
nepeTBOpeHHsM Dyp’e, MO MIATBEPIKYE TEXHOJOIIYHO KOHTPOJBOBAHHUM PpICT
wiiBkk. O0’€KTH HA MOBEPXHI TOHKOI IUTIBKH PO3TAIIOBYIOThCS Yy KBajapaTHii (2D)
rpatii. 31 30UTBIICHHSM TOBUIMHU TUTIBKH CIIOCTEPITAETHCS PEKOHCTPYKINS TPATKH
Yyepe3 MOHOKIIIHHY Y TeKCaroHaJlbHY.

UeTtBepTuili po3Ail MNPUCBIYCHUN aHATI3y CIEKTPAIbHUX XapaKTEPUCTHUK
toHkux IIiBok CdTe, CdS ta ZnO nHa migkiankax i3 ckia. [IpoBeneHo po3paxyHOK
ONTUYHOI HIMPUHU 3a00pPOHEHOI 30HM BIAMOBIAHO A0 Metoay Tayka. OnTuuHi
KOHCTAHTH, TaKl K KOC(IIIEHT TOTJIWHAHHS, IMOKa3HHK 3aJIOMJICHHS, TCOPETUYHO
po3paxoBaHa TOBIIMHA IUTIBKHM, KOE(ILIEHT EKCTHUHLII Ta ONTHYHA MPOBIAHICThH
BU3HAYAIM BHKOpUCTOBYoun Mmeton Ceanenosis. IlmiBku CdTe Bigpi3HSIHOTHCS
BHCOKOIO MPO30PICTIO B ONMMkKHIM 1HPpauepBoHiil 007acTi Ta cepeaHiM KoedilieHTOM
MPOMYCKaHHS, IKUM KouBaeThest Bif 57% 10 80%. Yci mIiBKU 1EMOHCTPYBAIIU JyKE
pi3kuil Kpail mornuHaHHg 1o6su3y 850 HM, 10 BiANOBiAa€E MUPHUHI 3a00POHEHOT
3ouu CdTe, He3anexxHo BiI TOBUIMHM IUTIBKM. Kpim TOro, crnocrepexyBaHa
iHTepdepeHIliiiHa KapTUHA B CHEKTpax ONTUYHOI MPO30pPOCTI € BKA3IBKOI Ha
OMHOPIIHICTh ~ OCA/DKCHUX IUIIBOK 1O ToBmuHI. Ili  pesyapTaTd  Takox
HIATBEPIKYIOTHCSI CTPYKTYPHUM aHaJi30M, [0 MOXHa MOSICHUTH PIZHUIICI0 MIX
MMOKA3HUKAMM 3aJIOMJICHHS TUTIBKM Ta IMJAKIAJAKA, a TaKOoX dYepe3 HasBHICTh
YHUCJIEHHUX TOYOK B1JOWBAHHS.

Ha Bupomienux 1 BianageHux IiiBkax ZNO MNposBISIOTHCS Pi3HI MEXaHI3MHU
PO3CIOBaHHS HOCIIB 3apsmy. Y IUX IUTIBKAX MOKA3aHO HASBHICTh TOYKOBUX JC(EKTIB,

[I0B’A3aHUX 13 KHCHEM, 30Kpema, e BakaHcli KUCHIO (Vo) Ta MIXKBY3JIOBI aTOMH
b b



kucHio (Oj). Bianman B atmocdepi KUCHIO T03BOJISIE 3MEHIITUTH KiLIbKICHb TOYKOBUX
nedeKTiB.

Po3paxyHKOBI 3HaYEHHSI ONITUYHOT MUPUHU 3a00POHEHOI 30HU TOHKHUX ILUTIBOK
Zn0O 1oKa3ylTh 30UTBIICHHS IMPUHU 13 MIJBUILEHHAM TeMIepatypu niakiaaaky. Le
MOKHA TOSICHUTH 3HAYHUM 3CYBOM €JEKTPOHHOI ryctTuHHM bypiitaitna. HasBHICTB
XBOCTa y BUAMMOMY J1alla30H1 CIIEKTpa MOTJIMHAHHS MOSICHIOEThCS €HEprielo Ypobaxa
— 1HJYKOBaHE ONTHYHE TMOIVIMHAHHS BiacHUX JedexTiB. BoHa Bu3HauaeThCcs 13
EMITIPUYHOTO 3aKOHY YpOaxa, sfKa BKa3ye€ Ha CHIHOOOMIHHY B3a€EMOMII0 MiX
€JICKTPOHAMH TPOBITHOCTI Ta €JIEKTPOHAMHU, JIOKAJT130BaHUMH Jie(peKTaMu, a TaKOX 1X
B3a€EMOJII€I0 3 (DOHOHAMH.

