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Abstract

The room temperature growth of Cu islands on the non-polar (1010) surface of zinc oxide was studied using
scanning tunneling microscopy. Images of the clean (101 0) surface prepared by sputtering and annealing at 550700 °C
exhibit flat terraces with a high density of steps, mostly running along [000 1] and [12 1 0] directions. For Cu coverages
of 0.025-1 ML deposited on flat, freshly annealed surfaces, preferential nucleation occurs at the step edges oriented
perpendicular to the [12 1 0] atomic row direction. Exclusively three-dimensional (3D) islands have been observed at all
coverages. For comparison, the same Cu coverages were deposited onto the surface contaminated by adsorption from
the residual gas in the ultrahigh vacuum chamber. Both 2D and 3D islands, randomly distributed across the terraces,
were observed reproducibly on such slightly contaminated surfaces. The density of the islands, as well as their average
diameter and height, increases with increasing Cu coverage for both surface preparations. © 2002 Elsevier Science B.V.
All rights reserved.
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1. Introduction

The growth of Cu on ZnO surfaces is a subject
of continuing interest due to the importance of Cu
as a promoter in the low-temperature synthesis of
methanol, water—gas shift reaction, and methanol
steam reforming [1]. In addition, this system has
become a model for the initial two-dimensional
(2D) growth observed for metal overlayers on
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many metal oxide surfaces. This growth mode
occurs for systems that thermodynamically prefer
3D island growth even at the smallest coverages
(Vollmer—Weber growth mode). However, 2D
growth is observed up to a certain critical island
size due to kinetic limitations at low temperatures
[2]. This shows the importance of the kinetics of
metal adatom diffusion along oxide surfaces, since
it can control the growth mode of the adsorbate
and prevent the thermodynamically most stable
structures from being formed.

Copper growth on different faces of ZnO has
been studied extensively in the past using surface
analysis techniques such as X-ray photoelectron
spectroscopy (XPS) [3], low energy ion scattering
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(LEIS) [3], electron energy loss spectroscopy [4,5],
and others. The initial stage of growth (i.e. up to a
coverage of several monolayers) is still somewhat
controversial. Although there is a general agree-
ment that Cu grows in an island mode, what
dimensions the clusters have and how their mor-
phology depends on sample orientation and pre-
paration is still debated. In an early study of Cu
growth on different ZnO surfaces, it was reported
that the first monolayer wets the oxide substrate
[4]. More recent studies of the same systems indi-
cated that the admetal grows two-dimensionally
only to a certain critical coverage, at which point
it starts to form 3D islands [3,6,7]. Although the
general features of the growth mode on Zn- and O-
terminated surfaces are similar, there are differ-
ences as well. The critical coverage, where islands
start to grow three-dimensionally, is approximately
twice as high for the O face than for the Zn face
under the same conditions [3,7]. This difference
could be ascribed to the different defect densities
and, therefore, different nucleation center densities
of the faces. It could also be related to the different
strengths of Cu bonding to the two faces and,
therefore, different Ehrlich—-Schwoebel barriers
(and different sizes of 2D Cu islands at the critical
coverage) [8,9]. In any case, different surface struc-
tures of the ZnO crystal faces clearly result in dif-
ferent critical coverage values.

In terms of structural resolution and real-space
probing, scanning tunneling microscopy (STM) is
the most powerful technique, and a direct imaging
study could contribute to resolving the discrep-
ancy in the results of different studies. However, as
far as we know, metal growth on ZnO has not
been studied with STM before. STM data are
scarce even for clean polar and non-polar ZnO
surfaces [10,11]. It is extremely difficult to achieve
atomic-scale resolution, mostly due to the poor
conductivity of ZnO samples. In principle, atomic
force microscopy (AFM) could be a useful tool
here, since it does not rely upon the conductivity of
the sample. However, previous studies have shown
that metal islands on insulators are often too mo-
bile for the contact AFM mode [12]. The inter-
actions between the metal islands and the AFM
tip are significant even in the non-contact AFM
mode [13].

In this work, STM has been used to study the
initial stage of Cu deposition on the ZnO(1010)
surface, as well as post-annealing effects. We found
clear evidence for the influence of substrate prep-
aration on Cu growth and on the critical coverage
for the 2D-3D transition.

