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Size-selected Mon
�, Wn

�, and Fen
� cluster anions are deposited on a weakly interacting substrate

(highly oriented pyrolytic graphite) and studied ex-situ using atomic force microscopy. Depending

on size, three growth modes can be distinguished. Very small clusters consisting of less than 10–30

atoms behave similar to atoms and coalesce into 3-dimensional bulk-like islands. Medium sized

clusters consisting of hundreds of atoms do not coalesce and follow a Stanski-Krastanov growth

pattern. At low coverage, an almost perfect monolayer is formed. This is a new finding different

from all previous studies on deposited metal clusters. For clusters with several thousands of atoms,

the growth pattern again changes. At low coverage, the substrate is dotted with individual clusters,

while at high coverage, the surface becomes extremely rough. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4921184]

INTRODUCTION

Clusters contain an ensemble of bound atoms whose

size is intermediate between an individual atom and a bulk

solid. As such, clusters are a unique class of materials,

which continue to attract intense scientific interest due to

the fact that they often exhibit extraordinary electronic, opti-

cal, and catalytic properties, etc.1–3 Metal clusters are of

particular interest. Many of their features are strongly size-

dependent, e.g., gold clusters catalyze CO oxidization at

low temperatures, whereas bulk gold is chemically inert.4

Synthesizing materials from highly functional metal clusters

may open the gateway to the creation of novel classes of

materials. Such materials can be used in a multitude of

applications like catalysts, electrode materials, sensors, or

solar cells, etc., and therefore efforts have been undertaken

to synthesize them.5 However, for metal clusters, there is a

major obstacle. A sound synthesis route to materials made

from metal clusters has to overcome the problem of coales-

cence resulting in an immediate loss of their original fea-

tures. One way might be the use of ligand-stabilized metal

clusters and in fact these condense into highly ordered crys-

tals without the problem of coalescence.6 Nevertheless,

ligands isolate clusters and in consequence change their

physical and chemical properties. In order to keep the attrib-

utes of bare clusters, an alternative and more promising

method is size-selected cluster formation in the gas phase

and deposition under soft landing conditions.7,8 So far this

technique has been successfully used to investigate the

properties of individual deposited clusters.9–19 In these stud-

ies, coalescence is circumvented by dramatically lowering

the coverage and/or immobilizing clusters on the surface.

Attempts to synthesize cluster thin films by increasing

the coverage have failed since deposited clusters merged

into larger particles.20–22 Depending on the preparation

conditions, 3-dimensional islands of various sizes and

shapes are formed. Similar islands can also be prepared by

the deposition of atoms.23–25 Therefore, the formation of

complex island shapes is not an effect unique to clusters.

The clusters coalesce and lose all their nano-properties.

The coalescence of most metal clusters is a consequence

of the lower melting points of very small particles.26,27

Especially, the low coordinated surface atoms are more or

less liquid at room temperature and two clusters touching

each other merge into a larger particle similar to two drops of

water. This holds for clusters of materials with relatively low

melting points such as Ag, Au, Bi, and Sb. Recently, we

found that coalescence at room temperature can be avoided

for clusters of high melting point materials such as molybde-

num and tungsten.28 Scanning tunnelling microscope (STM)

pictures revealed that the cluster thin films consist of individ-

ual clusters.

So far, our efforts focussed on the proof that the films

indeed consist of individual clusters. Here, we systematically

study the growth modes of these films on a weakly interacting

substrate, namely, highly oriented pyrolytic graphite (HOPG).

Metal atoms are highly mobile on such a substrate and coalesce

into islands. Since the bond between the metal atoms is much

stronger than the interaction with the substrate, only Volmer-

Weber growth is observed. The atoms form 3-dimensional

islands. The medium sized clusters studied here show a differ-

ent behavior. At low coverage, they form an almost perfect

monolayer indicating a Stranski-Krastanov growth mode. Very

large clusters with more than 1000 atoms have a low mobility

and stick to the landing site. At low coverage, the substrate is

dotted with individual clusters and at higher coverage the sur-

face is extremely rugged. Hence, thin film growth of non-

coalescing clusters strongly depends on size and at least three

different regimes can be distinguished. Especially, the forma-

tion of a perfect monolayer is a unique nanoeffect and a nov-

elty for metals on Van-der-Waals surfaces.a)E-mail: gerd.gantefoer@uni-konstanz.de
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EXPERIMENTAL

