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ABSTRACT: Results of the morphological studies of
silver particulate films deposited at a rate of 0.4 nm/s on
polymeric blends of polystyrene (PS) and poly (4-vinylpy-
ridine) (P4VP) held at a temperature 457 K by evaporation
in a vacuum of 8 � 10�6 Torr are reported here. The mor-
phology of silver particulate films was characterized by
their size, size distribution, shape and interparticle separa-
tion. It has been observed that morphology depends on
the composition of polymer matrix and the amount of
silver deposited. The red shift in the plasmon resonance
was observed with the increasing amount of P4VP in the
blends in comparison to the pure PS. This indicates the

modification in the silver particulate films deposited on
the PS/P4VP blends. Scanning electron microscopy (SEM)
was used to study the change in morphology of the silver
nanoparticles and was correlated with the optical proper-
ties of silver particulate films on PS/P4VP blends. The
silver nanoparticles deposited on the thin layers of polymer
blends exhibit smaller size with narrower dispersion and
wider size distribution due to blending of P4VP with PS.
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INTRODUCTION

Silver nanoparticles embedded in polymer matrices
are a broad area of research because of their unique
structural, optical, electronic and electrical proper-
ties.1–6 These have attracted particular interest due
to their favorable optical properties, displaying
surface plasma resonance.7 Polymer matrices have
been frequently used as particle stabilizers in chemi-
cal synthesis of metal colloids since these prevent
agglomeration of the particles.8 Polymeric matrix
provides the ability of processing and flexibility.
This is the unique possibility of controlling viscosity
of the softened polymer substrate and hence the
structural properties of the silver particulate films
deposited on polymer blends.

Nanocomposites of metal nanoparticles in a poly-
mer matrix have generated a great deal of interest
which depends on the metal-polymer composition
and their structure. Polymers are particularly attrac-
tive as the dielectric matrix in composites due to their
versatile nature and can easily be processed into thin
films. These nanocomposites exhibit a unique combi-

nation of desirable optical and electrical properties
that are otherwise unattainable.9–13 All these proper-
ties depend on the size, size distribution and shape of
the nanoparticles. The growth and arrangement of
metal nanoparticles on various substrates are there-
fore key issues in all the fields of modern science and
technology relating to nanoelectronics, photonics,
catalysis, and sensors.14 The ability to tailor and opti-
mize the nanocomposite structure precisely creates
opportunities for a wide range of applications.
Metal-polymer nanocomposite containing widely

separated nanoparticles exhibit insulating behavior.
As the percentage of metal in composite increases,
the nanoparticles separation decreases. At a certain
thickness of silver on softened polymer substrate,
nanoparticles are quite densely packed but separated
by polymer gap such a film offer a host of unique
property relevant to practical applications. These
applications include high dielectric constant pas-
sives, electromagnetic interference shielding, sensors,
and detector designed for a variety of specific pur-
poses with high performances, sensitivity, and flexi-
bility.15 Further, the morphology of the cluster films
deposited on softened polymer substrates is depend-
ent on the polymer-metal interaction. Gold deposited
on polystyrene and subsequently annealed above its
glass transition temperature results in a highly
agglomerated film with large separation between the
clusters, possibly due to inert nature of PS.1
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Silver deposited on polystyrene also forms highly
agglomerated subsurface particulate structure with
large separations between the metal particles.16 But,
silver deposited on an interacting polymer like poly
(4-vinylpyridine) resulted in the formation of smaller
particles (approximately a few tens of nm) with
smaller interparticle separations.17 The differences in
dispersion, size distribution, and impregnation
depth result from the differing natures of the poly-
mer hosts and the processing conditions.18 There-
fore, it is interesting to restrict the nanoparticles to a
small size regime along with a narrow size distri-
bution by blending inert PS with interacting P4VP.

Our previous work,19 electrical behavior of silver
particulate films on PS/P4VP blends show subsur-
face formation of films resulted in room temperature
resistance in the range desirable for device applica-
tions. But silver deposited on softened inert polymer
like polystyrene substrates show room temperature
resistances equalling that of the substrate, irrespec-
tive of the thickness deposited because of highly
agglomerated structures. This suggests the possibi-
lity of modification in morphology of silver parti-
culate films on PS/P4VP blends. Polymer blending
is a common way to develop new polymer materials
with desirable combinations of properties. The main
advantage of this method is to control the properties
by varying the blend compositions.8

In this article, we have discussed the morphology
of silver particulate films on PS/P4VP blends.

