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Initial stages of Au adsorption on the S{111)-(7 % 7) surface studied by scanning tunneling
microscopy
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Initial stages of Au adsorption up to coverage®f 3 monolayerdML) on the S{111)-(7X7) surface at
room temperaturéRT) have been studied by scanning tunneling microsa@WM). At very low Au cover-
ages @~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 @ >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)-(7x7) surface and mechanisms governing preference of the adsorbates for a particular bonding site
are discussedS0163-182¢07)03843-5

I. INTRODUCTION top layer of Si atoms indicating some amount of intermixing.
Photoemission studiéseveal that thin Au films grown at RT
The growth of thin Au films on the §i11)-(7x7) sur- and annealed Au films with the3xv3 reconstruction ex-
face at room temperatuf®T) has been extensively studied hibit very similar electronic structure. This fact was taken as
in the past years:'® These studies aimed at the understand-2 possible indication that the bonding arrangement of Au
ing of the formation of the Au/Si interface as a model aoms in thin RT grown films is very similar to the trimer
metal-semiconductor system. Many techniques includinbonding arrangement in th&Xv3 reconstruction.

guger electron spectroscopi®+12photoemission spectros- The other incentive for studying the RT growth of metals
copy2679-1L1315 |on energy  electron  diffractioA®!®  ON the S{111)-(7X7) surface at submonolayer coverages

comes from the need to understand the basic trends of the

adsorption of metals on this surface. Due to its large unit cell

and a variety of dangling bond sites the13i1)-(7 X 7) sur-

face is a very good model surface for studying local surface

chemistry of adsorption. Figure 1 shows the dimer-adatom-
tacking-faultDAS) model proposed by Takayanagfi al *°

electron-energy-loss spectroscaldy,ion scattering tech-
nique® x-ray standing-wave spectroscopyand ballistic

electron emission microscoffyhave been applied to study
the behavior of Au RT growth on the @il1) surface. Scan-
ning tunneling microscopySTM) studies mainly concen-

trated on the investigation of structures of the anneale ccording to this model the 7 unit cell consists of two

; 6
interfaces. triangular halvegsubunit cell$ one of which has a stacking

The general picture established by these studies implieg, 1 “pye to the formation of the 7 reconstruction the
that the Au/Si interface has a sandwich structure, namely, the

top few layers of a Au film grown on the Si substrate contain
a silicidelike compound with approximate stoichiometry of
AusSi. In other words, even for thick films, Si is present in corner hole
the top layer of the Au film. Beneath this silicidelike layer atomn
there is a layer of metallic Au bonded to the Si substrate.
Recent photoemission studi@show that the growth starts
with the formation of a silicidelike layer up to coverage of

® ~4 monolayer§ML ) and then metallic Au starts to nucle- a%‘;‘{‘éiﬁ U
ate beneath it. AB~4-5 ML the silicidelike layer is de-
tached from the Si substrate and then the growth proceeds by center

the accumulation of a buried layer of metallic Au. The inter-
face between metallic Au and the Si substrate is abrupt.
However, the initial stages of Au RT growth on the
Si(111)-(7% 7) surface are not well understood. In particu-
lar, it is not clear whether Au atoms react with the Si sub-
strate from the very beginning of depositi¢finterstitial”
mode) (Ref. 19 or the formation of a silicidelike compound FIG. 1. Dimer-adatom-stacking-faullDAS) model of the
starts at some critical coveragéscreening” mode).>'%'®  gj111)-(7x 7) unit cell proposed by Takayanat al. (Ref. 19.
Also the adsorption sites of Au atoms within the<7 unit  Corner and center adatoms, rest atoms, and corner holes are shown
cell are not known. X-ray standing-wave spectroscopyon the drawing. FaultedR) and unfaulted () halves of the 7
studie§ show that Au atoms occupy positions beneath thex7 unit cell are also marked.
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X 7 unit cell has only 9 dangling bonds located on 6 adatoms
and 3 rest atom@darge filled circles in Fig. L Besides there

