AHOTANIA

Kypuwyx C.I. TOHKI TUIIBKA OKCHAY Midi, BYTJIEHEBUX 1 BYIJICHEBMICHUX
MaTepiaigiB Ta TeTepOCTPYKTYpH Ha iX ocHOBI. — KBamidikariiiHa HaykoBa Mparisg Ha
MpaBax PyKOIHUCY.

HucepTtariis Ha 3700yTTS HAyKOBOTO CTymeHs JokTopa (dinocodii 3a
cnemianpHicTIO 104 — ®i3uka Ta actpoHOMis. — YepHIBEUbKHI HallOHATHHUIMA
yuiBepcuTteT imeHi IO0pisa @enpkoBunya MOH Ykpainu, Uepnisii, 2024.

Huceptariiina po0OoTa TNpHUCBAYEHA PO3POOIIl TEXHOJOTIUHUX PEKHUMIB
HanmuiIeHHS TOHKMX IUTBOK CUO, ByrieneBux 1 BYIJICIEBMICHUX MaTepialiB 3
3aJJaHUMU Ta BIJITBOPIOBAHUMH €JIEKTPUYHUMH Ta ONTUYHUMH BIIACTUBOCTSIMH, a
TaKOX T0KAa3aHO MOJKJIMBICTh 11X TIPAKTHYHOTO 3aCTOCYBAaHHS Yy CYYaCHUX
TeTePOCTPYKTYPHUX EIEKTPOHHUX 1 OMTOSICKTPOHHUX TIPHJIagax.

Juceprariisi CKJIQTA€eTbcs 13 BCTYIY, TPhOX PO3AUTB, BUCHOBKIB, MEPENIKY
BUKOPHUCTAHMX JKEPEIT Ta TOIATKY.

¥ Beryni oOrpyHTOBAHO aKTyalbHICTh pOOOTH; c(HOPMYIHOBAHO METY, OCHOBHI
3aja4i, 00’€KT Ta MpPeaMET OCIIHKEHHS; BKa3aHO HAyKOBY HOBHU3HY 1 MpPaKTHYHA
LIHHICTh OTPUMAHMUX PE3YJIbTATIB; MOJAHO 1H(OPMALIID PO OCOOMCTUN BHECOK
3m100yBaya, anpooarrito poooTH, ii CTPYKTYpy Ta 0OCHT.

Y mnepmomMy po3aiti aucepTallii MpejacTaBiICHO JITEPATYPHUM OIS, SKUN
CBIJUUTH MPO 3HAYHY 3aLIKABJICHICTh YYEHHMX 3 YChOT'O CBITY B JOCIIIPKEHHI TOHKUX
IUTIBOK OKCHUIY MiJi Ta Tpadity, a TakoX y po3poOIli BUCOKOS(hHEKTUBHUX MPUIIA/IIB
ONTOEJNEKTPOHHUX MPUJIA/IiB Ha iX OCHOBI.

AHani3 (i3MYHUX BIACTUBOCTEH TOHKMX TUTIBOK OKCHJIY MiJIi IOKa3aB, M0 I
Matepian, 3aBASKA HOTO YHIKaIbHUM (DI3UYHUM BIACTHBOCTSM, MPUIATHUNW IS
BUKOPHUCTAHHS SK IIap IMOTJIMHA4Ya B COHSYHMX eieMeHTax. OmHaK 11l BIACTUBOCTI
CYTTEBO 3aJICKaTh BiJI TEXHOJOTIYHUX PEKHUMIB HAMMJICHHS TOHKHUX TUTBOK. OCTaHHI
JOCSITHEHHST €(PEKTUBHOCTI COHSYHMX €JIEMEHTIB Ha OCHOBI OKCHJIY MiJl CTaHOBIISITh
8,4%, a TeopeTHYHO po3paxoBaHU MakcuMyMm Ha ocHOBI mojeni [lokmi—KBaticcepa
Uil cOHsSYHOro enemeHTta Ha ocHoBl CuO craHoButh npubmm3HO  30%.
[IpoaHanizoBaHO MOKJIMBOCTI 3aCTOCYBAaHHSI TOHKUX IUTIBOK IrpadiTy sIK 1Iapy BIKHA B

TeTEPOCTPYKTYPHUX ONTOCTIEKTPOHHUX Mpuiiagax. BcTaHOBIEHO, MO TakKi IUIIBKU



JOIJIFHO BUKOPUCTOBYBATH Ii€l0 MeTor0. (OCTaHHIM dYacoM BOHU HIMPOKO
3aCTOCOBYIOTHCS B PI3HOMaHITHUX MPUJIAJaX €JIEKTPOHIKU Ta (DOTOBOJIBTATKY.

