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3anpornoHoBaHi MexaHi3Mu JedekToyTBopeHHs B miBkax PbSe i PbSe:Bi, Buporenux y BiikputoMy Bakyymi
Ha ckonax (111) BaF,. [Toka3aHo, 110 SIKIO Y YHCTHX IUTIBKAaX JOMiHY€ YTBOPEHHS MI>KBY3JIOBOTO CBHHIIIO; BaKaHCIH

CeJleHY, TO y JIETOBAaHUX — BICMYT y KaTiOHHIH (Bipb) 1 aHIOHHIHN (BiSe) MmiArpaTKax.

KoarouoBi ci10Ba: 1IiBKH, CENeHi ] CBUHLIIO, JIETYBaHHS, Ae(EKTH.

Cmamms nocmynuna oo pedakyii:05.10.2003; npuiinama oo opyky:19.05.2004.

I. Beryn

CerneHin CBHHIIIO ITpUBEpTaE 10 ceOe yBary B 3B’ 3Ky
3 BHUKOPHUCTaHHSIM Yy NPWIAJAOBHX CTPYKTypax, IO
(GYHKIIOHYIOTh B iH(pauepBOHil 00JACTI ONTUYHOTIO
cuexTpy [1,2] Ta TepMOENEKTPUUHUX IEPETBOPIOBaYaX
eneprii [3]. Bin kpucranisyerbcs 3 rpatkoto tuiy NaCl
i3 3HAYHUMH BIIXHJICHHAMH Bill CTEXiOMETPHUYHOTO
CKJIaay 1 ABOCTOPOHHBOIO OOJNACTIO TOMOTEHHOCTI [4].
OcTaHHE € TPUYMHOIO 3HAYHOI KOHIEHTpAIii BIACHUX
aTOMHHUX Je(EeKTiB i pIi3HOrO THUMY MPOBIOHOCTI [5].
Bicmyt — enement V rpymu Ilepiogndnoi Tabmmmi — 3a
CBOIM pO3MIIIEHHSAM BiZIHOCHO /IO CIIOJIYK AVBY! moxe
3aMil[yBaTH €JIEMEHTH K y KAaTiOHHIH, Tak 1 y aHIOHHIN
miarpatkax. BiH BIIHOCHTBCS JO p- CJIEMEHTIB i3
KOH(DIrypamiero BaTeHTHHX eIeKTpOoHiB 6s’6p>. Tomy
pO3MIIIYIOUMCh Yy  KaTIOHHIH miArpatrii  OCHOBHOL
MAaTpHUIIi, B SIKiii CBHHEI[b Ma€ SIIEKTPOHHY KOH(]Irypariro
6s%6p>, BicMyT Gyze eeKTHBHUM TOHOPOM. Y aHiOHHilH
niarparui — BicmyT aknernrrop (Te — 5s%5p*). AmdoTtepry
pOTB AOMIIIKK BicMyTy B IUTiBKax i kpucrtamax PbSe
MATBEpIKEHO B poborax [6-9]. 3apa3 3amumaeTbes
aKTyaIbHOIO Mpo0JieMa BH3HAYEHHS YMOB 3a SIKHX
BICMYT CTa€ JOHOPOM YH aKIENTOPOM.

Y npaniii poOOTI BUKOHAHO aHai3 MEXaHi3MiB
neeKTOyTBOpeHHs y IuliBKax PbSe B 3anexHOCTI Bix
TEXHOJIOTIYHUX YMOB IX BHPOIIYBaHHS Ta JIETYBaHHS
BICMYTOM.
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II. Meroanka ekcriepuMeHTY i
pe3yJIbTaTH

