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Abstract. Polymer-metal nanocomposite thin ﬁlms are versatile materials that exploit the mutualistic impact of
the unique attributes of the polymer and metal nanoparticle components, enabling applications in various areas
including photonics, sensing and catalysis. Sputtering followed by thermal annealing can produce metal or
semiconductor nanoparticle thin ﬁlms on suitable substrates. We present an optimized protocol for the fabrication
of polymer-metal nanocomposite thin ﬁlms, involving spin-coating of the polymer (poly(vinyl alcohol),
polyaniline) ﬁlm and the sputter-anneal process to form metal (silver) nanoparticles in the polymer matrix. Silver
nanoparticle ﬁlms and the polymer-silver nanocomposite ﬁlms fabricated are characterized using UV-visible
spectroscopy, electron microscopy and X-ray photoelectron spectroscopy. The polymer thin ﬁlm inﬂuences
signiﬁcantly, the size and distribution of the nanoparticles formed within. Poly(vinyl alcohol) ﬁlm is found to
enable the formation of a uniform distribution of relatively small silver nanoparticles, with the annealing carried
out at lower temperatures than that commonly used in the sputter-anneal procedure. Signiﬁcantly, mild oxidation
of the bare silver nanoparticles that occur during the annealing process is inhibited by the polymer environment.
The nanocomposite formation is shown to bestow stability on the nanoparticles, against aggregation under
external stimuli like the electron beam, and temporal changes under ambient atmosphere.
Keywords. Silver nanoparticle; polymer matrix; nanocomposite; sputter coating; thermal annealing.

1. Introduction
Nanoparticles and nanostructures of a wide range of
materials including metals, semiconductors, dielectrics
and organics with their unique and size-dependent attributes, have emerged as the vital components of innumerable technologies and devices, current, emerging and
futuristic. Nanocomposites play a key role in not only
enabling facile deployment of the nanomaterials in various
applications but also in augmenting their critical characteristics through mutualistic effects. A typical example of
the latter is polymer-metal nanocomposites in which the
polymer environment can inﬂuence the optical or electronic responses of the metal nanoparticles, and the
embedded metal nanoparticles can impact the mechanical
attributes of the polymer.1–3 Nanocomposites can be

fabricated through a wide range of methods including exsitu and in situ methods; the former generally involves the
separate synthesis of the nanomaterial and subsequent
mixing with the bulk component, whereas the latter
exploits the direct generation of the nanomaterial within
the bulk matrix. We have developed earlier, a particularly
simple approach for the in situ growth of metal,3 semiconductor4 and metal/semicondutor5 nanoparticles in
polymer thin ﬁlms.
Different sputtering techniques have been employed
for the formation of metal nanoparticles on a variety of
substrates.6–9 sputtering into liquids is also used to
produce metal nanoparticles.10,11 The sputter approach
has the advantages of simplicity and the avoidance of
capping ligands commonly used in the synthesis
through colloidal and similar routes. However, in most
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cases, thermal annealing at relatively high temperatures is required to induce the formation of the
nanoparticles from the deposited thin ﬁlms; the fragility of the ﬁnal nanoparticle ﬁlms is another issue that
arises when a stabilizing matrix is absent. In the case
of nanomaterials formed by sputtering on substrates
like glass or silicon wafer, direct characterization
using methods like transmission electron microscopy
(TEM) is not practical in all cases. Fabrication of
polymer-metal nanocomposites through plasma polymerization and magnetron sputtering has also been
reported, but often involve specialized and custombuilt equipment.12,13
Recognizing the issues of facile fabrication and
application as well as improved stability, we have
considered the formation of nanocomposite thin ﬁlms
through sputter deposition directly on polymer thin
ﬁlms. Some examples of such an approach with Au
nanoparticles formed on polymers like polyethylene
and polyethylene terephthalate are known.14–16 We
envisaged that the dewetting of the sputter coating on a
polymer thin ﬁlm surface would be quite different
from that on other substrates, and with a suitable balance of interfacial tensions, effected under milder
annealing conditions. In order to probe the critical role
of the polymer and to develop thin ﬁlms with potential
application in areas like catalysis, we have explored
the formation of Ag nanoparticles by sputter-anneal on
glass substrates, as well as thin ﬁlms of poly(vinyl
alcohol) and polyaniline coated on glass. Interestingly
we ﬁnd that the polymer ﬁlm can enable milder
annealing conditions to form the nanoparticles; the
polymer matrix also provides greater stability for the
nanoparticles formed. The thin ﬁlms are characterized
through spectroscopy and microscopy; we found that
the samples could be easily transferred to TEM grids
for imaging. TEM characterization of the nanoparticles generated under different conditions is presented;
additionally, an interesting observation of the fusion of
the bare nanoparticles under electron beam irradiation
is described. X-ray photoelectron spectroscopy (XPS)
shows that the nanoparticles formed on the polymer
thin ﬁlm are stable against oxidation during the
annealing carried out under ambient atmosphere. The
polymer matrix is also shown to impart long term
stability to the nanoparticles.

