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Ultrathin metal films on a metal oxide surface: Growth of Au on TiO, (110
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We have studied the growth of ultrathin Au films on the Ti@10 surface using low-energy ion scattering
(LEIS), x-ray photoelectron spectroscof¥PS), and low-energy electron diffractiof EED). 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 TiQL10 surface in a quasi-two-dimension@D) form. As
the average Au coverage increases to one monoldy&tL) and higher, Au forms three-dimension@D)
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,subgTifate.
By annealing Au/TiQ 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 measureme[$§163-18207)08740-1

. INTRODUCTION Pt/TiO, (110 systent it has been found that, during later
stage growth(average overlayer thicknessesl ML), at
In recent years, metal-on-oxide systems have receivedquivalent coverage@u and P} and temperatures, more of
considerable attention because of their importance in a varthe TiO, (110 surface is covered by Pt islands than by Au,
ety of applications. These include the fabrication of new ced.e., Pt wets TiQ (110 better than Au. In addition, annealing
ramic materials, heterogeneous catalysiad solid-state gas of Au/TiO, to temperatures up to 775 K results in an increase
sensorg.A detailed understanding of the processes occurringn the size of the Au islands, with no significant encapsula-
at the metal/oxide interfaces and their correlation to the proption. This is in contrast to the PYTiO(110) system, for
erties of materials and devices could lead to improvements igvhich complete encapsulation by TjQ0<x<?2) is ob-
efficiency and performance. served under equivalent conditioch¥*” Moreover, we find

We have chosen Tigas the oxide substrate for this study |ige or no evidence for CO adsorption on Au clusters at 300
for several reasons. First, the electronic structure oL ids [upper limit of ~0.05 ML for 600 L (1 1=10"® Torrs

beep well characterized anq_surface st0|ch|om§atry can be ego exposurd, based on sensitive low-energy ion scattering

tablished under UHV conditions. Moreover, Tias been (LEIS) measurements.

used in semiconductor gas sensor devicelsyt the sensing

mechanism is unclear and many challenging scientific prob-

lems stjll remain. We Fhus .have a twofold purpose to our Il EXPERIMENT

study; first, from a basic point of view, to understand noble

metal/oxide surfaces and their interfacial reactivity, and sec- The experiments are performed in an ultrahigh vacuum

ond, from an applied point of view, to understand the corre{UHV) system, as described in detail elsewh&r&he base

lation of material properties to practical applications, such apressure of the chamber is less tha2x 107 1° Torr. The

gas sensors. chamber contains a VSW x-ray source that can generate ei-
The present study is part of a systematic investigation other Al K« or Mg K « radiation for x-ray photoelectron spec-

the growth of different metaléncluding Cr, Fe, Cu, Hf, and troscopy (XPS), a quadrupole mass spectromet€MS)

Pt) on TiO, (110);*~° for a recent review of metals on TiQ  used for residual gas analysis, an electron #1000 eV

see Ref. 10. The Au/TiQsystem is investigated because it and a sensitive two-dimensional retarding field dete(ttwo

has the potential to be a good chemical gas sensor and cgnids, microchannel plate assembly and phosphor sgreen

act as a catalyst for the room-temperature oxidation ofised for low- and medium-energy electron diffraction

COM~BThe catalytic activity for CO oxidation as well as (LEED and MEED. The chamber is additionally equipped

the gas sensing properties seem to depend on both the smwaifith a differentially pumped ion gun used for low-energy ion

grain size of Au and the choice of support oxid&s? In scattering and Af sputtering, and a 100-mm radius hemi-

addition, there is some speculation that the reactivity of Auspherical analyzer used in the fixed analyzer transmission

towards oxygen may depend on the dimensions of Aumode for XPS and the fixed retardation ratio mode for LEIS.

clusterst® Since the surface of pure gold is known to be The freshly polished sample is ax80x1 mn? TiO,

unreactive to most gases, including CO ang @uch basic single crystal with(110) orientation obtained from Commer-

information is needed to interpret these unusual and interestial Crystal Laboratories. The sample is attached to a Ta foll

ing results. holder, and mounted on XY Z rotary manipulator. The
We present here a detailed description of the interactiosample is heated through a combination of radiation and

of Au with TiO, (110. Comparing our results with the electron bombardment using a tungsten filament positioned
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behind it A W 5%Re/W 26% Re thermocouple spot welded T T T T T T T
on the Ta foil very close to the sample is used for tempera-
ture measurements. The sample is partially reduced by an- 1keV He* at 300K
nealing at~1000 K in a UHV chamber for-1 h. After this B
treatment, the bulk becomes anrtype semiconductor; this

