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YMOBH yTBOPEHHS JIBO- Ta YOTHPH3apsIHUX BakaHciii I'epmanito V;, ,V, . IIpoananizoBaHo Je(eKTHY miIcHCTEMY

npu camoieryBanHi ['epmanieM. Ha 0CHOBI ciBCTaBIIGHHS pe3yNIbTaTiB PO3paxyHKy 3aJIEXHOCTI KOHIIEHTpaLil HOCITB
CTPyMy BiI BEIHYMHH BIIXWJICHHS BiJl CTEXIOMETPHYHOTO CKJIQAy i3 EKCIIEpPUMEHTOM 3pOOJICHO BHCHOBOK IIPO

JIOMIHYIOYi TOUKOBI I€(EKTH.
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Beryn

Enextpuuni BJIACTHUBOCTI HEJIErOBaHUX
HAITIBIIPOBITHUKOBHX CIIOJIYK AVBY! ¢ YYTJIIMBAMU 10
CIIBBIJHOIIEHHS. OCHOBHHMX KOMIIOHEHTIB. BigxuieHHs
BiJl CTEXiOMETPHUYHOTO CKJamy eJEeMEHTIB B obnacTi
TOMOTEHHOCTI TPHU3BOIATH [TI0 CYTTEBOI 3MIiHH iX
OCHOBHHX  BJIACTUBOCTEH: THIYy  NpPOBITHOCTI i
KOHIIEHTpalii HociiB 3apsmy [1,2]. 3 mporo mormamy
repMaHiit  TenmypujJ, 3aBASKA CBOIM  cHenU(iyHUM
BJIACTHUBOCTSIM, IIPUBEPTa€ 0co0MMBYy yBary [3].

I. ®dizuko-ximiuHi BiIacTuBocri

YV cucremi Ge-Te mnpucyTHa oOmHa CIOTyKa —
repmaniit Temypun GeTe, mo IUIaBUTBCS KOHTPYEHTHO
npu 998 K i yrBoproe eBtektuku 3 ['epmaniem (996 K,
49, 85 atr.% Te) i Tenypom (648 K, 85 ar.% Te) [3].
Bimomi nBi HH3bKOTEMOEpaTypHi  Momudikaril
pomboeapuuna o-GeTe i pombiuna y-GeTe, a Takox
BUCOKOTeMIlepaTypHa KyOiuHa momudikamis (B-GeTe
(muB. Tabm. 1). IToniMopdHi (a3oBi mepexou MoB’s3aHi
i3 B3a€EMHHM 3CYBOM aHIOHHOI 1 KaTIOHHOI MiArpaToK
CETHETOCJICKTPUYHOTO (a-GeTe) abo
antucerneroenekrpuanoro  (y-GeTe)  TumiB, 1m0
CYNPOBOJIKYEThCS 30UIBIICHHAM 00’€My elIeMEHTapHOI
KoMipkH. PomOoenpuuna crpykrypa (opmyerscst npu
PO3IIMPEHHI KPUCTATy B3IOBXK 00’ €MHOI JiaroHaii Kyba

(111), 1 mnpu cTUCKaHHI B TNEPNEHIUKYIIPHOMY
HampsMKy. PomOidHa CTpyKTypa YTBOPIOETBCS B
pesyibrari  po3mmpeHHs — kpucrainy  [-GeTe mo

Hanpsmkax (110) i (001) i cTrcKaHHI B3JOBXK HAIPSIMKY
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(110). Posnan B-GeTe, a-GeTe i y-GeTe BinOyBaeThcs
32 IEPUTEKTHYHUM 200 €BTEKTUIHAM THIIOM [3].

[omimopdpui  dazoBi mepexomu o-f 1  7-B
BinOyBaroThes mpu Tc — 630-700 K, a mepexix Bix o 10 y
Momudikaiii  crocrepiraeTbCsi B MeXax  00JacTi

TOMOI'€HHOCTI 1pH 30uIblIeHH] BMicTy Tenypy y cruiasi.
s cnagis, Bignanerux npu 610 K (T < Tc) mpoTsirom
3200 ron, a-~y-mepexin BimOyBaeTrbes mpu X = 50,4 aT.%
Te, a nns 3araproBanux Bix 770 K (T > Tc) cruiaBiB —
npu x>50,8ar. % Te. ¥V cmiaBax, siki jexarb 3a
MEXaMH O0JIACTI TOMOTEHHOCTi, (ha30Bi IMepexoau €
cxmagaumi. Ilpu x < 50,3 ar.% Te nonimopduuii a-y —

nepexin CYNPOBOIXKYETHCS BU/IIIEHHSIM abo
mornmuHaHHAM ~ [epmanmito, a  y-f-mepexim  mpu
x > 51,0 at.% Te — Tenypy [4].

