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Beryn

ToukoBi JgedekTH BU3HAYAIOTH OCHOBHI €IEKTPHYHI
Ta (POTOEICKTPUYHI BIIACTHBOCTI HAIMIBIIPOBIIHUKOBUX
Marepianis. Tomy BaKJIUBOIO 3aauero
MarepiaJio3HaBCTBa €  BH3HAYEHHS  KOHLEHTpAIil
nedekTiB, Ta BCTaHOBJEHHS X BIUIMBY Ha MapamMeTpu
KpHCTAJIiB.

JedextHa  mimcucreMa  KpUCTaliB  IUIIOMOYM
TENYpUIy € JIOCUTH CKiIangHoro. He nuBisumch Ha Bke
JOCTaTHBO TPHUBAJI SK YHCTO TEOPETHYHI TOCIiIKCHHS
[1], Tak i ka3iximiuHUit aHANI3 [2-6] CTPYKTYpH TOYKOBHX
nedexTiB me i 3apa3 HeMae €IUHOI TYMKH BiIHOCHO
BUAy Ta EJNEeKTPUYHOI aKTUBHOCTI BIACHHX AaTOMHHUX
nedexroB y mmomMOyM Tenaypuai. Haiibinein iimMoBipHO,
PbTe  xapakrepusyeTbCcs  HAsBHICTIO  KOMIUIEKCY
TOYKOBUX Je(eKTiB pI3HOrO 3apsiOBOrO0 CTaHy y
KaTIOHHIN MiJrpaTii.

Meroro nanoi poboTtu Oyino po3paxyBaT Ae(eKTHY
CTPYKTYpy  O€3IOMINIKOBHX  KPHCTANIB  IUTFOMOYM
TENYpUIY METOJIOM TEPMOAMHAMIYHMX HOTEHIIaTiB 3
BUKOPUCTAHHSIM TEOPETUYHO PO3paxoBaHHX
S€HepreTUYHUX TMapaMeTpiB Oe]eKTiB Ta TOSCHUTH
eKCIIepUMEHTANBHI  3aJIe)KHOCTI KOHIIEHTpAIlii HOCIiB
3apsagy BiJl TEXHOJIOTIYHHUX (dakTopiB
JIBOTEMIIEpATYPHOTO Bixmamy (Temmeparypu Biamamy 7,
HapiaibHOro TUCKY IapH KOMIIOHEHTY £, ).

Bukopucrannit y poboTi MeTo po3paxyHKy paHilie
YCIIIIIHO ~ 3aCTOCOBYBAaBCS  JUIi  ONMCY  IIPOIECIB
camokommnercaii y crnomykax A'B° [7,8]. Ommax mpu
ObOMY HE BpaxOBYBAIACH OapW4HI  3aJIe)KHOCTI
KOHIIEHTpaLiil Ae]eKTiB i BUIbHUX HOCI{B 3apaxy. Merox
TEPMOJWHAMIYHUX IIOTCHIIANIB 3aCTOCOBYBaBCSA 1 [UIA
omuCy mporeciB jgeekToyTBOpeHHs y cromykax A’B°
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[91.

B naniit po0OoTi po3misganacs MOJCIHb ATOMHHX
nedekTiB, sfKka rmependadae OHOYACHE ICHYBaHHS SIK
OJTHO3APSTHUX, TaK 1 JBO3APSIHUX MIKBY3JIOBHUX aTOMIB

+ 2+ (3 —
Imrombymy Pb7, Pb7™ 1 Bakanciit Ilmombymy V,, ,

2—
Vi

I. TepmoauHaAMIYHMH MOTEHIiAT
KpHCTaIa

PiBHOBa)kHI KOHIICHTpALii TOYKOBUX He(PEKTiB ¥y
KpHUCTalIi TpPH [OBOTEMIEpaTypHOMY Biamani Oymemo
BHM3HAYAaTH 3 YMOBHU PIBHOBaru B I'eTEPOTCHHIN cUCTeMIi
TIpH 3a1aHuX THCKY P 1 Temmepartypi 7, KOO € piBHICTB
XIMIYHUX TOTEHNIaNiB KOXXHOTO KOMIIOHEHTY y BCiX
(hazax cuctemu:

1= M

abo

dG; /dN? =dG§ |dN§ , 2)
ne G°, N, G5, N®* — tepmoamHamivHi moreHrianmm ['ioca i
KOHLICHTpAL[I] YaCTUHOK y KPUCTaJi Ta Ta3i BiIIOBIIHO, i
—Pb, Te.
Enepris ['i0ca kpucrana

