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Abstract. In scanning tunnelling microscope images of thin Al,O3-films
grown on NizAl(111) at 1000 K two super-lattices with periodicities of 2.6 and
4.5 nm, respectively, can be identified. These well-ordered nanostructures can
be used as nucleation centres for metal particle growth. It can be shown that
both nanostructures act as a template for the fabrication of ordered assemblies
of metal clusters by mere physical vapour deposition. The degree of ordering of
these nanostructures is largely dependent on the metal deposited. Here we report
on the growth of Cu, Ag, Au, Mn, and V clusters on the Al,O3-films. The best
results as far as ordering of the clusters is concerned was reached for V deposition
at 550 K, which resulted in a nearly perfect hexagonal array of clusters with a
spacing of 2.6 nm.

1. Introduction

The realization of ordered arrays of well-defined, equally sized (monodisperse) nanoclusters
is the goal of many efforts in view of the development of new electronic and optoelectronic
devices. Such cluster arrays would also be helpful for the study of the basic mechanisms

1 Author to whom any correspondence should be addressed.

New Journal of Physics 4 (2002) 75.1-75.15 Pll: S1367-2630(02)39334-0
1367-2630/02/000075+15%$30.00 © IOP Publishing Ltd and Deutsche Physikalische Gesellschaft


mailto:cb@uni-bonn.de
http://www.njp.org/

75.2 Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

that determine the activity of heterogeneous catalysts. Here we report the realization of
such periodic cluster arrays by mere vapour deposition. The intrinsic properties of the
well-ordered hexagonal superstructure of alumina films grown on NizAl(111), used as a
template for the deposition of various metals, appear to lead under defined experimental
conditions to the sought ordered nucleation of metal clusters and the formation of monodisperse
nanoclusters.

Much attention has lately been paid to the structuring of surfaces on the nanometre scale
because of the unique properties of these structures and their potential use in the fabrication
of nanoscale materials. A variety of methods has been successfully applied to the problem of
nanofabrication such as laser-beam assisted deposition [1], deposition of colloidal particles [2],
electron beam lithography [3], and atomic manipulation with the scanning tunnelling microscope
(STM) [4]. While the latter two techniques share the high lateral resolution they both rely on a
time consuming serial fabrication process. In this respect the former two methods are more apt
for the fabrication of nanostructured surfaces; however, they are limited to lateral dimensions
larger than 10 nm.

All these methods involve direct instrumental manipulations and are less dependent
on the specific physical properties of the substrate. In contrast, a different approach has
been recently proposed in which the intrinsic properties of the substrate are exploited in
order to produce nanoscale structures. Strain—relief patterns and misfit dislocations of the
substrate surface have been used to nucleate metallic nanostructures [5, 6] and Ge islands [7],
respectively. The specific structures of the substrate used as a template for physical vapour
deposition (PVD) lead to the formation of nanostructured arrays. This approach has the
potential to achieve well-ordered nanoscale arrays in a single run by a self-organized process.
Relying on specific properties of the substrate it is, of course, limited to a certain choice of
materials.

In the present investigation we show that this approach is also applicable to the growth of
ordered nanoscale arrays of metal clusters on oxide surfaces: here, in particular, thin alumina
films on NigAl(111). This opens up a pathway to a novel strategy for the control of cluster
nucleation.

Since the substrate is the determining factor we will discuss its properties first in some
detail. The growth of well-ordered alumina films has been the subject of a large number
of investigations [8]. These studies have shown that, in order to grow such films of high
structural quality with a low density of defects, temperatures above 1000 K are needed. This high
temperature excludes the direct oxidation of aluminium due to its low melting point. Instead,
Ni/Al alloys have been employed by a number of research groups since they possess high melting
points and the Al needed for the film growth is supplied by segregation from the bulk at elevated
temperature. It is, for instance, well established that the oxidation of the NiAl(110) surface at
temperatures above 1000 K leads to an Al;Oj3 film of 0.5 nm thickness [9]. On this film, however,
the nucleation is either dominated by structural domain boundaries at higher temperatures (300 K)
or by point defects at low temperatures (100 K) [9].

