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ABSTRACT: Development of facile routes to the fabrication
of thin film substrates with tunable surface enhanced Raman
scattering (SERS) efficiency and identification of the optimal
conditions for maximizing the enhancement factor (EF) are
significant in terms of both fundamental and application
aspects of SERS. In the present work, polymer thin films with
embedded bimetallic nanoparticles of Ag-Au are fabricated by
a simple two-stage protocol. Ag nanoparticles are formed in
the first stage, by the in situ reduction of silver nitrate by the
poly(vinyl alcohol) (PVA) film through mild thermal
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annealing, without any additional reducing agent. In the second stage, aqueous solutions of chloroauric acid spread on the
Ag-PVA thin film under ambient conditions, lead to the galvanic displacement of Ag by Au in situ inside the film, and the
formation of Ag-Au particles. Evolution of the morphology of the bimetallic nanoparticles into hollow cage structures and the
distribution of Au on the nanoparticles are revealed through electron microscopy and energy dispersive X-ray spectroscopy. The
localized surface plasmon resonance (LSPR) extinction of the nanocomposite thin film evolves with the Ag-Au composition;
theoretical simulation of the extinction spectra provides insight into the observed trends. The Ag-Au-PVA thin films are found to
be efficient substrates for SERS. The EF follows the variation of the LSPR extinction vis-a-vis the excitation laser wavelength, but
with an offset, and the maximum SERS effect is obtained at very low Au content; experiments with Rhodamine 6G showed EFs
on the order of 10° and a limit of detection of 0.6 pmol. The present study describes a facile and simple fabrication of a
nanocomposite thin film that can be conveniently deployed in SERS investigations, and the utility of the bimetallic system to

tune and maximize the EF.
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B INTRODUCTION

Surface enhanced Raman scattering (SERS) is a phenomenon
of great interest and impact from both fundamental science and
analytical application perspectives. The inherently weak Raman
signal resulting from the two-photon process is enhanced
significantly through the influence of the strong local field
offered by the substrate surface.'™ The SERS effect has been
explained in terms of the general mechanism of electromagnetic
field enhancement*™® as well as the role of chemical
enhancement effects”>”® in specific cases. While the latter
addresses the impact of the substrate surface on the analyte
molecule through chemical interactions such as charge transfer,
the former is a consequence of the strong local field provided
by the surface. Metal nanoparticles, especially those of silver,
gold, and copper, with their strong localized surface plasmon
resonance (LSPR) fields which can be excited by visible
radiation, have been the popular choices for realizing high
SERS effects.

The SERS response is critically dependent on the impact of
the local electric field on the exciting (frequency = v;) and
scattered (frequency = vg) photons in the Raman process
[AyStokes/Anti—Stokes = i(l/l - Z/R)]' Therefore) the SERS
enhancement factor (EF) due to a metal nanoparticle based
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substrate is likely to be influenced by the correlation between
the LSPR energy and the exciting laser energy. Wavelength-
scan studies with different substrates have shown that
maximum enhancement occurs when the LSPR peak is
approximately midway between the 1y and vy; for Stokes
lines in the Raman spectrum, maximum EF is obtained when
the LSPR peak is sli§ht1y red-shifted with respect to the exciting
laser wavelength.g’l However, several studies show that the
correlation between the LSPR extinction and the SERS EF is
not so straightforward. The link between the LSPR extinction
and the SERS can be quite indirect, and the spatial distribution
of resonance plays a significant role, with the bulk-like character
of the collective resonance at a specific wavelength contributinz%
to the extinction and the surface-like character to the SERS."

The inherent competition between extinction and enhance-
ment can lead to maximum signals off-resonance, at optimal
concentrations in colloidal media, and in particular when the
LSPR is blue-shifted with respect to v;.'>'*> Another factor of
fundamental relevance in this context is that the extinction is
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Figure 1. Schematic diagram showing the in situ synthesis of Ag-PVA followed by Ag-Au-PVA thin film.