Au
eliminates any charging problems in XPS and LEIS mea- g | o T |
surements. The sample, initially transparent, becomes dark & 394 Au
blue after extensive reduction. The Ti®urface stoichiom- E Lottt N -
etry, determined using XPS, is restored by bombarding for 3 MM I\
~30 min with 1-keV Ar* ions (ion beam rastered across the 2.6A Au /l
sample, current density 1x 10> A/cm?), followed by a M clean surface, x5
10-min anneal at 975 K in 10 Torr oxygen. After anneal- 300 400 500 600 700 800 9(')0 10'00 1100

ing, the sample is allowed to cool for 10 min in the same
oxygen ambient pressure. Full details of the sample treat-
ment are described elsewhéfeThe clean stoichiometric
surface produces a Sharp LEED}( 1) pattern. FIG. 1. LElS spectra for Au/Tl@(llO) deposited at room tem-
The Au films are deposited by thermal evaporation from gPerature for different average Au coverages.
shielded liquid-nitrogen-cooled metal source. The deposition
rate is 0.5—0.8 A/min. During evaporation, the pressure in
the chamber increases to about 30 '° Torr. The average lowed by island$ In many practical situations, including
thickness of the metal films is determined using a quartzurs, the growth studies are performed under conditions far
crystal monitofQCM), which has been calibrated using Ru- from equilibrium where kinetics rather than thermodynamics
therford backscattering spectroscofBS). All thicknesses  determine the final film morphologi? however, this classi-
reported in this paper are average thicknesses. Here 1 Mjication continues to be an effective guideline in growth stud-
refers to the amount of Allarranged in the close-packed jes.
(119 structurg required to cover the substrate with a single | E|S can be used to distinguish between an initial three-
atomic layer; for Au with bulk density of 19.3 g/cthe  dimensional and an initial layerlike form of growtfM or
thickness of such a layer is2.6 A. SK).” If the growth mode is FM or SK, the intensity of He
XPS spectra are obtained using both norrt@f) and  scattered from overlayer atoms increases linearly with over-
grazing angle emissiov0° with respect to the surface nor- |ayer coverage, reaching a plateau at the completion of the
mal). Compared with normal emission XPS, grazing anglefirst monolayer(1 ML). The substrate intensity simulta-
XPS is much more surface sensitive. Since the attenuatiOﬁeous|y decreases |inear|y and is Comp|ete|y attenuated
length of photoelectrons is very shat0-20 A), the elec-  apove 1 ML. This effect has been observed in our previous
tron escape depth is limited to the top few atomic layers oktydies of Fe/TiQ (Ref. 6 and Hf/TiO, (Ref. 5 for growth
the solid for grazing angle XPS. For normal angle XPS, aat 160 K and room temperature, respectively. In the case of
larger fraction of the photoelectrons originate deeper in thgne v (clusteh growth mode, the relationship betweenHe
bulk of the sample. scattering intensity and metal overlayer coverage is expected
The low-energy ion scattering technique, in which™He to be a smooth, nonlinear function. Since the substrate is still
ions having kinetic energies-1 keV are scattered from a exposed after deposition of a few ML, the overlayer signal
surface, is extremely sensitive to the composition of the topstil| increases and the substrate signal is nonzero. This be-
most layer of the surfac® In our experiments, the probe havior has been observed for CRef. 7) and Pt(Ref. 8 on
ions are 1.0-keV He and the scattering angle is fixed at Tj0,. It should be emphasized that LEIS cannot distinguish

135°. A typical LEIS spectrum is obtained a4 min at an  petween the FM and SK growth modes in which the surface
average Hé bombardment current of-2X10°" Alcm® s completely covered by the first ML.

