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Ultrathin metal films on a metal oxide surface: Growth of Au on TiO2 „110…
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~Received 12 June 1997!

We have studied the growth of ultrathin Au films on the TiO2 ~110! surface using low-energy ion scattering
~LEIS!, x-ray photoelectron spectroscopy~XPS!, and low-energy electron diffraction~LEED!. For substrate
temperatures of 160 and 300 K, for fractional monolayer Au coverages, Au evaporated under UHV conditions
appears to grow initially on the stoichiometric TiO2 ~110! surface in a quasi-two-dimensional~2D! form. As
the average Au coverage increases to one monolayer~1 ML! and higher, Au forms three-dimensional~3D!
islands. The coverage at which 3D islands become apparent in LEIS data decreases as the surface temperature
increases. No evidence of significant chemical interactions has been found between the Au and TiO2 substrate.
By annealing Au/TiO2 to temperatures up to 775 K, the Au islands continue to grow; encapsulation of the Au
islands by Ti suboxides is not observed. There is little or no CO adsorption on small Au clusters at 300 K
~upper limit of ;0.05 ML!, based on sensitive LEIS measurements.@S0163-1829~97!08740-7#
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I. INTRODUCTION

In recent years, metal-on-oxide systems have rece
considerable attention because of their importance in a v
ety of applications. These include the fabrication of new
ramic materials, heterogeneous catalysts,1 and solid-state gas
sensors.2 A detailed understanding of the processes occurr
at the metal/oxide interfaces and their correlation to the pr
erties of materials and devices could lead to improvement
efficiency and performance.

We have chosen TiO2 as the oxide substrate for this stud
for several reasons. First, the electronic structure of TiO2 has
been well characterized and surface stoichiometry can be
tablished under UHV conditions. Moreover, TiO2 has been
used in semiconductor gas sensor devices,2,3 but the sensing
mechanism is unclear and many challenging scientific pr
lems still remain. We thus have a twofold purpose to o
study; first, from a basic point of view, to understand no
metal/oxide surfaces and their interfacial reactivity, and s
ond, from an applied point of view, to understand the cor
lation of material properties to practical applications, such
gas sensors.

The present study is part of a systematic investigation
the growth of different metals~including Cr, Fe, Cu, Hf, and
Pt! on TiO2 ~110!;4–9 for a recent review of metals on TiO2,
see Ref. 10. The Au/TiO2 system is investigated because
has the potential to be a good chemical gas sensor and
act as a catalyst for the room-temperature oxidation
CO.11–13 The catalytic activity for CO oxidation as well a
the gas sensing properties seem to depend on both the
grain size of Au and the choice of support oxides.11,14 In
addition, there is some speculation that the reactivity of
towards oxygen may depend on the dimensions of
clusters.15 Since the surface of pure gold is known to
unreactive to most gases, including CO and O2, much basic
information is needed to interpret these unusual and inter
ing results.

We present here a detailed description of the interac
of Au with TiO2 ~110!. Comparing our results with the
560163-1829/97/56~16!/10549~9!/$10.00
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Pt/TiO2 ~110! system,8 it has been found that, during late
stage growth~average overlayer thicknesses.1 ML!, at
equivalent coverages~Au and Pt! and temperatures, more o
the TiO2 ~110! surface is covered by Pt islands than by A
i.e., Pt wets TiO2 ~110! better than Au. In addition, annealin
of Au/TiO2 to temperatures up to 775 K results in an increa
in the size of the Au islands, with no significant encapsu
tion. This is in contrast to the Pt/TiO2 ~110! system, for
which complete encapsulation by TiOx (0,x,2) is ob-
served under equivalent conditions.8,16,17Moreover, we find
little or no evidence for CO adsorption on Au clusters at 3
K @upper limit of ;0.05 ML for 600 L (1 L51026 Torr s
CO exposure!#, based on sensitive low-energy ion scatteri
~LEIS! measurements.

