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Abstract. In-situ monitoring of silver nanoparticle formation was studied in thin films of polyvinyl alcohol and silver nitrate. We proposed the observation of surface-enhanced Raman spectroscopy (SERS) as a novel and simple technique to record the growth of silver nanoparticles in
polyvinyl alcohol thin films. Observed enhancement in the Raman bands of polyvinyl alcohol is
explained through the localized surface plasmon resonance of silver nanoparticles. Influence of
temperature generated by silver nanoparticles on the formation of nanoparticles is also discussed.
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1. Introduction
Metal nanoparticles (NPs) show very complex and interesting optical properties. For
metallic NPs with high conductivity and that are much smaller than the wavelength of
the electromagnetic radiation, if the wavelength of the radiation is optimal, the electrons
oscillate coherently, thus producing a localized surface plasmon. These localized surface
plasmons are characterized by frequencies that depend upon the size, shape and dielectric
constant of the object to which the surface plasmon is confined [1]. These metal NPs
enhance the Raman scattering cross-section of a molecule through their unique property of
surface plasmon resonance, leading to the field of surface-enhanced Raman spectroscopy
(SERS) [2]. Electromagnetic (EM) and chemical mechanisms are the two important properties that explain the enhancement in the Raman signal. The EM mechanism depends
mainly on the optical properties of the metal NP, while the chemical mechanism results
from the electronic charge transfer between the investigated molecule and the metal NP,
which in turn results in an increase of the polarizability of the molecule and effectively
increases the Raman cross-section [2].
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In this work, we have made use of a polymer matrix as a reducing and capping agent for
the generation of silver nanoparticles (AgNPs) with an aim to monitor the SERS signal of
the polymer as a signature for the formation of the NPs, while the Raman scattering signals would have been difficult to observe in the absence of the metal NPs. The metal NPs
have been synthesized by many techniques such as the chemical method [3,4], sputtering
[5] and pulsed laser deposition [6]. However, there is no literature that deals simultaneously with the fabrication of silver NPs with low-power continuous-wave laser source
as well as their characterization. Added advantage of the present experiment is that we
would be able to monitor the growth of the AgNPs by observing the SERS signals, where
it has been well established in the literature that one requires an optimum size for the NPs
to observe the maximum SERS signal [7]. Thus, the present experiment deals with the
metal NPs homogeneously dispersed in the polymer matrix. Such systems have added
advantage of being used as sensors [8], as materials with solvent switchable electronic
properties [9], as optical data storage [10,11], surface plasmon-enhanced random lasing
media [12], etc. Finally, we have discussed the heating effects due to AgNPs, which cause
the excess NP generation, thereby enhancing the Raman signals.
2. Experiment
Polyvinyl alcohol + silver nitrate (PVA+AgNO3 ) solution was prepared by mixing
the solutions of 100 mg of AgNO3 dissolved in 5 ml of water and 1.44 g of PVA
(MW = 88, 000 g/mole) dissolved in 30 ml of water. Next, an aliquot solution of 1 ml
was uniformly distributed on a 2 × 2 cm glass plate using spin-coating technique. The
thickness of the film was 4 μm. The Raman spectrum of the freshly prepared PVA +
AgNO3 films was recorded using a micro-Raman spectrometer (HORIBA Jobin Yvon:
HR800). A continuous-wave (CW) Ar+ laser operated at 514 nm was employed as the
excitation source and it was focussed by a 50X microscopic objective. Laser irradiation
with the same CW excitation source and the Raman spectral data collection were done
simultaneously for three power levels of 0.1, 1 and 3 mW, and they are termed as lower-,
medium- and high-power levels, respectively. The Raman spectrum was periodically collected at a time interval of 1 min and this was continued till the laser damaged the film.
3. Results and discussion
3.1 Observation of different Raman bands of PVA + AgNO3 thin films
Figure 1a represents the Raman spectra of PVA + AgNO3 cast films recorded at the
higher power level for 1 min of irradiation. The bands at 646, 921, 1428, 2112 and
2913 cm−1 [13] were seen with large-intensity changes for each irradiation and they
correspond to the modes of wagging of OH group (γw (OH)), stretching of C–C (ν(C–
C)), bending of CH2 and OH (δ(CH2 ), δ(OH)), no assignment, stretching of CH of
CH2 group (ν(CH)), respectively. A very weak band at 1723 cm−1 corresponding to
the stretching vibration of a residual carbonyl group is found and it gives the experimental evidence of the change of the alcohol group to a carbonyl group, which has
been established as the route for the formation of AgNPs. A new band at 245 cm−1
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Figure 1. (a) Time-dependent Raman spectra of PVA+AgNO3 film recorded for subsequent irradiations using the excitation wavelength of 514 nm at a power level of
3 mW. REF for each band obtained for subsequent irradiations using the power levels
of (b) 0.1 mW, (c) 1 mW and (d) 3 mW. ν = stretching, δ = bending, γw = wagging.