Kinetic Energy (eV)

(total dose of~3X 1014 iOﬂS/Cn’?). The total ion beam ex- LEIS spectra obtained using 1-keV Heafter room-
posure is low enough that beam damage is minithal. temperature deposition of Au on Tj®110) are shown as a
function of average Au thickness in Fig. 1. The bottom spec-
. RESULTS trum represents the clean TjQubstrate with the Ti peak

appearing at 760 eV and O at 420 eV. Upon Au deposition,

a peak due to Au appears at 980 eV. The intensity of this
Under conditions of thermodynamic equilibrium, the peak increases with average Au thickness while those of both

growth mode for filmF on substrateS can be classified Ti and O decrease.

according to their surface and interfacial energigs,( ys, Figures 2a), 2(b), and Zc) show the integrated Hein-

and ygs, respectively!® If Ay=ye+yes—ys<0, then tensities of Au, Ti, and O as a function of average Au thick-

growth will proceed in a layer-by-layer behavigirank—van ness obtained after deposition onto Ji10) at 300 K.

der Merwe mode, FY if Ay>0, then the film will grow Each data point corresponds to the integrated intensity aver-

three dimensionallyVolmer-Weber growth, VW. In many  aged over several experiments. The error bars represent the

cases, an increase in the interfacial energyy€0—A~y standard deviation about the mean. The error in reproducing

>0) after the completion of a layer or layers can lead to thehe average thickness is too small to be displayed. The

subsequent formation of islands. This third mode is referrediashed lines in the figure indicate the intensity versus cover-

to as the Stranski-Krastanov growth md@&X, laye(s) fol- age behavior expected for two-dimensional growth. During

A. Thin-film growth mode
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FIG. 3. Deposition of Au at 160, 300, and 475 K. LEIS Ti
intensity vs average Au thickness. Lines are guides for the eye.

layer coverage; we call this quasi-2D growth. As the average
Au thickness increases to 1 ML and above, both the substrate
and overlayer signals deviate from the 2D dashed lines, ex-
hibiting behavior indicative of 3D island formation. At the
break point where the transition from quasi-2D to 3D occurs,

2D [ ) - ; th - - %: this im.
02 H Titanium A e substrate Ti and O signals drop by about_ 15%; this im
! | plies that the apparent coverage for the quasi-AD tran-
o PR R B sition is about 0.15 ML. Even at about 40 A average Au
o!ML 19 20 30 40 50 60 coverage, the Ti intensity is reduced only by50%. This
Average Au thickness (A) means that 50% of the substrate remains uncovered, and is a
Lo clear indication that Au grows in the form of three-
. — 71 T ' 1 v 1T Tt 17

2D

LEIS signal (norm. to stoichio.)

FIG. 2. LEIS intensities ofa) gold; (b) titanium; (c) oxygen vs

Average Au thickness (A)

dimensional clusters on the TjQubstrate at room tempera-
ture.

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

To investigate the effect of temperature on the growth
mode of the clusters, we have also performed LEIS experi-
ments for Au deposition at 160 and 475 K. Plots of the
integrated Ti intensities as a function of average Au thick-

0.2 -“ O)E;)gen . ness for substrate temperatures of 160, 300, and 475 K are
- . superimposed in Fig. 3. The results show that for substrate

0 === 1 — 1 temperatures of 160 and 300 K and for fractional monolayer
0 o 20 3 40 50 60 Au coverage, the Ti signals decrease initially at the rate close

to that expected for 2D growth behavior. As indicated above,
this implies that Au grows in a quasi-2D fashion at very low
coverages both at 160 and 300 K. After 1 ML, even at 160

the average Au thickness. Au, O, and Ti intensities are normalizeg e growth is three dimensional; however, a larger frac-
to the Ti intensity of the stoichiometric surface. The solid lines are,[i(’)n of substrate area is covered by' Au at 166 K than 300 K

guides for the eye. The dashed lines indicate the expected tw
dimensional growth behavior. The insets show low coverage dat

on expanded scales.

Yor equivalent Au coverage. At 475 K, the growth appears to

Be 3D from the beginning. The general trend is that for
higher substrate temperatures, less substrate area is covered.
A similar phenomenon has been observed for the PHTiO

initial stage growth for fractional monolayer Au coverage, (110 syster®

the substrate Ti and O signals change along a slope very
close to that expected for two-dimension@D) growth
(dashed lings within ~*=5% deviation [note the low-
coverage data are plotted on expanded scales as insets toX-ray photoelectron spectroscopy can be used to investi-
Figs. 2b) and Zc)]. Simultaneously, the Au signal increases gate the interfacial interactions between thin films and sub-
with a slope also close to that expected for 2D growthstrate, including metal-oxide interactions and metal-metal in-
(dashed lines there exists a break point at fractional mono- teractions. In XPS, an oxidized metal state generally gives
layer Au coverage. These data indicate that Au grows inicore-level photoemission at a higher binding energy than the
tially as 2D islands, or as flat 3D islands at fractional mono-corresponding metallic stafé.

