Oxygen adsorption on Ag/Si(111)-7 X7 surfaces
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The growth of Ag clusters on Si(111)-7 X7 surfaces was studied by scanning tunneling microscopy
(STM), ultraviolet photoelectron spectroscopy, and x-ray photoelectron spectroscopy (XPS). A shift
in the Ag 3d binding energy and a noticeable change in the valence-band structure reveal a
significant modification of the electronic states of the Si(111)-7 X7 surface and the dispersed Ag
clusters, which had a strong dependence on the coverage of Ag. Furthermore, these Ag clusters
deposited on the Si surface alter the behavior of oxygen adsorption on the Si(111)-7 X 7 surface. As
evidenced by XPS, the presence of Ag inhibits the adsorbed surface oxygen species, the ins-ins and
ad-ins oxygen, in which “ad” denotes an O atom bonding on top of the Si adatom and “ins” denotes
an O atom inserted into a Si adatom back bond. The STM and high-resolution electron energy loss
spectroscopy results show that the ins-ins oxygen species are more significantly suppressed by the

Ag clusters compared to the ad-ins oxygen.

© 2008 American Vacuum Society. [DOL: 10.1116/1.2816938]

I. INTRODUCTION

Metal nanoclusters have been intensively studied in the
past decades because of their wide application in the fields of
microelectronics and industrial catalysis.l’2 The numerous
novel properties of nanoclusters also attract fundamental re-
search. Many research efforts in metal clusters have focused
on model systems that consist of nanoclusters supported on
well-defined surfaces, and such model systems with in situ
surface analytic techniques greatly enhance the understand-
ing of their unique physical and chemical properties.

One key aspect of the model systems is the control of
growth of nanoclusters on certain surfaces. Some sophisti-
cated preparation techniques, e.g., size-selected cluster
deposition3’4 and electron-beam lithoglraphy,5 have been de-
veloped and improved in the last decades. Among them, self-
organized growth mediated by periodic templates has been
demonstrated to be an effective approach for obtaining or-
dered metal nanoclusters, and the various periodic templates,
such as boron nitride nanomeshes,6 Au(788) surface,7 and
surfaces with periodic strain-relief patterns,8 have been ex-
ploited. The Si(111)-7 X7 surface, which consists of large
(~2.7 nm) triangular half-unit cells (HUCs), has been con-
sidered as a natural template for growing ordered metal clus-
ters, and some interesting artifacts, showing the ordered ar-
rays of Al, Ga, and In nanoclusters on Si(111)-7 X 7 surfaces
have been successfully created by Xue and co-workers.”!”
Silver appears as an important catalyst because it is active in
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the catalytic processes of ethylene oxidation and methanol
selective oxidation. Also, silver’s size and structure show a
strong influence on its catalytic reactivity and selectivity. For
example, adsorption of O, on Ag clusters grown on
TiO,(110) (Ref. 11) and graphite surfaces'>'? is closely re-
lated to the Ag clusters size. To better understand the mecha-
nism of Ag-related catalysis, it is often useful to study the
chemical and physical properties of Ag clusters in a well-
controlled model system such as Ag/Si(111)-7 X7 system.
Ag is nonreactive on Si(111)-7X7 at low temperatures
(<500 K), and adsorption of Ag leaves the 7 X 7 reconstruc-
tion unchanged.'*'* Therefore, Ag/Si(111)-7 X7 is one of
the ideal model systems for studying the controlled growth
of metal clusters on Si(111)-7X7. The nucleation of Ag
clusters on Si(111)-7 X7 has been carefully investigated by
different research groups.m_20 However, the surface adsorp-
tion properties of the Ag/Si(111)-7 X7 system were rarely
addressed.”’

In the present work, we concentrate on the model systems
of Ag/Si, and address the controlled growth of Ag clusters
on the Si(111) surface and the induced characters to the in-
teraction with oxygen. Scanning tunneling microscopy
(STM), ultraviolet photoelectron spectroscopy (UPS), and
x-ray photoelectron spectroscopy (XPS) have been used to
investigate the surface morphology and electronic structure,
and the reactivity of the Ag/Si(111)-7 X7 surfaces to O,
was characterized by STM and high-resolution electron en-
ergy loss spectroscopy (HREELS).