starts appearing with larger intensity for each irradiation. A possible explanation is
given below. The silver ions from the precursor, AgNO3 , get reduced by the hydroxyl
groups of PVA, which is explained using secondary alcohol groups, R2 CHOH for polymer: R2 CHOH+2AgNO3 → R2 C=O+2HNO3 +2Ag (R indicates the alkyl group) [14].
Due to diffusion of atoms inside the polymer film, the Ag atoms aggregate to form AgNPs.
From the literature, we observe that the vibrational bands of Ag–O and Ag–N occur in
the range between 230 and 248 cm−1 [15–17]. Probability for the occurrence of Ag–N
vibrational band at 245 cm−1 is less because AgNPs are within the PVA matrix. Since
Ag has high affinity for oxygen and the presence of oxygen atoms in PVA matrix and the
resultant ketone group, a bond is likely to occur between Ag and O to form Ag–O. Hence,
this new band appearing at 245 cm−1 with irradiation is attributed to the Ag–O vibrational mode. The band at 1039 cm−1 corresponds to the stretching vibration of nitrate ion
[18]. Other than PVA and Ag–O bands, low wavenumber bands at 141, 88 and 76 cm−1
were also observed. These low wavenumber bands are labelled as lattice vibrations of
AgNPs [19].
To calculate the actual SERS enhancement factors for each vibrational mode, one
requires the intensities of these modes before laser irradiation. The relative enhancement factor (REF) for each band with each irradiation was calculated as REF = I nthirrad /
I 1stirrad , where I nthirrad and I 1stirrad are the intensities at the nth min of irradiation and the 1st
min of irradiation for each band. We considered only those bands that showed a large
change with increasing irradiations to calculate the REF. To check the power dependency
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on the enhancement of Raman bands, two additional power levels of lower (0.1 mW)
and middle (1 mW) were selected. The sample was found to get damaged after 28, 11
and 6 min of irradiation for lower, middle and higher power levels, respectively, and it
is confirmed through the imaging system of the spectrometer. In all cases, the vibrational bands of Ag–O and C–C have gained maximum as presented in figures 1b–1d. The
enhancement of different bands was expected due to the formation of AgNPs. Once the
AgNPs are formed with the laser irradiation, the same incident wavelength would excite
the surface plasmons simultaneously and this results in producing localized electromagnetic fields around the AgNP, which cause enhanced intensities of different vibrational
bands [2].
3.2 Surface plasmon absorption of thin films of PVA + AgNO3
The surface plasmon absorption of these NPs is confirmed by taking the absorption spectra of the irradiated spot with successive irradiations. To have a good comparison of
absorption of the AgNPs that were formed with the irradiation of the CW laser used for
the Raman spectra collection, we recorded the absorption spectra for the same thin films
for every minute by irradiating them with the 532-nm CW laser, as shown in figure 2a.
The power (around 8 W) and the beam dimensions of the CW laser were selected in such
a way to get approximately the same intensity as that of higher power level used in the
micro-Raman studies. The surface plasmon absorption peak appears at 432 nm and did
not show any shift for subsequent irradiation doses as shown in figure 2a. Figures 2b and
2c show the field emission scanning electron microscopy pictures of AgNPs obtained at
3rd and 6th min of irradiations. The picture obtained at 6th min of irradiation contains
larger size NPs, which might have been formed through agglomeration of smaller-size
NPs. But a corresponding shift in the surface plasmon peak was not observed. This could
probably be due to much fewer larger-size NPs compared to smaller-size NPs for 6th min
of irradiation. Histogram of the particle size too shows that for the 3rd min of irradiation
(inset of figure 2b), the peak appears around 23 nm, while for the 6th min of irradiation
(inset of figure 2c), the peak is still around 23 nm, although we do see that a few particles
agglomerate to become 63-nm-sized particles. Since the PVA molecule effectively caps
the AgNPs and quickly stabilizes them, we may probably have a larger number of smaller
particles than the large-sized particles in the current system.
3.3 Heat generation due to silver nanoparticles
Photosynthesis process initiates the NP formation in PVA + AgNO3 with the laser irradiation. It is a known phenomenon that the absorption of laser radiation by the free
electrons in metal NPs causes strong heating effects. The incident electric field of laser
wavelength that falls within the surface plasmon absorption band strongly drives the free
electrons inside the nanocrystals and the energy gained by the free electrons turns into
heat. Then the heat diffuses away from the NP and leads to an elevated temperature of
the surrounding medium. By solving the heat transfer equation in the absence of phase
transformations, one can estimate the increase in the local temperature around a single NP
[20]. For an ensemble of metal NPs, the local temperature enhances dramatically as the
heat flux from individual NP can be added. The increase in the temperature of a structure
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Figure 2. (a) Absorption spectra recorded with increasing number of irradiations
using CW 532 nm laser at 8 W power. FESEM pictures of AgNPs with lower magnification and the corresponding size histograms (insets) at (b) 3rd and (c) 6th min of
irradiation.

