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Iloctynuaa B pepakuuio 31 masa 2005 r.

YcranoBieHo coorBeTcTBHE Habmiomaembix aToMmHO-paspemeHHblx CTM-msobpaenuit m (-Momenryu aTom-
HOit cTpYKTypbl noBepxHocTH GaAs(001)-c(8x2). BriACHEHO, UTO aTOMBI ifo[ja IPX MaJoil CTEMEH! MOKPbITUA
(6 < 0.1) saHuMalOT MecTa Haj BaKaHCHOHHBIMU pAJAMH MeAy aToOMaMM MbINIbAKA, PacIoNOMEeHHBIMU B

BEpXHeM clioe.

PACS: 07.79.Cz, 68.35.Bs, 68.47.Fg, 71.55.Eq

N3yuenue CTPyKTYphl U CBOMCTB MONAPHBIX rpaHeil
(001) u (111) GaAs Ha aTOMHOM ypOBHe A0 CHX IOp
3aTPyAHEHO U3-3a OTCYTCTBUA CBEPXBhICOKOBAKYYMHABIX
METO/IOB MOATOTOBKU MOBEPXHOCTH HYMHOro oborarie-
HUA U peKoHcTpyKuuu. OGhIuHO mMoAoGHBIE HCCleqoBa-
HUA NPOBOAATCA B yCTAaHOBKAX MOIEKYIADPHO-Iy4eBOit
snutakcun (MJIJ), B KOTOpPBIX MOMHO peryiupoBaTh
MOIIeKYJIfipHbIE IOTOKHU Taliuf U MbIIIbAKA, TEM CAMBIM
¢opmupya noBepxHocTb GaAs ¢ pasnmuyHON aTOMHOM
cTpykTypoit. K coanenuio, cTaHngapTHbIi NpUeM MOJ-
FOTOBKU aTOMHO-YHCTON KpPUCTANIMYECKO MOBepXHOC-
TH B CBEPXBBICOKOM BaKyyMe C HCIOIb30BaHUEM HOH-
HO¥i 60MGapAUPOBKU U MOCIEAYIOIEr0 OTKUra HE MO03-
BONIIET HAJIEHHO PElINTh JaHHYIO mpobGieMy, MOCKOIb-
Ry AifA OMHAapHbIX COeAMHEHHI Bcerja MonydyaeTc Io-
BEPXHOCTb TOIbKO ofHOro oforamenusn. Tna GaAs(001)
3TO BCerja MNOBepXHOCTh, oboramienHas ramnnuem. MHc-
clleIoBaHNA BO3AEHCTBUA MONEKYIAPHBIX raloreHoB Ha
GaAs, npoBeleHHBIE B CBEPXBLICOKOM Baryyme [1, 2],
noKasallii, YTO O] fIBIAETCA MepPCHeKTUBHLIM peareH-
ToM AnsA co3panua nosepxHocTu GaAs(001), oGoramen-
HOUN MBIIIBAKOM, NOCKONBKY MO3BOJAET NP HEBHICOKOM
temneparype (240-300°C) [2] cenexTuBHO (He Tporas
aTOMBbI MBINILAKA) YAAIATH BEPXHUI CIOi aTOMOB rai-
auA ¢ ucxonHoit noBepxHoctyn GaAs(001)-c¢(8x2). Cae-
OyeT OTMETUTh, YTO IIPU 3TOM He NPOUCXOJUT pacTpa-
BIMBaHUA MOBEPXHOCTH, TAaK Kak ajacopbuus itoga mpe-
KpamaeTcs NPY HachlmleHun MoHocuoA [1, 2].

leTanbHOEe u3yuyeHHe MpPOIECCOB B3aUMOJEHCTBUA
fiona ¢ noBepxHocTthio GaAs(001), B yacTHOCTH, Ompe-
JelleHue afcOpOIMOHHBIX MECT U CTPYKTYphl aacopbu-
pOBaHHOro ciof, TpeGyeT 3HAHUA AaTOMHON CTPYKTY-
pb1 ucxogHoit nosepxuoctn GaAs(001)-c(8x2). Mmeto-
mUecA ANfA AaHHON MOBEPXHOCTU 3KCIEepUMEHTalbHbIe
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IJaHHble, B NEPBYIO ouepejb H300pakeHHUf, IMOIyYeH-
Hble B CKaHMPYIOIEM TyHHelbHOM Mukpockone (CTM),
He COOTBETCTBYIOT HU OIHOH M3 Mogeneil, NpUMeHU-
MbIX juA onucanua moBepxHocTu GaAs(001), oGora-
[[eHHOW MBINbAKOM, C aHAlOrMYHOM aTOMHON CTPYyK-
Typoit ¢(2x8). ocratouHo HenaBHO B paGore [3] mndA
GaAs(001)-c(8x2) Gbura npejnodeHa ¥ TEOPETHYECKU
oGocHoBaHa (-MojJenb aTOMHO#N CTPYKTyphl (puc.l). B

