HAUIOHANBbHA AKALEMIA HAYK YKPAIHU
IHcTUTYT pi3mku HaniBnpoBiaHUKIB iMeHi B.€. JlawkapboBa

NATIONAL ACADEMY OF SCIENCES OF UKRAINE
V.E. Lashkaryov Institute of Semiconductor Physics

Jlaumapbo(%a»xi
YUMAHHA
R

«JTawKapbOBCbKi YUTAHHA»
KoHdepeHuis monogmx BYEHUX 3 (Pi3nKu HaniBnpoBigHWKIB
«Lashkaryov’s readings»
Young scientists conference on semiconductor physics

306ipHUK Te3
Abstract books
KuniB, YkpaiHa
Kyiv, Ukraine



JlawkapbogcbKi YumaHHs - 2026

HauioHanbHa akagemis Hayk YKpaiHu

IHCTUTYT i3nkM HaniBnpoBigHKMKIB iMeHi B.€. JlawkapboBa
Paga monogmx B4eHUX IHCTUTYTY hisnKkn HaniBNpoBigHWKIB
im. B.€. Jlawkapbosa HAH YkpaiHu

YOK. 539.2

36ipHuK Te3 KoHepeHLiT Monoanx B4eHUX 3 hisnkM HaniBNpoBigHWUKIB «JlallkapbOBChKi
ynTaHH4A - 2026», Knis, 2-3 kBiTHs1 2026 poky, YkpaiHa. — 97c.

KoHhepeHuis «JlalkapbOBCbKi YMTaHHAY» NPOBOAUTBCA AN MONOAMX BYEHMX YKpaiHW Ta
3apybixka 3 METOK 3a0XO4YEeHHsI acnipaHTiB, CTyAEHTIB Ta MONOAMX BYEHUX OO aKTMBHOI
HaYyKOBOI OisiNbHOCTI B Cy4acHMX 06ractsx qisuku.

© lHCTUTYT hisnkM HaniBNpoBIAHMKIB iMeHi B.€. JlawkapboBa.

ISBN (enekTtpoHHe BMAaHHS)



Jlawkapboecbki YumaHHs - 2026

MNMporpama koHdepeHuil

2 kBiTHs 2026 poky
(kongpepeny-3an, 5-it nosepx)

930 g% Peecrparist y4acHUKIB KOH(pepeHIii
10%° - 10%° Bimkpurts koH(epeHuii. Bcrymme cnoso Bim Jlupexmii  I®H,

OpraHi3aTopiB Ta WICHIB KOHKYPCHOI KOMICIi

3anpouieHi J0noBixi

1020 -10%° | SIpocnas Pomanrok, Tema «CydacHuli CTaH COHSYHOI €HEPrE€TUKH Y

CBITI»
10°° -11%°  [Tepepea
1190 _ 1230 Cekmiitni gomosimi
1230 13% Kapa-Opeiik
13% _ 15%  Cekmiitai qomoBini

3 kBiTHs 2026 poky
OHIAUHR-opMam

10% — 129  Cexmitini momoBimi
12%° —12%°  JIepepna
1230 _ 15%  Cexmitini momoBimi
15% 3akpurTTsa KOHepeHuii

w



Jlawkapboecbki YumaHHs - 2026

2 kBiTHs1 2026 poky

(kongpepeny-3an, 5-ii nosepx)
CexkuiitHi 1omoBixi

1100 _1115
L1175 31512

1130 _1145

134 -10%

1200 115

1215 _12%

1230 _1300

13% 131

1315 13%

13% -13%

(2l

14% _1415

1415 _14%

HaniBnpoBiTHMKOBe MaTepPiano3HABCTBO

KocTsaHTHH
Ko3sopi3
Muxoiaa €EmiceeB

PaiiueB
Ougexcanap
HOpiii
KoBaabcbknii

I'anna Kouyo0eii

B nomatkoBoro seryBaHHS TiO, Ha UYepBOHY JIOMIHECHEHINIO 10HY Mn** B
aIFOMIHATI MarHiro.
Charge-fluid heating in quasi-ballistic plasmonic FETs

I'panmgHe po3ciroBaHHS B TBOBIUMIiPHIX TOIOJOTIYHHX 130JTOPaX.

BrumuB TepMidHOTO BiAmary Ha BIaCTHBOCTI HAHOCTPYKTYp ZnO-Zn, OTpUMAaHAX METOIOM
IIBUJIKOTO COHSYHOTO BHIIAPOBYBAHHS.

CTpyKTypHi JOCHI/PKCHHS XAJbKOHCHITHUX HAMIBIPOBIMHUKOBUX CTEKOJN CKJIAJiB
(AsSe)100-x Agx

HaniBnpoBignukosa IY- i HBY- texnika

Amnppii Hlekepa

Kaesa-opeiux

BumiproBanHs giarpamMu CHpsIMOBaHOCTI HipaminanbHol pymnopHoi antenn ta HRFZ-Si
mu3u s ontumizauii Tl BHIPOMIHIOBaHHS Yy CHCTEMax 13 I103a0ChOBHMH
napaboIiYHUMU J3epKAIaMH.

IlepcnexTHBHI Ta iHHOBaNiiHI pO3po0KKM

Mapis XyTsko

Ouekciid
Bepe3nnkos

AnTon Bijtenbkuii

Baaaucaas
Pomanuyk

Banepiii Cipenko

Inaa M'aTka

®DOTOXIMIYHIHI CHHTE3 HAHOYACTHHOK Cpibia, BKpUTHX MoIi(N-130IpoImiIaKpmIaMiaoM):
MOp(OJIOTIYHA i CIIEKTpaTbHA XapaKTepU3allis Ta MOIESITFOBAHHS.

Influence of size and interfacial effects on the electrophysical properties of ferroelectric
nanocomposites.

CeHcopHi cucremu
Features of excitation of spectral SPR in films of high-conductive metals.

Study of the effect of annealing temperature on the polarization properties of polymethyl
methacrylate.

2d riOpuHI IEPOBCHKITH SIK NEPCIIEKTHBHI Martepiany ajst GOTOAETeKil y HIMPOKOMY
CIEKTPaJIbHOMY Jiana3oHi.

JlociipkeHHs! BILIMBY IHKOPIIOPOBAaHHMX YaCTHHOK mepexinHux metanis (Pd, W, Pd/W) B
MOPHCTY MaTPHIIO KPEMHIIO Ha YyTIMBICTh CCHCOPHHUX CTPYKTYP A0 KapOOH JIOKCHAY.



Jlawkapboecbki YyumaHHs - 2026

3 kBiTHs 2026 poky

(onnaiin-gopmar)
CekuniitHi 1onmoBixi

10% - 10
1015 10%
10%0-10%
o L
1100111
1115 _11%
1130114
114 _12%

1200 _1230

1230 _1245

1245 _1300

1300 71315

1505

1550

(2l

14% _1415

1415 _14%

14% _14%

14% _15%

HaniBnpoBiTHMKOBEe MaTePiai03HABCTBO

Jap's Ky3nenosa

Tapac
MoHacTUpCbKHI

BaanuciaaBa
T'yzeBa

Jlenuc CTeneHko

Baaauciaas
Koaynaes

Boraan Boiiko

Biraniii Fanynuu

CraniciaB
Cepriiiuyk

Ilepepsa

boranana Kapa

Muxaiijio
Pomanos

Bagum Boituyk

BikTop Ky3Henos

ByrueneBi minkiiaaKu sk IepcreKTHBHUI KOMIIOHEHT OpraHiYHO-HEOPraHIYHUX riOpHIiB
JUIst POTOETIEKTPUYHOTO 3aCTOCYBAaHHS.

UwncenbHI pO3paxyHKA EHEPTeTHYHOTO CIEKTpa MIPpKH y KBAaHTOBHX TOYKaX pi3HOI
KoH(irypauii B pamkax moaeni Jlartinmkepa.

Optical and Spectral Properties of Silicon Nanoparticle Colloidal Solutions Prepared via
Mechanical.

Charge Transport and Dielectric Response of the Spark-Plasma Sintered Barium Titanate
Ceramics with Different Carbon Content.

JienexktpuyHi BIacTUBOCTI Ta (ha30Bi AiarpaMu HaHONOPOILIKIB BiixSMyFeOsa.
OnTHyHI XapaKTePUCTHKH MUTiBOK ZnMgO st 3acToCyBaHHS y (HOTOAETEKTOPAX.
Radiation physics of chalcogenide glasses: binary systems As,Xi.,, X=S, Se, Te.

JHocmimkernas SERS-akTHBHHAX MiIKIaT0K HA OCHOBI TEXHOJIOTIi CpiOHOTO M3epKaia Aiis
JIETEKTYBaHHS aHAJIOTIB BUOYXOBHX PEYOBHH Ta O10MOJIEKYII.

CencopHi cucremMu
Technological Aspects and Electrophysical Characteristics of CdTe Photodetectors.

Po3poOka TexHOJOTIi MiArOTOBKM MaTepiaiiB Ui CTBOPEHHS KBAaHTOBHUX CEHCOpPIB Ha
OCHOBI TOUYKOBHX KOHTaKTiB SIHCOHA.

TepmoeneKTpu4Hi CEHCOPH TEIIOBOT'O IIOTOKY 3 KOMIT'TOTEPHOI0 CUCTEMOIO KEPYBaHHS Ta
00pOOKH pe3yabTaTiB BUMIPIOBaHb.
Fluorescence guenching of
nanoparticles in agueous solution

MEH-PPV via gold and silver

Hanisnposignukosa I4- i HBY- rexnika

Anna €BMeHoOBa

Influence of lon Implantation on the Structural and Morphological Properties of HgCdTe
Epitaxial Layers.

IlepcnekTHBHI Ta iHHOBAaIiiiHi PpO3pO0KH

AHTOH
TloaBissHIOK

IBan PeByubkuii

IBan /I310pax

Tersina
Koasmxua
Baanuciaas
Kamnro:xunii

IopiBHsIbHUI aHaNi3 BIUMBY po3psiaHocti ALl Ha eHepreTHYHy pO3ALIbHY 34aTHICTH
CIMHTWISALIHHUX JTETEKTOPIB.

Po3pobka cxemu GyHKOIHHOI A7 CHCTEMH BHMIPIOBaHHS MapaMeTpiB MEAMIHOTO
TEPaneBTHYHOTO O0JIaTHAHHS.

MammHHe HaBYaHHS ISl Kilacu]ikaii MOIIKOKEeHb B YIBTPa3ByKOBIN TIarHOCTHIII.

DoTOBOIbTAIKA TA €HEPro30epesKeHHs

The impact of terrain, geographical and climatic conditions on the efficiency of solar
panels.

Electronic Transport in AlGaN/GaN Nanowires Under Ultraviolet Excitation and Edge
Depletion Effect, Studied in a Wide Temperature Range



JlawkapbogcbKi YumaHHs - 2026

Cekuisa 1

HanienpoeioHukoee
Mamepiasio3Haecmeo

Semiconductor Materials



JlawkapbogcbKi YumaHHs - 2026

JiesieKTpU4HI BJACTHBOCTI Ta (Pa30Bi JiarpaMu HAHONMOPOUIKIB

Bi1xSmxFeOs
B.O. Koaymaes®, O.C. HI/mI/Inqul, B.B. BaﬁH6epr1, B.M. HOpOH_II/IHl, LB. ®ecuy?, JI. JI.
Jemuenko>?, €.A. €micees®, I M. Mopo3oscbkal
Y Inemumym gisuxu HAH Yipainu, np. Hayxu 46, Kuis, 03028, Ykpaina
E-mail: kolupaiev.v.o@gmail.com
2 Kuiscoxuil Hayionanonuu ynieepcumem imeni Tapaca Lllesuenxa, 01030, Kuis,
Ykpaina

3Stockholm University, Department of Chemistry, Sweden
*Hayionanvnuii mexuiunuil ynisepcumem Ypainu "Kuiscoruii norimexuiunuil
incmumym imeni leops Cikopcokozo”, bepecmeticokuii npocnekm, 37,

m.Kuis, 03056, Ykpaina
® [ncmumym npobnem mamepianosuaecmesa imeni I.M. @panyesuua HAH
Ykpainu, eyn. Omenana Ilpiyaka 3, 03142, Kuis, Yxpaina

Hanopo3mipHi MynbTH(EpOiKH 3 pi3HUMH po3MipamMu Ta ¢GopMaMu € 0a30BHUMHU
MOJICJIIMU 11 BUBYEHHS IOJIIPHOI, AHTUIOJSPHOI Ta MAarHiTHOI Opi€HTalli, a TaKOX
MartitoenekTpuyHoi B3aemonii. Okcun BicmyTy-camapito (BiixSmxFeOsz) € monenbHum
oprodepuTOM, MOJSIPHI Ta MArHiTHI BJIACTHBOCTI SKOro OyJId JOCTAaTHBRO BUBYCHI JUIS
00'eMHHMX Ta TOHKOILUIIBKOBHX 3pa3KiB. IIpoTe BIIaCTHBOCTI MOPOIIKIB HAHOYACTHHOK Bii-
xSMxFeO3 MeHII TOCITIHKEHI TCOPETHYHO Ta EKCIIEPUMEHTAITLHO, HE3BAXKAIOYH Ha TE, III0 BOHU
MaloTh BJIACTUBOCTI, IO MOXYTb OYTHM BHKOPHCTaHI B IIMPOKOMY CIEKTpPi 3aCTOCYBaHb,
HANPUKIAJ: JUIs 30epiranns eHeprii [1] abo marHiTHOT rimeprepmii [2], a TaKOX y CyJacHHX
HaMIBOPOBIAHUKOBUX NPUCTPOSIX [3].

Bbyno mpoBeneHo cepito eKCrepuMEeHTaIbHUX BUMIPIOBaHb Ta aHali3 TEMIEpaTypHOI
3aJIe)KHOCTI  JIIENIEKTPUYHOI MPOHMKHOCTI HawemnopoukiB  BiixSmxFeOs. EdextuBHa
JIeJIEKTpUYHA MPOHUKHICTD HAHOIOPOUIKIB MA€ XapaKTepHI 3MIHM Yy JABOX TEMIIEpaTypHHUX
niama3oHax, a came: nosinpHe 3pocTtanHg Bif 20°C mo 250 — 300°C, 3a kUM cliaye MIBUIKE
3poctanHs B nianazoHi 300°C — 400°C, 1o Moe npu3BecTy 10 GOpMyBaHHS MAKCUMYMY IIpU
BUIIMX TeMIepaTypax. BenuunHa niedeKTpUuHOi MPOHUKHOCTI B IMX Jiama3oHax 1
TeMIepaTypa nepexoay Mi>k HUIMH 3aJIe’KaTh HEMOHOTOHHO Bij BMiCcTy Sm.

Po3paxyHku BIUIMBY (epo-ioHHOro 3B'SI3Ky Ha JIeJNeKTPUYHI BIACTUBOCTI,
MOP(QOJIOTII0 CTPYKTYpU JIOMEHIB 1 (a3oBi CTaHM OyJM BHKOHAHI B paMKax IIiJIXOJIIB
I'in30ypra-Jlannay-/leBonmupa i Credencona-Xaiinenaa [4, 5]. TeoperuuHi OLIHKH Ta
pe3yiabTaTd  KOMITIOTEPHOTO  MOJETIOBAHHS  IOSICHIOIOTH ~ OCHOBHI  TEHJIEHIII1
eKCIIEPUMEHTAIbHO ~ CIIOCTEPEXKYBAaHUX  TEMIIEPATypHUX  3aJIeKHOCTEH  epeKTHBHOI
JEJIEKTPUYHOI MPOHUKHOCTI, 110 JI03BOJISIE 3pO3YMITH B3a€MO3B'SA3KH MK TEMIIEPATYPHOIO
MOBEIHKOIO JIIeJIEKTPUYHUX BIIACTHUBOCTEH, MOP(OJIOTIEI0 CTPYKTYpH JAOMEHIB Ta (a30BUM
CTaHOM HaHOYAacTHHOK Bi1xSmxFeOs.

®azoBwii cran 06'emHOro0 Bi1-xSMyFeO3 B 3anexHoCTI Bix BMicTy Sm X 1 Temnepatypu
T nokazano Ha Puc. 1(a). ®a3oBuii ctan chepuyHrx HaHOYACTHHOK Bi1-xSMyFeO3 i3 cepennim
paniycom R=50 HM B 3anexxHocTi Bia BMicTy Sm X 1 Temneparypu T moka3aHo Ha Puc. 1(0).
CronTtanHuil nosnsipHuil nopsaok icHye y ¢azax FE ta FEI. CrionTanHMiI aHTUNIONSPHUMA
nopsnok icuye y dazax FEI ra AFE i moctynoBo 3uukae mpu HabnmxkeHHi 1o mexi FEI-FE, a
TaKoXX 3HUKAae Tpu HaOmmwkeHHI 70 Mexi AFE-NP. AHTUmMOnsSpHUIT TOPSAOK Jocsrae
MakcuManbHUX 3HaueHb Ha Mexi FEI-AFE. Tunosi 3MiHu Temmeparypu (epoeneKTpuaHoi
JOMEHHOI CTPYKTYpH BcepeanHi HaHodacTHHKH BiixSmxFeO3 po3mipom 100 um mpu x = 0,08
nokazani Ha Puc. 1(c). BugHo, 1m0 OZHOJZOMEHHHH CTaH CIIOYATKy IMEPETBOPIOETHCS HA
JTBOJAOMEHHHMH, TMOTIM Ha  0araroJOMEHHWH, TOTIM JIOMEHHI CMYyTH  CTalTh
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HU3bKOKOHTPACTHUMH 1 3HUKAIOTh BHUIIEe Temnepatypu ¢azoBoro mepexoxy FE-NP.
3aneKHOCTI MIEICKTPUYHOT CIPHHHATIMBOCTI HaHOYACTHHOK BiixSmyFeOs (y BimHOCHHX
OJMHMIIAX) BiJl BMICTY Sm X, po3paxoBaHi Juig TeMIiepatyp pocTy, mokaszani Ha Puc. 1(d)
CHHIMH, 3€JICHUMH, YSPBOHUMH Ta YOPHUMH KPUBUMH.
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Puc. 1. ®a3oBi giarpamu 06'emHOoro BiixSMmxFeOs (a) Ta chepruunnx HaHOYACTHMHOK Bii-
xoMxFeOz3 13 cepeanim pagiycom R = 50 M (6) 3anexxHo Big BMICTY SM X Ta Temmnepatypu T.
(AmanroBano 3 [5]) (B) 3miHm Temmeparypu (epoereKTpUYHOi JOMEHHOI CTPYKTYpH
BcepeauHi HaHOYaCTUHKH BiixSmxFeOs po3mipom 100 HM BiixSmxFeOsz mpu x = 0,08. (d)
Jliarpama nieIeKTpUYHOI CHPUUHATIMBOCTI (Y BIAHOCHHX OJMHHUISAX) HAHOYACTHHOK Bii-
xOMxFeO3 3a BMicToM Sm X, po3paxoBaHa AJis TeMIepaTyp pocTy (CHHi, 3eJIeH1, YepPBOHI Ta
yopHi kpuBi); R =50 M.

XiMIYHO KOHTPOJIbOBAaHA Ji€JIEKTPUYHA TPOHUKHICTH € KIIOUYOBUM (DaKTOpOM ISt
KOHTPOJIIO €NEeKTPO(I3UIHUX BIACTUBOCTEH, a came: MAarHITOCICKTPHUYHUN eeKT i
€JIEKTpUYHA MPOBIAHICTh. TOMY pe3ylbTaT poOOTH MOXKYTh JOTIOMOTTH y CTBOPEHHI (hepOiKiB
3  IHAMBIOyaIbHUMH Ta/ab0 KOHTPOJBOBAHMMHU TOJSIPHUMH Ta  JieJIEKTPUYHUMU
BIIACTHBOCTSIMHU, a TaKOX Yy MOIIYKY HOBUX CIIOCOOIB 3aCTOCYBaHHS B HAHOEJIEKTPOHII Ta
30epiranHi eHeprii.
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Radiation physics of chalcogenide glasses:
binary systems AsqX1-a, X=S, Se, Te

V.P. Hanulych, N.I. Svatiuk, O.M. Pop, V.T. Maslyuk
hanulychvitalij@gmail.com
Institute of Electronic Physics, NAS of Ukraine, 21 Universytetska St., Uzhhorod,
88000, Ukraine
It is known that chalcogenide glassy semiconductors are promising as active and passive
elements in modern optoelectronics, especially in the IR range. This is due to the
manufacturability of both their synthesis in the glassy state in the form of bulk and film
structures, and the presence of a number of attractive characteristics for practical application:
transparency in the mid- and far-IR range, nonlinear optical susceptibility, and high
photosensitivity. Chalcogenide glasses (CG) are amorphous materials formed on the basis of
chemical elements of the 6th group of the periodic table with modifiers, as a rule, atoms of the
4th and 5th groups, such as Si, Ge, As, Sb.
A feature of the structure of CG is the presence of a covalently crosslinked structural network,
which is formed by the repetition of Muller structural units (s.u.) of types XXzp, AsXap,
As>2Xas2, etc. The lability of the structural network and the possibility of changing the ratio of
s.u. under the influence of external factors of various nature explain both the high
photosensitivity of CG and their high radiation stability. Thus, even after significant doses of
nuclear radiation, CG retains a high crosslinking of the structural network and the almost
complete absence of broken or dangling chemical bonds. The combination of these features of
CG makes them interesting objects of research for understanding the nature of the stability of
matter. Previously, in works [1,2], the possibility of using the method of structural
combinations based on the Ball&Stick model to build the foundations of such a theory was
shown. This approach uses the representation of color statistics, which considers the statistical
nonequivalence of atoms even of the same type, having different bond energies in the structure,
and the possibility of switching homo-, hetero- chemical bonds of CG under the action of
radiation. The importance of considering the switching of chemical bonds during
photostructural transformations in CG was noted in [3]. Another stage of such a theory
establishes the dependence between the ratio of homo-, hetero-bonds and the Muller structural
units, which parameterize the physicochemical characteristics of glasses.
This report presents the results of the study of radiative transformations of CG based on the
binary system As«X1.a, X=S, Se, Te, hereinafter X = S. The theory considers a model cluster
of CG containing N atoms (of which aoN As atoms, and (1-a)N S atoms), in which there are x
single homobonds As-As, y heterobonds As-S and z homobonds S-S. It is easy to see that the
relations relate these quantities:

{ 2x +y = maN 1
2z+y=n(1l—-a)N’ (1)

Here, m is the valence of As, m =3, n is the valence of S, n =2. The indicated model approach
considers the CG as a non-additive structure, the energy of which is determined by the sum of
the energies of its covalent bonds, but by the number of atoms N:

Ecc =X Easas+YEass+ZEss=Eo+ Ay (2

Here, Eo= N (m a Easas+ n (1-a) Ess)/2, the parameter A = Eass - ( Eas-as + Ess)/2 is
associated with the difference in electronegativities of the As and S atoms. The configuration
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diagram, which demonstrates the presence of several metastable states of CG, is presented in
Fig. 1. The configuration coordinates {Rnw)} given here are associated with the radiation-
induced switching of homo- and heterobonds of CG.

4 o

AE

energy

{ Rn(y) }

Fig. 1 Configuration diagram of metastable states of CG, which can be realized under the action
of radiation. The global extremum corresponds to the state of the CG with maximally saturated
heterobonds.

It can be seen that for the specified binary system of CG, the region of change of the number
of heterobonds y is determined from the equation:

aNm fora < —

0 <y < o 3)
(1-—a)Nn  fora=>—
n+m

To study radiation-induced changes in the parameters of CG, it is necessary to establish the
relationship between the Muller structural units and the number of heterobonds y (3). This
report analyzes the following options:
Option 1. In this case, the chemical-structural formula of the CG is
01 ASAS3/3-02ASX3/2: 03X X272, where the following relationship exists between the parameters o
(i=1, 2, 3) and, for example, the number of heterobonds y:
__ 3Na-y _ 2y _ 6N(1-a)-3y
o1 = 3N-2 o2 = 3N-Y’ ST T oDy
Option 1. The chemical-structural formula of the CG is B1ASAS3/3-B2AS2Xa/3-B3X X212
(composition enriched in As). The relationship between the parameters Bi (i =1, 2, 3) and y is
as follows:
_ 2Na-y _ vy _2N(1-a)-y
1=y Pz = 2N—y’ ST Ty
Option 1l1. The chemical-structural formula of the CG is y1AS2X4/2-72AS2X312-y3X X212
(chalcogen-enriched composition). In this case, there is the following relationship between the
parameters fi (=1, 2, 3) and y:
_ 3Na-y _ 2y—4Na _2N(1-a)-y
V1= Z-2Na+N’ Y2 = Z_2Na+N’ 37 Y 4Nas2N

The report also discusses the information capacity of the CG.

1. V. Maslyuk. A model for maxima in the heat capacities of chalcogenide glasses //
Journal of Non- Crystalline Solids.-1997.-212, N 1.-P. 80-84.

2. V. Maslyuk. Stable states and ordering in chalcogenide vitreous semiconductors //
Physica Status Solidi (B): Basic Solid State Physics.-1990.-161, N 1.-P. 43-54.

3. Tran Tri Nang, Masahiro Okuda, Tatsuhiko Matsushita. Photo-induced absorption
change in some Se-based glass alloy systems // Physical Review B.-1979.-19, N 2.-P.
947-955.
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Modelling of physical processes in thin CdTe films, taking into
account fluctuation-induced inhomogeneities

V.M. Hrytsuliak, T.M. Mazur

Ivano-Frankivsk National Technical University of Oil and Gas,15 Karpatska St., lvano-
Frankivsk, 76019, Ukraine
vitalii.hrytsuliak-tz251@nung.edu.ua

Thin CdTe-based semiconductor films are promising materials for optoelectronic
devices, photodetectors and solar cells due to their direct bandgap and high absorption
coefficient [1]. At the same time, their electrophysical properties are largely determined by the
presence of defects, spatial inhomogeneities and potential fluctuations arising during the film
growth process [1,2]. In this context, there is a pressing need to develop models that take into
account random components in the transport parameters. This paper presents a generalised
stochastic model of charge carrier transport that accounts for spatially correlated fluctuations
in transport parameters and enables a quantitative relationship to be established between
microstructural inhomogeneities and the macroscopic properties of the material.

The evolution of the charge carrier concentration n(x,t) in a thin film is described by the
equation:

on
ot

on n

0 on
= E[D(x)ﬁ] - /J(X)Ea - ﬁ + G(x, 1),

where the diffusion coefficients D(x), mobility coefficients w«(x) and lifetime
coefficients z(x) contain random components:
D(x) = Dy + 6D (x), ulx) = po + ou(x), T(x) = 19 + dT(X).
Fluctuations in the parameters are caused by microstructural inhomogeneities in the
films and can be described by stochastic processes with an exponential correlation function:

(8D (x)6D(x")) = D} exp x|

where ¢ is the correlation length.

It has been shown that the presence of random components in the transport coefficients
leads to a reduction in the effective mobility and diffusion of charge carriers, their partial
localisation, and the formation of density tails. The effective diffusion coefficient can be
estimated as:

Degs =D —D—]g
eff — Yo kT

Based on the proposed approach, an analytical estimate of the effective diffusion
coefficient has been obtained, which is consistent with the results of numerical modelling.

Numerical calculations have shown that as the amplitude of fluctuations increases, the
effective diffusion coefficient decreases by 15-25 %, and the mobility of carriers to 0.7-0.8 of
the initial value. It has been established that spatial fluctuations lead to the localisation of
charge carriers and the formation of inhomogeneous concentration profiles (Fig. 1), as well as
to the appearance of density of states tails and non-linearity in the current-voltage
characteristics. In particular, the width of the density of states tails reaches 20—40 meV, which
is consistent with experimental data for polycrystalline CdTe films.
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Fig. 1. Spatial profiles of the charge carrier concentration n(x) in a thin CdTe film: 1 —
without taking fluctuations into account; 2 — taking fluctuations into account.
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Fig. 2. Dependence of the effective diffusion coefficient Des on the relative fluctuation
amplitude D+/Do.

Fig. 2 shows the dependence of the effective diffusion coefficient on the amplitude of
fluctuations, demonstrating a reduction in transport properties in heterogeneous media. Thus,
the proposed approach and the computational experiments conducted allow for a deeper
understanding of transport mechanisms in thin films and can be used to optimise their growth
technologies and improve the efficiency of CdTe-based devices.
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Core-shell structure MnO.@CeO: for supercapacitor application

Kolkovskyi P.1.1 Yaremiy 1.P.2 Shlapa Y.Y.! Belous A.G.! Kotsuybynsky V.0.? Rachiy B.I.2

v.1. Vernadsky Institute of General and Inorganic Chemistry, National Academy of Sciences of
Ukraine, Kyiv, Ukraine
pkolkovskyy@gmail.com
2\asyl Stefanyk Carpathian National University, lvano-Frankivsk, Ukraine

In electrochemical supercapacitors, charge storage relies on fast surface redox
reactions and efficient ion transport within the electrode—electrolyte interface.
Consequently, electrode materials must provide a high density of electrochemically
active sites, sufficient electronic conductivity, and a porous architecture that enables
rapid diffusion of electrolyte ions. The overall device performance is strongly
influenced by the structural stability and compatibility of the electrode components
under repeated cycling. One of the key challenges limiting large-scale deployment is
the performance degradation that arises from resistive losses, sluggish ion mobility,
and structural fatigue during long-term |
operation, particularly under high current .J‘-@"MffLM».\“M.A.,_W'W‘UW—ss
densities. S NS/ W RTIN WIS W S

In this work the a-MnO.@CeO:
nanocomposites (S1-S8) were organized
into three series reflecting the synthesis
conditions of the CeO: precursors reported ‘
by Shlapa etal. [1], where precipitation i I - ‘|¥‘g:7_,l,(fj?"'f:’tgt%'zzlgona
was carried out at constant pH =9 in mixed 0o 3026(;(;gre;)° o
water—alcohol media. Series A (S1-S3)
comprises in-situ  composites prepared Fig. 1. XRD Patterns core-shell
using a CeO: precursor obtained in nanocomposites 0-MnO>@CeO: (S1-S8)
25vol.% IPA, with precursor loadings of 5, 10, and 15 %, enabling a controlled
assessment of the effect of increasing CeO. content on nucleation and composite
formation. Series B (S4-S6) follows the same design but employs a CeO: precursor
synthesized in 75vol.% IPA, allowing direct comparison between low- and
high-alcohol media under identical concentration gradients. Series C (S7—S8) includes
ex-situ composites produced by mechanical mixing with 10 % CeO: nanoparticles
derived from the two precursor environments (25 vol.% and 75 vol.% IPA), providing
a reference for distinguishing the influence of synthesis route versus solvent
composition.

X-ray diffraction (XRD) patterns of the synthesized electrode material based on
Core-shell structure MnO,@CeO, are shown in Figure 1. The X-ray diffraction
patterns of samples S2—-S8 show the characteristic reflections of tetragonal a-MnQO-,
with all major peaks matching the reference pattern (ICSD#20227). The
diffractograms exhibit no additional crystalline phases, indicating that the MnO-

_,,r“w."“\....._.»-,—/““\..._)u ki amec N K ;2
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framework remains structurally preserved across all composite formulations. Minor
variations in peak intensity and broadening among the samples reflect differences in
crystallite size, defect density, and the degree of structural distortion induced by CeO-
incorporation. These trends collectively confirm that Ce-based modification affects the
microstructural ordering of a-MnO: without altering its primary crystal structure.

The study demonstrates that controlled variation of CeO: precursor composition
and synthesis route enables systematic tuning of the a-MnO2@CeO: nanocomposites.
Structural analysis confirms preservation of the a-MnO- framework, while Ce-based
modification induces measurable microstructural changes without generating
secondary crystalline phases. The combined results highlight the effectiveness of
precursor engineering in tailoring mixed-oxide architectures for advanced
electrochemical applications.

1. Shlapa Y. et al. Cerium dioxide nanoparticles synthesized via precipitation at constant pH:
Synthesis, physical-chemical and antioxidant properties //Colloids and Surfaces B: Biointerfaces. —
2022. —T. 220. — C. 112960.

2. Shlapa Y. et al. Design of magnetic Fe304/CeO2 “core/shell”-like nanocomposites with
pronounced antiamyloidogenic and antioxidant bioactivity //ACS Applied Materials & Interfaces. —
2023. —T. 15. — Ne. 42. — C. 49346-49361.

Funding: This work was funded by the NATO Partnerships and Cooperative Security Committee in
the framework of the Science for Peace and Security Programme (G6166).
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KondoxanbHa MIKpo-paMaHiBCbKa CIIEKTPOCKOIIIA MPOCTOPOBOIO
po3noainy nedopmaniii Ta KOHIEHTPAWil JOMIIIKHA 00PYy MOOJIM3y
aucaokanii y seropanomy 6opom HPHT-anmasi

L. M. lanunenko!, I1. M. Jluteun?, A.C. Hikonenko!, B.B. Ctpensuyk?,
T.B. Koanenko?, B.B. JIucakoBcekuii?, C.O. IBaxHeHKO?

Y Inemumym gisuxu nanienposionuxis im. B.€. Jlawxapvosa HAH Ypainu,
np. Hayku, 41, Kuis 03028, Yxpaina
E-mail: igor.tesV@gmail.com
2 [ncmumym naomeepoux mamepianie im. Baxyna HAH Yxpainu,
syn. Aemoszasoocvka, 2, Kuie 04074, Ykpaina

JleroBanuii 60poM ajnmMas, BUPOUICHUH METOJOM TEMIIEpaTypHOTO Ipaji€eHTa B
yMOBax BHCOKOro THCKy Ta BHcokoi temmneparypu (HPHT), € mepcnexTuBHHM
IIMPOKO30HHUM  HaIlIBIPOBIJHUKOBHM  MarepiajoM JUid [OPWIAAIB  CUJIOBOI
eNeKTpoHIKH, 30kpeMa pgiomiB IlloTTki. BoagHowyac BiATBOPIOBAHICTh  IXHIX
eNEeKTPO(PI3UYHUX TapamMeTpiB ICTOTHO OOMEXKYEThCS HASBHICTIO €JIEKTPUYHO
AKTUBHUX JIOKAIBHUX J1€(PEKTIB, HACAMIIEPE] MPOPOCTAOUNX AUCIOKALIIH, K1 MOXKYTh
COPUYMHATH TMIJBULIEHI 3BOPOTHI CTPYMHU BHUTOKY, HOTIPIIEHHS BUIPSIMHHUX
XapaKTEPUCTHK 1 MEepeaYacHuid eNeKTpuYHUi npoOii. Tak 3BaH1 «aePeKTU-KIIEpH»,
AKI YacTO TOB’A3yIOTh 13 JHUCIOKAIisIMH a0 1HAYKOBaHUMH JedeKTaMu
MOBEPXHEBUMH  HEOJHOPITHOCTSMH, 1CTOTHO BIUIMBAIOTh HA  TPAHCIIOPTHI
XapaKTEPUCTUKHU Ta BUXiA mpuaatux nioAiB IIloTTki Ha ocHOBI anmazy. Y 3B’SI3Ky 3
UM 0COOJIMBOTO 3HAYCHHSI HA0OYBaIOTh HEPYHHIBHI CIIEKTPOCKOMIYHI METOH, 3/IaTHI
BUSIBJISITH Ta KUIBKICHO XapaKTEpHU3yBaTH TUCIOKAI[IHHO-THAYKOBaHI CTPYKTYpHI H
JIOMIIIKOBI HEOTHOP1AHOCTI.

B naHiii poOOTI 3 BUKOPUCTAaHHSM KOH(OKAJIBHOI MIKPO-paMaHIBChKO1
CHEKTPOCKOMIi JOCHIPKEHO MPOCTOPOBUM PO3MOJLT MEXaHIYHUX HANpyXeHb Ta
KOHLIEHTpAaIli HECKOMIIEHCOBAHOI AOMIIIKK OOpY B OKOJII OJJMHOYHUX TUCIOKAIIN Ha
npupoAHii poctoBiid rpani (111) neroBanoro ©Oopom HPHT-anmaszy. Ouinky
BEJIMUYMHU e(opmaliiii MpOBEIEHO 3a YaCTOTHUM 3CYyBOM Fog cMyTH anmasy mpu 1332
cM, a KOHIEHTpaLil HECKOMIIEHCOBAHOTO 0OpPYy - 3a BiJHOCHOK iHTEHCHBHICTIO
iHgyKoBaHoi 6opom cmyru Gins 588 cm™. Jlns kinmbKicHOIT iHTepIpeTanii MUX JaHuX
BUKOPUCTAHO HE3aJICKHE KaTiOpyBaHHS 3a pe3yJbTaTaMu CKaHy4oi iH(ppauepBOHOT
(I4) Mikpo-cnekTpockomii Ha  IUTACTMHAX  aiMaly, Ji€  KOHIIEHTpAIlilo
HeckoMIieHCoBaHuX akientopiB 00py [Na-Np] Bu3HaueHO 3a IHTEHCHBHICTIO
XapaKTEPUCTUYHUX CMYT JOMIIIKOBOTO ToriauHaHHs 6opy mpu 2800, 2450, ta 1290
CM

BcranoBnieHo, mo OAWHWYHI BUXOIM AUCIOKAIiii Ha pocToBy Tpanb (111)
(GOpMyIOTh JIOKAJIbHI 3HAKO3MIHHI MOJS MEXaHIYHUX HamnpyXkeHb 3 XapaKTEpHOIO
ycepelHeHo0 aMIuiTynoo Onu3bko +80 MIla (puc. la) Ta CynpoBOMKYIOTHCS
IIPOCTOPOBUM TIEPEPO3MOALIIOM HECKOMIIEHCOBaHOrO Oopy (puc. 10); mpu mboMmy
obmacti  30aradeHHss 1 301HEHHS  JOMIIIKOK  OpIEHTOBAaHI  NPHUOJIU3HO
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MEePIEHANKYJISIPHO J0 OCl paMaHiBCHKOTO JUIIONS HANpPYXEeHb, 110 CBIIYUTH MPO
BU3HAYAJIbHY POJIb IIOBHOTO MPY>KHOTO MOJIS JUCIIOKAIIli y Ipoliecax cerperaiii 6opy.

©
C
=
(3]
o0
+

-81 ...

Puc. 1. (a) IIpoctopoBuii po3momin nmedopmarliii, BHU3HAYECHUH 3a YACTOTHHUM
TIOJIOXKEHHAM PaMaHiBChKOi Fog-cMyrn anmasy mpu 1332 cm, ta (6) konmenTpamii
HeckommeHcoBanoi gomimku 60py [Na-Np], ominenoi 3a BigHoIeHHSIM lsgg/li332, 3a
JTAHUMU MIKpO-paMaHiBChKOi CIIEKTPOCKOMii. [3omiHissMu mokazaHo ACM kapTy BUCOT
3 3arajJpHUM TiepenanoM 50 HM B OKOJII JUCIOKAI[IHHUX SMOK TpaBJCHHS 3a JTaHUMU
CKOPEJIbOBAHUX HAHO30HJIOBHX BUMIPIOBAHb.

OTtpuMaHi pe3yibTaTu A00pe Y3roXKyIThCs 13 pe3ynbraraMu KeiabBiH-30HA0BOT
mikpockomii (KPFM) Tta mpoBigHoi mikpockormii omopy po3stikanHs (SSRM), ski
MOKa3aJIl TO3UTUBHUNA KOHTPACT KOHTAKTHOI pi3HMII moTeHmiamB 35-50 mMB Ta
ICTOTHE 3HM)KEHHS JIOKJIBHOTO OMOPY Ha KUIbKA MOPSIKIB B OKOJI JUCIOKAIIITHUX
AMOK TpaBieHHs. Lle miaTBepaye, 110 BUSBIEHI METOJIOM KOH(POKAIBHOI MIKpPO-
pamMaHiBChKOI CHEKTPOCKOMIlT HEOTHOPIAHOCTI PO3MoAiTy nedopmariid i Jeryrdoi
JOMIIIKK TOOJM3Y JUCIOKaliid Oe3mocepeiHbO MPOSIBISAIOTHCS B JIOKAJTIBHUX
€JICKTPOHHMX BJIACTUBOCTSIX ajiMasy, Ta MOTSHIIIIHO MOXKYTh BUCTYIIATH «ae]exTamu-
Kutepamu» y aioaax IHIoTTki Ha OCHOBI aiMasy.