Y napyromy posmiii gucepraiii METOJIOM PEaKTUBHOTO MarHETPOHHOIO
PO3MUJICHHS, TpPU TOCTIMHOMY CTpyMi B YHIBEpCAJIbHIN BakyyMHIM yCTaHOBII
Leybold-Heraeus L560 Burotosieno Touki miiBku CuO Ha CKISHHHX IIIKJIAIKaX,
temnepatypa skux ckianana 300 K ta 523 K. JlocnimkeHo CTpyKTYypHi, €JIeKTPUYHI Ta
ONTUYHI BJIACTUBOCTI JUId OTPUMAaHMX 3pa3kiB ToHKMX MIiBok CuO, a came
IIPE/ICTABJICHO PO3MOIII Ha MMOBEPXHI €JIEMEHTIB, IKi BXOJSATh A0 CKJIATy IHUX IUTIBOK,
BH3HAYCHO €JIEMEHTHHI CKJIaf, po3Mip 3€peH, €HEeprito aKTUBAIlll, ONTHYHY IIUPHUHY
3a00pOHEHOI 30HM, TMOKA3HUK 3aJoMiIeHHs. [IpoBefeHO aHami3 KpUBUX CHEKTPIB
npomyckaHHsi 1 BigOuBaHHs s TTiBOK CuQ, HaHECEHHMX Ha CKIISAHI TiIKIAIKU.
EnemenTHuil cknajg TOHKHUX IUIIBOK  Ta MOpP(OJOril0 TOBEPXHI OTPUMAHO 3a
JIOTIOMOTOI0 ~ CKaHyto4doro enekrpoHHoro Mikpockona (MIRA3 FEG, Tescan),
OCHAILEHOT0 JIeTeKTopoM BiaOutux enexkrpoHiB (BSE) 1 eneproaucnepcHuM
pentreHiBcbkum netektopoMm (EDX). BcranoneHo, 1mo po3mip 3epeH Ajisi IUTiBOK,
OTPUMAHMX MPU HUKYIN Temneparypi miakiaaku D, ctaHOBUTE ~ 16 HM, a JIJ1s TUTIBOK,
OTpUMAaHUX Tpu BHIIIKA TemnepaTypi, — D ~26 am. Ha nudpaxtorpamax TOHKHX
mwiiBok CuO cnocrepira€rbcsi OLIbINA IHTCHCHBHICTH TIKIB JIJII TOHKHX ILTIBOK,
OTpUMAHUX Mpu BHUIIKX Temneparypax miakiaagaku CuO Ne2, mo wmoxke Oytu
3YMOBJIEHO KpAIllOI0 CTPYKTYPHOIO JIOCKOHAJICTIO TOHKHX IUTIBOK Ta OUIBIIUM
PO3MIpOM 3epeH. YHACTI0K JOCIIKEHHS eJICKTPUYHUX BIACTUBOCTEH 3’COBaHO, 1110
TEMIEPATYPHI 3AJIEKHOCTI EJIEKTPUYHOTO OMOpy JUisi TOHKHX IUIIBOK CuO MarTh
HaIBIPOBIIHUKOBUI ~ XapakTep, TOOTO OMIp 3MEHIIYETbCS MpU  30UIBLICHHI
Temneparypu. YoTUPU30HAOBUM METOJIOM BUMIPSHO BEJTMYUHU MTOBEPXHEBOTO OIMOPY
wiBok: 3pa3ok Nel - p = 18,69 kOm/L1, 3pazok Ne 2 - p = 5,96 kOm/L]. Ha ocHoBi
HE3aJICKHUX BUMIPIOBAaHb KOE(QIIIEHTIB BIJIOMBAHHA 1 TPOMYCKAHHS BHU3HAYCHO
onTu4Hy UMpuHy 3abopoHeHoi 30uu (Eg™) mis IBOX 3paskiB  eKCTPANOISIIErO
npsMoNiHiiHOT AinsHKH KpuBoi (a/v)? = f (V) Ha Bick hv. s 3paska CuO Nel E,® =
1,62 eB; ms 3paska CuO Ne2 E;* = 1,65 eB. Jlnst Torkux mwiiBok CuO Ne2 takox

BUKOPUCTAHO KOHBEPTHUIN METOJ AJIi OOYMCIECHHS! OCHOBHUX ONTHYHHUX KOEPIIIEHTIB



E,;” = 1,72 eB. Orpumani 3uauenns E," , BusHaueni msoma Mmertonamu, a06pe
KOPEJIOIOTh MIXK COOOI0.

