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BbiBeaeHO coOTHOLWEHNE HepHeTa-TayHceH4a-OliHWTeiHa-CMONYX0BCKOr0 Ans aHa/IMTUYECKOro pacyeTa oT-
HOLLUEHNS KO3PMLMEHTa NPLPKKOBOI ANddy3nn K ApeiioBOiA NPbPKKOBOM NOABUXHOCTU. Y UNTbIBAETCA MPbIKKO-
Bas MMrpaLms Kak OfMHOYHbIX 3/1EKTPOHOB, TaK W Nap 3/1eKTPOHOB (O6MMNOMSAPOHOB) MEXAY CO6CTBEHHLIMU TOUeY-
HbIMY Tpex3apagHbiMu (-1, 0 u +1 B eguHMLAX 3N1eMEHTApPHOrO 3apsaaa) AedeKTamy OAHOM0 CopTa B OAHOPOLHO pasy-
NOPSAOYEHHbBIX NMOMYNPOBOAHMKAX. YBENMYEHNe YMCNa 3/IEKTPOHOB, KBAa3W/IOKaIN30BaHHbIX Ha TPEX3apsaHOM fe-
(hekTe, yBENIMUMBAET €ro 3HEPruio 415 fedeKTa C MONOXMTENNbHON 3HePrueit Koppenauum («okKecTkoro» fedekTa, um
t-feexTa) 1 yMeHbLUIAET €ro 3Hepruto Ans AedieKTa ¢ OTpULAaTENbHOWM 3HEPrMeld koppenauun («<MArkoro» aedekra,
nnu s-getekTa). CunTaetcs, 4To Tpex3apsgHble feteKTbl cyyvaiiHo (MyacCOHOBCKW) pacrnpegeneHbl Mo Kpuctany v
NPbDKKM OMHOYHBIX 3/IEKTPOHOB MPOUCXOAAT TONLKO MeXAy AetheKTaMu B 3apsfoBbix coctosHusax (-1), (0) u (0),
(+1), a 6MNoONAPOHOB MeXAY AedeKTamu B 3apsaf0BbIX COCTOAHMAX (-1) 1 (+1). YuTeHbl BeNnUMHbI pa3dpoca ypoBHeii
3HEeprum Tpex3apsaHbIX AeeKTOB BCAeACTBYE (PIYKTyaLmil 3N1eKTPOCTaTUUECKON NMOTEHLMANbHOM S3HEPT X, NOPOX-
[,aemMoli MOHaMK KaK Tpex3apaaHbIX AeeKToB, TaK U MOHaMM BOAOPOLONOA06HbIX LOHOPOB. PaccumTaHbl 3aBUCMO-
CTW OTHOLLEHWIA BENMYMHBI KO3((MLMEHTA NPLDKKOBOW AN(dY31M K NPLPKKOBON ApeiioBoi NOABMKHOCTU OT ab-
CO/IOTHO TeMMepaTypbl B 04HOPOAHO Pa3ynopsA0YeHHbIX KpUCTannax KpeMHusa AN KOHLEHTpaUmMmn Tpex3apsaaHbIX
fethekToB 5T019cm-3. CunTanocs, YTO TpexsapagHble fedeKTbl KOMMEHCUPOBaHbl BOAOPOAOMNOL06HEIMM fOHOpaMM
CO CTeneHb0 KomneHcauuu 0.5.

Kntouesble €noBa: 04HOPOAHO pPa3ynopsgoyeHHble NoMyNpPOBOAHUKY; TPeX3apsaHble TOUeUHble AeteKTbl; KO-
(hULMEHTBI MPLDKKOBOI Andidhy3nn 1 ApeiioBOi NOLBKHOCTH.