Mac-ClIeKTpOMETPUYHEM ~ METOJIOM Yy Tapi Haj

TBEPAUM TEpMaHId TEIypUIOM BHABICHI MOJEKYIH
GeTe, Te, 1 GeTe,, BITHOCHMH 3MICT SIKHX CKJIaJa€ 3a
mammu [3] 1:8,9-10% 1,3-10% a [10] — 1: 2,1-10™":
3,0-3,5-107 i He 3MiHIOETbCA B iHTEpBalTi TeMmeparyp
600-965 K.

P-T-, T-x- 1 P-x-mpoexmii P-T-x-giarpamu cucremu
Ge-Te npenacrasneni Ha puc. 1 [3].

Tuck mapu mpu TeMmneparypi KOHTPYEHTHOTO
nnaBineHHs ckiaagae 1,33-10°Ila, a npu eBTexTHuHiit

Temneparypi T, =655K-2,41la. Ocranns BenudnHa

OlLliHEeHa 3a 3aKOoHOM Payiif i 3a THCKOM Iapy 4HUCTOTrO
Tenypy. Iepmaniii TEJTypHIT CyOIiMy€eThCs
iHKOHTpyeHTHO. Tomy, mo B obmacti cnionyk Ge-GeTe
napa CKJIQIa€eThCsi B OCHOBHOMY 3 Moiiekyn GeTe, Ttoni

Xo, =X i cyOrmimamito MoXHAa pO3IIATATH  AK

KBa3iKOHIPYEeHTHY, a eHTaubniro (a3zoBoi peakiil



JI.J. YOpunmux

GeTe(tB) = Ge(TB) + V BBaXKaTH pPIBHOIO CHTABIIII
cyOmimarrii.
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Puc. 1. P-T- (a), T-x- (6) i P-x- (B) npoekuii P-T-x-
niarpamu cuctemu ['epmanii—Temnyp [3].

Jlinii CF i
BIJIIOBITHO  piBHOBaru

CD =Ha puc.l,a mnpencraBisOTh
SGeSGeTeV 1 SGeLV.

SGeLV
TeMITepaTypHOIO 3aNeKHICTIO ckimany das (x- — x° mpu
T->T,).

Tomy mo Temyp 1 repmaniidl Texypun IUTaBIATHCS 3
HEBENIMKUM 30impIIeHHs M 00’emy, To miHii SGeTe =
L,SGeLLSGeTe (BcraBka Ha pwuc. 1,a) i SGeTeLSTe B
koopauHaTtax lgP—1/T MarTh HE3HAUHHUI MO3UTUBHHIA
HaxHII.

P-x-mpoexuist (puc. 1, B) nodynoBana 3a ganumu T-
x- 1 P-T-npoexkuiii.

lepmaniit  Tenmypun  Gej,Te, HamexuTs 10
HaIliBIPOBIHUKOBUX CIOJIyK, IO «CaMOJIETYIOThCs»,
(hi3uuHI BIACTHBOCTI SKUX BHU3HAYAIOTHCS BiIXMICHHIM
CKJamy  CHoiIykm  Bim  crexiomerpii.  OOmactp
romoreHHocTi GejTes mopiBEsHO mmpoka (~1 ar.%) i
JSKUTh TIOBHICTIO Ha cTOpoHI Temypy BiIHOCHO
CTEeX10OMETPUIHOTO ckiany (puc. 2) [1].

Exctpemym Ha  miHIi MOB’s3aHUN 3
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Puc. 2 OGnacts icHyBaHHS KpucTaiiuHoi dasu P-GeTe
Ha Qazoiit T-x-giarpami piBHOBaru [3].

Ha puc. 3 HaBeneHO 3aICXKHICTh 3MIHM KiHETHYHHX
napaMeTpiB B 00JIaCTi TOMOTEHHOCTI CIOJNYKH JJIst
KyOiuHOi Moaudikamii repmaniid Temypuny [-GeTe.

