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OcTanHIM 4YacoM TIPOSIBIISIETHCS ~ 3HAYHMM  1HTEpeCc 0  IUTIBKOBHUX
HaIlBIPOBIJHUKOBHX MaTepialliB, K1 NEPCIEKTUBHUMHU ISl CTBOPEHHS Ha iX OCHOBI
e(peKTUBHUX MPUCTPOIB CY4aCHOI MIKPO-, ONTOCJIEKTPOHIKH, TeJI0CHEPTETUKH,
CCHCOPUKH, TAaKHUX SK COHSYHI €JIEMEHTH, THYYKI JHUCIUICi, Ta30Bl1 JIETEKTOPH,
CEHCOPH, CBITJIONI0AM Ta 1HIIe. OAHAK, CYYaCHUM CTaH iX JOCHIKEHb HE JO3BOJISE B
MOBHIN MIpi peai3yBaTH MOTEHIIIHHI MOXJIMBOCTI TAaKUX MaTepiaiB.

Tomy po3poOka Ta 1iHTerpailiss 1HHOBaLIMHUX MaTrepiajiB  IUIIBKOBOT
CJIEKTPOHIKM CTajla aKTyaJdbHOIO Ha chorojHi. IIBUakuii mporpec y TEXHOJOTISIX
CIOPUYMHSAE BEIMKANA TIOMUTY HAa EJEKTPOHHI TPHUCTPOI 3  TMOKpAIICHUMH
NPOIYKTUBHICTIO Ta HOBOI (DYHKIIOHANBHICTIO. /[l BUTOTOBIEHHS OCTAaHHIX
HEOOX1TH1 pI3HOMAaHITHI (DYHKIIIOHAJIbHI MaTepialid, HAMPUKIIAJ METAId 3 BUCOKOIO
MNPOBIHICTIO Il €NEKTPOMIB Ta 3’€IHAHb, MaTepiaii 3 PI3HOK [MUPUHOIO
3a00pOHEHOT 30HM [JIsl CYNEPKOHAEHCATOPIB 1 TOHKOIUIIBKOBUX TPaH3UCTOPIB,
HAMIBIPOBITHUKHA N-TUITY Ta P-TUITY JUISI JIOTIYHUX CXEM, COHSYHUX MEPETBOPIOBAYIB,
JIETEKTOPIB TOIIIO.

OTxe, CHHTE3 HAHOYACTUHOK METAJIIYHUX Ta HAMIBIPOBIIHUKOBUX MaTepiajiB
Ta po3poOKa OUIBII JCIIEBUX METO/IB HAHECCHHS TUTIBKOBUX €JIEMEHTIB €JIEKTPOHIKH
€ HE JIIIE HAYKOBOIO, 8 i PUKJIAJHOI0 33Ja4€IO.

Jana poOoTa crpsiMoBaHa Ha BJAOCKOHAJIEHHS YMOB CHHTE3Y Ta JOCHIKCHHS
CTPYKTYpH (YHKI[IOHATHPHUX HAaHOMATEpialliB, IO BUKOPHUCTAHI MJisi CTBOPCHHS
gopuusi 2D Ta 3D JpyKy eJEeMEHTIB MIKPOCJIEKTPOHIKM Ta JIOCIIKEHHS
MOpP(DOJIOTIUHUX Ta €NeKTPO(I3UUYHUX BIACTUBOCTEH MOJIKPUCTATIYHUX IIJIIBOK
TBepauXx po3urHiB CdixZN,Te sk eneMeHTIB (POTOBOJIBTAIKH Ta CCHCOPHUKH.

Meta nochigkeHHsi. BcTaHOBIEHHsST BIUIMBY YMOB CHUHTE3y Ha CTPYKTYpHI

xapaktepucTuku HaHodacTUHOK Cu, ZnO ta CupZnSnS,, BU3HAYEHHS ONTUMATbHUX



napaMeTpiB CHHTE3y JaHUX CIOJYK Ta YMOB BaKyyMHOI'O ocapkeHHs ok Cdi.
xZNyTe 17151 po3poOKHU €JIEMEHTIB TUTIBKOBOT €JICKTPOHIKH.

3aBiaHHA:

- cuHTe3yBaTH cTabiIbHI HaHOYacTUHKHM Cu, ZnO ta Cu2ZNnSnSy;

- BCTAHOBWTH ONTHUMAaJbHI YMOBH CHHTE3Y OJCpKaHUX HAHOMATEPiaiB;

- JIOCIIJUTU CTPYKTYpHI Ta MOP(QOJIOTIYHI XapaKTEPUCTUKUA CHUHTE30BAHHUX

Marepialis;

- BHTOTOBUTH HAaHOYOPHMJIA HA OCHOBI OJIEP’)KaHUX HAHOYACTHHOK 11t 2D Ta

3D npyKy IUT1IBOK COHSAYHUX MEPETBOPIOBAYIB;

- oJIep)KaTu nomikpuctamiyai  wnBku  CdixZnsTe 1 mocmiautd  ixHi

MOP(QOJIOTTUHI XapaKTEPUCTUKH Ta €JIEKTPO(13UUHI BIIACTUBOCTI.

O0exT mocigKeHHs: Hanoyactuuku Cu, ZnO, CupZnSnS; Ta
nonikpucramivHi miiBku CdixZnyTe.

IIpeamer pociimkeHHs: mnpouecu (a3o0yTBOPEHHs, 1O BiAOYyBarOTHCS B
peaKIifHOMYy CepeloBHIN MpuU cHUHTe31 HaHodactuHOK Cu, ZnO, Cu,ZnSnS; Ta
oca/pkeHHI moikpuctamiuaux TwinBok CdixZngTe, BIIMB pi3HHX (QaKTOpiB Ha
CTPYKTYpHI Ta eJIeKTpo(13U4HI BIACTUBOCTI OJEp>KaHUX MaTepialliB.

Metoan pocaimxenHs. PobGoTta mnpoBeneHa 13 3aCTOCYBaHHSAM CY4YacHUX
MeToiB nociikeHds. Hanouactuaku ZnO ta CuZnSnS, Oy ofepxkaHi METOA0M
MOJIIOJIPHOTO CHUHTE3y B 1HEpPTHIM artmocdepi aprony. HanowactuHku wifi
CUHTe30BaHI MerojnoM BigHoBieHHs. IlmiBku CdixZngTe ocamKyBaauch METOIOM
BaKyyMHOI1 cyOmimartii. CTpyKTypHI BIACTUBOCTI OJIEp’KaHUX MaTepialliB MPOBOIUIN
METOJIOM peHTreHo(a30BOro aHayizy 3 OOpPOOKOI EKCIEPUMEHTAIbHUX JaHHUX
nakeTamu rnporpam kommrotepHux nporpam Origin, DifWin Ta Match. Mopdouorito
CUHTE30BaHUX HAHOYACTUHOK JIOCIIKYBAJIM METOJaMH MTPOCBIUYIOUOT Ta CKAHYIOUO1
MIKpPOCKOITI.

Kuarwo4oBi cjioBa: HaniBOpoBiAHUKOBI MaTepiaan, HAHOYACTUHKH, MOJII0JIbHUN

CHUHTE3, BAKYYMHE OCaP)K€HHS, CTPYKTypa, MOpP(OJIOTis, IIIBKOBA EIEKTPOHIKA.
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AHOTAIIA
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Konkypcna po6ota mictuth: 28 c., 12 puc., 2 tabi., 24 uuroBaHe JKepelio.

OcTaHHIM 4YacoM TpOSIBISIETbCA  3HAUHUKA  1HTEpeC 10  IUIIBKOBUX
HaIlBIPOBIJHUKOBHX MaTepialliB, K1 NEPCIEKTUBHUMHU ISl CTBOPEHHS Ha iX OCHOBI
e(peKTUBHUX MPUCTPOIB CY4aCHOI MIKPO-, ONTOCJIEKTPOHIKH, TeJI0CHEPTETUKH,
CECHCOPHUKH, TAKUX K COHSYHI €JIEMEHTH, THYYKI1 IUCILIET, Ta30B1 IETEKTOPH, CEHCOPH,
cBiTiioAionu Ta iHme. OJHaK, CydacHUM CTaH iX JOCTIIKEHb HE JI03BOJISIE B MTOBHIM
MIpi peai3yBaTH MOTEHIIHHI MOXJIMBOCTI TAKUX MaTepialliB.

Tomy po3poOka Ta iHTEerpalis iIHHOBAaI[IHHUX MaTepialliB ILUTIBKOBOI €J1€KTPOHIKU
CTaJla aKTyaJbHON Ha chorojHi. IIIBuakuii mporpec y TEXHOJOTISIX CIPUYMHSIE
BEJIMKUI TOMUTY Ha EJIEKTPOHHI MPUCTPOI 3 MOKPAIIEHUMH NPOAYKTHUBHICTIO Ta
HOBOIO (PYHKIIOHAJIbHICTIO. JIJIs BUTOTOBJICHHS OCTaHHIX HEOOXITHI Pi3HOMAaHITHI
byHKIIOHATBHI MaTepiayii, HampHUKIaJ METald 3 BHCOKOIO MPOBITHICTIO JIJIs
CJIEKTPOJIIB Ta 3’€lHaHb, MaTepiadl 3 PI3HOI MIHUPUHOI 3a00POHEHOT 30HU IS
CYNEPKOHIEHCATOPIB 1 TOHKOILJIIBKOBUX TPAH3UCTOPIB, HAIIBIPOBIAHUKU N-TUITY Ta -
THUITY JJIs1 JJOTIYHUX CXEM, COHSIUHUX TIEPETBOPIOBAUIB, JIETEKTOPIB TOIIO.

OTXe, CHHTE3 HAaHOYACTUHOK METAJIYHUX Ta HAMIBIPOBIIHUKOBUX MaTepiajiB
Ta po3poOKa OUIBII JACIIEBUX METO/IB HAHECEHHS TUTIBKOBUX €JIEMEHTIB €JIEKTPOHIKU
€ He JIMIIE HAYKOBOIO, a i MPUKIIAJHOIO 337a4elO.

Jana poGota cnpssMOBaHAa Ha BJOCKOHAJIEHHS YMOB CHHTE3Yy Ta JIOCHIIKEHHS
CTPYKTYpH (YHKI[IOHATHPHUX HAaHOMATEpialliB, IO BUKOPHUCTAHI IJIs CTBOPCHHS
gyopumii 2D Ta 3D jApyky edeMeHTIB MIKPOENEKTPOHIKH Ta JOCIIIKEHHS
MOPQOJIOTIYHUX Ta €JNEeKTPO(DI3UYHUX BIACTUBOCTEH MOJIKPUCTANIYHUX IUIIBOK
TBepaux po3urHiB Cdi«ZNn,Te sk enemMeHTiB (POTOBOJIBTATKH T4 CEHCOPUKH.

Merta pociigkeHHsi. BcTaHOBIIEHHS BIUIMBY yYMOB CHHTE3y Ha CTPYKTYpHI

XapakTepucThKu HaHO4YacTUHOK Cu, ZnO ta CupZnSnS,, BU3HAYEHHS ONTUMATbHUX



4
napamMeTpiB CHUHTE3y JaHUX CIOJIYK Ta YMOB BaKyyMHOTO OCAJKEHHS ILJIIBOK
Cd1.xZnTe aist po3poOKU €JIEMEHTIB IIIBKOBOT CJIEKTPOHIKH.

3aBiaHHA:

- cuHTe3yBaTH cTabiIbHI HaHOYacTUHKHM Cu, ZnO ta Cu2ZNnSnSy;

- BCTAHOBWTH ONTHUMAaJbHI YMOBH CHHTE3Y OJCpKaHUX HAHOMATEPiaiB;

- JIOCIIJUTU CTPYKTYpHI Ta MOP(QOJIOTIYHI XapaKTEPUCTUKUA CHUHTE30BAHHUX

Marepialis;

- BUTOTOBUTH HAHOYOPHHWJIA HA OCHOBI OJIEpKaHMX HAHOYACTUHOK it 2D Ta

3D npyKy IUT1IBOK COHSAYHUX MEPETBOPIOBAYIB;

- oJIep)KaTu nomikpuctamiyai  wnBku  CdixZnsTe 1 mocmiautd  ixHi

MOP(QOJIOTTUHI XapaKTEPUCTUKH Ta €JIEKTPO(13UUHI BIIACTUBOCTI.

O0’exkT gOCTIIKEHHS: Hanoyactuukun Cu, ZnO, CupZnSnS; Ta
nonikpucramivHi miiBku CdixZnyTe.

IIpeamer pociimkeHHs: mnpouecu (a3o0yTBOPEHHs, 1O BiAOYyBarOTHCS B
peaKIifHOMYy CepeloBHIN MpuU cHUHTe31 HaHodactuHOK Cu, ZnO, Cu,ZnSnS; Ta
oca/pkeHHI moikpuctamiuaux TwinBok CdixZngTe, BIIMB pi3HHX (QaKTOpiB Ha
CTPYKTYpHI Ta eJIeKTpo(13U4HI BIACTUBOCTI OJEp>KaHUX MaTepialliB.

Metoan pocaimxenHs. PobGoTta mnpoBeneHa 13 3aCTOCYBaHHSAM CY4YacHUX
MeToiB nociikeHds. Hanouactuaku ZnO ta CuZnSnS, Oy ofepxkaHi METOA0M
MOJIIOJILHOTO CUHTE3Y B 1IHEPTHIM aTMocdepi aprony. HaHouacTUHKY MiJll CHHTE€30BaH1
metonoMm BigHOBJIeHHs. [lmiBku CdixZngTe ocamKyBalMCh METOIOM BaKyyMHOI
cyOmimartii. CTpyKTypHI BJIACTHUBOCTI OJIEp>KaHMX MaTepiaiiB MPOBOJIUIN METOJIOM
peHTreHo(a30BOr0 aHajizy 3 OOpOOKOI EKCIEePUMEHTAJIbHUX JaHUX ITaKeTaMu
nporpam kKoMmmioTepHux mnporpam Origin, DifWin Tta Match. Mopdomnorito
CUHTE30BaHUX HAHOYACTHHOK JOCIIKYBaJIM METOJaMH MTPOCBIUYIOUOT Ta CKAHYIOUO1
MIKpPOCKOITI.

Kuarwo4oBi cjioBa: HaniBOpoBiAHUKOBI MaTepiaan, HAHOYACTUHKH, MOJII0JIbHUN

CHUHTE3, BAKYYMHE OCaP)K€HHS, CTPYKTypa, MOpP(OJIOTis, IIIBKOBA EIEKTPOHIKA.



BCTYII

B ocramHi poku J0BOJNI TOCTPUMHM TIOCTaJIM MPOOJIEeMH, IIOB’s3aHI 3
32011a/KEHHSM KOLITIB MPU BUTpPATax Ha €JEeKTpoeHeprito. Tomy il BUPILICHHS
JaHO1 MTPOOJIEMU 1MOYaIM BUKOPUCTOBYBATH COHSTYHI naHei. [IpoTe 13 BUKOpUCTaHHAM
COHSIYHUX TaHEJEeH MOCTalld HOBI MpOOJieMH, a caMe€ BUCOKa COOIBapTICTh JaHOIO
BUpOoOy Ta HU3bKa BuxinHa notyxHIcTh (KK He Ouibiie 8%). Came i mpobiemu i
HaJaJIu MTOIITOBX IS IOIIYKY OUIBII JeieBuX cuHTe30Banux pedosut (Cu, Ag, ZnO,
NiO, CuO, ZnS, CdS, CuzZnSnS;), 1mo BHUKOPHCTOBYIOTHCS JUJII CTBOPCHHS
TOHKOTUTIBKOBHX COHSYHHX €JIEMEHTIB, Ta BIOCKOHAJICHHS BHPOOHHUYOTO ITUKITY, 110
MOJIATA€ Y 3aCTOCYBaHHI IMIJKJIAJOK MEHIIOI BapTOCTI Ta BIPOBAKEHHS HOBHUX
METO/IIB HAHECEHHS ILJTIBOK.