C. XPS investigation of interfacial reaction
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[ clean surface + 7 FIG. 5. Evolution of the Au LEIS intensity as a function of
[ 1.1A Au i accumulated annealing time, for 7.8-A-thick Au layers at 775 K.
2 | 78AAu Intensities are normalized to the “as-deposited” value.
§ L 394 Au i
= observations, we rule out an oxidation effect, and instead
v [ relate the shift of the Au # peak at low Au coverages to
& » reduced coordination in small Au clusters and electron
screening effects. A similar conclusion was reached for
Cu/TiO,.” Note that Au is not expected to be oxidized: there
PP N S S B is no evidence in the literature for dissociative adsorption of
471 467 463 459 455 451 0, on a clean Au surfac# although metallic Au can be
(b) Binding Energy (eV) oxidized to AyO; by exposure to ozone and UV
03 irradiation?®
: o b For very low Au coverage$~1 A), the Ti 2p peak is
i 1 shifted to the high-binding-energy side by a very small
02 . amount (about 0.1-0.2 e\ note the 1.1-A curve in Fig.

= 4(b). This shift is reproducible for low average Au coverage

s and the change of the binding energy is plotted as a function

e 01 . of average Au thicknesses in Fig(chk A similar shift has

< been observed for the GsJpeak. These observations appear

N i to be due to band bendirfjas discussed in Sec. IV A.
Besides the small peak shifts for TpZand Au 4f at the

- 1 initial stage of growth, there are no further changes in peak

0.1 A T R R T shape or position, so there is no evidence of strong interac-

0 4 8 12 16 20 tion between Au and the substrate.

(c) Average Au thickness (A)

D. Annealing effects
FIG. 4. XPS spectra ofa) Au 4f; (b) Ti 2p for different Au ) 7. )
thicknesses between 1.1 and 52 A. Au was deposited at room tem- FOF Cu on TiQ (110" is has been shown that annealing

perature(c) Binding energy shifts of the Ti @ core level peak are  IN UHV can cause a change in morphology of Cu particles so
plotted as a function of average Au thickness. as to expose more Tisurface. For other metals on TiO
(110, such as Pt and Fe, it has been found that annealing in
Figures 4a) and 4b) show the XPS spectra of Auf4&and  UHV leads to encapsulation, where reduced Ti oxides mi-
Ti 2p, respectively. During the initial growth, the Auf4 grate to cover the metal clustérs?® This is commonly as-
peak is shifted to the high-binding-energy side by 0.4 eV. Insociated with the “strong metal-support interacti@Mmsl)”
principle, such a shift for an overlayer metal may be relateceffect in catalysi$? In order to determine the thermal stabil-
either to the oxidation of the overlayer metal or to an elecAty of Au/TiO, and search for evidence of encapsulation, we
tron screening effect due to variations in Au cluster size withhave carried out the following experiments.
average film thickness. Since oxidation of the overlayer Following deposition of a 7.8-A Au film, XPS and LEIS
metal could be accompanied by reduction of the substrateneasurements are made. Then, the sample is heated for a
cations, reduced Ti oxide peaks should appear if the ovemgiven time, after which XPS and LEIS measurements are
layer were oxidized. The binding energies of thé Tand  carried out at room temperature; a series of successive an-
Ti** peaks are 1.8 and 3.6 eV lower than that of th&'Ti nealing and measurement steps are follotedhe LEIS
peak, respectively.As displayed in Fig. #), no indication measurements for 7.8-A Au/TiGannealed at 775 K are dis-
of photoemission from a reduced’Ti (0= 5<+4) species played as a function of accumulated annealing time in Fig. 5.
has been found in the Ti2 XPS spectra. Based on these The Au signal decreases as a function of annealing time;
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FIG. 6. XPS spectra of Ti @ for 7.8-A Au layer, annealed at FIG. 8. The Au LEIS intensity as a function of the Neputter-
775 K. ing time. Average Au thickness is 7.8 A; surface is annealed to 775

K for 1/2 hour prior to this measurement.

after 1 h, the Au signal reaches a steady-state value, which is h | lated with suboxid h