is a dangling bond at each corner of the triangular subuni
cell at the corner hole site. Thus, there are 19 dangling bond
per 7X7 unit cell (12 adatoms, 6 rest atoms and 1 corner |
hole). These dangling bonds provide natural adsorption sites
for adsorbed species. STM has proved to be an indispensab
tool for determination of specific bonding sites of metal at-
oms on semiconductor surfaces including thél8D)-(7
X7) surface. Adsorption of many different metals on the
Si(111)-(7x7) surface at submonolayer coverages has beer
studied by STM to dat&’~2° Despite differences in the prop-
erties of these metals, some general trends can be noticed
their adsorption behavior on the($11)-(7x7) surface. In
particular, almost all the metals studied exhibit preference
for the adsorption on the faulted half of the unit cell and
many of them prefer to occupy positions on top of the Si
adatoms and especially the center Si adatoms.

The issue of preferential adsorption has been addresse
theoretically by Brommeret al,*® who explained the ob-
served trends in the adsorption by employing the concept of FIG. 2. Filled-statg195 Ax 195 A, sample bia¥/s=—0.7 V,
“local softness” and “hardness” which determine the most tunneling current =0.06 n4 STM image showing the §i11)-(7
energetically favorable reaction site. According to the au-<7) surface with~0.01 ML of Au. The faulted ) and unfaulted
thors, adsorption behavior should be very different for ele{U) halves of the K7 unit cell are shown. Some of the triangular
ments that are electrophi“c reactants or acceqﬁms their subunit cells app.ear hlghllghted as mal’ked by the filled arrows. An
electronegativity is greater than the electronegativity of the/nfaulted subunit cell with two brighter center adatoms and a
Si(111)-(7 % 7) surface which is taken to be equal to its work faulted subunit cell with three brlght.er adatofosie center and two
function of 4.8 ey and nucleophilic reactants or dongre., ~ coMed are markedi andB, respectively.
their electronegativity is less than that of the(13i)-(7
X 7) surfacé. So far only adsorption of metals that are do- nealed at~400 °C. All STM images presented here were
nors with respect to the @i11)-(7x7) surface has been taken at RT.
studied. Au with an electronegativity of 5.77 éRef. 31 is
an acceptorwith respect to the $111)-(7Xx7) surface and
thus it might be expected to show quite different site-
selective adsorption behavior. Figure 2 presents a STM image of the(1i)-(7Xx7)

In this paper the STM results for initial stages of Au ad- surface covered with-0.01 ML of Au. This image has been
sorption on the $111)-(7x7) surface up t®~3 ML will  taken at negative sample bias-0.7 V) applied to the
be presented. The implications of these results for better ursample and, therefore, it reflects the spacial distribution of
derstanding of the formation of the Au/Si interface as well asoccupied surface electronic statéfidled-state image The
the trends of RT adsorption of metals on th€1$D)-(7  surface is composed of diamond-shaped77 unit cells. In

Ill. RESULTS

X 7) surface will be discussed. the STM images a X 7 unit cell has 12 distinct protrusions,
each corresponding to a Si adatom. Faulted halves of the 7
Il EXPERIMENT X7 unit cells can be distinguished from the unfaulted halves

by its brighter appearance in the filled-state images. The im-

The experiments were performed in the UHV chamberage shown in Fig. 2 is identical to the STM images of the
with the pressure of~3x10 1° Torr. Commercialn-type  clean S{111)-(7x 7) surface with the exception of some tri-
Si(111) samples were used. Thex7 reconstruction was angular subunit cells which exhibit largésy ~0.3-0.6 A
prepared by resistive heating at800 °C for several hours corrugations and appear brighter than the others. These sub-
followed by annealing at-1200 °C for 1-2 min. This pro- unit cells are marked by filled arrows in Fig. 2. It should be
cedure routinely yields a well-ordered clean surface as comoted that in the markef@ultedsubunit cellscorner adatoms
firmed by low-energy electron diffractioh EED) and STM.  exhibit stronger corrugations while in the markedfaulted