2. Experimental

The experiments were carried out in an ultra-
high vacuum (UHV) chamber with a base pres-
sure of less than 1 x 107! mbar. The chamber
is equipped with the experimental facilities for
low-energy He* ion scattering spectroscopy (LEIS),
low-energy electron diffraction (LEED), and
STM.

The ZnO sample was taken from a single crys-
tal grown in the form of a hexagonal prism. The
(1010)-oriented prism face was studied without
any ex situ treatment. It was cleaned by cycles of
Ar" ion bombardment (1 keV) at room tempera-
ture (RT) and annealing up to 700 °C. Surface
cleanliness and surface ordering were probed with
LEIS and LEED, respectively. A well-defined (1 x
1) LEED pattern was observed on the clean sur-
face. The sample was heated radiatively, and its
temperature was monitored by a thermocouple
spot-welded on the sample holder.

Cu was vapor deposited onto the clean sample
at RT using a home-made evaporation source. A
piece of Cu wire (99.999% purity) was placed in a
3x 3 mm Ta basket spot-welded to a tungsten
wire. Both ends of the wire were connected to
electrodes, and the basket temperature was moni-
tored with a thermocouple. A current of 6.5 A
was used to heat the basket from RT to the
evaporation temperature of 1100 °C. The sample
was placed approximately 10 cm away from the
evaporator during the Cu evaporation. The pres-
sure during Cu deposition remained below 2 x
10~'% mbar, which is only slightly higher than the
normal operating pressure. A deposition rate of
0.0013 As™! was used in all the experiments. The
deposition rate was calibrated by a quartz crystal
microbalance before growth and checked with
STM by statistical analysis of the island densities
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and heights. The height of the clusters at the step
edges was measured from the top of each cluster to
the lower terrace. The width was measured on the
cluster’s profile cross-section between the points
on the base line where the profile line starts to
bend upwards. The tip convolution effect due to
the finite size of the STM tip was taken into ac-
count by simply using the tables of Ref. [14]. The
concentration of the deposited metal is given in the
monolayer equivalent (ML), which corresponds
to the Cu(111) packing density of 1.7 x 10" Cu
atoms per cm®. The expected thickness of one layer
of Cu(111)is 2.2 A. All STM data were recorded
in the constant-current mode at a positive sample
bias of 1.5-2.5 V and with a feedback current of
0.8-1.8 nA.

During the course of the experiments, it was
found that the exposure of the clean surface to the
residual gas in the UHV chamber has a pro-
nounced effect on Cu growth. In order to study
this effect systematically, two sets of data are
presented. For the first set, the sample surface was
kept as clean as possible before the Cu evapora-
tion. Our setup does not allow for a rapid cooling
of a hot sample, so there is a minimum waiting
period of 45 min to ensure that Cu deposition was
performed at RT. It takes an additional 2 min to
transfer the sample to the STM and 30 min to take
a data set. The results shown here were for cu-
mulative Cu depositions, without cleaning the sam-
ple in between. They do not differ substantially
from the control experiments, where a similar Cu
loading was deposited in one step. All the fila-
ments in the chamber were turned off while cool-
ing the sample. The residual gas pressure in the
chamber was 2 x 10~'" mbar under that condition.
The second set of data was taken on the sample
prepared by sputtering and annealing in the same
way. The clean surface was exposed to a very
similar Cu flux rate and dosage. However, the
sample was kept in a background pressure of 5 x
107! mbar for 3 h before the evaporation, with
the ion pump turned off and filaments turned
on. This procedure mimics Cu deposition under
“not-ideal” (but not untypical) vacuum condi-
tions. This prolonged exposure to the residual
gas in the chamber substantially affects the Cu
growth.

3. Results
3.1. Clean ZnO(1010) surface

Fig. 1 shows STM images of the clean ZnO-
(1010) surface prepared by sputtering and anneal-
ing in UHV at 700 °C for 20 min. A number of flat
terraces separated by monatomic steps running
along either [0001] (type A) or [1210] (type B)
directions can be seen (Fig. la). The geometry of
these two step types is discussed below. The aver-
age step height is 3 A, which agrees well with the
expected vertical separation of two consecutive
ZnO planes (2.8 A). On the smaller scale image
(Fig. 1b), near-atomic resolution shows bright and
dark rows running along the [1210] direction.
These rows are associated with ZnO-dimers aligned
in this direction. The resolution in this image is
not high enough to distinguish single atoms. Based

