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2 CalailaUojT& on Srnalj Su|CQn, gjuslers

In Ihis secllon we discu&s brleflyour calculallons on Ihe duslers Sl and SI5 In some

geomelrles resembllng nie slllcon bulk coordlnallon. Ihis perrnile a comparlson of Ute

SCC-Xor rnotbod3 wllh other proccdures äs well äs an esllmate of the relJablllly of

our resulis when appited lo nxxtelllng »he Sl(1ll)-7x7 surface. U should be polnled

oul (hat no eyperlmenlal Inlormalton on Iho Silicon cluslcrs dealt wlth In Ihls work

nas yni been publfshed. Our numerfcal resulle are summarized In labte I-

The cluster Sf Is compuled (er Ihe Iwo geometrles corresponding lo symmelrles D<[(

(squaro) artd T (lelrahedron), reepoctlvely. For SÎ ID ) we oblaln Ihe same valence

declron configurallon X '• <*», >2 <to ** Hb. )2 Mb, )2 <la3 J2 (2a. )2 (2e )2 äs" 2g It K 'O 2g 2u Ig u

Raghavacharl" from ab Inltto Harlree Fock calcdatJons and äs Pacdilonl and Koulecky

<PK)12 from an ab Inllto pcocedure Including som& conflfjurallon tnleraetfon, the latter

aulhcrs oblalnlng only an Inierchange of Ow 2nd and 3rd hlghesl (evels. For "l rsym-

rnolry our confiyuratlon 'A : (»aj)2 (H^* (2a,)2 (2t2)6 Is agaln (denllcal wllh Ihal of

Raghavacltafl" wlille PK12 compute. äs the ground slalc. a Iriplet conflöuratton belng,

however, only Iower In energy by 0.003 eV lhan Ihe *A conflgurallon. Our bond

Icnglh5 for 5I4 In D4(- and Td~symmetry of 2.t90 A and 2.342 A,respecllvely, are

slighlly Eliorter than Inose of Raghavacharl" wlth 2.316 A and 2.458 A. The bond

lenylhs tompuled by PK12 seein to bo unreaGonably larye wlth 2.47 A and 2.7) A,

resrxfcllvely. Comparlng Ihe Iwo eymmelrles wilh each olher we oblaln Iho D dls-

llnclly more statle Ifi qualltallve ayreemenl wllh Raghavacharl" and PK12 bul In con-

tra&t lo an older tlUckel calculatlon of Martin and Schaber13. Our resiJt te supported

iiy Ihe facl thnl Ihe werlap populallon belween two ndjaccnl Sl aloms In D geo-

melry of 0.6Ü6 e Indlcates a consldei ably slrongor covalent bond lhan In T geomelry

wilh 0.153 e, Thls Is easily underslood because Ihe bonds In Ihe lelrahedron can be

characlerlzed äs banana bonds being energetically le&s lavuurnWe lhan Ihe un^stratned

bonds in tr« O.h

Sl (cf. Flg. I) is computed for Ihree geomelrles correspondlng lo Ihe symrnelries

D^ (IrlgonaJ blpyratnld), C4y (bcjuare pyramk» and T^ (telrahedrotij. According lo our

resulis, the irkjonal blpyramid has the do&ed snell valence cleclron condgurallon

'A(: (1a2)2 (la^)2 (le'J4 (2a()2 (te")4 Da,»2 l2e'T wllh a laloral SI--SI dlslance of

2.991 A and a bond lervjlh belween lateral and axial aloms of 2.342 A. Ihe respec-

live bond lenglhs of Raghavacharl11 aro 3.256 A and 2.338 A. The bound slale fe

only consUluled by the laleral-axlal bonds whereas Ihe &mall negative overlap popula-

tlone belween \<HO lateral atoms 1-0.02 e) and between Ihe Iwo axial aloms (-0.06 el

exhlbjt a weak repulsiori. Thü calculalton of PK has to be considered ac unrollablö

In so far that Ihey a&sume equal nexl nelghbour di&lances of 2.63 A for ine UUoral-

lateral and Ihe laleral-axlal bcnds. Thls Is mosl llkdy Ihe reason why thclr calculalcd

ground slale l& a trlplel configuralton.

In C --symmelry we get a laleral bond leriglh o( 2.306 A, a lateral-axial bond lortglh

üf 2.49t A and Ihe conflguralion 'A(: (la()2 (te)4 I23,»2 (tt>a>2 Mb,)2 (3a()2 (2e)4 (4a()2

In almosl perfecl agreement wllh Raghavacharl wliose aioinlc diülances are 2.295 A

and 2.502 A, respecllvely. Orico more, Ihe re&utts of PK have tu be dlscitrded

because of Ihelr assumplion of ecpjal bond lenglhs. The overlap populatkxt of 0-695 e

belween Iwo laleral atoms VE. 0.329 e belween Ihe axial alom and one laleral alorn

Indlcales much slronger cwalent bondlng wllhin Ihe equare, The axial atom is nega-

llvely charged by -0.08 e leadlrtg to positive charges of 0.02 e at Ihe lateral altes.

In tctraodral geomelry we compule an *A : da )? (ttje (2a )2 (2t )b lief4 valence

eiectron conflgurallon wllh a bond lenglh of 2.171 A. The calculatkin ot PK12 ylelds

2.50 A In a 5E ground slalo configuralion, both results appearlng ratht» unltkely,

In agreement wllh PK we üerlve from Ihe overlap populatlon of O.Ü2 e beUveen Ihe

cenlral alom and a peripheral alom lhal Ihose interac(ion& corislllute the slablllly of

telrahodral Sl,, Ihe ovorlap charye belween two perlphera) atoms t>eing only 0.01 e.

The effecllve charges of 0.120 e for the cenlral atom and -0.032 for each perlpli-

eral alom clue lo inlernat Charge lluctualions stiouid &ll(|rilly slabll̂ e Ihis clusler arnl



the bond lenr|th. Ine smoolh potentlal curvo o( Sl (T ) shows an exlremely

wcak boodirifl and fiaghavacharl and Logovlnsky suppose this ctuster evon lo be

unslaUe. Ihls toncluslon, however, could be due to thfi neglecl of Ihe Coulomb cor-

retallwns In Harlree-Fock becomlng especlally Imporlant when slrcng repulslve non-

boniJlng Inleractlons telween lone palr orbltals occur, äs it 1s also the case In F .

We oblairi Sl lo be most slable In D -symmelry whlch agrees wlth Raghavacharl

in

bul not wilh PK who favour a planar C -gcomelry. maybe due lo unreasonable

geoinelry reslriclions In Ihe case of D and C Iherefore, D Is proposed to be

the grouiid state geornelry for SL.

