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Beryn

XalpKOTeHIIM TepPMaHIl0 HaJIe)KaTh 10 HAaIiBII-
posimruKoBux cronyk rpyma A“B® i e edexruBHIMHU
MaTepiajJaMu Uil TEPMOEIEKTPUYHUX HEepPETBOPIOBAYIB
eneprii [1]. OCHOBHI eJeKTPUYHI Ta ONTUYHI BIACTHBOC-
Ti KPHUCTaJiB BH3HAYAIOTHCS TOYKOBHUMH Je(eKTaMH,
MIPUCYTHICTh SIKUX y TPaTIi 3yMOBJIEHA SK HECTEXiOMeT-
PHUUHICTIO TaK i iHIIMMH YMHHUKAMH (OMPOMiHEHHS, Jie-
ryBaHHs Ta iH.). [IpoTe BiZICYTHICTh y JiTEpaTypi JOCTO-
BipHOi iH(opMalii npo eHeprii yrBopeHHs JedeKTiB €
MEPEeNIKOA0I0 Ha IIUISIXY BU3HAUEHHS X KOHLIEHTpALil Ta
BCTaHOBJICHHI KUTBKICHUX ITOKa3HHWKIB BIUIMBY Ha €JIEKT-
pHYHI, ONTHYHI Y 1HIII BJaCTUBOCTI MaTepiaiB.

TpynHom, sKi BUHUKAIOTH NTpPH OOYMCIIEHHI
€Hepriii YTBOPEHHS TOYKOBUX Ae(EeKTiB 3 ,TEepIINX
NPUHOUTIB”, TOBSI3aHI, B MEPIIy 4Yepry, 31 CKIaqHICTIO
PO3B’ 513Ky CHCTEMH BiJIIOBITHUX KBaHTOBO-MEXaHIYHUX
piBHsiHB. TOMy MoLIyK BiTHOCHO NMPOCTUX METO/IB aHa-
JITHYHOTO BU3HAYECHHS EHEPrid YTBOPEHHS TOYKOBUX
nedeKTiB € aKTyaJIbHUM.

Meroto naHOi poOOTH € BU3HAYECHHS EHEprii
YTBOPEHHSI BaKaHCIi MeTally Ta XaJbKOTeHY a TaKOX
aHTUCTPYKTYpHHUX JedekrTiB y kpucramax B-GeTe, f-
GeSe, B-GeS, BUKOPHUCTOBYIOYHM HAIIBEMITIpUYHUA Me-
TOJI, 3ampornoHoBanuil y [2], i sikuit y poborax [3-4] Baa-
710 OYB 3aCTOCOBaHUMH UIsl PO3PaXyHKY €HEpriil yTBOpeH-
HS BakaHCii y HaIiBIOPOBITHUKOBHX  KpHCTajax
rpyn A;Bg, AsBs Ta nesikux A4Be.

|. Po3paxyHok eHepriii yTBOpeHHs

Eneprii yrBopeHHs BaKaHCii, 3rifHO [2], po3paxoBy-
FOTBCSI 32 (HOPMYIIOFO:
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E, =E,- E; +E« +DE; +DE,. (1)
Benuunny Eq BuOpaHo piBHOIO eHeprii aTomisamii cro-
nyk Egx[3], po3paxoBaHy NUIIXOM ITiJICYMOBYBaHHS
CTaHAapTHOI EHTaJbIIi YTBOPEHHS CKJIAaJOBUX CIIONY-
Ku [5].

E, — eHeprist yrBOpeHHsI HOBUX 3B’ sI3KiB, 10 BH3HA-
YJaeThes SK [2]:

E; =x>d,, )

JIe X — KiJIbKiCTh HOBMX 3B’ si3KiB A-A (st V) un B-B
(st Vp), 61 — eHeprist OJHOTO 3B’ A3KY, SIKa IPHAMAETHCSI
piBHOIO eHeprii IUIaBJIeHHS YUCTUX ejeMeHTiB A uu B,
BIJIIOBiAHO.

Ex vy (1) Bu3HaYae eHeprito KyJOHIBCHKOI B3a€MOIil
aTOMIB HABKOJIO BaKaHCII:

Zn 0 X2
= 1 Zapg>XapB _ 3)
dpe, X

Tyr z* - edexTHBHI 3apsmu aToMiB, €y — €JIEKTPUYHA
cTana, € — CTaTHYHA JieJeKTpUYHA MPOHHUKHICTb, I —
BiJICTaHb MK aTOMaMH OIHOro copty. EdekrTuBHi 3aps-
[ BU3HAUCHO 3a TAHUMH Mpo HOHHiCTh 10 opmysti [6]:
Z =mli, 4
Jie N — MOKAa3HUK 3aJOMJICHHS, | - HOHHICTh, siKa 064Hc-
JIroBaacs 3a Gpopmyioro [6]:
. -018Dx 2
i=1-e N 5)
Tyr AX — pi3HHILS €JIeKTPOHETaTHBHOCTEH aTOMIB MeTa-
JIy Ta XaJIbKOTeHY, V — BAJICHTHICTh, N — KOOpIUHAIII iHE
YHCIIO.