Fig. 1. STM images of the clean ZnO(10 10) surface: (a) wide-
scale image (1000 x 1000 A2, +18 V, 146 nA) showing flat
terraces separated by two types of step edges; (b) near atomic-
resolution image (250 x 250 Az’ +2.1V, 0.8 nA) showing bright
and dark rows running along the [12 1 0] direction. The surface
has been prepared by sputtering and annealing in UHV at 700
°C for 20 min.
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on the surface morphology, one would expect to
image the O atoms (they are located 0.4 +0.2 A
above Zn in the (1010) plane [15]), while the
positive sample bias in the STM measurements
makes it more probable that the bright rows con-
sist of Zn ions. These results in Fig. 1 are in good
agreement with a previous STM study of a clean
ZnO(1010) surface, see Ref. [11].

3.2. Cu growth on a clean ZnO(1010) surface

In this series of experiments, the clean sample
was prepared as described above. The STM images
of the surface after deposition of 0.025 ML of Cu
are shown in Fig. 2a. The step edges are decorated
with bright spots that are associated with Cu
clusters. Nucleation occurs mostly along the edges
of type A steps. A number of step edges that are
not perpendicular to either major direction of the
surface is observed. These are also populated with
Cu clusters. Very few clusters are seen along the
type B steps running parallel to the dimer rows.
Also, very few clusters are located on the terraces
away from the step edges, and those that are pre-
sent are located primarily on the top-most ter-
races. The inset in Fig. 2a shows a series of three
narrow terraces labeled 1-3. Interestingly, nucle-
ation occurs at the lowest step edge (3 — 2), but
no clusters are observed at the center terrace (2).
All clusters are well separated and appear to have
the same round shape. However, their exact shape
is hard to determine due to the tip-convolution
effect. From the STM images like those in Fig. 2a,
we have selected a set of well-separated Cu islands

(176 at the step edges and 37 on the terraces). The
diameter of each cluster was measured from two
perpendicular cross-sections, and the values ob-
tained were averaged. The average measured height
of the clusters is 6-9 A, which corresponds to the
thickness of 2-3 layers of Cu. The diameter ranges
from 15 to 40 A (Fig. 2c¢). (These and the subse-
quent numbers were not corrected for the tip
convolution effect.) The line profile of one of these
clusters is shown in Fig. 2b. Clearly, even at a cov-
erage as low as 0.025 ML, clusters grow exclusively
three-dimensionally.

Fig. 3 shows that as more Cu is deposited on the
surface (0.05-0.5 ML), the concentration of clus-
ters increases rapidly while their average size grows
more slowly. The density of clusters at 0.5 ML
coverage is about three times as large as that at
0.05 ML. For each coverage, the average cluster
size is the same at the step edges and on the ter-
races. The average cluster heights are 7.2, 8.9, 11.8,
and 14 A, and the average cluster diameters are 34,
36, 38, and 45 A at 0.05, 0.1, 0.25, and 0.5 ML
coverage, respectively. As the type A step edges
saturate with clusters, new clusters start to nucle-
ate on terraces and then on type B step edges.
Thus, Cu nucleates on the surface in the following
order: along the (12 10) steps — on the terraces —
along the (0001) steps.

3.3. Cu growth on the slightly contaminated ZnO-
(1010) surface

In the experiments described in this section, the
sample preparation described above was used.
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Fig. 2. (a) STM image (2000 x 2000 AZ) after the deposition of 0.025 ML of Cu at RT on a clean ZnO(10 1 0) surface, prepared as in
Fig. 1; (b) island height vs. diameter plot for a set of 176 Cu islands at the steps and 37 Cu islands on terraces; (¢) line-profile plot
showing the width and the height of a Cu island as indicated in (a).
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Fig. 3. STM images for various Cu coverages (0.05-0.5 ML) on the ZnO(1010) surface, prepared under the same conditions as in

Fig. 2.