II. EXPERIMENT

The experiments are performed in an ultrahigh vacu
~UHV! system, as described in detail elsewhere.18 The base
pressure of the chamber is less than;2310210 Torr. The
chamber contains a VSW x-ray source that can generate
ther Al Ka or Mg Ka radiation for x-ray photoelectron spec
troscopy ~XPS!, a quadrupole mass spectrometer~QMS!
used for residual gas analysis, an electron gun~0–1000 eV!
and a sensitive two-dimensional retarding field detector~two
grids, microchannel plate assembly and phosphor scre!
used for low- and medium-energy electron diffractio
~LEED and MEED!. The chamber is additionally equippe
with a differentially pumped ion gun used for low-energy io
scattering and Ar1 sputtering, and a 100-mm radius hem
spherical analyzer used in the fixed analyzer transmiss
mode for XPS and the fixed retardation ratio mode for LE

The freshly polished sample is a 531031 mm3 TiO2
single crystal with~110! orientation obtained from Commer
cial Crystal Laboratories. The sample is attached to a Ta
holder, and mounted on aXYZ rotary manipulator. The
sample is heated through a combination of radiation a
electron bombardment using a tungsten filament positio
10 549 © 1997 The American Physical Society
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behind it. A W 5%Re/W 26% Re thermocouple spot weld
on the Ta foil very close to the sample is used for tempe
ture measurements. The sample is partially reduced by
nealing at;1000 K in a UHV chamber for;1 h. After this
treatment, the bulk becomes ann-type semiconductor; this
eliminates any charging problems in XPS and LEIS m
surements. The sample, initially transparent, becomes
blue after extensive reduction. The TiO2 surface stoichiom-
etry, determined using XPS, is restored by bombarding
;30 min with 1-keV Ar1 ions ~ion beam rastered across th
sample, current density;131025 A/cm2), followed by a
10-min anneal at 975 K in 1026 Torr oxygen. After anneal-
ing, the sample is allowed to cool for 10 min in the sam
oxygen ambient pressure. Full details of the sample tr
ment are described elsewhere.19 The clean stoichiometric
surface produces a sharp LEED~131! pattern.

The Au films are deposited by thermal evaporation from
shielded liquid-nitrogen-cooled metal source. The deposi
rate is 0.5–0.8 Å/min. During evaporation, the pressure
the chamber increases to about 3310210 Torr. The average
thickness of the metal films is determined using a qua
crystal monitor~QCM!, which has been calibrated using R
therford backscattering spectroscopy~RBS!. All thicknesses
reported in this paper are average thicknesses. Here 1
refers to the amount of Au@arranged in the close-packe
~111! structure# required to cover the substrate with a sing
atomic layer; for Au with bulk density of 19.3 g/cm3, the
thickness of such a layer is;2.6 Å.

XPS spectra are obtained using both normal~0°! and
grazing angle emission~70° with respect to the surface no
mal!. Compared with normal emission XPS, grazing an
XPS is much more surface sensitive. Since the attenua
length of photoelectrons is very short~10–20 Å!, the elec-
tron escape depth is limited to the top few atomic layers
the solid for grazing angle XPS. For normal angle XPS
larger fraction of the photoelectrons originate deeper in
bulk of the sample.

The low-energy ion scattering technique, in which H1

ions having kinetic energies;1 keV are scattered from
surface, is extremely sensitive to the composition of the t
most layer of the surface.20,21 In our experiments, the prob
ions are 1.0-keV He1 and the scattering angle is fixed
135°. A typical LEIS spectrum is obtained in;4 min at an
average He1 bombardment current of;231027 A/cm2

~total dose of;331014 ions/cm2!. The total ion beam ex-
posure is low enough that beam damage is minimal.19

III. RESULTS

A. Thin-film growth mode

Under conditions of thermodynamic equilibrium, th
growth mode for filmF on substrateS can be classified
according to their surface and interfacial energies (gF , gS ,
and gFS , respectively!.10 If Dg5gF1gFS2gS<0, then
growth will proceed in a layer-by-layer behavior~Frank–van
der Merwe mode, FM!; if Dg.0, then the film will grow
three dimensionally~Volmer-Weber growth, VW!. In many
cases, an increase in the interfacial energy (Dg<0→Dg
.0) after the completion of a layer or layers can lead to
subsequent formation of islands. This third mode is refer
to as the Stranski-Krastanov growth mode@SK, layer~s! fol-
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lowed by islands#. In many practical situations, includin
ours, the growth studies are performed under conditions
from equilibrium where kinetics rather than thermodynam
determine the final film morphology;22 however, this classi-
fication continues to be an effective guideline in growth stu
ies.