Allo^ether, Ihe SCOXet bond lengths agree wlth Ihe Harlree-Fock resutts of

Raflhavacharl wilhlri 5 % or butler whlch prove& that Si-SI botids are well descrlbed

In thü frame of the SCC-Xa method and thal rellable re&ulls can be expected also

for cnlculallons MI the &Ulcon stirface.

- 6 -

3 IM clean Sij 111) Surjac«

The solid stale model and Ihe clusler modol are two approaches lo Ireal adsorplion

phenomena on solid surtaces, whlc-h mainly dlffer in modelllng Ihe Substrate. The solid

etale rnodd assumes II äs a Iwo-dlmensional Ideal surface only weakly dl&lurbed by

the adsorbale. For several rea&ons, viz. problems wlth self-conslslency, non-ideal sub-

slrale surfaces and delermlnallon of adsorplion geometries via total eneryy calcula-

llons. Ihe solid stale model Is not a sullabte approach In our case. Wilhln Ihe clusler

model Ihe adeorpllon süe and lls envlronment are represenled by a flnile düster; ihls

approach Is appllcable If the adaorptlon can be atsumed lo be In good ajjproxlmalton

a local plienornenon . AlLhough Ihe düster model 1s less reallslic it ofleri. several

pracllcal advanlages compared lo the solid state model concernlng the Ireatmenl of

non-ideal surfaces and the delermlnallon of adsorpllon geomelrtes, In partlcular. Ihe

well known drawbacks o( tho clusler model, viz. the slze problern, Iniernal chargß

flucluations, and the ernbeddirtg proUem can t*e trealed by meanv*hlle slarnjard lechnl-

queG, descrlbed e.g. In llül&cli .

The only theorellcal work on a Sl(lll)-7x/' surface reconslructed In the DAS-Modul

IG a recent calculatlon of Qlan and Chadl which Is, however, non-stHfconslslDnl and

re&tricled lo nexl nelghbour Inleracllons. Even Ihough Ihe slmplicity of Ihls approach

allows the handllng of a cluster of 200 Sl atoms and 49 H aloms, and detcrmirlng

öl lls equlllbrlurn geomelry, It precludes, e.g,, Wie dlsllnclion belween an fcc arid an

hcp lalllce elnce for lelrahc-dral coordlnaled aloms Ihe nexl nolghbour envlronnienls

are equal In both Casus. Ihus Ihe slacking faull In the DAS Model cannol be ac-

counled for bul has lo be introduced äs an asGumptlon.

In the SCC-X(K Melhod llie Intcralomic polenllül malrlx cloincrils are nol pararne-

trlzed bul expllcltly calculatc-d tfirouyti

(1)



where * tM)(r^-R ) denotes U>e (n l tn ) real atomlc volence orbllal of Ute alom n
1 i |t i i i

localed al R . Ihe atomlc polenllaj V1**' ts de&crlbed In the X«-approximatk>n, and

ibe suni indudes all düster atoms x removlng the reslricllon to next nelghbour

Inleraclions. Moreover, ihe resuKIng secular equalton is &olved selfconslslently wlth

ruüpect to atomlc orbllal occupatton numbers

D i t
12)

which ai-e construcled from (he overlap matrlx S11" and Ihe bond-order malrlx

el erneute

(31

where n^ are <he occupallori numbers of Ihe molecular orbitals (MOs) and the wekjhl

|Q

faclors arc introduced In Order to overcome the drawbacks of the Mullikwi popula-

tfon analysls \n a simple way. kteieas Ihe SCC-X« calculaltqiis should ylelJ more

rellablu rc&ults, H Irnposes Ilmilaltons upon Ihn duster &\ze for handllntj

(he r.ystern wilhln reasonable computallon llnie. In our case, the minimal clusler slze

is deterrnined t>y Ihe requlrement o( Inctudlrig al least Ihe nexl nearesl nelghbours of

eacli adsorption Elle because n has lurned out that Ihese are slIH affected by Ge

adsorptiori. Con&eqiiently, we sdecled a Sl H clusler (ci, Flg. 2) lo rnodel the

SI(H1)-7x7 surface F»S the Substrate for Ge adsorptkn. AG usual, Ihe It-atoms Eervo

lo Balurale the Sl-bonds on Ihe arliHctal surface arlslng (rom culllng Ihe du&ter out

öl tho bulk. The average effeclfve diarge of all Si butk atoms includlng tho&e of Ihe

artlNctol surface arnounts lo 0.031 t_ 0.031 c so thal Ihe Internal charge flucluattons

are sufflciently suppressed, Tho compulallon llme for thls CiB valence orbllal clusler

amoLintü lo 95 sec por tteratton on a Siemens 7 602 cornpulw being approxlmately

6-X) times slower Ihan a Cray 1.

SlarUng Irom Ihe equKlb* kirn gcornetry äs calculaled by Qlan and Chadi we have

diedted the equiltirlurr> positlons of those ShaU*ns where Ge adsorpllon Ukus place,

namely Ihe surface slte (atorn 6, cf. Flg.Ja) and Ihe adatom (aiom 1). Detlnlng Ihe

Burface äs Ihe average z-coordinale o( Ihose surface aloms (no. 2, 3, 4, 5. 7, 8,

9, cf. Flg.la) eaturaled by an adalom In Ihe DAS-Model, the helfjht öl Ihe adalorn

Is 1.266 A correspondlng to an avorage bond dislance of 'd.4&\ lo Ina net̂ hbouriny

aloms 3, 5. 7 In almosl perfecl agreemenl wilh Ihe resulls of Qlan and Chadl",

our bond lengihs belng only 0.028 A shorler. On Ihe olher hand, Ihß heig îl o( Ihe

surface eite over Ute surface Is 0.008 A glvirig an äverage bond lenglh lo Ils nexl

iielghbou- atoms 13, 15, 17 of 2.310 A whlch Is shorler by O.WO A lhan tlie respf-c-

live value of Qlan and Chadl . Thls does nol Keem to be a large deviatloii bul tlio

correspondlng heighta öl alom 6 over Ihe surface dlfler slgnlücanlly, Chadi aiid Qiafi's

SurTact; stte ptatruding by 0.261 A over t1« sorface. tkMever, 1t shotild be noticeü tdat nur

calculated illstance I& slig'itly closer to the Si bulk bond lengUi of 2.K A.