2. Experimental
Materials: Aniline (Finar, 99?%), hydrochloric acid
(Finar, Extra pure), ammonium peroxodisulfate (APS,
Sigma-Aldrich, 98?%), poly(vinyl alcohol) (PVA,
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Aldrich, average molecular weight = 146–186 kDa, %
hydrolysis [ 89), sodium poly(styrene sulfonate)
(NaPSS, Aldrich, average molecular weight * 70
kDa), dialysis bags (HiMedia, 50 kDa cut-off), Millipore MilliQ water (resistivity = 18 MX cm), and silver
sputter target (Ted Pella, purity = 99.99%) were used
in the various synthesis and fabrication.
Fabrication of PVA thin ﬁlm: 1 g PVA was
dissolved in 20 mL water by stirring at 110 °C for
* 15 min. 100 lL of the solution was spin-coated
on a glass slide (previously cleaned by washing
with soap/water followed by acetone, and ﬁnally
ultrasonication in iso-propyl alcohol and drying at
* 100 °C) by spinning at 500 rpm for 10 s, followed
by 6000 rpm for 10 s; a Laurell Technologies Corporation model WS-650Mz-23NPP Single Wafer
Spin Processor was used. The ﬁlm was dried under
vacuum for 30 min.
Fabrication of PANI thin ﬁlm: The procedure
developed earlier in our laboratory17 was followed.
0.42 mL (4.6 mmol) aniline was added to 15 mL of 3
M hydrochloric acid and stirred for 20 min. 2.78 g
NaPSS dissolved in 13 mL water was added to this
solution and the mixture cooled in an ice bath. Subsequently, 1.02 g APS dissolved in 8 mL water was
added and stirring continued for 3 h. The dark green
color observed is indicative of the formation of the
emeraldine salt form of PANI. Colloidal solution of
the polymer was diluted with water and subjected to
dialysis with aqueous HCl, which was changed every
30 min, thrice. The colloid was diluted with water and
centrifuged for 1.5 h on an Eppendorf model Centrifuge 5810 R; the supernatant was removed and
replaced with fresh water thrice. 950 lL of the PANI
was mixed with 50 lL PVA solution (1 g in 20 mL
water) under magnetic stirring for 30 min. The use of
NaPSS as a template anion and the addition of a small
proportion of PVA provides improved processability
for the PANI.17 100 lL of the ﬁnal solution was coated
on a glass slide by spinning at 500 rpm for 10 s followed by 6000 rpm for 10 s. The ﬁlm was dried under
vacuum for 30 min.
Fabrication of Ag nanoparticle and Ag-polymer
nanocomposite thin ﬁlms: Ag was sputter-deposited on
the substrate (glass slide or glass coated with PVA or
PANI) using a Quorum Technologies model Q150T
ES turbomolecular pumped coater. The chamber was
kept at a pressure of 9 9 10-6 bar, and sputter current
(10–20 mA) and time (15–60 s) were employed. Following the sputtering, the thin ﬁlms were annealed in a
Memmert model UF 30 PLUS programmable
mechanical convection oven for 1 h at temperatures,
100–200 °C.
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Figure 1. Extinction spectra of Ag sputter-coated on glass with 15 mA current for (a) 15 s and (b) 60 s, followed by
thermal annealing for 1 h at 100 °C and 200 °C.