Unlike the Al,O3 overlayers on NiAl(110) the oxidation of a NizAl(111) surface at 1050 K
leads to the formation of extremely homogeneous and defect-free Al;O3 films [10, 11]. STM
images of these latter films exhibit two nanoscopic superstructures [11]. The emergence
of the superstructures in the STM images is closely related to the electronic band structure
of the film [12]. Just at the lower edge of the Al,O3; conduction band (at an STM bias
voltage of Ug = +2.3 V) a hexagonal dot pattern with a lattice constant of 4.5 nm is
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visible in the STM images. This pattern, hitherto called ‘dot structure’, changes into a
2.6 nm structure of hexagonal symmetry (‘network structure’) if the tunnelling proceeds
into the conduction band of the alumina film at a sample bias above Up = +3.2 V.
There exists a (\/§ X \/§)R3OO relation between the ‘network structure’ and the ‘dot
structure’ [11]. The origin of the two superstructures has not been fully explained yet but
it can be shown that it is related to the lattice mismatch of the substrate (a;, = 0.254 nm)
and the oxide film (a,, = 0.304 nm). The strong bias dependence of the structures
in the STM images suggests that the electronic properties of the film are periodically
modulated. In this work we will present results that show that both the ‘dot’ and the
‘network structure’ can act as a template for the nanostructured growth of metal particles on
the oxide film.

2. Experimental details

All experiments were conducted in an ultrahigh vacuum (UHV) system equipped with a STM,
an Auger electron spectrometer (AES), a quadrupole mass spectrometer (QMS), and a vibrating
capacitor Kelvin probe for work function change measurements. The base pressure of the
UHV system was below 2 x 107® Pa. A NizAl(111) single crystal (MaTeck, Jiilich) with a
diameter of 7 mm and a thickness of 2 mm was used which was oriented within 0.5° of the
(111) direction. The sample was cleaned by repeated cycles of Ar™ ion sputtering (2.5 keV,
7.8 pA cm~?2) and subsequent annealing for 7 min at 1150 and 1000 K. The temperature
of the sample could be varied between room temperature and 1400 K by direct heating
monitored by a type K thermocouple which was spot-welded into a small hole on one side
of the crystal. The cleanliness and composition of the thus-prepared NizAl(111) surface was
monitored by AES.

The oxide film was prepared by exposing the sample surface to 50 L oxygen (99.998%
purity, Linde) at a sample temperature of 1000 K and an oxygen partial pressure of 2 x 107 Pa.
Following the oxygen exposure the temperature of the sample was raised to 1050 K for 5-
7 min. The quality of the oxide film was then analysed with STM at room temperature. If
necessary the oxidation procedure was repeated until a closed and well-ordered oxide film
was obtained.

All metals were deposited by PVD. Cu, Ag, and Au were evaporated from an open tungsten
basket. For Mn a Knudsen cell with an alumina crucible was used. In the case of V a rod was
used, which was heated by electron bombardment. During deposition the pressure in the UHV
system was in the 10~® Pa range. Only in the case of V did a stronger pressure increase occur,
which, however, did not apparently influence the quality of the deposited structures. Since not
all the evaporators were calibrated, the amount of the deposited metal was determined from the
STM images.

3. Results

One of the problems encountered when imaging clusters on oxide films is that the apparent
structure of the film itself in the STM images is strongly bias dependent. Hence, favourable
imaging conditions for the detection and identification of the clusters have to be established.
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Figure 1. STM images of Ag clusters on Al;O3/NigAl(111). The images were
taken at approximately the same position of the sample with different bias voltages
((@: Uy =21V, (b): Uy, = 3.2 V). The tunnelling current was /; = 100 pA in
both cases. The image size is 60 nm x 60 nm.