The reason for Ihe diflerences lor Ihe&e iwo sltes r-ould ortginale Irom higher ordcr

nelcjhboix lnteraclkxi& Kor, ihß surface alom is In a real "hoHow sitc" wilh an alom

underneath only in ttie 6lh layer, whereas Ihe udalom reskles esrienllalty In a "lop

eile" because Ihe alom 14 (hidden from vlew In Flg. 2 by Ihe adatorn) is located

dlreclly below al a di&tance of 2.441 A. For decreaslng distances the adalom will be

prevenled Irom sinkbig Inlo the bulk by alom U wtille such an argumenl does nol

apply to Ihe surfsce slte. Thl& effecl, however, can be only (aken Inlo accounl II

Ihere l& no reslrlclkm lo Interactlon bctween up bondr-d purlnorr.. Norlhrup and

Qlan and Chadl calculate Ihe dislance bclween the adatom and Ihe alorn 1-1 to be

2ft

2.49 A whlch Is 2 % above our value of 2.44 A whüe Daum. Ibach. Müllor^u O>laln

2.32 A which Is 5 'A below. Frorn Ihe short soparalion one cannol, howover, concludu

thal the adalom is ftvelold coordlnated, äs do Daurn. Ibach and Müller °. WL> obtain

a bonfi wilh fjfodc*nfnanl tp p o> characler and an overlap populatlon öl 0.124 e,

skjnIMcanlly Iower Ihati Ihe usual Si-SI overtop populalion in Ihe bulk of apprcxltnately

U.6 e. Such a bonding b also consisteni wilh Northrup who compulcd the total

energy per adatom In a lop alle äs to 0.*>4 eV Iowi3r "h.T- '" =• '-o'lijw site



Qur results can be eventually made compatible with a recent X-ray standiny-

21
wave (XSW) measurement by Ourbin et al. although it has been interpreted

in another «ay, namely äs a contraction in (lll)-direction of the topmost

two atom layers by 0.57 ^ Ü.16 A not counting the adatom layer äs the top-

most one since they purport the adatoms to be of no influence within their

error bars. If the expariment is granted for bßing correct, at all, it can

be reinterpreted along the fallowing line of argument. We think that Dur-

21bin et al. could have erroneously believed to have measursd

ihe diGtariCG belween Ihe surface and Ihe Ihird layer Inslead of Ihe dlslance belween

(he adatom layer and the second layer. They attrlbutt: an Auger electron yielel pro-

portitxiat lo e~ ' to Ihe Hh alom layer of Ihe dc-plh D wticre Ihe mean free path

X of an Augor eleclron is assutned lo be layer Indoprsndont. Conslsllrtg of only \2

adiiloma per 7x7 surface unit cul), a mean l ree path lor Ihe adatoin layer about Tour

limes larger should be a beller approximalion resultlng in an accordlngly larger Auger

nlerlron ylelci, not loo differenl from that of a bulk layer. Our cornpuled adalom

holghl wer the second layer Is 0,67 A shorler lhan the d laltlce constanl of 3.14 A

appcarlng, Ihus, äs (he conlracllori of two planes by 0.57 i 0,16 A äs measured by

DurUn et a/21 (er. flg. 2b).

Tat». II shows the highe&t MOs öl Ihe electronlc altuclurc o( our Sl l-l ckister.

Ihe r,u((ace aloins 2, 4, 8, 9 (c(. Fig. 2) glvo rise to l our dolocaliztd arlificlal sur-

lacc slates btcause they are not bonded to an adatorn äs In Ihe real surtaco DAS-

mixtcl. These delocallzed artlflclal surface slater> WO 67-70 are easlly Identlfled by

thelr AO cornfioaUlon In Tab. H, dlsplaylng all corilrlbullons i t % lo the MOs. MO 72

h llie adalom surface slatt>. tirst übserved by Blnnlg et al. wilh Scaruilng Tunneltng

Mlcrrtsropy (STM). MO 71 has a 71 K AO contribulkHi (rom Ihe surface alle (alom 6)

and cories[>OfidG to one of the slx (real) surface slnl^s öl tho 7x7 unlt cell flr&l

idcnülled by Marncra ö( $1. by uslrtg Ihe sarne (echnlque. Accordlng lo our catcuta-

tion, Ihe adaloni curfuce ülate conslslü of 39 % ndulorn contfil>ulions and 45 % AO

coritrttn.ilionr, Irorn (hß [our n«xl neighboura (atorns 3, ,">, 7, 14; cf. f ig. y) of Ihe

adalotn und Is, hertce, dftiocaltzetJ over an St düster wllh n ycoinelry close to Uial

of a Irirprial bipyrarnld calculaled In chapter 2.

A furlher rneans for le&tiny Ihe sultablily of Ihü St M2(. clustur modelliny Ihe SK11U-

7x7 surface Is ätipplied by Ihe cornpariaon of our calculaled lonlzation polentials (IPs)

wllh other experlmenlal23 and llieoretlcal' values. The IPs are glven relative lo II«

Kerml -Energy E , defined äs the energy o[ the high&sl occupled s Ute, The surface

states al Ihe adatom (WO 72), and al Ihe surface site IMO 71) äs wdl äs ttie back-

borxf (MOs 65 and 66) are most eullaUe for thls comparlswi. Siice L<K tiacfcbomJ

MOs aro nearly degenerale we deflne thelr tP äs

IP(backboiid) = -^J-1
LP(MQ 66) ^ IPtMO 651

2

IPIWO 66) - IK'(MO 05)

The values lor Ihe respecilve WOs oblalned In llils way are glven In Tab. III. The

IPs calculalfjd wlth Ihe SCC-X« Method malch tho expct Imcntal dal a stlghtly bel-

ler than Ihose of Olan and Chadl17. However, wllh respecl to Ihe slze of llie Investl-

gated Systems, Ihe maxlmurri dcvlalfon of 0.2 eV has to be regarded äs a good rnu-

tual agreemenl belween bolh modes of calculatton.

Consklerlng the ttensity of tlates (DOS) permKs Ihe quailtatlve corrtpar iüOfi with

photoelectron speclra (PES) when the dlscrele levels e are loldwd by a Gaussian

accordlng to

N ( E ) = Z
l

"2"

The DOS for Ihe düster SÎ H Is shown In Flg. 3a.lhe peak al E is altribuled lo

the adalom surface stale and the peak al about -6.3 eV arrlsea (rom Wie siirlace

slte. The next peak al -7.5 eV Is constltuled of dangltny bondo of the surface alomr,

2, 4, B, 9 and to, Iherufore, a ctusler artefacl. The real surface blates agree wllh

Ihe UV- fJL:S from Demulh et a/.2"1 wtiereas more lhan qualitative agrocmenl In Ihü

bulk region cannol be expectud bccause, flrslly, a cluslcr of only 20 Sl alorna is nol

sufficieril and secondly, f£q. (4) doeb not iricorporalo crous ü



Tr> assusjs Ihü billucnce öl Ihe artlffclal dangllng bonds o( Ihe Burface atoms 2, 4-,

B, 9 on the results so far oblained, the poelllori öl (he surface site alom was varled

ayaln In a Sl2aH3Q düster wiiere these bonds were salurated by one H-atom, respec-

llvely. tn this case, Ihe surface slle alom moves dotier to the eurface by 0.002 A

thus belng negUgWe. and the IPs o( the adatom and the backbond are Ef - 0.79 eV

and E - (1.89 i 0.04) eV, respectlvely. tn splle öl these mlnor tmpruvements re-

garditig K« experlmenlal data from Hamers et a/. , Uie suhsequenl calculatlons on

Ge adsorptlon on tfils substralo are performed wllh Ihe unsaturated SL.H.- düster
1 do £O

booHifse Ihe chanye& seem lo be too smatt to ju&Ufy Ihe addllfonal computallonal

(or Iho larger du&ter.

