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Initial stages of Au adsorption on the Si„111…-„737… surface studied by scanning tunneling
microscopy

Ilya Chizhov, Geunseop Lee,* and Roy F. Willis
Department of Physics, Pennsylvania State University, University Park, Pennsylvania 16802

~Received 21 April 1997!

Initial stages of Au adsorption up to coverage ofQ;3 monolayers~ML ! on the Si~111!-(737) surface at
room temperature~RT! have been studied by scanning tunneling microscopy~STM!. At very low Au cover-
ages (Q;0.01– 0.05 ML) STM images show that some of the triangular subunit cells have slightly larger
apparent height which is interpreted to be due to the adsorption of Au atoms on the Si rest atom sites. At higher
coverages (Q.0.1 ML) small Au clusters form preferentially on top of the Si center adatoms and, to a less
extent, on top of the Si corner adatoms. Stacking fault does not have an appreciable effect on Au adsorption in
this coverage regime. The results for Au are compared to the data on the adsorption of other metals on the
Si~111!-(737) surface and mechanisms governing preference of the adsorbates for a particular bonding site
are discussed.@S0163-1829~97!03843-5#
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I. INTRODUCTION

The growth of thin Au films on the Si~111!-(737) sur-
face at room temperature~RT! has been extensively studie
in the past years.1–15 These studies aimed at the understa
ing of the formation of the Au/Si interface as a mod
metal-semiconductor system. Many techniques includ
guger electron spectroscopy,1,3,6,11,12photoemission spectros
copy,2,6,7,9–11,13,15 low-energy electron diffraction,3,6,13

electron-energy-loss spectroscopy,3,4 ion scattering tech-
nique,5 x-ray standing-wave spectroscopy,8 and ballistic
electron emission microscopy14 have been applied to stud
the behavior of Au RT growth on the Si~111! surface. Scan-
ning tunneling microscopy~STM! studies mainly concen
trated on the investigation of structures of the annea
interfaces.16

The general picture established by these studies imp
that the Au/Si interface has a sandwich structure, namely,
top few layers of a Au film grown on the Si substrate cont
a silicidelike compound with approximate stoichiometry
Au3Si. In other words, even for thick films, Si is present
the top layer of the Au film. Beneath this silicidelike lay
there is a layer of metallic Au bonded to the Si substra
Recent photoemission studies13 show that the growth start
with the formation of a silicidelike layer up to coverage
Q;4 monolayers~ML ! and then metallic Au starts to nucle
ate beneath it. AtQ;4 – 5 ML the silicidelike layer is de-
tached from the Si substrate and then the growth proceed
the accumulation of a buried layer of metallic Au. The inte
face between metallic Au and the Si substrate is abrupt.

However, the initial stages of Au RT growth on th
Si~111!-(737) surface are not well understood. In partic
lar, it is not clear whether Au atoms react with the Si su
strate from the very beginning of deposition~‘‘interstitial’’
model! ~Ref. 17! or the formation of a silicidelike compoun
starts at some critical coverage~‘‘screening’’ model!.3,10,18

Also the adsorption sites of Au atoms within the 737 unit
cell are not known. X-ray standing-wave spectrosco
studies8 show that Au atoms occupy positions beneath
560163-1829/97/56~19!/12316~5!/$10.00
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top layer of Si atoms indicating some amount of intermixin
Photoemission studies7 reveal that thin Au films grown at RT
and annealed Au films with the)3) reconstruction ex-
hibit very similar electronic structure. This fact was taken
a possible indication that the bonding arrangement of
atoms in thin RT grown films is very similar to the trime
bonding arrangement in the)3) reconstruction.

The other incentive for studying the RT growth of meta
on the Si~111!-(737) surface at submonolayer coverag
comes from the need to understand the basic trends of
adsorption of metals on this surface. Due to its large unit c
and a variety of dangling bond sites the Si~111!-(737) sur-
face is a very good model surface for studying local surfa
chemistry of adsorption. Figure 1 shows the dimer-adato
stacking-fault~DAS! model proposed by Takayanagiet al.19

According to this model the 737 unit cell consists of two
triangular halves~subunit cells! one of which has a stacking
fault. Due to the formation of the 737 reconstruction the

