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Growth model for metal films on oxide surfaces: Cu on ZnO(0001)-O
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The structural and electronic properties of Cu films vapor deposited on the oxygen terminated
ZnO(0001)-0 surface at 130 K have been characterized using x-ray photoemission spectroscopy (XPS),
He -ion-scattering spectroscopy, low-energy electron diffraction work-function and band-bending mea-

surements, angular-resolved XPS, and CO and H20 chemisorption. These results show that Cu is cat-
ionic at tiny coverages, but becomes nearly neutral at coverages beyond a few percent. The Cu clusters
into two-dimensional (2D) metallic islands at these coverages. Further deposition of Cu leads to spread-

ing of these 2D islands without forming thicker layers, until about 50% of the surface is covered. There-
after, these Cu islands grow thicker without filling the gaps between the islands except at a rate much
slower than the rate at which Cu is deposited into these clean spaces. The annealing behavior of these
films has also been studied between 130 and 850 K. These results show that the Cu has a tendency to
cluster into thick 3D islands which only cover a small fraction of the surface. We present a model here
based on the energetics of the system which readily explains the apparent contradiction between this ten-

dency for 3D clustering, and the dynamical effect which leads to efficient wetting for coverages up to —'

monolayer at low temperatures. This model shows that a large fraction of the surface can first be
covered by a 2D film even when the metal's self-adsorption energy significantly exceeds its adsorption
energy on the oxide, provided the difference in these energies does not exceed the energy of 2D evapora-
tion from kinks onto terraces. This model helps to explain a variety of confusing results in the growth of
metal films on oxide surfaces.

I. INTRODUCTIC)N

While numerous studies have appeared concerning the
growth of metal films on single-crystal metal substrates
and their chemisorption properties, relatively few of these
types of studies have appeared where single-crystal metal
oxides have been used as the substrate. The state of
knowledge in that area is still rather rudimentary, with
little understanding even of the reasons why some sys-
tems show Volmer-Weber growth behavior rthree-
dimensional (3D) clustering], while others appear to show
either layer-by-layer or Stranski-Krastonov behavior at
low temperatures, but Volmer-Weber behavior at high
temperatures. ' (Here we relax the definitions of these
growth modes to include nonequilibrium structures, after
Ref. 1.) These systems are nevertheless quite interesting
from the point of view of oxide-supported metal catalysts
and metal-ceramic interfaces in materials and electronics
applications. The Cu/ZnO system is particularly in-
teresting because of its use as a catalyst for methanol syn-
thesis and water-gas shift (Ref. 2 and references therein).
The vapor deposition of Cu onto the oxygen-terminated
ZnO(0001)-0 surface has been studied previously by
Campbell, Daube, and White in 1987, and by Didziulis
et al. in 1989. In both of these studies, the substrate
ZnO was maintained at room temperature during Cu
deposition. In the present study, we use substrate tem-
peratures down to 120 K, which reveal some interesting
new features of the growth mode, requiring reinterpreta-
tion of the higher-temperature data. These results lead
us to suggest a type of kinetically controlled growth
mechanism which has not been previously suggested, but

which we propose will be quite common in metal-on-
oxide systems.

II. EXPERIMENT

The experiments were performed in an ultrahigh vacu-
um apparatus with a base pressure of 10 ' torr. It had
capabilities for x-ray photoelectron spectroscopy (XPS),
ion-scattering spectroscopy (ISS), low-energy electron
diffraction (LEED), and temperature-programmed
desorption (TPD) spectroscopy using a quadrupole mass
spectrometer interfaced to a computer for multiplexing
masses. The acceptance cone of the Perkin-Elmer Model
10-360 hemispherical analyzer with position-sensitive
detector, used for XPS and ISS, was about 3', so angular
resolution was such that the sample could be rotated on
one axis. Work-function changes were measured using
the onset of the secondary electron distribution in XPS,
with a very low-pass energy (5 eV) for high resolution and
a negatively biased sample (10.000 V). This method gives
the same area-averaged work-function changes that are
seen with the Kelvin-probe method, even when patches of
adsorbate exist. All XPS spectra reported here used A1
Ka radiation (1486.6 eV). All ISS spectra were collected
using 700-eV He+ ions at a scattering angle of 135' and a
pass energy of 179 eV, which gives an instrumental reso-
lution much better than the inherent peak widths ( —20
eV) due to the physics of the scattering. The detection
angle was normal to the surface unless otherwise stated,
and the ion beam was incident at a polar angle of 45'
from normal, along the (1100) azimuth. Its current was
about 20 nA, and it took -30 s to acquire a full spec-
trum.
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The two 7X10X1.5-mm ZnO samples used in this
study were oriented as purchased (from Atomergic) to —,

'
of the 0001 faces. They were etched to determine which
face was the oxygen-terminated face (see Ref. 5), and
mechanically polished down to 0.06-pm alumina powder.
They were brieAy sputter cleaned with 700-eV Ar+ ions,
and annealed for some hours at 850 K to obtain a clean
surface by XPS and a good (1 X 1) LEED pattern. Rou-
tine cleaning was accomplished with sputtering, followed
by 15-min anneals at 850 K. Sometimes the annealing
was performed in a doser fiux equivalent to 10 torr of
Oz, if it appeared that the Q:Zn signal ratio in ISS had
decreased below its expected value for the clean,
stoichiometric ZnO surface (1:4+1). In these cases, the
Qz valve was closed before cooling the sample, to ensure
that any nonlattice oxygen was desorbed, although cool-
ing in O2 did not significantly change the signals. When
the 0:Zn ratio was low, it was because the Zn signal was
high. This could be explained by a few percent of oxygen
vacancies in the topmost layer. In our previous study of
this system, the pass energy in ISS was proportional to
the kinetic energy, which naturally leads to a much
higher 0:Zn ratio than quoted above.

The chemisorption behavior of our thick Cu films
grown at 130 K much more closely resembles Cu(110)
than Cu(111). ' Assuming therefore that our thick Cu
films grown at 130 K (see Fig. 5 below) have a work func-
tion like that of Cu(110) (4.48 eV (Ref. 8)), our clean ZnO
surface had a work function of 5.18 eV. This value is
close to the previously reported value for vacuum-cleaved
ZnO(0001)-0 of 4.95 eV. The later value was found to
be independent of vacuum annealing up to 800 K, as was
the (upward) band bending of —0.22 eV, suggesting that
our annealing procedure should not cause electronic
changes from the perfect surface. This was also
confirmed by the observation that the adsorption behav-
ior of our surface toward CO, and its desorption spec-
trum for H20, were unaffected by annealing in oxygen,
or using annealing temperatures just below 800 K instead
of the usual 850 K after sputtering. The Cu growth be-
havior, and the CO adsorption behavior on these Cu films
reported elsewhere, were independent of the crystal
Used.

The crystals were mounted on a sample holder for
heating, cooling to 100 K, and movement. In both cases,
the back of the crystal was polished Aat to 1-pm powder,
as was the matching surface of a 6 X 9 X 1.5-mm Ta
plate. The ZnO crystal was attached to this plate using
four 0.25-mm Ta wires, which were spot welded to the
back of the Ta plate and bent over the front of the plate
such that they spring loaded the ZnO to the plate. This
plate was mounted to large Ta electrodes on the sample
holder using short lengths of 0.25-mm-diameter Ta wire,
spot welded to the back of the Ta plate. By placing a
voltage across the electrodes, the plate was thus heated.
Its temperature was monitored using a thermocouple
mounted to its back. Good thermal contact to the ZnO
was ensured by the matching of the polished mating sur-
faces. In one case, a small amount of indium was melted
and spread between these faces. Indium melts at 430 K,
thus providing good thermal contact at high tempera-

tures. In both cases, this temperature reading for the
ZnO was verified using known TPD peak temperatures:
157 K for multilayer (three-layer) ice, ' 590 K for simul-
taneous CO, CO2, and H2 evolution from HCOOH
decomposition on sputter-damaged ZnO, "' and, in one
case, 300 K for multilayer cesium. ' With or without the
indium, the true temperature was about 25 K below the
temperature read by the thermocouple, and this correc-
tion was applied to the temperatures reported here.