Mertonom crpeii-ipomnisy npu Temueparypi Ts= 350°C 0.2 M BogHOrO po34nHy
comi CuCl;2H,0 orpumano Tonki TwBkd CuO  p-TUIly  TOBIIUHOIO
d = 0,3 mxmM. [IpoanasnizoBaHo €JIEKTPUYHI Ta ONTUYHI BJIACTHUBOCTI IUIIBOK. Bu3HaueHo
eHepriro akTuBaiii, sika gopiBHIoe E, = 0.27 eB, Ta Tanrenc xyra Haxuiy tgo = 3.12. 31
CTIEKTPANBHOI 3aTeXHOCTI (ahv)® = f(hv) Touknx mriBok CuO BH3HAYCHO LIMPUHY
3a00pOHEHO] 30HH, sKa 1opiBHIOE Ey = 1.54 eB.

[TokazaHO MOYJIMBICTH BHKOPHUCTAHHS TOHKUX IUTIBOK okcumay wmimi (CuQO) sk
aKTUBHOIO IIapy B TOHKOIUTIBKOBUX COHSYHUX €JIE€MEHTaX 31 CTPYKTYPOIO
ckn0o/ITO/rpagit/CuO/Ni. 3a  [10moOMOror0 TpaHCPEPMETPIKC-CUMYJISILIL  OTPUMAHO
IIBUJIKICTh T'€Hepalii HOCIiB 3apsly HUIIXOM MOJETIOBAHHS PO3MOALTY ONTHYHOIO
nossi. TeopeTuuHi MOPOroBi 3HA4YEHHS €(PEKTUBHOCTI (HOTOECIEKTPUYHUX MPUCTPOIB
BHU3HAYCHO JJIS Pi3HUX TOBIIMH aKTHUBHOTO APy 3 BUKOPHUCTAHHAM HOPMAJIi30BaHOT
IHTGHCUBHOCTI ~ CBITJIa,  €KBIBaJleHTHOI  cmektpy  AMI1.5.  BonpT-amrepHi
XapaKTEPUCTUKH, 3MOJICIIbOBaHI HAMIBEMIIIPUYHUMH METOJIaMH, 3aCBIAUYIOTh, IO
e(eKTUBHICTb (POTOETEKTPUYHOTO TEPETBOPEHHSI 3aJICKUTh Bl TOBIIMHU AKTUBHOTO
mapy, 3 eexruBHicTiO 25,2% amst mwiriBok CuO ToBmmHOIO 500 HM.

Y TperboMy po3aidi aucepTallii NPEACTaBICHO PE3yJbTaTh JOCIIIKEHHS
CTPYKTYpHHUX, ONTHYHUX Ta CIICKTPUYHUX BIACTUBOCTCH TOHKHUX ILIIBOK TpadiTy B
3anexxHocTi Bim TBepaocti crepxkHiB (2H, H, HB, B ta 2B), otpumanux meromom
“oJiBeIIb-HA-HAMIBIPOBIAHUKY. Taki MOCHIPKEHHS MalOoTh BEJIMKE 3HAYEHHS IS
MOJIJIBIIIOT PO3POOKH BUCOKOS(HEKTUBHUX MPHUIIAIIB Ha OCHOBI T€TEPONEPEXOIIB IS
CJIEKTPOHIKA Ta ONTOENEKTPOHIKA. 3a JOMOMOIOK CKaHYKUYOTrO EeJIEKTPOHHOTO
MIKpPOCKONAa OJIEp>)KaHO THUIIOBl 300pa)K€HHS TOBEPXHI, YTBOPEHI BIAOUTUMU
enektpoHamu (BSE), 1 mokazano npu Tprox 30umbmieHHsx (100x, 500x i 1000x).
OCKUIBKH CTEpXH1 JIOCTIPKYBAaHUX OJIBIIB CKJIAMAIOThCS 13 CyMilledl TJIMHM Ta
rpadity, TpoBeIeHO OUIBI JETATbHUN aHaji3 EJIEMEHTIB, 3 SKUX CKJIQJal0ThCs
crepxkHi. EDS-anamiz mokaszaB, 110 OCHOBHUMH CKJIQJHHKAMH JOCIIKYBaHUX
CTEP)KHIB € ouuIileHuil rpaditoBuil mopoiok, a Takox O, Al 1 Si, mo BXoasTh 10