I[Ipu  cTBOpeHHI  e(EeKTUBHUX  (POTOCIEKTPUUHUX  MEPETBOPIOBAUIB,
TOHKOIUTIBKOBMX CEHCOpPIB Ta JCTEKTOPIB BAXJIMBAM € HAHECEHHS IUIIBOK
HaIlIBIPOBIJHUKOBUX Ta METAJIYHUX MAaTeplajiB Ha MiAKIaaKy. B Ham yac
BUKOPUCTOBYIOTh BEJIHMKY KUIBKICTH METOMIB SIK (DI3MYHOTO, TaK 1 XIMIYHOIO
ocaJKeHHs. SIK pe3ysbTar, BapTiCTh OACpKaHUX TOHKOIUTIBKOBUX MPHUJIAIIB € JOCUTH
BHCOKOI0, 1110 B OCHOBHOMY BH3HAYA€THCS IIHOKO X BUPOOHWYOTO 1UKITy. [lomambiie
3HIDKEHHS IIIHU MOYKJIMBE 3aBJISIKM 3aCTOCYBAaHHIO HOBUX METO/IIB OCAKEHHS TUTIBOK.
OaHUM 3 MEePCIeKTUBHUX IUISAX1B 3HMKEHHs] COO1BApPTOCTI MPOIYKIIIi € 3aCTOCYBAHHS
THYYKHX TIAKIAJ0K Ta HU3BKOCHEPTeTUYHUX METOJIB HAHECEHHS IUTIBOK, OJHUM 3
SAKUX € METOJI IpYKY 3 BUKOpucTaHHsaM 2D ta 3D npuntepis [1,2]. ToMmy nanuii meton
JIO3BOJISIE 3MEHIIUTU COOIBapTICTh TOHKOIUTIBKOBUX €JIEMEHTIB Ta MIJABUIIUTH IX
BUX1/IHY TIOTY>KHICTb, 1€ MOKJIMBICTh BUPOOHHUIITBA (DOTOCTEKTPUUHHUX MPHUIAIIB Yy
1ab0paTOPHUX YMOBAX 1, HAMTOJIOBHIIIIE, TaHU METO]1 € HETOKCUYHUM Ta HE IIKOAUTH

HAaBKOJMIIHBOMY CCPCAOBUILY Ta 3I[OpOB,IO JIFOAWHU.



PO3LJI 1. OCOBJIMBOCTI BACTOCYBAHHS Cu, ZnO, Cd1xZnxTe TA
Cu2ZnSnS, JIJI1 CBOPEHHS EJIEMEHTIB TOHKOILIIBKOBOI
EJEKTPOHIKH

1.1 OcHoBHi BJacTHBOCTI Ta 0co0JMBOCTI 3actocyBaHHs MiIiBok Cu, ZnO,
CdixZnxTe Ta Cu2ZnSnS,

Cepen TeXHIYHHMX METaJIB MiJIb 332 CBOIM 3HAYEHHSM 1 MOIIMPEHHIO 3aiiMae
ocobiuBe Miciie. Ynucra Mifb Ma€ BUCOKY TEIUIONPOBIIHICTD 1 €JIEKTPONPOBIIHICTS,
JIOCUTh BHUCOKY KOpO3iMHY CTiKicTh. Migp yTBOpIOE€ KyOl4HY TpaHELEHTPOBAaHY
rpatky, mnpoctopoBa rpyna Fm3m, a = 0,36150 um. PosramryBaHHsi aToMmiB Yy
CTPYKTYpPHOMY THIII MiJll BIANOBIA€ KyOlYHOMY (TpHUIIAPOBOMY) HANIIUIBHIIIOMY
KyJIbOBOMY IaKyBaHHIO OJJHAKOBUX aToMiB. KoopauHariiitHe 4rciio KOKHOTO aToMa —
12, koopauHaliitHuii nojieap — Kyoookraeap [3].

Takum 4rHOM, MiJb € PUIATHUM MaTEPIaioM JIJIsi CTBOPEHHS MIJISTXOM JPYKY
CTPYMOIIPOBIJIHUX JOPI)KOK €JIEMEHTIB €JIEKTPOHIKK MPU CTBOPEHHI TOHKOILJIIBKOBUX
COHSIYHUX €JIEMEHTIB TPEThOTO MOKOIIHHSA. HaHOWOpHMIIa HA OCHOBI METANIYHOI MiJii

€ IEUIEBOIO abTEPHATUBOIO YOPHUIIAM 3 JJOPOTOLIIHHUX METaJiB Takux sk Ag, Au, Pt.

Puc. 1. Kpucraniuna crpykrypa Cu
Oxcua uHKY Mae 6araTo IIHHUX BJIACTUBOCTEH, TaKWX SK BHCOKA ONTHYHA
MPO30PICTh, HASBHICTH I1’€30- Ta (GOTOE(DEKTIB, HU3bKUN MUTOMUMN OMip, padialliiiHa
CTIMKICTH Ta 1H. ZnO € NPSMO30HHHUM HaMiBIPOBIAHUKOM 3 IIMPUHOIO 3a00pPOHEHOT
30HM 3,37 eB 1 Bucokoro enepriero 38’s13Ky. Take nmoegHanHs (i3MYHUX MapamMeTpiB B
TOHKUM IUTIBKaX Ha OCHOBI ZnO poOWUTh NaHuWi MaTrepian MEepCHEeKTUBHUM ISt

cTBOpeHHs YD, CHHIX, 3€JICHUX 1 OLIMX CBITJIOAIOAIB, ONITHYHUX 1 Ta30BHX CEHCOPIB,
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n'ezonatunkiB, HUD-aucmieiB, npo3opux KoHTakTiB Ta iH [4,5]. OcobOauBy yBary
OCTaHHIM YacOM MPHUAUIAETbCS CHUHTE3y TOHKMX HAHOKOMIO3MIIIMHUX IUTIBOK Ha
ocHOBI ZnO, OCKITLKA BOHH JIO3BOJISIIOTH PO3IIUPHUTH CIIEKTP 3aCTOCYBAHHS JTaHOTO
HIMPOKO30HHOTO OKCHJIHOT'O HaMiBIPOBIJHUKA B PI3HUX J10JAaTKaX MIKpO-, ONTO- Ta
CHiHTpOHIKH [6].

Okcul IMHKY MOXKE KPUCTAII3YETHCSA B TPhOX CTPYKTYPHUX THITAX: BIOPTIUTY,
caneputy Ta kaM’sHOi coJii (puc. 2). [lepiny aBa CTpyKTypH1 TUITH € TEPMOAMHAMIYHO
cTabuIbHI (ha3H, a OCTaHHIN € MeTacTaldLIbHOK. CTpYyKTypa BIOPLUUTY HAJEKHUTH J10
npocTopoBoi rpynu P63mc 3 xoopaunamiinumu yucinamu (KU) KUz, = KUp = 4
(TeTpaeapuyuHe OTOYEHHS), CTPYKTYypa chajepuTy HAJIECKUTh IO MPOCTOPOBOI TPYNH
F43m, KUz, = KU4p = 4 (TeTpacapuune oToueHHs1). 3B’s30K Mixk aromamu Zn ta O B

eJIEMEHTapHIM KOMIPIII Ma€ 3MIIIaHUI 10HHUN Ta KOBAaJCHTHUI XapakTep.

Puc. 2. Kpucraniuni ctpykrypu ZnO: a) chanepur, 6) BIOPTIUT

bineimn xapakTepHOIO 7S OKCHIY LIMHKY € CTPYKTypa BIOPILUTY, SIKy MOXKHA
YVSBUTU K TEKCAaroHajlbHE HAWIIUIBHIINIE MaKyBaHHS aHIOHIB, B SIKOMY KaTiOHU
PIBHOMIPHO 3aiiMarOTh IMOJIOBHUHY BCIX TeTpaeApuyHux myctoT. Biacrani Zn-O
y310Bx oci € (0.190 um, 0.196 HM) BiIPI3HAIOTHCS Bl TAKUX MiK aTOMaMH ITUHKY Ta
IHIIAMHA TPHOMA CYCITHIMU aTOMaMHu OKCUTEHY [7].

Okcujl IMHKY Ma€ eNeKTPOHHUM TUM (N-THUIT) MPOBIIHOCTI 3 JOCUTh HU3bKUM
nuToMuM onopoM (p = 10°-10* Om-cM), BHCOKOI KOHLEHTPALICKO HOCIIB 3apsamy n-
TUITy Ta BIJHOCHO HM3BKOIO pyXJIMBICTIO. Tak sik ZnO HE MICTUTh B CBOEMY CKIIajll
JIOPOTUX MaTrepialliB Ta MOKe OyTH OJep>KaHUM B pe3yibTaTi HECKIAQAHUX METOIUK,

BiH € albTePHATHBOIO TPAMUIIIMHUM MaTepiajiaM mpo3opux mpoBiaaux mapis ITO
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((In203:Sn03) ta FTO (SnO3:F) TOHKOILIIBKOBUX COHSYHHMX IIepeTBOproBauiB. Jljis
OTPUMAaHHS TOHKHX IUTIBOK ZnO 3 eNeKTPUYHUMH NTapaMeTpaMu, 0 SIKUX BUCYBAIOTh
OUIBI KOPCTKI BUMOT'H, SIK JIETYIOUl JOMIIIKKA B OCHOBHOMY BHKOPUCTOBYIOTH Al Ta
Mg [8]. Taki miiBku ZnO HaOyJIM HIMPOKOTO 3aCTOCYBAHHS K MPO30Pi CJICKTPOIH B
COHAYHUX €JIEeMEHTaX.

Temypuan kaamito Ta IUHKY BIIHOCUTHCS A0 rpyIu cnoiayk A2Bs 31 cTpyKTyporo
chaneputy. lllupuna 3adboponenoi 3ouu 11t CdTe Eg =1,50 eB, a niua ZnTe Eg = 2,26
eB. TBepai po3urHU HA OCHOBI JJAaHUX CIOJYK YTBOPIOIOTHCSA B PE3YJIbTATI B3aEMHOTO
3aminieHdi atomiB B miarparmi metany (Cd, Zn), Tonmi SIK KOHLEHTpAIlis aToMiB y
niarpatil xajapkoreny (Te) 3amumiaeThcsi He3MIHHOIO. BinmoBinHo ocHOBHI (i3nyHi
XapaKTePUCTHKHU TBEPJIUX PO3YMHIB MOXKYTh HaOyBaTH MPOMIDKHUX BIIACTUBOCTEH Y
MOPIBHSHHI 3 BUXIIHUMU OlHapHUMH CHOJyKamMHu. Tak 3aMmillieHHs 10HIB KaJMilO B
coyrii CdTe Ha 10HM UUHKY CHPUYHHSE 3MCHIICHHS IMapaMeTpy KPHCTaTiYHOI
IpaTKyu MaTepiaiy, 1O CYIPOBOKYEThCA 30UIBIICHHSIM MOr0 MIMPUHU 3a00POHEHOT
30HU. EKcnepyMeHTanbHO 1 TEOPETMYHO BCTAHOBJIEHO, IO TakKa 3aJCKHICTh €
npsimoutiHiiHoo [9]. [Ipu boMy 3MiHA MIMPUHKE 3a00POHEHOT 30HH CIIPUYUHSIE 3MIHY
OCHOBHHMX ONTHYHHUX Ta EJIEKTPO(PI3UYHUX BIACTUBOCTEH HAIIBIPOBITHUKOBOIO
Marepiany.

OcTaHHIM YacoM 3pOCTalOUMi 1HTEpeC J0 JAETEKTOPIB JKOPCTKOi pajialii, 1o
MOKYTh NpPAaLIOBaTH NMPU KIMHATHUX TEMIEPATypax, JaB PO3BUTOK TEXHOJOTISM 3
BUKOPUCTAaHHSAM HaMIBIPOBIIHUKOBUX MaTepialliB 3 OUIbLI IIUPOKOI 3a00POHEHOIO
30HOI0 TMOpIBHAHO 3 eneMeHTapHumu Si Ta Ge. Ilpu 1poMy HeEOOXiTHICT
BUTOTOBJICHHS MPWJIAIIB BEJIMKOI IUIONII, Hacammepea JUIsi MeIUYHOI J1arHOCTHKH,
OpUBeId 10 MOTIHOJICHOTO BUBYCHHS  MOJKJIMBOCTEH  3aCTOCYBaHHS  SIK
JNETeKTYBAJILHOTO  MaTepiajly MOJIKPUCTANIYHUX IUIBOK 3aMICTh MAaCHBHHUX
MoHokpuctaitis [10].

Cepen ycix BIIOMHX JETCKTOpHUX MaTepiaiiB, came CdTe Ta TBepi po3urHH
CdixZnxTe maroth psg mepeBar Han icHyrouumu. Li $asm moeaHyOTh TOCTaTHHO
BUCOKMM MUTOMMI oOmip, KOe(illeHT NMOTIMHAHHS pajiamii Ta oAH1 3 HaOUIbIINX

3Ha4YeHb JNOOYTKY PYXJMBOCTI Ta 4acy HUTTS HOCIIB 3apsmy UT. Y CBOIO 4epry,
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neryBanHsa CdTe 130BajeHTHUMH 3aMiICHUKAMH J1a€ MOXJIMBICTh OTPUMATH MaTepial 3
OUIBIIMMU LIUPUHOIO 3a00pOHEHOI 30HM, MUTOMUM OIMOPOM Ta CTPYMOM YTiKaHHSA
JIeTekTopiB  BumpomiHioBaHHA. 3aBmsku 1pomy CdTe Tta CdixZnxTe €
HaITBIPOBITHUKOBUMH MarepiajlaMH, 110 TMOTpeOyIOTh MOPIBHSHO Mayioi TOBIIUHU
(0,5 mm) muis mornuHaHHS 90% pamiamnii 3 enepriero 60 keB 3a mpukianeHoi HanpyTu
B 100 B. Jlani moka3HUKH € OIM3BKUMH JI0 iI€alTbHOTO AETEKTOpHOTO MaTepiary [11].

VY cdepi dhoToBONMBTAIKM HANOUIBII MEPCIEKTUBHUM € BUKOPHUCTAHHS TLTIBOK
CdixZnxTe sx MOTIAMHAIBHOTO APy TAHJEMHHUX COHSIYHUX €JIEMEHTIB Ta CTBOPCHHI
MaTtepiany y SKOTO IHUpPUHA 3a00pOHEHOI 30HH IUIABHO 3MIHIOETHCS 3a TOBIIMHOIO
3pa3ka (Bapi3oHH1 CcTpykTypu). [Ipum 1mpomy B mpmiiajai yTBOPIOETHCS JIOAATKOBA
€JIEKTPOPYILIIHA CUIIA, SIKA IM1IBUILYE IIBUIKICTh IEPEHOCY 3apsAy, 30UIbIIYE iX yac
YKUTTS Ta 3MEHIIY€E IMBUJKICTh peKOMOIHAIIIT 3reHEPOBAHUX CBITJIOM BUIHBHUX HOCIIB
3apsiny [12].