LEIS can be used to distinguish between an initial thr
dimensional and an initial layerlike form of growth~FM or
SK!.7 If the growth mode is FM or SK, the intensity of He1

scattered from overlayer atoms increases linearly with ov
layer coverage, reaching a plateau at the completion of
first monolayer ~1 ML!. The substrate intensity simulta
neously decreases linearly and is completely attenua
above 1 ML. This effect has been observed in our previo
studies of Fe/TiO2 ~Ref. 6! and Hf/TiO2 ~Ref. 5! for growth
at 160 K and room temperature, respectively. In the cas
the VW ~cluster! growth mode, the relationship between He1

scattering intensity and metal overlayer coverage is expe
to be a smooth, nonlinear function. Since the substrate is
exposed after deposition of a few ML, the overlayer sign
still increases and the substrate signal is nonzero. This
havior has been observed for Cu~Ref. 7! and Pt~Ref. 8! on
TiO2. It should be emphasized that LEIS cannot distingu
between the FM and SK growth modes in which the surfa
is completely covered by the first ML.

LEIS spectra obtained using 1-keV He1 after room-
temperature deposition of Au on TiO2 ~110! are shown as a
function of average Au thickness in Fig. 1. The bottom sp
trum represents the clean TiO2 substrate with the Ti peak
appearing at 760 eV and O at 420 eV. Upon Au depositi
a peak due to Au appears at 980 eV. The intensity of t
peak increases with average Au thickness while those of b
Ti and O decrease.

Figures 2~a!, 2~b!, and 2~c! show the integrated He1 in-
tensities of Au, Ti, and O as a function of average Au thic
ness obtained after deposition onto TiO2 ~110! at 300 K.
Each data point corresponds to the integrated intensity a
aged over several experiments. The error bars represen
standard deviation about the mean. The error in reproduc
the average thickness is too small to be displayed. T
dashed lines in the figure indicate the intensity versus co
age behavior expected for two-dimensional growth. Dur

FIG. 1. LEIS spectra for Au/TiO2 ~110! deposited at room tem
perature for different average Au coverages.
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initial stage growth for fractional monolayer Au coverag
the substrate Ti and O signals change along a slope
close to that expected for two-dimensional~2D! growth
~dashed lines!, within ;65% deviation @note the low-
coverage data are plotted on expanded scales as inse
Figs. 2~b! and 2~c!#. Simultaneously, the Au signal increas
with a slope also close to that expected for 2D grow
~dashed lines!; there exists a break point at fractional mon
layer Au coverage. These data indicate that Au grows
tially as 2D islands, or as flat 3D islands at fractional mon

FIG. 2. LEIS intensities of~a! gold; ~b! titanium; ~c! oxygen vs
the average Au thickness. Au, O, and Ti intensities are normal
to the Ti intensity of the stoichiometric surface. The solid lines
guides for the eye. The dashed lines indicate the expected
dimensional growth behavior. The insets show low coverage
on expanded scales.
,
ry

to

i-
-

layer coverage; we call this quasi-2D growth. As the avera
Au thickness increases to 1 ML and above, both the subst
and overlayer signals deviate from the 2D dashed lines,
hibiting behavior indicative of 3D island formation. At th
break point where the transition from quasi-2D to 3D occu
the substrate Ti and O signals drop by about 15%; this
plies that the apparent coverage for the quasi-2D→3D tran-
sition is about 0.15 ML. Even at about 40 Å average A
coverage, the Ti intensity is reduced only by;50%. This
means that 50% of the substrate remains uncovered, and
clear indication that Au grows in the form of three
dimensional clusters on the TiO2 substrate at room tempera
ture.

B. Growth of Au/TiO 2 at different substrate temperature

To investigate the effect of temperature on the grow
mode of the clusters, we have also performed LEIS exp
ments for Au deposition at 160 and 475 K. Plots of t
integrated Ti intensities as a function of average Au thic
ness for substrate temperatures of 160, 300, and 475 K
superimposed in Fig. 3. The results show that for subst
temperatures of 160 and 300 K and for fractional monola
Au coverage, the Ti signals decrease initially at the rate cl
to that expected for 2D growth behavior. As indicated abo
this implies that Au grows in a quasi-2D fashion at very lo
coverages both at 160 and 300 K. After 1 ML, even at 1
K, the growth is three dimensional; however, a larger fra
tion of substrate area is covered by Au at 160 K than 300
for equivalent Au coverage. At 475 K, the growth appears
be 3D from the beginning. The general trend is that
higher substrate temperatures, less substrate area is cov
A similar phenomenon has been observed for the Pt/T2
~110! system.8