Takum uHOM, KOH(pOKaTHHA MIKPO-PaMaHiBChKa CIIEKTPOCKOIIS € €heKTHBHUM
HEPYWHIBHUM METOJIOM J1arHOCTUKH JUCIOKAIIHHO-THAYKOBAaHUX HEOTHOPITHOCTEH Y
neroBanomy 6opom HPHT-anmasi, a KoHTpOIb Oro 1eeKTHO-TOMIIITKOBOTO CTaHy €
BKJIMBOIO TIEPEAYMOBOIO ONITUMI3AIlil TapaMeTpiB alIMa3HUX JIOJHUX CTPYKTYP.

Pobora Bukonana 3a miarpumka HO®OIY, mnpoekr Ne 2025.07/0197
“3axkonomipHocti HPHT-kpuctamizamii Ta ¢i3uuHi  mexaHi3Mu  (HOpMyBaHHS
€JICKTPOHHUX BJIACTUBOCTEW MOHOKPHUCTAIIB ajMa3y, JEroBaHUX OOpOM 1 a30TOM 3
rPaHUYHUMU KOHIIEHTpAIlIsIMuU .
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BnuiuB pexxuMiB TepMiYHUX 00PO0OK HA CTPYKTYPHI Ta ONTHYHI
XapPaKTEePUCTUKH MOPOLIKIB TA KEPAMIKH Ti0OKCHAY HMPKOHII0,
JIETOBAHOTO0 MAHTAHOM

K.O. Ko3zopi3, JI.FO. Xomenkoga, T. Crapa, O. IcaeBa, I. Bopona, JI.B.
bopkoscbka

Inemumym ¢hizuxu nanienpogionuxie im. B.€. Jlawmkapvosa HAH Ykpainu, np. Hayku, 41,
Kuis 03028, Vkpaina
kozoriz.kostiantin@gmail.com

Hiokeuna nupkoHito (ZrO2) HaneXUTh A0 KJIacy (GyHKIIIOHAIBHUX MaTepiajiiB 3 BHCOKOIO
TEPMOCTIHKICTIO, MEXaHIYHOI MIIHICTIO Ta XIMIYHOK CTa0lIbHICTIO, III0 3yMOBIIIOE HOTO
IIMPOKE 3aCTOCYBaHHS B KepaMilli, KaTaji3i Ta CCHCOPUIl. AKTYaIBHOIO 33]1a49€t0 € KepyBaHHS
¢da3zoBuM ckiagoM Ta JeeKkTHO cuctemMoro ZrOz HUIAXOM BBEIEHHS CyOBaJEHTHHX
noMmimok. OcTaHHI [O3BOJSIOTH CTaOUTI3yBaTH TETparoHalbHy Ta KyOiuHy ¢dasu npu
KIMHATHI TeMIeparypi 3a paxXyHOK (popMyBaHHS JOJATKOBUX KMCHEBHX BaKaHCIH, a TaKOXK
CIPHUATA YTBOPCHHIO HOBHUX OITHYHI IIEHTPIB B 00’€Mi 3€peH, a TaKOX KOMIUICKCIB Ha iX
noBepxHi [1,2].

Cepen pi3HUX TMEPEXiJHUX METAJIB, MAHTaH € TEPCIEKTUBHOIO JOMIIIKOI0, OCKITbKA
MOXK€ ICHYBAaTH y KIJIbKOX BaJ€HTHHX CTaHaX (Mn2+, Mn3*, Mn“*) 1 Mae 3HA4YHO Kparry
posunnHicTs Yy MaTpumi ZrO2 (10 15 Mon.%). lon Mn?* mMae pasiyc, 6nmsbkuii 1o pagiycy Zr**,
a cuibHiNI 3B’s13ku Mn-O 3a0e3neuyroTh cTaliii3aliio TeTparoHaJIbHOI Ta pOMOOeIPUYHOT
(a3, cpusIOTh YTPUMAHHIO JIOMIIIKU B 00’ €Mi 3€peH Ta BIJICYTHICTH CeTperailii 3a BUCOKUX
temneparyp. Lle poOuTh eryBaHHg MaHraHoM €()eKTUBHUM 1HCTPYMEHTOM KOHTPOJIbOBAaHOL
MoaudikaIii CTpYKTypH Ta ONTHYHUX XapakTepucTuk ZrOz. MeToro pobOTH € JOCIiKEHHS
BIUIMBY BMICTY MAaHTaHy Ta YMOB TepMiuHOi OOpOOKM Ha CTPYKTypHI Ta OITHYHI
XapaKTepUCTHKU MOPOLIKIB 1 KepaMiki Ha OCHOBI ZrOx.

[Topouiku Mn-ZrOz Oyno OTpUMaHO METOJaMH CYMICHOT'O OCQ/IXKEHHS 3 MOCIIIOBHUM
BignmasoM Ha moBiTpi 3a Temmeparyp 400-1000 °C mpotsrom 2 romuH. Bwmict maHrany
BapiloBaBcs B giamasoHi [Mn]=1x10% — 5x10%* cm™. Kepamiuni 3pasku Oylo OTpUMaHO
CIiKaHHIM NpecoBaHuX nopouikis 3a Temnepatyp 1100-1500 °C Ha noBiTpi npoTArom 3 roJiuH.
[Ticns Bianmamy 3pa3ku 0XOJIOKYBAIKCS 10 KIMHATHOI TeMIepaTypH pa3oM 3 miuyto. OnTuyHi
XapaKTePUCTHKU Ta (pa30BHii CKIIa TOCTIHKYBATH METOAaMU JU(PY3HOTO BiIOMBAHHS CBITJIA,
koMOiHamiitHoro po3cisaas cBiTia (KPC) Ta enekTpoHHOro mapamMarHiTHOTO PE30HAHCY
(EITP).

AHali3 CIeKTpiB ONTHYHOTO TOTJMHAHHS MOPOMKiB Ta kKepamiku ZrOz ta Mn-ZrO;
BUSIBUB, III0 JIETYBaHHS MAHTAaHOM CIIPHSI€ 3POCTAHHIO 33 aMILUTITYA0I0 CMYTH NOTJIMHAHHS B
obmacti 280-340 HM, OB ’43aHOI 3 KHCHEBUMH BakaHCisMu. Pa3zom 3 mum, B oOmacti 450-
800 HM 3’sBISETBCSA CHUTHAJ, acoIiioBaHWI 3 goMimKko Mn. 3i 30UIbIIeHHSM BMicTy Mn
BHECOK I[OTO CHUTHAIY 3pOCTa€, a MOJ0KEHHS MaKCUMyMY 3cyBaeThest Bit 590 1o 630 HM i
CYIPOBOJUKYETHCS YIIUPEHHSM. Taka MOBeiHKa CIIEKTPiB ONTHYHOTO MOTIMHAHHS 3yMOBJICHA
3aMilleHHAM KaTioHiB Zr** iomamu MamTamy Ta yTBOpeHHsSM medekTiB Mnz2*. Ile
MIATBEPKYETHCS pe3yibTaTaMu AOCHIKeHb 3pa3kiB Meronom EINIP. JlilicHo, mmst Beix
nopomkis Mn-ZrQ, BusBneno npucytHicts EIIP mentpie Mnz?" [3], curHan Bim sxux
HalKpare MPoSBIAEThCS Y 3pa3Kax i3 BMicToM ManTany [Mn]=1x10%cm3,

Cnextpu KPC nopomkis ZrO2 ta Mn-ZrO; 3 Bmicrom [Mn]=1x10%° cm3, Binmanenux npu
400-600 °C, Bka3yrOTh Ha MPHUCYTHICTh TETPAroHAIBHOI Ta MOHOKIIHHOI (a3, I SKHX
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XapakTepHi pOHOHHU peecTpyroThes npu 143 cm™ i 264 em™ (t-ZrO2) ta mpu 750-760 cm™ (M-
ZrO,), BigmoinHo [4]. 36inpmenns BMicTy ManTany 1o [Mn]=1x10%° cm® npusBomuTh 110
yIIUpeHHS! (POHOHHUX CMYT 1 3pOCTaHHS BHECKY TeTparoHajJpHOI (pa3u, a mpu moaasbIomy
1oro 30UTBIIIEHH] TETparoHaJibHa CTPYKTypa JoMiHye. B Toit sxe uac, Bignan nmpu 800-1000 °C
cnpuse GOpMyBaHHIO MTEPEBAXKHO MOHOKIIIHHOI CTPYKTYPH, HE 3BaKAal0UM Ha 3HAYHUI BMICT
manrany [Mn]=(1-5)x10%* cm®. Tlpu mpomy, yTBOpeHHsS HOAATKOBHX (a3, MOB’A3aHUX 3
MaHT'aHOM, 30KpeMa OKCHUJIB MaHTaHy, y IOCIIKEHUX 3pa3Kkax He BUSBJICHO.

Taky CTpyKTypHY MOBEAiHKY MOpPOIIKiB Mn-ZrO; MOXHa MOSICHUTH KOHKYPEHIIIEO
nporeciB audy3ii Mn B 00’em 3epen ZrO2 Ta 3pocTaHHSAM 3€peH 3a po3Mipamu. s Mamux
3epeH, KpiM JgoMmimku Mn, sKa CHOpHus€ YTBOPEHHIO KHCHEBUX BaKaHCIH, IOJAaTKOBA
cTabimi3alis TeTparoHaJIbHOI CTPYKTYPH BiIOYBA€ThCS 32 paX YHOK ITOBEPXHEBOI €HEprii 3epeH.
B Toif ke wac, UIsI BENUMKHX 3€pPECH, YTBOPCHHS SKUX MAa€ MiCIle TpPH IiJBUIICHUX
TeMIlepaTypax, BIAHOMIEHHS 00’ €My 3epHa JI0 IUIOII HOro MOBEPXHI 3pOCTAE CYTTEBO, BHECOK
MOBEPXHEBOI1 €HEPrii 3MEHIIYEThCSA 1 TOJOBHY pPOJIb y CTadimi3amii CTpyKTypH Tpa€ BMICT
JIOMIIIIKH, SIKOTO BHUSIBJISIETHCS HEJIOCTATHBO, 100 3amo0irTu Tpancdopmartii TeTparoHaabHOT
CTPYKTYpH Y MOHOKJIIHHY. Lle mpumyIeHHs MOKe MOSCHUTH 1 TOII0HY CTPYKTYPY KepaMidyHUX
3paskiB, BignaneHux mpu 1200-1500 °C.

Bcranorieno, mo npu moButkHOMY HarpiBaHHi (3 °C/XB) MpecoBaHHX 3pasKiB 0
TeMIlepaTypu CHiKaHHS (OpMYyeTbCsl CyIUIbHAa Kepamika, a mpu mBuakomy (30 °C/xB)
bopMyeThCcs TOpyBaTa Kepamika, sika MOXe OyTHM BHUKOpPHCTaHA JUIsl aHOJIB KepaMidyHHX
MaJTUBHUX KOMIPOK Ta Karami3y.

TakuM YWHOM, OTpUMAaHi Pe3ylIbTaTH JACMOHCTPYIOTh, IO JIETYBaHHS MaHTaHOM Ta
TepMiuHa 00poOKa BiAIrparoTh KIOYOBY POJb y CTPYKTYpHIiH mepedynoBi marpuni ZrO; ta
MoaudikaIii ONTUYHUX XapaKTePUCTHK. e cTBOPIOE MArpyHTS AT PO3POOKHU MaTepiairiB Ha
OCHOBI OKCHJly IUPKOHIIO, JIETOBAHOI'O MAaHTaHOM, s (PYHKIIOHAJIbHHX 3aCTOCYBaHb,
BKJTIOYHO 3 KaTaJli30M, CCHCOPHUMH CUCTEMaMH Ta KEPaMiYHIMH €JIEKTPOIITaMHU.

ABropu BuUCHOBIOIOTE TOoAiKy HAH Vkpainm 3a miaTpuMKy y TOpOBEACHHI
nocmijokeHb  (tema Ne [11-10-24  «CtBopeHHss  0a30BMX  TexXHOJIOTiH  (opMyBaHHSA
HaIIBIPOBIIHUKOBUX MaTeplaiiB 1 CTPYKTyp Ul HAHO- Ta OINTOENEKTPOHIKH», MPOEKT
«HoBiTHI MaTepiain Ta (QyHKIIOHAJIBHI KOMIIOHEHTH Ul albTEPHATUBHUX JKEpes eHeprii»
(per. Ne 0125U000995)). Kozopiz K.O. Bucnormoe moasky 3a crunenniro l[Ipesumenta
YKpainu 1715 MOJIOAUX BUCHHUX.
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State Composites and Hybrid Systems: Fundamentals and Applications, CRC Press, Boca
Raton, FL, USA.-2018.-P. 28-57.

2. Marie O., Portier X., Korsunska N., Khomenkova L. CO-PROX reactions on copper
Y203-ZrO, catalysts prepared by a single step co-precipitation technique // Appl. Catal. B:
Environ.-2020.-278.-P.119258.

3. Nosenko V.V., Vorona I.P., Khomenkova L.Yu., Petrenko T.L., Yukhymchuk V.O.,
Borkovska L.V., Povarchuk V.Yu., Trachevsky V.V. Intrinsic and radiation defects in ZrO>
powders: EPR study // Radiation Phys. Chem.-2026.-244.-P.113839

4. Khomenkova L., Marchylo O., Polishchuk Yu., Ponomaryov S., Isaieva O.,Vorona I.,
Melnichuk L., Portier X., Melnichuk O., Korsunska N. Effect of dopant loading and
calcination conditions on structural and optical properties of ZrO. nanopowders doped with
copper and yttrium // Mater. Res. Express.-2024.-11,N.6.-P.065005.
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Charge-fluid heating in quasi-ballistic plasmonic FETs
\%

!Institute of Semiconductor Physics, National Academy of Sciences of Ukraine, Kyiv 03028,
Ukraine; mykola.eliseev@gmail.com
’Institute of High-Pressure Physics, Polish AAcademy of Sciences, Warsaw 01-142, Poland

During the last decades, electron energy gain/dissipation and overall thermal budget in
nanoscale structures have been studied in many papers (see, for example, [*] and references
therein) with the focus on commonly used snfall sized field effect transistors (FETs) []. To
study the thermal effects on nanoscale, micro~and nanoscale scanning thermometry methods

3 47y h
have been developed (see, for example, [°, *]).

e
Y
1
e
a
h Problem stat®ment and the results
a Let us consider a static Euler equation with a constant current, but with the simplest
form of pressure considered, given by expr. (1¢):
e ; uyLdu_ _ e 1ap
r+udx meeggdx mndx (la)
a ae du mu
S —_ —_— =
t n u dx +0 dx cykpT (lb)
j
u " d L u==p=nkgb (1c)
flet us introduce the following dimensi@niesgltl%l‘%%L
i _r =Xy _J g8 ,_J p__P _ kBTs
V= vs’N ‘ns’E L’] j0’® Ts’] jsc’P m"zz)ns’ 5 m17127 (2)

e
Ip these terms, the spatial distributions of the temperature and concentration are as follows:

_ (1-N)(J*(N-3)+2N+4NS)
§= N5 (3a)

h 0=(s-ype-"=-pN L @G

N /SN

-+

In quasi-ballistic plasmonic FETs, where inelastic electron scattering is negligible, an

lastic scattering provides the specific mechanism of electron fluid heating: the energy losses

E]luring deceleration of the flux are distributed over chaotic degrees of freedom. This

mechanism, and fluid dynamics, both determine the behavior of the electron temperature along

‘%ehe FET channel and highly nonlocal character of heat generation and transport. We suggest

%at the presented results on the thermal effects can be used for elaboration of plasmonic FETs,
%nd they can be important for their appropriate applications.

1

«“nn + 0 0o - -hOo

=N

19

- o = o



JlamkapboBChKi ynTaHHS - 2026

(b) 1
0.5
@ 04
//v : 2
S
e S 03]
s Channel v} 3
1z
0.2
01
0.0
00 01 02 03 04 05 06
u
0.4 — = a4
03 03
=02 =02
01 " 01

080 02 04 06 08 10 080 02 04 06 os 10
H 3

1.101.251.401.551.70 1.852.00 2.152.30 11 12 13 14 15 186

Fig. 1. The device we considered (a). J-U characteristics at S = 0.1 for B=0.2 (curve 1, Jc = 0.56,Uc
=0.54), B=0.5 (curve 2, Jc = 0.35,Uc = 0.58), B=1 (curve 3, Jc = 0.29,Uc = 0.68). Dashed curve is
for B = 0.5 in the model form the work [5] with S = 0 (b). (b). Density plots of ®(&, J) for B=0.5 at
S=0.1 (c) and S=0.2 (d). Note that the temperature scales are different from those in Fig. 2

0 01 02 03 04 05 06 O 0 01 02 03 04 05 06 0
u

Fig. 2 Density plots of ®(U, J) for S =0.1 (a) and S = 0.2 (b). Color parts of the panels are for ® > 0.
The blank parts show the region where a physically-feasible solution ceases to exist. The dashed lines
correspond to ®(U, J) = 1. Full lines are J(U) dependencies, as in Fig. 2, separating the areas
attainable for the solutions at B=0.2, 0.5, 1. (c) and (d): ®(U, Jc) at the three values of B for S =0.1,
0.2, respectively. Note that the scales on the vertical axes are different.
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BruiuB nogaTkoBoro JieryBanisi TiO2 Ha YepBOHY JIOMiHECHEHIIIKO
iony Mn*" B amominari Mmarniio

K.O. Ko3opis, LI1. Bopona!, O.11. T'ymumenko?, JI.B. BopkoBchka®

Y Inemumym isuxu nanienposionuxis im. B.€. Jlawxapvoea HAH Yxpainu, np. Hayxu, 41, Kuie
03028, Ykpaina
kozoriz.kostiantin@gmail.com

UepBoHi TFOMiHOPOPH BIAIrparOTh KIFOYOBY POJIb y TEXHOJOTIT CBITIOII0THOTO OCBITICHHS,
TpaHCPOPMYIOUM CHHE BUIIPOMIHIOBAHHS J10HOTO YHIIA Yy YepBOHE. Y CKIaAl OLIMX CBITIOIIOJIB
BOHHM 33a0€3MeUyI0Th KOM(POPTHY «TEILTy» TeMIepaTypy CBIiTJa sl iHTEp €PIB, a Y CIeIiali30BaHIX
¢iTonaMnax akTHUBYIOTh KPUTUYHI O10JOTI4HI MPOLIECH y POCIUH - BiJl (OTOCHUHTE3Y 1O LBITIHHS.
Kpucraniuni ciomyku, aktuBoBadi ioHom Mn**, npu 36ymkenni Y® a6o cuHe-3eleHHM CBITIOM
TeHEepYyIOTh BUIIPOMIHIOBAaHHS B Jiana3oHi Big 620 HM 10 723 HM, 110 BIANOBiJa€ CIEKTPATbHUM
BHMOTaM JI0 YePBOHOTO JIFOMIHO(OpA AJIs 3aCTOCYBaHHS B CBITJIOMIOMHUX OCBITIIFOBa4ax. OKCHIHI
MaTpHIli, aKTHBOBaHi ioHOM Mn*', BUPI3HSIOTBCA BHCOKOIO TEPMiYHOI Ta BOJOTOCTIHKICTIO,
€KOJIOTIYHICTIO Ta HU3BbKOIO co0iBapTicTiO. 30KpeMa, y mminem MgAl2O4 cMyra BUIpOMiHIOBaHHS
iony Mn** mMae miik Ha 651 HM, 110 € OJHMM i3 HAHKPAIIUX HOKA3HUKIB Cepesl OKCUIHUX MATPHIb IS
CTBOpEHHs1 OiMMX CBiTHOAiOAIB. Xoua el moMiHOGOp MOXHA CHHTE3yBaTh TBEpAO(DA3ZHUM
METO/IOM, MpoLec MOTpedye BHCOKUX TeMIepaTyp Ta JOJATKOBUX 3aXOJiB JAJS IiJBUIIECHHS
CBITI0BOT epeKTUBHOCTI Uepe3 HeoOXiaHiCTh KOMIIeHcaIii 3apsy npu 3amimensi APF* ma Mn**,

B po6oti npezacraBieHi pe3yiabTaTd AOCHIDKEHb BIUIMBY nonaBaHHs TiO2 Ha mpouecu
CIIKaHHS, ONITUYHI Ta CTPYKTYPHI BIACTHBOCTI JItOMiHecieHTHOI kepamiki MgAl.04:Mn 3 meToro
MiBUIIICHHS IHTEHCUBHOCTI 4yepBOoHO1 GoTomominectenii (PJI) iony Mn**.

3paszku kepamikun MgO-Al203 ta MgO-Al20s-TiO2, neroanoi 0,1 % Mn, Oynu onepkaHi
nuisixoM crikanss npu 1100-1400°C Ha noBiTpi cyMillei MOpoILKiB BiANOBIAHUX OKcUAIB. KinbkicTh
TiO2 migOupanace TakuM YHMHOM, 1100 Kepamika MICTWJIa OJHaKOBY KuIbKicTh aTtomiB Ti Ta Al.
XapakTepUCTUKHU OJIepKaHUX 3pa3KiB JOCIIKYBAINCh 32 KIMHATHOT TeMIepaTypH.

AHai3 MIKpOCTPYKTYPH KEpaMiKH 3a JIOIIOMOT'OI0 CKaHYIOYOI'0 €JIEKTPOHHOTO MIKPOCKOIY
MiATBEPIUB, 110 nonaBaHHsa Ti0; crpusie CHiKaHHIO 3epeH Ta 30UTBIIEHHIO X po3Mipy B 4 pasu 3a
BCIX TeMIepaTyp Biamaiay. MakcuManbHUil po3Mip 3epeH ctanoBuB ~10 MM y 3pazky MgO-Al2O3-
TiO2, Bignanenomy npu 1400°C, a MiHIManbHUHN - JeKijbKa cOTeHb HaHOMeTpiB y MgO-Al2O3,
BignaneHomy npu 1100°C. AHani3 KpuBUX peHTreHIBChbKOI An(pakiiii mokasas, 1o B kepamini MgO-
Al>;O3 konrnertparist mmineni MgAl2O4 3pocrae Big 35% 10 96% 31 30iMbIIEHHAM TeMIIEpaTypu
Biamany Big 1100°C mo 1400°C. B kepamini MgO-Al203-TiO2 BusiBieHo /1Ba TBEpi PO3YHHU - OJTUH
31 CTpYKTYporo Kaumwiity Tumy MgoTiOs, a apyruit 3i crpykryporo mimineni tuny MgAl2Os. 3i
301UIBIICHHSM TEMIIEpaTypH BiNaly KOHIIEHTpAIlis KaHIWIITY 3pocTaina Bijx 55% 1o 67%, a mmiHeni
3mentryBanacs Bizx 20% mo 10%, mocTiiftHa rpaTku KaHIuIiTy 3MeHInyBaiack Bif 0,840 1o 0,833 uwm,
a mmineni 3pocrana Bix 0,811 no 0,828 HM.

VYci 3pa3ku KepaMiku IeMOHCTpYBalid cMyTy 4depBoHoi DJI, cipuunHeHy 3a00pOHEHUM 3a
crinom nepexonom 2E—*Az iony Mn**, ta 1Bi mupoki cmyru 36ymkenss B YO Ta cHHbO-3eMeHiit
06IIacTAX CHEKTpa, 3yMOBIIEHI J03BOJIEHMMH 3a CIIiHOM Tiepexonamu ‘A,—*T1 ta *A,—*T, iony
Mn** (Puc.1a). Jlonaauns TiO, mpu3BoAMIO 10 3cyBY cMyru yepBoHoi DJI Ta cMyT ii 30y1KeHHs B
JIOBrOXBUJILOBY 00J1acTh criektpy. Makcumym cmyru @JI cranoBuB 651 M B 3paskax MgO-Al20s3
Ta 656 HM B 3pazkax MgO-Al203-TiO2, a uac penakcanii ®JI cknagas 932 mkc 1 530 MKc, BiAIOBITHO.
3anporoHoOBaHO, IO B Kepamill, oaepxkaHiid 3 momaBaHHAM Ti02, OCHOBHHI BHECOK y CMYTY
uepBoHoi ®JI nae Bunpominopanus iony Mn** y dasi kanaumiry.
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Puc.1. (a) Cnextpu ¢orontominecueHii (cpaBa) Ta CrieKTpH ii 30yKeHHSs (3711Ba) KEpaMiKu
MgO-Al>03 ra MgO-Al>03-TiO», Bignanenoi ipu 1400°C; (6) InTerpanbHa iHTEHCHBHICTh Y€PBOHOT
@JI 1BOX THIIB KEPaMiKH B 3aJICKHOCTI BIJI TEMIIEpATypH BiaIaIry.

Kepawmika, onepxana 3 nogaBanusM TiO2, mokasana B pa3u BHUILY iHTEHCHUBHICTh YEPBOHOT
®JI, mix MgO-AlO3 3a Bcix Temneparyp Biamany (Puc.16). Koopaunatu CIE yepBoHOIrO
BunpominoBanss Mn** y mominopopax nsox Tumis, Bixnazenux npu 1400°C, cranosumu (0,6932,
0,2902) ms MgO-Al203 ta (0,6953, 0,2894) s MgO-Al,03-TiOs.

B Toii e yac, B ycix 3pazkax MgO-Al,0O3 crioctepiranachk goxatkoa cmyra 3eneHoi OJI 3
MakcumyMmoM Ha 520 um. Lo cMyTy moB’s13y10Th i3 nepexonoM “T1—°%A; ionis Mn?*, mo 3aiimaroTs
TeTpaepHYHi MO3MUILT 3aMiCTh By3/10BUX ioHiB Mg?* B mmineni MgAl,Os. HasBHicTs enTpiB Mn?*
BUKIIIOYHO Y 3paskax MgO-Al203 Oyio miaTBepkeHO METOIOM EIEKTPOHHOTO MapaMarHiTHOroO
pesonancy (EIIP). 3anexnicts inTencuBHocTi curaany EITP iomy Mn?* Bix Temmepartypu Bimmamy
KOpeIntoBala 3 BiMOBIIHOIO 3aJIeKHICTIO IHTEeHCUBHOCTI 3eneHoi dJI.

TakuMm yrHOM, MOKa3aHo, 1o foxaBaHHs TiO2 crnpusie crikanHio kepamiku MgO-Al2Os i
TIOCUITIOE YePBOHY JIFOMiHecIeHIiio iony Mn**. BcTaHOB/IEHO, 1110 B TBEPOMY PO3UMHI KaHIHIITY
M@2xTi1xAl2xOs Mapranenp mepeBakHO HaOyBae 3apsiioBoro crany +4. lle poduts maHy dasy
NEPCHIEKTUBHIIIO OCHOBOIO JUIsl YePBOHUX JIFOMIHO(OPIB MOPiBHAHO 31 mimiHento MgAlOq.
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CTpyKTYypHIi 10CTiT)KEHHS XaJIbKOHEHITHUX HANIBIPOBITHUKOBUX
cTeK0JI cKJIaaiB (AsSe)100-x AQx

Kouy6eii I'.Y, Crponceknii O.1, Kasenpkuii T.2, Balayeva N.3, Zahn D.R.T 3
Ynemumym ¢pizuxu nanienposionuxie in. B.€. Jlawkapvosa HAH YVkpainu, Kuis, Ykpaina
2 ITpoeobuybkuii deporcasnuii nedazoziynuil ynigepcumem imeni leana ®panka, poeobuy, Yrpaina
% Semiconductor Physics and MAIN, Chemnitz University of Technology, Chemnitz, Germany

kochubei.hanna@gmail.com

XanbKoreHiaH1 cTekyia cucteMu AS-Se € MUPOKO BUBYCHUMHM 3aBJISIKU HU3III
CBOIX MepeBar HaJl IHIUMU ckianaMu. Lle mupoke BikHO nponyckaHHs B [U-o0mnacri,
BHUCOKHUH MOKA3HUK 3ajJoMiIeHHS 1 poTtouyTnuBicTh [1]. Bimomo, mo BBeaeHHs cpibia
1IBUIIY€ TOKA3HUK HEJIIHIMHOTO 3aJIOMJICHHSI, TOCIa0II0€ OTOOKMCHEHHS TOBEPXHI
CKJIa Ta MOJINIIye oro (pi3uyHi BIACTHUBOCTI, TaKi SIK TYCTHHA Ta MIKPOTBEP/ICTh
marepiany [2]. OkpiM 1IbOro MaTepiana Mae TOCHTh BEJIUKY 30HY CKJIOYTBOPCHHS, 110
JI03BOJISIE OBOJI1 CHJIBHO IT1IBUIIYBAaTH KOHIIEHTpAIIito cpibia, 6e3 BTpaTh aMOp(pHOTo
crany [3].

VY naHiid poOOTI MM MpPOBENHM CTPYKTYPHI JOCHIJKEHHS cepli CKIaAiB
(AsSe)100-xA0x, ae x =0, 5, 10, 15, 20, 25. Cioyatky ckJiaj ckjia OyJsio mepeBipeHo 3a
JOTIOMOT'OK0  €HEepProJucnepciiinoi  peHTreHiBcbkoi — crekrpockonii  (EDX) 3
BukopuctanHsaM Quantax ESPRIT 1.8.5 wa FEI NOVA NanoSEM. J[lami Oynu
MIPOBE/ICHI BUMIPIOBAHHS peHTreHiBcbkoi naudpakmii (XRD) 3a  gomomororo
muppakromerpa Rigaku SmartLab y reomerpii napajlienpHUX ~IY4YKiB 3
sunpominroBanasaM Cu Ko (A = 1,5406 A). BumiproBanHs crekTpis KoMOiHALIHHOTO
PO3CIIOBaHHS CBITJIa MPOBOAMIMCSA 3a AonoMororo crekrpomerpa LabRAM HR
(HORIBA Scientific) y reoMerpii 3BOPOTHOTO pO3CIIOBaHHS TMPU KIMHATHIN
TEeMIIepaTypi.

OtpumMani naHi gudpaxiii a1 cKiornoaioHo1 cucremu (AsSe)100-x Adx (puc. 1)
Oynu BHUKOpHUCTaHI Il po3paxyHKy ¢yHKIiIM mnapHoro posmoauty G(r) . 3a
MOJIOKEHHSIMU TIEPIIOro Ta APYroro MakCUMyMIB OyJlIM BU3HA4YeH1 pajiyc MEepLIoi
KOOPAMHAIIHOI cepH 11 Ta paaiyc Apyroi KoopaAuHAIIWHOI cepu r2. s nmepinoi
KOOpPJMHALIMHOI cpepyu MI>KaTOMHA BiICTaHb 301IbIIYBaNacs 31 3pOCTAHHSAM BMICTY
cpibna 3 2,48 A npu x = 0 10 2,62 A npu x = 25. Bianosiaxi 3HaueHHs A7 APYroi
KoopauHaliitHoi cdepu 3minroBamca 3 3,69 A npu x = 0 10 3,83 A mpu x = 25. Kyt
3B'SI3KY (¢ OyJi0 po3paxoBaHo 3a popMmyoro: ¢ = 2 arcsin (r2 / 2r1) 1 BiH 3MIHHUBCS 3
96,14° ipu x = 0 g0 93,93° npu x = 25.
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Puc. 1 Judpakiiiiai kaptunu a1 ckiaiB (AsSe)100-x Adx

30UTbIIIEHHsT BMICTY Cpi0jia TPU3BOJUTH JO TOCTYHMOBOTO 30UIBIICHHS
BIJICTAHEH T1 1 T2, IO CYMPOBOKYETHCS 3MEHIIICHHSIM KyTa 3B's3Ky . Taka moBesinka
CBITYUTH TPO CTPYKTYpHY IMepedyqoBy CKIONOAIOHOI Mepexi Ta nedopmariito
0a30BHX TipaMiJaJIbHUX OAWHHUIIL AsSe; BHACHIJIOK BKJIIOYCHHS  cpibia.
CnocrepexxyBaHi CMYrd KOMOIHAIIMHOTO PO3CIFOBAaHHS CBITJIA JOCITIIKYBaHUX
3paskiB As-Se-Ag MoKa3yroTh, IO TaKi CTEKJIa MICTATH Pi3HI HAHO(A3H.

L[a poboma uacmrogo ¢pinancysanacs 3a paxyHox Npiopumemuoi HayKoBoi
npoepamu HAH Yxkpainu (0125U000799) ma Hayionanvnozo ¢Gondy Haykosux
oocniodcenv Vrpainu [mHomep epanmy 2025.07/0124]. I'. Kouybeul sucnosnoe noosxy
3a niompumky 8 pamxax npoexmy DAAD Ne57703089 « Cmani onmuuni mamepianu ma
mMemoou. oceimus ma OocnioHuybka ingpacmpykmypa (SOMMER!)» nio wuac
Haykoso2o cmadicysanns 6 Texniunomy ynisepcumemi Xemnuiya. \
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3. Mohamed M., Moustafa S., Morphology, structure and thermal analysis of
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Morphology control of porous silicon matrices modified by
electrochemical and chemical treatment

M. Kravchun!, V. Shevchenko?, P. Teselko®

! Faculty of Physics, Taras Shevchenko National University of Kyiv, 2/1 Academician Glushkov
Ave., Kyiv 03022, Ukraine
krav.m.2002@gmail.com

Porous silicon matrices are promising for the study of substances in pores and
the synthesis of nanostructured materials or composites due to their morphology,
physical and chemical properties. The high specific surface area and the variety of pore
volume, shape and size allow the use of porous Si matrices for the development of
sensors [1]. Depending on the application, the requirements for pore morphology may
be different. Matrices with optimal pore morphology can be produced directly by
electrochemical etching of silicon [2] or by additional treatments. In this work, we
study how the composition of the electrolyte during the electrochemical etching of
porous Si and the combination of thermal and chemical treatments affects the
morphology of the pores.

Porous Si matrices were prepared by electrochemical etching of n-type Si
substrates with resistivity 0.01-0.02 Ohm*cm in an electrolyte based on a 48% water
solution of (1:1) HF and C2H50H without (type I) or with (type Il) the addition of
hydrogen peroxide. The samples were synthesized at etching current density of 30-300
mA*cm-2. Samples of type | (S1, S2, C) were thermally annealed at different
temperatures and treated in solution of hydrofluoric acid. The microstructure of porous
Si was evaluated by Raman spectroscopy. The morphology of pores, in particular their
shape and size, was studied using scanning electron microscopy.

The evolution of the morphology of porous silicon from the initial fine-porous
structure to the developed macroporous matrix was studied using SEM imaging of
Type | samples. Sample SO (type 1) is the untreated one and has the initial structure.
Sample S2, which was processed at 700°C, acquired pronounced roughness with the
formation of rounded and well-defined pores with a diameter of 50-60 nm. Sample S1
underwent the biggest changes by being subjected to two cycles of thermal oxidation,
which led to a significant reduction in the thickness of the silicon walls and an increase
in porosity up to 85% with a wide distribution of pore sizes.

Fig. 1 shows examples of Raman spectra. They are characterised by a red shift
and broadening of the main peak relative to 520 cm™ for c-Si, which is caused by the
guantum confinement of phonons in the crystallites. The experimental curves were
approximated according to the specified model [3]. The model takes into account the
Gaussian distribution of crystallite sizes, which explains the asymmetry of the profile
and the occurrence of a low-frequency "tail". Approximation of the data by a
theoretical curve made it possible to accurately determine the average size (L) and
dispersion (o) of nanoparticles.
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Fig. 1 Examples of Raman spectra for samples: a) S2; b). type Il

Table 1. The average crystallite sizes and dispersion.

Sample SO S1 S2 C Type Il
L, nm 13.08 10.62 6.37 7.62 6.75
o, nm 2.77 1.82 1.17 1.72 1.46

The analysis has shown that the average crystallite size (L) for all samples is
within the range of 6-13 nm. Considerable variability is observed in samples of Type
1. Sample SO has the largest crystallites and the widest distribution, while S2 shows
the smallest size values and the highest homogeneity. Type 2 sample has smaller
crystallite sizes and moderate dispersion.

Combined post-anodic treatments of porous Si type | led to an increase in the
pore diameter from 10 to 60 nm at annealing temperatures above 700°C. However, the
pore size was not uniform. The use of hydrogen peroxide as an oxidizing agent in the
electrolyte allowed controlling the morphology and pore size of porous Si type Il. The
pore diameter ranged from 10 to 60 nm depending on the current density, the pore size
distribution was narrow, and the porosity could reach 90%. The application of high
current densities (over 200 mA/cm2) resulted in the formation of a smooth pore
surface. In this case, the thickness of the pore walls decreases, while the specific surface
area remains high. Such matrices combine the advantages of a high surface area and
pore shape, which ensure easy filtration of materials into the pores.

1. Vercauteren R., Leprince A., Nuytten M., Mahillon J., Francis L. A. Indirect Detection of
Bacteria on Optically Enhanced Porous Silicon Membrane-Based Biosensors Using Selective Lytic
Enzymes // ACS Sensors.-2023.-8, N 7.-P. 2627-2634.

2. Roland A., Dupuy A., Machon D., Cunin F., Louvain N., Fraisse B., Boucherif A., Monconduit
L. In-depth study of annealed porous silicon: Understand the morphological properties effect on
negative LiB electrode performance // Electrochimica Acta.-2019.-323.-P. 134758.

3. Islam M. N., Pradhan A., Kumar S. Effects of crystallite size distribution on the Raman-
scattering profiles of silicon nanostructures // J. Appl. Phys.-2005.-98, N 2.-P. 024309.
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BB po3MipHOro HeBIOPAAKYBAHHS HA MIHI30OHHY CTPYKTYPY
OTHOBUMIPHHUX JJAHIIKKIB CPepUIHUX KBAHTOBUX TOYOK Y
HAOJHMKEHHI CHJIBHOTO 3B’ SI3KY

M. A. Pereii, P. 5. Jlemko

Jlpoeobuywvkuti depacasnuili neoacociynuil yHieepcumem imeni leana @panxa, kagheopa
@izuxu ma inghopmayivnux cucmem
eyn. Cmpuiicoxa 3, m. [[poeoouu, Jlveiecoxa 06.., 82100
mariyaregey@gmail.com

JlocnipkeHHs eIEeKTPOHHUX BJIACTUBOCTEN OJTHOBUMIPHUX JIAHIIOKKIB KBAHTOBUX
touok (KT) € akTyanbHUM 3aBIaHHSM Cy4acHOI (DI3UKHM HAHOCTPYKTYP, OCKUIBKH Taki
cucTeMu € 0a30BHMH €JIEMEHTaMH Ui TPUCTPOIB HAHOEJIEKTPOHIKM Ta KBAaHTOBHUX
o0uucieHb. Y peaqbHUX TEXHOJOTIYHUX MPOIIECaX CHHTE3y HAHOOO €KTIB HEMUHYYE
BUHUKAIOTh (UIyKTyalii iXHIX T€OMETpUYHHMX [apaMeTpiB, IO MOPYIIyE ifealbHy
NEePiONYHICTh MOTeHliany. Jlana poOoTa mpucBAYEeHA TEOPETUUYHOMY OIUCY BIUIMBY
Bapiarii po3MmipiB chepuunux KT Ha dopmyBaHHS IXHBOI €HEPreTHYHOI MIHI30HHOI
CTPYKTYpH.

