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Abstract

XPS peak shape analysis is used as a novel and nondestructive method to study Au nano-cluster growth mechanism on polystyrene
(PS) as a function of deposition as well as diffusion and distribution of the nano-clusters in PS as a function of subsequent annealing at
temperatures in the range from room temperature to above the glass transition temperature of PS. The Au nano-cluster size and density
are determined for four different amounts of Au deposition. It is shown that this nondestructive method can give all mentioned infor-
mation on such a metalized polymer without the need for any other complimentary and time consuming technique such as AFM, TEM
and the destructive technique XTEM. Thus this method is suitable to monitor and control the degree of intermixing of metal nano-
clusters and polymers which is of high technological interest.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Metallization of polymers is of considerable technologi-
cal importance and is also very interesting from a funda-
mental point of view. Metalized polymers are used
extensively in applications such as food packing, on- chip
interconnection, reflectors for car lights, optical data stor-
age (compact discs), electrically shielded computer cases,
decorative coatings, optical ultra thin color filters and sub-
strates for biomolecules [1]. In general, the properties of
metal/polymer interfaces are determined by the interaction
between the metal and the polymer and by the morphology
of the interface. The cohesive energy of metals is typically
two orders of magnitude higher than the cohesive energy
of polymers. Furthermore, the interaction between moder-
ately reactive metals and polymers is generally very weak in
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comparison to the strong metal–metal binding forces.
Therefore, noble metals and other metals of low reactivity
do not wet untreated polymer surfaces but form three-
dimensional spherical clusters, i.e. they exhibit a Volmer–
Weber growth mode [2,3].

The change in Gibbs free energy is the driving force for
embedding of metal-clusters in polymers. The Gibbs free
energy of a metal particle inside the polymer is lower than
that of the particle at the surface. This is related to the high
cohesive energy of metals, which gives rise to a correspond-
ingly high surface Gibbs free energy of metal particles. The
surface Gibbs free energy can be reduced by embedding if
the surface tension cM of the metal particles exceeds the
sum of the interfacial tension cMP and the polymer surface
tension cP [4,5]:

cM > cMP þ cP ð1Þ

As mentioned above, the cohesive energy of polymers is
much lower than that of metals, therefore cP is very small
in comparison to cM. The embedding of nanometer size
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clusters require long-range chain mobility, which proceeds
in experimentally accessible time scales above the glass
transition temperature (Tg). Therefore, the embedding pro-
cess responds to changes in temperature and thereby in
chain mobility in a near surface region.

The microstructure and hence the mechanical and
dielectric properties of the thin-film may be affected
strongly by the cluster size, density and degree of intermix-
ing with nano-clusters [2,6–9]. The cluster density depends
on the deposition parameters as well as on the metal–
polymer interaction and is in the range 1010–1016 cm�2

[10]. Therefore, it is of high importance to be able to char-
acterize metal nano-clusters as well as to understand and to
control diffusion of metal-clusters in polymers.

Different techniques have been used to study the metal
nano-clusters on polymers. For instance, the embedding
was analyzed by traditional XPS based on peak intensity
[11–13], by small-angle X-ray scattering [14], XTEM [2]
and Rutherford backscattering (RBS) [15]. The phenome-
non of metal clustering on polymers has been studied by
TEM [16] and combined TEM/AFM [17,18]. Recently,
Zaporojtchenko et al. showed that information on the size
of the clusters not larger than 5 nm can be obtained by
measuring the XPS peak intensity ratio for two different
transitions from the same metal [19].

In this work, we use XPS peak shape analysis (see theory
outlined in Section 2) to study how gold nano-clusters
grow, diffuse and distribute in polystyrene as a function
of both cluster size and the temperature in the range from
below to above the glass transition temperature of the poly-
mer. The size and density of Au nano-clusters are deter-
mined for four different amounts of the gold deposition.
It is shown that this method can give all mentioned infor-
mation on such a metalized polymer without the need for
any other complimentary and time consuming technique
such as AFM, TEM and XTEM.

2. Theory

We use the XPS peak shape analysis method developed
by Tougaard et al. [20–29] which relies on the following
physical phenomenon. After the photo-excitation process,
some of the electrons are transported to the surface and en-
ter the spectrometer. The XPS peak shape and intensity
vary dramatically with surface morphology. The reason is
that as the electrons move on their way out of the solid,
they lose energy. The longer path length they travel, the
larger is the fraction of the electrons that have lost energy.
For electrons that travel only a short distance, the chance
that they lose energy is small and the change in energy dis-
tribution is small. For electrons that travel a larger dis-
tance, a larger fraction will have lost energy and the
intensity at the peak energy is diminished. These electrons
are found at lower energies in the spectrum and the distor-
tion of the energy spectrum is substantial. Since the mean
distance between inelastic scattering events for 200–
1500 eV electrons (which is typical for XPS) is �0.5–
2 nm, the XPS peak shape varies significantly with the dis-
tribution, f(x), of atoms on the nanometer depth scale.

