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Abstract. Silver clusters have been produced by magnetron sputtering in a gas aggregation nanocluster
source. Clusters are size selected using a quadrupole mass filter (3-8 nm) or by varying the aggregation tube
length (9-20 nm) of the nanocluster source. Mass selected clusters are deposited on a Si(100) substrate at
different bias voltages and are characterized by atomic force microscopy. We observe a significant flattening
of clusters on the surface due to the increase of impact energy as a result of increasing substrate bias
voltage. The behavior of lattice parameters for size selected clusters are investigated by X-ray diffraction.
All measured lattice constants exhibit a tensile strain; it is found that the lattice constant slightly increases
with increasing cluster size up to a size of 12 nm and then decreases. The melting temperature of deposited
clusters is found to be size-dependent and significantly lower than for bulk material, in agreement with
theoretical considerations.

PACS. 36.40.-c Atomic and molecular clusters — 36.40.Wa Charged clusters — 36.40.Qv Stability and frag-
mentation of clusters — 61.46.4+w Nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals

1 Introduction

The physics and chemistry of nanoscale systems have ad-
vanced significantly over the last 10 years and there are
attractive prospects for translating the original scientific
developments into a new generation of high technology
materials and processes [1-3]. Clusters are intermediate
states of matter in the course of transition from the
gaseous state to a condensed state. A cluster as a sys-
tem of bound atoms constitutes a physical object that is
of interest both from the fundamental and applied stand-
points. Use of clusters in the form of cluster beams is con-
venient for both the generation and application of clus-
ters [4]. Fundamental physical interest of clusters arises
due to their reduced size [5]. Cluster-surface interaction
studies draw interests due to both the fundamental as-
pects of the mechanisms involved in the interaction [6],
and their potential industrial applications such as nano-
electronics, heterogeneous catalysis etc. Also the interac-
tion between energetic clusters and surfaces is of growing
scientific interest because of their potential importance for
such applications as surface metallization, surface clean-
ing, catalysis, precision machining, and cluster fusion [7—
10]. Ionized cluster beam deposition has recently received
a great deal of attention as promising method for synthe-
sizing high-quality thin films at low temperatures [8-10].
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In the process of nanoclusters deposition on a substrate,
the particles are distributed randomly on the surface and
there is local fluctuation in the deposition rate. This re-
sults in the development of surface roughness. However, an
activation energy in the form of higher substrate tempera-
ture or energetic impact of clusters with the substrate may
be needed to assist efficient surface diffusion and thus a
uniform and high quality nanocluster film is obtained [11].

Here we report an investigation of size selected Ag clus-
ter ion deposition. Size selection was carried out by vary-
ing the cluster forming chamber (aggregation tube) length
and/or with the help of a QMF 200 mass filter [12]. Cluster
formation growth and cluster-substrate interaction are in
the center of interest. The flattening of mass selected and
charge separated Ag clusters on the substrate by apply-
ing a substrate bias voltage is observed. The size effect of
nanoparticles on the lattice constant is described in many
articles and the authors found decreasing as well as in-
creasing lattice constants with size [13-16]. It seems that
the size effect on the lattice constants strongly depends
on the deposition conditions (particle-surface interaction)
and the nanostructure evolution during cluster growth
(inter-particle interaction). We investigated the influence
of cluster sizes on lattice parameters and on cluster melt-
ing points by characterizing samples with different cluster
size, obtained by varying the aggregation tube length.
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Fig. 1. Experimental set-up (schematic).

2 Experimental set-up

Our studies evolve along the following lines,

o formation of metal (Ag) clusters inside a NC 200 nan-
oclusters source [17];

e size selection of the produced clusters either by varying
the cluster forming chamber (aggregation tube) length
or by the employment of a QMF 200 mass filter fol-
lowed by charge separation;

e deposition of clusters on a Si(100) substrate by vary-
ing the time of deposition and the energy between sub-
strate and the cluster, i.e., by applying a substrate bias
voltage V;

e characterization of the deposited clusters using atomic
force microscopy (AFM) and grazing incidence X-ray
diffraction (GIXD).

