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Abstract

Cluster model calcuations on Germanium adsorplion onto the SI(111)-7x7 surface are
performed with the SCC-Xa method. Calculations on small Sl-clusters and on the
Lare subslrale prove the model's rellabllity for the subsequent Investigations com-
prising adsorption ol a single Ge alom on two different sites In the DAS-model, as
well as that of lwo Ge atoms skmullaneously. Adsorplion energles, distances and
strengths of the respective SI-Gé-bonds are compared. Eventually, an explanation for

the first sleps of an Interface formation betlween SI and Ge Is offered.

Lo be published in Phys. Rev. B
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! Introduction

The structure of the SN surface Including adsorplion processes Is a subject of
central Interest. Neverlheless, sulficlent theoretical Information Is still missing Irom
leralure o Interpret experimental datla unambiguously and lo Invesligate physical
properiies nol amenable lo experimental observation. In this arlicle, we present (he
first calculation of Ge adsorplion on a SHIM-7x7 surface to provide some Insight
Into the Initlal steps of Ge layer growth on sllicon reconstructed In the DAS-Model
of Takayanagl et a2,
The Interaction between a sllicon substrale and germanium adsorbales Is Irealed
In the frame of the cluster model constituting an efficlent procedure to handle such
computations. The analysls Is performed with the SCC-Xa method® which Is a
semlemplrical procodure for calculaling the electronic structure of large quantum
mechanical systems. This method has already been successfully applied lo problems
such as the adsorplion of waler dimers on nickel*, the adsorplion of varlous
molecules In zeolles®*® and the reaction of CO with an Imperfect TIO, surface™”.
In section 2, calculations on small sllicon clusters are reported for the comparison
ol the SCC-Xa method with ab Initlo Investigations. In section 3, we discuss the
resulls of our clusler calculations on lhe bare SINN-7x7 surface followed by the
treatment of the Ge adsorption on this substrate In section 4 and a comparison of
the resulls with the experiment In section 5. We conclude with a brlel summary and

an oullook on fulure perspeclives and projects.
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2 Caleulalions on Small Siicon Clusters

In this section we discuss briefly our calculations on the dusters Si, and Sl In some
geometries resembling Uie silicon bulk coordination. This perrmils a comparison of the
SCC-X& raethod® with other procedures as well as an eslimate of the rellability of
our resulls when applied Lo modelling the SKIN-7x7 surface. I\ should be pointed
oul that no experimental Wformalion on the sllicon clusters deait with In this work

has yot been published. Qur mumerical Fesulls are summarized In table ).

The cluster 314 Is computed for the lwo geoimelrles corresponding to symmetries D,
{squara) and T g (tetrahedron), respectively. For Si 4ID‘h) we oblain the same valence
dectron configuration :'Azg: tla )% (e )* (mlﬂ)z b, ° (a, )2 (z)am)z (2e)? as
Raghavachart from ab Inltio Hartree-Fock calculations and as Pacchiont and Koutecky
(PKI? from an ab Initio procedure Including some configuration inleraction, the latter
authcrs oblaining only an Interchange of the 2nd and 3rd highest Jevels. For 48y
relry our configuration 'A': (L’lli2 (ilel° (2;1,!2 {21216 Is again idenlical with (hat of
Raghavachari’ while PK" compute, as the ground slale, a riplet conflguration belng,
however, only lower in energy by 0.003 eV than the ‘Al conflguration. Our bond
lengths for Sl n D, and T -symmetry of 2198 A and 2.342 A,respectively, are
slighlly shorter than those of Raghavachar)” with 2.316 A and 2.458 A. The bond
lengths computed by PK¥ seem ta bo wreasonably large with 2.47 A and 2.71 A,
respuctively. Comparing the two symmelries wilh each other we oblain the D w, -
linclly more stable i qualitative agreement with Raghavaduarl" and PK™ bt in con-
trast 1o an older {licket calculation of Martin and Schaber'®. Qur resut Is suppor ted
by the facl thal the overlap poputation belween two adjacent Si atoms In Du. geo-
metry of 0.886 e Indicates a considerably stronger covalent bord than in T 4 geometry
with 0.453 e. This Is easily understood because the bonds In the telrahedron can be
characlerized as banana bonds being energetically less favourable than the urv-slrained

{ppo) borkls in the Du. qgeomelry,

s e om  om  ow ow

Sis (cl. Fig. 1) is computed for three geometries corresponding 1o the syminelries
D,,, {trigonal bipyrarid), C 4+ {Square pyramid) and T 4 Utetrahedron}. According (o our
resuils, the trigonal bipyramid has the dosed shell valence cleclron conflguration
W a)® (1) (1) 2a)° (1) (3a)% (2617 with a laloral Si-SH distance of
2.991 A and a bond length belween lateral and axial atoms of 2.342 A. The respec-
live bond lengths of Raghavachari are 3.256 A and 2.338 A. The bound slale s
only constiluled by the lateral-axial bonds whereas the small negative overlap popula-
tlons between lwo laleral atoms (-0.02 e) and between the two axial atoms 1-0.06 o}
exhibit a weak repulsion. The calcutation of PK' has to be considered as wnreflable
n so far that they assume equal next neighbour dislances of 2.63 A for the laleral-
lateral and the lateral-axial bonds. This fs most likely the reason why their calculated
ground slale Is a triplet configuration,

inC 4, Symimetry we get a lateral bond length of 2.306 A, a laleral-axial bond fength
of 2.491 A and the configuration 'A: tia)® (le* (22) ()7 (1b)? (3a)? (20)* t4a)?
in almosl perf{ecl agreement with Raghavacharl" whose atoinle dislances are 2.295 A
and 2.502 A, respecilvely. Once more, the results of PKY% have o be discarded
because of thelr assumplion of equal bond lengths. The avertap populatont of 0.695 e
between two lateral atoms ve. 0.329 e belween the axlal atom and one lateral atom
Indicates much stronger covalent bonding within the square. The axial atom is nega-

Uvely charged by -0.08 e leading to positive charges of 0.02 e al the lateral sites.

