IHEPEIMOBA

Bamniif yBa3i mpeAcTaBiIeHO pPe3yibTaTH JOCHIPKEHb aBTOPCHKOTO KOJEKTHBY, IPHUCBAYCHI
MO/JICJIFOBAHHIO T4 OTPUMAHHIO HOBMX TEPMOEJIEKTPUYHUX MaTepianiB Ha OCHOBI (a3 miB-I'eiiciepa 3
BHCOKOIO €()EeKTHUBHICTIO TEPETBOPEHHS TEIUIOBOi €HEeprii B eNEeKTpHuYHY. AJPKE Cy4YacHUH pIBEHb
PO3BHUTKY HAyKH € OCHOBOIO /IJIsl CTBOPEHHS Ta OCBOEHHS IPUHLIUIIOBO HOBUX MaTepiajiB BUCOKOI IKOCTI,
TEXHOJIOTTYHOCT1, €EKTUBHOCTI, TOBrOBIYHOCTI, O€3MEKN Ta HAAIMHOCTI y MPOIIeci eKCIuTyaTaIlii, mo €
IPIOPUTETHUM HaIpsIMOM (yHIAMEHTaJIbHUX Ta HPUKIAJAHUX AOCIIDKEeHb. JlO TakuX MaTepiaiiB
BITHOCSITHCSI ONMCaH1 HIYKYE HAliBIPOBIAHUKOBI TEPMOYYTIUBI MaTepiaiiv Ha OCHOBI (pa3 miB-I eiicuepa,
110 CbOTOJHI B)K€ BUKOPUCTOBYIOTHCS, 30KpEMa, SIK y INEPBHHHUX €JIEMEHTaX TepMOEIEKTPUYHUX
TeHEPaTOpiB CTPYMY, a TAKOXK Yy 3ac00axX BUMIPIOBAHHS TEMIIEPATYPH.

Yomy HamiBIpOBITHUKOBI MaTepianu?

[Ipu BUKOpHCTaHHI Yy BITKax TEpMOEJIEMEHTIB MeTajiB ab0 MeTaJiuHUX CIIJIaBiB HE BIAETHCS
JOCSATHYTH BHUCOKOI €()EeKTHBHOCTI MEpPETBOPEHHS TEIUIOBOi €Heprii B eNeKTpUYHY 1 3Ha4YeHb
TepMOeIeKTpUUHOi 106poTHOCTI Z (Z=0-0/K, e ¢ — IUTOMA eJIEeKTPOIPOBIAHICTE, 0 Ta K — KoedillieHTH
TEepPMO-Eepc Ta TEILIONPOBIAHOCTI, T — TeMiieparypa). Pid y Tim, 1o y MeTtanax abo MeTaJiuHUX CIIaBax
3Ha4eHHs1 Koedimienta tepmo-epc o(7) € manumu, a 3MiHa KoedimieHTa TeronposinHocti x(7) Ta
MUTOMOI eNeKTpornpoBiaHOCcTi o(7) y cuny ctanocti yucna JlopeHna HE MOXYTh CYTTEBO 3MIHUTH
3Ha4eHHs1 n00potHOocTi Z. Came TOMYy BHKOPHUCTaHHS HAIiBIIPOBITHUKOBHX MaTepialiB 03BOJISIE
JOCSITHYTH YMOBH, 3a SIKUX 3HauU€HHs Z OyJyTh MaKCUMaJIbHUMHU.

VYkpaiHChKa IIIKOJIa mepmoereKmpuyHo20 MaTepiaJOo3HaBCTBA € BU3HAHOIO Y CBITi, @ KOOPIMHAIIIIO
POOIT 3 TOCIIKEHHSI Ta BIPOBAKEHHS TEPMOEIIEKTPUYHUX MaTepialliB BIPOIOBK TPUBAJIOTO MEPioLy
3nificHIOBasIa MibKHApO/IHA TEPMOECTICKTPUYHA aKaJeMis ITiJ] KepiBHUIITBOM ii 3aCHOBHHKA, aKaJeMika
HAH Vxkpainu, JI.I. Anatmuyka (m. YepniBui). Jlo cioBa, came B VYkpaiHi, y JIbBiBCbKOMY
HalloOHAIbHOMY YHiBepcuTeTi iM. I. ®@panka, npod. P.B. Ckomozapa zanouamxysas y 70-x pokax
MUHYJIOTO CTOJITTSI CUCTEMHE JOCHIKEHHS HaMIBIIPOBIIHUKOBUX TEPMOEIEKTPUYHUX MaTepialliB Ha
ocHOBI (a3 miB-I'eiiciepa. Lli gocmimkeHHsT OTpUMalu MIATPUMKY Ta BCUIAKe crpusiHHA 3 Ooky JII
AHaTH4yKa, a OCHOBHI HayKOBI pe3yJbTaTH Oyiu omyOIikoBaHi y kypHaii TepmoenekTpuka.