Il. EXPERIMENT

Experiments were carried out in two separated ultrahigh-
vacuum (UHV) systems. One was equipped with an Omicron
variable-temperature STM and evaporators. Ag deposition
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was performed by resistive heating in a tungsten bracket. The
other was an Omicron multiprobe surface-analysis system
that consists of three UHV chambers: preparation, spectro-
scopic, and microscopic chambers. The preparation chamber
is equipped with an evaporator with integral flux monitor
(Focus EFM3) for Ag deposition. The spectroscopic chamber
is installed with XPS, UPS, and HREELS (LK-ELS5000),
and the microscopic chamber is equipped with STM/atomic
force microscopy and photoemission electron microscopy.
The three chambers are connected with a transfer chamber,
through which the sample can be transferred among these
chambers by magnetically coupled probes without breaking
the vacuum.

XPS data were acquired with Mg Ka (hv=1253.6 eV) ra-
diation and pass energy at 50 eV. The spectra were calibrated
with the Ag 3ds, peak at 368.1 eV. UP spectra were re-
corded at normal emission with He II radiation (hv
=40.8 V), and the photoelectron peak positions were cali-
brated with respect to the Si(111)-7 X7 Fermi level (Ep). In
HREELS, the monochromatized electrons were incident at
an angle of 55° with respect to the surface normal of the
sample. The primary energy (Ep) was 7.2 eV. The energy
resolution of the spectrometer was ~10 meV, which was
shown from the full width at half maximum of the elastic
peak. STM measurement was carried out at room tempera-
ture (RT) with a constant current mode using a homemade W
tip.
The Si(111) sample (P doped) was cleaned by flashing the
sample to 1200 °C for several cycles. Ag was deposited on
the clean Si(111)-7 X7 surfaces at RT. The flux was cali-
brated by counting the Ag clusters at ultralow coverage using
STM. O, was introduced onto the sample surfaces by back-
filling the chamber via a leak valve.

lll. RESULTS AND DISCUSSION
A. Growth of Ag clusters on Si(111)-7 X7

Figure 1 shows the STM images of Ag on Si(111)-7 X7
surfaces with different Ag coverages. At very low coverage
[0.005 monolayer (ML) and 0.01 ML, as shown in Figs.
1(a)-1(c)], three types of Ag clusters can be identified: type I
(solid circle), type II (dotted circle), and type III (dashed
circle). In case of the type I cluster, which is often located in
faulted half-unit cells (FHUCs), three Si corner adatoms in
the HUC are highlighted at both positive and negative bias
voltages. For the type II cluster, all the six Si adatoms in the
HUC are highlighted at negative bias voltage and a bright
spot can be seen at positive bias [Figs. 1(a) and 1(b)]. The
type III cluster shows itself as a bright spot and no specific
shape can be observed at any bias voltages. The three types
of Ag clusters may be attributed to monomer, dimer, and
cluster containing more than two Ag atoms.'”'®%° The popu-
lation of type I clusters decreases quickly with increasing Ag
coverage, being accompanied by an increase in the popula-
tion of the type II and type III clusters. At 0.12 ML Ag
coverage, more atoms add into a HUC, and the type III clus-
ters are already dominant on the surface [Fig. 1(d)]. With
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FIiG. 1. STM images of Ag on Si(111)-7 X7 surface with different cover-
ages: (a) ~0.005 ML, 2V, 19X19 nm%* (b) ~0.005 ML, -2V, 19
X 19 nm?% (c) 0.01 ML, 2V, 50X50 nm? (d) 0.12 ML, 1.5V, 50
%50 nm% (e) 0.6 ML, 1.5V, 100X 100 nm?; (f) 1.2 ML, 1.5V, 100
X100 nm?. (a) and (b) are the same area, but acquired at different bias
voltages. The triangles in (a) indicate the faulted HUC (FHUC) and un-
faulted HUC (UHUC) on Si(111)-7 X7 surface. The solid, dotted, and
dashed circles represent types I, II, and III Ag clusters, respectively.

further Ag deposition, two of the type III clusters separated
by a dimer row link up with Ag adatoms, which show a
discontinuous wormlike shape in STM images;22 further-
more, a wetting layer forms [Fig. 1(e)]. Above 0.6 ML,
three-dimensional (3D) islands start to grow on top of the
wetting layer [Fig. 1(f)]. The results show that Ag grows on
the Si(111)-7X7 surface according to the Stranski-
Krastanov mode, in which formation of one or more mono-
layers is followed by the growth of 3D islands. The strain
induced by the lattice mismatch between the Si substrate and
Ag may result in the transition from the two-dimensional to
3D growth.