Puc.1. Cxema (-Mofean aTOMHO# CTPYKTYPbI, ONHUCHIBAIO-
mas noBepxHocTh GaAs(001)-c(8x2) [3]. Ilokaszaurl jgBe
Aueiirn (4x2). CTpykTrypa c(8%2) MoxeT GbITE HOLy4eHa
TpaHciAnueit Aueiiru (4x2) B Hanpabrenuu (110) c oxHoO-
BpPEMEHHBIM CIBUTOM Ha aGaAs (4.0 A) Brons (110). Boxb-
MVMY 3al0IHEHHBIMU (He3alONHEeHHBIMHU) OKPYHHOCTAMU
ormeueHb! aromsl Ga (As) BepxHero cliofi, MalbIM{ 3aM0I-
HEeHHBIMM (He3alOIHEHHBIMM) OKPYHOCTAMY — aToMbl Ga
(As) HIKHUX clOeB

aTOil e paboTe aBTOphl npuBenu pacueTHble CTM-
u3obpaskeHUA KaKk AJNA 3aHATHIX, Tak U ANA CBOOOX-
HBIX BJIEKTPOHHBIX COCTOAHMI Ha MOBEPXHOCTH, KOTOPhIE
UMEIOT pAJ XapaKTepPHBIX YepT, HAOMIOJaeMbIX paHee B
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srcnepumenTtax [4—6]. Ilossme Gbimu nomydyens: CTM-
u306paneHna BhICOKOro KayecTBa A CBOOOJHBIX COCTO-
AHMI [7], KOTOpBIE B IETANAX COBMNAIM C pacyeTHhIMH [3].

OcHOBHO# 1lenbio faHHON PaGoThI ABJIANOCH ONpefe-
neHue afcopOGUMOHHBIX MECT [JJifi aTOMOB #oja Ha To-
BepxHocTH GaAs(001)-c(8x2) mpu Manoit cTeneHu Mo-
kpoiTua. Ilo HamWUM cBeJeHUAM, CYIIECTBYET TONbLKO
IBe 3KCIepUMeHTalbHble paGoTsI [8, 9], B KOTOPBIX Ha-
yanbHBIE CTaguu ajfcopOuuu raioreHa (Xxmopa) Ha JaH-
HOI TIOBEPXHOCTHM M3ydaluch ¢ ucnoib3oBanuem CTM.
Asropamu [8, 9] Gbuto ompegeleHo, YTO MecTaMy af-
cop6uuy Xlopa ABIAIOTCA JUMeEpPhI ramina B Mogenu (32
[10]. Ilosxe, B pamrax (-moaenu GbITU NPOBEAEHBI pac-
4eThl BHEPruM agcopbuuu miad xiaopa [11] u Gbino nomy-
YeHO, YTO HauGonee HHEPreTUUYECKU BHITOAHBIMU ABIf-
I0TCA MecTa afcopOLUKM aTOMOB XJopa HAa aToMax raf-
aus B gumepe (D) u 4yTb MeHee BBIFOJHBIME — Ha aToO-
Max ranaus B sp2-coctoanuu (p). Kan 6ymer mokaszano
HUKE, DKCIEPUMEHTANbHbIE JaHHbIE, IPEICTaBIeHHbIE B
HacTofIeil paboTe, ONPOBEPral0T BhIBOALI, CAENAHHbIE B
pabotax [8, 9, 11].