In tetraedral geomelry we coinpute an 'A': lIa')z (11215 (211')2 (2[2)‘s ftet* vatence
electron configuration with a bond lenglh of 2.171 A. The calculation of PK'? ylelds
250 A lna ’E ground state configuralion, both resulls appearing rather uniikely.
In agreement with PK'Z we derive from the overlap population of 0.82 e belween lhe
central atom and a periphersl atom that these internctions conslitute the stability of
tetrahodral Sls. the averlap charge between two peripheral atoms being only V.04 e.
The effective charges of 0.128 e for the central atom and -0.032 for each periph-

eral atom due lo kilernal charge Huctualions should stightly stabllize this cluster and
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shorten the bord length. The smooth potential curve of Slsﬂ'd] shows an extremely
weak bonding and Raghavachar] and Logovlnsky" suppose this clusier even lo be
unstatle. This conclusion, however, could be due to the neglect of the Coulomb cor-
redalions In Hartree-Fock becoming especlally imporiant when slrong repulslve non-

boreling Interaclions between lone palr orbitals occwr, as it is also the case In Fe‘

We oblain S‘5 lo be most slable in Dah~symme!ry which agrees with Rawavuchan"
but rot with PK'? who favowr a planar Ca;gcomelry. maybe due lo unveasonable
geomnelry restrictions in the case of D, and C, . Therefore, D, Is proposed to be

the ground slate geomelry for SIS.

Altogethier, the SCC-Xa bond lengths agree with the Hartree-Fock results of
Raghavachari " within 5 % or better which proves that Si-SI bonds are well described
In the frame of the SCC-Xa method and thal rellable results can be expectled also

for calculalions on the sllicon surface.

3 The dean Sitl) Suriace

The sdlld stale model and the clusier model are two approaches to treal adsorption
phenomena on solid surfaces, which mainly differ in modelling the substrate. The solid
slatle modd assumes Il as a two-dimensional ideal surface only weakly disturbed by
the adsorbate. For several reasons, viz. problems with self ~cons|stency, non-ideal sub-
strale surfaces and delermination of adsorplion geometries via totil energy calcula-
lions, the solid state model Is not a sultable approach In our case. Within the cluster
madel Lhe adsorption site and s environment are represented by a finite cluster; this
approach Is applicable il the adsorplion can be acsumed to be in good approximation
a local phenomenon's. Allhough the cluster model Is tess realistic it oflers several
practical advantages compared \o the solid slale model concerning the treatment of
non-ldeal surfaces and the determination of adsorplion geometries, In particular, The
welt known drawbacks of the cluster incdel, viz. the size problern, inlernal charge
{fluctuations, and the embedding problem can be ireated by meanwhlle standard techni-

ques, described eg. In Mlitsch?.

The only theoretical work on a SI0N-7x7 surface reconstructed In the DAS-Model

Is a recent calculation of Qlan and Chadl"

which Is, however, non-sellconslstent and
restricled lo next nelghbour interactions. Even though the simplicity of this approach
allows the handling of a cluster of 200 Sl aloms and 49 H atoms, and determining
of is equilbrivin geometry, It precludes, e.g., the distinction between an fcc and an
hep lallice since for lelrabedral coordinated atoms the next neighbour environments

are equal in both cases. Thus the stacking fault In the DAS-Model cannol be ac-

counted for but has {o be introduced as an assumption.

tn the SCCXx Methud® the interalomic polential maltrix elerments are nol parame-

trized bul explicitly calculated through

wo_ a3 s T (ST (RO PR
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where (7 ~T?u) denotes the (n}m) real atomic valence orbital of the alom p
located al R“A fhe atomic potential V:’:’ Is described In the Xoe-approximation, and
the sum includes all dusler atoms x removing the resiriclion to next neighbour
iteractions. Moreover, the resulling secular equation is solved selfconsistently with

fespect to atomlc orbltal occupation numbers

Yoo ook WY MY 0 e
xe = 2a) “E'S” P:: /(a' + a,} 2
which are construcled from (he overlap matrix S:‘," and the bond-crder matrix
dements

Wy n.v
Pl) Enkcuc,: 3)

where . are the occupation numbers of the molecular orbitals (MOs) and the welght
factors'® are introduced In order to overcome the drawbacks of the Mulliken poputa-
tion annl'ysis in 2 simple way. Whereas lhe SCC-Xux calculaligns should yield more
reliable results, it imposes limilations upon the cluster size for handing

the systern wilhin reasonable computation Ume. In our case, the minknal clusler size
is determined by the requirement of Inciuding al least lhe nexl nearest neighbours of
each adsorption slle because it has lurned out thal these are st affected by Ge
adsorption. Consequently, we salecled a ShH,e clusler (cf. Fig. 2) to model the
SHIN-7x7 surface ns the subsirale for Ge adsorplion. As usual, the Fi-aloms serve
to salurate the Si-bonds on \he arlificlal surface arising from culling the cluster oul
of the buli. The average effective charge of all Si bulk atoms Including those of the
artificial surface amounis to 0.031 ¢ 0.031 ¢ so thal the Internal charge fluctuations
are sulficlently suppressed, The computation Ume for this 138 valence orbltal cluster

amounts 1o 95 sec prr Heration on a Slemens 7.882 compuler being approximately

8-10 limes slower thar a Cray 1.