Y po6oTi po3pobeHO TEOPETUYHY MOJAEIb JJIs OMUCY EJIEKTPOHHOI MiHI30HHOI
CTPYKTYpPH B OJHOBUMIpPHHX JaHIIOKKax cpepuunux KT 3a HasBHOCTI CTPYyKTYypHOTO
HEBIOPSAKYBAHHS, 3yMOBJIEHOTO (IYKTYyallisIMH IXHIX palyciB. Y JaHOMY AOCTIIKEHHI
3apikcoBaHO Tepioa TPATKH, a OCHOBHY yBary 30CEpPEKEHO Ha Bapialii BIACHHX
EHEPreTUYHUX PIBHIB KOKHOT TOUKU. PO3paxyHKu MPOBEACHO B MEkKaX METOAY CHIIBHOTO
3B’SI3Ky B HAOJIMKEHHI HAMOIMKUMX CYCIJIIB, IO JO3BOJWIO BPaXxyBaTH CTOXAaCTUYHY
3MIHY [llarOHAJIbHUX €JEMEHTIB TaMUIbTOHIAHA, SKI B HAHOCTPYKTYpax BUSBISAIOTH
CWJIbHY 3JICKHICTh BiJl TCOMETPUYHHX MTApPAMETPIB MOTEHIIATBHOT SMH.

JlocnipkeHo BIUIMB JAMCHEpCii po3MipiB Ha TapaMmMeTpu MEepEeHOPMYBAHHS
IHTErpajiB NEPECKOKY Ta EHEPreTUYHOIO 3CYBY IIJISIXOM YCEpEIHEHHS 3a aHCcaMOJIeM Haj
BY3bKMM TayCOBHM pO3MOAUIOM paiilyciB. BcTaHOBIEHO, IO pO3KUA PO3MIpiB
MPU3BOJUTH 0 €(EKTUBHOTO PO3IIUPEHHS CHEPreTHUYHUX MIHI30H Ta PO3MHUTTA iXHIX
kpaiB. Lle mosicHIo€eThCsS THM, 110 €Hepris JokanizoBaHoro ctany B KT € uyTinuBoro 10
BIIXHWJIECHD pajilyca, IO CIIPUYMHSIE 3HAUHE HEBMOPSAIKYBAHHS B CUCTEMI.

[IpoananizoBaHO YMOBHU JeJOKami3allii eJeKTPOHHUX CTaHIB Ta BU3HAYEHO MEXKI
3aCTOCOBHOCTI MOJIeNi €(heKTUBHOTO CEPEIOBUINA ISl JTAHIIOKKIB 13 PI3HUMHU PO3MIpaMHU
4acTOK. BusiBIeHO, 110 TpHU JOCSATHEHHI KPUTHMYHUX 3Ha4yeHb (IyKTyalid paniyca
JOBXXHMHA JIOKami3alii AHJIEpPCOHAa CTPIMKO CKOPOYY€EThCSA, IO MPHU3BOAUTH O
TpaHcopMallii 30HHOTO CIIEKTpa y HaOIp JIOKaI30BaHUX CTaHIB.

VY pe3ynbTaTi NpOBEIEHOTO AOCHIIKEHHS B MEXaxX METOAY CHJIBHOTO 3B’SI3KY
BCTAHOBJICHO, L0 CTPYKTypHE HEBIOPSAIKYBaHHs, 3yMOBJICHE (QIyKTyalisMHU pajlycCiB
KT, Binirpae Bu3HauanbHy poiib y (hopMyBaHHI MiHI30H. PO3paxyHKH MOKa3yroTh, IO
HaBITb HE3HAYHE BIAXWICHHS PO3MIPIB MPU3BOAUTH A0 €(PEKTUBHOIO PO3LIUPEHHS
MIHI30H Ta MOSIBU XBOCTIB I'YCTUHU CTaHIB y 3a00poHeHii 30H1. OTpuMaHi 1aHi BKa3ylOTb
Ha Te, WO Jua 30epekKeHHs  CTa0UIbHUX  TPAHCIOPTHUX  BIACTHUBOCTEH
HaIIBNPOBITHUKOBUX HAHOJIAHIIOKKIB BaXXIMBUM € 3a0€3ME€YEHHS] BHUCOKOI'O CTYIEHS
moHoauctiepcHocTi KT mix yac IXHBOTO BUTOTOBJICHHS.
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BnuinB nmapameTtpiB XiMiYHOIo0 3B’A3KYy Ha (a30By CTA0UIbHICTH Ta
aHTuAMQYy3iiiHi BJACTHBOCTI MOKPHUTTIB

M. M. KPEUYH"?, O. M. MAHUK?"?

1. Incmumym mepmoenekmpuxu HAH Ykpainu ma MOH Ykpainu, eyn. Hayku, 1, Yepnisyi, 58000,
Ykpaina
2. YepHniseywvkuil HayionanvHutl yHieepcumem imeni FOpis Deovkosuua,
syn. Koyrobuncovkoeo, 2, Yepnisyi, 58002, Vkpaiua,
krechun.mariia@chnu.edu.ua

[li1BHILIEHHS TEPMIYHOI Ta CTPYKTYPHOI CTaOLIbHOCTI KOHTAKTHUX 1 0ap’epHUX
apiB € KIOYOBOK MPOOJIEMOI0 TEPMOEIEKTPUYHUX MOJYJIB Ha OCHOBI TEIYpPUIY
BICMYTY, OCKUIbKUA MDbK(pazHa nudy3isi CIpUUYUHSE AETpagallilo KOHTaKTIB, 3pPOCTaHHS
OMoOpy Ta yTBOPEHHA HeOaxaHuX BTOpuHHUX (a3 [1]. EdexkTuBHUM pillIeHHIM €
3aCTOCYBaHHS 0araTomapoBUX aHTUAM(Y3IWHUX MOKPUTTIB Ha OCHOBI MEPEXiTHUX
metaniB [2]. OcobnuBy yBary npuBeptae cucteMa Fe—Ni—Cr—W, sika noeiHye BUCOKY
TEPMIYHY CTa01IbHICTh, TEXHOJOTIYHY CYMICHICTb 1 31aTHICTh ()OpMYBaTU €(PEKTHUBHI
mudy3iiil  6ap’epu, OJHAK MexaHI3MH 11 (a3oBoi cTabuTizaIli 3aJIUIIAIOTHCS
HEJ0CTaTHBO JAOCIIHKCHUMHU.

MeTor0 poOOTH € TEOPETUIHHIA aHaJIi3 MI>KaTOMHOT B3aeMozii B cuctemi Fe—Ni—
Cr—W Ta BcTaHOBIeHHS ii 3B’S3Ky 3 €(QEKTHUBHICTIO aHTUAUQY3IHHUX MapiB i
dazoBuUMH TMEpPEeTBOPEHHSIMU Ha MikdasHux mexax. Ha puc. 1 ta 2 HaBeaeHo
3JIEKHOCTI €(EeKTUBHUX 3apsiIiB 1 eHeprii Aucoriaiii BiJg MIXKATOMHOI BiJIall,
OTpHMaHi 3a pe3yJibTaTaMH PO3paxyHKiB [3].

Edexmuerni sapao Aqi, (pi)

\ =

2,5 2.6 2,7 2.8 29 3 3.1 3.2 3.3 3.4 3.5
Mixcamomna sivdans di, 4

coooipee- Fe-Ni ——@—Fe-Cr —@— Fe-W —@— Ni-Cr Ni-W Cr-W

Puc. 1.3anexnicts epextuuux 3apsanis Aq; y napax Fe-Ni, Fe-Cr, Fe-W, Ni-Cr, Ni-W,
Cr—W Bix mMixxaToMHHEX Bimnaneii d i
3 pucyHka 1 BHIIHO, IO AJIs BCIX JOCTIKEHUX OIHAPHHUX Tap CIIOCTEPIraeThes
MOHOTOHHE 3MEHIIICHHSI €(PEeKTUBHUX 3apsAiB 31 30UIBIIIEHHSIM MI>KaTOMHOI Biamali,
110 BiJI0Opakae MOCTYMOBE MOCTa0IeHHS €IEKTPOHHOI B3aEMO/IiT MiK atToMaMu. Pi3He

28


mailto:krechun.mariia@chnu.edu.ua

JlamkapboBChbKi unTaHHs - 2026

MOJIOKEHHST KPHUBUX CBIAYUTH TMPO BIAMIHHOCTI Yy CTYHEHI €JIEKTPOHHOTO
NEpEepo3NOAUTY sl OKPEMHUX Iap, 30KpeMa OUIbIll BHpPaXEHY MOJSApU3ALII0 Y
CHUCTEeMax 3 ydyacTio W.

4

3,6

Enepeia oucoyiayii D(pi), (eV)
(=]
e,

< .\0-._____‘
. i\\‘
b
....... [
.......... "“"*—-0__.____‘
1.6
1,2
2,5 2.6 27 2.8 29 3 3,1 32 33 3.4 3.5
Mixcamonma giddarns di, A
coo-ipees Fe-Ni ——@—TFe-Cr —@—Fe-W —@— Ni-Cr Ni-W Cr-W

Puc. 2. anexuicts eneprii nucouianii D (¢;) y mapax Fe-Ni, Fe-Cr, Fe-W, Ni-Cr,
Ni—W, Cr—W Bix Mi>kaTOMHUX Bignaien di-

3 pucyHKa 2 BCTaHOBJICHO, 1110 JUIsl BCIX AOCTIPKEHUX O1HAPHUX CUCTEM €HEPTis
JUCOIIallll 3aKOHOMIPHO 3MEHIIYETHCS 31 30UIBIICHHSIM MDKATOMHOI Bijiati, IO
BIIMOBIIAa€ MOCTA0JICHHIO MI?)KATOMHOTO 3B’s13Ky. [TopiBHSUIBHUI aHAII3 MOKa3ye, 110
HalOIbII 3HAYEHHSI €Heprii Jucolialli XapakTepHi I nap 3a ydacTio W, ToAl sk
cuctemMu Fe—Ni ta Ni—Cr XapakrepusyloThCsl BIIHOCHO MEHIUUMHU 3Ha4eHHsMU. Lle
CBITUUTH MPO MiJABUILIEHY CTAaOUIBHICTh 3B’s3KiB Yy W-BMICHMX MifcHCTeMax Ta iX
MOTEHI[1HHY 0ap’epHy (PYHKI1I0 Y 0araTOKOMIIOHEHTHUX MOKPUTTSX.

OTtpumani pe3ynbratu OyAyTh BUKOPUCTaHI1 JUisi OOIPYHTYBAaHHS BUOOPY CKIAIY
aHTUANGYy31HHUX TOKPUTTIB 3 TBUIIEHOIO TEPMIUHOIO cTabuIbHICTIO. Le 3a0e3neuye
3HIDKCHHSI IHTEHCUBHOCTI JU(Y31MHUX TIPOIECIB 1 TMIJBUIIECHHS JIOBTOBIYHOCTI
TEPMOEJIEKTPUYHUX MOJTYJIIB.

1. Vikhor L. M. Modeling of thermoelectric converter characteristics: Lecture at the Summer
Thermoelectric School, June 30, 2024, Krakow, Poland // Journal of Thermoelectricity.-2024.-3.-
P.5-22.

2. Krechun M. M., Manyk O. M. Razinkov V. V. Study of Fe-W-Cr and
Ni—Cr—W Systems for the Development of High-Quality Anti-Diffusion Coatings // Journal of
Thermoelectricity.-2025.-4. -P. 76-81.

3. Krechun M., Manyk O. Correlation models of anti-diffusion and connecting structures in
thermoelectric energy converters // Proceedings of SPIE — The International Society for Optical
Engineering. Seventeenth International Conference on Correlation Optics.-2025.-13813.
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EnexTposiTuuHuii MeTOX OTPUMAHHS CHHTETUYHOT0 MATHETUTY

M.B. Mopos?, B.JI. Heuunopyk?, B.O. Muciinuyx?,
A.B. JIucuug?, B.II. Pymux!, B.A. Tarapun®

Y Hayionanvnuii ynieepcumem 6001020 2ocnodapcmea ma npupoooKopucmyeanHs,
eyn. Cooopna, 11, Pisne 33000, Yrpaina
m.v.moroz@nuwm.edu.ua
2 PignencoKuil 0epoicasHuii 2yManimapruii yuieepcumen,
eyn. Cmenana banoepu, 12, Piene 33000, Ykpaina
3 Bonuncoxuii nayionanvuuii ynieepcumem im. Jleci Yxpainu,
npocn. Boni, 13, JIyyex 43025, Ykpaina

B ocTanHi poKkH aKTMBHO JOCTIIKYIOTHCS PI3HOMAaHITHI ()epOMarHiTHI MaTepiaiu, y 3B’ SI3Ky
3 MOKJIMBICTIO OTPUMAHHSIM OCTaHHIX B HAHOCTPYKTYPOBAaHOMY BUTJISZI Ta PO3UIMPEHHI CIIEKTPY 1X
MPaKTUYHOTO 3aCTOCYBaHHSI, 30KpeMa B MeuIInHI, 6iosorii Tomro [1-3].

Hamu oTpuMaHO HAaHOKPHUCTAIM CHUHTETHMYHOI'O MAarHeTUTY €JEKTPOJITHYHUM METOIOM Yy
BIJKPHUTOMY CKIITHOMY eJIeKTpoiizepi 06’emom 111 3 3amisHuUMH enekTpoaaMu. [l >KUBICHHS
€JIEKTPOIIi3epy BUKOPHCTOBYBAIM CTa0LII30BaHe JKEpENo MOCTIHHOTrO cTpymy. Enextpomitom
ciyryBaB po3umH xsopun Hatpito (NaCl) B auctunboBaniii Bomi. KoHIeHTpallisi eleKTposiTy
cknanana 5,8 r/xn. [1ig yac cunTe3y TemnepaTypa eneKTpoIiTy 3MiHtoBanacs Big kimHatHoi 10 100°C.
TpuBanicTh mpolecy CHHTE3y HAHOKPHCTAIB CTAHOBHIIA 3 TOJI., a TyCTHHA CTpyMy - 2,6 102 A/em?.
3pa3ky BUCYIIYBAJIM Ha MOBITP1 32 KIMHATHOI TeMIEepaTypH.

PentreniBchki qocaiakenHs 3aiiicieHo Ha qudpaxtomerpi JJPOH-4 3 Bukopucranusam CuKg
BUIIPOMIHIOBaHHS 3a KIMHaTHOI TemnepaTypu. CkaHyBaHHS AM(paKTOrpaM BUKOHAHO 3a CXEMOIO
Bperra-bpenrano (0-20). Anogna Hanpyra 1 cuiia ctpyMy ckiaganu 41 kB 121 MA BianosinHo. Kpok
ckanyBaHHs nudpakrorpamu 0,05°, a yac ekcrno3uii 5 c.

MaremaTiuHy 00poOKYy €KCIIepUMEHTATFHUX TU(PPAKTOTpaM BUKOHAHO OMUCYIOYH KOXKHUH
excriepuMeHTanbHul peduiekc pynkuisimu ["ayca 1 Komi-Jlopenna. Buacniok yoro 6ymna orpumana
iH(popMalLlis Tpo KyTOBE TMOJOKEHHS 20, miBIIMpPUHY (IIMpUHA Ha TMOJOBHHI BHUCOTH) f Ta
iHTerpaibHy iHTEHCUBHICTh |. OTpuMaHi pe3yabTaTH BHUKOPUCTOBYBAJIWCS Ui 1HTEpIIpeTarii
eKCIIepUMEHTaJIbHUX AU(paKTOrpaM, BU3HAUEHHS MapaMeTpa KPUCTAJIIYHOI I'paTKU 1 PO3PAXyHKY
PO3MipiB HAHOKPHCTAIIB.

Bcranosneno, mo Hanokpucranu Fe3Os oTprMaHi 3a KIMHATHOT TEMITEPAaTypH MatOTh MEHII
PO3MipH 1 B HUX JiIOTh MEHIII MEXaHI4HI HAalpYXXEeHHs HIK B 3pa3kax OTpUMaHUX 3a TeMIepaTypu
93°C. 3HaueHHs pO3MIpPIB HAHOKPHUCTAJIB 1 BIAHOCHOTO BHJIOBXKEHHS OTpPUMaHl MeToJlaMu
Binssimcona-Xoiuta ta po3MipHo-aedopMariiinum 6s1n3bki 3a 3HaueHHAMU. Lle Moske CBIIUMTH Mpo
Te 110 opMa HAHOYACTUHOK OJM3bKa 0 cepryHOi 1 MEXaHIuH1 HaNpyKeHHS MalOTh 130TPOMHUMA
XapaxTep.

1. Pankhurst Q.A., Quentin A,, et al. Applications of magnetic nanoparticles in

biomedicine.// Journal of physics D: Applied physics.- 2003. - 36(13). - P. 167-181.

2. Garcia-Merino B., Bringas E., Ortiz I. Synthesis and applications of surface-modified magnetic
nanoparticles: progress and future prospects // Reviews in Chemical Engineering. -2022. - 38(7). -
P. 821-842.

3. Vasié¢ K., Knez Z., Leitgeb M. Multifunctional iron oxide nanoparticles as promising magnetic
biomaterials in drug delivery: a review // Journal of functional biomaterials. -2024. - 15(8). - P. 227.
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KEPYBAHHA XIMIYHUM CKJIATOM IVIIBOK CZS,
HAHECEHUX METOAOM KBA3I3AMKHEHOI'O OB’€EMY

H.B. Mopos, .B. 3namenuiukos, A.C. Onanactok

Cymcokuii Oepacasnuil yrigepcumem, sgyauys Xapxiscoka 116, Cymu 40000m., Yrpaina
n.moroz@ekt.sumdu.edu.ua

[TmiBku TBepaoro poszunnHy CdixZniS (CZS) mpuBepraroTh yBary BUEHHX Yy
3B'SI3KY 3 MOMJIMBICTIO X 3aCTOCYBaHHS y PI3HUX Taly3sX HAyKH Ta TEXHIKU. 30Kpema,
BOHU BHUKOPUCTOBYIOThCSI B cHcTeMax (OpMyBaHHS Ta Imepefadi 300paskeHHs
(MenuyHaA J1arHOCTUKA Ta 1H.), B aKyCTOCJICKTPUUYHUX Mpuiangax (IMiICHIIOBadl Ta
JETEKTOPU YIbTPa3BYKY), TOHKOIUIIBKOBUX COHSYHHMX €JIEMEHTaxX, a TaKOoX IpH
BUTOTOBJICHHS (DOTOENEKTPUYHUX TEPETBOPIOBAYIB Ta OaratboX IHIIMX MPHUIIAJIIB.
OpHuM 13 BU3HAYAIbHUX (DAKTOPIB KEPYyBaHHS XIMIYHUM CKJIaJ0M, MOPQOJIOTI€I0 Ta
CyOCTPYKTYpOIO TaKUX IUTIBOK € TeMIIepaTypa MiIKIa KA Ta BUMTAPHUKA, BIUTHB SKUX
Ha BJIACTUBOCTI IUIIBOK CZS, OTpUMaHUX METOJOM BAaKyyMHOI'O BHIIAPOBYBaHHS B
kBazizamkHeHoMy 00’ emi (K30), 3anuiaeTbcsi HEAOCTATHLO BUBYEHUM. METOIO JTaHO1
poOOTH € BCTAHOBJIEHHS BIUIUBY YMOB OTPMMaHHS Ha MOP(OJIOTI0 Ta XIMIYHUI CKIaj
miiBok CZS, ocamkenux merogoM K30.

[Homikpuctamuni mwiBku CZS otpumyBamu 3 cymimni mmxtad CdS Tta ZnS
BUCOKO1 4ncTOTH (99,999 %) npu crmiBBiIHOIIEHHI KOMIOHEHTIB 95:5. OcamxeHHs
IPOBOJIMIIM 3 OJHOTO BHMApHHUKA HA CKIISIHI HEOPIEHTYIOUI MIAKIaaku. Temmeparypy
BUIAapHUKA miaTpuMyBaiu ctaioro (Te = 580 °C), Toai sik TemMneparypy MiIKIaIKa Ts
smiHoBamM B iHTepBami (440—480) °C. Ilicns ocamkeHHS IUTIBKH TIigaBaid
TEPMIYHOMY BIJNATY 3 METOIO 3HIKEHHS JAe(EKTHOCTI Ta MOKPAIIEHHS CTPYKTYPHOI
onHopigaHOCTI. Yac HaHeceHHs oHieT TUTiBKM ckiaaaB 20 xB. Mop@oJiorito MIiBOK Ta
XIMIYHUHM CKJIJ TIOBEPXHI JTOCIIIKYBAIH 32 JOMIOMOTOIO €JIEKTPOHHOTO MIKPOCKOIa
Apreo 2C LoVac 3 UltraDry EDS getexktopom.

3a pesynbTaTaMH €JIEKTPOHHOI MIKPOCKOIII BCTAHOBJIEHO, IO BCl 3pa3Ku
XapaKTepU3yIOThCS  MIUIBHOK  TMOJIKPUCTAIIYHOIO  CTPYKTYporo  0e3  O3HaK
MOPOYTBOPEHHSI a00 po3iiapyBaHHs (puc. 1). 31 3pocTaHHSIM TeMIepaTypu OCaIKeHHS
CIIOCTEPITAETHCS €BOJIOLIST MOP(OIIOTii MOBEPXHI, IO NPOSABIAETHCA Y (POpMyBaHHI
OUIbII BUPAXXEHOI 3€PHUCTOI CTPYKTYpPU Ta 30UIbLIEHHI PO3MIPY KPHUCTANITIB, IIO
0co0smBo moMiTHO ipH Ts = (460-480) °C.

Tunosuit EDX-criektp 1y1s1 cepii 3pa3kiB HaBeJeHO Ha BCTaBli puc. 1(e), a
pe3ysbTaTH BHU3HAYEHHSI XIMIYHOTO CKJaay 3pa3KiB y3arajabHeHi y TaOmumi 1.
XiMIYHUNA aHAII3 MATBEPAUB, 10 3pa3Kd MICTWIW JIUIIE KaaMid, IIMHK Ta CIpKy. Y
BCIiX 3pa3Kax BiIHOIICHHs aTOMHHUX KOHIIeHTpamii Ccy+zn/Cs TEpeBUIIYBAIO OHHHUIIIO
1 nexaio B mexxax 1,111-1,146, To6to ruriBku Oysu 30araueni metanoM. KonmeHTpartis
IIMHKY 3MiHIOBanacs B iHtepBaii (1,2-2,7) at.% B 3aJeXHOCTI BiJ TeMIeEpaTypH
HAHECEHHS TLT1BKHU.

Takum umnom EDX-anamiz miATBepauB, IO CKJIaJ IUIIBOK B YCbOMY
JOCIIKYBAaHOMY TEMIIEpaTypHOMY Jiana3oHi GOpMYeThCsl BUKIIOUHO E€JIEMEHTAMU
BUX1IHUX croyiyk CdS ta ZnS 6e3 BUSBIICHHS CTOPOHHIX JIOMIIIOK. 3a BUOpPaHUX YMOB
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OCaJ[)KeHHSI, CIIBBITHOIICHHSI KOMIIOHEHTIB € OJIM3BKUM JI0 OUIKYBAaHOI CTEX1OMETpii,
[0 CBIIYUTH NpO ePeKTUBHICTH MeTOly BunapoByBaHHs B K30 y 3MeHIIeHH1 BTpar
JIETKOJIETKUX KOMITIOHEHTIB.

30k I L rd

zuL- i
|
|
l

Intensity (Net Counts)

Dev 5 keV

Puc. 1. Mopdomnoris nosepxHni iiBok CZS (Te = 580 °C; Ts, °C: 440 (a); 450
(6); 460 (B); 470 (r); 480 (1)) Ta ximMiuHMH CKJIa] 3pa3Ka (e)

Ts, °C Ccy, at.% Czn, at.% Cs, at.% Czn/Ccq Ccd/Cs Ccd+zn/Cs
440 42,8 2,7 40,3 0,063 1,062 1,129
450 38,4 2,7 37,0 0,070 1,038 1,111
460 26,0 1,7 24,9 0,065 1,044 1,112
470 42,7 1,2 38,3 0,028 1,115 1,146
480 39,3 1,7 36,3 0,043 1,083 1,130

Tabmug 1 - Ximiunuii ckinaa mwiiBok CZS 3a nanumu EDX-ananizy
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TomoJs1oriyHi 000 IMBOCTI PO3MOALTY €JIEKTPOHHOI TYCTUHH B
HaHocTpykTypax BaHfO3 3 kucHeBUMHU BaKaHCisIMH

O. C. Hpunuisk!, P. M. bana6aii’

! Kpusopizvkuii depacasnuii nedazociunuii ynisepcumem, np. Yuisepcumemcwkuii, 54, 50086,
Kpusuii Pie, Ykpaina
chronus2011@gmail.com, balabai@i.ua

Oxkcua BaHfO3 nmepoBCcKITHOTO TUIY € MIMPOKO30HHUM MaTepiajioM, SIKH BHUSIBIISIE BUCOKY
YyTJIUBICTh J0 3MiH Yy KOHIIEHTpalii KUCHEBUX BakaHCiil. Taki xapakrepuctuku poOnsate BaHfOs3
YyJJOBUM KaHJIUJATOM JIJIs MEMPUCTUBHUX 3aCTOCYBaHb. Y CBOIi ifiealibHIN CTeX10METpUYHIN (hopmi
BaHfO3 kpucranizyerscsi B KyOi4HIl CTPYKTYpi MEPOBCKITY 3 MPOCTOPOBOIO Ipyrnor Pm-3m, ne
ifonn Ba?* 3aiimaroTs nosuiii KyTiB komipku, ionu Hf* posrammopani y mosumisix LeHTpy KOMipKu, a
anionn O 3HAXOAATBCS Y TPaHEICHTPOBAHUX MOJOXKEHHAX, (opmyroun okrtaenpu HfOes.
OnTuMizoBanuil mapameTp IpaTku cTaHoBuTh a = 4,171 A, pospaxoBaHa eHepris yTBOpeHHS
nopiBHioe —14,79 eB/atom, mo BKa3dye Ha BHUCOKY CTPYKTYpPHY CTaOUIBHICTB, a oO4YHCIIeHa
3a00poHeHa 30HAa CTaHOBUTH Mpubam3Ho 4,92 eB, minTBepmkyroun BiactuBocti BaHfO3z sk
MPOKO30HHOTO mienekTpuka [1]. TloemHaHHS XIMIYHOI CTIHKOCTI, CTPYKTYypHOI CHMETpii Ta
9yTJIMBOCTI 10 AedexTiB migkpectoe noteHian BaHfOs 11 BUKOpUCTaHHS B €1EKTPOHIII HOBOTO
MOKOJIIHHS Ha OCHOBI OKCH/IIB Ta y MIPUCTPOSIX EHEPrOHE3ICKHOT ITaM’ SITi.

Jns nocnmikeHHs BIUIMBY BHUJANCHHS KHCHIO Ha EJIEKTPOHHY CTPYKTYPY HaHOCHCTEM
BaHfO3 wmeromamu Teopii (YHKI[IOHANY €JIEKTPOHHOI TYCTHHM Ta TEPUIONPUHIIMITHOTO
NICEB/IONOTEHIIaly Ha OCHOBI BJACHOTO HpOrpaMHOro koay KpHBOpI3bKOro aep:kaBHOTO
MeJaroriyHoro yHIBEPCUTETY PO3PAaXOBaHO MPOCTOPOBI PO3MOALIN I'YCTUHH BaJICHTHUX €IEKTPOHIB
Ta X CHIEKTpH, 3apsAA0BI CTaHM B3AEMOIIOYMX AaTOMIB, MOBHI €HEprii aTOMHUX cucteM. bymu
3MOJIeJIbOBaH1 KUJIbKa CKIHUEHHUX aTOMHHUX KJIACTEPIB PI3HUX PO3MIPIB 1 KOHLIEHTpALlil KUCHEBUX
BaKaHCiil 3 BIATBOPEHHSM KpUCTAIOrpadiyHOro OTOYEHHS KyOIYHOI MEpOBCKITHOI IPaTKU Ta
BUKOPHUCTaHHAM METOAY CyleprpaTku. BumaneHHs ogHOTo abo KiJIbKOX aTOMIB KHCHIO B KJIacTepax
MPU3BOJUTH J0 JIOKAIBHOTO CIOTBOPEHHSI IEPOBCKITHOTO OTOUEHHS Ta 3MiHU PO3MOALIIB 3apsy.

[Tepunit knactep BaHfOs3 13 po3mipom 6mu3bko 0,9 M mictus 15 atomis (1 Ba, 8 Hf, 6 O),
pH 1IbOMY aToM Ba 3aiiMaB 1nieHTpanbHe NoJaoKeHHs y rparii. [licns BuganeHHs 1BoX aTOMIB KUCHIO
cucTeMa ckjaganacs 3 13 arowmis, 1110 BIANOBIIaN0 KOHIEHTpallli KUCHEBUX BakaHcii 9,5%. pyruit
kiactep BaHfO3 mictus 21 arom (8 Ba, 1 Hf, 12 O), ne nenrpansaum aromom 6yB Hf, 1 MaB po3mip
npubmuzno 0,9 um. Ilicns BuganeHHs OBOX aTOMiB KHUCHIO cHUcTeMa ckiaaanacs 3 19 aTtomiB i
BIJIMTOBI1/1aJla KOHIIEHTpaIlii kucHeBux Bakancii 13,3%. Tperiit kimactep BaHfO3 nipeacrasisie co6oro
HAHOCTPYKTYpPY 3 po3Mmipom npubiamuzno 1,27 uwm, mo mictuna 71 atom (8 Ba, 27 Hf, 36 O), 3
ueHTpaabHuM atomoM Hf (puc. 1). Ilicns BuaaneHHs JBOX Ta YOTHPHbOX aTOMIB KHMCHIO CHUCTEMa
CKJIajianacs BiAMOBITHO 3 69 Ta 67 aromiB. KoHIeHTpallis KHCHEBUX BakaHCii ctaHoBmia 2,8% Ta
5,6%. YerBeptuii kinactep BaHfO3 siB1siB 00010 HAHOCTPYKTYPY 3 po3MipoM Oiu3bko 1,86 HM, 1110
Mmictuna 89 atomiB (27 Ba, 8 Hf, 54 O) (puc. 2). Lentpansuum aromom 0yB Ba. Ilicis BunaneHus
JIBOX aTOMIB KHCHIO CHCTeMa cKiianaiacs 3 87 aroMiB. KoHIIeHTpallisi KHCHEBUX BaKaHCIM CTAHOBHUIIA
2,24%.

[TopiBHSIHHS TOBHOI €HEPTii Ha aTOM JJIsl KJIACTEPIB 13 PI3HUMH aTOMHUMHU KOH(]irypamismMu
JEMOHCTPYE 4YITKYy €HEpreTU4Hy IepeBary CTPYKTYpU 3 LEHTPaJIbHUM aTroMoM Oapiio.
HopwmasizoBana moBHa eHepris s KJiacTepa 3 IEeHTpaTbHUM atoMoM Ba cranoButs - 986,71, Tomi
K s Kinactepa 3 HeHTpanbHUM aromoM Hf — -813,35. Ockinbku MeHIIEe 3HA4YeHHS €Heprii
BI/IMOBI1a€ OB TEpMOAMHAMIUHIN CTAOLTHPHOCTI, TO KOH(DIrypallist 3 IIEHTpAIbHIM aToMOoM Ba €
3HAYHO OUTBIN BUTIAHOIO. Pi3HMIIS B eHeprii, 0 CTaHOBUTH NpuOmm3HO 173,36 oguHMIII HA aTOM,
BKa3ye Ha Te, 110 HMOBIPHICTh (hOPMYBaHHS KJacTepa 3 IEHTpaIbHUM aTOMOM Ba € icCTOTHO BHUIIO10,
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HiXk 3 eHTpaabHuM Hf. L[ enepreTuuna nepeBara Moxe OyTH NOsSCHEHA O1TBIIMM 10HHUM PajilycoM
Ba2* y mopiBasnsi 3 Hf*", mo 3a6e3nedye kpairy cTpyKTypHY pelTaKcallito Ta MiHiMi3ye Halpy:KeHHs
rpatku B kiactepi BaHfOs neposckitHOrOo Tumy. TakuM 4MHOM, 32 piIBHOBRKHUX YMOB OUIKYETHCS,
mo kinacrepu BaHfO3 mnepeBaxkHo (opMyBaTUMyThCsi HABKOJO CTPYKTYPHUX OJUHUIL 3
LEHTPpAIIbHUM aToMOM Ba.

Puc. 1. [IpocTtopoBi po3mnoaiiy eIeKTPOHHOI I'YyCTHHHU Yy CKiHYeHHOMY kiactepi #3 BaHfO3
1711 pi3HUX i30-3HaueHb (Hf y nenTpi)

Puc. 2. [IpocTopoBi po3moaiiy eIeKTPOHHOI T'YCTHHHU Yy CKiHUeHHOMY Kiactepi #4 BaHfO3
JUIs PI3HUX 130-3HaueHb (Ba y neHTpi)

TomomnoriuHi 0COONMBOCTI Yy PO3MOAiIaX 3apsy BAICHTHHX €JIEKTPOHIB Y KJIacTepax pi3HOI
CTPYKTYpPHOI OpraHizalii O4eBHJHO CIIOCTEPIraloThCsl Ha Mepepizax MPOCTOPOBUX PO3MOALIIB, II0

HaBOJSATHCS HA pUC. 3 — puc.4.

P &0

Puc. 3. [Toniepeuni B3aeMHO NIEPICHAUKYIISPHI IEPEPi3H PO3MOILITY €IEKTPOHHOI TYCTHUHH y KJacTepi
BaHfOs # 1 (3nmiBa), y knactepi BaHfO3 # 2 (cripaBa)

@

Puc. 4. [ToriepeuHi B3a€MHO HEPIEHAUKYIIAPHI IEPEPi3h PO3IMOIITY €IEKTPOHHOI TYCTHHH Y KJIacTepi
BaHfOs # 3 (3miBa), y kiactepi BaHfOz3 # 4 (cripaBa)

1.  Materials Project. 2020 Materials Data on BaHfO3 // Materials Project.-2020.
https://doi.org/10.17188/1317346
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TexHoJ10TiA CHHTE3Y TBEPAOro 00PY AJIf iIOHHOTO JIETYBAHHS
HANIBIIPOBIAHUKOBUX CTPYKTYP

0.B. Kocyans!, T.M. Ca6os!, O. C. O6epemox!, M.IO. Cabos?, A. L. Iloroxin?, O. IO.
Poenko®

L Inemumym isuxu nanienposionuxis im. B.€. Jlawxapvosa HAH Yxpainu, np. Hayxu, 41, Kuis
03028, Vkpaina
alexandr250990@gmail.com
2 Vorceopoocukuil HayionansHuitl yrisepcumem, ni. Hapoona, 3, Yoczopoo 8800, Vipaina
8 Incmumym npuxnaonoi ¢izuxu HAH Ypainu, eyn. Ilemponaeniecoxa, 58, Cymu 40000,
Ykpaina

ImMnanTamis 10HaMu OOpy IIMPOKO BUKOPHCTOBYETHCS JUIsl CTBOPEHHS P-N
Mepexoqy B HaIIBIPOBIIHUKOBUX CTpyKTypax. Jns imruianrtamii ioHamMu Oopy B
MPOMHUCIIOBOCTI BUKOpucTOBYyeThess rasu BFs, BCl;, a takox  BoHg. Omnak
IepepaxoBaHl ra3u AyXe TOKCUYHI, 1 Jopori, a BoHs BuOyxonedesneunuii [1]. byno
3alpONOHOBAHO JEIIEBHIM 1 Oe3neyHuil TBepaud OOp sl 10HHOrO JIErYBaHHS B
71a00paTOPHUX YMOBAX, a TAKOK PO3PO0JIEHA TEXHOTOTlsl BUTOTOBJIEHHS KaTO/IIB.

Ha chorogui HaWOLIBII TOMIMPEHUMH METOJAAMH € YOTHPH: EJICKTPOJIi3
pO3IUIaBy, BIJIHOBJIECHHA MeETajlaMU/HEMETalaM{, BIJIHOBIECHHS BOJAHEM Ta
pO3KIIaaHHs criojyk 6opy [2]. BigmiuaeTses, 110 METO/ BiTHOBIICHHS METaJlaMH J1a€
nepeBakHo amopduuii 6op. Mopdororis 6opy, OTPUMAHOTO TphOMa IHIIUMU
METOJlaMHi, MOke OyTH He TUIbKM amMop(HOI0, aye i KpucTtamuHoro. OJHAK YiTKY
PI3HMIIO MK METOJaMU OTPUMaHHS aMOp(pHOTO Ta KPUCTAIIYHOTO OOpY BaKKO
MIPOBECTH, IO MPUYUHI 3aJEKHOCTI MOPQOJIOTii BiJg 0ararb0X B3a€EMOIIOB'SA3aHUX
daktopiB [3]. Ockinbku Mopdoorii 00py HE Mae 3HAYCHHS 1JI PO3MUJICHHS B I1J1a3Mi,
py BUOOP1 METOAY TaHUW KpUTEPiid He BpaxoByBaBcs. CiiiJl BIAMITUTH, 1110 €JIEKTPOIII3
pO3IUIaBy, BITHOBJICHHS BOJIHEM Ta PO3KJIaJJaHHs CIIOJIYK O0py moTpedye 10AaTKOBOTO
ob6naguanHs [2]. Tomy Oyno 06paHO METO BITHOBJICHHS POCTUMHU PEUOBUHAMMU.

AHani3 JiTepaTypHUX JaHUX TOKa3aB, IO B SKOCTI BIJHOBHMKA HaiuyacTilie
BukopuctoByBarucs Li, Na, K, Be, Mg, Ca, Al, Zn, Hg ta nemeran Si. BpaxoBytoun
Marepial TUDIO (IyHAOBI THUIJI 13 BHCOKMM BMICTOM IJIMHO3EMY), YMOBHU
BiJTHOBJICHHS (Ha TOBITP1) Ta TOKCUYHICTH Be 1 HE, moTeHmiitHnMu BiTHOBHUKaMH OYJ10
obpano Mg, Al, Zn. Anani3 TepMoAMHAMIYHUX JaHUX [4] MOKa3aB, 110 HANMEHIIIO0
BUTBHOIO €HEPTIE€I0 XapaKTEPHU3YIOThCS MPOIecH yTBOpeHHs okcuaiB Al Ta Mg. Onnak
BPaxOBYIOUH, IO B XO/I1 BITHOBJICHHS MMOOTYHIUM TIPOAYKTOM € OKCHUJ BITHOBHUKA, BiJI
QJTIOMIHIIO Y SIKOCT1 BITHOBHHMKA B1IMOBUJIMCS. [IpUYMHOIO ILOTO € T€, 110 32 BUCOKUX
TEeMIlepaTyp yTBOprOeTbesi y-Moaudikauis AlOs 13 Haa3BUYallHO HU3BKOIO
PEeaKIIiHO0 3/IaTHICTIO, 1110 YHEMOKJIUBIIIOE OUUCTKY BIJIHOBJICHOTO OOpY BiJ HBOTO.
TakuM 4MHOM, BiJIHOBJIEHHS OOPY OyJI0 3A1MCHEHO 3a PIBHSHHSAM PEaKIIii:

M
Buxigaumu pedoBMHaMHM CchOyryB@m Oop okcua Mapku OCY 12.3 Ta

nopoikoBui Maraii MI1®-4, o perenbHB nepeTupanucs y aratoBii ctymiii. MarHii
e

B
M
o



JlamkapboBChbKi unTaHHs - 2026

OpaBcs 13 10%-uM HaIJIMIIKOM MO Maci, Maca peakiiiiHoi cymimni craHosmia 10 T.
BigHoBneHHs 3A1HCHIOBAIN Y alyHIOBOMY THIJI 13 KPHUIIKOK y MydelbHil Teul 3a
temrieparypu 1373 K npotsrom 3 rogus. OTpumaHuii TpoAyKT 0OpOOIISIBCS CONSTHOO
KHUCIIOTOIO ISl BWIYYEHHS] MarHid OKCUIY Ta 1HIIUX JIOMIIIKIB, IO MOTJIM YTBOPUTHUCS
y TIPOILI€C] BIIHOBJIECHHS. Y MOJANBIIOMY MPOAYKT B3aEMOJIIT 11’ SITh Pa3iB MPOMUBCS Y
BEJIMKIN KUTBKOCTI AUCTUIROBaHOI Boau mpu 333 K mpotsarom 4 rofauH sl TOBHOTO
BUNyYeHHs 3aiuiikiB B,0;. B pesynbprari oTpumyBaBcs cipyBaro-Oypi KpyHmUHKH/
MOPOITIIOK ~ €JIEMEHTapHOTO OOpy, BUXiJ NpoaAykTy He mnepeBuinyBaB 40%.
CuHTe30BaHUI OPOIIKONOAIOHUI OOp MpecyBaBCcsl B METaleBUN TUTENb (KaTom) Ta
SIKUW BCTAHOBJIIOBABCS B JKepelo 10HIB cucteMu [lenninra. CTpym mydka i0HIB 00py

3anponoHOBaHUI METO/ BUTOTOBJICHHS KATOJIB 3 TBEPAOTLILHOTO OOpy depe3
IPOCTOTY, OE3MEeYHICTh Ta IMIHy € OUIbII JOUIIBHUM JJIi BUKOPHUCTaHHS B
nabopaTopHUX yMOBaxX JjIsl HAOOPY CepelHiX J03.