G=U, +Z(E+Fvib)[D] +nEk. - pE,

-T(S,+S,+5;)
ne E — eHTasbllisi YTBOPEHHS HEHTPaJbHOrO NedeKTy,
Fop BilbHA KoyWBHA eHepris nedekry, [D]
KoHIeHTpalii nedpekry D, n Ta p — KOHICHTpAIii
CJNIeKTPOHIB Ta [ipoK, Ec, Ey — eHeprii AHa 30HH
NPOBITHOCTI Ta BEpXy BalIeHTHOI 30HH, S

b (3)
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koH(Dirypaniiina enrtpomis, §, Ta S, — eHTpomnisa
€JIEKTPOHIB y 30HI IMPOBIIHOCTI Ta JIPOK Yy BaJEHTHI
30Hi.

CyMyBaHHsI BelIeThCsS 10 BCIX MiArpatrkax i BCiX
nedexkrax y miarparui. Ewxeprii  omHOkpaTtHO Ta
JIBOKPaTHO HOHI30BaHMX JAe(EeKTIB BH3HAYAIOTHCS 32
hopmynamu:

Z

2] 2]
ne Z — 3apsanoBuil ctaH nedeKTy, &, £ — MEPIIUd Ta
JpyTHi piBHI HOHI3alil yTBOPEHOTo AeheKTy.

Enrpomniro Bu3Ha4yanu 3a 3akoHOM bonbimana:

Sy =kIn([[W,)=2kIn(W;)=3.S,;, 5)
ae W, — tepMoaMHaMiyHa HMOBIpHICTb j-i HiArpaTkH.
JIyist miArpTKY 3 KiTbKOMa PI3HUMH BHIAMH J¢(EKTiB:
¥l

W, = - ,

(/- 2Z[DDH D]
ne J — KOHLEHTpallis BY3JIB y SIKUX MOXE YTBOPHUTHCS
nedekr. dopmyna (6) 3HAYHO CHOPOIIYETHCS SIKIIO

E =E &; E,=E——(§ +¢,), 4

(6)

BUKOpHCTaTH HaOmmwkeHy ¢opmyrny Cripimiara mis

¢axropiany: x!~x*e .

Jdnst  enekTpoHIB Ta  JAIpOK  TEPMOAWHAMIYHI
HMOBIPHOCTI JJOPiBHIOIOTb:
N¢! Ny
W":—CH’WP:—VH’ (7
(N, —n)!n! (Ny —p)'p!
ze
)7 _;H—Eg

n=N.*  p=Nye | ®)
N¢, Ny — TycTHHa CTaHiB y 30HI IPOBITHOCTI Ta y
BaJICHTHIN 30Hi BiANMOBinHO, E, — MIMpHHA 3a00POHEHOI
30HH, M — XIMIYHHM TIOTEHIIAN eJIeKTPOHIB, SKHA
BiJpaxOBYBAJM Bifl IHA 30HM MPOBITHOCTI, 1 BU3HAYAIH 3
PIBHSIHHSI €IE€KTPOHEHTPAIBHOCTI:

s 7,u+Eg
kT kT — z
Nce™ —Nye =2.Z:[D7], ®
CyMyBaHHS BEIEThCSI TIIBKH 10 HOHI30BaHHUX

nedexrax. Tomi:

> Z[D1+ (X Z[D])? + 4N N, exp(-E, / kT)

M =kT In (10)
2N,
Ximiuauii moreHmian aedekTy, M0 JIOpiBHIOE IUsIXoM  audepeHnitoBanHs  eHeprii  [i6ca 1o
XIMIYHOMY IOTEHIIaJly KOMIIOHEHTY B3STOMY 3 3HAKOM KOHLIEHTpaIlil nedekTiB.
«+» abo «-» B 3aJIEKHOCTI BiA TUITY AeeKTy, BU3HATAIH
J - D E - E T-Z
W, =H,»—len[£J+ n[—c—ln(MD+ [—V+ln( 4 ”D k-2, (11)
’ (D] kT n kT p J(SZ[D])} +4N.N, exp(-E, / kT )
Ximiunuii moteHmian razy [10]: pO3B’S3yBany  LUIIXOM  MiHIMI3alil  KBaJpaTW4HOL
u =kTInP+p,. (12) (dyHKUIT Bl HEB A30K:
Jlnst oHOaTOMHOTO rasy Pb: Ly = X (up, — uf)?. (15)
3 % Koopmunatamun ~ miniMymy — QyHKOl  Lygy €
Mo = kKT(=In(kT) +In(h” /(27mkT)?)) . (13) pIBHOBaXXKHI 3HAYeHHS KOHIICHTpALili MeQeKTiB MpH
st nBoaToMHorO raszy Te,: 3agaHuX THCKy P Ta temmeparypi 7. sl 3HaXOMKEHHS
3 KOHIICHTpAII EIEKTPOHIB Ta MipOK BHUKOPHCTOBYBAIH
Ho =kT(—In(kT) + In(h> /(2mmkT)? ) + (14) dopmynu  (8), Oe XIMIYHMH TOTEHI[a]l eJNeKTPOHIB