[TniBKM OJep)KyBajIM BiIKPUTUM BHIIAPOBYBAHHIM Y
BaKyyMi HaBaXKH i3 TIOPOIIKY Hamepel CHHTE30BaHOI
yrcToi croiykd PbSe, a Takox jeroBaHoi AOMIILIKOO
BicmyTty (0,075 aT1.%) 3rimHo [6]. B sKkocTi migkiamok
BUKOPHCTOBYBaIM CBiKI ckomu 1o tuommHi (111)
kpuctanis BaF,, Temneparypa skux 3MiHIOBajach B
intepBaimi  Tp=(500-650) K. Enextpuuni napamerpu
IUIIBOK BUMIpIOBAJIM TpX  KIMHATHIM  TeMmeparypi
KOMITCHCAIIIHHIM METOJIOM Yy TOCTIMHUX eNEKTPUYHHX 1
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Puc. 1. 3anexHiCTh KOHIEHTpAIii HOCIIB CTpyMy i
nedekriB y uncTux 1wiiBkax PbSe Bix Temneparypu

migxmanaku Ti. n,—1, [VPZb_] -2, [Pb;] -3, [VSZJ] -

4, @ — exkciepuMeHT [6].
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MarHiTHHX TOJISAX.

ExcriepuMeHTaNIbHI 3aI€KHOCTI KOHIICHTpAIlii HOCIiB
cTpymy 1riBok PbSe i PbSe:Bi Bin remneparypu
0CaDKEHHsI HaBeeHI Ha puc. 1 1 puc. 2 BiANOBIIHO.
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Puc. 2. 3anexHICTh KOHIEHTPALT HOCITB CTpyMy 1 nedekTiB y
neroBanux ItiBkax PbSe:Bi.Bix Temneparypu migknanku T
ng— 1, [Va ] -2, [Pb]] -3, [Big,] — 4, [Bi},] =5, [Var] —6.
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BumHo, mo xapakTep 3MiHH XOJUTIBCBKOI KOHIICHTpPALIii
JUISl JIETOBAHKX TUTIBOK (PHC. 2 — EKCIIEPUMEHT) CYTTEBO
BiJIPI3HSAETHCS BiJl HENETOBaHUX (pHC. | — eKCIIEpUMEHT).
Tak, 30kpemMa, [py BUCOKHX TEMIIEpaTypax OCaKEHHS
Tr= (550-650) K nniBku PbSe:Bi matoTs nipkoBy
MPOBIAHICTE (PHC. 2 — EKCIICPUMEHT). Y HEJICTOBaHUX
wiiBkax PbSe y upomy inTepani temmneparyp
CIIOCTEPIraeThCsl 3pOCTAHHSI KOHIICHTPALIT SNIEKTPOHIB
(puc. 1 — ekcriepuMeHT).

I11. KBa3iximMiuHi piBHSIHHSI YTBOpEeHHS
aToMHuX JedekTiB

MexaHi3Mu yTBOpeHHsI Je(eKTiB y IUIBKax, SKi
BU3HAYAIOTh 1X EJCKTPUYHI BJIACTHBOCTi, 3PYYHO
OMucaTH KBa3ixiMIYHUMHU PIBHSHHAMH 3a kperepom [10],
BUKOPHCTOBYIOYH 3aKOH JIIFOYHX Mac.

Yucri naisku PbSe. Jlepextnuii cran mwiiBok PbSe,
32  YMOBH pPIBHOB@KHOCTI IIPOIECY, ONHCY€ETHCS
CUCTEMOIO HACTYITHMX  KBa3iXiMiYHMX  DIBHSHb
(Tabmums 1).

Tyt peaxuist (1.1) mepexin ceneny i3 mapu (Se, ) B
By30J aHIOHHOI

migrpatku  (Se,,) 3 YTBOPEHHAM

HeifTpansHoi Bakancii cuniio (Vp, ), a peakiis (1.2) —

Taoauus 1

KBasiximiuHi peakuii, koncrantu pisHoBaru (K) yrBopenns nedekris y miiBkax PbSe

Ne Peaxmii Ko#ncranra
n/n
1 [Vi, ]
1.1 —Se) =Seg, +Vp, K, =
2 2 S Pb S Pslézz
Pb]-n
12 PbY = Pb; +¢ K,, = 0]
PPb
1.3 "0"= VO + VY, Kg, = [Va.I-[Vpy
B [Vsze+] . 1’12
1.4 Ve = Voo +2-¢ K, =35
S S [V ]
V2— 2
15 Vpy = Vi, +2-h* Kg=7[ "bgp
[Vee
1.6 "0"=e¢ +h* Ki =n-p
YTBOPEHHs. MDXBy3;0Boro cBuHLiO (Pb; ) Bimmosimao ey [Vl K, [VelK. KK,