CKkiaay KaomiHy, ¢opmyna sikoro HzAlLSi,Og, a00 Al,Oz ¢ 2Si0; * 2H,0 — ronosHa



CKJIaJ0Ba YacTWHA 3BUYAWHOI IMHMHU. BU3HaueHO eleMeHTHHI CKiaa MIKpooo'emy
JIOCTKyBaHUX 3pa3kiB. He3Bakaroun Ha MOXMOKY, sika BUHUKA€E MPU BU3HAYECHHI
ckiany C1 O (~ 12%), MoxkHA CTBEPKYBATH, 1110 BCE K 30€pIracThcs 3aKOHOMIPHICTb
MK BMICTOM TpadiTy 1 TBEPAICTIO OMIBIL. ToOTO YuM OUTBIINN BMICT TpadiTy — THM
M’SIKIIME cTepaeHb. CepellHst TOBIIMHA BCIX JTOCIIPKYBAHUX TUTIBOK cTaHOBUJA ~ 150
HM, OCKUIbBKM TOBIIMHA IUTIBOK, OTPUMAaHUX TaKHUM METOAOM, B OCHOBHOMY
BH3HAYA€THCS MIOPCTKICTIO MOBEPXHI CONIAHOI mikiaaaku. HapucoBani miiBku rpadity
MaroTh BHUIIUA MUATOMHUMN OIMip, HK 00’€MHI 3pa3Ku (CTEpPIKHI OJIIBIIIB), 3 SKHUX BOHHU
BUTOTOBJIEHI. Omip IUIIBOK 3pOCTa€ MPU 3POCTaHHI TBEPJOCTI OMIBIIIB, IO 3yMOBJICHO
3pOCTaHHSAM KUIBKOCTI JOMIIIKH IJIMHH B TpadiTi, sKa € JaieJeKTpukoM. BecrtanoBieHo,
110 3pOCTaHHS TBEPOCTI OMIBIISI IPUBOJUTH 0 3POCTAHHS MPOITYCKaHHSI.

Buroroeneno miomm IllotTki Tpadit/n-Si-MeTOAOM €IEKTPOHHO-TIPOMEHEBOTO
BUTIAPOBYBaHHS TpadiTy Ha MAKIAAKKA KPEMHIIO N-TUITy MPOBIAHOCTI. JlOCHiHKEHO
BIUIMB TOBUIMHHU IUTIBOK TpadiTy Ha (POTOENEKTPUYHI Ta €IEKTPUYHI BIACTUBOCTI IMX
TioiB. 3’SICOBaHO TEMIIEpaTypHI 3aJICKHOCTI HIYHTYIOYOTO Ta TMOCHIJOBHOTO OMOPIB
miomi. [Ipu mpsimoMy Ta 3BOPOTHOMY 3MIIIEHHSIX BHU3HAYEHO JIOMIHYIOYl MEXaHI3MU
CTPYMOIIEPEHOCY Yepe3 AOCHIKYBaH1 Jioau. OOUHUCIEHO YyTIUBICTh Ta IETEKTUBHICTD
BurotosjieHux miomie Lllortki rpadit/n-Si. JJocmimKyBaHi TeTeponepexoan BOJIOMI0Th
SCKPaBO BUPAKEHUMHU JII0THUMHU XapaKTEPUCTUKAMU 3 KOEDIIIEHTOM BUMPSMIICHHS IS
CTPYKTYPH 3 TOHIIOKO ITiBKOIO RR ~ 5 -10° a s CTPYKTYpH 3 TOBCTIIIOKO TUTIBKOKO
RR=10°.

['erepoctpyktypu tuny aioniB Illortki rpadit/p-INnP BurotoBneHo uuisixom
NEpPEeHECEHHsT HapruCOBaHOi TpadiTOBOI TUTIBKK HA MIAKIAAKY InP p-Tumy nmpoBigHOCTI.
BcTanoBiieHO 1oMiHYI0U1 MEXaHI3MU cTpyMoniepeHocy uepes3 mioau Lllortki rpadit/p-
InP: wme OaraTocTymiHYacTi TYHEIHLHO-PEKOMOIHAIlIHI MpOIECH 3a Y4YacTiO
MMOBEPXHEBUX CTaHIB Ha Mexi po3aury rpadit/p-InP mpu mpsimomy 3wmimieHHi Ta
TYHENIOBAHHS TPU 3BOPOTHOMY 3MillleHHI. JloCmipKyBaHl reTeponepexoid MaroTh
SICKpaBO BHPaKCHI MiOMHI XapakTepHCTHKH 3 KoedirieHToM BumpsiviieHus k ~ 10°
(mpu V =1 B). [lokazano, mo ctBopeni rpaditosi/p-InP mionu IIloTTKI MatOTh BUCOTY

noTeHiiHoro 6ap’epa 0,71 eB.



JocnimpkeHo  enekTpuyHi 1 (DOTOENEKTPUYHI  BIACTHBOCTI  OpraHiyHoO-
HeopraniuHoro rereporiepexoaiB ['padit/PEDOT:PSS/n-CdZnTe, cdhopmoBanux 3a
mornoMororo HaheceHHs TOHKMX IUnBOK PEDOT:PSS na maxmagku CdZnTe.
BcranoBneHo TemmepaTypHi 3alie)KHOCTI BHCOTH TMOTEHIadbHOTO Oap'epa Ta
MOCJTIZIOBHOTO OIMOPY 1 IIYHTYIOUOTO OMOPIB OPraHIYHO-HEOPTraHIYHOrO 3 JOCTIIKEHb
BOJIT-aMIICPHUX XapakTepuctuk rereponepexoniB [ 'padit/PEDOT:PSS/n-CdZnTe.
BcranoBiieHO MOMiHYIOUYI MEXaHI3MH CTPYMOIIEPEHOCY Yepe3 OpraHiqHO-HEOpraHiuHi
rereponepexoau ['padgit/PEDOT:PSS/n-CdZnTe npu npsMux i 3BOPOTHUX 3MIIIEHHSIX.
[Toka3zaHo, 110 Taki TeTEPOCTPYKTYpU (HOTOUYTIMBI i MOKYTh BUKOPHUCTOBYBATHUCS SIK
dboTonpuiimaui.