Opnnak, HE JMBJISIYACH HA MACHITAaOHICTh Ta IHTEHCHUBHICTH JOCHIKEeHb (a3 miB-I'eiiciepa y
NPOBIJHUX CBITOBMX HAyKOBHX IEHTpaX, HAayKOBLSIM TpPHUBAJIUI 4ac He 6dasanocs cHOPMYITIOBATH
TT1JIXO/TU JI71s1 BCTAHOBJICHHS 3QJIEKHOCTEH (DI3MYHUX BJIACTUBOCTEH JOCIIHKYBAHUX MaTepiaiiB Bij iIXHIX
CTPYKTYPHHUX OCOOJMBOCTEH Ta MPOTHO30BAaHO OTPUMYBAaTH HOBI MaTrepiaid 3 KpaluMu
XapakTepucTukaMu. lle 3yMOBI€HO KOMILJIEKCHICTIO MPOOJIEMH, PO3B’S3aHHS SIKOI BUMara€ BMIHHS
OJTHOYACHO OTPUMYBATH Ta IHTEPIPETYBATU PE3yJIbTaTU JOCIIKEHb, K1 JIEXKATh HA CIMUKax HayK, BiJl
KpUCTAJIOX1Mii, METOIB JOCTIKEHHS KPUCTAIIUYHOI Ta EJEKTPOHHOI CTPYKTYp HAamiBIIPOBIIHUKIB,
HEYIOPAAKOBAHUX CUCTEM /10 (PI3UYHOTO MaTepialo3HABCTBA.

Ha 3aBaji BipoBasKeHHS ITUX MaTepiaiiB BUHUKIW MPOOJIeMH Ha eTarl ONTUMI3aIlli KIHeTUYHUX
BJIACTUBOCTEH LUIAXOM JIeTyBaHHA 0a30BOi CHOJYKH, IO CYHPOBOJUKYBAJIOCS HemependauyBaHUM
reHepyBaHHIM J1e(eKTiB, K1 3MIHIOBaJIM BIACTUBOCTI MaTepiany. Hanpuknan, npu neryBansi n-ZrNiSn
akuenropamu (Cr, Mn, Fe, Co), yBeZileHUMHU Y CTPYKTYpy LUIAXOM 3amilieHHs aToMiB Ni, 3’ BIsuncs
JIOHOPHU HEB1IOMOro TMoxo/keHHs. Jloriunum Oyino reHepyBaHHs y ZrNijxM,Sn nuiie akuenTopis,
ockinbku y Ni Ginbiie 3d-enexktpoHis, HiX y Cr, Mn, Fe ta Co. JlocnikeHHs TaKoK BCTAHOBUJIM, 110
KOHIEeHTpauisd JoHOPIB Yy ZrNiixMiSn pocte mopsn i3 30UIbLIEHHSIM YHMCIa aKIEeNnTopiB. Alie 1o €
JDKEPENIOM JIOHOPIB?

JleryBanHs1 0a30BHX HAMIBIPOBIAHHUKIB B 1HIIMKA CHOCIO, 30KpeMa, aToOMaMH P1IKICHO3eMETbHUX
MeTamiB R, yBeZileHUMH y CTPYKTYpY IIISIXOM 3aMilieHHs atoMiB Ti, Zr ta Hf, ouikyBaHo renepyBaio y
KpUCTaJll CTPYKTYpPHI 1e()eKTH aKIEeNTOPHOI NPUPOIHU, OCKUIBKH YUCIO 3d-eNEeKTPOHIB B yCiX aTOMax
PiAKICHO3EMENIBHUX METaliB € MEHIIUM, HDK y mepexigHux Metanax. [Ipu mpoMy 3HaK koedilieHTa
TEPMO-€pC y TIOBHIH BIAMOBITHOCTI JI0 3aKOHIB (PI3UKH 3aBK/IA 3MIHIOBABCS 3 BIJI'EMHOTO HA TOAATHHIA.
OpnHak BUABMIIOCS, IO NMPH 30UTBIIEHHS KOHLIEHTPALil PiIKICHO3EMEIBbHOI0 METaly IIBUAKICT PyXy
piBHs Depmi e BiJ THA 30HU MPOBITHOCTI IO CTEJIl BAJICHTHOI 30HU € HabaraTo MOBUIBHIMIOW, HIXK