Crnonyka ckiaxy CuxZnSnS, (CZTS) € npsMO30HHUM HaNiBIPOBIIHUKOM 3
IUPUHOIO0 3a00poHEeHOI 30HOI EQ = 1,5 e¢B, mo xapakTepus3yeTbcs p-THUIIOM
MPOBIIHOCTI T2 BUCOKMMH 3Ha4YeHHS Koe(dilieHTy nmornuHanns cpitia (o = 104-105
cm?) [13,14]. o ii ckmamy BXOAATh HETOKCHYHI Ta MOLIMPEHI y MPUPOIi XimiuHi
€JIEMEHTH. 3aBIAKH YHIKaJbHUM (PI3MYHUM BIACTUBOCTSAM JlaHA CIIOdIyKa HaOysa
IIXPOKOT0 BUKOPUCTAHHS Y (POTOBOJIBTAILI Ta TepMoenekTpuiii [15].

Cnonyka CupZnSnS, KpUCTaNi3yeThCS Y CTPYKTYPHOMY THITI KECTEPUTY abo
CTaHITy 3 €JIEMEHTAPHOIO KPUCTATIYHOIO TPATKOIO0 TETPAroHaIbHOT CUHTOHIT (puc. 3).
CTpyKTypu CTaHITYy Ta KECTEpHUTYy HajeXaTh A0 mpocTopoBux Tpyn [42m Ta 14

BI/IIIOBIIHO.
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Puc. 3. Kucramiuna crpykrypa CuZnSnS,: crasit (a), kectepurt (0) (TeMHi cipi
cdepu — Cu, cBiTii cipi — Sn, , YopHi — Zn, 61711 — S)
OCHOBHOIO PI3HUIIEIO MK IUMH JIBOMA HOJIMOPPHUMU MOAU(DIKALISIMU € pi3HE
MOJIOKEHHS KaTiOHIB MiJll Ta IMHKY B iXHIX eJeMeHTapHuX komipkax. Koxxen aHioH
CyJb(pypy OTOUEHHIT JBOMA KaTIOHAMH KYIIPYMY, OJTHUM KaTiOHOM IIUHKY Ta CTaHyMY,

B TOM 4ac SIK KO’KEH KaTIOH B CTPYKTYpPl OTOYEHUN YOTUPMA aHIOHAMH XaJIbKOT€HITY

[16].

1.2 XapakTepucTHKa Ta 0COO0JMBOCTI OJep:KaHHS TOHKOILTIBKOBHX COHSIYHHUX
eJICMEHTIiB
Y Ham yac i1 CTBOPEHHS TOHKOIUTIBKOBUX COHSIYHUX €JIEMEHTIB $SIK

NEepPCIeKTUBHA  3aMiHAa  TpaauliiHUM  normHadbHuM  mapam  Si, CdTe,
Cu(In,Ga)(S,Se), po3risaaeThcsl YOTUPUKOMIIOHEHTHA criotyka Cu,ZnSnS, (CZTS),
10 Ma€ i [bOTO0 ONTHUMAJIbHI E€JEKTPUYHI Ta ONTHUYHI BJIACTUBOCTI. 3 MOMEHTY
BUTOTOBJICHHS IIEPLIOT0 COHSYHOIO €JIEMEHTY Ha OCcHOBI UIiBoK CZTS, MUHYIIO BXKe
oinbire 20 pokiB ogHak pekopaauii KK Takux npumnanis He nepeBumus 12,6% [17].
Pisauns mik Teopetnunumu (32-34 %) Ta EKCHEpPUMEHTAIIbHUMH 3HAYEHHSMU
e(peKTUBHOCTI (POTOENEKTPUYHUX TMepeTBOpIoBauiB Ha oOcHOBI 1mapiB CZTS
MOSICHIOETbCS TUM, 110 BUKOPHUCTAaHI IUIIBKM MalOTh HE ONTHUMallbHI CTPYKTYpHI
XapaKTEPUCTHKU Ta CTEXIOMETPIl0, a TaKOXK MICTITh BTOPWHHI (a3u 3 pi3HOIO
HMIMPUHOIO 3a00poHeH01 30HH. Lle MpU3BOAUTH 10 BUCOKOTO MOCIIIOBHOTO Ta MajiOTo

IIYHTYIOUYOTO OIOPY, BUCOKOT MIBUAKOCTI peKOMOIHAallli 3TeHepOBaHUX CBITJIIOM HOCIiB
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3apsy Ta MaJIOTO 4acy HUTTS HEOCHOBHMX HOCIIB 3apsly, IO CYTTEBO MOTIPIIyE
XapaKTEPUCTUKU CTBOPEHUX MPUIIAIIB.

[Ipu cTBOpEHHI (POTOEITEKTPOHHUX TMEPETBOPIOBAYIB BAXKIMBUM € YTBOPCHHS
OMIYHUX KOHTAKTIB JIO iXHIX aKTUBHHUX IIapiB. SIk Marepiall TaKOro KOHTaKTy 0
CZTS, sixuii Mae p-THIT IPOBITHOCTI, HAWYACTIIIE BAKOPUCTOBYIOThCs Mo, W, Au, Pd,
Pt, Ni. BiamoBigHo 17151 CTBOpEHHSI OMIYHUX KOHTAKTIB JI0 BIKOHHUX IIAPiB COHTYHHUX
esieMeHTiB (ZnQO), 1110 MatoTh N-THUII MPOBIJHOCTI, HAMYACTIIIE BAKOPUCTOBYIOTHCS TaKi
metaym sk Al, Ag, Cu [18].

J1J1st HaHECEHHS IJTIBOK METaJIiB Ta HAMIBIPOBIIHUKOBUX €JIEMEHTIB Y HAIll 4ac
BUKOPUCTOBYIOTh BEJIMKY KUIbKICTh METOJIB SIK (PI3UYHUX TaK 1 XIMIYHUX. K
pe3ynbTaT, BapTICTh OJCPKAHUX TOHKOIUIIBKOBHX COHSYHUX CJIEMEHTIB KOJIMBAETHCS
Bix inTepBani $0,50-1,00/BT, 1110 B OCHOBHOMY BH3HAUYAETHCS IIHOO iX BUPOOHUUOTO
rukiny [19]. [lomanmeie 3HMWKEHHS IIHA MOXJIMBE 3aBISKH 3aCTOCYBAHHIO HOBHX
METOJIB OCa/DKeHHsI TUTIBOK. OJHUM 3 TMEPCHEKTUBHUX IUISIXIB 3HWKCHHS
co01BapTOCTI MPOAYKIIIT € 3aCTOCYBAHHS THYYKHX MIKIA0K Ta HU3bKOEHEPTETUYHUX
METO/IIB HAHECEHHS TUTIBOK, OJTHUM 3 SIKMX € METOJ JPYKY 3 BUkopuctanHsm 2D ta 3D
npuHTepiB. [loniOHMI MpUHIIAIT CTBOPEHHS (POTOETEKTPOHHUX MTEPETBOPIOBAYIB MOXKE
OyTH JIETKO peani3oBaHui B Ja0OpaTOPHUX Ta MPOMUCIOBUX MaciuTabax. [loganbiie
BUJIAJICHHS! OPTraHIYHUX PO3YMHHMKIB y TUNBKAX 3BUYANWHO 3MIMCHIOIOTH ILIAXOM iX
pO3KJIaJlaHHsI Ta BUIIAPOBYBAHHS MPH MIJABUIICHUX TEMIIepaTypax Biamaxy BHUpPOOY
[20,21].

Cepen BimoMux MeTOAIB ojepxaHHs IUBOK CdixZNnNxTe BHMapoBYyBaHHS Yy
KBa313aMKHEHOMY 00’ €M1 € OJIHIE€I0 3 HAMO1JIBIII MEPCIIEKTUBHUX JICIICBUX TEXHOJIOT1H
OcaKEHHSI TUTIBOK [22]. Sk mpaBwiio, oTpuMaHHs tiBok Cdi-xZNnxTe qanuM MeTo oM
3MIIACHIOETHCS 32 PaXyHOK BUTIAPOBYBAHHS IITUXTH BU3HAYEHOTO XIMIYHOTO CKJIaTy a0
MOCJIIJIOBHOTO HAHECEHHS IIapiB €JIEMEHTIB CKJIAIOBUX KIHILIEBOI (a3u 3 HACTYIHUM
BiNANIOBaHHSAM  OararomrapoBoi  ctpykrypu  [23].  Takox  peamizaris
crmiBBunapoByBanHs muxtu CdTe ta ZnTe 3 pi3HUX pKepen Moxe OyTH mie OUThII
MIEPCTIICKTUBHOIO, TaK K y I[bOMY BHITaJIKy MOKHA OUYiKYBaTH TOYHOTO PETYIFOBAHHS

KOHIIGHTpAIIl CKJIaJOBUX KOMIIOHEHTIB Y MaTepiai, 1o OJePKyEThCS.
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B mpencraBneniii  poOOTI HaBeIeHI pe3yibTaTH ONTHUMI3AIil CHUHTE3Y
HaHodyacTuHOK Cu, ZnO ta CZTS B 3alle’KHOCTI BiJ 4acy iX CHUHTE3y. 3BUYAiHI
CTpPYMEHEBI MPUHTEPH 3aCTOCOBYIOTH MIrMEHTH1 (papOu Ha BOJHII OCHOBI, SIKI MOXKYTb
OyTH 3aMiHEH1 Ha YOPHMJIA, 110 MICTITh CYCIIEH3110 HAHOYACTUHOK PI3HUX MaTepialiB
[24]. YV Ham yac Bike CHHTE30BaHO BEJIMKE PI3HOMAHITTSI HAHOKPUCTAJIi YHUX METAIliB,
HaIlIBOPOBIJHUKIB, 130J4TOpIB Ta I1HTepMeTaniAiB. [loganpiior0 HayKoBOIO Ta
TEXHOJIOTIYHOIO MPOOJIEMOI0 € Ppo3poOKa CTaOUIPHOTO KOJOIAZHOTO PO3YHHY
HAHOYACTUHOK, SIKM BHUKOPHUCTOBYETHCS SIK YOPHWJIA, 3 BIAMOBIIHOK B’S3KICTIO Ta
MOBEPXHEBUM HATATOM, 1110 € €KOJIOTYHUM Ta HETOKCUYHUM IPOLIECOM.
Takox mokaszaHi pe3yJbTaTh AOCTIIHKEHHS TTOJIKPUCTATIYHUX ITIBOK TBEPIOTO
pozunny CdiZnyTe onepkaHUX METOJIOM BaKyyMHOTO OCA/DKCHHS B 3aKPHUTOMY

00’ eMl.
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PO3A1J1 2. OCHOBHI METOJAUKHN CUHTE3Y HAHOYACTHUHOK Cu,
Zn0O, Cu2ZnSnSs TA OCAJI’KEHHS IIJIIBOK CdixZnyxTe

[Ipouiec cuHTE3y HAHOYACTUHOK 3 OJHAKOBUMHU po3Mipamu, (OpPMOKO Ta
€JIEMEHTHUM CKJIQJIOM € CKIaJAHUM 3aBJaHHsAM. llepcriekTMBHMM Ta BIAHOCHO
JIEIIIEBUM CITOCOOOM CTBOPEHHS YOPHUIJI HA OCHOBI HAHOYACTHHOK MeTaneBux (Cu) Ta
HamiBIpoBITHUKOBUX (ZnO, CuZNnSnS,) MatepiaiiB € KOJOITAHUN METO/T, OCKUTBKH BiH
JI03BOJISI€E CHHTE3yBaTH HAHOMATepialu 13 3a1aHUMHU (HOPMOI0, po3MipaMu Ta a30BUM
ckinagoM. [lpu TakoMy CHHTE31 Ha IMOYATKY BiOYBA€TbCA YTBOPEHHS MOHOMEPIB
[UIIXOM PO3YMHEHHS BUXITHUX MPEKYPCOPIB Y PEAKIIHHOMY CEpPEIOBHUIIll, HACTYITHE
HarpiBaHHs TAaKOi peaklIHOI CUCTEMHU B 1HEPTHIM atMocdepl A0 Temmeparyp, Ipu
SAKUX BIIOYBAalOThCA MPOLECH 3apOJAKOYTBOPEHHS Ta MOAAIBIIMNA PICT HAHO3EPEH
cTab1/1130BaHUX MTOBEPXHEBO-AKTUBHUMHU PEYOBUHAMH.

Hns  ¢opMmyBaHHS YOpPHHJI HA OCHOBI  KOJOiJHUX  HAaHOYACTHHOK
BUKOPHCTOBYIOTh ~MAaJOTOKCHYHI PO3UYMHHUKMA 3 HU3ZBKUMH TeMIlepaTypaMu
BUITAPOBYBAHHS, 110 JJA€ MOKJIMBICTh APYKYBAaTH MaTepiall Ha Pi3HI TUIIHA TOBEPXOHb,

BKJIFOYAIOYM THYYKI, @ caM MPOLEC HAHECEHHS apiB 3p0OUTH O1IbII JIEHIEBUM.

2.1 MeToauka CHHTe3y HAHOYACTHHOK Mii

CuHTe3 HAHOYACTUHOK MiJl MPOBOAWIM Yy BOJHOMY PO3YMHI Ha TOBITP1 MpHU
KiMHaTHIN TemrepaTtypi. Crodatky posuuHsiu 0,9 v rymiapabiky y 30 ma Bojau.
[Ipouec po3unHenHst TpuBaB 30 XB. MpU IHTEHCUBHOMY NEPEMIIIyBaHHI PO3YHMHY B
XxiMIYHOMY cTakaHi Ha 150 MJ 3a 1omomMoror MarHiTHOI Mimanku. ['ymiapabik OyB
BUKOPHUCTAHUN SIK 3aXMCHE CEpPEJIOBUILC HAHOYACTMHOK M/l BiJI OKUCHEHHS MICIs
JI0JIaBaHHsI PEYOBUHU BITHOBHMKA. B 1HIIIOMY cTakaHi roryBaym po3uuH 0,428 r (2,5
mMontb) CuCly-2H20 B 20 M Boam. IloTiM jgomaBaiii po3dmH COMi Kympymy [0
PO3YHHY TyMiapadiKy MpOJOBXKYIOUN IHTEHCUBHE HOTO MepeMilTyBaHHS BIPOI0BK 10
XB. Y MOJaibIIOMy Y pO34MH 1o kparisaM gogaBaiu 0,9 min NoHg-H20. [lanuii 06’em
BiJIHOBHHKA BI/INOB1/1aB MOJIbHOMY CIHIBBIIHOIICHHIO 10 BUKOPHUCTaHOI coii sk 1:10.