UP spectra taken from the Ag/Si(111) surfaces with dif-
ferent Ag coverages are shown in Fig. 2. For the clean
Si(111)-7 X7 surface, two peaks at 0.15 and 0.85 eV below
Ep, labeled as S; and S,, respectively, can be attributed to the
photoemission from the dangling bonds of adatoms and rest
atoms on the Si(111)-7 X 7 surface.”>** With the nucleation
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FiG. 2. [(A) and (B)] He 1I (40.8 eV) valence-band spectra of Ag on Si(111)-7 X 7 surface with different coverages: (a) 0 ML (clean Si(111)-7 X 7); (b) 0.06
ML; (c) 0.12 ML; (d) 0.24 ML; (e) 0.42 ML; (f) 0.6 ML; (g) 1.2 ML; (h) He II UPS of Ag(111). (C) d valence-band center as a function of Ag coverage. The

asterisk (*) marks the d-band center of Ag(111) in (C).

of Ag on the surface, both S; and S, states diminish quickly
[Fig. 2(B)] and this is partially due to the saturation of the
dangling bonds on Si surfaces by the deposited Ag clusters.”
More interestingly, the density of states (DOS) near Ep de-
creases as the Ag coverage increases up to 0.42 ML [from
Figs. 2(B), (a)—(e)], which is accompanied by the evident
suppressing of the Si surface state (S;) near E. This feature
indicates the nonmetallic character of Ag clusters at these
coverages, which is consistent with the previous scanning
tunneling spectroscopy results."* Above 0.6 ML, DOS near
E increases with the Ag coverage [see Figs. 2(B), (e) and
(f)], which demonstrates the transition of Ag clusters toward
metallic character, and the corresponding STM images con-
firmed the formation of the large Ag clusters, as shown in
Fig. 1(f).

Compared to the Ag(111) surface [Fig. 1(h)], Ag 4d bands
of the Ag overlayers grown on the Si(111)-7 X7 surface
[Figs. 1(b)-1(f)] is much narrower, which is due to the re-

duction of the coordination number in Ag nanoclusters.”® At
the same time, the UPS results show that the Ag 4d bands of
the Ag nanoclusters shift to higher binding energy, which is
attributed to the redistribution of valence-band states as sug-
gested by Guzci et al.””*® Figure 2(C) presents a plot of the
Ag 4d band center, which was calculated following the
method suggested by Mun et al..”” with Ag coverage. The
d-band center decreases from 6.13 to 5.9 eV as the Ag cov-
erage on the surface increases from 0.06 to 1.2 ML. The
d-band center of the Ag(111) is at 5.51 eV. The shift in
d-band center of metal catalysts may potentially influence
their catalytic performance.30

The Ag 3d XP spectra were included in Fig. 3. A trivial
Ag 3ds,, peak shift in position occurs from 368.8 (at the Ag
coverage of 0.06 ML) to 368.6 eV (at the Ag coverage of
0.60 ML). These values are significantly larger than that at
Ag 3ds;, with the value of 368.1 eV in bulk Ag [shown by an
asterisk in Fig. 3(B)]. Both change in the 4d band center and
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FiG. 3. (A) Ag 3d XPS spectra of (a) 0.06 ML, (b) 0.24 ML, (c) 0.42 ML, and (d) 0.60 ML Ag on Si(111)-7 X 7 surfaces; (B) Ag 3ds,, binding energy as a
function of Ag coverage; (C) initial- and final-state contributions to the Ag 3ds,, shifts as a function of Ag coverage. The asterisk (¥) indicates the Ag 3ds,

binding energy of Ag(111) in (B).
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shift of core-level binding energy (BE) of small Ag clusters
in comparison to the bulk Ag surface may be attributed to the
initial-state and/or final-state effects. The initial-state effect
is correlated with the change in electronic structure of the
metal clusters, and the final-state effect to the screening of
the photoemission core holes.*" Tt is still challenging to dif-
ferentiate the relative contribution of the initial- and final-
state effects.®3%3 Nevertheless, both contributions to the
core-level shifts can be estimated using the concept of Auger
parameter (a).33’3 * Here, the Auger parameter of Ag was cal-
culated as