Figure 2. (a) FESEM images of Ag sputter-coated on glass with 15 mA current for 15 s, followed by thermal annealing
for 1 h at 100 °C and 200 °C (scale bar = 300 nm). (b) TEM images of Ag nanoparticles formed on glass by sputtering with
15 mA current for 15 s, followed by thermal annealing for 1 h at 200 °C; images at two magniﬁcations, scale bar = 50 nm
and 10 nm are shown.

Characterization: Electronic spectra were recorded
on a Varian model Cary 100 UV-Vis spectrophotometer. Thin ﬁlms were examined using a Carl Zeiss
model Merlin Compact ﬁeld emission scanning
electron microscope (FESEM) equipped with an
Oxford Instruments X-MaxN SDD (50 mm2) system
and INCA analysis software; no separate gold sputter
coating was provided on the samples. Transmission
electron microscope (TEM) images were recorded on

a JEOL model JEM-F200/F2 Multi-purpose Electron
Microscope (200 kV). The Ag nanoparticle ﬁlm
gently scratched from the glass substrate or tiny
pieces of the polymer ﬁlm stripped off the substrate
were deposited on a carbon-coated Cu grid to
examine in the TEM. X-ray photoelectron spectra
(XPS) were recorded on a Thermo Fisher Scientiﬁc
Instruments Model K Alpha? system with an Al Ka
source; the binding energies are referenced to the C1s

96

Page 4 of 11

J. Chem. Sci. (2021)133:96

Figure 3. (a) TEM images of neighbouring Ag nanoparticles in sputter-anneal ﬁlms fusing under the electron beam
irradiation (beam voltage = 200 kV, beam current = 188.2 lA). (b) Higher resolution images of selected stages, showing the
(1 1 1) lattice of fcc Ag.

peak at 284.8 eV. The different thin ﬁlms on glass
were examined.

3. Results and Discussion
The sputtering process provides ﬁne control on the
quantity of material being deposited in the form of thin
ﬁlms, by tuning the parameters like current and time.

The thermal annealing conditions, temperature and
time are also critical parameters that can be tailored to
modify the ﬁnal nanoparticle size and distribution. The
nanoparticle formation results from effective dewetting on the substrate, glass or polymer ﬁlm coated on
glass used in the present study. We carried out
extensive exploratory studies to examine the impact of
the various sputter-anneal conditions, primarily by
monitoring the optical extinction spectra of the
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resulting Ag nanoparticles.18 Annealing times higher
than 1 h and temperatures above 200 °C were generally found to damage the nanocomposite ﬁlms and
hence not desirable. The parameters ﬁnally selected
for the sputtering (15 mA, 15 and 60 s, the substrate
kept at ambient temperature) and annealing (1 h, 100
and 200 °C) steps, allow the demonstration of the
impact of the quantity of sputtered material and the
particle forming conditions. Notably, most of the
earlier studies have employed 300 °C or higher for
the annealing step to generate a uniform distribution
of small Ag nanoparticles.6,7 Our experiments with
the PVA thin ﬁlms on the glass substrate, showed
that lower temperatures are sufﬁcient to obtain a
uniform distribution of relatively smaller nanoparticles; this possibly results from the more effective
dewetting on the polymer thin ﬁlms, and embedding
of the nanoparticles formed, inside the polymer
matrix. The thickness of the different ﬁlms were
measured with a proﬁlometer and found to be * 0.5
lm or less.
Ag sputtered on glass (Ag/Glass) forms thin
metallic ﬁlms with a broad optical extinction extending all through the visible regime; the magnitude of
the extinction increases with the sputtering time
(Figure 1). The spectra clearly indicate that no
nanoparticles are formed at this stage. SEM images are
consistent with this; no well-deﬁned nanostructures are
visible.18 Thermal annealing at 100 °C affects the 60 s
sputtered ﬁlm very little; however, in the case of the
15 s sputtered ﬁlm, some mild effects are visible, with
the emergence of a peak in the spectrum near 470 nm.
Annealing at 200 °C has a dramatic effect on the
appearance of the ﬁlm which turns yellowish18 due to
the clear plasmonic extinction with kmax * 450 nm
and 400 nm (shoulder at 440 nm) respectively in the
60 s and 15 s sputtered ﬁlms. Observation of the
localized surface plasmon resonance (LSPR)
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extinctions indicates the formation of Ag nanoparticles
in the sputtered-annealed ﬁlms, consistent with the
reports noted earlier; sharper extinction in Figure 1a is
indicative of a more uniform particle size distribution.
The nanoparticle formation could be directly demonstrated through electron microscopy.18 The FESEM
images show relatively large particles obtained with
the 60 s sputtered ﬁlm when annealed at 200 °C;18 the
sizes are signiﬁcantly smaller and more uniform in the
15 s sputtered ﬁlm (Figure 2a). The extent of dewetting and possible subsequent coalescence of particles
underlie the observed size differences. EDX spectroscopy showed clearly the presence of Ag;18 the
carbon content is negligible, and the oxygen arises
primarily from the substrate. TEM imaging provides a
clearer picture of the size, morphology and structure of
the nanoparticles. Interestingly, we found that samples
for the TEM can be prepared by gently scratching the
thin ﬁlms with a doctor blade and brieﬂy contacting
the copper grid to effect transfer; the sample sticks
well to the carbon-coated grid facilitating TEM
imaging. This approach allows the imaging of sputtered nanoparticles formed on any substrate, without
limiting to direct sputtering on a TEM grid.8 Consistency of the images from several trial samples conﬁrms the reliability of the method and the thin ﬁlm
characterization. TEM images of the ﬁlms fabricated
under different conditions are collected in the Supplementary Information.18 The images in Figure 2b
show that the particles formed with 15 s sputtering and
18
200 °C annealing are in the * 10-25 nm range. The
higher magniﬁcation image shows that the nanoparticles exhibit striations on the surface, similar to that
reported in other nanoparticles and ascribed to dislocations;19 the sharp contours could be useful in catalytic and sensor applications of these nanoparticles.
Another signiﬁcant observation during the TEM
examination of these nanoparticles is their motion