EXPERIMENTAL

Poly (4-vinylpyridine) and silver (purity better than
99.99þ%) used in this study were procured from
Sigma-Aldrich Chemicals Pvt. Ltd. Polystyrene was
procured from Alfa-Aesar (A Johnson Mathley Com-
pany). The average molecular weight of P4VP and PS
are 60,000 and 100,000, respectively. Polymer blends
were prepared through solution blending by mixing
in a common solvent, diemethylformamide (DMF).
Blends of PS/P4VP with different compositions
{PS (w)/P4VP (w) ¼ 0 : 100; 25 : 75; 50 : 50; 75 : 25;
100 : 0} were prepared. About 2 g of the total poly-
mers at different ratios were dissolved in 20 mL of
DMF at room temperature. Silver films of various
thicknesses were vacuum evaporated onto softened
polymer blends of PS/P4VP, solution cast on glass
substrates held at temperature of 457 K, above the
glass transition temperatures of homopolymers in
a vacuum better than 8 � 10�6 Torr at a rate of
0.4 nm/s. A chromel-alumel thermocouple was used
to measure the substrate temperature by clamping it
to the substrate surface holding the film. Source
to substrate distance was maintained at 20 cm. A
Telemark quartz crystal monitor (Model 850) was

used to measure the deposition rate, as well as the
overall film thickness. Optical absorption spectra of
the silver particulate films were obtained on a
Shimadzu UV-Vis-NIR spectrophotometer model
SHIMADZU UV 3101 PC. X-ray diffraction (XRD)
studies were carried out for particle size measure-
ments with the diffraction angle 2 theta equal to 38�

using a BRUKER D8 ADVANCE powder x-ray
diffractometer with Cu-Ka radiation. Scanning electron
microscopy (SEM) measurements were carried out on
a Leica Cambridge Instruments Stereo scan 440 SEM
with image processing software. The acceleration volt-
age is 20 kV and magnification is 50–100 KX.

RESULTS AND DISCUSSION

Optical studies

Figure 1(a) shows the optical absorption spectra
recorded for 50 nm silver films deposited on poly-
meric blends held at 457 K at the deposition rate of
0.4 nm/s. It is well known that small silver particles
embedded in polymer matrix exhibit plasmon reso-
nance absorption and as a result absorption maxima
occur in the visible-near infrared region and their
spectral position depends on the particle size,
shape, filling factor etc. in the polymer matrix. The
surface plasmon resonance absorption for silver
clusters in the polymer matrix generally occurs at a
wavelength of � 430 nm.17 It is well known that
shift in the plasmon resonance peak towards higher
wavelength occurs due to close proximity of the
silver clusters.20–23 These nanoparticles exhibit
unique optical properties originating from the char-
acteristic surface plasmon by the collective motion
of conduction electrons.22,23

Thus, the formation of silver nanoparticles can
also be confirmed by UV/VIS absorption spectrum
of composite films.24 Spectral position, half width
and intensity of the plasmon resonance strongly
depend on the particle size, shape, and the dielectric
properties of the particle material and the surroun-
ding medium.25 The type of metal and the surroun-
ding dielectric medium play a significant role in the
excitation of particle plasmon resonance (PPR). The
sensitivity of PPR frequency to small variations of
these parameters can be exploited in various appli-
cations.26 For silver particles embedded in PS/P4VP
blends, a shift of the resonance position to higher
wavelength (red shift) were found, which were
correlated with changes of particle sizes and inter-
separation in the silver clusters. It is clearly seen
[Fig. 1(a)] that the plasmon resonance peak shifts
towards the longer wavelength side in comparison
to pure PS (485.5 nm).It is 598, 651.6, and 754.5 nm
for PS : P4VP, 75 : 25, 50 : 50, and 25 : 75, respec-
tively, for 50 nm silver particulate film on them.
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Also, there is increase in intensity of absorbing
peaks which can be attributed to the decrease of par-
ticles size with the incorporation of P4VP into PS.24

Previous studies27 of silver particulate film on PS
for the 50 nm thickness exhibited minimum shift
due to the presence of comparatively larger clusters
with larger intercluster separations than on P4VP28

for the same thickness. Blending of P4VP with PS is
expected to provide a polymer matrix where the size
of silver clusters and intercluster separation can be
modified because dispersion, size distribution and
impregnation depth results from the natures of poly-
meric hosts.6