- 12 -

4. Ge-Adsgrption on a Si[lll)-7x7 Surface

The last set of calculstions comprises the adsorption of a single Ge ato» on

the surface-atop site (atom 6 in Fig.2a), on the adatom-atop site (atom l in

Fig.2a), and the coadsorption of two Ge atoms on both sites in the DAS-model.

These investigationa are intended to contribute to the understanding of the

initial growth Steps of thin Ge layers on silicon,

OC rjC

Oev et al. ' have grown Ge on a Si(lll)-7x7 substrate. According to their

XSH measurements the Ge atoms are exclusively adsorbed on surface-atop sites

for IOM coverages (up to 6 = 0.2 HL; l HL = 19 Ge atoms per 7x7 urtit ccll)

whereas for B M 0.4 ML Ge is adsorbed on the Si adatoms äs well. The possi-

bility of Ge adsorption on Si adatoms has been questioneble so far.

Sarting with the adsorption of a single Ge atom on the surface-atop site of

the Si?flH?f,-cl<jster, we are coinparintj the electronic structure, Table IV, v/ilh

that of the free cluster. The artificial surfoce states (MOs 69-72 in Tab.IV)

are destabilized by only about ü.l eV compared to the free cluster (cf.lab.ll)

duß to AQ contributions of up to 2% from Ge p-orbitals. The nearly degenerate

highest occupied MOs (HOMOs) 74 Find 75 are lone pairs of the adsorbcd Ge (atom

55). The dangling bond of the surface site Si-atom is pushed into tlie bulk

states due to Ge adsorption äs can be verified by coinparing the DOS curve

(Fig.3b) with that of the free cluster (Fig.3a). The minima in the DOS of the

free cluster at -15.3 eV and -16.6 eV are less pronounced when Ge is adsorbed.

The SCC-X» valence total energy äs a funct-ion of the Si-Ge distance has

been deterrained next. The c&lculated bond length of 2.63(1 A exceeds the Ge

bulk bond length of 2.45 A considerably, most likely for the following reason.

There is a spurious 16% AO contribution of thu Ge atom to HO 73 (cf. Tab.IV)

consisting otherwise of AOs from the trigonal bipyramid structure at the ad-

atorn (atoms l, 3, 5, 7, 14). We suspect this to be causcd by numerjcal insta-

bilities during matrix diagonalization which may occasionally occur wtien many

ßigenvalues are closely spaced. 1t is quite improbable that therö exists a

physical reason for t'iis Ge AO coniribution because öl t'̂ e ,r̂ 7:rr3ti.m of 4.60P



between the adatom and the Ge adsorbate wlilch is also confirmed by the negli-

gible overlap population of 0.008 e. The effect of this 16% spurious contri-

bution is an increased arnount of electron density attributed to tha Ge atom,

yialding an effective negative Charge of -0.02 e, whereas a slightly positive

Charge an Ge should be expected in a Si-Ge bond. This argument gets support

from another set of calculations where the Ge adsorption on thc surface-atop

site is repeated with the "saturated" Si,j„H.,n-cluster allowing to check the

influence of the artificiai surface states, tao. In fact, this spurious AQ-

contribution vanishes when the Si Substrate is modified in this way. However,

these calculations could not be made convergent for all geometries since three

almost degenerate MO'g interchange during tha Iteration for some Si-Ge distan-

ces.

The next series of calculations investigates whether a Ge atom (atom 55) can

be adsortied on the adatom-atop site (atora 1). A minimum in the SCC-Xa total

valence energy äs a function of the Si-Ge distance {cf. lab.VII) indicates

clearly a stable bond. The electronic structure of the substrate-adsorbatc

System is given in Tab.VI, and Fig.3c shows the density-of-states curve. As

expected, the free cluster surface state at the adatom (HO 72 in Tab.II) is

pushed into the bulk states upon Ge adsorption on the adatom. The calculated

equilibrium distance between the adatom and the adsorbed Ge is 2.339 A (cf.

Tab.VII) and thus 0.299 A shorter than the corresponding bond length for sur-

face-atop site adsorption, The overlap population of 0.842 e {cf. Tab.VII)

between the adsorbed Ge and the Si adatom is distinctly larger than for sur-

face-atop adsorption with an overlap population of 0.641 e (cf. Tab.V). How-

ever, this difference can be attributed mainly to the different bond lengths

and does not teil anything about the preferred adsorption site. To find the

eneryetically favourable adsorption site, one has to compare the total ener-

gies. For a single adsorbed Ge atom we obtain Lhe total energy to be 2.502 eV

per atom or 57.69 kcal/male lower for surface-attip adsorption than for the

adatom-atop one. This value seems reasonable with respect to the bulk cohesive

energies for Si (176 kcal/male) and Ge (159 kcal/mole) even though wa assume

the true energy difference to be smaller by a factor of roughly 1.5 because X«-

27
procedures tend to overestimate binding energies in open shell Systems äs is

the substrate-adsorbate System dealt with here. The difference in total energy

can easily be understood by comparing the two DOS curves for single adsorption.

In the case of surface-atop adsorption (cf. Fig.3b), a smaller average density

of states is recognized in the region from Ef down ta roughly Ep - 13 eV than

for adatom-etop adsorption (cf. Fig.3c), whereas the opposite is found in the

interval between Ep - 13 eV and Ef - 19 eV. Thus, surface-atop adsorption of a Ge

atom diminishes the density of surface-like states in favour of a higher den-

sity of bulk-liks states to a larger extent than adatom-atop adsorption, lea-

ding eventually to a lower valence total energy in the former case.