Copper was vapor deposited as described previously. '

Dose rates were found to be reproducible to better than
10% from day to day, judging by XPS signals.

III. RESULTS

A. ISS, XPS, and LKED versus coverage

The adsorption of Cu on ZnO(0001)-O at 300 K has
been previously studied by Campbell, Daube, and White
using XPS, Auger electron spectroscopy (AES), LEED,
and He+ ISS. We took limited data of a similar type at
300 K to verify that the present ZnQ sample was behav-
ing similarly, which indeed proved to be the case. We
also took new uptake data at 130 K, which we wish to
present here. A typical curve for the ISS and XPS signals
versus Cu dose at 130 K are shown in Fig. 1. Since Cu
and Zn are unresolved in ISS, the integrated intensity of
their combined signals are reported here as "Cu + Zn. "
These data are qualitatively very similar to that reported
previously at 300 K. Both sets of data show a sharp
break in the slope of the oxygen ISS signal versus dose,
which must reAect a rather sudden increase in the proba-
bility that an incoming Cu atom will stop on top of previ-
ously deposited Cu atoms. Let us define X& as the copper
coverage where this break occurs for the 130 K data.

The data points in Fig. 1 are not as close together as
one would like for the accurate identification of this
break point, but this was necessary to prevent beam darn-
age by the He ions. Beam damage was proven to be
negligible with the accumulated ion dose used here by re-
peating individual points on this curve at XI and 3X„
without intermediate ISS measurements. Since these con-
trol points fit well onto Fig. 1, and yet had far less cumu-
lative ion dose, we can conclude that ion damage effects
were negligible at least up to a coverage of 3N, . Howev-
er, experiments such as that illustrated Fig. 1, which were
taken with more closely spaced data points or with larger
cumulative ion dose per point, showed observable
differences due to beam damage by 3X&. Since the time
required to do these single-point control experiments was
also much less than that used for Fig. 1, the agreement
also proves that impurity adsorption from background
gases were negligible in Fig. 1. This was further
confirmed by monitoring the TPD of possible back-
ground gases (CO, H20) following such uptake curves.
The nearly linear decay in the oxygen ISS signal up to the
break point, and the sharp change in slope there, were
confirmed with control runs such as shown in Fig. 1,
which did not extend to such high coverages but had
more data points below 2%, . The fact that the percen-
tage change in the ISS signals at the break point changed
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by —10% from run to run prevented us from compiling
all these data into a single figure. It should be noted that
the amount by which the oxygen ISS signal was attenuat-
ed at the break point N& ln the uptake curve at 130 K
(see Fig. 1) decreased somewhat with sample use. A sam-

ple that had been used for eight months in these studies
showed an attenuation of only -42%%uo, compared to 55Wo

for the newer sample in Fig. 1. The values for the signals
at the break points quoted here are averages of several
runs.

At 130 K, the oxygen ISS signal decreases by about
55%%uo for the newer sample from its clean value at this
sharp break point, compared to a smaller decrease by
only about 35—40 %%uo for the uptake curve at 300 K, also
reported previously. The sharp break in the substrate's
oxygen ISS signal, seen here after 4—,

' min of Cu dose, was

originally interpreted in terms of a Stranski-Krastonov
growth mode (monolayer completion followed by thick
3D islanding), where a monolayer was thought to be a
complete or partially complete p(1 Xl) overlayer of Cu

sitting in substrate lattice sites. The Cu density of this
(1 X 1) layer, if complete, would only be l. 1 X 10'
atoms/cm, or about 62% of the density of a Cu(111)
plane ( l. 6X 10' atoms/cm ). The residual oxygen signal
in the He+ ISS (a technique which is generally accepted
to be sensitive only to the topmost atomic layer' ' was
attributed to the possibility that He+ ions could
penetrate through the gaps between the widespread Cu
atoms in a p(1X1) structure, and scatter off the oxygen
ions beneath, without being neutralized. The p (1 X 1)
structure proposed in Ref. 2 was also consistent with the
absence of any new LEED spots aside from the p(1X1)
spots of the substrate, although background intensity
measurements were not sufficiently accurate to rule out
any disordered overlayer.

The scattering angle used here for ISS (135 ) was
different than that used in our previous study (120' Ref.
2), and the azimuthal orientation was also different. Thus
the relative contributions of Cu and Zn to the "Cu +
Zn" signal could be different here. Therefore, nothing
definitive can be concluded from the differences in the
relative change in this signal between zero Cu coverage
and the break point in this curve.

We made new LEED observations at 130 K of a Cu
coverage N& dosed at 130 K, which showed only the
sharp p (1 X 1) spots of the substrate, but now with a very
noticeable background increase compared to the clean
surface. After a brief fiash of this layer to 330 K (and
recooling to 130 K), this new background LEED intensi-
ty decreased. This would be consistent with thermal or-
dering of Cu adatoms into larger or more tightly shaped
p(l X 1) domains. Alternatively, the decrease in the
LEED background could be due to uncovering of the
ZnO substrate as Cu atoms move into the second layer.
As will be demonstrated by our ISS annealing studies
below, such annealing does cause movement of about
25%%uo of the Cu from the first layer into the second layer.
However, the decrease in the background LEED intensi-
ty appeared to be substantially more dramatic than this.
As observed previously, ' Cu films of coverage exceeding
about 6N„which had been Gashed to 360 K or above, or
grown at 300 K, showed Cu(111) spots in addition to the
substrate LEED spots.

B. Annealing behavior
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FIG. 1. Variations in the oxygen and (Cu+Zn) ISS intensi-
ties and the Zn(2p3/2) and Cu(2p3/2) XPS intensities with Cu
deposition time onto ZnO(0001)-0 at 130 K. The solid curves
through the oxygen ISS and Zn(2p3/2) signals represent a simu-
lated fit to the growth kinetics (see Sec. IV). The coverage Nj
corresponds to about 1 X 10"cm (see Sec. IV).

Evidence that Cu atoms in the first layer start to move
up into the second layer at 300 K was seen by monitoring
the ISS spectrum versus annealing temperature for an ini-
tial coverage X, deposited at 130 K. The heating process
used here was 5 K/s, followed by immediate removal of
the heating power when the maximum temperature was
reached. Thereafter, the sample cooled at about 5 K/s.
The subsequent spectra were recorded at 160—130 K
while cooling. These data are summarized in Fig. 2,
which shows the integrated oxygen and Cu + Zn ISS sig-
nals versus annealing temperature. In no case did Cu
leave the surface by desorption, as monitored by a mass
spectrometer for temperatures up to 800 K. Thus the
loss in Cu + Zn signal and the gain in oxygen signal
upon annealing can only be attributed to redistribution of
Cu in or on the ZnO. In a model where the oxygen signal
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is proportional to the fraction of the ZnO surface area
that is free of Cu, and the Cu+Zn signal is linearly relat-
ed to the fraction covered with Cu, one would expect
these two signals to be (scaled) mirror images of each oth-
er. Within the error bars of the data, this is the case.
The starting surface at 130 K shows only about 40—55 %
of the clean surface oxygen signal, depending on the age
of the sample (see above), but this oxygen signal is re-
gained upon annealing unti1, by 800 K, it reaches about
90% of the clean value. Thus, by 800 K, about 75% of
the Cu that was originally visible in ISS is lost upon an-
nealing because it becomes covered by other Cu atoms.
This occurs in two stages. First, a relatively rapid change
occurs at around 300 K, followed by a region of more
slowly changing ISS signals above 380 K. Then the rate
of change slowly increases with temperature, such that
the slope at 700 K is again comparable to that in the
steep region near 300 K. A brief report of similar behav-
ior identified from the Cu/Zn AES ratio was reported
previously. '

Similar behavior can be seen qualitatively in Fig. 3,
which shows the ISS signals versus annealing tempera-
ture, in this case starting at 130 K with a Cu coverage of
7N&. Again, a rapid change occurs at -300 K, followed
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FIG. 2. Variations in the oxygen and (Cu+Zn) ISS signals
with the temperature to which the film had been briefly Gashed,

starting with a Cu coverage N& deposited at 130 K. The square
points represent a new sample, and the filled circles are for an
older sample. Inset: The variation in the work function with

the temperature to which the film had been Hashed, starting
with a Cu film of coverage N&, deposited at 130 K.

by a slower region above 380 K. The only qualitative
difference at this higher coverage is that the slope does
not increase with temperature above 500 K. Both Figs. 2
and 3 indicate that the redistribution of Cu in/on ZnO
occurs over a very broad temperature range. We will
demonstrate that the ultimate result of this annealing
process is to produce thick 30 Cu clusters which cover a
smaller fraction of the ZnO surface.