FIG. 1. Dimer-adatom-stacking-fault~DAS! model of the
Si~111!-(737) unit cell proposed by Takayanagiet al. ~Ref. 19!.
Corner and center adatoms, rest atoms, and corner holes are s
on the drawing. Faulted (F) and unfaulted (U) halves of the 7
37 unit cell are also marked.
12 316 © 1997 The American Physical Society



r

m

un
n
e
ite
a

at

he
ee
-
ed

c
nd
S

ss

t
st
u
le

th
rk

o-
n

te

d-

u
a

e

o

Th
u

to
to

bs
n-

re

n

of

,
e 7
es
im-
he
i-

sub-
be

the
r

een
the

r
An
a

56 12 317INITIAL STAGES OF Au ADSORPTION ON THE . . .
number of dangling bonds is drastically reduced as compa
to the unreconstructed Si~111! surface. Each half of the 7
37 unit cell has only 9 dangling bonds located on 6 adato
and 3 rest atoms~large filled circles in Fig. 1!. Besides there
is a dangling bond at each corner of the triangular sub
cell at the corner hole site. Thus, there are 19 dangling bo
per 737 unit cell ~12 adatoms, 6 rest atoms and 1 corn
hole!. These dangling bonds provide natural adsorption s
for adsorbed species. STM has proved to be an indispens
tool for determination of specific bonding sites of metal
oms on semiconductor surfaces including the Si~111!-(7
37) surface. Adsorption of many different metals on t
Si~111!-(737) surface at submonolayer coverages has b
studied by STM to date.20–29Despite differences in the prop
erties of these metals, some general trends can be notic
their adsorption behavior on the Si~111!-(737) surface. In
particular, almost all the metals studied exhibit preferen
for the adsorption on the faulted half of the unit cell a
many of them prefer to occupy positions on top of the
adatoms and especially the center Si adatoms.

The issue of preferential adsorption has been addre
theoretically by Brommeret al.,30 who explained the ob-
served trends in the adsorption by employing the concep
‘‘local softness’’ and ‘‘hardness’’ which determine the mo
energetically favorable reaction site. According to the a
thors, adsorption behavior should be very different for e
ments that are electrophilic reactants or acceptors~i.e., their
electronegativity is greater than the electronegativity of
Si~111!-(737) surface which is taken to be equal to its wo
function of 4.8 eV! and nucleophilic reactants or donors@i.e.,
their electronegativity is less than that of the Si~111!-(7
37) surface#. So far only adsorption of metals that are d
nors with respect to the Si~111!-(737) surface has bee
studied. Au with an electronegativity of 5.77 eV~Ref. 31! is
an acceptorwith respect to the Si~111!-(737) surface and
thus it might be expected to show quite different si
selective adsorption behavior.

In this paper the STM results for initial stages of Au a
sorption on the Si~111!-(737) surface up toQ;3 ML will
be presented. The implications of these results for better
derstanding of the formation of the Au/Si interface as well
the trends of RT adsorption of metals on the Si~111!-(7
37) surface will be discussed.

II. EXPERIMENT

The experiments were performed in the UHV chamb
with the pressure of;3310210 Torr. Commercialn-type
Si~111! samples were used. The 737 reconstruction was
prepared by resistive heating at;800 °C for several hours
followed by annealing at;1200 °C for 1–2 min. This pro-
cedure routinely yields a well-ordered clean surface as c
firmed by low-energy electron diffraction~LEED! and STM.

Au was evaporated from a heated tungsten filament.
typical evaporation rate was 0.05–0.2 monolayers per min
~ML/min! as measured by quartz-crystal thickness moni
One monolayer is defined as coverage at which one Au a
corresponds to one atom of the unreconstructed Si~111! sur-
face (1 ML57.831014 atoms/cm2). The cleanliness of the
Au source was assured by careful degassing and the o
vation of the 532 LEED pattern when the surface was a
ed
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nealed at;400 °C. All STM images presented here we
taken at RT.