Au was evaporated from a heated tungsten filament. Theubunit cellscenter adatomsxhibit stronger corrugations. In
typical evaporation rate was 0.05—-0.2 monolayers per minutsome subunit cellémarked by open arrows in Fig) 2ot all
(ML/min) as measured by quartz-crystal thickness monitorthe adatoms have larger apparent height. For example, the
One monolayer is defined as coverage at which one Au atomnfaulted subunit cell marke#l has only two brighter center
corresponds to one atom of the unreconstructéti1l®) sur-  adatoms, while the faulted subunit cell mark&chas three
face (1 ML=7.8x 10" atoms/cr). The cleanliness of the brighter adatomgone-center and two-corner adatgms
Au source was assured by careful degassing and the obser- To our knowledge no such peculiar features have been
vation of the 5<2 LEED pattern when the surface was an-observed before during the adsorption of metals on the
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Si(111)-(7x7) surface. These features appear only in the
filled-state STM images while the empty-state images are
completely identical to those of the clean(Xi1)-(7X7)
surface. Therefore, it can be concluded that the observec
change in the apparent height is caused by the redistributior
of charge near the Si adatom sites rather than Au adsorptior
on top of the Si adatoms or the substitution of the Si adatoms
by the Au atoms.

We speculate that the observed features may arise fromn
the charge transfer from the rest atoms to the adatoms cause
by the adsorption of Au atoms on the rest atom sites. Since
the rest atom dangling bonds are completely fifi&e? the
adsorption of the Au atoms on these sites would lead to the
transfer of extra charge to adatom dangling bonds. Si rest
atoms are not imaged by the STM and, therefore, it is diffi-
cult to determine the presence of an adsorbate on a rest ator
site directly. However, the adsorption event affects the dis-
tribution of charge on the rest atom site and neighboring
adatom sites. These subtle changes manifest themselves i (b)
scanning tunneling spectroscof§TS current-voltage char-
acteristics, as has been convincingly shown by Avouris and
Wolkow® for the NH,/Si(111)-(7X7) system. However, FIG. 3. (@ Filled-state (240AX110A, Vg=—-17V, |
the authors did not observe any changes in adatom apparefif-2 nA STM image showing a §111)-(7Xx7) surface covered
he|ght' poss|b|y' because Of a |arge number Of already réN|th ~0.1 ML of Au. Some of the adsorbate-related features are
acted adatoms. marked on the image: trimerJ), clusters of round shap&€]j. (b)

In the framework of our interpretation, the triangular sub-and (©) A pair of STM images of the same area (90<&0 A)
unit cells with larger apparent height should contain three Ag"OWing Si111)-(7x7) surface covered with 0.1 ML of Au. Im-
atoms adsorbed on top of three Si rest atoms. However, tHz9€(P) has been taken ats=—1.6 V, 1=0.2 nA and imagdc) at

L Lo =+1.6V,1=0.2 nA. A cluster markeX appears bigger and of
redistribution of charge caused by the adsorption is appar=3 . . .
ently different for faulted and unfaulted halves of the 7 different shape in the filled-state image as compared to the empty

. : . . i LT kedT f in th -
unit cell. Since the corner adatoms appear brighter in th state image. Trime(markedT) appears to be fuzzy in the empty

State image.
highlighted faulted subunit cells, it is reasonable to conclude ale Image