Figure 2(c) shows the XRD pattern with the
diffraction peak around 38� for the silver particulate
films of thickness of 50 nm on P4VP, PS and PS/
P4VP, 25 : 75, 50 : 50, and 75 : 25. The broadening of
the Bragg peaks indicates the formation nano-
particles. The particle sizes calculated from the
Figure 2(c) are 53, 51, 49, 46, and 30 nm for the
blends (PS : P4VP) 100 : 0, 75 : 25, 50 : 50, 25 : 75,

and 0 : 100, in that order. The particle sizes esti-
mated from XRD suggest that there is a very small
reduction in particle size due to blending of PS and
P4VP.Figure 2(d) shows the XRD patterns for the sil-
ver particulate films on PS/P4VP, 75 : 25, 50 : 50
and 25 : 75 for 150, 95, and 85 nm thicknesses,
respectively. The reflections at 38� and 44� corre-
spond to metallic silver. The particle sizes calculated
from the Figure 2(d) are 52.3, 51.6, and 53 nm for
the blends (PS : P4VP) 75 : 25, 50 : 50, and 25 : 75,
respectively, for the diffraction angle 38�. Electrical
properties of polymer/metal composite films are
strongly linked to particles’ nanostructure.6 As the
fraction of the metal in a nanocomposite increases
the nanoparticle separation decreases resulted in bet-
ter electrical properties of nanocmposites.29 There-
fore, electrical behavior of silver particulate films on
PS/P4VP (50 : 50, 50 nm and 95 nm; 75 : 25, 50 nm
and 150 nm) observed decrease in electrical resist-
ance on increasing the thickness of films.19 Thus,
electrical studies of these blends suggest possibility

Figure 1 (a) Optical absorption spectra for 50 nm silver particulate films deposited on PS/P4VP blends. (b) Optical
absorption spectra for the films of various thicknesses deposited on the PS /P4VP blends. (c) Optical absorption spectra
for the films deposited on the blend PS/P4VP 50 : 50. (d) Optical absorption spectra for the film deposited on the blend
PS/P4VP 75 : 25.
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of modification in morphology of silver particulate
films on PS/P4VP as compared with films on PS.

Figure 1(b) shows the optical spectra recorded for
the films of various thicknesses on PS/P4VP blends.
The blend 50 : 50 shows the most promising result
among all the silver particulate films on the blends.
The intensity and shift of absorption peak is opti-
mum (793 nm) for 95 nm film on PS/P4VP, 50 : 50.
The silver particulate film of thickness 150 nm on
PS/P4VP, 75 : 25 also shows a red shift (705 nm).
This shift in the plasmon resonance peak towards
higher wavelength can be attributed to close proxi-
mity of the silver clusters,20–23 perhaps this is the
reason for the better electrical behavior of the film of
thickness 150 nm on PS/P4VP, 75 : 25.19

Figure 1(c) shows the optical spectra for films of
varying thickness on PS/P4VP, 50 : 50. The shift in
plasma resonance towards higher wavelength indi-

cates close proximity of silver nanoparticles with
increasing thickness of silver particulate films.8

Figure 1(d) shows the optical absorption spectra
recorded for silver films on PS/P4VP, 75 : 25. It is
clear that shift in surface plasma resonance is due to
increase in particle size with the amount of silver
deposited.8 The results are in agreement with
the electrical properties of this blend which show
increase in electrical conductivity on increasing
silver loading.19

Micro structural studies

SEM of the silver particulate films [Fig. 2(a,b)] on
homopolymers (PS, P4VP) clearly shows the charac-
teristic nature of these polymers. The size and inter-
separation of silver clusters is less (average particle
size-58 nm) in P4VP whereas size as well as

Figure 2 SEM images of PS/P4VP. (a) 0 : 100 and (b) 100 : 0 for silver particulate films of thickness 50 nm. Acceleration
voltage-20 kV, Magnification 50 KX. (c) XRD curves for silver particulate films of thickness 50 nm on P4VP, PS, PS/P4VP,
25 : 75, 50 : 50, 75 : 25, respectively. (d) XRD curves for silver particulate films on PS/P4VP, 75 : 25, 50 : 50, and 25 : 75
for 150, 95, and 85 nm thicknesses.
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interseparation is wide in PS (average particle size-92
nm). As a result, PS does not show the desired elec-
trical conductivity.26 Blending of P4VP into PS modi-
fies size, size distribution, and interseparation of
silver particles deposited on their blends PS/P4VP,
50 : 50, and 75 : 25. Figures 3(a)–6(a) show the SEM
pictures of various thicknesses of silver films depo-
sited on PS/P4VP blends. The acceleration voltage
is 20 kV and magnification is 50–100 KX for all the
SEM pictures. The particle sizes measured from
respective SEM pictures are plotted as histogram in
Figures 3(b)–6(b). The corresponding histograms
[Figs. 3(b)–6(b)] of silver particles of the films are
shown side by side of the SEM pictures. The data fit
into a log normal distribution for all the cases. Hence,
the average size, a and geometric standard deviation,
ra are determined from the log normal distribution
of the curves. The positive effect of blending P4VP
with PS is clearly visible in these pictures. Figures
3(a) and 4(a) show the particle size distribution for 50
and 95 nm thick silver films deposited on PS/P4VP,
50 : 50. The average size, a and geometric standard
deviation, ra are 79.4 nm and 6 1.2, respectively, for