. [VSe 1= 2 - 2 - 12 2
mpu Temreparypi ocamkeHas T,. Peakmii (1.3), a Takox n n K, - Ps., -n” @)
(1.4), (1.5) BigmoBigarOTh 3a PIBHOBAXHHUH CTaH ’

. C e . . . [VO]ZK (T)~P1/2'
nedekriB 3a llorTki 1 iX ioHi3auito. OcTaHHE PiBHSIHHS Pb Se Sey 2
(1.6) Bu3HaYae BIacHy MPOBIAHICTE. J[JIs I[HOTO BHUIAIKY o K,
PIBHSIHHS €JI€KTpOHEHTpaIbHOCTI Oy/ie MaTH BUTJISL [Vs]= K. .p~2 -

Se Sep

n+2:[Vp 1=p+2:[Vg/ ]+ [Pb]] (1)
Cucrema piBasHp (1.1)-(1.6), a Takox (1) mae
MOJKJIMBICTh 3HAMTH BUpPa3H ISl KOHIEHTpAIii Je(eKTiB:
VRl Ky KR Ky KR K

2— Se Se 2,
[VPb ] - pz p22 KIZZ n ;
[Pb+] — l:’Pb ’ KPb .
1 n b

Konuenrparito enekTpoHiB 3HalAEMO, ITiACTaBUBIIN
y piBHSHHS eJeKTpoHeiTpanbHocTi (1) 3HaleHi Bupasu
JUTA KOHIIEHTpaIlii JedeKTiB yepe3 KOHCTaHTH PiBHOBaru

1 mapujianbHuii THCK napu ceneny Py, (2):