[Ticns momaBaHHs Tipa3uH T1ApaTy MPOJOBKYBAIM NEpeMillyBaHHs cymimn 1 rom.
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3aranpHe PIBHSHHSA B3a€MOJII COJIl KYNPYMY 3 PEYOBMHOIO BIJHOBHHUKOM MOXHAa

NpcaACTaBUTU B HACTYIITHOMY BI/IFJBI,ZIi:

2CuCl, + NoH, = 2Cu + N, + 4HCI

Opnepxanuii po3unH ueHTpudyrysamu 20 xB. 3 yactororo obepranHs 5000
00./xB. BignineHuit mpoayKT TpuUl BiIMUBAJIHN BiJ] OPraHIuYHOI CKJIaI0BOI €TAHOJIOM 3
HACTYITHUM LEHTpU(PYTyBaHHIM Ta OCTaHHINA pa3 alleTOHOM. Bojoruil mopoiok mMisi
CYIIMJIA 3 TOJIMHU B BaKyyMi MpU KIMHATHIN TeMIiepartypi.

CxeMy cCUHTE3y NpPEACTaBIEHO HA pUC.4.

solution of solution of
%
Cu(l, N,H,*H,0
intensive intensive
stirring stirring
—— — = | —
—— 30 min — — 10 min _ Cu¥/GA _
gum acacia ZDIEA solution
< e > )
intensive .
stirring lw mn
Cu RT - Cu . centrfuging Cu 7ol
owder dispersion washin with GA
pow 3h with ethanol Sg

in vacuum with ethanol

Puc. 4. Cxema cuHTE3y HAaHOYACTHHOK Mii

2.2 Metoauka cuHTe3y HaHOYacTUHOK ZNnO

Hanowactuaku ZnO Oynu ojaepaHi METOAOM IOJIOJNBHOTO CHUHTE3y. K
peakIiiiiHe cepeoBUIle BUKOPUCTORYBaIM eTuiieHr ko (EG). 2,19 r (0,01 monb)
Zn(CHsCOQO),*2H,0 ta 10 M EG momimamu y aBoropiy koiioy Ha 50 mur. B
IEHTPAJIBHUA OTBIp MOMIIIATN 3BOPOTHUN XOJOIWIBHUK, & B OOKOBUH TepMormapy
3’€HAHY 3 TEPMOPETYJIITOPOM KOJIOOHArpiBaya.

OpnepxaHy  cymimn  HarpiBaad B KojOoHarpiBadi 3  IHTEHCHUBHUM
nepeMilryBaHHAM Te(IOHOBOKO Mimankoro. ITicis gocsaraeHHs Temneparypu 160 °C
cymim ButpumyBaiu 60 xB. [Ipu cuHTe31 B pe3ybTaTi peakilii po3Kiiaay yTBOPIOEThCS

HAaHOCTPYKTYypHHl ZnO.
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Zn(CH3C00),-2H,0 — ZnO + 2CH3COOH + H,0

VY nopanbiomMy CyMmill 0X0JIOIKYBaIu O KIMHATHOI TEMIIEPATypH Ta BIIUISUIINA
CUHTE30BaHMHA MpOAYKT Bl opraHiyHoi ckimagoBoi (EG) 3a  momomororo
ueHTpudyryBannsa. 3anumku EG  BiAMHMBaJM €TaHOJIOM MpU IHTEHCUBHOMY
300BTYBaHHI 3 HaCTymHUM IeHTpu(yryBaHHsAM. BinmuTi 3pasku ZnO cymwnm npu
temriepatypi 60 °C ynpoaoBx 24 roa. CxeMaTH4HO MPOIIEC OJIePKaHHSI OKCUTY TUHKY

MOJXHA IIPCACTABUTH HACTYIIHUM YHMHOM:

Zn(CH,C00),*2H,0

160 °C centrifuging ZnO 60 °C
§ > Zn0 ——3»  (ispersion —» Zn0
HO/\/OH sol with EG  washing in ethanol powder
with ethanol

Puc. 5. Cxema cMHTE3y HAHOYACTUHOK OKCUY LIMHKY

2.3 Metoanka cuHTe3y HaHOYacTHHOK CU2ZNSNS4

Hanowactuaku CZTS Oynum ojepkaHi METOAOM IMOJIOJBHOTO CHHTE3y B
iHepTHIN aTtMocdepi aproHy. Sk cepemoBuie sl CHUHTE3Y BUKOPUCTAHUUN
nietunenraikonab (DEG). Cymim coneit 0,334 r (2 mmoinb) CuCly-2H20, 0,220 1 (1
mmoib) Zn(CH3COO),-2H,0, 0,226 r (1 mmonbs) SnClp:2H,O ta 60 mn DEG
NOMIIIAJIM B TPUTOPJIY KOJOy Ta HarpiBajJd 3a JOMOMOTOI MacisiHoi OaHi 3
IHTEHCUBHMM TE€pPEMIITyBaHHSAM Te(hJIOHOBOIO Mimankor. Ilicias mocsrHeHHsS
temnepatypu 130 °C cymim ButpumyBamu 10 XB. HOTIM Tya¥ KpamisMH J0JaBajd
pozuud 0,304 r (4 mmoas) (NH32),CS B 10 mut DEG. ITicis nboro mounHamiu NpoayBKy
kosiou Ar. [Ipu niboMy ojiepkaHy peakiiiiHy CyMill HarpiBaym g0 temnepatrypu 240
°C Ta BurpumyBanmu nmesxuii wac. B mpoueci cunresy CZTS omepikaHi 3pasku 3
1HTEpBaJIOM BUTPUMKH MPHU TeMIepaTypi peakuiiHoro cepenosuma t = 0, 15, 30, 60,
90 ta 120 xB. Y mogaapuioMy CyMill OXOJIOJKYBaId A0 KIMHATHOI TEMIEpaTypH Ta
BUIIUISIIA CUHTE30BaHUM MPOIYKT BiJ opraHiuHoi ckianoBoi (DEG) 3a gomomoroto
ueHtpudyryBannd. 3anumkd DEG BigMUBaIM €TaHOJIOM MpU 1HTEHCHBHOMY

300BTyBaHHI 3 HACTYMHUM LeHTpudyryBanHsM. Bimmuti 3pazku CZTS cymunu npu
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KIMHATHIM TeMIiepatypi yrnpoaoBx 24 roj. 3arajibHe piBHSIHHS B3aEMOJII1 MPEKYPCOPiB
y peakuiiHOMY CepeIOBHIII MOKHA 3alMCaTH HACTYITHAM YHHOM:
2CuCl,-2H,0 + ZnCl;-2H,0 + SnCl,-2H,0 + 4(NH2).CS — CuZnSnS, + 8HCI +
8NH31 +4CO21

Cxema cunTe3y HaHoyacTuHOK CZTS npencraiieHa Ha puc. 6.

a (NH,),CS .
in DEG
Ar —m-
CuCL*2H,0 130 °C
I——
Zn(Ac),*2H,0 10 min
SnCL*2H,O
240 °Cl 120 min
CZTS centrifugin
CZTS RT  dispersion gmg  CZTS
d ith zol with
powder 54 W washing

ethanol with ethanol ~DEC

Puc. 6. Cxema cunre3y HanodyactuHok CZTS

2.4 MeToanka ocaakeHHs TBepaux po3uuHiB CdixZnyTe

[Momikpucramiuni twiiBku CdixZnTe ocamkyBaauch METOJOM BaKyyMHOT
cyOmimariii y BakyymHiil yctadoBii BYII-5M mnpu TuCKy 3aJMIIKOBHX Ta3iB HE
6inpme, Hix 5-107° IMa. Sk cy6cTpar BUKOPMCTOBYBANIM CKIISHI MigKJIAJKH TTOKPUTI
mrapom ITO. Jlnst ocamkenns tBepaoro po3uuny CdixZn,Te BUKOPHUCTOBYBAIN CYMIIIT
TENypUILy KaJMIIO Ta TEIYPUIY LIUHKY B PI3HOMY MOJIbHOMY CITiBBIIHOILIEHHI. Y MOBH
OCa/DKCHHS OyJIM HAaCTymHUMU: TemrepaTtypa miakiaaaku Ts = 400 °C, Temmeparypa
unapauka Te = 700 °C. Enextpoau mis 300py 3apsay Oyjiu HaHECEHI BaKyyMHHM

TEPMIYHUM BUIIAPOBYBaHHS AU Ha MOBEPXHIO TUTIBKH.
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2.5 MeToauka aocaigeHHss MOP(OJIOrii Ta CTPYKTYPH CHHTE30BAHUX
MarepiaJjiB

Mopddosoriuni JOCTIKEHHSI CHHTE30BaHOTO0 HaHOMaTepiany Oyiu MpoBeAcHI
Ha MPOCBIUYOUOMY elIeKTpoHHOMY Mikpockomni [TEM-125 3 po6ouoro Hanpyroro 90
kB Ta ckanyiodomy enekrpoHHOMYy Mikpockoni SEO-SEM Inspect S50-B (FEI
Company, Hillsboro, OR, USA).

PentrenodazoBi nociimKeHHsS CHHTE30BaHUX MaTepianiB Oyjau BHUKOHAHI Ha
pentreHiBcbkomy nudppakromerpi JJPOH 4-07 3 Cu-Ka BUNpPOMIHIOBaHHAM 3
napameTpamu pobotu peHTreHiBcbkoi Tpyoku U = 30 kB, [ = 20 MA. 3iiomka
npoBojgmiack B aiama3oHi kytiB 260 Bim 20 go 80 rpax. 3 ¢dokycyBaHHAM
PEHTIeHIBCBKOIO MpOoMiHHS 3a bperom—bpenrtano. ®a3oBuii aHami3 3pa3KiB
MPOBOJIMBCS IIIIXOM CITIBCTABJICHHS MIUKIUIOIIMHHUX BIJICTAaHEH Ta BIIHOCHHUX
IHTEHCUBHOCTEH BiJ JOCHIPKYBAaHUX 3pa3KiB Ta €TajoHa 3a 3a JIOOMOTOIO
KoMIT toTepHux nporpam DifWin ta Match.

Po3paxyHok mapameTpiB eleMeHTapHUX KOMIPOK CHHTE30BaHUX 3pa3KiB a 1 C
reKcaroHajgbHoi ()a3u Ta @ KyOi4HOI MPOBOAMBCA 3a MOJOXKEHHsIM K,; CckiamoBoi
HAWOUIBII IHTEHCUBHUX JIIHIM JuipakTorpaM 3 BUKOPUCTAHHSM HACTYITHUX
CI1BBITHOIIEHD:

IS KyO1uHOT hasu:

a =

281

A

VhZ + k2 + 12,
no
Jie A — JIOBXKMHA PEHTTEHIBCHKOTO BUIIPOMIHIOBAHHSI,

JUTS TeKcaroHanbHOI (pas3u:

A 3 a\?
a= \/Z(hz +hie+k2) + (2) 12,

2sinf

A 3 [c\?
c= \/2(2) (h? + hk + k?) + 12,

2sinf
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Ji¢ BIJIHOIIEHHS C/a BBaXaJoCs CTAJMM 1 PIBHUM 3HAYCHHIO XapaKTEPHOMY s
ieanpHOl rpaTKu BIOpTHHTY C/a =1,633.

Cepenniii  po3mip oOnacreii korepeHtHoro poscitoBanns (OKP, L) vy
CUHTE30BaHUX 3pa3zkax OyiM po3paxoBaHi 3a (PI3WYHUM YIIMPEHHSAM IU(PaKIIiHuX
HiKiB 32 GOPMYJIIOIO:

0,941
" Bcosb’
Ie A — JOBXHHA XBWUJi; f — 3Ha4eHHS (I3UYHOTO YIIUPEHHS BIAMOBITHOTO

TudpakitHOro MakcumMymy; 6 — KyT nudpakiii.
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PO311J1 3. CTPYKTYPHI TA MOP®OJIOT'TYHI XAPAKTEPUCTHUKHA
HAHOYACTHUHOK ZnO, Cu TA CZTS

3.1 Ctpykrypa ta Mmop¢oJioris HaHOYacTUHOK ZnO

Ha puc. 1 nokaszani peHTreHorpaMu HaHOKpucTaiiB ZnO. AHali3 OTpUMaHUX
TU(paKkIHUX CIEKTPIB MPOBOAWIM IUIAXOM TOPIBHSHHS 3HAY€Hb KYTIB Ta
IHTEHCUBHOCTI 31 3HaUeHHSAMHU B3aTHMU 3 0a3u ganux JCPDS (Ne 01-079-2205). byno
BCTAHOBJICHO, 10 CHHTE30BaHI HAHOKPUCTAIU MICTITh (pa3y OKCHUAY ILIHUHKY 3

TeKCaroHAJIbHOO KPUCTATIIYHOIO TpaTKo0. BropunHi dha3u He BusBieHi (puc. 7).

2000 - JCPDS
Zn0O 01-089-1397

1500 <

1000 —

Intensity (a.u.)

500

(100)

(002)
(101)

(102)
(110)
1200

(112)
201)

(004)

(202)

I Y I I I I
20 30 40 50 60 70 80

20 (deg)

Puc. 7. Pertrrenudpaitiiinuii cnekTp cuHTe30BaHOTro 3pazka ZnO (60 xB)

Cnig  3a3HauuTH, 110 1HTEHCHBHICTh JHIA Ha AW@pakTorpamax Bl
HAHOKPHUCTAIIB 3pOCTalia, a iX MIBIIMPWHA 3MEHIIyBajlacsd MpU 30UIbIIEHHI Yacy
cuntesy Big 30 mo 120 xB.

[Ipu yaci cunTely 180 XB. IHTEHCHBHICTH MIKIB 3MEHIIYETHCS, a MIBIIMPUHA
30UTBITY€ThCS, TaHUN e(DEKT CBITIUTH TIPO TE, III0 HAHOKPUCTAIH CTIOYATKY POCTYTh 1
MOKpPAIIyIOTh CBOIO KpucTamiuHicTh (30-120 xB.), OTIM 3MEHIIYIOTh CBIA po3MIp 13
HOTIpIIEHHAM KpUCTaliyHOi sikocTi (180 xB.).

JUis BU3HAUEHHS BIUIMBY YMOB POCTY HAaHOKPHUCTAJIB Ha iX BJIACTUBOCTI MU
BU3HAYMWIM TaKl KUIBKICHI CTPYKTYpHI XapakTepucTuku ZnO: po3mipu obnacteit
KOTEPEHTHTHOTO po3citoBanHs (L), mapamerpu Ta 00’ €M eneMeHTapHOT KOMIpKH (a, C,

c/a, Vunit). Pesynbrat oOumcieHb mnpenactaBieHi B Tabmumi 1. Sk BugHO 3
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pO3paxoBaHUX MapaMeTpiB, 30UIBIIEHHS Yacy CHUHTE3y HaHOYACTHMHOK 10 120 XB.
NPU3BOANTL J10 30UIbIIeHHS 3HauyeHb L 3 12 HM 10 16 HM y HampsMky,
NePHeHANKYJIApHOMY 10 Kpucrtamorpadpiunoi mromman (002). Omnak mpu
noAaibIIoMy 30UTbIIEHHI 4Yacy cuHTe3y g0 180 xB. L 3menmyerscs n0 13 HM.
AHaNOriyHl TEeHJEHLII crocTepirarTbes Mg Ly HanmpsMkax, MepHeHAHKYJIIPHUX
moruHam (100) Ta (101).