Next we turn ta the coadsorption of Ge on the surface site and the adatom site,

The electronic structure is given in Tab.VIII, the valence total energy äs a

function of Si-Ge separations is listed in Tab.IX, and Fig.3d shows the OOS-

curve. The IP's of the artificiai dangling bonds (MO's 71-74 in Tab.VIII) are

nearly unchanged if compared with botlt cases of single adsorptien äs well äs

to the bare cluster so that noticeable effects un the camputed equilibrium

geometry are not expected. The next four HO's 75 -78 are Ge Ions pairs with

ths lower two mainly located at the surface-atop site adsorbed Ge (atam 55}

whereas the upper ones belong to the adatom-atop Ge (atom 56). With 85% AO con-

tribution from atora 55, HO 76 is identified äs the surface-atop adsorbate le-

vel and, analogously, HO 77 with 82% Gu p-orbital contributions is a lone pair

from the Ge atom adsorbed on the adatom. The Situation is less clear with HO's

75 and 78 because HO 75 contains a 34% contribution from atam 56 although the

corresponding Ge lone pair MO 77 has a 0.264 eV higher IP. Likewise, HO 78 ex-

hibits a 40% p-orbital contribution of atom 55 adsorbed on the surface site

with its "true" lone pair MO 76 lower by 0.290 eV. This is striking because

for adsorption of a sinyle Ge atom the lone pairs are nearly degenerato, i.e..



- iS" -

for surface-atop adsorption the Separation between the Ge lone pairs is 0.011

eV (HO 74,75 in Tab.IV) and for adatom-atop adsorption the Splitting is ooly

0.002 eV (HO 74.75 in Tab.VI).

The various bonds between the Substrate and 'the aösorbate can be analyzed by

comparing the dominant contributions that constitute the bond (cf. Tab.X) with

each other. Two pointe should be eraphysized. First, the Ge-Si-sdatom bond has

a significently larger x-character and, second, the bond populations for

singla adsorption and coadsorption, respectively, are almost identical in both

cases.

The effective Charge of the surfacs-atop Ge atom is more positive by 0.029 e

than that of the adatom-atop one which explains the ordering of the Ge ione

pair HO's. This Charge difference can be understood in terms of the larger

distance of the Ge atom on the Si ade tan to the average surface (defined by

the atoms 2,3.4,5,7,8,9, cf. sect.3) leading to a small Charge drift in dirsc-

tion of the respective outeimost atoms that reflects the expsrimental Situ-

ation, tuo. The computed effective Ge charges and Si-Ge bond lengths are äs

follows:

adsorption on

adatom-Eitop

surfece-atop

coadsorption

3ßff(Ge) d(5i,Ge)

O.OlSe 2.312A

0.044e 2.515A

single ads,

d(Si,Ge)

2.339A

2.638 A

Whereas the Si-adatom-Ge bond length remains almosL unchanged for coadsorption,

o considerable shartening by 0.123 A of the Si-Ge bond length is obtained in

case of surface-atop adsorption. This confirms our earlier assumption that the

unreasonably largo distance of 2.638 A may be dus to a numerical instability.

By investigating, finally, the additional adsorption of a third Ge atom,

wo could show that breaking up the adatom structure yields a stable structure

according to the experimentally observed transformation of the Si(lll)-7x7

28 29
super structure into a perfect 1x1 surface upon Ge adsorption ' . Therehy,

tuo Ge atoms are adsorbed on the Si atoms 3 and 5 {cf. Fig.2) in the same way

es the remaining Ge atom is in the surface-atop site. The former Si-aclatom

binds in an analogous tnanner to ötom 7, albeit at a shorter distance. The

cslculated bond lengths are 2.366 A for the Si-Ge bond and 1.912 A for the

Si-Si bond, respectively; tha latter appears too short äs a consequence of

charge fluctuations leading to an unduly polar band. Accarding to this result,

we expect the adaton structure to begin to break up at a Ge coverage of appro-

ximately 0,4 HL, nearly äquivalent to the Saturation of all Si dangling bonds

in the DAS-nodel. This is consistent with the XSW results for higher cover-

35
ages .

In order to understand the formation of this stable adsorption conformation,

we have calculated, in a first step, the adsorption of the third GB on top of

that Ge atom adsorbed or, the Si-adatom. Such an arrangement, however, turned

out to be impossible, i.e. it did not lead to a stable geometry. Tu examine

this process in nure detail, posr.ible reaction paths for the approach üf an

additional Ge atora have to be figured out when all Si adsorption sites are

already occupied. To this end, further calculations are currently in progress

to obtain the electrostatic potential in the vicinity o£ the Ge deposited sur-

fsce in order to determine such reaction paths.
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5. Comparison viith Experiment.

Since no theoretical investigations of the Ge adsorption an Si(lll)-7x7 sur-

faces hove been published so far, we correlate our results only to the avail-

26 29
abla experimantal data. Gassmann et al. ' icport that the Si(lll)-7x7 su-

perstructure transforms into a perfect 1x1 surfaca upon Gs deposition of

8 «»1.3 ML at T - 570 K but that it does not take place at room teraperature.

This reconstruction is in accordance with our calculatians insofar äs thn

adsorption of a Lhird Ge atom leads to a stable structure only if the adatom

structure is broken up. However, our calculations correspond to Ge coverages

of about 0.5 HL, and we didnot follow the growth process in detail. Conse-

quently, a Ge coverage of B =1.3 ML is too high for an instructive comparison

with our calculations.

30
Patel et al. deposited approximately O.B HL Ge on a Si(lll)-7x7 Substrate

28
at a rate of about l ML/s which exceeds that uf Gossmann et al. by a factor

of 600. Accordingly, it cannot be excluded that they have measured growth pro-

cesses perturbed by Ge-Ge collisions during tne adsorption. Ihis effect could

30
be significant because Patel et al. have kept the Substrate at room terape-

rature during epitaxy thereby impeding the Ge atoms from finding their ideal

adsorption site through surface diffusian. Furthermore, their Interpretation

is not ba&ed on an adatom model and assuraea the upper two Silicon surface lay-

ers unrelaxed. Moreover, they did not work under UHV conditions and added an

amorphoijs silicon cap of 100 A to protect the Ge layer. According to Gibson

31
et al. such a cap preserves the 7x7 superstructure but presumably removes

30
the adatom layer. Vet, in (lll)-directior» Patel et al. observed a pliase va-

lue of 1.02 d... (d,,.-3.14 A) of the Fourier component of the Ge distribution

function, dose to the value of 1.06 d..,.. for 6- = 0.4ML measured by Oev et

. 25,26
al. '

32
In a second paper, Patel et al. base the Interpretation of their XSH measure-

menls under UHV conditions on the DAS-model but the Ge coverage of B « l ML

-18-

still does not allow any conclusian about the preferred adsorptiou situ be-

cause an occupation of all six surface sites in a 7x7 unit cell corresponds

to about 0.12 ML only. In (lll)-directiori they measured a phase value of

1.04 d.., with a coherent fraction of 0.44 but they did not give any details

about the Ge positions coricerning coverage sites. Therefore, it does not con-

tain any valuable Information with regard to our calculations.