Y cTarti 3ampomoHOBAaHO KPHUCTAIOKBA3iXiMidHi
dopmymn s HecrexiomerpmuHoro [-GeTe, ski
BPaxOBYIOTh JOMiHYIOUI TOYKOBI JeekTH 1 MOsICHEHO
MEXaHi3MHU 3MiHH €JIEKTPUYHHX MapaMeTpiB Iyl 00JacTi
ICHYBaHHS CIIOJTYKH.

II. Buj i 3apsigoBuii CTAaH TOYKOBHX
nedekrTin

ToukoBi pmedekTH KPUCTATOXIMIYHOI CTPYKTYpH
HAMIBIPOBIMHUKOBUX  CIIONYK y  3Ha4HIA  Mipi
BH3HAYAIOTh THUII iX MPOBIAHOCTI 1 KOHIIEHTpPAIIil0 HOCIiB
CTpYMY, a TaKOX LIUIMH KOMIUIEKC IHIKMX (i3uKo-
XIMIYHUX BIacTHBOCTEH [2]. 3ayBaKMMO, IO HA JaHHUHA
Jac HE iCHyC €ANHOro norjidgay Ak CTOCOBHO BHUAY HHUX
nedekris, Tax 1 ix 3apsgoBoro crany [1,2].
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Taoauna 1

[TapameTpu eneMeHTapHUX KOMIPOK KPHCTATIYHOro repmanii tenypuay [3]
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Puc. 3. Konuenrpartiiiai 3aaexH0CTI Aipok p (a), crajioi
Xoma R (0) i Tepmo-EPC a (B) 3arapToBaHux crjiaBiB

GeTe mpu 753 K (B-GeTe) [4].

o crocyerbcsi  HamiBOPOBIIHUKOBHX  CIOJIYK
A"BY!, 10 BOHM YTBOPIOIOTH SK IBOCTOPOHHI I1OJO
crexiomerpuuHoro ckmaxy ¢asu (tun PbTe), rtak i
onHOCTOpOHHI (hasu 3 mmpokoro (mo 1 ar. %) obnactio
TOMOTEHHOCTi, 3MIIICHO y OiK XaJbKOTreHa II0JI0
crexiomerpuynoro ckmany (tam  GeTe) (puc. 2).
[lepeBaxkarounM THIIOM TOYKOBHX JAe(EKTiB, IO
peani3oByIOTh BIIXWIIEHHS BiJl CTeXiOMeTpil, € BakaHCii
OJTHOr0 3 KOMIIOHEHTIB, SIKi 1OHI3yIOThCS JI0 PI3HOTO
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piBHS.

JloHOpHa 1 aKmenTopHa Mis BaKaHCii B KaTiOHHIN i
amionniit miarpatkax cnonyk A'VBY' Gyma moscrena
IUIAXOM YHCENbHUX PO3PaxyHKIB IX €HEepreTHYHOIo
cnektpy. Bunanenus atoma A i3 crionyku 3a0upae Jipa s-
PIBHI 3 BAJICHTHOI 30HM B 30HY MPOBIIHOCTI i OJIHOYACHO
YOTHPH €JIEKTPOHM 3 Kpucrana (aBa s 1 1Ba p).
EnexTpoHHI p-piBHI aHIOHa NP LBOMY 3aJHINAIOTHCS Y
BAJICHTHIM 30Hi, BHACIIJOK YOro B HiM 3'SBISIOTHCS JBi
Iipku. Y TOH ke 4ac BUIAJICHHA aToMa B i3 cromykw
3abupae BICIM €NEKTPOHHMX PIBHIB 3 BAJICHTHOI 30HHU
(mBa s i OIicTh p) B 30HY MPOBIAHOCTI 1 OHOYACHO LIICTh
€JIEKTPOHIB 3 KpHcTana (IBa S 1 YOTHPH p), a /IBa 3aiiBi
CJICKTPOHNU 3 BAJICHTHOI 30HU MEPEXONATh Yy 30HY
MpOBiAHOCTI. TakuM YMHOM, BIIaCHI CHEPreTHYHi piBHI
BakaHCIi MeTaly 1 XaJbKOTeHy pO3TallOBYIOThCS Y
BaJCHTHIM 30HI 1 30HI MPOBIAHOCTI BIAMOBIAHO.
BifcyTHICTh BIONOBIAHUX JOHOPHHUX 1 AaKIENTOPHHX
piBHIB y 3a0OpOHEHIN 30HI CIONYKH MiJATBEPKYETHCS
BIZICYTHICTIO "BUMOpPOXXYBaHHA" HOCIiB CTpymMy B
KpHUCTaJlax Npy HU3bKHUX TemrepaTtypax [5].