Ta6auus 1. CTpyKTypHI XapaKTepUCTUKU CUHTE30BaHMX HAHOYACTHHOK ZNO

q
ac L, HM a C C/a Vunit, nm3
CHUHTE3Y, XB.
30 122 0,32464 0,52156 1,6066 0,0476
60 136 0,32476 0,52095 1,6041 0,0476
120 16,3 0,32582 0,52157 1,6008 0,0478
180 13,1 0,32509 0,52199 1,6057 0,0480
JloBigHUK |4= 0,3253 M, ¢ = 0,5213 5™, c/a = 1,603, Vinit = 0,0478 am® [JCPDS Ne 01-089-
1397]

Sk BuaHO 3 TaOmumi 1, 00uncieHi 3HaUeHHS a, C, ¢/a, V ynit OJIU3bK1 10 €TATOHHUX
JIaHUX, 1110 BKa3y€ Ha HAOJMXKEHHSI XIMIYHOTO CKJIaJly CUHTE30BaHUX HAHOKPHUCTAJIB
70 CTEXIOMETPUYHUX 3HA4YCHb. ByJl0 BCTAaHOBJIEHO, IO TapaMeTpu EIEeMEHTapHOI
KOMIipKH HaHOKpucTaniB ZnO 3miHtoBanuch B miama3oni a = (0,32375-0,32445) um, ¢
= (0,51716-0,52686) umM, c/a = (1,55971-1,6273). 3i 30iIbIICHHIM 4Yacy CHHTE3Y
HAHOYACTUHOK 3HA4YEHHS MapaMeTpa KOMIPKH C OKCHAY IHHKY 3pOCTaJIO, TOMI SIK
napaMeTp a MaB MaKCUMaJbHEe 3HAaUeHHs (HalOMmK4e 10 3HaYeHb CTEX10OMETPUUHOTO
Marepiany) npu 4aci cuatesy 120 xB. O6’eM KOMIpKH MOHOTOHHO 3MEHIITYEThCS BiJl
Vunit = 0,0476 nm3 (ipu 30 xB.) 10 Viynit = 0,0474 nm?3 (npu 180 XB.) HAONIMKAIOUKCH
JI0 €TaJIOHHUX 3HAYEHb.

Hanopo3mipamnii xapaktep Ta 01HO(a3HUM CKIa] CHHTE30BaHNX HAHOYACTUHOK
ZnO miaTBepmKy0Thest MikpodoTorpadismu (puc. 8). 31 30UIBIICHHSIM Yacy pOCTY
KPUCTAIIB PO3MIp HAHOYACTUHOK CIOYaTKy 301abinyeThes 3 12,0 = 3,0 um (30 xB) 10

17,3 = 3,0 am (120 xB), a motim 3meHmyerbess g0 12,5 + 3,0 am (180 xB). Taky
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MOBEAIHKY POCTY KPUCTaIIB MOXKHA MOSCHUTH TUM, 1110 OCTAHHI BBOASTHCS B PEKUM

no3piBanHs OcTBajbAa MPHU BUTPUMIII B peakiiiHoMy cepenopuiii Oinbiie 120 xB.

=120+ 3.00m d=156=30nm

50 nm [ d=173£30mm | 50 nm d-125=30m

BN

Puc. 8. EnekTpoHHO-MIKPOCKOITIYHI 3HIMKH 3pa3kiB ZnO 3 pi3HUM YacOM CHHTE3Y: a

—30xB.; 06— 60 xB.; B—120; r— 180 XxB.

dopMa HaHOKpUCTATIB € KBazichepuuHoro. Po3mipu HaHOKpHUCTaNB, BHU3HAYEHI
JOCTIPKEHHSAMU TIPOCBIYYIOYOi MIKPOCKOIMIi, 100pe KOpPENoTh 13 00YUCICHUMHU

3HaueHHsMu L 3a dhopmyroro lepepa.

3.2 Ctpykrypa Tta mopgoJiorisa HanouactTuHok Cu ta Cu2ZnSnS,

B pe3ynbrari cMHTE3y HAaHOYACTUHOK MiJll OJiepKaHi oHO(ha3H1 KpUCTaIIuHI
3pa3ku ¢ cepeaHiMm po3mipom OKP 6muspko 20 um (puc. 9). B pesynbraTi cuHTe3y
BCTAaHOBIICHO, [0 HA YHUCTOTY KIHIIEBOTO MPOAYKTY BIUIMBA€ HE JHUIIE KUIBKICTH
JIOJAHOTO BITHOBHUKA (T1Ipa3uH TiapaTy) 10 PO3UYUHY COJII KYIPyMY 3 MOJIMEPOM —
cTab1T3aTOPOM KOJIOITHOTO PO3YMHY, @ M METOAMKA BIIMUBAHHS Ta BHUCYIITYBaHHS
BIIJIUIEHOTO ocanxy MeTamiyHoi miai. [lpu BUKOpUCTaHHI JJIs BiIMUBAHHS BOJAM YU
130IPOMNIJIOBOTO CHOUPTY Ta BHUCYIIyBaHHI Ha IMOBITPI YTBOPEHAa MiJlb YacTKOBO

OKHUCITIOETHCS JI0 T1IAPOKCOKapOOHATY.
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50000 <4
ICPDS

Cu 00-004-0836
40000 -

u.)

30000 -

20000 -

Intensity (a

10000

Puc. 9. Perrrengudpaniiinuii ciektp Ta MikpodoTtorpadis BiJ CHHTE30BaHOTO

3pa3ka Miji

Amnani3z nudpakrorpam cuHTe30BaHuX 3pa3kiB CZTS cBIIUUTSH 1110 B PE3yJIbTATI
CUHTE3Y oJiepKaHl 0JHO(pa3HI KpUCTAJIIYHI MaTepiaJid TeTparoHaabHOi CHHTOHIT (TIp.

rp. [-42m) 3i cTpykrypoto kecrepury (puc. 10).

1800
1600 -
1400

cpps
1200 Cu,ZnSnS, 00-026-0575

Intensity (a.u.)
g &
1 1

g
1

Puc. 10. Judpaxuiiinuii ciekTp Ta e1eKTPOHHO-MIKPOCKOMIYHI 3HIMKH 3pazky CZTS

3 TpUBAJIICTIO cuHTE3y 60 XB.
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Bigomo, 1110 BigHOIIEHHS 1HTEHCUBHOCTI psiny AUGpaKIiHHUX BiIOWBaHb BiJl
KpucrtajgorpapiyHuX IUIONMH (a3 KecTeputy Ta cTaHiTy € pisHUM. Came Tomy,
BU3HAYCHHS WX BIAHOIIEHB J1a€ MOKJIMBICTh TOYHO BCTAHOBHUTH JOMiHYIOUy (ha3y
Marepiany. Po3paxoBaHe HaMHu BiIHOIIECHHS 1HTEHCUBHOCTI BigouBanb 1(112)/1(220)
BiJl KpucTanorpadgiuanx mionwH (112) ta (220) a1 mociipKeHUX 3pa3kiB CTAHOBHIIO
(2,15-2,29). lle 3HaueHHs € OJM3BKUM JIO OTPUMAHUX JUIS HEJICTOBAaHMX IUTIBOK 13
kectepuTHoro  ¢azoro  (I1(112)/1(220) =2,80). Takum  YMHOM, JOCIIKEHI
HAHOYACTUHKH, CKOpIIle 3a BCE, MalTh CTPYKTypy KectepuTy. lleli BHCHOBOK
MIATBEP/KYETHCS €KCIEPUMEHTAIILHUMU PO3paxyHKaMH BIJHOIICHHS TapaMeTpiB
KpUCTAIIYHOI rpaTku Marepiany (c¢/2a = 0,97782-0,99732), axe BusiBuiocs OJIu3bKUM
1o oguHUI. Lle € xapakTepHUM siKpa3 JyUIst KECTEPUTHOI a3y .

Hdpakrorpamu Big HanoyacTUHOK CZTS, cHMHTE30BaHUX MpPH PI3HOMY Hacl
MaroTh MOAI0HMI xapakTep. Ha onep:kaHux ciekTpax JIOMIHYe JiHig Ha KyTax (28,75-
28,85)°, ska BiAmoBimae BiAOMBaHHIO BiA KpucTanorpadiunoi mmomuuau (112)
terparoHanbHOI (hazu CZTS. Takox mpucyTHi JiHii Ha kyTax (32,55-33,25)°, (47,75-
47,90)°, (56,40-56,65)°, (69,55-69,85)° Ta (76,45-77,25)° 1m0 BIANOBIAIOTH
BiOuBaHHAM BiJ TuiomuH (220) Ta (312) miei x cnomyku. JIiHiHd, 0 BIANTOBIIAIOTH
OKCHUJIHUM Ta IHIIMM (hazaM KOMIIOHEHTIB, 3adikcoBaHO He Oyio. lle cBiquuTh, 110
KOHIIEHTpAIlisl HEKOHTPOJIbOBaHUX (Da3 y AOCTIIHKEHHUX 3pa3kax He nepeBuirye 3 -5%.
Cnig BiA3HAYMTH, 11O MPHU 30UIBLICHHI Yacy CHUHTE3Yy, IHTEHCUBHICTh 3a()iKCOBaHUX
MiKiB Ha AUQpaKTOorpamMax JAenio 30UTbITY€EThCS, a iX HAMiBIIMPUHA 3MEHITY€THCS .

Sx BkazyBanocs B mporeci cuHTedy CZTS opeprkaHni 3pa3kul 3 IHTEPBAJIOM
BUTPMMKH TIPDH TeMIepaTypi peakmiliHoro cepegosuma 240 °C 0-120 xs.
BcraHnoBieHo, M0 TPUBAJIICTh CHUHTE3Y CIa0KO BIUIMBA€E Ha MPOLEC KpUCTali3amii
Marepialy Ta pPO3MIpU YaCTHHOK. Y BCIX BHIIQJIKaX YTBOPIOIOTHCS J00pe
3aKpHCTaIi30BaHi 0/THOGA3HI MPOTYKTH.

Bcranosneno, mo cepenniit po3mip OKP manouactunox CZTS nipu 361nbiieH1
Yyacy CHHTE3Y c1a0Ko 301IbIIy€eThes Big 7,9 HM 110 8,4 HM (Tadi. 2).

[lepion kpucTamiyHOi TpaTKU MarTepiady € XapaKTePUCTHUKOIO HaJI3BUYAIHO

Yy TJIUBOIO JIO 3MIHU MOTO CTEX10MEeTpii, BBEJICHHS JOMIIIOK, OKUCHEHHs Tolo. Came
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TOMY, MPENU31MHE BU3HAUYCHHS ITUX BEJIMYMH JIa€ MOXKJIMBICTb BUBYUTH BIIAMOBIIHI
IIPOIIECH.

OTpuMaHi 3HaYeHHS MapaMeTpiB KPHUCTAIIYHOI TpaTku HaHoyacTHHOK CZTS
npejcTaBiieHl B Tabi. 1. BecraHoBIeHO, 10 cTalll TpaTKU MaTepialy 3MIHIOIOTBCS Y
mianazoni a = (0,53568-0,54212) um, ¢ = (1,04429-1,08133) um, c/2a = (0,97782-
0,99732).

Tadaunua 2. CTpyKTypHI XapaKTEPUCTUKH CUHTE30BaHMX HaHOUYacTUHOK CZTS

Yac [TiBmmpuHa L, a, C, c/2a Vnit,
cunresy | miky (112), S . . . .

T, XB
0 1,087 7,99 10,54212 |1,08133 |0,99732 |0,3178
15 1,098 7,91 |0,53659 |1,04937 |0,97782 |0,3021
30 1,094 7,94 10,53659 |1,04937 |0,97782 |0,3021
60 1,060 8,20 [0,53750 |1,05452 |0,98095 |0,3047
90 1,042 8,34 [0,53568 |1,04429 |0,99062 |0,2997
120 1,030 8,44 [0,53659 |1,04937 |0,99394 |0,3021
JoBimHuK | g = 0,54270 M, ¢ = 1,0848 HM, ¢/2a = 0,9994, V= 0,3195 am?

[JCPDS Ne 00-026-0575]

Sk BuaHO 3 TabnuIl 2 npu 301IbIIEHH] YaCy CHHTE3Yy pO3paxOBaHi 3HAUCHHS a,
¢ 3MEHIIYIOThCS BCE OLIBINE BIAPI3ZHAIOYKNCH BiJl JOBIAHUKOBUX AaHUX. HailOiumbin
OJIM3bKi 10 JOBIAHUKOBUX 3HAYCHHS a Ta ¢ OTpHMaHI IpH 4aci cuHte3dy T = 0 XB.
Po3paxoBanuii 00’eM eeMeHTapHOI KOMIPKH CIIOTYKH 3HAXOJIUBCSA B IHTEpBAIl Vit =
(0,2997-0,3178) um®. Lli 3HayeHHs € MEHIIMMM HiK HaBeleHi Yy JIOBIJHUKY s

MaCHBHOT'O MaTepiaiy.

3.3 Ctpykrypa Ta Mopdooris miiBok TBepaux po3unHiB CdixZnxTe
JlocmimpkeHi (HOTOBIATYK MONIKPUCTATIYHUX IUTIBOK TBepAuX po3unHiB Cdi-
xZnyTe, ne X = 0,08; 0,36; 0,47, oxapakTepu3oBaHi THUIIOBI CTPYKTYPHO-EICKTPUIHI

BJIACTUBOCTI OJIEpKAHUX MaTepiaiB.
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[ToBepxHs OcaKEHUX TUTIBOK Ma€ MOJIKPUCTATIYHY CTPYKTYPY Ta CKIaTa€ThCS

3 OJIHOPIAHMUX 3€peH 13 cepeaHiMm po3mipom D ~ 15 mxm (puc. 11a). B nonepeunomy
nepepisi MWIiBKU 3epHa MalOTh KOJOHOMOAIOHY (opMy, a TOBIIMHA TUIIBKH CTAHOBUTH

onu3bKko 70 MM (puc. 1106).

W W N k\_._ ________

WD=27.3mm 20.00kV _ x400

Puc. 11. SEM-300pakeHHs OBEPXHI (@) MONEPEYHOTO Nepepi3y IUTIBKU CKIIATY
Cdo,92ZNngpsTe

Ha mudpakuiiiHuX cnekrpax oOJep)KaHMX 3pa3kiB 17eHTU(IKOBaHI MiKi 3
mwiommHamMu  Bimouttsa (111), (220), (311), (222), (422), (331) Ta (511), mo
BIJINOBIAI0Th KyO1uHii cuHroHii. [lik (111) € HalOUTbII 1HTEHCUBHUM HIXK 1HIIMX
BiIOWTTIB, CBIAUYMTH MPO TE€ IO PICT IUTIBKU BifOYBAa€THCS MEPEBAXKHO MO TUIOIIHHI
[111]. [lupuna Ha nonoBuni Makcumymy (FWHM) nudpakiiiiHoro miky IionuHu
(111) 0,15 ° moka3ye OHOPIAHICTD CKJIAly Ta TapHY KPUCTATIUYHY SIKICTh OCAJI)KEHOTO
Matepianmy. Po3paxoBaHi 3HaueHHs TMapamMeTpiB e€JIEMEHTapHOi KOMIPKH J00pe

H1AKOPSAIOTHCS MPSMOJIIHINHIN 3a1eKHOCTI ITpaBuiia Berapaa.

