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OnToeneKkTpoHHi NnapamMeTpu TOHKUX niBok ZnO:Al
A.l. Kawy6a, I.B. Cewmki, I".A. Inbuyk, P.1O. MeTpycb

HauioHanbHul yHisepcumem «Jlbgiecbka nonimexHika», ayn. Cm. baHdepu, 12,
79013, Jlbsis, YkpaiHa, E-mail: andrii.i.kashuba@Ipnu.ua

ToHki nniskn ZnO npuBepTaloTb 3HAYHY yBary LOCIAHUKIB SIK NEPCNEKTUBHUN
Martepian Ans enemeHTiB COHAYHOI eHepreTukn, rasoBmx gatyukie [1, 2] Ta iHWKX
3aCToCyBaHb. Y KMaCU4HOMY BUMNAAKy OKCUMA UWHKY - Le  LUMPOKO3OHHUM
HaniBNPOBIAHWNK 3 BUCOKOK eHeprieto 3B’a3Ky ekcuToHy 60 meB [3].

BigomMo, WO ONTWYHI BAcTMBOCTI TOHKUX HaMiBNPOBIOHWMKOBUX MNITIBOK
3anexaTb Big MeTody ocakeHHs [4]. B gaHui 4yac ans oTpMMaHHSA TOHKMX MIiBOK
ZnO BMKOPUCTOBYHKOTbCS Pi3HI MeToan: METOAOM MarHeTPOHHOro HanuneHHsa (RF),
pOo3nunoBanbHUI Niponi3, NOKPUTTA (spin coating), iMNynbCcHe nasepHe OCa)KeHHSA
Ta iHLi.

ZnO 3a3Buy4ar nerywTb PisHUMU  XIMIMHUMU  enemMeHTamu Ons  3MiHu
OMTUYHOIO NPOMYCKaHHA BIAMOBIOHMX TOHKMUX MITIBOK LWAXOM 3MIiHWN 1X €NeKTPUYHKX,
ONTUYHMX Ta iHWKX BnactusocTten. CTyniHb nerysaHHa Al Bigirpae BaxnuBy ponb y
30iNbLlUEHHI ONTMYHOrO 3a30py TOHKMX nMiBOK ZnO Ta nMigBWULLEHHI TX ONTUYHOI
NpPo3opocTi. Y OINbWOCTI BUNAAKiB neryBaHHA TOHKUX MAIBOK NPU3BOAUTL 00
30iNbLUEHHS 3HAYeHHs 3a3opy [5, 6], cnpuynHeHoro BNNMBOM edekTy byplutenHa-
Mocca [5, 6] Ta 36inbweHHAM pedekTiB [6] ( Zn, O BakaHcil). Y aedkux
pocnimkeHHax [7] 6yno noBigOMNEHO, WO feryBaHHS  Pi3HUMKU  XiMIYHUMMK
enemMeHTaMn npu3BOAUTb OO0 3MEHLUEHHS LWMpUHU 3a3opy, abo BenuyuHa 3asopy
3annLwaceTbCa Mamxe He3arnexHoro BiJ feryBaHHs.

Ak Hacnigok, i3snyHi BNAacTUBOCTI TOHKUMX MNIIIBOK OKCUMAY UWHKY MOXYTb
3anexaTu Big MeToay OcamXeHHs, abo nerywo4yoro xiMmidHoro enemeHta. OCKinbKu,
OOHVUM i3 NepeBaXHUX 3acTOCyBaHb TOHKUX MIBOK OKCUOY UWHKY € COHAYHa
eHepreTMka Ta rasoBa CEHCOpWKa, BaXXNMBO 3HATU MOBELIHKY ONTUYHUX (PYHKLIM Ta
ONTUYHUX KOHCTAHT (BKMNHOYaYM ONTUYHY PYXIUBICTb, Yac penakcauil Ta onTUYHUM
onip).

Tomy B aaHi poboTi, npeacTaBneHO pesynbTaTv LOCAiIIKEHHS Aucnepcii
ONTUYHUX QOYHKLIA Ta ONTUYHUX KOHCTAHT ONA TOHKUX MSIBKM OKCUAY LMHKY
nerosaHoro antoMiHiem (ZnO:Al, 2.5 wt.% Al). OcagXeHHS TOHKMX NMiBOK BUKOHYIOTb
METOAOM MarHETPOHHOIO HaMNUIEHHS.

ToHki nniBkm ZnO:Al, KpucTanisyeTbCA B rekcaroHasnbHi CTPyKTypi (Tun
cTpykTypn - ZnO, npoctopoBa rpyna P6smc (No 186), 3 po3mipamn enemeHTapHol
komipkn a=3,226(2) A i c¢=5,155(6) A (V=46,49(6) A%). Cnektpu onTMYHOrO
nponyckaHHa (300-2500 HM) nokas3anu, wo ToHka nniBka ZnO:Al onucyetbes
BMCOKOK OMTUYHOK SKICTb (NIATBEPOAXKEHHSAM CNYrye HasBHICTb iHTEepdepeHLinHNX
MakCMMyMiB Ta MiHIMyMiB Ha pPUCYHKY 1), a onTuyHa wupuHa 3abBOPOHEHOT 30HU
(Eg= 3,26 eB) gyxxe 6nm3sbka 4o HeneroBaHux 3paskis (Eg= 3,22 eB).

BcTtaHoBneHoO criekTpanbHy MOBEAiHKY HAaCTYMHUX ONTUYHUX  (PYHKLUIN:
nokasHuka 3anoMfeHHsl, KoeduiuieHTa eKCTUHKLUiI, MOKasHWKa MOrfIMHaHHY,
AienekTpu4HMX OYHKLUii Ta ONTUYHOI NPOBIAHOCTI. 3Ha4YeHHsA eHepril Ypbaxa Ta cunu
ocuMnaTopa po3paxoBaHO Ha OCHOBI CnekTpanbHOI MOBeAiHKM  KoediuieHTa
MOrMMHAHHA Ta MOKa3HWKa 3anoMreHHs, BignosigHo. Cnoctepiraetbca 36inbLIEHHSA
eHepril Ypbaxa gns nerosaHoi Al ToHKOT nniBkM ZnO NOPIBHAHO 3 HENEroBaHow Ta
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Mamke nopsiviHe 30iNbLUEHHA CuUnM ONTUYHOrO ocumnaTopa. BuseneHe 3pocTaHHsA
eHeprii Ypbaxa moxe OyTn CApUYMHEHO 30INbLUEHHAM €EHEepreTUYHO! LUMPUHU
NOKani3oBaHMUX €neKTPOHHUX €eHepreTUYHMX CTaHiB TOHKMX MMiBOK BHACNIgoK
30inbLWeHHA aTOMHOro poanagy. Bneplwe ana gocnigkyBaHUX TOHKMX nniBok ZnO
BCTAHOBMEHO BM/MB JIEryBaHHA antOMIiHIEM Ha 3HAYEeHHS BENWYMHU  OMTUYHOI
PYXNMBOCTI (Mopt), OMTMYHOIO oOnopy (pPopt) Ta Yacy penakcauii (1) (Tabnuus 1).
INleryBaHHA TOHKMX nniBok ZnO antomiHiem npu3BoanTb A0 36inbLUEHHS ONTUYHOI
PYXSIMBOCTI, Yacy penakcauii Ta 4acToTu Nnasmu, Lo 6yno BUSABNEHO MOPIBHAHHAM 3
AOBIOKOBMMW AaHMu ansa  HeneroBaHoro ZnO. 3aBOsikM  XOpOWMWM  ONTUYHUM
BNAacTUBOCTAM, USA TOHKa nniBka € Jobpum KaHaugaTom gK  Martepian ans
ONTOENEKTPOHHUX MPUCTPOIB.

100

" \/\/\ Puc. 1. CnekTpu nponycKaHHA TOHKOT
sod | - nniskm1 ZnO:Al (2.5 wt.% Al). BcTaska:

! S nepLua noxigHa Big cnekTpy
e NPONycKaHHS Ans BU3Ha4YeHHs1 ONTUYHOI
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Ta6nuusa 1. ONToenekTPOHHI KOHCTaHTM TOHKMX NfiBok ZnO:Al, oTpumaHi B
pes3ynbTaTi aHanidy onTUYHUX AieNeKTPUYHUX dOYHKLIN

3pa3ok MeTon (N(,J Hopt, Popt, T, S
ocagxeH m) m2/V-s Qlm
HA kg'l m-3
ZnO:Al (2.5 wt.%) RF 1.23-10%7 6.7-10°3 3-10° 1.68-1014
ZnO* Coating 1.208-10%7 | 3.643-10" | 3.544-106 | 0.913-1014
3
ZnO:Fe-Ni (2 %)* Coating 2.167-10% | 5.095-10" | 1.412-10° | 1.276-1014
3

*- [une. [7]
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MopaentoBaHHA KpUCTaNiYHOI CTPYKTYPU TOHKUX MNiBOK
cuctem Pb-Cd-Te

J1. Hukmpyn, A. Asopcekun, |. Apemin, b. Hangmy

HABH3 «[lNpukapnamcbekul HayjioHanbHuUl yHieepcumem imeHi Bacuns CmecgpaHukar, 8yn. LllegyeHka,
57, IsaHO-®paHkiecbk, 76018, YkpaiHa, e-mail: bohdana.naidych@pnu.edu.ua

ToHKi nNniBkn maTepianiB Ha ocHoBi PbTe maloTb nepcnekTuBy 3acTOCyBaHHS
ANS MiHiaTIOPHUX NPUCTPOIB UM Pi3HMX THYYKUX CUCTEM, LLO 3abe3nedye npakTuiHe
3HAYEeHHA TaKkuUX CTPYKTYpP Y 4HKOCTIi TepMOEneKTpUYHMUX MIiKpoMoayniB 4u
oxonogxysadis [1]. KepyBatm enekTpud4HUMW Ta OMNTUYHUMWU BIIACTUBOCTAMU
YHKUIOHaNbHMX MaTepianiB Ha OCHOBI XarbKOreHigHMUX CroSlyK MOXHa He TiNnbKu
3MiHOKO bopMK | PpO3MIpiB NMIBOK, a i LAAXOM yBEAEHHS LOMILOK abo YyTBOPEHHS
TBepauX po3yunHiB. Y Bunagky cnonyk PbixCdxTe (0 < x < 0,11), 36inbLueHHsa BMIiCTY
KagMmito Npu3BOaUTb A0 MOHOTOHHOIO 3POCTaHHSA LUMPUHN 3aB0pPOHEHOT 30HM [2]. A
HagMipHe neryBaHHsS Mpu3BOAUTb 00 POPMYBAHHS HaHOPO3MIPHUX BKITHOYMEHb, LWO
cnyxaTb e(PekTUBHUMU LLeHTpaMn po3citoBaHHS (OOHOHIB [3].

Mopdornoria nniBkn noB'si3aHa 3i CTabINbHICTIO 1i noBepxHi. KpuctaniyHi
CTPYKTYpPU NparHyTb MiHiMi3yBaTX CBOI 3arasibHy MNOBEPXHEBY €Heprito, BiAnoOBiAHO
Ao Teopemn Bynbga. OnTumisauito reomeTpii Takoi CTPYKTypy [obpe MOoXHa
BMKOHATM i3 3aCTOCyBaHHAM Teopil dyHKUioHany ryctuHun (DFT) [4].

MeTot poboTn € JOCRIIKEHHS 3MiHU KPUCTaNIYHOI CTPYKTYPU TOHKMX MNIiBOK
PbTe B 3anexHocti Big BMicTy pgomiwkm Cd gns noganblloro po3paxyHKy
TepMoaMHaMiYHMX napamMmeTpiB. AHani3 Uux gaHux 0O3BOMSE pOOGUTU BUCHOBKM MPO
xapakTtep nepebygoBu NOBEPXHI TOHKOT NSiBKK B NPOLLECI POCTY.

ALY 0 5o T
ST i3 e

Puc. 1. CEM—306paxeHHs noBepXHi
TOHKOI NniBkn Pbo,oCdo,1Te:Pb 3i
30inbLweHHam 5000 pasis. Yac
HanuneHHs 80 c.

ToHki nniBkn Pbo,oCdo1Te BUroToBnaAnu 3 Hanepen CMHTE30BaHWX MaTepianis
LUMSIXOM BUMApPOBYBaHHA Y BIAKPUTOMY BaKyyMmi Ha NiAKnMagku 3i ckra Ta KPpeMHito.
Temnepatypa nigknagok crtaHoBuna Ts=473 K, a BunapHuka — Tg=833K.
ToBWMHY NMIBOK 3ajaBanv 4YacoMm BWUMNapoBYyBaHHA B fAiana3oHi (20-80)c Ta
BUMiptoBanu Ha MikpoiHTepdgepomeTpi MIl-4. MeTogamu peHTreHiBCbkoi Andpakuii
BUSIBIIEHO, LLO CTPYKTypa 3paska 3anuuunacs ogHOMasHOK i MOMOXEeHHS aToMiB
BiAnNoBiganu CTpyKTypi Kam’stHOI coni. BctaHoBneHo, Wo B NNiBLi TOBLUMHOK 338 HM
€ 95% opieHTOBaHMX KpucTanis, a B nnisui ToBwmHoOW 270 HM — 93%. MogentoBaHHS
KpUCTaniyHol CTPYKTYypu Ta TepMOAUHaMIYHMX BNacTUBOCTEM MNPOBOAUNOCL Ha
nporpamHomy 3abeanedeHHi PC Gamess (Firefly) [5].
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[Ana kopekTHOi nobygoBM BUXIAHOrO KnacTtepy 34iIMCHEHO MOLEMOBaHHSA
CTPYKTYpPM Ha OCHOBI aHanidy gedekTHol nigcuctemMu, ska ageTtanbHO BUBYEHaA ONA
BMnNagky 6iHapHux cnonyk. Po3paxyHKOBi AaHi cBig4aThb, Wo TBepAMM po3vmHam Pbi-
xCdxTe eHepreTnyHo BurigHiwe 3Haxoauntucb B CTpykTypi NaCl. [Ana BMBYEHHS 1X
BNacTMBOCTEN pO3pobneHo YoTupu Moaeni KnacTepis, B AKX 36epexeHo ckraj Ta
PIBHOMIPHICTE B PO3MilLleHHI aToMIiB KagMilo ONnA BpaxyBaHHA BCIX MOXIMUBUX
KombGiHauin (puc. 2)

Puc. 2. Mogeni knactepis PbCdTe: A) PbsTes, B) Pb1sCdiTeis, C) Pb2sCdsTezs Ta
D) Pb2oCdsTes2

3a paxyHOK HeBenvKMX po3MipiB OO0CHifAXKyBaHUX MSIIBKOBUX CTPYKTYP,
NOBEPXHS Bifirpae Krno4oBy POsSib NPU ONUCI BNaCTUBOCTEN CUCTEMU. Tak, 30Kpema,
BHECOK TYyCTMHU enekTpoHHux cTaHiB (DOS) Ha noBepxHi knacTtepiB, WO
CKnapgatoTbes i3 64 aTomiB cTaHOBUTL 6nn3bko 84 % Big BHECKY BCbOro Knacrtepa.

TpukoopauHoBaHi aToMu Kaamito 36epiraloTb TEHAEHUl0 [0 YTBOPEHHS
rekcaroHasibHO pPO3MilLEHNX 3B’A3KIB (KyTK MiX 3B’si3kaMu cTaHOBNATb 6nmM3bko 106°)
i 3MEHLLEHHS1 MipXKaTOMHOI BigcTaHi. YoTupn- Ta M’ATUKOOPAMHOBAHI aTOMWU KaaMito
TaKOX LEMOHCTPYHOTb CUSTbHE NPUTAryBaHHSA OO CYCiAHIX aToMiB, NpoTe, CUMETPUYHE
X PO3MilLleHHs1 y CTPYKTYpi i 3Ha4YHa CTyMiHb iIOHHOCTI 3B’A3KIB y KagMin Tenypuaax
CMPUYMHSAIOTD MEHLLY 3MiHY MiP)KaTOMHOT BigCTaHi Ta 36epeXeHHs CTpyKTypy 6a3oBoi
crnonyku. AToMu Kagmito, WO 3aMillyoTb aToMu NNIoMOyMy, HE 3MIHIOKTb CTPYKTYpPY
CMOJSTyKN, YTBOPKOKOTL BICIM 3B'A3KIB | CNPUYMHAIOTL 3apagoBY HEPIBHOMIPHICTbL B
obnacTi uMx BKNOYEHb.

1. Snyder G.J., Toberer E.S. Materials for sustainable energy: a collection of peer-reviewed
research and review articles from Nature Publishing Group. — 2011. — P. 101-110.

2. Bukata M., Sankowski P., Buczko R., Kacman P. |/ Physical Review B. —2012. — 86. —

P. 085205.

3. WuD., Zhao L.-D., Zheng F., Jin L., Kanatzidis M.G., He J. // Adv. Mater. — 2016. — 28. —
P. 2737-2743.

4. Wang J. and Wang S.Q. Surface energy and work function of fcc and bcc crystals: Density
functional study // Surface Science. — 2014. — 630. — P. 216-224.

5. Gordon M.S., Schmidt M.W. “Theory and Applications of Computational Chemistry: the first
forty years”. (Elsevier, Amsterdam, 2005). — P. 1167-1189.
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Po3pobka giogHUX CTPYKTYpP 3 N’€30BNIaCTUBOCTAMU

K.€. Banawog?!, T. B. CemikiHal?
LHTYY KTl im. leopsi Cikopcbkoeo, npocrniekm lNepemoeau, 37, Kuig, 03056
E-mail: kyryllb@gmail.com
2 [Hemumym ¢bizuku HarierposioHukie im. B.€. Jlawkapbosa HAH YkpaiHu, np. Hayku, 41, Kuie
03028, YkpaiHa
E-mail: tanyasemikina@gmail.com

Many3b BMBYEHHA M€30(POTOTPOHHOIO edekTy B HaMiBNPOBILHMKOBUX TOHKNX
nniBkax € HOBOK. BukopucTaHHA MaTepianiB, KOTPi OAHOYACHO MalTb AekKinbka
BNacTMBOCTEW, a came € HaniBnpoBigHMKaMK, MN'€30eNeKTpykaMmn Ta MatoTb
POTOENEKTPUYHI  BNACTUBOCTI [JO3BOSIIE  CTBOPUTM MPUHLMMOBO HOBWUK  Knac
HaniBNPOBIAHMKOBMX Npunagis, ocobnmBo B ranysi CeHCopuku Ta POTOBOSbTAIKN.
OTpumanHs nniBok rpynn AzBs, 0o sikux BigHocaTeca CdS, CdTe, CdSe, ZnS, ZnSe,
ZnO 3 HasiBHMM M’e30€(PEKTOM € akTyarnbHOK 3agadveto. B gaHin poboti o6’ektom
AOCNIIKEHHA € AOi0AHI CTPYKTYPU Ha OCHOBI HaniBNpoOBiAHWMKOBMX MNiBOK. A caame
aocnigxkyeanucb CTpykTypu 3 nniBkamu CdS, CdTe, CdSe, ZnS, ZnSe BMPOLLEHUX
MeTOAOM TEepMIYHOro BMMAPOBYBAHHA Ha TrHyYkin MonibaeHoBi nigknaguHLUi.
TexHonoris oTpUMaHHsa NMiBOK npeacTaBneHa B poboTi [1]. 3Bepxy Ha nniBku OyB
HaHeCEeHNN TOHKUA LWap BUPOMKEHOro HanisnposigHuka CuxS, WO [03BOSMMMNO
cchopmyBatn giogHy 6Gap’epHy CTpykTypy. [Ona gocnimkeHHa  oToaioaHnX
BnactmeocTen 6yno 3pobrieHO BUMIpK BOMbT- aMnepHUX xapaktepuctuk (BAX) B
TEMHOBOMY Ta CBITSIOBOMY pexumax. BumipoBaHHS npoBoAUNUCE 3a LOMOMOMOH
mKepena XWBMNEHHs, BONbTMeTpa i amnepmeTpa. Mexi BuUMiptOBaHb MO Hanpysi
cTaHoBuNu Big -2 B oo 2 B, ana nonepemXeHHs MOXNUBOro npoboto cTpyktyp. Mig
yac [JOoCnigpKeHHs Me30POTOTPOHHOIO edekTy 3pasku 3HAXOAWUNUCH NI TUCKOM,
novmnHatoum 3 5 klMa. OgunH 3 oTpumaHux pesynbtatie BAX gns 3paska Mo-CdS-CuxS
npeacrtaBneHo Ha puc. 1 (BUMipn B TEMHOBOMY pexumi) Ta puc. 2 (BuUMipn npu
OCBITNEHHI).

Be3 Tucky
5,01 klMa
10,01 klMa
25,03 kMNa
50,05 klMa
CKpy4YeHHS

> 4 > o 1

-2 -

Puc.1 BAX ctpyktypn Mo-CdS-CuxS 6e3 oCBITNeHHs.
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Puc. 2. BAX ctpyktypu Mo-CdS-CuxS npu oCBITNEHHI.

B skocTi pxepena ocBiTneHHSA Byno BUKOPUCTaAHO Binui ceitnogion 3 NOTYXKHICTHO
ocBiTneHHs 30mBT/cM2. 3 oTpumManHumx BAX 6yno Bu3HAYeHO, WO MiX
HaniBNPOBIAHNKOBMMU MNJliBKAMW CHOPMOBAHO BUNPAMAAIOYNIA BGap’ep i CTpyKTypa
Mae OiogHy XapakTepucTuky. byno cnoctepexeHo 36inblueHHsi 3BOPOTHbOro Ta
NPSMOro CTpymy npu 36inbLUEHHI BENIMYNHN TUCKY, LLO LO3BONSE 3p0O6UTN BUCHOBOK
NpPo HasiBHICTb M'€30pOTOTPOHHOrO edekTy. [Ina NopiBHANBHOrO aHanidy oTpMMaHnx
pesynbTaTiB Ans  Pi3HUX CTPYKTYp Oyno po3paxoBaHO 3HAYEHHSA YyTIIMBOCTI
3BOPOTHLOrO Ta NPSIMOro CTPYMy A0 TUCKY 3a HAacTynHOK OOPMYIIoH:

I—=Ig
S= o ae lr— cTpym 3 TUCKOM, lo — CTpyM 6e3 TUCKY.

Hambinbwa 4ytnueicte B gianasoHi 0 — 77,31 abconoTHUX OOUHULb
crnocTepiraeTbCs Ans 3BOPOTHOro CTpymMy 6e3 OCBITNEHHS ONA CTPYKTYP 3 MiBKOK
CdS. Tak, ons unmx CTPYKTYp NPU OCBITNEHHI YYTNUBICTb 4O TUCKY NO 3BOPOTHIN Finui
BAX cknagae 0 — 7,73. 3MmiHa 4yTnMBOCTI OO0 BESIMYUHU MPUKNALEHOro TUCKY
crnocTepiraeTbCa TakoX Ha npsamin rinui BAX. Tak 6e3 ocBiTNeHHa S 3HaxoauTbCs B
iHTepeani 0 — 0,35, a npu ocBiTNeHHi S 36inbwyeTbca oo BenuunH 0 — 1,38.
YyTnueicTb CTPyMy OO0 TUCKY Ans CTPYKTyp 3 nniBkamn CdTe, CdSe, ZnS, ZnSe byna
MEHLLIOH.

Taknum 4nHom, B poboTi Byno OoTpMmaHo, WO reTepoCTPYKTYpPM Ha OCHOBI MAiBOK
A2Bs OE€MOHCTPYIOTb HasIBHICTb M'€300OTOTPOHHOIO ePeKTy, WO MOXe 3HANTU CBOE
3aCToCyBaHHSA B po3pobLi HOBUX dOYHKLIOHANBbHMUX NPUCTPOIB.

1. H.B. ApoweHko, T.B. CemukuHa, HO.H. bobpexko, W.Paszkowicz, JI1.H. llmbipesa, B.H.
KomaweHko. [lorydeHue MOHKOIMIEHOYHbIX 2emepocmpykmyp MemoOOM 20psiHUX CMEeHOK U
uccrnedosaHue MexaHU3MO8 mokorepeHoca// AnekmpoHuka u cesdb. — 2011, - T 2. - No 61. - C. 28-
33.



Jlawkapboecbki YumaHHs — 2021

HocnipxeHHsA N’e30POTOTPOHHOro ePeKkTy

B. Knumenko?!, T. B. CewmikiHal?2

LHTYY KTl im. l2opsi Cikopcbkoeo, npocrniekm [Nepemoau, 37, Kuig, 03056
E-mail: vlad.klimiemko@gmail.com
2 [Hemumym cbi3uku HarlierpoeioHukis im. B.€. Jlawkapbosa HAH YkpaiHu, np. Hayku, 41, Kuie
03028, YkpaiHa
E-mail: tanyasemikina@gmail.com

MpencrtaBneHa poboTa npucBsYeHa LOCMIMKEHHKD NM'€300OTOTPOHHOMO
edreKkTy B reTepo CTPYKTypax Ha OCHOBI MaTepianis rpynn A2B6.

[M'e30TpOHIKOI Ha3MBaKTb HOBY ranysb enekTPOHIKW, B SIKi 3aCTOCOBYETLCA
n'e3onoTeHuian, Hanpuknag, B SAKOCTI HanpyrM «3aTBoOpy» ANA KepyBaHHS
nepeHeceHHAM 3apsgy Ha Mexi posnoginy. M'e30poTOTPOHHUN edekT nondrae B
BUKOPUCTaHHI N'e3onoTeHuiany Ans ynpaefiHHA reHepauielo, nepeHeceHHsM,
posnogifiom i / abo pekombiHauield HOCIIB ANA MOMINWEHHA XapaKTepUCTUK
ONTOENEKTPOHHNX MPUCTPOIB, TaknUX K (POTOHHUA OETEKTOP, COHAYHUA efIEMEHT i
ceiTnogion. [1'e30TpoHiKAa MOXe MaTu BaXuBe 3acToCyBaHHS B CeHcopax,
KpeMHieBin enekTpoHiui, MEMS npucTtposx, HaHO-pOBOTOTEXHILI | aKTUBHINA THYYKIN
€NeKTPOoHIL,.

O6’ekTomM  gocnimKeHHa Oynu  reTepoCTPyKTypu  OTPMMaHi  MEeTOoaoM
TepMivyHOro ocamkeHHs. Npuknag OocnigKyBaHOI CTPYKTYpU HaBedeHo Ha pwuc.i.
BuB4eHHA N’'€30hOTOTPOHHOIO eeKTy CTPYKTyp Oyno NpoBEeAEHO LUMASIXOM BUMIPIB
BONbT-aMmnepHux xapakrepuctuk (BAX) npu OCBITNEHHI Ta B TEMHOTI, 6e3 TUCKy/npu
npuKnagaHHi TUCKY A0 CTPYKTYPW, a TAKOX MPU CKPYYyBaHHI.

Cu,S
nS

Cds

VA4 Vo

Puc. 1. CxematnyHe 306paxkeHHs1 OTPUMaHMX Ta SOCHIIKEHUX CTPYKTYP.

BAX manu Burnag BUNPsIMHUX XapakTepUCTUK, LLO € NOKa3HWKOM TOro, Lo
cchopmoBaHo 6ap’ep M OocamKeHUMM NniBKaMmyu N-TUMNy Ta pP-TUMy MNPOBIAHOCTI, a
OCKifIbKM Ti mMaTepianu pi3Hi, TO MM MaeMO reTepoCTPyKTypy. Takum 4YuHoM Oyrio
AOCIIOKEHO reTepoCTPYKTYPU YOTUPbOX rPyn:

- 3pasky Ha rHyuykin monibaeHoBin onbsi, a came nniskm CdAS ToBLYMHOW 3
MKM, Ha €Ki OCaKeHO wWap BUPOKEHOro HaniBnpoBigHMKY p-Tuny CuxS
TOBLLMHOW 60 HM;

- 3pasksm Ha monidgeHoBin ¢donbsi, CdS ToBwMHOW 3 MKM, Ha ski 6yno
HaHeceHo nniBkn ZnS ToBWMHOK 200 HM Ta BEPXHi KOHTaKT CuxS;

- KfacuyHa CTpyKTypa coHsvHoro enemeHty CdS-CdTe, ocagxeHa  Ha
mMoni6aeHoBy donbry i 3sepxy HaHeceHo CuxS;
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- KNnacuyHa CTpykTypa coHa4yHoro ernemeHTty CdS-CdTe, ocagxeHa  Ha
cuTanesy NigKNaguHKy, Ha siky Byno HaHeceHo MonibaeHoBY MAiBKY B SIKOCTI
HWXHbLOIO CTPYMO3’EMHOIO KOHTaKTY, BEPXHi KOHTaKT — CuxS.

Bumipn nepwoi rpynu 3paskiB —Mo-CdS-CuxS — nokasanu, L0 3BOPOTHIN
doTocTpym 36inbLUYETLCA NPY NPUKNadaHHi TUCKY. HameHwe 36inbLlieHHs cTpyMmy
Oyno [Ons BWMNagKy CKPyYeHoro 3pasky, KpiM Toro 36inbLUeHHS  CTpyMy
cnocTtepiraetbca i Ha npamii rinyi BAX. Len pesynbrat 36iraetbcs i3 Hawum
nepenbavyeHHsM, WO HaNiBNpPOBIAHMKOBI rekcaroHanbHi doTtoyyTnmei nniBkm CdS
MatoTb N'€30(POTOTPOHHUN ePEKT.

Mo3anTnBHUIN pe3ynbTaT No 36iNbLEHHI OTOCTPYMYy NpWU NpPUKNagaHHi TUCKY
Oyno TakoX oTpMmaHo Ans gpyroi rpynu 3paskiB —Mo-CdS-ZnS-CuxS. TpeTts rpyna
3pa3kiB — Mo-CdS-CdTe-CuxS —mana HeBenuknin n'e3oOTOTPOHHUI edekT Ha
3BopoTHIN rinuyi  BAX. Heenuka BenuvuMHa M'e€30(POTOTPOHHOIO  edeKkTy
NOSICHIOETLCA TUM, WO ToBLUMHA nniBkM CdS B Uin cTpykTypi 6yna mana, a came 200
HM. AK BigoOMO KpucTaniyHa cTpyktypa nniBok CdTe, ToBWMHA £KOT B HallOMy
BUNagky cknagana 1MmkMm, mMoxe ByTn sik KyOibyHOKW Tak i rekcaroHanbHot. KybiyHa
CTPYKTYypa € LEHTPOCUMETPUYHOK i TOMYy He Mae n’'esoecpekty. Ckopiw 3a Bce
N’'€30POTOTPOHHUI €PeKT, WO cnocTepiraeTbcd, 06ymMoBneHnn Tinbkn wapom CdS.
ToMy MK He MOXeMO TrOBOPUTUM MNPO MEepPCneKkTMBM MiABULLLEHHI edEeKTUBHOCTI
COHSAAYHMX ENIEMEHTIB Ha OCHOBI CTPYKTypn CdS-CdTe.

Mpwn pocnigpxeHHi 3paskis 4-toi rpynn —cutan-Mo-CdS-CdTe-CuxS —6yno
OTPUMaHO, WO 3pasku MNpPaulolTb SK COHAYHI eneMeHTU 3aBAAKM HasiBHOCTI
POTOBEHTUNBHOrO  edekty, ane 36inblWeHHAa {OTOCTPYyMy MpU  TUCKY He
crnocTepiraeTbcA.

[na KinbKiCHOro MOpPIBHSAHHA 3paskiB 4YOoTUPbOX rpyn 6yno po3paxoBaHO
OCHOBHiI NapamMeTpu LiogHUX CTPYKTYp Ta 3p0BneHo HaCTymnHi BUCHOBKU:

1. KoegilieHT HeigeanbHOCTI gioay 30inblwyeTbCca Npu 36inbLUEHHI TUCKY
Ha 3pasoK, WO BUKNUKAHO AedopmMauissMn KpUCTanivyHoi rpaTky, siki MM BHOCUMO Mpu
npuKNagaHHi TUCKY.

2. Onip No NOCTiMHOMY CTPyMYy 3MEHLLYETLCS NPW NPUKNagaHHi Tucky. To
€ JOKa3oM TOro, WO Halwla CTpyKTypa Mae m’e30(POTOTPOHHUN edeKT i 3MEHLLEHHS
CTpymy 06yMOBIEHO NOSIBOKO LOAATKOBOIrO 3apsay 3a paxyHokK M'e30edekTy.

3. OundepeHuinHui onip Npu nNpuKNagaHHi TUCKY 3MEHLUYETbCA TaKOX.
3BOpOTHIN onip Ta aAndepeHuianbHUn Onip NO 3BOPOTHIN TNl TAKOX 3MEHLLYETLCS
npwv NpUKagaHHi TUCKy Ang 3paskis 1-1 Ta 2-1 rpyn.

4. KoediuieHT BUNpsAMIEHHA nNpu MpuKnagaHHi TUCKY 3MeHLLYeETbCa AN
3paskiB 1-i Ta 2-1 rpyn, TOMy LIO Npy NpUKNagaHHi TUCKY B Hac € 36inbLUeHHSA SK
NPSIMOro Tak i 3BOPOTHOro CTpymMy Ha BAX.

5. 3MmiHa BuCOTM Bap’epy, SdKa [OEMOHCTPYE YyTNMBICTb OO0 TUCKY,
30iNbLUIYETLCA NPY NPpUKNagaHHi TUCKY.
6. 3Ha4yeHHs BiAryky mno 3MmiHi onopy, WO € No CyTi BIQHOCHOK 3MiHOM

onopy npuv npuKnagaHHi TUCKY, PO3PI3HIETbCA LA TEMHOBMX Ta CBITSIOBUX
XapaKTepPUCTUK.

AHani3 AiogHux napameTpiB MokasaB HacTyrnHe: audepeHuinHuin onip no
npsaMin rinui 3amiHeTbesa Big 3HaveHHss 50 Om gnga 3paskiB i3 CdTe Ha donbsi, oo
3HavyeHb 10% Om ans 3paskiB CdS-ZnS Ha donbai. Onsa knacuyHux giodis Ha p-n
nepexoni audepeHuiiHi onip mae 6ytn oguHuuyi Om. Ane wmatepianu i3
N’'€30BMacTUBOCTAMM 3a3BMYanl € Aienektpukamu i ans Toro wob HaniBnpoBiaHWMK
MaB M’€30BfacTMBOCTI NOTPiIGHO, W06 noro onip 6yB BENMKUN, WO MW | OTpUManu i3
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HawWwmMx po3paxyHKiB i BMMIpiB, €Ki nokasanu, wo 3paskn CdS-ZnS wmarTb
HanBINbLLIMA M'€30(POTOTPOHHUN eGEKT.

B pesynbTari npoBeeHnx AocniiXeHb nokasaHa HaABHICTb
N'e30pOTOTPOHHOIO edekTiB B PO3rMNAHYTUX reTepoCTPYKTypax, TOMY IX LOPEYHO
BMKOPMCTOBYBATU B KOHCTPYKUIAX NM'€304aTUMKIB, B ME€30(0OTOTPOHHNX MPUCTPOSIX Ta
n’e€30eneKkTpuLi.
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AHani3 TemnepaTtypHOI 3a5ieXHOCTI TeNsoNpPoBiIAHOCTI KNnaTpaTHUX
TepPMOEneKTPUKiB

KO.B NopbateHko, O.1. KpmBuikoB

Di3uKko-mexHiYHUL iHemumym HU3bKux memnepamyp imeHi b.1. Bepkina HAH YkpaiHu,
np-m Hayku,47, Xapkie 61103, YkpaiHa
E-mail: horbatenko@ilt.kharkov.ua

[locnimkeHHs TennoBux BNAaCTUBOCTEN TBEPOUX Tin, 30Kpema,
TennonpoBigHOCTI, € BaXXIMBMM HanpsiMOM Cy4acHOro MaTtepiasio3HaBCTBa, OCKiNbK/
ue CTUMYNIOE CTBOPEHHA (yHKUIOHanNbHUX MaTtepianis i3 3agaHumMu  i3nKo-
XiMiYHUMM BRacTMBocTaAMU. B gaHnin poboTi npoBedeHo aHani3 TennonpoBigHOCTI
knatpaTHUX TepmMoernekTpukiB BasGaisGeso (BGG) Ta BasGaisSnso (BGS), B skux B
npoueci pocTy KpucTanis BapitoBanocs chieeigHoweHHs Ga:Ge abo Ga:Sn gns
peanisauii TepMoenekTpuka 3 HociaMuM n-Tuny abo p-tuny. lMokasaHo, wWwo ans
3paskiB p-tuny B Kpuctanax (BGS) T1a (BGG) TemnepatypHa 3anexHicTb
TEennonpoBigHOCTI AEMOHCTPYE CKknonoaibHy noBeaiHKy, B TOM Yac sk Ans 3paskiB n-
TUNY CNOCTEpPIraeTbCs MakCMMyM, LLIO BKa3ye Ha KpuctarivyHy nosegiHky K(T).