a(Ag) = E,(Ag3ds)) + Ex(AgMsVV),

where E, (Ag 3ds,,) is the binding energy of the Ag 3ds),
core level and E;, (Ag MsVV) is the kinetic energy of the Ag
MsVV Auger transition. As suggested by Luo et al.,*** the
change in the Auger parameter of Aa(Ag), defined by A«
=2AR, can be used to estimate the final-state effect (AR) in
clusters, and it is possible to separate the initial-state and
final-state contributions to the BE shifts. Our Auger param-
eter analysis shows that the initial-state effect gives a major
contribution, ~70% of the total ABE at the Ag coverage
smaller than 0.6 ML [see Fig. 3(C)]. The STM results have
shown that, below 0.6 ML, the silver clusters are one mono-
layer high and all the Ag adatoms make bonds with the sur-
face Si atoms. The interfacial bonding and the resultant elec-
tronic interaction between Ag and Si atoms may contribute to
the dominant initial-state effect.

B. Interaction of oxygen with Ag/Si(111)-7 X7

The interaction of molecular oxygen with a clean silicon
surface is much stronger than that with a silver surface, and
the active exposure of O, to the Ag/Si(111)-7X7 system
will result in forming different surface oxygen species relat-
ing to Si—O interaction, but no obvious existence of oxygen
species concerning a Ag cluster. Although oxygen can adsorb
onto silver surfaces, the low sticking coefficient of oxygen
on Ag may result in little oxygen adsorbed on the Ag sur-
faces under these O, exposure conditions.>® In this work, we
focus on the effect of silver on the interaction of the silicon
surface with oxygen. STM, HREELS, and XPS were used to
uncover the structural changes and evolution of the oxygen
species during oxygen exposure.

The inset in Fig. 4 displays a typical STM image of a 0.02
ML Ag/Si(111)-7 X7 surface exposed to 0.05 L O,. Some
Si adatom sites in the HUCs become either brighter or darker
after O, adsorption. Based on the previous explanation, two
such species on the O,-exposed Si(111)-7 X7 surfaces have
been ascribed to chemisorbed O, molecules.’®* However,
recent density-functional theory calculations®* and experi-
mental studies*'** excluded the existence of any molecular
O, species at RT. It becomes acceptable currently that two
atomic oxygen configurations exist at initial oxygen adsorp-
tion on the Si(111)-7 X7 surface: ad-ins and ins-ins oxygen
(“ad” denotes an O atom bonding on top of the Si adatom,
and “ins” denotes an O atom inserted into a Si adatom back
bond, Fig. 5). The bright and dark species in STM images
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Fig. 4. The ratio of bright oxygen species to dark oxygen species on
Ag/Si(111)-7 X7 surface exposed to 0.05 L O, at different Ag coverages;
Inset: the STM image of 0.02 ML Ag/Si(111) surface after exposing to
0.05 L O,.

correspond to the ins-ins and ad-ins oxygen configurations,
respectively.”’43 Figure 4 is the plot of the ratio of ins-ins to
ad-ins oxygen species on Ag/Si(111)-7 X7 surfaces as a
function of Ag coverage after exposure of 0.05 L O,. The
numbers of ins-ins and ad-ins oxygen species are obtained
after carefully counting of bright and dark species in several
STM images. A clear decrease in the ratio of ins-ins to ad-ins
oxygen species occurs when more Ag atoms are located on
the surface (Ag coverage <0.02 ML). This means that the
presence of Ag clusters affects the surface chemisorbed oxy-
gen species on Si(111)-7X7, and the ins-ins oxygen con-
figuration is inhibited by the Ag clusters. The previous in situ
STM investigations also indicate that ins-ins oxygen could
be converted to ad-ins oxygen by the Ag clusters on the
0,-exposed Ag/Si(111)-7 X 7 surfaces.”' Based on these re-
sults, the microscopic interaction between Ag clusters and
the surface Si—-O groups on the O,-exposed Ag/Si surface
can be illustrated by the schematics in Fig. 5, which shows
that the ins-ins oxygen configuration is less stable on
Si(111)-7X 7 in the presence of Ag clusters.