The situation is depicted in figure 1. Here a small amount of Ag was deposited. Figure 1(a)
shows the resulting STM image for a bias voltage of U, = 2.1 V. Under these imaging conditions
both the clusters and the ‘dot structure’ appear as protrusions. Some of these protrusions appear
bigger than others suggesting that they are caused by clusters. The situation can be clarified
by looking at the image b, which has been acquired at a bias voltage of U, = 3.2 V. In this
case the ‘network structure’ is visible, only the clusters are imaged as protrusions. The yellow
arrow in both images marks the same cluster. This example proves that the big protrusions
in figure 1(a) are clearly caused by clusters. Furthermore, the images show that different bias
voltages should be used for different purposes. In order to unambiguously identify clusters,
either low (U, ~ 0.7V, see figure 4(a)) or high bias voltages (U, > 3.0 V) should be used. To
establish the geometrical relation between the ‘dot structure’ and the clusters the bias voltage
should be in the range of 2.0 V < U, < 2.8 V where both the clusters and the ‘dot structure’ are
visible.

The first metal we used for cluster growth was Ag, the reason being that Ag is used in
industry as the prime ethene epoxidation catalyst [15]. Figure 1(a) shows the situation for a
small coverage of Ag, which was deposited at room temperature. It is clearly visible that the Ag
forms clusters and the clusters grow exclusively on sites of the ‘dot structure’. Apparently, the
protrusions that form the ‘dot structure’ act as nucleation centres for the cluster growth. This
situation, however, changes when larger amounts of silver are deposited (figure 2). Under these
conditions, rather large agglomerates of Ag are formed, the size of these exceeding the lattice
constant of the ‘dot structure’ (4.5 nm). Hence, no correlation between the Ag aggregates and
the oxide structure exists. This suggests that in this case the mutual Ag—Ag interaction exceeds
the Ag—oxide interaction favouring the formation of larger Ag islands. An indication of the
weak Ag—oxide interaction is also given by the existence of Ag islands with sharp lower edges
(arrows). Here the STM tip has apparently carried away the lower part of the Ag islands during
the scan.

Since the ultimate goal of our investigations was to generate ordered arrays of clusters we
turned our interest away from Ag and decided to systematically look at the growth of the two
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Figure 2. STM image of Ag clusters on Al;O3/NigAl(111). The bias voltage
was U, = 0.7 V; the tunnelling current was [, = 100 pA. The image size is
80 nm x 80 nm.

Figure 3. STM images of Au clusters on Al,O3/NizAl(111) for different
coverages. The images were taken at bias voltages of U, = 2.1 V (a) and
Uy, = 0.7 V (b)—(d), respectively. The tunnelling current was [; = 100 pA
in all images. The image size is 60 nm X 60 nm for all images.

New Journal of Physics 4 (2002) 75.1-75.15 (http://wuw.njp.org/)


http://www.njp.org/

75.6 Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

Figure 4. STM images of Cu clusters on Al,O3/NizAl(111) for different
coverages. The images were taken at bias voltages of U, = 2.1 V (a) and
U, = 0.7 V (b)—(d), respectively. The tunnelling current was [; = 110 pA
(a), (c) and I; = 120 pA (b), (d). The image size of (a) is 72 nm X 72 nm. The
other images have been scaled accordingly.

other noble metals Au and Cu. In figure 3 the growth of Au on AlyO3/NizAl(111) is depicted.
The situation for low Au coverage deposited at room temperature (figure 3(a)) is similar to
that at low Ag coverage. Again, quite a few Au clusters can be identified. All these clusters
sit on the ‘dot structure’ indicating that, as in the case of Ag, nucleation preferentially takes
place on this structure. At higher Au coverage this effect is, however, again dominated by the
creation of larger Au aggregates (figure 3(b)). Further increase of the amount of deposited Au
leads to the growth of granular films (figure 3(c)) and eventually to closed Au films with rather
large islands (figure 3(d)). Again the Au—Au interaction obviously surmounts the Au—oxide
interaction.