2.0x10* 7T x=0.08 L B S B B I N
i 1671 czr, x=008 )
a) < e ; 0)
g 14— dark conditons| | P
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JocmipkeHa 3aleXHICTh TYCTHHH CTPYyMY Bl TMPUKIAACHOI Harpyrud A0
ceraBiueBoi ctpykrypu Au/CZT/ITO Ta BuMipsiHa €KCHO3MINS O1IOr0 CBIT/IA MPHU
PI3HUX MOTYXHOCTSAX OCBITJICHHS Ta HEOCBITICHMX yMoOBax. Sk BuaHO 3 puc. 120,
I'YCTHHA CTPYMY IIPH OCBITJICHHI Ma€ BUIIl 3HAYCHHS, HDK B TEMHMX YMOBaX, IMPHU Tii
KE Hampysi 3MIIIEHHS, fKa € pe3yJbTaToM reHepalii BUTBHUX HOCIIB 3apsay mina
BILUIMBOM cBiTia. Ile mokasye, mo twmiBku CdixZNnsTe € dymmBHMH 10 CBITJIA Y
BUJIUMOMY Jl1aITa30H1 JOBXKUHU XBUJII.

BcraHoBiieHO, 1110 HaWHMKYl 3HAYEHHS HANPYTH 3MILIEHHS Ta MOTYXHICTh
CBITJIOBOTO OCBITJICHHS, IO J103BOJIsIE jocsarTu 3HaueHHs Ry (Ry = Jjight/Jgark) OMM3bKHX
1o 2, cknagaoth Upis = 25 B i PL = 3,5 mBr/cm? Bigmosiguo. Jlani ymoBu
BUMIPIOBAaHHS MOXYTh pPO3IVJATUCh SK MIHIMAQJIbHI 3HAYEHHS IOTY>KHOCTI
Majalydoro CBiTJa Ta 3MIIICHHS HANpyrd, SKi JIO3BOJIAIOTH YITKO OIIHUTH

(G OTOBIANOBI b MOJIIKpUCTATIYHUX MTiBOK CdiZnTe.
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BUCHOBKH

VY po6oTi AoCchiHKEHO BILIMB Yacy CUHTE3y Ha (ha30BHil CKIIaJl, mapaMeTpH (8, C,
c/2a) ta 00’em enemeHTapHOT KOMIpKU (Vynit) Ta pO3Mipu obiacTeld KOrepeHTHOTO
po3citoBanHs (L) manowactuHok ZnO Ta CZTS oxepx’aHUX METOAOM MOJIIOIBHOTO
cuHTe3y. BigmpanboBaHO CHHTE3 HaHOYACTMHOK Miml. Onep)aHHI TOBCTI
ceiTmouytnuBi 1wiiBku CdiZnsTe. B pe3ynbrari goCHiKEHb 3pOOJCHI HACTYITHI
BHUCHOBKH:

e CunTte3oBani HaHOKpucTanu ZnO € ogHodazuumu 3 po3mipom d = (12,0-17,3)
+ 3 HM 3anexHo Bij yacy 3poctanHs (30-180 xB.) [lokazaHo, 1110 HAHOKpUCTAIN
BXOJIATh Y peKuUM Jo3piBanHsa OcTBayib/ia pu yaci cuatesy 120 xB.

e [lapamerpu eneMeHTapHUX KOMIPOK 3pa3kiB ZnO 3HAXOAMINCS B Jl1alla30Hl a =
(0,32375-0,32445) um, ¢ = (0,51716-0,52686) um, c/a = (1,5591-1,6273) i €
OJIM3BKUMH JI0 3HAYCHBb CTEXIOMETPUYHUX MaTEpiaiB.

o dazoBuii aga3 I10Ka3as, 110 CUHTE30BaHI HAHOKPHUCTAJIA
YOTUPUKOMIIOHEHTHOI cnoityku CupZnSnSs oaHodazHuMHU 3 TE€TparoHaabHOIO
MOIU(IKAIIEIO TUITY KECTEPHUT.

e BcraHoBieHo, 10 mpu 30UIbIIEHI Yacy cHHTE3y cepeaniii po3mip OKP
HAHOYACTHUHOK cJIa0Ko 30ubInyeThbest Big L =7,9 um o L = 8,4 HMm.

e Po3zpaxosani craini rpatku CZTS € MEHIIMMH HIK Yy MACUBHOTO MaTepiainy Ta
3MiHIOTBCs B iHTepBai a = (0,53568-0,54212) um, ¢ = (1,04429-1,08133) uwm,
c/2a = (0,97782-0,99732). Ilpu 30UIbIICHHI Yacy CHHTE3y Ili 3HAYCHHS
3MEHIIYIOTHCS BCE OUIBIIE BiAPI3HAIOUNCH BiJl TOBITHUKOBUX JMaHuX. [lokazaHo,
10 ONTHUMAaJbHI XapakTepuctuku (Haiimenmuit posmip OKP, mepion rpatku
HaWOIMKYMI 10 TOBITHUKOBOTO) MalOTh HAHOYACTUHKUA CHHTE30BaH1 MPH vaci
Butpumku mpu 240 °C 0 xs.

e B pesynpTaTi cCHHTE3y HAHOYACTHMHOK MiJll OJiepkaHl oJaHO(MA3H1 KpHUCTaIIdH1
3pa3ku ¢ cepenHiM po3MipoM OKP 6mmzbko 20 HM. BceTaHoBieHo, 10 mpu

BUKOPHUCTAHHI BOJIU M 130MPOIJIOBOTO CIIUPTY TSI BIIMUBAHHS HAHOYACTHHOK
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B1JI BUXIJIHUX IIPEKYPCOPIB Ta OPraHiKK Ta BUCYIIyBaHHI Ha MOBITP1 yTBOpPEHA
M1]Ib YACTKOBO OKHCIIFOETHCS JI0 T1IPOKCOKApOOHATY.
Otpumani cycnensii HaHouacTuHOK ZnO, Cu T1a CZTS MOXyTh OyTH
BUKOPHCTaHI JI APYKY BiAMOBITHUX TTiBOK Ha 2D Ta 3D mpunTtepamu.
[TniBkm  CdixZnTe, opepkaHi METOJAOM BaKyyMHOTO OCQ/DKCHHS, €
CBITJIOUYTJIMBUMU J0 BUJUMOTO CBiTIa. BCTaHOBICHO, 10 HAWHWKY1 3HAYCHHS
HAIPYTH 3MIIIEHHS Ta MOTY>KHICTh CBITJIIOBOTO OCBITJIEHHS, IO TO3BOJISIE YITKO
OLIHKUTH (POTOBIAMOBIAL MOMiKpUcTamiuHoi miiBku Cdog,ZNoosTe cranoButh U

=25 B i P = 3,5 MBt/cm? BiamosigHO.
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PHOTOSENSETIVITY OF POLYCRYSTALLINE CdZnTe FILMS FOR
PHOTODETECTORS AND TANDEM SOLAR CELLS

Znamenshchykov Y.V,, Volobuev V.V,, Kolesnyk M.M., Opanasyuk A.S.

Sumy State University, Department of Electronics and Computer Technique,
Rymskogo-Korsakova Str. 2, 40007 Sumy, Ukraine; phone/fax: +38(0542) 33-55-39;
E-mail: yaroslav.znamenshchykov@gmail.com

Polycrystalline films of CdixZnxTe (CZT) ternary semiconductor are widely
used in electronics for production of hard radiation detectors,
photodetectors, and top absorber layer in tandem solar cells based on
CZTS?, CIGS? films.

In this work CZT polycrystalline films with different Zn concentration were
deposited on ITO-coated glass substrates by close-spaced vacuum
sublimation method, Au electrodes were deposited by vacuum thermal
evaporation method. In order to evaluate the usefulness of the films as a
base layer in photodetectors, as well as absorber layer in tandem solar cells,
the study of their electrical properties and photoresponse was carried out.
Fig. 1 shows applied voltage - current density characteristics of
ITO/CZT/Au sandwich-structures, measured under dark conditions and
white light illumination with different intensities.
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Fig.1 Applied voltage - current density characteristics of Au/CZT/ITO
sandwich-structures under dark conditions and white light illumination
with different intensities.

As it is seen from Fig. 1, at the same bias voltage the current density under
llumination is larger than that of the dark conditions. The ratio R; of current
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density under illumination Jign to dark current density oo (R; = I
different applied bias voltages for CZT films is presented in Tab|
determined that Ry is increasing with Zn concentration in CZT fi

indicates increasing of their photosensitivity.

Techn

bt/ [ sors) ay
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Table 1. Photosensetivity of detector structures based on CZT films

CZT, x = 0.09 =
Parameter R ==
Applied | Pi=35 | Pi=57 [ P.=299 | P.=537 | B gi5™
voltage, V.| mW/em? | mW/cm? | mW/ecm? | mW/cm? | mw fem?
25 1.7 2.6 6.1 8.2 162
50 1.6 2.5 6.0 8.1 10.0
75 1.6 2.4 6.0 8.1 10.2
100 1.6 2.3 5.6 7.6 9.7
CZT,x=0.46
25 2.4 3.1 5.2 6.9 8.1
50 2.8 4.1 7.3 9.4 11.7
75 3.2 5.0 10.5 13.4 17.0
100 3.5 5.7 14.4 18.4 23.4

Thus, it was found that the obtained Au/CZT/ITO structures are sensitive to
the high intensive white light. This could be considered as a good
prerequisite for such structures application in photodetectors.
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Synthesis and Structural Properties of CuxZnSnS4
and Cu Nanoparticles for Printed Electronics
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Abstract — Metal (Cu) and semiconductor (Cu2ZnSnSy)
nanoparticles were successfully synthesized by the chemical
methods. Morphological and structural properties of
nanoparticles were investigated. Synthesized nanoparticles
were used for development of nanoinks, which are promising
for 3D printing of the electronic circuit components and solar
cells.

Keywords — nanoparticles, morphology, structure, XRD,
printed electronics.
1. INTRODUCTION
Nowadays four-component compound CuZnSnS4

(CZTS) is considered as a promising alternative to the
traditional materials for absorber layers of thin-film solar
cells, such as Si, CdTe, Cu(In,Ga)(S,Se),. This is due to
CZTS has optimal electrical and optical properties (p-type
conductivity; bandgap, which corresponds to the Schockley-
Quieser maximum Egczrs= 1.5 eV; large light absorption
coefficient, o ~ 10*10° sm™! etc) [1-3]. It was lasted more
than 20 years from the moment of production of the first
solar cell based on CZTS films in 1996 [4], however
maximal efficiency of such devices haven’t exceed 12,6%
yet [S]. The difference between theoretical (32-34 % [6])
and experimental values of efficiency of solar cells based on
CZTS is explained by non-optimal structural characteristics
and stoichiometry of the films, as well as by the presence of
secondary phases with different bandgap. This leads to high
sequential and low shunt resistance, high recombination
speed of light generated charge carriers, and short lifetime
of minority charge carriers, which significantly deteriorates
characteristics of developed devices [7].

Formation of ohmic contact to the active layers of solar
cells is an important part of device development. Usually as
a material for ohmic contact to CZTS, which has p-type
conductivity, such metals as Mo, W, Au, Pd, Pt, Ni are used
[8]. Respectively, for formation of ohmic contact to window
layers of solar cells, which have n-type conductivity, such
metals as Al, Ag, Cu are mostly applied [9].

At present time many physical and chemical methods are
used for deposition of CZTS films [10-14]. As a result, the
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price of thin-film solar cells is varied in the range from $§
0.50 to $ 1.00 / W, which is usually determined by the cost
of their fabrication [15]. Further decreasing of the price is
possible due to application of new methods of CZTS films
deposition [16].

One of the promising ways of decreasing the production
cost is application of flexible substrates, and low-
temperature methods of film deposition, which include
printing of the films using 2d and 3d printers. This principle
can be easy realised in laboratory and in manufacture [17,
18]. Further removal of organic solvents in the films is
usually carried out by their decomposition and evaporation
at high temperatures of annealing of the product [19].

Conventional inkjet printers use water based ink
pigments that can be replaced with ink containing a
suspension of nanoparticles of various materials [20]. In our
time, a large variety of nanocrystals of metals,
semiconductors, insulators and intermetallic materials has
been synthesized [21]. Development of a stable colloidal
solution of nanoparticles, which is used as ink, with
appropriate viscosity and surface tension, which is
environmentally friendly and non-toxic is further scientific
and technological problem.

In the presented work results of optimization of
synthesis of CZTS and Cu nanoparticles depending on the
time of their synthesis are presented.

II. MATERIAL AND METHODS

CZTS nanoparticles were obtained by polyol synthesis in
an inert argon atmosphere. As an environment for synthesis,
diethylene glycol (DEG) was used. A mixture of salts 0.334 g
(2 mmol) CuCl»-2H,0, 0.220 g (1 mmol) Zn(CH3COO),-2H-0,
0.226 g (1 mmol) SnCl»-2H,0 and 60 ml DEG was placed into
a three-necked flask and was heated using an oil bath with
intense stirring with a teflon stirrer. After reaching a
temperature of 130 °C, the mixture was kept for 10 minutes
then there a solution of 0.304 g (4 mmol) (NH2).CS into 10
ml DEG was added dropwise. After that, the purge of the
flack by Ar started. The resulting reaction mixture was heated
to a temperature of 240 °C during definite time period. In the
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process of synthesis, we obtained CZTS samples at different
time intervals of exposition at temperature of reaction
environment, namely 7 = 0, 15, 30, 60, 90 and 120 min.
Subsequently, the mixture was cooled to room temperature
and the synthesized product was separated from the organic
component (DEG) by centrifugation. The residues of DEG
were washed using ethanol with intense shaking followed by
centrifugation. The washed CZTS samples were dried at room
temperature for 24 hours. The scheme for the synthesis of
CZTS nanoparticles is presented in Fig. 1.

Vil (NH,),CS o~
in DEG
I Ar >
CuCL*2H,0 ~ 130 °C
= = -
Zn(Ac),*2H,0 o % 10 it
SnCL*2H,0 — -
240 "Cl 120 min
——y centrifugin
czrs _ RT  dispersion ging  CZTS
’ /i zol with
pow der 24 h with washing 2o’ wit

ethanol with ethanol DEG

Fig. 1. Schematic of CZTS nanoparticles synthesis

Synthesis of Cu nanoparticles was carried out in an
aqueous solution in air at room temperature. At first, 0.9 g of
gum acacia was dissolved in 30 ml of water. The dissolution
process lasted 30 minutes at an intensive mixing of the
solution in a chemical glass at 150 ml using a magnetic
stirrer. Gum acacia was used as a protective environment for
Cu nanoparticles against oxidation after the addition of
reducing agent. In other glass the solution 0.428 g (2.5
mmol) CuCl,-2H,0 in 20 ml of water was prepared. Then a
solution of copper salt was added to the solution of gum
acacia, continuing to stir it intensively for 10 minutes. After
that 0.9 ml N,H4-H,O was added dropwise to the solution.
This amount of reductant corresponded to the molar ratio to
the used salt as 1:10.

After adding of hydrazine hydrate, the mixture was
stirred for 1 hour. The resulting solution was centrifuged for
20 minutes with a rotational speed of 5000 rpm. The
separated product was washed from the organic compound
three times using ethanol followed by centrifugation and, last
time, was washed using acetone. Moist powder of copper
was dried during 3 hours in vacuum at room temperature.
The synthesis scheme is presented in Fig. 2.