A measured XPS spectrum J(E) is a function of the
intrinsic distribution, F(E), of primary emitted photo elec-
trons per angstrom, the differential inelastic scattering
cross-section, K(T), and the composition depth profile,
f(x) [20]. For a correct quantitative analysis, the intrinsic
F(E) therefore has to be restored from J(E) by removal
of extrinsic contributions under the assumption of the cor-
rect f(x) and K(T). Alternatively f(x) can be evaluated from
J(E), if F(E) and K(T) are known. When the extrinsic con-
tributions are correctly removed from J(E), F(E) � 0 in a
wide energy interval 50–150 eV on the low energy side of
the peak. In situations where the effects of the chemical
environment do not significantly affect the intrinsic shape
of F(E), the restoration process must give F(E) spectra sim-
ilar in both intensity and shape in order to be correct.

The general solution for the extraction of F(E) from J(E)
were described rigorously as follows [21,22]

F ðEÞ ¼ 1

P 1

JðEÞ �
Z

dE0JðEÞ
Z þ1

�1
ds expði2ps E0 � E½ �Þ
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and analytical expressions were found for different types of
in-depth distributions [21–28]. In the above equations, h is
the angle of detection with respect to the surface normal
and k the inelastic mean free path (IMFP).

For K(T), the following expression (called two-parame-
ter universal cross-section):

kKðT Þ ¼ BT

ðC þ T 2Þ2
ð4Þ

with C = 1643 eV2 and B � 3000 eV2 is a valid approxima-
tion for many transition metals as well as for their alloys
and oxides [29]. For solids such as Al, Si, SiO2, and poly-
mers that have a narrower cross-section, it is a better
approximation to use

kKðT Þ ¼ BT

ðC � T 2Þ2 þ DT 2
ð5Þ

where C and D are constants characteristic of the solid [29].
In this work, we will characterize gold nano-clusters be-

fore annealing of the samples (at room temperature, RT)
applying island growth (Volmer–Weber) mechanism with
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XPS during nanocluster formation

Fig. 1. The Au 4f spectra taken from samples with effective gold thickness
Teff = 2 Å, 8 Å, 14 Å and 24 Å at RT.
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f ðxÞ ¼
cf1; for 0 < x < h

0; otherwise

�
ð6aÞ

where h is the height of the island, f1 is the fractional sur-
face coverage (0 6 f1 6 1) with atoms for which the spec-
trum was acquired and c is the concentration of the pure
element. To study the annealing of the samples from RT
to 220 �C we will apply buried layer morphology with

f ðxÞ ¼
c0; for d0 < x < d0 þ Dd

0; otherwise

�
ð6bÞ

where d0 is the depth under which the material is buried
over the depth interval Dd and c 0 is concentration of the
element over the depth Dd. For details, see Ref. [22].

3. Experimental

Monodisperse polystyrene (PS) with Mw = 212000
g/mol and Mw/Mn < 1.1 used in the experiments was ob-
tained from Aldrich Chemical Company as powder where
Mw and Mn are weight average molecular weight and num-
ber average molecular weight of the polymer, respectively.
The polystyrene films (thickness of approximately 200 nm)
were prepared by dissolving the polymer powder in toluene
(27 g/l) and spin coating it on a silicon wafer with its native
oxide layer. PS samples were annealed under vacuum con-
ditions for 40 min at a temperature of 130 �C and then
slowly cooled down to room temperature (RT) with con-
stant cooling rate of 1 �C/min.

Four samples with different gold depositions of 2, 8, 14
and 24 Å nominal thickness were made. To make each
sample, the substrate temperature was constantly kept at
room temperature during Au deposition. Gold (99.99%
pure, Good Fellow Industries) was evaporated from a
heated Mo crucible mounted in the preparation chamber
of the XPS spectrometer (Omicron Full Lab). The deposi-
tion rate and the nominal thickness rate were monitored by
a quartz crystal microbalance (QCM), which was cali-
brated gravimetrically.

Samples with 2 Å and 8 Å nominal thickness were
heated with a ramp 1 K/min in the XPS-chamber and data
acquisition was made after achieving some definite temper-
ature T (the sample was kept at this T for �5 min without
cooling) using monochromatic Al Ka radiation.