+1In(h* /872 IKT) + In(hv / kT))

m — Maca aToma a6o Monekyn, I = ml’ — MOMeHT iHepuii
MOJIEKYNH, / — BiJCTaHb MDK SApaMH MOJICKYJIH, V —
BHYTPIIIHS YacTOTa KOJIMBaHb MOJICKYJIH.

TakuM YMHOM MU OTPUMAJIH CUCTEMY DPIBHSHB THITY

s _ 8
T up = 1
KOHIIEHTpaIlii JeeKTiB. 3a1aua 3HAXOHKEHHS PO3B’A3KY

CUCTEMH PIiBHSHBb CKBIBaJCHTHA 3a/1a4i MiHIMI3aIlii Oyab
AKOi 3pocTarodoi (YHKIIT Bix aOCOMIOTHUX BEIHYNH

ISt 3HAXOKEHHS PIBHOBa)KHOT

HEB’ 130K ‘i yj")‘_ - yig‘ [11]. OcHOBHHM KpHTEpieEM HpHU

BuOOpi 1mie€i  ¢QyHKOii € mBUIKICTH  30DKHOCTI
iTepamiifHoro mpolecy NpW YHUCETFHOMY BigIIyKaHHI
MiHiMyMy. ToMy OTpHMaHy HaMH CHCTEMY piBHSIHb

299

BU3Hauau 3a popmysoro (10).

OCHOBHMMH aTOMHHMMH Ae(eKTaMu
OTHOKpPAaTHO Ta JIBOKPaTHO HOHI30BaHi
MiXBY3JI0Bi aToMu [LimromOymy: Vp,, Pb;.

Takum 9iHOM Ly € QYHKIIIEIO YOTUPHOX 3MIHHHX.
KonuBHa BitbHa eHeprist ocumisiTopa 3rigHo 3 [12]
IIPY BUCOKHX TeMIIEpaTypax CTAHOBUTE:

BBaYKaJIA
BakaHcii 1

T,
F,p =3kT'n| =% | —kT . (16)
T
Tobto yrBOpeHHs ne(eKTy, MiXKBY3JIOBOTO aToMa 4u
BaKaHCii, Mpu3BeAe OO 30UIbIICHHS a00 3MCHIICHHS
KOJIMBHOI eHeprii kpucraja Ha BenmuuHy (16). Kpim
TOTO, aTOMH B OKOJNi Ae(eKTy 3MiHATH YacTOTY CBOIX
KONWBaHb. BBakaTUMeMoO, IO YTBOPEHHA BaKaHCIi



B.B. IIpoxkormis

Ta6auns 1
[MapameTpwu, 1110 BUKOPHCTOBYBAJIKCH MPH PO3PAXYHKY
E, eB & eB & eB X /Mg
Ve 1,32 [2] E+0,01[13] | E*0,01[2] 6 0,365
Pb; 1,15[2] E.-0,01[13] E.-0,01 [2] 6 1,85

301IbIIIy€e, a YTBOPEHHS MIDKBY3JIOBOTO aroMa 3MEHIIYe
YacTOTY KOJMBAHb aTOMIiB.
3MiHa BUTBHOI eHeprii mpu 3MiHI YacTOTH KOJMBAaHb
CTAQHOBHTb:
1)
AF,, =x-3kT In| — |, (17)
@
J€ X — KUIbKICTh aTOMiB IO 3MIHWJIM 4YacTOTy CBOIX
KOJIMBaHb.
Toni moBHa 3MiHA KOJMBHOI BUTBHOT €HEPTII:

Fy = 3kT 1n[T—9] — KT +x-3kT 1n(ﬂj . (13)
T (O

3MiHA YaCTOTH KOJIMBAaHb aTOMIB (3] BHOHpaIach

0
TAKUM YHHOM, 1100 OTPUMATH HAWKpalle Y3rOKeHHS
PO3paxoBaHUX KOHIEHTpAIli BITBHUX HOCITB 3apsay 3
eKCIIepPUMEHTAIBHO BU3HAYCHUMH 3HaUYSHHSIMH (Taom. 1).