Figure 1 shows the schematic sketch of the experimental
set-up, that is equipped with a NC 200 nanocluster source
(Oxford Applied Research) inside a vacuum chamber. The
target atoms are sputtered out by a direct current (dc)
magnetron sputtering based on a concept developed by
Haberland et al. [18-20]. Clusters form by the attachment
of free atoms and coagulation process [4,17] inside the
liquid nitrogen (L-N3) cooled aggregation tube of variable
length. These clusters flow together with the carrying gas
(Ar) through a variable orifice with a typical diameter of
3 mm. Then these clusters can be selected by mass in a
QMF 200 mass filter [12], followed by charge separation by
an extraction unit. The extraction unit consists of a set of
electric plates, applying a proper polarity to these plates
enables us to select only one type of charged clusters (we
selected only positive charged clusters for this study by
applying an extraction voltage of =700 V). Finally these
clusters are deposited on a Si(100) substrate kept at a
distance of about 53 cm from the exit of the magnetron
chamber.

AFM and GIXD techniques are used to characterize
these films. Atomic force microscopy (AFM) is done using
Digital nanoscope IIla in tapping mode [21,22], with high
resolution Hi’res DP15 tips (MikroMasch). Sewing tip ap-
proach was used in order to avoid tip damage. Set point
value was chosen to be ~0.9 V, with target amplitude 1 V
to reduce tip artifacts. Scanning Probe Imaging Processor
(SPIP) along with Nioprobe tip characterizer was used to
get the upper bound tip radius (Ry ~ 4 nm) of the HI'Res
tips.
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Grazing incidence diffractometry (GIXD) in off-
specular reflectivity geometry is performed using a 6 —
0 diffractometer (XRD3000, Seifert with Cu-Ka radi-
ation) [23]. An integrated high temperature chamber
(Biihler HDK2.4) allows in-situ measurements at temper-
atures up to 1000 °C. In the traditional Warren-Averbach
plot, the linear part of the graph In F(L)/L versus L al-
lows for domain size determination. Qualitatively, an in-
crease in peak width indicates a decrease in domain size.
For a quantitative analysis, one has also to describe the
peak profile by Stokes Fourier series. The Fourier coeffi-
cients F'(L) of the physical line profile contain information
about particle size [24].

3 Results and discussion

In this section we present the results obtained from cluster
films prepared at various experimental conditions to get
information on

(a) time effect of cluster growth (different surface cover-
age);

(b) cluster flattening on impact on a substrate (clusters

are mass selected by QMF 200 mass filter) by chang-

ing the substrate bias voltages (different impact ener-

gies/force);

(c) lattice parameters and melting point of size selected
clusters.

The initial energy of deposited clusters estimated from the
deflection of cluster beam in an electric field is of the order
of 0.1 eV/atom.

3.1 Time effect of cluster growth without size
selection

Samples are prepared with Ag clusters at different deposi-
tion times keeping the aggregation region at a temperature
of 148 K. In this case the whole cluster band correspond-
ing to an aggregation tube length of 15 cm is allowed to
pass to the substrate without any further size selection.
The surface coverage and the extracted mean height is
shown in Figure 2.

Under the present conditions, the sputtering yield for
Ag is 1.4 [25,26]; it leads to a high density of sputtered
Ag atoms in the magnetron chamber, and conversely of
clusters and results in a high surface coverage at longer
deposition time. A closer inspection of the AFM picture
(Fig. 3) of Ag clusters deposited for 15 s shows both iso-
lated and aggregated clusters on Si(100) wafer. Statistical
analysis of Figure 3 reveals that about 40% of the clus-
ters are completely isolated, most clusters are very close to
each other forming 2-dimensional aggregates. Very few ag-
gregates (<3%) show growth in the third dimension (clus-
ter on top of each other). This shows the formation of
bigger nanoparticles as a result of coagulation of two or
more neighbouring clusters because of the surface diffu-
sion as well as the possibility of clusters landing on top
of each other far before the first layer is completed. For
longer deposition times even more clusters get aggregated.
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Fig. 2. The surface coverage of deposited clusters (o) and the
extracted mean heights (e) versus deposition time without size
selection (7' = 148 K).
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Fig. 3. Aggregation of clusters due to coagulation of neigh-
bouring clusters (time of deposition 15 s, cluster forming cham-
ber length 15 cm and temperature 148 K).