YerBepTuii Ta ' stuii gomanku y (1) BiamoBigaabHi
3a 3MiHy eHeprii 3B’ 513Ky MK aTOMaMH 3 IepIIoi Koop-
JIUHAIHOI cepu HaBKoj0 BakaHcii (AE;) Ta mixk ato-
MaMHd 3 TepuIoi i JApyroi KOOpAUHAIIHHUMHE chepaMu
(AEy). Tlpore, sk Gyino mokaszano y [3], ix BHecok y (1)
HE € CYTTEBUM 1 HUM MOXHA 3HEXTYBaTH.
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SayumuBnm y Gpopmyai (1) Tixpku mepii ABa q0AaH-
KM, MM BHKOpHCTAaTH Ii JJIsl BU3HA4YCHHS €HEprii yTBO-
PEHHsI aHTUCTPYKTYPHOTO Je(eKTy. 3 BpaxyBaHHIM pi3-
HOI KiJIBKOCTI 3BSI3KiB y CHONYIII Ta KPUCTalaX KOMIIOHE-
HTiB, BUKOPUCTOBYBaHa (OopMysa MaTHMe BHUTJISI
Ea!, A(B) .

X

(6)

Tyt Ep , sk i y (1), BBaXkaeThCs piBHOKO €Heprii aTomiza-
i CIONYKHU, X1 — KUIBKICTh 3BSI3KIB MIXK HAWOIMKIUMHU
cycizaMM y XaJlbKOTeHili repMaHito, Ex A () — eHepris
aToMisallii YMCTUX KOMIIOHEHTIB, X, — KIJILKICTEL 3BSA3KIB
MiX HAMOJIIMKYMMU CYCIITaMH y CTPYKTYax, siKi yTBOpIO-
I0Th YHCTI KOMITOHEHTH.

Eney = Eo- X4

2

I1. Pe3yabTaTu po3paxyHkiB Ta ix o0ro-
BOPEHHS

[Napamerpu KpuCTaJiB XalbKOTEHIIB TepMaHio, m0
BHUKOPHCTOBYBAJIMCh TIPH PO3PaXyHKY €HEepriii yTBOpeH-
Hs AedeKTiB, npeacraBieHi y tabnumi 1. 3a3Hauumo, 1o
eHeprii aroMizamii CroiayK, po3paxoBaHi HUIIXOM CyMy-
BaHHS CSHTAJBIIH YTBOPEHHS CKJIQJOBHX KOMIIOHEHTIB,

3aJI0BUTBHO Y3TO/DKYIOThCS 3 danmud [6]. 3Beprae Ha
ceOe yBary Te, IO IIPU JOCUTh HU3bKii HOHHOCTI 3BSI3KY,
po3paxoBaHiii 3a ¢popmyioro (5), ehekTuBHI 3apsau ato-
MiB € BeaukuMmH. st cynbgigy repmaniio, Ipu BU3HA-
YeHHl HOHHOCTI, YHMCIIOBE 3HAYEHHS IIOKa3HHKA 3aJIOM-
JICHHsI Baa)kalli PIBHUM aHAJIOTIYHOMY 3HA4YEHHIO IS
celeHiqy repManiro. Sk BUIHO 3 Tabm. 2., y aKkiid npen-
CTaBJICHO PE3YJBTATH PO3PAXYHKY KOXXHOTO 3 JIOAAHKIB,
aKi BXomATh y ¢opmyny (1) Ta eHepriii yTBOpeHHs ne-
(beKTiB BIJIOMY, TaKe MPHUITYLICHHS HE BIUTUBAE CYTTEBO
Ha pe3yNbTaT, OCKUIBKH BKJIAJ KYJIOHIBCBKOI'O 4ieHa Y
¢dopmyni (1) € He3HAUHMM, Yepe3 BHUCOKE 3HAYEHHS JIi-
enekTpudHoi npoHuKHOCTI. [ToniOHmii pe3ynbrar Oyno
OTPUMAHO 1 TIPH PO3PaxyHKY €HEepriii yTBOPEHHS BakKaH-
Ciil y XaJpKOreHijiax CBHHIIO B poboTi [3].

