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Silver Nanoparticle Thin Films with Nanocavities for
Surface-Enhanced Raman Scattering

Mehmet Kahraman, Nilgiin Tokman, and Mustafa Culha*®

The formation of nanometer-sized gaps between silver nanoparti-
cles is critically important for optimal enhancement in surface-
enhanced Raman scattering (SERS). A simple approach is devel-
oped to generate nanometer-sized cavities in a silver nanoparti-
cle thin film for use as a SERS substrate with extremely high en-
hancement. In this method, a submicroliter volume of concen-
trated silver colloidal suspension stabilized with cetyltrimethylam-
monium bromide (CTAB) is spotted on hydrophobic glass surfaces
prepared by the exposure of the glass to dichloromethysilane
vapors. The use of a hydrophobic surface helps the formation of
a more uniform silver nanopatrticle thin film, and CTAB acts as a
molecular spacer to keep the silver nanoparticles at a distance. A
series of CTAB concentrations is investigated to optimize the in-
terparticle distance and aggregation status. The silver nanoparti-
cle thin films prepared on regular and hydrophobic surfaces are

Introduction

Surface-enhanced Raman scattering (SERS) is a very powerful
technique to obtain molecular information from chemical and
biological molecules."® The “fingerprinting” property, limited
influence of water, and high sensitivity make the technique
very attractive for the characterization and detection of a varie-
ty of chemical and biological molecules and molecular struc-
tures. Since its discovery by Jeanmaire and Van duyne, Albrecht
and Creighton, and Fleischmann et al.,*"® considerable effort
has been devoted to the preparation of highly sensitive and
reproducible SERS substrates. A number of strategies and
methods for substrate preparation were reported based on the
use of silver or gold colloidal suspensions,”® surfaces prepared
by deposition,” electrode surfaces,*® and 2D"” and 3D
array structures generated with lithographic methods.

Due to their major contribution to the SERS enhancement
mechanism, surface plasmons are the focal point for the
design of novel SERS substrates."” For the preparation of high-
performing SERS substrates, parameters such as the size,['*
shape,™ % and type of noble metal™ aggregation proper-
ties ™72 and surface charge properties (zeta potential)®?
should be considered carefully. Recent studies have clearly in-
dicated that the interparticle distance*'**! is another critical
parameter, and for optimum SERS enhancement the surface
plasmons of the noble metal nanoparticles should overlap,
which are called “hotspots”. As a result of their stochastic
nature, it is difficult to locate the hotspot sites in the aggregat-
ed silver nanoparticles when a colloidal suspension is used.
Therefore, intense research has been undertaken on the con-
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compared. Rhodamine 6G is used as a probe to characterize the
thin films as SERS substrates. SERS enhancement without the
contribution of the resonance of the thin film prepared on the
hydrophobic surface is calculated as 2x10° for rhodamine 6G,
which is about one order of magnitude greater than that of the
silver nanopatrticle aggregates prepared with CTAB on regular
glass surfaces and two orders of magnitude greater than that of
the silver nanoparticle aggregates prepared without CTAB on reg-
ular glass surfaces. A hydrophobic surface and the presence of
CTAB have an increased effect on the charge-transfer component
of the SERS enhancement mechanism. The limit of detection for
rhodamine 6G is estimated as 1.0 x 10~ m. Scanning electron mi-
croscopy and atomic force microscopy are used for the charac-
terization of the prepared substrate.

struction of SERS substrates with predetermined hotspots®®*2

by using lithographic methods.

For hotspot formation, it is important for the nanoparticles
to remain at a certain distance, which is typically in the range
of 1-4 nm.”*® However, as several factors, such as the size,
shape, surface morphology, and type of the noble metal and
wavelength of the laser light, may influence the formation and
range of surface plasmons, the interparticle distance may vary
depending on the system under investigation. Emory etal.
found that when the particle size was increased, a longer-
wavelength laser light was needed to obtain higher enhance-
ment."¥ Kneipp et al. investigated the aggregation properties
of silver and gold nanoparticles and their SERS perfor-
mance.?"?) They demonstrated that a near-infrared (NIR) laser
wavelength was necessary for optimal enhancement, as the
nanoparticles were aggregated.”?” It is now clear that surface
plasmons of nanoparticles shift to longer wavelengths due to
aggregation of the nanoparticles,”” and Raman enhancement
is independent of the aggregate size after about 1 pm in cases
where aggregates are formed.®”