The experimental set-up has been described in detail else-

where.22,28–31 In short, Mon
�, Wn

�, and Fen
� cluster anions

are produced via magnetron sputtering, mass-selected with a

sector magnet (mass-resolution m/Dm¼ 20), and deposited

within the soft-landing criterion at high-vacuum conditions

(p< 1 � 10�8 mbar) on HOPG. Due to the limited mass reso-

lution in all experiments, a range of slightly different masses

is deposited. The width of the mass distribution is 65%

around the nominal mass. After deposition, the topography of

the surfaces is investigated by ex-situ atomic force micros-

copy (AFM). The AFM is operated in the intermittent contact

mode (tapping mode). To demonstrate the cleanliness of the

grown material, samples are characterized by ex-situ XPS. All

experiments are conducted at room temperature.

RESULTS

There are three size regimes: small clusters with less

than 10–30 atoms,28 medium sized clusters with up to 1000

atoms and larger clusters consisting of more than 1000

atoms. The present work focusses on medium-sized and

large clusters. In detail, the following cluster sizes have been

deposited (size range 6 5%):

Mo : n ¼ 50; 250; 274; 1250; 3350;

W : n ¼ 27; 130; 660; 1300; 3500;

Fe : n ¼ 30; 430; 1200:

On each sample, in the centre of the deposition spot, the film

thickness is of the order of several 100 nm. With increasing

distance to the centre, the coverage decreases down to sub-

monolayer coverage. Accordingly, on a single sample, it is

possible to study the coverage dependence of the thin film

growth mode by analysing different areas.

For all samples, ex-situ AFM pictures have been

recorded. XPS spectra show, that in most cases, the clusters

are completely oxidized. For large Mo and W clusters, com-

plete oxidation is reached only after several hours of exposure

to ambient conditions. For these clusters, short exposure

times (15 min) result in surface oxidation only. The thin films

studied here are completely oxidized. Fig. 1 displays AFM

pictures of medium sized (MoO3)n, (WO3)n, and (Fe2O2)n

clusters on HOPG. The coverage corresponds roughly to a

cluster monolayer. All three AFM pictures show a smooth

surface with step edges corresponding to the step edges of the

underlying HOPG substrate. Even without further analysis,

these pictures indicate the formation of a monolayer corre-

sponding to a Stransky-Krastanov growth mode. In all three

cases, the monolayer is not completely closed but exhibits

cracks. Height profiles across these cracks show that the

depth corresponds roughly to the diameter of the clusters

(Fig. 2). The surfaces of the cluster layers are rather smooth

similar to the HOPG surface.

At lower coverage, 2-dimensional islands are formed

(Fig. 3, left). For these islands, the heights have been studied

systematically using the AFM. For each sample, ten roughly

circular islands with a diameter of �10 nm have been

selected. For each island, several height profiles in different

directions have been recorded from which the height is deter-

mined. On one sample, all scans for all such islands produce

similar heights. Table I shows a comparison of the measured

island heights with the calculated diameters of the oxidized

clusters. There is a limited but recognizable agreement. The

islands heights of some samples are significantly lower than

the respective calculated cluster diameters ((WO3)3500 and

(Fe2O3)1200). It is worth noting that the cluster height was

calculated based on the assumption of a spherical cluster

shape, whereas the structures of clusters on a surface may be

distorted by the substrate-cluster interactions.

In general, the measured island thickness increases with

increasing cluster size. There is one exception. For (Fe2O3)30,

the measured island thickness is larger than the one for

(Fe2O3)430. Fig. 4 displays the island height distributions

measured for (Fe2O3)30 and for (Fe2O3)1200 clusters. For the

large clusters, there is only a small scatter around the mean

value, but for the small clusters a relatively broad distribution

is found. This is regarded as a sign for coalescence. In the

previous studies, it was suggested that such cluster agglomer-

ation can only be observed for clusters consisting of �20

atoms or less in the case of Mo.28 Fe has a considerably lower

FIG. 1. Ex-situ AFM pictures of clus-

ter thin films on HOPG. The coverage

is slightly below the completion of a

cluster monolayer. Most of the surface

is covered by a smooth cluster mono-

layer. Left: (MoO3)250613; middle:

(Fe2O3)430622; right: (WO3)13067. For

the cracks marked by the white circles,

height profiles have been recorded

(Fig. 2).