that Au adsorption on the rest atom sites leads to the chargaeference for the faulted half of thex7z unit cell.
transfer mainly to the corner adatoms, while for the un- Figures 3b) and 3c) present higher-resolution filled- and
faulted subunit cells the extra charge goes primarily to theempty-state STM images of the surface at this coveraje (
center adatoms. ~0.1 ML), respectively. These images show a closeup view
Occasionally, partially highlighted subunit cells suchfas of some of the Au structures adsorbed on the surface. Trim-
andB in Fig. 2 have been observed. In the framework of ourers[one of them marked in Figs. 3b) and 3c)] appear in
interpretation, configuratioA would correspond to one ad- the filled-state STM images as three connected bright protru-
sorbed Au aton{charge transfer mainly to two neighboring sions with the height of-1 A located above the positions of
center adatomsand configurationB would correspond to the center Si adatoms. This indicates that they consist of at
two adsorbed Au atomé&charge transfer to one-center and least three Au atoms adsorbed on top of the center Si ada-
two-corner adatoms However, the Au atoms do not adsorb toms. Since at lower coverage Au atoms may adsorb on the
randomly on the Si rest atom sites, but rather tend to group irest atom sites, as discussed above, these trimers may in fact
the same subunit cell. This may suggest that the adsorptioconsist of six Au atoms—three on top of the Si adatoms and
of one Au atom changes the local potential in such a wayhree on top of the Si rest atoms. In the empty-state images
that the adsorption of another Au atom on the rest atom sit&imers have lower apparent height 0.2—0.3 A). STM im-
in the same subunit cell becomes favorable. The Au atomages also indicate that clusters appear to have different shape
also tend to favor the adsorption on the faulted half of theand even size in the filled- and empty-state images. A cluster
7X7 unit cell with ~70% of all Au atoms going to the markedX in Figs. 3b) and 3c) clearly shows this behavior.
faulted subunit cells. In general, clusters appear bigger in filled-state images.
Upon further deposition of Au, new features appear on the&Some Si adatoms that appear to be covered by Au cluster in
surface. Figure @) presents a typical filled-state STM image the filled-state images are clearly seen in the empty-state
of the S{111)-(7X 7) surface covered with-0.1 ML of Au.  images. Such an enhancement of the Au feat(especially
A number of Au related features is seen in this image. Exirimers in the filled-state images is probably due to a charge
amination shows that the most abundant features are trimetsansfer from the Si substrate to the adsorbed Awis more
located on top of center adatorfrearkedT) and round clus- electronegative than Si and therefore the charge in the Au-Si
ters(markedC). Even at this low coverage Au already shows bonds should be shifted towards Au atgms
tendency for clustering. The distribution of these clusters on The counting of specific dangling bond sites of the
the surface appears to be quite random. In particular, unlik&i(112)-(7x7) surface that are covered with Au provides
in the very low coverage regime, they do not exhibit anythe information about preferential sites of adsorption. The
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covered. This behavior is unusual because other metals like
Pb2® Li,? tend to decorate theX?7 triangular subunit cells
completely forming a quasiordered net of triangular islands
before these islands start to coalesce covering the dimer
walls. At higher coverages islands coalesce and form a con-
tinuous film[Fig. 4(c)] with the granular structure indepen-
dent of the underlying X 7 reconstruction.

IV. DISCUSSION

As has been pointed out in the Introduction, Brommer
et al®® analyzed the reactivity patterns of the(&i1)-(7
X 7) surface based on principles of local softness and elec-
tronegativity. The authors predicted that the Si dangling
bonds should react with theucleophilicelemental species in
the orderadatoms>corner holes>rest atomswhile for the
electrophilic species the order should beorner holes
>rest atoms-adatoms.For electrophilic reactants the ad-
sorption on the faulted half of the>77 unit cell should be
preferred but there is no difference between center and cor-
ner adatoms in the same half of the unit cell. Au is classified
as an electrophilic reactant since its electronegativity 5.77 eV
is greater than that of the Si substr&de eV).

The STM images taken at very low coveragé®
~0.01 ML, Fig. 9 show that some of the triangular subunit
cells of the 77 reconstruction have slightly larger apparent
height. These features have been interpreted to be due to the
charge transfer from the Si rest atoms to the Si adatoms
caused by the adsorption of the Au atoms on the Si rest atom
sites. Thus, the STM data suggest that the Au atoms react
with the Si rest atoms before they react with the Si adatoms
which is in line with the theoretical predictions. It should be
noted that for other metals features similar to those seen in
Fig. 2 have never been observed. This fact can also be
readily explained in the frame work of our interpretation
since to date only the room-temperature adsorption of metals
which are classified as nucleophilic reactants has been stud-