Starting from the equillbrium geometry as calculated by Qian and Chadi'” we have
checked the equilibriure positions of those Si-alams where Ge adsorplion lakes place,
namely the surface site {atom 6, cf. Fig.qa) and the adatom (atom 1). Detining the
surface as lthe average z-coordinate of those surface aloms {no. 2,° 3 4,5 7 8,
9, cf. Fig.2a) saluratled by an adatom in lhe DAS-Model, the height of the adatomn
Is 1.266 A corresponding to an average bord distance of 2.461 A lo the nekjhbouring
atoms 3, 5,7 In almosl perfecl agreement-with the resulls of Qlan and Chadi",
ouwr bond fengths being only 0.028 A shorler. On the olher hand, the height of the
surface site over lhe surface Is 0.068 A giviig an average bond length 1o s next
neighbour atoms 13, 15, 17 of 2.310 A which s shorter by 0.100 A than the respec-
tive value of Qlan and Chadl'. This does nol seem to be a large deviatlon bul the
corresponding heights of atom 6 over the surface differ significantly, Chadi and Qian's™
surface site protruding by 0.261 A over the surface. Mowever, it should be noticed that our
caloulated distasce Is slightly closer to the Si bulk bond length of 2.35 A.

The reason for \he differences for these two sltes could originate Irom higher order
neighbour Interaclions. For, the surface alom is in a real "hollow site” wilh an atom
urxlerneath only in the 6th layer, whereas lhe wdalom resides essenllally In a "op
site” because the atom 14 (hidden from view In Fig. 2 by the adatomn) is forated
directly below al a distance of 2.441 A. For decreasing distances the adatom will be
prevenleci from siking inlo the bulk by alo;n 14 while such an argument does not
apply to the surface site. This effect, however, can be only laken Inlo account if
there Is no restriction 1o Interaction between sp3 bonded parlners. Norlhrup'9 and
Qlan and Chadi” calculate the distance between the adatom and the alom M to be
2.49 A which Is 2 % above our value of 2.44 A while Daum, Ibach, Miiler®® ublaln
2.32 A which Is 5 % below. From the short separation one cannot, however, conclude
thal the adalom is fivelold coordinated, as do Daum, lbach and Miller°. We oblain
a bond wilh predorminant tpzplo) characler and an overfap population of 0.124 e,
significanlly lower than the usual Si-Sioverlap popuation in the tadk of approximately
0.6 e. Such a bonding ls also consistent with Nonhmp"' who computed the tolal

encrgy per adatom In a lop site as to 064 eV lowsr then ™ 2 "ollow sile.
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Qur results can be eventvally made compatible with a recent X-ray standing-

wave (XSW) measurement by Qurbin et 61.21 although it has been interpreted
in another way, namely as a contraction in (111)-direction of the topmost
two atom layers by 0.57 + 0.16 A not counting the adatom layer as the top-
most one since they purport the adatoms to be of no influence within their
error bars. 1f the experiment is granted for being correct, at all, it can
be reinterpreted along the following line of argument. Wa think that Dur-

1

bin et 31.2 could have erronecusly believed to have measured

the distance belween the surface and the third layer instead of lhe dislance belween
the adatom layer ard the second layer. They attribute an Auger electron yield pro-

portionat 1o e™**

to lhe j~th alom layer of the depth D' where the mean free path
A of an Auger electron is assurmed to be layer Independent. Conslisting of only 12
adaloms per 7x7 swrface unit cell, a mean iree path for the adaton layer about four
times larger should be a beller approximation resulting in an accordingly larger Auger
electron yield, nol loo differenl from thal of a bulk Jayer. Our computed adalom
hodght over the second layer Is .67 A shorler than the dm latlice constant of 3.14 A
appraring, thus, as the contraclion of lwo planes by 0.57 + 0,16 A as measwed by
Ducbin et at?' (cf. F19. 20).

.

Tab. 1l shows the highest MUs of the electronic struclure of our SIHH26 cluster.
The swface-aloms 2, 4, 8, 9 (cf. Fig. 2) glve rise to lour delocalized arlificlal sur-
face slates because they are nol borkded to an adatom as In the rea surfaco DAS-
wodel. These delocalized artificial surface slates MO 67-70 are easily identified by
thelr AO composilion In Tab. I, displaying all comtributions 2 1 % lo the MOs. MO 72

Is e adalom surface slate, first observed by Binnlg et al %

wilh Scanning Tunneling
Microscopy (STM). MO 71 has a 71 % AO conlribution (rom the surface sile (atom 6)
and corresponids to one of the six (real) surface stales ol the 7x7 unlt cell First
identilled by Hamers ef al, 23 by uslng the same lechnlque. According to our catcuta-
tion, the adalom surface slate consists of 39 % adalom contributions and 45 % AO
contributions trom the four next neighbours f{atoms 3, 5, 7, 4; of. Fig. 2) of the

adatoin and Is, herke, dedocalized over an Sl,). cluster with a geomelry close o thal

of a trigonal bipyrarld calculated in chapler 2.

- 0 -

A further means for lesting the sultablity of Whe Si,mli26 cluster modelling the Si(i11}-
7x7 surface ¥s supplied by the comparison of our calculaled lonlzation potentials (IPs)
with other experimenlal23 and Weoretical' values. The IPs are glven relalive lo the
Fermi-Energy E,. defined as the energy of the highest occupled state. The surface
stales al the adatom (MO 72}, arxl at the surface site (MO 71} as woll as the back-
bond (MOs 65 and 66) are most sullable for this comparison. Siice the backbord

MOs are nearly degenerale we define thelr P as

lP(l:.uackbond) = . PMO 66) ; IP{IMO 651 ‘ IPIMO_66) 2 MO 65)
The values for the respeclive MOs ottained In thls way are given In Tab. ). The

IPs calcudaled with the SCC-Xox Method match the experimental data silghtly bet-
ler than those of Qian ard Chadi”. However, wilh respecl to the size of Ul Investi-
gated systems, the maximum devlation of 0.2 eV has 1o be regarded as a good mu-
tual agreement between both modes of calculation.

