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Huceprariiiina pobota mnpucBsiYeHa po3poOIlll Ta 3aCTOCYBAaHHIO KOMILIEKCHOT
TEOPETUKO-EKCIIEPUMEHTAIBbHOI METOMOJIOTIi JTOCTIIKEHHSI B3a€MO3B'SI3KY  «(pa30BHil
CKJIaJ — XIMIYHUN 3B'SI30K — (DYHKIIOHAJIBHI BJIACTUBOCTD» Yy Marepiajlax Ha OCHOBI
Tenypuny BicMyTy. PoOoTy chnpsMoBaHO Ha CTBOPEHHS HAayKOBUX OCHOB JUIs
LIJIECIPSIMOBAHOTO CTBOPEHHS BHUCOKOE(DEKTUBHHUX TEPMOEIEKTPUUHUX MarepiaiiB
IUIIXOM IIPOrHO30BAaHOTO KEPYBAHHS iX €JIEKTPOHHOIO CTPYKTYPOIO (aKTUBHE JIETYBaHHS)
Ta MIKPOCTPYKTYPOIO (CTBOPEHHSI KOMIIO3UTIB).

Y BeTyni OOrpyHTOBAHO aKTyaldbHICTh JOCIIIKEHb, CIPSIMOBAHUX Ha I1JIBUIIICHHS
e(EeKTUBHOCTI TEPMOECTEKTPUYHUX MarepiaiiB Jyisi TMEePEeTBOPEHHS eHeprii Ta
oxonomxkenHs. [IpoananizoBaHo cydacHMiA CTaH MPoOIeMH Ta TIOKa3aHo, M0 MOAATBIIHNA
pOrpec CTPUMYETHCS BIACYTHICTIO WUTICHOT Teopii, sika O moB'sizyBana (a3oBy
CTaOUIbHICTh, MapaMeTpU XIMIYHOTO 3B'A3KYy Ta TEXHOJIOTIYHI PEXUMHU OTPUMAHHS
MaTtepiaiB. BkazaHo MeTy poOOTH — BCTaHOBJIEHHS (PyHAaMEHTaIbHUX 3aKOHOMIPHOCTEMN
BIUTUBY (ha30BOi CTAa0IILHOCTI Ta MapaMeTpiB MIXKAaTOMHOI B3a€MOJIii Ha BIACTUBOCTI
MaTepialliB il 0OIpyHTOBaHOro BHOOpPy cTparerii ix monudikamii. ChopMyab0BaHO
OCHOBHI 3aB/IaHHS JIOCJIIJKEHHSI, BA3HAU€HO HAYKOBY HOBU3HY Ta MPAKTHUYHY 3HAUYIICTh
OTPUMaHUX PE3YJIbTaTIB.

Y nepmomy po3aijii mpoBeAeHO TITMOOKUN aHai3 Cy4acHOTO CTaHy JIOCIIKEHb
TEPMOEJIEKTPUYHUX MarepiaidiB Ha ocHoBl cnonyk V-VI rpyn. CucremaTn3oBaHO
1H(pOopMALLiIO 010 KPUTEPIIB €PEKTUBHOCTI (TEpMOEIEKTpUUHA 100pOoTHICTE Z T, pakTop
MOTY>KHOCTI), PyHIaMEHTaIbHUX 0OMEXKEHbB, MTOB'A3aHUX 13 B3a€MO3B'I3KOM KIHETUYHHUX
KOE(IIIEHTIB, Ta POJi JIETYBaHHS SK KIIFOYOBOTO METONY MOAM(IKaIlii BIacTUBOCTEH.
JleTanbHO PO3MISTHYTO TEXHOJIOTIT OTPUMAHHS MaTepialiB, 30KpeMa METOH Trapsyoi

eKCTPY3ii Ta Horo pizHOBUAM. [IpoBeneHo MOPIBHIIbHUN aHAMI3 1X repeBar (MOXKIHBICTh