nependayvaloTb PO3PaXyHKH EJIIEKTPOHHOI CTPYKTYpPH 32 YMOBH, LI0 Yy KPHUCTaJll T€HEPYIOThCS JIUIIe
akuenTopu. OCKUTBKHY MONOKEHHS piBHI DepMi eF BU3HAUYAE CITIBBITHONICHHS KOHIIEHTPAIlI/ aKIIeTITOPiB
Ta JIOHOPIB (CTYyMiHb KOMIICHCAIIIT), TO «rajdbMyBaTH» piBeHb depMi eF y HOro pyci 10 BAJICHTHOI 30HU
£v MOXKE€ JIMIIE TOSBA BIIbHUX E€JIEKTPOHIB HEB1ZIOMOTO MOXOPKEHHS, SIKi KOMIIEHCYIOTh aKLIENTOPH 1
KOHIIEHTpAaLlid KX POCTE OJHOYACHO 31 30UIBLICHHSIM YMCIa akIenTopiB. | 3HOBY mocTae muTaHHS, 110
€ JDKEPEeJIOM JJOHOPIB?

I mpu TpeTboMy crioco0i sieryBaHHs, 30Kpema, n-TiNiSn, n-ZrNiSn ta n-HfNiSn atomamu Ga, In
Ta Al, yBeIeHUMH y CTPYKTYPY LIUIIXOM 3aMillIeHHs aTOMiB S1, Y KPUCTaJIi TeHEpyBaJIUCS K CTPYKTYPHI
nedeKTH akenTopHoi npupoau (Sn Bosiodie OLTBITUM YHCIIOM p-€JIEKTPOHIB), TaK 1 TOHOPHOT IPUPOIH
HEB1JJOMOT0 MOXO/PKEHHS, KOHIICHTPALlid SKUX 3pOCTaia npu 301IbIICHHI BMICTY IOMIIIKOBUX aTOMIB.

Mu 3BepHyIM yBary Ha Te, 110 3pa3Ku CHOJYK Ha OcHOBI (a3 miB-I'eliciepa CHHTE3YIOTh HUISIXOM
CIUIABJICHHS IIUXTH BUXITHUX KOMIIOHEHTIB 3 MOJAIBIINM OXOJIOJDKEHHSM PO3IUIaBy. Y CBOIO 4epry,
cep H. Mott, kiacudikyroun MmaTepiaid, HaBOAUTH 30KpeMa, JIBa METOIM OTPUMaHHS amMOphHHUX
TBEpAUX TUT: 1) KOHIEHCaIlis 13 ra30B01 a3y (HAMWICHHS Ha MiIKIAAKY); 2) OXOJIOKESHHS 13 PO3ILIaBY.
Otxe, hopmasibHO, nuIe 3a 03Hakoro H. MortTa, npu cuntesi 3pa3ku ¢a3 nis-I'eiiciepa d priori moBUHHI
MICTHTH 3HaYHI JJOKAJIbHI CTPYKTYPHI HEBIOPSIKyBaHHA. OKpPiM TOTO, ONITUMI3aIlisl €IeKTPOKIHETUIHUX
BJIACTHBOCTEH IUIIXOM KOHTPOJIbOBAHOTO JIETYBaHHs 0a30BOr0 HAMIBIPOBIIHUKA aKIIEITOPHUMU 1/a00
JOHOPHUMH JIOMIIIIKAMH JIOJIATKOBO T€HEPYE CTPYKTYpHI JeQEeKTH TOHOPHOI, aKIENTOPHOI 4YH
HEUTpaIbHOI NPHPOAM, a B 3a00pPOHEHIN 30HI 3 SABISAIOTHCSA BIAMOBIIHI CHEPreTUYHI CTaHW, SAKi 1
BH3HAYAIOTh HOTO BIIACTUBOCTI.

Orxe, cuHTe3 a3 miB-I'eficiepa Ta TBEepAMX PO3YMHIB 3aMIlICHHS Ha IXHIA OCHOBI
CYNPOBODKYETBCS  peajizali€lo  KUIBKOX CHOCOOIB  OTPUMAaHHS YacTKOBO  HEYIMOPSIKOBAHUX
KpUCTAIIYHUX CTPYKTYp (JokaibHa amopdizamisi). Lle — mBuaKe OXONOMKEHHS Micis PO3IUIaBy Ta
CHJIbHE JIETYBaHHS TOMIIIKOBUMH aroMaMu. OTpHMaHUN TaKUM CIIOCOOOM TEpMOYYTIIMBHUA MaTepial
MICTUTh  3HAa4yHI  JIOKAaJbHI  CTPYKTYpPHI  HEYNOpPAAKYBaHHS 1 €  CHUJIbHOJErOBaHUM  Ta
criIbHOKOMIIeHcoBaHUM HamiBrnpoigaukom (CJICKH).