C. XPS investigation of interfacial reaction

X-ray photoelectron spectroscopy can be used to inve
gate the interfacial interactions between thin films and s
strate, including metal-oxide interactions and metal-metal
teractions. In XPS, an oxidized metal state generally gi
core-level photoemission at a higher binding energy than
corresponding metallic state.23

d
e
o-
ta

FIG. 3. Deposition of Au at 160, 300, and 475 K. LEIS T
intensity vs average Au thickness. Lines are guides for the eye
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10 552 56LEI ZHANG, RAJENDRA PERSAUD, AND THEODORE E. MADEY
Figures 4~a! and 4~b! show the XPS spectra of Au 4f and
Ti 2p, respectively. During the initial growth, the Au 4f
peak is shifted to the high-binding-energy side by 0.4 eV.
principle, such a shift for an overlayer metal may be rela
either to the oxidation of the overlayer metal or to an el
tron screening effect due to variations in Au cluster size w
average film thickness. Since oxidation of the overla
metal could be accompanied by reduction of the subst
cations, reduced Ti oxide peaks should appear if the o
layer were oxidized. The binding energies of the Ti31 and
Ti21 peaks are 1.8 and 3.6 eV lower than that of the T41

peak, respectively.9 As displayed in Fig. 4~b!, no indication
of photoemission from a reduced Tid1 (0<d,14) species
has been found in the Ti 2p XPS spectra. Based on thes

FIG. 4. XPS spectra of~a! Au 4f ; ~b! Ti 2p for different Au
thicknesses between 1.1 and 52 Å. Au was deposited at room
perature.~c! Binding energy shifts of the Ti 2p core level peak are
plotted as a function of average Au thickness.
n
d
-
h
r
te
r-

observations, we rule out an oxidation effect, and inste
relate the shift of the Au 4f peak at low Au coverages to
reduced coordination in small Au clusters and electr
screening effects. A similar conclusion was reached
Cu/TiO2.

7 Note that Au is not expected to be oxidized: the
is no evidence in the literature for dissociative adsorption
O2 on a clean Au surface,24 although metallic Au can be
oxidized to Au2O3 by exposure to ozone and UV
irradiation.25

For very low Au coverages~;1 Å!, the Ti 2p peak is
shifted to the high-binding-energy side by a very sm
amount ~about 0.1–0.2 eV!; note the 1.1-Å curve in Fig.
4~b!. This shift is reproducible for low average Au covera
and the change of the binding energy is plotted as a func
of average Au thicknesses in Fig. 4~c!. A similar shift has
been observed for the O 1s peak. These observations appe
to be due to band bending,26 as discussed in Sec. IV A.

Besides the small peak shifts for Ti 2p and Au 4f at the
initial stage of growth, there are no further changes in pe
shape or position, so there is no evidence of strong inte
tion between Au and the substrate.

D. Annealing effects

For Cu on TiO2 ~110!,7 is has been shown that annealin
in UHV can cause a change in morphology of Cu particles
as to expose more TiO2 surface. For other metals on TiO2
~110!, such as Pt and Fe, it has been found that annealin
UHV leads to encapsulation, where reduced Ti oxides
grate to cover the metal clusters.27,28 This is commonly as-
sociated with the ‘‘strong metal-support interaction~SMSI!’’
effect in catalysis.29 In order to determine the thermal stab
ity of Au/TiO2 and search for evidence of encapsulation,
have carried out the following experiments.

Following deposition of a 7.8-Å Au film, XPS and LEIS
measurements are made. Then, the sample is heated
given time, after which XPS and LEIS measurements
carried out at room temperature; a series of successive
nealing and measurement steps are followed.28 The LEIS
measurements for 7.8-Å Au/TiO2 annealed at 775 K are dis
played as a function of accumulated annealing time in Fig
The Au signal decreases as a function of annealing ti

m-

FIG. 5. Evolution of the Au LEIS intensity as a function o
accumulated annealing time, for 7.8-Å-thick Au layers at 775
Intensities are normalized to the ‘‘as-deposited’’ value.
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56 10 553ULTRATHIN METAL FILMS ON A METAL OXID E . . .
after 1 h, the Au signal reaches a steady-state value, whic
30% of the original Au intensity before annealing, whi
both Ti and O signals have increased as a function of ann
ing time.