Y m’atoMy  po3auli  MPOBEACHO  ONTHMI3AIlil0  KIHIICBOI  KOMIPKH,
BUKOPUCTOBYIOUM  CEPEJOBHUIINEC KOMIT IOTEPHUX CHUMYJSIA  (HOTOECTEKTPUUHUX
koMipok — SCAPS. Amnami3z TeTepoCcTpyKTypH NPOBOAMBCS Ha OCHOBI BOJBT-
aMIIepHUX XapaKTepUCTUK. BU3HAUEHO ONTHUMAaIIbHI TApaMEeTPU OCAJKEHHS KOKHOTO
i3 mrapiB. Tonki miiBku Ha ocHOBI CdTe mpomeMOHCTpyBadu HE BUCOKI 3HAYCHHS
KKI ~ 12,18%, d¢akrop 3amoBHeHHA mpu 1boMy ckmagaB FF ~ 65%. [lns
MOKpameHHs:  €QEeKTUBHOCTI y  SKOCTI  «BIKOHHOTO  Iapy»  JIOJaTKOBO
BukopucToByBaBcs map CdS. ExcnepumeHTanbHO TOBHIMHA BikoHHOTO mapy CdS
konuBaiacs Bijg 10 mo 100 HM, Tomi sk iHII TapameTpu mapy noriauHanHs CdTe
TOBIIMHOIO d = 3 MKM 3aJMIIAINACI MOCTIMHUMHU. 3MEHIIEHHS TOBIIHHH BIKOHHOTO
mapy CdS npuzBoauTh 0€3MOCEPEeHbO 10 MIABUINCHHS €(PEKTUBHOCTI COHSYHHUX
€JIEMEHTIB 32 PaXyHOK 3MEHIIICHHS BTPAT MOTJIMHAHHSA, 1110 BiI0yBaIOTHCS Y HHOMY, a
TAKOXX MOJKJIMBOTO ITiJIBHIICHHS CTPYMYy KOPOTKOTO 3aMHKaHHS. binmbmie Toro,
3MmeHmieHHs ToBHU CdS 361inbiye MmoxauBicTh qudysii CdS no CdTe B mporieci
BUTOTOBJICHHS COHSIYHUX €JIeMEHTIB. Taka nudys3is MK BIKOHHUM IIApOM Ta MIapoM
MOTJIMHAYa MOK€ 3MEHIIUTH JiepopMaliito, 10 BUHUKAE BHACIIIOK HEBIAMOBIIHOCTI

(cTanux) rpaTku, 1, TAKUM YMHOM, BUKJIMKA€ 3MEHIIICHHS 1e(DeKTiB B iHTep(deiici.

KarwuoBi caoBa: tonki mmBku |I-VI, onTudnHi BIacTUBOCTI, T€TEPOCTPYKTYPH,
¢doroenekTpuuHa Komipka, Meron CBaHeNouss, CTPYKTYpPHI BIIACTUBOCTI, COHSAYHI

CJIICMCHTMU.



SUMMARY

Yavorskyi R.S. Structural, morphological and optical properties of thin-film
heterostructures based on compounds I1-V1 - Manuscript.

PhD thesis in specialty 104 - Physics and astronomy. Vasyl Stefanyk
Precarpathian National University, Ivano-Frankivsk, 2020.

Based on complex experimental studies and relevant theoretical calculations,
the analysis of the influence of structural, morphological and optical properties of the
upper ZnO layer, the "window layer" of CdS, the absorption layer of CdTe and their
heterostructures on the efficiency of the photoelectric cell was performed.

The first chapter reviews the literature on physicochemical, thermodynamic,
structural and optical properties of semiconductor compounds 11-VI (CdTe, CdS,
Zn0). In particular, the features of phase diagrams of binary compounds are
considered, the values of equilibrium constants are given, which allow to clearly
establish the temperature regimes of evaporation of a binary compound, have been
studied. The band and crystal structure of each of the layers are analyzed in detail for
the corresponding heterostructure.

The physical content of optical parameters, such as the absorption coefficient,
transmission and reflection coefficients, the optical width of the band gap of each
material, as well as the main processes that accompany the interaction of the
electromagnetic wave with the surface of the thin film is represented.

The second chapter of PhD thesis research concerns the technology of
synthesis of binary compounds CdS and CdTe and obtaining thin-film vapor-phase
condensates on glass and (100) silicon substrates under different technological
conditions of deposition. The design features of the installation, technological modes
of deposition and their modification for specific tasks are described. The kinetics of
the deposition process of thin films from the vapor phase, the mechanisms of
nucleation, formation and growth of thin-film nanocondensates, the influence of
deposition conditions on the growth rate of a single layer are also analyzed. The
process of laser pulse deposition for growing thin films of zinc oxide is described.

The process of laser pulse deposition for growing thin films of zinc oxide is

described. The functional features of diagnostic equipment used for structural



analysis are presented, in particular, for determination of phase and chemical
composition, surface morphology and establishment of nucleation and growth
processes of films of investigated materials is performed: scanning electron
microscope (SEM), atomic force microscope (AFM), installations for energy
dispersion (EDS) and X-ray diffraction (XRD) analysis, profilometer; spectral
research methods: spectrophotometer. The main principles of theoretical methods
used in thesis are considered in detail: calculations of optical constants by Swanepoel
and Tauc methods, as well as simulation packages. The main principles of theoretical
methods and simulation packages used in thesis are considered in detail: calculations
of optical constants by the methods of Swanepoel and Tauc.