30% of the original Au intensity before annealing, while h If t eAq cuﬁers were ﬁnc%psu ate W'tf SuhOXI Es’ Fden

both Ti and O signals have increased as a function of anneaL— e LEIS signal from Au shou Increase aiter the suboxides
ave been sputtered off. Neon is an ideal choice as the probe

ing time. S . ;
Jonin these experiments as it can sputter the overlayer effec-

Grazing angle XPS experimental results obtained befor v d o | d hil :
each LEIS measurement described above are displayed jiyely due to its large m_as(sas compare to_l—]ew lle retain-
g a sensitivity to Au in LEIS. The experimental result ob-

Fig. 6. The feature appearing at the low-binding-energy sid fained from Né& sputtering and LEIS of 7.8-A AWTIQ
f the XPS Ti k is due to th f reduced Ti =
o he | 2 peakiis due to the presence of reduce IWhich had previously been annealed at 775 K for 30 min is

species. g ) :
There are different explanations consistent with the datg"°Wn In Fig. 8. When the sample is exposed to a continuous
ose of Né ions, the Au signal slowly decreases. This cor-

of Figs. 5 and 6. The clusters could be encapsulated b )

TiO, (0<x<2) suboxides, or they could simply grow respond; tp the removal of Au overlaygrs by*l\Eputtermg.

thicker or larger and expose more HiCrhe appearance of Combining the above XPS results with the*l\taputtermg 3
nd LEIS results, one can conclude that there is no signifi-

reduced TiQ seems to support encapsulation, but we aré? lati f the Ay islands. | 4 d ith
able to rule out this interpretation by the following experi- cant encapsulation of the Au islands. Instead, due 1o either

ments. We annealed the clean, stoichiometric,8Gbstrate island growth(e.g., (_)stward ripeningor island thickening,
at 775 K for 15 min. The grazing angle XPS Tp Zpectra less substrate area is covered by Au after annealing. Recent

; N ; . : high-resolution scanning electron microscogiRSEM)
are displayed in Fig. 7. By decomposing the Pi @eaks into _ : )
fully oxidized Ti and reduced Ti components using a curveStudies of 50-A Au/TiQ annealed at 475 K support an island

. . O . . . .
fitting procedure, we have found that the contribution of them!cien!ng _modeﬁ Massdcgnse(rjvat|on '”?p"tff th%t ;sl?nd
reduced Ti saturates at about the same fiigtensity for ICKéNIng IS accompanied by a decrease In the substrate area

s g . _covered by Au islands; island thickening is consistent with a
annealed stoichiometric Tims for annealed AuTipsys decrease in the LEIS Au intensity and a simultaneous in-

tems. crease of Ti and O intensities upon anneali{fgy. 5. The
formation of the reduced Ti suboxide is mainly a conse-
guence of annealing TiKo T>775 K.

I a. Clean Surface Ti2p | ) )
b. Ann 500°C 1/4hr E. The adsorption of CO on Au/TiO,

As indicated in the Introduction, Au clusters on selected
support oxidegsuch as TiQ, Fe0O3;) have shown a high
catalytic activity for carbon monoxidéCO) oxidation!?1*

CO and Q are not observed to adsorb on planar Au surfaces
at room temperaturé, and it has been speculated that small
Au clusters have enhanced reactivity towards &&.In or-
der to search for evidence of reactivity between small Au
‘ clusters and CO, we have performed an investigation of
s -4('37- 1 '4é3- L -4;9- . -4;5- = chemlsorpnon of CO on AU/TI@at room t.emperatur.e for
Binding Energy(eV) d|fferen.t Au coverages, using .Iow—eryergy ion sca.ttenng.
The idea behind this experiment is as follows: LEIS has
high sensitivity for detection of Au on TiQ(Fig. 1. If CO

FIG. 7. XPS spectra of Ti 2 of stoichiometric TiQ surface  adsorbs on Au, the Au LEIS signal will decrease due to

(solid line) and annealed surface at 775(#ashed ling “blocking” of the substrate Au by the adsorbed molecules,

XPS Intensity
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40 T T T T T T T IV. DISCUSSION

- 07A Au/TiO, ] A. The initial stage growth (<1 ML)

