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Abstract Complex polymer—metal nanocomposites have a
wide range of applications, e.g. as flexible displays and
packaging materials. Pulsed laser deposition was applied to
form nanostructured materials consisting of metal clusters
(Ag, Au, Pd and Cu) embedded in a polymer (polycarbon-
ate, PC) matrix. The size and amount of the metal clusters
are controlled by the number of laser pulses hitting the re-
spective targets. For Cu and Pd, smaller clusters and higher
cluster densities are obtained as in the cases of Ag and Au
due to a stronger reactivity with the polymers and thus a
lower diffusivity. Implantation effects, differences in metal
diffusivity and reactivity on the polymer surfaces, and the
coalescence properties are discussed with respect to the ob-
served microstructures on PC and compared to the metal
growth on poly (methyl methacrylate), PMMA.
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1 Introduction

Complex nanostructured materials consisting of polymers
and metals have a wide range of applications, for instance in
the form of electronic devices, flexible displays and packag-
ing materials [1-3]. With the combination of such different
materials one can merge the mechanical flexibility of poly-
mers with special features, for instance optical absorption
properties, which are correlated with the small dimensions
of the metal clusters. In the case of thin-film deposition,
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metal clusters can be grown by the agglomeration of atoms
deposited on the substrate surface, known as Vollmer—Weber
island growth [4]. The cluster size and shape are defined
by the growth mechanisms on the substrate surface, which
strongly depend on the preparation conditions and on the
diffusivity of the metal in the used matrix and on its surface.
In this way metal clusters were for instance already grown
on polyimide or Teflon by thermal evaporation [5] and on
poly (methyl methacrylate), PMMA, by pulsed laser depo-
sition (PLD) [6].

The aim of this paper is to study the morphology of metal
clusters (Ag, Au, Pd and Cu) embedded in polycarbonate
(PC) as well as their optical properties. Additionally, the ob-
served metal nanostructures are compared to those grown
in a PMMA matrix. Finally, the growth mechanisms lead-
ing to the observed nanostructures are investigated in these
regards, focussing especially on implantation effects, differ-
ences in metal diffusivity and reactivity with the polymer.
Further, we will discuss whether the clusters are formed on
the substrate surface or below due to implantation effects.

2 Experimental setup

Polymer—metal composites consisting of metal clusters (Ag,
Au, Pd and Cu) embedded in a PC matrix were deposited
on Si(111) substrates or Cu grids (3.05-mm diameter, 200
meshes) at room temperature by PLD. For this, a KrF ex-
cimer laser with a wavelength of 248 nm, pulse duration
of 30 ns and repetition rate of 10 Hz was used. PC and
the metals were deposited at laser fluences of 70 mJ/cm?
and 4-6 J/cm?, respectively, in an ultra-high-vacuum cham-
ber with a base pressure of about 10~® mbar. The thick-
nesses of the polymer and metal layers are given by the
number of laser pulses used. The average deposition rate of
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the metal was determined on Si substrates by profilometry.
The target-to-substrate distance was 50 mm. The setup has
been described in more detail earlier [7]. The microstruc-
ture of the nanocomposites was investigated by transmission
electron microscopy (TEM, Philips EM400). For these ob-
servations, the films were deposited directly onto Cu grids.
Atomic force microscopy (AFM) measurements were per-
formed in air using a Digital Instruments NanoScope 4 in
tapping mode. UV-Vis spectra were taken by a Varian Cary
50 spectrometer. In this case, the samples were deposited on
Al,Oj3 substrates. SRIM simulations were done using the
program version 2003.26 [8]. The experimental details of
the PMMA—-metal samples were described earlier [6].

3 Results and discussion

For all studies, first an about 20-nm-thick polycarbonate film
was deposited at a laser fluence of 70 mJ/cm?. The deposi-
tion leads to smooth films with a surface roughness of about
0.1 nm and only a small number of droplets [9] as typically
for the PLD process [10]. On these polymer surfaces differ-
ent metals (Ag, Au, Pd and Cu) were deposited at a laser
fluence of 4-6 J/cm? with average film thicknesses of less
than 5 nm. The obtained metal film thickness was propor-
tional to the number of laser pulses used for the deposition.
In some cases, a final PC layer was deposited afterwards to
embed the metal clusters deep in the polymer.