controlled by the far-field behavior of the plasmonic substrate
while the SERS response is determined by the near-field effects
which once again makes the correlation between the two
responses complex."* A major focus in the development of
SERS substrates has been the generation of large local fields
through the formation of features such as “hot spots”.!>!® The
impact of cluster size and interparticle separation in nano-
particle aggregates on the near-field enhancement and the
design of ultrasensitive plasmonic nanostructures for SERS
have been investigated in detail.'”'® From an alternate
perspective, the facility with which the LSPR of metal
nanoparticles can be systematically tailored through various
methods allows fundamental studies of SERS EF tuning and
optimization of the substrate to realize maximum enhancement.
LSPR of metal nanoparticles such as gold and silver have been
tuned by varying their size and shape, and different aspects of
their assembly."”>*

Formation of bimetallic nanoparticle offers a facile route to
optimize the properties of nanometals. This has been
extensive}sy explored in the prototypical system of silver—
gold.**7*® The following aspects require careful consideration
from the point of view of SERS. A silver nanoparticle with
significantly higher LSPR extinction coefficient than that of
gold is often the preferred choice; however, the relatively higher
chemical reactivity of silver is an aspect of concern for practical
applications, and alloying with gold is generally desirable on
this count. Variation of the composition of the bimetallic
system can be exploited to tune the LSPR response and hence
the SERS effect; it would be greatly advantageous if
incorporation of small amounts of gold in the silver
nanoparticles increases the EF for commonly used Raman
excitation laser wavelengths. As an analytical tool, it is
practically very useful to deploy solid SERS substrates,
preferably based on polymer thin films fabricated through
simple solution routes.

Most of the fundamental and application requirements
highlighted above, for realizing an efficient SERS response, can
be met usin§ in situ fabricated polymer—metal nanocomposite
thin films.>”*® The simple method developed in our laboratory
allows the generation of a homogeneous distribution of
nanoparticles of noble metals such as silver,” gold,30 and
palladium,*" and also uncommon and unique materials like
nanodrops of mercury,”” within a thin polymer film, through
the in situ reduction of the metal ions by the polymer itself. The
method uses aqueous media and mild processing conditions,

and avoids external reducing agents as well as exposure of the
generated nanoparticles. Recently the protocol has been
extended to generate bimetallic nanoparticles of Ag—Pd
through an ambient temperature, template-mediated galvanic
displacement procedure.*

Following the method we had developed for Ag—Pd
nanoparticles, a protocol is now optimized for the fabrication
of Ag-Au nanoparticles with systematically varied composition,
generated in situ inside poly(vinyl alcohol) (PVA) thin film. Ag-
PVA thin film containing a uniform distribution of Ag
nanoparticles is fabricated in the first stage by the reduction
of AgNO; inside solid PVA film catalyzed by a small amount of
Cu(NOs,),. Spreading the required amount of HAuCl, solution
on the Ag-PVA film under ambient conditions followed by
simple washing led to the formation of Ag-Au-PVA thin film.
The LSPR peak could be tuned from ~430 to ~760 nm by
increasing the concentration of the HAuCl, solution up to
~0.15 mM. Evolution of the composition and morphology of
the alloy nanoparticles is explored using ICP analysis, TEM,
FE-SEM, and EDX spectroscopy and mapping. SERS experi-
ments are conducted using Rhodamine 6G (R6G) as the probe
molecule on the substrates having varying Ag-Au composition
and exhibiting smoothly evolving LSPR peak. With 488 nm
excitation laser, the EF is found to increase briefly with
increasing Au content but then fall off at higher values. The
relation with the LSPR peaks of the substrates is discussed.

B RESULTS AND DISCUSSION

The two-step fabrication methodology (see Experimental
Section for details) is shown schematically in Figure 1. The
first stage is the in situ formation of Ag nanoparticles inside the
PVA matrix; the fabrication involves aqueous solutions and
simple spin-coating followed by thermal annealing under mild
conditions. As shown in our earlier study,> introduction of a
catalytic amount of Cu** ion enabled the formation of relatively
large (30—40 nm) Ag nanoparticles within the PVA thin film
matrix. In the second stage, the galvanic displacement of Ag by
Au atoms occurs, once again as an in situ process, under
ambient conditions. Treatment with HAuCl, solutions of
different concentrations (¢ = 0.005 to 0.2 mM) led to the
formation of Ag-Au nanoparticles. The final thin films are
typically about 200 nm thick. The Ag-Au composition was
analyzed using ICP-OES; films prepared with increasing
concentrations of HAuCl, showed increasing content of Au,
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with a maximum of ~5.4 atom % in the film fabricated with ¢ =
02 mM.>*