The surface-charge properties of the nanoparticles are also
critical for the adsorption of molecules on the nanoparticle sur-
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face®3" and the degree of aggregation.*? For instance, gold

or silver colloidal suspensions prepared by a citrate reduction
method possess a negative charge due to the adsorption of
the citrate anions on the nanoparticles. The aggregation of
such particles can be induced by addition of positively or neg-
atively charged ions or molecules due to their influence on the
electrical double layer.®? To control the aggregation properties,
the use of halide ions, such as Cl~and Br~,**3*% and other addi-
tives!'®*>3% was studied. Analyte adsorption on the nanoparti-
cle surfaces was also examined by changing the charge of the
analyte to increase interaction between the molecule of inter-
est and the nanoparticles.”

The difficulty in controlling the aggregation of colloidal gold
or silver nanoparticles results in the irreproducibility of the
SERS substrate, and thus the acquired SERS spectra. To avoid
the problems associated with the use of colloidal nanoparticles
as SERS substrates, other approaches, for example mirror reac-
tion,® vapor deposition,***? and 3D structures or arrays using
different methods such as lithographic and convective assem-
bly,"** were explored. However, these methods also have
drawbacks, such as low enhancement factor, difficulty in the
reproducible preparation of the patterned surfaces, and some-
times high cost due to the use of sophisticated lithographic
methods.

The development of stable, reproducible, cost-effective,
highly enhancing, and easily prepared SERS substrates is still
under intense investigation. While all of these properties are
important, a high enhancement factor is especially critical for
the detection and analysis of low-concentration analytes. Al-
though the feasibility of single-molecule detection on the ag-
gregates of silver and gold nanoparticles with a 1.0x 10" en-
hancement factor was reported,“®*”! almost all commercially
available SERS substrates have an enhancement factor in the
range of 1.0x10*-1.0x 10°. Recently, a number of SERS sub-
strates were prepared by several different methods with en-
hancement factors ranging from 1.0x10* to 1.0x10”. There
has only been one report claiming an enhancement factor of
10x 10" since the earlier two reports.[*8-

Herein, we demonstrate the preparation of a reproducible,
low-cost, highly enhancing SERS substrate by controlling the
aggregation and interparticle distance using cetyltrimethylam-
monium bromide (CTAB) molecules as spacers on a hydropho-
bic surface with concentrated silver nanoparticles. The en-
hancement factor, limit of detection (LOD), and reproducibility
of the prepared substrate were investigated by using rhodami-
ne 6G. Atomic force microscopy (AFM) and scanning electron
microscopy (SEM) are used to characterize the prepared SERS
substrates.

Results and Discussion

Silver or gold colloidal suspensions have been widely used as
SERS substrates due to their simple preparation procedures
and low cost. In a typical SERS experiment, an analyte is
placed on a spot generated from a droplet of colloidal suspen-
sion or mixed with the colloidal suspension and then spotted
on a substrate. In either case, the aggregation properties of
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the colloidal nanoparticles are critical for optimum SERS en-
hancement and there is almost always no control of aggrega-
tion, especially when the colloidal suspension is mixed with
the analyte. In the case of spotting the analyte on a thin-film
surface prepared from a colloidal suspension, the change of
SERS activity with the concentration of the analyte could be a
factor due to possible changes in aggregation properties, as
observed in this study. Although this effect might be depen-
dent on the chemical nature of the analyte, increased rhodami-
ne 6G concentrations had a positive influence on the SERS en-
hancement due to the fact that an 830 nm laser wavelength
was used and the formation of surface plasmons shifted to-
wards the longer wavelength. This finding can be explained by
the increased aggregation of silver nanoparticles as the droplet
of rhodamine 6G solution placed on the silver nanoparticle
thin film dries.

Although it does not eliminate the irreproducibility of the
SERS spectra, an increased concentration of the colloidal sus-
pension improves the SERS enhancement of the substrate due
to the increased aggregation. Our previous study demonstrat-
ed that the use of a hydrophobic surface prepared by expos-
ing the surface of a glass slide to dichloromethylsilane vapors
helped the formation of silver nanoparticle aggregates with a
definite size (see Figure 2D). The silver nanoparticles used in
that study were citrate-reduced and their surface charge was
predominantly negative. Locating a concentrated silver colloi-
dal suspension on hydrophobic surfaces forces the negatively
charged and water solvated silver nanoparticles to form aggre-
gates with a size of about 1.0 um. In the present study, we aim
to prepare a uniform silver nanoparticle film with molecule-
sized pores. The expectation from such a structure is a tremen-
dous SERS enhancement due to the extensive overlapping of
surface plasmons of silver nanoparticles in the aggregates.