MokasaHO, WO TemnepaTypHi 3anexHoCTi TenmnonpoBigHOCTI KpucTanis 3
NPOBIAHICTIO N-TUMY MOXYTb OYyTW NpeactaBneHi y BUrMsAdi CymMu ABOX AOOaAHKIB
K = A/T+B — (pOHOHHOro Ta AMdY30HHOrO, L0 Mae Micue y BUNagky opieHTauinHo-
BNOPSAOKOBAHUX OieNIeKTPUYHUX MONEeKynapHuxX Kpuctanis. [lMepwwunn BHecok A/T
3a3BM4Yai NMoB’A3yHTb 3 TPbOX(POHOHHMMW NpPoLiECaMN PO3CISAHHA — BiH 06epHEHO
NPOMNOPLINHO 3aneXxuTb Big TeMmnepaTypwu, i BiH AOMiHyE B yNOpsAKOBaHUX Kpuctanax
npu Temnepartypax Bulle (OOHOHHOro Makcumymy. pyrui BHECOK, ANGY30HHUN B,
npu HU3bKUX TemrepaTtypax cnabko 3anexuTb Big TemnepaTtypu, Npu BUCOKUX
TemnepaTtypax BiH Mawxe He 3anexuTb Bi4 TemnepaTtypu, npoTe BiH CTae
AOMIHYIOYMM B pO3ynopsiAkoBaHMX TBepaux Tinax (Ckni), ge nopywyeTbea
TPaHCNALINHMIA NOPALOK. TakMm YMHOM, OUPY30HHUIWN BHECOK B B TennonpoBigHICTb
B OEsIKOMY CEeHCi € yHiBepcanbHUM, OCKINIbKA BiH He 3anexuTb Big KpuctaniyHol
CTPYKTYpM Ta Big Nnpupoau matepiany.

1. Avila, M.A., Suekuni, K., Umeo, K., Fukuoka, H., Yamanaka, S., & Takabatake, T. Glasslike
versus crystalline thermal conductivity in carrier-tuned BasGaisXso clathrates (X= Ge, Sn). //
Physical Review B, -2006.-74, N 12.-P. 125109.



Jlawkapboecbki YumaHHs — 2021

HdocnigxeHHA ByrneueBuX NNiBOK MeToaoM enincomeTpii

[. 3eniHcbkuitt, T. CewmikiHal?, O. KoHgpaTteHko?, B. Mlopoxos?®

LHTYY KTl im. leopsi Cikopcbkoeo, npocrniekm lNepemoeau, 37, Kuig, 03056
E-mail: zelinskiy.d@ukr.net
2 [Hemumym cbizuku HarligrposioHukie im. B.€. Jlawkapbosa HAH YkpaiHu, np. Hayku, 41, Kuie
03028, YkpaiHa
8 [Hemumym Hadmeepdux mamepianie im.B.M.bakyns HAH Ykpainu, eynuus Aemo3sagodckka, 2,
Kuis, Kuiscbka 0611., 04074, YkpaiHa

Byrneuesi nniBkn, B TOMYy 4ncni NiiBKM aMOPEHOro, HaHOCTPYKTYPOBAHOrO |
anmMasonofibHoro Byrnewuto, 3aBasiku TakMM BAACTUBOCTSM, K XiMiYHA IHEPTHICTb,
iHppayepBOHa NPO30PICTb, TBEPAICTb, 3HOCOCTINKICTb, HU3bKNN KOedILIEHT TepTs,
BioCcyMiCTHICTb 3HaxoasATb 3acCTOCYyBaHHS B onTuui i €nNeKTPOoHIL,,
MawwunHoOyayBaHHI, MeOuuMHi, B SIKOCTi 3HOCOCTIMKMX MOKPUTTIB ANs1 XKOPCTKUX
AWCKIB, OMNTMYHUX MNPUCTPOIB, a TaKOX B HaNiBNPOBIAHNMKOBUX TEXHOSOMAX i
eneKkTpoxiMiyHMX goaaTtkax. MoxnuBicTb ynpasriHHA BflaCTUBOCTSAMWU BYrieLeBux
mMaTepianis 6a3yeTbCa Ha 3MiHIi KPUCTanNiYHOI CTPYKTYPU Ta XapakTepi MiXKaTOMHUX
3B'A3KIB  3aBASKW BMAWBY TEXHOSOMYHUX YMHHMKIB. Hanmbinbwumin BAnAnB Ha
BMNacTUBOCTI NNiBOK Mae CniBBigHOLIEHHSA sp?- i sp3- ribpnan3oBaHoro ByrneLo.

B npegctaBneHin pobOTi  npeAacTaBneHO  pe3ynbTaty  AOCHILKEHHS
BYrneueBmx NfiBOK MeToaoM enincomeTpil Ha enincomeTpi «Semilab SE-2000».
MniBkn 6ynun ocagkeHi Ha yCTaHOBLi MNa3MOXiMIYHOMO OCa[KEHHA Ha CKNsHi
NigKnaguHKu.

lMnasmoximiyHa yCcTaHOBKa, BMKOPUCTAHA AS19 OCa[XKeHHS MAiBOK, HanKpalle
niaxoauTb Ana ocamkeHHs a-C:H nniBok, WO MOXe BUKOPUCTOBYBATUCb B SIKOCTI
YHKLIOHANbHUX MOKPUTTIB BUPOBIB ONTMKU Ta eneKTpoHiku. igknagkn peakrtopy
BUrOTOBJIEHI 3@ KOHCTPYKLIEO NMaHaApHOro Tvny, Wo Aae 3Mory oTpuMaTti NOKpUTTH
Pi3HOI TOBLUMHM Ta OOCUTb BeNUKMxX posmipiB. Mig yac ocagXeHHs SOCnigKyBaBcA
BM/IMB HaANpPyr1 aBTO3MILLEHHS, Yac OCaMXXEeHHsA Ta TUN npekypcopy (ame. Tabn.1).

Tabnuua 1. Pe3ynbTaTn BUMIptOBaHb €NiNCOMETpIl

Homep | Yac Hanpyra Mpekypcop| WLnpunHa 3abopoHeHOI
nniBKn OCaAXEeHHSA, | aBTO3MILLEeHHSA, 7 30HM Eg, eB
XB B

1 12 -100 H2CH: 2.3

2 6 -200 H2CH: 2.05

3 4 -250 HoCH2 2.15

4 18 -100 H2CH2N2 2.45

5 10 -200 H2CH2N2 2.2

6 6 -250 H2CH2N2 2.1

7 24 -100 HCHa4Nz2 2.5

8 12 -200 HCH4N-2 2.2

9 10 -250 HCH4N:2 2.15

[Mpn BMKOHaAHHI enincoMeTpuYHUX BUMIPIB CMIBBIQHOLIEHHA amnniTyg p i S
KOMIMOHEHTIB Majaryoro nyyka cBiTNna Ta 3CcyB a3 MK HMMKU BUMipOBanu
3MiHIOIO4YM KyTU nagiHHa BunpoMiHioBaHHSA (sk 50°, 55°, 60°, 65° i 70°). PesynbTtaTtn
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O6ynn obpobneHi 3a gonomorold ipMOBOro nporpamHoro 3abesnedeHHss Semilab
Ta npeacrtasneHi Ha puc.1 Ta puc.2. byno otpumaHo, wWo wupuHa 3abopoHeHOT
30Hi NNiBOK 3MiHIOETLCA Big 2,05 eB o 2,45 eB.
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Puc. 2. 3anexHicTb enincomeTpmnyHoro kyta A Big .

Takum 4uHOM, B poboTi Byno nokasaHo, WO 3MIHIOKYM Yac OCa[KEeHHS,
Hanpyry aBTO 3MillEHHA Ta NPEeKypcop, MOXHa ocamkyBaTu Byrreuesi NiBKN 3
Pi3HUM 3HAYEHHAM LUMPUHN 3aBOpPOHEHOT 30HW. BaromicTb BKMagy KOXHOMO 3
TEXHONOMYHNX YAHHUKIB BUMarae npoBeaeHHs1 404aTKOBUX OOCHILKEHb.
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BAX retepocTtpyktyp Cu20/CdS/Si Ta Cu.O/CdS/CdTe

.M. Kossapcekun, E.B. Manctpyk, [.1. Kossipcbkui

Yepniseubkull HayioHanbHUl yHieepcumem imeHi FOpis ®edbkosuya, 8yr. KourobuHcbKozo, 2,
YepHisui 58002, YkpaiHa
E-mail: i.koziarskyi@chnu.edu.ua

Y poboTi pocnigkeHO BONbT-aMMNepHi XapakTepUCTUKU TFeTepoCTPYKTYp
Cu20/CdS/Si ta  Cu20/CdS/CdTe  ccpopmoBaHMX  WNAXOM  HaHECEHHS
ToHkonniBkoBux wapis Cu20 ta CdS Ha MoHokpucTanivHi nigknagkm Si ta CdTe
meTonom BY marHeTpoHHOro po3nuneHHs.

MMniBkM HanunoBanu Ha MigknNagknm B YHiBepcaribHIN BaKyyMHi yCTaHOBL
YBH-70. lMpouec HanuneHHss NpoOBOAMBCS 3a AOMNOMOroH MarHeTpoHa, poboua
yactoTa fkoro ctaHosuna 13,56 Mlu. Ons uboro B SKOCTi BUCOKOBAaKYyMHOrO
Hacoca BMKopuctoByBaBcH TypbomonekynsapHum Hacoc TMH-500.

Ana dopmyBaHHA nniBok CdS BUMKOpUCTOBYBanu ctaHAapTHY MilleHb. [1niBky
Cu20 dopmyBanu 3 HecTaH4apTHOI MiweHi. Nopowwok okemay migi |1 3anpecoByBanu
B aroMiHiEBUA cTakaH. BHyTpiwHin giameTp antoMiHieBOro crtakaHa ©OyB 3Ha4yHO
Oinble giameTtpa poboyoi obnacTi po3nuneHHst (30HM epoasii) marHeTpoHa. pouec
HanuneHHs 3aincHBanu B atmocdepi Ar.

BAX reTepoCTpykTyp BuUMIptOBanu 3a [JOMOMOrow MporpaMHo-anapaTHoro
komnnekcy Ha 6asi undposoro mynstumeTtpa Agilent 34410A i GrOKy >XMBIEHHSA
Siglent SPD 3303 X, aknmu kepyBanu nepcoHasibHUM KOMN''OTEPOM 3a 4OMNOMOroH
nporpamMHoro 3abesnevyeHHsi CTBOPEHOro B cepeaosuLli LabView.

BonbT-amnepHi xapaktepuctuku (puc. 1) ogepxanux ctpyktyp Cu20/CdS/Si,
Cu20/CdS/CdTe 6ynu gocnigkeHi npu KiMHaTHIA TemnepaTypi.

I, mA 1.2 4

1 + Cu20/CdS/CdTe

® Cu20/CdS/Si
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.
0.4
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.
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Puc. 1. BAX retepoctpyktyp Cu,O/CdS/Si Ta Cu,O/CdS/CdTe

Ha ocHoBi oTpumaHunx BAX ekcTpanonsauieto NpAMONIHIMHUX QiNSHOK NPSMUX
rinok Ao oci Hanpyr 6yno BM3HA4YeHO 3HAYEeHHS1 BMCOTM MOTEHUianbHOro Gap'epy.
Taknm 4nHom, 6yno BcTtaHoBneHo, Wwo ana Cu20/CdS/Si reteponepexoaa ¢k (300 K)
=1,7 eB, a gna Cu20/CdS/CdTe — ¢« (300 K) = 1,8 eB.

3 BAX 6yno BusHa4veHo koediuieHT BunpsmneHHa RR (gnsa U] = 3 B, T = 300
K) ta BcrtaHoBneHo, wo gnsa Cu20/CdS/Si reteponepexoga RR = 214, a ans
Cu20/CdS/CdTe RR = 1,6. NocnigosHi onopu ana Cu20/CdS/Si ta Cu20/CdS/CdTe
reTeponepexois ctaHoBunim Rs = 1,1 Om i Rs = 1,8 Owm, BignosigHo.
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Oco6nMBoOCTi 3acTOCyBaHHA PeHTreHiBCbKOI Andpakuii
Ana pocnigXeHHA HAHOPO3MiIPHUX MOPOLUKIB

FO. O. MNoniwyk?!

L IJHemumym ¢pizuku HarienposgioHukie im. B.€. Jlawkapsosea HAH Ykpairu, np. Hayku, 41, Kuie
03028, YkpaiHa E-mail: justis@ukr.net

Bnusbko 30 pokiB Hasag B niTepaTypi Brepwe 3'9BMBCA  TEPMiH
“HaHoKpucTann” Ons NO3HAYEeHHSA LUINIKOM KOHKPEeTHUX O6’ekTiB — MaTtepianis, siKi
CKNagalTbCsd 3 aTOMIB OAHOro COpPTy, arne MICTATb [ABa CTPYKTYPHO Pi3HUX
KOMMNOHeHTH [1]: BnopsagKoBaHi KpucTanitT HAHOMETPOBUX PO3MIPIB I MDKKPUCTaNITHI
rpaHuLi LWMPUHOK B 2 — 3 MOHoLapw [2].

MosBa NOHATTA “HaHOKpucTan” Oyna HacnigkoM yCBiQOMIIEHHS TOro pakty,
Lo B 06r1acTi HAHOMETPOBUX PO3MIPIB PeYOBMHA 3HAXOOUTLCS B 0COBMIMBOMY CTaHi,
NPUHLMMNOBO BigMiHHOMY Big 06’€MHOI KpucTanivyHoi gasu.

Taknum 4MHOM, MOBa nae He Npo Po3MipHI epekTn, a Npo edpekTn, 0OyMOBEHI
KONEKTMBHOIO MOBEIHKOK HAHOYACTUHOK Ta HaHOCTPYyKTypow. OcTtaHHs mae ByTu
XapaktepudyBaTtuca napamMetTpamMu  KpuUCTaniyHOi  CTPYKTYpU  HaHOYaCTUHOK,
napameTpamMv (oOpMM YacTUHOK, PO3MOAiSTI YaCTUHOK 3a po3MipamMu, B3aEMHY
NPOCTOPOBY OpiEHTALit0, CTPYKTYPY MKKPUCTaNITHUX rpaHuub i T.4.

[na HaHoOKpuCTaniB xapakTepHa HasiBHICTb KpUCTamniyYHOI CTPyKTypu, TOOTO
Aanekoro nopsiaky, sk anga kpucrtanis. OgHak B cuny manmx po3mipiB X He MOXHa,
Ha BigMiHY Big KpucTanie, po3rnagatv B HAONMXKEHHI HECKIHYEHHOrO KOHTUHYYMY.
HaHokpuctann - o6'ekTn, y AKUX AarnbHii NOpSaoK NOpYLUYETbCS CTpubkonodibHo,
BTpa4aeTbCsl Ha Mexax KpuctaniTis abo KkpuctaniyHoro 65oky.

Lle BaxnuBa BigMiHHICTb HaHOKpUCTaniB Bif IHWWUX OB'EKTIB CTPYKTYPHOrO
aHaniay, Npn3BoauTb 40 cneumdivHnx 0cobnmBocTen ix gudpakuinHux KapTuH. Kpim
TOro, B 3arafibHOMYy BMMaAKy iCTOTHOK XapaKTEPUCTUKOK HAHOKPUCTaniB € TakoX
CTPYKTYpa MiKONMOYHUX rpaHuub (ONs i30N1bOBaHUX HAHOPO3MIPHMX YaCTUHOK -
CTPYKTYpa MOBEpPXHi), sika B BINbLUIiN Y1 MEHLIn Mipi BiOPI3HAETLCA Big CTPYKTypu
KpucTaniyHux 61okiB i XxapakTepr3yeTbCsl HAsIBHICTIO BITACHOMO BMKHBOTO NOPSOKY.

PeHTreHiscbka gudpakuia (PO), abo gudpakuia X-npoMeHis, € nonynspHUM
aHaniTM4HUM MEeTOAOM, WO BUKOPUCTOBYETHCHA LANS aHanisy MOMEeKynspHuUX Ta
KpUCTaniyHUX CTPYKTYp, SKICHOT ideHTudikauil pisHMX CAONYK Ta CyMillen,
KiNbKICHOrO aHanisy, BU3HA4YeHHs CTYNeHs KPUCTanivyHOCTi, i30MOPMHUX 3aMilleHb,
AedekTiB ynakoBKN, BUBYEHHSA MONIMOPQIi3My Ta (ha3oBUX MepexoniB, BU3HAYEHHS
pO3MipiB YacTUHOK [3,4], ToLO.

Mpwn BIOOUTTI PEeHTreHiBCbKOro BUMPOMIHIOBaAHHA Big OyAb-sKOro kKpucrtany
dopMyOTbCA AndpakTorpamum, WO BigobpaxatTb (i3NKO-XiIMIYHI XapakTepUCTUKK
KpUCTaniyHux CTPYKTyp. Y MNOPOLUKOBUX 3paskiB, AudparoBaHe BUMNPOMIHIOBAHHA
BigoOpaxae Noro CTPYKTYpPHiI 4i3nKO-XiMiYHi BACTUBOCTI.

3HaHHA Ha aTOMHOMY PpIiBHi TEOMETPUYHOI CTPYKTYpU Matepiany €
nepeaymMoBO PO3YMIHHSA | NPOrHO3yBaHHSA BNacTMBOCTEN MaTepianis. [eomeTpuyHa
CTPYKTypa martepiany CKnagaeTbCa He TifbKM 3 4acy i NpoCTopy ycepenHeHoi
nepiogn4Hol koHdopmauil aTtomis B igeanizoBaHid KpucTaniyHii rpatui, a n 3
MIKPOCTPYKTYPU, BUKITMKAHOK HEAOCKOHAaMICTO, AUCAOoKaUis MK, Ta iHWWMK BUAAMMU
pO3ynopsiAKOBaHHSA, SKi 4acTo  BiANOBidaldTb 3@  HE3BWYHI  BMAcTUBOCTI
AocnigKyBaHoro maTtepiany.
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Hanbinbw 4acto Ons BU3HAYEHHSA CTPYKTYpU KpucTany BUKOPUCTOBYETbCH
aHania MmoHokpuctany. OgHak, 9KWOo HeEMae MOHOKpUCTany BignoBiAHOMO PoO3Mipy i
AKOCTi, MOpOLIKOBa Audpakuia € Hanbnukyor anbTepHatmeol. [lopolukoBa
ONOPaKTOMETPIA HUHI € OOAHUM 3 HAaNBaXXMUBILLMX IHCTPYMEHTIB ANA XapaKTepUCTUKU
mMaTepianis. BaxnueicTb nopowkoBoi AndpakTomeTpii 3pocTae, a obnacti i
3aCTOCYBaHHA MOCTINHO PO3LUMPIOOTBLCS, PO3POBNAKTLCA HOBI Npunagu, MeToam
aHanisy gaHux i MogentoBaHHA CTaloTb BifbL NOTYXXHUMMW | TOYHUMN

Takum 4umHOM, wMeToauka PL MOXe BMKOPUCTOBYBATMUCL [nONA aHanisy
CTPYKTYPHUX OCOBNIMBOCTEN LUMPOKOrO CMEKTPY MaTtepianiB, Takux K HeOpraHidHi
KaTanisatopu, HagnpoBiaHWKK, Biomonekynu, ckno, nonimepu, Towo [5]. AHania umx
MaTepianis 6araTo B YOMy 3anexuTb Big Andgpakrorpam. KoxxeH matepian Mae CBOO
YHiKanbHy gudopakrorpamy, WO Aonomarae Bu3Hadatu i igeHTudikyBaTtn martepian
LUASIXOM MOPIBHAHHS OTpMMaHoOi Audppaktorpamym 3 eTanoHHMMKU 3 6a3n gaHux
JCPDS (O6'egHaHumn KOMITET cTaH4apTiB NOPOLLKOBOI Andpakuii). Takox metoq PL
A03BOSISIE WBNOKO BU3HAYUTKU, UM € OOCHiQKyBaHi 3pasku matepianis ymctummn abo
MICTATb AOMIWKN. Takum ymHoMm, P[] BXXe JaBHO BUKOPUCTOBYETBLCA 4SS BUSHAYEHHSA
Ta igeHTudikauii Sk o6’eMHMX Tak i HaHomaTtepianiB, 3paskiB Cyd0BO-MeaNYHUX
eKcnepTuns, y NpOMMUCAOBOCTI Ta 4S5 aHani3y reoxiMidyHux 3paskis [6].

Ha cborogHiWwHin geHb GinbWiCTb CTaTen, WO 3HAXOAATbCA NpWU MOLUYKY 3a
KNYOBUMM CNOBaMM «PEHTIEHIBCbKA AnMpakLisi B MOPOLLKONOAIBHMX MaTepianax»,
MOBa nae npo BUKOpUCTAHHA Pl K iIHCTPYMEHTY B Mexax BUPILLEHHST AKOICb NEBHOI
npobnemu ane He rnobanbHo [7,8].

HesBaxatounm Ha WKNPOKE BUKOPUCTAHHS TPAHCMICIMHUX  €NeKTPOHHUX
Mmikpockonis (TEM), ckaHytoumx enekTpoHHux Mikpockonisa (CEM) Ta enekTpoHHOT
Andppakuil, Wo BUKOPUCTOBYIOTLCA AN AOCHILKEHHA HOBUX MaTepianis, Ui Metoam
MOXYTb BigobpaxkaTu TifbKn fiokanbHi 0cCoOnNMBOCTI.

Taknum 4nHoMm, obnactb 3acTtocyBaHHA P[] - noBHa xapakTepuctuka 06'eMHUX
Byrneuesunx martepianis. Kpim Ttoro, Pl BMKOPUCTOBYETLCA B SKOCTI aHaniTUYHOrO
IHCTPYMEHTY B reonorii, dapmaueBTuui, MaTtepiano3HaBCTBi, aHanisi nonimepis,
€KONOoriYHnX Ta CyaoBO-MeanyHux gocnigkeHHax. Okpim Toro, metoq Pl no3sonsie
NpoBOAMTM igeHTUdIKaUilo MaTepianiB Ta BM3HayaTu Taki napameTpu, AK CTyMiHb
KpPUCTaniYHOCTI, 3afMLLKOBY Hanpyry Ta TEKCTYpHi XapakTepUCTUKM 3 MiHIManbHUM
BNAMBOM Ha maTtepian. Metoa PL Bxe AaBHO BUKOPUCTOBYETLCS HA MUTHULAX OIS
BUSIBMNEHHSA Ta igeHTUiKaLii HAPKOTUKIB, 3a00POHEHNX PEYOBUH | MOHET.
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BnnuB Bonoru noBiTps Ha eNeKTPUYHI XapaKTepuCTUKn
OKCUAOHO-0NOB’AHNX BapucTopiB 3 aomiwkor PbO

O.B. lNanoHos, [.1O. MNenux

JHinpoesckkuli HayioHanbHUl yHisepcumem imeHi Onecsi [oHYapa, np. azapiHa, 72, [Hinpo, 49010,
YkpaiHa, E-mall: alexei_gaponov@ukr.net

Okcng onoBa pobpe 3apekomeHayBaB cebe B SKOCTi maTepiany Anns
BUPOOHMUTBA OMNTUYHO-NPO30OPUX MNPOBIAHMX BIKOH, BapUCTOPIB, ras3oyyTNNBUX
ceHcopiB Towo [1]. OaHieto 3 ocobnueocten SnO2 € noro gobpa YyTnNMBICTE A0
BOJIOrOCTi HaBKONMULWHBLOrO cepegosuwa [2]. Cuctemn Ha ocHoBi SnO:2 pasom i3
LuinuMm psagom OOMILWOK npuaaTHi Ans BUPOBHMUTBaA KepaMidHUX BapUCTOPIB, SKi
Npu3HayeHi Ansa 3axmMcTy enekTpudHoro obnagHaHHa Big nepeHanpyr. 3acTocyBaHHS
OKCUOHO-ONOB’SIHOI  KepaMmiku B SIKOCTi  BapuUCTOPHOro Martepiany notpebye
3MEHLUEHHS BMNIMBY HaBKOMULIHLOIO CepefoBULLIA HA eNEKTPUYHI XapaKTepUCTUKM
Ta napameTpu 3paskiB. [ns 3MeHLIEeHHS BOSIOrOYyTIMBOCTI OKCWMOHMX BapuCTopiB
HaMK 3anpornoHOBaHO AofaBaTh A0 CKady HaniBnpoBIAHUKOBOI KepaMmikm okcupg,
ceuHUuto (PbO). Y paHin poboTi AocnifkeHi enekTpuyHi BracTUBOCTI OKCUOHOI
kepamikn cknagy (99,4-x) SnOz - 0,5 Co0304 - 0,05 Nb20s - 0,05 Cr203 - x PbO
(mon. %), nex=0,0,1,0,5,0,7, 1i 2 mon. %.

HocnigpkyBaHa Kepamika BWroToBfleHa 3a TpaguUiMHOK  KepaMiyHO
TexHonorielo npu Temnepatypi Bunany 1250°C (1 rop). In-Ga eBTekTuka
3acTocoByBanacbh Ansa CTBOPeHHA enektpoais. BAX 3paskiB BuMiptoBanuchb y noBiTpi
npu BigHoCHIN BosiorocTi 10 — 86%. KoediuieHT BonorowytnneocTi S obuncrnoBascs
3a popMynoto S = (Owz — Ow1) / Owi, A€ Owi | Ow2 — €NEKTPUYHa NPOBIAHICTb B 06nacTi
cnabkux CTpyMiB npu BigHOCHIN BosiorocTi nosiTpsa wi = 10% i w2 = 86% BignosigHo.

Bci otpumaHi j(E) xapakTepuCTUKM LOCHiOKEHUX 3paskiB HeniHinHi. BoHn
MatoTb OMiYHI Ta HU3LKOHENIHINHI QINIAHKW NPU HEBESNTMKUX 3HAYEHHAX HaMpy>KeHOCTi
€NeKTPUYHOro nonsa Ta BUCOKOHEMIHINHI SINISHKA NPU CUNbHUX €NEeKTPUYHUX MOSISX.
Mpun 36inblIeHHi y cknagy Kepamikum BMICTY OKCUOY CBUHLIKO 3HAYeHHSA KoediuieHTa
HeniHinHocTi B 3meHwytoTbes Big 51 (0 mon. % PbO) go 41 (0,5 mon. % PbO), a
notiMm 3HoBYy 30inbLyoTbea o 44 (2 mon. % PbO). lNMpu uboMy BMCOKOHEMiHIMHA
pinaHka j(E) xapakTtepucTuk 3cyBaeTbCsl Yy OiK HU3bKMX ENEKTPUYHUX MOoniB 3
HacTyNnHUM MOBEPHEHHAM OO0 MOoYaTKoBOro cTaHy. MiHimManbHe 3Ha4yeHHs
KnacudikauinHOT Hanpy>XeHOCTi enekTpmnyHoro nons E1 = 4390 B/cm cnocTepiranoch
npu gogasaxHi 0,7 mon. % PbO. EdekT ameHweHHs HeniHinHocTi BAX npu nepexogi
A0 GinblU HM3LKOBOMNbTHUX 3Pas3kiB XapakTEPHWU ONs Pi3HOT 3@ OCHOBOK OKCUMAHOI
kepamikn [1]. Ha mexax kpuctanitis SnO:2 yTBOPKWTLCA MeEHWI 3a BUCOTOK
noTeHuianbHi 6ap’epn, WO 1 NpM3BOAUTL OO0 3MEHLIEHHSA HeniHinHocTi BAX
BapuCTOpIB.

[looaBaHHs oKcmay CBMHLUIKO OO cKnagy Kepamiku oBymMOBIOE piakodasHuin
CUHTE3 3paskKiB, WO NposBNAETbCA B 00’egHaHHI Ta 3pocTaHHi 3epeH SnO2 nig vac
cnikaHHA. MeHwa KinbKiCTb NoOTeHuianbHUX 6ap’epiB Ha OOUHULIKD  OOBXWHU
NpU3BOAMTb A0 3MEHLLEHHS poBOoYOT HaNpyri AoCnigKyBaHUX Bapuctopis. Tomy npu
36inbweHHi BMmicTy gomiwkn PbO po 0,7 mon. % y cknagi kepamikm 3HayeHHa Ei
3meHwytoTbes Ao 4390 B/cm. Moganbule nigBuLeHHst KoHueHTpauii PbO cnpuynHioe
3BOPOTHUI 3CYyB BUCOKOHENIHINHOT AinsaHkn BAX y Gik CUNbHUX €NEKTPUYHUX MNONIB i
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30inbleHHa 3HavyeHHs Ei. IMOBIpHO, YTBOPEHHS pigKoi CBMHLIEBOBMICHOT dha3n Mix
KpuctaniTamu npu Bunarsi 3paskiB 3aBaXkae 3NUTTIO Ta POCTY 3epPeH KepaMikn — BOHU
3anuwarTbCa BIOHOCHO MINKMMKW. TOMy 3Ha4yeHHs Ei1 npu yMmanux KoHUeHTpauisx
oKcuay CBUHLIO JoCUTb Benuki (E1 ~ 5900 B/cm npu 2 mon. % PbO).

EnekTpuyHa npoBIigHICTE KepaMiku BW3HAYAETbCH CTPYKTYPOH 3paskiB i
noteHuiansHUMK 6ap’epammn Ha mexax 3epeH SnOz. JocuTtb Bucoki 6ap’epu (0,8 -
1,1 eB) obymoBnioloTb Mani 3HaA4YeHHS MNUTOMOI €neKTPONnpOBIOHOCTI B obnacTi
cnabkux crtpymiB 0=(2-7)1012Om?*-cm? npu BiocyTHocTi abo HeBenukmx
KoHUeHTpauigx gomiwkm PbO (go 0,5 mon. %). 36inblieHHA BMICTY OKCuAay CBUHLIO Y
cknagi kepamiku go 2 mon. % npu3BoanTb A0 36inblueHHs 3HaYeHb o Ao 3-1011 Om-
l.cml. CBUHUEBOBMICHI MiX3epeHHi Liapu, WO YTBOPKWTbLCA Mig 4ac Bwunany,
LWYHTYIOTb  OKCWMOHO-OMOB’AHI  KpucTanitn. Ak Hacnigok,  36inblyeTbes
HU3bKOMOMNbOBA e€eneKkTpMYyHa NPOBIAHICTE 3paskiB Npu NiABULLEHHI KOHLUEeHTpauil
aomiwkn PbO y cknagi kepamiku.

HaBkonuwHe cepegoBuvlle CYTTEBO BMNSIMBAE Ha €nEeKTPUYHI BacTUBOCTI
BapucTtopiB. Tak, enekTpuMyHa MpoBiOHICTb B oGnacTi cnabkmx CTpymiB OKCUMAHO-
ONOB’AHOI KepaMikM CUNbHO 306inblyeTbCA MPU MiOBULLEHHI BiAHOCHOI BOMOroOCTi
oTouytodoro nosiTpsa Big 10 go 86%, ocobnueo npu w > 75%. MNpoTe B obnacTi
CUNbHUX CTPYMIB BUCOKOHeriHinHa AinsgHka BAX mawke He 3cyBaeTbca. Takuu
edeKkT NoB’si3aHni 3i 3MiHOK BUCOTU NOTeHUianbHNX 6ap’epiB Ha mexax 3epeH SnO:2
[2,3]. Bucota umx 6ap’epiB 3MeHLWyeTbCA Npu 36inbLUEeHHI BMICTY BOSIOrM y NOBITPI,
ane BOHM 3anuwalrTbCA LWe A0CTaTHbO BWUCOKMMWU HaBiTb npu W = 86%. [lpu
30inblWeHHI NogaHol Ha 3pa3oK Hanpyrn 6ap’epu NPOAOBXKYKTb 3HWXYBATUCA OO
KPUTUYHOTO 3HaYeHHs, NPU SKOMY MOYMHAE OOCUTb CUNBHO 3pocTaTh cuna CTpymy
Kpi3b 3pa3ok, TOOTO NPOSBSETLCA BAPUCTOPHUN eeKT.

OTtpumaHi Hamn kepamivHi 3paskm 6GasoBoro cknagy 6e3 gogasaHHa PbO
MalTb [OCUTb BENWKe 3Ha4YeHHA KoedilieHTa BoriorodyTnueocTi S (Tabn. 1).
YBeOAEHHS OO0 CKMagy Kepamiku OKCuAy CBMHLIKO HaBiTb Yy HEBENWKIN KiNbKOCTI (8o
0,5 mon. %) npu3BOoAMTb OO0 3MEHLIEeHHs i BOSoroyvyTnueocTi. Lle noe’sa3aHo 3
YTBOPEHHAM npu CniKaHHi Kepamiku CKNonoaibHnx  CBUHLEBOBMICHMX
MDKKPUCTaNITHAX NPOLUAPKIB, SKi 0BMeXylTb MNPOHUKHICTL A0 Mex 3epeH SnO:2
PyXnMBMX NpPOTOHIB H*, wWo yTBOpHOOTECA Npu Aucoudiauii agcopboBaHux Ha
nosepxHi 3paska Mmonekyn H20. [lMpu 36inbleHHi Bonorocti nosiTps 06’€MHUN
HeraTMBHUM 3apsan Yy MPUNOBEPXHEBMX LIApax OKCUOHO-OSIOB'AHUX KpucTaniTiB
3MEeHLWYETbCA 3a abConoTHOK BENUYMHOK HEe TaK CUMbHO, SIK 3a BIiACYTHOCTI
aomiwkn PbO, i Bucota noTeHuianbHUX 6Gap’epiB 3MEHLUYETLCS TEX BigNOBIAHO.
TomMy BONOrovyTnMBICTb 3paskiB 3 HEBENIMKMM BMICTOM OKCUAY CBUHLIO € Mariow
(Tabn. 1).

Mpn nigBuweHHi KoHueHTpauii PbO (Binbwe 0,5 mon. %) Mamxe BCi
Kpuctanitn SnO2 NOKpMBaKOTLCA CYLiNIbHOK CBMHLEBOBMICHOI MniBKOK. [1o Hin
BaXKi HeraTMBHO 3apsmkeHi ioHn OH ™~ MOXyTb NpoHMKaTn 0O MexX 3epeH SnO:2 i
nigTpumyBat 06’€MHUIA HEraTUBHUIA 3aps Yy NPUMNOBEPXHEBUX LLUApPax KpucTaniTis
Ha OOCWUTb BENMKOMY piBHi. TOMy Taka kepamika mae 6inblly HeniHinHicTe BAX i
GinbLUy YYTNMBICTb ENEKTPUYHNX XapaKTEPUCTUK 40 HABKOMULLIHLOIO cepeaoBuLLa.

Tabn. 1. 3HayeHHs koedilieHTa BONorovyTnmeocTi S kepamikm SnO2 - Co304 -
Nb20s - Cr203 - PbO 3 pi3HO KoHUEeHTpauieto gomiwkn PbO
PbO, mon. % 0 010507 |10 ] 20
S,0m~tem? 824 | 413 | 172 | 479 | 953 | 183
6
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Taknm YMHOM, yBeAEHHs 0O CKrnagy OKCMAHO-ONOB’SIHOI KepaMikm HEBENUKOI
KiNTbKOCTi OKCMAY CBUHLIO NPU3BOANTL A0 3MEHLUEHHS pob0oYy0i Hanpyrin BapucTopis 3
OAHOYACHUM 3MEHLUEHHAM iX BOSIorovyTnueocTi. ONTUManbHOK KOHLUEHTpaLieto
PbO y cknagi kepamikn € 0,5 - 0,7 mon. %. OTprmaHi HOBI pe3ynbTaTu ceBigy4aTb NpPo
MOXIIMBICTb 3aCTOCyBaHHA AoMiwkn PbO Onsi BUrOTOBMEHHS MEHLU YyTnMBUX 00
BMSIMBY OTOYYIOHOro cepeioBuLLa OKCUOHMUX BapUCTOPIB.

1. Bueno P. B., Varela J. A., Longo. J. SnO2, ZnO and related polycrystalline compound
semiconductors: An overview and review on the voltage-dependent resistance (hon-ohmic)
feature // Eur Ceram Soc.-2008.-28, N 3.-P. 505-529.

2. Skuratovsky I., Glot A., Traversa E. Modelling of the humidity effect on the barrier height in
SnO: varistors // Mater Sci Eng B.-2006.-128.-P. 130-137.

3. Gaponov A. V., Skuratovsky I. A. 2019. Electrical properties of SnO2-based varistor ceramics
with solid-phase and liquid-phase sintering // J Phys Studies.-2019.-23, N 3.-3708 (8 p.).
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HusbkoTemnepaTtypHa poTontomMiHecLeHLis TOBCTUX
nonikpuctaniyHux nniBok CdixZnxTe Ans AeTeKkTopis
paaiayinHOro BUNpPoMiHIOBaHHS

3HameHLwumkoB A.B., MNMaweHko M.B., KoHoHoB O.K., OnaHactok A.C.
Cymcbkull depxasHull yHisepcumem, 8yrn. Pumcbko2o—Kopcakosa 2, m. Cymu, 40007, YkpaiHa
E-mail: yaroslav.znamenshchykov@gmail.com

B gaHin poboTi 6yno nposBeneHO OOCHIIKEHHS CTPYKTYPHUX BIIaCTUBOCTEN Ta
CMEKTPIB HU3bKOTEMMNepaTypHOi OTOMOMIHECLIEHUiI TOBCTMUX MOMIKPUCTaNiYHNX
nniBok Cdi-xZnxTe 3 BMicToM umHKy Big x=0.10 go x=0.67.