Po3pobneno dotomionu s yibTpadiosieTOBOi, BUAUMOI Ta  OJM3BKOI
1H(ppayepBOHOi 00JaCTI CHEKTpa Ha OCHOBI YHIKQJIBHOIO TMOE€IHAHHS pajialiiHoO
CTIMKMX (DYHKIIIOHAJIHHUX MaTeplaiiB: TOHKOIUIIBKOBOTO HalliBMETAIEBOTrO rpadiTy Ta
MoHoOkpucTaniunoro HamiBnpoBigHuka CdZnTe. ®otomaionu Ha ocHoBi ['padit/CdZnTe
NMPOSIBIIIOTh MAKCHMATIbHY dyTimBicTh Ha piBHi 0,25 A Br' Ta BONOm;iiors
JNETeKTUBHICTIO Ha PpiBHI 6,5 X 1011I[>1<0Hc, mo OMU3bKO JI0 HaWKpaIuX
rereponepexoqHux (oTo10/11B, BUTOTOBIEHUX Ha OCHOBI TBepaoro po3unny CdZnTe.
[TpucTpoi Takok XapaKkTEepU3YIOThCS MIBHJIKMMU 4YacaMd BIATYKY MiadoMy/criamy
(1,2/7,2 MKC) 1 IIMPOKUM JIIHIMHUM JMHAMIYHUM AianazoHoM (77 nb). 3anponoHoBaHi
doroniond MOXyTh BHUKOPHCTOBYBAaTHCS B KOCMIYHHMX 1 3€MHHX 3aCTOCYBaHHSX 3
BUCOKHM PIBHEM 10HI3YIOUOTO BUTIPOMIHIOBAHHSI.

IIpakTH4He 3HAYECHHS OTPUMAHMX pe3yJbTaTiB.

Pesynbratu nmocnmikeHb, MPOBEACHUX Y paMKax i€l TucepTaliiHol poOoTH,
MalOTh BEJIMKE MpaKTUYHE 3HAUYEHHS MJIi PO3pOOKM PI3HUX EJIEKTPOHHUX Ta
ONTOENEKTPOHHUX  NPWIAAIB HAa  OCHOBI  Oap’€pHUX  TETEPOCTPYKTYp 13
BIJITBOPIOBAHUMH Ta CTAOLTLHUMU XapaKTEPUCTUKAMH 32 PI3HUX YMOB €KCIUTyaTaIlii.

1. Po3po0OneHO  TEXHOJIOTII0  BUTOTOBJICHHS, METOAOM  PEAaKTUBHOIO
MardeTpOHHOTO PO3MIJICHHS, HAIIBIIPOBITHUKOBHUX MOMIKpHUCTaTIYHUX TTiBOK CUO p-
TUIy TPOBIAHOCTI 3 po3MipoM 3epeH D~ 26 HM, mHUpUHOIO 3a00POHEHOT 30HU
E,™ = 1.65 eB Ta noBepxHesuM omopom - p = 5,96 kOm/L], 1m0 0co0IMBO aKTyaIbHO

JUTSL BUTOTOBJIEHHS (POTOEJIEKTPUYHHX TIEPETBOPIOBAYIB.



2. 3amporioHOBaHO TMPOCTUH, EKOJOTIYHO O€3MeYHWid Ta JEMIeBUH METO.
OTPUMaHHSI BHUCOKOSIKICHOTO TpadeHy 3 BUKOPHUCTAHHSM KyXOHHOTrO OieHuepa i
OpraHIYHOTO PO3YMHHHUKA MOJIBIHUIMIPOIIOHY SK HETOKCHYHOTO JgUCIEepraropa.
['paden, oTpumaHuii TakuM CHOCOOOM, AOIIIBHO BUKOPHUCTOBYBATU Ui CTBOPEHHS
ONTOEJNEKTPOHHUX TIPUIIAIIB.

3. BurorosneHo OpraHiYHO-HEOpraHiuH1 reTepOCTPYKTYpPH
['padit/PEDOT:PSS/n-CdZnTe Ta mnoka3aHo, MmO Taki TIeTepOCTPYKTypHu  (HOTO
YYTIUBI 1 MOKYTh BUKOPUCTOBYBATHC SIK (hOTOIpHiIiMaYi.