Grazing angle XPS experimental results obtained be
each LEIS measurement described above are displaye
Fig. 6. The feature appearing at the low-binding-energy s
of the XPS Ti 2p peak is due to the presence of reduced
species.

There are different explanations consistent with the d
of Figs. 5 and 6. The clusters could be encapsulated
TiOx (0,x,2) suboxides, or they could simply grow
thicker or larger and expose more TiO2. The appearance o
reduced TiOx seems to support encapsulation, but we
able to rule out this interpretation by the following expe
ments. We annealed the clean, stoichiometric TiO2 substrate
at 775 K for 15 min. The grazing angle XPS Ti 2p spectra
are displayed in Fig. 7. By decomposing the Ti 2p peaks into
fully oxidized Ti and reduced Ti components using a cur
fitting procedure, we have found that the contribution of t
reduced Ti saturates at about the same Ti 2p intensity for
annealed stoichiometric TiO2 as for annealed Au/TiO2 sys-
tems.

FIG. 6. XPS spectra of Ti 2p for 7.8-Å Au layer, annealed a
775 K.

FIG. 7. XPS spectra of Ti 2p of stoichiometric TiO2 surface
~solid line! and annealed surface at 775 K~dashed line!.
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If the Au clusters were encapsulated with suboxides, th
the LEIS signal from Au should increase after the suboxid
have been sputtered off. Neon is an ideal choice as the p
ion in these experiments as it can sputter the overlayer ef
tively due to its large mass~as compared to He! while retain-
ing a sensitivity to Au in LEIS. The experimental result o
tained from Ne1 sputtering and LEIS of 7.8-Å Au/TiO2,
which had previously been annealed at 775 K for 30 min
shown in Fig. 8. When the sample is exposed to a continu
dose of Ne1 ions, the Au signal slowly decreases. This co
responds to the removal of Au overlayers by Ne1 sputtering.

Combining the above XPS results with the Ne1 sputtering
and LEIS results, one can conclude that there is no sign
cant encapsulation of the Au islands. Instead, due to ei
island growth~e.g., Ostward ripening! or island thickening,
less substrate area is covered by Au after annealing. Re
high-resolution scanning electron microscopy~HRSEM!
studies of 50-Å Au/TiO2 annealed at 475 K support an islan
thickening model.30 Mass conservation implies that islan
thickening is accompanied by a decrease in the substrate
covered by Au islands; island thickening is consistent with
decrease in the LEIS Au intensity and a simultaneous
crease of Ti and O intensities upon annealing~Fig. 5!. The
formation of the reduced Ti suboxide is mainly a cons
quence of annealing TiO2 to T.775 K.

E. The adsorption of CO on Au/TiO2

As indicated in the Introduction, Au clusters on select
support oxides~such as TiO2, Fe2O3) have shown a high
catalytic activity for carbon monoxide~CO! oxidation.12,14

CO and O2 are not observed to adsorb on planar Au surfa
at room temperature,24 and it has been speculated that sm
Au clusters have enhanced reactivity towards CO.11,14 In or-
der to search for evidence of reactivity between small
clusters and CO, we have performed an investigation
chemisorption of CO on Au/TiO2 at room temperature fo
different Au coverages, using low-energy ion scattering.

The idea behind this experiment is as follows: LEIS h
high sensitivity for detection of Au on TiO2 ~Fig. 1!. If CO
adsorbs on Au, the Au LEIS signal will decrease due
‘‘blocking’’ of the substrate Au by the adsorbed molecule

FIG. 8. The Au LEIS intensity as a function of the Ne1 sputter-
ing time. Average Au thickness is 7.8 Å; surface is annealed to
K for 1/2 hour prior to this measurement.
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so that the probability of He1 scattering from Au is
reduced.19 Even for very low CO coverages~,0.1 ML! on a
low density of small Au particles~,1 Å average thickness
giving ,15% coverage of the TiO2 surface by Au!, one ex-
pects to find attenuation of the LEIS Au signal. It is difficu
to detect CO on Au directly because of the high O ba
ground from TiO2, and the small cross section for scatteri
from C, but this indirect detection by attenuation of A
should be very sensitive.