20r o | Based on LEIS measurements during the initial stage

$ 1 growth for fractional monolayer Au coverage, Au grows ini-

Ti 4 tially on a TiO, (110 substrate as 2D islands, or as flat 3D

e & Au islands at 160 and 300 K. Ernst and co-workéteave inter-

] preted the evolution from 2D to 3D growth of metals on

20 ] oxide surfaces in terms of the adatom adsorption and diffu-

5 ] sion properties. Their model suggests that a strong attraction

) , . \ . , . energy to the edge of the islands can cause deposited ada-

0 100 200 300 400 toms to stick to the edges of already formed nucleation cen-
CO Exposure (L) ters. In the initial stages of film growth at 300 K and below,

metal overlayers may grow as 2D islands until a critical is-

FIG. 9. The percentage change of LEIS intensities of Au, Ti,jand size is reached, at which point 3D growth begins. Ernst
and O as a function of CO exposure for 0.7-A AuTi€ystem at gt a12! report experimental evidence for a transition from 2D
300 K. to 3D island growth for a fractional monolayer of Cu on

ZnO. Our results for Au/Ti@(110 are qualitatively similar,

in that a transition from quasi-2D growth to 3D is observed
so that the probability of He scattering from Au is at fractional monolayer Au coveraggBigs. 4b) and Zc)].
reduced"® Even for very low CO coveragds<0.1 ML) ona  Recent electron stimulated desorptiSD) studies of O
low density of small Au particle$<1 A average thickness, ions from Au/TiO, suggest that Au growth occurs initially at
giving <15% coverage of the TiQsurface by All, one ex-  steps and defects as the quasi-2D layer fothEvidence for
pects to find attenuation of the LEIS Au signal. It is difficult 2D to 3D transitions in island growth has also been reported
to detect CO on Au directly because of the high O backfor Ag/TiO, (110 (Ref. 32 and Pt/TiQ (110.%3 It should be
ground from TiQ, and the small cross section for scatteringemphasized that the equilibrium growth mode for all of the
from C, but this indirect detection by attenuation of Au above cases is expected to be the Volmer-Weber ni8Dbe
should be very sensitive. cluster3, based on the relative surface energies. The obser-

The experimental sequence that we have used to searsfation of 2D growth or quasi-2D growth at low coverages
for CO adsorption is as follows: the small Au particles, and low temperatures is a consequence of surface kinetic
formed after deposition at 300-K substrate temperature, arémitations.
then exposed to 1010 ® Torr CO for different time peri- When the Au coverages are less than 1 ML, the binding
ods (increasing CO exposureThe XPS as well as LEIS energy of the Ti D core-level peak is shifted to higher bind-
measurements are then performed to search for evidence wig energy by 0.1 to 0.15 eV, and is shifted back to its
CO adsorption, with the substrate kept at room temperature@riginal position after 1 ML, as shown in Fig(e}. Simulta-

The percentage changes of LEIS signal for Au, Ti, and Oneously, the O & peak shifts in the same manner under the
obtained from 0.7-A Au/TiQ as a function of CO exposure above conditions. We interpret these effects as being due to
are displayed in Fig. 9. The tiny gold clusters cover a smalband bending. On a clean semiconductor surface, extrinsic
fraction of the TiQ surface at 0.7-A average coverage thick- surface states can appear on the surface due to adsorption of
ness, at 300 Kcf. Fig. 2b)]. Under a wide range of CO foreign atoms(even a small concentratinnin the present
exposure, the Ti intensity remains almost unchanged; howsase, the adsorption of nanoscale Au clusters may cause the
ever, the Au intensity decreases and O intensity increaseappearance of surface bound electronic states og (Ii00).
after exposure to CO. Similar results have been observed fdf the position of a surface state is above the Fermi level
the 1.0-A Au/TiQ system. As indicated above, we suggestbefore thermodynamic equilibrium is reached, it will act as a
that the attenuation of the Au LEIS signal is due to thedonorlike state, and electrons will transfer from the surface
blocking of Au by adsorbed species. We conclude that therstate created by tiny Au clusters into the oxide substrate.
is little, if any, CO adsorption under these conditions. AnThis will cause the Au to become cationic and produce a
upper limit on the CO coverage after a 300-L dose of CO isnegative space charge region in the J#&der thermal equi-
~0.05 ML, and we cannot rule out the possible influence oflibrium. The net result is that the energy bands are bent
adsorbed intensities. The increase in the O signal may indi-downward” at the surface and the binding energy of the
cate adsorption of an O-containing species on,J&3 well ~ core level of Ti 2 is increased. This is consistent with the
as Au. formation of an ideal Au-Ti@ junction. Since the average