X-ray diffractometer DRON 4-07 in Ni-filtered K,
radiation of copper anode was used to determine the
structural properties. Sampling was carried out in
continuous registration mode (speed — 16°/min, step 0.1
deg.) in the angle range 26 from 10° to 80°, where 26 is the
Bragg angle. Experimental results were transmitted directly
to the DifWin software package for pre-processing. X-ray
radiation was focused according to the Bragg-Brentano
method.

The peak intensities were normalized to the intensity of
(112) peak of the tetragonal phase. Phase analysis was

performed by comparison of the inter-planar distances as
well as relative intensities measured from the samples and
reference data JCPDS (CZTS — Ne 00-026-0575).

solution of solution of
CuCl, N,H,*H,0
intensive intensive
stirring stirring
_— e | —
- — 30 min - = 10 min _ Co¥/GA _
gum acacia 20l GA solution
> > >
intensive ’
stirring llo min
RT Cu centrfuging Cu.
. . u zol
Cu <«— (ispersion - s
powder 3h with ethanol washing  with GA
4

in vacuum with ethanol

Fig. 2. Schematic of Cu nanoparticles synthesis

Lattice parameters a and ¢ of the tetragonal phase for
CZTS were calculated according to the next relations [22-
23]

A

2
a
aC7TS:m h2+k2+lz[zj ’

/ ’
Cours = > >
\/ h+ Kk (ZSinHJ
— 3 J,_
a A

where 26 is the Bragg angle; A is X-ray wavelength; (hkl) —
Miller indexes.

The value of elementary cell volume of CZTS was
calculated using equation

V a-c

cell(CZTS) —

Average size L of the coherent scattering domains
(CSD) and microstrain level ¢ in CZTS samples were
calculated from broadening of (112) diffraction peak using
equations [24-25]:

I 0.94-4 , e= s ,
p-cosé 4-tan6

where 4 — wavelength; f — value of broadening of
corresponding diffraction peak; 8 — diffraction angle.

III. RESULTS AND DISCUSSION

The XRD patterns of CZTS nanoparticles, synthesized
at different time are presented in Fig. 3. As follows from Fig.
3, peak at (28.75-28.85)° angles which corresponds to the
reflection from the (112) plane of the tetragonal phase of
CZTS is dominant. Also peaks at (32.55-33.25)°, (47.75-
47.90)°, (56.40-56.65)°, (69.55-69.85)° and (76.45-77.25)°
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which correspond to reflections from (220) and (312) planes
of CZTS compound are detected on XRD spectra. Peaks
which correspond to oxide phases of components, were not
observed on XRD patterns, unlike our work [23, 25], where
small amount of SnO; and Cus,S exterior phases was present.
This indicates that the concentration of uncontrolled phases
in the samples does not exceed 3-5% [26]. It should be noted
that with increasing synthesis time, the intensity of peaks on
XRD patterns is slightly increasing, and their half-width is
decreasing (Fig. 4).

As it is known, the intensities ratios for series of
diffraction reflections from the crystallographic planes of the
kesterite and stanite phases are different [27]. That’s why,
definition of these ratios makes it possible to establish
accurately the dominant phase in the material. Calculated
ratio /(112y//(220) of reflections intensities from (112) and (220)
crystallographic planes for the samples was (2.15-2.29).
These values are close to the value of /112)//220) ratio in
undoped films with kesterite phase, which was of about 2.80
[28]. Thus, we assume that studied nanoparticles had
kesterite structure. This assumption is confirmed by
experimental calculations of crystalline lattice parameters
ratio (c/2a=0.97782-0.99732) of a material, which was
close to 1, and this is characteristic of kesterite phase [29].

Thereby analysis of XRD patterns shows, that single-
phase CZTS samples with tetragonal crystal lattice (I-42m
group) and kesterite structure, were obtained in result of
synthesis (Fig. 3).

2.0
1.8+ JCPDS 00-026-0575
Cu,ZnSnS,
1.6 ﬁ
1.4 A
< 1.2 A
E \ﬁ |
2 U1 I 120 min
K] 1 |
£ 0.8 i 90 min
)l ‘ 60 min
0.6 4
I | 30 min
0.4 15 min
0.24 0 min
o 8 ¢ SIS I8 e I8 EIPR 5 & &
10 20 30 50 60 70 80
26, degree

Fig. 3. XRD patterns of CZTS samples, synthesized at different time

As it was noted, for CZTS samples the time interval of
exposition at the temperature of reaction camera of 240 °C
was varied in the range 7= (0 — 120) min. It was established,
that the duration of synthesis has a weak effect on the
process of material crystallization and particle size. In all
cases, well-crystalline, single-phase products were obtained
(Fig. 3).

It was determined, that average CSD size of CZTS
nanoparticles was slightly increasing from 7.9 to 8.4 nm
(Fig. 4, Table 1) with increase of synthesis time. At the same
time the microstrain level in the samples is decreasing from
4.58-103 (= 0 min) to 4.29-107 (z= 120 min) (Fig. 4, Table
1). It should be noted, that CSD size practically was equal to

the size of obtained nanoparticles and was approximately
two times smaller, than in our previous work [23].

Lattice parameter of the material is very sensitive to the
changes of stoichiometry, introduction of impurities,
oxidation etc. That’s why precise determination of lattice
parameter value allows to study relevant processes.

110 46484
1.08 - 5 ~
g 34'5-—8.22
[o)] L N
$ 106 <
@ ©4.44
-8.0
1.04
4.3
1.02 — . 78
0 30 60 9 120
7 (min)

Fig. 4. Dependence of broadening of (112) diffraction peak (£), CSD size
(L) and microstrain level (¢) in CZTS samples on synthesis time

Calculated values of lattice parameters are presented in
Table 1. Tt was determined, that lattice parameters were
changed in following ranges: aczrs = (0.53568 — 0.54212) nm,
cczrs = (1.04429 -1.08133) nm, c/2aczrs =(0.97782-0.99732).
As it seen from Table 1, with increasing of synthesis time the
values of a and c¢ parameters are decreasing, and their
difference from reference data increases. The closest values of
a and c¢ parameters to reference data were obtained time of
synthesis T =0 min. The value of elementary cell volume was
varied in the range Veuczrs)=(0.2997-0.3178) nm?®. These
values were smaller, than reference data for massive material
[30] and values for CZTS films, obtained by spray-pyrolysis
method in works [31-32].

Unfortunately, we could not obtain a stable suspension
of synthesized nanoparticles. In the synthesis process, they
cluster and form aggregates and conglomerates (Fig. 5) Our
attempts to split conglomerates of particles with size of D =
2-5 microns using ultrasound disperser UZDN-A hadn’t led
to positive results. Thus, the obtained nanoinks can be used
for printing of films using 3d printers. However, when
printing with inkjet 2d printer a quick "clogging" of nozzles,
that have a size of 20 microns, was observed. Currently, our
scientific group conducts work on stabilizing the suspension
of nanoparticles to ensure the printing of films inkjet printers.

Fig. 5. SEM images of obtained aggregates and conglomerates of CZTS
nanoparticles
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TABLE L SOME STRUCTURAL PROPERTIES OF SYNTHESIZED CZTS NANOPARTICLES

o Broadening of | a, c, Veet,

Syntheqs time | peak (112) A £103 c2a R
7, min degrees nm nm nm nmr
0 1.087 7.99 4.53 0.54212 1.08133 0.99732 0.3178
15 1.098 7.91 4.58 0.53659 1.04937 0.97782 0.3021
30 1.094 7.94 4.56 0.53659 1.04937 0.97782 0.3021
60 1.060 8.20 4.42 0.53750 1.05452 0.98095 0.3047
90 1.042 8.34 4.34 0.53568 1.04429 0.99062 0.2997
120 1.030 8.44 4.29 0.53659 1.04937 0.99394 0.3021
Reference data | ¢= 0.54270 nm, c=1.0848 nm, c/2a=0.9994, Veen =0.3195 nm?
[JCPDS Ne 00-026-0575]

As a result of Cu nanoparticles synthesis, single-phase
crystalline samples with an average CSD size of about 20 nm
were obtained (Fig. 6). It was determined that the purity of
the final product depends on two factors: 1) the amount of
the added reducing agent (hydrazine hydrate) to the salt
solution of copper with the polymer, which act as a stabilizer
of the colloidal solution, 2) the method of washing and
drying of the separated metal copper precipitate. After the
using of water or isopropyl alcohol for washing and drying in
air atmosphere the obtained copper was partially oxidized to
hydroxocarbonate.

50000 —

ICPDS

Cu 00-004-0836
40000

u.)

30000 —

Intensity (a

20000 —

10000

20 30 40 50 60 70 80
20, deg.

Fig. 6. XRD pattern of Cu sample

CONCLUSIONS

In this work we studied the influence of synthesis time (7)
on the phase composition, parameters of the crystalline lattice
(a, ¢, c/2a), elementary cell volume (V) and the coherent
scattering domains size (L) of the CZTS nanoparticles
obtained by polyole synthesis in the inert atmosphere of
argon. Phase analysis showed that the synthesized
nanocrystals of the four-component compound increasing
from L = 7.9 nm to L = 84 nm. At the same time the
microstrain level decreases from &= 4.58-103 to £=4.29-107,

Calculated values of lattice parameter were smaller, than
that in massive material, and varied in the ranges
aczrs = (0.53568-0.54212) nm, cczrs = (1.04429-1.08133) nm,
c2aczrs =(0.97782-0.99732), with increase of synthesis time

these values were decreasing. It was shown that optimal
characteristics (the smallest CSD size, the value of lattice
parameter is close to the reference data) were observed for the
nanoparticles synthesized at = 0 min.

As a result of copper nanoparticles synthesis, single-phase
crystalline samples with an average CSD size of about 20 nm
were obtained. It was shown, that using of water or isopropyl
alcohol for washing and drying in air atmosphere leads to
partial oxidation to copper hydroxocarbonate.

Obtained suspensions of CZTS and Cu nanoparticles can
be used for printing the corresponding films using 3d printers.
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MICRO-PIXE STUDIES OF SPATIAL DISTRIBUTION OF THE CHEMICAL
ELEMENTS ON THE Cdi.xZn,Te THICK POLYCRYSTALLINE FILMS SURFACE

Znamenshchykov Y., Volobuev V., Kolesnyk M., Opanasyuk A.

Sumy State University, 2, Rymsky Korsakov Str., 40007 Sumy, Ukraine
yaroslav.znamenshchykov@gmail.com

Thick polycrystalline CdixZn:Te (CZT) films with x ranged from 0.37 to 0.80 were
obtained by the close spaced vacuum sublimation method. In order to investigate properties of
the films structural and PIXE studies were carried out. Structural analysis showed that samp-
les consist of only cubic zinc blende phase, the diffraction peaks were sharp and symmetrical,
which indicates high homogeneity and crystal quality of the films.

The chemical composition of the samples was studied by particle-induced X-ray
emission p-PIXE technique using the scanning nuclear microprobe. After collimation the
proton beam of energy of 1 MeV was focused on 5x5 um area of the sample. The beam was
scanned across the geometrical raster of 250 pm X 250 pm. The X-ray emission signal
generated from each pixel was collected by Amptek XR-100CR Si (Li) X-ray detector with
Be window of 25.4 pm thickness positioned at 135° to the incident beam direction. That
allows to obtain two-dimensional maps of spatial distribution of concentration of compound
elements. General PIXE spectra from each scanned area were processed by using the GUPIX
software to quantify the elemental composition of the samples.

In order to evaluate distribution of elements in the film, scanning of samples surface
by proton beam (u-PIXE) was carried out. Maps of Zn distribution (Fig. 1) were obtained
after spectra treatment using Zn K-a line with the energy of 8.64 keV, which is sufficiently
resolved with no interferences. Processing of Cd L-a line with the energy of 3.13 keV and Te
L-a line with 3.77 keV allowed to determine distribution of Cd and Te atoms, corresponding
maps for CZT sample with x=0.46 are presented in Fig. 1. As a result, u-PIXE analysis has
established that chemical composition of CZT solid solution is uniform in the surface of
samples, the obtained films don’t contain Te, Cd and Zn precipitates.
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Fig. 1. The p-PIXE maps of elemental distributions in CZT (x=0.46) film
from the scanned area 250%250 um2 and surface layer thickness about 11 pm.

In conclusion, we show that micro-PIXE mapping is suitable for analysis of the
surface distribution of chemical components. As follows from PIXE study, the components of
CZT solid solution are uniformly distributed on the film surface. Secondary phases, such as
CdTe, ZnTe, Cd, Zn, and Te inclusions, were not found.

Thus, it was determined, that CSVS method allows to obtain high-quality thick
polycrystalline CZT films with x>0.30 and uniform bulk distribution of components of the
film for application in hard radiation detectors.
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CEKIIA 5: Enexmponui cucmemu, npuaaou i ®EE :: 2019
3acobu KodyeanHs iHgopmayil

YopHusa Ha ocHOBI HaHoYacTHHOK ZnO npusHayveHi qis 2D ta 3D
APYKY

I'yzenko O.1., acnipanm; BonoGyes B.B., cmyoenm; ITmennunnit P.M.,
ooyenm; Onanactok A.C., npoghecop
CyMcekuii nep>kaBHull yHiBepcuter, M. Cymu, YKpaina

3aBaSKM BENUKIA IMHPHUHI 3a00pOHEHOI 30HM, IMPO30POCTI Yy BUAUMIH
00JIacTi CIIEKTPY, €KOJOTTYHOCTI, BUCOKIM TEPMivHIN, Ta XIMI4HINA CTaOLIBHOCTI
okcua MHKY (ZnO) mpoTAroM OCTaHHBOTO Yacy CTAa€ MPEAMETOM Bce OimbII
3pOCTalOYoro iHTepecy HaykoBIiB. Llg HamiBOpOBiHUKOBA CIIONyKa €
MEPCTIEKTUBHUM MAaTepiajoM AIsi CTBOPCHHS UYTJIUBUX EIEMEHTIB CEHCOPIiB
raszi, Y® BHUIIPOMIHIOBaHHS, TeMIEpaTypy, BOJOI'OCTi, BIKOHHHX Ta
CTPYMOIPOBITHUX IapiB COHSAYHUX EIEMEHTIB Tomo. /{11 HaHECeHHS IITiBOK
OKCHJy IIMHKY HEIoJaBHO OyJI0 3allporoHOBaHO BUKOprcTOoBYBaTH 2D Ta 3D
IpyK. s 11b0ro moTpiOHO CTBOPUTH YOPHHUIIA HA OCHOBI CyCIIEH3ii YaCTHHOK
ZNn0O y pO3YMHHUKY 3 MAJIOKO TEMIIEPaTyPOI0 BUTIAPOBYBaHHSI.

Hanowactuaku (HY) ZnO Oynm onmepkaHi HaMHU METOJIOM IOJiOIBHOIO
cuHTe3y 3 BHKopucTtaHHsMm amerary 1uHKy ZN(CH3COO0),-2H,0 Ta
STHJICHTJIIKOIO sIK peakiiifHoro cepefosumia. I[lpu cuHTE3l 3MiHIOBanmacs
KoHIleHTpaiis npekypcopy (0,5; 1,0; 1,5 monbe/n) Ta vac (30, 60, 120, 180 xB.)
Cxematnuno mnpouec onepkanass HY okcuay HHMHKY MOKHa TIPEICTaBUTH
HACTYITHUM YHHOM:

Zn(CH,C00),*2H,0

160 °C uentpuyrysamns 7y 60 °C
g Zn0O no ZnO
o onaEG o o —— [0,

B €TaHOII

[IpoBeneHN PEHTIEHOCTPYKTYPHUHN aHAi3 CBITYHTh, IO TMPH CHHTE31 B
pi3HUX O0OpaHMX YyMOBaX VYTBOPIOETHCS HAHOKPUCTATIYHHHA OKCHJ ITHHKY
rekcaronajapHol Mogudikamii (p. rp. P63 mc).