Sk BuaHO 3 Tabm.2, eHeprii yTBOpEHHsI BaKaHCIH Ta
AHTUCTPYKTYPHUX Je(EKTIB 3pOCTalOTh IpU IEepexoji
BiJ TeNypuIy A0 Cyabdiny repmanito. Taka 3aeXHICTh
TIOSICHIOETBCS TIOCHIICHHSM eHeprii 3Bs3ky Ge-X y 1upo-
My psgy. Jlemo MeHIIMM € BHECOK 3yMOBJICHHH 3MeH-
LIEHHSM €Heprii HOBHX 3BS3KIB SIKi yTBOPIOIOTH aTOMHU
HEMETaJIiB HaBKOJIO BakaHCil y psany Te — Se — S, [lns
AHTUCTPYKTYPHUX JAe(EeKTiB IOMITHOIO € TaKoX 3a-

Taoauus 1
ITapamerpu xpucrani GeTe, GeSe, GeS
GeTe GeSe GeS
Craua rpatku 8, A 5,98[8] 573[8] 5,90[8]
Enranemis yreopenust Ge
AHC, eB 3,86 [6] 3,86 [6] 3,86 [6]
ExTanbmist yTBOpeHHsI
XaJbKOTEHY AH%, eB 2,0416] 2,36 (6] 2.88[6]
ExTanbmist yTBOpeHHsI
crionykn AHCxg, eB 0,21[6] 0,39 [6] 0,96 [6]
Enepris aromizamii 6,12 [6] - 7,42 (6]
cnonyku Ey, €B 6,11* 6,61* 7,70*
Enranbmis misnenss Ge 0,38 [6] 0,38 [6] 0,38 [6]
6A-A! %
EHTanbmis miaBieHHs
XaTbKOTeHy Sg 5, €B 0,18 (6] 0,07 [6] 0,02 6]
Enepris aromizanii Ge
E.(A), eB 3,82[9] 3,82[9] 3,82[9]
Enepris atomizarii
xanbroreny E4(B), B 0,53[9] 0,30[9] 0,095[9]
OnrtuyHa TieJIeKTpHIHA
MPOHUKHICTb £, 36 [10] 21,3[8] -
CraTuyHa JieeKTpUYHa
MIPOHUKHICTH &g 30,4[8] 17,418] 23[8]
IToka3HUK 3aJI0MIIEHHST N 6,1[11] 2,5[12] -
EnexTpoHeraTuBHICTD Y 1,70[6] 1,70[6] 1,70[6]
EnexTpoHeraTuBHICTH ¥ 2,10[6] 2,40 (6] 2,60 [6]
TonHicTs | 0,01* 0,029* 0,047*
EdexTuBHuil 3apsin Z* 5, € 0,61* 0,43* 0,54*
EdextupHuii 3apsin Z*g, € 0,61* 0,43* 0,54*

* - 3Ha4YeHHs PO3paxoBaHi y aHiid poOOTi.
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Tabauuns 2
Eneprii yrBopeHHs BakaHCi# Ta aHTUCTpYKTYypHUX nedekTiB y GeTe, GeSe, GeS
Jedexr Eo E; Ex E
Ve 6,11 2,16 0,04 3,99
Ve 6,11 4,56 0,04 1,59
GeTe
Gere 6,11 191 - 4,2
Tese 6,11 0,53 - 5,58
Ve 6,61 0,83 0,04 5,82
Vse 6,61 4,56 0,04 2,09
GeSe
Gese 6,61 1,91 - 4,70
Sege 6,61 0,30 - 6,31
Ve 7,70 0,19 0,04 7,55
Vs 7,70 4,56 0,04 3,18
GeS
Gere 7,70 1,91 - 5,79
Tese 7,70 0,095 - 7,605
JISKHICTh €Heprii yTBOPEHHS BiJ Pi3HUII eJEeKTpOHera-
THUBHOCTEH Meran-Hemeran. J[Js XaJbKOTEHiIiB repma-
BucHoBku

Hito AX 3Mmenmyerbes y pany GeS — GeSe — GeTe. |
came y Takiil IOCJiIOBHOCTI 3MEHIIYIOTHCSI OTPUMaHi
€Heprii yTBOPEHHS aHTHCTPYKTYpPHUX Je(EKTIB.

HexTyBaHHS KYJIOHICBKHUM JOJAHKOM IPH PO3-
paxyHKy €Hepriii yTBOpPEHHS aHTHCTPYKTYpHUX nedek-
TiB, 3Ba)KAIOYM Ha BHCOKY JIEJIEKTPHUYHY IPOHHUKHICTb,
BOYEBH/Ib, HE BHECE 3HAYHOI MIOXUOKU y pe3yJabTaT po3-
paxyHKy, SIK i Ipx OOYHCIICHHI eHepriii yTBOPEHHsI Baka-
HCIH.