that consists of N NPs embedded in a matrix of dielectric constant ε0 and separated by an
average distance of , can be calculated as [20, 21]
R
(1)
Ttot = Tmax N (n−1)/n .

Here, T max describes the temperature due to a single NP of radius R and can be
expressed as


2πR 2 I0 Im(εNP )  3ε0 2
(2)
Tmax =
 2ε + ε  ,
3k0 λ
0
NP
where εNP is the complex dielectric constant of the metal NP, I 0 and λ are the intensity
and wavelength of the irradiating light, k0 is the thermal conductivity of the surrounding
medium and n is the dimension of the structure. Equation (1) is valid only when the
particles are separated by a distance more than the size of the NP.
From eq. (1), it can be inferred that T tot increases with N, the number of metal NPs.
Hence, increase in the value of absorbance at each irradiation with 532 nm CW laser (as
Pramana – J. Phys., Vol. 82, No. 2, February 2014
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Figure 3. The increase in temperature (T tot ) with (a) number of particles (N) and
(b) average distance between particles () for 2R=20 and 30 nm, respectively.

shown in figure 2a) indicates the increased NP formation at each step of irradiation, which
leads to the increase in the temperature T tot . Using eqs (1) and (2), we calculated the
approximate increase in the temperature at 3rd and 6th irradiation by counting the number of AgNPs from the FESEM pictures shown in figures 2b and 2c respectively. From
the histograms, the number of particles on the surface is estimated to be around 100 and
750 for the 3rd and 6th irradiations, respectively. The average distance T between the
AgNPs is calculated to be around 70 nm. By assuming that same number of particles
are formed along the thickness direction, the maximum number of particle yield in the
area of focal spot with 3rd and 6th irradiations are ∼800 and 3000, respectively. The
value of εNP = –9.2767 + 0.4041i for 514 nm, which is taken from ref. [22]. For k0 =
0.0046 W/cm/K [23], ε = 2.403 and I 0 = 5.42 × 105 W/cm2 , the calculated increase in
temperature T tot with the variation of N and  for 2R = 20 and 30 nm are presented in
figures 3a and 3b. From figure 3a, T tot = 40 K, which indicates the increase in temperature after the 3rd irradiation (for 2R =20 nm). This increase in temperature additionally
causes the formation of more number of NPs along with the photosynthesis process as
the chemical synthesis of AgNPs requires only a minimum temperature of 323 K [14].
Thus, the temperature increase with each irradiation generates excess number of AgNP
leading to the increase in the Raman signal of PVA as shown in figure 1a. The increased
number of AgNPs that form after the 6th irradiation cause T tot = 323 K. As the decomposition temperature of PVA is around 500 K [24] and the calculated temperature after
the 6th irradiation is greater than this temperature (inferred from figures 3a and 3b), any
further irradiation will damage the film, which is observed through microscope. It needs
to be mentioned here that the calculated increase in temperature due to surface plasmon
absorption of AgNPs is only approximate as the exact calculations require the exact count
of NPs, their average separation, photon flux, thermal diffusion coefficient, etc.

4. Conclusions
An in-situ formation of AgNPs in PVA matrix was demonstrated in terms of surfaceenhanced Raman scattering (SERS) technique by employing low-power CW laser for the
formation of AgNPs as well as to collect the enhanced Raman scattering of the host matrix
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simultaneously. The approximate local temperatures due to surface plasmon absorption
were calculated, which produces excess amount of NPs along with the photochemical
process. The formation of NPs within an area of 1 μm2 shows its potential in many
applications such as memory devices and biomedical applications.
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