Considering the density of slates (DOS) permils the qualltalive comparison  willy
photoelectron spectra (PES) when the discrele levels €, are (olded by a Gaussian
according 't

E ~- E,

n - 427(___]2 ¢
MNe) = Z —k . e ¢ 14)
2n o

The DOS for the cluster s"zn”zﬁ Is shown In Flg. 3a. The peak at E' is attribuled to
the adatom swrlace stale and the peak al »ubout -6.3 eV arrlses (rom the sirface
slte. The next peak al -7.5 eV Is constituted of dangling bonds of the surface atoms
2, 4, 8, 9 and Is, therefore, a cluster artefacl. The real surface stales agree with
the UV-PES from Demwlh el al®* whereas more than qualllative agreement In the
bulk region cannot be expected because, firstly, a clusler of only 28 Si atoms is nol

sufficient and secondly, £4. (4) does not incorporale. craus seclions.



To assuss the nfluence of the artlficial dangling bonds of the surface aloms 2, 4,
8, 9 on the results so far oblaked, the position of the surface site atlom was varled
again In a s'ea"'zo duster where these bonds were saturated by one H-atom, respec-
tvely. In this case, the surface slle aloin moves closer to the surface by 0.002 A
thus being negligible, and the 1’s of the adatom and the backbond are E’ - 0.79 oV
and E' - (1.B9 1 0.04) eV, respeciively. in splte of ihese minor improvements re-
garding the experimenial dala from Hamers et al.zg. the subsequent calculations on
Ge adsorplion on this substrate are performed with the unsaturated SlygH,g cluster
because the changes seem to be too small 1o justify the additional computational

elfort for the larger cluster.
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4, Be-Adsorption on a 5i(111)-7 x7 Surface

The last set of calculations comprises the adsorption of a single Ge atow on
the surface-atop site (atom 6 in Fig.2a), on the adatom-atop site {atom 1 in
Fig.2a}, and the coadsovption of two Ge atoms on both sites in the DAS-model.
These investigations are intended to contribute to the understanding of the
initial growth steps of thin Ge layers on silicon.

Dev et 31.25'26

have grown Ge on a Si(111)-7x7 substrate. According to their
XSW measurements the Ge atoms are exclusively adsorbed on surface-atop sites
for low coverages (up to 8 = 0.2 ML; 1 ML = 49 Ge atums per 7x7 unit cell)
whereas for B % 0.4 ML Ge is adsorbed on the Si adatoms as well. The possi-
bility of Ge adsorption on Si adstoms hes been questionsble so far.
Sarting with the adsorption of a single Ge atom on the surface-atop site of
the Sizaﬂzs—cluster, we are comparing the electronic structure, Table 1V, with
that of the free cluster. The artificial surface states (MOs 69 -72 in Tab.1lV)
are destabilized by only about 0.1 eV compared to the free cluster (cf.lab.1I}
dug to AQ contributions of up to 2% from Ge p-orbitals. The nearly degenerate
highest accupied MOs (HOMOs) 74 and 75 are lone pairs of the adsorbed Ge (atom
§5). The dangling bond of the surface site Si-atom is pushed into the bulk
states due to Ge adsorption as can be verified by comparing the DOS curve
{(Fig.db) 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 as a function of the Si-Ge distance has
been determined next. The calculated bond length of 2.638 A exceeds the Ge
bulk bond length of 2.45 A considerably, most likely for the following reason.
There is a spurious 16% AD contribution of the Ge atom to MO 73 (cf. Tab.IV)
consisting otherwise of ADs from the trigonal bipyramid structure at the ad-
atom (atoms 1, 3, 5, 7, 14). We suspect this to be caused by numerical insta-
bilities during matrix disgonalization which may occasionally occur when many
eigenvalues are closely spaced. it is quite improbable that therd exists a

physical reason for this Ge AJ contribution because o! t"e sz2aration of 4.60P



between the adatom and the Ge adsorbate which is also confirmed by the negli-
gible overlap population of 0.008 e. YThe effect of this 16% spurious contri-
bution is an increased amount of electron density attributed to the Ge stom,
yialding an effective negative charge of -0.02 e, whereas & slightly positive
charge on Ge should be expected in a Si-Ge bond. This argument gets support
from another set of calculations where the Ge adsorption on tha surface-atop
site is repeated with the "ssturated" 3128“30'°1”5ter allowing to check the
influence of the artificial surface states, too. 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 MJ's interchange during the iteration for some Si-Ge distan-
ces.

The next series of calculations investigates whether a Ge atom (atom 53) can
be adsorbed on the adatom-atop site (atom 1). A minimum in the SCC-Xo¢ total
valence energy as a function of the S5i-Ge distance {cf. Tab.VII) indicates
clearly a stable bond. The electronic structure of the substrate-adsorbate
system is given in Tab.VI, and Fig.3c shows the density-of-states curve. As
expected, the free cluster surface stste at the adatom (M) 72 in Tab.IY) is
pushed into the bulk states uvpon Ge adsorption on the adatom. The calculsted
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 msinly to the different bond lengths
and does not tell anything ebout the preferred adsorption site, To find the
energetically favourable adsorption site, one has to compare the total ener-
gies. For a single adsorbed Ge atom we obtain the total energy to be 2.502 eV

per atom or 57.69 kcal/mole lower for surface-stop adsorption than for the

— 1y -

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 we assume
the true energy difference to be smaller by a factar of roughly 1.5 baca;se Yo
procedures tend to averestimate binding energies in open shell systemsz7 as is
the substrete-adsorbate system dealt with here. The difference in total energy
can easily be understood by comparing the two DOS curves for ;ingle adsorption.
In the case of surface-stop adsorption (cf. Fig.3b), a smaller average density
of states is recognized in the region from EF down to roughly EF -13 eV than
far adatom-stop adsorption {cf. Fig.3c}, whereas the opposite is found in the
interval between EF -13 eV and Ec -1%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-like states to a larger extent then adatom-atop adsorption, leas-
ding eventually to a lower valence total energy in the former case.