ToscTti nonikpucTaniyni nniskn (d ~ 30 Mkm) TBepgoro posunHy Cdi-xZnxTe
(CZT) 3 pi3HMM BMICTOM UMHKY Oynn ogepkaHi MeTogOM BaKyyMHOro TEPMIYHOro
BMNapOBYBaHHSA B KBasidamkHeHoMy o6’emi. BumiptoBaHHs cnekTtpis ®PJ1 6ynu
BUKOHaHI 3 BUKOPUCTaAHHAM CTaHLAPTHOI YCTAHOBKM 3 MOBHICTIO aBTOMaTU30BaHUM
MOHOXPOMaTOPOM 3 (POKaNbHOK OOBXMHOKW A = 1-m. Ak pkepeno 30ymKyBanbHOro
BUNPOMIHIOBaHHS BUKOPUCTOBYBABCS TBEPAOTINIbHUA nasep 3 JOBXWHOK XBuni 457
HM (2,71 eB) Ta Haka4dkoto 3 BukopuctaHHam CW piogy. IHTeHCMBHICTL 36ymxKeHHS
npu BUMIpIOBaHHAX 3MeHlWyBanacb 00 9 BT/cM?  LWINAXOM  BMKOPUCTAHHS
HEeNnTpanbHMX CKNaHUX QinbTpiB. CnekTpu noMiHecueHuii 6ynn ogepxaHi 3a
AOMOMOIro  BUCOKOEMEKTUBHOIO  (POTOMOMHOXYBa4a 3  TepPMOENeKTPUYHUM
OXONOKEHHAM, WO npautoBas i pexumi nigpaxyHky ¢OTOHIB. TemnepaTtypa 3paska
Morna 3miHioBaTtucsa B gianasoHi Big 300 K go 3,6 K 3 BUKOpPUCTaHHSIM resfieBoro
KpiocTaTy 3aMKHEHOIO LUKITY.

3 pocnigpkeHHa mMopdpornorii NoBepXHi ByNo BCTAaHOBMEHO, WO PO3Mip 3epeH
Ta IX OAHOPIAHICTb 3anexanu Big YMICTY LUMHKY. [pu 36inbLlUeHHI KOHUEHTpaUii LMHKY
o x~ 0,5 BigbyBanocsi 3HWXEHHA SKOCTI MOBEPXHi NMIBOK, MNPO WO CBig4Mnm
3MEHLLEHHS PO3Mipy 3€peH Ta YTBOPEHHS KpuUCTaniTiB HeogHopigHoi dopmun. 3i
CTPYKTYPHUX [OCrigpKkeHb Oyno BCTAHOBMEHO, WO nniBk 6ynn ogHodasHuMK i
MicTunn kybiuHy dasy CZT. AHania gudpakrorpam nokasas, WO Ans NiiBOK 3
x=0,10, x=0,32, x=0,44, aundpakyiiHi nikn 6ynnu rocTpumm Ta Manu CUMETPUYHY
dopmMy, WO CBigYUTL NPO PIBHOMIPHICTL PO3NOAINY KOHUEHTpauil LMHKY B MniBLi.
Mpote gna 3paska 3 x=0,67 gudpakuinHuin nik (111) maB cknagHy dopmy Ta
CKrnagaBcs 3 KiflbKOX KOMMOHEHTIB, PO3LEnneHHS Miky Byno cnpuyMHEHE HasiBHICTHO
B MNiBLi KifTbKOX LWapiB 3 Pi3HOK KOHLEHTPAUIE LMHKY.

HunsbkoTeMnepaTypHi OTONOMIHICLEHTHI JocnigkeHHsA J03BONUIN
BCTaHOBUTU, WO wapu CZT € XiMIYHO 4MCTUMM Ta MalTb pP-TUN NpoBigHOCTI. B
nriBKkax BUSBNSATLCA TiNbKM TpaguuinHi 3anuwkosi gomiwknm — Na, Li, P ta Ag.
[MPUCYTHICTb IHTEHCUBHUX €KCUTOHHUX iHIN Ta (POHOHHWX MOBTOPEHb Ha CrekTpax
CBigYNTb NPO BMCOKY ONTUMYHY SKiCTb nniBok. OKpiM LbOro Ha cnektpax Oynu
NPUCYTHI LUIMPOKI CMYru, LLO MOB'A3aHi 3 BUMPOMIHIOBAHHAM 3a Yy4acTiO TOYKOBUX
nedekTiB, NPOTKHMX AedeKTiB, 30KpeMa AMUCoKaLin, a TaKoX CNPUYMHEHI BNNBOM
MikpogedopmaLin B nniBkax.

3a eHepreTMYHMM MOSIOKEHHAM EKCUTOHHMX JiHin Oyno po3paxoBaHO
3anexHictb wupuHM 33 maTtepiany nniBok Big BMICTY UMHKY. [lokasaHo, WO BOHa
anPOKCUMYETLCA MIHIMHOK 3aneXxHICTIo, fika Moxe OyTu onMcaHa HaCTynHUM
piBHAHHAM: Eg(x)=1,606+0,79-x (eB). Takox 6yno BUABNEHO KOpensuito MK
YLWMPEHHAM EKCUTOHHWUX TiHin Ta piBHEM Mikpoaedopmauin B nniskax CZT, dka
NiATBEAXXYE BUCHOBKM NMPO OCHOBHWUW BMSIMB Ha IX CTPYKTYPHI XapaKTepUCTUKMN came
BMICTY LIUHKY.



mailto:yaroslav.znamenshchykov@gmail.com

Jlawkapboecbki YumaHHs — 2021

doTonromiHecueHuia CdTe:O
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2leaHo-®paHkKiecbKull  HayjoHanbHUl  MexHiYHUlU  yHieepcumem Hagmu | e2asy,
syn. Kapnamcska, 15, IeaHo-®paHkiecbk 76019, YkpaiHa
SYepHiseubkuli HaujioHaneHul yHieepcumem iMeHi fOpis ®edbkosuYa,

8yn. KourobuHcbkoeo, 2, HYepHisyi 58012, YkpaiHa

Tenypua kagmito € ogHMm 3 Hambinbll MNEepCnekTUBHUX MaTepianiB ang
3aCTOCYBaHHSA B COHAYHUX erleMeHTax 3aBAsikM CBOIM YHiKanbHUM (i3vKO-XiMIYHUM
napametpam. Moro wupuHa 3abopoHeHoi 3oHm Eg = 1,5 eB (300 K) 6nusbka Ao
ONTUMAanbHOrO 3Ha4YeHHA [gna  (POToenekTPMYHOro nepeTBOPeHHs. Haumeuwa
TemnepaTypHa i pagiauinHa ctabinbHicTe CdTe B nopiBHsHHI 3 Si i GaAs gossonse
BUKOPMCTOBYBATU COHSIYHI €efleMEHTU Ha OCHOBI Tenypuay Kagmito npu nigBuLLEHNX
TemnepaTypax i 3Ha4HOMY MOTOLi iOHI3Y04Oro BUMPOMIHIOBaHHS.

Mpsama 3abopoHeHa 30Ha CdTe go03BONSAE BMKOPUCTOBYBATU LiEN martepian y
BUMNAAI  TOHKOI NAiBKM, WO Oyno nigTBepaXeHO eKcrnepuMeHTanbHO Ans
ToHkonniBkoBoro nepexogy nCdS/pCdTe. Ha »xanb, KpucTaniyni napameTtpu i
KoeiuieHTn TennoBoro poswupeHHa ana CdS (a Takox gna  iHWux
HaniBnNpoBigHWKIB 3 Oinblw wWupwo 3abopoHeHo 30How) i CdTe icTtoTHO
BiAPI3HAIOTLCSA, TakK WO pe3ynbTyouni reteponepexig MaTuMme 3Ha4Hy KOHLUEeHTpaLito
aedekTiB Ha Mmexi nepexogy. OgHMM 3 NEepCneKkTMBHUX CnocobiB BUPILLEHHS L€l
npobnemn € TexHonorii, sKi MOAUMIKYIOTb MOBEPXHEBi BNacTMBOCTI 6a3oBuUX
niaKknagok, B TOM e Yac 36epiratoum napaMmeTpmn OCHOBHOro martepiany 6e3 icTOTHUX
3MiH. Hamu npoBedeHO aHania ekcnepuMeHTanbHUX pes3yrbTaTiB, WO CTOCYHTbCH
doTto Bnactueocten nigknagok n-CdTe 3 wmogudikoBaHOW nigknagkow i
noBepxHeBO-0ap'eEPHUMN COHAYHUMWN efleMEHTaMM Ha IX OCHOBI.

BasoBi nigknagku poamipom 4 x 4 x 1 mm3 6ynu BupisaHi 3 06'€MHOro
MoHokpucTtany CdTe, BupoweHoro meTogoMm bpigkmeHa. MaTtepian oOCHoBM
XapakTepuayBaBCsa BHYTPILLHIM AedeKToM enekTpoHHoi nposiaHocTi 0,1-0,05 Om?
cm?! npu 300 K, ockinbku BiH He OyB neroeaHuit B npoueci pocty. [Miaknagku
MeXxaHi4yHo i ximiyHo nonipyBanu B po34uHi K2Cr207: H20: HNOs B nponopuii 4:20:10
3 HACTYMHUM NPOMUBAHHAM Y AeiOHi30BaHi BoAi. B pe3ynbTaTi noBepxHsa nigknagok
Habyna [O3epkanbHOro BUMMA4Y, a Ha 3paskax crocTepiranacsa crnabka
doTontomiHicueHuia (PJT) npn 300 K.

OpaHa 3 HanbinbLwmnx CTOPiH NMACTUH 3 A3epKarbHO BiabuBat4o NOBEPXHEHD
ocagkyBanaca OMIYHMMW  KOHTakTaMu iHAil0 navkow. [lepen CTBOpPEHHAM
BUMNPAMIAIOYOro KOHTaKTy, sikuii ByB cchopMOBaHMI HaNiBNpO30pMM LLApoM 30J10Ta,
HaHeCEHNM BaKyyMHUM PO3MNUIEHHSM, KOHTaKTHa Hecy4a CTOpOHa nigknagku yna
niggaHa iHWin gogaTtkoBii o6pobui. Mpyna 3paskiB Gyna BignaneHa Ha MOBITpPi; B
nogansLiomMmy BoHu 6yayTb Hasusatuca CdTe:O.

JTromiHecueHuito 3paskiB 30ymxkyBanu 3a gonomoroto He-Ne i N2 -nasepis
(aoBxuHa xsuni 0,63 i 0,337 mkm BignosigHO). CReKTpM BUNPOMIHIOBAHHS,
BiobmBaHHa i nponyckaHHA (Nw, Rw i Tw) OynuM oTpumaHi 3a [ONOMOro
YHiBepcanbHOI YCTaHOBKW, L0 A03BOMSA€E NPOBOANTN BUMIPIOBAHHSA B CTaHAAPTHOMY i
andepeHuianbHoMy  pexmmax. Cnektpu  peecTpyBanucss aBTOMATUYHO  3a
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AOMOMOroK 3anucytodoro obnagHaHHa KS-2, Wwo TakoX A03BOMASIO OTpMMyBaTh
KpuBi penakcauii ans iHTeHcmBHoCTi ®J1. [kepenom cBiTna Ans BUMIPHOBaHHS
CneKkTpiB BigOMBaAHHA Ta NPOMYCKaHHA criyryBania KCEHOHOBa Nlamna 3 rnagkum
CNEeKTpPOM B [AOCRiMKEeHUX pAianaszoHax eHeprin. Bci oTpumaHi cnektpu ©6ynu
CKOPUroBaHi 3 ypaxyBaHHSIM HesiHIMHOCTI BUMIpOBarbHOI CUCTEMM.

Mopgudikauis nosepxHi nigknagok n-CdTe 3MmiHOE CBOI ONTUYHI BNACTMBOCTI
no-pi3HOMY B 3arieXxHoCTi Big ymMoB Bignany. Llen nigxig Takox npautoe ans 3paskis
CdTe:O, Wwo AeMOHCTPYIOTb pi3ke 36inbLUeHHS e(PeKTUBHOCTI AN KpanoBoi A-cMyru
CBITiHHA n (puc. 1), gka npu 300 K moxe gocaraTu OeKinbKOX BiACOTKIB. Y TOM Xe 4ac
ANa nigknagok 3 A3epkanbHOK noBepxHet uen napametp He nepesuye 0,01%.
Ockinbkn edekTBHA A0OBXMHA Na3epHOro BUMNpoMmiHoBaHHs B CdTe £<10° cm, To
®J1 BigbyBaeTbCa Yy BY3bKOMY MPUMNOBEPXHEBOMY LWApi. TOMY iHTEHCUBHICTb
noMiHecUueHuii  Ip. B nepwomy HabnwkeHHi MOXxHa BBaxatn o06epHeHOo
NPOMNOPLINHOI KOHLEHTpauil noBepxHeBux aedekTiB Ns. Ockinbku noBepxHeBa
MoamndikaLia 3MeHLUye L0 KOHUEHTpaUito Binbll HK Ha ABa NOpSdKW, Lie CTBOPHOE
nepegymMoBu ONS BUKOPUCTAHHSA NIiAKNagoK 3 MOAMIKOBAHOK MOBEPXHE OnA

doToaioais, YyTNIMBUX B KOPOTKOXBUILOBIN obnacTi [2].

N, , a.u.
1.0

Puc. 1. Cnektpu
doToNOMIHECLEHUIT AN nigknagok
CdTe:O i3 1) BinbHOIO NOBEPXHEID
Ta 2) NOKPUTOKO 30510TO MNITIBKOKO.

0.5 |

0 She 1 L B8 )
1.0 2.0 3.0 hw, eV

B cnektpax ®J1 3paskiB CdTe:O € wunpoka B-cmyra, posrawoBaHa B obnacrTi
BnacHoro nornvHaHHa CdTe npu hw> Eg, puc. 1. HaniBwupuHa Ahwie Uiel cmyru
npu 300 K craHoButb 6nm3bko 0,7-0,8 eB. byno BMsIBNEHO, WO iIHTEHCUBHICTb L€l
BUCOKOEHEPreTUYHOI CMYrM 3MIHIOETBCA 3 4acoM, ane IiHTeHCUBHICTb A-cmyru
3anuwaeTtbca ctabinbHoo, a nik A-cmyrm hAwm 3MilWyeTbCa B 06NacTb HU3bKUX
eHeprin. Baxnneo Big3Ha4MTH, WO cTauiOHapHi 3HAYEeHHS IHTEHCUBHOCTI IpL i eHepril
hwm MOXyTb OyTU OOCArHYTI 4Yepes Kiflbka XBWUMWH MIiCNsi BKKOYEHHS Na3epHOro
30ymkeHHa [2]. CnekTp ®J1, nokasaHuin Ha puc. 1, kpusa 1, Byno BMMIpsSIHO came B
Takmx ymoBax. EkcnepumeHTanbHa 3anexHicTb NOCTiHOI Yacy ana B-cmyru tye (T)
MOXe ByTn onncaHa 3akoHOM AppeHiyca 3 eHeprieto aktuauii ~ 0.2 eB.

IcHyBaHHs1 BMCOKOeHepreTudHoi B-cmyrm B cnektpax PJ1 3paskiB CdTe:O
MOXHa TMOSICHATU KBAHTYBaHHSIM €Hepril  HOCiiB, 0OYMOBIEHMM  HasiBHICTIO
HAHOPO3MIPHUX CTPYKTYPHUX YTBOPEHb, WO MiATBEPAXKYETECA 300paKeHHAMM,
oTpumaHumun 3a gonomoroto ACM Nanoscope-lll B pexumi nepioguyHOro KOHTakTy.
3rigHo oTpumaHux 3o06pakeHb, NoBepxHs BignaneHux 3paskie CdTe:O cknagaetbes
3 rpaHyn poamMmipom 6mnm3bko 10-50 HM, AKi MOXYTb B KiHUEBOMY MiOCYyMKY
o6'eagHaTuca B GinbLw Benuki (100 - 500 HM) yTBOPEHHS.

1. Makhniy, V.P., Slyotov, M.M., Skrypnyk, N.V. Peculiar optical properties of modified surface
of monocrystalline cadmium telluride // Ukr. J. Phys. Opt-2009.-10, N. 1.-P. 54-60.

2. Gorley, P. M., Makhniy, V. P., Horley, P. P., Vorobiev, Y. V., & Gonzélez-Hernandez, J.
Surface-barrier solar cells based on monocrystalline cadmium telluride with the modified
boundary // Solar Energy/ed. by Radu D. Rugescu.—Vukovar, Croatia: Intech-2010.-P. 25-43.
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X-npomeHeBa AiarHOCTUKa CTPYKTYPHOI AOCKOHANOCTI
Al(Ga)N cnonyk
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HanienposigHukoBi matepiann AIN, GaN Ta IXx cnonykm B [aHuWA 4ac
npeacTaBnAlTbL 3HAYHUA HTepec ANnA 3acTOCyBaHHA B OMTOENEKTPOHHUX Ta
€NeKTPOHHUX MPUCTPOAX. 3aBOsKU CBOIN WIMPOKIM i NpamMin 30Hi, AlxGaixN cnonyku
MOXYTb OyTM BUKOPUCTaHi AONsi BUrOTOBIIEHHSA YrbTpadioneToBMx CBITNOAIOAIB,
nasepHux giogis Ta TpaH3UCTOPIB 3 BUCOKOK MOBINbHICTIO enekTpoHiB [1,2]. Ane
Benuke HecniBnagiHHA napameTpiB rpaTkn gk Mk GaN i AIN, Tak i mixx 6ydepHnm
lWapoM Ta candipoBo MigKNagkow MNpu3BOAATb A0 ICHYBaHHS MeXaHiYHUX
HanpyXeHb Ta BENWKOI KINbKOCTI CTPYKTYpHUX OedekTiB (3okpema Aucrokauin) y
TakuxX CTPYKTypax.

Ockinbkun 1ll-HiTPpMAN € n’'e3oenekTpukamu, TO iICHYBaHHS MOJIB MEeXaHiYHUX
HanpyXeHb NPU3BOAMTbL OO0 MOSIBUM €NIeKTPUYHUX MNOoSfiB Yy CTPYKTypi. Hanpuknag,
iHOykoBaHe nondpusauieto nerysaHHa B llI-HiTpngax edektMBHO nigBuvLLye
nposigHicTb p-tuny wapis AlxGaixN [3], 9Ki BUKOPUCTOBYHOTLCS AN151 BUTOTOBSIEHHS
ceiTnogioais Ta p-n nepexogis [4].

[Ana po3pobkn HoBUX NpunagiB Ha ocHoBi BGaraTowaposux cTpyktyp Al(Ga)N
BaXKNMBe BMKOPUCTAHHA METOAIB AiarHOCTUKN CTPYKTYPHOI SIKOCTI, OCKINbKW Big, LIbOro
3anexaTtb pobodi napameTpu npunagis Ta ixX HagivHicte. OgHUM i3 WBMOKUX Ta
HU3bKOBApPTICHUX MeToAiB AiarHocTuku € X-npomeHeBa audpaktomeTpia (XI4).
BoHa posBonsie gocnigkyeBaTu Taki napameTpu CTPYKTYpPU SK TOBLUMHWM LIapiB, iX
nedopMauliiHN CTaH, Ta , WO He MEHLU BaXMBO — AedEKTHUIA CTaH.

Ha npaktuyi 4acto 3ycTpidaloTbCA CTPYKTYPU 3 PISHUMU MNOPYLUEHHAMU
CTPYKTYPHOI [AOCKOHANOCTi — HEOLHOPIAHICTb TOBLUMHM LWapiB Mo niow,i 3paska,
ancnokauii, ToukoBi gedeKTn BHACNiAOK TeXHONoriYyHMx obpobok (Hanpuknag ioHHOT
iMnnaHTauii) Ta iH.. HeogHopigHicTb po3noginy TOBWWHKM wapiB no rmubuHi HIM, a
TaKOX HasIBHICTb 3HAYHMX MEXaHiYHUX HanpyXeHb B LUApyBaTUX CTPYKTypax MOXe
npU3BOAUTM [0 KapAuHanbHUX 3MIH X (QYHKUIOHANbHUX XapaKTepuCTUK i TOMY
NoLUyK MeToaiB ynpasniHHS AedopMauiiHiM CTaHOM TakUX CUCTEM € BaXXNUBUM A5
NPakTUYHOro 3acTocyBaHHA. Ha BigMiHYy Big KpeMHIeBOI TexXHOsoril, Ae iOHHa
imnnaHTadia (Il) € ogHieto 3 OCHOBHUX TexHomnorii O6pobKM Mpu BUTOTOBMEHHI
NPUCTPOIB, LA MeTOAMKA Lie He OOCUTb LUMPOKO BUKOPUCTOBYETHCA Yy Bunagky lll-
HITpMAiB. [ONOBHUM HEAONIKOM iMMANaHTauil iOHIB MpW neryBaHHi € YTBOPEHHS
AedekTiB | TOMy HeobxigHe pPO3yMiHHS MPOLECIB, WO NPM3BOAATb A0 MOLUKOAXKEHHS
Kpuctanis, 30kpema HagrpatkoBux cuctem. Ona 3asHayvyeHux martepianis, || moxe
BMKOPUCTOBYBATUCS AN 3MiHN AedhopMaLiiHOro ctaHy 6aratoliapoBux CTPYKTYP.

ToMy BaxXnuBuM € JOCIMKEHHSA 3MiHM po3noginy BbyaoBaHoi gedopmadii Ha
emicivHi BnactusocTi CcTpyktyp GaN/AIN cyOGKpUTUYHUX TOBLUMH (CYOKPUTUYHUX 3
TOYKM 30pYy TOBLMHKM Ana penakcadii) HIM nig BnnivBoM imnnaHTauil HenTpanbHUMK
iOHaMU aproHy, a TakoX PpO3yMiHHSA MpoueciB penakcaudii Ta iX BMAAMBY Ha
yHKUIOHaNbHi  BNacTUBOCTI MNPUCTPOIB. EdekTMBHMMKU MeTogaMn  OTPUMAaHHSA
iHbopMaL,il Npo CTPYKTYpY Ta il 4eEKTHICTb € X-NpoMeHeBa AN PaKTOMETPIS.
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B poboTti npeactaBneHo aHania pesynbTaTtiB  OOCHiAXEHHS  BNAUBY
CTPYKTYPHMUX MaKponopyLleHb (HEOAHOPIAHOCTI TOBLLMHM LLApiB) Ta MIKpOMNOpPYLUEHb
(ancnokauii)  Ha  dopmy  kpuBMX  AudpakuiiHoro  BIigbutta  X-npoMmeHis,
nedopMauiHO-CTPYKTYPHUM CTaH Ta i3nyHi napameTpu HaHOpo3MmipHux lll-
HITpMAHUX cucteM. CTPYKTYpHI Ta AedopmalinHi BNaCTUBOCTI, @ TaKOX reOMeTPUYHI
napametpn HI cuctem p[gocnimkyBanucb 3a [OONOMOrOK BUCOKOPO3AinbHOT X-
npomMeHeBoI aAndpakTomeTpil. MogentoBaHHA Ta MigroHka CNekTpiB 34iMcCHIOBanacs
3a AONOMOro po3pobreHnx NporpaMmHuX NpoaykKTis[5].
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2. Kladko V, Kuchuk A, Lytvyn P, Yefanov O, Safriuk N, Belyaev A, Mazur YI, DeCuir EA, Ware
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The tetragonal kesterite Cu2ZnSnSs (CZTS) is a promising photovoltaic
material containing earth-abundant and non-toxic elements. The CZTS is
characterized by a direct bandgap, high absorption coefficient as well as cost
efficiency and sustainability in the manufacturing processes. The record efficiency for
Cu2ZnSn(S,Se)s-based thin-film solar cells (TFSCs) is 12.6% [1]. The CZTS-based
SC has also demonstrated an efficiency exceeding 12% [2], which is presently a
record for this absorber. The increase in the efficiency of pure sulfide CZTS thin films
can be achieved, if obtaining orderly structures without a large number of defects
and secondary phases. The secondary phases and defects are created both in the
CZTS absorber layer and on its interfaces due to the interdiffusion of the materials.
This can influence the overall performance of the entire photovoltaic device (the
carrier transport is disrupted and the open-circuit voltage (Voc) decreases) through
the alignment of the valence and conduction bands of the absorber layer with the
kesterite material, in the case of CZTS interfaces to CdS. During the sulfurization
process, the MoS: layer is created at the CZTS/Mo back interface, and this process
is very undesirable, because it reduces efficiency of the TFSCs. The formation of a
MoS: layer also affects the Voc due to the shifting band alignment at the back
interface. One of the ways to solve these problems is post-synthetic processing and
guality control of films at all stages of formation of solar cells [3].

The main goal of this study is to determine the MoS: inclusion and its
distribution at the CZTS/Mo interface by a non-destructive optical method. As you
know, high-resolution Raman spectroscopy and mapping remain one of the key
methods of analyzing CZTS films. They are powerful and versatile techniques to
identify CZTS and secondary phases without specialized preparation, which could
provide essential feedback for the optimization of process parameters and film
growth [4]. It is also important to obtain information about other secondary phases
both on the surface and in the depth of the film and to evaluate their effect on the film
quality.

The samples for investigation were prepared by using a two-step process, the
sulfurization of metallic precursors after direct current (DC)-magnetron sputtering.

Step I. Metallic layers of stack Zn/Cu/Sn were deposited onto a soda-lime
glass covered by a 1 uym thick Mo layer. Thicknesses of the layers were measured
by a profilometer Tencor Instruments Alfa Step 1000 with an accuracy of 5 nm.

Step Il. The sulfurization was performed using S powder (99.999%) under
different argon pressures Par of 950, 460, and 50 mbar at 550°C during 30 min, the
heating rate was 20°C/min [4].
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The films were in detail characterized by means of SEM, EDX, and Raman
spectroscopy, including mappings. The morphological and structural investigations
are focused on the depth of the film and the interface between the CZTS film and the
back Mo layer.

To investigate the kesterite crystal structure and the MoS2 secondary phase in
the formed film, Raman spectroscopy and mapping have been approached. The
Raman spectroscopy at excited with 532 nm revealed two dominant bands at 288
and 338 cm™ identified as A symmetry mode, together with the weaker contributions
at 253, 274, 347, 353 and 368 cm attributed to E and B modes [4]. To clarify the
location of the MoS:2 phase, the excitation light with a longer wavelength and, hence,
higher penetrability into CZTS was used.

In order to detect the MoS:2 secondary phase in the depth of our films, the
confocal Raman mapping system with 785 nm excitation was exploited. The only
downside when using 785 nm excitation is the difficulty to map the kesterite phase.
The cause is heating of the samples during the long-term (~300 s) Raman mapping,
which leads to broadening of the bands and their redshift.

Figure la shows the total Raman spectra using 785 nm excitation. In all the
spectra, four peaks are located at 326 cm™, 372 cm™, 405 cm?, and 447 cm™. The
bands at 326 and 372 cm! are associated to CZTS thin films. The shift of the main
kesterite band can be related to the reversible optically induced phase
transformations due to high excitation power and heating [5].

Variation in Par reflects in the spectra: higher pressure results in a lower
intensity of the band at 326 cm™. The bands at 405 and 474 cm are attributed to the
MoS: secondary phase. Intensities of these bands depend on Pa,, likewise the band
at 326 cm™,

The Raman mapping images of 45 x 45 ym? (Fig. 1, columns c-h), which
show intensities of the bands as the brightness on the maps, correspond to the
optical images (Fig. 1, column b). The images reveal that the distributions of the
MoS:2 phases are inhomogeneous on the plane of films.

(a) o, =785nm MoS, . 447 |iGiE
czTs ‘/ n
g 1326
c 50 mbar
= 1
Ke) ¢
&| 460 mbar |/ 405
Z | ‘
% 950 mbar
= 372
250 300 350 400 450 —METTUAS - . . -
Raman shift (cm™) Image 326 cm’ 372 cm’ 405 cm’ 447 cm’

Fig. 1. y-Raman spectra (785 nm excitation) of the CZTS samples sulfurized
at different Par (a); their optical images (column b); and confocal Raman mapping
over areas of 45 x 45 ym? with resolution of 4.5 ym for the bands at 326 (c), 372 (d),
405 (e), and 447 cm (h).

So, we can conclude that Raman mapping under 785 nm excitation can detect
the distribution of MoS:2 phase on the CZTS/Mo interface. This is a non-destructive
method to control the quality of the absorbent layer at each stage of manufacture.
However, to specify the thickness of found MoS2, additional studies are needed.
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BnnuB TemnepaTtypu cuHTe3y Ta pa3oBOro cknagy Ha
NpoBiAHICTb 3ani30BMICHOI NiTIN-MapraHueBol LWniHeni
T.4. Bonuyk?!, A.M. Boituyk?, B.M. BalumHcbkuin®

1 leaHo-®paHkiecbkuli konedx JTHAY, ayn. KOHocmi, 11, IeaHO-®PpaHkKieckk, 76494, YkpaiHa E-mail:
tanjusja29@gmail.com
2 YHisepcumem Kopons [aHuna, eyn.€.KoHosanbus, 35, m. IsaHO-®paHKieckK, YkpaiHa
3 TexHonoziyHul ghaxosuli konedx HauyioHansHozo yHieepcumemy «JlbgigcbKa
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3acTocyBaHHA MOAUMIKOBAHMX LUMIHENbHUX CUCTEM B POfi €neKkTpoais Ans
ribpMaHMx cynepkoHAeHcaTopiB, WO NpautoloTe B YMOBAX BENMKMX MOTYXXHOCTEWN,
3YMOBJSEHO HASIBHICTIO Y HUX BMCOKUX 3HAY€Hb €SIEKTPOHHOI NPOBIAHOCTI. AK BiAOMO,
eneKTPOXiMiYHe NOrfMHAHHA NIiTiID dpapageiBCbKMM enekTpoaoM BiabyBaeTbCcs 3a
iHTepkanauinHum mexaHiamom [1]. BiH nepenbavae peakuito BNpoBagXEHHSA NOHa B
3€epHO, WO 3apsagpKeHe HeraTMBHO eNeKTPOHOM 30BHIWHBLOro nond. Ockinbku npouec
iHTepkanauii € o6’eMHUM (B iHLWIOMY BunNagky Mu oTpumanu 6 copOuito MOHIB Ha
NnoBepxHi Ta CTpiMKe nadiHHA noTeHuiany), TO ONTUManbHUM BUMAAKOM €
rfiokanisauis Lboro efiekTpoHa B FMUOMHI 3epHa, WO MOXIMBO TiNbKM Yy BUNALKy
AO0CTaTHbO MPOBIAHOI CTPYKTYpPHOI MaTtpuui. ToMy cknag maTepiany Ta meTon Moro
CvHTe3y nigbvpalTb TakuM YMHOM, WO6 CTBOPUTM YMOBM AN POpPMYyBaHHS
AedeKkTHOT KpUCTaniyHOl CTPYKTYpU 3 MakCcUManbHOW MNpoBigHICTIO. 30Kkpema, B [2]
nokasaHo, Lo YCMilWHO BUMKOPWUCTOBYIOTb 305b-reflb MeTon cuHTesy. Lle nossonse
OTPMMaTU HU3LKOPO3MIPHI  KpUCTaniyHi MaTepiann 3 MOXIUBICTIO KOHTPOSIO
€eneKTponpoBIgHOCTI Ha eTani iX dopMyBaHHA. B uin poboTti npencraeneHi
pes3ynbTaTn, WO CTOCYTbCA 3aneXHOCTi NPOoBIAHOCTI Big YMOB CUHTE3Y, 30Kpema
BiZl TeMnepaTypu KiHLEeBOro signany.
3onb-renb CUHTE3 HaHogucnepcHux cuctem Li-Mn-Fe-O BigbyBaBcs 3a
HacTynHow npouegypoto. Cnovatky OTPUMYBanuCb  PO3YUHW  MPEKYPCOPIB
LINO3'3H20, Mn(NO3)3'6H20 Ta Fe(NO3)3'9H20 B auctunboBaHii Boai npu
TemnepaTtypi 330K. Po3ymHn 3milyBanncb LWNSAXOM MOKpanenbHOro AoA4aBaHHS 3
O[lHOYACHUM rMepeMillyBaHHAM B MarHiTHin  Miwanui. [lo oTpumaHol CyMiLli
AofaBaBcsl amiak ans gocdarHeHHa piBHa pH=4. KiHueBa TepmiyHa 00pobka
3gicHioBanacbk npu Temnepatypi 870 K ta 1070K. TpuBanictb Bignany ctaHoBuna 5
FOOVH.
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memnepamypi 870 K (2) ma 1070 K (1)

IMnenaHcHi  rogorpadouv Z”:f(Z’), ae 22" - JilCHa Ta YysiIBHA 4acTuHa
KOMIMMEKCHOrO  OMopy  MOPOLUKOBUMX  CUCTEM  OTPUMaHi 3  BUKOPUCTAHHAM
imnegaHcHoro cnektpomeTpa Autolab PGSTAT 12/FRA- 2 B yacTOoTHOMY Adiana3oHi
0.01-100000 Ty,

Ha puc.1 npegcraBneHi 3anexHocCTi OIMCHOI YaCcTMHWU MPOBIOHOCTI Big 4YacToTu
ana  cuctemn cknagy LiMnigsFeoosOs. Ll 3anexHOCTi OeMOHCTPYHTb  picT
NPOBIAHOCTI B Aiana3oHi BUCOKMX 4YacTOT Ta MNPaKTUYHO HEe3MiHHE MOro 3HayeHHs B
obnacti 0.01 rll-10ly. Taka 3anexHiCTb € XapakTepHOK AN CrnosiyK LWniHeNbHOro
TNy (HaniBNpPOBIAHWK) i BKAa3ye Ha NPOSBM NEPKOSALIMHOro MexaHiamy npoBiAHOCTI,
LLIO peani3yeTbCA 3a y4acTi CTPYKTYPHO eKBiBaNeHTHUX KaTiOHIB 3 Pi3HUM 3apsgoBUM
ctaHoM. [loMiTHe 3poCTaHHA MPOBIAHOCTI NPAaKTUYHO Ha MOPSAOK AN CUCTEMU 3
BULLOK TemnepaTyporo Bignany rMOACHIWTLCA Ha OCHOBI  pesynbTartiB  X-
NPOMEHEBOr0 CTPYKTYPHOro aHanizy. 3a Woro pesynbTaTtamn, NigBULLEHHS
TemnepaTypu Bignany npuMBOAUTb A0 YTBOPEHHs Binbll CTIMKOI wWniHenbHOI dasn,
BMIiCT 4KOl Habnwxaetbca o 97 BiOCOTKIB, B TOM 4ac K HMXK4Ya Temnepartypa
Bignany He [o3Bonsde no3byTMCb HU3LKOMPOBIQHOI hasn okcmay MapraHu Ta
3anisza. e ogHUM nNosiCHEHHAM UbOro akty mMoxe OyTVM HacTynHe: Npuv Bignani 3a
BULLIOT TemnepaTypu BiAOYBaeTbCA 3pOCTaHHS PO3MIpiB 3€peH, WO NiaATBEPAKEHO
pesynstatamm CEM - pocnigxkeHb. [lpn uboMy OpMyBaHHA Takux 3epeH
nepegbadae  3MeHLWEHHs  BMMAMBY  MiK3epeHHUMX T[paHuub Ha  npouecu
enekTponpoBigHOCTi. OCKiNbKN SOMiHYHOHO (ha30t0 YTBOPEHUX CMOMYK € LWniHenb 3
HasiBHUMU Pi3HOBANIEHTHUMW KaTiOHaMK 3ani3a, BUCOKI 3Ha4YeHHS NPOBIAHOCTI MOXHa
BBaXaTW pe3ynbTaTOM [AOMIHYKYOro BKMagy came MNepKoNsAuiHOI NpoBiAHOCTI B
o6’emi 3epeH.