3 inmoro 6oky, b. [lIknoBcbkuii Ta A. Edpoc mokazanu, nio 3a HasBHOCTI 3HAUHOTO YUCJIA PI3HUX
3apsDKeHUX J1e(DeKTiB y HaIIBIPOBIIHHUKY, PO3TAIlyBaHHS SKUX HOCHTH (UIYKTyalidHUH Xapakrtep,
paMKaIbHO 3MIHIOETHCS IOTO €NEKTPOHHA CTPYKTYpA, 10 MPUBOAUTH A0 (HIYKTYyallii MOTEHIIaIbHOTO
penbedy 1 MOAYJSALII 30H HEMEpPEepBHUX EHEpriid. 3a HU3BKUX TEMIIEpaTyp CHJIBHO JIETOBaHHI
Kpucmaniunuti HaMIBIPOBITHUK — 1€ HEYnopsAoKoeana cucmemd, siKka Haragye amMopgHi CHCTEMH.
EnexTpoH y Takiii HEymopsAKOBaHIM cHCTEMI PO3IIISIIA€ThCA HE Y NMEPIOJUYHOMY IOJ1 KpHUcTajia, a y
Xa0TUYHOMY MO JIe(heKTiB, MPUUOMY MOTEHII1aTbHy €HEPTit0 TAKOTO MOJs He MOKHA BBa)KAaTH MAJIOIO.

CamMe pO3yMIHHS MNpPUPOAM CTPYKTYpHUX HeynopsakyBaHb a3 miB-I'eliciepa, a Takox
HEYMOPSAKYBaHb, CHPUYUHEHUX (IYKTyalliiMd 3HAYHUX KOHIIGHTpAIliil 3apsKeHHX JIOMIIIOK,
JT03BOJIMJIO HAM BUKOPHUCTATH, a 3rofoM 1 po3BuHyTH miaxoau (izuku CJICKH. Mu BBaxkaemo, 110
KJIIOYEM HAIlloro yCmixy y fociikeHHi (a3 mis-I'elicnepa e 3anpoBamkenss nigxoais ¢pizuxu CJICKH
JUIE  PO3YMIHHS IXHIX BIIACTHBOCTEW, 30KpEeMa, EIIEKTPOHHOI CTPYKTypH, SKy OTPUMYIOTh
PO3PaXyHKOBHM IUISIXOM, BUKOPUCTOBYIOUH 3HAHHS MPO KPUCTATIUHY CTPYKTYPY HAIiBIPOBiIHUKA.

CucreMH1 Ta KOMIUIEKCHI JOCIII)KEHHS HaIlIBIIPOBIIHUKOBUX TBEPAUX PO3YMHIB Ha OCHOBI1 (a3
miB-I'eiicnepa i3 3ayueHHSIM HayKOBIIIB Ta MOKJIMBOCTEH MPOBITHUX CBITOBUX JOCIITHUIIBKUX IIEHTPIB
JO3BOJIMJI HaM BCTAHOBHTH MPUPOAY Ta MEXaHI3MH TE€HEPYBaHHS CTPYKTYpHUX JedeKTiB TpH
neryBaHHi 0a30BOro HaMmiBOPOBITHUKA. 30KpeMa TOKa3aHO, SKUM YHHOM MOXHA BpaxXyBaTH
reHepyBaHHs JOHOPIB MpPH ONTUMI3alli eJNEeKTPOKIHETUYHUX BIACTUBOCTEH TEPMOEIEKTPUYHOTO
MaTepiany HUISIXOM JIETYBaHHS HAMiBIPOBIIHUKA €IEKTPOHHOTO TUITY MPOBIIHOCTI aKI[ENTOPAMH.

BucHOBOK Mpo 0HOYAaCHE T€HEPYBAHHSA y CTPYKTYpI TEPMOECIEKTPUYHOTO MaTepianry JOHOPHO-
aKIENTOPHUX Map, Oyaydu CIOYaTKy pe3ylbTaToM (POpMaIbHUX MaTEMaTHUYHUX PO3PaxyHKiB, MICTUTh
rOOKy (i3MYHY CYTHICTB, OCKUIBKHM 3a0e3medye npuHyunu eIeKTPOHEHTPAIBHOCTI Ta CTIMKOCTI
CTPYKTypH MaTepiamy.