Next wa turn to the coadsorption of Ge on the surface site and the sdatom site.
The electronic structure is given in Tab.VIII, the valence total energy as a
function of Si-Ge separations is listed in Tab.IX, and Fig.3d shows the DOS-
curve. The IP's of the artificial dangling bonds (MO's 71 -74 in Tab.VIII) are
nearly unchenged if compared with both cases of single adsorption as well as
to the bare cluster so that noticeable effects on the computed equilibrium
geometry are not expected. The next four MO's 75 - 78 ara Ge lone pairs with

the lower two mainly located at the surface-atop site adsorbed Ge (atam 55)
whereas the upper ones belong to the adatom-atop Ge (atom S$6). With 85% A0 con-
tribution from atom 55, MO 76 is identified as the surface-atop adsorbate le-
vel and, analogously, MO 77 with 82% Ge p-orbital contributions is a lone pair
from the Ge atom adsorbed on the adatom. The situation is less clear with MO's
75 end 78 because MO 75 contains a 34X contribution from atom 56 although the
corresponding Ge lone pair M0 77 has a 0.264 eV higher IP. Likewise, MO 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 single Ge atom the lone pairs are nearly degenerate, i.e
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for surface-atop adsorption the separation between the Ge lone pairs is 0.011
eV (MO 74,75 in Tab.IV) and for adatom-atop adsorption the splitting is only
0.002 eV (MO 74,75 in Tab.VI).

The various bonds between the substrate and the edsorbate cen be analyzed by
comparing the dominant contributions that constitute the bond (cf. Tab.X) with
each ather. Two points should be emphysized. First, the Ce-Si-sdatom bond has
a significently larger % -character and, second, the bond populations for
single adsorption and coadsorption, respectively, are almost identical in both
cases. |

The effective charge of the surface-atop Ge atom is more positive by 0.029 e
than that of the adatom-atop one which explains the ordering of the Ge lone
pair M0's. This charge difference can be understood in terms of the larger
distance of the Ge atom on the 5i adetom 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 direc-
tion of the respective outermost atoms that reflects the experimentsl situ-

ation, too. The computed effective Ge charges and Si-Ge bond lengths are as

follows:

coadsorption single ads.
adsorption on Qeff(ﬁe) d(5i,Ge) d{S1,6e)
adatom-atop 0.015e 2.312A 2.339A
surface-atop 0.044 e 2,.915A 2.638 A

Whereas the Si-adatom-Ge bond length remains almost unchanged for coadsorption,
o considerable shortening by 0.123 A of the Si-Ge bond length is obtained in
casa of surface-alop adsorption, This confirms our esrlier assumption that the

unreasonably large distance of 2.638 A may be due to a numerical instability.

By investigating, finally, the edditional adsorption of a third Ge atom,
wo could show that breaking up the adatom structure yields a stable structure

according to the experimentally observed transfarmation of the Si{111)-7x7

super structure into a perfect 1x1 surface upon Ge adsorptionzg'29

. Thereby,
two Ge stoms are adsorbed on the 5i atoms 3 and 5 {cf. Fig.2) in the same way
as the remaining Ge atom is in the surface-atop site. The former Si-adetom
binds in an analogous manner to atom 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
$i-Si bond, respectively; tha latter appears too short as a consequence of
charge fluctuations leading to an unduly pelar bond. According to this result,
we expect the adatom structure to begin to break up at a Ge coverage of appro-
ximately 0.4 ML, nearly equivalent to the ssturation of all Si dangling bunds
in the DAS-model. This is consistent with the XSW results for higher cover-
ageszs.

In order to understand the formation of this stable adsorption conformation,
we have calculated, in a first step, the adsorption of the third Ge on top of
that Ge atom adsorbed on the Si-adatom. Such an arrangement, however, turned
out to be impossible, i.e. it did not lead to a stable geometry. To examine
this process in mere detail, possible reaction paths for the approach of an
additional Ge atom have to be figured out when all Si adsorption sites are
already occupied. To this end, further celculations ars currently in progress

to obtain the electrostatic potential in the vicinity of the Ge deposited sur-

face in order to determine such resction paths.
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5. Comparison with Experiment.

Since no theoretical investigations of the Ge adsorption on S$i{111)-7x7 sur-
faces hove been published so far, we correlate our results only to the avail-

ablo experimental data. Gassmann et 51.28'29

report that the Si{111)-7x7 su-
perstructure transforms into a perfect 1x1 surfaca upon Ge deposition of
B+<1.3 ML at T=570 K but that it does not take place at room temperature.
This veconstruction is in accordance with our calculations insofar as the
adsarption of a third Ge atom leads to a stable structure only if the adatom
structure is broken up. Hawever, our calculations carrespond to Ge coverages
of about 0.5 ML, and we didnot follow the growth process in detail. Conse-
queﬁtly, a bGe coverage of 8=1.3 ML is too high for an instructive comparison
with our calculations.