III. RESULTS

Figure 2 presents a STM image of the Si~111!-(737)
surface covered with;0.01 ML of Au. This image has bee
taken at negative sample bias (20.7 V) applied to the
sample and, therefore, it reflects the spacial distribution
occupied surface electronic states~filled-state image!. The
surface is composed of diamond-shaped 737 unit cells. In
the STM images a 737 unit cell has 12 distinct protrusions
each corresponding to a Si adatom. Faulted halves of th
37 unit cells can be distinguished from the unfaulted halv
by its brighter appearance in the filled-state images. The
age shown in Fig. 2 is identical to the STM images of t
clean Si~111!-(737) surface with the exception of some tr
angular subunit cells which exhibit larger~by ;0.3– 0.6 Å!
corrugations and appear brighter than the others. These
unit cells are marked by filled arrows in Fig. 2. It should
noted that in the markedfaultedsubunit cellscorner adatoms
exhibit stronger corrugations while in the markedunfaulted
subunit cellscenter adatomsexhibit stronger corrugations. In
some subunit cells~marked by open arrows in Fig. 2! not all
the adatoms have larger apparent height. For example,
unfaulted subunit cell markedA has only two brighter cente
adatoms, while the faulted subunit cell markedB has three
brighter adatoms~one-center and two-corner adatoms!.

To our knowledge no such peculiar features have b
observed before during the adsorption of metals on

FIG. 2. Filled-state~195 Å3195 Å, sample biasVS520.7 V,
tunneling currentI 50.06 nA! STM image showing the Si~111!-(7
37) surface with;0.01 ML of Au. The faulted (F) and unfaulted
(U) halves of the 737 unit cell are shown. Some of the triangula
subunit cells appear highlighted as marked by the filled arrows.
unfaulted subunit cell with two brighter center adatoms and
faulted subunit cell with three brighter adatoms~one center and two
corner! are markedA andB, respectively.
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Si~111!-(737) surface. These features appear only in
filled-state STM images while the empty-state images
completely identical to those of the clean Si~111!-(737)
surface. Therefore, it can be concluded that the obse
change in the apparent height is caused by the redistribu
of charge near the Si adatom sites rather than Au adsorp
on top of the Si adatoms or the substitution of the Si adato
by the Au atoms.

We speculate that the observed features may arise f
the charge transfer from the rest atoms to the adatoms ca
by the adsorption of Au atoms on the rest atom sites. Si
the rest atom dangling bonds are completely filled,30,32 the
adsorption of the Au atoms on these sites would lead to
transfer of extra charge to adatom dangling bonds. Si
atoms are not imaged by the STM and, therefore, it is d
cult to determine the presence of an adsorbate on a rest
site directly. However, the adsorption event affects the d
tribution of charge on the rest atom site and neighbor
adatom sites. These subtle changes manifest themselv
scanning tunneling spectroscopy~STS! current-voltage char-
acteristics, as has been convincingly shown by Avouris
Wolkow33 for the NH3/Si(111)-(737) system. However
the authors did not observe any changes in adatom app
height, possibly, because of a large number of already
acted adatoms.

In the framework of our interpretation, the triangular su
unit cells with larger apparent height should contain three
atoms adsorbed on top of three Si rest atoms. However
redistribution of charge caused by the adsorption is ap
ently different for faulted and unfaulted halves of the 737
unit cell. Since the corner adatoms appear brighter in
highlighted faulted subunit cells, it is reasonable to conclu
that Au adsorption on the rest atom sites leads to the ch
transfer mainly to the corner adatoms, while for the u
faulted subunit cells the extra charge goes primarily to
center adatoms.

Occasionally, partially highlighted subunit cells such asA
andB in Fig. 2 have been observed. In the framework of o
interpretation, configurationA would correspond to one ad
sorbed Au atom~charge transfer mainly to two neighborin
center adatoms! and configurationB would correspond to
two adsorbed Au atoms~charge transfer to one-center an
two-corner adatoms!. However, the Au atoms do not adso
randomly on the Si rest atom sites, but rather tend to grou
the same subunit cell. This may suggest that the adsorp
of one Au atom changes the local potential in such a w
that the adsorption of another Au atom on the rest atom
in the same subunit cell becomes favorable. The Au ato
also tend to favor the adsorption on the faulted half of
737 unit cell with ;70% of all Au atoms going to the
faulted subunit cells.