K. .p2.K/ K.
p._Se Sep b2 M

Sep

2.
K’ n K, Py -n? n

1

n+
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Taoaunsa 2
HaueHHs KoHCTaHT piBHOBarn K = K exp(— 1 eHTaIbIIN TBOPEHHs IeheKTiB [uIst e
3 pi K = K exp(-AH/KT) i iif (AH) yTBOp i PbS
Ne Koncrantu K, AH, eB Jlirepatypa
n/n
[V
1.1 se = Psﬁ;’ 1,57-10% 0,49 [4]
2
Pb/]-n
12 K,, =Loln 1,73-10” -1,82 [4]
Py,
1.3 Kg, = [Vl [V 6,71-10% 2,11 [4]
VZ—] . p2
K, =Vl P 4,5-10% 0,28
1.4 b [Vl?b s > [5]
V2+] . nZ
K, = Vsl 4,5-10% 0,28
1.5 a V] : > [5]
1.6 K,=n-p 1,13-10% 0,59 [4]
K, -P2 K] G 3HAaYCHHS KOHCTAaHT PIBHOBarM 1  CHTAJbIII
2'7522 n'+n’ _PPb'KPb'n_Ki'n_Z'iKSh.;%; =0.(3) yTBOpeHHs ne()eKTiB, sAKi HeOOXiaHi s IpPOBEIEHHS
i KseFsq PO3paxyHKiB HaBE/ICHO y TabIuIi 2.
Jleropani miBkn PbSe:Bi. /[lebextHuii craH . N,
. . . [Bi}, ] = Bi
neroBaHux miiBok PbSe:Bi, 3a ymoBu amdorepnoi nii Pb / 4
. . . K, -Kg, -Kgi'n
JOMIIIKK, KpiM Bulle HaBeaeHux piBHsAHB(1.1)-(1.6) 0 —+1
(Tabmuns 1) Oyne BU3HAYATUCS JOJaTKOBUM K. - Pse, - K;
KBa3ixiMiq3MM piOBHSIH_HSIMZ . oo [VS]=K,, Pslfz ;
Bip, + Vg, +¢ =Big, +V,, +h",
' 1[Bi [Ve]= s
K, = pond Blsc [P (1.7) TKeoRy
VSOe ' Bl;b ‘n 12 1/
. . . K. B K N..
BpaxoByroun piBHSIHHS €IE€KTPOHEHTPANbHOCTI Y n+2-—= 5622 P2y 1/2Bl ; =
BUIIAJIKY JIETOBAHUX IITIBOK K, Kse - Bse, - K; 1
n+2-[V31+[Bis,] = p+2-[VE1+[Bi ]+ [Pb{], (4) K, -Kq, Ky -0 »
OZIEPKHMO .HaCTyHHi BUPA3M JJIsl KOHLEHTpallil 1e(eKTiB K, Ky, K. Nj, P, Ky,
1 CIIEKTPOHIB (N): =—+2- P2 . ; . " .
o VRIK, Ko PO KL KooP K TR K K K,
[V ]: Pb b _ 2 — 2 n’: Ks 'PI/Z 'I<i3
" p’ p’ K.’ ’ ety
P K ' Ciin 3ayBakKUTH, IO NPH PO3pAaXyHKaX KOHCTaHTH
[Pb/]= “Pb MPb piBHOBar# yTBOPEHHS aTOMHHUX JIe(EKTiB JUIs IPOIECIB
n (1.1)-(1.7) BimmoBimaroTh TEMIIEpaTypi OCAIKEHHS
v [Ve.]' K, [Vl K, KK, mwiiBok. KpiM TOro, BBaXalw, IO BECh BiCMYT IIUXTH
Ve 1= a2 nr K, P2 .n*’ HepedllioB y IUIBKY 1 CTaB 1OHI30BaHUM, TOOTO
R I\eI °2 BUKOHY€ETHCS CITIBBIJHOLICHHS:
[Biée]=R7f‘19[B pl= R+fi ; Ny = [Bis ] +[Big, ] . (7
i 3 TepmonuHaMiuHUK p-n TepexiJ, MO Mae Micue s
e R = Kse P, - K wiiBok PbSe:Bi nmpu neBHOMy 3Hau€HHIO TeMIlepaTypu
K, ‘K, K -n' ocamkenns T, i KOHIEHTpALii BicMyTy Bi;e]* MOYKHA
-~ Ny po3paxyBaTH 3a YMOBH PIBHOCTI  KOHIEHTpaIii
[Bis. ] = K P2 K> ; EJIEKTPOHIB i JipoK (p = n).
Se  ~Sep i +1
K -Kg, -Kg -n*
Z_KSC(T:)'PSIQ K{D(T;) ) Ny _ KSl1(T;)K;(T:) , Ny; , PPb'KPb(T:).
K,(T) Ko (T)- P2 K, (T)) Ka(T) P KT K, (1) Ky (D) Ky (@) K(T)
K, (T)-Ka(T,) Ky (T) Ka(T)-B2 K, (T))
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[Bi;e ]* _ KSh (Tn ) ) Kg (Tn ) + l

[Bi[tb]* =Ny, _[Bi;e]* .
BpaxoByrooun, 10 XOJTIBCbKa KOHIIEHTPALs Ny, sKa
BU3HAYAEThCS HAa CKCIepuMeHTi (puc. 1; pwuc. 2), piBHa
n;=n-p, a Takoxk Te, mo 3rimHo (1.6) (tabmmus 1),
Ki;=n'p omepxumo Bupa3 /s ii po3paxyHKy Ha OCHOBI
KBa3iXIMIYHUX PIBHSHb:

n, = n[l - Ki(T“)/n]. )