4. Pospobmeno doromiogu s yiabTpadioneToBoi, BUAUMOI Ta OIU3BKOI
iH(payepBoHOi 00MacTe CHEKTpa Ha OCHOBI YHIKQJIBHOIO TMOETHAHHS pajialliiiHO
CTIMKMX (DYHKIIOHAIBHUX MaTepialliB: TOHKOIUTIBKOBOTO HalliBMETAJIEBOIO rpadiTy Ta
MOHOKpHUCTaitiuHoro  HamiBOpoBigHuka CdZnTe. ®oromiomn HA  OCHOBI
['padit/CdZnTe mpOSBIAIOT: MAKCHManbHy 4yTIuBicTh Ha piBHI 0,25 A Br' Ta
BOJIOJIIOTH JIETEKTHUBHICTIO 6,5 X 10t JIkKOHC, 1m0 OJM3BKO [0 HalKpammx
rerepornepexoaHux (PoTo/110/1iB, BATOTOBIEHUX Ha OCHOBI TBepaoro po3unny CdZnTe.
[IpucTpoi TakoX XapakTepU3yIOThCA IMIBHAKUMH YacaMu BIATYKY MiaHOMYy/criany
(1,2/7,2 MKC) 1 IIMPOKUM JTIHIHHUM TUHAMIYHUM Jiana3oHoM (77 ab). 3anponoHoBaH1
dboToai0IM MOKYTh BUKOPUCTOBYBATHCS B KOCMIYHUX 1 36MHUX MPUJIAJAX 13 BUCOKHM
PIBHEM 10HI3yIOUOT'O BUITPOMIHIOBAHHSI.

Kurouosi cioBa: okcun mifi, rpadit (rpadeH), HAHOYACTUHKU, CTPYKTYpHI 1
ONTHUYHI BJIACTUBOCTI, EJIGKTPUYHI MapameTpu, TepMmoauHamiuHi mpouecu, CdTe
(CdZnTe), HaniBNpOBIAHUKOBI TeTepoIepexoau, (POTOBOIbTAIKA (COHAYHI €1EMEHTH),
doromiomu IlloTTKi, 3a00pOHEHA 30HA, MEXAHI3MU CTPYMOIIEPEHOCY, PEKOMOIHAIli,

MPOBIIHICTh, KBAHTOBA €(DEKTUBHICTb.
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The dissertation is dedicated to the development of technological regimes for
the deposition of thin films of CuO, as well as carbon and carbon-containing
materials with specified and reproducible electrical and optical properties. It also
demonstrates the practical application of these materials in modern heterostructural
electronic and optoelectronic devices.

The introduction justifies the choice of the topic and the relevance of the
work, formulates the aim, main tasks, object and subject of research, highlights the
scientific novelty and practical value of the obtained results, provides information
about the author's contribution, the work's approval, its structure, and scope.

The first chapter of the dissertation presents a literature review, indicating
significant global interest in the research of copper oxide thin films and graphite, as
well as the development of high-efficiency optoelectronic devices based on them.

An analysis of the physical properties of thin films of copper oxide has shown
that this material, due to its unique physical properties, is a promising candidate for
use as an absorber layer in solar cells. However, these properties depend significantly
on the technological deposition regimes of these thin films. Recent advancements in
the efficiency of solar cells based on copper oxide reach 8.4%, while the theoretically
calculated maximum based on the Shockley-Queisser model for a CuO-based solar
cell is approximately 30%. Additionally, the possibilities of using thin graphite films
as a window layer in heterostructural optoelectronic devices have been analyzed, and
it has been established that these films are a good candidate for such purposes and
have been widely applied in various electronics and photovoltaic devices in recent
years.

In the second chapter of the dissertation CuO thin films were produced by the
method of reactive magnetron sputtering at direct current in a universal vacuum
system Leybold-Heraeus L560 on glass substrates, the temperature of which was: 300
K and 523 K. The structural, electrical and optical properties for the obtained samples
of CuO thin films were studied, namely: elemental composition, distribution of
elements on the surface, which are part of these films, grain size, activation energy,
optical band gap, refractive index, analysis of curves of transmission and reflection

spectra for CuO thin films deposited on glass substrates. The elemental composition