A search for adsorption of oxygen on small Au clusterswork function of Au(4.83 eV} (Ref. 39 is lower than that of
has been performed under the same conditions as above, f6iO, (5.3 eV),*® electrons are expected to flow from Au
exposures of @at substrate temperatures of 160 and 300 Kmetal to TiQ and result in downward band bending after
After exposures of 600-L £ at each temperature, both Au contact. For average Au coverages>et ML, the Au clus-
and Ti LEIS peak intensities decrease, while there is little otters apparently are neutral and unpolarized, so that theTi 2
no change in the O LEIS signal. Considering the uncertainand O Is peaks appear at the values of the clean substrate.
ties in the measurements and possible impurity effects, w&he observation of band bending at only the lowest Au cov-
estimate the upper limit of O coverage on the Au to be simi-erages may be related to the initial nucleation of nanoscale
lar to that of CO. Au clusters at the defect sites.

% Change of LEIS signal
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——
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An appreciable band bending effect has been observed fahe [110] direction of TiO,. The in-plane orientation of one
fractional monolayer Cu deposited onto O-terminated ZnQof the domains corresponds [tb10] Au//[001] TiO,, and the
(0001 substrate at 130 R! The Zn 2,5 peaks shift to  other to[110] Au//[001] TiO,.
higher binding energy; this is interpreted as being due to the A satisfactory model to explain the temperature-
donation of Cu electrons to the substrate. The evaporation @fependent LEIS data needs to describe the larger fraction of
Cs on TiQ also causes downward band bending at fractionabxposed TiQ surface for the same average Au coverage, as
monolayer coverag&:*’ It is common for band bending to substrate temperature incread€ig. 3. We consider two
occur for fractional monolayers of metal on semiconductorspossibilities. One model to account for the above growth
due to the creation of surface electronic states. behavior is an island growth modein which a smaller con-
centration of larger islands grows at high temperature. For
growth at lower temperatures, kinetic effects dominate. Ther-
mally activated diffusion of Au is reduced and a high density
of small Au islands is nucleated. As the substrate tempera-
ture increases, some of the kinetic barriers are overcome and

Based on the LEIS data of Figs. 1-3, we conclude that Auhe clusters grow in size by a combination of Ostwald ripen-
grows on TiQ (110 in the Volmer-Weber mode in the range ing (growth of larger clusters at the expense of smaller
160-475 K for high coverage; three-dimensional Au clusterglusteré®) and coalescencelusters merge In this model,
are separated by areas of clean TiBased either on an the density of islands decreases and the average island size
island growth or island thickening model, the gold clustersincreases with increasing temperature, so a smaller fraction
grow larger and/or thicker with increasing temperature. Atof the substrate area would be covered by Au as the substrate
room temperature and 15 A average Au coverage, the Tiemperature increases.
intensity is reduced to 685%, indicating that only 32% of Another model that can also be used to interpret this phe-
the substrate is covered by Au. At 52 A, the Ti intensitynomenon is an island thickening model developed by
decreases to 465%, implying that only about 60% of the Campbelf® in which the concentration of the islands does
TiO, substrate is covered by Au. So even at such a highot change much, but islands thicken and cover less area. As
average Au coverage, a large fraction of the substrate areatige second Au layer is formed on the top of the first layer of
still exposed; this is clear evidence that the growth is threé cluster, it will reduce the up-step activation enefgy
dimensional. Similar phenomena have been known for mangnigrates from TiQ sites to Au sites As the substrate tem-
years for Au on alkali halide® Au forms clusters along the perature increases, the up-step activation barrier is thermally
steps of the alkali halides to decorate the surface defects. accessible and upstepping can occur. The clusters become

An independent estimate of the substrate area covered djore narrow in size and thicker in height. So in the substrate
Au has been obtained from HRSEM studies of the morpholtemperature range between 160 and 475 K, Au islands could
ogy of Au/TiO..*° The Au depositions have been performedcover less substrate area for the same average Au thickness
at 300 K under UHV conditions, then the samples have beeds the surface temperature increases. The relative contribu-
transferred in air to the SEM chamber for imaging. Over ations of the above two models, which give rise to the change
wide range of Au coverages from 2.2 to 50 A, the HRSEMOf cluster shapes, are not possible to distinguish here in the
estimations are in excellent agreement with our LEIS results2bsence of microscopic investigations. Our recent high-
This indicates that air exposure does not affect the surfaceesolution scanning electron microscopy stutfiéSof 50 A
area covered by Au. Based on these results, we can assurAg/TiO, deposited at 300-K substrate temperature show
that the morphology of Au islands does not change due to thetrong evidence of full coalescence at early stage growth and
sample transfer in air. For low average Au thicknegses5  partial coalescence at later stage growth. Growth at higher
A), Au forms 3D dropletlike islands. As the Au thicknessessubstrate temperatué75 K) shows a bimodal cluster size
increase (>15 A), the Au islands become wormlike distribution with large and small clusters; this may involve
structures?® both thermally induced island thickening effects together