However, before Cu was deposited, the sample
was exposed to the residual gas in the chamber,
as described in Section 2. Cu was then deposited
under the same conditions as before, and STM
images were taken. The mode of cluster growth
and distribution of nucleation centers is very dif-
ferent from the previous experiment. As shown in
Fig. 4, in the whole range of coverages (0.03-0.06
ML), Cu clusters are randomly distributed across
the substrate and no preferential nucleation sites
are observed. The line profile of two neighboring
islands from the STM image taken at 0.025 ML
coverage reveals the presence of the 2D islands,
which were completely absent in the low-nucle-
ation site density-case described in Section 3.2.
The change in the number of 2D and 3D islands
on the surface with coverage increase is shown in
Fig. 5. At the smallest coverage (0.03 ML), clusters
grow mostly two-dimensionally on the terraces,
and only a few 3D clusters are observed on the

terraces and at the step edges. As the coverage
increases, the number of 2D islands decreases
and more 3D clusters appear. At the coverage
of 0.06 ML mostly 3D clusters are present. Fig. 5
also shows that, in contrast, for Cu growth on a
clean ZnO surface, no 2D clusters are present
at the same coverage. It should be emphasized that
the observed effects were reproduced several times.
The big differences in the growth morphology
displayed in Figs. 2 and 3 are clearly attributable
to the exposure to the residual gas and not to small
variations in the surface preparation parameters
such as sputtering or annealing temperature and
time.

3.4. The effects of post-annealing of the CulZnO
growth

Finally, we investigated the effect of post-
annealing of the Cu films on a ZnO(1 0 1 0) surface.
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Fig. 4. (a, ¢, d) STM images showing the growth of Cu on a slightly contaminated ZnO(10 10) surface (same preparation as in Fig. 2,
but exposed to the residual gas at 5 x 107° mbar for 3 h); (b) the profile plot along the line in (a) shows 2D and 3D islands.
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Fig. 5. Histograms of island-height distributions for various Cu coverages deposited on the slightly contaminated ZnO(10 10) surface
and on the clean surface (last histogram). Areas of 560 x 560 A% were evaluated.

Fig. 6 shows the result of annealing the Cu/ZnO
system, prepared as in Fig. 4a, for 5 min at 450 °C.

The density of clusters decreases drastically as
large 3D islands are formed. The average island
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Fig. 6. STM images (1000 x 1000 AZ) (a) after deposition of
0.025 ML of Cu at RT on a slightly contaminated surface, (b)
followed by annealing at 450 °C for 5 min.

dimensions are 15-20 A (=7-10 layers of Cu) in
height and 40-45 A in diameter.

4. Discussion

As can be seen from Fig. 2, Cu clusters grow
three-dimensionally even at very small coverages
(0.025 ML) on a (nearly perfect) surface. Anneal-
ing the surface at a high temperature (5 min at 450
°C) results in the aggregation of all small clusters
to form a few large ones (Fig. 6). Both these ob-

servations suggest a weak interaction between the
Cu adatoms and the oxide substrate and a high
mobility of Cu at elevated temperatures.

Inspection of the distribution of the Cu cluster
nucleation sites under different preparation con-
ditions results in two interesting observations.
First, on clean surfaces prepared under conditions
of low exposure to the residual gas of the chamber,
nucleation of exclusively 3D islands is strongly
preferred along the step edges running perpendic-
ular to the [1210] direction as well as the step
edges cutting across the rows of dimers. At low
coverages, no nucleation is observed along the step
edges running parallel to the [1210] direction
(Fig. 2). Second, the presence of adsorbates on the
surface drastically changes the Cu growth mode,
as it removes any preference in nucleation site
distribution and allows 2D growth (Fig. 4). Before
discussing these results, it is useful to recall the
geometric structure of ZnO(1010).

In general, the clean ZnO(1010) surface ob-
served in our experiments corresponds well with
the previous experimental and theoretical data
[11,16]. The geometry of a terrace on top of a
ZnO(1010) surface is shown in Fig. 7. The con-
cept of autocompensation [17] is useful for pre-
dicting the step geometry on metal oxides with a
high degree of covalent character [18]. The (1010)
surface itself is autocompensated since it has
an equal number of Zn and O ions per unit area
and only one bond per atom is broken when the
surface is created. The type A and B step faces
consist of stable low Miller index (1210) and
(0001) planes, correspondingly. The (1210) face
of type A steps is also an autocompensated sur-
face, whereas the (000 1) faces of type B steps are
polar and have either zinc or oxygen termination.
One could expect that the different step edges ex-
hibit different chemical reactivities, which could
affect the nucleation mechanisms. However, this is
clearly not the case in our study, since both kinds
of type B step edges are not decorated with clus-
ters, although they have a very different termina-
tion. Thus, kinetics are essential for the Cu/ZnO
system.