1. Adams R. M. Boron, Metallo-Boron Compounds and Boranes// Interscience Publishers, a
Division of John Wiley & Sons, New York-London-Sydney 1964

a325-338. DOI: 10.1002/ap;j.1892.
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Numerical Study of Effective Thermoelectric Properties of a
Composite Material Using a Representative Volume Element

Approach
R.G. Cherkez!, O.M. Porubanyi!

Y Yepuiseyvruii nayionansnuil ynisepcumem imeni FOpis ®@edvkosuua, eyi. Cmopoacuneyvika,101,
Yepnisyi 58000, Yrpaina
r.cherkez@chnu.edu.ua

Thermoelectric materials enable direct conversion of thermal energy into electrical energy
and are widely used in energy harvesting, cooling systems, and waste heat recovery technologies.
One of the promising approaches for improving thermoelectric performance is the development of
composite structures consisting of a thermoelectric matrix and inclusions with different physical
properties. Such structures can significantly influence electrical and thermal transport processes at
the microscale and, consequently, the effective macroscopic properties of the material. Numerical
modeling provides an efficient tool for analyzing these phenomena and predicting the behavior of
complex heterogeneous systems [1-3].

In the present work, a numerical investigation of the effective electrical conductivity of a
thermoelectric composite material was performed using the Representative VVolume Element (RVE)
method implemented in COMSOL Multiphysics. The composite structure consists of a thermoelectric
matrix based on bismuth telluride (Bi2Tes) with randomly distributed spherical dielectric inclusions
made of aluminum oxide (Al:Os). The use of the RVE approach allows the estimation of macroscopic
transport properties from the microstructural configuration of the composite material [4], [5].

The geometric model represents a cubic representative volume element with a characteristic
size is L = 20 nm containing randomly distributed spherical inclusions with radius R = 1 nm. The
total number of inclusions within the computational domain is 35. The inclusions are generated using
a stochastic algorithm that ensures the absence of intersection or contact between individual spheres.
Such a distribution provides a statistically representative description of the microstructure while
maintaining numerical stability during the finite element analysis.

The electrical transport in the composite is described using the charge conservation equation
V-]=0

where J is the electric current density vector. The current density is determined according to Ohm’s
law for thermoelectric medium

J=0E—-aVT
where o is the electrical conductivity and E is the electric field intensity. The electric field is related
to the electric potential V through the relation

Material properties were assigned to the domains according to the corresponding
E = —VV. phase. The thermoelectric matrix based on Bi:Tes was characterized by an electrical
conductivity of approximately

GBizTe3 =~ 105 S/m

while the dielectric inclusions made of Al:Os were assumed to have negligible electrical conductivity
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O-A1203 =~ 0 S/m

The governing equations were solved using the Electric Currents physics interface within
the finite element framework of COMSOL Multiphysics.To determine the effective electrical
conductivity of the composite, a potential difference was applied to two opposite faces of the RVE
along the x-direction. The electric potential boundary conditions were defined as

V(x=0)=0
V(x =L) = —E,L
which produces a uniform macroscopic electric field E. inside the computational domain. All
remaining boundaries were assigned the electrical insulation condition
n-J=0.
The effective electrical conductivity of the composite material was calculated from the averaged

current density obtained from the numerical simulation according to

_ (Jx) _ AV _ (qx)
Ocff = g Qeff = ~ar’ Keff = Tyr,

The numerical model allows the visualization of the spatial distribution of electric potential and
current density within the heterogeneous structure. The presence of dielectric inclusions leads to a
significant distortion of electric field lines in the surrounding matrix and causes local variations of
current density. These effects contribute to a reduction in the effective electrical conductivity of the
composite compared to the homogeneous thermoelectric material.

The obtained results demonstrate that the microstructural configuration of the composite plays
a crucial role in determining its effective transport properties. In particular, the concentration, size,
and spatial distribution of dielectric inclusions significantly affect the electrical conduction pathways
within the thermoelectric matrix. The proposed numerical approach can therefore be used as a tool
for optimizing composite thermoelectric materials with improved performance.

1. D. M. Rowe, Thermoelectrics Handbook: Macro to Nano. Boca Raton, FL, USA: CRC Press,
2006.

2. G.J.Snyder and E. S. Toberer, “Complex thermoelectric materials,” Nature Materials, vol. 7,
no. 2, pp. 105-114, 2008.

3. H.J. Goldsmid, Introduction to Thermoelectricity. Berlin, Germany: Springer, 2010.

4. S. Torquato, Random Heterogeneous Materials: Microstructure and Macroscopic Properties.
New York, NY, USA: Springer, 2002.

5. R. Hill, “Elastic properties of reinforced solids: Some theoretical principles,” Journal of the
Mechanics and Physics of Solids, vol. 11, pp. 357-372, 1963.

6. J. D. Joannopoulos, S. G. Johnson, J. N. Winn, and R. D. Meade, Photonic Crystals: Molding
the Flow of Light. Princeton, NJ, USA: Princeton University Press, 2008.

7. COMSOL AB, COMSOL Multiphysics Reference Manual. Stockholm, Sweden, 2023.

8. D. Kraemer et al., “High-performance flat-panel solar thermoelectric generators with high
thermal concentration,” Nature Materials, vol. 10, pp. 532-538, 2011.
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I'pannyHe po3citOBaHHS B IBOBUMIPHHMX TOMOJIOTIYHMX i30J151TOpaX
0.0. Paitues?

Y Inemumym gisuxu nanienposionuxis im. B.€. Jlawxapvoea HAH Yrpainu, np. Hayxu, 41,
Kuie 03028, Ykpaina, raichevli3oo@gmail.com

B ocranni poku “Tomosoriuxi” marepiajiu, 30KpeMa TOIOJIOTIYHI i30JIATOPH, € TPEAMETOM
3HAYHOT'0 HAYKOBOTO iHTEepecy. BiacTuBoCTI ITuX MaTepianiB 00yMOBJICHI CTPYKTYPOIO 1 CHMETPISIMH
raMiJIbTOHIaHIB €NEKTPOHHUX CHUCTeM. XBWJIbOBA (DYHKIIiSl HOCIIB 3apsily € CKJIaJHOIO, PUHANMHI
JBOKOMIIOHEHTHOIO, II0 Ma€ 3HAYHUI BIUIMB HAa KIHETHUYHI BIJIACTHUBOCTI TAaKWUX MaTepialiB.
TormosoriuHi 130JISITOPH XapaKTePU3YIOTHCS MPUCYTHICTIO MAPH TOTOJOTIYHO 3aXUINECHUX, 3aBISKU
cUMeTpii 1HBepCii Yacy, rpaHUYHUX CTaHIB. EJEKTPOHM 3 MPOTHIICKHUMHU MPOEKIISIMU CITIHIB Y ITUX
CTaHaX pYyXarThCid B MPOTWICKHHUX HampsMKax. HasBHICTH B TOMNOJOTIYHHUX I130JIATOpax Mapu
KipaJIbHUX TpPaHWYHUX CTaHIB JO3BOJISIE TPHUITYCKaTH ICHYBaHHS IHIIUX €(QEKTiB, fAKI TEK €
MOB'SI3aHUMU 3 KipaJIbHICTIO.

Po3rissneMo By3bKy MOJIOCKY JIBOBUMIPHOTO TOMOJIOTIYHOTO 130JIATOpa Y MPOBITHOMY PEKUMI
(piBen» DepMi B 30HI MMPOBITHOCTI), 1€ OJTHOBUMIPHI IPaHUYHI CTaHU CIIBICHYIOTH 3 JBOBUMIPHUMU
CJIEKTPOHHUMH CTaHaMU. Y Takiil cUcTeMi 3HAUHUN BHECOK y KiHETHUHI SIBUILA BUHUKAE 3aBJSKU
I(y3HOMY PO3CIFOBaHHIO €IEKTPOHIB Ha HElI€aTbHUX TPAHUIISX, IKE€ 1CTOTHO 3MIHIOE IIPOCTOPOBHIA
PO3MOJILT EEKTPUUHOTO CTPYMY. Take po3ciroBaHHS XapaKTEePU3YETHCS MapaMeTpOM I3epKaTbHOCTI
I°, 110 3a/1a€ YaCTKY €JEKTPOHIB 3 MPOEKIIIEIO CITIHY S, sIKi PO3CIIOIOTHCS I3€PKaIBHO. (BBaXKAEMO, 10
CIIH ©JIEKTPOHIB TMpH PO3CiIOBaHHI HE 3MIHIOETbCS). SIKIIO TapaMmerp JI3epKaJbHOCTI €
ACHMETPUYHHUM BiJIHOCHO IMO3JIOBKHBOTO IMITYJIbCY €IEeKTpOoHa K (KipalibHe PO3CIIOBaHHS), TO MiXK
TPAHMIIMU 3’ SIBUTHCS Pi3HUL TMoTeHmiamiB. KipanbHe po3citoBaHHS Ha TPaHUIl € TPHHIIUIIOBO
MOJKJTUBUM B MOJIei XOJIeiHA, SIK HACIIIOK TIOPYIICHHS CUMETPIi BITHOCHO OOEpPHEHHSI Yacy, 1110
npuTaMaHHe ik Mmoaeni [1].

EdexTrBHMI TaMiIbTOHIaH ABOBUMIPHOTO TOTIOJIOTIYHOTO 130J15TOpa [2] CKIIaiaeThes 3 ABOX
ONOKiIB, fAKi BIANOBIIAIOTH €NEKTPOHAM 3 TMPOTHICKHUMH chmiHamu. KoxeH 3 1ux OIOKiB €
ramMiJIbTOHIAHOM MOJeIN XOJIJIeiHa, TOX OKPEMO JIJIsi KOKHOTO OJIOKY CHMETpisi OOEpHEHHS dacy
MopylleHa, ajne Juis LIJIOr0o raMiIbTOHIAaHY CHUMETpis MpUCYTHA. SIK HACHiOK, IpU KipalbHOMY
PO3CIIOBaHHI Ha TpaHMIll XOJUIIBChKAa Hampyra Oyne BIACYTHS, OJHAaK €JIEKTPOHM 31 CIIHAMU
MPOTHJICKHOI MOJISIpU3allii Oy1yTh HAKOIUYYBATUCS HA MPOTUJICKHUX IPAHUIIIX, TOOTO OUIKYEThCS
criHoBui edext Xoa.

Jlis omucy TpaHUYHOTO pO3CIIOBaHHS €NEKTPOHIB 3 JBOKOMIIOHEHTHOIO XBHJIbOBOIO
(GyHKII€EI0 TaMUIbTOHIAaHY Mojenl XoJJeiiHa BHKOPUCTOBYEThCS TpaHW4YHA YyMmoBa beppi-
Monnparona [3]. HeingeampHa TpaHUIS 3a7a€ThCs BUIAIKOBOKO (yHKIiEro &(x), 1m0 BU3HAYAE
BIIXWJICHHS TPaHMII BiJ 11 cepenHbporo nosioxkeHHs. [lepeadauaeTnes, 1m0 cepeTHLOKBAIPATHIHE ITIET
(byHKILIT € MEHIIINM 32 JOBXKUHY XBHJI1 7ie bpoiins. 3agaua npo po3citoBaHHs BUPILIYETHCS ITEPALIIIMU
70 KBaJpaTUYHUX BHECKIB, a YCEpEIHEHHS I10 MOBEPXHI BUKOHYETHCS 3a JONOMOIOI OIHApHOI
Kopersinaol pyHkil K &(x)E(x’) »>= W (x — x’) [4,5]. OrpumaHa rpaHuvHa yMOBa JT QYHKITIT
PO3MOALTY AIMCHO BHSBISETHCS ACHMETPUYHOIO BIJIHOCHO IO3/I0BXKHBOTO IMITYJIbCY €NEKTPOHA.
3amadya mMpo PO3CIIOBAHHS EJIEKTPOHIB 13 TMPOTUJICKHOIO TMPOEKIIEI0 CIIHY € aHAJOTIYHOI 1
NPUBOANUTH 10 TPAHUYHOI YMOBHM, IO BIJPI3HAETHCS 3MIHOIO 3HAaKa MO3/J0BXHBOTO IMIYJIbCY
eJIEKTPOHA.

OTXe po3CitoBaHHS €NIEKTPOHIB HAa HelJealbHUN TpaHMIll JBOBUMIPHOTO TOIOJIOTTYHOTO
130J19TOpA MPOSBIISIE KipaJibHI BIACTUBOCTI, @ BIITAK MOKE /1aBaTH BHECOK y CIIIHOBHI edekT Xoua.

1. Haldane F. D. M. Model for a Quantum Hall Effect without Landau Levels: Condensed-Matter Realization of
the "Parity Anomaly" // Phys. Rev. Lett.-1988.-61.-P. 2015-2018.

2. Qi X.-L.,Zhang S.-C. Topological insulators and superconductors / Rev. Mod. Phys.-2011.-83.-P. 1057-1110.

3. Dugaev V. K., Katsnelson M. . Edge scattering of electrons in graphene: Boltzmann equation approach to the
transport in graphene nanoribbons and nanodisks // Phys. Rev. B.-2013.-88.-P. 235-432.

4. Falkovsky L. A. Transport phenomena at metal surfaces // Advances in Physics.-1983.-32.-P. 753-789.

5. Vasko F. T., Raichev O. E. Quantum Kinetic Theory and Applications: Electrons, Photons, Phonons // Springer
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Optical and Spectral Properties of Silicon Nanoparticle Colloidal

Solutions Prepared via Mechanical
V.A. Huzieva!, O.V. Pylypoval
:Educational and Scientific Institute of High Technologies, Taras Shevchenko National University
of Kyiv,ave. Hlushkova 4-g, Kyiv 03022, Ukraine
vlada.huzeva@knu.ua

Silicon nanoparticles (SiNPs) have garnered significant research interest due to
a complex of unique physicochemical properties, notably their biocompatibility, low
toxicity, and photoluminescent activity [1]. These characteristics open broad prospects
for their application in photovoltaics, biomedicine (as fluorescent labels), and
optoelectronics. Of particular interest are «top-down» synthesis methods for SiNPs,
specifically mechanical milling [1-2], which is a cost-effective and environmentally
friendly approach that does not require the use of harsh chemical reagents.

The primary objective of this study is to investigate the structural characteristics
and size distribution of SiNPs in colloidal systems prepared via mechanical dispersion
followed by centrifugation. Crystalline and metallurgical-grade silicon (MG-Si) were
utilized as the starting materials. Initially, the silicon wafers were subjected to coarse
crushing. Subsequently, the resulting material was dispersed in distilled water and
subjected to mechanical milling using a blender; the process was performed in 3-
minute cycles with a total milling time of 45 minutes. To evaluate the particle size
distribution, the obtained suspension was centrifuged for 30 minutes in increments of
100g. This fractionation process was carried out using an Eppendorf 5840R centrifuge
equipped with 2 mL tubes. Given that the MG-Si powder did not undergo any
additional purification stages, the presence of intrinsic impurities was anticipated.
Consequently, quantitative and qualitative energy-dispersive X-ray spectroscopy
(EDS) microanalysis was performed using a system equipped with a Bruker Nano
spectrometer.

The size distribution and zeta ({) potential of the obtained fractions were
characterized using dynamic light scattering (DLS). Measurements were performed on
a Malvern Instruments (UK) analyzer equipped with a He-Ne laser (Pmax = 4 mW,
wavelength 632.8 nm) at a detector angle of 173°. UV-Vis absorption spectra were
recorded in the 200-800 nm wavelength range utilizing an Agilent Technologies UV-
Vis spectrophotometer (Mulgrave, Australia).

Analysis of the EDS spectra, acquired from various surface locations free of

large nanoinclusions, indicates a fairly uniform elemental distribution. It is worth
nothing that the EDS spectra confirm the presence of Si in both samples. The MG-Si
powder predominantly consists of silicon, exhibiting a normalized mass content (wit.
norm. %) of 86.16% and an atomic content (at. %) of 73.9%.
Figure 1 shows the size distribution of the crystalline SiNP colloidal suspension.
Analysis of the DLS profiles revealed that the initial SINPs suspension is characterized
by polydispersity, with a dominant peak in the 100-120 nm range (Fig. 1). A critical
transformation in the size distribution occurs at 1200 rcf, where a bimodal distribution
clearly emerges, accompanied by the appearance of a small-sized particle fraction (~20
nm).
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Fig. 1. Hydrodynamic diameter distribution of the crystalline SiNP colloidal
suspension at various centrifugation speeds.

Following centrifugation at 2000 rcf, the supernatant predominantly contains
nanoparticles with a hydrodynamic diameter of 10-30 nm. For the MG-Si colloidal
system, the emergence of a particle fraction of ~20 nm was observed at 3000 rcf. The
measured zeta ({) potential of the resulting Si nanoparticle colloidal suspension is -21
mV, indicating its aggregative stability. The UV-Vis absorption spectrum exhibits
three distinct features near 3.4, 4.3, and 5.4 eV, corresponding to the Ej, E,, and E;’
critical points of crystalline silicon, respectively.

In conclusion, a methodology for preparing stable SiNP colloidal suspensions
via mechanical dispersion was successfully optimized.

Acknowledgment: This work was financially supported by Ministry of Education and

Science of Ukraine (project 26BP07-03) and National Research Foundation of Ukraine (project
2025.07/0098).
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Hocaimxenasa SERS-akTHBHUX MiAKJIA0K HA OCHOBI TEXHOJIOTIL
CpiOHOIO JA3epKaJjia sl JeTEeKTYBAHHSI aHAJIOTB BUOYXOBUX PeYOBUH

Ta 010MOJIEKY.JI
C.C. Cepriitayk!, H.B. Masypt, O.A. Kanym?, B.O. IOxumuyx?, B.M. [[xarant
Y Inemumym gisuxu nanienposionuxis im. B.€. Jlawxapvosa HAH Yxpainu, np. Hayxu, 45, Kuis
03028, Vkpaina
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[ToBepxHeBo-micuaeHa pamaHiBchbka crnekTpockomiss (SERS) e edexruBamM
METOJIOM HQJAYyTJIMBOI0 XIMIYHOTO aHAII3y OPraHIYHUX Ta HEOPraHIYHUX PEUOBHH
(anmamiTiB). HanocTpykTypu GnaropoaHux MmetamiB (cpibia, 30510Ta), chopMOBaHi Ha
KPEMHIEBUX/CKIISTHUX TIJKIIAJKaX, 1 SKI CTBOPIOIOThH JIOKAJIi30BaHUN IOBEPXHEBUIM
wia3MoHHu  pezoHanc (LSPR) Ta 3a0esmneuyioTh mijcUIIEHHS pPaMaHIBCHKOTO
pO3CifOBaHHS  BiJl MOJEKYJ aHaliTy, Ha3uBaroTbcs «SERS-miakmagkammy.
EdextuBaum SERS-minknagkam moBuHHI OyTH MpUTaMaHHI SIK BeJMKa €QEKTUBHA
IJIOIA MOBEPXHI, TaK 1 HASBHICTh BEJIUKOI KOHLEHTpALli «rapsguux TOYKH» — MICIb
TICHOTO KOHTaKTy MIX Ia3MoHHUMHU HaHoudactuHkamu (HY) [1-5]. Kpim Toro, amis
MacOBOT'0 3aCTOCYBaHHsSI, TEXHOJIOTIS X BUTOTOBJICHHS MOBUHHA OYTH JEHIEBOIO 1
MIPOCTOIO B peaizalii.

B naniit poOOTI peacTaBiIeHO pe3yJIbTaTh AETEKTYBaHHS MajIuX KOHUEHTpAaIii
PI3HMX THITIB MOJIEKYJI-aHAJIITIB HA TAKUX MIAKIAAKaX, BATOTOBJIEHUMHU 32 IOIIOMOT OO
peakiii cpibHoro a3epkana [4]. Cunte3 SERS-akTUBHUX MIIKIIAI0K MTPOBOAMBCA 32
OJIHOKPOKOBOIO METOJMKOIO 3 BUKOPUCTaHHSIM peakTuBy TorieHca Ta 5% po3uuHy
[JIIOKO3M SIK  BiAHOBHHMKA. PeaktuB ToiieHca TOTyBaJiM UUISIXOM JIOJaBaHHS
koH1eHTpoaHoro amiaky (NH4OH) no 1% pozunny AgNO3 10 TOBHOTO PO3UUHEHHS
ocany okcuay cpioma. Ilpomec ¢dopMmyBaHHS IUTIBKM 3I1MCHIOBABCS IIJISIXOM
HAHECEHHs CyMIIl PEeakTUBY Ta BIJHOBHHKA Yy CHIBBIAHOMIEHHI 1:2 Ha CKIIsHI
migknaakd.  Jns npuckopenHs — peakiii Ta  QopMyBaHHA — CTaOUIBHOI
HaHOCTPYKTYPOBaHOI MOBEPXHI MIAKIAIKA BUTPUMYBAIIA HA BOJAHIN OaH1 MPOTATOM 5
XB J10 IOBHOT'O BUIIAPOBYBaHHs po3unHy. Mop@ooriuHi JOCTIAKEHHS 3a JOIOMOT 010
CKaHyoouoi enekTpoHHoi Mikpockonii (CEM) migTBepAWiv yTBOPEHHS UIUIBHO
YIaKOBAHOI'O0 MAacHBY OaraTOrpaHHUX KPHUCTAJITIB cpidia, M0 € ONTUMAaIbHUM s
renepailii inTeHcuBHoro SERS-Biaryky.

EdexTuBHiCcTh po3po0SieHUX MIAKIAIOK Oyia JOCTIIKEHA ACTEKTYBaHHSAM 4-
HiTpopenony (4-NP), aneniny ta pomaminy 6G Ha HHMX. Bcranomineno, mo as
JeTeKTyBaHHA HITpocnoiayk (4-NP) ta OGapBHHKa pomaminy 6G ONTUMaIbHUM €
BUKOPHUCTAHHS Jla3epa 3 TOBKUHOIO XBUJI 532 HM, TO1 K JJIs1 O10MOJIEKYJI, TAKUX SIK
aZIcHIH, HalKpaIlle MiACHICHHS CIIOCTEPIraeThecs npu 30yKeHHl Jazepom 457 am. Y
pe3yNbTaTi MPOBEICHUX BUMIPIOBaHb OyJ0 3a(hiKCOBAHO 3HAYHE MiJCHIIEHHS BIATYKY
JUTSI BCIX aHAJITIB. 30KpeMa, 4-HITpOo(EeHOI BAAIOCs 3apeecTPyBaTH A0 KOHIICHTpAIlii
10 10° M BKJII0YHO, IpH LIEOMY B CIIEKTPAX YiTKO iIeHTH(IKYIOTbCS XapaKTePHi KK
1340 cm™?  (cumerpuune xkomusanus NOy) ta 1590 cm? (posrarysanns GeH301bHOTO
KUIbLIST). AHaJI3 a/IeHIHY Ha po3po0JjIeHUX IUIIBKax MOKa3aB MOXIIMBICTh peecTparii
pedoBrHM 710 KoHueHTpanii 10* M 3 ocHoBHOIO cMyroro Gins 730 cm™. Ocobnuso
BUCOKY €(EKTHBHICTh MIJCHUIIOIOYUX BJIACTHUBOCTEH MIJKIAIKU MPOJIEMOHCTPYBAIU
pu BUMIprOBaHHi ctanaaptHoro aiist SERS ananity - pogaminy 6G, curaai sskoro 0yB
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3ahikCOBaHMI TPU EKCTPEMaIbHO HU3bKiM KonuenTpanii 10™° M. Bapro 3ayBaxuTu,
1o 0e3 Bukopuctanua SERS-akTtuBHOI moBepxHi ponamid 6G peecTpyeThbCs JUIIE TPU
KOHIIEHTpAIigx nopsaka 10> M, mo miarsepaKye 3HaYHe MiACUICHHS BiAryKy (piBHA
108 — 10'9) 3a paxyHok nokamizamii €JEKTPMYHOrO MO B TIapsAuyux TOYKax
PO3pO0IEHOI CTPYKTYPH.

Takum 4rHOM, po3po0JIEeHUN METO ] BUTOTOBIIEHHS BUCOKOe(heKTUBHUX SERS-
MIIKJIAI0K 32 KOPOTKMM Yac Ta 0e3 moTrpedu y CKIaJHOMYy OOJagHaHHI €
MEePCIIEKTUBHUM JIJI1 CTBOPCHHS TOPTATHUBHUX CEHCOPHHX CHCTEM EKCIIpec-
TIarHOCTHKH SIK HeOE3MEeUYHUX peYOBUH Ta 01000’ €KTIB.

Jlana poOota BukoHaHa B Mexkax rpanty HAH VYkpainum mocmigHUIBKUM
nabopatopism/rpynam mosoaux BueHnx HAH VYkpaiam ma 2026-2027 Ne 09/01-
2026(7).
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N. Morozovska®

L Institute of Physics of the National Academy of Sciences of Ukraine, 46 Nauky Avenue, 03028
Kyiv, Ukraine
wh.denis.stetsenko@gmail.com
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Kyiv, 4-g Hlushkova Avenue, 03022 Kyiv, Ukraine
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Omeliana Pritsaka str., 3, Kyiv, 03142, Ukraine

Barium titanate ceramics with a different content of carbon were synthesized by
spark-plasma sintering (SPS). The samples were fabricated using the mixture of
BaTiO3 and carbon was placed into a graphite press-form with the diameter of 20 mm
and sintered during several minutes by the SPS at 1100 °C in vacuum and under
uniaxial pressure of 50 MPa [1]. The sample S1, S2, S3 was prepared from mixture
BaTiO3 nanoparticles and different vol.% of carbon. The concentration and distribution
of carbon impurity inside the samples was estimated by scanning electron microscopy
(see Fig. 1

Figure 1. SEM images of the samples S1, S2, and S3 (see legends).
Temperature dependences of ¢ and R of the samples S1, S2, S3 measured at
frequencies of 10 Hz and 100 kHz are shown in Fig. 2. They reveal the behavior
inherent to the hopping conduction. The magnitude of R decreases significantly (about
by order of magnitude) with increase in the frequency from 10 Hz to 500 kHz.
Performed analysis [1] revealed that the conductivity of the SPS BaTiOs;
ceramic in the temperature range from 290 K to 77 K is determined by the variable
range hopping (VRH) mechanism and obeys the Mott law at small voltages, without
charge carriers heating. The important peculiarity is the dependence both of R and ¢
of SPS BaTiO3 ceramics on the carbon content in samples. In the temperature range
of VRH conduction the larger is the carbon content, the smaller is the R and the larger
is the . Moreover, an inverse functional relation between the R and the ¢ is valid
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qualitatively. Also, the sharp increase of R temperature slope in the region of ¢
maximum evidences the validity of the Heywang model [2] into the conduction
mechanism, which manifests itself in changing parameters of conductivity due to the
€ changes. We also measured the current-voltage characteristics in the short-pulse

regime to avoid the Joule heating [1].
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Figure 2. Temperature dependences of dielectric permittivity (a) and resistivity (b) of the samples
S1, S2, S3. Measurements were carried out at frequencies of 10 Hz and 100 kHz.

They obey the well-known VRH model for conduction in the strong electric field
evolved by Hill [3], Pollak and Riess [4]. Based on these models we estimated the
parameters of the VRH conduction: the average value of the localized states density
near the Fermi level is of order of 10" eV-lcm™, the charge carrier wave function
localization radius in average of 1 to 6 nm.
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BII/IUB TEPMIYHOI'O BIAITAJIY HA BJIACTUBOCTI
HAHOCTPYKTYP ZnO-Zn, OTPUMAHUX METO/IOM
HIBUJIKOI'O COHAYHOI'O BUITAPOBYBAHHSA

}0.0. KoBanbcpkuit', O.€. Baiibapa’, JI.A. Muponiok®, B.A. Kapnuna®, O.1. Onidan?,
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Oxkcun muHKy (ZnQO) € nepCrneKTUBHUM HaIlBIPOBITHUKOBUM MaTepiajioM JJis
3acCTOCYBaHHA y (OTOKaTasi3i, CEHCOPHUX CHUCTEMax Ta ONToeIeKTpoHimi. [
oJiep KaHHS MIKpO- Ta HAHOCTPYKTYp ZnO TpaaHLIiitHO 3aCTOCOBYIOTh TaKl METO/H, SIK
30J1b-T€JIb, T1APOTEPMAIBHUMN, XIMIUHE OCaKEHHsI 3 mapoBoi (a3u Touo. Boanouac
IHHOBAI[IMHUM Ta EKOJOTIYHO YHUCTHM («3CJICHHM») IIIXO0JIOM € BHKOPHUCTAHHS
KOHIICHTPOBAHOI'O COHSYHOTO BUIIPOMIHIOBAHHS - METOJl ILIBMJKOIO COHSYHOTO
BunapoByBanHs (anri. Rapid Solar Evaporation, RSE) [1].

Y miit poOOTI JOCHIKEHO BIUIMB TEPMIYHOIO BIANady Ha MOBITPI Ha
BJIACTUBOCTI HAHOCTPYKTYp ZnO-Zn, cunre3oBanux MerogoM RSE [2]. KommnekcHuit
aHaii3 3pa3KiB MPOBOJUIIM 3a JOIMOMOTOI PEHTIeHIBCHKOI qu(pakiiii, CKaHyBajIbHOI
€JIEeKTPOHHOI ~ MIKPOCKOMIi, €JIEMEHTHOIO aHami3dy, (DOTOJIFOMIHECUEHTHOI Ta
pPaMaHIBCbKO1 CIIEKTPOCKOITIi, @ TAKOK OLIIHIOBAIIM IXHIO (DOTOKATATITUUHY AKTUBHICTb
Ha METUJIOBOMY OPaH>KEBOMY OAPBHHUKY.
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Puc. 1. Pentrenorpamu 3paskiB ZnO, oTpUMaHUX 32 Pi3HOI BiACTaHI MK IPEKYPCOPOM 1
miaKiIaakoro (5, 7 ta 9 cM): a - 10 Bianamy; 6 - Mcis TEPMIYHOTO BiIATYy.

3a JaHWUMHU PEHTTEeHIBChKOI Audpakilii, y BHUXIJHMX 3pa3kaxX, OTPUMaHUX
metrogoM RSE, mopsn i3 mikamMu OKCHAY IIMHKY 3a(iKCOBAHO TAaKOX IMPHUCYTHICTH
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metaneBoro nuHKy (Puc. 1). Tepmiunuii Bignman mpu3BiB A0 30UIBLICHHS PO3MIPY
kpuctaniTiB (OKP) ZnO Ta 3uukHeHHs ¢da3u Zn. lle cBITYUTH PO MOBHE OKUCHEHHS
UHKY Ta (OpMyBaHHsI OUTBII JOCKOHAJIOI KpUCTAIYHOT CTpyKTypu ZnO.

3a pe3yiabTaTaMy CKaHYBaJIbHOI €JIEKTPOHHOI MIKPOCKOIIi, TEPMIYHUMN BiJlIal
MIPU3BOJIUTH JI0 CYTTEBOI 3MiHHU MOpQoJIorii: chepuyuHi YaCTUHKHU IIMHKY, OTPHUMaHI
metonoM RSE, miciis okMCHEHHS epeTBOPIOIOTHCS Ha YacTUHKH ZnO 3 XapaKTEPHOIO
roadacto-cepuunoro mopdosoriero (Puc. 2).

SEM HV: 10.0 kV WD: 1.64 mm | | MIRAS 2= |

View field: 3.86 pm Det: InBeam 1pm 10 pm
SEM MAG: 49.1 kx

Puc. 2. CEM-300paxeHHs: a - cpepruHi YacTHHKH Zn (110 BiAmanty); 6 - ToI4acTo-chepuydHi
cTpyktypu ZnO (Iicist TEpMIYHOTO BiANANY).

BcranosinieHo, 1o TepmMiuHu Bijanai 3ade3nedye moBHE MepeTBOPEHHS METaJIEBOTO
[IMHKY Ha OKCUJAHY a3y Ta crpusie (OpMyBaHHIO MIKPOCTPYKTYP 13 XapaKTEPHOIO
roigacto-chepuuHoro  mMopdouioriero.  JletanpbHe  OOrOBOPEHHS  OTPUMaHHUX
pe3yabTaTiB OyJie MPEeICTABICHO ITiJ1 Yac JOTOBIII.

1. F0.0. Kosanvcokuii, B.A. Kapnuna, O.. Onigpan, C.®D. Kopiues, C.II. Cmapux, B.B.
Cmpenvuyk, A.1. €emywenko. BnactuBocti KoHTI0MepartiB ZnO-Zn, BUPOILIEHUX Ha HEMOJIIPOBAHUX
Si HiZ[KHaI[KaX MCTOAO0M Kap60TepMquoro Bi,Z[HOBJ'IeHHH 3 BUKOPUCTAHHAM KOHICHTPOBAHOTO
COHSIYHOTO BHITPOMiHIOBaHHsI // Ycmixu martepiano3nascTsa.- 2025.- 10/11. — C. 4-12.

2. Y.O. Kovalskyi, V.A. Karpyna, L.A. Myroniuk, O.l. Olifan, S.F. Korichev,

I.M. Danylenko, S.P. Starik, V.V. Strelchuk, A.l. levtushenko. Properties of ZnO-Zn conglomerates
grown on unpolished Si substrate by carbothermal reduction under rapid solar evaporation //
Chemistry, Physics and Technology of Surface. — 2026. — 17. — P. 83-92.
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OnTu4Hi XapakTepuCcTUKH IJIBOK ZnMgO 1u1sl 3aCTOCYBAHHSA Y
doroxerexkTopax

B.P. Boiiko, P.M. ITmennuynuii, M.C. €pmakos, O.A. Jloopoxan, A.C. Onmanactok

Cymcoruii 0epoicasnutl yHieepcumem, 8yi. Xapkiscovka, 116, Cymu, 40007, Ykpaina
E-mail: b.bojko@ekt.sumdu.edu.ua

Oxcun muHKY (ZnQO) € ofHUM 13 HAHOUIBII BaXKIMBUX Oarato(yHKIIIOHATIBHUX
MaTepialiB eIeKTPOHIKU. 3aBIAKH CBOIM (DI3MUHUM BIACTHBOCTSIM, 30KpeMa IIUPOKIi
3aboponeHiit 30H1 (Eq = 3,36 eB), Benukiii eHeprii 3B 3Ky eKCHTOHIB (~60 meB),
BHCOKIl pPYXJIMBOCTI €JIEKTPOHIB, 3HA4YHIA ONTHYHIM NPO30pOCTi, paialiiHIi
CTIMKOCTI Ta €KOJIOTIYHIM O€3MeYHOCTI, BiH 3HAXOAUTh LIMPOKE 3aCTOCYBAHHA Y
nazepax 1 cBitnomiogax (LED), ¢oromerexkropax, ra3oBUX CEHCOpPaxX, COHAYHUX
eJIeMEeHTax Ta MPO30pii eIEKTPOHILIL.

BaxnuBuM 3aBHaHHAM A HAJAIITyBaHHS CHEKTPAJIBHOTO J1ama3oHy
BUIIPOMIHIOBAaHHS Ta ONTHUYHOI UYYTJIMBOCTI OKCHAY TpU BHUKOPUCTAHHI Y
OMTOEJIEKTPOHIIIi, 30kpeMa y poroaerekTopax Ta LED, € kepyBaHHS Or0 ONTUYHUMHU
XapaKTepUCTHKaMH, y TOMY YHCIl IIUPUHOIO 3a00poHEHOI 30HM Eg. Opnum 13
croco0iB peanizallii TaKOro KEPYBAaHHS € JIETYBAaHHS OKCHUAY IIMHKY 130BaJICHTHOIO
JIOMIIIKOIO - Mar"iem. Y TBepaux po3unHax ZnixMgxO mmpuna 3a00pOHEHOI 30HU
MOYKE 3MIHIOBATUCS B IIUPOKOMY CIEKTpajibHOMY miana3oHi Big 3,36 eB (ZnO) mo
npubmsuo 7,8 eB (MgO) 3a kiMmHaTHOT Temmiepatypu. Xoda ZnO Mae rekcaroHaibHy
cTpykTypy, @ MgO ky6iuny tumy NaCl, 61m3bKi 3Ha4eHHS i0HHMX pamiycis Mg?* Ta
Zn?* 3a6e31euyl0Th MOXKJIUBICTE TX YaCTKOBOTO B3a€MHOT'O 3aMiLlIEHHS, HE3BAKAIOUH
Ha BIJIMIHHICTh KPUCTAJIIYHUX IPATOK.

[TniBku ZnixMgxO OoTpUMYIOTH 3a JOMOMOIOK PI3HUX (PIZUYHUX, TAKUX SK
MarHeTpOHHE PO3MNWICHHS, IMIYJIbCHE JIa3€pPHE OCAKEHHS, 1 XIMIYHUX METOJIB,
TaKMX SK XIMIYHE OCa/HKEHHS 3 BaHHH, CIPEU-IIPOJIi3, COIb-TE€Ib METOJ, METOJIOM
neHTpudyryBans Tomo. OTHUM 3 HaWOLIBII MEPCHEKTUBHUX XIMIYHUX METOMIB €
METO]I CIIPEU-TIPOIIi3y, SKUW MOJAUTIETHCS HA YIBTPA3BYKOBUM Ta iMmyibcHuit (PSP).
OcTanH1l XapaKTepU3yETHCS KPAIIUM KOHTPOJIEM TPOIECY PO3MIICHHS IPEKypcopa,
mo 3abesneuye OUThIT PIBHOMIPHE OCAQKEHHS TUTIBKA Ta 3MEHIITYE WMOBIPHICTH
armomepariii Kpamnenb, MiHIMI3yloud yTBOpeHHs nedextiB 1 mop. Jlanmii meton €
€KOHOMIYHO JOIUTPHUM, TEXHOJIOT1YHO MPOCTUM, BiH JOOpE MAacCIITa0yeThCs, IO
poOUTH MOro MPUIATHUM JJIi OTPUMAaHHS IUIIBOK OKCHIIB JUIS PI3HOMaHITHUX
BUKOPHUCTAHb.

[TniBkM TBepaoro po3uuny Zn; «MgxO Oynu HaHeceH1 Ha ckio metogom PSP 3
MOJIEKYJISIPHUX PO3YHHIB 3 BUKOPUCTAHHIM Ta3y MEPEHOCHUKA - apTOHY B ITUPOKOMY
iaTepBami ckiaaiB (0 < x < 1). OnTuyHi BJIACTHBOCTI TUIIBOK JOCIHI/DKYBAJIM 32
normomoror crnektpodoromerpa Specord 210 Plus (Analytik Jena) y miamasoni
nosxuan XBuIi A = (300-1100) um. Ilpu oMy peecTpyBain CIIEKTPH MPOITYCKaHHS
T(4) Ta BinOmBaHHs R(/) 3pa3kiB, Ha OCHOBI SKMX BHU3HAYAJIN IMATOMHHA KOCQIIIEHT
nornuHaHHs (). Eq miiBok BU3Hauamum MeTtonamu anpokcuMarii Tayka Ta aHamizy
nepmioi nmoxigHoi koedimienta norauHadHs (ACFD). Ilupuny 3a00poHEHOT 30HU
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OKCHJIB TEPITUM METOJOM BH3HAYAIW MUIIXOM EKCTPAIMOJAIii JIHIHHOT TIJISTHKHA
rpadika B koopaunatax (ahv)? — hv no nepetuny 3 Biccro enepriit (hv). Y gpyromy
BUIQJIKy HaMU OyayBasiacsl ClIeKTpaJibHa 3aJI€KHICTh MOX1aHO1 da Bix Av. [TomoxxeHHs
MaKCHMYyMY BIJIMIOBIHOT KPHBOI 3a BICCIO €HEPTii BiANOBIIa€ MIXK30HHOMY TIEPEX01y
30Ha-30Ha.