?fi
DBV et al. performed XSW measurements on the Ge/Si(lll)-7x7 interface under

UHV conditions for Ge coverages of 0.2 ML, 0.4HL and 0.5 ML at a Substrate

temperature of 530° C. They Interpret the coverage of 0.2ML in tho trame of

the DAS-model äs the Ge occupation of all six surface-atop sites, whereas the

coverages of 0.4 ML and 0.5ML are interpreted by the occupation of all atop

sites; the latter value alluws a soiall incoherent fraction from random posi-

pc OK

tions. Thereby, Oev et al. ' introduce three assumptions in their Interpre-

tation. First, they assume the height of the adatom over the first Si layer to

22
be 0.78 A based on the STM experiments of Sinnig et al. . Secondly, the Si Ge

bond length is given the same value of 2.40 A for both adsorption sites which

is the arithmetic average of the Si and Ge bulk bond lengths. Finally, they

choose the Si bilayer Separation also to be 0.78 A corresponding to an unre-

laxed geometrical configuration. These assumptions have to be revised accor

ding to our results: On the one hand, the calculated Si-Ge bond lengths are

substantially different fnr both adsorption sites. On the othtir hand, the ad-

atom position öeviates considerably from the assumed 1.56 A over the second

layer. Remarkably, both errors almost cancel each other since, according tu

our calculations, the average Si-Ge bond length with six Ge atums adsorbed on

surface-atop sites and twelvta on adatom-atop ones, corresponding to a coverage

of about 0.4 ML Ge, is 2.38 A and thus close f.o 2.4QA. For a Ge coverage of

25
0.2 ML which equcls an occupation of only the surface-atop sites, Dev et al.

measure in (111)-direction the Ge distance from the (111) diffraction plane

which is the middle Of the Si bilayer in absence of relaxation. The resulting



Si-Gc distancB is 2,34+0.06 A, a value being most likely too short. For,

34
Becker et al. observed e contraction by 0.2 A with STM in tha faulted sub-

cell of the DAS-model that would lead to a Si-Ge bond length of 2.44 A sig-

nificantly closer to our results. Independently of this reasoning, a mecha-

nism producing the effect that the Si-Ge bond length appears too short in

• 25
the XSW experiments of Dev et al. could be a possible contraction of the

surfacH-atop site upon adsorption. Additionally, according to the recent cal-

33
culntian by Qian and Chadi more than just the upper two Si layers exhibit

a relaxation which seems more plausible than a relaxation of only the top-

2
most two layers äs reported by Takayanagi et al. In summing up, we can con-

clude frcm our results that the actual Si-Ge bond length for direct surface-

atop adsorption should ränge between 2.40 A and 2.52 A. Finally, taking the

oc Oß

observations from Oev et al. ' for granted, the Interpretation of the XSW

21
measurements by Durbin et al. on the bare Si(lll)-7x7 surface would require

Lhe unraalistic Si-Ge distance of 2.90 A supporting our reasoning in ssct.3.

25
For B. = D.4HL Dev et al. Interpret their experiment äs a complete Ge

occupation af surface-atop and adatom-atop sites, the latter being possible

only after all surface sites are occupied, This agrees exactly with our calcu-

lations that adatom adsorption of Ge is possible but distinctly less favour-

able. Such an Interpretation gets further support by theii measurements for

Ge coverages of 0.2ML and Q.5HL in (220)-direction where the higher coverage

corresponds to an occupation of all 18 adsorption sites in a 7x7 unit cell

(or 19 including the corner hole). In this case, the observed Ge position was

Q.75d22Q *d22Q = 1-92A) instead of °-72d220 8S exPected by the». This devi-

ation is slightly above tlie given error bar of 0.01 d™, the reason being

simply the erroneous assuraptian of the too short adatom height, which gains

importanca with higher coverages when more Ge atoms arg odsorbed on adatoms

than on surface site atoms.

- 10 -

6. Cünclusiüns

In this contribution, we have presented the first theoretical results about

Ge adsorption an a reconstructed Si(lli)-7x7 surface by cluster modal calcu-

lations. Ge adsorption on adatoms is found to be possibLe but energeticaliy

less favourable than direct surface-atop adsorption, in agrsBment with oxpe-

rimental data. Thus, adatom adsorption takes place only aftor all stjrfsca

sites are occupied, Our calculated distances are consistent with the avaii-

able experiment a l data leading, at the same time, to reviaed interpretntions

in sooie cases. For Ge coverages higher than about 0.4 HL no edditional Ge ad-

sorption is possible without substantial structural changes. Stable struc-

tures are obtained by the rearrangement of the adatorn structure, equiwalent

to the experimentally observed transformation frora a 7x7 superstructure intu

a 1x1 lattice. A first theoretical explanation of the initial stepa of GH/

Si(lll)-7x7 interface formation has been tried. In urder tu understand this

process in more detail, the electrosLatic potential of the subütrate-attsor-

bate aystem is currently being cumputed from the Charge density at the clus-

tur surface and between the odsorbates.
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Ground slate and bond length of small sülcon clusters.

Table II

Electronic atructure of SL0HM (cf. Flg. 2).
cV at

Paccnloni. Koutecky Raghavachari present werk MO

Cluster(Symtnelry) State: bond lenglh [A] State: bond length [A] Slale: bond lenglh [A] IP (eV>

Sl. ( D l X : d = 2.47 3A. : d = 2.316 X : d = 2.198* *n Jg cg tQ

Si. (T.) 3T, d = 2.71 *A • d = 2.458 V : d = 2.342 : 1 Sl 3s "l

1-1 3p"

Si, ID.. ) V : d = 2.63 'A, ; d , , = 3.256 V : d, , . = 2.991- 3h 2 l lat-lat l lat-lat h,
d, = 2.338 d = 2.342 2+9 Sl 3s "'lat-ax iat-ax t.

2*9 Sl 3p

Sl. EC. ) 'A, ; d = 2.62 'A, : d v , = 2.295 'A. : d . . = 2.3065 *v 1 1 ^at-l»t 1 Hat-lat hl

d = 2.502 d = 2-491 4*8 Sl 3s w
Hat-ax nal-ax KI

SI5 (Td) 5E d = 2.50 no values published !A( : d = 2.171

3*7 Sl 3p ct

5 Sl 3s dl

5 Sl 3p dl

6 Sl 3s "'

6 Sl 3p •'

14 Sl 3s °

14 Sl 3p "

65

7.405

66 67 68 69 70 71

7.333 6.507 6.465 6.349 6.324 6.205

72

5.465

AO contrlbuttons to MO (in 'A of MO)

0

7

2

51

0

1

0

28

0

10

8 7 5 6 0

42 42 25 29 3

4 5 9 9 0

21 27 46 47 3

0

17

2

35

2 8

6 63

0

28

8

31

3

26

2

12

1

1

a) Adalom.

b) Surface alom. Oue to symmetry both atoms yleld the saino AO contrlbuUons.