Upon further deposition of Au, new features appear on
surface. Figure 3~a! presents a typical filled-state STM imag
of the Si~111!-(737) surface covered with;0.1 ML of Au.
A number of Au related features is seen in this image. E
amination shows that the most abundant features are trim
located on top of center adatoms~markedT! and round clus-
ters~markedC!. Even at this low coverage Au already show
tendency for clustering. The distribution of these clusters
the surface appears to be quite random. In particular, un
in the very low coverage regime, they do not exhibit a
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preference for the faulted half of the 737 unit cell.
Figures 3~b! and 3~c! present higher-resolution filled- an

empty-state STM images of the surface at this coverageQ
;0.1 ML), respectively. These images show a closeup v
of some of the Au structures adsorbed on the surface. Tr
ers @one of them markedT in Figs. 3~b! and 3~c!# appear in
the filled-state STM images as three connected bright pro
sions with the height of;1 Å located above the positions o
the center Si adatoms. This indicates that they consist o
least three Au atoms adsorbed on top of the center Si a
toms. Since at lower coverage Au atoms may adsorb on
rest atom sites, as discussed above, these trimers may in
consist of six Au atoms—three on top of the Si adatoms a
three on top of the Si rest atoms. In the empty-state ima
trimers have lower apparent height (;0.2– 0.3 Å). STM im-
ages also indicate that clusters appear to have different s
and even size in the filled- and empty-state images. A clu
markedX in Figs. 3~b! and 3~c! clearly shows this behavior
In general, clusters appear bigger in filled-state imag
Some Si adatoms that appear to be covered by Au cluste
the filled-state images are clearly seen in the empty-s
images. Such an enhancement of the Au features~especially
trimers! in the filled-state images is probably due to a cha
transfer from the Si substrate to the adsorbed Au~Au is more
electronegative than Si and therefore the charge in the A
bonds should be shifted towards Au atoms!.

The counting of specific dangling bond sites of t
Si~111!-(737) surface that are covered with Au provide
the information about preferential sites of adsorption. T

FIG. 3. ~a! Filled-state ~240 Å3110 Å, VS521.7 V, I
50.2 nA! STM image showing a Si~111!-(737) surface covered
with ;0.1 ML of Au. Some of the adsorbate-related features
marked on the image: trimers (T), clusters of round shape (C). ~b!
and ~c! A pair of STM images of the same area (90 Å390 Å)
showing Si~111!-(737) surface covered with;0.1 ML of Au. Im-
age~b! has been taken atVS521.6 V, I 50.2 nA and image~c! at
VS511.6 V, I 50.2 nA. A cluster markedX appears bigger and o
different shape in the filled-state image as compared to the em
state image. Trimer~markedT! appears to be fuzzy in the empty
state image.
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56 12 319INITIAL STAGES OF Au ADSORPTION ON THE . . .
first observation is that the center adatoms are more rea
than the corner adatoms with the ratio of reacted center
corner adatoms;2.5:1. Another important observation
the fact that the Au atoms do not show any appreciable p
erence for a particular half of the 737 unit cell. This behav-
ior is quite different from the behavior of other metals whi
usually exhibit preference~sometimes, very strong as in th
case of alkali metals22! for the faulted half of the 737 unit
cell.

Figure 4 shows filled-state STM images of the Si~111!-
(737) surface at higher Au coverages@Q;0.3 ML ~a!, Q
;0.6 ML ~b!, andQ;3 ML ~c!#. At Q;0.3 ML @Fig. 4~a!#
Au forms clusters preferentially in the center of the 737
triangular subunit cells and the overwhelming majority of t
corner hole sites as well as many corner adatoms rem
uncovered. AtQ;0.6 ML @Fig. 4~b!# clusters grow bigger
and begin to cover the dimer walls separating triangular s
unit cells even though many corner adatoms still remain

FIG. 4. Filled-state STM images of the Si~111!-(737) surface
with different Au coverage: ~a! Q;0.3 ML ~100 Å3100 Å, VS

521.9 V, I 50.5 nA!; ~b! Q;0.6 ML ~100 Å3100 Å, VS

522.0 V, I 50.8 nA!; ~c! Q;3 ML ~500 Å3500 Å, VS50.8 V,
I 50.5 nA!.
ve
nd

f-

in

b-
-

covered. This behavior is unusual because other metals
Pb,25 Li,26 tend to decorate the 737 triangular subunit cells
completely forming a quasiordered net of triangular islan
before these islands start to coalesce covering the di
walls. At higher coverages islands coalesce and form a c
tinuous film @Fig. 4~c!# with the granular structure indepen
dent of the underlying 737 reconstruction.