1A 3KCIepUMEHTOB UCMONbL30Balack MHOTOKamep-
Hafd CBEPXBHICOKOBAKyyMHAaf YCTaHOBKA, OCHalleHHad
aHanu3aTOpOM SJIEeKTPOHOB THNA “HUIMHIPUYECKOE
3eprano” A 3NeKTPOHHOI ome-cnekTpockonun (Riber
OPC-100), ®BajpymOIbHBIM  Macc-CIEKTPOMETPOM
(Riber QMM-17), TpexceTouHbIM aHATM3AaTOPOM BIeK-
tpoHoB (VG RVL/17) ana uaGniomenusa pudparuuu
MeJJIeHHBIX 31eKTpoHoB ([IM3), cranupyomwum TyH-
HenbHbIM MuEpockonoM (Curma Cran GPI-300) u
CHCTEMOli HalycKa ras3oB C Mbe30KepaMUYeCKUMU HaTe-
KaTelfiMM, yIpaBifieMbIMU OT KOMmbiOoTepa. bBasoBoe
JaBlleHMe B ycTaHOBKe He mpesbimano 1 - 107!° Topp.
1A OmBITOB UCHONL30Baliuch 0Gpasibl pa3mMepoMm
5x5x0.5 MM, BbIKkansiBaemble u3 miuactuHel GaAs(001)
n-tuna (Si, 7-101"cm 3, yron pasopuenTanu;m Mme-
nee 0.5°), noaroroBmenHoit maa MJIJ (epi-ready).
Tlocne BHecenusa ofpasna B BakyyM IMPOBOAUICA TpO-
rpaMMHpYEMbIi HarpeB ¢ MeNbi0 yAalleHUA OKUCIOB.
B pesyabrate ynanenus orucia ramaua (GapO) B
BUJile y3KOT0 NMHUKA B CIEKTpPe TepMojecopOUuu MpH
T =~ 590°C Ha NoBepXHOCTH OCTaBaloCh HeGOJbIIOE
KONUUYECTBO yriepojia, perucTpUpyeMoe B O#e-CrleKTpe.
Tlonnas ouyMCTHA MOBEPXHOCTH [OCTUrajlach HOHHBIM
tpaBneavem ArT (4003B), BoccTaHoBIeHME KpuCTal-
IuYecKoi cTpyKTyphl — oTmurom npu T = 550°C.
B pesynbraTe Takoii NOATrOTOBKU o0pasna KapTUHBI
IM3 pemoncTpupoBanu cTpyKTypy c(8X2) BbICOKOrO
KauectBa, a CTM-usobpaseHusa npencTaBIAIUd coBoi
aTOMHbIe Teppachkl pazMepaMu 10002000 A (puc.2).
MonexynapHbIil o HanycKalcA U3 KanuiiApa Ha pac-
croAHuu 22MM oT ofpasiia B aHATUTHYECKON Kamepe,
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Puc.2. Ilanopamuoe CTM-usobpasxeHre 4WUCTOI IMOBepX-
moctu GaAs(001)-c(8x2) (1200x1200 A, nanpsskenue na
obpasue Us = +3B, tyHHeabubnii Tok I; = 0.08HA).
CTpenkaMu IoKa3aHbI IpaHUNBI JoMeHOB ¢(8%2). Ha kpa-
fIX aTOMHBIX CTyIleHeil ¥ NOMEHHBIX I'paHuIax HaGmrona-
eTcAa cTpykTrypa (n X 6), oforamenHas MbimbAkoM. Ha
BCTaBKe IOKa3aHa KapTuHa Au(paKknuy MeAlIeHHBIX 3IeK-
TPOHOB, cHATaA npu E, = 653B

cojepaieii ome- M Macc-cneKTpoMeTphl. [laBieHue
MOJIEKYJIApHOro #ofa B my4yke BOIM3M HOBEPXHOCTH
cocTapnano oxono 10~8 Topp.

Hanyck rasa, ananus sl1eMeHTHOT'O COCTaBa U CTPYK-
TYPbI OBEPXHOCTHU NPOBOAMINCH NPH KOMHATHOM TeM-
nepatype. B oie-cnekTpax ananusupoBanuck nuuu Ga
M2’3M4’5M4’5 (55 BB), As M4’5 |44 (31 SB) ul M4,5 4%
(5103B). Bce npeacraBnennsle CTM-u3o6paeHns Gbl-
JY TNOJNyYeHbI B PeKIMeE 3aNiCH NOCTOAHHOro Toka. Mc-
raxenua B CTM-uzobpaseHnsax, BbI3BaHHbIE TeMIlepa-
TYPHBIM ApeiidoM, BocCTaHaBIUBAIUCH C UCNIOIb30BaHU-
€M MpoLeyphl, onucanHoi B [12], a Takse nocpesCcTBOM
cpaBHeHUA ¢ypbe-06pa3oB aTromHo-paspemeHHbrx CTM-
KajgpoB ¢ kaptuHamu JIMI. Ucxoanaa ranuGpoBKa cKa-
Hepa TaKje NPOBOAMIACH C UCIONb30BaHNEM BBIIIEYKa-
3aHHOi mpouexyps! [12]. IlonyueHHble neperpaBnuBa-
HUeM B aneKkTpoxuMuueckoii Aueiike CTM-urae1 ounmia-
nuck M 3aTauuBanuck B myuse uonoB Art (Riber CI-
10, 6003B, 5MrA, 60 MuH) HENOCPEACTBEHHO B BaKy-
yMmuoOit ycraHoBke [13]. Ilocne kamzmoil cepuu usmepe-
HUIl IOBEpXHOCTh BOCCTaHaBIMBajlach C MCMNOIb30BaHU-
eM uonHoro tpasnenus (4005B) u nocrexyromero oTKu-
ra (550°C).

Ha puc.3a npuBeneno CTM-uzo6paseHue moBepxHOC-
™1 GaAs(001)-c(8%2) AnA 3aHATHIX SIEKTPOHHBIX CO-
CTOAHUM, TOKATM30BAHHBIX Ha aTOMaxX MbIIbAKA [3], npu
He6GONbIIOI cTeneHM NMOKPBITUA atoMamu iojga. Cre-
NeHb NOKPBITHUA §, N3BMepeHHasA 10 UHTEHCUBHOCTH OjKe-
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Puc.3. (a) — aromHo-paspemenHoe CTM-uso6pazenue
(180x140A, U; = —2.7B, I; = 0.08uA, sanonueH-
Hble BIEKTPOHHbIE cocToAHMA) moBepxHocty GaAs(001)-
c(8x2), nokperiToit aTomamu #opa (6 =~ 0.05). Ha BcTaBke
nokasaH ¢ypre-o6pas (FT) CTM-uso6paxeHus, C BBICO-
KOM CTEeNeHLI0 TOYHOCTHM COOTBETCTBYIOIIMI KapTHUHE AU-
¢paruuu Ha puc.2; (b) — ¢dparment CTM-usobpaieHns,
COBMEIIEHHbI!I ¢ aTOMHOH CTPYKTYpPOHl BepXHEro cClod B
¢-mogenn. HKopoTkuMMM mTpHxaMy HOKasaHbl T'paHUIbI
cTpyRTYp (4%2)a n (4%2)b. IIyHKTHUpPHBIE IUHUK IPOBe-
JIeHbI 110 aTOMHBIM PAJaM MbIMIbAKA