Figure 4. Extinction spectra of Ag sputter-coated on PVA on glass with 15 mA current for (a) 15 s and (b) 60 s, followed
by thermal annealing for 1 h at 100 °C and 200 °C; the spectrum of only PVA on glass is shown in (a).
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Figure 5. (a) FESEM images of Ag sputter-coated on PVA on glass with 15 mA current for 15 s, followed by thermal
annealing for 1 h at 100 °C and 200 °C (scale bar = 300 nm). TEM images of Ag sputter-coated on PVA on glass with
15 mA current for 15 s, followed by thermal annealing for 1 h at 200 °C; images at different magniﬁcations with (b) scale
bar = 50 nm and 10 nm, and (c) scale bar = 2 nm revealing the (1 1 1) lattice are provided.

under the electron beam and slow fusion; the process
is captured in the series of images recorded over * 15
min, of a sample prepared by sputtering with 15 mA
current for 60 s and annealing at 200 °C for 1 h
(Figure 3a). High resolution images (Figure 3b) show
the Ag (111) lattice fringes in the individual particles,
and their merger leading to a continuous lattice in the
fused region. Coalescence of metal nanoparticles
under an electron beam have been explored earlier; a
typical example is the fusion of Au nanoparticles on a

silica nanowire induced by nanocurvature and athermal effects.20 The present observation provides a
graphic demonstration of particle motion, likely
induced by the thermal effects of the electron beam
irradiation. The absence of such particle fusion under
the electron beam, in the case of Ag nanoparticles
formed by sputter-anneal on polymer thin ﬁlms discussed below, points to the stability against aggregation provided by the incarceration in the polymer
matrix.
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Figure 6. Extinction spectra of Ag sputter-coated on PANI on glass with 15 mA current for (a) 15 s and (b) 60 s, followed
by thermal annealing for 1 h at 100 °C and 200 °C; the spectrum of only PANI on glass is shown in (a).