The third chapter presents an analysis of the study of the surface morphology
formation of CdS and CdTe thin films by scanning electron and atomic force
microscopy deposited on glass and (100) silicon substrates by open evaporation in
vacuum. A series of samples was deposited by various technological parameters. ZnO
thin films were deposited by laser pulse deposition on glass and silicon substrates.

From the phase analysis by the EDS method it follows that the deposited films
are characterized by a stoichiometric composition. In addition, based on the
diffraction spectrum of CdTe/glass thin films, there is a slight shift of the diffraction
peaks towards a smaller angle, which indicates that the CdTe layer is under
compressive stress, because the calculated values of ay = 6.500 A and ap = 6.497 A
exceed for a standard powder sample (6,481 A). The stress developed in the thin film
is double: internal and external. Internal stress can be caused by conditions prevailing
during film deposition (substrate temperature, deposition rate, etc.), while external
stress are determined by the difference in thermal expansion coefficients between the
substrate and the thin film.

Based on AFM studies, it was found that the growth of CdTe thin films on both
silicon and glass substrates at the studied values of technological factors is realized
by the Stransky-Krastanov mechanism - first the CdTe layer grows with the
subsequent formation of individual uniformly distributed nano on the condensed film.
Moreover, the most probable relief height is about 25 nm for films deposited on

silicon substrates and about 35 nm for films deposited on glass substrates.



Based on AFM studies, it was found that the growth of CdTe thin films on both
silicon and glass substrates at the certain technological modes is realized by the
Stransky-Krastanov mechanism - first the CdTe layer grows with the subsequent
formation of individual uniformly distributed nanoobjects on the deposited film.
Moreover, the most probable relief height is about 25 nm for films deposited on
silicon substrates and about 35 nm for films deposited on glass substrates.

Performing surface analysis using 2D-correlation functions based on AFM
Images, it was found that for thick and thin films grown on silicon substrates, as well
as thin films grown on glass, periodic series are observed. The presence of periodic
series is manifested in the images in reciprocal space obtained by the Fourier
transform, which confirms the technologically controlled growth of the film.
Nanoobjects on the surface of the thin film are arranged in a square (2D) lattice. As
the film thickness increases, the lattice is reconstructed through a monoclinic to a
hexagonal one.

The fourth chapter is devoted to the analysis of the spectral characteristics of
CdTe, CdS and ZnO thin films on glass substrates. The optical width of the band gap
was calculated according to the Tauc method. Optical constants such as absorption
coefficient, refractive index, theoretically calculated film thickness, extinction
coefficient and optical conductivity were determined using the Swanepoel method.
CdTe films are characterized by high near-infrared transparency and an average
transmittance ranging from 57% to 80%. All films showed a very sharp absorption
edge near 850 nm, which corresponds to the band gap of CdTe, regardless of the film
thickness. In addition, the observed interference pattern in the spectra of optical
transparency is an indication of the homogeneity of the deposited films in thickness.
These results are also confirmed by structural analysis. This can be explained by the
fact that there is a difference between the refractive indices of the film and the
substrate, as well as due to the presence of numerous points of reflection.

Various mechanisms of charge carrier scattering are manifested on as-grown
and annealed ZnO films. These films show the presence of oxygen point defects,
including oxygen vacancies (Vo) and interstitial oxygen atoms (O;). Annealing in

oxygen atmosphere reduces a number of point defects.



The calculated values of the optical band gap of ZnO thin films show an
Increase in width with increasing substrate temperature. This can be explained by a
significant shift in Burstein's electron density. The presence of the tail in the visible
range of the absorption spectrum is explained by the Urbach energy, that indicates the
spin-exchange interaction between conduction electrons and electrons, localized
defects, and their interaction with phonons.

In the fifth chapter the optimization of the developed cell using solar cell
capacitance simulator — SCAPS — is performed. The analysis of the heterostructure
was performed on the basis of current—voltage characteristics. The optimal deposition
parameters of each of the layers were determined. CdTe-based thin films did not
show high efficiency values of ~ 12.18%, the fill factor FF was ~ 65%. CdS was
additionally used as a "window layer" to improve efficiency. Experimentally, the
thickness of the CdS window layer ranged from 10 to 100 nm, while other parameters
of the absorption layer CdTe with a thickness d = 3 um remained constant. Reducing
the thickness of the CdS window layer directly leads to an increase in the efficiency
of solar cells by reducing the absorption losses that occur in it, as well as a possible
increase in short-circuit current. Moreover, reducing the thickness of CdS increases
the possibility of diffusion of CdS to CdTe in the manufacturing process of solar
cells. Such diffusion between the window layer and the absorbtion layer can reduce
the deformation caused by the mismatch of the lattice parameters, and thus causes a

reduction in defects in the interface.

Keywords: thin films I1-VI, optical properties, heterostructures, photoelectric cell,

Swanepoel method, structural properties, solar cells.
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