Jlns mepeBipkM TPaBHIBHOCTI 3pOOJICHUX IPHITY-
LIIeHb, MPOBEJICHO PO3PAaXYHOK €HEeprii YTBOPEHHS aHTH-
CTPYKTYPHHUX Je(EKTIB Y TeIypHIl KaJMil0, IS SIKOTO €
JITEepaTypHi JaHi Npo eHeprii yTBOPEHHs IUXIE(EKTiB.
3BaKar0uM Ha Te, 0 aieleKTpryHa npoHukHicTs CdTe €
3HaYyHO MeHIow (g = 10.6 [4]) amix y XaJbpKoreHigax
TepPMaHilo, PUITYIICHHS PO HE3HAYHUI BHECOK KYJIOHi-
CBKOT'O JIONAHKY, Y BHIIAJIKy Oro HEBUKOHAHHS, Bifpa3y
XK MOoxke OyTu cripocToBane. TuM He MeHIIe, B pe3ylibTa-
Ti po3paxyHky orpumano 3HaueHHs (E(Cdre) = 3.09 ¢B,
E(Tecy) = 3.59 eB) sixi mob6pe y3roKyroThCs 3 JIiTepaTy-
paumu (3.92 eB Ta 3.70 B, Bigmosiano [7]). Taky Gmu-
3bKICTh OTPUMAaHUX 3HAYEHb MOXKHAa BBa)KaTH B ITIOBHIH
Mipi 3aJI0BUIEHOIO.

Sk me 3a3HadeHo y pobOorax [3-4], HaiOibIIa
noxuOKa TpU pO3paxyHKax MoKe OYTH 3yMOBJEHa
BHOOPOM 3HAYEHb CHeprii aTomizarii. J[7s xanbpKkoreHimiB
repMaHilo, HaiOUIbIIa PI3HULS MK pO3paxoBaHUM Ta
JITEpaTYpHUM  3HAYCHHAM eHeprii aromizamii Ey
CIIOCTEPITaeThCsl A Cyabdiay repMaHito. XapaKkTepHO,
IO MpW BU3HAYEHHI EHEpPriii YTBOPEHHs BaKaHCIH Y
xajpKoredigax 1uHKy [4], kaamito [4] Ta cBumio [3],
HAKWOINbIII  PO30IKHOCTI 3  JIITEPaTypHUMHU JIaHUMHU
BHHUKAIOTH VIS CY/Ib(]iIiB METAIIB.

1. Ha oCHOBI TepMOXIMIYHHMX IaHHUX PO3PaXOBAHO
€Heprii yTBOPEeHHs MOHOBaKaHCI MeTajy Ta Xa-
JIBKOTCHY Y KpHCTaJIaX XaJIbKOTeHIiB TepMaHilo.

2. 3ampornoHOBaHO BHpa3 Ta MPOBEAECHO PO3PAXYHOK
€HEepriil YTBOPEHHSI aHTUCTPYKTYPHUX Je(eKTiB y
HaIiBNPOBiIHMKOBUX Kpuctanax GeTe, GeSe,
GeS.

3. Po3paxoBaHi 3HayeHHS €HEprid  yTBOPEHHS
JedexTiB 3HaXOMATHCSI B PO3YMHHX MeEKax i MO-
KYTb OYyTH BHKOPHUCTaHi JUIS OLIIHKK KOHIIEHTpa-
i 1UX Ae(eKTiB y HaMmiBIPOBiTHUKAX.

Poboma euxonyemocsi 6 pamkax 0epicOr00icemnor
memu MOHY (Ne 0107U006768) ma /epoicasnozo
azewmcmea 3 NUMAHbL  HAYKU,  IHHOGAyili  ma
ingpopmamuzayii Vxpainu (Ne 0111U005501).

@peixk [I.M. — 3acmyxeHHH iS4 HAyKH 1 TEXHIKA
VYkpainu, JOKTOp XIMIYHHX HayK, mpodecop, AUpeK-
Top Pi3UKO-XIMIYHOTO IHCTUTYTY, 3aBiqyBau Kadeapu
(i3uKH 1 XiMii TBEpOro Tiia,
TI'opiuok I.B. —x.X.H., HayKOBUH
®Di3UK0-XIMIYHOTO IHCTUTYTY;
Yooaniwok B.M. — k.¢.-M.H., jou. kadenpu Qi3uxu i
XiMii TBepIoro Tina,;

HOpuuwun J1.J]. — naykoBuii criBpoOiTHUK Dizuko-
XIMIYHOTO 1HCTHTYTY, acmipaHT kKadenpu (izuku i
XiMii TBepIoro Tina;

Hapawyk T.0. — acnipant kadenpu ¢Gi3uka i ximii
TBEPJOro Tiia.
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Using the experimentally definite parameters of thermochemistries of crystals, energies of formation of cation

and anion monovacancies and antistructural defects are calculated at a germanium chalkogenides.
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