I11. Kpucrajaoksa3zixiMmiuHuii onuc
HecTeXioMeTPUYHHUX JdedeKTiB

B ocHOBy Merony TOKIAACHO CYIEPIO3HII0
KBa3iXiMi4HOT (OPMYJH CTEXIOMETPUYHOIO  CKIAIy
TeNypHUIy Geg, Tef,
KPHUCTAIOKBA31XIMIYHUM KJIACTEPOM [6].
KpucranokBazixiMiuHUi KJacTep OTPUMYETHCS
HAKJIQJIAHHAM ~ @HTHCTPYKTYpH TepMaHiil  Tenypuiy

Ge Ve 3 KPHCTAIOXIMIYHMM CKJIAJOM [JAHOI CIIOJIYKH.

repMmaHii i3

3apsan nedeKTiB TTO3HAYAFOTHCS HACTYITHUM
cuMBoamMu: X — HEUTpaibHUU, ® — H03I/ITI/IBHI/II‘/'I,/
HETaTUBHHM, KIUIBKICTh 3HAKiB BIAMOBiZa€ KpPaTHOCTI

10HI13aril.
3amumeMo KpHUCTAIOKBa3iXiMidHI PIBHSHHS
YTBOPEHHSA nedexTHol HiJICHCTEMH y

HECTEXIOMETPUYHOMY repMaHiil Temypu/i.

Hancrexiomerpuunuii  Tenyp y KpucramigyHoMmy
GeTe Moxe n00ynoByBaTM aHIOHHY  HIiArpaTrky
(mexaHi3M A[), abo BKOpIHIOBaTUCS Yy TeTpacapUuHi
MOPOXKHMHM IIUIBHOT YHakoBKM artoMmiB ['epmanito
(MexaHi3M Ap).

Jns mepmioro MexaHi3My Yy BHIQJKY 1CHYBaHHS
TITBKH TBO3APSIHHUX BakaHCil ['epMaHito aHTHCTPYKTYpa
CTEXiOMETPUIHOTO epmaniii TeNypULY
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Vi, Vi, YTBOpIOE KiacTep 3 BaKaHCIAMM B KaTiOHHii
MiATPAaTI:
" . 0 __ " .
Vi V1. +Te" =V Ter.. (3)
[Ipu cymepmo3umii oOTpUMaHOTO KJIacTepy i3

KBa3iXiMIYHOIO (POPMYIIOI0 CTEXiOMETPUYIHOTO CKJIaIy
OTPUMAEMO

1- oc)GeGeTeTe + oV TeTe)
= (Gel_qv(:’)Ge (Tel—aTea )Te =
=(Ge V"), TeX +20 h'.

TaxuMm dmHOM,

“)

Hagumok  Temypy oOyMmoBiioe
Ge b
BIMIOBIHO, AaKIENITOPHUX PIiBHIB, 0 € MPUYUHOIO
JIPKOBOT MPOBIIHOCTI, TOOTO, MaTEpialy p-THUILY.

IMpu  Bropinenni Temypy y  TerpaeapuuHi
NOPOXKHMHM  LIUIBHOT YNakoBKM artoMmiB ['epmanito
kpucraniuHoi rpatkun GeTe OyzmemMo Maru BiANOBiTHO
PIiBHSIHHS:

Ve Vie +Te" = V(, Vi (Te)

YTBOPEHHS] BaKaHCId y KaTiOHHIM migrparii

a- (x)Ge
= (Ge?_a\/& )e(Ter o Vo) te (Tea ).