CTBOPEHHSI TEKCTYpPHU, YUIIJILHEHHS, OTPUMaHHS KOMIIO3HUTIB) Ta HEMOMIKIB (CKJIQIHICTh
obOnagHaHHs, oOMexeHHs 3a ¢opmoro). IlpoananizoBaHo cydacHui cTtaH (a3oBHUX
nocipKeHb KitodoBux OiHapHmX cucteM Bi-Te, Sb-Te, Bi-Se, Se-Te, BusBieHO
HEJIOJIIKA CYTO €MIIIPUYHOTO TMOIIyKy Ta OOIPYHTOBAaHO HEOOXIJHICTh PO3POOKH
TEOPETUYHUX MOJEINEH s epea0aueHHs apaMeTpiB 0araTOKOMIIOHEHTHUX CUCTEM.

Y apyromy po3aiii po3po0ieHO Ta BUKOPHUCTAHO 1€pApXidHy METOMOJIOTII0
TEOPETUYHOTO JOCIHIKEHHSI 0araTOKOMIIOHEHTHUX CUCTEM. 3allpONOHOBAHO MIAX1A /10
MOJICTIOBaHHs (pa30BUX PIBHOBAT, 110 IPYHTYETHCS HA TOCIIIJOBHOMY MEpPeXol «OiHapHI1
— MOTPiiiHI — YETBIpHA CUCTEMA» 3 BUKOPUCTAHHIM METOJIy 0OCpHEHOT TPUAHTYIISIIII.
Bnepmie mns cuctremu Bi-Sb-Se-Te moOynoBaHO cepito 130TE€pMIUYHUX TEpeEpi3iB Y
mupokomy 1HTepBaii temneparyp 300—600°C. i nepepi3u BUCTyNarOTh TEOPETUYHOIO
KapTolo, sIKa J03BOJISIE:

-BU3HAYUTH 00JIaCTI CTa0IILHOCTI TBEPIUX PO3YMHIB Ta IHTEPMETATIYHUX CIOYK;

-00pary oNTUMalbHI TEMIIEPATYpU CUHTE3Y, TOMOT€HI3allli Ta rapsivoi eKCTpy3ii;

-IIPOTHO3YBaTH pU3UKU (PA30BUX IMEPETBOPEHb, IHKOHTPYECHTHOTO IIJIABJICHHS Ta
BUITAPOBYBAHHS JICTKUX KOMITOHEHTIB MPH MiABUIIICHUX TeMIIepaTypax.

Po3BHHYTO OpHTriHAIbHY KBAaHTOBO-XIMIYHY MOJIENb, KA JI03BOJISE PO3PAXOBYBATU
KJIFOYOB1 TMapaMeTpu XIMIYHOTO 3B'SI3Ky: edekTuBH1 3apsau (Aqi), epeKTHBHI 10HHI
paniycu (R;) ta eneprii aucomianii (D;) six ¢yHkiii MixkaroMmHoi Bijactani (d;). s Bcix
kirouoBux 6iHapHUX nap (Bi-Bi, Te-Te, Sb-Sb, Se-Se, Bi-Te, Bi-Sb, Bi-Se, Sb-Te, Sb-Se,
Te-Se) oTprMaHO KUIBKICHI 3aJIEKHOCTI IIUX MapaMeTpiB y Aiana3oHi BiacTaneut 2.7-3.5
A. 1le 103BONMIIO TEOPETUUHO OOIPYHTYBATH aM(pOTEPHY MPUPOLY KOMIOHEHTIB (3MiHY
3HaKy €(EeKTUBHOTO 3apsmny), MO € (yHIAMEHTAIHHOI OCHOBOIO [IJIi PO3YyMIHHS
MEXaHI3MIB YTBOpPEHHS Ae(EKTiB, YMOB 3MIHU THUIy MPOBITHOCTI Ta (HOopMyBaHHS
JIOHOPHUX/aKIEITOPHUX PIBHIB Y HAMIBIIPOBITHUKOBUX MaTepiayiax.