FIG. 2. Height profiles recorded for the three cracks marked in the AFM pic-

ture of the (Fe2O3)430622 sample in Fig. 1. All cracks have the same depth

which corresponds roughly to the diameter of the deposited clusters. The top

of the cluster layer is as smooth as the surface of the HOPG.

195302-2 Dollinger et al. J. Appl. Phys. 117, 195302 (2015)
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melting point than Mo and W, and it is quite possible that the

Fe clusters with 30 atoms coalesce, whereas similarly sized

W clusters do not. Apart from this exception, the heights cor-

respond roughly to the calculated diameters of the clusters.

At coverages above a cluster monolayer, the film growth

follows the Stanski-Krastanov pattern. The surfaces become

rough (Fig. 3, right) and it is not possible to resolve any in-

ternal structure with the AFM except for the biggest clusters

(see below). A few samples have been studied ex-situ with a

STM. Fig. 5 shows an example of a thin film consisting of

(Fe2O3)430 clusters. The rough surface supports the notion of

a Stranski-Krastanov growth.

For larger clusters, the pattern changes again. The upper

part of Fig. 6 displays an AFM picture of a HOPG surface

covered with (MoO3)35006180 clusters at low coverage. No

islands are observed. Instead, the clusters seem to remain

where they landed indicating a low mobility. However, the

mobility is not exactly zero, because the step edges are deco-

rated with clusters. For these large clusters, the AFM is able

to resolve the granular structure of the film surface at higher

coverage (Fig. 6, bottom).

DISCUSSION

A metal bond is relatively strong while the Van-der-

Waals interaction is weak. Accordingly, metal atoms depos-

ited on a Van-der-Waals surface immediately merge into

larger 3-dimensional islands. At room temperature, the

highly mobile atoms diffuse until they are trapped at a step

edge or a defect or until they collide with another metal

atom. Two metal atoms form a dimer with a lower mobility.

FIG. 3. Ex-situ AFM images of

(Fe2O3)430622 clusters deposited on

HOPG at different cluster coverages.

TABLE I. Comparison of the measured heights of the islands on HOPG

with the calculated diameters of the oxidized clusters.

Cluster Calculated diameter Measured island height

(MoO3)5063 1.69 6 0.05 1.78 6 0.27

(MoO3)250613 1.90 6 0.10 2.11 6 0.16

(MoO3)1300665 5.02 6 0.17 5.54 6 0.25

(WO3)2762 1.40 6 0.04 1.25 6 0.14

(WO3)13067 2.37 6 0.08 2.12 6 0.31

(WO3)35006180 7.11 6 0.25 5.42 6 0.61

(Fe2O3)3062 1.43 6 0.04 1.70 6 0.40

(Fe2O3)430622 3.63 6 0.12 1.66 6 0.16

(Fe2O3)1200660 4.87 6 0.19 2.64 6 0.37

FIG. 4. Distribution of island heights for (Fe2O3)3062 and for

(Fe2O3)1200660 clusters measured with the AFM.

FIG. 5. Ex-situ STM picture of a cluster thin film made from (Fe2O3) 430622

clusters. The picture has been recorded at the center of the deposition spot,

where the film is more than 100 nm thick.

195302-3 Dollinger et al. J. Appl. Phys. 117, 195302 (2015)
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It might act as a condensation nucleus collecting more

atoms. The first very few atoms form a 2-dimensional island,

but this becomes unstable. In 2-dimensional islands, the

average coordination number (�6) is far below the optimum

of the bulk (12). In the limit of a vanishing interaction

with the substrate, the growth pattern is similar to the con-

densation process in the gas phase: the atoms coalesce into

3-dimensional particles. This is Volmer-Weber growth.

Very small clusters deposited on HOPG behave probably

similar to atoms. At least for dimers and trimers, there should

be no barrier against coalescence. Above a certain size, the

clusters do no longer coalesce on the time scale of the experi-

ment. For merging two smaller particles into a larger one, vir-

tually all atom positions have to be changed. For particles of

high melting point materials with rigid bonds, there is barrier

against such a structural rearrangement. The size limit of coa-

lescence depends on the material and on the temperature. For

high melting point metals, such as Molybdenum, the limit is

about n¼ 20 at room temperature.28 On HOPG, such clusters

with more than 20 atoms form islands consisting of individual

clusters. The thin film growth mode of these clusters on

HOPG should not be different from the one of atoms as long

as the interaction with the Van-der-Waals substrate is weaker

than the cluster-cluster interaction. These clusters are

expected to follow the Vollmer-Weber growth pattern.