Systematic evolution of the LSPR extinction of the polymer—
metal nanocomposite thin films as the nanoparticles change
from pure Ag to Ag-Au with increasing Au content is shown in
Figure 2. The peak at 434 nm observed with the original Ag-
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Figure 2. Optical extinction spectra of Ag-PVA and Ag-Au-PVA thin
films formed by treating Ag-PVA with different concentrations (c,
mM) of HAuCl, solution.

PVA shifts gradually up to 761 nm in the case of Ag-Au-PVA
prepared using a 0.15 mM solution of HAuCl, (Table 1). There

Table 1. LSPR Peak Wavelength (4,,,,), Magnitude of the
Frequency Difference between the Exciting Laser and the
LSPR Peak (IAvl), and SERS EF for R6G Samples Spread on
Ag-PVA and Ag-Au-PVA Prepared Using Different
Concentrations (¢, mM) of HAuCl, Solution

¢ (mM) Aunax (N Azl (em™) SERS EF (10%)
0.000 434 2549. 7 1.71
0.005 434 2549. 7 1.86
0.010 434 2549. 7 2.15
0.025 459 1294.7 2.84
0.050 473 649.9 2.27
0.075 517 11494 1.39
0.100 628 4568.2 0.56
0.150 761 7351.2 0.02
0.200 522 1334.7 0.04

is a concomitant and steady decrease in the intensity of the
extinction peak; this is mainly a consequence of the relatively
lower extinction coeflicient of Au compared to Ag. In order to
gain insight into the evolution of the spectral profiles and peak
shifts, we have carried out computational simulation of the
LSPR extinction spectra®* using the DDSCAT software that
employs the discrete dipole approximation.***® Formation of
hollow structures with decreasing shell thickness causes
significant red shift and broadening of the LSPR peak. The
red shift observed in the films with relatively low fractions of Au
(fabricated with ¢ < 0.05 mM) is in good agreement with the
computed values; however, at larger fractions of Au, the
computed values are significantly lower than those observed
experimentally.>* Computations on hollow Au spheres suggest
that the latter discrepancy may be due to the formation of thin
Au shells through partial separation of Au. On further increase
of Au (¢ = 0.20 mM), the LSPR peak blue shifts to ~522 nm,

indicative of extinction due to solid Au nanostructures with no
noticeable intensity due to Au—Ag; this could be due to the
formation of Au patches over the Ag-Au nanoparticle. It is
pertinent to note that several earlier studies have reported
similar observations of blue shift in the LSPR peak of Ag-Au
nanoparticles upon enhancing the Au content significantly, and
attributed it to the fragmentation of the nanostructures.””*°
Tuning of the LSPR peak forms the basis for the SERS studies
discussed later.

Evolution of the morphology of the nanoparticles with
increasing Au content is revealed by the TEM images in Figure
3; selected area electron diffraction shows that these particles

Figure 3. TEM images of (a) Ag-PVA and Ag-Au-PVA thin films
formed by treating Ag-PVA with different concentrations (¢, mM) of
HAuCl, solution: (b) 0.025, (c) 0.0, (d) 0.10, (e) 0.15, and (f) 0.20.
Scale bar = 20 nm; more magnified images (scale bar = S nm) of single
particle are shown in the inset.

are crystalline.** Formation of the hollow cage structures at
higher Au content is seen in the more magnified images. The
hollow structures appear to result from the Kirkendall effect*'
arising due to the different rates of diffusion of the two kinds of
atoms/ions involved; similar observations have been made
earlier with Ag—Pd*® as well as Ag-Au®’ nanoparticles. The
increasing surface roughness could support applications such as
catalysis or SERS. The FE-SEM images of the Ag-Au
nanoparticles embedded in the PVA thin film (Figure 4) reveal
morphological changes similar to that observed in the TEM
images. The EDX line profile is consistent with the hollow
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Figure 4. FE-SEM images combined with EDX area mapping of (a)
Ag-PVA and Ag-Au-PVA thin films formed by treating Ag-PVA with
different concentrations (¢, mM) of HAuCl, solution: (b) 0.025, (c)
0.05, (d) 0.10, (e) 0.15, and (f) 0.20; scale bar = 100 nm. The EDX
mapping shows Ag (red) and Au (green) regions in a selected particle.