Patel et 31.30 deposited approximately 0.B ML Ge on a Si(111)-7x7 substrate
at a vate of about 1 ML/s which exceeds that of Gessmann et a1.28 by a factor
of 600. Accordingly, it cannot be excluded~that they have measured growth pro-
cesses perturbed by Ge-Ge collisions during the adsorption. This effect could
be significant because Patsl et al.30 have kept the substrate at room tempe-
rature during epitaxy thereby impeding the Ge atoms from finding their ideal
adsorption site through surface diffusion. Furthermore, their interpretation
is not based on an adatom model and assumes the upper two silicon surface lay-
ers unrelaxed. Moreover, they did not work under UHV conditions and added an
amorphous silicon cap of 100 A to protect the Ge layer. According to Gibson

et 81.31 such a cab preserves the 7x7 superstructure but presumably removes
the adatom layer. Yet, in (111)-direction Patel et 81.%0 observed 8 phase va-
lue of 1.02 dill (d111= 3.14A) of the Fourier component of the Ge distribution
function, clpse to the value of 1.06 d111 for eGe= 0.4 ML measured by Dev et

a1 25,26

In a second paper, Patel et 31?2 base the interpretation of their XSW measure-

ments under UHV conditions on the DAS-model but the Ge caverage of 8 = 1ML

-i8—

still does not allow any conclusion ahout the preferred adsorption site be-
cause an occupation of all six surface sites in @ 7x7 unibt cell corresponds
to about 0.12 ML only. In (111)-direction they measured a phase valua Qf

1.04 di41 with a coherent fraction of 0.44 but they did not give any details
sbout the Ge positiaons concerning coverage sites. Therefore, it does mot con-
tain any valuable information with regard to our calculations.

Dev et al.25 performed XSW measurements on the Ge/Si(111)-7x7 interface under
UHV conditians for Ge coverages of 0.2ML, 0.4ML and D.SML at a substrate
temperature of 530° C. They interpret the coverage of 0.2ML in the trame of
the DAS-model as the Ge accupation of all six surface-stop sites, whereas the
coverages of 0.4 ML and 0.5ML ere interpreted by the occupation of all atop
sites; the latter value allows a small incoherent fraction from raidom posi-

25,26 introduce three assumptions in their interpre-

tions. Thereby, Dev et al.
tation. First, they assume the height of the adatom over the first Si layer to
be 0.78 A based on tha STM axperiments of Binnig et al.2’. 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 for both adsorption sites. On the other hand, the ad-
atom position deviates considerably from the assumed 1.56 A over the second
layer. Remarkably, both errors almost cancel each other since, according to
our calculations, the average Si-Ge bond length with six Ge atums adsorbed on
surface-atop sites and twelve on adatom-atop ones, corresponding to a coverage

of about 0.4 ML Ge, is 2.38 A and thus close ta 2.40A. For a Ge coverage of
25

0.2 ML which equels 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



5i-Ge distance is 2,34 +0.06 A, 3 value being most likely tao short. For,
Becker et al.34 ohserved @ contraction by 0.2 A with STM in the 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 meche-
nism producing the effect that the Si-Ge bond length sppears too short in

the XSW cxper;ments of Dev et 31.25 could be 2 possible contraction of the
surface-atop site upon adsorption. Additionally, according to the recent cal-
culation by Qian and Chadi33 more than just the upper two Si layers exhibit

a8 relaxation which seems more plausible than s relaxation of only ths top-
most, two layers as reported by Takayanagi et al.z In summing up, we can con-
clude from our results that the actual 5i-Ge bond length for direct surface-
atop adsorption should range between 2.40 A and 2.52A. Finally, taking the

25,26

observations from Dav et al. for granted, the interpretatien of the XSW

measurements by furbin et 31.21 on the bare Si(111)-7x? surface wauld require
Lhe unrealistic Si-Ge distance of 2.90 A supporting our reasoning in sect.3.
For BGa = G.4ML Dav et el.zs.interpret their experiment as a complete Ge
occupation of surface-atop and adetom-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 their measurements for
Ge coverages of 0.2ML end 0.9M. 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
0.75d220 (dzzot 1.927) instead of 0.72d220 as expected by them. This devi-

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

220°
simply the erroneous assumption of the too short adatom height, which gains
importance with higher coverages when more Ge aloms are adsorbed on adatoms

than on surfece site atams.
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6. Conclusions

In this contribution, we have presented the first theoretical results about
Ge sdsorption on a reconstructed $i(111)-7x7 surface by cluster model calcu-
lations. Ge adsorption on adatoms is found to be possible but enefgetically
less favourable than direct surface-stop adsorption, in agreement with axpe-
rimental data. Thus, adatom adsorption takes place only after all surface
sites are cccupied, Our calculated distances are consistent with the avail-
able experimental data leading, at the same time, to revised interpretations
in some cases. For Ge coverages higher than about 0.4 ML no sdditional Ge ad-
sarption is possible without substantial structural changes, Stable struc-
tures are obtained by the rearrangement of the adatom structure, equivalent
to the experimentally observed transformation from s 7x7 superstructure into
s Ix1 lottice. A first theoretical explanetion of the initial steps of Ge/f
Si{111)-7x7 interface formation has been tried. ln order to understand this
process in more detail, the electrostatic potential of the substrate-adsor-
bate system is currently being computed from the charge density at the clus-

ter surface and between the adsorbates.
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Table |

Ground state and bond length of small sHlicon clusters,

Pacchloni, Koulacky'z Raghavachari" present work
Cluster (Symmetry) Stale: bond length [A] State: bond length [A} State: bond length [A]
si ¥ . g B 4= o3 B g
A lD‘hl A?g : 2.47 Aag ;o d= 2316 Azg : d= 2198
Si, (T) T, =27 'A,: d=2458 'A,:  d=2342
. 3, . _ 1y . _ 1, =
S'S {Dzhl Az ; =263 Al : dlat—lm' 3.256 A‘ : dlat—lat- 2991
\ = 2.338 = 2.342
[At-ax At-ax
Iy . - 1, . - 1, . _
i, (C, ) A . d=262 Ai 4= 2295 A d . =2306
d,, .= 2.502 ean” 2491
Sk, (T ) e = 2.50 no values published 'Am : d =247

Table 1}

—

Electronic structure of Si, H, . (cf. Fig. 2).