DIFFUSION-DRIFT RELATIONSHIP FOR ELECTRONS HOPPING
VIA THREE-CHARGE-STATE POINT DEFECTS
IN DISORDERED SEMICONDUCTORS

N.A. Poklonski, I.I. Anikeev, S.A. Vyrko
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The Nernst-Townsend-Einstein-Smoluchowski relation is derived for the analytical calculation of the ratio of the
hopping diffusion coefficient to the drift hopping mobility. The model accounts for hopping migration of both single
electrons and electron pairs (bipolarons) via intrinsic point three-charge-state (-1, 0, and +1 in units of elementary
charge) defects of the same type in homogeneously disordered semiconductors. Increasing the number of electrons
quasi-localized on a three-charge-state defect increases its energy for a defect with a positive correlation energy
(“hard” defect, or t-defect) and decreases its energy for a defect with a negative correlation energy (“soft” defect, or
s-defect). It is assumed that the three-charge-state defects are randomly (Poissonian) distributed over the crystal and
that single electrons hop only via defects in the charge states (-1), (0) and (0), (+1), and bipolarons hop via defects in
the charge states (-1) and (+1). The values of the spread of energy levels of three-charge-state defects due to
fluctuations of electrostatic potential energy generated by ions of both three-charge-state defects and hydrogen-like
donors are taken into account. The dependences of the ratios of the hopping diffusion coefficient to the hopping drift
mobility on the absolute temperature in homogeneously disordered silicon crystals are calculated for concentration of
three-charge-state defects of 5-1019cm-3. It was assumed that three-charge-state state defects are compensated by
hydrogen-like donors with compensation ratio 0.5.

Keywords: homogeneously disordered semiconductors; three-charge-state point defects; hopping diffusion and
drift mobility coefficients.

BeegeHue CBA3b MeXAy ApeindoBOil MNPbIXKKOBOMR Mo-
CooTHouweHne HepHcTa-TayHceHaa-liH- JBUXKHOCTbIO M KOS PULMEHTOM NPbIXKKOBO
wreriHa-Cmonyxosckoro (HT3C), 3agatoLyee ANPDY3Un 3NeKTPOHOB NO  ABYX3apAfHbIM
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BOAOPOAONOLO6HLIM MPUMECAM B MOYNpPo-
BOAHWKOBbLIX KpuUcTaniax nonyyedo B [1, 2].
OfHaKo BCe eLle He KOHKPeTU3MpPOBaHO COOT-
HoweHne HT3C ang marepunanoB C NPbKKO-
BOW MUrpauunein 3neKTpoHOB wu/unu Gunons-
POHOB MO Tpex3apALHbIM TOYEYHbIM AedekK-
Tam ogHoro copta [3].

Lienb paboTbl — BbIBECTU aHANIUTUYECKYIO
hopmMyny Ana OTHOWeHUA KoagduumneHTa
MPbKKOBOW ANGdY3nn K ApeindoBOin Npbix-
KOBOW MOABMXHOCTW B MONYNPOBOAHUKAX C
npeBaiMpytoLleil  KOHUeHTpaumen  Hemno-
OBVKHbBIX Tpex3apafHbiX TOYEeYHbIX fAedek-
TOB, NIOKaIN3YIOLWMNX YPOBEHb Pepmu.

PaccMOTpMM O4HOPOLHO pasynopsjoyeH-
HbI TpEXMepHbIN NOMYNPOBOAHUK, COLepXKa-
WM TOYeYHble ABYXYPOBHEeBble AedeKTbl B
Tpex 3apAafoBbIX coctoaHuax (-1, 0, +1 B eau-
HULaX 3/IEMEHTapHOro 3apsfa €) C KOHLEH-
Tpauuein, AOCTaTOYHON Ans crabunmsauum
ypoBHA ®epmu EF B 3anpeLLeHHOl aHepreTu-
YyeckoW 30He (Wwenun), a Takxe ANnS peanvsa-
LMY NPbIKKOBON MPOBOAMMOCTM MO 3TUM fJe-
(pekTam. 3apsAfoBble COCTOAHUA Tpex3apsml-
HbIX AeekToB 0603Hauum 1t,-1), 1t,0) u
1+ 1). Tpex3apagHble gedektsol 1t,-1) u |t,0)
hopmupyroT |1}-30Hy, a pedektbl 1t,0} u
1t +1) hopMupytoT |2}-30HY B 3anpeLLeHHow
30He, KoTopas A1 feheKToB t-T1na pacnoso-
XeHa 6mxe K v-30He, 4yeM |1)-30Ha, a ans fe-
(heKTOB S-TKMa |2)-30Ha pacnosioXeHa 6mxke K
C-30He, YeM |1)-30Ha.