VY TpeThoMy pO311JII HA OCHOBI PO3pOOJIEHOI METOJO0JIOTIT MPOBEICHO CUCTEMHE
JTOCHTIDKEHHST PI3HUX cTparerii moaudikaii 6azoBoro marepiany BiTes. Otpumano

HACTYITH1 KJIFOUOBI PE3YJIbTaTH:



JoBeneno epexkTuBHICTh akTUBHOTO JeryBaHHs Wogom (I). IloOynoBano aeTanbHi
130TepMiuHi nepepizu notpiitHoi cuctemu Bi-Te-1 qns kputnunux temmneparyp 300°C,
400°C, 450°C Ta 500°C, sixi BU3Ha4ar0Th 06macTi ctabinpHOCTI 6iHapHUX (Bi-1, Te-I) Ta
noTpiitHux ¢a3. KBaHTOBO-XIMIYHUHN aHaII3 BUSIBUB BUCOKI €HEPT1i ucoliamii 3B's13KiB -
Bi ta I-Te (2.8-3.1 eB y pobodomy miama3oHi BiJiIcTaHEH), IO KUTBKICHO MiATBEPIKYE
37IaTHICTh HOAY YTBOPIOBAaTH CTAaOLIbHI, TEPMIYHO CTIHKI JOHOPHI/aKIENTOPHI PiBHI B
KPUCTAIIYHIN TpaTil, poOJIsiYM HOro BUCOKOC(PEKTUBHUM JIETYIOUUM EJIEMEHTOM JIJIS
KOHTPOJIBOBAHO1 3MIHU THUITY IPOBITHOCTI Ta KOHILIEHTpAIIii HOCIiB 3apsy.

Busisieno oOmexxeHy mnpuaatHicTb Opomy (Br) nans akTUBHOIO JieTyBaHHS.
[IpoBeneHo TOPIBHSUIBHUM KBAaHTOBO-XIMIYHMN aHaji3 Ta OTPUMAHO KUIbKICHI
3QJIEKHOCTI eHeprii nucouiarii 1is 38's13kiB Br-Bi, Br-Te, Br-Sb, Br-Se. /loBeneHno, 110
111 3B'SI3KM MAIOTh 3HAYHO HIDKYY €HEPrio JAMCOLiallii TOPIBHSIHO 3 HOJIHUMH aHaJIOraMu
(manpuknan, aius Br-Bi npu d; = 3 A eHepris cTaHOBUTH ~2.23 eB npotu ~2.61 eB s 1-
Bi). Lle cBiguuTh Opo iX MEHILy TepMOAMHAMIUHY CTaOLIbHICTh, 3yMOBJIEHY MEHIIMM
aTOMHUM DaJilyCOM Ta BHUIIOI0 EJIEKTPOHEraTUBHICTIO Opomy. OTpuMaHi pe3yinbTaTé
MPOTHO3YIOTh BUCOKY JIETKICTh OpOMY, TEPMIYHY HECTAOUIBHICTh JIETOBAHUX MaTepialliB
Ta BUCOKMWA pPHU3UK HEKOHTPOJILOBAHOI Jerpajaiii CKJIagy TpH  IiJIBUIIEHUX
TEMIepaTypax CHHTE3y Ta eKCIUTyaTallli, [0 YHEMOXJHMBIIOE WOro e(eKTHBHE
BUKOPHCTAHHS I KEPOBAHOTO JICTYBAHHS B JIaHIN CHCTEMI.

3anponoHOBaHO Ta TEOPETUYHO OOTPYHTOBAHO HOBY KOHIIEMI[IF0O MIKPOCTPYKTYpPHOT
monu@ikauii. Brnepiie gouinbHICTE BUKOpUCTaHHS Tenypuny kaamiro (CdTe), sk
1HEPTHOTO, TEPMOJMHAMIYHO CTaOUIBHOTO BKJIOUEHHs. JletanpHmii aHami3 (a3oBoi
niarpamu Bi-Te-Cd npu 200°C mokasas, 110:

Yuctuit kaamiit (Cd) € XiIMIYHO aKTUBHHUM IIOJ0 BICMYTY, IO MpHU3BEAEC 0
HEKOHTPOJIbOBAHMX PEakKiliil, pyiiHyBaHHs Mmatpuill BiTes Ta yTBOpeHHS Mapa3suTHHUX
bas.