IV.O6roBopenns pe3yJibTartiB
AOCJIiIZKeHb

PesynbraT poBefeHUX pO3paxyHKIB KOHIICHTpAIT1
nedekTiB 1 XOJUTIBChbKOI KOHLIEHTpALT HOCIIB CTpyMy JUIst
wiiBok PbSe i PbSe:Bi Bixg Temmeparypu ocamKeHHs
HaBeZleHO Ha puc. 1 1 puc. 2 BinnosigHo. BuaHo, mo s
yuctux 1wriBok  PbSe  (pumc. 1) migBumenHs T,
00YMOBJIIOE 3MEHIICHHS KOHLEHTpAIil Mi3BY3JI0BOrO
CBUHIIIO [Pbi*] Yy BChOMY IHTEpBaNi 3MiHH TeMIIEpaTypH
ocapkeHust (puc. 1 — xpuBa 3). Ilpm mpomy, sKIo
KOHIICHTpALisl BaKaHCIi CBUHIIIO 3MEHIIYEThCS 13
migsumeHssM T, (puc. 1 — kpuBa 2), TO BakaHCIl celeHy
3pocraioth (puc. | — kpuBa 4). I obnacti HU3BKUX
temrepatyp ocamkenHs T, = (500-570)K nominyrotsh
aToMHi Jae(eKTH, MOB’s3aHi i3 MIKBY3JIOBUM CBUHIIEM

Pb;, ki i
3MEHIIIeHHS] XOJUTIBChKOI KOHI[EHTpAIlii HOCIIB CTpyMy N

(puc.1 — xpuBal). B inTepBani Bucokux T, = (580-650)K
3pOCTaHHS 1, 0OyMOBIICHE, B OCHOBHOMY, DOHOPHUMH

BIJMOBINAJIbHI 332  CIOCTEPEKYBaHE

BaKaHCISIMH  CeElleHY [Vszj. Chig BIA3HAYWTH, IO
noHopHi gedextn — Pb i Vo' — mepeBakaioTh Haj

akienropauMu  (Vp, ) JUIA BCHOTO iHTEpBATY 3MiHM

s
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| - T T T
500 550 600 6501~n’ K
Puc. 3. 3anexHicTh IHTErpajgbHOro KoedilieHTa
[Vse 1+[Pb; ]
[Vey ]
wiiBok PbSe Bix Temneparypu miakimaaku Tio.

xomneHcaii  F, = JUIL  YUCTHX
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+lPPb 'KPb(Tn) _ KSe(Tn)'Pslg .K]/J(TH) .

w

; ®)

K (TR K(T) 2 " 2 K'™(T,)

Ki(T,)

TeMmmeparyp ocamkeHHa. Ha 1me, 3o0kpema, 1 Bkasye
3HA4YeHHS IHTEerpalbHOro KoedilieHTa KoMMeHcamii

(v ]+ [po: Vv | pue. 3).

VYV neroBanmx mmiuiBkax PbSe:Bi momiHyrounmm €
aTroMHi nedekTn, mop’s3aHi i3 momimkoro — (Big, ) i
(Bi,). Tlpu
ocamxenus T, =(500-550) K nmnepeBaxkae BicMyT y

BOMY, SKIIO MpHU TemIeparypax

KarioHHill miarparui (Biy, ), Skuit € goHOpoM (pHC. 2-
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Puc. 4. 3anexHiCTh IHTETPANTBEHOTO KOe(iIlieHTa KOMITCH-
2 .
[Vse 1+ [Bip, ]+[Pb;]
2, o—
[Vpy 1+ [Big,]
PbSe:Bi.Bix Temnepatypu migkragku T

camii F, = y JIETOBAaHUX IDTiBKaX
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L1 \
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T, K

T T
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Puc.5. 3anexHicTp mnapuiabHUX KOE(Iili€HTIB
[Ve] __ [Biy]

KoMIeHcamii F =—= —, E=—3fn —,
[Vpy 1+[Bis] [Vpy 1+[Big]

_[Pb]
[Viy 1+[Big,]
BiJl TEMITEpaTypH MigKIaaKy T

A I JieroBaHux IUTiBOK PbSe:Bi
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KpuBa 5), To mpu Oimpm Bucokmx T, =(560-650) K —
BICMYT y aHioHHil miarparui ( Big, ), fkuii € akientopom
(puc.2 — xpua 4). Konuenrpauis iHmuX JedekTiB

L R T T S T S o
o N o g~ W N P O P @

—
2!