structure of the particles and provides insight into the elemental
distribution.* The area mapping of single particles shows
graphically the increasing Au content and the distribution of Au
on the Ag nanoparticles (Figure 4). Quantitative estimates of
the Au content across the series follow the same trend as
observed from the ICP analysis, but show relatively higher
values;>* such differences are well-known** and attributable to
the fact that the EDX probes primarily the surface composition
whereas the ICP analyzes the total content.

R6G was used as the analyte molecule in the SERS studies on
the Ag-Au-PVA thin film substrates (coated on Si wafer). A
sample of microcrystalline R6G served as the reference for
estimating the SERS EF. The Raman spectra of R6G reference
sample and solutions adsorbed on the Ag-PVA and Ag-Au-PVA
films were recorded in a confocal microscope. The protocol
that we have optimized for the preparation of samples on the
SERS substrate is particularly convenient as the analyte solution
is simply spread on the nanocomposite thin film and allowed to
adsorb; this may be contrasted with methods such as incubation
required in some of the earlier studies.”'® The spectra of R6G
recorded using the Ag-Au-PVA thin films with low Au content
were found to increase slightly in intensity with time and reach
steady values after ~24 h; the relative SERS intensities across
the substrates with different compositions remain the same,
however. As the LSPR spectra of these Ag-Au-PVA films are
reproducible over several days, we believe that the spectral
changes occur due to the progress of the analyte adsorption on
the nanoparticles reaching an equilibrium over several hours.
The Raman spectra of R6G recorded on different substrates
after 24 h are displayed in Figure 5. Peaks in the spectrum of
the reference R6G sample spectrum are hardly visible, but can

307 T T T T T
Ag-Au-PVA — R6G crystal
25 ¢(mM) —— Ag-PVA
T — o010 ]
0.025
L1204 — 0.050 i
= 0.075
C —— 0.100
é 154 —— 0.150 e
g — 0.200
o 10'
54
0
T M T M T M T M T T T T
600 800 1000 1200 1400 1600 1800

Raman shift (cm'l)

Figure S. Raman spectra of R6G microcrystals and solution adsorbed
on Ag-PVA thin film and Ag-Au-PVA thin films formed by treating Ag-
PVA with different concentrations (¢, mM) of HAuCl, solution.

be discerned on magnification, allowing the quantitative
estimation of the EF. A relatively low spectral profile is
obtained with Ag-PVA as the substrate. With increasing Au
content, intensities of all the peaks increase, reach a maximum,
and thereafter decrease steadily.

The EF values estimated for the different substrates are
collected in Table 1; intensity of the 1645—1650 cm ™ peak due
to the aromatic C—C stretch vibration was used for the
estimation (see the Experimental Section for details),** and the
EF values are typically ~10° Figure 6 shows the variation of the
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Figure 6. Plot of the SERS EF and |AvI™" against the concentration (c,
mM) of HAuCl, used to prepare the Ag-Au-PVA thin film (c = 0
corresponds to the Ag-PVA thin film): Av = v; — vy g where 1y =
frequency of the excitation laser, vy gpp = frequency of the LSPR peak
for the Ag-PVA or Ag-Au-PVA thin film.

EF with the concentration (¢, mM) of HAuCl, used in the
fabrication of the substrate. The maximum value of 2.84 X 10°
is ~70% higher than that obtained with Ag-PVA as the
substrate, and is achieved using the Ag-Au-PVA thin film
substrate containing 2.77 atom % of Au (based on EDX (TEM)
analysis), corresponding to ¢ = 0.025 mM. Figure 6 shows also
the plot of IAuI™" against ¢: Av = v; — v g where v
corresponds to the frequency of the excitation laser (4 = 488
nm) and vy gy is the frequency of the LSPR peak for each
substrate. The maximum EF is obtained with the substrate
having an LSPR peak that is slightly blue-shifted with respect to
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Figure 7. (a) Raman spectra of R6G solutions with different concentrations adsorbed on Ag-Au-PVA thin film (¢ = 0.025 mM of HAuCl,) and (b)
plot of the intensity of the 1650 cm™" peak as a function of the concentration of R6G solution (the least-square fit line is also shown).