The experimental sequence that we have used to se
for CO adsorption is as follows: the small Au particle
formed after deposition at 300-K substrate temperature,
then exposed to 1.031026 Torr CO for different time peri-
ods ~increasing CO exposure!. The XPS as well as LEIS
measurements are then performed to search for evidenc
CO adsorption, with the substrate kept at room temperat

The percentage changes of LEIS signal for Au, Ti, and
obtained from 0.7-Å Au/TiO2 as a function of CO exposur
are displayed in Fig. 9. The tiny gold clusters cover a sm
fraction of the TiO2 surface at 0.7-Å average coverage thic
ness, at 300 K@cf. Fig. 2~b!#. Under a wide range of CO
exposure, the Ti intensity remains almost unchanged; h
ever, the Au intensity decreases and O intensity increa
after exposure to CO. Similar results have been observed
the 1.0-Å Au/TiO2 system. As indicated above, we sugge
that the attenuation of the Au LEIS signal is due to t
blocking of Au by adsorbed species. We conclude that th
is little, if any, CO adsorption under these conditions. A
upper limit on the CO coverage after a 300-L dose of CO
;0.05 ML, and we cannot rule out the possible influence
adsorbed intensities. The increase in the O signal may i
cate adsorption of an O-containing species on TiO2, as well
as Au.

A search for adsorption of oxygen on small Au cluste
has been performed under the same conditions as above
exposures of O2 at substrate temperatures of 160 and 300
After exposures of 600-L O2, at each temperature, both A
and Ti LEIS peak intensities decrease, while there is little
no change in the O LEIS signal. Considering the uncerta
ties in the measurements and possible impurity effects,
estimate the upper limit of O coverage on the Au to be si
lar to that of CO.

FIG. 9. The percentage change of LEIS intensities of Au,
and O as a function of CO exposure for 0.7-Å AuTiO2 system at
300 K.
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IV. DISCUSSION

A. The initial stage growth „<1 ML …

Based on LEIS measurements during the initial sta
growth for fractional monolayer Au coverage, Au grows in
tially on a TiO2 ~110! substrate as 2D islands, or as flat 3
islands at 160 and 300 K. Ernst and co-workers21 have inter-
preted the evolution from 2D to 3D growth of metals o
oxide surfaces in terms of the adatom adsorption and di
sion properties. Their model suggests that a strong attrac
energy to the edge of the islands can cause deposited
toms to stick to the edges of already formed nucleation c
ters. In the initial stages of film growth at 300 K and belo
metal overlayers may grow as 2D islands until a critical
land size is reached, at which point 3D growth begins. Er
et al.21 report experimental evidence for a transition from 2
to 3D island growth for a fractional monolayer of Cu o
ZnO. Our results for Au/TiO2 ~110! are qualitatively similar,
in that a transition from quasi-2D growth to 3D is observ
at fractional monolayer Au coverages@Figs. 2~b! and 2~c!#.
Recent electron stimulated desorption~ESD! studies of O1

ions from Au/TiO2 suggest that Au growth occurs initially a
steps and defects as the quasi-2D layer forms.31 Evidence for
2D to 3D transitions in island growth has also been repor
for Ag/TiO2 ~110! ~Ref. 32! and Pt/TiO2 ~110!.33 It should be
emphasized that the equilibrium growth mode for all of t
above cases is expected to be the Volmer-Weber mode~3D
clusters!, based on the relative surface energies. The ob
vation of 2D growth or quasi-2D growth at low coverag
and low temperatures is a consequence of surface kin
limitations.

When the Au coverages are less than 1 ML, the bind
energy of the Ti 2p core-level peak is shifted to higher bind
ing energy by 0.1 to 0.15 eV, and is shifted back to
original position after 1 ML, as shown in Fig. 4~c!. Simulta-
neously, the O 1s peak shifts in the same manner under t
above conditions. We interpret these effects as being du
band bending. On a clean semiconductor surface, extri
surface states can appear on the surface due to adsorpti
foreign atoms~even a small concentration!. In the present
case, the adsorption of nanoscale Au clusters may cause
appearance of surface bound electronic states on TiO2 ~110!.
If the position of a surface state is above the Fermi le
before thermodynamic equilibrium is reached, it will act as
donorlike state, and electrons will transfer from the surfa
state created by tiny Au clusters into the oxide substra
This will cause the Au to become cationic and produce
negative space charge region in the TiO2 after thermal equi-
librium. The net result is that the energy bands are b
‘‘downward’’ at the surface and the binding energy of th
core level of Ti 2p is increased. This is consistent with th
formation of an ideal Au-TiO2 junction. Since the averag
work function of Au~4.83 eV! ~Ref. 34! is lower than that of
TiO2 ~5.3 eV!,35 electrons are expected to flow from A
metal to TiO2 and result in downward band bending aft
contact. For average Au coverages of.1 ML, the Au clus-
ters apparently are neutral and unpolarized, so that the Tp
and O 1s peaks appear at the values of the clean substr
The observation of band bending at only the lowest Au c
erages may be related to the initial nucleation of nanosc
Au clusters at the defect sites.
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An appreciable band bending effect has been observed
fractional monolayer Cu deposited onto O-terminated Z
~0001! substrate at 130 K.21 The Zn 2p2/3 peaks shift to
higher binding energy; this is interpreted as being due to
donation of Cu electrons to the substrate. The evaporatio
Cs on TiO2 also causes downward band bending at fractio
monolayer coverage.36,37 It is common for band bending to
occur for fractional monolayers of metal on semiconducto
due to the creation of surface electronic states.