To complete the series of noble metals Cu was deposited at room temperature. As in the
case of Ag and Au an initial nucleation on the ‘dot structure’ is found (figure 4(a)) proving that
the growth is indeed governed by the protrusions of the dot structure. Unlike for the two other
noble metals, however, this selective growth on the ‘dot structure’ persists for higher coverage
(figure 4(b)). In figure 4(c) a clear indication for well-ordered cluster growth is visible. In several
parts of the STM image well-ordered hexagonal arrays of Cu clusters are present. At even higher
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Figure 5. Radial distribution functions calculated from the STM images in
figure 4. The lettering of the curves reflects the lettering of the STM images.

Cu coverage this order is, however, partially lost, but the clusters, unlike as for Ag and Au, stay
rather small and do not form large aggregates (figure 4(d)). The remarkable degree of order that
is reached for Cu clusters can also be seen in the radial distribution functions of the clusters in
figure 5. These were calculated for the STM images in figure 4 by analysing the distance from the
centre of each individual cluster to the centres of all other clusters. Clearly, a peak around 4.5 nm
can be seen in the radial distribution function corresponding to the nearest-neighbour distance
for the clusters. Since this value is also equal to the lattice constant of the ‘dot structure’, this
again proves that the ‘dot structure’ acts as template for the cluster growth providing an ordered
array of nucleation centres. From the absence of any longer range peaks in the radial distribution
functions it can be concluded that in the case of Cu clusters order is a local phenomenon. It can
be inferred that the reason for the higher order in the Cu/Al;O3/NizAl(111) systems compared
to the other noble metals is related to the stronger Cu—oxide interaction. We will address this
point in section 4.

Based on these findings we turned our attention to two metals, which possess an even
stronger metal-oxide interaction: Mn and V. For Mn again the room temperature deposition
was studied. The results are depicted in figure 6. For low coverage (figure 6(a)) apparently a
similar situation as for Ag, Au, and Cu is encountered. The clusters show a certain tendency for
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Figure 6. STM images of Mn clusters on Al,O3/NizAl(111) for different
coverages. The images were taken at bias voltages of U, = 0.7 V. The tunnelling
current was [; = 330 pA. The image size of (a) is 65 nm x 65 nm. The other
images have been scaled accordingly.

ordering and hexagonal arrangements of Mn clusters are visible in the image. However, if we
analyse the images more closely a new feature becomes visible. The radial distribution function
in figure 7(a) shows not only the expected peak at 4.5 nm corresponding to the ‘dot structure’,
but also a peak at 2.6 nm, which can be related to the ‘network structure’. This is a new feature,
indicating that in the case of Mn not only the ‘dot structure’ but also the ‘network structure’
acts as a nucleation centre. This situation persists at higher Mn coverage (figure 6(b)) where

New Journal of Physics 4 (2002) 75.1-75.15 (http://wuw.njp.org/)


http://www.njp.org/

75.9 Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

60—

40

cluster count
(@]

20

0 2 4 6 8 10
cluster spacing [nm]

Figure 7. Radial distribution functions calculated from the STM images in
figure 6. The lettering of the curves reflects the lettering of the STM images.

clusters grow on both the ‘network’ and the ‘dot structure’. However, the peak around 2.6 nm
is now smaller in relation to that at 4.5 nm, indicating that a preference for the ‘dot structure’
still exists (figure 7(b)). Only at very high Mn coverage is the order lost, and large Mn particles
are formed (figure 6(c)). This is also visible in the radial distribution function (figure 7(c))
where a first maximum appears around 8 nm, which reflects the average size of the Mn clusters
in the image.