The history of the sample influenced the first step of
this annealing process, which occurs at about 300 K, as
can be seen in Fig. 2 by comparing data for a new sample
(squares) with one eight months later (circles). The
amount of clustering is more severe for the newer sample.
The newer sample also showed a greater attenuation of
the oxygen ISS signal upon dosing the Cu, so that the sig-
nal level reached at 400 K is the same in both cases.
These differences between the old and the new samples
were reproducible, since several such dosing/annealing
experiments were performed in each case which revealed
the same trends shown here.

C. Electronic structure of the Cu films

The electronic nature of these Cu layers were studied
by XPS measurements of the Cu(2p3/z) core-level peak
position and the Cu(L3 VV) XAES peak position, which
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FIG. 4. Variations in the peak positions of the Cu(L3 VV) x-
ray-excited AES peak and the Cu(2p3/2} XPS peak with the
temperature to which the film had been briefly Hashed, starting
with films of Cu coverages 1.0N&, 10.0N&, and 3O. ON& deposited
at 130 K. The boxes shown on the left axis reAect reported en-
ergies for bulk Cu and Cu20 (Ref. 19).

are presented as a function of annealing temperature in
Fig. 4. The Cu film of thickness N& at 130 K has values
for these which are closer to those reported for bulk
Cu20 than to bulk Cu (see boxes). The so-called "Auger
parameter plus photon energy, " which is just the sum of
these XAES and XPS peak positions and thus cancels out
charging and spectrometer zeroing errors, ' is 1849.8 eV
for Cu at coverage N& and 130 K. This is also much
closer to the value of 1849.35+0.4 eV reported for Cu+'
in bulk Cu20 than to the value of 1851.23+0. 1 eV re-
ported for bulk Cu. ' However, these peak positions,
especially for the XAES peak, are very dependent upon
final-state relaxation effects. ' '"' Thus it is entirely pos-
sible that the Cu here is really neutral and metal-like in
nature, but shifted toward lower kinetic energy (higher
binding energy) because of inefFective screening of the
final-state cations compared to bulk Cu whenever the Cu
exists as a monolayer-thin film on ZnO. Such relaxation
effects for XAES peaks are predicted to be three times
the shift for a related XPS peak. ' '"' A model where
these peaks are due to zero-valent Cu but shifted from

the bulk Cu values by Anal-state relaxation differences is
consistent with the fact that the Cu(L VV) kinetic energy
here is —1.6 eV below that of bulk Cu. This shift is
indeed about three times that of its Cu(2p»2) peak,
whose binding energy is only about 0.5 eV higher than
bulk Cu.

As with the ISS signals, these XPS and Auger peak po-
sitions at 1N, shift with temperature by 250 K, and con-
tinue to shift right up to 880 K. The Cu XPS and XAES
peaks also end up at 880 K, being closer in energy to the
reported values for metallic Cu than to those for CuzO.
This would be consistent with an increase in the number
of Cu nearest neighbors to Cu, which accompanies
thermally induced 3D clustering. That the values may
still be slightly below the kinetic energy of thick Cu films
or bulk Cu may simply be related to the fact that, at this
low Cu coverage, the Cu particles are still not large
enough even at 880 K to have full, bulklike relaxation of
the final state.

Further evidence for the thickness of heavily annealed
Cu clusters is revealed by their difficulty of removal by
sputtering, compared to the relative ease of removing
unannealed Cu layers. The residual Cu that remained
after sputtering the annealed layers sufficiently long to
have cleaned an unannealed Cu layer of the same cover-
age showed Cu peak positions and line shapes close to
metallic Cu, but quite different than reported values for
Cu + or Cu'+. ' Upon annealing this sputtered Cu/ZnQ
surface to 850 K to restore a good LEED pattern, this re-
sidual Cu, which was quite thick but which covered only
a tiny fraction of the surface, showed no tendency to
respread across the surface, according to unchanged XPS
and ISS intensities. It remained as metallic 3D clusters,
as judged by peak positions in XPS and XAES. This
shows that Cu does not have a thermodynamic driving
force to spread even in one monolayer across ZnO(0001)-
O. That it spreads as well as it does during deposition at
130 K must be a dynamical effect, as we will discuss
below.

The electronic nature of the Cu is further revealed by
measurements of the work-function and band-bending
changes which accompany Cu adsorption at 130 K. The
band bending is measured by following the shift in sub-
strate core levels with respect to the Fermi level (spec-
trometer reference) ' as a function of the Cu dose, as
shown in Fig. 5 along with the work function change.
The bands, which are bent upward on the clean surface,
are bent back downward upon Cu adsorption. The work
function simultaneously decreases. Interestingly, the ma-
jor effect of Cu occurs in the first 0.07N, which is a tiny
fraction of a monolayer. Similar changes at very low cov-
erages are frequently observed in metal deposition on
semiconductors, i.e., in Schottky-barrier formation.

The solid dots in Fig. 5 show the change in the position
of the valence-band maximum with respect to the vacu-
um level, which is obtained by subtracting the band-
bending effect from the work-function change. ' This
change directly reAects changes in the local surface di-
pole, ' so it can be interpreted in the same way that
adsorbate-induced work-function changes are interpreted
on metallic surfaces. The initial sharp decrease in this lo-
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cal surface dipole, and the simultaneous downward band
bending, between zero coverage and 0.07N1 is consistent
with the donation of Cu electrons to the substrate's de-
pletion layer, to make cationic Cu species. ' However,
this curve nearly stops decreasing above 0.25K, in cover-
age, proving that the Cu adatoms are going down as
nearly neutral, unpolarized species. This is also con-
sistent with the almost complete lack of band bending
and work-function change for coverages between 0.25%,
and 1N, . Thus the vast majority of the first monolayer of
Cu is neutral, after the first few percent, which are cat-
ionic.

When this surface at a Cu coverage of N& and 130 K is
heated, its work function increases back toward the clean
surface value, as shown in Fig. 2 (inset). This would be
consistent with the ISS results (Fig. 2), which showed
that such heating uncovers more and more of the clean
ZnO surface as the Cu agglomerates into thicker islands.
The temperature dependence of the work-function
change is also qualitatively similar to the ISS signals,
with a fast region between 200 and 350 K, followed by a
slow region above 380 K, and finally an acceleration to
750 K. Apparently, even the first few percent of a mono-
layer of cationic Cu, which gave rise to the dramatic
work-function change and band bending of Fig. 5, is not
even thermodynamically stable relative to Cu in thick 3D

metallic islands. Otherwise, the work function after an-
nealing would remain at the value of 0.8 eV below the
clean surface value characteristic of this initial cationic
Cu (see Fig. 5). The area-averaged work function, which
we measure here, is dominated at 780 K by large areas of
clean ZnO(0001)-O, with contributions from a smaller
fraction of the surface ( -20%%uo, see above) which is
covered by thick metallic Cu. Since the thick Cu patches
have (111) orientation according to LEED, their work
function is only -0.5 eV below the clean ZnO value.
Thus a work function of 0.2X0.5=0. 1 eV below the
clean surface value is predicted, following an 800 K an-
neal which is within 0.1 eV of the observed result in Fig.
2 (inset).