As shown in Fig. 7a, the oxygen atoms in the
top-most layer are slightly elevated above the
Zn atoms in the dimers. This creates “trenches”
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Fig. 7. (a, b) Perspective views of the bulk-terminated ZnO
crystal. Two major step orientations are shown: perpendicular
to the dimer rows (step A, in the plane of the picture) and
parallel to the dimer rows (step B, into the plane of the picture).
Notice the two different terminations of the B steps. “Trenches”
of dimer rows run along the [1210] direction. Secondary Cu
diffusion trenches run along A step edges in the [000 1] direc-
tion. (c) Schematics of the proposed nucleation mechanisms.

(channels between dimer rows) running along the
[1210] direction. Only type A steps, as well as
steps cutting across the dimer rows, are populated
with clusters. This suggests that diffusion of Cu
along the surface is much faster along the [1210]
direction than along [0001], as if Cu adatoms
were confined to move along the trenches. When
an adatom on an upper terrace encounters a down-
step, it could jump to the lower terrace across the
step. Alternatively, if its diffusion energy is less
than the Ehrlich-Schwoebel barrier [8,9], it would
be reflected from the step edge. Then only adatoms
bumping into an up-step when moving along the
[1210] direction on the lower terrace would con-
tribute to cluster nucleation. The second scenario
is more likely during initial stages of the step
decoration process. This is confirmed by the ob-
servation that the number of islands at the step
edges is roughly proportional to the area of the

terrace on the lower and not the upper side of the
step edge. Consider, for example, terraces 1, 2, and
3 on the inset of Fig. 2a. The step edge between
terraces 1 and 2 is not decorated with islands, since
terrace 2 is too narrow to have enough adatoms of
its own. The step edge between terraces 2 and 3, on
the other hand, is populated since terrace 3 is wide
and collects sufficient adsorbed Cu. When an ad-
atom approaches the step edge from the lower
terrace side, it is easily incorporated into the step
edge since this is an energetically favorable high-
coordinated adsorption site. Such adatoms now
act as nucleation sites and they trap incoming Cu
atoms from both the lower and upper terraces.
Due to strong Cu-Cu interaction, the Ehrlich—
Schwoebel barrier at the nucleation sites becomes
lower. Therefore, adatoms incoming from the
upper terrace can now jump down and contribute
to the 3D growth of clusters even at the smallest
coverages (Fig. 7¢). Moreover, adatoms incoming
at the step edge along the trench can “see” clusters
nucleated at the neighboring trenches, also due to
the strong Cu—Cu interaction. They can migrate
in the [000 1] direction along step A, as shown in
Fig. 7b—also contributing to the 3D growth of the
islands.

A few islands were observed on terraces. This
could be due to defects that act as nucleation sites
or to a nucleation mechanism where two diffus-
ing Cu adatoms meet. The former is hardly the
case, although the influence of point defects on
nucleation-site distributions was demonstrated in
the case of Pd deposited onto a TiO,(1 10) surface
[19]. It was shown that on a mildly reduced titania
surface Pd, nucleates preferentially at the step
edges, whereas on a strongly reduced sample Pd
nucleated on the terraces as well. However, we
exclude the effect of point defects in the Cu/ZnO
experiment, since previous studies indicate that an-
nealing of a stoichiometric ZnO(1010) surface
even at temperatures higher than 700 K produces
negligibly small O-vacancy defect concentrations
(<1 x 107* ML) [20], and we observed both pref-
erential and random nucleation site distribution
on samples prepared with the same heat treatment
procedure. The second nucleation mechanism is
supported by observations of increased Cu island
concentration on the top-most terraces (Fig. 2a).
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The probability of two Cu adatoms meeting
each other is increased on the top-most terraces,
since they reflect off of the Ehrlich—-Schwoebel
barrier at the step edge. They do so until they
bind either to another diffusing adatom on the top-
most terrace or with the Cu atoms incorporated
at the step edge from below. These islands also
grow three-dimensionally from the very beginning
(0.025 ML).