Iherefore no Information Is lost by their addlUon,

cl Surface alom saturatcd by adatonn. Dvie lo symmetry bolh atoms yleld the

same AO contrftutlons. Therefore no Information is lost by Ihefr addition,

d) Surface alorn saturaled by adatom.

e) Surface slte.

f) Second layer alom under adalom.
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Comparison of selecled surface states from vartaus sources,

source Hamers et a/.23 Qian, Chadl'

state [Experiment] [TheoryJ

adatom £( - 0.2 eV E(

surf, slle E - 0.8 eV Ef - 0.9 eV

backboncJ E - 1-7 eV E - 1.5 eV

present work

[Theory]

Ef

E - 0.82 eV
t

E - (1.90 * 0.04) eV

Toble IV

Electronic struclure of SLJ-t for adsorptton of a slngle Ge atom (atom 55)

on the surface slte (atom 6).

MO

IP <eV)

69 70 71 72 73

6.431 6.429 6.294 6.264 5.601

74 75

5.545 5.534

AO conlributions to MO (in % of MOt

1 Sl 3s al

1 Sl 3p al

2*9 Sl 3s b)

2»9 Sl 3p b)

4'8 Sl 3s b)

4'8 Sl 3p b)

3+7 Si 3s cj

3*7 Sl 3p c)

5 Sl 3s dt

5 Sl 3p d>

14 Sl 3s el

14 Si 3p B)

55 Ge 4s "

55 Ge 4p "

6

26

9 8 4 4

49 49 2l 23

3 3 9 K)

18 20 50 53

3

24

1

9

1

1

0 0 0 0

1 2 1 1 6

t.

7

0

2

0 0

1 1

0

4

1

4

0 0

95 74

a) Adatom.

b) Surface atom. Due lo Bymmetry bolh atoms yfeld Ihe same AO conlrtoutions.

Therefore no Information is losl by Uielr addilion.

c) Surface atom saturated by adatom. Due to symmetry bolh aloms yield the

same AO contrlbutlons. Therefore no Information Is losl by their addilion.

d) Surface atom saturated by adatom.

e) Second layer atom under adatom,

0 Germanium adsorbale.



lafale V

SCC-X« valence tolal energy äs a funcltoo of Ihe St-Ge bond length between

the surface site latom 6l and slngle Ge latom 55) adsorbed thereon.

AE relative to Ihe valence total energy minlmum at dt6Si. 55Ge) = 2.638 A

d(6Sl, 55Gel

[a.u.] [A]
total

[fly]
&E overlap population of 55Ge wllh

[ Kcal/mcH ] 6Sl 13SI = 17SI 15SI

4.735 2506

4.835 2.559

4.935 2.612

4.986 2.638

5.035 2.665

-139.904

-139.913

-139.920

-139.920

-139.919

5.011

2.189

0.051

»0

0.433

0.712

0.683

0.656

0.641

0.631

-0.038

-0.036

-0.034

-0-032

-0,031

-0.039

-0.037

-0.034

-0.033

-0.032

Table VI

Electronic slruclurß of Si H for adsorpllon of a slngle Ge atorn (alom 55)

on the adatom (atom II.

MO 69 70 71 72 73

IP («V» 6.470 6.435 6.320 6.296 6.250

74 75

5.635 5.633

AO contributions to MO (In % of MO)

2+9 Sl 3s *' 8 7 5 6 0

2+9 Sl 3p *' 43 44 25 29 4

4*8 Sl 3s " 4 5 9 9 0

4+8 Sl 3p at 21 27 47 47 2

3+7 Sl 3s b>

3.7 Sl 3p bl

5 Sl 3s cl

5 Sl 3p c>

6 Si 3s dj 1 - 8

6 SI 3p dt B 63

55 Ge 4s "

55 Ge 4p "'

2 0

8 3

1

5

0 0

89 88

a) Surface alom. Oue lo symmetry both atoms yield .Ihe same AO conlrlbutions.

Therefore no Information ie lost by thelr addiiton.

b) Surface alom salurated by adalom. Due to symmelry both atoms ytetd the

same AO contrlbutions. Therefore no Infcrmallon is lost by thelr addlllon.

cl Surface atom salurated by adatom-

d) Surface slle.

e) Germanium adsorbate.



Table VII

SCC-X« vaence total energy and overlap population äs a funcllon of the St-Ge bond

length between the adalom (alom \\d single üe (alom 55) adsorbed thereon.

Variation Ine bond length dUSl. 55Get

AE , relative to Ihe valence total energy minimum at dllSI, 55Ge) = 2.339 A
tot »t ™

dMSi, 55Ge)

U-uJ [A]

4.235

4.335

4.421

4.435

4.535

4735

2.241

2.294

2.339

2.347

2.400

2.506

total

[Ry ]

-»39.697

-139.731

-139.736

-139735

-139.730

-139.709

AE ( overlap population of 55Ge with

[ Kcal/mol j 1SI 3SI = 7Sl 5Sl

11.95

1.363

= 0

0.034

1.790

8.250

0,926

0.881

0.842

0.834

0.792

0.712

-0.038

-0.038

-0.038

-0.038

-0.037

-0.034

-0.034

-0.034

-0.034

-0.034

-0.033

-0.031

Table VIH

Electronic struclure of SL„H„, for coadsorptlon of ly/o Ge atoms.
2o 26

Atom 55Ge Is adsorbed on Ihe surface site (alom 6)

and atom 56Ge 1s adsorbed on the adalom latom 1),

MO

IP (eV)

7l 72 73 74- 75

6.463 6,459 6.335 6.305 5.889

76

5.713

77 76

5.625 5.423

AO conü-lbuttons lo MO (in % of MO)

2*9 Sl 3s *'

2+9 Sl 3p at

4*8 Si 3s "'

4+8 Si 3p B>

3+7 Sl 3s bl

3*7 Sl 3p bt

5 Sl 3s c)

5 Sl 3p c)

55 Ge 4s d)

55 Ge 4p dl

56 Ge 4s "]

56 Ge 4p "'

6 6 7 5

39 37 33 31

5 5 7 8 0

29 29 39 45 2

0

3

1

3

0 0 0 0

4 2 1 5 3

0

34

0

1

0

1

0

1

0

85

0

6

2 0

7 1

0

3

0 0

7 40

0 0

62 53

a) Surface alom. Due (o symmelry both aloms yleld the same AO conlribulions.