the excitation laser, rather than with the substrate that has a
nearly resonant LSPR (i.e, with the lowest Av). This
observation is similar to that reported earlier with Au
nanosphere12 and nanostar’®> based colloidal substrates;
however, we believe that the maximization of the enhancement
off-resonance with respect to the exciting radiation does not
arise due to a competition between the extinction and
enhancement effects for the following reasons. In the present
case, we are working with a planar substrate rather than a
colloidal suspension. More importantly, the extinction is found
to gradually decrease as the Au content increases (Figure 2)
consistent with the simulations based on hollow alloy
nanoparticles described above.** A subtle trade-off between
resonance and extinction appears to lead to the maximization of
the SERS EF. Incorporation of small but increasing amounts of
Au into Ag moves the LSPR peak closer to the excitation
wavelength, but concomitantly decreases the extinction peak
intensity; the opposing impacts of the two factors leads to a
maximization of the EF at an intermediate Au content. A
similar observation in an earlier study,” of maximum SERS
response with Ag-Au core—shell nanoparticles having inter-
mediate composition, has been attributed to the maximization
of pinhole formation. In the present case, as the thickness of the
nanocomposite film is ~200 nm and the Ag-Au nanoparticles
are 40—50 nm in diameter (slightly larger than the Ag
nanoparticles), the close contact of particles can give rise to
regions of high local electric field and contribute to enhanced
SERS effects.

SERS experiments on several samples of Ag-Au-PVA
substrate and multiple measurements on each sample showed
a high level of reproducibility.>* Experiments were carried out
with different concentrations of R6G solutions on the film
having the optimal Au concentration (fabricated with ¢ = 0.025
mM); the spectra recorded and the plot of the intensity of the
1650 cm ™" peak as a function of the concentration of the R6G
solution, including the standard deviation in each case, are
shown in Figure 7. The limit of detection (defined as 36j,,./m
where 6y, is the standard deviation for blank measurements
and m is the slope of the intensity—concentration plot)**** was
found to be 0.6 pmol.>* It may be noted that this value is based
on the total solution spread on the substrate; the value would
be still lower if only those in the focal volume are considered.
The fact that the maximum EF is obtained at very low
concentrations of Au in the Ag-Au-PVA is of great practical
utility in terms of cost-effectiveness of the substrate. The ease of
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fabrication and utilization of the in situ fabricated polymer-
bimetal nanocomposite thin films is an added benefit.

B CONCLUSIONS

A simple protocol for the in situ fabrication of Ag-Au
nanoparticles with hollow cage structures and systematically
varied composition, embedded within a PVA thin film, is
developed. The Ag-Au-PVA thin films exhibit a systematically
tuned LSPR peak across a range of ~330 nm. These
nanocomposite thin films are used as substrates for SERS
experiments with Rhodamine 6G as the analyte molecule.
Enhancement factors of ~10° are obtained. The maximum EF
is observed with the substrate having a relatively small Au
content. This substrate shows an LSPR extinction peak blue-
shifted with respect to the laser excitation wavelength,
highlighting the trade-off between the extinction and resonance
leading to maximum SERS response. The utility of LSPR
tuning in easily fabricated bimetallic nanoparticle-embedded
polymer thin films, leading to the fabrication of efficient SERS
substrates, is demonstrated.

B EXPERIMENTAL SECTION

Fabrication of Ag-PVA Film. A 0.32 g portion of AgNO,
(Aldrich, purity = 99.9999%) dissolved in 2 mL of water was mixed
with a solution of 0.25 g of PVA (Aldrich, average molecular weight =
146—186 kDa, % hydrolysis = 99+) in S mL of water. A 10.8 mg
portion of Cu(NO;),-3H,0 was dissolved in this solution; the weight
% of copper in terms of the total metal (Ag + Cu) content is ~1.4. All
the solutions were prepared using Millipore Milli-Q water (resistivity =
182 MQ cm). Glass/ quartz/Si wafer substrates were cleaned by
washing and sonication in isopropyl alcohol, and dried. The solution
mixture was spin-coated on the substrate using a Laurell Technologies
Corporation Model WS-650HZ-23NPP/LITE photoresist spinner at
500 rpm for 10 s followed by 6000 rpm for 10 s. The film was heated
at 130 °C for 30 min and then washed with ~1 mL of water and dried
under ambient atmosphere.