B. The later stages of growth„>1 ML …

Based on the LEIS data of Figs. 1–3, we conclude that
grows on TiO2 ~110! in the Volmer-Weber mode in the rang
160–475 K for high coverage; three-dimensional Au clust
are separated by areas of clean TiO2. Based either on an
island growth or island thickening model, the gold cluste
grow larger and/or thicker with increasing temperature.
room temperature and 15 Å average Au coverage, the
intensity is reduced to 6865%, indicating that only 32% of
the substrate is covered by Au. At 52 Å, the Ti intens
decreases to 4065%, implying that only about 60% of the
TiO2 substrate is covered by Au. So even at such a h
average Au coverage, a large fraction of the substrate ar
still exposed; this is clear evidence that the growth is th
dimensional. Similar phenomena have been known for m
years for Au on alkali halides;38 Au forms clusters along the
steps of the alkali halides to decorate the surface defect

An independent estimate of the substrate area covere
Au has been obtained from HRSEM studies of the morph
ogy of Au/TiO2.

39 The Au depositions have been perform
at 300 K under UHV conditions, then the samples have b
transferred in air to the SEM chamber for imaging. Ove
wide range of Au coverages from 2.2 to 50 Å, the HRSE
estimations are in excellent agreement with our LEIS resu
This indicates that air exposure does not affect the sur
area covered by Au. Based on these results, we can as
that the morphology of Au islands does not change due to
sample transfer in air. For low average Au thicknesses~,15
Å!, Au forms 3D dropletlike islands. As the Au thickness
increase ~.15 Å!, the Au islands become wormlik
structures.39

In order to determine whether or not the Au films a
crystalline, LEED experiments have been performed on
30- and 50-Å Au/TiO2 systems, which are deposited at roo
temperature in UHV. Poorly developed hexagonal LEE
patterns are obtained over a range of electron beam ener
This indicates that the Au overlayer has crystallized with
fcc structure and~111! orientation, although the epitaxial re
lationship between Au and TiO2 are not nearly as well de
veloped as for Cu/TiO2,

4 where sharp LEED patterns ar
observed. In addition to LEED, the electron backscatte
diffraction ~EBSD! technique has been applied in a
HRSEM to determine both the orientation of the surface n
mal as well as the in-planex andy direction of annealed Au
clusters, with respect to the TiO2 substrate.39 Two domains
corresponding to two epitaxial variants of Au clusters th
are rotated by 180° have been determined, each with a
tribution of normal directions along@111# that is parallel to
for
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the @110# direction of TiO2. The in-plane orientation of one
of the domains corresponds to@11̄0# Au//@001# TiO2, and the
other to@1̄10# Au//@001# TiO2.

A satisfactory model to explain the temperatur
dependent LEIS data needs to describe the larger fractio
exposed TiO2 surface for the same average Au coverage,
substrate temperature increases~Fig. 3!. We consider two
possibilities. One model to account for the above grow
behavior is an island growth model,7 in which a smaller con-
centration of larger islands grows at high temperature.
growth at lower temperatures, kinetic effects dominate. Th
mally activated diffusion of Au is reduced and a high dens
of small Au islands is nucleated. As the substrate tempe
ture increases, some of the kinetic barriers are overcome
the clusters grow in size by a combination of Ostwald ripe
ing ~growth of larger clusters at the expense of sma
clusters40! and coalescence~clusters merge!. In this model,
the density of islands decreases and the average island
increases with increasing temperature, so a smaller frac
of the substrate area would be covered by Au as the subs
temperature increases.