Hatomicts, cionyka CdTe € TepMonMHAaMIYHO CTAaOLIBHOKO Ta XIMIYHO 1HEPTHOIO

o710 060x komrnoneHTiB Marpuill (Bi ta Te), mo rapantrye ¢gopmMyBaHHS CIIPaBKHBOTO



KOMIIO3UTY 3 YiTKOIO MeXero nmoauty ¢a3 (Mexaniuda cymim Bi,Tes + CdTe).

[le BiOKpWMBaEe NPHUHIMIIOBO HOBUH MUIAX JIO CTBOPEHHS KOMIIO3UTIB THUITY
«HaIBIIPOBIIHUKOBA MATPHUIl — I1HEPTHE BKJIIOUEHHS» MJSl 3HIDKEHHS IPATKOBOI
TEIUIONPOBITHOCTI 3a PaxyHOK pO3CioBaHHA (OHOHIB Ha MDK(pa3HUX Mexax Ta
MIIBUIEHHS MEXaHIYHOT MIIHOCTI KPUXKOTO Marepiamy ©Oe3 TOTIpIIeHHS WOro
CJIIEKTPOTPAHCTIOPTHUX BIIACTUBOCTEH.

Y 4deTBepTOMY PO3iji EKCIIEPUMEHTAIBLHO MIATBEPIKEHO PO3POOIICHI TEOPETHUHI
nigxoau. PeanmizoBaHO TEXHONOTIUHUN MapUIpyT OTPUMaHHS MarepiaiiB: CHHTE3 Y
KBapIIOBUX aMIlyjlaX, MEeXaHOaKTuBallisd (8 Toj), XOJMoJHE KOMIIAKTyBaHHSA Ta rapsda
exctpy3is (300-400°C).

Ku1r04oBi ekcniepuMeHTa bHI pe3yJbTaTH:

Kommnosutu 3 CdTe: Beenennst 33% ta 50% CdTe niaBuriye e1exkTpornpoBiIHICTb 3
1055 nmo 1243-1507 Om '-em™'. Ontumaneaum € BmicT 33% CdTe, mo 3abe3mneuye
onHopianuit posnonaut repmo-EPC (180-200 mxB/K).

Job6aBku CdSb: UYepe3z uusbky Ttemneparypy tuiaBieHHs CdSb (~456°C)
B110yBa€ThCA MOTO AUCOIiaLlisl, 0 COPUYMHSIE HEKOHTPOJIbOBAHE JIETYBaHHS, MaJiHHS
tepmo-EPC  (mo 50-100 wmxB/K) Ta HeBIATBOPIOBAHICTh BJIACTUBOCTEH, IO
YHEMOKJTUBITIOE 1OTO MPAaKTUYHE BUKOPUCTAHHS.

JleryBanHs Honom: MexaHoakTuBalis 3 HonoM (2-4%) 3MiHIO€ TUI TPOBITHOCTI 3
n- Ha p-trn Ta niasuinye Tepmo-EPC no +55 MxB/K. Crabimizalis enekTponpoBiIHOCTI
npu 4% I Bkazye Ha MeKy HOro po3uMHHOCTI. BTiM, METOJ MOCTYNAETHCSA KIACUYHOMY
Yyepe3 TPUBAIICTh Ta BTPATH MaTepiay.

Ha ocHOBi oTpuMaHuX pe3ysIbTaTiB BU3HAYEHO ONTUMAJIbHI TapaMeTpHu CHHTE3Y Ta
chopMynboBaHO MBI cTparerii Moaudikaiii mMarepiaiaiB Ha ocHOBI Bi,Te;: akTuBHe
JeTyBaHHS #ofoM (KepyBaHHS €JIEKTPOHHUMH BJIACTUBOCTSIMH) Ta CTBOPEHHS
KoM103UTiB 3 iHepTHUM CdTe (3HMKEHHS TEIJIONPOBIAHOCTI Ta MiABUILIEHHS MEXaHIYHO1
CTablJILHOCTI).