MeTor0 AociIKeHHs 0yJI0 BCTAHOBJICHHS BILTUBY BMIiCTY MarHito (X) y mIiBKax
TBepJioro po3unHy ZnixMgxO, orpumanmx wmerogom PSP, Ha ixHI onTuuHI
BJIACTHUBOCTI.

BcranoBneno, 1m0 JOCHIKYyBaHI TBEpAl PO3YMHH XaAPAKTEPU3YIOTHCS
HEMOHOTOHHOIO 3MIHOIO OITHYHOI TPO30pPOCTI 31 3pocTaHHAM BMicty Mg. 3i
30UTBIIIEHHSM KOHIIEHTpaIlli MarHiro 10 X = 0,4 cnocTepiracThCsl 3MEHIIICHHS |, TICIIS
4Oro BIIOYBAETHCS MOTO Mojaiblie 3pocTanHs. [LniBku 3 Bucokum BmictoM Mg (X =
0,7-1,0) 1eMOHCTPYIOTh BHCOKY ONTHYHY IMPO30PICTh Y BHIANMOMY CHEKTPAILHOMY
nianazoHi Ha piBHI (75-85) %, a Takox migBuileHe mnporyckanHs B UV oGnacti
cnektpa. BogHouac 31 30UIblIEHHSIM BMICTY Mg crioctepiraerbcs 3MeHIeHHs R.
HaiiGinpmni 3naueHHs xapakrepHi aig yuctoro ZnO (10-14 %), Toail sk A1 TUTIBOK 3 X
=0,3-1,0 (2,0-4,0 %).

AHani3 OTpUMaHUX JaHUX TTOKAa3Ye, 10 JJIs HelleroBaHoi ITiBKu ZnO 3HaYeHHS
Egy, Bu3Haueni metogamu ACFD Ta anpokcumanii Tayka, cranoBnsats 3,31 ta 3,26 eB,
toxi sik s MgO 111 3HadueHHS JopiBHIOOTH 4,35 Ta 4,22 ¢B. IIpu BBeieHHI MarHiio y
Zn0O mupuHa 3a00pOHEHOI 30HU CIIOYATKY 3pOCTAE 1 1ocsrae MakcumyMy Eq= 3,57 eB
(ACFD) mpu x = 0,3, micnsg goro aemnio 3MeHmyetrbes 10 3,46 eB mpu x = 0,7.
ITonanpiie 3011bIIEHHS BMICTY MarHito (X > 0,8) mpuBOIUTE 10 P13KOTro 3pocTaHHs Ey.
AmnarnoriyHa TeHaeHuUis 3MiHM Eg cmocrepiraeTscs 1 A 3HA4E€Hb, BU3HAYCHUX
MeToaoM ampokcuMariii Tayka, Xoya BOHHM € JEII0 MEHIIUMH TIOPIBHSIHO 3
pesynbratamu ACFD. 3menmenns Ey y aianasoni konnentpauniit Mg X = 0,4-0,7 mosxe
OyTH MOB’s3aHE 3 YACTKOBHUM (Da30BUM PO3/IJICHHSIM Y IUTIBKAX, TOM1 SK BIJIMIHHOCTI
MK METOJaMH BU3HaueHHS Eg MOsACHIOOTHCS TMOsIBOIO XBOCTIB Ypbaxa, IO
BUHUKAIOTh BHACIIIOK PO3YMOPSIKYBaHHS KPUCTAIIYHOI TIPaTKUM TPH BBEICHHI
MmarHito. BuzHaueHno 3HaueHHs mapamerpa YpOaxa Ey, mo xapakrepusye i XBOCTH
JUISL OCITIIDKEHHUX 3Pa3KiB.

OTtpuMaHi pe3yabTaTH CBiIYaTh MPO MOXKIUBICTh KepyBaHHsA Ey mimiBok Znji.
xMQxO msxoM 3MIHM BMICTYy Mardito. 3i 301IbIICHHSM KOHIEHTpamii Mg
CIOCTEPIraeThesl po3IMpenHs Eq, 1m0 3yMOBIEHO 3aMmimieHHAM ioHiB Zn?* ioHamu
Mg?* y xpucramiuniii rparui. Omep:kaHi pe3yibTaTH CBig4aTh NpPO IIPUAATHICT
JOCIIKYBaHUX IJIIBOK JIJIsl BAKOPUCTAHHS Y (POTOAETEKTOpAX.
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Integrated Growth Model for Si-rich-HfO2 and Si-rich-SiO>
Thin Films Deposited by Magnetron Sputtering

D. Khomenkov?, F. Gourbilleau?, O. Melnichuk?!

Mykola Gogol State University of Nizhyn, 2 Grafska str., Nizhyn 16600, Ukraine
E-mail: khomenkov.dv@ndu.edu.ua
2Centre de recherche sur les Matériaux et la Photonique, F-14000 Caen, France

Hafnia and silica as well as their solid solutions, particularly those containing
silicon excess, are of significant interest due to their promising electrical and optical
properties. The increasing demand for the functional properties of such thin films and
structures on their basis requires precise control over their microstructure and
uniformity of chemical, composition, thickness and optical constants. For films grown
by radio-frequency magnetron sputtering, careful control of deposition conditions such
as the power applied to the cathode target, gas pressure, target-substrate distance, and
substrate temperature is necessary to gain insight on the mechanism of the film
nucleation and growth. This requirement becomes even more critical for the films
produced from a single composite target and deposited onto a non-rotate substrate. Our
recent study revealed a substantial significant radial non-uniformity in the thickness
and optical properties of hafnia-based films, highlighting the need for a more advanced
description of the growth process.

Among available growth models, the classical approaches commonly applied to
magnetron sputtering do not account for the macroscopic distribution of the particle
flux over the substrate and therefore cannot quantitatively describe the inherent
thickness non-uniformity observed on non-rotated samples. This limitation identifies a
clear gap in existing theoretical models and underscores the necessity of developing a
physical model capable of incorporating both macroscopic film-formation mechanisms
and microscopic processes such as nucleation, diffusion, and chemical interaction of
species sputtered from the target.

In this work, an integrated growth model is proposed and applied to described
the properties of Si-rich films deposited by magnetron sputtering of composed Si:HfO,
target in argon plasma. The Si content in the target was controlled by varying the
number of Si calibrated discs placed on the HfO, target. The target-substrate distance
and substrate temperature were varied in the range 35-60 mm and 100-400 °C,
respectively. The properties of these films were compared with earlier fabricated Si-
rich-SiO, films in the same deposition unit. The experimental data revealed a strong
dependence of the film thickness on the target-substrate distance: decreasing the
distance led to a steeper radial gradient and a higher central deposition rate. Conversely,
high separation between the target and substrate resulted in a smoother thickness
profile due to enhanced lateral spreading of the particle flux while the smaller growth
rate.

To develop the growth model, there were combined (i) the hydrodynamic
description of jet-like flux spreading upon impact, (ii) a modified structural-zone
model, and (iii) a mechanism of silicon incorporation governed by the ratio of
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sputtering yields of Hf, Si and O. This comprehensive approach makes it possible to
describe the formation of the thickness profile, the development of the microstructure,
and the evolution of film composition within a single physical framework.

The first component of the model is the macroscopic description of the directed
flux of particles. Under magnetron sputtering conditions, particles are ejected from the
target and travel through the low-pressure gas in a predominantly ballistic regime,
producing a strongly axial angular distribution. Upon reaching the substrate, this flux
loses momentum and spreads radially on the substrate, generating a thickness
distribution as ~1/r dependence. The impact-spreading formulation enables a
quantitative representation of this behavior via an analytical expression for the
impact-layer thickness, which takes into account the characteristic velocity of the
particles and the elastic properties of the growing film. This macroscopic description
for Si-rich-HfO, is equally applicable to Si-rich-SiO,, although the numerical
parameters differ due to the distinct mechanical properties of their respective host
matrices. The analysis shows that the macroscopic component is essential for
explaining the experimentally observed thickness gradient on non-rotated substrates.

On the microstructural level, the model incorporates limited surface mobility of
adatoms and nucleation mechanisms characteristic of low-temperature sputtering. In
Si-rich-SiO,, an amorphous network forms naturally, modified by Si-Si and Si-O
bonds, which increase density and optical polarizability without inducing
crystallization due to their covalent nature. In Si-rich-HfO,, the situation is more
complex: pure HfO, tends to crystallize at elevated substrate temperatures, but the
introduction of excess silicon promotes the formation of mixed Hf—O-Si units that
disrupt the local order and suppress the formation of crystalline (very often monoclinic)
grains. Thus, silicon acts as an effective amorphizing agent in both systems, although
the mechanisms of structural stabilization are different. Microstructural analysis within
the extended Thornton zone model reveals that Si-rich oxides can be described within
an expanded Zone T, where amorphous or fine-grained structures dominate being
depended on substrate temperature.

A key aspect of the model is the description of the mechanism of silicon
incorporation. The actual Si content in the films is determined not only by the
geometric fraction of Si-containing areas on the composed sputtering target but also by
the ratio of sputtering yields of silicon and the oxide matrix. Since the sputtering yield
of Si exceeds that of HfO,, silicon enriches the plasma and, consequently, the film. The
Hf/Si flux ratio agrees well with the experimentally measured Hf/Si concentrations by
Auger electron spectroscopy.

In summary, the developed integrated model provides a unified physical basis
for describing the growth of Si-rich-SiO and Si-rich-HfO, films. It explains both the
macroscopic thickness profile and the microstructural stabilization of the amorphous
state, as well as the increase in optical density. The model is consistent with the
experimental results and can be used to optimize magnetron sputtering processes for
producing dielectric films with tailored characteristics. The results have practical
significance for the development of optical coatings and multilayer structures,
photoluminescent systems, and high-k dielectric components.
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Photovoltaics and Energy Efficiency
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Technological Aspects and Electrophysical Characteristics of CdTe
Photodetectors

B.l. Zhara, T.M. Mazur

Ivano-Frankivsk National Technical University of Oil and Gas,15 Karpatska St., lvano-Frankivsk,
76019, Ukraine
bohdana.zhara-b251@nung.edu.ua

Photodetectors are essential in modern optoelectronic systems for converting optical radiation
into electrical signals. They are widely used in measurement systems, radiation diagnostics, and solar
energy devices. The efficiency of photodetectors depends on both design and material properties.

Cadmium telluride (CdTe) is a direct bandgap semiconductor (E,; =~ 1.5 eV at 300 K), which
aligns well with the solar spectrum, making it an efficient material for photovoltaic applications [1,2].
CdTe also exhibits high absorption, radiation resistance, and chemical stability [3]. Optimization of
technological processes and doping is required to improve the photoresponse of CdTe-based
structures. In particular, the control of defect states and recombination centers plays a crucial role in
determining the efficiency of charge carrier generation and transport.

CdTe single crystals were grown using the Bridgman method, producing n-type material with
resistivity ~100 Q-cm. Substrates (4x4x1 mm3) were polished chemically and mechanically,
achieving mirror-like surfaces verified by photoluminescence.

Lithium doping was performed via vapor-phase diffusion using Li.COs at 980 °C for 1.5 h,
ensuring uniform dopant distribution. Barrier structures were formed by depositing a gold (Au) film
via vacuum evaporation. Pre-deposition thermal treatment improved adhesion, and deposition at
<10 Torr provided uniform contacts [4]. The formation of a rectifying contact at the metal—
semiconductor interface leads to the creation of a Schottky barrier.

The electrical properties of the structures were determined by measuring current—voltage (I-
V) characteristics over 102 -5 x 10> V and 10" — 10' A (Fig. 1). The forward current in Schottky
diodes can be described by the thermionic emission model:

qV
=1 (exp (m) - 1>'

where I is the saturation current, q is the electron charge, V is the applied voltage, n is the ideality
factor, k is Boltzmann’s constant, and T is the temperature.

1. mA
20—

15

10

0 05

Fig. 1. Straight branches of the current-voltage characteristics of diodes with conventional
(1) and modified (2) surfaces.
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The saturation current is determined by the Schottky barrier height and can be expressed as:

I, = A*T?exp (— qk%),
where A*is the effective Richardson constant and ¢ is the barrier height.
The formation of a Schottky barrier at the Au—CdTe interface induces band bending (Fig. 2).
Under illumination, photons with hv > E generate electron-hole pairs, which are separated by the
electric field in the depletion region, producing photocurrent. The efficiency of this process depends
on the width of the depletion region and carrier lifetime.
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Fig. 2. Energy band diagram of the Au—CdTe Schottky barrier structure illustrating band
bending and the separation of photogenerated charge carriers.

Barrier height and depletion width strongly influence sensitivity and response speed. Lithium
doping and surface modification enhance carrier collection efficiency and device stability. A decrease
in interface state density leads to reduced recombination losses and improved device performance.

Surface treatment in Li2COs suspension further improved photostructure properties.
Comparison with unmodified samples showed a stable slope in the 1-V linear region, indicating series
resistance R,stability. The temperature coefficient of barrier height was nearly an order of magnitude
higher than that of the bandgap, highlighting the dominant role of interface effects.

The results demonstrate CdTe’s potential for high-efficiency photodetectors in solar and
optoelectronic systems. Bridgman growth yields high-quality crystals, lithium diffusion improves
electrophysical properties, and optimized surface and contact technologies enhance stability and
sensitivity. The obtained results can be used for further optimization of CdTe-based devices and
development of high-performance photodetectors.
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Fluorescence quenching of MEH-PPV via gold and silver nanoparticles in
aqueous solution
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Fluorescent materials can be widely used for developing cheap sensitive elements for bio- and
chemosensors exhibiting rapid visually detectable response. Previously, we studied fluorescence
enhancement of pyrene in the presence of gold (AuNP) and spherical silver (AgNP) nanoparticles
[1]. Metal-enhanced fluorescence can be highly efficient when key parameters such as nanoparticle
size and fluorophore—metal spacing are properly controlled; for example, in other studies optimized
systems incorporating gold nanoparticles have demonstrated fluorescence intensities increased by up
to ~280-fold compared to non-metallic counterparts [2]. However, both excessively large and close
fluorophore—metal distances can reduce emission due to quenching effects [3]. Therefore, it is crucial
to maintain an optimal distance between the fluorophore and the metal surface for effective
fluorescence enhancement. At the same time, quenching effects as well as fluorescent enhancement
can be used for sensoric purposes.

MEH-PPV fluorescence quenching in AgNP presence . .
In this study, we examined the effect

400000

AGNP yolume: of AuNP and AgNP on the fluorescence

350000 4 - - - . .
V=0.1ml intensity quenching of the conjugated

300000 g:gg 2: polymer MEH-PPV (Fig. 1). Our results

indicate that the addition of aqueous
solutions of AuNP and AgNP to the
solution of MEH-PPV in THF solvent
with a concentration of 1 mg/ml leads to
a partial  fluorescence  intensity
quenching. It was shown that the
fluorescence quenching is 34.9 % after
55 s s s s oo o oo wms  oddition of 300 ul AgNP and 29.6 %

Wavelength (nm) after addition of 300 ul AuNP into 1 ml

solution of MEH-PPV.
Figure 1Fluorescence spectra of MEH-PPV in THF solution upon This allows us to consider spherical

emission quenching by adding spherical silver nanoparticles with . .
adiamete?of__lo_zgozm. 9P P plasmonic AgNP and AuUNP with a

radius of ~10-20 nm as effective
quenchers for MEH-PPV. By optimizing the system in terms of nanoparticle coating and solvent
environment, it can become a basis for a plasmon-enhanced fluorescence sensor for explosives.
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AHati3 AMXaHHA — L€ rally3b, 110 IIBUIKO PO3BUBAETHCS, OCKIIBKY BUANXYBAHUH I'a3 MICTUTh
0arato CKJIaJOBHX, SIKi O3BOJSIOTh MPOBOJUTH IIBUAKY MEIMYHY JIarHOCTHUKY CTaHy OpraHi3My
moauHu. Cepea NMEpClEeKTUBHUX 1HCTPYMEHTIB JUISI BHUPIIIEHHS TAaKUX JIarHOCTMYHHMX 3aBJaHb
3HAXOIATHCA TPOBiAHI ceHcopu. HemonaBHi BiAKPUTTS, 3pO0JIeHI 3a JOMOMOTOI0 KBaHTOBHX
TOYKOBO-KOHTAKTHUX CEHCOPIB, IPU3BEIH 10 3aJy4EHHs KBAHTOBMX MEXaHI3MIB JI0 CEJIEKTUBHOIO
BHUSIBJICHHS ~ KOMITOHCHTIB  CKJagHuUX  razoBux cepemoBum, [1]. Com Ha  OCHOBI
terpanianoxinogumerany (TCNQ) € nepcrieKTHBHUMHU MaTepialaMu JIsl Yy TJIMBUX €JI€MEHTIB TaKUX
MPUCTPOIB 3aBISKH CBOil HAIIBIPOBIIHUKOBIN MPUPOIi Ta CXMIIBHOCTI 10 YTBOPEHHSI HAHOCTPYKTYP
3 BEJMKOIO IUIOIIEI0 NoBepxHi [2]. OpHak peanizallisi KBaHTOBUX MEXaHI3MIB JETEKTYBaHHS B
TOYKOBO-KOHTAKTHHUX CEHCOpaX KPUTHUYHO 3AJICKHUTh BiJI YUCTOTH BHUXIJHOTO MaTepiamy, a
KoMepiiitHo goctymnHi cronyku TCNQ dacTo He BiIMOBIAAIOTH IIUM CYBOPUM BUMoOTam [3].

Hama po6ota Oya cipsimoBaHa Ha pO3pOOKY Ta ONTUMI3aIliI0 TEXHOJIOTi Ta 00JIaTHAHHS IS
OYMILEHHS CUHTETUYHUX MPOBIHUKIB, 1110 3aCTOCOBYIOTHCS JJ11 BATOTOBJIEHHS KBAHTOBUX TOUYKOBO-
KOHTakTHUX ceHcopiB. KomepiiitHa pedosuna TCNQ 3 mouaTkoBoro 4ucToTO0 98% He 3abe3neuye
HEOOX1THMX YMOB JJIsi CHHTE3Y BUCOKOSIKICHUX TOUKOBUX KOHTAKTIB SIHCOHA, 1110 BUKOPUCTOBYIOTHCS
JUISL CTBOPEHHS KBAaHTOBUX CEHCOPIB [2]. ToMy MU po3po0OuiiM TEXHOJIOT1IO0 Ta MPUCTPIH AJi1 TOHKOTO
OYMILEHHS OpPraHIYHUX MPOBITHHUKIB. TexHONOTid ouMIIeHHS Oa3yBanach Ha e(eKTi BaKyyMHOI
30HHOI cyOnimarlii, BUKOPUCTOBYIOUM 3JIaTHICTh TBEPAHUX PEUYOBHUH CYOJIMYBATH IiJ 3HM)KEHUM
tuckoM. CHpOBHHA PO3MIllyBalack y KBaploOBii TpyOui miJ BakyymoM. Pe3uctuBHuil HarpiBad, 1110
pyxaBcs B3JI0BK TPyOKH 3a JJOIIOMOTO0 KPOKOBOT'O JIBUT'YHA, CTBOPIOBAB PYXOMY 30HY cyOumimariii,
oOMexxeHy Te(IIOHOBUM ToOpIIHEM. TemmepaTypa TOYHO peryjroBaiacsi 3a JOMOMOTOI0
HarpiBaJIbHOTO €JIEeMEHTa Ta KOHTpOJIoBajacs BOymoBaHOW TepMmoraporo. [lpumang OyB
HiAKITIOUEHUH /10 TEpPCOHAJIBHOTO KOMIT'IOTepa, IO JO3BOJSUIO IPOrpaMyBaTH IapaMeTpu
cyOmimarrii.

Ounmieny pedoBuHy TCNQ Oyno mpoaHalli3oBaHO 3a JIOMOMOrow0 xpomarorpadii, sika
nmokazana 4uctory 1m0 99,8%. Ounmienwnii Marepiad 3T0JOM BHKOPHUCTOBYBAIW JIJIi CHHTE3Y
BianoBigHOI crnomykd TCNQ Ta BHUTOTOBICHHS KBAHTOBHX TOUYKOBO-KOHTaKTHHMX CEHCOPIB.
EnexTpuyHi BUMIpIOBaHHS IMiITBEPANIIH, 1110 CTBOPEH] UYTJIUB1 €JIEMEHTH BINOBIAAIOTH KPUTEPIIM
TOYKOBMX KOHTaKTiB SlHcoHa [2], IO [03BOJISiE BHKOPHCTOBYBAaTH KBAaHTOBI MeEXaHI3MHU
CEJICKTUBHOTO BHUSIBJICHHS, HEOOXITHI JUIsl KOMIUIEKCHOTO aHami3y nuxaHus [1].

1. G. Kamarchuk, A. Pospelov, L. Kamarchuk et al. Sci Rep. 13, 21432 (2023).
https://doi.org/10.1038/s41598-023-48207-0.
2. D.A. Harbuz, A.P. Pospelov, V.A. Gudimenko, et al. Molecular Crystals and Liquid Crystals, 718(1),

25 (2021) https://doi.org/10.1080/15421406.2020.1861518.
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Nickel lon Detection Using Functionalized Carbon Dots by Optical
Absorption Method
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Environmental and water resource contamination by heavy metals poses serious
risks to both ecosystems and human health worldwide. Exposure to heavy metals has
been linked to numerous health issues, including cancer, skin disorders, cardiovascular
diseases, and neurological impairments.[1] Among these metals, nickel (Ni) is one of
the most abundant and widely utilized, particularly in the production of stainless steel,
metal alloys, and batteries [2]. Ni* can also occur naturally in the environment in the
form of oxides and sulfides, originating from sources such as volcanic dust, soil, and
certain food products, including baked beans [3]. In this work, a simple Ni** sensor
with high sensitivity, selectivity, accuracy, practicality, and adsorption capacity was
developed using carbon dots (CD). CD were synthesized via solvothermal
carbonization of a precursor mixture composed of urea and anhydrous citric acid in a
molar ratio of 2:1. A solution was prepared in which the dilution of particles was
carried out using an ammonia buffer. The stock solution of ammonium (25%) was
prepared in a volume of 350 mL with pH = 10. For experimental work, the stock
solution was diluted tenfold, while the dilution of particles remained unchanged -1/16

relative to the ammonia buffer solution.
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Fig. 1. (2) UV-visible absorption spectra of carbon dots (CDs) and their
changes after the addition of Ni** ions at different concentrations and (b)
A calibration plot of the absorbance difference (A - Ao) as a function of
Ni?* concentration in the linear range.

The particle sizes with and without the addition of metal were determined using

a ZetaSizer Nano instrument based on the dynamic light scattering (DLS) technique.
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The instrument is equipped with a He—Ne laser.(Pmax=4 mW, 632.8 nm, detector
position 173°). For statistical analysis, the measurements were performed 10 times,
with 10 repetitions for each measurement. The solution volume was fixed at 1 mL. The
selected concentrations of nickel ranged from 0.1 to 10 ppm. Fluorescence spectrum
were recorded in the CaryEclipse fluorescence spectrophotometer (Varian Company,
USA). Ultraviolet visible absorption spectrum was tested by the Cary Eclipse Varian
50 Scan spectrophotometer, operating within a wavelength range of 190 to 600 nm. All
absorbance measurements were carried out in a SUPRASIL® quartz cuvette. DLS
measurements revealed that the average size of the carbon dots was approximately 50
nm.

The absorption spectra of CDs were at 6 eV, 5.2 eV and 3.5eV. From the UV-
vis spectrum, the CD exhibited a broad absorption similar to other previously reported
carbon dots [2] A peak at around 250 nm was caused by n-n* transition of the aromatic
sp2 carbon in the carbon dots. [3]. Another peak at about 350 nm (3.5eV) is attributed
to n-m* transition.

CDs are known as excellent chelating ligands for complexation with metal ions,
making them appropriate for use as metal ion sensors, The dependence of absorbance
on Ni?* concentration was further investigated using five concentrations ranging from
0 to 10 ppm. The results showed that the absorbance intensity of the carbon dots
increased with increasing Ni** concentration (see inset in Fig. 1).

The limit of detection (LOD) and limit of quantification (LOQ) were calculated
using the equations LOD = 3.36/S and LOQ = 100/S, where o is the standard error of
the intercept and S is the slope of the calibration curve (iyy fig. 1b). The calculated
LOD and LOQ values were 4.86 ppm and 14.7 ppm, respectively.

Acknowledgment: This work was financially supported by Ministry of
Education and Science of Ukraine (project 26BP07-03) and National Research
Foundation of Ukraine (project 2025.07/0098).

. Carbon dots-based fuorescence and UV-vis absorption dual-modal sensors for Ag+
and L-cysteine detection Shan Lu, Zixuan Li, Xueyu Fu, Zhigang Xie, Min Zheng.
Dyes and Pigments Volume 187, March 2021, 109126

. Phetcharee, K., Sirisit, N., Manyam, J., & Paoprasert, P. (2021). Highly sensitive Ni%*
sensors based on polyurethane-derived, label-free carbon dots with high adsorption
capacity. ChemistrySelect, 6(31), 7964-7971.

. Gong, Y., & Liang, H. (2019). Nickel ion detection by imidazole modified carbon
dots. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 211,
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Features of excitation of spectral SPR in films of high-conductive
metals
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Abstract. Conditions and peculiarities for excitation of surface plasmon-
polariton resonance (SPR) in thin films of high-conductive metals (gold, silver, copper,
and aluminum) in the range of visible light wavelengths were considered. A new
approach to assessing the possibility of implementing SPR in films of these metals in
certain regions of the visible spectrum is proposed. The approach is based on the
analysis of the spectral characteristics of the surface plasmon-polaritons (PP)
attenuation length at the metal/dielectric interface. We demonstrate the correlation of
this length with the optical constants and the imaginary part of the metals permittivity,
as well as with a number of essential parameters of the SPR curve itself to substantiate
the relevance of this approach. The aim of such an analysis is using the features of the
SPR spectral effect in films of different high-conductive metals for creation chromatic
sensors of gas environment.

Introduction. The modern development of optoelectronic sensors is aimed at
creating portable devices for rapid analysis of complex gas and liquid mixtures.
Chromatic sensors based on the SPR effect, unlike traditional monochromatic sensors,
use the spectral response in the visible wavelength range, which allows to significantly
expand the informativeness of this method. However, the efficiency of plasmon
excitation and the sensitivity of such sensors directly depend on the choice of the
plasmon-carrying coating and its optical parameters in the relevant spectral region.

Results. The paper provides a theoretical justification for the choice of plasmon-
carrying layers based on gold, silver, copper and aluminum by analyzing their optical
characteristics and determining the effective spectral ranges of SPR excitation in these
layers. The study calculates the complex wave vector kg, of surface plasmon-polaritons,
where its imaginary part Im kg, acts as a determining factor for internal losses and,
accordingly, the attenuation length Lg, (or energy propagation length) of surface PPs in
the metal, and also calculates the depth of field penetration into the metal D, and
outside into the dielectric Dqy. The last parameter allows to estimate the size of the
external environment being probed. The simulation was carried out for the
Kretschmann optical configuration, where a thin metal film is deposited on a BK7 glass
substrate brought into contact with a prism using an immersion liquid. The calculation
of the spectral dependences of the reflectance coefficient R (4, 6) was performed by the
Jones matrix method.

For each type of metal, the optimal film thickness was previously determined,
which provides the minimum value of the reflection coefficient in the relevant spectral
range: Ag - 50-56 nm, Au - 45-50 nm, Cu - 4043 nm and Al - 17-20 nm [1]. To
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assess the quality of the resonance curves, the parameter FOM (Figure of Merit) was
introduced, the value of which was calculated as the ratio of the depth of the SPR curve
to its half-width FWHM, i.e. FOM = AR/FWHM. Fig. 1 shows the obtained 3-
dimensional diagrams for the specified quality parameter, as well as for the imaginary
part of the wave vector of the PP Im ksp,. The last parameter characterizes the value of
the attenuation of surface PPs during their propagation from the place of generation.
From the established correlation of the parameters AR/FWHM and Im ks, it follows
that high resonant characteristics of the SPR curve are directly related to low PP
attenuation, and vice versa, weak resonant characteristics indicate high PP attenuation.
Thus, the magnitude of the imaginary part of the PP wave vector serves as a kind of
indicator of the realization of the SPR effect in certain spectral regions and angles of
incidence of light for different materials. On the other hand, Im ks, is nothing more than
half the reciprocal of the PP attenuation length in the metal, Lsp, = 1/2Im K.
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Fig. 1. Diagrams for the ratio of the depth of the reflection coefficient minimum to the half-
width of the resonance curve 4R/ FWHM (a), and the imaginary part of the PP wave vector (b) in the
coordinates of the wavelength and the angle of the SPR minimum.

Conclusions. As an alternative to the well-known condition &'y < -& for the
existence of the SPR effect in films of high-conductive metals at the metal-dielectric
interface, it is proposed to use the value of the attenuation length Ls, of the surface PP
in the metal. It has been theoretically calculated and experimentally confirmed that for
the excitation of SPR in metal films, this value must exceed the threshold of ~2 um.
Calculations have shown that for silver, the value L, remains high (from 3 to 70 um,
respectively, when the wavelength changes from 400 to 700 nm) in the entire visible
range. Aluminum (with value Lg,=6-18 pum) is more suitable for the short-wave blue
region of the spectrum, where it simultaneously demonstrates a significantly greater
probing depth compared to other metals. At the same time, for gold and copper, the
value L, reaches the excitation threshold only in the long-wave region above 600 nm.

1. AllL Biletskiy, O.L. Kukla, Yu.M. Shirshov, O.S. Kondratenko, O.M. Fedchenko. Peculiarities of

implementation of spectral SPR effect in thin films of high-conductive metal thin films for
creation SPR gas sensors // SPQEO, 2025, V.28, No.4, P. 502-510.
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TepMoesieKTpUYHI CEHCOPH TEILUIOBOI0 MOTOKY 3 KOMII'FOTEPHOIO
CHCTEMOI0 KEPYBAHHA Ta 00PO0OKHM pe3y/ibTATiB BUMipIOBaHb
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Y Yepuiseyvruii nayionanvnuii ynisepcumem imeni FOpis ®@edvkosuua, eyn. Koyobuncokozo, 2,
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Po3poOka BHCOKOUYTIMBHX CEHCOPHUX CHCTEM ISl KOHTPOJIIO TEIUIOBUX MapaMETpiB €
aKTyaJlbHUM 3aBJaHHAM Cy4YacHOI MEAMYHOI JIarHOCTHKM Ta TEXHIYHUX 3aCTOCYBaHb.
TepmoenekTpuuHi aBayi Ha OCHOBI HAIIBIIPOBITHHUKOBHX MaTepialiB 3a0e3MeuyroTh YHIKaIbHI
MOKJIUBOCT1 JUIsi CTBOPEHHS KOMIAKTHUX BHUMIPIOBAIbHUX MPHUCTPOIB 3 BHCOKOK TOYHICTIO
peecTpariii TemrepaTypHUX IMOJIiB Ta TYCTHHH TEIUIOBOTO MOTOKY [1,2].

[IpencraBinena OararokaHalibHa BHMIPIOBaJIbHA CHCTeMa IpPU3HAYeHA [UIsI OJHOYACHOI
peectpariii TemrepaTypy Ta HIUIBHOCTI TEIJIOBOTO MOTOKY B JIEKUIBKOX TOYKAaX JOCIIIKYBaHOTO
o0'exkta. KOHCTpyKIlii CEHCOPHOTO elieMeHTa 0a3yeTbcs Ha 3aCTOCYBaHHI TEPMOEIEKTPUYHHX
MaTepialliB CUCTEMH BICMYT-TENyp, IO XapaKTePU3YIOThCA CTAOUIBHUMH TEPMOEIECKTPHYHIUMHU
BIIACTHBOCTSIMHU B poO0YOMYy Jiana3zoHi Temmepatyp [3,4]. KoxkeHn BUMiproBalbHUI MOIYIIb IHTETPYE
TEPMICTOp /71l BU3HAUEHHS TEMIIEPAaTypH Ta TEPMOCTICKTPUIHY OaTapero sl peecTparlii TerIoBoro
MOTOKY, 3a0e3Mevytoun KOMITakTHI rabaputu 14x14x3 MM mpHu BUCOKiIN MPOCTOPOBIN PO3ALIBHIN
3/1aTHOCTI.

EnexTpoHHa uacTWHa CHCTEMHM pealli3oBaHa Ha 0a3l MIKPOKOHTpojepa 3 BOYJOBaHUM
aHaJIOTO-LIM(PPOBUM TiepeTBoproBaueM 16-01THOI po3psAHOCTI. MyNbTUIIEKCYBaHHS LU(POBUX
CUTHAJIB J03BOJSE TMOCHITOBHO OomuTyBaTH Big 4 no 10 BUMiprOBalbHUX KaHAlliB 3 YacTOTOIO
nuckperuzarii 2 ' Ha ka"an [5]. OOMiH JaHUMHU 3 MEPCOHATBLHUM KOMII'IOTEPOM 31MCHIOETHCS
yepe3 crapaapTHuil USB-inTepdeiic, mo 3abe3neuye HafiiiHy nepenady iHpopMmarii Ta >KUBICHHS
MIPHUCTPOIO.

Puc.1 baraTokananbHUN TEPMOETEKTPUYHUHN TEIUIOMIP: €JIEKTPOHHHUI peecTpaTop
3 inTerpoBanuM ALIT Ta MiKpOKOHTPOJIEPOM 1 TEPMOETIEKTPUIHUI CEHCOP

61



JlamkapboBchbKi unTaHHs - 2026

CriertianiizoBaHe nporpamse 3a0e3neueHHs BUKOHYye GyHKii 300py, 00poOku Ta Bizyamizarii
BUMIPIOBAILHUX JaHUX Yy pEeKAMi peanbHoro dvacy. CucremMa aBTOMATHYHO 3aCTOCOBYE
KaJiOpyBanbHi KoedillieHTH, 30epeKeH] B eHEProHEe3aNIeKHIHM mam'sTi U1 KOXKHOTO KaHaJy OKPEMO,
Ta nepeTBOproe MUQpoBi 3HaUeHHS Yy (izuuHi BennuuHu Temneparypu (°C) Ta T'yCTUHH TEIIJIOBOTO
notoky (MB1/cm?) [6]. I'padiunuii inTepdeiic kopuctyBada 3abe3mneuye 0JHOYACHE BiIOOpaKEHHS
JMHAMIKHA 3MIiHU TIapaMeTpiB MO BCiX aKTUBHHUX KaHaJaX, IO JTO3BOJISIE MPOBOJUTH MOPiBHSIbHHIA
aHaJIi3 TEIJIOBOTO CTaHy Pi3HUX TUISTHOK 00'€KTa JOCIIKESHHS.

MeTpoJoriuHi XapaKTepUCTUKUA PO3POOJICHOI CUCTEMH BKJIFOYAIOTh TOYHICTH BUMIPIOBAHHS
temneparypu +0,1°C ta moxubKy BU3HaYeHHs 'YCTHHH TEIUIOBOTO IMOTOKY He Oibie 5% B 1iana3oHi
1-100 mB1/cm?. dyHKITIOHAT CTaTUCTUYHOI OOPOOKH JT03BOJISIE OOYMCIIIOBATH CEPEIHI 3HAYCHHS,
CTaHJIAPTHI BiIXHWJICHHS, MIHIMaJIbHI Ta MAKCUMAJIbHI BEJTMYMHU ISl KOXKHOI BUMIPIOBAIBHOI Cecii.
Excnopt nanux y gopmar CSV 3abe3neuye CyMiCHICTh 3 TONIMPEHUMH TTAKETAMU CTaTUCTHYHOTO
aHaizy.

baratokananpHa apxiTeKTypa CHCTEMH BIIKPHUBAE MOMJIMBOCTI JUIsl PI3HOMaHITHUX
JTIarHOCTHYHUX 3acTOCyBaHb. OIHOYACHHWHM KOHTPOJb TEIIOBHX MapaMETpPiB Yy JMEKUIBKOX TOYKaX
JI03BOJISIE BUSIBJISITY JIOKAJIbHI 3MIHU TEMIIEpATYPH Ta TEIUIOBOTO MOTOKY, IO CBIYaTh MPO 3araibHi
IpoIecH, MOPYIICHHs KpoBONOcTauaHHs abo HelipoTpodiuni poznaau [ 1,7]. HeinBa3uBHMIA XapakTep
KOHTAKTHUX BHMIpPIOBaHb POOWUTh METOAMKY NPHUIATHOK JJIsi Oararopa3oBuX OOCTEeKeHb 0e3
TUCKOMQOPTY JJIS TAIlIEHTA.

Po3pobineHa TepMoenieKTpuyHa CEHCOpHA CHCTEMA JIGMOHCTPY€E 3HAYHI IIEPEeBar MOPiBHIHO
3 ICHYFOUMMHU J1IarHOCTUIHUMHE TEXHOJIOT1SIMH: BHCOKA TOYHICTh BUMIPIOBAHb JIO3BOJISIE PEECTPYBATH
HE3HaYyH1 TEIJIOB1 3MiHHM Ha paHHIX CTaisX MATOJOTIYHHX MPOIIECiB; OaraToKkaHaIbHICTh 3a0e3neuye
KOMIUICKCHE KapTyBaHHS TEIUIOBOTO CTaHY; CYTTEBO HIDKYA BAPTICTh OOJIQJHAHHS Ta €KCILTyaTarlii
MOPIBHSIHO 3 MeTOoAaMu Bizyamizaiii. [lopratuBHa KoHbIrypallisi, IBUIKA IPOLEAYpa BUMIPIOBAHHS
Ta MiHIMaJbHI BUMOTH JI0 MIATOTOBKH OIeparopa poOJsTh CHCTEMY OCOOJIMBO MPHIATHOIO IS
eKCIpec-TIarHOCTUKM ~ TPU  MAaCOBMX  OOCTEXKEHHSAX y MNpoQUIAKTUYHIM  MeAuIuHI Ta
€IT1JIEMI0JIOTIYHUX JOCITIDKeHHSX [8].

1. Kobylianskyi R., Yuryk O., Strafun S. et al. Use of thermoelectric heat meters in locomotor
therapy for the rehabilitation of patients with lumbosacral spine injuries // Journal of
Thermoelectricity.-2024.-4.-P. 69-88.

2. Yuryk O., Anatychuk L., Kobylianskyi R., Yuryk N. Measurement of heat flux density as a new
method of diagnosing neurological disorders in degenerative-dystrophic diseases of the spine //
Modern Methods of Diagnosing Diseases.-2023.-P. 31-68.

3. Kobylianskyi R.R., Lysko V.V., Prybyla A.V. et al. Technological modes of manufacturing
thermoelectric sensors for medical purposes // Journal of Thermoelectricity.-2023.-4.-P. 49-63.

4. Korop M., Prybyla A., Lysko V., Pylypko V., Khalavka Y. Computer vision as a tool for
correlation analysis of images of the microstructure of Bi-Te-based thermoelectric materials //
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AHrapMoHi4Ha i3iHronogioHa MoeJib CIiH-KPOCOBEPHUX CIOJIYK
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CIiH-KpOCOBEp CIIOJIYyKH — 1€ KOMIUIEKCH Iepeximumx mertanis 3 d* — d’
€JICKTPOHHOI0 KOHQIrypaIi€o, y SKUX BiIOYBalOTHCSI OOOPOTHI MEPEeXOaH Mixk
HU3BKOCIIIHOBUM Ta BHCOKOCIIHOBUM CTaHaMmH. Taki Mepexoau BiA0YyBarOThCA
BHACJIIJIOK 3MI1HH 30BHIIIHIX YMOB: TEMIIEPATypHU, TUCKY, OCBITIEHOCTI, €IEKTPUYHOTO
Ta MAr”iTHOrO MOJIB Ta 1H. UyTIuBICTh CHIH-KPOCOBEP CHOJYK J0 3MIHM 30BHILIHIX
YMOB BU3HAUa€ iX K MEPCHEKTUBHY OCHOBY JUISl (PI3MYHMX Ta XIMIYHUX CEHCOPIB.