the 50 nm film whereas the corresponding values for
the 95 nm film are 95.4 nm and 6 1.4. A closer look
at the morphology of silver nanoparticles deposited
on PS/P4VP, 50 : 50 in Figures 3(a) and 4(a), clearly
shows that particle size increases with the amount of
silver deposited. The shape of the nanoparticles
changes from near spherical particles to irregular
ellipsoidal particles. The size distribution and width
of histograms as shown in the figure indicate that the
average size of the particle increases from 79.4 to 95.4
nm and the size distribution expands from 50 to 110
nm to 60–160 nm which results in improvement
of tunneling effect in PS/P4VP, 50 : 50.19 And silver
particulate film of thickness 95 nm show better elec-
trical behavior than silver particulate film of 50 nm
on PS/P4VP, 50 : 50.19 It is evident that increase in
size distribution decreases the interseparation of
silver clusters in this blend. This fact may be
regarded as a consequence of the size as well as inter-
separation evolution of nanoparticles during the
ongoing deposition process.
Figures 5(a) and 6(a) show the particle size distri-

bution for 50 nm and 150 nm thickness films

Figure 3 (a) SEM micrograph, Acceleration voltage-20
kV, Magnification 50 KX and (b) corresponding histogram
of 50 nm thick silver film on PS/P4VP, 50 : 50.

Figure 4 (a) SEM micrograph, Acceleration voltage-20
kV, Magnification 100 KX and (b) corresponding histo-
gram of 95 nm thick silver film on PS/P4VP, 50 : 50.
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deposited on PS/P4VP, 75 : 25. The average size, a
and geometric standard deviation, ra are 88.6 nm
and 6 8.5 for the 50 nm film and 96.7 nm and 6 4
for 150 nm film, respectively. It is evident from the
figure that distribution of size increased from 50 to
120 nm to 60–140 nm. Such dispersion of silver
nanoparticle within the PS/P4VP, 75 : 25 leads to
better electrical behavior.19 Such electric behavior is
not observed even for 300 nm silver particulate film
on PS.27 Hence, silver particulate film of 50 nm
thickness on PS/P4VP, 75/25 consist of isolated and
widely dispersed nanoparticles. But systematic and
controlled increase of silver in the PS/P4VP, 75 : 25
matrices produced interesting result.19 The silver
particulate film of thickness 150 nm on PS/P4VP,
75 : 25 shows the room temperature resistance in
few mega ohms a desirable range for applications.

Table I has been compiled to show all the particles
size of silver clusters embedded in PS/P4VP blends
from XRD and SEM. The SEM has provided the
morphology of silver clusters and their distribution.
The XRD diffraction pattern represents the average
throughout the film due to increased penetration
and large beam size. The observed values of particle

size from SEM are in the same range as the calcu-
lated values of the particle size from XRD. The
difference in the values may be due to averaging
over longer depths because of penetration of X-rays.
Although, the trend of particle size measured from
XRD and SEM are similar.

TABLE I
The Average Particle Size for Silver Deposited on

PS/P4VP Blends

PS/P4VP
Thickness

(nm)

Particle
size (nm)

Standard
deviation

XRD SEM, a ra

0 : 100 50 30 58 –
25 : 75 50 46.6 – –

85 53 – –
50 : 50 50 49.1 79.4 1.2

95 51.6 95.4 1.4
75 : 25 50 51.8 88.6 8.5

150 52.3 96.7 4.0
100 : 0 50 53.3 92 –

The deposition rate is 0.4 nm/s and temperature is 457 K.

Figure 6 (a) SEM micrograph, Acceleration voltage-20
kV, Magnification 100 KX and (b) corresponding histo-
gram of 150 nm thick silver film on PS/P4VP, 75 : 25.

Figure 5 (a) SEM micrograph, Acceleration voltage-20
kV, Magnification 100 KX and (b) corresponding histo-
gram of 50 nm thick silver film on PS/P4VP, 75 : 25.
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CONCLUSIONS

The deposition of silver particulate films by evapo-
ration on PS/P4VP blends yields positive effect of
blending PS with P4VP. The size distribution and
dispersion of silver nanoparticles is found to be
dependent on the nature of the polymer host and
thickness of particulate films. With the addition of
P4VP and amount of silver, morphology of the silver
particulate films on PS/P4VP (50 : 50, 75 : 25) could
be modified to give the desired electrical results.

The author thanks DST for the XRD andNCL (Pune) for SEM
facility.
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