nuka I M, 5 VV (HacbimieHne MHTEHCHBHOCTY NMUKa CO-
OTBETCTBYeT (POPMHUPOBaHMIO aTOMHOIM pemleTKM iioja
(1x1)), ue npessimana 5% ot moHocnos (0 < 0.05). Ha
BCTaBKe K DHCYHRY nokasaH ¢ypbe-o6pa3 (FT-Fourier
Transform) CTM-uzoGpasmennsa. Otmerum, yro FT-
u3obpaskeHre ¢ BbICOKOI CTeNeHbIO TOUHOCTH COBIAnaeT
¢ waptuHoit IMJ Ha puc.2. AToMHaf CTPYKTypa Moj-
NOMKM, oToOpajiaionasa MNON0MeHNe aTOMOB MbIMbAKA
Ha MOBEPXHOCTHU, Ha PUC.3 BBIMNIAAUT KaKk YepeayIOMIU-
ecfl mapel CIABOEHHBIX PAJOB Pa3iUYHONU MHTEHCHUBHOC-
TH, UTO COOTBETCTBYET ABYM pa3HbIM NOJNOKEHUAM aTo-
MOB MBIIILAKA BEPXHETO CIIOA B (-MOJENNA OTHOCUTENELHO
ux MecT B o0beMHoil pemerke GaAs (cm. puc.l). Ha
FT-usobpameHun 0TYETIMBO BHUJHA yJIBOEHHaA aTOM-
HafA NepUoAWYHOCThL B HanpaBiuenun (110), orpamaio-
maA acMMMETPUYHOCTL IOJOKEHUA aTOMOB MbIUIbAKA
BOKPYT pAja AUMEPOB ralind B BepXHeM aTOMHOM Clioe
B (-mopmemn (cMm. puc.l). Cneayer ormMeTuThb, 4TO B
IOIM3 u FT-uzobpasenuax pedierchbl, oTBeyalouue ne-
puopnuHocTH (8X2), ABIAIOTCA XOTA U OTYETIUBBIMH,
HO JOCTaTOYHO claObIMU MO CpPaBHEHUIO ¢ pediercamu
(4x1), uTo maeT ocHOBaHWE CUMTATh, YTO B HaNpaBlie-

uuu (110), B OCHOBHOM, JOMN#Ha HAGMIOAATLCA CTPYK-
Typa ¢ nepuoioM 4agaas (GGars = 4.0A) [14]. Bonee
JeTalbHO aHANU3 CTPYKTYPhI MOMHO MPOBECTH, MONb3Y-
fIck ¢pparMeHTOM JaHHOr0 M300paeHNs, COBMEIIEHHOr0
co cxemoii (-Mozenu, KOTOPBIi NpeacTaBieH Ha puc.3b.
Bo-nepBrIx, BUJHO, YTO PAILI C YABOEHHOI aTOMHOIi Te-
puoguuHocThio BAoab pAga B CTM-uzobpasmeHuu cooT-
BETCTBYIOT pPAJlaM aTOMOB MbIIMIbAKA, BHYTPU KOTOPBIX
pacnonoskeH pAX AUMEPOB raanufa. JTO NO3BONAET ORHO-
3HAYHO MAeHTU(ULUPOBaTh Gollee MHTEHCUBHBIE CIBO-
€HHbIe aTOMHBIE PAJBI C OJUHAPHON aTOMHON NepUOANY-
HocTeio (4.0A) Broab (110) Kak pAXbI ATOMOB MbIIIE-
fIka, MeMJY KOTOPBIMHU HaXOJUTCA BaKAHCUOHHBIM pAX
(cm. puc.1). Bo-BTOpBIX, AeiCTBUTENLHO OCHOBHAIM 3lle-
MEHTOM CTPYKTYPBI ABIAIOTCA fAYeiiky (4% 2), KoTopble
CTaTUCTUYECKU MOTyT (GOpPMHpPOBAaThH YUacTKU HOBEpX-
HOCTH O CTPYKTYpoil ¢c(8x2). Ha puc.3b ana o6osua-
4yeHHA ABYX THUIIOB JOMEHOB MbI BBenu fueiiku (4x2)a
u (4X2)b, KOTOpbIE OTANYAIOTCA CMELIEHUEM APYT OTHO-
CUTENbHO Apyra Ha 0[HO aTOMHOE pacCTOfIHUE B HalpaB-
nenun (110). B ciyuae mepuoauueckoro pacmonose-
HUA AiYeek 000MX TUNOB BHoNb Hanpasaenus (110) dop-
MHpYeTCA CTPYKTypa, uaeHTudunupyemas oObIYHO Kak
¢(8x2). B-TpeTbux, ABHO BUJHO CMeII€HKME BJAOIbL Ha-
npasienua (110) Tex aTOMHBIX PAJOB MbINIbAKA, BHYT-
PY KOTOPBIX HAXOJUTCA PAJ JUMEPOB raniusd, o cpaBHe-
HUIO C TIONOMEHUAMMY, 3aaBaeMbIMU B (-Monenu. U3me-
peHHbIe BenuuuHbl cMeniennd cocraBuau 0.60 £ 0.25 A.
Ilo-BuguMoOMy, maHHaA acCUMMETPUYHOCTH 00YCIOBIEHA
NOJIOMeHNeM AMMEpHBIX PAJOB rajliuf, KOTOphle Ha U3-
obpaseHunx, noinydyeHHoix Hamu (puc.4b) u gpyrumwm
aBTOpamu [4— 7], TaKme 3aHUMAIOT aCHMMETPUYHOE [0~
JoeHNe MemAYy pAjaMHu aToMoB ramauf. BosmosHo,
yKazaHHaA acCMMMETPHUYHOCTb CBA3aHa C B3aMMOZeNCT-
BHUEM IMMEpOB raliufd BEPXHEr0 aTOMHOIO CIOA C HUMKe-
JeKRalMMU aTOMaM#, HEyYTEHHOM B (-MOJenu.