The adsorption of CTAB onto silver nanoparticles was stud-
ied.”” The CTAB molecule has a positively charged head group
and hydrophobic tail. The surface charge of the silver nanopar-
ticles used in this study is negative due to the presence of the
citrate ions. The addition of CTAB molecules to the citrate-re-
duced colloidal suspension results in the adsorption of the
CTAB molecules onto the silver nanoparticles through the posi-
tively charged head groups. With this type of orientation, CTAB
can act as a molecular spacer between the aggregating silver
nanoparticles. To investigate whether the adsorption of CTAB
occurs on top of citrate ions or after the citrate ions are desor-
bed, the SERS spectra before and after the addition of CTAB to
the colloidal suspension are acquired (see Figure 1). The SERS
spectrum of citrate ions on silver nanoparticles is typical, and
agrees quite well with the reported spectra.’®*) After the addi-
tion of CTAB molecules to the suspension, the SERS spectrum
obtained from the silver colloidal suspension completely
changes, which suggests that at least some of the citrate ions
are desorbed from the silver nanoparticle surface.

The formation of a monolayer and multilayers on a silver
electrode surface has been studied using SERS.® Inspection of
the SERS spectra in Figure 1 reveals that the CTAB molecules
are adsorbed onto the silver nanoparticle surfaces through
their positively charged head groups. Importantly, a broad con-
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Figure 1. SERS spectra of citrate ions on colloidal silver nanoparticles and
after the addition of CTAB to the colloidal suspension (CTAB concentration:
1 mm in the solution).

tinuum background is observed, especially with the citrate
spectrum. This is due to the magnitude of the extinction of
the laser irradiation by the concentrated silver nanoparticles
and possible coupling to surface plasmon resonances. This
phenomenon was observed in the history of early SERS experi-
ments,®®? and this optical continuum has recently been corre-
lated with a single-molecule SERS effect.**%” Notably, the pres-
ence of CTAB diminishes this effect, possibly due to its influ-
ence on the degree of aggregation and on the surface plas-
mons as a result of the changes in surface-charge properties of
the silver nanoparticles. However, the presence of CTAB mole-
cules does not completely eliminate the observed background
effect. The two intense and broad peaks at 1450 and 760 cm™'
can be assigned to N—CH; symmetric and asymmetric bending,
and CH; rocking from the N*(CH,); group. The other weaker
peaks at 904, 967, 1046, and 1138 cm™' can be attributed to
C—N"* stretching, C—N* stretching, C—C symmetric stretching,
and C—C asymmetric stretching, respectively.®*% These peak
assignments suggest that the CTAB molecules are indeed ad-
sorbed through their positively charged head groups onto the
silver nanoparticles, as suggested by a previous study.””

As mentioned above, an increased concentration of colloidal
suspension has a considerable impact on the SERS enhance-
ment of colloidal silver nanoparticles spotted and dried on sur-
faces. Several concentrations of the colloidal suspension were
investigated for optimum SERS performance and complete sur-
face coverage of the spot area. It is found that the 32x con-
centrated colloidal suspension is superior for SERS enhance-
ment, and almost completely covered the spot area and
formed a very uniform thin film. Figure 2 shows SEM images of
the spots of the 32x concentrated colloidal suspension on un-
treated and hydrophobic glass surfaces without and with
CTAB. While the arbitrary aggregation of silver colloidal nano-
particles on the untreated glass surface is clearly seen, the col-
loidal silver nanoparticles form a very uniform thin film on the
hydrophobic surface. An inset of Figure 2C shows an image of
the spot on the hydrophobic surface; it is almost perfectly
round in shape with an average diameter of 1.6+0.1 mm. This
easy spot-size control combined with controlled colloidal sus-
pension concentration generates a very uniform film density.
The formation of a uniform silver thin film can be explained in
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Figure 2. SEM images of substrates prepared on a hydrophilic glass surface
without (A) and with CTAB (B) and on a hydrophobic surface with 1 mm
CTAB (C) and without CTAB (D). For all images, the colloidal suspension con-
centration is 32x. The inset images show the structures at high magnifica-
tion (A and C) and the whole spot area (C).

terms of the presence of a hydrophobic surface and partially
hydrophobic silver nanoparticle surface due to the presence of
CTAB molecules in the suspension. A hydrophobic surface con-
fines the colloidal droplet on a limited area by preventing the
spread of the droplet, while the silver nanoparticles are distrib-
uted on the hydrophobic surface and remain at a certain dis-
tance from each other, predicted by the layers of CTAB mole-
cules as water evaporates from the droplet.