[lomanpmioro po3BUTKY HaOyB METOJ ONTHUMI3AIl MOJENl KPUCTAIIYHOI CTPYKTYpU Ha OCHOBI
pE3yNbTaTIB PO3PAXYHKY EJIEKTPOHHOTO CHEKTPY Ta (I3UYHUX BIACTHBOCTEH TEPMOENEKTPUUIHUX



MarepiaiiB. AJKe BIZIOMO, IO TOYHICTh CTPYKTYPHHX TOCHIIPKEHb MPU BUKOPUCTaHHI PEHTICHIBCHKUX
METOJIIB HE J03BOJISE BCTAHOBHTH KUIBKICTh aTOMiB, Hampukian, Sn un Ga, 1m0 3HAXOAAThCH Yy
kpuctanorpadiuHiii mo3uiii Sn (4b) cTpykTypu. Y TO# e dac, came iHGOopMaIlisi TAKOTO XapakTepy Mmpo
CTPYKTYpPY TEPMOEIEKTPHYHOTO MaTepialy € BUYEPIHOIO /Ui HOOYJOBU HOTO afeKBaTHOI eNEKTPOHHOT
CTPYKTYpH, 10, Y CBOIO Yepry, M03BOJIUTH MOJEIIOBATH EJIEKTPOHHY CTPYKTYpy Ta ONTHUMi3yBaTu
€JIEKTPOKIHETHYH] BIACTHBOCTI MaTepiajy y BIAIOBITHOCTI 10 TEXHIYHOTO 3aBAAaHHS.

Jlst BupimeHHsT JaHOi mpoOieMu HaMu OyJio po3pOO0JICHO HACTyIMHUN alrOPUTM JOCTiHKCHb.
Criodatky mpOBOASTHCS PO3PAXYHKH PO3MOJLTY TYCTHHH eleKTpoHHuX craHiB (DOS) mpaktudnHo mis
BCIX BapiaHTIB SIK PO3TallyBaHHS aTOMIB Yy BYy3JlaX €JIEMEHTApHOI KOMIPKH TEpPMOEIEKTPHUYHOTO
MaTepiairy, Tak 1 CTYNEHIO 3aiHATOCTI BCIX MO3MILINA BIACHUMHU 1/a00 4yKMMH aTOMaMH, a TaKOX 3a
HasBHOCTI y HUX BakaHCii. [lepiroro iTepaliieto € CriBCTaBJICHHsI pe3yJIbTaTiB PO3PaXyHKY €JIEKTPOHHOL
CTPYKTYPH 3 Pe3yJIbTaTaMU €JIeKTPOPI3UIHUX TOCIIIKEHb, 110 I03BOJISIE 3BY3UTH BapiaHTHICTH KOMIpPOK
Birnepa-3eiiTiia, sika OynayeTbcss B OOCpPHEHOMY IIPOCTOPI Ha OCHOBI €JIEMEHTapHOI KOMIPKH
KPUCTAJIIYHOI PEUOBHHHU.

Jlami, BONOIIIOYM €KCIIEPUMEHTATLHUMHU PE3yJIbTaTaMH IBUAKOCTI apeidy piBHI Depmi e K
eHeprii akTuBaIii sf 3 piBHa Depmi er Ha PiBEHb NMPOTIKAHHS 30HU HEMEPEPBHUX CHEPTiH, MIJIIXOM
PO3PaxyHKy €NEeKTPOHHOI CTPYKTYpH IIyKalOTh BapiaHT IMPOCTOPOBOTO pPO3TAlIyBaHHS AaTOMIB B
oOepHEeHOMY TpOCTOpi (BapiaHT Komipku Birnepa-3eiitna), 3a SKOro po3paxoBaHa MIBUAKICTH PyXy
piBHs Depmi eF cHiBHazae 3 €KCIEPUMEHTAIBFHO BU3HAYCHOIO slp 3 TEMIEPATypPHUX 3aJEKHOCTEU
nmuToMoro enekrpooriopy In(p(1/7)).