OTpumaHi pesynbTatM cBigyaTb NpPoO Te, WO HaBiTb HeE3Ha4yHi 3aMilleHHSA
MapraHuto 3anisom npmBoAATb 40 3POCTaHHA efleKTPONpPOoBIgHOCTI NpU OOpMyBaHHI
nepeBaXxHO LWNIHENbHOI (a3 3 HASABHICTIO KaTiOHIB 3ari3a B Pi3HUX BaNeHTHUX
ctaHax. [Mpu nigBuLLEHI TeMnepaTypu Bignany 3pocTae BMICT LUMiHENbHOI ha3un Ta
3MEHLUYETHCA BMICT NOBIYHMX HU3BbKO NPOBIAHMX OKCUAHMX has, WO 3yMOBIOE BULLI
3HaYEeHHSA eneKTPUYHOI NPOBIAHOCTI Ta LO3BOSISIE BUKOPUCTOBYBATK Taki MaTepianu B
poni enekTpoAiB Ans BUCOKOMOTYXXHUX NPUCTPOIB reHepauil Ta HaKOMMYEeHHsT eHepril.
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The optical properties of annealed ZnO nanostructures
grown on Ag-coated Si substrates
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The enhancement in the world population and industrial growth leads to
increase fossil fuel usage and environmental pollution. There has been concern
about global environmental issues and the growing need for pure drinking water and
clean air [1]. One of the possible strategies to satisfaction of world population needs
is an application of the heterogeneous photocatalytic process as a promising solution
for obtaining pure drinking water and clean air.

Zinc oxide (ZnO) as a semiconductor material still attracts the attention of many
research groups due to its unique properties. ZnO nanostructures (NS) are the most
promising and interesting because of the potential applications for nano-scale
optoelectronic devices, such as light-emitting diodes, field-effect transistors, solar
cells, ultraviolet lasers, and photocatalysts. There is a long-standing interest in
implementing ZnO into realistic optoelectronic applications [2]. Therefore,
painstaking researches are need for understanding how parameters of growth and
post-growth treatments influence on the structure and optical properties of ZnO.

Last years, pure and doped ZnO NS is being studied as a fast, cost-effective,
and eco-friendly photocatalytic material for the clean-up of the environment from
persistent organic pollutants as well as for air disinfections from bacteria and viruses.
There are many research papers which covers the influence of different factors, such
as preparation method, morphology, composition, size, specific surface area,
porosity, and crystalline phase on ZnO properties. Silver doping of ZnO is
considered as promising to obtain p-type conductivity as well as perspective for
design effective photocatalytic ZnO-based materials. In this study, we outline the
effect of the influence of thermal annealing on the properties of ZnO NS grown on
Ag/Si substrates with the aim to investigate possible silver diffusion into ZnO lattice.

Therefore, ZnO NS were grown by atmospheric pressure metal-organic
chemical vapor deposition (APMOCVD) using zinc acetylacetonate (Zn(AA)) as a
precursor on polished Si substrates and on polished Si substrates coated by silver
(Ag) films. In turn, Ag films were deposited on Si substrates by chemical method so-
called “silver mirror” reaction. X-ray diffraction (XRD), scanning electron microscopy
(SEM), energy dispersive X-ray analysis (EDXA), Raman scattering (RS) and
photoluminescence (PL) were used for the characterization of the samples. Thermal
annealing of ZnO NS was carried out at the atmospheric condition for 3 hours
successively at 600 °C and 900°C.

The XRD and EDXA analyses confirm the growth of ZnO NS on Si and Ag/Si
substrates. The XRD patterns of ZnO, grown on uncoated Si and coated by Ag Si
substrates, are shown in Fig. 1. All ZnO NS have wurtzite structure accordingly
JCPDS card number 36—-1451. The observed XRD peaks of Ag (111) and Ag (200)
(JCPDS card number 04-0783) confirm polycrystalline nature Ag films deposited by
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the “silver mirror” reaction. SEM images confirm the growth of ZnO NS in the form of
sphere-shaped morphology that depends on the surface of used substrates. RS
(Fig.2) and Pl were used for the finding of the effect of silver thermal diffusion by
annealing on the optical properties of ZnO NS grown on Si and Ag/Si substrates.
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Fig.1 XRD patterns of ZnO NS deposited on Si (a) and Ag/Si (b) substrates by
APMOCVD.
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Fig 2. Raman scattering spectra of as-grown and annealed ZnO NS deposited on Si
(a) and Ag/Si (b) substrates by APMOCVD.

In summary, we can conclude that ZnO NS were successfully grown on Si
and Ag/Si substrates by APMOCVD. It is demonstrated that thermal annealing of
ZnO NS caused the relaxation of elastic deformations and significant improvement of
crystalline structure of ZnO NS. Analysis of the influence of thermal annealing at
different temperatures on the changes RS spectra allows to assume that the features
(marked as Ai-As on Fig.2b) of Raman spectra of ZnO/Ag/Si samples may be the
result of surface amplification of Raman scattering caused by localized surface
plasmons at the interface of the Ag film with ZnO. Obtained results can be
considered as an indicator for that the ZnO-Ag NS, grown by APMOCVD, would be
characterised as materials with improved photocatalytic characteristics.
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Mopdonori4yHO-CTPYKTYpPHi NepeTBOPEHHS B KpUcTanax i
eniTakcinHux wapax CdSb Ta InsSes nig pieto nasepHoro
BUMPOMiHIOBaHHS
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KepoBaHi TpaHcopmauil peanbHOl MoOp@osorii Ta CTPYKTYpU MOBEPXHI
HaniBNpPOBIAHMKIB y GaraTbOx BUNagkax MOXyTb OyTn 3abeanevyeHMMu nasepHUMU
TexHonoriamu [1,2]. OnTumisytoua ais iMnynbCHOro na3epHoOro BMMNPOMIHIOBaHHS Ha
eniTakCiiHi Wwapwn, TOHKI NfiBKKM, HaHoMaTepianu € ocobnueo edekTnsHow [3]. B
AaHi poboTi 4Ns oTpuUMaHHs eniTakcinHux wapie CdSb Ta InsSes 6yB 3acTocoBaHui
MeTog pianHHodgasHoi enitakcil (PPE) B atMmocdepi BOAHIO 3 pO34MHIB-pO3MasiB Ha
OCHOBI Bi. ®OTOHHa KOpeKUis CTPYKTYypHO-Gba30BOro CTaHy Kpuctanis Ta
enitakcinHmx wapie CdSb Ta InsSes nicna npouecy P®E 3gincHioBanaca 3a
aonomoroto MinicekyHgHoro YAG-nasepa “KeaHTt-12 ” (A = 1,06 Mkm, T ~ 1,5 McC) 3
rYCTUHOW eHeprii BuNpomiHioBaHHA 2,4-10 [Dx/cm?. [OCKOHamicTb CTPYKTypu
Kpuctanie i eniTakCinHMX LWwapiB Ta OLHOPIAHICTL 1X (pasoBoro cknagy
pocnigpkyeanaca metogamm PEM, ACM Ta enekTpoHHO-30HAOBOro MikpoaHaniay.

Ha nnowwHi (100) kpuctanis n-CdSb nasepHoto nponnaskot 6yrno CTBOPEHO
BNOpSAAKOBaHI KBasinepiognyHi CTPYKTYpWU MIKPOHHUX MacwTabis (puc.1).

XK:l3.4um V:13.4um 2Z2:1.2um [1.1:1) ks

Ra: 110.5nm Ryg: 142.7nm

Puc.1. Mopdonorisa nosepxHi kpuctany CdSb nicna nasepHoi nponnasku
(nocnigxkeHHa 8 ACM).

Mpn ubomy BigbyBanacs iHBepcCis TNy NPOBIOHOCTI 3 YTBOPEHHSIM fa3epHol
doTOouyTNNBOI  NOBEpPXHEBO-6ap’epHOi  CTPYKTYypu. Makcnmym  OTOHYTNNBOCTI


http://m.sorokatyi@chnu.edu.ua

Jlawkapboecbki YumaHHs — 2021

CTPYKTYpW Yy BuUNagky neryBaHHA kpuctany CdSb powmiwkoio In 3Haxogmscs B
obnacti 2,1 MKM. £K nokasanu NpoBefeHi OOCMioKEHHs, NneroBaHi eniTakCinHi
CTPYKTYpU Ha oOcHoBi wapis CdSb, HapoweHux metogom POE, doToudytnmei B
AianasoHi AN = 1,35-2,75 mkmM. JlazepHa obpobka eniTakCinHMX Lapis 4o3Bosnivna
noKpawmTK X cxigyacty Mopponorito, Wo CynpoBOAKYBANOCHA TakOX ONTUMi3aLieto
napameTpiB OTOYYTNNBOCTI.

OTpuMaHi TakoX eniTakCinHi CTPYKTypy Ha 6asi wapyBaTMx HaniBNpOBIAHMKIB
InsSes Ta InaTes i BCTAHOBMNEHI ONTUMarbHI peXnmmn nasepHoi o6pobKKu, Npu AKMX
NOKpaLLyeTbCA OOCKOHanNICTb CUCTEMW eniTakCInHUIW Wwap — nigknagka, wo 3MeHLUye
BNAMB npoueciB pekoMbiHauii. Npu BuBYeHHI B PEM nonepeyHunx ckoniB CTPYKTyp Ha
InaSes (puc.2) meToooM MikpoaHanidy BCTaHOBIEHO, WO nasepHa o6pobka
npu3BOaUTbL [0 YTBOPEHHSA B €eniTakCInHOMY Lapi $K BY3bKO30OHHMX, TaK i
LLUMPOKO30HHUX ha3 cuctemu In— Se.

Pwuc.2. Mopdonorisa nicna nasepHoi 06pobku nonepeyHoro nepepisy enitakcinHoi
CTPYKTYpW Ha ocHoBi InaSes (qocnigxeHHsa B PEM).

B uinomy npoBedeHi OOCMiMKEHHS MOKasann MOXIMBICTb KepOBaHOro
nasepHoro BMSIMBY Ha CTPYKTYPHO-PA30BUA CTaH €eniTakCiMHUX OTOYYTINBUX
enemeHTiB Ha CdSb Ta In4sSes 3 MeTOW MOKpaLWEHHS XapakKTepUcTuK IX
dPOTOYYTNNBOCTI.
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Structure, vibrational, photoluminescence and
photodegradation properties of CuAl2O4 films
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Photocatalysis can be used for the degradation of stable organic
contaminants in the presence of suitable radiation. CuAl204 is semiconductor
material with narrow bandgap (1.77-2.3 eV) and high efficient sunlight utilization
which can be used as a potential visible light photocatalyst [1, 2].

Cu-Al-0 thin films were deposited on Si (111) substrates by reactive ion beam
sputtering method at the substrate temperature range of 80-380 °C with step of 50
°C. XRD measurements show the formation of CuAlO2 with additional phases of
oxides CuO, Cu20 and CuAl204. Then obtained CuAlO2z films were annealed at
900 °C for 3hours at atmospheric conditions. The one series was cooled at a slow
rate regime (during 3 h) and the second one was done at a fast rate regime (during
15 min). Following XRD measurements confirm the formation of single-phase
CuAl204 films with main diffraction peaks of (311), (400), (511) (according to JCPDS
card number 80-0076) after temperature annealing at 900 °C and atmospheric
conditions.

The results of atomic force microscopy of CuAl204 films demonstrate that
annealed films have very uniform surface. The calculated by Gwyddion software the
root-means square (RMS) roughness of CuAl204 films increases with substrate
temperature enhancement from 80°C to 380 °C: for as-grown samples values ranges
from 0.39 to 1.37 nm; for slow cooled samples from 2.81 to 6.67 nm; and for fast-
cooled from 3.29 to 14.73 nm, respectively (Fig 1). These results indicate that the
greatest RMS roughness observes in CuAl204 films after annealing at a fast cooling

regime.
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Photoluminescence and Raman spectroscopy of annealed CuAl204 films were
performed using a Jobin-Yvon T64000 spectrometer equipped with a CCD detector,
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in a backscattering geometry, using the 325 nm excitation line of the He-Cd laser
and 488 nm excitation line of an Ar-ion laser with an incident power of 2-5 mW,
respectively. Results are discussed.

The photocatalytic activities of the fast cooled CuAl204 films were investigated
for degradation of Methyl Orange (MO) used as a model waste water contaminant.
The CuAl204 films were exposed under UV Hg lamp irradiation with power 200 W
with initial concentration of MO 10 mg/I.

To quantitatively describe the reaction kinetics of the MO degradation, a
pseudo-first order equation for low dye concentrations was used (Fig.2). The
greatest value rates constant were after 3 hours irradiation for samples grown at
substrate temperature of 180 °C.
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Apparently, the degradation rate constant of MO decreased with the increase
of substrate temperature, which can be due to the decrease in the surface area of
the samples accompanied by grain growth. With increasing substrate temperature
the average diameter of the CuAl204 grains grew up and the specific surface area
became relatively smaller, the activity of the photocatalyst decreased [3].

Improvement of the specific surface of CuAl204 films with thermal annealing
can make these films suitable for photocatalytic applications.
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ZnO is a transparent oxide with a bandgap of 3.37 eV and an exciton binding
energy of 60 meV at room temperature. Ones can increase its bandgap energy by
replacing the Zn*? cation on by means of isovalent ion Mg*? up to 3.99 eV conserving
the wurtzite crystal lattice [1]. Tuned accordingly Mg doped ZnO can have major
applications in laser diodes and UV optics for producing specific photon wavelength
emission, solar cells, UV filters. Recently, it was found that ZnO has photocatalytic
properties and can be used for the degradation of stable organic pollutants [2, 3].
However, the impact of the Mg doping on the structural, optical properties and the
photocatalyst efficiency of ZnO nanostructures (NS) still was not taken into account.
Therefore, in order to understand the effect of the structural and optical peculiarities
of ZnO:Mg NS and its photocatalytic activity its compound we carried out this
investigation.

ZnO NS doped with various Mg concentrations were grown on Si substrates
by atmospheric pressure metal organic chemical vapor deposition. The process
passes in tubular furnace with a temperature gradient between substrate place and
precursor evaporator place and was realized in quasi-closed volume without
additional oxygen-argon gas flow. Zinc acetylacetonate (ZnAA) was used as a
precursor and Magnesium acetylacetonate (MgAA) powder with various percent ratio
(from 1 to 10 wt. %) as a dopant for the ZnO:Mg NS growth.

The Raman spectra of bare ZnO and ZnO:Mg NS are shown in Fig. 1. Two
Raman peaks at about 98 (100) and 437 cm™ related to oscillations of heavy zinc
(magnesium) ions of the cationic sublattice E2'°" and light oxygen ions of the anionic
sublattice E2"9" modes are detected in all samples. The weak feature at 330 cm™ is
related to the second-order E2"9"-E2°% band of ZnO NS. The presence of peak at
383 cm™ corresponding to A1 mode indicates that ZnO NS have grown with
orientation of the crystallites in an arbitrary order. The peak around 575 cm is
attributed to A1-° mode of ZnO. As we can see for high quality ZnO NS the intensity
of A1-° mode is weak due to a destructive interference between the deformation and
Frohlich contributions to the LO scattering cross-section.
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Fig. 1. Raman spectra of bare ZnO and ZnO:Mg NS.

X-ray diffraction analysis of the deposited ZnO:Mg NS carried out in 6-26
Bragg-Brentano configuration using DRON-3M diffractometer. XRD confirmed the
formation of a crystalline phase of wurtzite ZnO with the most intense reflections
from planes (100), (002), (101), (110) and (103).

Photoluminescence spectroscopy of ZnO:Mg NS was performed using a
Jobin-Yvon T64000 spectrometer equipped with a CCD detector, using the 325 nm
excitation line of the He-Cd laser.

The photocatalytic activities of the ZnO:Mg NS were investigated for
degradation of Methyl Orange (MO) used as a model waste water contaminant. The
samples were exposed under UV Hg lamp irradiation with power 200 W with initial
concentration of MO 10 mg/l. The results of this studies are shown on Fig 2. As we
can see the most favorable content of Mg to achieve the maximum for the
photocatalytic activities in ZnO NS is 5.0 wt.%. All results will be presented and
disscuced in detail.
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BnnuB cTpykTypHUX AedekTiB Ha KoeilieHT
TennonpoBigHOCTI TBepAnx po34vuHiB PbSnTe

0.3. XwaHoBcbka
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CyyacHi TepMOeneKkTpu4Hi reHepaTopu € anbTepHaATUBHUM HKepesioM eHepril
Ans ranysen, KOTpi BMMaralTb BWUCOKY eKcnnyartauinHy HagivHicte. Lupokoro
3aCTOCYyBaHHSA Taki NpUCTPOi He Habynn Yepes HM3bknn KKI [1,2] ToMy akTyanbHO
€ OnNTUMI3auisi TEepPMOENEKTPUYHMX NapameTpiB, 3 MeTo  30iNblUEHHS
TepMoenekTpUYHoI 4OOPOTHOCTI:
zr = (£9)7, 1)
ae a — koeqidieHT Tepmo-EPC, ¢ — nuToMa enekTponpoBigHiCTb, k — koediuieHT
TennonposigHocTi, a T — abcontoTHa TemnepaTtypa.

CTBOpEeHHA TBepAoro po3uvMHy Ha ocHoBi PbTe 3abeanevye MoOXnuBICTb
CYTTEBO 3MEHLUMTM KOeiuieHT TenmnonpoBigHOCTI i, sk pes3ynbTar, 36inbwuTh
TepMOeneKkTPUYHY JOOPOTHICTb. Taknin edpekT JOCAraeTbCs akTUBHUM PO3CitOBaHHAM
(POHOHIB Ha «OOMIWIKOBMX» atomax Sn. [ogaTtkoBo BenuuuHa Kk Moxe 6yTtu
3MeHLIeHa Yy MpecoBaHMX MaTepianax 3a paxyHOK po3citoBaHHA (QOHOHIB Ha
rpaHuusXx 3epeH. 3 ornagy Ha ckasaHe, MeTow poboTu ©Oyno npoBeaeHHs
TEOPETUYHOro PO3paxyHKy KoedilieHTa TennonpoBigHOCTI, 3 METOK BCTAHOBEHHS
B3aEMO3B’A3KIB MiXK XiMIY4HMM CKNagoM TBEPAUX PO3YMHIB, YMOBaAMU iX OTPUMaHHS Ta
KoedilieHTOM TennonpoBiAHOCTI 3pas3ka.

3aranbHa TennonpoBigHICTb — LUe Cyma €NeKTPOHHOI i rpaTKOBOI CKIaZoBUX.
EnekTpoHHy cknagoBy TennonpoBigHOCTI BU3HaYanu 3a 3akoHoMm BigemaHa-®paHua-
JlopeHua, KOTpMM BCTaAHOBMIOE B3AaEMO3B'A30K MK €NeKTPONpOBIgHICTIO Ta
TennonpoBigHICTHO:
== LT, 2)
ae k — koediuyieHT TennonpoBigHOCTI, o — eNeKTPoNnpoBIAHICTb, L, — cTana JlopeHua,
sika pPO3PaxOBYETbCH B 3aNEXHOCTI Bi CTyneHs BUPOSKEHOCTI eNeKTPOHHOro rasy.
[MpoBeneH TeopeTu4Hi po3paxyHKM piBHA depmi, WO Aano MOXIUBICTb OLIHUTU
CTYNiHb BUPOAXeHHs. BcTtaHoBneHo, wo ana cknagy PboeSnosTe 3a TemnepaTypu
300 K wupuHa 3abOpPOHEHOI 30HM Eq= —-0.088210 eB, p = —0.07809 eB, 3a
TemnepaTtypn 450 K— Eg= 0.15475 eB,
M = —0.09357 eB. BukopuctoBytoun Kputepii BUpPOAKEHHS koiT = —3.02209 ( npn 300

K) i k“—T=—2.41390 ( npn 450 K) BMOHO, WO €eneKTPOHHW ra3 € cnabo
0

BUPOLKEHUM, TOMY [AOns BU3HavyeHHsa cTanoi JlopeHua BUKOPUCTOBYBau
TpynapameTpuyHi iHTerpanu ®epmi.
PyHTYIOUNCHL Ha 3aneXHOCTi —
k = 3c,vql, (3)
ae c, — NMToMa TenJI0EMHICTb, v — LUBUAKICTb 3BYKY Y OOCHiIOXKyBaHUX 3paskax, [ —
AOBXWHA BiNlbHOrO npobiry (OHOHIB, MNPOBEAEHO TEOPETUYHUM PO3pPaxyHOK
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rpaTKoBOI CKNagoBOI  TensonpoBigHOCTI. BpaxoBaHi MexaHiaMy  po3cCitoBaHHSA
JPOHOHIB Ha (POHOHAX, TOYKOBUX AedrekTax Ta rpaHnULsaX 3epeH.

Hanbinbw BaromMmm mexaHiaMoM € (OHOH-(pOHOHHEe po3citoBaHHsA. [poTe,
3ap0BinbHa Kopensuia TeopeTudHol kpueoi k(T) 3 ekcnepuMmeHTanbHUMKU OaHUMU
AOCAraeTbCa nuule 3 BpaxyBaHHSA PO3CitOBaHHS (POHOHIB Ha rpaHULUsSX 3epeH, Lo
ANs NpecoBaHMX 3paskiB € 3aKOHOMIPHO, Ta POHOHIB Ha «AOMILLKOBUX» aTomax Sn.
Takox, npoBedeHi po3paxyHKM [alTb MOXIMBICTb CTBEpXyBaTu, WO HaWHWXK4Ya
cepen [OocnigKyBaHUX TBepaux po3yuHiB PbixSnxTe TennonpoBigHIiCTb 3paskiB
cknagy PboeSnosTe 3ymoBneHo TuM, WO rpaTkoBa CKragoBa TennonpoBigHOCTI
AOCTaTHbO 3HWXKYETbCA 3aBAsIKM BMCOKIM KINbKOCTI aToMiB Sn B poO3yunHi, a
eneKkTpoHHa  CKnagoBa, BHACMIOAOK  ONTUMAnbHOCTI  KOHUEHTpauil  HoCIIB,
3anuLaeTbCs LWe HeBucokot. [laHi pesynbTatn npeacrtaBneHo Ha puc. 1.
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Puc. 1. TemnepatypHi 3anexHoCTi koediuieHTa TennonpoBigHOCTI K 3paska
Pbo.sSno.sTe
(1 - ke, enekTpoHHa cknagosa TennonposigHocTi, 2 — Kiat, rpaTkoBa cknagosa, 3 -
3aranbHa TEnSONPOBIOHICTL  3pas3ka, A — TennonpoBigHICTb  OTpuMaHa
ekcrnepumeHTansHo [3])
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Chalcogenide glasses are used in many optical applications, for example, such
as direct optical elements fabrication, holography, including digital one, etc. [1]. The
structure property relationships of chalcogenide glasses have also been the subject
of numerous investigations [2,3]. As it is known, the photoinduced processes in ChG
essentially depend on the glass structure. Therefore, structure knowledge can help
in selection of most suitable compositions and related properties, in particular, for
nanostructured materials based on the Ge-As-S glasses in photonics applications.

Ge-As-Se chalcogenide glasses were prepared in = 50 g batches of arsenic,
germanium and selenium metals with purity of 5N (99.999%). The raw materials
were weighed within a dry nitrogen-filled glove box, and the batch was introduced
into a pre-cleaned quartz ampoule that was then sealed under vacuum using a
hydrogen torch. The sealed ampoule was placed into a rocking furnace, which was
slowly heated to 900 at a ramp rate of 300 oC/h. Raman spectra were recorded
using Fourier spectrophotometer Bruker IFS-55 Equinox with FRA-106 attachment
(with resolution of 1cm-1). The wavelength of Nd:YAG laser light was 1.06 um.

Obtained Raman spectra of GessAsias5Ses;, GeissAs23s5Sess and
GeisAs2sSesa, Ge2rAs37Sess, GesoAssSeso glasses were analyzed using
PeakFit4.12 software and are shown in Fig. 1. Tentative deconvolution of Raman
spectra was performed for analysis of their compositional dependencies.

The Raman spectra of studied GeAsSe glasses are dominated by a major
band near 230-250 cm (Fig.1), which is composed of overlapping bands associated
with the symmetric stretching modes of As-Se vibration and Se—Se vibrations [2-4].
In addition, the spectra of the most Se-rich Se-excess glasses have two peaks at
170-180 cm™ due to the vibration of Ge—Ge bonds [2]. The spectra of Se-deficient
glasses have a number of peaks in the low frequency region spanning 130 cm™
which are present in the spectra of Se-excess glasses.
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The band at 100 cm™ is assigned to As—As vibrations [2], and its shoulder at
130 cm™ to Ge—As vibrations. As the content of germanium increases, the chance
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for tetrahedrons [GeSe4/2] meeting each other increases, which is indicated by the
occurrence of edge-shared [GeSe4/2] band at 214 cm™ The intensity of the 275 cm-
! peak relative to that of the major band at 345 cm? initially increases with
decreasing Se content.
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Hiokeng Ttutany (TiO2) - LWIMPOKO3OHHWA  HaMIBMPOBIOHUK, SKUW  Mae
Ha[A3BNUYaNHO LUMPOKNA CMEKTP 3aCTOCYBaHHS, 30KpemMa, B COHAYHUX KOMipKax npu
doTokaTanisi. OgHak, gobpe Bigomo, wo TiO2 He nornvMHae CcBITNO y BUAMMIN
obnacti cnektpa. IcHye 6arato wWNAXiB NOKpaLLEHHS doToabcopbuinHmx
BNacTUBOCTEWN, HaNpuKnag fneryBaHHs, NnoBepxHeBa Moaudikauiqa, signan Ta iH. [1].
Y paHin poboTi Mm BMBYanNM BMNPOMiHIOBanbHi BrnactueocTi TiO2, noBepxHEBO
MOANMIKOBAHOIO  OpraHiyHMM  GapeBHMKOM  deHoTiasiHom  (PTZ). CnekTpwu
doTontomiHecueHuii (®J1) Ta 36ympkeHHs doTontomiHecueHuil (3PJ1) npy KiMHaTHIN
TemnepaTtypi 6yno oTpMmaHo 3a 4OMNOMOrok cnekTpodgnyopodgoTtoMmeTpa Shimadzu-
RF—1501, TemnepaTypHy 3anexHicte ®J1 ©6yno oTpumaHO 3a [OMOMOror
cnektpomeTpa LabRam HR y mikpo kamepi Linkam Stage THMS-600.

[na 3paskiB ynctoro Ta noBepxHeBo mMoaudikoBaHoro TiO2 npu KiMHaTHIN
TemnepaTypi B 3aneXHOCTi Bi eHeprii 30ya)Kyto4oro KBaHTa CBiTna cnocrepiranu api
CMYI/ BUNPOMIHIOBaHHS: LUMPOKY criabky 3 MakcuMmymom ~500 HM, Ta 3HAYHO BYXK4Yy
Ta MOTYXHiwy 3 Mmakcumymom ~400HM. 3ayBaxvmo, O HU3bKOEHepreTuyHa cmyra
BUMNPOMIHIOBAHHA € gobpe AoCnigXeHow, xoda TEeHAEHLUisi BUNPOMIHIOBAHHA Taka,
WO IHTEHCUBHICTb 3HAYHO 3MEHLUYETbCA MNpWU NiABULLEHHI TemnepaTtypu, i npu
KiMHaTHI TemnepaTypi Hu3bkoeHepretnyHa PJ1 TiO2 mamke He cnocTepiraeTbcs. Y
[2] BkasaHo, wo Taka ®J1 3ymoBneHa BUNPOMIHIOBAHHAM CaM0O3aXxOmnfleHNX EKCUTOHIB
nokanisoBaHmx Ha oktaegpax TiOs. Ha BigmiHy Big HusbkoeHepretuyHoi ®J1 TiO2,
BUCOKOEHEPreTUYHy CMYry crnocrtepirany nuwe npu 30yaKeHHi CBITNIOM 3 eHeprieto
KBaAHTIB 3HA4YHO BiNbLLO 3a WNPUHY 3a6OPOHEHOI 30HN abo Npu 36yAKEHHI MOTOKOM
€eneKTPOoHIB - KaTogosntomiHecueHuil [3,4]. [loctemMeHHO npupoada BMMNPOMIHIOBAHHSA
~400HM He € Bigomot. Y [3,4] 3a3HaAYeHO, WO MOXNMBO BUCOKOeHepreTudHa PdJl
3yMOBfieHa 30Ha-30HHUMK nepexogamun, abo nos’sizaHa i3 NOBEPXHEBUMWU CTaHaMU
TiOo.

HocnigkeHo Ta npoaHanisoBaHo TemnepaTtypHy 3anexHictb ®J1 ana TiO2/PTZ
Ta nopowkiB BuxigHoro TiO2 Ta PTZ. Xoya npu pocnigxeHi TemnepaTtypHOi
3anexHocTi 36ymkeHHa ®J1 BigbyBanocb kBaHTamu 3 eHeprieto ~3.8 eB, T06TO
Ginbwe 3a WWpnHy 3abBOPOHEHOT 30HW, CMyra BUMPOMIHIOBAHHA 3 MakCUMyMOM -~
400HM He cnocTtepiranacb. [Ona unuctoro TiO2 3i 3MeHLWeEHHAM TemnepaTypu
crnocTtepiranocb NiACUNEHHA OOBrOXBUBOBOI CMYrM BUNPOMIHIOBAHHA. 3anexHicTb
IHTEHCMBHOCTI BUMNPOMIHIOBAHHSA 3i 3MEHLLUEHHAM Temnepartypu ansa yictoro PTZ He
€ NiHiMHOoO, iHTeHcMBHICTL DJT 36inblyeETbCA NpY 3MEHLLEHHI TemnepaTypu Ao -
100°C, i noYMHae 3MeHLyBaTUCb MpW NogarnbllOMy 3MeEHLIEHHI TemnepaTypu. Ha
BiAMiHY Big cnekTpis @J1 npu KiMHATHIM TemnepaTypi, NpU 3MEHLUEeHHi TeMmnepaTypu
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dopma cniekTpiB ana TiO2/PTZ Bigpi3HAETLCA Bi CNEKTPiB BUNPOMIHIOBAHHS YNCTOrO
TiO2. Oyxe wupoka cmyra 3 Makcumymom ~500 HM po3gindetbca Ha OBi 3
Makcumymamm ~ 430 HM Ta ~520 HM. Takum YMHOM, NokasaHo, Lo ckrnagHa opma
CMYrM BUMNPOMIHIOBaAHHA noBepxHeBO MopgudikoBaHoro TiO2 He € pesynbTaToM
cynepnosuuii BUNPOMIHIOBAHHA KOMMOHEHT, SKi BXOAATb A0 CKrnagy MoamikoBaHUX
HaHo4acTMHoK (HY). MoxHa npunyctutn, WO Taka dopma € pesynbtatom abo
YTBOPEHHSA HOBWUX €EHEpreTUYHMX CTaHiB Ha noBepxHi HY, abo eHepreTudHoi 4m
3apsgoBoi B3aemogii mix TiO2 Ta PTZ.

1. Chen S, Xiao Y., Wang Y., Hu Z., Zhao H., Xie W. A Facile Approach to Prepare Black TiO»
with Oxygen Vacancy for Enhancing Photocatalytic Activity. /Nanomaterials. — 2018. — 8, N
4.-P. 245.

2. Tang H., Berger H., Schmid P.E., Lévy F. Optical properties of anatase (TiO2) // Solid State
Communications. — 1994.-92, N 3.-P. 267 — 271.

3. Melnyk V., Shymanovska V., Puchkovska G., Bezrodna T., Klishevich G. Low-temperature
luminescence of different TiO2 modifications // Journal of Molecular Structure. — 2005.- 744—
747, P. 573-576.

4. Najafov H., Tokita Sh., Ohshio Sh., Kato A., Saitoh H. Green and Ultraviolet Emissions From
Anatase TiO: Films Fabricated by Chemical Vapor Deposition // Japanese Journal of Applied

Physics. — 2005.- 44, N 1R.-P. 245 — 253.
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Influence of ,,green” synthesis conditions to the
crystallinity and time stability of Cu2ZnSnSs (CZTS)
nanocrystals

Ye.O. Havryliuk!?, O.A. Kapush?, V.M. Dzhagan?, N.V. Mazur?,
V.O. Yukhymchuk?, M.Ya. Valakh?, D.R.T. Zahn?

1 Semiconductor Physics, Chemnitz University of Technology, Chemnitz, Germany
2 V.E. Lashkaryov Institute of Semiconductor Physics, NAS of Ukraine, Kyiv, Ukraine
E-mail: yevhenii.havryliuk@physik.tu-chemnitz.de

One of the most intensively developing research fields is currently the
development of alternative energy sources, especially photovoltaic ones. At the
given moment, nearly 85% of solar panels are based on Silicon as an absorbing
layer. However, due to Si having an indirect bandgap, a rather thick layer is required
for absorbing sunlight effectively. This makes this material not suitable for producing
truly thin-film flexible solar panels.

In the last decade, significant growth of the field of CdTe- and CIGS-based
thin-film solar cells is observed, including their commercial production. Nevertheless,
the toxic components of the former and expensive components of the latter are
critical issues. Another growing field is organic photovoltaics, although its major
drawback is a very short lifetime of the devices. All the above-mentioned issues
stimulate research towards finding alternative materials that are environmentally
friendly, have a direct bandgap, are stable in time, and are inexpensive. One of such
materials are l2-1I-1lI-Vls compounds, in particular the Cu2ZnSnS4 (CZTS). CZTS has
a direct bandgap of 1.4-1.6 eV and an absorption coefficient ~10* resulting in
efficient absorption of light in almost the entire solar range. The constituent elements
are abundantly available and non-toxic. The possibility of eco-friendly low-
temperature colloidal synthesis in a water solution of CZTS nanocrystals (NC) makes
these materials very promising for use in so-called third generation of photovoltaics.
However, despite all the advantages, there are some issues that need to be
overcome to achieve a conversion efficiency sufficient for commercial use. In
particular, these relate to internal defects in the form of vacancies and antisite
defects, as well as a high probability of secondary phase formation of binary and
ternary compounds. There are different ways to improve the properties of CZTS
NCs. One of such ways is varying the parameters of synthesis conditions.

In this study, we show the results of a Raman spectroscopy study of CZTS
NCs. Raman spectroscopy has proved to be a very useful tool in CZTS NC
characterisation. Unlike the also often used X-ray diffraction method, Raman
spectroscopy can easily distinguish not only the presence of all possible secondary
phases but also the “ordered” and “disordered” kesterite phases of CZTS NCs.
Different parameters of the synthesis conditions were used to establish the best
suited one for obtaining CZTS NCs, which are stable in time and have good
crystallinity. Under our synthesis conditions the “standard” additional heating in the
final step of synthesis leads to a decrease of CZTS NC quality. Not only the
crystallinity, but also the lifetime of colloidal CZTS NC solution (in terms of solution
stability and NCs degradation), as well as of deposited NC films were significantly
better without additional heating of the CZTS NC solution. Besides, we studied the
influence of adding some other NCs, serving as nucleation centers, in solution during
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the CZTS NC synthesis. The presence of CdTe NCs leads to improved crystallinity
and time stability of CZTS NCs, while the presence of Au NCs had no influence on
CZTS NCs formation, or was even harmful in comparison to “standard” CZTS NC
synthesis. The influence of Ag2S NCs showed contradictory results. In some
synthesis adding these NCs lead to an improvement of the CZTS NCs properties,
while in others to a deterioration. Further investigation of this fact is in progress. The
obtained results can provide a new way to improve the structural quality of the CZTS
NCs and related compounds, which is necessary for increasing of the PV conversion
efficiency.
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OcobGnuBoCTi po3noAiny noBepxHeBOro NoTeHLUiany Ha
rpaHuULUsX CEeKTopiB pOCTy HaniBNpoBiAHUKOBMX anmasiB

C.B. MantwTal?, |.M. JaHnneHko?

1 HauioHanbHuti mexHiyHuil yHieepcumem Ykpaitu «Kuigscbkuli nomimexHiqHul iHcmumym imeHi
leopsi Cikopcbkoeox, np. lNepemoau, 37, Kuis, 03057, YkpaiHa
2 [Hemumym cbizuku HanienposioHukig im. B.€. Jlawkapbosa HAH YkpaiHu,
np. Hayku, 41, Kuie 03680, YkpaiHa
E-mail: Serhiy.Malyuta@gmail.com

3aBOsKkM CBOIM 4YyOOBUM  €MNEKTPOTEPMIYHMM  BIACTUBOCTAM, TakMM  SK
HamBMLa TEnnonpPOBIOHICTE Y MOPIBHSAHHI i3 OyAb-AKMM BiQOMMM MaTepianom,
BMCOKa PYXIMBICTb AIPOK, BeSiMKe KPUTUYHE eneKTpUYHe Mofe Ta Benuka LuMpuHa
3abopoHeHoi 30Hn (5,47 eB), anma3 Mae Benun4yesHi nepesarn nepen KpemHiem Ta
iHLUMMW LUMPOKO3OHHUMM HaniBNpOBIgHUKAMWU A5 3aCTOCYBaHHS Y BUCOKOBOJSTbTHUX
npunagax Ta npunagax, gki npautorTb NpyU BUCOKMX Temnepatypax (>3 kB i >450 K
BianoBigHo). OgHak, He3BaXKaluM Ha BEMNYE3HUI NOTEHLian, BUrOTOBIEHI NPUCTPOI
Ha OCHOBI LbOro Matepiany we He 3abe3neynnn o4vikyBaHMUX BUCOKUX MOKa3HMKIB.