D. Angular-resolved XPS measurements of 61m structure

Further evidence concerning the structure of these Cu
films was provided by angular-resolved XPS measure-
ments. The clean ZnO surface showed a strong angular
variation in the Zn(2p3&z) and O(ls) XPS intensities, as
shown in Fig. 6, with major peaks at about 0, 33', and
56' and 0', 24', and 40', respectively„which can be attri-
buted to the forward focusing (searchlight) eFect. The
expected angles for forward focusing of Zn and oxygen
core-level electrons are shown as the solid and dashed ar-
rows, respectively, in the inset of Fig. 6. Here the model
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pected for 0 (dashed) and Zn (solid), based on the bulk struc-
ture, neglecting all except the strongest scattering neighbors (see
text).
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is quite simplified in that we ignore focusing by oxygen
(since it is a weak scatterer compared to Zn) and by
neighbors that are more than 6 A away. Contributions
from these weaker effects probably cause the observed
peaks to appear at slightly different angles than predicted
by this model in some cases, but the overall agreement is
quite good. The Zn(3d) peak showed similar angular
structures to the Zn(2p3&2) peak, with an additional peak
at about 17' (see Fig. 6). This peak cannot be attributed
to forward focusing from a Zn core location, but it arises
from a valence level ( —10 eV B.E., binding energy)
which may have a very noncorelike spatial extent. The
angular distributions of the O(ls) and Zn(3d) electrons
were also measured in the azimuth perpendicular to the
(112) direction, and showed strong structure as well.
Those distributions are harder to interpret because of the
lower symmetry there, so they are not presented here.

These variations in the O(ls) and Zn(3d} signals were
unaffected by the deposition of a coverage N, of Cu at
130 K, except for a uniform attenuation of the signals by
—10+2% and 12+4%, respectively, independent of an-

gle out to 60' within these error bars. The absence of
forward-focusing effects due to the Cu film would be con-
sistent with an overlayer in poor registry with substrate
sites. However, it is unclear whether a single half mono-
layer of Cu in registry with the ZnO would significantly
alter these distributions, which arise from rather deep
within the sample. The Cu(2p3&2) signal for this layer
also showed no significant angular variation other than
that due to the instrument response, except for a broad
maximum at about 0', as shown in Fig. 7(a). The stnooth
increase in Cu signal going to the right in this figure is
due to the fact that more of the sample surface fits within
the narrow (2-mm) focusing region of the analyzer slits.
This is finally counterbalanced and overcome by the fact
that the sample moves out of the analysis region at very
large angles ()60'), since it is not mounted exactly on
the axis of rotation. If the sample surface were perfectly
mounted on this axis of rotation, the Cu signal for sub-
monolayer, disordered Cu would be expected to increase
as 1/cosg up to 90. Thus no real angular variations
occur in the Cu signal, except for a broad peak at O'. The
absence of peaks due to forward focusing at angles be-
tween 20 and 50' is consistent with the Cu being in a
single-monolayer film, as we proposed above, since there
is nothing above it to cause forward focusing. The
broad peak at; 0' is not likely, due to forward focusing of
Cu electrons by Cu, since any reasonable stacking struc-
ture for Cu on Cu that gave a peak at 0 would require
the Cu to be at least three layers thick, which is incon-
sistent with the XPS and ISS intensities at this coverage
(see Sec. IV). This 0 peak might be attributed to con-
structive interference from the outgoing Cu photoelec-
tron wave, which is backscattered off Zn atoms below.
This would require some degree of registry between the
Cu and the ZnO lattice.

The angle-resolved XPS also gives evidence concerning
the surface structure after annealing this Cu film briefly
to 370 K. Figure 7(b} shows the resulting Cu signal
versus angle, for comparison to the Cu signal from the
unannealed film at coverage %, . First, a loss of Cu from
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FIG. 7. Variation with polar angle along the ZnO ( 1100) az-
imuth in the integrated Cu(2p3/2) XPS intensity for the
ZnO(0001)-0 surface after (a) dosing coverage N& of Cu at 130
K; (b) flashing this surface briefly to 370 K; (c) dosing coverage
2N& of Cu at 130 K; (d) flashing this surface briefly to 370 K;
and (e) dosing coverage 4N& of Cu at 130 K and flashing briefly
to 370 K. The arrows in the inset show the angles where for-
ward focusing peaks are expected for a Cu(111) film azimuthally
oriented with respect to the ZnO, as observed in LEED at
higher coverages.

the topmost plane is obvious in the —5% loss in XPS sig-
nal at all angles. This is consistent with the ISS results of
Fig. 2, which show that about 30% of the Cu moves up
into the second layer by the time this temperature is
reached. The angular distribution has otherwise not
changed significantly. No new structure is observed
which might be attributed to forward focusing of photo-
electrons from the first layer of Cu by Cu atoms in the
second layer. The absence of new forward-focusing peaks
is probably due to the disordered nature of the adlayer,
which could give an unresolved superposition of broad
forward-focusing peaks at many different angles, depend-
ing on the local arrangement of Cu atoms on the ZnO
substrate.

Curves c and d of Fig. 7 show the angular distributions
of Cu(2p3&2) electrons from a layer of coverage 2N,
grown at 130 K, and Hashed briefly to 370 K, respective-
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ly. The effect of the instrument response function be-
tween 0' and 60' is now partially counterbalanced by the
attenuation of Cu electrons by Cu above, which is more
serious at larger angles. This leads to a much Hatter dis-
tribution in this region. Again, the only obvious struc-
ture in either the 130- or the 370-K distribution is the
peak at 0, except perhaps a weak new peak at 35'.
Again, the signal intensity decreases by -4% after the
Hash to 370 K, indicating movement of Cu onto Cu to
make thicker, smaller islands.

Finally, curve e of Fig. 7 shows the distribution for a
coverage of 4X& which had been Hashed to 370 K. This
thicker layer begins to clearly show Cu(111) structure,
with new peaks at 35 and 55', and perhaps a weak peak
at 19'. As shown by the inset in Fig. 7, these peaks can
all be attributed to forward focusing of Cu electrons by
Cu in a Cu(111) structure, azimuthally oriented to the
ZnO as shown in prior LEED studies at higher cover-
age, whereby the Cu(112) azimuth is parallel to the
ZnO(1100) azimuth. The Cu(111)-like LEED structure
only begins to appear at somewhat higher coverages,
since it requires long-range order. The peak at 0' may be
due to some HCP-like stacking of the Cu layers.

IV. DISCUSSION
A. The structure of submonolayer Cu films

An issue of central importance here is the structure of
the Cu overlayer at coverages below X& in Fig. 1. Our
work-function and band-bending measurements clearly
show this Cu to be largely neutral in charge. This con-
clusion is consistent with the results of resonance photo-
emission measurements by Didziulis et al. on this same
system. It seems unlikely that an isolated Cu adatom
bonded only to oxygen ions of the ZnO(0001)-0 surface
would remain neutral and unpolarized. This intuition is
confirmed by quantum-chemical calculations of cluster
models of this system, which showed that isolated Cu
adatoms should have a charge like that of Cu cations in
bulk CuO. Thus Cu could only stay neutral on this sur-
face by taking on Cu nearest neighbors in a metal-like 2D
film. Perhaps a better way to make this argument is sim-

ply to restate that the data prove that the Cu atoms are
neutral, and recognize that neutral Cu atoms are well
known to have strongly attractive Cu-Cu interactions
on surfaces, which will drive them together into at least
2D islands unless there is a strong preference for specific
sites on the surface. There does not seem to be a strong
preference for specific sites, since LEED shows no evi-
dence for an ordered overlayer at 2V, . Increasingly, data
show that metals like Cu have very low activation ener-
gies for diffusion on metal oxide surfaces. For example,
Cu clusters into thick 3D islands which cover only a tiny
fraction of the surface at 160 K on a TiOz(110) surface,
which terminates in mostly oxygen. ' Palladium on this
same ZnO surface also clusters into 3D islands, which
also cover a tiny fraction at the surface of 300 K. Fur-
thermore, even the weak attractions between noble-gas
atoms give rise to 2D islanding on metal oxides at
adatom-adatom spacings which do not match the sub-
strate sites. ' ' Thus one might expect a very noncorru-
gated interaction potential for neutral Cu adatoms along

the oxide surface, which would favor 2D islanding at
nearly the metallic Cu-Cu distance.