HaykoBa HOBU3HA OTPMMAHHX Pe3yJbTaTIB:



1. 3anpoIroHOBAaHO Ta peai30BaHO YHIBepCallbHYy KOMOIHOBAHY METOOJIOT1IO
JTOCTIDKEHHST MarepiaiiB Ha ocHOBI Bi-Te, sika iHTerpye TepMOAMHAMIYHMM aHai3
¢dazoBux piBHOBAar (METOJ TPHAHTYJAMIl, MOOyAOBa 130TEPMIUYHUX TMEpepi3iB) 3
OpUT1HAJIBHUM KBAHTOBO-XIMIYHUM MOJICJIFOBAHHSIM IMapaMeTpiB Mi>KaTOMHOI B3a€MO/III.
[le mo3BONMIIO TEPEHTH BiA E€MIIPUYHOTO MiAOOPY OO0 MPOTHO30BAHOTO OTPUMAHHS
Mmarepiaiis.

2. Hns cuctemu Bi-Sb-Se-Te mnpoBeneno cuctemHuil anamiz  ¢a3oBoi
cTabumbHOCTI B THpokoMy iHTepBaii Temmeparyp (300—600°C) nmuisxoM JeKOMITO3HIIIT
YEeTBIPHOI JlarpaMd Ha B3a€MOIIOB'S3aHl MOTpiKHI migcucteMu. OTpumani «da30Bi
KapTH» € TEOPETUYHOIO OCHOBOIO JIJIsi BUOOPY CKJIa/IiB Ta TEXHOJIOTTYHUX PEKUMIB.

3. Brnepiiie Ha OCHOBI €IMHOT KBAHTOBO-XIMIYHO1 MOJIEII OTPUMAHO KUIbKICHI
3aJIEKHOCTI €eHeprii aucomiaiii, eQpeKTUBHUX 3apsiiB Ta pajiyCiB BiJl MIKATOMHOI
BIJICTaH1 JJi BCIX 3HAYYyIIMX OiHaApHUX B3aeMojiil y cuctemax Bi-Te, Bi-Sb, Bi-Se, Sb-
Te, Sb-Se, Te-Se Ta ranoreniais (I, Br). Lle 103BoanI0 T€OpeTHUHO OOIPYHTYBATH BUOIp
JIETYIOYMX €JIEMEHTIB: IOBEACHO MepeBary Hoay HaJl OpOoMOM JIJIsl aKTUBHOTO JIETyBaHHS.

4. Po3pobsieHo Ta TEOpeTMYHO OOTPYHTOBAHO KOHIICMINIO TMOABIHHOIO
MPU3HAYCHHSI 100aBOK JJI1 MaTepiaiiB Ha ocHOBI BiyTes:

- AKTUBHE JieryBaHHS (Ha NpUKIaaAl Homy) — I LUIECHPSMOBAHOI 3MIiHU
€JIEKTPOHHOI CTPYKTYPH.

- [neptHe mikpocTpykTrypHe MonudikyBaHHs (Ha npukiaan CdTe) — ansa 3HMKEHHS
TEIJIONPOBIIHOCTI Ta MIABUIICHHS MEXaHIYHUX XapaKTEPUCTHK IIJISXOM CTBOPEHHS
CTaOUThbHUX TeTepoha3HIUX KOMIIO3UTIB.

IpakTU4YHe 3HAYEHHS OJIePKAHUX Pe3yJIbTATIB:

1. Po3pobisiena metonosoriss MojientoBaHHs (Pa30BUX PIBHOBAr Ta XIMIYHOTO
3B'SI3Ky CTAHOBHUTH HAYKOBY OCHOBY JJIsl IPUCKOPEHOTO TOCTIKEHHS Ta TPOTHO3YBaHHSI
BJIACTUBOCTEH HOBUX CKJIQJHUX TEPMOEICKTPUYHUX MaTepialiB, CyTTEBO CKOPOUYIOUU
o0cAr HeoOX1THUX €KCIIEPUMEHTIB.