Y poOoTi 3ampornoHOBAHO TEOPETUYHY MOJEIb JJIS OIKCY SIBHINA CITiH-
KpOCOBEPY B TBEpPJOTUIBHMX KOMIUIEKCax MepexigHuX MeTtaniB. (OCHOBOIO
3alPOMOHOBAHOI MOJIENIl € PO3KJiaa B psii B OKOJl TOYKM MEXaHIYHOI PIBHOBAru
noreHuiany Jlennapna-Jl>xoHca, 3aJ€KHOTO B CHIHOBHX CTaHIB, 3 ypaxyBaHHSIM
aHTapPMOHIYHOTO J0J1aHKYy [1].

AHani3 rapMOHIYHOTO HaOJIMKEHHS 3a JOIOMOIOI0 METOJY CEPEAHBOIO IOJI
Beiica nepenbavae moctynoBi a00 Mepexoiu MEpPHIOro POAy, 3aJIEKHO Bl CHIH
MDKMOJIEKYJIIpHOI B3aeMoAli. BHECOK aHrapMOHIYHUX WIEHIB NPUBOAUTH [0
3MIILIEHHSI TeMIlepaTypu Nepexoay B o0nacTe BUIIMX TeMmmeparyp. llpuBeneno
BUIAJ0K KOJIM MOJIEKYJIIpHA KPUCTaJllYHAa CUCTEMA, SIKa 3a3Ha€ (Pa3zoBOro Mnepexony y
rapMOHIYHOMY HaOJM>KEHH1, HE IEMOHCTPY€E MOro B aHTapMOHIYHOMY HAOJIMKEHHI.

MopnentoBanHst metogoM MonTe-Kapio mnoka3ye 3MillleHHS TeMnepaTrypu
MepexoiB B 00JIaCTh HI)KYMX 3HAYEHb, BIJHOCHO pE3YyJbTaTIB OTPUMAHHUX Y
HAOJIDKEHH1 cepeHBOTO 1o [2]. UncmoBe MoIeTFOBaHHS IEMOHCTPYE JIBOCTYIICHEBI
MEPEXOU Y CHIH-KPOCOBEPHUX KpHUCTaNax, MO MIAKPECIIOE BAXIIUBICTh (DIyKTyaIlin,
K1 HE BPaXOBYIOTbCSl Y HAOJIMKEHHI CEpeAHBOrO MOJIS.

TeopernyHa Mojenb BU3HAYAE TIMOWHY MIDKMOJEKYJISIPHOTO TOTEHINANY SIK
KJIIOYOBHM MapameTp, IO KOHTPOJIOE KOOIMEPATUBHICTh, a OTXKE TICTEPE3UCHY
MOBEIHKY CHCTEMH, 3a0€3MeUy0ur OCHOBY IS MPOEKTYBAHHS CIIH-KPOCOBEPHUX
MarepiaiiB 3 nepeadavyBaHUMHU (DI3UIHUMU BIACTUBOCTSIMHU.

a0 [
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harm anh
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Puc. 1. ®parmenT $a3oBoi miarpamu y HaOMMKEHHI cepenuboro moss. [Ipu
3alaHUX TapamMeTpax CUCTeMa y rapMOHIYHOMY HAaOJIMKEHH1 (CHHSA KpHBA) 3a3HA€
¢da3oBoro mepexoay, Ha BIIMIHY BiJI CHCTEMH 3 BpaxXyBaHHSIM aHTaApPMOHIYHUX
J0/TIaHKIB (U€pBOHA KPUBA).
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Puc. 2. ITopiBHAHHS KpUBUX HaMarHiu€HOCT1 (YaCTKU BUCOKOCIIIHOBUX CTaHIB)

JUISL PI3HUX TJIMOWH SIM TIOTEHITIaNy (301IbIIIEHHS TJIMOMHU 3J11Ba HAMPaBO), YePBOHUM

— HaOJIMKEHHS CCPCAHBbOrO I10JIAA, YOPHUM — MOACIIOBAHHA MCTOAIOM MOHTG-KapJIO.

1. Markin, O., Gudyma, lu. Role of harmonic and anharmonic interactions in controlling the
cooperativity of spin-crossover molecular crystals // Phys. Rev. B-2024.-110, 174416.

2. Markin, O., Gudyma, lu. Mean-field theory of spin-crossover transition in elastic molecular
crystals with Morse potential energy // Molecular Crystals and Liquid Crystals-2024.-768.-P. 1-10.
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Study of the effect of annealing temperature on the polarization
properties of polymethyl methacrylate

V.V. Romanchuk, A.V. Samoylov

V. E. Lashkaryov Institute of Semiconductor Physics, NAS of Ukraine,
41, Nauky ave., Kyiv, 03028, Ukraine
vladyslav.v.romanchuk@gmail.com

Wave plates are widely used to change the polarization state of electromagnetic
radiation [1]. For instance, quarter-wave plates (A/4) convert linearly polarized light
into circularly polarized light and vice versa, while half-wave plates (A/2) rotate the
plane of polarization by 90°. These wave plates have a wide range of applications in
devices utilizing polarized laser radiation. In particular, when conducting
spectropolarimetric studies, achromatic and superachromatic wave plates are used, as
they retain their polarization properties over a wide wavelength range [2]. Regarding
manufacturing, the tolerance for the wave plate components is £1°. When crystalline
plates are produced, for example, from quartz or magnesium fluoride, the thickness of
the components must be maintained with an accuracy of 15 um and +£0.11 um,
respectively [3]. However, mechanically controlling thickness with such precision is
extremely difficult. Therefore, polymethyl methacrylate (PMMA), which can
withstand lower accuracy, is currently the most promising material for manufacturing
such plates [4].

The production of polymer wave plates involves controlled uniaxial stretching of
the polymer to achieve the desired phase shift. Stretching causes the molecules to
orient, leading to an ordered polymer state and anisotropy in physical and optical
properties [5]. In PMMA, this anisotropy appears as different refractive indices for
light polarized parallel and perpendicular to the stretching direction (birefringence).
Acrylic stretching near the softening temperature (95°C for CO95A PMMA) causes
certain technological problems. At such temperatures, stretching is irreversible, so it is
not possible to reduce the phase shift mechanically if the plate is overstretched. The
anisotropy in finished, uniaxially stretched plates can be reduced by annealing below
the softening temperature. Annealing removes internal stresses in the PMMA plate
while preserving its geometric dimensions. This work investigates how annealing
temperature affects phase shift in uniaxially stretched PMMA.

During the experiment, PMMA samples of different initial degrees of stretching
(the phase shift of which is from 140° to 280° at 20°C) were annealed (heating was
stopped immediately after the sample was brought to the specified temperature) at
different temperatures, namely: 40°C, 60°C, 80°C, 100°C, 120°C. Senarmont
compensator was used for controlling the phase shift of plates. The experiments
showed that when heated to 40°C, no significant change in the phase shift of the plates
was observed, and when a temperature significantly above the softening temperature
(120°C) is reached, the plates begin to relax against the direction of stretching and
deform. Fig. 1 shows the change value (absolute value of the difference before and
after annealing) of the phase shift of the annealed plates in absolute and relative units.
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Fig. 1. Phase-shift relaxation behavior of annealed PMMA plates: (a) absolute values; (b)
normalized temperature dependence.

According to the obtained results, the magnitude of the phase-shift relaxation
depends on the temperature of the preliminary annealing, and for wave plates with
different initial phase shifts in the range from 140° to 280° (at 20°C), the dependence
is exponential. The obtained results also indicate a quasi-linear relationship between
the initial tension and subsequent relaxation of the samples within the studied
deformation range. These results will allow for a more controlled relaxation of the
finished PMMA polarizing plates. The influence of larger variations in the initial phase
shift of the plates and other annealing temperature regimes on the studied effect is the
main task for future studies.

1. Gong, Y. et al. Research Progress on Terahertz Achromatic Broadband Polarization Wave
Plates. Optics & Laser Technology. 2023, 166, 109633.

2. Samoylov, A. V. et al. Properties of multicomponent achromatic and superachromatic zero-order
waveplates. Journal of Optical Technology, 2009, 76 (5), 312-315.

3. Samoylov, V. S., Samoylov, A. V. Waveplates — Kyiv: MAO, 2015. — 76 p.

4. Dorohoi, D. O. et al. Review on Optical Methods Used to Characterize the Linear Birefringence
of Polymer Materials for Various Applications. Molecules. 2023, 28, 2955.

5. Inoue, T. Strain-Induced Birefringence of Amorphous Polymers and Molecular Design of
Optical Polymers. ACS Appl. Polym. Mater. 2021, 3, 2264-2273.
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2D I'IBPU/IHI HEPOBCBKITH SAK HEPCIIEKTUBHI
MATEPIAJIU JIJIS1 ®OTOJAETEKII Y IIUPOKOMY
CIHEKTPAJIBHOMY JTAITA30OHI

Cipenko B.IO.%, Kyuepis O.1.%, llosa C.2, I'ypanscekuii 1.0.1

! Kuiscoxuii nayionansnuii ynieepcumem imeni Tapaca Illeguenxa,
01601, Kuis, eyn. Bonooumupcwka, 64/13, e-mail: valerii_sirenko@knu.ua
2 [ncmumym maxpomonexyaapnoi ximii «Ilempy Ioniy Axademii nayk Pymynii,
700487, Acu, anes I picope l'ika-Booa, 41-A

JIBoBUMIpHI opraniyHo-HeopraHiuHi riopuaHi neposcbkit (2D-I'OHII) € nepcnekTuBHUMEU
MaTepiajaMu I CydacHOi OINTOENEKTPOHIKHM 3aBISKUA IOETHAHHIO BHUCOKOI BOJIOTOCTIHKOCTI,
MO’KJIMBOCTEH CTPYKTYPHOI'O JU3aiiHy Ta LIHHUX JJIs IPAKTUYHOI'O 3aCTOCYBAaHHS ONTOETIEKTPOHHUX
xapakrepuctuk. Came tomy 2D-I'OHII 3HaxomsTh ImMpPOKE 3aCTOCYBAaHHS SK aKTHWBHI IIapH B
dotogerekTopax Ta cBiTiomionax.[1] OgHuM 13 KIOYOBHX (AKTOpIB, IO OOMEKYe MpPaKTUYHE
BIIPOBA/KEHHS TAKUX CIIONIYK, € 3HaYHA NIMPHHA 3a00POHEHOI 30HH, SIKa 0OMEXYE CIIeKTpaTbHUM
poOouMii iana30H ONTOENEKTPOHHUX IPUIIAJIiB, CTBOPEHUX Ha iX OCHOBI.

Hawm Branock mojonatu e oOMeKeHHsI CHHTe3yBaBIM HOBY cepito 2D-T"OHIT 3aransHOTO
cknany (L-HisH)2SnBrxls— (me L-His = L-rictunun, x =4, 3,37, 1,70, 0,56, 0,44 ta 0). BapitoBaHHsI
crniBBigHOmEeHHs Br/l mae 3mory nependadyBaHo 3MiHIOBATH IIMPUHY ONTHYHOI 3a00POHEHOI 30HU
nanux cnonyk (Puc. la). 3okpema, 3miHa mupuHH 3a00poHEHOi 30HM B iHTepBani 1,82-3,05 eB
3a0e3neuye MEepeKPUTTS MPAKTUIHO BCHOT'O BHIMMOTO jiama3ony. OcoOIMBHiA IHTEpEC CTAaHOBHTH
HonuaHa crioslyka, A siKoi 3a(iKCOBaHO aHOMAJIbHO BY3bKY 3a00opoHeHy 30HY (1,82 eB), mo €
HETUTIOBUM JUIS JIBOBUMIPHHX TeEpOBCHKITIB. Sk “proof-of-concept” Oyiao CTBOpEHO HPOTOTHUI
doTomeTekTopa, B sAKOMY sK akTHBHHU miap OyB Bukopuctanuii (L-HisH)2Snls (Puc. 16). dus
OTPUMAHOr0 MPOTOTUIY JETEeKIIs CBiTIA crocrepiraerbes aianazoHi Big 200 mo 800 HM, mio €
PEKOpPAHMM 3HadeHHsAM U1 (oTtonerekropiB Ha ocHoBi 2D-T'OHII. Otpumani pe3ynbraTH
MIATBEPKYIOTh €(eKTUBHICTh TaJIOTE€HIJHOTO 3aMILICHHS K IHCTPYMEHTY KepyBaHHS ONTUYHUMHU
BJIACTUBOCTSAMHU TiOpUIHUX TEPOBCHKITIB, a TaKOX IMEPCHEKTUBHICTh BUKOPHUCTaHHS KaTiOHIB
aMIHOKHUCIIOT JJIi  CTBOPEHHA  MarepiajiB 13  HaJalllTOBYBaHMMM  OINTOEJIEKTPOHHHUMU
XapakTepucTUkamMu. Taki CIONyKHM MOXXYTh 3HAWTH 3aCTOCYBAaHHS Y (OTONETEKTOpax, COHSIYHHUX
€JIEMEHTaX, CBITJIO/10/1aX Ta (POTOTpaH3UCTOpaxX.
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Puc. 1 (a) — ®ororpadii cepii ridbpuanux nepoBcbkitiB ckiany (L-HisH)2SnBryls—~; (6) —
doTtoaeTekTop ynbTpadioieTOBOro, BUANMOTO Ta OIHKHBOTO iHPpauyepBOHOTO CBITJIa HA OCHOBI 2D-
["OHIT (L-HisH)2Snl4 six akTuBHOTO MIapy.

1. Sirenko V. Y., Kucheriv O. L, Shova S., Gural’skiy I. A. Histidine-based hybrid perovskites as
promising materials for wide wavelength photodetection // Appl. Mater. Today.-2024.-41.-P. 102452.
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Oco0s1uBoCTI reHepaunii HOCIIB 3apsiny B MOHOKpHcTaigax MAPDIs mig
JI€10 BUCOKOCHEPTreTUYHOI0 iOHI3YI040r0 BUNIPOMIHIOBAHHS

B.A. Konowmienp, O.1. Bipa, B.b. Kanycrsauk

JIvsiscokuil Hayionanvrull yHieepcumem imeni leana @panka, syn. [Apacomanosa,50, Jlvsis 79005,
Ykpaina
Volodymyr.Kolomiiets@Inu.edu.ua

MoHokpucTtanu  opraHiuHo-HeopraHiyHoro  mnepoBcbkiTy  CH3NH:Pbls  (MAPDI:)
MPUBEPTAIOTh YBAary SIK MEPCHEKTHBHUN MaTepian JIjs CTBOPEHHS PaiOBOJIbTAIYHUX EJIEMEHTIB
3aBJSKU TO€IHAHHIO CUMHTHIALINHUX, (OTOENEKTPUUHUX 1 CETHETOENEKTPUYHUX BIIACTHUBOCTEH.
BaxnmBoro mepenymMoBoro peamizamii sk (POTOBOJBTAIYHOTO, TaK 1 pagioBOIbTaiuHOTO e(deKTy €
NepEeBEICHHS KpUCTaJla 3 BUXIJHOI'O aHTUCETHETOENEKTPUYHOIO CTaHy B CETHETOCIEKTPUYHHM Mij
ni€ro iHTeHCUBHOTO YynbTpadioneroBoro ompomineHHs [1]. Came B TakomMy cTaHi B KpuCTali
(bopMyeTbCs CIIOHTaHHA IOJIAPHU3Allisl, SIKa CTBOPIOE BHYTPIIIHE €JIEKTPUYHE I0JIe Ta 3abe3neuye
YMOBH JIJIsl BAHUKHEHHS CTa0lIbHOTO (POTOEIEKTPHUYHOTO BIiATYKY. 32 X-IIPOMEHEBOTO 30Y/IKEHHS
reHepalis HociiB 3apaay B MAPbI: mae ckiagHuil Xxapakrep 1 OXOIUIIOE SK MpsiME MEPETBOPEHHS
eHeprii 10HI3yI0UOro BHIIPOMIHIOBAHHS Yy BUIbHI €JIEKTPOHM Ta MIipKH, TaK 1 JOJATKOBY
¢doTroreHepailito, oB’s;3aHy 3 EKCUTOHHOK X-IIPOMEHEBOIO JIFOMIHECLICHIII€IO.

CyTT€eBOIO OCOOIMBICTIO TOCTIIKYBAHOTO MaTepiajly € Te, 0 eKCUTOHHE BUIIPOMiHIOBAaHHS
BUHUKA€E MOOJIM3Y KpaK BJIACHOTO MOTJIMHAHHSA, Y CHEKTpalibHIA 00JIacTi BIIIHOCHOI MPO30POCTi
Kpucrtaia. Lle cTBOproe yMOBH Il IOBTOPHOTO TIOTJIMHAHHS CHUHTHIISAIIMHOTO BUIIPOMIHIOBAHHS B
00’eMi 3pa3ka i, BIAMOBIJHO, AJS JAOAATKOBOTO BHECKY Yy 3arajJibHUM (hOTOENEKTPUYHMNA BIATYK.
Takuii mMexaHi3M HaOyBae 0COOJIMBOIrO 3HAUYEHHS 3a HU3BKUX TEMIIEPaTyp, KOJIM IHTEHCHUBHICTh
eKCUTOHHOI X-TIpOMEHeBOi JtoMiHecueHIil 3poctae. OIHOYACHO 31 3HMWKEHHSAM TeMIlepaTypu
MOCNIa0JII0€ThCS BIUIMB MOHHOI MPOBIJHOCTI, SIKa MpHU KIMHATHIA TeMIepaTypl YaCTKOBO €KpaHye
NoJIsipU3aLifiHe 1oJie Ta 3MEHIIye e()eKTUBHICTb IPOCTOPOBOTO PO3IIIEHHS HOCIIB 3apsLy.

Otxe, MoHOokpuctanu MAPDI: MoxkHa po3rasgaTv sIK OCHOBY MJisi PajloBOJIbTaiuyHUX
€JIEMEHTIB HOBOT'O THITY, B IKUX MIEPETBOPEHHS €HEPrii BUPOMIHIOBaHHS BU3HAYAETHCS MTOE€JHAHHAM
CETHETOENEKTPUYHOIO  BIOPSIKYBAaHHS,  CUUHTWIALIMHUX  OPOLECIB 1  BHYTPIIIHBOTO
¢doroBoabTaiyHOrO MexaHizMy [2]. Takuit miaxi € nepcrneKTUBHUM Ul CTBOPEHHS MPOCTILINX 3a
KOHCTPYKLIEIO JOKEPEN >KMBIICHHS, 30KpeMa JJis 3acCTOCYBaHb Yy CHEI[lali30BaHUX CHUCTEMax, 10
MPALIOIOTh B YMOBAaX HU3bKUX TeMIIepaTyp a00 TPUBAJIOro BIUIMBY 10HI3yIOUOTO BUIIPOMiIHIOBAHHS.

1. Kapustianyk V., Kolomiets V., Eliyashevskyy Y., Uhrynovych O. Photovoltaic effect in
methylammonium lead triiodide single crystal // J Phys Condens Matter.-2025.-37, N 4.-P. 045705.
2. Kapustianyk V., Kolomiets V., Eliyashevskyy Y., Uhrynovych O., Mykhaylyk V., Zia W., Saliba
M. X-ray-voltaic Effect in the Single Crystals of CH3NH3PbI3 Perovskite // ACS Appl Mater
Interfaces.-2025.-17, N 45.-P. 62152-62161
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Bruius peabedy, reorpadgivHux Ta KIIMaTHYHUX YMOB HA
epeKTUBHICTH COHAYHMX MAHeJ el
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3pOCTaHHS E€HEProClOXKMBAHHS Ta HEOOXITHICTh 3MEHILIEHHS BHUKHUIIB MMApHUKOBUX TIa3iB
CTHMYJTIOIOTH PO3BUTOK BiIHOBIIOBAHOT eHepreTUKU. OHUM 13 HalO1TBII TEPCIIEKTUBHUX HAMPSMIB
€ BHKOPHUCTAHHS (DOTOCIEKTPHUYHUX II€PETBOPIOBAUiB COHSAYHOI eHeprii. EdekTuBHICTH poOoTH
COHSTYHHX EJIEKTPOCTAHIII BU3HAYAETHCS SIK BIACTUBOCTSAMHU (DOTOCNEKTPUYHHUX MarepiaiiB, Tak i
30BHIIIHIMU TPUPOJHUMH YMOBaMH, 30KpeMa peibedoM, TreorpadiyHUM TMOJOKEHHIM Ta
KIiMaTHyHUMHU (pakTopamMu. MeToro poOOTH € aHali3 BIUIMBY NPUPOAHHX YMOB Ha €(pEKTHBHICTH
(YHKIIIOHYBaHHSI COHSIUHUX TaHEeJeH.

OxHUM 13 OCHOBHHUX ITapaMeTpiB, IO BU3HAYAE MPOTYKTUBHICTh (DOTOCIEKTPUYHHUX CHCTEM,
€ COHsAYHA I1HCOJIAIISA - TOTIK COHSYHOI'O BHUIIPOMIHIOBAHHS, IO JOCSATAE IMOBEpPXHI 3emii. Y
crangapTHux ymoBax tectyBaHHS (STC) rycrtuHa BumpomiHioBaHHS cTaHoBUTH 1000 Bt/m?,
temreparypa ¢ortoenementa 25 °C, a cnekTpalbHUN CKJIal BiANoBinae cranmapty Air Mass 1.5
(AM1.5), sxuit xapaKkTepu3ye CepeliHIO TOBKUHY LIUISXY COHSYHOTO BUIIPOMIHIOBaHHS B aTMOChepi
IIpH KyTi NaJiHH MPOMeHiB npubnusno 48° [1].

CHexkTp COHSYHOTO BHUIPOMIHIOBAHHSI OXOIUIIOE Jiama3oH BiJ yJAbTpadioIeTOBOrO 0
iHppayepBoHOTO. JIy11 KpeMHieBUX (DOTOECNEMEHTIB HalOUIbIl e(QEKTUBHUM € CIEKTpaJbHHUNA
iHTepBan 400-1100 uMm (puc. 1), y skoMy eHeprisi (OTOHIB NEPEBUIILY€E MUPUHY 3a00POHEHOT 30HU
kpemHito (E; = 1.12 eV), mo 3abe3neuye reHepaiito e1eKTpoH-1ipkoBux nap [2].

Approximate Solar Spectrum (AM1.5)
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Puc. 1. CnexkTpanbHuUN PO3MNOAUT COHSYHOI'O BHUIPOMIHIOBAHHS JUIsl CTaHAAPTHUX YMOB
AM1.5 y nianazoni 300-2500 uMm.

EdextuBHicTh  ()OTOENEKTPUYHUX MEPETBOPIOBAUIB  XapaKTEPU3YEThC  Koe(DilliEHTOM
kopucHoi nii (KK/I), sxuii xapakrepusye 4YacTKy COHSYHOI €Heprii, IO NEepEeTBOPIOETHCS B
CIIEKTPHUHY:

ne V, Ta I,—Hanpyra Ta CTpyM Yy  TOYIl  MaKCHUMaJbHOI  MOTYXHOCTI,
G- ryCTHHA COHSTYHOTO BHUITPOMIHIOBAHHS (Bt/m?),
A — mutomia goroenemMeHTa.
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BaxumBum daktopom € armocdepHa Maca (Air Mass), sika XapaKTepH3y€e JOBXUHY HUIAXY
COHSYHOTO BHIPOMIHIOBaHHS B arMocdepi. 31 30UIbIICHHSIM aTMOc(epHOi Macu MOCHIIOIOTHCS
NpoIecH TOTJIMHAHHSA Ta PO3CIIOBAaHHA BHUIPOMIHIOBAHHS, IO MPHU3BOIUTH OO 3MEHIICHHS
IHTEHCUBHOCTI COHSYHOT pajianii Ha moBepxHi 3emui [3].

Penped MicmeBocTi Takok BIUIMBAaE Ha €(PEKTHBHICTH (POTOCNEKTPUYHHX CHCTEM. Y
[TiBHIYHIN MBKYJI HAHOUIBIN COPUATIMBAMU € MIBASHHI CXUJIH, IO 3a0€3MeUyl0Th MaKCUMAaJIbHE
HA/IXO/UKEHHSI COHSYHOTO BHIIPOMiHIOBaHHS. ONTUManbHUN KyT HAaxXWIy COHAYHHX TaHENen
HaOIMKeHUH 10 Teorpadivaoi mupotu MiceBocti. s Tepuropii IBanHo-DpaHkiBcbKoi 001aCTi BiH
CTaHOBHUTH NpuOIM3HO 35—40°. BinxuieHHS BiJ ONTUMAJIBHOTO KyTa MOXKE 3MEHIIYBAaTH piuHE
BUpOOJeHHs enekTpoeHeprii Ha 3—-5 %. Knimatuuni Qaxtopu, 30kpeMa TemrmepaTypa, 1CTOTHO
BIUIMBAIOTh HA ENEKTPUYHI mapaMeTpu ¢oroeneMenTiB. HomiHambHa MOTYXHICTE MOJYJIiB
BU3HAYa€ThCs Npu TeMiepatypi 25 °C, To/i SK MiABHICHHS TEMIIEPAaTypH MPU3BOIUTH JI0 3HUKCHHS
e(eKTUBHOCTI.

Temperature Dependence of Salar Cell Efficiency niT}
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Puc. 2. TemneparypHa 3ajexHICTh epeKTUBHOCTI KpemHieBoro dotoenementa 1(T).

TemnepatypHuit koeili€HT U1 KPeMHI€BUX (POTOETIEMEHTIB CTAHOBUTH NMpuOmu3Ho —0.4...—
0.5 %/°C. Lle o3Hayae, 1m0 MPH MiIBUIICHHI TEMIIEPATypH Ha KOXXEH T'PaayC MOTYXKHICTH MO
3MeHlyeTbess npubimsno Ha 0.45 %. Hanpuknan, npu HarpiBanHi nmaHeni 10 65 °C 3HMXKEHHS
MOTYKHOCTI MOK€ CTaHOBUTHU Os1n3bK0 18 % .

CyuacHi KpeMHi€eB1 (OTOETEKTPUYHI MOAYIII MatOTh KoedilieHT kopucHOi aii 18-23 %, Toxi
SIK JUIsl TOHKOTUTIBKOBUX (DOTOEJIEMEHTIB 1€l MOKa3HHWK 3a3Buyail ctaHOBUTH 10—-18 %. PeanpHa
MPOAYKTHUBHICTh COHSYHHUX €JEKTPOCTAHIIM BU3HAYAETHCS KOMIUIEKCHUM BIUIMBOM (Di3MUHUX
XapaKTePUCTHK (OTOEIEMEHTIB Ta MPUPOJHUX YMOB iX eKCIUTyaTallii.

[TincymoByrouH, 3a3Ha4UMO, 1110 €(PEeKTUBHICTh (DOTOENEKTPUUYHUX CHCTEM 3HAYHOIO MipOIO
BU3HAYAETHCS MPUPOJTHUMH YMOBAMHU PO3MIIIIEHHS, 30KpeMa pesibe)oM MICIIEBOCTI, reorpadiaHoro
HIMPOTOIO Ta KIIMAaTUYHUMHU pakTopamMu. ONTUMaIbHA Opi€HTAallid Ta KYT HAXUJIy COHSYHMX MaHeseH
JIO3BOJIAIOTH MIJBUIIUTH €(EKTUBHICTb BUKOPUCTAHHS COHSIYHOI €Heprii Ta 3MEHIUUTH BTpaTu
BUpOOJIeHOi enekTpoeneprii. [linBuienns temneparypu (GoToeneMeHTiB IPU3BOAUTE 10 3HUKEHHS
iXHBOT €PEKTUBHOCTI Yepe3 3MiHY eJIEKTPUYHHUX NapaMeTpiB HAMIBIPOBITHUKOBUX CTPYKTYD.

KommnexkcHuii 00Jik NpUpoAHUX (aKTOPIB € BAXKIUBUM €TAallOM MPOEKTYBAHHS COHSYHUX
€JIEKTPOCTAHIIIN Ta J03BOJISIE ONTUMI3YBaTH TXHIO €HEPreTHUHY NMPOYKTUBHICTb.

1. Mazur T.M., Prokopiv V.V., Mazur M.P., Pysklynets U.M. Solar cells based on CdTe thin films
I/l Physics and Chemistry of Solid State.-2021.-22, N 4.-P. 817-827.
https://doi.org/10.15330/pcss.22.4.817-827.

2. Green M.A. Solar Cells: Operating Principles, Technology and System Applications // Prentice-
Hall.-2012.- P.274.

3. Nelson J. The Physics of Solar Cells // Imperial College Press. -2012.- P.274.
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ByriieneBi miak/jaaaky ik nepcreKTUBHUA KOMIIOHEHT OPraHiYHoO-

HEOPraHIYHUX riOpUAIB 1l (POTOCJTECKTPUYHOI0 32CTOCYBAHHS
I.A. Kysuenosa!, C.B. Mamukin?, I1.C. Cmeprenko?l, H. M. Pomunal, B.3.
Bapcykos?

Y Inemumym isuxu nanienposionuxis im. B.€. Jlawxapvosa HAH Ypainu, npocnexm Hayxu, 41,
Kuis, 03028, Ykpaina
d.kuznietsova@isp.kiev.ua
2 Incmumym Cop6uyii ma ITpo6rem Endoexonoeii HAH Yipainu, eyn. Oneca Myopaxa, 13, Kuis,
03164, Ykpaina

Haranpaa notpeba y momryky anbTepHAaTUBHUX MarepiaiiiB 3aMiCTh KPEMHIEBHX ITiIKIIAI0K
3aIUIIAE€THCS aKTyalbHOI, 0COOIMBO B KOHTEKCTI CTBOPEHHS T1OpPHIHUX OpraHIYHO-HEOPTaHIYHUX
COHSIYHUX eJieMeHTIiB [1]. Byrienp € omHuM i3 MaTepiasliB-KaHIUIATIB HA 3aMiHy KPEMHI0, TIOTe
Habarato JemIeBIIMM. Y  I[bOMY JIOCHIJPKEHHI TOHKOIUIIBKOBI  BYIJICLIEBl  IMiAKJIAJIKU
BUKOPHCTOBYBAJIH SK IIAPH, HA SIKUX 3/11HCHIOBAIACS CAMOOPTaHi3allisi TeTePOIMKITYHAX CIOTYK [ 1].
[Ipouec camoopranizamii OpraHiyHoi pEYOBMHU Ha KOMIIO3UTHHX BYIJVICLIEBUX IUIIBKaX
JOCTIDKYBAIH 3 METOIO aHATi3y ONTHUMAIILHOT MOPQOJIOTIi B 3aJICKHOCTI BiJl CKIIAAY MiAKIAIKH, 110
CHpHUS€E MOAATBIIOMY PO3BUTKY OpPraHiYHO-HEOPTaHIYHUX TiOpUJIiB Ta MiABUILEHHIO e()eKTUBHOCTI
COHSIYHUX €JICMCHTIB Ha iX OCHOBI.

OCHOBHMMH KOMITOHEHTaMU IiIKJIaJIKK CIyryBayu caxka PB, akTuBoBaHe Byrijuis, rpadeH ta
tpu Buau rpadity: KI'TIC-1, KII, TAK. Takox momatkoBo BBoamikck [IBB, moporiok Ni ta pyna.
Bci cniBBigHOIIIEHHS! pEUOBMH HaBeaeHO Yy Tal.1. B sKocTi opraHiyHuX pe4yOBHH BUKOPHUCTOBYBAIU
cynbdarit HaTpito, KJIOHIIMH Ta I[iaHOKOOAIaMiH, SIK1 HaJIeXaTh 10 KJIaCy reTePOIMKIIYHIX aMiHIB.
Opraniydi Marepiald HAHOCWJIM Ha AKTUBOBaHI BYIJIENEBl MiJKIAIKA METOJOM KpamelbHOTrO
0CaJKeHHs IIPU KIMHATHIHM TeMIieparypi.

OnTuyHi 300paxkeHHss Mopdosiorii MOBEpPXHI KIOHIAMHY TiIPOXJOPHIY Ha BYIJIELEBHX
MIJKJIaAKaxX IpecTaBieHl B Tao. 1.

JlocmipkeHHsT TI0Ka3ajo, o Ui Cylb(aluiy HaTpilo MPHUCYTHICTh rpadeHy He crpusiia
(hopMyBaHHIO KOMIPYACTHX CITYACTUX CTPYKTYp. BogHOUAC 17151 KIIOHIAMHY T1IpOXJIOPHULY HasIBHICTh
UX JOMIIIOK BUSIBHJIACS HECYTTEBOIO 1 HE MEPELIKOJKaja YTBOPEHHIO KOMIp4acToi CiT4acToi
Mopdosorii. s miiBOK IlaHOKOOaJaMiHy Ha BCIX JOCHIDKYBAHUX IMIJKJIaJKaX HE3MIHHO
criocTepiraiacs KjaacTepHa Mopgooris.

Tabmui Nel Mopdororis oTpuMaHuX IUTIBOK OPraHIYHUX PEUYOBUH Ha KapOOHOBUX MMiJKIIAJAKaX

Ck _
nialel;gox CE“,fyiigﬂi’;‘jﬁ HH Cynbdaum Knoniguny LiaHoko6aaMiHy
iIKJIa[0K HaTpIio rizpoxjopuay (BiTamin B12)

Omip 4,0 Om

20 % akTHBOBaHE BYTiJUISA
40 % rpaditry KITIC-1

20 % caxi PB
20 % IIBb
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Omip 3,3 Om

55,6 % rpadity TAK-1
2,22 % rpadenG250-H

22,22 % caxi PB
20 % IIBb

=750

Omip 3,6 Om

10 % rpaden xGnP-C

50 % rpaciry TAK-1
20 % I1BB

20 % caxi PB

Omip 3,4 Om

16,67 % caxi PB
50 % rpadityK I1
16,67 % pyau
16,67 % I1Bb

Omip 3,9 Om

16,67 % mopormok Ni

50 % rpagityK IT
16,67 % I1Bb

16,67 % caxi PB

Pesynbpratu MOCHiTKEHHS TO3BOJHIN 3’SCYyBaTH TOCTIIOBHICTH (DOPMYBaHHS OpraHIYHHX
IUTIBOK Ha KapOOHOBUX MIAKIAAKAX 3aJ€KHO B CKJIAMy BYTJCI0: HAHOUIBII e()EeKTUBHUMH
BusiBwincsa rpaditr KITIC-1 (Nel), rpadit KIT (Ne4) ta rpadit 'AK (Ne3). BeranosneHo, mio
nonasaHHs rpadeny (migkmaaku Ne2 ta Ne3) 1 0cobnmBO HikeneBOro mopomky (migkiaaaka Ne5) ve
cnpusie (GOpMyBaHHIO IITHOBOI CITYACTOI MOPQOIIOTTii.

1. W.A. Khan, et al., “Carbon nanomaterials in coatings: A review focusing thin film photovoltaic
solar cells”, Materials Science in Semiconductor Processing, 2025, vol. 185, p. 108929

2. P.Smertenko, V. Barsukov et al. Self-Organized Heterocyclic Amines Films on Carbon Substrates
for Photovoltaic Applications. Appl. Sci. 2022, 12(20), 10210
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Cekuia 4

HanisnposigHukoBa I4- i HBY- TexHika

Semiconductor infrared and microwave
technology

74



JlamkapboBChbKi unTaHHs - 2026

Influence of lon Implantation on the Structural and Morphological
Properties of HQCdTe Epitaxial Layers

Anna Yevmenova, Zinoviia Tsybrii, Fedir Sizov, Petro Lytvyn, Kateryna Svezhentsova, Oleksandr
Gudymenko, Mykola Vuichyk, Oleksandr Kosulya, Kateryna Andrieieva

V. Lashkaryov Institute of Semiconductor Physics, National Academy of Sciences of Ukraine, 41
Nauky Avenue, Kyiv 03680, Ukraine
evmenova_a@ukr.net

Mercury cadmium telluride (HgixCdxTe, MCT) remains one of the most
promising semiconductor materials for high-performance infrared (IR) detectors and
focal plane arrays due to its tunable bandgap and excellent photoelectric properties. lon
implantation is widely used for the formation of p - n junctions in MCT-based
photodiodes [1, 2]. However, this process may introduce structural defects and lattice
distortions that influence device performance. Therefore, understanding implantation-
induced structural changes is essential for optimizing fabrication technologies of MCT-
based IR detectors.

In this work, the effects of B¥, Be™, Al*, and Ag* ion implantation on the structural
and morphological properties of p-type Hg:«CdyTe (x~0.28) epitaxial layers grown by
liquid-phase epitaxy on CdogsZnoosTe (111)B substrates were investigated. lon
implantation was carried out at an energy of 100 keV with a dose of 3x10'% cm™.
Surface morphology, depth profiles of implanted ions, and crystalline quality were
studied using atomic force microscopy (AFM), secondary ion mass spectrometry
(SIMS), and high-resolution X-ray diffraction (HRXRD).

AFM measurements revealed a strong dependence of surface morphology on the
mass of implanted ions (Figure 1). Implantation with light ions (Be* and B*) resulted
in significant surface planarization and reduction of the root-mean-square (RMS)
roughness from 4.2 nm for the pristine surface to approximately 1.0-1.2 nm. In contrast,
heavier ions (Al and Ag™*) preserved or slightly increased the surface roughness due
to grain coarsening and localized damage formation.

SIMS depth profiling confirmed substantial differences in the projected ranges of
implanted ions. The penetration depth reached approximately 630 nm for Be™ ions and
about 80 nm for Ag* ions. The experimental profiles also demonstrated extended tails
compared with SRIM simulations, which can be attributed to ion channeling effects in
the crystalline HgCdTe structure [3].

High-resolution X-ray diffraction analysis revealed implantation-induced
structural modifications in the epitaxial layers. The primary structural effect for all
implanted samples was an increase in mosaicity and microstrain rather than a
significant change in the average lattice parameter. Ag* implantation produced the
largest out-of-plane lattice strain, whereas Al* implantation led to the highest mosaic
broadening. In contrast, B* implantation resulted in the formation of tilted domains and
satellite peaks in the rocking curves, indicating the development of mosaic structures
with significant tilt distribution.
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Fig. 1. AFM topography maps of the MCT film surface: unimplanted (a) and implanted with Be®,
B*, Al and Ag* ions (b, c, d, e, correspondingly). Height histograms (f).

The obtained results demonstrate that ions mass and penetration depth strongly
influence the structural response of HgCdTe epitaxial layers to implantation. These
findings provide important guidelines for selecting optimal implantation parameters
for the fabrication of MCT-based infrared photodetectors while maintaining high
crystalline quality.
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JlazepHo-inaykoBaHi 3Minn ¢goroesekTpuunnx napamerpis CZT

M.C. Ky3neros,!, C.M. JIeBUITbKHI?

Y TOB Paovionixc, Kuis, Yxpaina
levytskyi@ua.fm
2 Incmumym izuxu nanienpogionuxie im. B.€. Jlawxapvosa HAH Ypainu, np. Hayxu,
41, Kuis 03028, Ykpaina

Marepianu Ha ocHOBi TBepaux po3unHIiB Cdi1xZnxTe(CZT) € kIOYOBUMH elleMEHTaMHU
CY4aCHO{ ONTOEJIEKTPOHIKH Ta IeTEKTOPHOT TEXHIKU 3aB/ASKH IXH1i BUCOKIHM UyTIMBOCTI y IIUPOKOMY
CTeKTpaJIbHOMY Jiana3oHi. OHaK KIOYOoBa MpodiieMa Mosrae B TOMY, IO iXHi (poToenekTpuyHi
XapaKTepUCTUKH CYTTEBO 3aJ€KaTh BiJ] CTPYKTYPHOI JOCKOHAJIOCTI KPUCTAJIIYHOI IPAaTKU Ta
HAsBHOCTI BIIACHHUX JedeKTiB. TpaaumildiHi METOIU CHHTE3y Ta OOpOOKH HE 3aBXKAM J03BOJISIOTH
JOCATTH ONTUMAJIBHOTO CIIBBIIHOIIEHHS YYTJIMBOCTI, IMIBUIKOII Ta piBHSA IIyMiB, II0 OOMEXYe
e(eKTUBHICTh PUJIAJIiB Ha iXHIH OCHOBI.