Another model that can also be used to interpret this p
nomenon is an island thickening model developed
Campbell,36 in which the concentration of the islands do
not change much, but islands thicken and cover less area
the second Au layer is formed on the top of the first layer
a cluster, it will reduce the up-step activation energy~Au
migrates from TiO2 sites to Au sites!. As the substrate tem
perature increases, the up-step activation barrier is therm
accessible and upstepping can occur. The clusters bec
more narrow in size and thicker in height. So in the substr
temperature range between 160 and 475 K, Au islands co
cover less substrate area for the same average Au thick
as the surface temperature increases. The relative cont
tions of the above two models, which give rise to the chan
of cluster shapes, are not possible to distinguish here in
absence of microscopic investigations. Our recent hi
resolution scanning electron microscopy studies30,39 of 50 Å
Au/TiO2 deposited at 300-K substrate temperature sh
strong evidence of full coalescence at early stage growth
partial coalescence at later stage growth. Growth at hig
substrate temperature~475 K! shows a bimodal cluster siz
distribution with large and small clusters; this may invol
both thermally induced island thickening effects togeth
with the Ostwald ripening and coalescence effects.

C. Comparison with Cu, Fe, and Pt/TiO2 systems

In most growth studies of metals on oxide surfaces,
metal normally has higher surface free energy than the ox
For example, the surface energy of Au~;1130 erg/cm2!
~Ref. 25! is about 4 times larger than that of TiO2 ~280–380
erg/cm2!. Metals are energetically favored to form cluste
on oxide substrates at equilibrium if the interface free ene
is small or positive. The fact that some metals ‘‘wet’’ TiO2
@e.g., Fe,6 Cr,9 Hf ~Ref. 5!# is related to a large, negativ
interface energy.

Based on the LEIS and XPS studies of metals~Cu,7 Fe,6

Pt,8 and Au! on TiO2 ~110!, we can draw some conclusion
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regarding their growth behavior at high metal coverages~.1
ML !. Fe and Pt are reported to grow as ‘‘flat islands.’’ C
like Au, at higher coverages, grows as ‘‘dropletlike islands
however, the Au/TiO2 ~110! system exhibits less wetting
Didier and Jupille41 calculated the adhesion energies, defin
as the energy per unit area required to separate the inter
for metal on oxides. Their calculations show the react
strength of the adhesion energy, for Fe, Au, and Cu on b
SiO2 and Al2O3 substrates, to be in the order Au,Cu,Fe.
This is in the same order as the wetting ability. The lower
wetting, the less work is needed to separate the two surfa
XPS results show that Fe is partially oxidized at the Fe/Ti2
interface,6 while no indication of strong interfacial reaction
has been found for Cu, Pt, and Au.

After annealing Fe~Ref. 27! and Pt/TiO2 ~Ref. 28! to 800
K in UHV, strong evidence for encapsulation of Fe and
islands by Ti suboxides has been observed. The Au/T2
system shows better thermal stability and no encapsulatio
found upon annealing to the same temperature in UHV. T
suggests that, in order to have encapsulation, the m
should be reactive enough to cause the decomposition
TiO2 to TiOx (x,2). Au is relatively inert and does no
show any encapsulation upon annealing.
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V. SUMMARY

For substrate temperatures of 160 and 300 K, Au initia
grows as quasi-two-dimensional islands on TiO2 ~110! at
fractional monolayer coverage. When the average Au cov
age increases, Au forms three-dimensional islands. The tr
sition from quasi-2D growth to 3D may also be accompani
by band bending in TiO2 at low Au coverages. At 475 K, Au
initially forms 3D islands. There is no indication of a stron
interface reaction at any Au coverage or substrate tempe
ture. The Au islands grow either larger or thicker as t
surface temperature increases. The LEED studies indic
that Au grows along the fcc~111! orientation.

A search for adsorption of CO on small Au clusters show
that little or no CO adsorbs on very small Au clusters~aver-
age Au coverage,1 ML!. Our results give an upper limit on
CO chemisorption on Au at 300 K of;5% of a monolayer.

The annealing of Au/TiO2 to temperatures as high as 77
K results in less substrate area being covered after annea
due to island growth or thickening, but there is no eviden
for encapsulation of Au by titanium suboxides, as report
for other metals.
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