2. BcranoBneHi 3aKOHOMIPHOCTI MO0 BIUIMBY TajioreHiB (¥og, Opom) Ha



CTa0lIBbHICTh XIMIYHHUX 3B'S3KIB JI03BOJISIFOTH OOTPYHTOBAHO 00MpaTH €(heKTUBHI JETYI0U1
JIOMIIITKY JI71s1 CTBOPEHHS MaTepiaiiB 3 KOHTPOJIbOBAHUM THUIIOM MPOBITHOCTI Ta BUCOKOIO
TEPMIYHOIO CTAOIIBHICTIO.

3. 3anponoHoBaHa Ta BepudikoBaHa KoHuermiiss BukopuctanHs CdTe sx
1HepTHOI a3y BIKPUBAE HOBUU TEXHOJOTIYHUI HAMPSIMOK CTBOPEHHS KOMIO3UTHHX
TEPMOCIICKTPUYHUX MaTepiajiiB 3 MiIBUIIECHOI) MEXaHIYHOIO MIIHICTIO Ta 3HIKEHOIO
TEIUTONPOBIIHICTIO. Lle € 0OCHOBOIO NIl pO3POOKH MPOMUCIIOBO MPHUIATHUX TEXHOJOTIH
BUPOOHUIITBA MaTepiaiiB 3 MOKPAIICHUM KOMIUIEKCOM EKCIUTyaTallifiHUX XapaKTePUCTHUK.

KuarouoBi cjoBa auceprauii: giarpamMu CTaHy, TEPMOEIEKTPUYHHUN Marepiai,
TEPMOECIIEKTPUYHI BJIACTUBOCTI, KpHUCTAllYHA CTPYKTypa, MEXaHOXIMIisl, XIMIYHUN
3B’SI30K, MIKPOCTPYKTYpPHI BJIACTHUBOCTI, MOJE€Ib, METOA OOpoOKH Marepiaiy,
HaITIBIIPOBITHUK, JTIOMIIIIKH, €JICKTPOH, JIETYBaHHs, KBAHTOBO-XiMiuHMi a”ami3, CdTe.

ABSTRACT

Rybchakov D. The Influence of Phase Stability and Microstructure of the Bi-Te-Sb-
Se System on the Thermoelectric Properties of Extruded Materials — Qualifying scientific
work as a manuscript. Dissertation for obtaining the scientific degree of Doctor of
Philosophy in the specialty 105 "Applied Physics and Nanomaterials". — Chernivtsi
National University, Chernivtsi, 2026.

The dissertation is devoted to the development and application of a comprehensive
theoretical-experimental methodology for studying the "phase composition — chemical
bond — functional properties" relationship in materials based on bismuth telluride. The
work is aimed at creating a scientific basis for the targeted creation of highly efficient
thermoelectric materials through predictable control of their electronic structure (active
doping) and microstructure (creation of composites).

The introduction substantiates the relevance of research aimed at improving the
efficiency of thermoelectric materials for energy conversion and cooling. The current
state of the problem is analyzed, and it is shown that further progress is hindered by the

lack of a comprehensive theory linking phase stability, chemical bond parameters, and



technological regimes for material production. The aim of the work is stated — to establish
fundamental regularities of the influence of phase stability and interatomic interaction
parameters on material properties for a justified choice of their modification strategies.
The main tasks of the research are formulated, and the scientific novelty and practical
significance of the obtained results are determined.