II. Pe3yabTaTi T2 00rOBOpPEeHHA

BukopucroByroun BuBeneHI (GOpMyIHM IPOBEIEHO
pO3paxyHOK KOHIICHTpAIlii TOYKOBUX JAe(dekTiB Ta
BUTBHHX HOCiiB 3apsimy B PbTe y 3amexxHocTi Bix
TeMrepaTrypu Bimnmamy 7 Ta MapHialbHOTO THCKY IMaph
Tenypy b, . BemuunHy, o BHKOPHCTOBYBANHCH IS

pPO3paxyHKy  HaBEJCHO Y
MpezCTaBlieHi Ha pucyHkax 1-3.

Sk BuaHO 3 puc. 1, TeopeTnyHO BU3HAYEHA OapH4Ha
3aJIeXKHICTh XOJUIIBCHKOT KOHIEHTpalii BUJIBHUX HOCIIB
3apsily ny 3allOBUIBHO OIMCYE EKCIIEpUMEHTAIbHI AaHi
JUISL pi3HUX TemIiepaTyp Bianary kpuctaiis PbTe.

Tabn. 1.  Pesympratu

lg(nlh CMJ)
19,51

191
18,51

181
17,51

17

4 3 2 - l'g{Pm I1a)

Puc. 1. 3anexHicTh XOJUTIBCHKOI KOHIEHTpALii BLTBHUX
HOCIiB 3apsdy #ny BiI TapUiabHOTO THCKY MapH
TenypyPTeZ (A-T=973 K, J-T=1053 K, ¢ -T=1123 K

[2D).

30inblIeHHS MapLUiaIbHOTO THUCKY NMapu XaJlbKOTeHY
(puc. 2), AK 1 3HWKEHHS TeMIIepaTypHu Bimany (puc. 3),
3YMOBIIIOIOTH TOIIOJIOTIYHO 1IEHTHYHI 3MiHM: Ha NEPIINX
eTanax Mae Miclie 3MEHILICHHS KOHIEHTpAIlii eJIeKTPOHIB,
B JaJBHIMIOMY BiqOYBa€ThCS iHBEPCis MPOBIAHOCTI 3 n-

Ha p-TuN (TEPMOJUHAMIUYHUN n-p-TIepexia) 1 mopanblie
3pOCTaHHs KOHIICHTpALii Aipok (puc. 2,3).

JomiHyrounM DOHOpHUM AedeKTOM y MaTepiami n-
TUMY, 3TIOHO 3 pPe3yNbTaTaMd HaIIUX PO3PaxyHKIiB, €
JIBOKPATHO 3apsHKEHUI MDXKBY3II0BHHA aToM [LmroMOymy
Pb’*. 'V wmarepiani

fionizosana Bakaucis [LiromMGymy V.

p-TUIYy  JIOMIHYE JIBOKpaTHO

lg(n, p, [D], em™)
18,51
18 -
17,51
17 A
16,51

16 ——
45 -4

2,5 1g(P,, Ma)

Puc. 2. 3anexHIiCTh KOHIEHTpAIlii TOYKOBUX Ae(eKTiB
Pb, Pb’*, V, , Vs , €NeKTpOHiB 1 Ta HipoK p Bis
TUCKY mapu tenypy £, mpu T=973 K.

lg(n, p, [D], em™)

18,51
18
17,51
17 1

Pb> Pb,
16,51 i
16 T T T T
0.87 092 097 1,02 1000/T,K'

Puc. 3. 3anexHIiCTh KOHIEHTpAIlii TOYKOBUX Ae(eKTiB
Pb", Pb*, V,,,
TeMIlepaTypy BIAIANY NIPU THCKY Lapy Telypy b, =102
Ia.

V2, eNeKTpOHiB n Ta JipoK p Bif

Bucunosku

Meronom TEPMOANHAMIYHHIX MOTEHLIAJIIB
pO3paxoBaHO KOHIEHTpalii TOYKOBUX JedeKTiB Ta
BUIBHUX HOCIiB 3apsny B kpucranax PbTe B 3anexnocti
BiJI TEXHOJIOTIYHMX MapaMeTpiB JIBOTEMIIEPATYpHOTO
Bianmany (remmeparypa Bigmany 7, HapuiaJbHUH THCK
napu reaypy b, ).

BcraHOBIIEHO, M0 JOMIHYHOYMM  JOHOPHUM
IeeKTOM B MaTepiaji n-TUIY € IBOKPATHO 3apsIKeHHHA

MixkBy310Buii atom [LiromGymy Ph’". B matepiani p-
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TUIy JOMIHY€ JBOKpPAaTHO HOHiI30BaHa  BaKaHCIA

[mom6ymy V.