In order to probe the effect of a polymer matrix, we
have carried out parallel investigations of Ag sputtered
on PVA and PANI thin ﬁlms coated on glass substrates. It is likely that the sputter-anneal process leads
to nanoparticles embedded in the thin polymer ﬁlm.
PVA provides an electrically insulating matrix; PANI
can be semiconducting or insulating depending on the
level of protonation and oxidation and is of potential
interest in applications that exploit the plasmon –
semiconductor interactions. Ag sputtering and
annealing were carried out under the same conditions
as with the plain glass substrate discussed above.
Optical spectra of the Ag-PVA nanocomposite thin
ﬁlms (Ag-PVA/Glass) are provided in Figure 4. The
relatively sharp LSPR extinction with kmax * 435 nm
of the 15 s/200 °C sample is the most signiﬁcant
observation; the spectra are much broader when the
higher sputtering time is employed. The FESEM and
TEM images are collected in Figure 5; the ﬁlms before
annealing show no nanostructures as expected.18 It is
seen that the PVA matrix enables the formation of
notably smaller Ag nanoparticles with a tighter size
distribution, particularly evident in the 15 s sputtered
ﬁlm; the nanoparticles obtained are in the size range
5-20 nm.18 The high resolution TEM image (Figure 5c) shows the crystalline lattice. The polymer
matrix helps in reducing the annealing temperature
required to fabricate a homogeneous nanocomposite
thin ﬁlm; on a bare glass substrate, typically higher
annealing temperatures would be required to achieve
such nanoparticle size distribution.6,7 The high carbon
content compared to that in Ag/Glass, revealed by
EDX spectroscopy arises from the polymer.18
The optical absorption spectrum of the green PANI
ﬁlm (Figure 6) is clearly indicative of the emeraldine
salt form of the polymer. The LSPR extinction due to
the Ag nanoparticles can be noticed (especially with
the 60 s sputtered ﬁlms) even though it overlaps

signiﬁcantly with the strong absorption of the PANI in
the 350–450 nm range, attributed to the p-p* and
polaron-p* transitions.21 A signiﬁcant observation is
the red shift of the PANI absorption with kmax * 770
nm (attributed to p-polaron transition) to * 730 nm
upon annealing at 200 °C; this could be due to partial
deprotonation of the emeraldine salt and progression
towards the base form. Preliminary observation of the
associated decrease in electrical conductivity of the
ﬁlms is consistent with this proposition. The FESEM
and TEM images of the Ag-PANI thin ﬁlms (Figure 7)
indicate relatively larger size particles compared to
those obtained in the PVA ﬁlm and broader size distribution; comparison with the images of ﬁlms fabricated under different conditions,18 once again reveals
the inﬂuence of sputtering time and annealing temperature. The ﬁlm before annealing shows some particle formation, possibly due to dewetting on the PANI
even under ambient conditions;18 LSPR extinction if
any, remains hidden beneath the PANI absorption. The
high resolution TEM image (Figure 7c) shows the
crystalline lattice of silver. EDX spectroscopy clearly
reveals the presence of nitrogen arising from the PANI
component.18
The basis for the contrasting inﬂuence of PANI
compared to PVA, on the Ag nanoparticle size and
distribution is not fully clear at the moment; it may be
related to the mechanical properties of the polymer
and the ease of metal atom diffusion within. The latter
would
indeed
be
inﬂuenced
by
speciﬁc
atomic/molecular level interactions between Ag and
the polymer. We have carried out Raman spectroscopy
of the pure polymer and the Ag nanocomposite thin
ﬁlms, as a sensitive probe that can provide key
insights. Spectra of PVA and Ag-PVA as well as PANI
and Ag-PANI ﬁlms, and details of the peak assignments are collected in the Supplementary Information.18 In both cases, the peak intensities are clearly
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Figure 7. (a) FESEM images of Ag sputter-coated on PANI on glass with 15 mA current for 15 s, followed by thermal
annealing for 1 h at 100 °C and 200 °C (scale bar = 300 nm). TEM images of Ag sputter-coated on PANI on glass with
15 mA current for 15 s, followed by thermal annealing for 1 h at 200 °C; images at different magniﬁcations with (b) scale
bar = 50 nm and 10 nm, and (c) scale bar = 2 nm revealing the (1 1 1) lattice are provided.