First, the growth of Ag on PC is described. In Fig. 1, as
an overview two TEM images of Ag clusters deposited on
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Fig. 1 TEM images of Ag between two 20-nm-thick PC layers with
the respective size distributions. Average metal amounts: (a) 0.3 nm,
(b) 4.7 nm
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PC are shown. All films exhibit separated clusters. With in-
creasing number of laser pulses the cluster size increases,
while the cluster density decreases as soon as coalescence
processes occur. Although the clusters show more or less
spherical shapes, one can observe an increasing amount of
elliptical clusters above a thickness of about 1 nm. To deter-
mine the size distribution of the embedded clusters, the TEM
pictures were analyzed using the software DEPP [11] by fit-
ting ellipses to the clusters and calculating the small and big
axes of the ellipses. The resulting size distributions for Ag
films on PC with average Ag thicknesses of 0.5 and 4.7 nm,
respectively, are also given in Fig. 1. Additionally, one or
rather two Gaussian curves were fitted to the graphs to de-
termine the average cluster sizes and size distributions. For
smaller amounts of metal an average cluster radius of about
1-2 nm was observed, whereas for thicker films the clusters
show a bimodal size distribution as already observed for Ag
on PMMA [6]. Many large grains exist with a radius of be-
tween 6 and 10 nm, but additionally in the spaces in between
a large number of small clusters with radii of about 2 nm are
visible. This indicates that coalescence and secondary nu-
cleation take place simultaneously in between the clusters.
As can be seen in the different contrasts, the biggest parti-
cles consist of several grains with different orientations. The
TEM diffraction patterns (not shown here) indicate that the
clusters are randomly orientated and obey fcc structure.
Figure 2 summarizes the results on the cluster radius vs.
layer thickness of Ag and vs. the number of laser pulses
used. Up to a layer thickness of about 2 nm, a linear increase
of the cluster size occurs, while above this layer thickness
the bimodal size distribution is observed. Since the dimen-
sions of the big clusters continuously increase with the de-
posited film thickness, their size can be controlled by the
number of laser pulses. In contrast, the small clusters in be-
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Fig. 2 Average cluster radii of the larger and smaller Ag grains vs.
layer thickness
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Fig. 3 TEM images of different metals between two 20-nm-thick PC
layers with average metal amounts of (a) 7.3 nm for Au, (b) 3.3 nm for
Pd, (¢) 3.8 nm for Cu and (d) 3.3 nm for Pd

tween have always sizes in the range of only a few nanome-
ters.

On a quick view the results of Au clusters in PC are simi-
lar to those of Ag in PC (see Fig. 3a). Also, Au grows in fcc
structure with statistically oriented clusters. Again, the clus-
ter size increases with increasing layer thickness (not shown
here, see [9]) and a bimodal size distribution is observed
for larger thicknesses. But, most particles are not spherical
and show facetted surfaces. In contrast to Ag and Au, the
morphology of Pd and Cu exhibits more and smaller clus-
ters (see Fig. 3b, c). In both cases, no bimodal growth is
observed and the clusters are more irregularly formed. The
high-resolution TEM image of Fig. 3d clearly shows that Pd
clusters also have facetted surfaces.

To investigate the influence of the polymer, metal clus-
ters were also deposited on PMMA and the morphology
was compared with the growth on PC. In general the cluster
shapes show a similar behaviour on both polymers as can
be seen in Fig. 4 for Ag and Cu films. In the case of Ag
on PMMA again a transition from non-bimodal to bimodal
growth can be observed with increasing metal amount [6].
Compared to the growth on PC the cluster density is slightly
reduced, the size distribution is narrower and the distances
between the clusters are increased, thus indicating a slightly
better diffusivity than on PC. In contrast to that, Cu has a
similar cluster density, again no bimodal growth and mostly
non-spherical, facetted particles.

In Fig. 5 it is shown for Ag on PC that the maximum of
the optical absorption can be tuned by the cluster size and
distribution. With increasing Ag content, the maximum of
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Fig. 4 TEM images of Ag and Cu clusters grown between two
20-nm-thick PC layers and on 15-nm PMMA, respectively, with metal
amounts of (a) 1.9 nm for Ag on PC, (b) 2.0 nm for Ag on PMMA,
(¢) 3.8 nm for Cu on PC and (d) 3.6 nm for Cu on PMMA
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Fig. 5 Absorption spectra of Ag layers embedded in 40-nm-thick PC
with Ag layer thicknesses of (a) 0.3 nm, (b) 0.9 nm, (¢) 1.9 nm and
(d) 4.7 nm

the absorption is shifted from 450 nm at a cluster radius of
about 1 nm to larger wavelengths. For the thickest sample
with a bimodal size distribution the main absorption occurs
at a wavelength of about 550 nm, but also a second peak in
the form of a shoulder in the spectrum is observed.

In the following, we try to understand the observed mi-
crostructures of the metal clusters and their morphologies
in the different systems. With respect to the questions dis-
cussed it is important to remember that the pulsed laser de-
position of metals in ultra-high vacuum at the used laser con-
ditions is a combination of the deposition of metal atoms
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Fig. 6 SRIM simulations of the implantation of different energetic
metal ions in PMMA. The simulations were done using 25000 metal
ions hitting the PMMA surface at x = 0 with kinetic energies of
100 eV. In the figure, the projection onto the xy plane is shown.
Coloured are the ion tracks (red) and the moved polymer atoms (other
colours)

with energies of about 5-10 eV and ions (50% and more)
with average energies of about 100 eV [12]. While the atoms
are deposited on the polymer surface, the energetic ions are
implanted below the substrate surface. This can be seen in
SRIM simulations of the implantation of 25000 metal ions
with kinetic energies of 100 eV into PMMA and PC. The
results are given in Fig. 6 for the different metals used on
PMMA. The ions impinging on the polymer surface at x = 0
are implanted a few nm deep into the material. For PMMA,
the calculated average implantation depths are 4.0 nm for
Ag, 4.9 nm for Au, 4.3 nm for Pd and 3.1 nm for Cu, re-
spectively (with an error of about 0.6 nm). In the case of
PC, slightly lower values of 3.8 nm for Ag, 4.7 nm for Au,
4.1 nm for Pd and 3.0 nm for Cu are obtained. It is inter-
esting to note that in contrast to the deposition of metals on
metals, where sputtering yields of more than 0.5 were ob-
served [13], the resputtering effects are negligible (less than
0.2% for all the metals used) in the case of the deposition of
metals on both polymers.