Further evidence to support a structural model where
the first Cu layer is located in 2D metal-like islands can
be found in the surface's chemisorption behavior, which
we report elsewhere: This surface shows thermal desorp-
tion spectra for CO (Ref . 6) and H20, and XPS spectra
for adsorbed CO, which are nearly identical to those for
Cu(110). Furthermore, adsorbed formate on these films
decomposes at the same temperature as on Cu(110). Fi-
nally, the valence-band photoemission spectra for sub-
monolayer Cu films on this surface show a very delocal-
ized Cu(4s) peak even at much lower coverages. We
therefore conclude that the Cu forms metal-like islands
up to the coverage N&, even at 130 K. That these are 2D
rather than 3D islands (i.e. , only one layer thick) and only
cover about 45 —55 % of the surface will be proven by
quantitative analysis of the ISS and XPS uptake curves
below. This is also obvious from the very nonbulklike
XAES position for this Cu film (Fig. 4), which changes to
a bulklike value after annealing.

%hether these Cu islands are in some registry with the
ZnO below is still not completely clear, although the
peak at 0 in the Cu(2p3&2) distribution (Fig. 7) suggests
some registry. A p(1X1) structure with two Cu atoms
per unit cell, one above the Zn ions nearest the surface
and one in the threefold hollow sites of the surface oxy-
gens, would provide for three Cu nearest neighbors to
each Cu atom. This would not be consistent with its
metal-like character, and would explain this 0 peak if the
Cu to Zn distance were proper for constructive interfer-
ence. It would also be consistent with the LEED obser-
vations, as well as the magnitudes of the XPS and ISS sig-
nals (see below).

The dramatic band-bending and work-function
changes reported for tiny Cu doses at 130 K in Fig. 5
agree qualitatively with the results measured for this sys-
tem at 300 K by Didziulis et al. However these values
stay nearly constant beyond the first 7% of a monolayer
in our data, whereas they moved back by 0.3 —0.4 eV to-
ward the clean surface values as the coverage increased to
a monolayer in the data of Didziulis et al. This can
mostly be attributed to the temperature difference, since
the work function increases by about 0.25 eV over this
temperature range at coverage %, (Fig. 2, inset). Also,
the magnitude of the initial work-function decrease was
about 0.5 eV larger in our data, probably due to the fact
that our clean surface had a work function that was
about 0.5 eV higher. Since the Fermi level is probably
close to the bottom of the conduction band in the bulk of
either sample, ' the difference in clean surface work
functions implies that our clean surface had more upward
band bending, as do vacuum-cleaved samples. ' Such
upward band bending arises from the depletion layer
created by electron donation from oxygen vacancy levels
near the conduction band into acceptor-type surface
states. The position of these surface states in the band
gap determine the magnitude of this band bending.

B. A kinetic model for film growth
Taken together, uptake curves such as those shown in

Fig. 1 which combine XPS and ISS data offer a very rich
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picture of the growth structure. Many models which
would be consistent with either set of data individually
are ruled out by these combined data. In interpreting
these XPS data, we tried electron inelastic mean free
paths A, for the Zn(2p3&2) line excited by Al(Ka) x rays
in the range 8 —15 A, based on the range of values expect-
ed from the literature for these 465-eV electrons. We as-
sumed that the substrate (oxygen) ISS signal was propor-
tional to the fraction of the ZnO surface that is free of
Cu. This assumption is based on Refs. 15—17. However,
it has been shown that the He+ neutralization probability
increases strongly as the work function decreases in the
case of Cs on Cu(110). In view of the large Cu-induced
work-function decrease here (Fig. 5), this assumption
could be questioned. However, the substrate ISS signal
was proved to decrease very little for the thin Cu cover-
ages (0.07N, ) needed to bring about this large work-
function decrease, showing that the neutralization proba-
bility is not strongly affected here by this work-function
change. This may be due to the very low Cu coverage,
which means that the distance between these dipole
centers is large, and the probability of a He ion striking
near enough to this Cu center to be neutralized is small.
The islanding which occurs in the adlayer helps to keep
this assumption about ISS intensities valid at higher cov-
erage.

The rapid, but incomplete, initial attenuation of the ox-
ygen ISS signal severely restricted the types of models
that could fit the data. In any layer-by-layer or in any
Stranski-Krastanov model, this signal dies at the com-
pletion of the first monolayer (provided the Cu is nearly
close packed, for which we argued above), which is not
observed. This signal dies too rapidly at short times for
any Volmer-Weber model. To accurately model the com-
plex growth behavior seen here, we were forced to simu-
late the growth kinetics within a stochastic model. In
these simulations, Cu atoms were deposited one by one
onto a ZnO surface which had an area sufficient to ac-
commodate 10000 atoms per layer, but with no specific
sites. Within each layer, the Cu atoms were assumed to
cluster into 2D islands. The fractional Cu coverage in
layer i was defined as 8; (= the number of Cu atoms in
layer i divided by 10000). For convenience, the substrate
was defined as layer zero, and Oo was set to 1.0 at the
start of the simulation, with 0; equal to zero for all other
i. Each new incoming Cu atom was assumed to make its
initial contact with the surface, or "hit" the surface, in
some layer i. The probability that an atom hit in a layer i
is proportional to 0; &-0;, where 0,. is the fractional cov-
erage of layer i. Random numbers were generated by
computer to decide upon all branching probabilities. We
first tried a "hit and stick" model, where the Cu atoms
stick in the layer where they hit. In this model, the sub-
strate ISS signal died too slowly in the early stages of
growth, and too rapidly later. Clearly, something else is
occurring which makes the atoms spread better at short
times, but which induces 3D clustering at long times. Let
us treat the problem of spreading at low temperatures
first.

There is an effect observed in metal growth on the
same metal ' which is of importance in understanding

this. Whenever there are monolayer-thick islands cover-
ing only part of the surface, and a new atom hits on top
of one of those islands, it would energetically preferable
to drop the layer below and bond to the edges of islands.
The energy difference is just the energy of 2D evapora-
tion from the island edge, E;, since an isolated adatom in
that case has the same energy in either layer. This new
atom therefore frequently moves down to the edge of 2D
islands in the layer below. This occurs with unit proba-
bility by thermal migration at high enough temperatures,
provided islands have not yet nucleated on top of that
layer. At low temperatures, the energy barrier for mi-
gration can be overcome dynamically by using part of its
adsorption energy. In either case, the probability of
such "down stepping" into the layer below falls off
abruptly as the island size in the layer below (or coverage,
for a fixed number of islands) increases beyond a certain
critical value. ' (If this size and the down-step proba-
bility are large enough, ideal layer-by-layer growth re-
sults. ) In order to simulate this type of effect in an ap-
proximate way here, we modified the hit-and-stick model
by assuming that an adatom hitting in layer i +1 would
descend to the layer i below with a probability p;, which
drops to zero whenever the coverage in the layer below
exceeds a critical value, 0„&. These two parameters were
assumed to be the same for all layers. Such a model, with

p; =1.0 and 0„&=0.54, allowed us to simulate the 130-K
data with good accuracy up to the break point in the ISS
signal, but the substrate ISS signal still died much too
rapidly above that point. Clearly, the first monolayer of
Cu was continuing to populate too rapidly beyond cover-
age X& if the Cu atoms which hit in clean ZnO patches
were allowed to stay in that first Cu layer.

In order to simulate the very slow decay in the sub-
strate ISS signal beyond the break point, we had to add a
feature to the model which allowed Cu atoms hitting on
clean ZnO sites to migrate up onto existing Cu islands.
This must, however, be precluded at low coverage or the
initial, steep decay would not be properly modeled. Thus
we performed simulations identical to that described
above, with an important additional assumption: Cu
atoms going into any layer were assumed to move into
the layer of Cu above it with probability p„, provided
the Cu coverage in that "upper" layer exceeds some crit-
ical value 0;„,but does not yet exceed 90% of the cover-
age in the layer below. Actually, there is a very compel-
ling physical basis for such an assumption, as we will ex-
plain below. The results of this simulation are presented
as the solid lines through the data in Fig. 1, which fit the
ISS and XPS data very well. The parameters used in this
model are p, =1.0, 0„&=0.54, p„=0.9, and 0;„=0.01.
The mean free path of the Zn(2p) electrons was taken to
be 3.81 times the thickness of a one-layer-thick Cu island.
If these islands have a packing density like Cu(111), or
1.77X1015 cm-2, this layer thickness is 2.1 A, making
A, =8 A. If the Cu atoms are packed with two per ZnO
unit cell, the layer thickness is 2.61 A, making X=10 A.
These are both within the acceptable range (8 —15 A, see
above). The coverage N, corresponds to 0.96 and
1.19X10', respectively, for these two packing densities.
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To help show the structure generated by this growth
model, in Fig. 8 we have plotted the coverage of each lay-
er versus dose time as predicted by this model. Note that
this model displays certain features of both the Volmer-
Weber and layer-by-layer mechanisms in that clusters
form which do not cover the whole surface, yet the clus-
ters themselves grow in a Bat, layer-by-layer way.