FIG. 4. Filled-state STM images of the(811)-(7x7) surface  jed on the Si111)-(7 X 7) surface. These metals should react
with different Au coverage: (&) ©~0.3 ML (100 AX100A, Vs first with the Si adatom rather than Si rest atom dangling
=-19V, 1=05nA; (b)) 6~06ML (100Ax100A, Vs  ponds.
=-2.0V,1=0.8nA); (c) @~3 ML (500 AX500 A, Vs=0.8V, At higher coverages @>0.1 ML) Au forms clusters
1=0.5nA. preferentially on top of the center adatoms and, to a less

extent, on top of the corner adatoms while theoretical predic-
first observation is that the center adatoms are more reactiw®ns are that the center and corner adatoms should be
than the corner adatoms with the ratio of reacted center anelqually reactive. We believe that the observed discrepancy
corner adatoms-2.5:1. Another important observation is arises as an effect of the adsorbate-adsorbate interaction. The
the fact that the Au atoms do not show any appreciable prefresults of Brommeet al*° pertain to a single adsorbate atom
erence for a particular half of thexX77 unit cell. This behav- occupying a dangling bond site within thex7 unit cell and
ior is quite different from the behavior of other metals whichrely on the assumption that the most favorable adsorption
usually exhibit preferencésometimes, very strong as in the site is determined solely by the interaction between the ad-
case of alkali metaf®) for the faulted half of the X7 unit  sorbate and the substrate. However, Au clustering has been
cell. observed even at low coverage which suggests that there

Figure 4 shows filled-state STM images of th€13il)-  exists a significant attractive Au-Au interaction. Thus, at this
(7X7) surface at higher Au coverage® ~0.3 ML (a), ® coverage the theoretical conclusions may not be directly ap-
~0.6 ML (b), and®~3 ML (c)]. At ®~0.3 ML [Fig. 4a)] plicable to the experimental situation.

Au forms clusters preferentially in the center of th7 According to the STM data, the most favorable site for
triangular subunit cells and the overwhelming majority of thethe formation of a small Au cluster is the center of a trian-
corner hole sites as well as many corner adatoms remaigular subunit cell of the ¥ 7 structure, which includes three
uncovered. At® ~0.6 ML [Fig. 4(b)] clusters grow bigger Si center adatoms and three rest atoms. Intuitively, one can
and begin to cover the dimer walls separating triangular subexpect that since by clustering at this site the Au atoms may
unit cells even though many corner adatoms still remain unsatisfy six dangling bonds and form a compact hexagonal
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structure. The corner adatoms do not offer such an advantage V. CONCLUSIONS
since they are adjacent to the dimer rows which are devoid of The STM . h AU ad
the dangling bond sites. Corner hole dangling bonds are lo- e experiments on the room-temperature Au ad-
cated~4.5 A below the adatoms and are encircled by theSorption on the $111)-(7x7) surface suggest that ﬁ_
wall of the Si dimers, which makes them an unattractive site~0-0° ML the Au atoms most probably adsorb on the Si rest
for the cluster formation. atom sites preferentially in the faulted half of th7 unit

The STM images show that deposited Au appears a§ell which is in agreement with the theoretical predictidhs.
bright features on the 811]_)-(7)( 7) surface. The presence At ®~0.1 ML small Au clusters are formed mainly on the
of such highly symmetric features as trimgsee Fig. 3  Sicenter and, to a lesser extent, Si corner adatoms. There is
suggests that Au adsorbs on top of the surface rather thatp appreciable preference for the adsorption of Au on a par-
diffuses into the subsurface layer with the formation ofticular half of the unit cell in this coverage regime. The STM
amorphous Au-Si alloy. The absence of intermixing has beedata also suggest that the Au adsorbates stay on top of the
also claimed for the RT growth of Au on the (500 Si(11D-(7Xx7) surface and do not intermix or diffuse into
surface’ Though some amount of intermixing cannot bethe surface. Thus, the results favor the “screening” model

completely ruled out since the STM cannot provide informa-which suggests some critical Au coverage for the intermix-
tion about chemical composition of the observed clusters agg to start.

well as their spacial extent into the surface, possible inter-
mixing is restricted to local areas and does not involve the
whole surface. We believe that these results favor the
“screening” model of the growth of this interface which
implies the existence of some critical coverage at which the This work was supported by the Office of Naval Re-
formation of the silicidelike compound starts. search, Grant No. N00014-92-J-1479.
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