AKTYalbHICTh JOCHIDKEHHS 3YMOBJICHa HEOOXITHICTIO MONIYKY e(eKTHMBHHX CIOCO0IB
ninecnpssmoBanoi Mmoauikanii BiractuBocten CdixZNnxTe. BukopucTanHs iMITyJIbCHOTO JIa3€PHOTO
BUIIPOMIHIOBaHHS € IEPCIIEKTUBHUM IHCTPYMEHTOM JUIs pO3B’s13aHHs 1€l 3a/1a41, OCKIJIbKU JJ03BOJISIE
JIOKaJIbHO BIUIMBATH HA MaTepiall, 3MiHIOBATH HOT0 NeEeKTHY CTPYKTYPY Ta, SIK HACTIIOK, KEpyBaTh
(boTOENeKTPUYHUMHU TapaMETPaMHU.

Ha orpumanHs «ieadbHHX» XapaKTEPUCTUK HAIiBIPOBIIHUKOBUX JETEKTOPIB HAHOLIbIIE
BIUIMBA€ CTaH Ta SIKICTb 0OpPOOKM MOBEPXHI (MEXaHIYHOI, XIMIYHOI, JI1a3epHOi), a TAKOXK CTPYKTypHA
JIOCKOHAIICTh MPUIOBEPXHEBUX IapiB. OCHOBHOI TEXHOJOTIYHOI MPOOJIEMOI0 Y BUTOTOBJICHHI
CZT-perextopiB € 00poOka MOBEpXHI KpUcTaja Ta (GOPMYBaHHS €IEKTPUUYHUX KOHTAKTiB MeTall-
HaIBIOPOBIIHUK 13 3aJaHUMHU BIACTUBOCTSAMU: OMIYHUX ab0 Oap'epHUX, MEXaHIYHO MIIHUX Ta
eJIEKTPUYHO cTalbiIbHUX. E(DeKTUBHICTh KOHTAKTY 3aJIe)KUTh SIK Bl BUOOPY MeTally eleKTpo/ia, TaK
1 B1J IKOCTI MIJITOTOBKHU MTOBEPXHI Mepesl HaHeceHHAM. [lapamMeTpn KOHTaKkTy MOXYTh OyTH 3MIHEH1
PI3HUMHM MeTOJaMu OOpOOKM KPHUCTAJIIB IMiJ] 4ac Ta Micis ocaykeHHs enekTponiB. IToBepxHesi
BJIACTUBOCTI KPUCTAJIIB BIUIMBAIOTh HA 0arato acnekTiB €(peKTUBHOCTI 110JJHOT CTPYKTYpPHU: 30KpEMa,
MaKCUMallbHa MPHUKJIaJIeHa Halpyra 4acTo 0OMeXyeThCs TOBEPXHEBOO MPOBITHICTIO.

OnpominenHst kpuctainiB CZT HaHOCEKYHAHMMHU IMITYJIbCAMU Ja3epa J03BOJIIE€ 3MIHIOBATH
CTPYKTYpy 1 Mopdosorito moBepxHeBoi oOmacti. s KOHTPOJIO CTaHy MOBEPXHI BUMIPIOIOTHCS
cuektpu QoronposiaHocTi (PII) mo 1 micnsg onpomiHeHHs. Crnekrpockomis (OTOBIATYKY €
e(pEeKTUBHUM METOJOM JTOCIIJKEHHS, YyTJIMBUM J0 3MiH CTaHy MOBEPXHi, 1e(eKTHOI CUCTEeMH Ta
€HepreTUYHO1 30HHO1 CTPYKTYPH HaIiBIPOBITHUKIB.

VY naHiif poOOTI JOCHIJDKYETbCS BIUIMB XIMIYHOI OOPOOKM Ta HAHOCEKYHIHHX IMITYJIbCIB
J1a3epHOr0 BUIPOMIHIOBAHHSI Ha CTaH MOBEpPXHI 1 ¢oToenekTpuyHi BiactuBocTi kpuctanis CZT, a
TaKOX aHATI3yeThCs OMTHUMI3AIlisl TEXHOJIOTIYHOTO Mpoliecy 0OpOoOKH HOT0 MaTepiamy.

JlocaiakeHHs: TpOBOAUIMCS Ha 3pa3kax TBepaux po3umHiB CdiZn,Te (x=0,1) po3mipom
5x5x1 mm*. CriekTpH (POTONPOBITHOCTI BUMIPIOBAIMCS HAa YCTAaHOBI Ha 0a3i MoHOoXpomaropa M/IP-
3.

XimiuHa 0OpoOKa MOBEpXHI BKJIOYANa: MPOMHUBAHHS B ameToHi (3-5 XB.) /Ui BHIAJICHHS
3a0pyJHEeHb; MPOMHUBAaHHS B MeTaHoJ1 (5 XB.); TpaBiueHHs Y 3% po3uuni Br y HBr (muBuakicts 20
MKM/XB., 9ac 1,5 XB.); OC/1I0BHE TPOMHUBAHHS B METAHOJI1 Y IBOX Pi3HUX MOCyIuHax (1o 5 XB.).

I3 anHani3zy cnekTpiB mpomyckaHHs B 00JacTi (yHAaMEHTalIbHOIO ONTHYHOTO nepexony Eo
BU3Ha4YeHO eHeprito nepexony — 1,51 eB (momxuna xuii 820 HMm). 3a miTepaTrypHuMu ganumu, Eo
st CZT npu T=300 K 3nHaxomuthes B Mexax 1,51-1,58 eB. BigminHOCTI y mupuHi 3a00poHEHOT

e
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30HU 3yMOBJICHI CKIIQJHOIO CHEPTETUYHOI CTPYKTYPOIO, TEXHOJOTIYHIMH YMOBaMH BUPOIITYBaHHS
Ta METOJUKOIO0 BUMIPIOBaHb.

Hactynmuum eranom Oyno HaHeceHHs iHAieBuX (In) enekTpomiB METOAOM TEPMIUHOTO
OCa/UKEHHSI Ha OJIHY 3 I'paHed HamiBIpPOBiAHMKA. MIDKKOHTaKkTHa 00JIacTh OMpPOMIHIOBAjacs Mpu
T=300 K iMmmynscamu HeOAUMOBOTO Jiazepa (A=532 um, 7=7-8 Hc) i3 ryctuHoo eHeprii E Big 34,4 no
142,27 mIx/cm? (BapitoBaiacs BITHOCHO ITOPOTY TUIABJICHHS ).

Crnextpu ®II: 3pa3ok 3 ABOMAa OMIYHUMHU KOHTAaKTaMU TiT'€ JHYBaBCS 10 JKEpena 3CyBy Vo
gyepe3 omip HaBaHTaxeHHS R,. ToBWMHa 3pa3Ka 3abe3neyysBana NOrMHAHHA NPAKTUYHO BCbOrO
csiTiia Wo(1-1), 110 mpoiiio yepes OCBITIIEHY TOBEPXHIO.

Buxinni criektpu ¢oronposigHocti kpuctanie CZT mamu tunoBy A-nonidHy dhopMmy, 110
CBIJTYUTH TIPO 3HAYHMIA BIUIUB TIOBEPXHEBOI PEKOMOIHAIlIT B 00JIaCTI CHIIBHOTO TTOTJIMHAHHS.

OnpoMiHEeHHS! KPHCTANIB IMITyJIbCaMH Jia3epa y NEBHOMY Jlialla30Hi €Hepriil mpu3Beno Ao:
301IbIIeHHS] CUTHATY (DOTONPOBIAHOCTI Ta MIABUINEHHS KOPOTKOXBHIIBLOBOTO Kpuia criekTpiB. Lle
MIATBEPKYE 3MCHINEHHS IIBUAKOCTI TOBEPXHEBOI PEKOMOIHAINI BHACHIIOK Ja3€pPHOI OYHCTKH
MOBEPXHi, 1ecopOIIii OKCHUIIB Ta BiANAY CTPYKTYPHHUX AC(EKTIB.

3poctaHHs 3arayibHOi  (HOTOUYTIMBOCTI, IO TOB'A3aHO 3 JIA3€PHO-CTUMYJIHOBAHOIO
cerperari€ero JOMIIIOK Ta TOYKOBHX J€(PEKTIB y CTOKH (IUCIIOKaLli, TPOTSHKHI 1eeKTH).

KOopoTKOXBUIIBOBOTO 3CYyBY MakCUMyMy CHEKTpiB, LI0 € JI0Ka3oM (OpMyBaHHSI
MIPUIIOBEPXHEBOTO MIAPY 3 MIKUPILIOI0 3200pOHEHOI0 30HO0 BHACIIIOK 3MiHA KOMITIOHEHTHOT'O CKJIa Ty.

[Ipu 30inmbpIIeHHI 1HTEHCHUBHOCTI JIa3epHUX IMITYJIbCIB TMOHAJA ONTHMAIbHHA pIiBEHb
CIIOCTEpITaINCA IPOTHIICKH] €PEKTH:

3pOCTaHHS MIBUKOCTI MTOBEPXHEBOI peKOMOIHAIIIT;

3HIDKEHHS (POTOIYTIIMBOCTI.

Lle 3yMOBiI€HO 301IBIIICHHSIM KOHIICHTPAIlil TOUKOBUX Je(PEKTIB CTPYKTYPH Ta HE3BOPOTHUMHU
3MiHAMH Yy TIPUIOBEpXHEBi oOnacTi (pyHHYBaHHS KPHUCTAIIYHOI CTPYKTYpH, IUIABJICHHS
MIPUIIOBEPXHEBOTO MIapy). Y TaKUX BHIIAJIKaX MaKCUMyM 1 YePBOHHI Kpall CIIEKTpYy 3CyBalluCs B
KOPOTKOXBHWJIbOBY 00JIaCTh Uepe3 JiazepHe BunapoByBaHHsS aroMiB Cd 3 moBepxHi Ta (opmyBaHHs
1apy 3 MiIBUILIEHOI0 KOHIIEHTPAIIIEI0 [IUHKY.

VY pob6oTi ekCIepUMEHTAILHO MIATBEPKEHO, 110 00poOka BUCOKOOMHUX KpuctaiiB CZnTe
IMIYJIbCHUM HEOJAMMOBHMM J1a3epoM € e(EeKTUBHUM METOJOM KepoBaHOi Mojudikamii ix
(OTOCEKTPUYHHUX BIIACTUBOCTEH. BCTaHOBIIEHO ONITUMATHHHUIM JTialla30H TYCTHHH €HEPTil Ja3epHOTO
BUIIPOMIHIOBAHHS, SIKUH J103BOJISIE: TIOKPAIIUTH CTaH MOBEPXHI;

301IpIIUTH (POTOUYTIIMBICTH MaTepialy;

3MEHIIUTH IIBUIKICTh TOBEPXHEBOI peKOMOiHaIlii;

3a0€3MeYnTH JISTYBaHHS TOHKUX MTPUITOBEPXHEBUX 00JIaCTEH.

[lepeBuilleHHsT TOPOrOBUX 3HAa4Y€Hb TYCTHMHM €HEprii NpHU3BOAWUTH JO Jerpajarii
(OTOENEKTPUYHUX XApaKTEPUCTUK Yepe3 YTBOPEHHS palialifiHuX JedeKTiB Ta MNOpYLIeHHS
CTPYKTYpPHOI IOCKOHAJIOCT1 MMOBEPXHEBOTO MIapy. OTpUMaHi pe3yibTaTd MOKYTh OyTH BUKOPUCTaH1
JUIL ONTUMI3allli TEXHOJOTIYHOTO IPOLECY BUTOTOBJIECHHS YYTJIMBUX EJIEMEHTIB JIeTEKTOpPIB Ha
ocHoB1 Cdi~Zn,Te.
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BumiproBaHHs aiarpamMu clipaMOBAHOCTI ipaMiajabHOI PyNOPHOI
anTenu Ta HRFZ-Si ain3u aas onrumizanii TT'ny BUnpomMiHiOBaHHA y
CUCTEMAX i3 M0320CHOBMMHM NMAPA0OJTIYHUMU J3epPKATAMHU

IIekepa A.1O., JIucrok 1.0.

Incmumym ¢hizuxu nanienposionuxis im. B.€.Jlawxapvosa HAH Ykpainu,
03028, Kuis, np. Hayxu 41
andrii.shekera@isp.kiev.ua

PynopHi aHTeHM Ta JiH3UW 3 BHCOKOOMHOro kpemuito (HRFZ-Si) mmpoxo
BUKOPUCTOBYIOTh B  MpUiiaflax TEXHIYHOro OadeHHsS 1HPpauepBOHOTO  Ta
tepareproBoro (TI'm) miamazoniB crektpy [1-3], Ta MaroTh, 30KpeMa, MEPCIECKTHUBU
3aCTOCYBaHHA B cucteMax 6 3B’s3Ky.

Yepe3 mu3bky noTyxkHicTh TIm-mxepen (10-100 mBT) Ta iXHIO BUpaxKeHY
YJaCTOTHY 3aJICKHICTh, KPUTUIHO BKIMBO 3a0€3MEYNTH MaKCUMaIbHE (POKYCYBaHHS
BUIIPOMIHIOBAHHS 32 JOTIOMOTOI0 PYIOPHUX aHTEH abo JiH3 [4].

3agadi MPOEKTYBaHHS TEParepIrioBUX CUCTEM 3 M03a0CHOBUMU MapadOIIuHUMHU
I3epKajlaMd YM IHIIAMH ONTHYHHMH €JIECMCHTAMH BHMAraroTh 3HAHHS JiarpaMu
CIPSIMOBAHOCTI BUITPOMIHIOBAYIB.

Po3po0biieHo 1 BUTOTOBIIEHO MipamifaiibHi pynopHi aHTeHun 1a HRFZ-Si nin3u,
JUIS. BUKOPUCTAHHS B CHCTEMi 3 T103a0CHOBHMH IMapaOOIIYHUMHU J3EpKajlaMH IS
HanamtyBanHg Ty 38°s13Ky. J{71s1 BUMiprOBaHHS JiarpaMu CIIPSIMOBAHOCTI B TIJIOIIMHI
3a TYCTHMHOIO TIOTOKY TOTYKHOCT1 BUKOPHCTAHO CXEMY, 1[0 HaBeIeHa Ha puc. 1.

Puc. 1. Cxema ycTaHOBKM /Jii BUMIPIOBaHHS JllarpaMu CIPSMOBAHOCTI
pynopHux aHteH Ta JiH3: 1 — reneparop 140 I'T'n naBuHO-mpomiTHUA aiox; 2 —
EJIEKTPUYHUIA MOAYIATOpP CUTHANY; 3 — pociimkyBana HRFZ-Si nmin3a (abo pynophHa
aHTeHa); 4 — noBopoTHa miardopma, 5 — npuiimMau BunpomiHtoBanHs MI'-30; 6 —
cunxponHuit nerekrop SR-830; 7 — reneparop st KepyBaHHS MOAYJISIIEI0 CUTHATTY
Agilent 33250A,; 8 — TIK.

BuwmipsHi HopmoBaHi aiarpamu crpsimoBaHocTi B E- 1 H- miommuax s
nipamiganpHOi pynopHoi anteru Ta Juist HRFZ-Si nin3u npeacrasieHo Ha puc. 2 1 puc.
3. Kyt Mix aHTeHoro 1 mpuiiMaueM 3MmiHIOBaBcs Big -45° no +45° 3 kpoxom 0,25°,
JiarpaMa npuBeieHa 1 KyTiB Big -30° mo +30°.
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Puc.2. HopmoBaHi aiarpamu Puc.3. Hopwmosani npiarpamu

cupsimoBaHocTi B E- Ta H- miiomuuax — cnpsimoBanocTi B E- Ta H- mimommnax
TSl ipaMianbHol pynopHoi antenn 111 HRFZ-S1 nmin3u

3acTocoBaHa METOJMKA JI03BOJISIE BHUMIPIOBATU JlarpaMmy CIPSIMOBAHOCTI
pynopuux anted 1 HRFZ-S1 nin3 B E- Ta H- nmimomnmaax, a Takox OIIHIOBATH IIUPUHY
iXHBO1 AlarpaMu CIPSIMOBAHOCTI.

OTtpumaHni po3mnoaiiu Oyiu anpokcuMoBaH1 GpyHKIli€ro ["ayca 1 BUKOpUCTaH1 s
noOy0BH MO/Iei1 BUIIPOMIHIOBaYa B ONTHYHIN nporpami Ansys OpticStudio.

HIupuna miarpamu crapsimoBanocti it HRFZ-Sinin3u Ha piBHi 0,1 Oinbina
MOPIBHSHO 3 TIpaMiJaIbHOK PYHNOPHOIO aHTeHOW Ha 4° s E-mutonuHu Ta
Ha 14° nns H-tutomuan. Sk Hacmimok, mpu poOOTI 3 M03a0CHOBUM MapaboJIiuHUM
T3epKaIOM MPD249-G01 pymopHa aHTCHA TIPaIioe e eKTUBHIIIE
(91,5% mpotr 76,8%), MiHIMI3yIOUYHM BTpaTH €Heprii Ha goaatkoBi 14,7%.

[IpoBenena pobota mMae MpakTUYHE 3HAYEHHS IS po3poOHUKiB TI-cuctem
0e31pOoTOBOT Mepeaadi TaHUX 3 BUKOPUCTAHHSM MT03a0ChOBUX JI3epKal. ¥Y3TOMKECHICTh
€JIEMEHTIB JDKEPENo — PYIop — A3epKajio Ta JKEPeso — JTiH3a — A3EePKaIo JEMOHCTPYE
OJIMH 3 MOXJIMBUX METOMAIB 30UIbIICHHS €()EKTUBHOCTI, 1, BIAMOBIIHO, MAJBHOCTI
nepeaadi JaHuX, M0 € aKTyaJIbHUM TPU BUKOPHUCTAHHI MaJIOTIOTYKHUX KOMITAKTHUX
TI - mxepen BUIPOMIHIOBaHHS.

1. Nissanov, U., Singh, G. Terahertz Antenna Technologies for 6G Communication Systems. In:
Antenna Technology for Terahertz Wireless Communication// Springer, Cham. -2023. P. 83-110.
2. Llombart N., Chattopadhyay G., Skalare A., Mehdi I. Novel terahertz antenna based on a silicon
lens fed by a leaky wave enhanced waveguide// IEEE Trans. Antennas Propag. -2011. -59, N 6. -P.
2160-2168.

3. Rappaport T.S., Xing Y., Kanhere O. et al. Wireless communications and applications above
100 GHz: Opportunities and challenges for 6G and beyond// IEEE Access. -2019. -7. -P. 78729-
78757.

4. Y.Huang, Y. Shen and J. Wang. From Terahertz Imaging to Terahertz Wireless
Communications// Engineering. -2023. 22. -P. 106-124
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Influence of size and interfacial effects on the electrophysical
properties of ferroelectric nanocomposites

0.V. Bereznykov!, D.O. Stetsenko?!, O.S. Pylypchuk?, E. A. Eliseev?, A.N. Morozovska!
Lnstitute of Physics of the National Academy of Sciences of Ukraine, 46 Nauky Avenue,
03028 Kyiv, Ukraine
alexber36@gmail.com
2 Frantsevich Institute for Problems in Materials Science, National Academy of Sciences of
Ukraine Omeliana Pritsaka str., 3, Kyiv, 03142, Ukraine

We considered a system consisting of a densely packed array of ferroelectric
nanowires arranged in a polymer matrix (Fig. 1). The composite was placed between
two electrodes, to which a voltage change was applied. The nanowires touch both each
other and the electrodes. Calculations of the electric potential and field distributions,
polarization, equilibrium domain structures, dielectric constant and electrocaloric
response of the nanocomposite were carried out using finite element modeling (FEM)
using the phenomenological Landau-Ginsburg-Devonshire approach together with
electrostatic equations and the theory of elasticity.

Bepxniii
eNIeKTPOJL

BepxHiit
€IIeKTPOJT

Hanospit

[Tonimep

Huxnii
€JIEKTPOJL

Hukuiit
eJIeKTPOA

Fig. 1. Schematic representation of the systems that were modeled: (a) one nanowire in a
polymer capacitor, (b) nanocomposite.

The contribution of size and interfacial effects, as well as dipole-dipole
interaction, was investigated by varying the nanowire radius R (from 2 to 20 nm) and
the dielectric constant of the matrix 5 (from 1 to 300). The nanowires, which initially
had a random polarization distribution, transitioned to stable states depending on their
size and the dielectric constant of the matrix. The influence of dipole-dipole interaction
was investigated by comparing the phase diagrams of the average, maximum and
minimum polarization of the nanowire, both for a single wire (absence of neighbors)
and an array of nanowires (see Fig. 2). Based on the MFE results, we identified 4 such
states: paraelectric, polydomain, single-domain and mixed ferroelectric states. The
mixed state is a region of coexistence of poly- and single-domain states, and is
characterized by non-zero spontaneous polarization in the middle of an individual
nanowire. It has been shown that the transition from ferroelectric to paraelectric phase
occurs when the wire radius is reduced below the critical radius R, which depends on
. At large values of &g, the size-induced phase transition does not occur due to the
high degree of dielectric shielding. Size-dependent phase transitions are observed in
the dependences of the polarization, dielectric permittivity, and electrocaloric
coefficient on the nanowire radius. The distribution of local permittivity in the middle
of an individual nanowire demonstrates the presence of zones with a negative value of
local permittivity, which can be used in the design of field-effect transistors to reduce
subthreshold swing.
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Fig. 2. Phase diagrams of the values of the average, maximum and minimum average
polarization of an individual nanowire as a function of R and &: (left) one nanowire in a
polymer, (right) an array of nanowires in a polymer.
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1. Morozovska A. N., Bereznykov O. V., Strikha M. V.et al. Domain morphology, electrocaloric
properties, and negative capacitance states of ferroelectric nanowires array: role of size and

interfacial effects. Composite Interfaces, 1-18. (2025)
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KOMIT'IOTEPHE MOJIEJTIOBAHHS
HECTAIIOHAPHOI'O PEXXUMY POBOTH
TEPMOEJIEKTPUYHOI XOJIOJNJIBHOI KAMEPH
MEJIUYHOTI'O IPU3HAYEHHS

XpuxkoB B.K., Uepkes P.I'., Buxop JI.M.

nemumym mepmoenexmpuxu Hayionansnoi Axademii nayk ma Minicmepcmesa oceimu Ypainu,
eyn. Hayxu 1, Yepnisyi, 58029, Vkpaina,
khrykov.vladyslav@chnu.edu.ua
2Yepniseyvkuil Hayionansrull yrisepcumem imeni FOpis ®edvrosuua, eyn. Koyrobuncvrozo 2,

Yepnisyi, 58012, Ykpaina

Po3BUTOK CcyyacHMX MEIUYHUX TEXHOJIOTH NOTpedye CTBOpEHHS HaIldHUX Ta
EHEeproe)eKTUBHUX CHCTEM OXOJOJDKEHHS I 30epiraHHs JIKapChKUX IperapariB, 010J0T1YHUX
MaTepiajiB Ta BakIMH. OJHUM 13 NEPCHEKTUBHUX HANPSAMIB € BUKOPUCTaHHS TEPMOEIEKTPHUUHUX
XOJIOIMITBHUX CUCTEM, SIK1 BiJJ3HAYAFOTHCSI KOMITAKTHICTIO, €KOJIOTIYHOIO O€3MEeYHICTIO, BiCYTHICTIO
PYXOMHX YaCTHH Ta BUCOKOIO HalIHHICTIO. J{J1s1 miiBUIIIEHHS €(DEKTUBHOCTI TAKUX CCTEM BaXJIMBUM
€ TOCJIJKCHHS iXHIX TeIUIOBUX MPOIIECIB Y HECTAIOHAPHUX PeXUMax podotu. [1]

VY po0oTi pO3MNISHYTO MaTeMaTU4YHY MOJENb TEPMOEIEKTPUYHOI XOJOJWIBHOI KaMmepu
MEIWYHOTO TPHU3HAYCHHS, SKa BPAaXxOBYE TEIIOBI XapaKTEPHCTUKA OCHOBHUX €JIEMEHTIB
KOHCTPYKIIi, 30KpeMa iX TeIUIOBHUH OIip Ta TEIUIOEMHICTh. Takuil miJxix J03BoJsi€ OiIbII TOYHO
BIJITBOPUTHU peasibHI YMOBU (PYHKIIIOHYBaHHS XOJOJUIbHOI CHCTEMH Ta aJIeKBaTHO OMKCATH MPOLIECH
OXOJIOJDKEHHS BHYTPILIHBOTO 00’ €My Kamepu. [2]

4
9 \
Q
,':" \\ <«
] %
> | <
% b
» +
<] 14
+> K K «
% N
—> 4—
‘.\ -«

Puc. 1. Cxema mepmoenexmpuyHoi Xon00unbHoi kamepu.
1 — xonoounvna xamepa,; 2 — mepmoenekmpuyni Mooyi, 3 —padiamop O0Jisi nepeoayi Xon00y 8 Kkamepy,
4 — genmunsamop 6 kamepi;, 5 — meniosa i3onayis kamepu, 6 — memanesa 6cmagka, 7 — padiamop 0ns
8i0gedenns menia 6i0 menaioguoinsoyux cnaie TE Mooynie 6 HagkoIumne cepedosuuge; 8 —

GEHMUNAMOP.
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Jns aHanmizy AMHAMIKM TEMIEpPaTYpPHOTO pPEXHMY BHUKOPHUCTAaHO METOJ MaTeMaTHYHOI'O
MOJICTIFOBaHHS, 10 0a3yeThCsl HA PO3B’S3aHHI CHCTEMH PIBHSHB TEIUIOBOTO OajaHCy AJISl OKPEMHUX
€JIEMEHTIB KOHCTPYKII XOJIOAWIBHOTO MpHUCTporo. [Ipu 1boMy BpaxoBaHO TEIUIOBI MOTOKH MiX
OCHOBHUMHM CKJIAJJOBUMH CHCTEMH, a TaKOXX B3a€MOII0 KaMepH 3 HABKOJHIIHIM CEPEIOBHILIECM.
Takuif miaxix 103BOJSE MOCTIAMTH 3MiHY TEeMIIEpaTypd B Yaci Ta BU3HAYUTH OCOOJIUBOCTI
(bopMyBaHHS TEMIIEPaTypHOTO OIS B IPOLEci poooTH mpucTporo. [3]

PesynbTaTt MOJEMIOBaHHS 1al0Th MOKIIUBICTD OLIIHUTH BIUIMB KOHCTPYKTUBHUX MAapaMeTpiB
Ta PEXHUMIB POOOTH TEPMOEIEKTPHYHHMX MOAYIIB Ha IMPOIEC OXOJOMKEeHHs Kamepu. OTpumani
3aJIeKHOCTI JI03BOJISIIOTH BU3HAYMTH XapaKTep 3MiHU TEMIIEPaTypd B HECTALIOHAPHOMY PEXUMI, a
TaKOX BCTAHOBHUTHU YacOBi IMapaMeTpH JOCSITHEHHS 3a/laHOTO TeMIlepaTypHOro piBHA. Lle cTBoproe
MEepeayMOBH JJISl ONTHMI3alii KOHCTPYKIIi XOJOIMIBHOI CUCTEMH Ta MiJBUIICHHS 11 eHepreTHYHOT
€(hEeKTUBHOCTI.

Results & Report

00K Date: 26022026 11:41:20 $1173539 Calculation result:

——1 1 | Required cooling charber temperature 260.00 K,
has been recognized at 169000 sec = 0: 002810 dhmis
/ At the morent
chamber temperature was 260.00 K.
cold radistor temperature was 25816 K
metal plate temperature was 267,28 K
hat radiator temperature waz 33097 K

rre Abthe last caloulated moment of 1820000 sec = 0 0:30:20 dhvrcs

chamber temperature was 259,48 K
cold radistor temperature was 257 66 K
metal plate temperature was 256.79 K
\ hot radiator temperature was 33084 K

Steady state temperatures [t = oal
Chamber temperature 256,94 K,
= T teq | Cold radiator 255.17 K

— Metal plate 254.33 K

Hot radiator was 330,45 K

Heat load is 8,881 W

Electiic power B6.012 W
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05 =0: 0:00000 diherns 1900 5 =0:0:3 |26.02.2026
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190,00 sec. between time gnd lnes |2 The end of report
10.00 K. bebween temperature grid ines | Y]
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Print Repart | Save Aepot as. ‘

Puc. 2. Iumepgbeiic npocpamu ons 6ugody pe3yiomamie po3paxyHKy XapaKmepucmux

mepmoenreKmpudHoi Xo100UIbHOI Kamepu.

[IpoBeneHe HOCHIAKEHHS JEMOHCTPYE €(QEKTUBHICTh BHUKOPUCTAHHS KOMII IOTEPHOTO
MOJICJIIOBAHHS Ul aHali3y TEIUIOBUX IPOLECIB Yy TEPMOENEKTPUYHUX XOJOAMIBHUX MPUCTPOSX
MEINYHOTOo mpu3HaueHHs. Po3poOneHa Monenb Moxe OyTH BUKOpPHCTaHa s MOJAJIBIINX
JIOCIIJKEeHb, CIPAMOBAHUX Ha BJOCKOHAJICHHS KOHCTPYKII XOJOJMIBHUX KaMep, MOKpaIleHHs 1X
eKCIUTyaTal[liHUX XapaKTepUCTUK Ta 3a0e3leueHHs] CTablIbHUX TeMIIepaTypHUX YMOB 30epiraHHs
MEIMYHUX MaTepialiB.

KiarouoBi cioBa: TepMoOeNneKTpUYHE OXOJIOMKEHHS, XOJOAWIbHA KaMepa, MaTeMaTH4He
MO/ICJIIOBAHHS, HECTAIlIOHAPHUI PEXUM, TEIUIOBUI OalaHC, MEANYHI XOJIOUIIbHI CUCTEMH.

1. Zaferani, S.H., Sams, M.W., Ghomashchi, R., Chen, Z.-G. (2021). Thermoelectric coolers as thermal
management systems for medical applications: design, optimization, and advancement. Nano Energy 90,
106572. https://doi.org/10.1016/j.nanoen.2021.106572

2. Kobylianskyi, R., Vikhor, L., Fedoriv, R., & Izvak, Y. (2024). Design of a multi-stage thermoelectric
cooler for a human heart ablation device. Journal of Thermoelectricity, (4), 5-13.
https://doi.org/10.63527/1607-8829-2024-4-5-13

3. Anatychuk, L.I. Cherkez, R.G. (2012). Energy potential of permeable segmented thermoelements in
cooling mode. Journal of Electronic Materials 41(6), 1115-1119.
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DoTOXIMIYHMNA CHHTE3 HAHOYACTHHOK CPidJia, BRpUTHX MOJIi(N-
BonpomisiakpuaaMigom): Mop¢oJI0TiYHA i CIEKTPAJIbHA
XapakTepu3ania Ta MOJAeJTIOBAHHSA

XyTtpko M.M.!, Jlonatuncekuit A.M.>2, JIuteun B.K.%, JlemMuaoB I1.B.
banaesa H.O.3, Ilan JI.P.T.% ta Yerens B.1.1?

Y Inemumym gisuxu nanienposionuxis im. B.€. Jlawxapvoea HAH Yrpainu, np. Hayxu, 41, Kuie
03028, Ykpaina, mariiakhutko@gmail.com
2 HaguanvHo-nayKkosuii incmuntym eucokux mexnonoziti, Kuiscokuil nayionanvuutl ynieepcumem
imeni Tapaca lllesuenxa, yn. Bonooumupcovka,64/13, Kuie 01601, Yxpaina
3 Incmumym izuxu nanienposionuxie, Xemuiybkutl mexnono2iunuil ynisepcumen, 8y
Hayionen, 62, Xemuiy 09111, Hinewuuna

Hanowactunku (HY) nuisxeTHux MeTaiiB MIHMPOKO BUKOPUCTOBYIOTHCS B 0aratboX rayssx,
BKJTIOYHO 3 HAHOMEIHUIMHOIO Ta Gi0XEMOCEHCOPHUKOI. IXHi KOPMCHI BIAaCTMBOCTI BM3HAYAIOTHCS
po3mipoM, Mopdosoriero Ta TOKPUTTAM [1] 3aBASKK SBUILY JIOKATI30BAHOTO IOBEPXHEBOTO
w1a3MoHHOro pe3oHaHcy (JIIIIP). [Ins 3MeHiieHHS BUTpaT Ta 4Yacy, a TaKOX HJsl YHUKHEHHS
MIPOIIECIB arperartii i1 9ac CHHTE3y Ta IOKPUTTS HAHOCTPYKTYP, 3aMICTh OaraTocTaaiiHOro mporecy
3 Moaudikalielo KIHIEBUX TPyl MOJIMEPY MOXHA BUKOPHCTOBYBAaTH METOJ MOJTiMepHU3alii
OJTHOYACHO 13 CHHTE30M MaJiuX (3apOAKOBHX ) HAHOYACTHHOK [2].

Ha ocHOBI KJTaCHUHOTO TEMIIEPATypHOT0 CUHTE3Y [3] 3amponoHoBaHO MOAU(IKOBaHUI METOT
yrBopenHss HY cpibma momsixom ix omHowyacHOro (opmyBanHHsi B mpucytHocti NaBHs Ta N-
13omponinakpunamingy (NIPAM), skuii monimepusyetbes mia aieto Y @-onpoMiHEHHS 3 YTBOPEHHSIM
crabinizyrodoro mapy pNIPAM na nosepxai HY. BctanoBneHo, 110 3MiHIOIOYH TTOPSIOK J10/IaBaHHS
peareHTiB Ta dYac Y®-onpoMiHEHHs peakUiiHOI CyMill, MOXHa KepyBaTH pO3MipaMu Ta
mucnepcHicTio oTpuManux HY Ta TOBIIMHOIO MOJIMEPHOTO TOKPUTTS Ha IXHIM MOBEpXHI.
JlocIipKeHO CTIeKTpaibHI Ta MOP(OJIOriuHi BIACTUBOCTI YTBOPEHUX IUIA3MOHHUX HAaHOCTPYKTYP, a
TaKO0X CTaOUIbHICTD BIAMOBIAHUX KOJIOITHUX PO3UUHIB.

Jns ananizy esomonii pocty HU cpibna ta popmyBaHHS MOIIMEPHOT0 MOKPUTTS OYyJI0 MPOBEIEHO
[Tesows  KOMITHOTEPHE MOJICITIOBAHHS CIIEKTPIB €KCTHUHKIIIT

w0 cBiTiA JITIIIP Ha ocHOBI Teopii Mi. Po3amipHi

=0 mapamerpu HY cpibiia Ta moaiMepHOro NOKpUTTS

=0 OyJM OTPUMAaHI 3aJeKHO Bifl yacy Y @-onpomiHeHHs
|[#°  Ta NOPIBHSIHI 3 €KCIIEPUMEHTAIbHUMHU JaHUMH 3a

| JIOTIOMOT'0}0 METO/1iB @aTOMHO-CHJIOBOI MIKPOCKOTi
(ACM) (Puc. 1) Ta tuHaMI4HOTO PO3CIIOBaHHS CBITJIA.

BcraHoBieHo, 10 3amporOHOBAaHMM METOJ
¢doroximiunoro cuntesy HY cpibna 3 momimepHuUM
nokputTsiM pNIPAM n103BoJIsi€ OTpUMYBATH CTA0UIBHI
_. KOJIOiIHI PO3YMHH 3 KOHTPOJIHOBAHUM PO3MOIIIOM 32
Puc. 1ACM-s06paenia saponkosux HY cpibna,  phosyipom. BifmnoBiaHo, BiH € MepCleKTHBHAM 3 TOUKH
pipuTHX n0Mepom pNIPAM 30py MOAAJBIIMX 3acTocyBaHb BkazaHux HY mig gac
MIPUTOTYBAaHHS HAHOKOHTEWHEPIB JJIS JOCTABKH JIKiB, @ TAKOXK SIK M1ACUIIOBAYiB ONTHYHOT'O CUTHAITY
JUTSI TUTa3MOH-TT1ICHJICHOT CIIEKTPOCKOTTII.

1. Shin, W.; Kang, K.; Jang, H. Recent Advances in Nanoparticle Shape and Composition Regulation
Based on Galvanic Replacement for Cancer Treatment // Preprints.org.-2018.
2. Sergeyeva T., Yarynka D., Lytvyn V., Demydov P., Lopatynskyi A., Stepanenko Y., Brovko O.,

Pinchuk A., Chegel V. Highly-selective and sensitive plasmon-enhanced fluorescence sensor of aflatoxins //
Analyst.-2022.-147.-P. 1135-1143.

3. Khutko M., Lopatynskyi A., Lytvyn V., Demydov P., Chegel V. Synthesis and optical characterization
of seed silver nanoparticles in situ coated with poly-(N-isopropylacrylamide) // Semiconductor Physics,
Quantum Electronics & Optoelectronics.-2025.-28, N 4.-P. 449-455.
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Po3poOka cxemu PpyHKIiMHOI 1J151 CHCTEMH BUMIPIOBAHHS MapaMeTpiB
MEIUYHOI0 TEPANEBTUYHOIO 00JIATHAHHS

LI. PeBynbkuii, B.C. €pemenxo, B.M. Mokiituyk

Hayionanvnuu mexuiunuii ynisepcumem Yxpainu "Kuiscoxuii nonimexuiunuii incmumym iMeHi
1zops Cikopcoroeo", bepecmeticokuii npocn., 37, Kuis, 03056, Ykpaina
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[IpencraBnena B naHiit po6oTi hyHIRIIHA cxema (puc.]) BimoOpakae MPUHITUTT
A1 anapaTHO-IPOTPaMHOTO KOMILIEKCY, HI§A3HaquH>1 SKOTO TOJISATa€ y BUMIPIOBaHHI
CHJIM BUCOKOYACTOTHOTO CTPyMy (i3iofepaneBTuuHoro obnagHanHs. OCHOBHONO
METOI0 CHUCTEMHU € 3a0€3MEUYEHHS TOYHOrO KOHTPOJIIO MapaMeTpiB JIKYBaJbHOTO
BIUIMBY LIUISIXOM IEPETBOPEHHS Ter1oBoi Mi cTpymy Ha mpomopuiiHuil enexTpudHuii
curHan [1]. Apxitektypa po3po0iIeHOro ﬁﬂMlmeaHLHoro KOMIUIEKCY OXOIUIIOE BCl
eTany TNPOXOMKEHHS CUTHAIy: BIJl IMEPBUHHOIO 3HATTS JaHUX 3 €KBIBAJICHTA
010JI0T1YHOTO HaBaHTAXEHHS 710 iX UPpoBOT 00pOOKHM Ta Bizyasizallii. 3aCTOCyBaHHS
MIKPOKOHTPOJIEPHOI TIJIaTH  JTO3BOJISIE ﬁOBHiCT}O aBTOMAaTU3yBaTl MaTeMAaTU4YHI
OOYKMCIICHHSI Ta ONIEPATUBHO BUBOAUTHU pCS)(J'IBTaTI/I HaBenenwnii HuX4ye ONMUC JETaNTBHO
PO3KpHBAE aJITOPUTM B3aEMOAII OCHOBHHMX alapaTHUX BY3JIB Ta MPOrpaMHUX
KOMITOHEHTIB IIi€1 CHCTEMH B MPOIIECi pOO@IH.