Tak, Hanpuknag, anvasHi gioan LWoTTKi B OCHOBHOMY BUIOTOBMSAKOTb HA OCHOBI
wapis, neropaHnx 6opoM. [Ons MOHOKpUCTaNIYHMX anmasHux nigKnaguHok,
XapakTepHUM € CeKkTopanbHuin xapakTtep pocty. OkraegpuyHi {111}, ky6iuHi {100} Ta
TPUrOHTpUMOKTaeapuyHi {113} cektopn pocTy € HandiNbLW 30aTHUMKU OO 3aXOMNEHHA
AOMILWOK. TOX MOXHa O4iKyBaTM MakCUMMarnbHUIA BMICT OOMILIOK a30Ty Ta 6opy B
OKTaedpu4yHuUX cekTopax. | ToMy akTyanbHOW € JiokanbHa XapakTtepusauis
€NeKTPUYHO aKTUBHUX OedeKTIB B HAMiBNPOBIAHMKOBMX afiMasHUX MaTtepianax.

3 BUKOPUCTAHHSM MeTOoiB CKaHyt40l 30HAOBOI MiKpoCKonii Ta nonsipusauinHoi
ONTUYHOI MiKpocKonii B po60Ti BCTAHOBIEHI BENMMYMHM MiXKCEKTOPanbHUX nepenagis
NOBEPXHEBOro MoTeHUiany B yMOBaXx 3anuwKoBuUX AedopMauinHUX MoMiB pPi3HOI
BENIMYNHM Ta NOKA3aHO XapaKTep Knacrtepusauii 4omilok 6opy.

0 mmmhmumh

T
10 20 so

Surface distance [um]

Puc.1. OnTtnyHa MikpodhoTorpadia GaraTtoceKkTopHoI niaKNaanHKn
HaniBNPOBIAHMKOBOro anmaasy (a), BignosigHa Bidyanisauis gedopmauinHux nosnis y
nonspusoBaHux npomeHsx (6). Kapta nosepxHeBoro noteHuiany (B) Ta BignosigHWN
npodink Ha rpaHuui cektopis {111} Ta {113}.
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EnekTpoHHa CTPyKTypa, ONTUYHI Ta NPYXXHI BNacTUBOCTI
KpuctaniB AgGaS:2: TeopeTU4HI focnigKeHHA

M.A. Pyanw
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Y uin poboTi NpoBeAEHO KOMMSIEKCHE TEOpPEeTUYHE AOCRIMKEHHSA CTPYKTYpM,
€MNEeKTPOHHUX, OMTUYHUX, MPYXKHUX Ta KOMMBHMUX BIIACTUBOCTEN MNEPCNEKTUBHUX
NOTPIMHMX HaNiBNPOBIOHMKOBUX KpUCTaniB TioranaTty cpibna
AgGaS:2 Ha ocHOBI Teopii yHKLiOHany rycTuHu.

PospaxyHkoBi napameTpu aedopmadii Ta
3MillEHHs, WO ONUCYITb  BIOAXUIEHHS  CTPYKTYPHUX
napameTpis AgGaS:2 BiO igeansHol CTPYKTYpU
xanbkoniputy, gopisHoTb N = 0,8945 ta u = 0,304. Taka
aedopmMauisi enemMeHTapHOI KOMipK/ Ta 3MilLLEHHA aToma S
B KpucTani Moxe OyTM npuYnHOK UikaBux Qi3ndHUX
BSTACTMBOCTEN, 30KPEMa BWUCOKOI OMTUYHOI aKTUBHOCTI.
OntumizoBaHi B Ui poboTi napameTpu KpucTanivyHol
CTPYKTYpM 3 BUKOPUCTAHHAM anroputMmy bpongeHa-
®natyepa-lonbagdapba-LaHHo 3 dyHKUioHanamu LDA Ta
GGA pobGpe y3rogxyTbCA 3 €eKCnepuMeHTanbHUMU
3Ha4YeHHAMK, MNpPO WO cBigYaTb pakTopyn BIAHOCHOrO
BIAXMNEHHs  0b'eMy enemeHTapHOi KOMipkn dr  Ta  Ag  xomti Ta  cuHi

rpatkm gnsa  AgGaS,.

Puc. 1. CTpykTypa KpucTanivHoi

Kynbkn  BignoBigatoTb aTomMam

BiIHOCHOrO CepefHbOKBaAPaTUYHOIO BigXMNEHHs Dr. BinnosinaoTL atomam S Ta Ga,

30HHa CTpyKTypa KpucTana XxapakTepusyeTbCs  BignosigHo.
BiHOCHO BWCOKOK AWUCMEPCIEID €eHEepreTUYHUX piBHIB.
3Ha4yeHHs WMPUHN 3abopoHeHoi 30HM popiBHioe 1,036 Ta 0,940eB pgnsa
dyHkuioHanieB GGA Ta LDA, BignoBigHo, i € 3aHwkeHe ans npubnmsHo 1,5 eB, sk
CBiQYMTb €KCNEPUMEHT.

Bepx BaneHTHOI 30HM KpucTana yTBOPEHUN HEBUPOMAXKEHUM piBHEM [ 4 i ABiui
BUPOLKEHNUM CTaHOM [5, WO CKNagaeTbCa 3 P CTaHiB aHioHa i d opbiTanen kaTtioHa.
Lli piBHi BWHMKaOTb B pe3ynbTaTi PO3LLENSIEHHA Tpudi BUMPOMKEHOro piBHA [15
BHACMQOK Ail KpMCTaniyHoro nons nNpu nepexogi Big CTPYKTYpU LMHKOBOI 0O6MaHKu
A0 CTPYKTYpW Xanbkoniputy. [IHO 30HM NPOBIOHOCTI YTBOPEHO aHTU3B'A3yBarbHUMU
ctaHamu 1, WO cknagalTbCsa B OCHOBHOMY 3 S CTaHIB KaTiOHIB i S CTaHIB aHIOHIB.
EdekTnBHI Macu HOCIIB 3apsgy po3paxoBaHi, MoKa3sykouu, Wo eeKkTUBHI Macu aipok
GinbLUi, HK edEeKTUBHI Macu enekTpoHiB me". [na KpucTana Gyno po3paxoBaHo
pPO3NoAiS eNeKTPOHHOI ryCcTuUHUW, 3apagn MinnikeHa Ta 3aceneHicTb XiMiYHUX 3B’A3KiB.
BuasneHo BUWMIA CTyNiHb KOBaNEHTHOCTI 3B’A3Ky B Kpuctani AgGaS2 nopiBHSHO 3
AgGaTex.

PospaxyBaHo gucnepcito gieniekTpuyHol YHKUIT AN TPbOX OCHOBHUX
HanpsIMKIB KpucTana, 3 Ssikux oTpumManu AMcnepcis roffloBHMX NOKa3HUKIB 3a5IOMIIEHHS
Ta KoeilieHTiB eKCTUHKLUIT. OaHOBICHa aHi30TpoNia AieneKTpUYHOT PyHKLIT Kpuctana
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AgGaS:2 € gocnTtb HU3bKOK i gopiBHe -0,015. 3HaYeHHA CTaTUYHUX MOKa3HMKIB

3anomneHHs ctaHoenatb 2,425 onsa E || z Ta 2,387 ana E-lz. BcraHoBneHo, WWo
OoTpMMaHa TeopeTU4Ha [UCNepcia MNOKa3HWUKIB 3arloOMfIEeHHS MokKasye XxopoLly

30bKHICTb 3 ekcnepMMeHTanbHUMN JaHUMW.

0 5 10 15 20 0 5 10 15 20
E eV E eV

Puc. 2. JienektpudHa dyHkuis kpuctana AgGaS; po3spaxoBaHa 3 BukopuctaHHsam GGA
dyHKuUioHany.

MpyxHi BnactmeBocti kKpuctana AgGaS:z aHani3yloTbCA Ha  OCHOBI
po3paxoBaHOI NOBHOI MaTpuLi KoedilieHTIB Npy>XHOCTI. [1na Kpuctana po3paxoBaHo
pag napameTpiB NPYXHUX BracTUBOCTEN, Takmx K moaynb KOHra E, koediuieHT
lMyaccoHa v, o6'emHmMn mogynb B i moagyni 3cyBy G. PoapaxoBaHi koediuieHTH
aHi3oTponii 4na moaynie NokasylTb OyXe XOpOoLly Y3roMKeHIiCTb 3 KoedilieHTamu,

OTPUMaHUMW Ha EKCNEPUMEHTI.
| :

Puc. 3. 3D posnoain mogyns KOHra (a), Ta Horo npoekuii Ha nnowwuHm (100) Ti (001) (6).

MpoBeneHO [OOCHIOKEHHS KONMUBANbHUX XapaKTepUCTUK Ta OieNeKTPUYHUX
Bnactmsocten kpuctana AgGaS: 3i CTpyKkTypotro xanskoniputy. [iarpama ¢oOHOHHNX
30H, 3aranbHa Ta napuianbHa (OHOHHI NYCTUHM CTaHIB Ta AuMHaMIYHI napameTpu
pO3paxoBylOTLCA 3a [OMOMOrow Teopil 30ypeHHs yHKUiOHany ryctuHu. 3
pO3paxyHKiB 30HHOI giarpaMmn (POHOHIB BUMNNMBAE, WO iCHYE HM3bKa aHi3oTponia ang
HU3bKOYACTOTHUX aKYCTUYHUX TifOK. TakoX ICHYE HasiBHICTb HWU3bKOYACTOTHUX
ONTUYHUX TINOK, AKi B3aEMOAil0Tb 3 akyCTUYHMMKU. Byno BCTaHOBMEHO, WO ryCTUHY
CTaHIiB MOXHa pPO34ifiNTN Ha TPWU YACTMHU - HU3bKOYACTOTHY, CepeaHbOYacTOTHY Ta
BMCOKOYACTOTHY, SKi YTBOPIOKOTLCA KonuBaHHsaMU aTomiB Ag, Ga Ta S, BignosigHo.
PospaxoBaHi Ta igeHTUdIkOBaHI 4acToTU KOnMMBaAlNbHUX MOL Y UEHTPi 30HU
BpinnioeHa (tTouka [) nokasanu  XOpowy  Y3rOAXEHICTb 3  HagBHUMU
ekcnepumeHtansHumn pgaHnmmm |4- ta KP-cnektpiB Ta iHWMMKM TeOpeTUYHUMMU
AaHUMN.
Lla pobota 6yna nigtpumana nporpamoto PRELUDIUM 15 T[lonbcbkoro
HauioHanbHOro HaykoBoro LeHTpy (rpaHT Ne 2018/29/N/ST3/02901).
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Effect of magnesium content on plasmon-phonon
interaction in MgxZn1xO/6H-SiC structures
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MgxZnixO solid solutions offer unique properties such as high
photosensitivity, high photo- and cathodoluminescence yields, piro- and piezoelectric
effects, etc. The investigation of the effect of magnesium content, x, on the structural
and electrical properties of these materials is important. Among different methods
used for this purpose, infrared spectroscopy is less address.

In this work we demonstrate the application of infrared reflection spectroscopy
to the investigation of electrical parameters of the films for the case of MgxZni-xO
films deposited on 6H-SIC substrates by electron-beam evaporation method. The
structures were investigated by means of surface polariton (SP) and infrared
reflection (IRR) spectroscopy in the range of residual rays of the MgxZn1xO and 6H-
SiC materials. The modeling of the spectra was performed taking into account the
variation of MgO content and film thickness.

Analysis of structural properties of the films showed that the films with x>0.2,
contribution of cubic lattice structure became significant, whereas the films with
x<0.2 demonstrated hexagonal lattice structure. Since this type of crystalline
structure offers anisotropic optical properties in the IR spectral range, the properties
of the films with x<0.2 will be considered further.

The simulation of IRR and SP spectra was performed using the mathematical
model with additive contribution of oscillators to dielectric permittivity of the materials.
The effect of orientation of the optical axis in the film and the substrate as well as the
phonon and plasmon-phonon interactions in the film and substrate, respectively,
were taken into account.

It was observed that for the films thinner 100 nm, more precise information
can be extracted from the SP spectra, whereas the IRR spectroscopy is more useful
for the thicker films (25 pm).

The surface polariton spectral range and dispersion laws as well as
corresponding damping coefficients were determined. For the MgxZnixO film, the
frequencies and damping coefficients of the TO and LO modes of all oscillators, the
dielectric contribution of each mode, static and high-frequency dielectric permittivity
for orientations ELC and E||C were obtained with high accuracy. It was shown the
electron concentration in the MgxZn1xO film was found to be in the range 1x10%6-
5x10% cm3, being dependent on Mg content.

The results obtained showed that infrared spectroscopy being non-destructive
method allow to determine electron concentration in these materials and can be
implemented for the determination of optical properties of other semiconductor films.

This work was supported by the National Research Foundation of Ukraine
from the state budget, project 2020.02/0380 «Structure transformation and non-
equilibrium electron processes in wide bandgap metal oxides and their solid
solutions».
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Multicomponent PALS models to study
of internal defects in solids
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Positron annihilation lifetime spectroscopy (PALS) is one of the most sensitive
method to studying internal voids in solids, bulk defects and some of their
modification (clusters, agglomerates, nanopowders, etc.) in monocrystalline
semiconductors and dielectrics [1]. However, in relation to glassy and ceramic
powder and fine-dispersed materials with functional properties, this method was
rarely used due to complications in the interpretation of the obtained results and the
absence of a model that would describe the annihilation processes in these
materials.

The aim of this work is study of free volumes in such functional materials as
chalcogenide glasses and spinel humidity-sensitive ceramics using multicomponent
PALS models.

It was shown that two-component fitting procedure within two-state positron
trapping modes are character for Ge-Ga-Se and Ge-Ga-S chalcogenide glasses [2].
In this case the first ([11, [1) component has no strong physical meaning. The lifetime
(2 reflects size of free-volume entities (positron traps) and intensity l2 — their amount.

For humidity-sensitive ceramics the first component with parameters ([I1, l1)
reflects the microstructural properties of material and the second one with
parameters ([J2, I2) describes the volume defects near intergranular boundaries
formed by additional phases. The second channel contained only one component
with parameters (s, I3) and reflected the process of “pick-off” annihilation of ortho-
positronium o-Ps in nanopores. It was shown that during adsorption of water by
ceramics, the “pick-off” annihilation of o-Ps occurs more intensely, which is reflected
in the growth of the parameter I3 [3].

After performance of PALS investigation in dry and wet modified MgO-Al203
ceramics using high-statistical measurements, it was possible to fix the schedule for
the four components. Thus, the second channel contained two components with
parameters ([13, I3) and ([J4, 14) that reflected decay of 0-Ps atoms in nhanopores. The
second o-Ps-related channel contains two components, the first of which with the
parameters ([13, I3) reflects the annihilation of o-Ps through the “pick-off process in
nanopores with ~ 0.2-0.3 nm in size and in water by “bubble” mechanism, which
leads to an increase in the intensity Is. The second component of this channel with
parameters ([l4, la) describes the annihilation of o0-Ps also through the “pick-off’
process, but in an empty pore volume with radius of 1.8-2 nm. Water molecules are
formed in layer on the walls of the pore.

Thus, two-state positron trapping model with one type of defects can be used to
study of free volumes in functional materials with not very developed porous
structures such as chalcogenide glasses at applying of two-component fitting
procedures. Multicomponent positron-positronium model is more acceptable to
describe transformation of free volumes in materials with developed porous structure
and study adsorption-desorption processes in such ceramics as MgAl204 spinel’s.


mailto:klymha@yahoo.com
mailto:halyna.i.klym@lpnu.ua
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Thermally-induced degradation processes in temperature-
sensitive single-layered thick films
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The aim of this work is description of thermally-induced degradation processes
in temperature-sensitive thick films based on Cuo.1Nio.1C01.6Mn1.204 ceramics.

Thick film paste was applied on Al203 substrate (Rubalit 708S) with Ag-contact
tracks pre-formed by screen printing using a DFS-0.1 machine equipped with a steel
mesh. The applied thick films were dried at 180 °C for 20-30 min. in drying conveyor
furnace DFS 010/030 and sintered in a BTU conveyor borehole at 850 °C [1]. To
study thermally-induced processes in thick films based on Cuo.1Nio.1C01.6Mn1.204
ceramics, degradation tests were carried out under conditions of long-term
isothermal exposure (356 hours) at a temperature of 170 °C in a HPS 222 heat
chamber. The measurement of the nominal electrical resistance R was carried out at
25 °C after the successive stages of the thermal exposure of the samples for 64,
104, 144, 198, 251, 304 and 356 hours. As a controlled parameter, the value of the
relative change (drift) of the electric resistance [1R/Ro (Ro - the initial value of the
electric resistance, [JR - absolute change in the electrical resistance caused by the
degradation test) was chosen.

It is established that kinetics of the dependence [IR/Ro of thick films based on
Cuo.1Nio.1C01.6Mn1204 ceramics exhibits a typical compression-exponential
dependence of time t in full accordance with the known relaxation function of DeBast
Gilard or Williams-Watts. On the basis of these data, it can be concluded that the
slope of the thermal examination of these films has a tendency to threshold.
Obviously, this behavior is due to the burning of organic matter that occurs on the
surface of the thick-film element. It is precisely this process that is inherent to such
structural and heterogeneous environments. In order to provide an adequate
mathematical description of the observed thermally-induced degradation
transformations in thick films, a simulation of the corresponding kinetic dependences
of the relative change in the electrical resistance of the five RF was performed [2].

As a result of the simulation, it has been established that the kinetics of thermo-
induced degradation of the studied thick films is adequately described by RF4. In this
case, the value of err is rather low and is achieved for a relatively small number of
fitting parameters.

It should be noted that RF5 (exact solution of the main degradation equation)
also gives a fairly low value of err, but this RF contains four adjustment parameters.
Monomolecular RF1 (as well as RF2 and RF3) gives a much higher value of err
(compared with RF4 and RF5).

Consequently, RF4 is the most acceptable analytical expression for describing
the threshold low-temperature degradation of investigated thick films, although the
exponent (non-exponential coefficient) thus acquires characteristic values greater
than 1.


mailto:klymha@yahoo.com
mailto:halyna.i.klym@lpnu.ua

Jlawkapboecbki YumaHHs — 2021

This work was supported by Ministry of Education and Science of Ukraine
(Project No 0119U100435).

1. Klym H., Balitska V., Shpotyuk O., Hadzaman |. Degradation transformation in spinel-type
functional thick-film ceramic materials // Microelectronics Reliability. — 2014. — 54(12). — P.
2843-2848.

2. Shpotyuk O., Brunner M, Hadzaman |I., Balitska V., Klym H. Analytical description of
degradation-relaxation transformations in nanoinhomogeneous spinel ceramics // Nanoscale
research letters. — 2016. — 11(1). — P. 499.



Jlawkapboecbki YumaHHs — 2021

Thick films based on MgAIl2>O4 spinel ceramics
for humidity sensor applications
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In this work preparation as well as structural and electrophysical investigation of
humidity-sensitive thick films based on MgAIl204 ceramics are performed.

To preparation of samples the paste of thick films was obtained on roller paste
by mixing MgAI204 ceramic powder (58 %) [1], organic solvent and organic bond (30
%), lead-free organic oxide powder (8 %) and Bi2O3 (4 %). The electrical resistance
of investigated samples was measured in a heat and humidity PR-3E “TABAI”
chamber at a temperature of 20 °C in the region of relative humidity RH = 25 ... 99%.
The value of electrical resistance R was obtained as function of RH at a temperature
of 20 °C and a signal frequency of 500, 750 and 1000 Hz [2].

In respect to XRD investigations the thick films are biphasic (there are
diffraction lines of the main spinel phase and aluminum oxide from substrate). The
reflexes from SiO2, Bi2Os were not detected indicating their amorphous state. For
more correct analysis, an array of experimental intensities and reflection angles was
removed only from the thick film resistive material. As in the case of
Cuo,1Nio,1C01,6Mn1,204- and Cuo,1Nio,sC002Mn1,904-based thick films, an amorphous
halo at the angles 26 from 20 to 33 ° was observed [3].

To study stability of single-layered humidity-sensitive MgAl20s-based thick
films, the degradation tests at 40 °C and relative humidity RH = 95 % for 264 h were
performed. After that the electrophysical tests were carried out at 20 °C in
adsorption-desorption cycles (in the direction of increasing and decreasing of RH).

The investigated thick-film samples were characterized by good contacts with a
sufficiently reliable overlap areas of the functional film (white strip) with the contact
pads of conductive film (brown strips on Fig 2). The range of their sensitivity is from
50 to 99 % of RH, the average change of R is from ~20 to 305 MQ (IR = 285 MQ,
OR/Ro = 14.2).

Thus, the thick films have a sufficiently high humidity sensitivity in the range of
RH from 55 to 99%, which is expressed in a relative change in their electrical
resistance by 1...1.5 orders of magnitude. Their significant drawback is the limited
humidity sensitivity from low values of RH, as well as the appearance of hysteresis in
the measuring cycles of electrical resistance during increase and decrease of RH as
a result of degradation test (actual exposure of samples for 240 hours at 40 °C and
RH = 95%) due to imperfection of porous structure of thick films in the transition
region between thick films and the substrate.

This work was supported by Ministry of Education and Science of Ukraine
(Project No 0119U100435).
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BnnuB TemnepaTypu KapOoHi3aLii Ha MOPUCTY CTPYKTYpY
ByrrneueBoro marepiany

O.M. IBaHivok, H.A. IBaHivok, B.I. Pauin, |.M. Byasynsk

TMpukapriamesKuL HaufoHarisHUU yHisepcumem iveHi Bacuris Crmecdbaruika, eyn. LLiesqerka, 57,
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HaHonopuctui Byrneuesun matepian (HBM) € nepcnekTuBHuM matepianiom
AnNs igeanbHO NONAPU30OBaHNX €NEeKTPOAIB eNEeKTPOXIMIYHUX AKepen HaKOMUYeHHSs
eHeprii  [1]. Tomy BaxnuBow ANna BMBYEHHS € npobrnema KepyBaHHSA
TEPMOXiMIYHUMM Mpouecamu, siki CynpoOBOAKYIOTb YTBOpPEHHS nop. Lia npobnema
HabyBae ocobnuBoi akTyanbHOCTI npu oTpumanHi HBM, ona dkux BaxnueBa He

TifIbKW BENUYMHA MMTOMOT NOBEPXHI, ane i po3noain nop 3a po3mipom.

Y poboTi npeacTaBneHo pesynbTatv OCMigKeHHS nopuctoil cTpyktypa HBM,
OTPMMaHOro y npoueci kapOoHi3auii pOCNMHHOI CUMPOBMHM (LLUKaAPMYNu BOSOCLKNX

ropixis) B gianasoHi Temnepatyp 400°C — 1000°.

Ha pwuc. 1 HaBegeHi izotepmu agcopbuii-aecopbuii asoty ons oTpuMaHmx
3paskis HBM. [aHi 3anexHocTi BigHocAaTbCa Ao isotepm |l tuny 3rigHo [2], ski
crnocTepiraloTbCa Npu NonNiMonekynspHin agcopbuii [3]. AHania i3oTepmMm Bkasye Ha
Te, WO 3HAYHMN BHECOK B MUTOMY MroLly noBepxHi (Seer) i 3aranbHun ob'em nop
(V=) pobnate mikpornopu (Smic, Vmic) AiameTpom npnbnunsHo 1,2 HM i mesonopu 2-3
HM (puc. 2). AHani3 isoTepm copbuii 4aB MOXIMBICTb BU3HAYUTU XapaKTEPUCTUKN

nopuctoi cTpyktypu HBM (tabn. 1).

L o .
50 B3 vy’ 3 —o—500'C —*—900°C
160 : (7)32’2 > 1000 (” v vy oL . 0,3 [Y ; :,38“: ke
B v v v E 1‘ —v—700"°C
120 v . v vV k= A
= A " “g 024 4
,"2 ‘,‘“‘ PO > "’;; i 3 G g “L\Al‘
© 80 A 2334 e s behtp 14 }2;4&8.“1 o ,‘!‘1\\
z o it - AW
4 e RIRTRe Y > SOty IS |
404 N g PP:::: :::, > % \ J:'::..".“
04 0,0 X}‘ ..:é‘:i:;’*ﬁéfsr‘:;;:;::::;;;ZLElZ_'!LS:!r.;:;gEgEM_,_‘
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p/p, : duop, IL}IM A
Puc. 1. I3oTepmu copbuii asoty anss HBM Puc. 2. Posnogin nop 3a po3mipamu 3a
metogom DFT (Density Functional Theory)
[4]
Tabnuus 1. MapameTpn nopuctoi cTpykTypu HINB
Temnepaty
pa SBET, Shic, Vs, Vmic, Vmic/Vsz, d. UM
kapboHisaLi M2/r M2/r cm3/r cmi/r % ’
i °C
400 206 128 0,111 0,046 41 2,2
500 254 163 0,145 0,062 43 2,3
600 326 209 0,199 0,079 40 2,4
700 398 290 0,243 0,118 49 2,4
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800 434 214 0,291 0,069 24 2,7
900 231 154 0,157 0,053 34 2,7
1000 115 38 0,088 0,005 6 3,1

Mutoma nnowa noBepxHi obumncnoBanacsa 3a A0NoMOror 6araToTO4YKOBOroO
meTtoay BET (Brunauer, Emmett, Teller) [5] npu niHinHin 3anexHocti 1/[W(po/p)-1] Big
p/po B AianasoHi isotepmun agcopbuii ns BigHOWeEHHA p/po B Mexax Big 0,05 oo 0,35.
3 1abn. 1 BMaHO, WO npu 30inblieHHI TemnepaTypu kapbowisauii Big 400 °C go
800 °C 3pocTae nuTtoMa nsiowla MOBEPXHi Byrnewuesoro matepiany Sser, npoTte
noganbwe 30inbweHHa Temnepatypu (900 °C i 1000 °C) cnpuYMHAE 3MEHLLEHHS
SseT, MIMOBIPHO, B Hacnigok rpaditusadii i ywinsHeHHa HBM. 3a ymoB TepmivHOI
KapboHizauii BuxigHoi cupoBuHu npu TemnepaTtypi 800 °C 3HayeHHs Seer gocdrae
MakcMMyMy i AopiBHioe 434 m2/r.

1. Boiiuyk T.5., Bydsynsk .M., Pauiii B.1l., leaHiyok H.5. Bnnue memnepamypu kap6oHizauii
aKkmueogeaHo20 HaHOMopuCmozo e8yeneyegoeo Mamepiany Ha U020  e1eKmpOoXiMidyHi
enacmugocmi // @isu4Ha iHxeHepis nogepxHi. -2015.-13, Ne 3. -C. 335-339.

2. Brunauer S., Deming L.S., Deming W.E., Teller E. On a theory of the van der waals
adsorption of gases // J. Am. Chem. Soc.-1940.-62, N 7.-P. 1723-1732.

3. Marsh H., Rodriguez-Reinoso F. Activated Carbon. // Elsevier Science & Technology Books.-
2006. -p. 536.

4, Evans R., Marconi U.M.B., Tarazona P.J. Capillary condensation and adsorption in
cylindrical and slit-like pores // J. Am. Chem. Soc.-1986.-82. -P. 17631-787.

5. Brunauer S., Emmett P.H., Teller E. Adsorption of Gases in Multimolecular Layers // J. Am.
Chem. Soc.-1938.-60, N 2.-P. 309-319.
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CTpyKTypa Ta ONTU4YHI BNacTUBOCTI HAHOKPUCTanNi4YHOro
MonidaaTty Hikersno
O.M. MNonosuy?!, I.M. Byasynsk?!, B.I Pauviin, C.l. Byasynsk?, P.I". CnoaapeHko?
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HaHocTpykTypoBaHi martepianu npuBepTarTb 3HaYyHy yBary 3aBOsKM CBOIM
YHIKQNbHUM  OMNTUYHUM,  MarHiTHUM,  eneKkTpuYHMM, oToKaTaniTMYHUM  Ta
enekTpoximiyHnm Bnactmeoctam [1]. Mu oTpumanu HaHokpucTaniyHum monibaaT
Hikento  (NiMoOa4) rigpoTepmanbHum cnocobom [2]. MeTtogom X-nNpoOMeHeBOro
aHanisy BCTaHOBMEHO, WO AudpakTorpaMa CUHTE30BaHOro MosibgaTty Hikento
(pnc.1) ysrogxyeTbes 3i cTaHgapTHMM audpakuinHum wabnoHom rigpaty NiMoOa4
(JCPDS 13-0128). a dasy NiMoOas oTpumanu Bignanom rigpaty npu Temneparypi
400 °C. Ons BMBYEHHSA ONTUYHUX
BracTUBOCTEN monidaaTis Hikenwo
BUKOpPUCTOBYBanNn MeTog  komMbiHauinHoro
poscitoBaHHsA csitra (KPC).

lNgpatr  NiMoOs mae  TpuUKNiHHY

CVHIOHiIto 3 npocTopoBoto rpynoto P11 B akin
ABa aTOMW Hikento, ABa aToMu MONIbAeHy Ta
AEecsATb aTOMIB OKCUFreHy € B 2i Mno3uuisix
Bankocdbda 3 Toukosow rpynoto Ci [3].
KpucrtaniyHa cTpykTypa rigpaTty nobyaosaHa 3
nap NiOs i NiOs(H20) okTaegpis, 3’egHaHUX

Intensity (arb.un.)
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MoOg4 TeTpaegpamu. B cnekTpax Puc.1. X-nipoMeHeBa qudpakrorpama
KOMOiHaLinHoro PO3CitoBaHHSA CBiTNa  rizpoTepMalbHO-OTPHMAHOIO MOMIGAATY
aKTUBHUMW € YOTUPU HOpPMaJlbHUX MOAU HIKEIO

konueaHb MoOs TeTpaeapis [4]: CUMETPUYHI
pPO3TArNN-CTUCKM Ta 3rMHM  3B’A3kiB Mo-0,
aCUMETPUYHI  PO3TAMM-CTUCKM  Ta  3MMHU
3B’askiB O-Mo-O.

a-NiMoOa4 KpucTanisyetbcs B
MOHOKITIHHY CUHIOHIlO, KpUCTaniyHa CTpyKTypa
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CTPYyKTYypa a-NiMoOa nobynosaHa 3  Puc.2. Crextpn KPC rizpaty NiMoOx (1)
HeckiH4eHHUX naHutoris oktaegpie NiOs Ta e NiMoO4(2)

MoOes, WO MatloTb chninbHi pebpa. B cnekrpax

KPC aKkTMBHMMW € CUMETPUYHI KONMBaHHSA

po3TAry-cTucky 3B’a3kiB Mo-O, acumeTpuyHi

KONMBaHHA po3TAry-ctucky 3e’as3kiB O-Mo-O Ta CUMETPUYHi KONMUBAHHS  3rUHY
3B’a3kiB O-Mo-O okTaegpis.
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Cnektpu KPC rigpaTy Ta a-¢asu monibgaTy Hikento npeacrasBneHi Ha puc. 2.
Mogu BibOpauiHMX konmMBaHb MoNIOAATIB HIKEN NOAINATb Ha BHYTPILHI, SKi
reHepylTbCA B pesynbTaTi KONMvMBaHb YycepeauHi MONEKyNApHUX IOHHMX rpyn 3
HEPYXOMMM LIEHTPOM Mach Ta 30BHillUHi, WO CMApPUYMHEHI pyXom KaTioHiB Ni?*
BIJHOCHO >XOPCTKMX MONEKYNAPHUX IOHHUX OA4MHMUb. BHyTpiwHi BiGpauinHi moam
PO3TAry-CTUCKY iOHIB MOoNi6aaTy BUHUKAKOTb Y BMCOKOYACTOTHIM obnacTti 700-962 cm-
1, a moam 3ruHy nposBnsATbeA Npu 275-500 cmt. Cnektp KPC rinpaty moni6gaty
HIKent [EeMOHCTPYE IHTEHCUBHUI Makcumym npu ~947 cm?, wo Bignosigae
CUMETPUYHMM KOMNMBAHHSIM pPO3TAry-CTUCKY I(OHIB MonibaeHy B TeTpaeapuyHin
KoopauHauii atomiB okcureny. [Ana a-NiMoOas HasaBHi ABi iHTeHCMBHI cmyru npu 960
cm?! i 912 cm?, wo BignosigalTb CUMETPUYHMM MOAaM PO3TAry-CTUCKY iOHIB
moniéaaty B C2 i Cs nosumuiax. Cmyrm B gianasoHi 911-733 cvm! nosinomnsoTb nNpo
aCMMETPUYHI po3TarM-ctuckm okcureHy B O-Mo-O 3B’aA3kax MonibaatiB  Hikento.
IHTeHCMBHMIN Makcumym npu 706 cml € xapakTepHuM [Ans  oKTaeapu4vHol
KoopauHadii [5], BMHMKaE B pesynbTaTi KONMBaHb CUMETPUYHOrO po3TAry-ctucky Ni-
Mo-O 3B’s3Kky i nigTBEpAXy€E YTBOPEHHSA a-da3n monibaaty Hikento. B cnekTtpi KPC
rigpaTy cnocTepiraeTbCsl iHTEHCUMBHUI Makcumym npu 354 cm?, wo Bignoeigae
CUMETPUYHMM Mogam 3ruHy Mo-O 3B’a3kiB. ['pyny CMyr HU3bKOI iHTEHCUBHOCTI Mpu
488-302 cm?! BigHOCATb OO0 acumeTpuyHuMx 3ruHy O-Mo-O 3B’a3kiB Moni6aaTis
Hikerto. Cmyrun npu 262-174 cm™ opieHTOBHO BiaHeceHi 0 Moa obepTaHHSA, a CMyru
npu 174-112 cm! oo noctynanbHUX MOA.

OTxe, cnekTpockonia KOMOIHALIMHOrO pO3CitoBaHHS CBiTNia € MNOTYXXHUM
IHCTPYMEHTOM npwu BMBYEHHI  ONTUYHUX  BrAcTUBOCTEN KpucTaniyHmx,
HaHOKpPUCTaniYHMX Ta amopdHux MatepianiB. Tak, 3a cnektpam KPC Hamu
BM3HAYEHO BHYTPILLHI Ta 30BHILHI KONUBasibHI ONTUYHI Moau MonibaaTiB Hikento, 3a
YaCTOTHMM MOSOXEHHAM MiKiB BCTAHOBIEHO, LLIO BIGHOCHO iHTEHCUMBHI cMyru npu 960
cm?t, 912 cmt i 706 cm! BignosigaoTb OKTaedpuyHI koopauHauii ioHiB MonibaeHy i
BiANOBIAHO YTBOPEHHIO a-thasn monibaaTty Hikeno, Todi sk npu 947 cmt, 869 cm,
827 cm i 354 cml- rigpaTy i € xapakTepHMMM Npy TeTPaeapUYHIN KoopauHaLii ioHiB
Moni6aeHy.
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/I Physics and Chemistry of Solid State. — 2021. — 22, N 1-P. 123-131.

3. Martins G. M., Coelho P. O., Siqueira K. P., Moreira R. L., & Dias A. Investigation of
polymorphism and vibrational properties of MnMoO4 microcrystals prepared by a hydrothermal
process // Crystal Growth & Design. - 2018.- 18, N 4. — P. 2474-2485.

4. Clark G. M., & Doyle W. P. Infra-red spectra of anhydrous molybdates and tungstates //
Spectrochimica Acta.-1966.-22, N 8,-P. 1441-1447.

5. Saleem S. S., & Aruldhas G. Vibrational spectrum of nickel molybdate // Polyhedron.-1982.-1,
N 4.-P. 331-334.



Jlawkapboecbki YumaHHs — 2021

Controllable synthesis of MnO2 nanostructures
for hybrid capacitors application.

P.l. Kolkovskyi, B.l. Rachiy, H.M. Kolkovska, B.K. Ostafiychuk.

Vasyl Stefanyk Precarpathian National University, 57, Shevchenko St., 76018 Ivano-Frankivsk,

Ukraine

E-mail: Paviokolkovskyy@gmail.com

Hybrid electrocemical capacitors
(HECs) are the most perspective direction
of  electrochemical energy  sorcers
development due to the high of specific
power and energy. HECs occupy an
intermediate position between lithium power
sources and electric double layer (EDL)
capacitors and operate using fast surface
reversible redox reactions. The material for
a polarized electrode, as a usually, is
carbon, and for an unpolarized one, oxides,
hydroxides, and sulfides of transition metals
are studied [1]. Recently, transition metal
oxides have gained widespread importance,
which makes it possible to obtain higher
specific characteristics of energy storage
devices. Transition metal oxide, manganese
oxide (MnO32) B - modification has been one
of the most attractive inorganic high-
performance electrode materials in
consequence of its excellent physical and
chemical properties [2]. The advantages of
low cost, and environmental compatibility.
For the purpose of research on the
relationship between of B-MnO: structural
characteristics and electrochemical
properties. Therefore, the synthesis of (-
MnO2 was carried out by controlled
hydrothermal synthesis [3].