IV. DISCUSSION

As has been pointed out in the Introduction, Bromm
et al.30 analyzed the reactivity patterns of the Si~111!-(7
37) surface based on principles of local softness and e
tronegativity. The authors predicted that the Si dangl
bonds should react with thenucleophilicelemental species in
the orderadatoms.corner holes.rest atoms,while for the
electrophilic species the order should becorner holes
.rest atoms.adatoms.For electrophilic reactants the ad
sorption on the faulted half of the 737 unit cell should be
preferred but there is no difference between center and
ner adatoms in the same half of the unit cell. Au is classifi
as an electrophilic reactant since its electronegativity 5.77
is greater than that of the Si substrate~4.8 eV!.

The STM images taken at very low coverages~Q
;0.01 ML, Fig. 2! show that some of the triangular subun
cells of the 737 reconstruction have slightly larger appare
height. These features have been interpreted to be due t
charge transfer from the Si rest atoms to the Si adato
caused by the adsorption of the Au atoms on the Si rest a
sites. Thus, the STM data suggest that the Au atoms r
with the Si rest atoms before they react with the Si adato
which is in line with the theoretical predictions. It should b
noted that for other metals features similar to those see
Fig. 2 have never been observed. This fact can also
readily explained in the frame work of our interpretatio
since to date only the room-temperature adsorption of me
which are classified as nucleophilic reactants has been s
ied on the Si~111!-(737) surface. These metals should rea
first with the Si adatom rather than Si rest atom dangl
bonds.

At higher coverages (Q.0.1 ML) Au forms clusters
preferentially on top of the center adatoms and, to a l
extent, on top of the corner adatoms while theoretical pred
tions are that the center and corner adatoms should
equally reactive. We believe that the observed discrepa
arises as an effect of the adsorbate-adsorbate interaction
results of Brommeret al.30 pertain to a single adsorbate ato
occupying a dangling bond site within the 737 unit cell and
rely on the assumption that the most favorable adsorp
site is determined solely by the interaction between the
sorbate and the substrate. However, Au clustering has b
observed even at low coverage which suggests that t
exists a significant attractive Au-Au interaction. Thus, at t
coverage the theoretical conclusions may not be directly
plicable to the experimental situation.

According to the STM data, the most favorable site f
the formation of a small Au cluster is the center of a tria
gular subunit cell of the 737 structure, which includes thre
Si center adatoms and three rest atoms. Intuitively, one
expect that since by clustering at this site the Au atoms m
satisfy six dangling bonds and form a compact hexago
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12 320 56ILYA CHIZHOV, GEUNSEOP LEE, AND ROY F. WILLIS
structure. The corner adatoms do not offer such an advan
since they are adjacent to the dimer rows which are devoid
the dangling bond sites. Corner hole dangling bonds are
cated;4.5 Å below the adatoms and are encircled by t
wall of the Si dimers, which makes them an unattractive s
for the cluster formation.

The STM images show that deposited Au appears
bright features on the Si~111!-(737) surface. The presenc
of such highly symmetric features as trimers~see Fig. 3!
suggests that Au adsorbs on top of the surface rather
diffuses into the subsurface layer with the formation
amorphous Au-Si alloy. The absence of intermixing has b
also claimed for the RT growth of Au on the Si~100!
surface.34 Though some amount of intermixing cannot b
completely ruled out since the STM cannot provide inform
tion about chemical composition of the observed clusters
well as their spacial extent into the surface, possible in
mixing is restricted to local areas and does not involve
whole surface. We believe that these results favor
‘‘screening’’ model of the growth of this interface whic
implies the existence of some critical coverage at which
formation of the silicidelike compound starts.
.
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V. CONCLUSIONS

The STM experiments on the room-temperature Au a
sorption on the Si~111!-(737) surface suggest that atQ
,0.05 ML the Au atoms most probably adsorb on the Si r
atom sites preferentially in the faulted half of the 737 unit
cell which is in agreement with the theoretical predictions30

At Q;0.1 ML small Au clusters are formed mainly on th
Si center and, to a lesser extent, Si corner adatoms. The
no appreciable preference for the adsorption of Au on a p
ticular half of the unit cell in this coverage regime. The ST
data also suggest that the Au adsorbates stay on top of
Si~111!-(737) surface and do not intermix or diffuse int
the surface. Thus, the results favor the ‘‘screening’’ mod
which suggests some critical Au coverage for the interm
ing to start.
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