3.2 Size selection without and with mass filter

The size selection using the QMF 200 mass filter results
in a small size distribution whereas a simple variation of
the tube length results a rather broad distribution. The
highest mass that can be selected using the QMF 200 mass
filter [12] is ~2 x 10% amu (average size ~8 nm). Figure 4
shows the height histograms with lognormal fit from the
AFM measurements of samples prepared without and with
mass filter for the same tube length of 16 cm (deposition
time for the samples without and with mass filter is 25 s
and 55 s, respectively. Aggregated clusters were omitted
in the height analysis).

3.3 Mass selection of clusters using QMF 200 mass
filter

In QMF 200 quadrupole mass filter clusters can be se-
lected according to their mass to charge ratio by the
quadrupole electric field so that only ions of a defined
mass M will be transmitted [12]. The motion of ions in-
side the quadrupole is described by Mathieu equation [27].
The mass selection is controlled by the frequency f (kHz)
and the amplitude of ac voltage V,. (in Volts),

VClC

_ 7
M =7x 10"k o

(1)
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where M is the cluster mass in atomic mass units (amu),
d = 25.4 mm is the rod diameter, and k is a correction
factor of order unity.

Ag clusters with different cluster mass, selected by
QMF 200 by adjusting the frequency f and voltage V.
are deposited on a Si(100) substrate. These samples are
characterized by AFM in order to determine the height
of the clusters. Figure 5 shows a comparison between
the expected cluster height (calculated from the selected
mass) and the AFM measured cluster height which is in
perfect agreement. For the comparison, a correction factor
k =1.23 is used.
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Fig. 6. Height and width histograms at different substrate bias
voltages. t =240 s, T'= 198 K.

3.3.1 Flattening of mass selected clusters versus substrate
bias voltage

In order to investigate the cluster-surface interaction in
some detail, we have performed experiments at different
substrate bias voltages V.

Ag clusters have been produced inside the NC 200
nanocluster source [17], by operating the magnetron at
a power of 113 W and keeping the aggregation region at
a temperature of 198 K. Clusters with mean mass M =
2.3 x 10° amu (average size ~4.1 nm, N ~ 2131 atoms)
are mass-selected inside the QMF 200 mass filter. Finally
these clusters are deposited on a Si(100) substrate, placed
at a distance of 230 mm from the exit of mass filter, at
substrate bias voltage ranging from —500 V to —2500 V.
Samples deposited for 240 s with different substrate bias
voltages are analyzed by AFM. The corresponding height
and width histograms with lognormal fits for different sub-
strate voltages are shown (Fig. 6). The measured AFM
image is a convolution of the tip geometry and the geom-
etry of the clusters. In order to determine the real width
from the measured width one has to find an approximate
value for the deconvolution factor. For calibration we used
spherical Au colloidal particles (Sigma Aldrich) with di-
ameter ~4 nm. The AFM measured average height of the
Au particles is ~3.5 nm and the corresponding full width
at half maximum is ~12.5 nm, giving a correction factor
to the tip geometry ~9 nm for the AFM measured width
of the clusters. Assuming a spherical geometry to the tip
apex one can obtain a simple expression to evaluate the
real width of the Au nanoparticles [28],

W =4,/R,Rr, (2)

The European Physical Journal D

12 T T T T T 12

t=4 min

M=2.292*10° amu
| ;\i s
S

€ _ £
c a
= 6 16 =
-g’ 5 $ =
= o]

° 4t — {4 3

2+ 42
L L L L L
-2500 -2000 -1500 -1000 -500

substrate voltage (V)

Fig. 7. Relation of height (o) and width (e) of clusters with
substrate voltage after deconvoluting for the tip geometry.

with R, the real particle radius, Ry the tip radius and
W the AFM measured full width at half maximum. With
the Hi'res tips (R ~ 4 nm) we obtained Rp ~ 2 nm
from the above geometrical equation. The average height
(~3.5 nm) measured with Hi'res tips shows that the Au
nanoparticles are spherical and the geometrical equation
is valid. So without loss of generality we have used 9 nm
as the deconvolution factor for the AFM measured lateral
width of the Ag clusters. Figure 7 shows the extracted
relation of mean cluster height (vertical) and width (hor-
izontal) for the applied accelerating (bias) voltage at the
substrate. The results infer that the cluster mean height
(vertical) somewhat decreases with increasing substrate
voltage, whereas the width (horizontal) of the clusters in-
creases with increasing substrate voltage. This points to-
wards a flattening of the clusters on the surface due to
higher attraction or stress. Some discrepancies remain, as
the extracted cluster volume as function of substrate volt-
age is not constant, however the exact shape of the clusters
on surface has yet to be found.