Finally, the growth of V at room temperature has been investigated. In figure 8, a series
of STM images for different V coverages is shown. It can be seen that, beginning at low
coverage, the growth is relatively well ordered. However, the size distribution of the clusters
is not very uniform. This behaviour persists even at higher coverage (figures 8(b) and (c)).
The corresponding radial distribution functions in figure 9, however, indicate a high degree of
spatial order for the two highest coverages. Clear maxima can be seen around 2.6 and 4.5 nm.
This has led us to the conclusion that the formation of small clusters is favoured. Accordingly
the substrate temperature during growth was increased in order to facilitate the diffusion of V.
The result of these experiments is shown in figure 10. At a substrate temperature of 550 K a
nearly perfect hexagonal array of V clusters is obtained (figure 10(a)). From this STM image
an autocorrelation image was calculated (figure 10(b)). The hexagonal order of the cluster array
is clearly visible. Furthermore, the high degree of spatial order is reflected by the fact that the
hexagonal order extends over a long range in the autocorrelation image. Closer inspection of the
structure reveals that V prefers to grow on the ‘network structure’. This immediately becomes
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Figure 8. STM images of V clusters on Al,O3/NizAl(111) for different
coverages. The images were taken at bias voltages of U, = 0.7 V. The tunnelling
current was [; = 110 pA. The image size is 80 nm X 80 nm.

obvious in figure 11 where the radial distribution function of the STM image in figure 10 is
compared to the radial distribution function of the network structure. This is a surprising result
since all other metals had a preference for growing on the ‘dot structure’. However, in the case of
Mn a small deviation from this behaviour has already been found. We discuss possible reasons
for this change of behaviour in the following section.

New Journal of Physics 4 (2002) 75.1-75.15 (http://wuw.njp.org/)


http://www.njp.org/

75.11 Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

)

=

[

5

Qo a

S,

—

C

5

(@]

(&]

S

(0]

o

>

w

© b
C

0 2 4 6 8 10
cluster spacing [nm]

Figure 9. Radial distribution functions calculated from the STM images in
figure 8. The lettering of the curves reflects the lettering of the STM images.
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Figure 10. (a): STM image of V clusters on Al;O3/NizAl(111) grown at a
substrate temperature of 75,;, = 550 K. The image was taken at a bias voltage of
Uy, = 0.7 V. The tunnelling current was I; = 100 pA in both cases. The image
size is 125 nm x 125 nm. Image (b) shows the autocorrelation image calculated
from (a).

4. Discussion

A first indication about the metal-oxide interaction strength can be derived from the heat
of formation of the respective metal-oxide species. An overview of these values is given
in table 1.

New Journal of Physics 4 (2002) 75.1-75.15 (http://wuw.njp.org/)


http://www.njp.org/

75.12 Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

)
=
c
5
g
e
S,
< b
]
o
o
1
QO
e
@
=
o
a

0 2 4 6 8 10
cluster spacing [nm]

Figure 11. Radial distribution functions of the ‘network structure’ of the alumina
film (curve a) and of the clusters in figure 10 (curve b).

Table 1. Heats of formation referred to one mole of atomic oxygen of various
metal-oxides. Adhesion energies F,q, of various metals on alumina [17].
Cohesive energies E.,, of the same metals.

—AfHO Eadh Ecoh
Metal (kJ mol™1) (mIm~2) (kI mol™)
Au < 07[16] 265 379
Ag 31 [18] 323 285
Cu 157,169 [18] 490 337
Mn 260, 385 [18] 863, 1285 282
Y 310,432 18] — 512
Al 559 [18] — —

The first obvious conclusion is that for all metals employed in this study the heat of formation
ArH 0 of the respective oxide is smaller than that of Al,O3. This indicates that a reduction of the
alumina film by the deposited metal is not likely at the low temperatures applied during growth.
Furthermore, the adhesive energies F, 4, show qualitatively the same behaviour as the heat of
formation indicating that the interaction strength between metal and alumina film increases in
this series from Au to V.