enhanced from the pure polymer to the nanocomposite
ﬁlm, pointing to a SERS effect. Interestingly, there are
distinct shifts in many of the vibrational peaks; in
addition to possible effects of the annealing, these
point to the interactions between the Ag nanoparticles
and the functional groups on the polymer, including
charge transfer that forms the basis of the chemical
mechanism of the SERS effect. In the case of the PVA
ﬁlms, a relatively strong effect of Ag on the hydroxy
groups on the polymer is evident from the signiﬁcant

shift of the broad O-H stretching and bending vibrations. Interestingly, the spectra also reveal possible
cross-linking of the polymer chains induced during the
annealing; Ag plays a catalytic role, as links stronger
than that normally found in annealed PVA ﬁlms are
apparent.18,22 Raman shifts of the pure PANI ﬁlm are
close to those of the emeraldine salt form as expected.23 Ag-PANI appears to be in a state between the
salt and base forms, suggesting partial deprotonation;
this appears to arise from the annealing coupled with
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Figure 8. X-ray photoelectron spectra of Ag sputtered (15 mA, 60 s) on (a) glass, (c) PVA coated on glass and (e) PANI
coated on glass, and (b, d, f) the corresponding ﬁlms annealed at 200 °C for 1 h. Deconvolution of the spectrum is shown in
(b). The relevant peak positions (in eV) are indicated.

the interaction with Ag. The overall spectral transformations observed indicate that the interactions with
Ag are more signiﬁcant in the case of PVA, providing
a likely basis for the different impacts of the two
polymers in the formation of the Ag nanoparticles.
As the annealing step is carried out under an
ambient atmosphere, there is a possibility of the metal

getting oxidized. It would be interesting to probe the
relevance of the polymer matrix in this context as well.
XPS analysis of the different thin ﬁlms was carried
out; ﬁlms formed with 60 s sputtering and hence a
higher metal content were chosen for easier recording
of the spectra.18 The Ag (3d) scans are presented in
Figure 8. In the case of Ag/Glass (Figure 8a), the
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peaks at 368.5 eV (3d5/2) and 374.6 eV (3d3/2) clearly
indicate the presence of Ag(0) with no sign of oxidation. However, the spectrum of the annealed sample
(Figure 8b) and its deconvolution shows the emergence of peaks with slightly lower binding energy,
typical of oxidized silver; the anomalous shift of the
core-level photoemission in oxidized silver is well
documented.24 Interestingly, the parallel study with
Ag-PVA/Glass shows that the annealing process does
not lead to any oxidation of the metal (Figure 8c, d).
The spectra of Ag-PANI/Glass (Figure 8e, f) also show
no obvious oxidation, again pointing to the protective
role of the polymer. We have also monitored the long
term stability of the sputtered-annealed ﬁlms by
recording the extinction spectra over several days.18
Ag/Glass, without a polymer matrix shows minor
changes in the spectrum. On the other hand, the AgPVA nanocomoposite thin ﬁlm exhibits a highly
reproducible spectrum ruling out any changes or
aggregation of the nanoparticles embedded inside. AgPANI/Glass displays some changes in the absorption
due to the PANI component, especially at the higher
wavelengths; the spectra do not reveal any speciﬁc
information on the fate of the nanoparticles.

4. Conclusions
A simple approach to the fabrication of polymermetal nanocomposite thin ﬁlms is presented using
Ag as the metal and PVA and PANI as the polymer
component. The protocol developed involves spincoating of the polymer ﬁlms and sputter-anneal
process for the formation of embedded metal
nanoparticles; conditions for the latter are optimized. Detailed characterization including optical
spectroscopy, electron microscopy and X-ray photoelectron spectroscopy demonstrate the important
and useful role of the polymer matrix. It is shown
that PVA ﬁlm in particular enables the formation of
relatively small silver nanoparticles with a fairly
uniform size distribution with relatively milder
conditions for the annealing process. Signiﬁcantly,
the polymer matrix imparts high stability to the
nanoparticles against aggregation under external
stimuli like electron beam irradiation, and oxidation
by ambient atmosphere during the annealing stage.
The long term stability of the nanocomposite thin
ﬁlms is also found to be superior. These thin ﬁlms
are of potential utility in areas such as catalysis,
sensing and microwave absorption, and the
nanocomposite nature should facilitate convenient
deployment.
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