MO 65 66 67 68 69

70

n 72

1P (eV} 7.405 7.333 6507 6.465 6349

6.324 6.2685 5.465

AQ contributions to MO (in ¥ of MO)

1si3s @

0 0 8
1s13p*® 7 10 31
2¢9 5} 35 B 8 7 5 6 0

295 3p ™ 42 42 25 29 3

4:8 Si 35 © 4 5 9 9 0

4+8 s} 3p ™ 21 27 46 47 3

37 Si3s P 2 0 3
#7835 114 26
5513 % o 2 2
5513 1 35 2
653 % 2 8
6Si3p® 8 63
“wsias o ) 1
uwsizxp? o8 28 1
al  Adatom.

b} Surface atom. Due 1o symmetry both atoms yleld the same AO contribulions.

Therefore no informatlon is lost by their addition,

¢l Surface atom saturated by adatom. Due to symmelry bolh atoms yletd the
same AQ contributions. Therefore no information is fost by lhelr addition,

dl Surface atom saturaled by adatom.
e) Surface site.
f) Second layer atom under adalom.



Taple Wi

Comparison of selected surface states from various sources.

source Hamers el al??
state [Experiment]
adatom E' -02eVv
surf. sle E’ - 08 eV
backbond Ef - L7 eV

Qian, Chadt v
[Theory]
E

L]

E - 09 ev
L3

E - 15 eV
F

present work
[Theory)
E

¥

E - 082eV

E, - 11.90 + 0.04) eV

Table 1V

Electronic structure of S'za“zs for adsorption of a single Ge atom (atom 55)

on the surface site (atom 6}.

MO 69 70 71 72 73 74 75

i? (ev) 6.431 6.429 6.204 6.264 5.601 5.545 5.534

AOQ contributions to MO (in X of MO}

151 3s ¥ 6 2
1513 @ 26 7
24953 ¢ 8 4 4 0

20981 3p % 49 49 21 23 2
#8513 3 3 9 10 0 0
85I 3p° B 20 50 53 1 1
3+7 Si 3s < 3

3+7 S1 3p ¢ 24 4
55 3 ¥ 1 1
55 3% 9 4
14 S 3s 1

14 Si3p® 1

s5Ge 4s ' 0 0 0 0 0 0
55Ge 4p ' 9 2 1 16 95 74
a) Adatom.

b} Surface alom. Due o symmetry both atoms yield the same AQ contributions.
Therefore no Information is fost by their addition.

¢} Surface atom saturated by adatom. Due to symmelry both atoms yield the
same AOQ contributions. Therefore no Information is fost by their addition.

d) Surface alom saturated by adatom.

e} Second layer atom under adatom.

N Germanlum adsorbate.



Table V

SCC-X valence total energy as a funclion of the Si-Ge bond length between

the surface site latom 6) and single Ge (atom 55) adsorbed thereon.

AE , relative to the valence total energy minimum at di6Si, 55Ge) = 2.638 A

tolal

d( 63}, 55Ge) Erotat BE o overlap population of 55Ge with

lau] (A} [R/y] [ Kcal/mol ] 6Si 13S1 = 17Si 155

4735 256 -139.904 501 0.712 -0.038 -0.039
4835 2559  -139.913 2.189 0.683 -0.036 -0.037
4935 282 -139.920  0.051 0656 -0034 -0.034
4986 2638 -139.920 50 0.641 -0.032 -0.033
5035 2665 -139.919 0.433 0.631 -0.031 -0.032

Table VI

Electronlc structure of Sistzs for adsorplion of a single Ge atorn (atom 55),

on the adatom fatom #.

MO 69 70 n 72 73 74 75

P {eVi 6.478 6435 6320 6296 6250 5.635 5633

AO contributions to MO (in ¥ of MO}

#9513 8 7 5 6 0

2981 3p Y 43 44 25 29 4

$48Si3s ™ 4 5 9 9 0

#+asidxp 2 27 47 47 2

37 i 35 2 0
7S 3o 8 3
5 5i3s < 1
581 3p 5
psSizas? . 8

6Sip? e 63

55 Ge 45 © 0 0
55 Ge 4p 89 88

a) Surface alom. Due (o symmetry both atoms yield the same AO contributions.
Therefore no Information is lost by their addition.

b) Surface atom salurated by adatom. Due to symmetry both atoms yield the
same AQ contributions. Therefore no Informatlon is lost by thelr addition.

¢} Surface atom salurated by adatom,

d) Surface site.

e) Germanium adsorbate.



Table

vil

SCC-Xu valence total energy and overlap population as a funclion of the Si-Ge bond
length between the adatom fatom W and single Ge (atom 55) adsorbed thereon.

Varialion the bond length d{1S1, 55Ge)

AEwwt relative to the valence total energy minimum at d(iS), 55Ge) = 2.339 A
dl 15i, 55Ge) € otal AE overlap population of 55Ge with
[aw] (A] [Ry]) [ Keal/mol § 1Si 350 = 751 5Si
4235  2.241 -139.697 195 0926 -0.038 -0.034
4335 2294 -13973) 1.383 0.881 -0.038 -0.034
4.424 233% -139.736 =0 0.842 -0.038 -0.034
4435 2347  -139.735 0034 0.034 -0.038 -0.034
4535 2400 -139.730 1.790 0.792 -0.037 -0.033
4735 2506  -139.709 8.250 a.72 -0.034 -0.031

Jable_ Vili

Electronic struclure of St_H,_  for coadsorption of lwo Ge atoms.