@ oatom

Si atom

ins-ins

FI1G. 5. Schematic of the change in the oxygen configuration from ins-ins to
ad-ins in the presence of Ag clusters.
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This mechanism summarized by the Ag/Si model system
may help us to understand the interaction between metal ada-
toms and silica surfaces. Lopez et al.™ investigated the in-
teraction of Cu and Pd atoms on regular and defect sites of
the SiO, surface by theoretical calculations. They found that
the nonbridging species (=Si—0-) are the most reactive
sites on the silica surface. Recently, gold atoms were also
found to be trapped at =Si—0- and =Si—O"~ defect sites on
amorphous silica.® As we discussed above, Ag clusters in-
teract more strongly with ad-ins oxygen species and could
convert the oxygen configuration from the ins oxygen (Si-
0O-Si) to the ad oxygen (Si-O) (as illustrated in Fig. 5). This
STM result gives a direct atomic image showing evidence
that metal adatoms try to bond with surface-nonbridging
oxygen species (=Si—0), rather than with surface-bridging
oxygen species (Si—-O-Si).

)
7/

HREEL spectra from Si(111)-7X7 and 0.06 ML
Ag/Si(111)-7 X7 surfaces after exposing to 0.68 L O, are
given in Fig. 6. Two dominant features are observed at ~99
and ~127 meV, and both of them are from the Si—O
vibration.** The 127 meV peak is attributed to Si—O-Si
asymmetric stretching vibration, and the bond formation is
considered to occur by breaking the Si—Si bond in the Si
substrate (ins oxygen conﬁguration).‘w_50 The 99 meV peak
is due to a Si—O stretching vibration that is associated with a
single bond formed between atomic oxygen and a silicon
adatom (ad oxygen configuration).”’ " At the 0.06 ML
Ag/Si(111)-7 X7 surface, the HREEL spectrum shows the
same features, but more enhancement of the 99 meV peak
relative to the 127 meV peak. The HREELS data further sup-
port the STM results (Figs. 4 and 5), showing that the pres-
ence of Ag clusters changes the relative population of the
ins-ins oxygen to the ad-ins oxygen species.

The O, adsorption on Ag/Si(111)-7 X 7 surfaces has been
investigated as a function of O, exposure and Ag coverage
using XPS. Figure 7(a) shows the variation of ratio of XPS O
Ls to Si 2p intensity (I5/1Ig;) with O, exposure at different Ag
coverage. It can be seen that I/ Ig; always increases sharply
in the range of 0.06—2.22 L O,; then, the surface is nearly
saturated by oxygen with the oxygen exposure ranging from
2.22 to 48.37 L. This result can be easily understood in that
a larger amount of O, exposure to the Ag/Si surfaces pro-
duces more chemisorbed oxygen on the surfaces. Figure 7(b)
presents I/ Ig; of Ag/Si(111)-7 X7 surfaces as a function of
Ag coverage at 0.68 and 48.4 L O, exposures, respectively.
The plots demonstrate that a small amount of Ag adsorption
(from 0.06 to 0.42 ML) has induced a decrease to ~70% in
O, adsorption on the Si(111)-7X7 surface. At 0.6 ML
Ag/Si(111)-7 X7, I5/1Is; decreases down to ~40%. In con-
trast to the enhancement of oxygen adsorption on Si by Cu
deposition,49 our result indicates that Ag can suppress the
oxygen adsorption on Si(111), in particular, the formation of
ins-ins oxygen species. Because even 0.06 ML Ag could re-
duce the surface oxygen adsorption capacity to 70%, we sug-
gest that the inhibition effect is mainly due to the electronic
factor. As we have discussed in the last section, adsorption of
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Ag clusters induces a large change in both Si surface states
and DOS at Ey, thus, it is expected that the modification of
the surface electronic structure contributes to the decrease in
the reactivity of the Si surface to O,. At higher Ag coverage,
the Ag inhibition may be due to both the electronic factor
and stereoblocking of the adsorption sites. Similar phenom-
ena have been found in the STM study of the oxidation of
Au/Si(111)-7 X 7 surfaces by Kishi et al.”’

IV. CONCLUSIONS

Various Ag clusters, i.e., monomers, dimers, and small Ag
islands, have been obtained on Si(111)-7 X 7 surfaces at RT.
The electronic structure of the composite system, including
the Si surface states and DOS near Ey, was seen to be modu-
lated by the Ag coverage. The existence of Ag clusters
strongly influences the surface adsorption of O, on Si. It is
found that Ag clusters inhibit the formation of ad-ins oxygen
and, more significantly, ins-ins oxygen species, which dis-
tinctly changes the relative population of ins-ins oxygen to
ad-ins oxygen species on the surfaces. This inhibition effect
has been attributed to Ag-induced change in the Si surface
electronic state at low Ag coverage and the stereoblocking of
adsorption sites at high Ag coverage.
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