Thus we report of the synthesis of
monophasic B-MnO2 sample (average size
of coherent scattering region is about 15-18
nm) with tetragonal structure motives (Fig.
1, a) and a=4,404+0,004 A, c=2,877 *
0,004 A parameter of cell. During the
synthesis process the H* ions are occupy
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Fig. 1. The erystal structure of p-MnO; (a)
and schematic representation of the formation
process of MnO; (insert). CVA curves of p-MnO;
(b) and the dependence of the specific capacity on
the scan rate (insert).

positions in the structure of MnOs octahedra, the MnOs octahedra are interconnected
by Mn-O bonds, forming a crystal structure with dimensions of 0.23 x 0.23 (1 x 1) nm

(Fig. 1, a insert).
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It was determined by DFT that for - MnOz, the pore distribution is typical for
macroporous materials with a predominant pore size of 7.5 - 20 nm with high
developed surface area of - MnO2 around 70 m?/g.

The electrochemical behavior of obtained materials were investigated in 1 M
KOH aqueous solution by cyclic voltammetry method (CVA) from 1 mV/s to 30 mV/s.
The redox peaks are observed on both the anodic (E = 0.3 V) and cathodic (E = 0.2
V) branches, respectively, which shifts towards a lower potential at a scan rate of 30
mV/s. Therefore, this indicates the passage of electrochemical reactions and charge
accumulation due to the Mn3* «— Mn** transitions (Fig. 1 b) [3].

It was determined that the value of the specific capacity of the -
MnO:/electrolyte system after 1, 10, and 30 scan rate is 40, 18.5, and 12.5 F/g,
respectively (Fig. 1 b insert). As a result the B-MnO2 sample crystalline is suitable
material for used as electrode materials of HECs. Moreover, the stability of the
structure and electrochemical parameters of the obtained B - MnO: has been
established.

1. B.K. Ostafiychuk, R.P. Lisovskiy, A.A. Saedi, B.I. Rachiy, V.O. Kotsyubynsky, P.l. Kolkovskyi,
R.l. Merena, A.B. Hrubiak, // J. Nano- Electron. Phys.-2019.-11, N 3.-P. 03036.

2. Conway B. E. Electrochemical Supercapacitors: Scientific Fundamentals and Technological
Applications. — N.Y. Kluwer Academic // Plenum Publishers.-1999.-P. 698.

3. Kolkovskyi, P. I, Rachiy, B. I., Kolkovskyi, M. I., Ostafiychuk, B. K., Yaremiy, |. P.,
Kotsyubynsky, V. O., & Initsky, R. V. Synthesis and Electrochemical Properties of Mesoporous
a - MnO2 for Supercapacitor Applications // J. Nano- Electron. Phys. Vol. -2020.-12, N 3.-P.
03030-03034.
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doTonromiHecueHuia CdTe:O

T.M. Masyp’?, M.M. CnboTog?, B.B. Mpokonis?, M.MN. Ma3yp?,
O.M. YepHikosal, M.B. [eivakiscbkuint

1 Mpukapnamcekull HaujioHabHUU yHigepcumem imeHi Bacunsi CmedgbaHuka, syn. LllegyeHka, 57,
leaHo-®PpaHkKiecbk 76018, YkpaiHa
E-mail: tetiana.mazur@nung.edu.ua

2leaHo-@paHKiecbKull  HauioHanbHUl  MexHiYHUlU  yHieepcumem Hagpmu | easy,
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SYepHigeubkuli HauioHarnbHuu yHieepcumem iMeHi KOpisa ®edbKosuya,

syn. KourobuHcbkoezo, 2, YepHisyi 58012, YkpaiHa

Tenypug kagmito € ogHMM 3 Hambinbll NepcnekTUBHUX MaTtepianis Aans
3aCTOCYBaHHA B COHAYHMX efleMeHTax 3aBAsikM CBOIM YHIKanbHUM (i3nKO-XiMiYHUM
napametpam. Moro wupuHa 3abopoHeHoi 3oHm Eg = 1,5 eB (300 K) 6nusbka Ao
ONTUMAsbHOIMO 3Ha4YeHHss [Ana  (OTOENEeKTPUYHOro nepeTBOpeHHs. Harsuwa
TemnepaTypHa i pagiauinHa ctabinbHicTb CdTe B nopiBHsHHI 3 Si i GaAs po3sonsie
BUKOPUCTOBYBATU COHSIYHI €NEeMEHTN Ha OCHOBI Tenypuay Kagmito npv niaBuLLEHUX
TemnepaTtypax i 3Ha4HOMY NOTOLi IOHI3YHOYOro BUNPOMIHIOBAHHS.

Mpama 3abopoHeHa 30Ha CdTe go3BONAe BMKOPUCTOBYBATU Lie maTepian y
BUMNAAI  TOHKOI NAiBKM, WO Oyno nigTBepaXXeHO eKCnepuMeHTanbHO Ans
ToHKonniBkoBoro nepexogy nCdS/pCdTe. Ha »>xanb, KpucTaniyHi napameTtpu i
KoediuieHTn TennoBoro poswmpeHHs ansa CdS (a Takox ang  iHWux
HaniBnNpoBigHWKIB 3 6inblw  wWKnpwo 3abopoHeHow 30How) i CdTe icTOTHO
BiAPI3HAIOTLCSA, TaK WO Pe3ynbTyo4Nn reTeponepexig MmaTume 3HavyHy KOHLUEHTpaLito
aedekTiB Ha Mmexi nepexogy. OgHMM 3 NepcnekTMBHUX CnocobiB BUpPILLEHHSA Uil
npobnemn € TexHomnorii, ski MOAMMIKYIOTb MNOBEPXHEBI BNacTMBOCTI 6a3oBux
NiaKnagok, B TOM e yac 3bepiratoum napaMmeTpm OCHOBHOro Mmatepiany 6e3 icTOTHUX
3MiH. Hamn npoBefeHO aHarni3 ekcnepuMeHTanbHUX pes3ynbTaTiB, O CTOCYKTbCA
doTo BnactmBocten nigknagok n-CdTe 3 MoaudikoBaHOW NigKNagkow i
noBepxHeBO-6ap'€PHUMM COHAYHUMM ENEMEHTAMMN Ha X OCHOBI.

Baszosi nigknagku posmipom 4 x 4 x 1 mm® Oynu BupisaHi 3 06'eéMHOro
MoHokpucTtany CdTe, BupoweHoro meTtogom bpimpkmeHa. MaTtepian OCHoOBM
XapakTepuayBaBCcs BHYTpILLHIM AedekToM enekTpoHHoi nposigHocTi 0,1-0,05 Om?
cm?! npu 300 K, ockinbku BiH He OyB neroeBaHuit B npoueci pocty. [Miaknagku
MeXaHi4yHo i XiMmiyHOo nonipyBanu B po34ynHi K2Cr207: H20: HNOs B nponopuii 4:20:10
3 HacTynHMM NPOMMBAHHAM Y [eiOHI30BaHIN BoAi. B pesynbTati noBepxHS Nigknagok
Habyna [A3epkanbHOro BUMNA4Y, a Ha 3paskax cnocrtepiranaca cnabka
doTontomiHicueHuis (PJ1) npu 300 K.

OpHa 3 HanbinbLwmnX CTOPIH NNACTUH 3 A3epKarbHO BiabuBaoyo NOBEPXHELD
ocagXyBanacd OMIYHUMM KOHTakTamu iHAilo nankow. [lepeg CTBOPEHHAM
BUMNPAMASIIOYOrO KOHTaKTy, sikum OyB chopMOBaHMI HaMiBNPO30pUM LLApOM 30S10Ta,
HaHECEeHUM BaKyyMHUM PO3MUIIEHHSM, KOHTAKTHaA Hecyya CTopoHa nigknagku byna
nigaaHa iHWin gopatkosi obpobui. Mpyna 3paskiB Byna BignaneHa Ha noBiTpi; B
nogansLiomMmy BoHu 6yayTb Hasueatmuca CdTe:O.

JTiomiHecueHUito 3paskiB 30ympkyBanu 3a gonomoroto He-Ne i N2 -nasepis
(moBxmHa xBuni 0,63 i 0,337 mkm BignosigHo). CnekTpu BUNPOMIHIOBAHHS,
BigbmBaHHA | nponyckaHHA (Nw, Rw i Tw) 6ynuM oTpumMaHi 3a [ONOMOro
YHiBepcanbHOI YCTaHOBKW, L0 O03BOMHA€E NMPOBOANTN BUMIPIOBAHHA B CTaHAAPTHOMY i
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andepeHuianbHoMy  pexumax. CnekTpu peecTpyBanuca aBTOMaTU4HO  3a
AOMOMOroK 3anucyoyoro obrnagHaHHa KS-2, wo TakoX A03BONAno OTpuMyBaTtut
KpuBi penakcauii ana iHTeHcmBHoCTI ®J1. [bkepenom cBitTna Ans BUMIpPOBaHHS
CreKkTpiB BiOOMBaAHHA Ta NPOMYCKaHHA cryryBana KCeHOHOBa Namna 3 rnagkum
CNeKTpOM B AOChiMKEHUX pfdianasoHax eHeprin. Bci oTpumaHi cnektpu ©6ynu
CKOpUroBaHi 3 ypaxyBaHHAM HESiHIMHOCTI BUMIptOBasibHOI CUCTEMU.

Moaundikauiss nosepxHi nigknagok n-CdTe 3MiHOE CBOI ONTUYHI BNAacTUBOCTI
no-pisHOMY B 3anexHoCTi Big4 ymoB Bignany. Llen nigxig takox npautoe ans 3paskis
CdTe:O, wo AeMOHCTPYHOTb pi3ke 36inbleHHs ePeKTUBHOCTI ANna Kpanosoi A-cMyru
CBITiHHA N (puc. 1), aka npn 300 K Mmoxe agocaratu AeKinbKoX BiACOTKIB. Y TOW e yac
ANa nigknagok 3 A3epkarnbHOK rnoBepxHeto uen napametp He nepesuwye 0,01%.
Ockinbkn edpekTBHa OOBXMHA NasepHoro BUNpoMiHioBaHHA B CdTe #p <10 cm, TO
®J1 BiobyBaeTbCsA Yy BY3bKOMY MPUNOBEPXHEBOMY LWaApi. TOMYy iHTEHCMBHICTb
noMiHecueHuii  lp. B nNepwomy HabnWXkKeHHi MoOXHa BBaxaTun 0BepHEHO
NPOMOPLINHOID KOHLUEHTpauil noBepxHeBux AedekTiB Ns. Ockinbku noBepxHeBa
MoamndikaLlisa 3MEHLUYE L0 KOHLUEHTpaUito Binbll HiXXK Ha OBa NOPSAKK, Lle CTBOPHOE
nepegymoBu Onsi BUKOPUCTaHHSA NiAKNagoK 3 MOAUMIKOBAHOK MOBEPXHEK Afs

doToaioais, YyTNMBUX B KOPOTKOXBUILOBIN obnacTi [2].

N,. a.u.
1.0

Puc. 1. Cnektpu
doToNOMIHECUeHUIT Ansa nigknagok
CdTe:O i3 1) BinbHOIO NOBEPXHEID
Ta 2) NOKPUTOK 30510TO MNJTIBKOKO

0 el 1 1 . J
1.0 2.0 3.0 ho, eV

B cnektpax ®J1 3paskie CdTe:O € wwnpoka B-cmyra, postawoBaHa B obnacrTi
BnacHoro nornvHaHHa CdTe npu hw> Eg, puc. 1. HaniBwupuHa Ahwiz Uiel cmyru
npu 300 K craHoButb 6nmsbko 0,7-0,8 eB. byno BusiBNEHO, WO IHTEHCUBHICTb L€l
BUCOKOEHEPreTUYHOI CMYrM 3MIHIOETLCA 3 4YacoMm, arne IiHTEHCUBHICTb A-CMyru
3anvuwaeTtbca ctabinbHolo, a nik A-cMyrm hAwm 3MilLyeTbCA B 00nacTb HU3bKUX
eHeprin. Baxnueo BiA3HAYNTU, WO CTaLiOHAPHI 3HAYEHHS IHTEHCUBHOCTI lpL | eHeprii
hwm MOXyTb OYTM OOCArHYTI Yepes Kinbka XBWUMWH MIiCNs BKMIOYEHHS Nas3epHOro
30ympxkeHHs [2]. Cnektp ®J1, nokasaHmi Ha puc. 1, kpuea 1, Byno BMMIipsiHO came B
Takux ymoBax. EkcrnepumeHTanbHa 3anexHictb nocTinHol Yacy ans B-cmyru tiz (T)
MoXe ByTn onncaHa 3akoHOM AppeHiyca 3 eHeprieto akTuauii ~ 0.2 eB.

IcHyBaHHS1 BUcoOkoeHepreTuyHoi B-cmyrm B cnektpax ®J1 3paskis CdTe:O
MOXHa MOSICHNTU KBAHTYBaHHSIM  €HEeprii  HOCiiB, 0OYMOBMEHMM HasiBHICTHO
HAHOPO3MIPHMUX CTPYKTYPHUX YTBOPEHb, WO MiOTBEPAXKYETLCA 300paKeHHsIMHU,
oTpumaHumun 3a gonomoroto ACM Nanoscope-Ill B pexumi nepioanyHOro KOHTakTy.
3rigHO oTpuMaHux 306paxkeHb, NOBepxHs BignaneHux 3paskie CdTe:O cknapgaeTtbcs
3 rpaHyn poamipom 6nu3bko 10-50 HM, SKi MOXYyTb B KiHUEBOMY MiACYMKY
ob6'egHaTnca B B6inbL Benuki (100 - 500 HM) YTBOPEHHS.

1. Makhniy, V.P., Slyotov, M.M., Skrypnyk, N.V. Peculiar optical properties of modified surface
of monocrystalline cadmium telluride // Ukr. J. Phys. Opt-2009.-10, N. 1.-P. 54-60.

2. Gorley, P. M., Makhniy, V. P., Horley, P. P., Vorobiev, Y. V., & Gonzalez-Hernandez, J.
Surface-barrier solar cells based on monocrystalline cadmium telluride with the modified
boundary // Solar Energy/ed. by Radu D. Rugescu.—Vukovar, Croatia: Intech-2010.-P. 25-43.
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EnektpunyHi BnactusocTi gioais WWoTTki rpadit/p-InP
BUrOTOBNIEHUX METOA4OM NepeHeCeHHA HapucoBaHOI
nniBku rpadpity Ha nigknagky InP
C.I. Kypuuyk, A.l. Moctosuin, M.M. ConosaH

Yepniseupbkul HayioHanbHUl yHieepcumem imeHi FOpis ®edbkosu4a, 8yn. KoytobuHcbKo20,2,
Yepnisuyi 58012, YkpaiHa, E-mail: kuryshchuk.serhii@chnu.edu.ua

MpuHUMNOBUMK 3acagjamMn TEXHIYHOrO MNPOrpecy € PO3BUTOK EHepreTukw,
aBTOMaTU3auis BMpoOHMLTBa i po3pobka HOBMX MaTepianiB. Taki HOBi mMaTepianu
NMOBWHHI BIiAMOBIgATM CKMNagHMM BMMOraM CydacHOl TexHiku, Bosfogitoun abo
OKpEMUMM, [LOCUTb YiTKO BUPAKEHUMWU XapakTepucTukamm abo Komnnekcamu
BNacTUBOCTEWN.

Byrneub - ue oguMH 3 HaMMOLIMPEHILINX eneMeHTIB Yy BCECBITI MO Maci nicns
BOLHIO, Tenito i KMCHI. TakoX ue OOMH 3 HaunoLMPEHIWNX eneMeHTiB Ha Halulin
nnaHeTi. ATOMM BYrfeLu BOMOAiITb BNACTUBICTIO ribpuamsadii CBOIX eneKTPOHHUX
opbiTanen npu opmyBaHHi XiMiYHUX 3B'SA3KIB, WO NPUBOANTL OO iCHYBAHHSA Pi3HUX
anoTponHux ¢opmM. HaunowwupeHiwi 3 HUX € rpadit Ta anmas, aKi BonogitoTb
KapAnHanbHO PisHUMK isYHUMK BnacTueBocTamMu [1].

Bce wvactiwe InP 3actocoByloTb B SKOCTI NigKNagok Ans CTBOPEHHS
reteponepexodiB Ha Moro ocHosi [2]. Lle possonsie BUKOPUCTOBYBATM WMOro SK
mMartepian [gns  BOJSIOKOHHO-ONTUYHWUX JiHIN  3B'A3KY, a TakoX eqeKTUBHUX
BUNPOMIHIOBaYIiB i MNpuMMadiB  €feKTPOMarHiTHOro  BUMPOMIHIOBAHHA N4
cnekTpanbHol obnacti. Ha ocHoBi docdigy iHAil0 BXe CbOrofgHi CTBOPHOHTLCS
ePeKTUBHI [Kepena BUNPOMIHIOBaAHHSA, Taki SIK iHXEeKUiNHI nasepwu i ceitnogioan, wo
BUMNPOMIHIOIOTb CBITIIO B 3€efeHin i 6nakuTHin obnactax ChekTpy, LBUOKOAiIOMi
dooTonpurmavi.

docdin iHAIK po3rNsOaeTbCAa BYEHMMUM SK MOXIMMBA 3aMiHA KPEMHIKO Mpu
CTBOPEHHI COHSIMHUX €fIeMEHTIB 3aBASKKM BENMKIA LWIMPUHI 3aOOPOHEHOI 30HM i
NPSAMUM XapakTepoM MiK30HHUX nepexodiB [3]. ToMy € akTyanbHUM 3aBOaHHS
ctBoputn gioaun LWoTTki rpadit/p-InP Ta gocnignTu ix enekTpuyHi BNacTMBOCTI.

Hioan WoTTki rpacit/p-InP BUrotoBnsnmM metogom nepeHeceHHs HapucoBaHoI
nniBkK rpadity Ha nigknaaky InP. 3rigHo gaHoro meTtoay rpadiTtoBy NNiBKY crnoyaTky
pucytoTb Ha po3udnHHii nigknagui (NaCl), a noTim nepeHocaTb Ha rnagky NOBEPXHIO
HaniBNPOBIAHWKOBOI NigKMaAKN i POPMYOTb SKICHUA ONTUYHUIA KOHTAKT.

I3 kpuctana NaCl ckonoBanu nigknagky po3mipom 10x8x2 mm. OpgHy 3
NMOBEPXOHb CBIXO CKONOTOI MOHOKpucTaniyHoi conaHol (NaCl) nigknagkm mexaHivyHo
lwinigpyBanu AN CTBOPEHHS LLOPCTKOI MOBEPXHi ANA HAHEeCEHHS rpadiToBOT NIIiBKU.

Ha nigrotoBneHin noBepxHi CONSAHOI MigkNagkM 3a [[OMOMOroH YMCTOro
rpadiToBOro cTepxxHsa 1 MM y giameTpi Npu MOCTIMHIN NPUTUCKYIOYIA Cuni pucyBanu
oAHoOpigHy rpadpitoBy nnieky. [licns uboro 3pas3ok 06epexxHO PO3MIlyETbCS Ha
noBepxHi GiancTnnboBaHoi BoAM (NniBka rpadity 3Bepxy), Yepes3 Aekiflbka XBUIUH
conisHa nigknagka noBHICTIO po3unHunacs. lnaesatody HapucoBaHy NniBKy rpadity
nepeHecnu Ha nigknagky InP gna BurotoBneHHs reteponepexody rpadit/p-InP.
@pOoHTaNbHUN  ENEKTPUYHUIM  KOHTaKT [0 rpacdpitoBoi nniBkM (opmyeTbcs  3a
AOMOMOro0 HaHEeCEeHHs CpibHOI nacTv npu KiMHATHUX yMoBax. [ns CTBOPEHHS
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BMMapOBYBaHHS.
JocnimkyBaHi reteponepexoay BOSOAIKOTbL SCKPABO BUPAXKEHUMU OiOAHUMMU
XapakTepucTukamm 3 koediuieHToM BunpsiMieHHs k = 102 (npu V = 1 B).
Ha puc. 1 306paxeHo npsami rinkm BAX gocnigXyBaHOI CTPYKTYpW, BUMIPSHI
npu pisHMX Temneparypax.
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[Nsa HUX XapakTepHO 3MEHLUEHHST Hanpyru, Npu siKin CNOCTepiraeTbCsa WBUAKE
3pOCTaHHA  CTpyMy 3 MigBULLIEHHAM  TemnepaTypu  BHAcCNigOK  3HWKEHHS
noTeHuianbHOro 6ap’epy, 3yMOBNEHOro KOHTAKTHOK Pi3HULUEH NoTeHuiani..

LLnsxom ekcTpanonauil niHinHux ginaHok BAX Ha puc. 1 oo nepeTuHy 3 BiCClo
Hanpyr, BU3HaA4YMIM 3HA4YEHHSA BUCOTK NOTeHLianbHOro 6ap’epy reteponepexony npu
pi3HMX TeMmnepaTtypax Ta nobyayeanu ix 3anexHicTb (BcTaBka go puc. 1).

Ha puc. 2 npefcraBneHo 3anexHicTb andepeHuinHoro onopy Rair Big Hanpyrm
V, 3 IKOr0 MU BU3HAYUNN BENUYMHY NOCMIAOBHOIO Onopy Rs CTPYKTypu.

3 pucyHka BuAHO, WO B obnacti Hanpyr Oinblle BUCOTM MNOTEHLianbHOro
6ap'epy kpuBi Rgif(V) BUXoassTb Ha Hacu4yeHHs. Lle cBiguuTb Npo Te, WO Hanpyra Ha
Oap'epHin obnacTti Agioga nepecrtae 3MmiHOBaTUCHA, TOOTO Gap'ep NpaKTUYHO
BiKPUTMI, a CTPYM Yepes retepornepexia obMexyeTbCa Moro nocnigoBHUM OMOPOM
Rs, SIKMin BU3HA4Ya€eTbCA eKcTpanosnsauieto obnacti HaCMYeHHS OO NepeTuHy 3 BiCCHo
AndpepeHuinHoro onopy. Ak BUAHO 3 pUCYHKa, MOCMILOBHUM ONip He 3anexuTb Big
TemnepaTypu i cknagae 6nmsbko 2 kKOMm.

1. Blair V. E., Celebi K., Miillen K., Vermant J. Electrically Conductive Thin Films Derived from
Bulk Graphite and Liquid—Liquid Interface Assembly // Adv. Mater. Interfaces.-2019.-6.- 1801570
2. Pawara S. A., KimaD., Kimb A., Parkc J. H., Shina J. C., Kime T., , Kimd H. J.
Heterojunction solar cell based on n-MoS,/p-InP // Optical Materials.-2018.-86.-P. 576-581

3. Yin X., Battaglia C., Lin Y., Chen K., Hettick M., Zheng M., Chen C., Kiriya D., Javey A. 19.2%
Efficient InP Heterojunction Solar Cell with Electron-Selective TiO2 Contact // ACS Photonics.-
2014.-1.-P. 1245-1250
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3MiHa xapakTepucTuk Kpuctanis CsPbCls 3a gii nocTinHoro
€NeKTPUYHOro CTpymy

P.M. luc, M.M. Napacum

JlbgigcbKuli HayioHanbHUl yHisepcumem iMmeHi lsaHa ®paHka, kaghedpa ceHCOpHOI ma

HariernpoeiOHUKOB8OI elleKmMpPOHiKu, 8yr. eeH. TapHaecbko20,107, Jlbeie 79017, YkpaiHa

E-mail: lys_r@ukr.net

MoTpebu y BigHOBMOBaHMX OXXeperiax eHeprii BuMaratTb CYTTEBUX 3YyCUMb Y
po3pobui edekTMBHMX Ta [fgeweBux OoToenekTpudHnx Martepianax. CboroaHi
HannowmpeHilWwnMM MaTepianomMm y (OToenekTpuYHMX nepeTBoptoBavYax € CUsiuin.
EeKTMBHICTE KpEMHIEBUX COHAYHMX KOMIPOK CTaHOBUTb 6mnm3bko 25 %. OpgHak
BUPOBHMLTBO KPEMHIEBMX NEPETBOPIOBAYIB € JOCUTb 3aTpPaTHMM, OCKIfbKU MaTepian
notpebye BUCOKOrO CTYMEHI OYUCTKM ANS 30iNbLUEHHSA Yacy XWUTTS BiflbHUX HOCIIB
3apsay. lNNepoBckiTH, Yy AKMX HasiBHICTb AedekTiB crnabko BNAMBaE Ha 4ac Xuttd
BiflbHMX HOCIIB 3apsgy, po3rnagarTbCd AK feweBa | Oinbw  TexHonoriyHa
anbTepHaTMBa KPEMHID. 30KpemMa, BUKINKAOTb 3HAa4YHUI iHTepec ribpuaHi opraHivyHo-
HeopraHiyHi MaTtepianu, Ha SKNX y>ke OCArHYTO KoediuieHT kopucHoi il suwe 20 %.
OpHak, ribpngHi NnepoBcKiTK € AoBONi HeCTabiNbHUMK B aTMOCEPHNX YyMOBax, TOMY
3Ha4yHy nepcrnekTMBy BbOayalTb Y BUKOPUCTAHHI HEOpraHiYHUX Ta MOABINHUX
NepoBCKITIB.

[MepoBCKiTM BUKNMKAKOTbL TaKOX 3HA4YHY 3auikaBrieHiCTb SK JioMiHOopu
pisHoro npusHayeHHsa. Ha ocHosi cnonyk CsPbXs (X = CI, Br, I) oTpumaHo HU3Ky
BUCOKOE(EKTUBHUX JIOMIHECLIEHTHUX KBAHTOBUX TOYOK, LWO MNepekpuBalTb BeCb
BUWOMMMA  [jiana3oH ChekTpa, BOMOAIIYN  CMeKTparibHO  BY3bKMMU  CMYyrammu
BUNPOMIHIOBaHHA. Lle € Baxnueum, 30kpema, nig 4ac CTBOPEHHSA AucnneiB Ans
3abe3neyeHHs BUCOKOI nepedadi Konbopy Ta nig 4Yac po3pobKn NHOMIHECLLEHTHUX
MITOK Anga GionoriyHMx 0B'eKTiB, OCKISTIbKM CTBOPKOE YMOBU AN1s1 NEerkol igeHTugoikauii
UMX MapKepiB Yy 3MillaHMX cuctemax i3 GionoriyHMmmn ob'ekTamu, MapKoBaHUMMU
Pi3HMMKU KONbopamu. 3Ha4Hy yBary NpuaineHo CUHTe3y MIKpOo-KpucTanis, nniBoK Ta
MOHOKpUCTaniB.

[ns ekcnepuMeHTanbHUX LOCMiIIKEHb BUKOPUCTOBYBANM MOHOKPUCTaniYHI
nepoBckitTn CsPbCls, gaki 6ynn BupowieHi metogom bpigpkmeHa. CuHTe3s i picT
npoBOaMAM Yy  KBapuoBWMX  rpadiTM3oBaHMX amnynax Yy  BepTUKaNbHIN
BMCOKOTEMMEPATYpPHiN nedi. CuHTE3 npoBoaMBcA NpoTarom 24 roavH. BupoweHui
KpucTtan nicns oxXonoMKeHHSA po3pi3aBCcsa Ha OKpeMi 3pasku A4S eKCnepuMeHTanbHUxX
JocnigXeHb.

OpepxxaHi 3paskm XapakTepusyBanMCs BMCOKOK MPO30PICTIO Yy BUAMMIN
OINAHUI cnekTpa i BONOAINN YiTKUM KPaeM BMACHOMO MOMfIMHAHHA B OKOSIi JOBXWH
xunb 420 HM. EkcnepuMMeHTanbHO BCTAHOBMAEHO, WO MicNs MPOXOM4XKEHHS
MOCTIMHOIO €NEKTPUYHOro CTPYMYy Yepes 3pasoK NOro npo3opicTb y BUAMMIN obnacTi
CMEKTPY 3MEHLIYETLCA i Kpuctan 3abapBrioeTbCs, 0cObMMBO Le NPOosIBNSETbCA B
obnacTi goxuH xBunb 430 HM. 3 METOK ifeHTUIKaLil KpUcTaniyHoI CTPYKTYypu Ta il
3MiHM B peaynbTaTti 3abapBneHHs KpucTaniB 3a Ail enekTpudHoro crtpymy, 6ynu
npoBeaeHi gocnigxeHHs X-audpakuii BuxigHoro i 3abapBneHoro 3paskis Kpuctanis
CsPbCls. Y 3abapeneHux kpuctanax 3adikcoBaHo 6inblly KifnbKiCTb AOMILLKOBOI
dasn CsisPbCle.

BapTto BigMiTUTK, WO NicNa NPOXOMKEHHA MOCTIMHOIMO €fIeKTPUYHOro CTPyMYy,
BHaCNIAOK NepeMilleHHS aHioHiB, KpucTan 3abapBntoeTbCa He OAHOPIAHO MO BCbOMY
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o6’emy, a ctae TemHiwnm (Ginbw 3abapeneHum) 6ina Big’emHoro enektpoay. Lle
MO>Xe O3Ha4yaTu, Lo 3 Liel 4iNAHKM aHIOHN nepeMillaroTbCa 4O 0AAaTHOro enekTpoay
i, BIAMOBIAHO, BWHUKAE pfiNAHka Kpuctany, <9ka 306igHeHa Ha aHioHn. bins
NPOTUNEXHOIO KOHTaKTY HaANMMULLIKOBUIA XI10p 3anuLiae KpucTan.
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EnekTpoximiyHi BnacTMBOCTi HQHONOPUCTUX ByrneLeBnUxX
MaTepianiB, OTPUMaHUX i3 KOCTPU KOHOMNNI

C.A. Jlicoscbkal, P.B. InbHUUbkuint, P.M. JlicoBcbkuir?

1 Mpukapnamcskull HaujioHanbHUU yHieepcumem imeHi Bacunsi CmegbaHuka, syn. LllesyeHka, 57,
lsaHo-®paHkiecbk, 76018, YkpaiHa, E-mall: cvetalicovcka@gmail.com
2 |eaHO-®paHkiecbKull HauioHanbHUl MeduyHUl yHieepcumem, 8yn. lanuubka, 2, lsaHo-OpaHKiechK,
76018, YkpaiHa

AkTuBOBaHu Byrneuesun wMatepian (ABM) Bigirpae BaxnuBy ponb B
3abes3neyeHHi XUTTEIANbHOCTI NIOANHW, TOMY BLOCKOHANEHHS WMOro CTPYKTYpW,
MOLWYK AeLleBUX D[Kepen CUPOBMHU Ta HOBMX TEXHOSMOTYHUX pilleHb npu obpobui €
aKkTyanbHUMKN 3aBOaHHAMKM BGaraTbox gochnifXeHb. [Ns NOro BUrOTOBMEHHS LLUMPOKO
BUKOPUCTOBYIOTb JIFTHOLIESTIONO3HI MaTepianu, SAKi XapakTepusylTbCA HEeBUCOKOK
BapTICTIO OTPUMaHHA | nNpugaTHi ONS BUKOPUCTAHHA B SKOCTI  €NneKTPOAHUX
MaTtepianiB enekTpoxiMmiyHMX KoHgeHcaTopis (EK) 3 noaBiiHMM eneKkTpuyHNM LWapom
(MELWW). MepcnekTMBHUM € BUKOPUCTAHHS €NEKTPOAiB 3 aKTMBOBAHOIO BYrNeLeBoro
mMartepiany, OTPUMAHOrO 3 CUPOBMHU POCIIMHHOIO MOXOLKEHHA, 3 ornagy Ha ix
AeLleBn3Hy, eKONOrivyHy 6eaneky, XiMivyHy iHepTHICTb A0 enekTponiTie [1]. B 3B’A3Ky 3
UMM, BCTaHOBJIEHHA B3aEMO3B’SA3KY MK CTPYKTYpOK BUXIOHOI CUPOBUHU Ta
CTPYKTYPHO-MOPONOriYHUMM | eNneKTpornpoBigHUMM BrACTUBOCTSAMU aKTUBOBAHUX
BYrneueBux Martepianis, 3’ACyBaHHA BNIIMBY YMOB IX OTPUMaHHA Ta MOPONoriyHmnx
XapakTepUCTUK Ha  EHEProeEMHICHI  napamMeTpu  enekTpoXiMiYHUX  CUCTEM,
chbopMOBaHMX Ha 1X OCHOBi, € BaXNIMBUM HAyKOBWUM i MPUKNaAgHUM 3aBOaHHAM
JocnigXeHHs.

ByrneueBun wmatepian Ha OCHOBI POCNWHHOI 6GiomMacyn KOCTpyU KOHONMI
oTpUMyBanu 3a OMOMOror TEPMOXiIMIYHOI akTMBaLil OpTOOCEHOPHOK KNCNOTOK 3
Pi3HMM  CMIBBIOHOLWIEHHAM KUCMOTM Ta npekypcopy [2]. [MopucTty CTpyKTypy
BYrNeLeBOro marepiany oOuiHioBanu 3a izotepmamun agcopbuii/aecopbuii asorty 3
3acTtocyBaHHAM copbTomeTpa Quantachrome Autosorb Nova 2200e.

3 aHanisy kpuBux agcopbuii/gecopbuii BMnnmMBae, WO ANSA BCiX TEPMIYHO
MoamncikoBaHMX 3paskiB OCHOBHUI BHECOK B 3aranbHui 06’eM nop pobnaTtb nopu
po3mipoMm < 2 HM. MoxHa cTBepaXyBaTW, WO 3MiHA MacoBOro CniBBigHOLUIEHHS
aKkTuBaTopa Ta KOCTPU KOHOMNS JO3BOMAE KOHTPOMNOBATU BENMUYUHY MUTOMOI MNOLLi
noBepxHi matepiany (B AianasoHi 750-2000 m?/r) Ta po3noain nop 3a po3mipamu B
Pi3HOMY BiCOTKOBOMY CMiBBIAHOLLEHHI IX BENIMYUH. AHani3 pe3ynbTaTiB JOCMigKEHb,
npoBeaeHMX 3a AONOMOro HM3bKoTEMNepaTypHoi copbuii a3oTy, nobpe kopentoe 3
AaHUMK, OTPMMaHUMM MEeTOAOM PacTPOBOI E€NeKTPOHHOI Mikpockonil. [MoBepxHs
BYrreLeBnx YaCcTUHOK NMPWY BUCOKUX KOHLIEHTPaLiSX KNCNOTU 3a3Hae 3HAYHOT KOpO3il,
BHaAcnNigok Yoro 30inbLlyeTbcsa 06’eM Me30- i makponop [2].

3 oTpumaHux matepianis oopmyBanuca maketn EK 3 BUKOPUCTaHHSM y SKOCTI
enektponity 30% BogHoro po3dnHy KOH. EnekTpoxiMmiyHi  gocnigpKeHHs
NPOBOOMINCA 3 BUKOPUCTAHHAM [OBOXENeKTPOAHOI KOMipku. [aHi oTpumaHi
NoTeHUiOOMHaMIYHUM MEeTOAOM [J03BOSIMAM HaM po3paxyBaTu, 3a [LOMOMOror
MeTOAUKN onucaHoi aBTopamu [3], 3ararnbHy enekTpoeMHicTb ABM dk cymy €MHOCTI
noaginHoro enektpuyHoro wapy (Cpew) Ta ANPY3iMHO-KOHTPONbLOBAHY OKUCHO-
BIQHOBHY EMHICTb 3a paxyHOK dapageiBCbkux 060poTHUX pepokc peakuin (Co):
C =Cnew + Co. MakcnmanbHe 3HavyeHHs nuTomMoi emMHocTi ABM, 4qki  Gynu
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po3paxoBaHi Ha OCHOBI PO3PSAHUX KPUBMX OTPMMaHUX 3a  [OMOMOroH
XPOHOAMMNEPOMETPMUYHOIro MeToay, CTaHoBUTbL 113 /T,

Taknum YnHOM, NpoBeaeHU aHani3 BNMBY TEXHOMOrYHMX YMOB i peXUMIB Ha
MOPQOOnoriko  BYrfeueBoro martepiany 3 CUPOBUHM OpPraHiyHOro MOXOPKEHHSA
Ao3Bonsie  nepenbauMtv  NepcnekTMBM  MOr0  BUKOPUCTAHHSA B HOBITHIX
eHeproHakonuyysanbHUX  MPUCTPOSAX  3aBOSKM  KOHTPONbOBAHOCTI  MOPUCTOI
CTPYKTYpU npu 1X OTpUMaHHi. BCTaHOBMNEHO B3a€EMO3B’SI30K MiXK CTPYKTYPHO-
MOPAONOriYHUMU,  QI3UKO-XIMIYMHUMW  Ta  E€HEProEMHICHUMWN  XapaKTepucTukamm
OTpMMaHuX BYyrneueBux MatepianiB. [lokaszaHo, WO B Mpoueci OTPUMAHHS
BYrneueBmnx Martepianis, 3anexHo Bif X BHYTPILHbOI CTPYKTYpU Ta BUOOPY pexmnmis
Moamndikauil, MOXNMBO KOHTPOSIbOBAHO 3MiHIOBATU 1X BENWYMHY MNUTOMOI MIOLL
noBepxHi (B gianasoHi 600 - 2000 M?/r) Ta po3noain nop 3a po3mMipamu.