3anponoHOBaHUM MiAXiJ BUSBHUBCS MOTY)KHHUM MEXaHI3MOM MOJENIOBaHHS Ta MPOTHO3YBAaHHS
(bi3MYHMX BIIACTUBOCTEH MOCHIKYyBaHUX 00’ €KTiB. Lle TakoX Majio BayKJIMBE 3HAYCHHS IS PO3YMIHHS
(b13MYHUX MPOILIECIB Y HAMIBIPOBIIHUKAX Ta JI03BOJIMIIO €KCIIEPUMEHTAIBHO MiATBEPAUTH MOJIOKEHHS
Teopii CUIBHOJIETOBAaHUX Ta KOMIIEHCOBAHUX HAITIBIIPOBITHUKIB, sIKi OyJM CXBaJbHO owiHeHi mpod. b.
HIkm10BCHKUM, OJHUM 3 aBTOPIB i€l Teopii. 30kpema, Oyl0 3ampONOHOBAHO 1HIIE TPAKTyBaHHS SK
NPUPOJIM, TaK 1 CyTi YMCEJIbHUX 3HAYEHb €HEPriil akTHBAIi & Ta €5, BU3HAUCHUX 3 aKTHBAIIHHHX
IUISTHOK TEMIEpaTypHUX 3alie)kHocTell koedimienta TepMo-epc o(1/7), 3HaueHHS SIKMX HPOMOPLIiiiHI
BIITIOBIHO aMIUTITY 1l MOTYJISILIIT 30H HENEPEPBHUX eHepriil Ta apidHomaciuTabHii duykryarii CJICKH.

Ie no3Boauio po3podbutu (izuuHi NPUHLIUIM OoNTUMI3alil BIacTuBocteit (a3 miB-I'eiicnepa mms
OTPUMAaHHS HOBUX €(PEKTUBHUX TEPMOENEKTPUYHUX MaTepiaiiB. Ha oCHOBI mpoBeAeHUX TOCIIIKEHb
BIleplIe BJANoCcs COpPMYNIOBaTH YMOBH OJEp)KaHHS MaKCUMaJbHMX 3HaueHb KoedilieHTa
TEPMOETIEKTPUYHOI TIOTY)KHOCTI TEPMOEIEKTPHYHIX MarepialiiB, M0 € OCHOBOK TEPMOECIEKTPUIHUX
TeHEepaTopiB CTPYMY 1 J103BOJISIE 3pOOUTH MEPETBOPEHHS TEIIOBOI €HEprii B €JIEKTPUUYHY €KOHOMIYHO
OLIEHUM.

Y MoHorpadii y3araibHeHO BUKJIIOUHO Hallll HAYKOBI pe3yJIbTaTH, OMyOJIiKOBaHI y MepioJuYHUX
MDKHapOAHMX ()axOBUX BUIAHHSX, II0 BXOJATH J0 HaykoBoMeTpuuHux 6a3 SCOPUS ta WEB OF
SCIENCE. IlocunaHHs Ha OKpeMi HayKoBi ITyOJIiKallii Ta HaTeHTH MPeJICTaBIeHO y JoJaTKax.

OnHak, XUTTA TPUBAE, a Te€3a «NPO HEGUYEPNHICMb eleKmpOHA» CIIOHYKAE TPOJIOBKYBATH
JOCHIJUKEHHsT Ta MiJABHMIYBAaTH €(QEKTUBHICTh IMEPETBOPEHHS TEIUIOBOI €Heprii B eNEeKTPUUYHY Y
TEPMOEJIEKTPUYHUX MaTepiajiax Ha OCHOBI (a3 miB-I eiiciepa...

3a Topy4YeHHSM aBTODIB,
Bonooumup Pomaxa, JIbBiB, munens 2025 p.



PREFACE

We present to your attention the results of the research of the author’s team, devoted to modeling
and obtaining new thermoelectric materials based on half-Heusler phases with high efficiency of
converting thermal energy into electrical energy. After all, the current level of scientific development is
the basis for the creation and development of fundamentally new materials of high quality,
manufacturability, efficiency, durability, safety, and reliability in the process of operation, which is a
priority area of fundamental and applied research. Such materials include the semiconductor
thermosensitive materials based on half-Heusler phases described below, which are already used today,
in particular, as primary elements of thermoelectric current generators, as well as in temperature
measuring devices.

Why semiconductor materials?

When using metals or metal alloys in the thermoelement branches, it is not possible to achieve high
efficiency of thermal energy conversion into electrical energy and values of thermoelectric figure of merit
Z (Z=a*-o/x, where o is the electrical conductivity, a, and x are the coefficients of thermopower and
thermal conductivity, T is the temperature). The fact is that in metals or metal alloys the values of the
thermopower coefficient o(7) are small, and a change in the coefficient of thermal conductivity #(7) and
electrical conductivity o(7) due to the constancy of the Lorentz number cannot significantly change the
value of the figure of merit Z. That is why using semiconductor materials allows us to achieve conditions
under which the values of Z will be maximum.