3.3.2 Explanation for flattening of clusters

The flattening of clusters on a surface can be qualita-
tively explained in terms of cluster-surface collision pro-
cesses. Several studies have been done in this field [6,29-
31]. In general cluster-surface collisions can be described
as low energy, medium energy or high energy processes.
One of the important parameters that decides the mecha-
nism of cluster interaction with the surface is the impact
energy along with the nature of cluster as well as sub-
strate material. In our case, clusters with mass ~10° amu
are having an initial energy Fo/N ~ 0.1 eV/atom, and
N ~ 2 x 10° atoms. At the point of impact the en-
ergy/atom increases to E/N = Ey/N + eV;/N, due to
the substrate bias applied. Energetic cluster impact on
surfaces which may lead to pinning, implantation or flat-
tening are studied by several authors [6,32,33]. Since our
clusters have a medium impact energy (0.1 to 1 eV /atom)
we expect mainly plastic deformation and fragmentation
from the whole listed collision processes [6], that ends up
in the spreading or flattening of the clusters on the surface.
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3.4 Size effect on melting point and lattice parameters
of Ag clusters

The length of the aggregation tube (cluster forming cham-
ber) in the magnetron chamber of NC 200 nanocluster
source can be changed with the help of an external ro-
tary drive. By increasing the length (thereby the volume)
of the aggregation tube the residence time of the grow-
ing clusters increases, which helps the clusters to grow to
bigger sizes.

3.4.1 Cluster size determination by AFM & GIXD

Samples with different cluster size are prepared by ad-
justing the aggregation tube length. Figure 8 shows the
relation between measured average cluster size by graz-
ing incidence X-ray diffractrometry (GIXD) and by AFM
measurements.

There is a discrepancy between AFM and GIXD mea-
surements for cluster size (Fig. 8), the reason is given by
the broad size distribution. For AFM we only take into
account the isolated clusters where as in GIXD the whole
area is investigated, so the aggregated clusters on surface
are also included. In addition the very small clusters can
not be seen with GIXD because of the small coherence
length. Furthermore the samples investigated by GIXD
are having a higher surface coverage, which may lead to
cluster coalescence on the substrate surface.

3.4.2 Melting of clusters

Theoretical considerations about the size effect on the
melting point suggest a depression of melting point for
the measured clusters sizes. To collaborate the theory of
melting and plastic deformation due to cluster-surface col-
lision we carried out annealing experiments using in-situ
high-temperature GIXD. The X-ray pattern of deposited
Ag-clusters shows characteristic peaks of fcc-Ag. Ag(111)
reflection is the most intensive peak in the X-ray pattern
of randomly oriented polycrystalline Ag.
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Samples were prepared with different domain (cluster)
sizes by varying the aggregation tube length. To get rea-
sonable coverage the time of deposition was 15 min (clus-
ter multilayers), at a temperature inside the aggregation
tube of 173 K and a substrate voltage of —1.5 kV. The
measurement details are,

(i) X-ray diffractometry at grazing incidence: w = 0.5°,

exit angle 20 = 36°...46° at P = 5 x 1073 mbar;
(ii) heating: in-situ measurements from 373 K-973 K
with 30 min holding time before each measurement.
For lower temperatures we used a step size of 100 K,
reducing the step size to 10 K near the melting point;
room temperature measurements before and after an-
nealing.

(iil)

Figure 9 shows diffractometry measurements of the
Ag(111) reflection at different temperatures. While heat-
ing up the samples a peak shift caused by thermal ex-
pansion can be observed. At a certain temperature no
more crystalline silver was found, indicating cluster melt-
ing. On cooling no crystalline Ag is found and after an-
nealing there is no trace of Ag, that means practically an
evaporation takes place.