4. Analysis and results

To analyze the XPS Au4f spectra obtained from gold
nano-clusters on polystyrene, we used the QUASES-Toug-
aard software package [28] which was set up based on the
theory in Section 2 and references therein. The Au 4f pho-
toelectrons were excited by Al Ka radiation and we used
k = 15.78 Å for gold (calculated with the QUASES-TPP-
2M calculator which can be freely downloaded from
www.quases.com; this calculator uses the TPP-2M formula
due to Tanuma et al. [30]). The Au 4f photoelectrons were
detected normal to the surface (h = 0).
We have studied two issues: Au nano-cluster growth
mechanism at RT and annealing induced redistribution
of the Au nano-clusters.

Fig. 1 shows the Au 4f spectra at RT after deposition of
varying amounts of Au. We analyze these spectra based on
the XPS peak shape and thereby determine the nano-
cluster formation, cluster size and the number of clusters
per unit area (n) on the polystyrene surface. It is expected
that they form spheres, due to very high cohesive energy
of Au and very low reactivity between Au and PS. We
now make a model taking this into account in the analysis
by considering the corresponding f(x). To this end, we di-
vide spheres (with diameter 2R and surface coverage f1)
into nine coaxial cylindrical shells with the same surface
coverage and different h (see Fig. 2). In this model, the fol-
lowing rules apply for the parameters characteristic of the
cylindrical islands:

hi ¼ 2R�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

ffiffi
i
p
þ

ffiffiffiffiffiffiffiffiffiffi
i� 1
p

6

 !2
vuut ; i ¼ 1; 2; . . . ; 9 ð7Þ

f1i ¼ f1=9; i ¼ 1; 2; . . . ; 9 ð8Þ
X9

i¼1

hif1i ¼ T eff ð9Þ

where i, hi and f1i are the index, the height and the surface
coverage of each island, respectively, and Teff is the effective
thickness of Au deposition.

Now, it is possible to determine the cluster size (2R) and
coverage (f1) of the Au clusters for each deposition by using
a gold reference F(E) spectrum (see Ref. [22]). Usually one
would obtain that from analysis of the spectrum taken from
a pure Au sample. However, since we know Teff of the Au
overlayer for each deposition from the values measured
by QCM, we can use the sample with the highest effective
thickness Teff = 24 Å as a reference. We adjust 2R (or hi)
until the corrected spectrum has F(E) � 0 in a wide kinetic
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Fig. 2. Dividing spheres (with diameter 2R and surface coverage f1) into
nine coaxial cylindrical shells with the same surface coverage and different
h for the box Island model in QUASES-Tougaard being applicable to
spherical nano-clusters, side view (left), top view (right).

Fig. 4. The obtained F(E) after analyzing Au 4f signals taken from the
samples with effective gold thickness Teff = 2 Å, 8 Å, 14 Å and 24 Å at RT.

Fig. 5. Cluster size (2R) determined by QUASES-Tougaard analysis for
˚
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energy interval 50–150 eV below the peak energy (see
Fig. 3), and then by applying Eqs. (8) and (9), the coverage
f1 is obtained. To analyze the spectra for other samples, we
adjust 2R (or hi) to get F(E) with the same shape as the F(E)
obtained by using the reference (see Fig. 3), and then we
adjust f1i to get the same peak area as for the reference
F(E) (see Fig. 4). Note the very good agreement between
the obtained F(E) for all four different depositions.

Fig. 5 shows the obtained cluster size (2R) for different
Au depositions. Fig. 6 shows Teff obtained for each deposi-
tion from Eq. (9), plotted against the values measured by
QCM. Note the very good agreement with deviations less
than 5% on an absolute scale.

To calculate n (the number of clusters per cm2), we can
use the following formula:

n ¼ f1

pR2
� 1016 ð10Þ

where pR2 is the projected area of a given spherical cluster
and R is in Å. The obtained n for effective thicknesses 2, 8,
14 and 24 Å are shown in Fig. 7. For comparison, Fig. 8
shows a TEM image of a sample with 3 Å effective thick-
ness of deposited gold. Analysis of this image gives an
average cluster size of 30 ± 2Å and a cluster density
Fig. 3. Analyzed Au 4f spectrum for Teff = 24 Å at RT.

different Au depositions at RT on PS. The value for 3 A deposition
(centered circle) was determined from the TEM image in Fig. 8.
2.0 · 1012 cm�2. The values are also shown in Figs. 5 and
7 (centered circle), respectively, and are seen to be in good
agreement with the values determined by the XPS peak
shape analysis.

It is of interest to study to what extent island coalescence
takes place as the Au deposition increases. From Fig. 7, we
see that the cluster density determined by XPS peak shape
analysis, clearly decreases for increasing Au deposition.
From this, we can conclude that coalescence happens.