of the thin films and the surface morphology were performed using a scanning
electron microscope (MIRA3 FEG, Tescan) equipped with a reflected electron
detector (BSE) and an energy-dispersed X-ray detector (EDX). It was found that the
grain size for films obtained at a lower substrate temperature D is ~ 16 nm, and for
films obtained at a higher temperature — D ~ 26 nm. On the diffractograms of CuO
thin films, a higher peak intensity is observed for thin films obtained at higher CuO
no. 2 substrate temperatures, which may be due to better structural perfection of thin
films and larger grain size.From the study of electrical properties, it was found that
the temperature dependences of the electrical resistance for CuO thin films have a
semiconductor character, ie the resistance decreases with increasing T. The surface
resistance of the films was measured by the four-probe method: no. 1 — p = 18,69
kQ/01, sample no. 2 — p =5,96 k€/L1.Based on independent measurements of the
reflection and transmission coefficients, the optical band gap was determined for the
two samples by extrapolation of the rectilinear section of the curve (ahv)® = f (hv) to
the hv axis. For the sample CuO Nel E,* = 1.62 eV; for the sample CuO no. 2 E,* =
1.65 eV. For CuO no. 2 thin films, the envelope method was also used to determine
the basic optical coefficients E,” = 1.72 eV, and the obtained E,* values determined
by the two methods correlate well with each other.

Thin films (300 nm thick) of CuO of p-type conductivity were precipitated using
spray pyrolysis method from 0.2 M of aqueous CuCl, - 2H,0 salt solution on preheated
(up to 350 °C) glass and sitall substrates. The structure and electrical and optical
properties of the films are analyzed. The grain size of CuO thin films (24 nm) was
calculated using the XRD analysis. The activation energy equals to Ea = 0.27 eV, which
may indicate that the conduction is due to the transition of charge carriers from the
valence band to working acceptor level. From the spectral dependence (ahv)2 = f(hv) of
CuO thin films, the band gap width Eg = 1.46 eV was determined.

Investigated the potential of copper oxide (CuO) thin films as active layers in
thin-film solar cells with a Glass/ITO/Graphite/CuO/Ni structure. Furthermore, the
generation rate of charge carriers was derived by modelling the optical field
distribution using a transfer metric simulation. Theoretical thresholds for photovoltaic

device efficiency were determined for varying active layer thicknesses by employing a



normalized light intensity equivalent to that of the AM1.5 spectrum. The current-
voltage characteristics are modeled by semi-empirical methods, which illustrate that
the photovoltaic conversion efficiency depends on the thickness of the active layer.
The highest performance of the simulated structure of the solar cell was 25.2%, which
was obtained for the 500 nm CuO films.

In the third chapter of the dissertation, the research results results of studying
the structural, optical and electrical properties of thin films of graphite depending on
the hardness of the rods (2H, H, HB, B and 2B) obtained by the "Pencil-on-
semiconductor” method. Such studies are of great importance for the further
development of highly efficient devices based on heterojunctions for electronics and
optoelectronics. Typical images of the surface formed by reflected electrons (BSE)
were obtained using a scanning electron microscope and shown at three magnifications
(100x, 500x and 1000x). Since the cores of the studied pencils consist of mixtures of
clay and graphite, a more detailed analysis of the elements that make up the cores was
conducted. EDS analysis showed that the main components of the studied rods are
purified graphite powder, as well as O, Al and Si, which are part of kaolin whose
formula is H;AlSi,04, or Al,O3 » 2Si0, ¢ 2H,0 - the main component of ordinary
clay. The elemental composition of the microvolume of the studied samples was also
determined. Regardless of the error that occurs when determining the composition of C
and O (~ 12%), it can be argued that there is still a regularity between the graphite
content and the hardness of the pencil. That is, the higher the graphite content, the
softer the rod. The average thickness of all investigated films was ~ 150 nm since the
thickness of the films obtained by this method is mainly determined by the roughness
of the surface of the salt substrate. Drawn graphite films have a higher resistivity than
bulk samples (pencil rods) from which they were made. The resistance of the films
increases with an increase in the hardness of pencils, due to an increase in the number
of clay impurities in graphite, which is a dielectric. It was found that an increase in
stick hardness leads to an increase in transmission.

Graphite/n-Si Schottky diodes were fabricated by electron beam evaporation of
graphite on n-type silicon substrates. The influence of the thickness of graphite films

on the photoelectric and electrical properties of these diodes has been studied. It is



determined that our Schottky diodes can be used in the form of photodiodes and solar
cells. The temperature dependences of shunt and series resistances of diodes were
also investigated.

In the case of forward and reverse bias, the dominant mechanisms of current
transfer through the studied diodes were determined. The responsivity and detectivity
of our Schottky graphite/n-Si diodes were also calculated.

The studied heterojunctions have pronounced diode characteristics with a
rectification coefficient for a structure with a thinner film RR ~ 5-10% and for a
structure with a thicker film RR ~ 10°.