O6paTuMcHa Tenephb K onpefeleHuIo MecT afacopouun
aToMoB Hopa Ha noBepxHoctu GaAs(001)-c(8x2). Kak
BUJHO Ha puc.3, ApKUe 0cOOEHHOCTH aTOMHOI0 pa3Mepa
HabumogaloTcA Ha 6ojlee MHTEHCUBHBIX PAAaxX MbIIIbAKA,
BHYTPM KOTODPBIX HaXxOJUTCA BaKaHCHOHHbIN pAx. llaH-
Hble 0COOEHHOCTHM HAEHTH(PULMPOBAaHbI HaMU KaK aTo-
MBI #{0fla, TaKk KaKk MX KOIWYECTBO KOPPEIMPYET C WH-
TEHCHUBHOCTBIO Ojie-NuKa #foga. Takum o6pasom, MOK-
HO yTBepJaTb, YTO aTOMBI Hoxa ancopGupyroTca Hap
BaKaHCHOHHBIMM pAJaMM, 3aHMMasA MecTa Memay aTo-
MaMHU MbIlibAKa. Kak npaBuio, aToMbI fofa BBIMIAIAT
“cMazaHHbIMHU” BIOJb aTOMHBIX PANOB MOAJNOMKU, UTO,
No-BUAMMOMY, BbI3BaHO ABHME€HUEM aTOMOB iioJa BBepX
no KaHaiaM, o6pa3oBaHHBIM aTOMaMi MbllibAKa. JlaH-
HOe JIBUKEHUE COOTBETCTBYeT HalpaBJE€HUIO BUKEHUSA
CTM-urus! (cTpoyHas pasBepTKa — clieBa HANPaBo, Kaj-
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Puc.4. dkcnepumenransusie (a), (b) u pacuernsie (c), (d)
[3] CTM-n3o6paxenud 3anoaHeHHbIX (&), (C) 1 CBOGOZHBIX
(b), (d) cocronuuit noepxsoctu GaAs(001)-c(8x2). (a) —
fomupoBanHas noeepxHocTh (f = 0.05); (b) Us = +2.7B,
yucrana nosepxHocts; Us; = +3.0B, § =~ 0.07. Ykasauusie
B (c), (d) TyHHeIbHbIEe HANIPAMKEHNUA OTCUUTAHBI OT MaKCH-
MyMa BaI€HTHOMN 30HBI

poBas pa3BepTKa — CHM3y BBepX). BujgHo, 4To B mpo-
1ecce ABUKEHNA aTOMbI MOT'Y T 3aHMMAaTh KBaHTOBaHHbIE
cocTroAHUA (HampMMep, aTOMEI 10la, OTMeUYeHHbIE 3Ha-
KoM “A” na puc.3a). Ecau npunars Bo BHuMaHMe, 4TO
aTOMBI MbIlIbAKA UMEIOT 3aNoNHeHHbIe 060pBaHHbIE CBf-
3u [3, 11], To BBICOKasA MIOTHOCTh BNEKTPOHOB HAX HUMH,
HO-BUAMMOMY, MOKET HPUBOAUTL K CUTYyaluH, Xapak-
TepHOl /A MOBEPXHOCTHU MeTallla, Ha KOTopoit HauGo-
llee BHITOAHBIMM MeCTaMU afcopOIuu ABIAIOTCA MOTHO-
CUMMeTPUYHLIE NONOKEHNA MEK Y aTOMaMHU NOI0H K.