In order to determine whether or not the Au films arewith the Ostwald ripening and coalescence effects.
crystalline, LEED experiments have been performed on the
30- and 50-A Au/TiQ systems, which are deposited at room
temperature in UHV. Poorly developed hexagonal LEED
patterns are obtained over a range of electron beam energies.
This indicates that the Au overlayer has crystallized with a
fce structure and111) orientation, although the epitaxial re- In most growth studies of metals on oxide surfaces, the
lationship between Au and TiQare not nearly as well de- metal normally has higher surface free energy than the oxide.
veloped as for Cu/Ti§* where sharp LEED patterns are For example, the surface energy of At-1130 erg/crf)
observed. In addition to LEED, the electron backscatteredRef. 25 is about 4 times larger than that of Ti(280-380
diffraction (EBSD) technique has been applied in an erg/cnf). Metals are energetically favored to form clusters
HRSEM to determine both the orientation of the surface noron oxide substrates at equilibrium if the interface free energy
mal as well as the in-planeandy direction of annealed Au is small or positive. The fact that some metals “wet” TiO
clusters, with respect to the TjGubstraté® Two domains [e.g., Fé Cr? Hf (Ref. 5] is related to a large, negative
corresponding to two epitaxial variants of Au clusters thatinterface energy.
are rotated by 180° have been determined, each with a dis- Based on the LEIS and XPS studies of met&ls,’ Fe®
tribution of normal directions alonfl11] that is parallel to  Pt? and Au on TiO, (110, we can draw some conclusions

B. The later stages of growth(>1 ML)

C. Comparison with Cu, Fe, and Pt/TiO, systems
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regarding their growth behavior at high metal coverages V. SUMMARY

ML). Fe and Pt are reported to grow as “flat islands.” Cu,

like Au, at higher coverages, grows as “dropletlike islands,”  For substrate temperatures of 160 and 300 K, Au initially
however, the Au/TiQ (110 system exhibits less wetting. grows as quasi-two-dimensional islands on JTiQ10 at
Didier and JUpI”él calculated the adhesion energies, deﬁneCh‘actiona| mono|ayer coverage. When the average Au cover-
as the energy per unit area required to separate the interfacgye increases, Au forms three-dimensional islands. The tran-
for metal on oxides. Their calculations show the reactivesjtion from quasi-2D growth to 3D may also be accompanied
st_rength of the adhesion energy, f_or Fe, Au, and Cu on botbay band bending in TiQat low Au coverages. At 475 K, Au
Si0, and ALO; substrates, to be in the order ACu<Fe. jiially forms 3D islands. There is no indication of a strong
ThIS.IS in the same ord.er as the wetting ability. The Iowerthqmerface reaction at any Au coverage or substrate tempera-
wetting, the less work is needed to separate the two surface&”e_ The Au islands grow either larger or thicker as the

.XPS resglts ?hOW t.hat. Fe_ls partially ox.|d|zed at the Fe_éT|O surface temperature increases. The LEED studies indicate
interface’; while no indication of strong interfacial reactions . :
that Au grows along the fc€l11) orientation.

has been found for Cu, Pt and Au. A search for adsorption of CO on small Au clusters shows
After annealing FeéRef. 27 and PUTIQ (Ref. 28 to 800 that little or no CO adsorbs on very small Au clustéaser-

K in UHV, strong evidence for encapsulation of Fe and Pt . o
islands by Ti suboxides has been observed. The AyTi0@J€ Au coverage:l ML). Our results give an upper limit on
system shows better thermal stability and no encapsulation {§© chemisorption on Au at 300 K of 5% of a monolayer.
found upon annealing to the same temperature in UHV. This The annealing of Au/Ti@to temperatures as high as 775
suggests that, in order to have encapsulation, the met& results in less substrate area being covered after annealing,
should be reactive enough to cause the decomposition éfue to island growth or thickening, but there is no evidence
TiO, to TiO, (x<2). Au is relatively inert and does not for encapsulation of Au by titanium suboxides, as reported

show any encapsulation upon annealing.

for other metals.
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