PosgineHo BHecok emHocTti NELW B 3aranbHy emHictb EK, ctBopeHux Ha
OCHOBI oTpumaHnx ABM B posumHax BogHUX enekTponiTie. [lokasaHo, LWo
MakcumarnbHa enektpoemMHicTb MNMELWL ctaHoBuTb 83 % 3aranbHOi EMHOCTI MakeTiB
EK.

[1] Beguin F., Frackowiak E. Carbons for Electrochemical Energy Storage and Conversion Systems
(CRC Press., 2010).

[2] Ostafiychuk B.K., Lisovskiy R.P.,  Al-Saedi A.H.Z., Rachiy B.I., Kotsyubynsky V.O.,
Kolkovsky P.l., Merena R.l., Hrubiak A.B. Effect of Orthophosphoric Acid on Morphology of
Nanoporous Carbon Materials // Journal of Nano- and Electronic Physics. -2019.-11, N 3.-P.
03036-6.

[3] Ardizzone S., Fregonara G., Trasatti S. “Inner” and “Outer” active surface of RuO, electrodes //
Electrochimica Acta. -1990.-35, N 1.-P.263-267.
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AHani3 TepmoanHamMiyHnx napameTpiB PV/T cucremum
Ha OCHOBI YNcenbHOI Moaeni TennoBux npouecis

P.B. 3anues, K.O. MinakoBa, M.B. KipiueHko, [1.C. LLkoaa

1 HauioHanbHUl mexHiyHUl yHisepcumem «XapkiecbKuli nonimexHiyHul iHcmumymby,
syn. Kupnuuesa, 2, Xapkis, 61002, YkpaiHa,E-mail: mesc@khpi.edu.ua

EdekTMBHICTb BUKOPUCTAHHA COHAYHOI eHeprii K aKepenia enekTpoeHepril B
AaHun 4vac obmexeHa emEKTMBHICTIO COHAYHUX EeNIEMEHTIB, dka ANnd NpUCTPOIB,
AOCTYMNHUX OS5 MacoBOro crioxkmBaya (npauioTb 6e3 COHAYHOI KOHUeHTpauil),
3HaxogutbCca Ha piBHi  20-22%. [lepcnektmBHMM  CNocoboM  NiABULLIEHHSA
€(dEeKTUBHOCTI COHSIMHOT €Heprii € BUKOPUCTaHHA TidpnaHux ¢OoTOENeKTpUIHNX /
KOHLIEHTPOBAHUX COHAYHO-TEMSIOBMX CUCTEM, LLO MOEOHYIOTb COHSIYHI €fleMeHTU Ta
COHSAAYHI TENnoBi KONEKTOpW, WO Moxe 3abe3neuntn KomMbiHOBaHe NepeTBOPEHHS
COHSIYHOrO BUMPOMIHIOBAHHS B ENEeKTPUYHY Ta TEensioBy €EHEeprito i3 3aranbHok
edeKTMBHiCTIO cuctemu binbLue 3a 80%.

OcHOBHOIO MeTOoK pobOoTM € po3pobka Ta YucernbHa OLiHKa PO3paxyHKOBOI
mMoaeni onTumisauii ribpnaHoT COHAYHOI (POTOENEKTPUYHOT / TENMOBOI CUCTEMMU, SIKa
BpaxoBYE 3MiHHI BJlaCTUMBOCTI KOMMOHEHTIB CUCTEMMU, 3 METOK MaKcuMmisauil
30MpaHHA COHSIYHOrO ChneKTpa Ta LOCArHEHHA BUCOKOEdEKTUBHOIO KOMOGIHOBaAHOro
NnepeTBOPEHHSI COHSIMHOI eHepril B Takii riopuaHin cuctemi. [na BUpPILLEHHA Taknx
npobnem HeoOXigHi HadinHI Ta TOYHI MoAeni Ta anropuTMnM Ans MOAENOBaHHSA Ta
onTUMi3auil TepMoaAMHAMIYHUX BNacTUBOCTEW FiOpUOHUX CUCTEM 3a [LOMOMOroH
pPO3paxyHKiB, 3aCHOBAHNX Ha 3aranbHUX NPUHLMNAX TEPMOONHAMIKMN.

B pamkax npoBegeHoi pobotm OGyna 3anpornoHoBaHa 4acTkoBa MoOAESNb
CUCTEM, WO poO3rNaAgarTbCsa. Taky MoOAenb MOXHa BWKOPUCTOBYBATM  Ons
pO3paxyHKy TEnsoBOI eHepril, sKy OTPMMYEMO Big, OAHOrO KIaCU4HOro KonekTtopa.
3asBuyan, peanbHa cuMcTeMa Mae Aekinlbka napanenbHux TpyboK 3 TensoHOCIEM.
Akwo ue Tak, To TeNnoBa eHeprisi, OTpMMaHa Big O4HOro KOfeKTopa NOMHOXYETbCS
Ha KiNbKICTb napanenbHUX KonektopiB. B pamkax mogeni aHania KoHdirypauil
KoSnekTopa NpoBOAUTLCSA Ha OCHOBI 3aKOHY TensioBoro 6anaHcy Ans eneMeHTapHol
AinsaHkm (steady state energy balance of an element):

dr ar
- — —k6—| )= (—ké— =
AxS — AxU (T — Ty) + ( o x) ( . xmx) 0, )
Ae S — nornuHeHa Tennosa eHepria (BT/m?); Ui — koediuieHT BTpaT (BT/M?-K); Kabs —
TennonpoBigHiCTb  maTepiany abcopbepy (Bt/m-K); Ta — TemnepaTtypa

HaBKOMULWIHBOrO cepeposuwla; Tx — TemnepaTtypa abcopbepa B Toyui X; Q'fin —
Tennonepegada B Hanpsami x npu x = (W-D)/2 Ha oguHuuto JOBXUHKU TpyOKku (BT/m)

(puc. 1).
Ty

)
| —= X gﬁn ==

g o=
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PucyHok 1 — Posnogin TemnepaTtypu B NOrnuHaui.

Mogenb [o3Bonsie pospaxyBaTu Ta ONTUMI3yBaTU KoeilieHT edpeKTUBHOCTI
Konektopa F’ — ue BigHOWEHHA hakTUYHOI eHepril, Wo nepegaeTbca 4O pPiavHKU, 00
eHeprii, WO OoTpuMaHa npu NOCTIMHIM TemnepaTtypi MorfMHa4a Ta BigoMmin
TemnepaTypi piavHn. Lle cniBBiQHOLWEHHA Cnpoullye po3paxyHKM Ta [O03BONSE
po3paxoByBaTW KOPUCHY €Heprilo 3 BUKOPUCTAHHAM OHIEl HEBIAOMOI Temnepartypu.
KoediuieHT edeKTUBHOCTI KOMNeKTopa aHanoriyHum o KoediuieHTa eqeKTUBHOCTI
pebpa, OCKiNbKM Big MOB’A3yE XapakTepUCTUKWU Tenrnonepefadi 3 TemnepaTryporo
TennoHociA:

q', = WF (5 - Uy(Ty - Ta))’ @

CniBBiAHOLLEHHS MOXXHA BUKOPUCTOBYBATU AN pO3paxyHKy KOPUCHOI eHepril,
3ibpaHoi Ha oauHWLI OOBXUHW TpyOkn nornuHada. CniBBigHOLWEHHS (2) moxe ByTu
3MIHEHUM NS pO3paxyHKYy XapaKTepPUCTUK 3 TOYKM 30pYy TEMNSIOBOI e(PEeKTUBHOCTI:

Qu Tfi “la
—_— =F —F —_—
GA Nt r(Ta) rUp G 3)

ae nt — TennoBa egeKTUBHICTb, TA - MPOMyCKakyo-nornMHatyda 3gaTHicTb; G —
NOTYXHICTb COHAYHOT pagiauii, Wwo HagxoauTtb (BT/m>?).

Anpobauia 3anponoHoBaHol moaeni byna npoBeaeHa y NnporpaMHOMY MakeTi
PTC MathCAD (puc. 1).

: \

Puc. 1 — MogentoBaHHA po3noginy temnepatypu y nornnHadi PV/T cuctemun 3a
[0MOMOroro 3anponoHoBaHOI Moaeni

PesynbTatm MogentoBaHHA Ta aHania OTPUMAaHUX YUCESNIbHUX 3HayeHb
[03BONSE NioTBEPAUTM adeKkBaTHICTb 3anpornoOHOBaHOI MoAenNi Ta BU3Ha4Yae BEKTOPU
1T noganbworo po3BUTKY LWOAO BpaxyBaHHA [OOATKOBUMX TepMOOUHaAMIYHUX
napameTpiB Ta napamMmeTpiB COHAYHUX eNeMEHTIB.

1. Minakova K.A., Zaitsev R.V. Improving the Solar Collector Base Model for PVT System //
Journal of nano- and electronic physics. — 2020. — Vol. 12. — No 4. — P. 04028-1 — 04028-5.

2. Zaitsev R.V., Kirichenko M.V. Novelty approach to GaAs solar cells modelling // 2020 IEEE
KhPIl Week on Advanced Technology (KhPI Week) 5-10 October 2020, Conference proceedings.
— Kharkiv: NTU “KhPI”, 2020. — P. 71-75.
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Investigation of hot carrier phenomenon in
GaAs p-n junction
O. Masalskyi, J. Gradauskas

Vilnius Gediminas Technical University, Sauletekio al. 11, Vilnius, LT-10223, Lithuania
E-mail: oleksandr.masalskyi@vilniustech.It

The Shockley-Queisser theory puts the limits on efficiency of a single-junction
solar cell [1]. It assumes that only photons having energy close to a semiconductor
forbidden energy gap are used effectively in the formation of an electrical output
signal. Residual extra energy of the high energy photons not used for the electron-
hole generation is scored up only through the process of carrier thermalization, i.e.
through the lattice heating, and this way influencing solar cell efficiency. Low energy
photons are assumed to be not absorbed at all.

We present experimental results demonstrating direct impact of the hot
carriers on photoresponse of a p-n junction. As an object of investigation, GaAs p-n-
junction was illuminated with 15 ns-long laser pulses of 1.06 um wavelength. Short
enough pulse and the wavelength opened the possibility to observe the induced
photoresponse consisting of three components. The first one, Ug, is a relatively slow
component caused by a classical electron-hole pair generation. The second one,
Unc, is fast, follows the laser pulse shape and has opposite polarity; this is an
inherent feature of the hot carrier photovoltage. The third one, Ut, has the same
polarity as Uuc but is much slower; it is attributed to the thermoelectric electromotive
force caused by the p-n junction heating [2]. As the research reveals, each
component has characteristic different dependency on laser intensity, applies bias
voltage (see Fig. 1), sample temperature.
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Fig. 1. Dependence of Unc and Us components on relative laser intensity at
different bias voltage values.

Thus, besides the usually considered thermalization of hot carriers, the
magnitude of the net photoresponse depends on the result of mutual simultaneous
competition between all three components. Maximum reduction of the hot carrier
photovoltage contribution will boost the efficiency of a p-n junction solar cell. On the
other hand, reckoning in the direct impact of the hot carriers may possibly lower the
theoretical efficiency limit.

1. Shockley W., Queisser H. J. Detailed balance limit of efficiency of p—n junction solar cells // J.
Appl. Phys.-1961.-32.-P. 510-519.

2. J. Gradauskas, S. ASmontas, A. SuZiedélis et al. Unfolding hot carrier impact in photovoltage
across a p-n junction // Appl. Sci.-2020.-10.-P. 1-8.
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NMepcnekTnBmn 3actocyBaHHA Ge p-i-n hoToaionis B
Cy4YacCHil TexHiu,i

A.B. PegopeHko
I®OH im. B.€. Jlawkapbosa HAH YkpaiHu, np. Hayku, 41, Kuie 03028, YkpaiHa
E-mai: aaartemaa@gmail.com

Mepwi repmaniesi Ge ¢oTtogioan 3'aBunucb we B 50MX pokax MWUHYNOro
CTONITTA | €K OiNbWiCTb IHWKWX MPOrpeCcUBHUX TEXHIYHMX 3acobiB, BOHM
po3pobnaAnNnCch 4Ns BiNCbKOBOI TEXHIKK, @ caMe AN ynpasBniHHA Ta HABEAEHHS pakeT
3a JOMNOMOro iHppayepBOHOro NpomeHto [1].

HianasoH cnektpanbHoi YyTnmeocTi Ge goTtoaioais ctaHoBUTL 0,4 — 1,7 MKM 3
Makcumym JyTtnueocTti 1,5 MKM, BIigNoBigHO [0 HaWBINbWOro KoeqilieHTy
NOrfMHaHHSA repmadito [2]. [ina Taknx cnekTpanbHUX napameTpis anbTtepHaTnsow Ge
€ nuwe InGaAs doToaioam, ski MatTb GinbLUy YYTAMBICTb, NPOTE 3HAYHO CKNaAHiLi
B BUrOTOBMEHHI i Aopoxdi BignosigHo [3]. Tomy weuakogitoumn p-i-n Ge dotoaios
Mae nMepcnekTMBM 3acTOCyBaHHS B Janekomipax npautoumx B BGRVXKHIN
iHppayepBoHin obnacTti. OcobnmMBo BUCOKI BUMOrM 0o ¢boTonpumadia ganekomipis
BiNICbKOBOrO MNPU3HAYEHHA, 4Yepe3 HeOOXiAHICTb TOYHOro BWUMIPIHOBAHHA BENUKNX
BiACTaHeW Ta HafinHocTi TakMx npuctpoie. Ha 6asi  [HCcTUTYyT  Qisnkum
HaniBnpoBigHukiB iM. B.€. JlawkapboBa 6yB po3pobneHnin Ta CTBOPEHUN
weuakoditoumn p-i-n Ge dotogioqn (MateHT Ha BuHaxig Ne 120648, 2020), akuin
eKCcrnepuMeHTanbHO NiATBEPANUB MOXIUBICTb MOro 3acTOCYBaHHSA B iMMYSIbCHOMY
nasepHoMy ganekomipi [4]

EkcnepuvmeHTanbHi  JOCNIIKEHHS MNoKasanu TakoX MNepCrnekTUBHUM €
3acTtocyBaHHA Ge coToaiodiB Ans AOCNIMKEHHS SBULLLA NOBEPXHEBOrO MasMOHHOro
pe3oHaHcy B 6nuxHin iHppadepBoHin obnacTi [5]. OgHieto 3 nepear lNIMNP-ceHcopi
B Ui 0bnacTi € LWMpOoKi MOXMIMBOCTI ANs AocnigkeHHa OionoriyHmx o6’ekTiB [6].
MepcnektnBHnmMm Moxe OyTn ctBopeHHs MNP npunagiB 3 Ha OCHOBI OMNTMYHOrO
BOJIOKHa 3 cneuianbHum nokputtam ta Ge dpoToaioqom.

lMoeaHaHHS LWBWAKOAIKYOro p-i-n doTtodiony 3 MOXIMBOCTSIMW CEHCOPIB Ha
OCHOBi OMTMYHOrO BOSIOKHA MOXe MaTu AN CTBOPEHHS MIKpoBariB, AaTyukiB
TOPKaHHS, MiHii OXOPOHM NEPUMETPY BaXXNMBUX 00’EKTIB.

1. KObunel nepsozo omeyecmeeHHo20 ghomoduoda u3 eepmaHusi [EnekmpoHHul pecypc]
Pexum docmyny: https://astrohn.ru/2018/03/29/anniversary photodiode/

2. A. B. ®edopeHko, CIIEKTPAJIbHA ®OTOYYT/INBICTh AN®Y3IMHUX Ge-p—i—n-
@OTOLIOAIB / TexHonoaus U KOHCMpyuposaHue 8 3rieKmpoHHoU annapamype, 2020, Ne 3—
4,17-23c.

3. Lamminpéé A., Noorma M., Hyyppé T., Manoocheri F., Kédrhé P., lkonen E. Characterization
of germanium photodiodes and trap detector / Measurement Science and Technology, Ne 17
— 2006, 908-912 p.

4. A.V. Fedorenko, I.O. Vorona, V.P. Maslov, Investigation of Ge p-i-n photodetector as a part of
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Mpunagn Ha OCHOBI siBMLA@ NOBEPXHEBOro nrasmMoHHoro pesoHaHcy (MM1P)
MaltTb BUCOKY YYTSIMBICTb [0 HMU3bKMUX KOHLEHTpaUil AOCnigpKyBaHUX pPeYvYOBUH
(aHaniTiB), TOMy 3acTocoBYyKTbCA AN JflabopaTopHOro aHanisy B  XiMIiYHIn
NPOMWUCIIOBOCTI, B MeOWUUHI | ONA €eKOSMOriYHOro MOHITOPUHIY HaBKOSULLHLOIO
cepegosuwa [1]. OcHoBHMM byHKUiOHanbHUM enemeHToMm [MIMP-npunaais € ceHcop,
AKUA € NEePBMHHUM MepeTBopoBadYeM, Ta BU3HAYa€ OCHOBHI X METPOSIOriyHi
XapakTepucTUKK, 30KpeMa Noro YyTrmBICTb.

OpgHum 3 HanpsiMkiB  BAockoHaneHHsa  [MP-ceHcopiB, WO  aKTUBHO
PO3BMBAETLCS, € 3aCTOCYBaHHA MaTepianie Npu3M 3 HU3bkuUM (N < 1,6) NOKa3HUKOM
3anomneHHa (M3) gna 36inblueHHs 4YyTNMBOCTI NpW OOCRigpKeHHi pianH [2, 3].
AsTopamun [4] po3pobneHo [MMNP-ceHcop i3 nNpuM3MOKD 3 MOHOKPUCTanNiYHOro
maTepiany CaF2 Ta nokasaHo 36inblUeHHSA YyTNMBOCTI B M'ATb pa3 npu nepexogi 3
BMOMMOIO B iH(ppavyepBOHMI [iana3oH OOBXWMH XBUIb BUNPOMiHOBaHHA. OgHuMM 3
MaTtepianis, SKAM 3anuumMecA nosa yearow gocnigHukis [NP-ceHcopiB, €
ckrnokepamika Zerodur (Schott, Hime4unHa), dka mMae nMpPakKTUYHO HYNbOBUN
KoedilieHT TensoBOro pPO3LUMPEHHA Ta BUCOKUMM KOEMIUIEHT NpOMyCcKaHHA B
iHppayepBoHin obnacti. Tomy pgouinbHO BMKopucToByBaTM Zerodur B SIKOCTI
maTtepiany ana npusm [1MP-ceHcopa 3 pKeperioMm BUMPOMIHIOBAHHA came Yy
iHppayepBOHOMY AianasoHi OOBXWUH xBWUSb. KpiM TOro uen martepian Mae HU3bKUN
M3 (n < 1,6) Ta MeHWe, HiXK Yy KPOHIiB, 3Ha4yeHHa dn/dA. B Hawin poboTi 6ynn
AocnigpkeHi B iHpayepBOHIM  obnacTi  chnektpa Taki  mMmartepianu  ans
npusM:cknokepamika Zerodur, HannowWMpPEHILWi MapKkM ONTUYHUX CTEKOST 3 HU3bKUM
M3 Ta ansa nopisHAHHA CaF2, a Takox goniHTK N-SF2 in N-SF11.

B gakocTi gocnigpkyBaHux cepepnosuuy (aHanitiB) 6ynu obpaHi guctunboBaHa
BOOJAa Ta BOAHI poO34MHM rniuepuHy. AHania npoBogueca ANs iHpayvyepBOHOro
AianasoHy OOBXWH XBUIb 30yQKYHYOro NOBEPXHEBUI NNA3MOH BUMPOMIHIOBaHHS i3
BUKOPUCTAHHAM MaTepianiB ans npusMm 3 pPisHUMU MOKa3HUKaMn 3anoMIIeHHs, a
came: cknokepamikn Zerodur (np=1,5423), ontnyHux crekon N-FK51A (np=1,4865) i
N-BK7 (np=1,5167) 3 HW3bKMM MNOKa3HWUKOM 3arOMISIEHHA, MOHOKpPUCTani4yHoro
matepiany CaF:2 (np=1,4339), a Ttakox d¢niHTiB N-SF2 (np=1,6475) Tta N-SF11
(np=1,7845). YncenbHe MopentoBaHHA npoBoaurnioca B cepeposuli MathCad 3
BUKOPUCTaHHAM opmyn ®PpeHens | maTematudHoro dopmarnismy mMaTpuub
po3citoBaHHA [KOHCa ANs BM3HAYEHHA BMANMBY OMTUYHMX BNACTUBOCTEN PIi3HUX
MaTtepianiB Npu3M Ha pe3oHaHcHi xapaktepuctuku [NP-ceHcopa 3a ymMOB 3MiHU
AO0BXUHM XBUAi BunpomiHioBaHHS (980 Hm, 1310 HM, 1550 HM — OOBXMHM XBUIlb
KOMEPpUINHO AOCTYMNHUX HaMiBNPOBIAHMKOBUX Na3epiB iHppayepBOHOro diana3oHy) Ta
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3MiHM MOKas3HWKa 3aroMneHHs JdocnigxyeaHoro cepeposuwia. Yytnusicte [MI1P-
CEHcOopa BM3Havanu siKk BiAHOLLIEHHSI 3MiHM KyTa MiHIMyMY XapakTepuUCTUKN BioOUTTS
A0 3MiHW NOKa3HWKa 3aroMrneHHsa aHanity. KyT MiHiMymy XapakTepucTuku BigbuTTs
BU3HA4Yanu Ansa pisHUX KoHueHTpauin C BOOHMX PO3YMHIB TNILEPUHY Ha LAOBXKMHI
XBUNI BUMNPOMIiHIOBaAHHA 1550 HM 3 MNOKa3HWKOM 3anoMieHHs na. Po3paxoBaHo
KyTOBY YyTNMBICTb Se AN1A pi3HMX Matepianis npuam (puc. 1) Ana BOAHUX PO3YUHIB
rnigepuHy.
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TToKa3HHK 3a710M/ICHHSI

Puc.1. 3anexHicTb YyTNMBOCTI Big NOKasHMKa 3arIOMSIEHHSA BOOAHUX PO34NHIB
rniLepuHy ans pisHuUX maTepianis Npuam

Ha 4yTtnueicTtb NMNP-ceHcopa BNNuBalTb OMNTUYHI XapakTepUCTUKX MaTepiany
npuamMn, nNpuyomMy Hambinblla KyToBa YyTNMBICTb CMOCTEpPIraeTbCa And martepiany
CaF2 (173 rpaa./RIU gns 60 % po3yunHy rniuepuHy), a HaummeHwa — ans N-SF11 (55
rpag./RIU ana 60 % posyunHy). Bucoka 4yyTnuBiCTb Ans maTtepiany 3 MEHWWUM Np
noe’si3aHa 3 HaMMEHLIOK BenuYMHOK pisHuui M3 npuaMm np Ta aHanity na,
BiANOBIAHO 40 BiZOMOro doopmManiamy Anga YyTnmBocCTi 3 Jpkepena [5].

3a pesynbTatamMu aHanidy BCTaHOBMNEHo, wo 4yTtnueicte [1MP-ceHcopa
3poctae BTpudi 3 52,83 rpag./RIU go 173,16 rpaa./RIU npu 3miHi nokasHuka
3anomneHHa npmamm 3 np = 1,79 go no = 1,43. Takox Oyno BCTAHOBMEHO, LLO
30iNblUEHHS OOBXWHW XBUAi BUMNPOMIHIOBAHHA nigBuwye sk 4dytnueicte [MP-
CeHcopa, Tak i TemnepaTypHy CTabifnbHICTb, He3anexHo Big4 Martepiany npuUsMMu.
Peasynbtat gocnigXeHHs MoXyTb OyTn BUKOpUCTaHI siKk Anst po3pobkn Hosux [MI1P-
CeHcopiB, TaK i Ansg onTumisauil pexumis poboTM iCHYKUMX, 30Kpema Bubopy
ONTUManbHOI YyTNMBOCTI NpWU 3aJaHOMy fianasoHi BUMIPOBaAHHS  MOKa3HMKa
3anoMIeHHS OOCNIAXKYBaHOI PeYOBUHM.

1. BomntoBuuy U. [., KopcyHckun C. . CeHcopbl Ha OCHOBE MNa3MOHHOIo pe3oHaHca: NPUHLUUMEI,
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Linearization of angular characteristics of the sun sensor
for the polyitan-3 satellite

Anatoly ivashchuk?, Dusheiko Mychailot, Mykola Koliada?, Oleksandr Masalsky?

llgor Sikorsky Kyiv Polytechnic Institute, department of electronics, Ukraine k.s.kolyada@gmail.com
2Vilnius Gediminas Technical University, Lihuania

The Sun Angular Coordinate Sensor (sun sensor) of the PolylITAN-2 satellite
had a number of inaccuracies in determining the Sun's coordinates, so the sensor
needed modernization, that is, improved measurement accuracy [1]. Errors in
determining the position of the spacecraft of this sensor are: nonlinear signals
(angular characteristics), which are explained by an uneven change in the pitch of
the displacement of the sunspot. The sensor support elements respond to the
illumination change in two coordinate axes, which further increases the
measurement inaccuracy.

In order to optimize the operation of the sensor and to resolve these
inaccuracies, it is necessary to change the geometric dimensions of photosensitive
elements and to investigate the effect of geometric dimensions and shape of the
photocells on improving the determination of the coordinates of the sun.

The modification of the shape of the photosensitive elements was that the
change in the shape of the photosensitive elements of the support and the working
channels compensated the loss of power. This means that one side of each element
is described by a function inversely proportional to the power loss.

Fig 1 shows the dependence of the voltage on the change in the angle of
incidence of sunlight at the vertical position of the sensor. The deviation of the real
characteristics from the expected are from -0.03 to 0.04 V, but they almost coincide
with the real in the whole range of measurements of the angular characteristics.

When comparing the angular characteristics of the prototype sensor with the
sensor mounted on the PolylTAN-2 satellite, we can conclude that the obtained
characteristics of the prototype are almost linear.
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Fig 1. Dependence of differential voltage of working channels of photocells on the
angle of inclination of light radiation: a) - sensor mounted on the satellite "Polyltan-
2", b) - for the modified sensor.

[1] Yakimenko Y.l., Ivashchuk A.V., Fadeev M.S., Koval V.M., Dusheiko M.G., Kavraska N.M.

Research report «Development of 2-coordinate device for determining angular Sun
coordinates on nanostructured silicon films for spacecraft », —K., 2017. — 211p.
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HeTekTop AMMY HA OCHOBI NJSTA3MOH-MONMSIPUTOHHOIO
¢oTopeTekTopa

O.B. Wtukano?!, T.B. CewmikiHal, C.B. MamukiH?2

1 Kuiecbkuti nonimexridHuti iHcmumym im. lzopsi Cikopcbkozo, npocnekm [Mepemoau, 37, Kuie 03056,
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Bigomi gatumkun, KOTpi € CKIagoBOK CUCTEM NOXEXHOT Hebe3nekn, NoainsaTb
Ha IOHi3auinHi Ta dooToenekTpuyHi [1]. loHi3auinHi BUKOPUCTOBYOTb MO3UTUBHI i
HeraTuBHI IOHN MK 3apamKeHUMU NracTUHaMn, NOTpannaHHA MOMEKYNN ropiHHA B
obnacTb iOHI30BaHOro cepefoBulla 3MeEHLIye CTpyM, wo Oyae ceiguutu npo
AeTekTyBaHHA aAnmy. POTOENeKTpUYHUA 3aCTOCOBYE [KEPEesio BUMPOMIHIOBAHHS i
doToaion, Ha AKe BUMPOMIHIOBAHHA HanpamneHe. [lepekpmBaHHA CBiTNa OMMOM
3MeHLWye CTPpyM Ha dpoTofiofi, WO BIiAMNOBIOHO 34YMTYETLCHA AK CUrHam MNOXEXHOI
HebGe3nekn. Heponikom Ui€l cuctemn, sBASETbLCA BMKOHAHHS aHanisy nuue 3a
€OVWHUM YMHHUKOM — HaAABHOCTI efneMeHTIB MpPOoAYKTIB ropiHHA. [ns nigcuneHHs
YyTNMBOCTI JOOATKOBO BCTAHOBMOTL TEPMOMETPU OO AETEKTOopiB, WO O03BONSAE
aHanisyBatu iHpopmauito no ABOM KaHanam. 3aBasikm UboMy BigOyBaeTbCs
3MEHLLEHHS iIMOBIPHOCTI XMOHOro crnpaubOBYBaHHS, ane He B OOCTaTHIM Mipi. Tomy
po3pobka CUCTEMi MOXEXHOI Hebe3neknm 3 HU3bKMM piBHEM BIipOrigHOCTI XMOHMX
crpaLoBaHb € aKTyasnbHOH.

MeTow poboTn € po3pobka AeTekTopa AMMY Ha OCHOBI pO3pobreHoro Hamm
nonsapmM3auinHo-4yTNMBOro nNiasMoOH-NONSPUTOHHOIO hoToaeTekTopa Ha 6Gap'epi
WoTki i 3 3acTtocyBaHHAM edeKTUBHOI cucTteMn 6GaraTokaHanbHOro AeTekrtopa
3agmmneHocTi. HoBnsHo poboTn € po3pobka nonsipmsauiiHO-4yTANMBOrO Niia3mMoH-
NoNSAPUTOHHOIrO (POTOAETEKTOPA, KU pearye Ha MOHOOKCUA Byrneut. [leTekTyo4va
cuctema mae 36inblueHy YyTNUBICTb 3aBOSKN 3aCTOCYBaHHIO HACTYMHOI KOHCTPYKL,T:
nepwmnn OTOAETEKTOP € NoNnApu3auinHO-4yTNMBUM  NNA3MOH-MOASPUTOHHUM
enemMeHToM; nasep 3 JOBXWHOW xBuni 650-800 HM, BUNPOMIHIOBAHHA SKOro Najae
Ha pOoTOAETEKTOp Ni4 MEBHUM KYTOM; ApYrMrM (poToaeTekTop, Ha sikMi noTpannse
Binbute BuNpoMmiHOBaHHA. [JoBXMHA XBWMi i KyT nagiHHA OOGUpPaeTbCA LUNISAXOM
Y3rO)KEHHA Ta HanawTyBaHHSA CUCTEMMU ON1S OOCATHEHHS HaMbinbLIOl YyTANMBOCTI.
CurHanm 3 oTogeTekTopiB MNOJAlTbCss Ha obuncnoBanbHUA  €NeMeHT —
MIKPOKOHTpoOsiep, | BigOyBaeTbCs MOAIN curHany 3 nonspu3auinHo-4yTriMBoro
NrasMOoOH-NMONAPUTOHHOIO PpoToAETEKTOPA HAa CUrHan 3i 3BM4anHoOro potogeTekTopa.
KroyoBoo BRacTuMBICTIO (POTOYYTNIMBOrO LeTeKTopa € HanawTyBaHHS CUCTeEMMU
TakuMm YMHOM, WO npu Byab sKiA 3MiHI CUrHany Ha BXoAi, BiabyBaeTbCca oapasy Moro
AeTeKTyBaHHS 3a paxyHOK 36ifbLUEeHHS YyTAMBOCTI LWAAXOM NOAINY curHany, a Takox
po3TallyBaHHA pobOYOi TOUKM Ha CXUITi XapaKTEPUCTUKM 3aNeXHOCTI NoNnapu3auinHoi
YYTAMBOCTI, SKa PO3PaxoBYETbCA $K CHIBBIQHOWEHHS CTPyMy (OTOYYTAMBOro
JeTektopa npu nagakyomMy p-norisipu3oBaHOMY BUMPOMIHIOBAHHI [0 CTpymMy
POTOYYTNMBOrO AeTekTopa MNpu NagaryomMy S—MOoNspu3oBaHOMY BUNPOMIHIOBAHHI
(Ip/1s). Mig 4ac peTekTyBaHHA BWHWKAE MIa3MOH-MONSAPUTOHHUIA pPEe30HaHC Ha
POTOYYTNMBOMY AETEKTOPI, a KifbKiCTb BiAOUTOro BMMPOMIHIOBAHHA WO NoTpansse
Ha  3BMYaMHOMMW  (POTOAETEKTOP 3HAYHO  3MeHWyeTbcs. HAK  pesynbraT
crnocTepiraetbCsl  36iNblUEHHS BENUYUHW  OETEKTY4YOro curHamy. peecTpauid



Jlawkapboecbki YumaHHs — 2021

BiQOyBa€eTbCsA 3a pPaxyHOK MPOHUKHEHHS MOBEPXHEBOrO MNSa3MOH-NONAPUTOHHOIO
pe30oHaHCy 3a MeXi Lwapy 3o5r0Ta Ha Bi4CTaHb Kiflbka MIKPOH, sika AyXe 4yTnusa ao
CTaHy MNOBepXxHi, a came [0 306ifblUEHHS KOHUEHTpauii MOHOOKCMAY BYrneuo,
aiokengy Byrneut abo 40 YACTUHOK AMMY, PO3MIPU SIKMX MEHLUi 3a MPOHMKaro4y
BiICTaHb, i OOHOYACHO He 4YyTnMBa A0 YaCTUHOK nuny, ki 11 nepesuwytoTb. Lle
NpU3BOAMTbL OO0 3MEHLUEHHS IMOBIPHOCTI BUHUKHEHHS XWMOHOI TPMBOMM Y 3anumeHnx
npuMilleHHs. [logaTtkoBo 4O CUCTEMU MOXHA BCTAHOBUTU TEPMOYYTIIMBUINA €NTEMEHT,
K 404aTKOBUW iIHpOpMaLINHMI KaHan BUABIEHHSA MOXEXHUX 3arpos.

Mo3nTMBHUM edhekToM po3pobkn Oyae 3MeHLIEeHHSA BipOrigHOCTI XMBHOro
crnpautoBaHHs CUCTEMU MOXEXHOI HeBeanekn.

1. System Smoke Detectors. Application Guide// System Sensor.-2016.-20.-P. 4-16.
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Cnocib peecTpauil pesoHaHCy B N1a3sMOH-NOSNIAPUTOHHUX
¢oTomeTekTopax

O.B. Wrukano!?, T.B. CewmikiHal2, C.B. MamukiH?
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Asuwe nnasmMoH-NoNsApUTOHHOro pesoHaHcy (MMP) wupoko 3acTocoByeTLCA
Ans nobyaoBn BMCOKOYYTIIMBMX CEHCOPIB Pi3HOMAHITHOro npuaHadeHHs [1]. Bigomi
ABa OCHOBHWMX cnocobu 36ymkeHHa [MX. 3 gonomoroto npuamu 3B’A3Ky [2] Ta
andppakuinHoi rpatkm [3]. B 3a3HavyeHnx Bunagkax cnocié peectpaii MMNP nonsrae y
BUMipax  iHTEHCUBHOCTI  BIiAOUTOro  MONAPU3OBAHOrO  CBiTNa  A04AaTKOBUM
doTogeTtektopoM, i 36ymkeHHio T[NP Bignosigae piske 3MEHLUEHHS 1AOro
doTocTpymy. Bigomui iHWuMW TUN cTpykTyp, Ae 36ymxyetbca [P — nnas3mon-
nonapuToHHi gotogiogn (MMNPO) 3 mMexew noginy Mk MeTaneBMM KOHTAKTOM i
HaniBNPOBIAHWKOM Yy BUrNsaai andpakuinHoi rpatku [4-6], ae cnocié peecrtpauii MNP
nonarae y BMmipax ix oTocTpymMy, LLO 3HAYHO 36iNblUYETLCS B MOMEHT 30yaKEHHS
MrX i mae pesoHaHcHy npupoay. [Npu ubomMy Tak camMo SK i B MPU3MOBOMY MeToAi
30yoKeHHss, abo 3 [JOonoMorol AMdpakuiiHOi r'paTky, CNoCTepiraeTbCa piske
3MEHLUEHHS [HTEHCMBHOCTI Bigbutoro ceitna. MeTtow agaHoi pobotm € cnpoba
noeaHaTu Ui aea cnocobu sumiptoBaHHs MNIMNP no 36inbweHHo potoctpymy B MIMNO[,
i N0 MiHIMYMY B iHTEHCUBHOCTI BigOUTOro Big NOro NoBEpPXHi CBITNa.
Mo [7] cknapaeTbcs 3 HanNiBNPOBIOHMKOBOI NiAKMAAKW, Ha SIKY HaHEeCEeHOo

Wwap Metany, Wo Mae nepiognvyHo-npodinLoBaHy Mexy noAiny metan/nositps y
BUrNS4l  OudpakuinHol  rpaTky, Wo cdopmoBaHa 3  [OMNOMOro  Metony
iHTepdepeHuinHol nitorpadii. MM BuMiptoe OTOCTPYM, SKUM LiNUTbCA Ha
BENIMYNHY IHTEHCMBHOCTI Nagar4oro CBiTNna, BUMIpsiHY He3anexHum kanibpoBaHum
doTogetektopom B okoni  [MP. Tlpu uboMy aBTOMaTU4HO [OCAraeTbCHA
He3anexHiCTb pesynbTaTiB Big IHTEHCUBHOCTI OCBITNEHHSA. PesynbtaT AineHHs
30inbLYyeTbCA K BHACMIQOK 36inbleHHa doTocTpyMy B ymoBax 30ymxkeHHs [MM1P,
TaK i BHACNigoOK 3MEHLUEHHS1 IHTEHCMBHOCTI BigbuToro ceitna Big nosepxHi MNMe® s
ymoBax [MMP. PesynbTaT Takoro meTogy BUMIPHOBaAHHA pPEe30HAaHCY NpomnopuifiHUm
KBagpaTy IHTEHCUBHOCTI BENMYUHU PEe3OHaHCy Npu BUMIPIOBAHHI B CTaHOAPTHUX
YMOBax, KOSIM OMOpHa IHTEHCUBHICTL CBiTNa OTpUMYyeTbCA 6e3nocepenHbo Bid
ocsiTntoaya [MMNdL. JocarHyTo nigcuneHHsa iHTeHcuBHOCTI curHany MNP B 1.8
pas3iB Npu 3MeHLWeHHI Woro niBwWMpuHM B 1.33 pasu, WO € BaxnIusum npwu
BUKopuctaHHi Ttakmx MO sk ocHoBuM ana nobyaoBu CEHCOpPIB Pi3HOMAHITHOrO
NPU3Ha4YeHHs Ond  NPOMUCAOBOCTI, MeAWUMHKW, OXOPOHU  HaBKOSULLHLOIO
cepefosuLa.