Uro6e! monyuuTh Golee AeTalbHYIO KapTHUHY aTOM-
HOli cTpyKTyphI noBepxHoctu GaAs(001)-¢(8x2), namu
6b11u mogo6panel ycioBua 3anucu CTM-usoGpaskeHuit
(Us), npu KoTopeIX yAaeTcsa HabnOAaTh Bce 0COGEHHOC-
TH, paccunTaHHble B pamkax (-Mogenu [3]. Ilomyuenusie
pe3yibTaThl NpeAcTaBleHbl HA puc.4a,b, a pagoMm, Ha
puc.4c,d npeacraBnens! pacuerHsie CTM-u3obpasenus,
B3AThle U3 [3]. Buano, yTo B 3KCnEpuMeHTe AeficTBH-
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TellbHO HaGIIOfal0TCA BCe XapakTepHble JeTalu n3o0pa-
JKeHU, Noly4YeHHblE B pacyeTax. B KauyecTBe cB0e0G-
pa3HOif TOYKYU OTcUeTa B3ATHI U306paseHna aTOMOB iHo-
Ja, KOTOpble HAXOAATCA HaJ BaKaHCUOHHBIMM pAJaMHU, U
NpY U3MEHEHNH TYHHEJbHOTO HalpAMEeHUA B HIMPOKOM
nuanaszone (+3.5B) npakTuyecku He MEHAIOT CBOIO WH-
TeHcuBHOCTh Ha CTM-ragpe. CpaBHUBafA 3KCIEPUMEH-
TalbHbIE U pPacueTHble KAPTHUHBI JJIA 3al0JIHEHHBIX CO-
CTOAHM, BUIUM, UTO “NEpPEeRIIOUeHre” MHTEHCUBHOCTHU
n3006pakeHusd PAJOB MbIIIbAKA, COOTBETCTBYIONINX pas-
HBIM TOJOMEHUAM aTOMOB MBINIbAIKA B pelIeTKe, Npo-
HCXOIUT NP PasHbIX TyHHEIbHbIX HanpsameHuax. lud
SKCNepUMEHTANbLHBIX KaJpoB “nepernioueHue” HaGlio-
naetca npu U; ~ —(2.6 + 2.8)B, a gna pacyeTHbIX
CTM-uzo6pasenuii — memay —0.4 u —1.5 B. Ananoruu-
HO, i cBOOOJHBIX COCTOAHUN COOTBETCTBYIOWIMI Ie-
pexox Meny HablloJaeMbIMU KapTHHaMU NPOUCXOJUT
npu U; ~ +2.8B, a B pacuere — memay +1.5 u +1.8B.
Ilo maHHBIM TYHHENBLHO!N CHEKTPOCKONUY, MOTYYEeHHBIM
HaMU B X0Je dKCIIePUMEHTOB, KBa3nypoBeHb Pepmu, aB-
TOMaTHYecKU 3aJalolinil Havalo MKaibl JIA TYyHHeIb-
HOT'0 HalpAKeHHUA, HaX0JUTCA BOIU3YU cepeJUHB] 3anpe-
meHHON 30HbI GaAs, a Ha pacuyeTHbIX H300paeHUAX
3a Hauano oryeta Uy B3ATO MOJOMEHNEe MaKCMMyMa Ba-
JEHTHOH 30HBI [3]. DTO NPUBOAMT K OTIMYMIO Havala
orcuera U, 1A BKCIEPUMEHTANBHBIX U PACUETHBIX HaH-
HbeIX npumMepHo Ha 0.7 B. Ho nase ecnu npuHATE BO BHU-
MaHUe CIBUT IIKalbl, TyHHeIbHble HAaNPAMEHUA OKa3bl-
BaIOTCA OTIMYHBIMU 1Al ONMHAKOBBIX 3KCIEpHUMEHTalb-
HBIX M pPacyeTHBIX U300paseHUil, UTo JerKo MO#HO OT-
HECTH K HeJOCTaTOYHON TOYHOCTH PacyeToB, NOCKOJb-
Ky TpaKkTUYeCKH HEBO3MOKHO YUECTh BIHAHNE JOKalb-
HO#t mIoTHOCTH 3ieKTpoHoB B urie CTM. Tem He Mmenee,
MOy YeHHOe COBIIafieHue caMuX u3o0paeHuil ABIAETCA
YIUBUTEILHBIM.