Diffusion processes on and within the polymer material
then lead to the formation of clusters by Vollmer—Weber is-
land formation and growth. Because of the large difference
in the surface energy it is expected that the metal islands
are spherical. With increasing number of laser pulses dur-
ing deposition, these islands grow until finally two islands
hit each other and coalescence processes become important,
leading to the different nanostructures. These can be ex-
plained by different diffusivities of the metals on and in the
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Fig. 7 AFM image after deposition of Ag (thickness of 4.7 nm) on
20-nm PC, without top layer (a), and schematic drawing of Ag clusters
below the PC surface in side view leading to a larger hill diameter 2r*
compared to the size of the metal clusters (b)

polymer leading to changes in the nucleation, growth and
coalescence processes (e.g. [14]). Fewer clusters with larger
distances are formed by noble metals like Ag or Au than
by a worse diffuser like Pd or Cu. As soon as two growing
clusters touch each other during growth by accumulation of
atoms, coalescence starts via surface and interphase diffu-
sion. Therefore, total coalescence of two grains hitting each
other during growth needs time, the so-called coalescence
time Tcoal- Tcoal Strongly depends on the diffusivity Dg, the
radius R of the clusters as well as the surface temperature
T[14], and is given by

kT - R*
Ds -y -Q43°

Tcoal =

with the Boltzmann factor &, the surface energy y and the
atom size 2. In the cases of Ag and Au, on both polymers
total coalescence is obtained up to large cluster sizes due to
a comparatively fast diffusion. Additionally, secondary nu-
cleation occurs in the depletion zones in between the grains
and, as a consequence, a bimodal distribution of clusters is
formed as soon as a certain amount of metal (at a layer thick-
ness of about 2 nm for Ag) is exceeded. Monte Carlo simu-
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lations made by Carrey and Maurice [15] agree that such a
microstructure with bimodal size distribution is obtained by
very fast diffusion of the metal and non-instantaneous coa-
lescence. The different morphologies of Pd on PC or Cu on
PC and PMMA are due to the fact that these metal atoms
react more easily with the polymer than Ag or Au, and thus
have a lower diffusivity and a lower mean free path on the
polymer surface. Therefore, clusters with small distances are
obtained. Total coalescence of touching clusters is impeded
due to the slow diffusion and comparatively large coales-
cence times.

From the TEM investigations alone it remains unclear
whether the metal clusters are formed on the polymer sur-
face or are generated below the surface directly by the
implanted ions. But, when comparing the TEM results of
Fig. 1b (Ag on PC) with AFM measurements performed on
a sample of the same run, but without top layer (see Fig. 7a),
indications are given that the formed clusters lie below the
polymer surface. The fundamental difference between these
measurements is that the biggest clusters in the AFM mea-
surements (marked with arrows) have small and big axes of
about 15 and 25 nm, respectively, while the TEM investi-
gations show cluster radii of only up to 10 nm. At the same
time, the highest elevation in the AFM measurement is in the
order of only 2.5 nm, which is far below the cluster radius.
Therefore, we conclude that the Ag clusters lie below the
polymer surface as schematically depicted in Fig. 7b lead-
ing to a larger hill diameter 27* compared to the real size r
of the metal clusters measured by TEM, as long as they are
deeper below the PC surface than the distance rg of its cen-
tre. At this point it still remains unclear whether the clusters
are directly formed below the polymer surface during depo-
sition by the implanted ions or whether they grow first on
the surface and then sink in due to the much lower surface
energy of the polymer compared to the metal.

4 Conclusion

In summary, we have shown that complex nanostructured
materials consisting of a polymer (PC or PMMA) and em-
bedded metals (here Ag, Au, Pd and Cu) can be grown by
pulsed laser deposition in a well-controlled way. The depo-
sition of metals on polymers is combined with implantation

of energetic ions a few nanometers below the polymer sur-
face. Diffusion processes and Vollmer—Weber island growth
then lead to the formation of metal clusters which lie slightly
below the polymer surface. The size of the metal clusters is
controlled by the number of laser pulses. In the cases of Ag
and Au, a high diffusion of the metals is observed leading to
more or less spherical particles with a bimodal size distrib-
ution caused by total coalescence and secondary nucleation
processes. Compared to the results on PC, the Ag clusters
show larger distances on PMMA, indicating a higher diffu-
sivity of Ag on PMMA than on PC. For Pd and Cu, a high
reactivity exists with the polymer surface and the diffusion
is decreased resulting in much smaller clusters and a higher
number.
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