The melting of the samples appears in the tempera-
ture range between 853 K and 883 K depending on cluster
size (Fig. 10), whereas the melting point of bulk silver is
1233 K [34]. The cluster sizes are obtained from GIXD
measurements. The very small melting point of samples is
because of the small grain size. The larger the influence of
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surface atoms compared to the internal atoms, the smaller
will be the melting point. The decrease of the melting
point AT for small crystallites of radius r can be calcu-
lated from the Gibbs-Thomson equation [35];

4UMTbulk
AT = Al,rp (3)
with o = 1.02 J/m? the surface energy, M = 107.9 g/mol
the molar mass, Ty x = 1233 K the melting point of the
bulk material, AH,, = 11.3 kJ/mol the melting enthalpy
and p = 10.5 g/cm? the density of the material.

Our experimental results confirm the theoretical con-
siderations. The good agreement between theoretically
calculated and the experimentally observed melting points
also demonstrates the capability of GIXD technique as
powerful tool for cluster size measurements.

3.4.3 Change in lattice constant with decreasing
nanoparticle size

AFM measurements exhibit a characteristic deformation
of the deposited clusters in dependence on the impact
energy. The deformation of the clusters occurs via two
distinct processes: elastic (reversible) and plastic (irre-
versible) deformation.

Nanoparticles of Ag were prepared as described above
and deposited on a Si(100) wafer that is biased by a sub-
strate voltage V; = —1.5 kV, the deposition time was
15 min. The lattice constants for samples with different
cluster sizes were measured at room temperature in graz-
ing incidence geometry. Figure 11 shows the lattice con-
stant of Ag clusters as a function of cluster size.

The measured lattice constants change with Ag nan-
ocluster sizes. Clusters from 9 to 12 nm size the lattice
constant increases and then up to 17 nm the lattice con-
stant converge to bulk silver, ag = 0.4086 nm [34]. For all
investigated clusters we found strains due to residual ten-
sile stresses. It is worth noticing that strain is the result
of lattice disorders and structural disorder.

During the impact of the clusters on the substrate
high temperatures and hence a local melting of the clus-
ters are conceivable. Because of the distinct differences in
thermal expansion coefficients of Si substrate and Ag a

The European Physical Journal D

tensile stress within the clusters results. As described in
Section 3.4.2 the melting temperature increases with in-
creasing cluster size. Thus the influence of the local melt-
ing adjacent to the substrate will be reduced with increas-
ing cluster size and the lattice constants should converge
to the bulk value as observed for sizes larger than 12 nm.

The decreasing lattice constants of the clusters with
diameters below 12 nm are not yet understood in detail.
In the gas phase, it is well-known that average bond dis-
tances in small metal clusters (2-7 nm) are shorter than
in bulk material, a feature which is accompanied by in-
creased binding energies of the atoms in the small clusters
compared to the bulk phase [36,37]. The bond length con-
traction becomes very pronounced for clusters consisting
of only a few atoms. However, the volume constraints due
to the cluster size increase lead to an increase in lattice
size. The fact that we observe the maximum of the lat-
tice distance at larger diameters (i.e., 12 nm) may be at-
tributed to the tensile stresses the clusters experience on
hitting the silicon surface.

4 Conclusions

Nanosized Ag clusters are produced inside a gas aggrega-
tion nanocluster source followed by the deposition on a
Si(100) substrate. The effect of deposition time on the
layer growth study infers that the cluster aggregation
on surface starts far before the first layer is completed
(around 10 s). Size selection of the clusters are done by
using QMF 200 mass filter or by varying the aggregation
tube length of nannocluster source. On impact on a bi-
ased surface the mass selected clusters suffer a deforma-
tion, leading to a more extended shape (more precisely
getting flattened). The flattening of clusters on surface
is directly proportional to the bias voltage. Results are
presented for the lattice constant relation to individual
domain (cluster) size, where the lattice constant increases
at smaller domain (cluster) sizes but decreases after a size
of 12 nm. Also found a proportional increase of cluster
melting point with individual domain (cluster) size. The
theoretically calculated values fit well with the measured
melting points.

Part of this work was supported by the International Max-
Planck-Research School (IMPRS) Bounded Plasmas. Finan-
cial support by the Deutsche Forschungsgemeinschaft through
SFB/TR 24 Fundamentals of Complex Plasmas is gratefully
acknowledged.
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