Let us make a more quantitative estimate of the thick-
ness of these 2D islands using the results of the angular-
resolved XPS measurements from Sec. III D. There we
showed that the attenuation on the Zn(2p) peak area by a
coverage 1N, of Cu at 130 K was 12%%uo, averaged over the
polar angles from 0' to 60. That of the O(ls) peak was
10%. Let us assume these attenuations to be due to a
layer of thickness t which only covers 55% of the surface,
based on our ISS results. If we use the mean literature
values of electron mean free paths for these peaks of 11.5
and 17 A, respectively, from Ref. 23, the island thickness
t must be 2.2—2.6 A. This compares to a thickness of 2.1

A for a single layer of Cu(111). A greater packing densi-
ty could be due to the natural buckling that would result
from the Cu film trying to follow the geometric corruga-
tion of the substrate.

Our annealing and sputtering experiments prove that
the surface thermodynamically prefers the Volmer-Weber
mode of 3D clustering. The growth depicted in Fig. 8 is
thus a result of the dynamical effects necessary in the
model, and not thermodynamics. As evidenced by the
ISS signal versus temperature (Figs. 2 and 3), 3D cluster-
ing is kinetically disallowed at 130 K, and becomes al-
lowed only at 280 K and above. This mould seem to be

direct contradiction to the model depicted by Fig. 8,
which requires substantial 3D growth before monolayer
completion even at 130 K. However, as we will show
below, Cu atoms coming from the gas phase nucleate on
the topmost layer and create a pathway for atoms in
lower layers to move up into that top layer with a lower
activation barrier. The annealing experiments of Figs. 2
and 3 do not have the continuous supply of these freshly
deposited Cu atoms and the new islands they create, so
the activation energy is much higher for Cu to make
thicker islands, as we will show.

C. A plausible energetic model
to explain the growth kinetics

We will now describe the energetics which are indeed
expected for this system, and which naturally give rise to
these curious growth rules needed to simulate the uptake
data of Fig. 1, yet do not violate the annealing data of
Figs. 2 and 3. The top part of Fig. 9 shows a small hy-
pothetical part of the surface containing an island of Cu
built up to three monolayers in thickness. The bottom
part of the figure shows qualitatively what we expect the
energy to be for the next Cu atoms as it diffuses along
this surface. We assume for simplicity that the energetics
in the second layer and beyond are identical, although
certain differences are implied by the absence of Cu(111)
LEED spots until several layers thickness. Since 2D is-
lands are readily formed at 130 K, the barrier for Cu
diffusion over ZnO is taken to be very small. The barrier
for diffusion along the Cu terraces is assumed to be small
and easily accessible at 130 K. The magnitudes of these
diffusion barriers in the figure should not be taken literal-
ly, but only as an indication that these steps are rapid.
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FIG. 8. The Cu coverage in each layer i as a function of the
total Cu dose at 130 K, as predicted by the growth model which
we used to fit the data of Fig. 1. As can be seen, the first layer
fills to —50% of completion (with 2D islands). Subsequently,
most of the new Cu goes on top of these islands, while the island
size or number increases only slowly. The parameters used in
this model are as follows: p;=1.0, 0„&=0.54, p„~=0.9, and
0;„=0.01. (see Sec. IVB for a description of these parame-
ters. ) The model is very insensitive to the choice of island diam-
eter, which was taken to be 40 Cu atoms here.

FICx. 9. Top: Schematic side view of the ZnO(0001)-0 sur-
face with a hypothetical Cu island of three-layer thickness. Bot-
tom: Energetic diagram showing the magnitudes of the energy
barriers that would be experienced by another Cu atom as it
di6'used along this surface, up onto this Cu island, and back
down again. The magnitudes of the barriers were determined as
described in the text to be E; =53, AE = 16, E, =61, E,=24,
E2=66, E ~=13, E2, =E 2, =31, E l, =42, and El, =26, all
in kJ/mol. This model describes well the observed growth and
annealing kinetics.
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The 2D evaporation energy for a Cu atom to detach itself
from an island edge and move out alone onto a Cu ter-
race is about 53 kJ/mol, shown as E,- in the figure. This
energy arises from the loss of Cu neighbors and their at-
tractive interactions. The barrier (E z ) for an isolated
adatom on a Cu terrace to step down over the edge of an
island onto the edge of an island below is about one
fourth of this value, ' or 13 kJ/mol, making the barrier
for an up-step (Ez) about 53+13=66 kJ/mol. The ther-
modynamic tendency for Cu to cluster into 3D islands at
high temperature certainly shows that Cu on Cu is more
stable than Cu on ZnO (i.e., hE in Fig. 9 is positive). Ad-
sorption of CO seems to induce a redispersion of Cu bi-
layers on this surface at 130 K, which implies that Cu on
Cu is more stable than Cu on ZnO by an amount which is
less than the heat of adsorption of CO, or about 50
kJ/mol. A Cu atom on ZnO was therefore assumed to be
about hE =16 kJ/rnol less stable than an equivalent Cu
atom on a Cu layer. The energy (E;=53 kJ/mol) re-
quired to move an atom from an island edge to
a terrace is assumed to be independent of whether this
occurs on ZnO or Cu, since this energy arises from
lateral Cu-Cu bonding. The barrier E

&
is similar in

physical structure to E 2, and it is assumed to differ
from E 2 by about two thirds of the difference
in reaction energies (bE) between these two steps,
based on typical linear-free-energy relationships. " Thus
E

&
=13+16X—,

' =24 kJ/rnol. E&, is estimated in an
identical way from E, and E; to be 26 kJ/mol. Also, Ez,
is estimated from E2 and E, to be 31 kJ/mol in the same
way. The barrier E, is just AE+Ej, =16+26=42
kJ/mol, by definition (see Fig. 9). Similarly, E& is just
E, —AE+E

&
=53—16+24=61 kJ/mol, by definition.

Thus all of the energies of Fig. 9 are fully established.
They are admittedly very approximate, but nevertheless
reasonable and consistent with current knowledge of this
system. Our goal here is only to show that the growth
rules we imposed in our model above are a natural conse-
quence of perfectly reasonable energies, and that these
same energetics can explain the annealing behavior and
the CO-induced redispersion of Cu bilayers. Let us now
explore those consequences. Later, we will show that the
growth kinetics are rather insensitive to most of these ex-
act energy values, but that certain features of this energy
diagram are rather critical.

First, it is useful to consider which of the energy bar-
riers of Fig. 9 are easily accessible at 130 K, and which
steps are kinetically prohibited. Assuming a preexponen-
tial factor of 10' s ', a step with an activation barrier of
32 kJ/mol gives a jump rate of one per second at 130 K.
Thus all steps with lower barriers should be quite rapid
on the time scale of Fig. 1. This includes every step in
Fig. 9 except those with barriers E&, E2, and E „.Most
critical here is to recognize that unassisted up-steps (E&
and E2) have barriers greatly in excess of 32 kJ/mol, so
they will be kinetically prevented. Also, E, is large so
that 2D evaporation will also be precluded at 130 K,
though this is not critical to our model. The largest part
of barriers E, and Ez comes from this 2D evaporation
energy E, , however, and it is critical that E& and E2 be

kinetically precluded at 130 K. Otherwise, the system
would show strong 3D clustering even at 130 K.