Fy

R R -
550 600 650

al
o
o

Tn. K

Puc. 6. 3anexHICTh MapIiiaTbHAX KOSDIIEHTIB KOMIICHCAITIT
[V, ] [Bis.] -
[Ve: 1+[Big, ] +[Pb;1 ~ [Ve1+[Big, ]+ [Pb; ]

neroBaHux miiBok PbSe:Bi.Bix Temmeparypu migxmanku T,

4= 5 =

[V;;], [be] i [szb_ ] HE3HAYHA 1 BOHH KOMIICHCYIOTBCSL.

Hapeneni MipkyBaHHS MiATBEPIKYIOThCS 3HAYCHHSIMH
iHTerpansHOro (puc. 4) 1 mapmiansHOro (pwuc. 5, 6)
KoeimieHTiB  kommeHcamii. Tak, 30kpema, SKIIO
3HAYCHHS BiTHOIICHHS CHIIM BCiX TOHOPHUX Ae(EKTiB 110
aKIenToOpHUX (puc. 4), a TAKOXK iX MapIiagbHiI 3HAYCHHS

(puc. 5) 3MEHImIYIOTBCS 13 MiABHUINEHHAM TEMIEpaTypH
OCaDKEHHS, TO AaKIEeNTOpHHX — 3pocrae (puc. 6).

KomnuenTparist Heifrpanbuux Bakanciit Vi, | i [VSOB Ha

JIEKiTbKa TIOPSIIKIB MEHIIA HDK 3apsKCHUX 1 CKIIajae
11 1016
10°-10°°.

V. BucHoBku

3anpornoHOBaHI MEXaHI3MH yTBOPEHHS aTOMHHX
nedeKTiB y 4YHMCTHX 1 JIETOBaHMX IUTIBKaX CeJIeHiTy
CBHUHIIO, oOcakeHux Ha ckomax (111) BaF, npu
BIZIKPUTOMY BHIIAPOBYBaHHI B BaKyyMi.

[TokazaHo, 1m0 TOMYHYIOUMMH Je(eKTaMH Y YUCTHUX

wiiBkax PbSe € MixBy3nosi aromu cBunmo (Pb/) i
(V&)
(hopMyBaHHS N-TUIy NPOBIAHOCTI TpH TeMIepaTypi
ocamxenns T, = (500-550) K i p-tuny npu T, = (560-
650) K BiamoBigHO.

VY neroanux triBkax PbSe:Bi BicMyT npossisie
amM(OTepHi BIACTHBOCTI: MPH HHU3BKHX TEMIIEpaTypax

BakaHcii  ceneHy Akl BiAOBimaIBHI  3a

OCaIDKEHHsI TepeBaXaroTh nedektn Ty [Bip,] ski
(hopMyIOTH MaTepial n-TUIY, a MIPH BHCOKUX — [Bi;e] K1

€ aKernTopamu.

@peik JI.M. — noxTop XiMIYHUX HayK, podecop,
nmupekTop Di3uK0-XIMIYHOTO IHCTHTYTY, 3aBlIyBad
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Defects Formation in Clear and Doped by Bismuth PbSe Films

Prycarpathian University named Vasyl Stefanyk, Department of physics and chemistry of solid state
201, Galytska Str., Ivano-Frankivsk, 76000, Ukraine

Suggested the mechanisms of defects formation PbSe and PbSe:Bi films grew in open vacuum on (111) BaF,
chips. It is demonstrated if formation of internodal lead and selenium vakancy dominate in clear films than in doped
films dominate bismuth in cationic (Bipy) and anionic (Big.) subarrays.
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