The influence of the residual gas pressure on
metal overlayer growth on metallic surfaces has
been studied only recently [21]. Unfortunately,
such contaminants are very hard to detect on the
surface with the techniques available to us. The
main components of the residual gas and corre-
sponding exposures (3 h at 5 x 107! mbar) were
H,O0 (44% and 2 Langmuir (L)), CO (40% and 2 L),
H, and CO, (7% and 0.3 L each). Thus, the to-
tal exposure was 5 L, which is 24 times larger
than the 0.2 L exposure under normal operating
conditions (45 min at 10~!° mbar). Any of these
contaminants could affect Cu nucleation and
growth on ZnO in different ways. Adsorbed gas
molecules

(i) at step edges can prevent Cu adatoms from
nucleating at these preferred sites;
(i1) can act as additional sites for Cu cluster nucle-
ation; or
(iii) can affect Cu—Cu and Cu-substrate interac-
tions and, thus, the mobility of Cu on the sur-
face.

The interaction of each of the main constituents of
the residual gas (CO, CO,, H,0, and H,) with the
ZnO(1010) surface and with Cu was evaluated
from literature data in order to assess their influ-
ence on the nucleation process.

A number of research groups have studied CO
and CO, adsorption on clean ZnO surfaces at
different temperatures with a variety of techniques.
Angle-resolved photoelectron spectroscopy [22,
23], ultraviolet photoelectron spectroscopy (UPS)
[24], and He-II valence band measurements [4]
clearly indicated that CO binds to the Zn site
carbon-end-down on the ZnO(1010) surface at
low temperatures (<200 K). [22]. This was also
confirmed by theoretical cluster calculations [25,

26]. Carbon monoxide displacement from the
surface by the residual H,O was observed at 77 K
[22]. CO adsorption at RT is very weak on the
ZnO(1010) surface. The increase in electrical
conductivity and electronic work function and the
results of subsequent thermal desorption mea-
surements upon CO exposure on ZnO(1010) at
RT were interpreted in terms of the formation of
chemisorbed CO, and O vacancies at the surface
[27]. Thermal desorption experiments after RT CO
adsorption on the stoichiometric (1010) surface
found CO, desorption peaks [27-29]. The CO ex-
posure and corresponding coverage in these ex-
periments were ~1 L (1.33 x 10~° Pa for 2 min)
and 2.5 x 107* ML. The estimated exposure for
the case of a ‘slightly contaminated’ surface was
twice as much, thus it is feasible that CO adsorp-
tion plays a role in the Cu nucleation. However,
CO adsorption on ZnO(1 01 0) at RT was reported
as undetectable in Ref. [30].

CO, can exist on ZnO(1010) in both weakly
(“physisorbed”) and strongly (“chemisorbed’)
bound states [31]. The reversible adsorption and
desorption of CO, at 298-473 K with a sticking
coefficient of 0.6 was found on the stoichiometric
(1010) surface [27]. Thermal desorption mea-
surements were performed on ZnO after CO, ex-
posure at P = 1.33 x 1073 Pa for 2 min (1 L and
1.4 x 1072 ML) [29]. Three CO, desorption peaks
associated with different adsorption sites were
observed. Interestingly, the intensity of the CO,
desorption peak was found to depend strongly on
the cooling time before adsorption (10 min to 12 h
waiting time with the base pressure of 1078 Pa).
This was attributed to the amount of the adsorbed
residual H,O.

H,O adsorbs on ZnO(1010) at low tempera-
ture (130 K) with a sticking probability close to 1
[32]. The adsorption of H,O on ZnO(1 010) at low
temperature was studied in thermal desorption
and UPS experiments [33]. At monolayer coverage,
the binding to Zn sites was found to be stronger
than to O sites. No detectable H,O adsorption was
observed at RT [32].

Molecular hydrogen does not interact with ZnO
surfaces at low partial pressures. Its sticking co-
efficient is small compared to that of atomic hy-
drogen, and dissociative adsorption is significant
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only at high concentrations (one H, molecule per
Zn-O dimer on the surface) [34]. Under UHV
conditions, no dissociative adsorption of H, was
found [30]. Atomic hydrogen interacts strongly
with ZnO(1010), acting as a donor. It should be
mentioned that the filament of an ion gauge, which
can produce atomic hydrogen from H, in the
UHYV environment, was left on during this part of
the experiment. The interaction of atomic hydro-
gen with stoichiometric ZnO(1010) has been
studied theoretically by means of cluster calcula-
tions [34,35]. The H adsorption is believed to occur
at surface zinc and oxygen atoms. The O-H bond
is strong compared with the O-metal bond in the
bulk of the oxide.