Clearly, in Fig. 9, a Cu atom at the edge of an island on
ZnO is more stable than an isolated Cu adatorn on a Cu
terrace. Thus there is an energetic driving force of
E,- —DE =37 kJ/mol for a lone Cu adatom in layer 2 to
descend to the edges of Cu islands in the first monolayer
before islands of the second layer start to nucleate. This
is also kinetically possible at 130 K, since the barrierE,=24 kJ/mol is so small. These two features lead to
efficient 2D spreading. Once islands exist in the second
layer, a Cu atom will be more stable at the edges of such
islands than at the edges of islands on the ZnO itself by
DE=16 kJ/mol, and this efficient spreading will cease.
Nucleation of islands in the second layer will occur above
a certain critical island size (or coverage in layer 1, as-
suming a fixed number of islands). A similar conclusion
was reached by the Comsa group to describe He
diffraction studies of Pt growth on Pt, and by the Behm
group recently to describe scanning tunneling microscopy
(STM) observations of Au growth on Ru. Their ex-
planation for this had to do with the limited diffusion rate
across terraces, but we believe it can occur even at
quasiequilibrium (i.e., when terrace diff'usion is so fast
that there is no concentration gradient across a terrace).
This can be shown by estimating the steady-state cover-
age 02 in layer 2 of the Cu while it is still in very low con-
centration in that layer as a 2D lattice gas. By equating
the deposition rate into that layer (=FAO, where F is
the fiux, and A is the sample area) with the rate of migra-
tion down from layer 2 into layer 1 ( =k, PO2/O„where
k

&
is the rate constant over barrier E

&
and P is the is-

land perimeter), we can estimate O2..
O~=FA O, /(k, P) .

Since the island perimeter will grow like 0', for a fixed
number of compact islands, the fractional coverage of
layer 1 by adatoms in layer 2, 0z/0&, will increase as 0',
In all systems, condensation (island formation) occurs at
equilibrium above some critical concentration, (O2/O, )„.
Thus we expect island formation in layer 2 to occur only
above some critical coverage in layer 1, 0& „. We have
mimicked this effect in our simulations by having atoms
descend to the layer below with unit probability until 0,
exceeds 0, „,above which they stay in the second layer if
they hit there, stuck to the edges of islands. We set 0, „
to 0.54 to fit the data.

Let us now consider such island nucleation on thicker
islands. The main difference in the kinetics here is that
the down-step barrier (E &=13 kJ/mol) is substantially
smaller than E

&
(24 kJ/mol), so that k z will be much

larger than k, . Thus the steady-state concentration of
2D gas (O3, for example) will be lower in these higher lay-
ers than in layer 2, for islands of the same size. Since the
2D condensation energy E, is the same in a11 layers, the
critical island size in layer 2 necessary for 2D condensa-
tion in layer 3 will therefore be substantially larger than
0& „, and therefore will never be reached. This means
that the islands in higher layers will continue to spread
by this mechanism until they reach the edges of the first-
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layer islands upon which they sit. The larger down-step
barrier E, , (42 kJ/mol) then comes into play, which re-
stricts further spreading and allows 2D condensation in
layer 3. We mimicked this in our simulations by having
atoms which land in layer i +1 descend to layer i with
unit probability until 8; exceeds 95%%ug of 0;,. The value
of 95% recognizes that each island must necessarily be
slightly smaller than the layer on which it sits if the
atoms sit in ho11ow sites. It implies that the average is-
land is about 40 atoms across. The simulations were not
sensitive to this value, provided it is close to unity, since
changes in it could be easily compensated for by small
changes in the parameter p„~ (see below).

Another interesting phenomenon occurs at the same
time when islands in the second layer appear. This can
be seen by comparing the energetics for a Cu atom which
lands on the clean ZnO patch to the left in Fig. 9 with
that for a Cu atom which lands on the clean ZnO patch
to the right. Moving from left to right (to mimic the situ-
ation before layer-2 islands form), this Cu atom is first
trapped at the island edge, and then experiences a large
barrier Ei =61 kJ/mol which prevents it from moving up
onto the Cu island. This process is therefore precluded at
130 K, but can occur at 300 K and above. On the other
hand, let us follow the same process for the Cu atom
which lands at the right in the picture and moves left (to
mimic the situation after islands form in layer 2). Again,
it is trapped at the island edge, but now its up-step bar-
rier E„ is reduced to only about 26 kJ/mol. This is be-
cause there is an island edge in the second layer near this
step which greatly stabilizes this diffusing Cu atom as it
moves into that layer. It is important to realize that this
26-kJ/mol barrier is readily accessible even at 130 K.
Thus up-stepping onto islands will be greatly facilitated
as soon as islands exist in reasonable concentrations in
the layer above.

During vapor deposition, such islands will spontane-
ously arise due to newly deposited Cu atoms even below
130 K, once 8, exceeds 0.55 (see above). However, such
islands cannot appear in the annealing experiment of
single-layer Cu (Fig. 2) until above 300 K, when the unas-
sisted up-step barrier (E, ) of 61 kJ/mol becomes accessi-
ble. The same type of effect occurs in moving from the
second layer into the third layer, and beyond, only now
the unassisted barrier (Ez) is 66 kJ/mol, and the assisted
barrier (E2, ) is 31 kJ/mol. Both these values are only
slightly larger than in layer 1. To mimic this effect in an
approximate way in our simulations, we have made these
up-steps impossible at 130 K, unless there is some
minimum coverage (8;„)in the layer above. Above this
value, every new Cu atom which goes into the layer
below is assumed to make this up-step into this layer
above with some high probability p„. Qf course, the sit-
uation is more complex because (1) previously deposited
Cu atoms can now move into "upper" layers, and (2) the
3D clusters will not always have top-layer Cu islands
properly located near their perimeters to allow such up-
steps. We are assuming for simplicity that these two
effects are properly balanced in the single parameter p„
Its value was adjusted to 0.9 in order to properly fit the
slope of the oxygen ISS signal after the break point in

Fig. 1. We used 0;„=0.01 in our modeling, but the re-
sults were very insensitive to its value, provided it was
small. Since the average island size assumed above
prevents stacking layer i with more than 95% of the cov-
erage of layer i —1, atoms which come into any layer i
which already has 95/o of the coverage of layer i —1 are
forced to move up into layer i+1 with unit probability,
so long as layer i+1 already has a coverage exceeding
0;„;otherwise, it moves down to layer 1.

An interesting feature of the growth mechanism we
propose here is seen in Fig. 8, where the concentration in
each layer grows up to -55%%uo of a monolayer, and nearly
stops as the next layer fills to about the same coverage,
and so on. This leads to thick, Oat islands that only cover
part of the surface. Recent STM observations of metal
films deposited on metal substrates that were predosed
with ordered oxygen overlayers indeed show such behav-
ior, and may be explained by our new model.

This type of Aat island structure has important conse-
quences for understanding the annealing behavior (Figs. 2
and 3). Starting from this structure, the only way the
average thickness of the clusters can get much larger
upon heating is for Cu atoms from the top-layer islands
to be thermally activated up onto that layer as 2D
lattice-gas adatoms, where they can diffusively encounter
each other and eventually nucleate an island on that new
layer. As soon as this occurs, this island will be popu-
lated rapidly from the layers below until it reaches the
edges of the island below. Then further up-growth must
await the nucleation of a new layer's island. These nu-
cleation steps must be slow, and in any case they cannot
occur until the unassisted up-step barrier is accessible.
This barrier is 61 kJ/mol for layer 1, and 66 kJ/mol in
subsequent layers, so they should become available on the
seconds time scale of the annealing experiments at about
300 K, which is consistent with the observed onset of
clustering in Figs. 2 and 3 at about this temperature.

It is perhaps confusing that these islands do not reach
their full thickness within the next 100 K, since all the
barriers involved should then be so easily scaled. Instead,
after the initial rapid increase at -300 K, the islands
gradually get thicker and thicker up to —800 K (Figs. 2
and 3). The amount by which they thicken is rather
small in any 100-K increment, suggesting a low activa-
tion energy for the rate-limiting step. This would be con-
tradictory to the fact that the process is not complete un-
til above 800 K. However, this confusing result is not
unique to the Cu/ZnO system. For example,
Diebold, Pan, and Madey' observed a very similar an-
nealing behavior between 370 and 570 K for Cu on
Ti02(110), and estimated an apparent activation energy
of only 13 kJ/mol for clustering. Similarly, Shamir
et al. showed that four monolayers of Cu deposited
onto a nitrided W(110) surface clustered into much thick-
er islands gradually between 350 and 700 K. Similar
behavior was seen for Cu on Re(0001) by He and Good-
man.