Schottky graphite/n-Si photosensitive diodes with different thicknesses of
graphite films were fabricated using the electron beam evaporation method: structure
Nel d = 25 nm, structure Ne2 d = 40 nm. It was established that the Schottky
graphite/n-Si diodes produced have a potential barrier height: for structure Nel ¢q =
0,46 eV, for structure Ne2 ¢o = 0,56 eV. In direct displacements, the dominant
mechanisms of current transfer are well described within the framework of the
generation-recombination model. Research has shown that such Schottky diodes are
photosensitive. When the sample is illuminated by white light with an intensity of 80
mW/cm?, the reverse current Lignt 1S greater than the current in the dark I, by almost
two orders of magnitude for a structure with a smaller film thickness, and for a
structure with a larger film thickness, it increases by only one order of magnitude.

Schottky graphite/p-InP diodes were first fabricated by transferring the drawn
graphite film to an InP substrate with a hole-type conductivity. As a result of research,
the main mechanisms of current transfer through Schottky diodes graphite / p-InP were
determined: these are multistage tunneling-recombination processes involving surface
states at the graphite / p-InP interface and tunneling, which is described by Newman's
formula at direct displacement; tunneling with reverse displacement. The studied
heterojunctions have pronounced diode characteristics with a rectification coefficient k
~ 10%(at V = 1 V). It is shown that the created graphite/p-InP Schottky diodes have a
potential barrier height of 0.71 eV.

The results of an investigation of the electrical and photoelectrical properties of

the Graphite/PEDOT:PSS/n-CdZnTe organic-inorganic heterojunction formed by the



deposition of thin films PEDOT:PSS on CdZnTe substrates. The Cd,_Zn,Te solid
solution with low Zn content was grown by the Bridgman method at low cadmium
vapor pressure and had a low resistivity p = 10> Ohmecm. The values of the series
resistance R; and shunt resistance Ry, of the Graphite/PEDOT:PSS/n-CdZnTe
organic-inorganic heterojunction were determined from the dependence of their
differential resistance Ry The temperature dependencies of the height of the
potential barrier of the Graphite/PEDOT:PSS/n-CdZnTe organic-inorganic
heterojunction was determined from the I-V characteristics. The dominating current
transport mechanisms through the Graphite/PEDOT:PSS/n-CdZnTe organic-
inorganic heterojunctions were determined.

We proposed a self-powered UV-vis-NIR Schottky junction photodiode based
on a unique combination of radiation-hard functional materials: thin-film semi-metal
Graphite and CdZnTe single-crystal compound semiconductor. The
Graphite/CdZnTe Schottky junction photodiodes exhibit a maximum responsivity of
0.25 A W and detectivity of 6.5 x 10" Jones, close to the best heterojunction
photodiodes based on CdZnTe solid solution. The devices are also characterized by
short rise/fall times (1.2/7.2 us) and a wide linear dynamic range (77 dB). The
proposed photodiodes are promising for applications in space and terrestrial areas
with high levels of ionizing radiation.

The practical significance of the obtained results.

The results of the research conducted within the framework of this dissertation
have significant practical importance for the development of various electronic and
optoelectronic devices based on barrier heterostructures with reproducible and stable
characteristics under various operating conditions.

1. A technology has been developed for the fabrication of semiconductor
polycrystalline CuO films of p-type conductivity using reactive magnetron sputtering.
These films have grain sizes of approximately D =~ 26 nm, an energy bandgap of E;* =
1.65 eV, and a surface resistance of p = 5.96 kQ/-cm. This is particularly relevant for
the production of photovoltaic converters.

2. A simple, environmentally friendly, and cost-effective method for obtaining high-

quality graphene has been proposed, utilizing a household blender and an organic



solvent, polyvinylpyrrolidone (PVP), as a non-toxic dispersant. Graphene obtained
through this approach can be employed in the creation of optoelectronic devices.
3.0rganic-inorganic heterostructures consisting of Graphite/PEDOT:PSS/n-CdZnTe
have been fabricated, demonstrating that such heterostructures are photosensitive and
can be utilized as photodetectors.
4.Photodiodes have been developed for the ultraviolet, visible, and near-infrared regions
of the spectrum, based on a unique combination of radiation-resistant functional
materials: thin-film semimetallic graphite and single-crystal semiconductor CdZnTe.
Graphite/CdZnTe-based photodiodes exhibit maximum sensitivity at the level of 0.25
A/W and possess a detectivity of 6.5 x 10™ Jones, which is comparable to the best
heterojunction photodiodes manufactured using CdZnTe solid solutions. These devices
also feature fast rise/fall response times (1.2/7.2 pus) and a wide linear dynamic range (77
dB). The proposed photodiodes can be employed in both space and terrestrial
applications with a high level of ionizing radiation.

Keywords: copper oxide, graphite (graphene), nanoparticles, structural and
optical properties, electrical parameters, thermodynamic process, CdTe (CdzZnTe),
semiconductor heterojunction, photovoltaics (solar cell), photodiodes Schottky, band

gap, charge transport mechanisms, recombination, conductivity, quantum efficiency.