Sk OaynMo, BKOpIHEHHsS HEHTpaJbHUX AaTOMIB
Tenypy B TerpaenpuuHi MycToTH Miarpatku [epmaniro
NPU3BOAMTH 10 TOSBU 5K KAaTIOHHUX, TaK 1 aHIOHHUX
BakaHCiii. OHaK, Take BKOpPIHEHHS Iepeadavyae 3HaYHi
npyxHi  nedopmanii TrpaTK, BHUKIMKaHI PpI3HHULEIO

Te +ocV V TeX).)=
Te ( Te( )) (5)

po3mipiB aroma Temypy 1y, =1,64A 1 Terpaenpudnoi

MyCTOTH miarpatku repmanio (15, =0,274 A), wo
NOBUHHO O BUKJIMKAaTH 3POCTaHHS Iapamerpa TpaTKu
cnonyku GeTe, 4oro He CIOCTEPIraeThCs.

KpiM po3riIsiHYyTHX BHIIAJKIB HAICTEXiOMETPHYHHI
Tenmyp Moxe yTBOPIOBATH 1 aHTHCTPYKTYpHI Je(eKTn —
atromu Tenypy 3aiimarors nosumii I'epmanis. Toxi

0 Vi +Ted =Te! Vi,
(1-o)Ge, Tet, +o(Tel, Vi) =
= (G, Te! o (T} o Vo e =
N (Gei(_aTez)G (Te Vo), +2ae.

Crae OYEBHIOHUM, IO AHTUCTPYKTYPHUH aedexT
MPU3BOOUTE 10 YTBOPEHHS [OHOPHUX PpiBHIB i
00YMOBJIIO€ €JIEKTPOHHY TIPOBIIHICTH Marepiany, M0
3amepedye HasBHI eKCIepUMeHTanbHi jgaHi. OpjHak
YTBOPEHHS TaKoro Ae(eKTy He BUKIIOUEHE y BHIIAJKY,
KON B KAaTIOHHIM MiArparii HasBHI BakKaHTHI BY3JU

I'epmaniro.
Temep po3mIfHEMO IpoLeCH  CaMOJEryBaHHA
lepmaniem. VY 1poMy BHUIIAAKy, HaiiMOBipHimIe,

3alOBHIOIOTHCS BaKaHCIi y KaTIOHHIM miarparmi i
JIETYIOUMH KJTACTep 3aIUIICThCS Y BUTIISI:

Vi Vi, +Ge® =Gel, Vi (7)

Toxi KkpucTanokBa3ixiMidyHe pIBHSHHS YTBOPEHHS
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IeeKTiB MaTUMe BHTIIS!

(1—13)[(6e>< GeTeTe)+B(Gels, Vi) —

—(Ge (1_[3) "ﬁ)&(Tef_BVE)Te - (®)
(G (T, Vi), +2Be’.
Sx BugHo 3 piBEaHb (7) 1 (8), Iepmanii,

3aIlOBHIOIOYN KaTIOHHI BakaHCIi 00YMOBIIIOE€ YTBOPEHHS
JOJATKOBUX BakaHCIH y miarparui Temypy 1 BUIBHHX
CJIEKTPOHIB.

OnHak, SIK TOKAa3yIOTh pe3yJbTaTH EKCIEpHUMEHTY
(puc. 3, a), Ha OAHY KaTiOHHY BaKaHCIIO MPUIIAAA€E OUTBII
K IIBA HOCIi 3apsmy, IO CBITYHTH NMPO HASBHICTH HE
TITBKH IBO-, aJie ¥ YOTHPHU3apSAIHUX BakaHCiH [ epMaHis.

ToMmy, BpaxoByluHM eKCHEpHUMEHTANbHI  JaHi,
PIBHSIHHSI €JIEKTPOHEHTPAIBHOCTI 1 CTPYKTYPHY YMOBY
(KUTBKOCTI  CTPYKTYpHHX €JIEMEHTIB B KAaTIOHHIH 1
aHIOHHIHM MiArpaTkax MOBMHHI OyTH piBHI), IEpENUILIEMO
(hopMyIly aHTH CTPYKTYPH y BUTIISII

Ve Vi & (Vi Vo, Viz + 2xh”. ©)

Tomi neryroumit  kmactep Temypy, 3a yMOBH
pearmizamii MexaHi3My JOOYIOBH aHIOHHOI MiATPaTKH,
MaTUMe BHTIISA]

(V) V5. Ve +2xh" + Te’ <
”n " (1)
< (VL Vi Tel, +2xh°,
a KpUCTAJIOKBa3iXiMiuHe PIBHSHHS YTBOPEHHS TOUYKOBHX
nedekriB
(1-a)Geg, Ter, +a [