The Ukrainian school of thermoelectric materials science is recognized in the world, and the
coordination of work on the research and implementation of thermoelectric materials for a long period
was carried out by the International Thermoelectric Academy under the leadership of its founder,
academician of the NAS of Ukraine, L.I. Anatychuk (Chernivtsi). It is important to note that the
systematic research on semiconductor thermoelectric materials derived from half-Heusler phases began
in the 1970s Prof. R.V. Skolozdra at the Ivan Franko National University of Lviv in Ukraine. These
studies received support and all kinds of assistance from L.I. Anatychuk, and the main scientific results
were published in the Journal of Thermoelectricity.

However, despite the scale and intensity of research on half-Heusler phases in leading world
scientific centers, scientists have not been able to formulate approaches for establishing the dependence
of the physical properties of the studied materials on their structural features and predictably obtain new
materials with better characteristics for a long time. This is due to the complexity of the problem, the
solution of which requires the ability to simultaneously obtain and interpret the results of research that
lie at the intersection of sciences, from crystal chemistry, methods for studying the crystal and electronic
structures of semiconductors, disordered systems to physical materials science.

The introduction of these materials faced challenges due to issues in optimizing their electrokinetic
properties through doping the base compound. This process often resulted in the unpredictable generation
of defects that altered the material’s characteristics. For example, when doping n-ZrNiSn with acceptors
such as Cr, Mn, Fe, and Co by replacing Ni atoms in the structure, the unexpected donors of unknown
origin also appeared. It would have been reasonable to expect that only acceptors would be generated in
ZrN11.:M,Sn, given that Ni contains more 3d electrons than Cr, Mn, Fe, and Co. Research has also shown
that the concentration of donors in ZrNii.x\M,Sn increases as the number of acceptors rises. But what is
the source of donors?

Doping the basic semiconductors in another way, in particular, with rare-earth metal atoms R,
introduced into the structure by replacing Ti, Zr, and Hf atoms, expectedly generated structural defects
of an acceptor nature in the crystal since the number of 3d electrons in all rare-earth metal atoms is less
than in transition metals. In this case, the sign of the thermopower coefficient, in full accordance with
the laws of physics, always changed from negative to positive. However, it turned out that with increasing
concentration of rare earth metal, the rate of motion of Fermi level er from the bottom of the conduction
band to the ceiling of the valence band is much slower than predicted by calculations of electronic
structure, provided that only acceptors are generated in the crystal. Since the position of Fermi level e



determines the ratio of concentrations of acceptors and donors (degree of compensation), then the Fermi
level eF in its motion to valence band ev can be “slowed down” only by the appearance of free electrons
of unknown origin, which compensate acceptors and whose concentration increases simultaneously with
increasing number of acceptors. And once more question arises: what is the source of donors?

In the third method of doping, in particular, n-TiNiSn, n-ZrNiSn, and n-HfNiSn with Ga, In, and
Al atoms introduced into the structure by replacing Sn atoms, both structural defects of acceptor nature
(Sn has a larger number of p-electrons) and donor-type defects of unknown origin were generated in the
crystal, the concentration of which increased with increasing content of impurity atoms.

We drew attention to the fact that samples of compounds based on half-Heusler phases are
synthesized by fusing a batch of starting components with subsequent cooling of the melt. In turn, Sir N.
Mott, classifying materials, cites in particular two methods for obtaining amorphous solids: 1)
condensation from the gas phase (spraying onto a substrate); 2) cooling from the melt. Therefore,
formally, only by the sign of Sir N. Mott, when synthesizing samples of half-Heusler phases, they a priori
must contain significant local structural disorders. In addition, optimization of electrokinetic properties
by controlled doping of the base semiconductor with acceptor and/or donor impurities additionally
generates structural defects of the donor, acceptor, or neutral nature, and corresponding energy states
appear in the band gap, which determine its properties.

Therefore, the synthesis of half-Heusler phases and substitutional solid solutions based on them is
accompanied by the implementation of several methods for obtaining partially disordered crystalline
structures (local amorphization). These processes involve rapid cooling after melting and heavy doping
with impurity atoms. The thermosensitive material obtained in this way contains significant local
structural disorders and is a heavily doped and highly compensated semiconductor (HDCS).