IIpoxomis B.B. (Mo11.) — acniipant kadenpu ¢izuku i

PoGora BuKOHYETBCS B paMKax KadeIpalbHOro XiMii TBEDITOTO TiNAa.

npoekty (peectpauiiiauii Homep 0107U006768).

[1]
(2]
(3]
[4]

[3]

[7]

(8]
(9]

JI.M. 3astuyk, B.A. IllennepoBchknit Bruacui nedextu ta enexrponni nporecu B A'VBY' // V@K, 36. 11. cc. 1692-
1713 (1991).

M. @peik, B.B. IIpokonis, M.O. Nanymak, M.B. ITum, I'.JI. Mareik. Kpucramoximis i TepMoarHaAMiKa aTOMHAX
JedeKTIB y CroiyKax A*B®. ITnait, Isano-®pankisesk. 164 ¢. (1999).

M.A PysBincekuii, JI.M. @peik, b.M. Pysincekuii, I'.JI. Mateik HoBi migxoan y KpucTaiaoximil BIaCHUX TOYKOBHX
neeKTIB XanbKOTeHIIB CBUHINO // Dizuka i ximisi meéepdoeo mina . 1(1), cc. 125-130 (2000).

M.A. PyBunckwuii, J[.M. @peux, B.B. IIpoxornus, b.M. PyBunckuii O MexaHu3Me 0Opa3oBaHUSI M 3apsIOBBIX
COCTOSTHHSIX COOCTBEHHBIX aTOMHBIX Ae(eKTOB B IUIEHKAxX Teyurypuna cBuHUa // ITucema ¢ KTD, 26(5), cc. 6-11
(2000).

M.A. Pysunckuii, J[.M. ®@penx, B.B. IIpokorus, 5.M. PyBunckuii Bnustaue ycrmoBuii BeIpamuBaHus Ha Aedek-
THYIO TIO/ICUCTEMY B IUICHKAX TeJUTypuaa cBuHua // @omosnexmponuxa, 9, cc. 40-42 (2000).

M. Opeix, M.O.Tlanymak, JI.P.TaBmok, O.B.Kozuu, I'.JI. Mareik OcoOmuBocti peamizamii ckiagHol
Je(heKTHOT MiICUCTEMHU Y MOHOXaJIBKOTeHI1aX CBUHINO // Dizuxa i ximis meepooeo mina, 1(2), cc. 307-318 (2000).
B.U. Kaiinanos, C.A.Hewmos, IO.1.PaBuu. CamoxoMmneHcanusti 9JIEKTpUYECKH AaKTHBHHMX IpUMecei
coGerBennbME fedextamu B momynposogunkax A'VBY! // ®TII, 28(3), cc. 369-393 (1994).

J.M. Opeix A.M. Anypa Touxosi gepextn y miiBkax PbSe<Pb>:Bi, BupoleHnx mpu 3HaYHOMY MapLiaibHOMY
TUCKY CBUIO. Dizuka i ximisi meepooeo mina, 5(4), cc. 627-633 (2004).

B.B. Ilpokoris, I1.M. ®ouyk, 1.B. I'opiuok, €.B. Bepxak. Onuc nporieciB 1e(heKTOyTBOPEHHS Y 0€31I0MIIIKOBHX

KpHCTallaxX KaaMii TellypuIy METOJIOM TEPMOJMHAMIUHKUX MOTeHIIatiB // Dizuka i ximist meepdozo mina, 8(2), cc.
380-387 (2007)

[10] ¥O.B. Pymep, MLIIIL. PoiBkun. TepmoauHamuka, craTucTuyeckas Gu3nkyu 1 Kuneruka, Hayka, M. (1972).

[11] T. Kops, T. Kopu. Cnpasounux no mamemamuxe, Hayka, M. 831 c. (1977).

[12] B.T. Jleeuu Kypc meopemuueckoti pusuxu. T1, Hayka, M. (1969).

[13] B.II. 3momanos, A.B. HoBocenoBa P-T-x-ouazpammel cocmosnus cucmemsl memani-xarvkozen. Hayka, M. 207 c.

(1987).
V. V. Prokopiv (young)

Thermodynamics of Own Point Defects of Lead Telluride Crystals

Vasyl Stefanyk Prekarpathian University,
Shevchenko Str., 57, Ivano-Frankivsk, 76025, Ukraine, e-mail: prk@tvnet.if.ua

Dependences of concentrations of point defects and free transmitters of charge of PbTe crystals from the
technology factors of two-temperature annealing (temperature of annealing 7, partial pressure of Tellurium pair £, )

by the method of thermodynamical potentials are calculated. Types of dominant defects of n- and p-type of
conduction materials are determined.
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