Ha puc.4 BunHo, 4TO B ClIy4ae 3allOJHEHHBIX COCTOA-
Huit npu U; =~ —2.3 B aToMblI ifoga HaX0AATCA B CBETJbIX
nonocax, a npu Us =~ —3.5B Te e aTromb1 HabnmogaoTca
yie B TeMHbIX mojocax. IlomuMo aToMoB iiofa, B Tex
JKe Mojlocax BHJHBI TOYeYHbIe 00BEKThbI, 0003HaYEHHbIE
kar “G” (G - ghosts), KOTOpbIE MHBEPCHO MEHAIOT CBOIO
MHTEHCHBHOCTh DU NEPeKIIOYEeHNH MHTEHCUBHOCTH IO~
noc. JlaHHBle 00BEKTHI HEOJHOKpAaTHO HaGmlojamnuch B
apyrux pabGorax [4, 5, 15], npuyeM B ciiy4ae ux ynops-
JOYEeHUA NPU ONpeJieleHHbIX YCIOBUAX 3TO NPUBOAUIO K
omu60YHON MHTEpnpeTanuu cTpyKTyphl. Taw, B pa6o-
Tax [4, 5] oHu GbIIM MHTEPIPETUPOBAHbI KAK KIACTEPSI
ramunuf, cocrofimue us 6-8 aromoB. B paGote [15] Gblna
cllellaHa NONbITKA MHTepPNpeTaluyd C TOUKU 3PeHus Jo-
KaJlM30BaHHOT0 NOBEPXHOCTHOTO 3apAja, OXHAKO cepbe3-
HO#1 aprymeHTaIuy npuBejeHo He 6b110. Jlna nzobpaske-
HUil cBOOOJHBIX COCTOAHMI B 000UX 3KCIEepUMEHTalb-
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HeIx Kagapax (2.7 u 3.0 B) na puc.4b B ramjoii cBetnoii
noioce BUAHBI TPU PAla aTOMHBIX 0GBEKTOB, U3 KOTO-
PhIX BHYTpEHHUII PAJ COOTBETCTBYIOT pAAaM IUMEPOB
rainva, a ABa BHENIHMX — PAJaM aTOMOB Tajlif B Sp°-
cocrosanunAx [3]. TemHble nonock! Ha M306pakeHNAX CO-
OTBETCTBYIOT BaKAHCHOHHBIM PAaM, OKPYEHHBIM pf-
namu MblbAKa. [logoGHble u3o6paieHua HaGnOAaINCh
panee B paGortax [5, 7). Ha wanpe ¢ U; = 3.0B Bug-
HO, YUTO aTOMBI #i0a (ApKKe NATHA) 3aN0JHAIOT TEMHbIE
KaHalbl.

Cnenyer o6CyaUTh MHTEPIpPETALUIO SKCIEPUMEHTOB
[8, 9] m pesyuabrarel pacueroB [11], moxTBep:saaio-
mUe AaHHYIO MHTEepnpeTanuio, AIA aacopOuuu xiopa
Ha GaAs(001)-c(8x2). B [8, 9] 6bu1n nomyuensr CTM-
uzoGpamenun (3anonHeHHele cocroanuda, U; = —3.5B)
xJopupoBaHHoii moBepxHocTu (O ~ 0.025), Ha KoTO-
pPBIX aTOMBI XJOpa pachoiaraiucb B TEMHBIX MOJI0cax
(aTomHOe paspelieHVe TMOANOMKM TOMYyYEHO He ObLIO).
Asropamu [8, 9] Ge3 Karux-1u60 yGeIUTENbHLIX apry-
MEHTOB, TOIbKO Ha ocHoBannu (32 mozenu [10], yTBep:k-
Jaloch, UTO XJIOp afcopGupyeTcd Ha aToOMax rajiuf, a B
pabote [11] y:xe B pamrax (-Mofelu GbLIO TeopeTuyec-
KU 060CHOBaHO JaHHOe yTBep#aenue. Eciu o6paTuthed
K puc.4, TO 0pM TaKUX BBICOKUX TYHHEILHBIX HaMpfHe-
HUAX TEeMHbIE MoJockl B pacueTHbIX CTM-u3obpasmeHuax
JOJI{HBI COOTBETCTBOBATh PAllaM MbIIIbAKA, OKPYHalo-
muM BakaHcuoHHble pAnbl. B CTM-usoGpasenusx, mo-
nyuenHsix Hamu npu U; = —3.5B (cMm. puc.4a), pans
aTOMOB MhINIbAKA, QOpMUPYIOIIUE CTEHKM BaKaHCUOH-
HBbIX KaHAJOB, TaKMe BBITIALAT Golee TEMHBIMU. YIu-
BUTENbHO, OYEMY aBTOPhI (-MOfenu He o6paTUIu BHU-
MaHUe Ha JaHHOe HECOOTBETCTBUE NPU BBINOIHEHUHU pac-
veros [11].

Ecun B paGorax [8, 9, 11] He moxBepraercsa coMHe-
HUIO, YTO XJOpP AONEeH ancopGupoBaThCA MMEHHO Ha
aTomax ramnus, To B paGote [16] meTomoMm ¢oToanex-
TPOHHOU CNEKTPOCKOMMM BBICOKOTO paspeleHuA ObLIu
HoNy4YeHbl NPAMbIE JOKA3aTeNbCTBa, YTO HA HAYalbHOM
JTane XJIOPUPOBaHUA ranuii-o6oraliieHHOi MOBEpPXHOCTHU
GaAs(001)-(4x6), nomydeHHO# yTeM MOHHOrO TpaBle-
uua (5005B) u ormura (580°C) ucxonHOM noBepxHOC-
ta (n-tum, Si, 1.2 - 10'® cm—3), cuauana gopmupyioTca
cBfizu As-Cl (srcmosunua xmaopa D < 1.2L), u aums
npu Gonee BbicOKoi crenenu mokpeitua (D = 6L) ua-
6nonaiorca xumnveckue capuru B nunuu Ga 3d. Cie-
OyeT jAaTh NOfACHeHWdA, 4To moBepxHocTh GaAs(001)-
(4x6), uccnenyeman B pabote [16], ecTh He uTO HHOE,
Kak noBepxHocTb GaAs(001)-c(8x2), B koTopoit “nyxu”
(G-o6berThI Ha puc.4a) GOPMUPYIOT CBEPXCTPYKTYDPY
(4x6) [4, 5]. Hna Toro, 4ToGbl MOATBEPAUTEL BBIBOIBI
paboTs! [16], Hamu cnenuanbHo Geutn npoBenensr CTM-
U3MEpeHUA [ HU3KOM CTeneHu MOKPhITUA MOBEPXHOC-