The first chapter provides an in-depth analysis of the current state of research on
thermoelectric materials based on Group V-VI compounds. Information on efficiency
criteria (thermoelectric figure of merit ZT, power factor), fundamental limitations related
to the interrelationship of kinetic coefficients, and the role of doping as a key method for
modifying properties is systematized. Technologies for obtaining materials, in particular
the method of hot extrusion and its variants, are considered in detail. A comparative
analysis of their advantages (possibility of creating texture, compaction, obtaining
composites) and disadvantages (equipment complexity, shape limitations) is carried out.
The current state of phase research of key binary systems Bi-Te, Sb-Te, Bi-Se, Se-Te is
analyzed, the shortcomings of purely empirical search are identified, and the need to
develop theoretical models for predicting the parameters of multicomponent systems is
substantiated.

In the second chapter, a hierarchical methodology for the theoretical study of
multicomponent systems is developed and used. An approach to modeling phase
equilibria is proposed, based on a sequential transition "binary — ternary — quaternary
system" using the inverse triangulation method. For the first time, a series of isothermal
sections in a wide temperature range of 300-600°C was constructed for the Bi-Sb-Se-Te
system. These sections serve as a theoretical map that allows:

-determining the stability regions of solid solutions and intermetallic compounds;

-selecting optimal temperatures for synthesis, homogenization, and hot extrusion;

-predicting the risks of phase transformations, incongruent melting, and evaporation
of volatile components at elevated temperatures.

An original quantum-chemical model was developed, which allows calculating key



parameters of the chemical bond: effective charges (Aq;), effective ionic radii (R;), and
dissociation energies (D;) as functions of the interatomic distance (d;). For all key binary
pairs (Bi-Bi, Te-Te, Sb-Sb, Se-Se, Bi-Te, Bi-Sb, Bi-Se, Sb-Te, Sb-Se, Te-Se), quantitative
dependences of these parameters in the distance range of 2.7-3.5 A were obtained. This
allowed theoretically substantiating the amphoteric nature of the components (change in
the sign of the effective charge), which is a fundamental basis for understanding the
mechanisms of defect formation, conditions for changing the conductivity type, and the
formation of donor/acceptor levels in semiconductor materials.

In the third chapter, based on the developed methodology, a systematic study of
various strategies for modifying the base material Bi.Tes was conducted. The following
key results were obtained:

The effectiveness of active doping with iodine (I) was proven. Detailed isothermal
sections of the ternary system Bi-Te-I were constructed for critical temperatures of 300°C,
400°C, 450°C, and 500°C, defining the stability regions of binary (Bi-I, Te-I) and ternary
phases. Quantum-chemical analysis revealed high dissociation energies of I-Bi and I-Te
bonds (2.8-3.1 eV in the working distance range), which quantitatively confirms the
ability of iodine to form stable, thermally resistant donor/acceptor levels in the crystal
lattice, making it a highly effective doping element for controlled change of conductivity
type and charge carrier concentration.

Limited suitability of bromine (Br) for active doping was revealed. A comparative
quantum-chemical analysis was performed, and quantitative dependences of dissociation
energies for Br-Bi, Br-Te, Br-Sb, Br-Se bonds were obtained. It is proven that these bonds
have a significantly lower dissociation energy compared to their iodine analogs (for
example, for Br-Bi at d; = 3 A the energy is ~2.23 eV versus ~2.61 eV for 1-Bi). This
indicates their lower thermodynamic stability, due to the smaller atomic radius and higher
electronegativity of bromine. The obtained results predict high volatility of bromine,
thermal instability of doped materials, and a high risk of uncontrolled composition

degradation at elevated synthesis and operating temperatures, which makes its effective



use for controlled doping in this system impossible.

A new concept of microstructural modification was proposed and theoretically
substantiated. For the first time, the expediency of using cadmium telluride (CdTe) as an
inert, thermodynamically stable inclusion was demonstrated. A detailed analysis of the
Bi-Te-Cd phase diagram at 200°C showed that:

Pure cadmium (Cd) is chemically active with respect to bismuth, which would lead
to uncontrolled reactions, destruction of the Bi-Tes matrix, and the formation of parasitic
phases.