= |:G€;( (IV(I -X)o

Tyr « BIIXWIICHHSI BIJl cTexioMerTpii, sKe
BIJITIOBiJ]a€ aTOMHOMY BMICTY HaJCTEXIOMETPHUHOTO
Tenypy B  cmomyui. BpaxyBamns  nBo-  Ta
YOTHUPU3APSIIOBOTO  CTaHy  BaKaHCIH  Jae  BHILY
KOHLICHTpAIIII0 HOCIiB 3apsily, HDX Yy BHUIAIKY TUIBKH
JIBO3apsAIHUX BakaHCiH [ epMaHis.

Ipu camoJeryBaHHi I'epmaniem
3aIOBHIOBATUMYTHCS BaKaHCI1 y KaTIOHHIH miarparii, mo
OIUCYBaTUMETHCSI PIBHSIHHSIMU:

(V! V. Voo +2xh* +Ge’

(10)

(VL VTG Teft +2xh” |

I-x "x

an

nn
ax

] Te, +2a(l+x)h".

v e (12)
< (Ge,_,Ge , )g, Vre +2xh°,
(1-B)Geg, Tey, +Bl(Ge,_,Ge, g, Ve +2xh"] =
[ GeiyGelnpGep, | (Tel Vi re +28xh" < (13)

& Gel (Te} 5 Vs )re +2Bxh® +2B(1+ x)e"

Tyt mpm mOBHiM BiICYTHOCTI KaTIOHHMX BaKaHCIi
Ma€eMO YTBOpPEHHS IOJATKOBMX BaKaHCIH y mimrparmi
Temypy, a TakOX BUTBHHX €IEKTPOHIB, 0 KOMIICHCYIOTh
JIPKOBY MPOBIIHICTh BUXIHOTO MaTepiaiy.

Bucunoskn

l. Omnmcano (hizuko-xXiMivHi BIIACTHBOCTI
repMaHiif TeIypuay B 006JIacTi TOMOT€HHOCTI.

3arpornoHoBaHo KPHCTAIOKBA3iXIMIYHI
PIBHSIHHSI JIJIsl HECTEXIOMETPUYHOTO TepMaHii



(2]

[3]
[4]

[6]
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TeNypuAy i3 HaIKoM Temypy, a Takox 3aIOBHIOIOYH BiJIbHI KaTiOHHI BY3JH 1 THM
IS IPOLIECiB caMoJieryBaHHA [ epMaHieM. CaMHM 3MEHIIE KOHLEHTPALil0 OCHOBHHX
[Nokazano, mo HaacrexioMmerpuunuii Temyp HOCITB.

NP BXOJDKEHHI y KPHUCTAIIUHY TpaTKy SIK

CTEX10METPUYHOTO, TaK i ABTOpH BHUCIIOBJIIOIOTh BISIYHICTh
HECTEXIOMETPUYHOTO TEepPMaHIll Telypuay, B npo¢. @peiky .M. 3a IIOCTaHOBKY pooeMu
OCHOBHOMY, NOOYIOBYE aHIOHHY MiIrpaTKy, JOCTIIKeHb, OOTOBOpPEHHS OTPUMAaHHMX pPE3YJbTaTiB Ta
YUM 3YMOBIIIOE TIOSIBY BaKaHCIH y KaTiOHHIHN I[iHHI 3ayBa)KCHHSI.

MIATPATIN 1 3POCTaHHS KOHIICHTPAIlIT BUTBHIX

HOCIIB 3apsiy p-THITY.

I'epmaniif, BXoms4Mm B HECTEXiOMETPHIHUI HOpuuwun JI.JI. — acuipast kadenpu ¢izmkm 1 Ximil
GeTe, mposBIsie MOHOPHI  BIACTHBOCTI, TBEpPZIOTO TiNa.
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Crystal chemistry formulas for non-stehiometry p-GeTe with surplus of Teluru on condition of formation two-
and four charging vacancies of Germanium VGZQ, VGt are offered. Defective subsystem is analysed at selfalloying

Germanium. On the basis of comparison results calculation of dependence concentration of charge current from the
size of deviation from stochiometric composition with an experiment is done a conclusion about the dominant defects
of points.
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