T GaAs(001)-c(8x2) xaopom (6 < 0.1). Ha puc.5 npu-
BeJleHbl Pe3ynbTaThl JAHHBIX M3MepeHuil. AHaloruyuo
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Puc.5. dnektponnsrii oxe-cuektp (a) u CTM-usobpasenue
(b) cBoGomHbIx cocToAHMIT xiaopupoBaHHOU (fci ~ 0.08)
nosepxHoctu GaAs(001)-c(8x2), 110x50 A, U, = +3.5B,
I; = 0.07THA

aToMaMm #ofia py Majoii CTeneHu NOKPLITUA XJIOp 3aHU-
MaeT MecTa Hajl BAKAHCUOHHBIMM PAJAMU MEMIy aTo-
MaM¥ MbIUIbAKA.

IIpenBapuTenbHbie UccieqoBaHufA, NTPOBeJEeHHbIE Ha-
MU AnA Gonbieii cTeneHW MOKPHITHA MOBEPXHOCTH HO-
oM, nokasany, uto npu § > 0.3 nmpomcxozut paspy-
menne cTpyKTyphl c¢(8x2) u B IM3J nauunaer nomu-
HupoBaTh auddysuaa raptuna (1x1). IIpu wHacsblme-
HUM MOHOCIOA Hoja ¢GopMupyeTcH NOBEPXHOCTHafA pe-
merka (1x1)-I, koropas uaGmogaerca B CTM B Buze
OTAelbHbIX JOMEHOB (507100 A) C pacCTOAHUAMU MEKAY
atomamu #oga okono 4.0 A. YkasanueiM cTpyKTYpHBIM
U3MEeHEeHUAM MOBEPXHOCTH COOTBETCTBYIOT XUMUUECKIE
caBuru ansa ome-muHuu Ga Mo 3 My 5 M, 5. JlanHble Ha-
GriofeHNa He NPOTUBOpeYaT BhIBOZaM paGotsl [16], oc-
HOBaHHBIM Ha MOBefeHUU (HOTOINEKTPOHHBIX CIEKTPOB B
nporecce afgcop6uuu xmaopa.

Tarum 06pa3oM, HaMH YCTaAHOBIEHO CIEAYIOIIEE:

1. Arowmuo-paspemennbie CTM-usobpamenuna mo-
BepxHocTH GaAs(001)-c(8x2) B obiem COOTBETCTBYIOT
¢-momenu atomuoi cTpyKRTYphI ¢(8x2) [3]. HaGmiogae-
Maf acUMMETPUYHOCTb B PaCMOJOMEHUHM ATOMHBIX DA-
JIOB MBIIIBAKA, OKPYKAIOMKUX AMMEphI ranius, Tpebyet
omnpeJeNeHHol Koppernuy (-MOAenu.
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2. HaGaiomaioTca Bce xapaKkTepHble 0COGEHHOCTH B
CTM-uzo6paneHuax NJA 3aN0JHEHHbIX U CBOOOTHBIX CO-
CTOAHMI, NpeACcKa3aHHble B [3], 0fHAKO BEIMYMHBI TYH-
HENbHBIX HANpPAMEHUH, IPU KOTOPBIX NMPOUCXOJAT “me-
peraiouenua”’ CTM-uzobpaseHuit, OTIMYAIOTCA OT pac-
4eTHBIX [3].

3. Ilpu mamoii crenenu nokpeitusa (6 < 0.1) nosepx-
Hoctn GaAs(001)-c(8x2) aToms! ioga M xlopa ancop-
6UpyIOTCA HaJ BaKaHCMOHHBIMU PAJAaMM, pacrojarafch
MeMAYy aToMaMM MbINIbAKA.

IaHHble uccnenoBaHuA GbITA NMPOBENEHBI B paMKax
nporpamm Ilpesugnyma PAH “HusxopasmepHble KBaH-
ToBble CTPYKTyphl” u OTgeneHusa (U3NYECKUX HaAYR
PAH “Cnun-zaBucumMbie 3Q(QeKThI B TBEpALIX Tenax u
CIMHTPOHMKA”, a TaKMe YaCTUYHO MoAAep;KaHbl AreHT-
CTBOM IO HayKe U uHHOBanuaMm P®.
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