Fabrication of Ag-Au-PVA Film. A ~0.5 mL portion of aqueous
solutions of HAuCl, with concentrations ranging from 0.005 to 0.200
mM was spread uniformly on the Ag-PVA film and kept for 15 min
under ambient temperature (~25 °C) conditions, inside a closed Petri
dish to avoid evaporation. The film was then washed with ~1 mL of
water and dried under vacuum for 1 h. Thickness of the final films was
measured using an Ambios Technology XP-1 profilometer.

Characterization of the Polymer—Metal Nanocomposite
Thin Films. Chemical composition of the film was analyzed using a
Varian Model Liberty Series inductively coupled plasma-optical
emission spectrometer (ICP-OES). Sample for the analysis was
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prepared by dissolving the film in 100 mL of 69% nitric acid.
Electronic spectra of the nanocomposite thin films were recorded on a
Varian Model Cary 100 UV—vis spectrometer or a Shimadzu Model
UV-3600 UV—vis—NIR spectrometer. Transmission electron micros-
copy (TEM) was carried out on a FEI TECNAI G? S-Twin TEM at an
accelerating voltage of 200 kV. For the preparation of free-standing
films for TEM and FE-SEM imaging the substrate was first coated with
a few drops of a solution of polystyrene (Aldrich, average molecular
weight = 280 kDa) in toluene (1 g in 7 mL) by spinning at 1000 rpm
for 10 s and dried in a hot air oven at 90 °C for 15 min. This substrate
was used for the fabrication of the Ag-PVA or Ag-Au-PVA film. The
multilayer film obtained was peeled off the glass substrate, placed on a
200 mesh copper grid, and then dipped in toluene, whereupon the
polystyrene layer dissolves and the nanocomposite Ag-PVA or Ag-Au-
PVA film sticks to the grid. Field emission scanning electron
microscope (FE-SEM) imaging with energy dispersive X-ray (EDX)
spectroscopy was carried out on a Carl Zeiss model Ultra SS
microscope; EDX spectra and maps were recorded using Oxford
Instruments X-Max" SDD (50 mm?®) system and INCA analysis
software.

SERS Experiments. Experiments were conducted using Ag-PVA as
well as Ag-Au-PVA (with different Au content) coated on silicon
wafer, as the SERS substrate. Rhodamine 6G (R6G) was used as the
analyte molecule; 20 uL of a 4.5 M solution of R6G in methanol was
spread uniformly on the substrate and dried under ambient
atmosphere. A WITec model Alpha 300 R Raman microscope (with
AFM) was used for recording the Raman spectra, with 0.5 s integration
time and 10 accumulations, through a 20X aperture (NA = 0.4). A 488
nm laser was used as the excitation source. The laser intensity was
maintained constant in all measurements; a 100 ym detecting fiber was
used to collect the spectra. A Raman spectrum for the bulk material
used as the reference was recorded using a small R6G microcrystal
placed on the Si wafer. The number of molecules in the reference
sample (Npy ) was determined using the focal volume of the laser
spot incident on the microcrystal and the density of the material. The
number of molecules in the sample (Ngggg) was estimated by
considering the total number of molecules spread on the substrate,
assuming a homogeneous distribution across the thin film and the
fraction falling within the laser spot area. Intensity of the aromatic C—
C stretch vibration in the reference sample at 1645 cm™ (Igyx) and
in the solutions on the Ag-PVA and Ag-Au-PVA substrates at 1650
em™! (Igggg) was used to estimate the enhancement factor, EF =
(Npuk/Nsers) X sprs /Iguii)->* As Ngggs includes all the probe
molecules in the focal volume and not just a monolayer on the
nanoparticles, the EF reported is the lower bound of this value.
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Details of elemental composition analysis, SAED and EDX line
profile images of Ag-Au-PVA films, simulation of the LSPR
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