The first observation concerning the nucleation and the growth of the particles on the
alumina film is that at low coverage all metals used in this study show a strong preference for
nucleation on the ‘dot structure’, a fact which can be related to the ‘dot structure’ as providing
the nucleation centres, which has already been demonstrated for Mn clusters on these films [13].
Apparently this structure provides nucleation sites for clusters very much like defects on, for
example, MgO [14], suggesting that heterogeneous nucleation governs the growth.
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Figure 12. Number densities of the clusters as a function of covered surface
area. The covered surface area was calculated from the ratio of surface area
covered by clusters and the total surface area of the respective STM image. The
value 91.6% corresponds to a hexagonal close-packed array of spherical particles.
The number densities of equivalent sites of the ‘dot’ (blue line) and the ‘network
structure’ (red line) are also shown.

This leads to the question of whether the further cluster growth is thermodynamically or
kinetically controlled. In the high-coverage regime the growth behaviour becomes distinct
for all the different metals. This is summarized in figure 12 where the number density
of clusters is displayed as a function of occupied surface area. Here the number density
reaches a distinct value for the each metal. Not surprisingly, the values reached for V and Cu
clusters—the metals for which the highest order of the cluster arrays was obtained—correspond
roughly to the number densities calculated for sites of the ‘network’ and the ‘dot structure’,
respectively.

However, the general ranking of the metals is neither in line with the strength of the metal—
oxide interaction strength nor with the adhesive and cohesive energies. In particular, for Mn a
much lower number density is obtained than for V even though the interaction strength of Mn
is comparable to that of V. This behaviour can be qualitatively understood if we take a look at
the cohesive energies of these metals (table 1). Since the metal-oxide interaction for V and
Mn is roughly of equal strength the cohesive energy of the metal itself should play a crucial
role. Indeed, we see that the cohesive energy of manganese is much smaller than that of V.
Accordingly, the tendency for forming small particles at the expense of contact area between
metal and oxide will be smaller for Mn than for V. This will ultimately lead to larger Mn particles
at high coverage, as is observed in the STM images.
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In general, one could argue that metals with higher cohesive energies tend to form smaller
particles thus yielding ordered cluster arrays. This would also apply to Cu, which indeed shows
this behaviour, but also to Au. In the latter case the small adhesive energy should even favour
the growth of particles. Instead, growth of granular films and eventually rather smooth films is
observed. We, therefore, concluded that the most important fact for the generation of ordered
cluster arrays, besides the presence of appropriate nucleation centres, is growth kinetics. This
has been demonstrated for V where the increase of the substrate temperature to 550 K during
growth yielded almost perfectly ordered cluster arrays.

The question concerning the kinetics of the growth process of clusters becomes even more
pending when one considers recent results by Carrey et al [19] on the mobility of small Au
particles on amorphous alumina. They were able to show that defects of the alumina act as
nucleation centres, but that above a critical size the thus-formed clusters detach again and become
mobile. This result suggests that the growth of the clusters may, indeed, be more complex than
we used to think. Thus, not only the macroscopic parameters of the growth process such as
impinging metal flux and substrate temperature have to be considered, but also the microscopic
details, such as mobility of metal atoms and clusters as well as stability of nucleation centres as
a function of cluster size. This calls for experiments at low temperature where these parameters
are directly accessible by STM.

5. Conclusion

The room temperature growth of Au, Ag, Cu, Mn, and V clusters on thin alumina films on
NizAl(111) has been investigated by STM. It has been shown that at low coverage these metals
nucleate preferentially on the nanoscopic ‘dot structure’, which is visible in the STM images
of the oxide film. At higher coverage the growth shows big variations between the employed
metals. Whereas the deposition Au, Ag, and Mn did not lead to the desired formation of ordered
cluster arrays at high coverage, the growth of Cu and V at room temperature resulted in the
formation of rather well-ordered cluster arrays. For V the homogeneity of the cluster array could
be improved by deposition at elevated substrate temperature (550 K).

The results show that ordered arrays of metal clusters can be manufactured by mere PVD
using a thin alumina film on Niz3Al(111) as a template. In this case, the nucleation of the clusters
is controlled by the nanoscopic superstructures of the film; the ‘dot structure’ and the ‘network
structure’, respectively.
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