Cuntaem, 4YTO NONYNPOBOAHUK COAEPXKMUT
TOYeUHble Tpex3apsgHble feeKTbl ¢ 06beM-
HOWM KoHUueHTpaumel Nt = Nt,-i + Nto + Nt,+H =
N-i + No+ N+i B 3apAafoBbIX COCTOSHMAX
(-1), (0) n (+1). NpegnonaraeTcs, 4TO BOAO-
pogonofo6Hble AoHOpbI |d) K akuenTopbl [a)
MO/THOCTbIO MOHW30BaHbl, U UX KOHLLEHTpa-
Unn B 3apAf0BbIX coCToAHMAX (+1) n (-1) co-
ctaBnaloT Nd < Nt u Na < Nt coOTBEeTCTBEHHO.
MPbDKKN OAVUHOYHbLIX 3/1EKTPOHOB MPOUCXO-
oAt ¢ peektos 11,-1) Ha gedhektol 11,0) n ¢
pgeektoB 110> Ha gedekTwl |t,+1>. bunona-
POHbI (Napbl 3/1eKTPOHOB Mo [4]) npbirawT C
pedekTos 11,-1> Ha gedekTol 1L+ 1> Ycnosue
3NEKTPMNYECKOW HENTPANbHOCTN UMEET BUA!

N+l + KdNt = N-1 + KaNt,

r4e WCNOMb3yTCA CTEMEHW KOMMEeHcauuu
Tpex3apsafHblX  [e(eKToB  BOAOPOA0N0L00-
HbiMW AoHopamMu 0 < Kd (=Nd/Nt) < 1 n ak-
uentopamu 0 < Ka (=Na/Nt) < 1
BepoAaTHOCTb TOro, 4TO Tpex3apa4HbIi Ae-
(heKT HaXo4MTCA B OJHOM M3 TPEX 3apALOBbIX
cocTtosHuin Z = -1, 0, +1 (cm. [3, 5]):
= exp[-(ZA,.. + Ez)/kBT]

Ez exp[-(ZEF +Ez)/kBT]" °

rae EZ — cBo6oaHas sHeprus Tpex3apsaHoro
pedekta (FCenbMronbua And t-gedektoB w
Mnébca gna s-fedektos); fe — nocTosdHHas
bonbumaHa; T — abcontoTHaa TeMnepartypa.
[na HaxoXzeHWs CBA3W ApendoBbIX NpbK-

KOBbIX MOABMXHOCTEN C KO3huuneHTamu
NPbDKKOBOW ANG®dY3nN NpUpaBHAEM K HY/O
MIOTHOCTU MPbLIXKOBbIX TOKOB J-10 U Jo+1
O[MHOYHbIX 3/IEKTPOHOB, a TaKXe bunonsapo-
HOB J-1+1 13 paboTsl [6] 1 nonyunm:

D, kBT

M z,Y
rpeZ, Y=-1,0+1;Z ®Y;DzjuM zj — Ko-
ahhULMEHTBI NPbDKKOBOW Anddy3nn n apei-
(hoBble MPbLIKKOBbIE MOABVXXHOCTU OLUHOY-
HbIX 3/1eKTPOHOB 1 6UNONAPOHOB; £7j — 6es3-
pasMepHble MapaMeTpbl, XapakTepusyouime
CTeneHb BAUAHUA Ha BennuuHbl Dzj n M zj
cpefHeKBaApaTUYHbIX PAYKTyaLuii

Wit ~ 2.64e2Nca/3/4n8:8&
3NeKTPOCTATUYECKON NOTEHUMANbHOW 3Hep-
rum B Kpuctanne [7]; Neh = N-1 + N+1 + KaNt +
KaNt — cymMmapHas KOHUEeHTpaLua 3apsaxeH-
HbIX Tpex3apsagHbIX 4e(eKTOB M MOHOB MNpw-
meceit; Nen ~ Nt 119 Ka = 0.5 n Ka = 0; srs0 —
HM3KOYaCTOTHaA AW3NeKTpUYeckas MpoHuLae-
MOCTb; & = 11.5 Ana KpemHus.

3 hopmynel (2) ans £z > 1 nmeem [6, 7]:

(2)

zY

z :TTTTTT(Kf'1)+(fo)Kf-if0)+
£io <. xfo>

+ 2 Xf-ifH>-<f-i Xfof H>);
T f oy« (feykfof+iy
< oXf+1>
+ 2 FoXf_if +i>-<f+iXf-1f 0>);
1/E-141 = (E10 + £o+1) /2N 1,0M0,+1, (3)
rae {fz>— cpegHee 3HauyeHne pyHkunMnfz no
|1>- 1 |2)-30HamM, Kaxgas WupuHon Wt.