28 26

Atom 55Ge is adsorbed on the surface site {alom 6)
and atom 56Ge Is adsorbed on the adatom (atom 1}.

MO n 72 73 74 75 76 77 78

P (eV) 6463 6459 6335 6305 5889 5713 5625 5423
AQ contrlbutions o MO {in 4 of MO}

29513 * 6 6 7 5 0

29813 % 20 37 33 31 1

1883 5 5 7 8 ) 0

448 si3p ™ 20 29 39 45 2 1

37513 2 0 0 2 0

7 s 3p P 3 1 7 1

58i3s ¢ 1 0

5513 3 3

s5Ge4s ¥ 0 0 0 0 0 0 0

55Ge 4p ¥ 4 2 1 53 85 7 40

56 Ge 45 o 0 0 0

56 Ge 4p ® 34 6 82 53

a)

)]

c)

d
el

Surface atom. Due 1o symmetry both atoms yield the same AQ contributions.

Therefore no information is lost by lheir addition.

Surface alom saturaled by adatom. Due to symmetry both atoms yield the
same AQ contributions. Therefore no Information is lost by their addition.
Surface atom saturated by adaiom.

Germanium adsorbate on the surface site.

Germanium adsorbale on the adatom.



Table 1X

SCC-Xa valence total energy and overlap population for coadsorption as a funclion
of the Si-Ge bond length between the surface site {atom 6) and a Ge (alom 55)

adsorbed thereon as well as the adatom (atom 1) and a Ge {atom 56) adscrbad thereon.

Variation of the bond length dl 1Si, 56Ge)

A€, ., relative to the valence total energy minimum at d(iS{, 56Ge) = 2.312 A

Toble X

Dominant contributions to the overlap population of the various Si-Ge adsorplion ponds.

adatom adsorption surface site adsorption

hond single coadsorption | single coadsor ption
{ Si 3p, Ge 4p, 0 ) | 0.37 0.37 0.47 0.47
( SI 3s, Ge 4p, 0 ) | 0.25 0.25 0.16 0.18
(Si3p, Ge 45,0 ) | 0.12 0.12 0.03 0.06
( S1 3p, Ge 4p, w ) 1 0.13 0.14 0.01 0.02

dt 151, 56Ge) E oral BE . overlap population of 56Ge with

(aw} [(A) (8] [Keal/mol ] 151 31 =7Si 58I

4285 2268  -143.133 6.280 0.906 -0.038 -0.035
4335 2294 143152 0.364 0.882 -0.036 -0035
4370 2312 -143.53 =0 0.868 -0.037 -0.035
4385 2321 -143.53 0.051 0.861 -0.037 -0.035
4435 2347  -143.50 0.709 0.838 -0.037 -0.034
4485 2376  -143.48 1.399 0.816 -0037 -0.034
4535 2400  ~143.147 1775 0.795 -0.036 ~0034

Variatlon of the bond length d(6S1, 55Ge)

AEM . relative to the valence lotal energy minkmum at d(6S1, 55Ge) = 2.515 A

di 651, 55Ge } E, AE overiap population of 55Ge with
! X otal total
faud (A} [Ryl [ Keal/mol } 6Si 1354 = 175 15Si
4585 2426 -143.42 6.368 0.756 -0.042 -0.041
4635 2453  -143.150 3.640 0.741 -0.041 -0.040
4735 2506  -143.62 0.097 0.711 -0.039 -0.038
4754 2515  -143.162 =0 0.707 -0.038 -0.038
4835 2559  -143.153 2919 0.683 -0.037 -0.036

4935 2612 -143.133 9.190 0.656 -0035 -0.034




Figure Captions.

Fig.

Fig. 2a:

Fig. 2b:

Fig.

Fig.

Fig.

Fig.

: b

Ja:

3c:

Sis-cluster in (a) llah-symtry (trigonal bipyramid) with the late-
ral atoms 1,2,3 and the axial atoms 4,5; (b) C‘v-sy.etry with the
axial atom 1 and the lateral atoms 2,3,4.5; (c) ld-sy-etry with
the central atom 1 and the peripheral atoms 2,3,4,5.

Top view of the Si atoms of the free Sizsﬂzs-cluttar with the ad-
atom 1 and the surface site 6. The second layer atom 14 under the
adatom is hidden from view.

Side view of the adatom layer and the first four layers of the un-
relaxed Si(111)-surface within a plane determined by atoms 1,56
and 14. The diffraction plane dlll is the middle of the Si-bilayer
and dbi is the bilayer separation. The computed distance da2 bet-
ween the second and the adatom layer is by 0.67 A shorter than
"ur There is no direct bonding between the adatom 1 and the sur-
face site atom 6. The atoms 3 and 7 directly bonded to the adatom
are above and below the plane (indicated by dotted circles).

Density-of-states (DOS) curve for the free Sizsnzs-cluster. Here
and in the subsequent DOS-plots, EF is defined as the energy of
the highest occupied state.

D0S-curve for the Sizsnzs-cluster with one Ge atom adsorbed on
the surface site (atom 6 in Fig.2)

D0S-curve for the Sizauzsocluster with one Ge atom adsorbed on
the adatom site (atom 1 in Fig.2)

D0S-curve of the ansinuzs-cluster for coadsorption on the adatom
and on the surface site atom.

fig. 1(a)
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Fig. 2(b)
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