Oxygen constitutes only a small fraction
(<0.3%) of the residual gas in the chamber and
was found to adsorb on ZnO with very low stick-
ing probability [16,32]. Therefore, its effects on the
processes on the surface are neglected.

The cited literature data on the adsorption of
the different gases partially contradict each other,
and it is not straightforward to conclude which
one, or which combination, of the relevant gases,
affects the Cu nucleation the most. However, CO
and/or CO, are the most likely candidates as both
gases interact strongly with Cu supported on ZnO.
It is generally agreed that CO chemisorbs on a Cu-
promoted catalyst more strongly than on a clean
ZnO surface. The nature of active sites on such
catalysts is not very well understood. It has been
proposed that Cu* are the active centers for CO
adsorption and methanol synthesis [36-38]. Stud-
ies using LEED, work function measurements,
ion-scattering spectroscopy, and XPS demon-
strated that Cu is cationic at very low coverages
[3,5,38]. However, another electron spectroscopy
experiment showed that even at very low cover-
ages, Cu can be mostly in the metallic state. A
submonolayer of Cu on the ZnO(1010) surface
can drastically enhance its ability to adsorb CO
with the binding energy of CO similar to that on
metallic Cu surfaces [39]. A theoretical study of
CO on clean and Cu-doped ZnO(1010) also in-
dicated that the ZnO-CO interaction is much
weaker than the Cu—CO bonding [40]. Thus, small
amounts of CO on the surface would present fa-
vorable nucleation sites for Cu (process (ii), see

Fig. 7c). If one assumes that each Cu cluster on a
terrace has nucleated at one adsorbed CO mole-
cule, the corresponding CO coverage for a typical
data set (e.g., the first histogram in Fig. 5) would
amount to 5 x 1073 ML. The sample was exposed
to 2 L CO, thus a very small sticking coefficient is
needed to yield the inferred number of adsorption
sites. An inactivation of step edges by adsorbed
CO molecules (process (i)) is probably a minor
effect, since CO was shown to nucleate on terraces
rather than at step edges [23]. CO, was also shown
to nucleate on (101 0) terraces rather than at steps
with Zn edge atoms (type B steps) [16].

‘Surfactant’ experiments support the conjec-
tured role of CO on the adsorption and nucleation
process. On polar (0001) faces of ZnO, vapor-
depositing Cu in the presence of CO in the gas
phase was found to cause the metal islands to
spread more effectively and cover a larger fraction
of the substrate [41]. Similar effects were reported
for Pt deposition on TiO,(110) [42]; Pton Pt(111)
[21]; Ir on TiOy(110)-(1 x 2) [43,44]; and Al on
NiAl(110) with subsequent exposure to water
[45]. An energetic model proposed by Ernst et al.
argues that this effect is thermodynamically rea-
sonable [3].

5. Conclusion

Cu nucleation on the ZnO(1010) surface de-
pends strongly on surface defects such as step
edges and adsorbates. On clean surfaces, clusters
grow almost exclusively three-dimensionally at the
step edges oriented perpendicular to the [1210]
direction from the lowest coverages, while the
terraces remain mostly free of islands. Selective
clustering of Cu along the non-polar [1210] steps
suggests that Cu adatoms diffuse on the surface
preferentially along the [12 10] direction until they
are stopped at the step edges or other defect sites.
Further growth of Cu suggests preferential nucle-
ation in the following order: along the (1210)
steps — on the terraces — along the (000 1) steps.
In contrast, surfaces contaminated with residual
gas from the UHV chamber reveal the nucleation
and growth of both 2D and 3D clusters randomly
distributed across the entire surface. It is proposed
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that a strong interaction of Cu with adsorbed CO
and/or CO, molecules causes a decrease in diffu-
sion length, possibly by providing stable nucle-
ation sites at the flat terraces. This is the first
observation of such a dramatic influence of the
residual gas at such small pressure on the metal/
oxide growth mode, and it shows the importance
of surface preparation for metal/oxide experi-
ments. Impurities from the residual gases in a
UHYV chamber can affect the experimental results
dramatically—yet, they are very hard to avoid.
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