In contrast, the compound CdTe is thermodynamically stable and chemically inert
with respect to both matrix components (Bi and Te), which guarantees the formation of a
true composite with a clear phase boundary (mechanical mixture Bi,Te; + CdTe).

This opens a fundamentally new path for creating composites of the "semiconductor
matrix — inert inclusion" type to reduce lattice thermal conductivity due to phonon
scattering at interphase boundaries and increase the mechanical strength of the brittle
material without deteriorating its electrical transport properties.

In the fourth chapter, the developed theoretical approaches are experimentally
confirmed. The technological route for material production was implemented: synthesis
in quartz ampoules, mechanical activation (8 hours), cold compaction, and hot extrusion
(300-400°C).

Key experimental results:

Composites with CdTe: The introduction of 33% and 50% CdTe increases the
electrical conductivity from 1055 to 1243-1507 Q'-cm™'. The optimal content is 33%
CdTe, which ensures a uniform distribution of the Seebeck coefficient (180-200 pV/K).

CdSb Additions: Due to the low melting point of CdSb (~456°C), its dissociation
occurs, causing uncontrolled doping, a drop in the Seebeck coefficient (to 50-100 uV/K),
and irreproducibility of properties, which makes its practical use impossible.

Iodine Doping: Mechanical activation with iodine (2-4%) changes the conductivity

type from n-type to p-type and increases the Seebeck coefficient to +55 uV/K. The



stabilization of electrical conductivity at 4% I indicates its solubility limit. However, this
method is inferior to the classical one due to its duration and material loss.

Based on the obtained results, the optimal synthesis parameters were determined,
and two strategies for modifying Bi2Te3-based materials were formulated: active doping
with iodine (controlling electronic properties) and creating composites with inert CdTe
(reducing thermal conductivity and increasing mechanical stability).

Scientific novelty of the obtained results:

A universal combined methodology for studying materials based on Bi-Te was
proposed and implemented, integrating thermodynamic analysis of phase equilibria
(triangulation method, construction of isothermal sections) with original quantum-
chemical modeling of interatomic interaction parameters. This allowed a transition from
empirical selection to predictable material production.

For the Bi-Sb-Se-Te system, a systematic analysis of phase stability in a wide
temperature range (300—-600°C) was carried out by decomposing the quaternary diagram
into interconnected ternary subsystems. The obtained "phase maps" are the theoretical
basis for selecting compositions and technological regimes.

For the first time, based on a unified quantum-chemical model, quantitative
dependences of dissociation energy, effective charges, and radii on the interatomic
distance were obtained for all significant binary interactions in the Bi-Te, Bi-Sb, Bi-Se,
Sb-Te, Sb-Se, Te-Se systems and halides (I, Br). This allowed theoretically substantiating
the choice of doping elements: the advantage of iodine over bromine for active doping
was proven.

The concept of dual-purpose additives for materials based on Bi>Tes was developed
and theoretically substantiated:

Active doping (using iodine as an example) — for targeted change of the electronic
structure.

Inert microstructural modification (using CdTe as an example) — to reduce thermal

conductivity and improve mechanical characteristics by creating stable heterophase
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composites.

Practical significance of the obtained results:

The developed methodology for modeling phase equilibria and chemical bonds
constitutes a scientific basis for accelerated research and prediction of properties of new
complex thermoelectric materials, significantly reducing the volume of necessary
experiments.

The established regularities regarding the influence of halogens (iodine, bromine)
on the stability of chemical bonds allow for a justified choice of effective doping
impurities to create materials with controlled conductivity type and high thermal stability.

The proposed and verified concept of using CdTe as an inert phase opens a new
technological direction for creating composite thermoelectric materials with increased
mechanical strength and reduced thermal conductivity. This is the basis for the
development of industrially applicable technologies for the production of materials with
an improved set of operational characteristics.

Dissertation keywords: state diagrams, thermoelectric material, thermoelectric
properties, crystal structure, mechanochemistry, chemical bond, microstructural
characteristics, model, material processing, semiconductor, impurities, electron, alloying,
quantum chemical analysis, CdTe.
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