Amnaniz [IEM 3HiMKiB moka3as, mo cuate3oBani HY ZnO maioTs chepuany
¢opmy Ta 3a posmipamu He mepeBunrytoth (10-30) HM. Po3paxoBani 3a
piastHEsIM Leppepa posmipu OKP, mis 3paskiB 3 pi3HOI KOHIICHTPAIIIEO
MOYaTKOBOI COJIi, 3HAXOMAThCs B iHTepBaii (20+2) M. Ha ocHOBI omepxaHux
JAHUX BCTAHOBJICHO, 11O 31 30UIBIICHHSM KOHIICHTpAIiS COMI Yy MPEKypcopi,
3MEHIIYIOThCS PO3MIpH HaHOYACTHHOK ZNO. B Toi ke yac 31 301IbIIEHHAM
IHTEpBaJIy CHHTE3Y, PO3MIp YTBOPEHUX YACTHHOK 301ITBIIYETHCA.
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®EE :: 2020 CEKLIIA 5: Enekmponui cucmemu, npuaaou i
3aco0u KoOysauHs iHghopmayii

Bmumme cknany cnoaykn CZTSSe na BeIHUMHY ONTHYHHX BTPAT y
COHSIYHHX eJIEeMEHTaX Ha OCHOBI rereponepexoais N-1TO(ZnO)/n-
CdS/p-CZTSSe

Bono6yes B.B., cmydenm; Kaxepcekuii C.1., acnipanm;
Hob6poxan O.A., cmapwuii eukiaday; Omanaciok A.C., npoghecop
CyMchkuil nepxaBHuil yHiBepcuTeT, M. Cymu, YKpaiHa

Y Ham d4Yac AN TEPEeTBOPEHHS COHAYHOI €Heprii y eNeKTpu4yHy B
OCHOBHOMY BUKOPHCTOBYIOTbcsS coHsuHI enemenTd (CE), mo 6a3yroTbes
Ha KpeMHi€BUX TexHonorisx (mepme mokominHs CE), oqHak ocTaHHI POKU
BCE YaCTillle TOYaJIA 3aCTOCOBYBATHCS TOHKOILUTIBKOBI (poTOIIEpeTBOprOBadi
(DEIT) na ocuogi rereponepexois (I'TI) 3 nornuuansauME mapamu GaAs,
InP, CdTe, Culn,.,Ga,Se, (CIGS), siKi BiJHOCATBCS 10 APYTOrO MOKONIHHS
takux npunamiB. s mux @PEIl ceoromni onmepxkanwmii KK/, mo csrae
21,0% (CdTe), 23,4% (CIGS), 24,2% (InP) Ta 29,1% (GaAs), npu
MaKCUMaJIbHO MOXUBiH epexktuBHOCTI (30-34)%. OmHak, Taki HEHONIKA
sK BUCOKa BapTicth In, Ga ta Te, Tokcuunicts Cd, MaroTh MOMITOBX [0
MOIYKY aTbTePHATUBHUX MaTepiaiiB norauHasHuX 1mapis OEIL

Ax normuHaneHi mapu CE  TpeTboro TMOKOJIHHS y Hall dHac
3ampornoHoBani Taki Marepiamu sk Cu,ZnSnS; (CZTS), Cu,ZnSnSe,
(CZTSe) CupZnSnS,ySey (CZTSSe). Benukoro nepeBaroro LUX CHONIYK €
BIJICYTHICTh Y CKJIaJIi PiIKICHUX 1 €KOJIOTiYHO HeOEe3MeYHUX KOMIIOHEHTIB.
HaBnaku, eneMeHTH, IO BXOIATH N0 iX CKIamy, IIMPOKO IOIIMPEHI Y
3eMHill Kopi, a BapTicTh iX BUIOOYTKY BiAHOCHO HeBHCOKA. OKpiM LIHOTO
3MIHIOIOYH KOHIEHTPALIIO CIPKU Ta CeJIeHy Y I STHKOMITOHEHTHIN CHOMyIi
CZTSSe MoxHa 3MiHIOBAaTH IMHPUHY 3a00pOHEHOI 30HU I[LOTO MaTepiary
TOYHO TiTamToByoun Horo a0 Mmakcumymy KKJ[ @EIT [Hloxi-Kaiizepa.

Metoro  nmaHOro  JOCHi/DKEHHS ~ OyJO  BU3HAYCHHS,  IUIAXOM
MOJICITIOBAHHS, ONTHYHUX BTPAT HA TPaHHUIMX po3Aury i B 00’emi
nmornioMibkHUX TmapiB CE B 3ayleXHOCTI BiJl CKJIQAy IOTJIWHAIBHOTO Iapy
CZTSSe B npuazi 3i crpykryporo N-ITO(Zn0O)/n-CdS/p-CZTSSe/tunbuuit
KOHTAKT Ta ONTHUMI3allisi HOro KOHCTPYKIII.

Busnaueni ontuuni Brpatu B ®EII 3 nornmuHanpauMuy mapamu 3 Y = 0,
0,30, 0,48, 0,67, 0,82, 1, sKi 32 TEOPETHYHUMH PO3PaXyHKAMU MAIOTh
makcumanbie KKJI mpu ocBiTieni B ymoBax AM1,5D, AM1,5G, AMO.
AHami3 oflep)KaHUX Pe3yNbTaTIB CBIMYUTH, IO 31 301IBIICHHSIM BMICTY
CeJIeHy B CIOJYIli ONITHYHI BTpaTH 301IbIIyI0ThCA Bif 7,56 % 1o 8,51 %.
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Abstract— In this work photoresponse and X-ray response of
hard radiation detector prototypes based on CdixZnxTe thick
polycrystalline films were evaluated. In order to estimate the
crystalline quality of the films the investigations of surface
morphology and structural properties were carried out. It has
been proven that the light excitation of the visible range can be
applied for evaluation of the detector properties of CZT
polycrystalline films for their further use as radiation detectors.

Keywords — CdZnTe, films, photodetectors, photoresponse,
solar cells, X-ray detector

L INTRODUCTION

In present time the investigation of materials for X-ray and
gamma-ray detectors with a high sensitivity, large active
detector area and low production cost is actual problem in the
area of material science. Cdi«ZnsTe (CZT) solid solution is
one of the most promising materials for applications in
radiation detectors [1-3] and medical imaging devices, due to
its high atomic number, tunable band gap in the range from
1.50 (CdTe) to 2.26 eV (ZnTe) depending on Zn concentration,
high detective quantum efficiency and good carrier transport
properties [4]. For the last decade CZT single crystals were
widely used for fabrication of gamma- and X-ray detectors etc.
[1-3]. However the necessity of production the low cost large-
area uniform CZT wafers for X-ray imaging detectors [5] lead
to replace of expensive single crystals by thick films [5—10].

The production of high-performance electronic devices, in
particular gamma- and X-ray radiation detectors, requires a
material high crystalline quality. For obtaining of CZT films
many deposition techniques are used, such as molecular-beam
epitaxy [11], metal-organic chemical vapor deposition [12],
thermal vacuum evaporation [13], magnetron sputtering [14],
electrodeposition [15]. Among of these methods the close-
spaced vacuum sublimation (CSVS) is considered as a
promising low-cost technique which allow to obtain high
quality CZT films [16—-18].
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The detailed studies of CZT polycrystalline films as a
material detector for gamma-ray and X-ray detectors were
carried out in [10, 19], 20]. However, the photosensitivity of
CZT films and interconnection of photoresponse with X-ray
response is not studied well. At the same time the study of
photoresponse of the material is one of the possible ways to
estimate CZT detector properties [21, 22].

The objective of this work is to develop detector structures
based on thick polycrystalline CZT films and to estimate their
photoresponse and X-ray response. The analysis of surface
morphology and structure will be performed, in order to
evaluate the quality of the films. Also using of photoresponse
as a criterion of CZT films availability for hard radiation
detector application will be considered.

II. MATERIAL AND METHODS

The CZT polycrystalline films were deposited by close-
spaced vacuum sublimation method [23-25], as substrate ITO-
coated glass was used. In order to obtain CZT solid solution the
mixture of cadmium telluride and zinc telluride charges was
used for evaporation. Zn concentration in CZT films was
controlled by variation of the mass ratio between CdTe and
ZnTe powder. The growth conditions were following: the
substrate temperature T,=400°C, the evaporator temperature
T~=700°C. Charge collecting electrodes were deposited by
vacuum thermal evaporation of Au onto a film surface using
mask.

The investigations of surface morphology of the films were
carried out by REM-100 scanning electron microscope (SEM).
The average grain size (D) was calculated by Jeffries method
[26].

Structural properties of the films were carried out by X-ray
diffraction (XRD) analysis. The XRD spectra were measured
out by DRON 4-07 diffractometer in a conventional Bragg-
Brentano 0-20 geometry using Ni-filtered CuK, radiation (A=
0.15406 nm). Phase analysis was performed by comparison of
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the inter-planar distances as well as relative intensities
measured from the samples with reference Joint Committee on
Powder Diffraction Standards (JCPDS card Ne 15-0770) data
[27]. Precise values of the lattice parameter were calculated by
the extrapolated Nelson—Riley method [28].

Investigations of the current-voltage characteristics of the
films were performed under the exposition of white LED
illumination, with a power density of about 91 mW/cm?. Using
of transparent conducting oxide as a bottom electrode allowed
to perform illumination of the sample from the bottom side,
and therefore to increase active area of the sample.

X-ray response measurement system was equipped with
IMA-150D X-ray tube (wavelength (W Ka) = 0.0209 nm,
energy 59.32 keV), the voltage of 150 kV was applied to the X-
ray tube, radiation dose was 3 mZv/sec, exposition time for all
measurements was 5 sec. Detector current was measured with
Tektronix DMM4020 digital multimeter. X-ray response
measurements were carried out at the bias voltage Upiis=100V
applied to the CZT sample.

III. RESULTS AND DISCUSSION

The study of photoresponse and X-ray response of
CdixZnTe thick polycrystalline films was carried out for the
set of CZT samples with x=0.08, x=0.36 and x=0.47. In order
to characterize typical structural and electrical properties of
CZT films for detector application the CZT film sample with
x=0.08 was considered.

The SEM image of the surface of CZT film with x=0.08 is
shown in Fig. 1, the surface has a polycrystalline structure and
consist of uniform grains with average grain size D ~15 pum.
The Fig. 2 shows the SEM image of film cross-section is
shown. As it seen from Fig.2, grains have a columnar-like
structure, and the thickness of the film is of about 70 um.

A X
WD=2 7.3mn1

Fig. I. SEM image of CZT (x=0.08) sample surface.

Fig. 2. SEM image of cross-section of CZT polycrystalline film.

The Fig. 3 shows the XRD pattern from CZT sample with
x=0.08. The diffraction peaks on the pattern have been
identified as (111), (220), (311), (222), (422), (331) and (511)
peaks of CZT cubic (zinc-blende) structure. The intensity of
the (111) peak is more than that for other reflections of the
CZT film, it indicates the film grows towards a [111]
preferential direction. The full-width at half-maximum
(FWHM) of diffraction peak of (111) plane of 0.15° reveals
composition uniformity and reliable crystalline quality. The
value of lattice parameter a=0.64489 nm was calculated from
the (111) peak position. The x value in CZT sample was
determined by the Vegard’s law [29] using lattice parameter.
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Fig. 3. XRD pattern of CZT sample with x=0.08

The Fig. 4 presents current density-voltage (J-V)
characteristics of Au/CZT/ITO sandwich-structure, measured
white light exposition at different illumination power and under
dark (non-illuminated) conditions. As it can be seen from Fig.
4, the current density under exposition has a higher value than
that of the dark conditions, at the same bias voltage, which is
caused by generation of free charge carriers under light
exposition. This shows that the CZT sample is sensitive to the
light in a visible range of wavelength.
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Fig. 4. J-V plots of Au/CZT/ITO sandwich-structures under different
conditions: dark (solid line) and white light exposition (dashed lines)

As the criterion of photosensitivity for CZT films the ratio
R; of current density under light exposition Jig to dark current
density Jak (R; = JiighdJaark) Was assumed. The R, values
calculated at different bias voltages and different light
illumination power values are shown in Table 1.

As follows from Table 1, the lowest values of bias voltage
and light illumination power, which allow to achieve the value
of Ry close to 2, are Upiu= 25 V and P;=3.5 mW/cm?,
respectively. These measurement conditions could be
considered as minimal values of incident light power and bias
voltage, which allow to clearly evaluate photoresponse of CZT
polycrystalline films.

TABLE L PHOTOSENETIVITY OF CZT FILM ( X=0.08)
Ry
Ubias, Pr=3.5 P =5.7 Pr=29.9 Pr=53.7 Pr=91.9
\Y4 mW/cm? mW/cm? mW/cm? mW/cm? mW/cm?
25 1.7 2.6 6.1 8.2 10.2
50 1.6 2.5 6.0 8.1 10.0
75 1.6 2.4 6.0 8.1 10.2
100 1.6 2.3 5.6 7.6 9.7

The time dependent diagram of X-ray response of detector
prototype based on CZT film with x=0.08 is shown on the Fig.
5. Analogously to [10] the exponential increase and decay of
detector current was observed on Fig. 5 after turning on and
turning off of the exposition, respectively. Detector current
under X-ray exposition with energy of 59,32 keV was equal to
Lopos=2.83x10° A, while dark detector current was
Liwi= 2,48><10'6 A.

In general, X-ray sensitivity of obtained detector prototype
is lower in comparison with detectors based on CZT
polycrystalline films, which were studied in [10]. Low X-ray
sensitivity of detector could be caused by trapping and
recombination of free charge carriers generated under X-ray
irradiation.
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Fig. 5. Time dependent diagram of X-ray response of detector prototype
based on CZT film with x=0.08.

IV. CONCLUSIONS

This paper reports results of investigation of photoresponse
and X-ray response of CdixZnsTe thick polycrystalline films
deposited by the CSVS method on ITO-coated glass substrates.
The CZT films with a different Zn concentrations, namely
x=0.08, x=0.36 and x=0.47 were studied.

The study of surface morphology and structure of CZT
films showed their high crystalline quality.

The prototype of Au/CZT/ITO detector structure based on
CZT film with x=0.08 was considered in details. As the
experiment shown the obtained detector structure is sensitive to
the visible light. The measurements of photosensitivity were
carried out at different incident light intensities and bias
voltages. It was determined that lowest values of bias voltage
and light illumination power, which allow to clearly evaluate
photoresponse of CZT polycrystalline films are Upias=25 V and
P;=3.5 mW/cm?, respectively.

The study of X-ray response showed, that obtained detector
prototype is sensitive to hard radiation, the increase of detector
current from Im=2,48x10° A (dark conditions) to
Loxpos=2.83x10° A (X-ray exposition) was observed under
exposition.

Obtained results of X-ray response of CZT films evaluation
show a good prerequisite of their using in the development of
X-ray detectors. Also it was determined that photosensitivity
can be used as a criterion of CZT films availability for hard
radiation detector application.
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