1. Botmosuy, . and B. KopcyHckul, CeHcopbl Ha OCHO8€ [1a3MOHHO20 pe30oHaHca:

npuHyunel, mexHonoauu, npumeHeHus. K.: Cmans, 2011.
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Raman spectra enhancement of semiconductor
chalcogenide films by using gold nanostructures
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2 Institute of Information Registration Problems of the National Academy of Sciences of Ukraine,
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Nowadays there is intensively developing of optical techniques for detection of
biological and semiconductor materials, especially SERS (surface-enhanced Raman
spectroscopy). The main advantage of SERS is the possibility of detection of ultra-
low quantities of biological objects or enhancement of the Raman signal from
semiconductor thin films. The later one is quite challenging and there are only some
articles in this field [1]. This work devoted to investigation of chalcogenide thin films,
which have many practical applications in photonics, optoelectronics, information
recording systems, etc. But there are some problems during characterization of thin
films, because under nanometer threshold thickness Raman technique becomes
insensitive. By using SERS it is possible to investigate vibrational structure of thin
films by enhancement of the Raman signal due to involvement to the system of
“plasmonic” gold nanoparticles.

In this work nanostructure gold films were prepared by using thermal vacuum
deposition with flash annealing of gold film by using halogen lamp at temperatures
(473-773 K) and at quite fast annealing speeds (30-300s). Worth notion, that this
device is equipped with spectrometer for the in-situ control of the position of surface
plasmon resonance in gold nanostructured films. Arrays with gold nanoparticles with
different sizes (20-60 nm) were prepared. And they are characterized with surface
plasmon resonance in visible range 520-575 nm.

On nanostructured SERS substrates - A2Ss and Se chalcogenide thin films
with thickness of 30, 50 i 60 nm were deposited. Also, for comparing - reference
substrates on glass. Raman spectra were recordered with laser wavelength — 532
nm for best resonance condition with gold nanostructures. Raman investigation of
initial and annealed chalcogenide thin films deposited on glass have shown that
there is not possible to registered Raman signal from film with such thickness. But on
SERS substrates we can see good Raman signal of investigated material. With band
and features that are character for such amorphous and glass-like chalcogenide
films.

Raman spectra contain an intense broad band with a maximum at 343 cm™, a
number of weak bands at 108, 135, 168, 188, 232, 260 and 486 cm and features (in
the form of a small shoulder) at 221, 308-310 and 362 cm. As for glass and "thick"
As2S3 film, the main band in the Raman spectrum of the composite structure "Au NP
/ As2Ss film" is due to vibrations of As and S atoms in trigonal pyramids AsSs. The
shoulder at 308-310 cm™ is associated with deformation vibrations of the S-As-S
bonds of the AsS3 pyramids.

Therefore, it was shown that SERS technique is quite effective tool for
investigation of chalcogenide semiconductor thin films. Complex investigation of
such system was completed by using scanning electron microscope, optical
absorption spectra measurements and Raman spectroscopy.
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ABTOMaTUN4YHE AeTeKTyBaHHA NPpUXoBaHUX npe,qmeTiB 3

TeparepLoBOro ckaHepy
M.}O. Kosbaca?
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03028, YkpaiHa
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Cuctemun TeparepuoBoro (TIy) Ta cyb-TIy MOXYTb BUSIBNATU HE TiflbKK
MeTanesi npegMeTun, ane N NpuxoBaHi AienekTpuKK, Taki sk HemeTaneBy 36poto.
CkaHep, sikmin npautoe Ha yactoTi 140 MTu, 6yB po3pobneHnin B IHCTUTYTI Pisnkn
HanisnpoBigHWKIB ONA BUABNEHHS MPUXOBaHUX MpeaMeTiB ycepenuHi NIoCKUX
AienekTpu4yHMX nakeTiB, Takux €K nowToBi KoHBepTn [1]. Meta pobotn -
3aCTOCYBaHHSA CyYaCHMX 3ropTKOBUX HENPOHHUX Mepex nAns aBTomaTuaauii
npoueaypu NPUUAHATTA piweHb nNpo 6GesneyvHicTb/Hebe3neyvHicTb 00’ekTy. Takox
nokasaHo MOXNMBICTb iHTerpauii cyvdacHux po3pobok y KoMM'loTEPHOMY 30pi OO0
ckaHepiB cyb-TIy Ta TI'y ons BUABNEHHS NPUXOBAHUX 3arpo3 ycepeanHi NowToBUX
KOHBEPTIB Ta iHLINX BUAIB NaKkyBaHb.

OcHoBy ckaHepa cknagatotb 4 niHivkn petektopiB MOSFET, cyvacHoil
cuctemun niH3 PFTE gna dokycyBaHHs BunpomiHioBaHHA 140 [Ty Big opKepen Ha
ocHoBi IMPATT-giogis. CkaHep 3abesnevye BigHoweHHsA curHan/wym 20-40 b 3
npoctopoBot 4actotorwo 0,25 MMt Ta posmipom nikcensa - 1 MM, WBWUAKICTb
ckaHyBaHHa 200 wmm/c. KoHBepTM 3 MeTaneBMMm HoOXamu, TabneTkamu,
3ananbHu4Kamu, NIacTMKOBUMM KapTkaMu Ta nesamu Oynu nigroTOBIEHi 3MOMKM
noHaa 1 kinomeTpy AaHux. Becb Habip gaHux 6yB po3duTtui y BigHoweHHi 90 % ans
TpeHyBaHHA 10 % Ona TecTyBaHHS 3 PIBHOMIPHUM PO3MOAINIOM NPUCYTHOCTI 06’EKTIB
Ha 3HiMKax. ApxiTekTypa mepexi Oyna obpaHa 3 nepeniky mogenen Tensorflow
Object Detection [2]. Mwu nigibpanu BIGHOCHO WBWAOKI HEWPOHHI Mepexi:
“ssd_mobilenet_v1_coco” (npuknag Ha puc. 1) OnNsS BUSABMAEHHS NPSAMOKYTHUX
rpaHuub ob’ekta Ta “mask_rcnn_inception_v2_coco” ansa BUABMNEHHA TOYHMX
rpaHnub  ob’ekta. Cepis  ekcnepuMeHTiB 3  HebesneyHnMm Ta  3BUYaANHUMU
KOMMNO3nUisM1U BCepeauHi KOHBEPTIB 3 HaBYEHOK MOLENM0 MOoKa3ye HacCTyIHI
pesynbTat y OiHapHin knacudikauii: ToyHicTb 97,5% Ta f1 ouiHka 97,9%.
HanmeHwwum BigckaHoBaHMM 06'ekTom Gyna TabneTtka gpotaBepuHy (giameTtp d = 7
MM, wWupuHa b = 2 wMM), fIKa [OeTekTyeTbCa 3a [OMOMOrok po3pobneHoil
aBTOMAaTU30BaHOI CUCTEMM.
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Puc1. MNMpuknapg getektyBaHHA “ssd_mobilenet_v1_coco” rpaHuub TpbOX
3ananbHUYOK.
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2. Huang J., Rathod V., Sun C., Zhu M., Korattikara A., Fathi A., Fischer I., Wojna Z., Song Y.,
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Po3po6ka noBepxHeBOro nokputTa Ans cooroaeTeKkropa
cepeaHboro 14 gianasoHy Ha ocHoBi InSb
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IHemumym ¢bisuku HanigrposiOHukie im. B.€. llawkapboea HAH YkpaiHu, np. Hayku, 41,
Kuie 03028, YkpaiHa
E-mail: s.kulbachynskyi@gmail.com

HaTtunkn iHppavepBoHoro (1Y) BMNPOMIHIOBAHHS LUMPOKO BUKOPUCTOBYHOTLCS
AK B UMBINIbHMX TakK i y BINCbKOBUX LiNAX, a came B npunagax HiYHoro GadeHHsa
cucTemMax HaBeOeHHs Ta MepexornsieHHA pakeT, NPUCTPOSX MeaudHol Tepmorpadil
Ta iHpadepBOHOI acTpoHOMiIi Towo. OgHMM 3 HaMPO3NOBCHOKEHINX YYTNMBUX
eneMeHTIB JaHUX CUCTEeM € LioAM Ha OCHOBI aHTUMOHIAY iHAIK 3aBASAKM X BUCOKIN
YYTAMBOCTI Ta MakKCUMyMy MOrfAMHaHHA |14 BMNPOMIHIOBAHHSA, WO 3Haxo4uTbCH B
obnacTti npo3opocTi atmocdepn (gosxmHa xBuni 3-5.5mMkm). OCHOBHMM HeLOMiKOM
MaTtepiany € HeobXigHICTb BUKOPUCTOBYBATU rMnboke oxonomkeHHsa 77 K.

OaHuM 3 BaXnMBMX eNeMeHTiB dpoTodiofa € NOBEPXHEBE MOKPUTTS QOYHKLIT
SIKOro: i30M5Lisi akKTUBHUX obnacTten Big 1X MeTaniyHol PO3BOAKM OO KOHTaKTHUX
pPO3BapPOYHMX NIOLLAA0K, NacuBaLis NOBEPXHi, 3aXUCT NPUNOBEPXHEBOro 06’emy Big,
MeXaHi4YHMX HanpyeHb, L0 BUHUKAOTb NPU po3BapLi 30BHILLUHIX BUBOAIB, 3aXUCT Bif,
BMMMBY HaBKOSULLUHBLOIO cepeoBuLLa,

Takox ue NoKpuTTa Mae OyTu NPOCBITAAYMM B 3a4aHOMY Aiana3oHi JOBXWUH
XBUNb. 3a3BU4ain B AKOCTi NAcMBYOYOro NOKPUTTS ANs AioAiB Ha ocHOoBI INSb € 1horo
aHoaHWn okuc - InxOy, SbxOy (cTabinbHi Mogudikauii In203, Sb203) ToBLWMHOK 50 HM
3 HAHECEHMM Ha HbOro 3axXMCHMM LapoM okcuay kpemHito (SiOx). AHogHMI oKucen
HeoOXigHW, Ans nacveauil MOBEPXHI i Yepe3 HeBeNMKY TOBLUWMHY CYTTEBO He
BNIMBAE Ha MPOCBITMOBarnbHi BNAacTMBOCTI NOKPUTTA. OKCMA KPEMHIO KOMMNEHCYeE
MeXaHiYHi Hanpy>XeHHs, i30M10e akTUBHY 0bnacTb Aioda Big KOHTaKTIB, 3axuwac Bif
30BHiLWHbOro BNAuBy. OgHak Taka CTPYKTypa He € ONTUMAanbHOK OCKINbKM Haknagae
TemnepaTypHi 0bMeXeHHA Ha TexHonoriyHmm mMapwpyT. Cnpasa B TOMy, WO Mpu
TemnepaTypi Oinbwe 85°C aHoaHWM OKCcuMA AOerpagye, YTBOpPHOTbCA obnacTi
rfiokanisoBaHoro 3apsgy Ta nposigHi obnacti. Takox 3 4acom BigbyBaeTbcs
aerpagadiss enekTpuyHuUx BIacTMBOCTEW Ta BiglapyBaHHSA MOBEPXHI B HacCigky
noraHol agresii. Tomy Wo6 36iNbWMTU CTaBINbLHICTL KIHLEBOrO NPUCTPOKD BUHUKAE
HeOOXiAHICTb 3aMiHM CTPYKTYPU NOBEPXHEBOIO NMOKPUTTS.

B sakocTi nacuBytouMx LIapiB OKPiM aHOAHOrO OKUCIY MOXHa BUMKOPUCTATH
SixNyHz. Tomy Hamu Byno NpuMMHATO pilleHHS NPOBECTU HAHEeCEHHS Ha aHTUMOHIA
iHaito metogom PECVD wapy SixNyHz (125H4m) Ta giokenay kpemHito metogom SOG.
OpHak B TEXHOMOMYHUIN MapLUPYT HEOBXIOHO BKNIOYMUTM Npouec XiMidHOI nacuBauii
ogHOMONSApHUM  po3dnHoM NazS, wWob yCyHyTM YTBOPEHi NPUPOAHI oKcuau
aHTUMOHIAY iHAj Ta Ansa 36inNbleHHA Yacy MibkonepauiiHoro 36epiraHHs NNacTUHU.
MeTtogom  mac-crniekTpomeTpii  BTOpuHHMX ioHiB (BIMC) 6yno npoBefgeHo
AOCNIMXEeHHS 3pa3KiB 3 BENNKMM Ta Manum BmicToM okeuais (Puc.1.).

3rigHO OoTpMMaHuX pesynbTaTiB CNOCTEPIraeTbCA, WO npouec cynbdignsadil
NOBEPXHI 3MEHLLYE KifbKICTb MPUPOOHIX OKCUAIB Ta LIOKCUMAY KPEMHIil0 Ha rpaHui
po3ainy. A came Ui Matepianu CTBOPHOKTL WYMKU Ha KiHUeBi BAX npunagy.

ToBwMmHa wapis Ta BMGIp MaTepiany NacuMBYKYOro MOKPUTTS BMMMBAE Ha
3Ha4yeHHs BigbMBaHHA  Ta MNPOHUKHOCTI BUMNPOMIHIOBAHHA Yy OTOAETEKTOpI Ta
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OCKifNlbKW NS Pi3HMX Uinen AeTekTyBaHHA HeobxigHa pidHa OOBXWHA XBWUII BUHUKAE
HeoOXigHICTb y po3pobui KOMM'IOTEPHOI Moaeni Ans  pPo3paxyHKy 3HadeHb
BiAOMBaHHA Ta MPOHUKHEHHSI BUMPOMIHIOBAHHA B 3aneXxHoCTi Bifg napameTpis
cthopmoBaHoro nokputTd. MeToaom KiHUEeBMX pisHMUb Yy 4Yacosin obnacti (FDTD)
Oynun npoBeaeHi BignoBigHi mogentoBaHH4A. NMobygoBaHa Mogenb po3paxoByBarach
3 3HaYEeHHSM KyTa nagiHHa BunpomiHoBaHHs 90°, ToBwuHo wapy SixNyHz — 125HMm,
TOBLUMHOK LWapy Adiokcuay KpemHito Big 0 oo 4MKMm, nepioguyHUMU rpaHUYHUMU
yMOBaMi. 3HAYEHHA KOMMMEKCHMX TMOKa3HUKIB 3arioMfieHHs Ans  matepianis

BUKOPUCTOBYBaNn 3 nitepatypHux mxepen [1,2] Ta BU3HA4YeHUX MeETOOOM
enincomeTpil.
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MopentoBaHHA  [O03BONUMNO  BU3HAYUTUM  3aneXHOCTI  BigOMBaHHA Ta
NPOHUKHOCTI BUMNPOMIHIOBAHHA Ans  dianas3oHy XBuNb 3-5.5MKM Bif TOBLLMHMK
piokenay KkpemHito ana  cTpyktypu SixNyHz — kpemuito giokeva (Puc.2.) Ta iH.
OTpumaHe onTMMmarnbHe 3HAYEeHHS TOBLUMHW LApy AIOKCMAY KPEeMHilo Ans 3agaHol
CTPYKTYypu chboTogioaa ctaHoBUTb 600 HM.
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Two-dimensional layered crystals have attracted great attention due to their
unique properties and practical interests for the application in nano-optoelectronics.
The main advantage of 2D materials is the dependence of their optical and electrical
characteristics on the number of layers and on the strong intralayer interaction
through covalent bond and the weak interlayer interaction through van der Waals
attraction. The distinctive interatomic forces in layered structures manifest
themselves with typical features in their phonon spectra, for example, the weak
dispersion of phonon branches in some directions in the Brillouin zone and the
appeared low-wavenumber interlayer modes. Therefore, the interlayer and intralayer
interactions provide a route to manipulate macroscopic functionality of TMDs and are
the keystone in understanding of the physics of the intra- and interlayer interaction
between the layers [1-3].

TMD alloys consisting of different kinds of chalcogens (MXX’, where X and X'
are different chalcogens) have been successfully synthesized [2]. By introducing an
additional doped chalcogen, the interactions in TMD alloys are significantly
modulated, allowing engineering of their band structures and further enabling
observation of many interesting phenomena [2].

Raman scattering spectroscopy has been proved to be a powerful technique
able to insight into the complex interactions in TMDs. By types of Raman modes, the
interactions in TMDs can be analyzed qualitatively and even quantitatively [3].

This work theoretically studies the effect of intralayer interaction on the
Raman scattering in MoS2xSez1x) layered alloy, in particular, the change of intensity
and position of the in-plane and out-of-plane mode bands as a function of the
concentration of S or Se atoms. The theory of Raman scattering in the layered alloys
is developed, where the Green's function method is used to obtain the Raman
scattering intensity. The Raman intensity is a function of the concentration of S or Se
atoms in the layers and also a function of the parameters of intra- and interlayer
interactions. The modelling and numerical calculations show that the Raman
spectrum mostly depends on the parameter describing the intralayer interaction
between the unit cells containing S or Se atoms in the layer. The spectrum exhibits
the two-mode character when the intralayer interaction is weak, while conserves the
one-mode character when the intralayer interaction increases to be comparable to
the wavenumber position of the bands. The developed microscopic theoretical
approach is versatile and can also be applied to interpret Raman spectra and explain
some of their features in bulk and two-dimensional layered alloys.

1. Novoselov K. S., Mishchenko A., Carvalho A and Neto A. H. C. 2D materials and van der
Waals heterostructures // Science.-2016.-353.-P. aac9439.
2. LiH., Han X., Pan D, Yan X., Wang H.-W., Wu C., Cheng G., Zhang H., Yang S., Li B., He
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3. Yaremko A. M., Yukhymchuk V. O., Romanyuk Yu. A., Baran J., Placidi. M. Theoretical and
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Determination of optical band gap energy of the rubbed
trilayer graphene nanostripes by using Tauc plot method
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Graphene is a two-dimensional atomic sheet, which has unique electrical,
mechanical, thermal and other properties [1-3]. The determination of the band gap
energy of graphene sheet is important to get information on its conductivity, etc.

In this paper, band gap energy of triple layer graphene nanostripes, obtained by
recently suggested substrates rubbing technology [1], was determined by using Tauc
plot method [4].

Substrates rubbing technology [1] is simple (one-step), fast (120 seconds),
cheap, transfer-free, highly productive (almost 100 %), ecologically clean and
universal (any two-dimensional material can be obtained), which allows obtaining
high-quality and large-size monolayer, few layer and multilayer two-dimensional
atomic material unique nanostripes consisting of quantum dots, unigque sheets
consisting of nanostripes and two-dimensional heterostructures on any rigid and
flexible inorganic and organic substrates. The sample was examined with Raman [1-
3] and ultraviolet-visible spectroscopy (Fig. 1) at room temperature.

The Raman spectrum is characterized by three principle bands (G, D and 2D). As
it is difficult to clearly determine the number of graphene layers obtained by
substrates rubbing method from Raman spectrum [1], the band gap of graphene
nanostripes was determined with help of Tauc plot.

The optical properties of the graphene sample obtained by rubbing dispersed in
isopropanol were investigated by ultraviolet-visible absorption spectroscopy.
Ultraviolet-visible spectra were recorded in the spectral range between 200 and 900
nm. Ultraviolet-visible spectrum of triple layer graphene nanostripes is shown in Fig.
1a.

For the estimation of the optical band gap energy Tauc’s plot [4], which is used
for semiconductors, was derived from the ultraviolet-visible absorption spectra of
graphene nanostripes for direct (Fig. 1 b) and indirect (Fig. 1 c) allowed transitions.
For that reason the band gap was estimated by fitting the absorption coefficient and
photon energy in Tauc's relation given in Eg. 1. There is a characteristic absorption
band in the ultraviolet-visible spectra of graphene. In Fig. la it is shown that the
ultraviolet-visible spectrum has an absorption peak at 230 nm corresponding to the
graphene nanostripes [5, 6].

(ahv)" = A-(hv - Eg), (1)
where a is absorption coefficient, h - Plank's constant, v - frequency of the radiation,
A - material dependent constant, Eq — optical band gap energy, and n denotes the
nature of the sample transition, n = 1/2 (direct allowed transition) (Fig. 1 b) orn =2
(indirect allowed transition) (Fig. 1 c).

For the estimation of the optical band gap Eg energy of graphene nanostripes a
tangent line is drawn to the point of inflection, which was found by taking the first
derivative of the curve, and then the hv value at the point of intersection of the
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tangent line (red line) and the horizontal hv axis is taken in the plots of the ahv'?
(Fig. 1 b) and ahv? (Fig. 1 ¢) vs. hv energy. The value of the interception tangent line
on the hv axis gives the value of Eq (red line). For direct n=1/2 transition (Fig. 1 b) the
results are not valid as the obtained value of the interception tangent line on the hv
axis is Eg < 0 eV, and the results fit well with n=2 (indirect transition) and the
calculated Eq value is 1.1798 eV (Fig. 1 b). This optical band gap energy value is in
good agreement with values published in literature for reduced graphene oxide [7].
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Fig. 1. (1) Ultraviolet-visible absorption spectrum of triple layer graphene nanostripes
dispersed in isopropanol; (2) Tauc’s plot derived from the absorption spectrum for
the estimation of the graphene band-gap (2b) direct and (2c) indirect transition (Eg =
1.1798 eV).

Thus, the optical band gap energy of substarates rubbed triple layer graphene
nanostripes was determined using Tauc plot, which was estimated around 1.1798

ev.
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P. 025001.
2. Shmavonyan G.Sh., Sevoyan G.G., Aroutiounian V.M. Armen. j. phys.-2013.-6(1).-P. 1-6.
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BnnuB napameTpiB Konboponepepayi 6inux ceitnoaioais
Ha pe3ynbTytoye cBiTno RGBW-cuctem ocBiTneHHSA

[0.0. Kanyctosa?, KopHara B.I.1, Pu6anouka A.B.%, Bantox C.1.2

YHcmumym cizuku HarnienposgioHukie im. B.€. Jlawkapbosa HAH YkpaiHu, npocn. Hayku, 41, m. Kuig
03028, YkpaiHa, E-mail: dariakalustova@gmail.com
2 @akynbmem @pizuku, ximii ma 6ionoeaii, Yrisepcumem Jlindyenine, flinyeniqe, LLeeuis, 58183

RGBW-cuctemMn OCBITNEHHA € Hanbinbll NepcrnekTMBHUMU 3 TOYKM 30pYy
CTBOPEHHSA KOMMOPTHOro CBIT/IOBOMO CcepenoBuLLla, 30KpemMa [Ans BiATBOPEHHSA
npupogHoro 6inoro ceitna. B Takux cucremax BMHMKae npobrnemMa HeogHO3HAYHOCTI
BUPILLEHHA 3afadi oTpUMaHHs Binoro cBiTna 3 3agaHnMM KoopanHaTaMy KONipHOCTI
(3apgaHol0 KOpenboBaHOK KoSipHOW TemnepaTtypoto) [1], i MoxnmBa HeckiHYeHHa
KiNbKICTb BapiaHTIB CNeKTpanbHUX XapakTeEPUCTUK pesysfibTyo4oro CBitna 3 pisHUMu
napamMmeTpamu Konboponepenadi, CBiTNOBOI Biggavi, umpkagHoro snnmey Towo. Kpim
TOro, 4epes3 LUMPOKUMN CHEKTP CBITIIOBUX Ta KOMIPHUX MapaMeTpiB OKpeMux
cBiTnoAiofis icHye Benuka KinbkiCTb BapiaHTiB A4nd X KOMBGIHOBAaHOro BUKOPUCTAHHS.

MpoBeoeHoO [OOCNIMKEHHA BANMBY CMEKTparibHUX XapakTepuUCTUK  Binunx
cBiTnodiofis Ha napamMeTpu pes3ynbTyyoro ceitna TteTpaxpomatuyHux RGBW-
CUCTEM NpU BUKOPUCTAHHI ABOX pPoO3pobreHnx MeTonhiB OTpumMaHHs ©Binoro
cBiTna:meTofy MiHimi3auii BHecky konbopoBoi RGB-cknagosoi [2]; meToay
ctabinizauii nponopuii BHecky WR-KOMMOHEHTM Yy pe3ynbTytode cBitno [3].
HocnipkeHo Tpu RGBW-cuctemn, B SKMX BWUKOPUCTaHi OOHAKOBI KOMbOPOBI
ceitnogiogn RGB, ane pi3Hi 6ini ceiTnogioan 3 ONU3BKMMU  3HAYEHHAMU
KopernboBaHoi KonipHol Temnepatypu (CCT) nopsaky 3100 K ta pisHUMK iHgekcamum
Konboponepegadi Ra (73,82 1a 95). [lpoBeaeHo KOMM'IOTEPHE MOAENOBAHHSA
CMNeKTpanbHUX XapakKTePUCTUK Pe3yribTy4voro CBiTfla LMX CUCTEM Ta po3paxoBaHO
Ra, iHOekc TOYHOCTI BiATBOpPeHHS KonbopiB (Rf), iHOEKC Hacu4eHOCTI Ta CBITNOBY
Biggayy (n, nm/BT).

MokasaHo, Wwo anga 3abesneyeHHs pes3ynbTyrdoro B6inoro ceitna 3 BUCOKMMM
3Ha4YEeHHAMN NapamMeTpiB Konboponepeaadi Ta CBITNOBOI Bigaayi HanbinbL OOUiNbHO
BUKopuctoByBaTtu Tenni 6ini ceitnogioan 3 Ra 6nmsbkum 0o 80. MNpu BUKOPUCTaHHI
MeTody MiHimi3auii BHECKYy KONbOpOBOI CKMadoBol [2] ue [A03BONAE OTpuMmaTu
pesynbTytode Gine ceitno 3 Ra Big 82 oo 92 ta Rf Big 81 go 87 npu cBiTnosin
Bigaayi 133 — 166 nm/BT B gianasoHi CCT 3000 — 7000 K. NMpwn 3acTtocyBaHHi meToay
crtabinizauii nponopuii BHecky WR-KOMMNOHEHTM Ta dikcauii CniBBiAHOLLIEHHS
iHTEHCMBHOCTI BUNPOMIHIOBAHHS Binoro Ta 4epBOHOro cBiTrogioais Ha piBHi 0,06,
MOXHa oTpumaTu pesynbTytode cBiTno 3 Ra 90 — 94 ta Rf 87 — 90 npu cBiTnosin
Biggayi 130-155nm/BT y ToMy camomy gianasoHi CCT. [Ons NOpPIBHSHHSA,
BMKOPUCTaHHA B MeTOAI MiHiMi3auii KonbopoBOIl ckragoBoi Binux ceitTnoaioais 3 Ra
Buwmm 3a 90 B uinomy 3abesnevye BULLI 3HAYEHHS MapamMeTpiB Konboponepeaadi
pe3yrnbTyl4oro cBiTna, ane 0o 25 BiACOTKIB MeHLUi 3HA4YEeHHS CBITNOBOI Bigaadi. A
BUKopuUcTaHHsa 6inux ceitTnogiogis 3 Ra nopsgky 70 3abesneyye HanBuLly CBITNOBY
BioAa4vy cepepf po3rnAHYTUMX CUCTeM, ofgHaK Ra pesyribTylo4yoro CBiTrna CTaHOBUTb
mMeHLwe 90.
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IHHOBaUINHICTL NpoLecy 3He3apaXXeHHS Ta OYMLLEHHSA
GanacTHUX BoA: enekTporigpasnivyHum ecekr

A.l'. Oanunsd?!, H.B. TipoH-BopobGitosa?
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Y paHHix pgocnigax, noctaBneHux we B 50-x pokax, nokasaHO XOpOoLui
pesynbTatn 3armbeni 6akTepin nig gieto enexkTporigpasnivyHmx yaapie. [loseaeHo, Wwo
nig X BNSIMBOM Y PiAMHUN 3'IBNSAETLCA NOTYXXHE [)Kepero ynbTpas3ByKOBOro eKTy.

EnekTporigpasniyimin edekt (EFE) mae MOryTHin BNAvMB Ha piavHy, KW
MOXXHa NOPIBHATU 3 pagiauiiHUM XiMiYHHUM e(PEeKTOM BUCOKOro CTyrneHst ioHi3aLil.

Y pianasoHi 10-40 k' 3BYKOBWIA TUCK cTaHOBUTL 2¢10° Ma, Wo i € OCHOBHUM
rakTOpPOM iHTEHCUBHOI 3arnbeni MiKpoopraHiamis.

Mig pieto ynbTpadoionieToBoro i PeHTreHiBCbKOro BUMPOMIHIOBAHHA MrasmMu
KaHany cTpumepa 3 BUAINIEHHAM aTOMapHOro KWUCHKO BigbyBaeTbCcsl MNOBHE
cnasoBaHHSA BCbOro OpraHiyHoro, Lo 3HaxoamTbCs y Bodi. Bapitoioun nokasHukamm
CTBOPEHHA eneKkTporigpaBniyHOro ygapy i BuMBYMBLUM OCOBNMBOCTI  iHBa3IN,
XBOPOOOTBOPHUX LWITaMiB, siki nepebyBaioTb B GanacTHin BOAi, MOXHa pynHyBaTu
Oyab-AKY KNITUHHY CTPYKTYPY XUBUX OpraHiamis [1].

Ha aymky HayKoBLiB-pO3po6HUMKIB [yHaANCbKOro iHCTUTYTY HauioHanbHoro
yHiBepcuteTy «Opgecbka Mopcbka akagemis», Bganoca nigintm go 100 %-ro
3He3apaXeHHa Ta OuYuleHHs 6anacTHMX BOO MOPCbKUX CydeH 3aBAasiku
iHTErpyBaHHIO B 3anpornoHOBaHY paHille CXeMy OYULLEHHS CUCTEMMU 3HE3aparKeHHsI
edeKkTy enekTporigpasniyHoro ygapy. aHun meTtoq BnepLue BUKOPUCTOBYETLCH B
ycTaTKyBaHHi nofibHoro Tuny (cuctemu ynpasrniHHSA BogHUM 6anacTtom).

3He3apaxeHHsa CTiYHUX BOA €eneKkTporiapoyaapom 3apekomeHaysano cebe
NPOTAroM TPUBASOro nepiogy BUKOPUCTAHHA AK eEeKTUBHWA | JOCUTb OeLleBUn
MEeTO[ 3HULLEHHSA BakTepianbHUX KOMOHIM | NATOreHHUX LTaMiB.

lMepeHeceHHss aaHoro metody B cdpepy AisnbHOCTi CBITOBOro MOPCHLKOMO
dnoty obiuse Benuki piHaHCOBI BUrogM, 3HAYHO MiABULLYIOYN PiBEHb 3HULLIEHHSA
iHBa3iN, 3He3apaxylun i ounaroym anacTtHi Bogu.

CxemaTuyHo cTtBOpeHHs ENNE [2] noGygoBaHO TakuMM YMHOM: [DKEPENo
XuBneHHs 3 koHgeHcaTopoM (C) 9k HakonuyyBad enektpoeHepril. Hanpyra (U) Ha
KOHOEHcaTopi NiABULLYETHCA OO0 3HAYEHHS, MPU SIKOMY BigbyBaeTbCA MMMOBINbHUI
Npo6i NOBITPSAHOro POPMYHOHOro NPOMIKKY, B Lle MOMEHT BCH €Heprisi, HakonmyeHa
B KOHOEHCAaTopi, MWUTTEBO HaAXoAMTb Ha pobounii NPOMIKOK B piguHi, ae i
BUOINAETLCSA Y BUMNSALI KOPOTKOrO €fIEKTPUYHOMO iMMNybCy BESMKOI MOTY>KHOCTI.

Hapani cam npouec npoxoauTb nMpu 3adaHili €MHOCTI Ta Hanpyai,
NMOBTOPIOKYUCE 3 YaCTOTOK, WO 3anexuTb Big4 MOTYXXHOCTI  XUBWUITbHOIO
TpaHcopmaTopa.

JdocnigHum  wnaxom Oyno BCTAHOBMEHO OCHOBHI MapameTpu €MHOCTI i
Hanpyrn pisHMx poboumx pexumie, AKi 36inbLWyOTb cuny Npoboto abo 1 3HUXKYHOTb.
Byno BcTtaHoBneHO HacTynHi pexumn (C - enekTpoemMHicTb, U — Hanpyra):

- opcTtkmn: U> 50 kB; C <0,1 mk®;

- cepenHin: 20 kB <U <50 kB; 0,1 mk® <C <1,0 MKP;
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- Mm'akun: U <20 kB; C> 1,0 mk®.

HiameTp ickpu (CTpumMep) NPONOpUiMHMA NOTYXXHOCTI iMNynbCy, cam CTpumep
Mae [OOCUTb LWifbHY CTPYKTYpPY, HaBKOMO $IKOrO CMOCTEpPIraeTbCsA BUBISTbHEHHS
TENIOBOI eHeprii 3 BUCOKOHK iOHI3aLieto pianHM 3 NOSBOO MiABULLIEHOI KaBiTauii. TUCK
Ha 0BOOonoHLUi CTpumepa aocsarae AecaTkiB TMC. 6ap i Binblue, AKMIA Pi3KO 3HMXKYETLCSA
Bi 060510HKM A0 Nepudepii B EMHOCTI 3 BOAOHO.

Cxema goonpauboBaHOi cMcTeMU ynpasniHHA BOAHMM 6anacTtom NpuHLMNOBO
BiApI3HAETbCA Big ©OaratbOX IHWWX CUCTEM MNPOBIAHUX CBITOBUX hipM. Y Hin
3aKnageHo [gBa OCHOBHWX €fleMEHTW, paHille HIKoM He BUKOPUCTaHi  ans
3He3apaxeHHs | ouuweHHs 6anactHux Boa. Le cuctema EME i cuctema
camMopO3BaHTaXyBasibHOro  inbTpa TOHKOrO  OYULLEHHA 3  3aCTOCYBaHHAM
GinbTpyBanbHUX OUCKIB, WO 06epTalTbCH, 3 HAHOBYrNELEBUX TPYOOK, BUPOLLIEHNX
LUTYYHUM LLSIAXOM.

3anponoHoBaHa cucteMa Ond BUKOpUCTaHHs 11 B CBITOBOMY MOPCbKOMY
GnoTi  Mae HesanepedHi nNepeBarn: CcamMoOpO3BaHTaXyBanbHUW  PINbLTP 3
HaHOBYrMeLUeBMMMN BCTaBKaMn, iKMW OO3BONSiE pobuTu BiOCiB TBEPAUX ESIEMEHTIB i
MiKpoopraHiamis B i3onboBaHnx 6anactHux Bogax Ao 10 MiKPOH 3 HM3bKMM OMOPOM
NPOXOMKEHHS BOAM; iHTerpyBaHHs cuctemun EME ana obpobkn GanactHux Bog €
Ai€EBUM eNeMeHTOM yCTaTKyBaHHS.

EHeprosutpatn cuctemn cknagawts 0,2-0,3 kBT Ha 1m3, wo uinkom
NPUNUHATHO AN BUKOPUCTaHHS HaBiTb Ha HaWBINbLUMX OKeaHCbKUX CcyaHax, e
NPOOYKTUBHICTb BiAkadyBaHHA 6anacTty goxoautb Ao Q = 6 Tuc. m3ron.
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