We measured a series of XPS spectra during annealing
of the samples from RT, i.e. below the glass transition tem-
perature (Tg � 100 �C) of PS to 220 �C which is well above
Tg and below its melting point (�240 �C). These series of
data were acquired from samples with 2 Å and 8 Å gold
deposition. For embedded nano-clusters, the QUASES-



Fig. 6. Obtained Teff by QUASES-Tougaard analysis, for each Au
deposition at RT, compared to the values measured by QCM. The line is
fitted to the points.

Fig. 7. Number of Au clusters per cm2 determined by QUASES-Tougaard
analysis for different Au depositions at RT. The value for 3 Å deposition
(centered circle) was determined from the TEM image in Fig. 8.

Fig. 8. TEM image of a sample with 3 Å effective thickness of deposited
gold at RT.

Fig. 9. Depth profile for 2 Å (open circle) and 8 Å (solid circle) Au
deposition as a function of temperature. Dd1 and Dd2 are the depth interval
over which the nano-clusters are distributed corresponding to 2 Å and 8 Å
Au deposition, respectively.
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Tougaard software cannot use spherical model. Although
they are actually spheres, either the spherical (nine box
model, Eqs. (7)–(9)) or the one box model (Eqs. (6a) and
(6b)) results in F(E) with the same quality as in Fig. 4. This
shows that we can use the box model. Therefore, for this
part of analysis, we use box model which gives smaller
height. For XPS peak shape analysis of the spectra taken
at each step of annealing, we adjust d0, Dd and c 0, Eq.
(6b), to obtain F(E) with the same shape and intensity as
the reference spectrum. The fact that the height of spheres
with a given volume are larger than that of the boxes with
the same volume as well as the same cross-section area by a
factor of 1.5 and also the fact that they are actually spheres,
require to correct the obtained values by that factor. The
corrected results, Dd1 and Dd2, are shown in Fig. 9. As a
check on the consistency of the analysis, we can calculate
the determined amount of Au atoms by multiplying c 0 by
the obtained Dd for each step of annealing of the samples
(see Fig. 10). It is seen to be constant to within less than
15% at all annealing temperatures. In the calculations, we
used the universal cross-section, Eq. (4). The actual cross-
section is expected to be a weighted average of the universal
and the polymer cross-section depending on the degree of
intermixing of metal-clusters and polymers. Likewise, the



Fig. 10. Teff for 2 Å (open circle) and 8 Å (solid circle) Au deposition
measured by XPS peak shape analysis during the annealing of the samples.
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effective IMFP is expected to change gradually as the gold
nano-clusters are embedded. These effects are likely to be
the reason for the small gradually increase in Teff observed
in Fig. 10.

5. Discussion

As demonstrated in this paper, the XPS peak shape
analysis is an easy method to study structure and depth dis-
tribution of nano-clusters because only a single XPS spec-
trum is required. It is therefore easy to study the
redistribution of nano-clusters during growth as well as
gradual annealing. And it is also a nondestructive method
to investigate the degree of intermixing of metal-clusters
and polymers. In comparison, to do this study by XTEM
[2] it is required to cut the sample which is time consuming
and it is destructive and the continuous evolution with
annealing cannot be followed for the exact same sample.

Compared to AFM and TEM, the XPS peak shape
analysis method is very easy and fast because all informa-
tion on the cluster size as well as on the cluster distribution
is obtained from analysis of a single XPS spectrum. Fur-
thermore, clusters at high density cannot be resolved by
contact mode AFM when the tip size is larger than the lat-
eral spacing between neighboring clusters [31]. XPS peak
shape analysis does not have this limitation. Moreover,
the size of the metallic clusters can be measured directly
by TEM but due to contrast and focusing limitations, it
is difficult to determine accurate sizes for small clusters
with radii in the range 0.5–2 nm [19], which however is
the most interesting size range for the determination of
the initial stages of film growth. Also, the preparation of
transparent polymer samples for TEM is difficult.

6. Conclusion

We conclude that XPS peak shape analysis, which is a
nondestructive method, is an efficient method to study quan-
titatively how metal nano-clusters grow, diffuse and distrib-
ute on and in a polymer as a function of cluster size and the
temperature in the range from room temperature to consid-
erably above the glass transition temperature of the polymer.

The important point is that this method can give all
mentioned information on such a metalized polymer with-
out the need for any other complimentary and time con-
suming technique such as AFM, TEM and XTEM.
Therefore, it can stand-alone and is also suitable to moni-
tor and control the degree of intermixing of metal-clusters
and polymers which is of high technological importance.

Consequently, XPS peak shape analysis is fast, simple to
handle and powerful for quality control in mass production
of metal–polymer nano-materials.
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