Iherefore no Information is lost by their addltlon.

b) Surface atom saturated by adatorn. Due to symmelry boln atoms yield the

same AO conlrlbullone. Therefore no Informallon is losl by Üieir addltlon.

c) Surface alom saturated by adatom.

d) Germanium adsorbale on the surface site.

e) Germanium adsorbale on the adatom.



Igbje IX

SCC-Xa valence total energy and overlap popUatton for coadsorpllon äs a funclton

of Ihe Si-Ge bond lengin belween the surface slte (atom 6) and a Ge (alom 55)

artsorbed ihereon äs well äs Ihe adalom (atom 1) and a Ge (atom 56) adsorbad thereon.

Variation of Ihe bond lengin d( 1SI, 56Ge )

AG relative (o the valence total energy mlnlmum at dUSI, 56Go) = 2.312 A

dl 151.

U.U.]

4.285

4.335

4.370

4.385

4.435

4,485

4.535

56Ge)

[ A ]

2.268

2.294

2.312

2.321

2,347

2.376

2.400

Vartallon of the

*«.
d( 6S1,

Uu.J

4.585

4.635

4.735

4.754

4.835

4.935

relative

55Ge)

[A ]

2.426

2.453

2.506

2-515

2,559

2.612

total

[Ry]

-143.133

-143.152

-143.153

-143.153

-143.150

-143.148

-143.147

bond lenglh

[ Kcal/mol ]

6.290

0.364

m 0

0.051

0.709

1.399

1,775

d(6SI. 55Ge)

151

0.906

0.883

0.868

0.861

0.838

0.816

0.795

to the valence total energy minlmum al

total

[Ry ]

-143.142

-143.150

-143.162

-143.162

-143.153

-143,133

[ Kcal/mol ]

6.368

3.640

0.097

s 0

2.919

9,190

overlap

6Si

0,756

0.74t

0.711

0.707

0.683

0.656

populatlon of 56Ge wilh

351 = 751 551

-0.038

-0.036

-0.037

-0.037

-0.037

-0.037

-0.036

d(6SI, 55Ge)

populalton of

13SI =

-0.042

-0,041

-0,039

-0.038

-0.037

-0.035

-0.035

-0.035

-0.035

-0.035

-0.034

-0.034

-0.034

= 2.515 A

55Ge with

17Si 15SI

-0041

-0.040

-0.038

-0,038

-0.036

-0.034

TaWe X

Dominant conlrtbutlons to Ihe overlap popUatlon of the varlous Si-Ge adsorplton bonds.

b.ond

( Si 3p. Ge 4p. o 1

( 5l 3s, Ge 4p. o l

( SI 3p, Ge 4s, o t

( SI 3p. Ge 4p, 11 \m

slngle

0.37

0.25

0.12

0.13

adsorption

coadsorptlon

0.37

0.25

0.12

0.14

surface

single

0.47

0.16

0.03

0.01

slte adsorplion

coadsorptlon

0.47

018

0.06

0,02



F i (jure Captions.

Fig. 1: Si,-cluster in (a) U -symmetry (trigonal bipyraniid) with the late-

ral atoras 1,2,3 and the axial atoms 4,S; (b) C. -synmetry with the

axial at-oiii l and the lateral atoms 2,3,4,5; (c) T.-symetry with

the central atom l and the peripherdl atoms 2,3,4,5.

Fig. 2a; Top view of the Si atoms of the free Si„ßH fi-cluster with the ed-

atom l and the surface site G. The second layer atom 14 under the

adaton is hidden fron view.

Fig. 2b: Sidu view of the adatom layer and the first four layers of the un-

relaxed Si(lll)-surface within a plane determined by atoms 1,5,6

and 14. The diffraction plane d... is the middle of the Si-bilayer

and d is the bilayer Separation. The computed distance d „ bet-

ween the second and the adatun layer is by 0.67 A shorter than

d.... liiere is no direct bonding betwccn the adatom l and the sur-

face site atom 6. Ihe atoms 3 and 7 directly bonded to the adatom

are above and below the plane (indicated by dotted circles).

Fig. 3a: Density-of-stetes (DOS) curve for the free Si?flH?R-cluster. Here

and in the subsequent DOS-plots, F. is detined äs the cnergy of

the highest occupied state.

Fig. 3b: DOS curve for the Si„„H„_-clustur with one Ge atom adsorbed on

the surface site (atom 6 in Fig.2)

Fig. 3c: DOS-curve for the SioaH„_*cluster with one Ge atom adsorbed on
£O £O

the adatom site {atom l in Fig.2)

Fig. 3d: DOS-curve of the Ge0SinDH„„-cluster for coadsorption on the adatom
c to eo

and on the surface site atom.

fig. K.)



Fig. l(b)

Fiy. l(c)

Fig. 2(a)



u o z UD (M X 00 (M o m o Q
o- L
-

tt
J

O o (M o 11
' u

 1
11
 m

 i'
 i 
n

' 1
11

 n
 1

11
11

11
11

1 n
 1

1
9

1
 

0
1
 

S
 

0

l
'
q

J
V

) 
S

9
T

B
T

S
 

J
O

>

ID l 0
3 l o *H t (M 1-
1 l (D r-
« l

(0 --
I t o N i

0
) q u



D
e

n
s
i 

ty
 

o
f 

S
ta

te
s

 
(A

rb
.U

. 
)

0
 

5
 

1
0
 

1
5

ro o i H
*

0
) l h* 0
) l H
* M l H
* o O
>

0
)

"
U

 
f
«

*<
; 

•¥

0)
 

i

u
ii

< 
in

 m
i'
iu

n
i u

 in
' M

O • M o a CD

a o U
)

o IV
)

CD M cn n o a H o

•n H
'

>a CD -1 a»

D
e

n
s
lt

y
 
o

£
 
S

ta
te

s
 

(A
rb

.U
. 

)
0

 
5

 
1

0
 

1
5

ro o l 0
> l 0
) l h-
r

W l »-
*

O 0>

H
 i
 i 
i 

l'
 i
' 

11
11

1»
 M

 i
 

11
1 o M o o CD

a o C/
3

o M ÖD E IM CD o m c PO -n > n n



D
e
n

s 
i 

L
y 

o
f 

S
t
a

t
e

s
 

(A
rb

.U
. 

)
o 

5 
to

 
15

K
)

O l
H

*

C
P 0
1 i •-
*

10 l »-
* o l (p

N P <*
 

.
-*

 
01

?3
 n

 •

<

i 
i 
i 
| 
i 
i 

11
 l

 1
1 
i 
l 
| 
l 
i 
l 

11
 i
 i
 i
 M

 i
 1

1

a o O M ÖD X M cn n o > a cn IM m