These unusual kinetics above 350 K thus seem to be a
property of Cu films, and unrelated to the choice of sub-
strate. It may be quite a dificult behavior to clarify due
to the necessity for top-layer nucleation. Spontaneous
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nucleation is well known to be a complex kinetic
phenomenon. ' The dramatic increase at -300 K may
be due to Cu from layer 1 moving up to complete the
second layer of those clusters which already had nucleat-
ed a small second-layer island at the end of the deposi-
tion. Thereafter, further clustering is rate limited by the
nucleation of clusters in layer 3, which is inherently
much slower. A related kinetic model has been
developed by Ahn and co-workers to explain the coarsen-
ing of Pt particles on alumina. ' Their model and ex-
perimental data show that the rate of clustering at a fixed
temperature decreases dramatically with the extent of
clustering. In experiments such as those illustrated in
Figs. 2 and 3 and those referred to above, the extent of
clustering necessarily increases with temperature. Thus,
the weak apparent temperature dependence above 350 K
is probably an artifact of the decrease in clustering rate
with the extent of clustering, rather than a consequence
of a low activation energy for the rate-determining step.

We have attributed the anneahng behavior of the work
function (Fig. 2, inset) entirely to the uncovering of more
and more clean ZnO. The smooth increase in the work
function also undoubtedly has contributions at low tem-
perature from island compaction or coarsening, and at
high temperature from conversion of the Cu parts of the
surface from (110)-like to (111)-like. Note that Cu(111)
has a work function which is about 0.5 eV above
Cu(110). The TPD behavior of this Cu film after CO ad-
sorption indicates that the number of Cu(110)-like sites
for CO decreases, and the number of (111)-like sites
grows as the layer is annealed between 460 and 650 K.
Room-temperature LEED and ARXPS studies show that
the Cu films take on (111)structure only when the islands
are four or more layers thick (see above).

A final important feature of Fig. 9 is the barrier size for
the assisted Cu —+ZnO down-step, E „,of -42 kJ/mol.
It is this down-step which is required for CO to
redisperse second-layer Cu into the first layer. This bar-
rier is perhaps slightly too large to occur frequently
enough without CO assistance at the temperature of CO
dosing (130 K, Ref. 6). Weakly adsorbed states of CO ex-
isting at high CO coverage should help decrease this bar-
rier further via the energy gained in CO adsorption when
new Cu sites are thus created. Only 20% of the 50-
kJ/mol heat of CO adsorption would be needed for stabil-
ization at the transition state to reduce this barrier to 32
kJ/mol, which is easily accessible at 130 K.

D. Application of this model to other systems

The growth of Pd on ZnO(0001) has been studied at
300 K and above by Jacobs et al. using AES and
LEED. It was concluded after deposition of the
equivalent of one monolayer (ML) of Pd at 300 K that
3D islands with an average thickness of 5 ML were
formed which left —80% of the surface free of Pd. Only
after 35 equivalent monolayers of Pd did new LEED
spots for the overlayer appear, and these were indicative
of thick Pd(111)-terminated islands rotationally aligned
with the ZnO lattice. This strong tendency for Pd to

make 3D clusters on ZnO(0001) is rather surprising in
light of the fact that Cu (see above) and Pt (Ref. 50) both
grow in a 2D film at this same temperature (300 K) on
this surface, until -45% and 100%, respectively, of the
surface is covered. In both those systems, electron-
diffraction patterns indicating (111)-oriented metal is-
lands were seen after only a few monolayers of deposi-
tion, not 35 monolayers as with Pd. These dramatic
differences between these three similar metals (Pd and Cu
or Pt) have not been explained and bear further discus-
sion in light of our model for Cu. The differences could
simply be due to the fact that the energy difference AE
(see Fig. 9) between the metal-metal and metal-ZnO in-
teractions is smaller than the 2D condensation energy E,.
in the case of Cu and Pt, but larger in the case of Pd. It
is this negative energy difference which drives 2D spread-
ing at low coverages for Cu and Pt within our model. It
is therefore not necessary to postulate a qualitative
difference in the thermodynamic tendency between these
similar metals on ZnO, since thermodynamics seems to
be in favor of 3D clustering in all three cases at high tem-
perature. ' Now AE should scale roughly with the
heat of oxide formation, which goes as Pt&Pd&Cu,
whereas E; should scale with the sublimation energy,
which goes as Pt& Pd & Cu. Thus E; may exceed AE for
Cu because AE is small, whereas it occurs for Pt because
E, is large. In the intermediate case of Pd, it may not
occur.

The very confusing state of knowledge concerning met-
al deposition on oxides has recently been reviewed, '

where it was pointed out that the systems which show
Stranski-Krastonov (or laminar) or Volmer-Weber
growth (3D clustering) at 300 K cannot yet be predicted
in any way. Based on our new model, it is important to
recognize that the wetting observed in many of those
cases may only be a dynamical result, and not any indica-
tion that the metal-oxide adsorption bond is stronger
than the metal-metal bond. According to our model,
spreading will be expected over a large fraction of the
first monolayer at low temperatures, where the unassisted
up-steps (Ei and Ez) are prohibited, whenever E, exceeds
AE, not just when AE is negative. Since E, is quite large
for metals like Pt (-160 kJ/mol, based on embedded-
atom calculations ), the requirements on b,E for ap-
parent wetting are consequently much less stringent. In
the model we present above, the down-step barrier E
must also be accessible at the temperature of deposition.
However, even this requirement is removed by recent tra-
jectory calculations for Pt growth on Pt(111), which show
that the adsorption energy of the incoming Pt atom can
easily be used to push aside atoms in islands in the layer
below where it hits. This allows the new Pt atom to move
into that layer below with high probability even at zero
substrate temperature. Since Pt should diffuse more
readily on an oxide surface to which it is more weakly
bonded, this dynamical effect may be even more impor-
tant on oxides, since the energy for pushing atoms aside
should be reduced. Another dynamical effect referred to
as "downward funneling" can also assist incident atoms
to spread to the layer below. '

These dynamical effects very much relax the con-
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straints in our model on the magnitudes of the barriers
E

&
and E 2, and the barrier for diffusion of Cu over

Cu. That is, if these dynamica1 effects were included, the
uptake data of Fig. 1 could be modeled even if these bar-
riers exceeded 32 kJ/mol. This would, of course, lead to
much rougher high-coverage films than those with the
Oat tops that we predicted above, assuming that these
barriers were small. Microscopic measurements of the
film structure should be able to reveal which of these two
situations is really obtained. In any case, in modeling the
uptake data it is necessary that Cu be able to easily
diffuse across ZnO(0001)-0 at 130 K, or at least that in-
cident Cu atoms have enough transient mobi1ity to find
the edge of islands before stopping in the first layer. It is
also necessary that these Cu atoms be able to make assist-
ed up-steps (E&, and E2, ), either via transient mobility or
because these barriers are accessible at the growth tem-
perature. It is also critical for our model that E; exceed
b,E in magnitude, and that the unassisted up-steps (E,
and E2) be kinetically prevented at the growth tempera-
ture. Other systems which meet these constraints should
show similar growth behavior. These classes of systems
need not be limited to metal films on oxide substrates.

tween. These islands thicken, take on more (111)-like
character, and cover less of the surface after annealing
thin or thick layers to above room temperature. These
and other results are well explained using a simple kinetic
model based on the known energy barriers of Cu on pure
Cu for diffusion, 2D evaporation from kinks onto ter-
races, and migration over island edges. It is assumed that
Cu on this ZnO surface is about 16 kJ/mol less stable
than Cu on Cu, and that similar migration steps at the
Cu/ZnO interface have energy barriers that differ from
those on pure Cu by two thirds of their difference in reac-
tion energies. The model shows that for systems such as
metals on oxides that tend not to wet effectively: (1)
efficient wetting can still occur in the first layer at low
temperatures whenever the 2D evaporation energy for
the metal exceeds the stability difference between the
metal on itself and on the oxide; (2) this spreading will
cease at a certain critical 2D island size even when the
diffusion barrier on terraces is negligible, and further
growth will cause the creation of thick, Sat islands, filling
in the gaps between these islands only very slowly.
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