Arduino Uno R3

C A MCU D

CH e e ey e
! ! #

4
PucyHok 1 — cxema ¢yHKIiHHA eIeKTpUYHA TPU@/TY 7151 BAMIPIOBaHHS BUX1AHOTO CTPyMY anapry
JuTst mapconBanggaiii «Ickpa-1»

Po6ounii 1TuKI1 BUMIpIOBAIBLHOT CUCTEMU MTOYMHAETHCS 3 TEHEpaIlii J'IleBaJ'H)HOFO
BHCOKOYAaCTOTHOTO CTPYyMY amnaparom «fCKpa I» [2], sxkuii Ha cxemi BUCTYIA€
mkepesnioM curHaiy (6soxk I). 3aMuKaHHS €ICKTPUYHOTO JIAHITIOTA B1A0OYBaEThCS Yepes
crieliaibHe HaBaHTaXeHHs (Onok E2) —.meraneBy 130J1bOBaHY €MHICTh 13 BOJOKO
neBHoro miametrpa. lledt pesepByap Bi;fgrpae pOJIb €KBiBaJieHTa HaBaHTaXKCHHS,
OCKUIBKM Horo (Qi3su4Hl XapaKTECPUCTHKU JO3BOJAIOTH IMITYBATH BIIACTHBOCTI
010JIOTIYHUX TKAaHWH JIFOJWHU TI1]] 4ac MPOBEICHHS (P1310TEPaneBTUYHUX TPOIEAYD.

Jis OiAKIIOYEHHS BHMMIPIOBAJIBHOIO KOMILIEKCY O OCHOBHOIO KOHTYpY
BUKOPUCTOBY€ETHCS PO3ILIOBUI I(OHI[GHC&‘LTOp C. Bin no3Boiisie BHCOKOYACTOTHUM
IMIybcaM  Oe3MEePeIiKOJHO MPOXOIUTH z:o TOJIOBHOTO YYTJIMBOTO €JE€MEHTa —
TepmornepeTBoptoBaua TBb-4 (Gnok TE). [Tpuniun aii uporo 61oka Oa3zyeTbest Ha
TemnoBoMy e(peKTi eNeKTpMYHOrO QTpyMy: MpOXOASYM uYepe3  Harpipad,
BHCOKOYACTOTHUI CUTHAJ MIBUIILYE HOTO @eMIIEpaTypy, BHACIIIOK YOTO Y TepMomnapi

o~ |3 0


mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com
mailto:ivanrev204@gmail.com

JlamkapboBChbKi unTaHHs - 2026

TeHEepYEThCS TepMO-enekTpopyuriiHa cuna (tepmo-EPC). BinmosigHo, Hampyra Ha
BUXO/I1 IILOTO OJIOKY € MPSIMO IIPOTIOPIIIMHOIO JI0 CHUJTU CTPYMY, 1110 JIi€ Ha HarpiBaJbHUM
€JIEMEHT.

OCKUIbKM BHUXIJHUN CHUTHAJ 3 TEpPMOIEPETBOpIOBaYa € JOBOJI CIAOKKUM, BIH
noTpedye monepeaHboi MAroTOBKY nepea 1udpoBoro 00pookoro. [l 11boro y cxemi
nepeadadeHo 010K mijicriitoBada (A), SKUi MICHUITIOE HATIPYTy Ha BUXO/I1 10 PiBHS, 1110
BIJIMOBIAA€ JUHAMIYHOMY Jiama3oHy HUGPOBOI YacTMHU mpucTtporo. [ligcuieHuit
aHAJIOTOBUI CUTHAJ HAJXOIUTH A0 MiKpoKoHTpoJepHoi matu Arduino Uno R3 [3]. Ha
GbyHKITIHHINA cXeMl BOHA TIpefcTapiieHa 010koM MikpokoHTposiepa (MCU), mo ckimaxy
SKOTO BXOAMTH IHTErpOBaHMI aHanoro-mudposuii mnepersoproBad (ADC). AL
3MIACHIOE NHUCKPETU3allil0 BXIJHOI HAmpyrd Ta ii MEepeTBOPEHHS Y BIANOBIAHUN
undpoBUii KO1I.

OtpuMani gaHi OOpOOJSIIOTBECS OE3MOCEPENHHO OOUHCITIOBAIBHUM  SIPOM
MikpokoHTposiepa ATmega328P. CrhemianizoBaHe mporpamMHe 3a0e3IedyeHHs,
Hanucane B cepenonuilli Arduino IDE 1 3aBaHTa)keHe y mam'siTb MIKPOKOHTpPOJIEpa,
BUKOHYE TIEPEPAXYHOK OTPUMAHUX ITUGPOBUX KOJIIB Y pealibHI 3HAYEHHS CUIIH CTPYMY
3riTHO 3 KaliOpyBaJlbHOIO XapaKTEPUCTUKOIO TepmoreperBopioBaua TBb-4. Ha
3aBepIIaIbHOMY eTari chopMOBaHMI pe3ylbTaT MePeIAETHCS Ha IPUCTPI BUBEICHHS
(6m1ox D), y sIKOCTI SIKOTO BHUCTYyMAa€ PiIKOKPUCTATIYHUM JUCIUICH, 110 3a0e3neuye
B1JI0Opa)KEHHS! BUMIPSTHOTO 3HAYEHHSI BUX1JTHOTO CTPYMY Y 3pYYHOMY JIJIsl KOPUCTyBaua
BHTJIA/I.

1. DSTU EN ISO 15189:2015. Medical laboratories. Requirements for quality and
competence. [Effective from 2015-06-22]. Official edition. Kyiv : SE "UkrNDNC".-2015.-46 p.
2. M

8. Arduino, Arduino UNO R3 Datasheet,
Https://docs.arduino.cc/resources/datasheets/A000066-datasheet.pdf
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baratokaHajJbHHI MeXaHi3M TEILIOTPAHCIIOPTY B BYIJIelEBUX
Marepiajax

10.B. I'opbarenko, B.B. Caran, O.0O. Pomanmnosa, O.1. Kpusuikos, O.0. Kopomtok

Dizuxko-mexHiuHuu iHcmumym Huzokux memnepamyp imeni b.1. Bepxina HAH Ykpainu,
np-m Hayku,47, Xapkie 61103, Ykpaina
horbatenko@ilt.kharkov.ua

[IpoBeneHO eKClepUMEHTaNbHI JOCIIKEHHSI TEeMIEpaTypHUX 3aJIeKHOCTEH
TerionpoBigHocTi, k(T), okcuay rpadeny (GO) B iHTepBai Temmepatyp 4.5-300 K.
BusiBneno Hu3bkoTeMiiepatypHe miaro (kp. =~ 4.5 K), micns skoro TerionpoBIIHICTb
3pa3KiB MOCTYNOBO 3pOCTa€ 3 MIABUIIECHHSAM TeMIEpaTypd, LI0 € CXOXUM Ha
ckyonoionuit xapakrep k(7). Takox Oyn0 MOCHIKEHO TEIJIOMPOBITHICT 3pPa3KiB
(GO), sxi miggaBanucs TUCKY 6, 8, 10 TOH: TaM TEX BUABJIEHO HU3bKOTEMIIEPATYypHE
wiato  (xp. <4K). Jng BciX  JOCHiDKEHWX  3pa3KiB  BCTAHOBJIEHO, IIIO
eKCIICpUMEHTAJIbHI aHi x(7) MOXKyTh OyTH IPEACTABJICHI Y BUIIISA I anpokcumartii [1]:

K(T) = & + ko exp(—E/T) (1),
1€ Kp — L€ BEIMYMHA HHU3BKOTEMIIEpATYpHOTO IUIATO TEIUIOMPOBIAHOCTI, Ay —
MEPEACKCIOHEHIIAIbHIUIT MHOXHUK, £ — XapakTepUCTUYHA E€HEPris JOMIHYIOUHA
30y/)KeHb, $KI TMPUHMAIOTh Y4acThb Yy TEIUIOTpaHcHopTi. Take mpencTaBieHHs
TEIUTONPOBITHOCTI Y3rOJKYETHCS 3 y3araJlbHEHOIO TEOPIEI0 TEIUIOTpaHcnopty [2], B
AKIA aBTOpPU 3ampOINOHYBAJIM KOHUEMIIIO, 110 TEIJIO B TBEPAOMY Tl MOXKe
PO3MOBCIO/KYBATHCS] JBOMa OCHOBHUMH IUISIXaMH — KBa314aCTUHKOBUM a0o T.3B.
BHecok [laiiepnca k;,, sSKul OOMiIHye HpH HHU3BKUX Temmeparypax (y BHIaIKy
CKJIONOAIOHOT MOBEMIHKM 1€ TUIATO) Ta BHECKY, SKMA 3YMOBIECHUN XBUIHOBHUMHU
BJACTUBOCTSIMU  TEIUIOHOCIIB, k¢ —I1I€ T.3B. «KOTE€PEHTHHI» BHECOK B
TEIUJIONPOBIAHICTh, IO PEAT3yeThCsl IUIAXOM  TYHENIOBaHHS TIPU  BUIIUX
TeMIlepaTypax, 1 Ha0yBa€ HACTYITHOTO BUTJISIAY:
K(T) = it Kc ().

Bceranosneno, mo Big 5 1o 100 K excniepumentanbHi AaHi x(7) MOXyTh OyTH
onmcani 3a gornomoroto Bupasy (1); Bume 100 K nani x(7) MOHOTOHHO 3pOCTalOTh, 1 B
pe3yJbTati aHaji3y OyJji0 BCTAHOBJICHO, III0 BOHU MOXKYTh OyTH OIMHKCAaHI 3a JJOTIOMOT OO0
HACTYITHOI allPOKCUMAIIIMHOI MATOHKH:

K(T) = i + ca(T) + aca(T) + Acs(T) =
Kpi + ko1 eXP(—E/T ) + ko2 eXp(—E2/T) + oz exp(—Es/T), (3)
1€ Kpi — NEpEeCKCIIOHEHIIaTbHII MHOKHUK, a Ej — XapakTepucTuyHa eHeprisi BHECKY
XBUJIEMIOIIOHOTO TYHEIOBAHHS Ta BTPATH KOTEPEHTHOCTI MK PI3HUMHU BIIACHUMH
KonBadbHUMHU cTaHaMu Aci (T): iHAeKC | 3MiHIO€TBCS Bif 1 10 3 Ta CTOCY€EThCs
TEIUJIONEPEHOCY, SKUH JIETKO MPEACTAaBUTH Y BUTJISAAI BUpazy AppeHiyca JUisl pi3HUX
THUMIB 30ymKeHb [3].

3a3znaunmo, mo 3pazok GO, mo OyB cnpecoBanuii mig TuckoM 10 TOH, MOKa3aB
HalObpIIe 30uTbmeHHss TerutonpoBigHocTi Ha 37% mnpu 100 K mopiBHSHO 3
HenpecoBanuM 3pazkoMm GO. Lle cBiguuTh mpo Te, 10 MpecyBaHHS 3pa3KiB OKCUIY
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rpadeHa 3HaUHO MOKPAIIy€ iX TEIIOMPOBIIHICTh, OCOOJIMBO y 1HTEPBAJIl TEMIIEPATYP
40 — 90 K, mo mMoe BKa3yBaTH Ha 3MIHU y CTPYKTYypi MaTepiay.
Pesynbratu gocnimkeHHs TemionpoBiiHOcTI GO MOpIBHIHO 3 JaHUMU 3 JITEpaTypH
1 rpadeHOBOT KepaMiky Ta YaCTKOBO BimHOBIIeHOTO okcuay rpadeny (PRGO-400)
nokaszaiu, 1o TterionpoBiHicTh GO 3paskiB 6iauszbka 10 PRGO-400, ame Tpoxu
Hiwk4a 3a GOP [4]. XapakTep MoBeIiHKH TEIJIONPOBITHOCTI B IIJIOMY € MOIOHUM, 110
BKa3ye€ Ha CXOXKICTh y CTPYKTYpI Ta BIIACTUBOCTSAX IIUX MaTepiaiB.

3anponoHOBaHa MOJIENh TEIUIONPOBIMHOCTI 3 KUIBKOMa BHECKAMH JT03BOJISIE
TOYHIIIIE OMHMCATU MOBEJIHKY MaTepialliB y MIMPOKOMY TEeMIEpaTypHOMY Jliala3oHi,
0 € Ba)JIMBUM MJI1 TOJANBIIUX AOCTIIKEHb 1 PO3poO0OK HOBHUX MarepiaiiB 3
BHCOKHMH TETUIONPOBITHUMH BIIACTUBOCTSMH.

Boaunicms: nana pobora Oyna BukoHaHa B paMmkax mpoekty HOJY Ne 2023.03/0012 Ta
monozixuaoro H/IP 12/04-2026 HAH VYxkpainu

1. Kirivchikov A. I., Horbatenko Y. V., Korolyuk O. A., Romantsova O. O., Kryvchikov O. O.,
Szewczyk D., & Jezowski A. Exponential approximation of the coherence contribution to the thermal
conductivity of complex clathrate-type crystals // Materialia. — 2023.- 32. -P. 101944.

2. Simoncelli M., Marzari N., & Mauri F. Unified theory of thermal transport in crystals and
glasses // Nature Physics -2019.-15, N 8.-P. 809-813.

3. Korolyuk O. A., Sagan V. V., Krivchikov A. 1., Konstantinov V. A., & Horbatenko Y. V. Multi-
channel heat transfer in molecular crystals and their solutions // Low Temperature Physics - 2025. —
51, N 9. -P. 1048-1060.
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MamvHHe HABYAHHS JJIs Kjaacu@ikanii NOMKOIKEHb B
YJbTPa3BYKOBIiH AlarHOCTHLNI

.M. JIziopax %, P.I. PomanummH 2

JIveiscokuil Hayionanvuull yHisepcumem imeni leana @parnka, axynvmem eiekmpoHiKu ma
Komn romepuux mexuonoezit, eyi. [pazomanosa 50, 79000, Jlvsis, Ykpaina
livan.dziurakh@Inu.edu.ua, *rostyslav.romanyshyn@Inu.edu.ua

VYapTpa3BykoBa J1arHOCTHKA € OJHUM 13 HAWIOIIMPEHINIUX METOJIIB
HEPYWHIBHOTO KOHTPOJIIO, 110 3aCTOCOBYETHCS B PI13HUX Taiy3sx. [laHi, oTpumaHi B
pe3ynbTaTi JIarHOCTUKHU, MOKYTh OyTH MpeJCTaBICH] y BUTIsAI A-CKaHiB, B-ckaHiB,
C-ckaniB. [HTepnperaltisa UX JaHUX TPATUIIAHO MOKJIaaIacd Ha €KCIEPTHY OIIIHKY
JIIOJTMHU, KA € TPYJOMICTKOIO, CY0'€KTHBHOIO Ta MIOTaHO MAacIITa00BaHOIO. Y 3B'SA3KY
3 UM aKTyaJlbHUM € 3aCTOCYBaHHS MAIIMHHOTO Ta TJIMOOKOTO HAaBYAHHS JIS
aBToMaru3ailii OiHapHOoi kiacudikamii (MOIIKOIXEHO / HE TMOIIKOKEHO) Ta
OaratokyiacoBoi miakiIacudikaiii AepeKTiB (TPILMHHU, PO3IIAPYBAHHS).

VY 3anmaui 00poOKU CUPUX OAHOBUMIPHUX A-CKaHIB 3alIPOINIOHOBAHO KOMIIAKTHY
CNN 13 1BOMa 3ropTKOBUMH, JBOMAa MYJIHI Ta JBOMa IMOBHO3B'SI3HHUMH LIapamH,
OpIEHTOBaHy Ha aHaji3 CUTHAJIB KUIbLUEBHUX 3BapHUX 3'€HaHb 3 AyCTEHITHOI Ta
MapTEeHCUTHOI HepxaBito4oi crtam [1]. Mogens po3B'a3yBasia 3amady OiHapHOT
kiacu@ikaiili, To0OTo po3pi3HEHHs UIITMHHUX J1ePeKTiB Ta 0e31eeKTHUX 30H, Ha Oa3i
22 631 curnany Ta gocsria TouHocTi 98,2 % Ha tecToBii Bubipii 3 1 000 3paskis. Lle
CYTTEBO TMEPEBUIIUIIO PE3yJIbTaTH KIacU(]PIKAaTOPIB HA OCHOBI IH)KEHEPHUX O3HAK
(BeliBneT-KOe(IlIEHTIB Ta CHEKTpalbHUX Xapaktepuctuk @Dyp'e). Pesynbratu
MiATBEP/KYIOTh, IO HAaBITh apXITEKTYpHO TMPOCTI Mepexi 37aTHI edEeKTUBHO
BUOKPEMJIIOBATH J[1arHOCTHYHI O3HAaKH O€3MOCepeHhO 13 CHPUX YaCOBUX PSIIB,
MTOBHICTIO YCYBAIOYH €TaIl PYYHOTO MPOEKTYBAHHS O3HAK.

Ha piBHi nBoBuMipHHX B-ckaHiB po3podisieno apxitekrypy UT-YOLO, a came
MoaudikoBany mepexy YOLO 3 onTuMi3oBaHMMHU 3TOPTKOBUMHU OJIOKaMU Ta
MEXaH13MOM MPOCTOPOBOI yBaru, NpuU3HaYeHy JJig 0araToKJIacoBOi IeTeKIi 1eeKTiB
Ha 300pa)KEHHAX 3aJII3HUYHUX KOJIC MIBUIKICHUX MOTITIB [2]. Monenb oaHOYAaCHO
JoKai3yBajga Ta KiacudikyBaja YOTHPUH THUIH TOLIKO/KEHb: TOBEPXHEBI,
MiIOBEPXHEB1 Ta BHYTPIIIHI TPIIMHY, a TAKOX TPILIMHU AUCKa Kojeca. [lopiBHAHO 3
6a3oBumu aerexkropamu, UT-YOLO nokpamuna moBHOTYy Ha 37%, mAP@0,5 na 36%
ta mAP@0,5:0,95 na 43%, 3a6e3neuyroun 00poOKy B peasibHOMY 4aci. [IpuHIMmoso
BXJIMBUM € TIPOMHUCIIOBE BITPOBAKEHHS MOJIENl Y pealibHi CIieHapii 1HCTIEKTyBaHHS
3aIII3HUYHOI 1IHQPACTPYKTYPH, IO POOUTH 1110 pOOOTY OJTHUM 13 HeOAraThbOX MPUKIIATIB
YCHIITHOTO MEePEexX0.1y BiJ JTa0OpaTOPHOTO MPOTOTHITY A0 MMPOMHUCIIOBOT €KCILTyaTarlii.

Ananiz mmaHapanx C-ckaHiB pearnizoBaHo uepe3 JjerkoBarosy CNN 3
apxitekTyporo aBTokoayBaibHUKa (Autoencoded Classifier, AEC), 3acTocoBany 10
300pakeHb, OTpUMaHuX (a3oBaHOIO penriTkor, Ha 3pazkax CFRP-kommnosutis [3].
Moaenb po3pi3Hsula TpU KaTeropii: po3lIapyBaHHS, YAapHI MOIIKOJKEHHS Ta
oeznedexTHi 30HM, 1m0 (AKTUYHO TOEAHYE OIHApHUM  piBEHb  JIETEKIii
(HasSBHICTB/BIACYTHICTh  JedeKTy) 3 MOJANbIIO  MIAKIACU(IKAIIEID  TUITY
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MOIIKO/DKEHHA.  ApXITeKTypa  KOAYyBaJbHUKa-ICKOAyBalbHHKA  3a0e3meunsia
KOMITAaKTHE TMPEACTaBIICHHS ACPEKTHUX O3HAK 13 CYTTEBO MEHIIOK KUIBKICTIO
napaMmeTpiB MOPIBHSIHO 31 CTaHIapTHUMU rnOokuMu Mepexkamu. AEC nepesepimiia
6a30B1 mozieni VGG ta ResNet 3a TOUHICTIO, BOJHOYAC BUMAraroyy 3HaYHO MEHIIUX
00YHUCITIOBAILHUX PECYPCIB Ta ONEPATUBHOI aM'SIT1, 1110 € KPUTHYHOIO TIEPEBAT OO JISI
MOOUTPHUX CUCTEM 1HCIIEKTYBaHHS Ha BUPOOHMIITBI.

[TopiBHsIBHUN aHaNI3 BUSBHUB CHUCTEMHI MPOTAJIMHU Yy Cy4YacHid JiTeparypi.
[lepeBakHa OUIBLIICTH JOCIIPKEHb BUKOPUCTOBYE JTaOOpaToOpHI HAOOpH MaHUX 13
MITYYHUMH JeeKTaMu, TOJI SK BaliJallis HAa PEaJbHUX MPOMHUCIOBHX MAHHUX 13
OpUTaMaHHUMHU iM [IyMaMd Ta BapiamisiMu Mopdonorii AedexTiB 3alulaeTbes
piakicTio. 3amaya iepapxiuyHoi kiacudikaiii, ToOTo moOyn1oBa €IMHOI CUCTEMH, SKa
MOCNIIOBHO  BUKOHYE OlHapHy JETEKIil0 Ta MOJalblly O0araToKjIacoBy
nikIacu@ikaliio, IpaKTUYHO HE pO3po0sIeHa; ICHYIOUl MOJIET PO3B'SI3YIOTH 111 3a]1a4l
okpemo. Takox Opakye MOPIBHSHB OJHUX 1 TUX CAMUX apXITEKTYp Ha BCIX TPHOX THIAaX
CKaHIB ofHO4YacHO. Kpim TOro, aHaii3 Kpoc-JOMEHHOTO y3aralbHEHHS 3aJIMLIAE€ThCS
BKpaii 0OOMEXEHHUM: MOJENi, HaBYEHI Ha OJHOMY MaTtepialii 4d TreoMeTpii 00'ekta
KOHTPOJIIO, PIJIKO TECTYIOTHCS HA 1HIIUX, 110 CTABUTH IM1Jl CYMHIB IXHIO 31aTHICTH JIO
IEPEHECEHHS 3HaHb MK PI3HUMHU ITPOMUCIOBUMHU CLEHAPISMHU.

[TpoBeneHmit ormsz 3acBiguye, M0 rIIMO0KE HABUYaHHS BXKe 3a0€3Ieuye TOUHICTh
noHan 95% y 3amavax kiacudikaiii AeeKTiB 3a YIbTPa3BYKOBHUMH JaHUMHU BCiX
TppoX TUNIB 300pakeHb. KommakTHi CNN edekTuBHO 00poOIstoTh cupi A-CKaHH,
apxitektypu YOLO i3 MmexaHi3MaMu yBaru 3a0e3rneuyroTh 0araTokiIacoBy AETEKIIIO B
peanbHOMY yaci Ha B-ckaHax, a JIerkoBaroBi aBTOKOYBaJbHUKU MiAXOAATh aiist C-
CKaHIB B YMOBaX OOMEXKEHHMX OOYMCIIOBAIBHUX pecypciB. BogHouac mepexin 10
MIPOMHCIIOBOTO BIIPOBAKEHHS BUMArae mojoJaHHs pO3pUBY MiX JTaOOpaTOPHUMH Ta
pealbHUMHU JaHUMH, CTBOPEHHS KAacKaJHUX 1€papXiyHUX KiacudikaTtopiB Ta
MYJbTUMOJIATBHOTO 3MUTTS 1HGOPMAIIiT 3 PI3HUX THUIIB CKaHIB.

1. Y. Shi, W. Xu, J. Zhang, and X. Li, Automated Classification of Ultrasonic Signal via a
Convolutional Neural Network, Applied Sciences, vol. 12, no. 9, p. 4179, 2022. [EnextpoHHmit
pecypc]. - Pexxum goctymy: https://www.mdpi.com/2076-3417/12/9/4179

2. Q. Zhang, J. Peng, K. Tian, A. Wang, J. Li, and X. Gao, Advancing Ultrasonic Defect Detection
in High-Speed Wheels via UT-YOLO, Sensors, vol. 24, no. 5, p. 1555, 2024. [EnekTpoHHuU#
pecypc]. - Pexxum moctymy: https://www.mdpi.com/1424-8220/24/5/1555

3. M. Ma, Z. Wang, Z. Gao, and M. Jiang, Ultrasonic Phased Array Testing and Identification of
Multiple-Type Internal Defects in Carbon Fiber Reinforced Plastics Based on Convolutional Neural
Network, Materials, vol. 18, no. 2, p. 318, 2025. [EnextponHmii pecypc]. - Pexxum nocrymy:
https://www.mdpi.com/1996-1944/18/2/318
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Iopucra cTpyKkTypa Ta CTAH MOBEPXHi TEPMOXIMIYHO AKTUBOBAHUX
BYIJICIIEBUX MAaTepiajiB

H.S1. Ipanivok™?, B.1. Pauiii?, T.O. JIucis?, T.P. Bexapiii?

Y Inemumym memanogpizuxu im. I'. B. Kypoomoea HAH Yxpainu, 6ynveap Axademika
Bepnaocvkoeo, 36, Kuis, 03142, Vxpaina
natalia.ivanichok@gmail.com
2Kapnamcvkuii nayionansnuil ynisepcumem im. Bacuna Cmeganuxa, éyn. Illesuenka, 57,
lsano-®panxkiscok, 76025, Ykpaina

Ilopucti Byrjeunesi MarepiaJd € MEPCIEKTUBHUMH €JIEKTPOAHUMHU MatepiajlaMu  JUls
EJIEKTPOXIMIYHMX KOHJEHCATOPIB 3aBISKH BHCOKIH THTOMIM IOBEpXHi, PO3BHHEHIN MOPHCTIi
CTPYKTYpi Ta cTaOlIbHOCTI B arpeCUBHUX cepenoBuinax. EQexkTuBHICTh IX BUKOPUCTAaHHS 3HAYHOIO
MipOIO BU3HAYAETHCS 0COOIMBOCTIIMH CTPYKTYPH, MOP(OIIOTi€I0 MOBEPXHI Ta CTYNEHEM CTPYKTYPHOI
BIIOPSIIKOBAHOCT1 BYTJIEIEBOro Kapkacy. OgHuM 13 HailOounbll eeKTUBHUX METOAIB (popmyBaHHs
PO3BHHEHOI MMOPUCTOCTI € TEPMOXiMiUHA aKTHBALlif, 110 TO3BOJISIE KEPYBATH CTPYKTYPOIO MaTepialy
[UIIXOM 3MiHM YMOB CHUHTE3Y Ta CIiBBIJHOLICHHS PEareHTiB.

Mertoro 1aHoi poOOTH € TOCTIKEHHS IIOPUCTOI CTPYKTYPH Ta CTaHy MOBEPXHI TEPMOXIMIYHO
AKTHBOBAHUX BYITICIIEBHX marepianiB (ABM), oTpumaHuxX IpH pPi3HUX CITIBBIJHOLIEHHAX MAacH
JYXXHOTO aKTHUBATOpa 1 Macu BHXIHOTO KapOoHi3oBaHOro Matepiamy. Illkapamymy BOJOCBKHX
ropixiB momnepenHbo kapoouizyBamu mpu 350 °C (10 °C/xB, 30 xB), micist 4oro kapOoHizat
noapioHoBa (~500 MKM) 1 3MINIyBaIH 3 TIAPOKCHIOM KaJil0 Ta BOJOK Y CHiBBIIHOIICHHI
m(KOH):m(H,0):m(C) = y:1:1 (y = 0,25-2,0). [Ticyis BUCYyIIyBaHHS CyMIIII ITi/IaBAJIA aKTHBALii TpH
900 °C (10 °C/xB, 30 xB) 3 moJaNbIINM OXOJIOKEHHSIM y BUMKHEHIN nedi. OTpumaHi MaTepiaiu
BIIMHBAJIM JUCTUIBOBAHOIO BOJOIO 10 HeWTpanbHoro pH. 3pasku mo3Hayanu BiANOBIAHO 10
KiJIbKOCTI akTtuBaropa (Hampukiaaa, N150: m(KOH):m(H,0):m(C) = 1,50:1:1).

dopmyBaHHA TopucToi CTpyKTypu ABM nociimkyBanu MeTOIOM HH3bKOTEMIEpaTypHOI
azcopOIIii a30Ty. AHaJI3 130TepM ancopOiii-necopOirii, OTpUMaHuX Y Jlana3oHi BIIHOCHUX THCKIB
P/Po=0-1, mokasas, 10 BCi 3pa3Ku XapaKTePU3YIOThCS 130TepPMaMH, THIIOBUMH JJIsI MIKPOITOPHUCTUX
BYIJICIICBUX MaTepialiiB 3 MeBHUM BHECKOM Me3omop [1]. Ha moyaTtkoBux cramisx akTHBallii (3pa3ok
NO025) cnoctepiraerbcsi BITHOCHO HEBHCOKHU 00’€M ancopOOBaHOTrO Trazy, IO CBIIYUTH IPO
0OMeXEeHHMI pO3BUTOK MOPHUCTOI CTPYKTYpH. I3 MiABUIIEHHAM KUIBKOCTI aKTHBATOpPa B1JI0YBAETHCS
IHTeHCUBHE (POPMYBAaHHS MOPUCTOCTI, IO MPOSBIAETbCA Y 301IbIIEHHI TUTOMOI IJIOLI MOBEPXHI
(Seer) Ta 00’emy mop (Vy). ®pakTaibHy pO3MIPHICT MOBEPXHI BYIJICHIEBUX 3pa3KiB BHU3HAYAIN
merozoMm Ppenkens-Xenci-Ximta B obnacti mikp- (D) Ta me3onop (Dr2) [2]. ITapamerpu nopucroi
CTPYKTYpH Ta (paKTaabHOI pO3MIPHOCTI HaBEeIeHO B Tadymii 1.

Tabmuus 1. Ilapamerpu nopucroi crpykrypu ABM

ITnoma noeepxHi (M%/T)| 06’em mop (cM®/T) | Smicro/SBET _ _
ABM SBET Smicro VZ Vmicro (%) Dfl =3A+3)\ D = A+
NO025 246 — 0,436 — — 1,69 2,32
NO050 545 148 0,518 0,057 27 2,35 2,65
NO75 916 358 0,803 0,138 39 2,60 2,69
N100 1113 645 0,842 0,261 58 2,60 2,77
N125 993 565 0,812 0,229 57 2,61 2,77
N150 856 — 1,041 — — 2,25 2,58
N175 1132 490 0,997 0,483 43 2,38 2,72
N200 1065 668 0,771 0,271 63 2,66 2,79
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OTtpumani 3Ha4YeHHA (paKTaabHOI PO3MiIpHOCTI MmoBepxHi ABM mokaszanu, 1o mOBEpXHS
JOCTIKYBaHUX MaTepiaiiB XapaKTepU3yeThCs 3HAYHOI0 T€OMETPUYHOIO CKJIa/IHICTI0. BecTanoBneHo,
0 31 30UIBIIEHHAM CTYIEHs aKTHBallii (paKkTagbHa PO3MIPHICTH MOBEPXHI 3pOCTA€E, IO CBIAYUTH
PO ycKJIagHeHHSI MOPGOJIOTii Ta 301IbIIEHHS HEPETYJISIPHOCTI IOPUCTOTO MPOCTOPY.

Mopdororiuni ocodmuBocti noBepxHi ABM pociimpkyBain METOJOM CKaHYI04O01 €JIeKTPOHHOT
Mikpockomii. 300pakeHHs [OKa3ajd, IO II0YaTKOBI 3pa3Kd XapaKTepU3YIOTbCA IOPIBHSIHO
KOMITAKTHOIO MOBEPXHEI0 3 OKPEeMHMH IMopamu Ta TpimuHamu (puc.l). 31 3pocTaHHSM CTyNEHS
aKkTUBaLlll CTPYKTypa MOBEPXHI CTa€ OUIbLI puxJow Ta HeogHopiaHor. s 3paskiB NO75-N125
xapakTepHe (popMyBaHHS PO3BUHEHOI CHCTEMH IOp 1 KaHATIB, 10 YTBOPIOIOTH CKJIAHY TPUBUMIPHY
Mepexky. [loBepxHs 1uX marepiayiB Ma€ BUPAKEHY LIOPCTKICTh 1 3HAYHY KUIBKICTh AEPEKTHUX
JUISTHOK, 10 TTOB’S13aHO 3 IHTEHCUBHUM BIUIYYCHHSIM aTOMIB BYTJICIIO TiJ] 4ac aKTUBaIlii. ¥ 3pa3kax
13  HaWBumuM crtyneHeMm aktmBaiii  (N175-N200) wmopdosoris moBepxHi cTae  OUIbII
¢dparmenToBanoto. Crioctepiraerbes (GOpMyBaHHS arjJoMepaTiB YaCTUHOK 13 KOHTAKTaMH TOYKOBOTO
TUIy Ta 30UIbIIEHHS KUIbKOCTI 1e(ekTiB. Taka CTpyKTypa CBIAYUTH IPO HepedynoBYy BYIIIELEBOIO
KapKacy, Mo CYIPOBOIKYEThCS 30UIBIIEHHSAM KUTBKOCTI TIOP, alle 0JTHOYACHO MOXE TPU3BOIUTH 10
3MEHIIIEHHS MEXaHIYHOI [IIICHOCTI MaTepiaiy.

Pucynoxk 1. 300paxeHHs CkaHyI04Oi el1eKTPOHHOI MiKpocKomii (MaciuTad 4 MKM) /17151 3pa3KiB
ABM (Ha BcTaBmi MacmTad 1 Mkm)

OTtpumani pe3yabTaTh CBiAYaTh, 0 TEPMOXIMIiYHA aKTUBAIIIS 103BOJIsIE€ €PEKTHBHO KEPYBATH
MOPUCTOI0 CTPYKTYPOIO Ta MOP(OJIOTIEI0 IMOBEpXHI ByIJeneBux MatepiaiiB. [lpm momipHUX
CTYNEHSX aKTHBalii (JOPMYEThCS i€papXidHa CHCTEMa MIKpO- Ta ME30MOop, sKa 3a0e3nedye 3HauHe
30UIbIIEHHS THUTOMOI MOBepxHi. BomHouac HaaMipHa akTUBAlis MPU3BOAMTH A0 CTPYKTYPHOI
JeCTPYKIii KapKacy Ta 3MiHU MOP(OJIOTii MOBEPXHi.

Lle oocnioxcennsn Oyno (vacmkoso) npoghinancoeano npoepamoro HATO «Hayka 3apaou mupy ma
oesnexuy 3a epanmom Ne (G6166).

1. Thommes M., Kaneko K., Neimark A. V., Olivier J. P., Rodriguez-Reinos, F., Rouquerol J., Sing
K. S. W. Physisorption of gases, with special reference to the evaluation of surface area and pore
size distribution (IUPAC Technical Report) // Pure and Applied Chemistry. - 2015. - 87(9-10). -

P. 1051-1069.

2. Neimark A.V. A New Approach to the Determination of the Surface Fractal Dimension of
Porous Solids // Physica A.-1992.-191.-P. 158-167.
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HopiBHsibHUM aHAJI3 BILIUBY po3psaaHocTi ALIIl Ha eHepreTuuny
PO3ALIbHY 31ATHICTHh CHHUHTIWJISINIHHUX JI€TEKTOPIB

A.P. Togsisiaiok’, B.B. Koouues!, P.YO. YamnHchKHii*

Y Inemumym adepnux oocnioscens HAH Vrpainu, np. Hayxu, 47, Kuis 03028, Ykpaina

anton podv@ukr.net

Y pob6oti Oyn0o IOCHIKEHO BIUIMB PO3PSIHOCTI  aHAJIOro-IU(pOBOro
nepetBoproBada (AILI[l) Ha eHepreTuyHy pO3JAUIbHY 3/IaTHICTh OTPUMaHUX
CUMHTWIALIINHUX TamMMa-crekTpiB. [{ns HabGopy curHamiB Oyjlo BHUKOPHUCTAHO
CIICKTPOMETPHYHHUI TPAKT, SKUH CKIagaeThes 31 cuuHTHIAiiHOro kpructaiga CsI(TI),
KpeMmHieBoro ¢ortornomuoxysaua (SIPM) Ta nudposoro ocimiorpapa OWON
VDS6102A y nBox pexumax podotu AL (8 ta 14 6it). KepyBanus Ta 301ip qaHux
3M1MCHIOBANIUCA 3a JIOMOMOTOI0 PO3POOJEHOr0 MPOrpaMHOTO 3a0€3MEUECHHS MOBOIO
nporpamyBanHs Python i3 Bukopucranusam npotokoiay SCPl (Puc.l). IIBuakicTs
HaOopy nanux 125 meraBuOIpoK 3a CEKYHy AJIs1 000X pPEKUMIB.

SiPM
CsK(T)) 10x10x30 mnv* MICROFC-60035-SMT
) 6x6 MM
Iamma-KBaHTH ‘

207 baok
= o KUBJICHH
Bi =y
PC
(S} gard Commﬁ Ocummrpalb
or mgmmma ;
Instruments) g

—

Puc 1. Bliok-cxema eKCIepUMEeHTaIbHOI YCTAHOBKH JUTS peecTpallii ramma-crektpis 20’ Bi,
Ha 6a3i SiIPM ta ocumiorpaga OWONG6102A 3 minTpumkoro nporokory SCPI.

Tamma-cnektpu mokxepena 20'Bi Oyam oTpumaHi 32 JONMOMOIOK METOIY
IHTErpyBaHHs CUTHAJY 3 BIIHIMAHHIM 0a30Bo1 JiHii. J{J1s BU3HAYEHHS! ONTUMAaIbHOTO
3Ha4YEHHsI €HepreTuyHoi po3auibHOi 3matHocTi R (ITHIIB, %) 6ymo moOymoBaHO
3aJIeXKHICTh R BiJ OBXKMHU BIKHa iHTerpyBaHHs curHaniB (Puc. 2, 3) ans mikiB
ITOBHOTO TorfMHaHH:A 3 eHeprismu 570 ta 1063 xeB, BignoBigHo. OTprMaH1 CIEKTPH
JUIS MIHIMaJIbHUX 3Ha4YeHb R MmokasaHo Ha puc. 4, 5.
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Puc. 5. Criektp 3 MiHIMaJIBHUM 3HAYCHHSM

[TILTIIB ms mika 1063 xeB.

BcranoBiieHo, Mo mpu JaHWX EKCIIEPUMEHTAIbHUX yMOBax Iepexim Bim 8-
oiTHoro 1m0 14-6iTHOro pexkumy poooru ALl He MPU3BOAUTE 1O CYTTEBOI 3MIHH
E€HEePreTUYHOi pO3IUIbHOI 3AaTHOCTI crekTpiB. Lleit pesynpTaT mae Oe3mocepemHe
IPaKTUYHE 3HAYCHHS: EKOHOMIYHI 8-01THI 1IU(POBI MEPETBOPIOBAUI € JOCTATHIMHU JJISI
naHoi KOH]Iryparlii 1eTeKTopa, 10 3HAYHO CIPOIIY€e BUMOTH JI0 TOPTATUBHUX TaMMa-
CHEKTPOMETPIB, 30KpeMa 3 3actocyBanHsaM BITJIA[2, 3].

1. Knoll G. F. “Radiation Detection and Measurement”. 4th Ed.; John Wiley & Sons, 2010.

2. MacFarlane J. et al., “Lightweight aerial vehicles for monitoring, assessment and mapping of
radiation anomalies,” Journal of Environmental Radioactivity. 2014. Vol. 136. P. 127-130. DOI:
10.1016/j.jenvrad.2014.05.008 .

3. Chaplynskyi R. Yu. et al., “Gamma spectrometry with CsI(TI), Nal(T1l) and CdWO4 scintillation
crystals using a silicon photomultiplier”, Nucl. Phys. At. Energy, 2026. Accepted to publication.

L E. Pop, Energy Dissipation and Transport in Nanoscale Devices. Nano Research 3, 147 (2010).
DOI:10.1007/s12274-010-1019-z.
2 J. Spencer Lundh, B. Chatterjee, Y. Song, A. G. Baca, R.J. Kaplar, T. E. Beechem, A. A. Allerman,
A. M. Armstrong, B. A. Klein, A. Bansal, D. Talreja, A. Pogrebnyakov, E. Heller, V. Gopalan, J. M.

Redwing, B. M.

Foley, and S. Choi, Multidimensional thermal analysis of an ultrawide bandgap AlGaN channel
high electron mobility transistor. Appl. Phys. Lett. 115, 153503 (2019); DOI: 10.1063/1.5115013.
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