Z -
So0,+1
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PesynbTaTbl pacyeToB 1 UX 06CYy>KAeHMe

OueHVM ¥ CcOomocTaBUM BENNYUHBI £-10,
£o+1 N £-141 ANA OQHOPOAHO pasynopsafoYeH-
HOro Kpuctanna kpemuusa hd-Si. Ana pagna-
LMOHHBIX Tpex3apA4HbiX LedeKTOoB B Kpu-
CTa//INYeCKOM  KpemHun npumMem [8, 9]
E1=400 m3aB nE2= 700 m3B.

Ha puc. 1noka3saHbl pesynbTarthbl BblUMCNe-
HWiIA no gopmynam (3) napameTpoB £-1,0, £o,+1,
Ci-1i+1 (CnnowHble NUHKMKN) U E-10=£o+1 =
£-1+1 = 1 (WTpMX0Baa NMHUA) ONA Y3KUX 30H
(Wt< kbT) TpexsapafHbIX [Ae(eKToB Kak
(hyHKLMIA TemnepaTypbl T Mpy KOHUEHTpaumm
Nt=5-109cm-3 ana Kd=05 un Ka=0.
BuaHo, 4TO C yBENMYEHNEM TEMNEPATYPbI 3HA-
yeHnsa 6Ge3pasmepHbIX napamMeTpos £-10 >
£-1+1> £o+1 YMEHbLUAIOTCA MPU yyeTe PNyK-
Tyauuin 31eKTpoCcTaTUyecKoim noTeHumnanb-
HOM aHeprun. OTMETUM, 4TO (hopmynbl (2),
(3) NpuMeHUMbI 1 NPU CTEMEHAX KOMNeHcauuu
Kd=0wnKa= 0.5 1 B3ToM cny4dae BbINONHA-
eTCa COOTHOLWeHue £o,+1 > £-141 > £-1,0.

T, K
Puc. 1 3aBucumocty napametpoB £-10, £0+ 1 £-14
(cnnowHble NMHUKM) OT abCoMoTHOW Temnepatypbl T
npu Nt = 5-1019cm-3 B hd-Si, paccumTaHHble Mo gop-
mynam (3) pna Kd=0.5 n Ka=0; wrpuxosas AnHNUS
£-10=£0+ = £-14 = 1 ina Wt << &eT

3aknyeHune

MonyyeHo aHalMTUYECKOE COOTHOLLEHWe
ANS OTHOLWIEHWI KO3PULUMEHTOB MPbIKKO-
BOM Andy3nMnM K ApeioBbIM MPbDKKOBbLIM
NOABMXXHOCTAM No Tpex3apagHbiMm (-1, 0, +1)
TOYeYHbIM fedeKTam OAHOro copta B OfHO-
POAHO pPa3ynopsALOYEHHBIX MONYNPOBOAHU-
Kax. MMpoBefeHbl pacyeTbl 3aBUCMMOCTEN OT-
HOLWEeHUsA KoadguumeHTa Anddy3umn K gpei-
(hOBOW MOABMXHOCTU OT TemnepaTypbl npu
KOHLUEeHTpaLuu Tpex3apsagHbix gedekTos Nt =
5-1019 cM-3 1 nx KOMMeHcaum BOLOPOLOMNO-

LOOGHBIMM IOHOPaMK M aKLenTopamu co cTe-
neHssMn komneHcaumn Kd = 0.5 nKa= 08B og-
HOPOAHO pa3ynopsfoYEHHbIX KpucTannax
KpemHus. MNpeanoxeHHble gpopmynsl (2) v (3)
MOTyT 6bITb UCMOJIb30BaHbI A1 pacyeta Co-
OTHOLIEHNA Mexay ApeidOoBbIMU MPbHKKO-
BbIMU MOABWXHOCTAMYU 3NEKTPOHOB U KO3(-
(hvuveHTaMy UX MPbDKKOBOW AnD(Y3umM Mo
Tpex3apsaAHbIM TOYEUYHbIM AedeKkTam B afe-
MeHTax MoaynpoBOAHUKOBbLIX MNPUBOPHBIX

CTPYKTYP.

Pa6oTa BbIMoONHEHA NpXU PUHAHCOBOW NOJ-
aepxke NMHW Pecny6nuku benapycb «Ma-
TepnanoBefeHNe, HOBble MaTepuasbl U TEXHO-
norumn» (3agaHve 1.8.2).
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