On the other hand, B. Shklovsky and A. Efros showed that in the presence of a significant number
of different charged defects in a semiconductor, the location of which is of a fluctuating nature, its
electronic structure changes radically, which leads to fluctuations in the potential relief and modulation
of continuous energy bands. At low temperatures, a heavily doped crystalline semiconductor is a
disordered system that resembles amorphous systems. An electron in such a disordered system is
considered not in the periodic field of a crystal, but in a chaotic field of defects, and the potential energy
of such a field cannot be considered small.

It is precisely the understanding of the nature of structural disorders of half-Heusler phases, as well
as disorders caused by fluctuations in significant concentrations of charged impurities, allowed us to use,
and subsequently develop, the approaches of heavily doped and highly compensated semiconductor
physics. We believe that the key to our success in the study of half-Heusler phases is the introduction of
approaches from the physics of HDCS to understand their properties, in particular, the electronic
structure, which is obtained by calculation, using knowledge of the crystal structure of the semiconductor.

Systematic and comprehensive studies of semiconductor solid solutions based on half-Heusler
phases with the involvement of scientists and the capabilities of leading world research centers have
allowed us to establish the nature and mechanisms of structural defect generation when doping the base
semiconductor. In particular, it is shown how the generation of donors can be taken into account when
optimizing the electrokinetic properties of a thermoelectric material by doping an n-type semiconductor
with acceptors.

The conclusion regarding the simultaneous generation of donor-acceptor pairs in the structure of a
thermoelectric material, initially derived from formal mathematical calculations, holds significant
physical meaning since it ensures the principles of electroneutrality and stability of the material structure.

The method of optimizing the crystal structure model based on calculating the electronic spectrum
and physical properties of thermoelectric materials has been further refined. It is important to note that
the accuracy of structural studies using X-ray methods does not allow us to establish the number of atoms,
for example, Sn or Ga, located in the crystallographic position Sn (4b) of the ZrNiSn;.,Ga, structure. At
the same time, it is exactly this type of information about the structure of a thermoelectric material that
is exhaustive for constructing its adequate electronic structure, which, in turn, will allow us to model the
electronic structure and optimize the electrokinetic properties of the material by the technical task.



To solve this problem, we have developed the following research algorithm. First, calculations of
the distribution of the density of electronic states (DOS) are carried out for nearly all variations of both
the atom arrangement within the nodes of the unit cell of the thermoelectric material and the degree of
occupation of each positions by their native and/or foreign atoms, as well as the presence of vacancies in
them. The first iteration is to compare the results of the calculation of the electronic structure with the
results of electrophysical studies, which allows us to narrow the variability of Wigner-Seitz cells, which
are built in the reciprocal space based on the unit cell of crystalline matter.

Next, having the experimental results of the drift rate of the Fermi level ¢ as the activation energy
sf from the Fermi level ¢r to the percolation level of the continuous energy band, by calculating the
electronic structure, a variant of the spatial arrangement of atoms in the reciprocal space (variant of the
Wigner-Seitz cell) is sought, for which the calculated motion rate of the Fermi level er coincides with
the experimentally determined 8f from the temperature dependences of the resistivity In(p(1/7)).

The proposed approach has proven to be a powerful tool for modeling and predicting the physical
properties of the objects under study. This was also of great importance for understanding physical
processes in semiconductors and allowed experimental confirmation of the provisions of the theory of
heavily doped and compensated semiconductors, which were highly regarded by Prof. B. Shklovsky is
one of the authors of this theory. In particular, a different interpretation of both the nature and the essence
of the numerical values of the activation energies &5 and &5, determined from the activation parts of the
temperature dependences of the thermopower coefficient a(7), the values of which are proportional to
the amplitude of modulation of the continuous energy bands and the small-scale fluctuation of the HDCS,
respectively, was proposed.

These studies have allowed us to develop physical principles for optimizing the properties of half-
Heusler phases to obtain new efficient thermoelectric materials. Based on the conducted research, it was
first possible to formulate the conditions for obtaining the maximum values of the thermoelectric power
coefficient of thermoelectric materials, which is the basis of thermoelectric current generators and allows
us to make the conversion of thermal energy into electrical energy economically feasible.

The monograph exclusively summarizes our scientific results published in periodical international
professional publications included in the databases Scopus and Web of Science. The appendices present
links to individual scientific publications and patents.

However, life goes on, and the classic thesis “on the inexhaustibility of the electron” encourages
us to continue research and increase the efficiency of the conversion of thermal energy into electrical
energy in thermoelectric materials based on half-Heusler phases...

On behalf of the authors,
Volodymyr Romaka, Lviv, July 2025.