The experimental results contradict this expectation. At

low coverage, the medium sized clusters do not form 3-

dimensional islands. The ex-situ AFM data prove that instead a

2-dimensional monolayer is formed. This could be an artefact

of the experimental method. There are two possibilities. It

could be that the AFM tip itself somehow modifies the cluster

film. However, it is rather unlikely that the tip created the

monolayer. This would only be possible if the clusters are eas-

ily moved by the tip. However, what usually happens in such a

case is that the tip “cleans” the surface like a broom and moves

the material at the edges of the picture. This is not observed.

The other effect which might alter the morphology of the clus-

ter film is oxidation, which takes place in the moment the sam-

ple is removed from the deposition chamber and exposed to

air. Again, this effect could not be responsible for the forma-

tion of a monolayer. Most likely, the monolayer has formed

prior to oxidation and survived upon oxidation under air.

According to the above considerations, the bare metal

clusters follow a Stranski-Krastanov growth pattern. In the

beginning of the growth process, a monolayer is formed indi-

cating a relatively strong interaction with the substrate. A

reason for such an interaction could be a charge transfer

between the particles and the substrate. The work function of

the HOPG is different from the one of the cluster. This

results in a charge transfer and an electrostatic interaction

which could be much stronger than a Van-der-Waals bond

and stronger than the cluster-cluster interaction.

It is questionable why the medium sized clusters on top

of the completed monolayer do not form a second homoge-

neous layer, but prefer a 3-dimensional growth mode. In the

first layer, the cluster-substrate interaction is stronger that

the cluster-cluster interaction. For the second layer, the

cluster-cluster interaction could become dominant. In addi-

tion, the mobilities of the particles on the bare substrate and

on the closed monolayer are different. This shift of equilib-

rium between the forces acting on the particles might drive

the transition to a 3D growth mode.

Larger clusters cannot form a monolayer because of

their low mobility. At zero mobility the clusters would stay

at their landing sites. This leads to a Volmer-Weber growth

similar to the growth pattern of the atoms. Although the gen-

eral patterns are similar, the microscopic mechanisms are

different. Especially at low coverage the appearances are

completely different. The large clusters cover the surface

uniformly (Fig. 6, top). In contrast, in the case of atoms and

small clusters, most of the surface is clean and the deposited

material is packed in few 3-dimensional islands.

CONCLUSION

Thin metal films are prepared by deposition of size-

selected bare metal clusters on highly oriented graphite. The

morphology of the films varies with cluster size. In contrast

to the earlier studies, clusters of high melting point metals

FIG. 6. Ex-situ AFM pictures of (MoO3)35006180 clusters on HOPG at low

and at high coverages.

195302-4 Dollinger et al. J. Appl. Phys. 117, 195302 (2015)
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were used. The particles do not coalesce at room temperature

but form thin films of weakly bond clusters. For the growth

modes, three different sizes regimes can be distinguished.

Very small clusters with less than 10–30 atoms behave simi-

lar to atoms and form 3-dimensional islands (Volmer-Weber

growth). The medium sized clusters with up to �1000 atoms

form a surprisingly perfect monolayer. At higher coverage,

the surface becomes rugged indicating a Stranski-Krastanov

growth. For even larger clusters with more than 1000 atoms,

the appearance changes again. These clusters have a low mo-

bility and stay close to their landing site. At submonolayer

coverage, the sample is dotted with individual clusters. At

higher coverage, the surface becomes extremely rough. This

pronounced size dependence of the growth pattern of cluster

thin films is a new finding again emphasising the special

behavior of nanomatter. These new growth modes could be

exploited for the fabrication of functionalized surfaces with

extraordinary properties. For example, the formation of a

cluster monolayer can be used to coat a large variety of

surfaces with a very smooth metal thin film. The thickness

can be controlled by the cluster size. Clusters could be used

when standard coating techniques fail, because the particles

adhere even to Van-der-Waals surfaces.
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