Due to its superior SERS performance compared to lower
concentrations and complete surface coverage on the spot
area, the 32x concentrated silver colloidal suspension was
used for further experiments. The concentration of CTAB was
optimized for maximum SERS enhancement by varying the
CTAB concentration. As mentioned earlier, the addition of rho-
damine 6G solution to the surface prepared from colloidal sus-
pension may further influence the aggregation of silver nano-
particles in the thin film. An increase in aggregation may result
in increased SERS activity due to a shift of surface plasmon for-
mation frequency closer to the laser wavelength frequency
(830 nm in this study). Therefore, a dilute rhodamine 6G solu-
tion (1.0x107°m) was used for the experiments to limit the in-
fluence of aggregation caused by the added analyte and to
observe the influence of the presence of CTAB.

Figure 3 shows the SERS spectra of rhodamine 6G at three
different CTAB concentrations. Overall, the intensity of the
peaks of rhodamine 6G obtained from the spot of colloidal
suspension prepared with 1.0x107>m CTAB was about tenfold
higher than for 1.0x10™*m CTAB and about twofold higher
than for 1.0x1072m CTAB, which indicates that the optimum
CTAB concentration falls around 1.0x 1073 m. Interestingly, this
concentration is around the critical micelle concentration
(CMC) of CTAB. When CTAB is added to obtain 1.0x10™*™ as a
final concentration in the suspension, the silver colloidal sus-
pension collapses and almost loses its SERS activity. This could
be due to the neutralization of negatively charged citrate ions
by positively charged CTAB molecules and the formation of a
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Figure 3. SERS spectra of a hydrophobic surface with different concentra-
tions of CTAB A) 1.0x103m B) 1.0x1072m C) 1.0x10"*Mm in 32X silver col-
loidal suspension. Laser power: 1.5 mW, rhodamine 6G: 0.5 uL 1.0x 10 °wm,
exposure time: 10 s, accumulation: 1.

complete monolayer of CTAB molecules on the silver nanopar-
ticles, thus generating a mostly hydrophobic surface. The lack
of dominant negative or positive charges on the silver nano-
particles stabilizing the colloidal suspension may induce the
collapse of the suspension.

The number of CTAB molecules on single silver nanoparticles
can be estimated from the final concentrations of the silver
nanoparticles and CTAB in 0.5 uL of suspension, which was
spotted on the hydrophobic surface. Assuming that the densi-
ty of the silver colloidal suspension is 2x 10" particles per mL,
the number of silver nanoparticles in 0.5 pL of 32x concentrat-
ed suspension is estimated to be 3.2x10% At a CTAB concen-
tration of 1 mm, the number of CTAB molecules per nanoparti-
cle is estimated as 9.4x 10* The length of the CTAB molecule
was reported to be about 2 nm.*® The size of the positively
charged head group adsorbed on silver nanoparticle surfaces
is estimated as 0.36 nm from the size of the whole CTAB mole-
cule. The number of CTAB molecules that form a monolayer on
the surface of a silver nanoparticle of size 50 nm is 2.61x10°.
The total number of CTAB molecules forming a monolayer in
0.5 puL of 32x concentrated colloidal suspension can be esti-
mated as 8.3x 10" (3.2x 10® particles x2.61 x 10° molecules per
particle). The total number of CTAB molecules in 0.5 pL of col-
loidal suspension is 3.1x 10"

These calculations indicate that there are more than enough
CTAB molecules to form a monolayer in the suspension, and it
may not be incorrect to assume that there is an incomplete
second layer on the surface of the silver nanoparticles. In this
layer, some of the CTAB molecules could be interacting
through their hydrophobic tails with the hydrophobic tails of
the CTAB molecules adsorbed on the silver nanoparticles. This
generates a partially positively charged nanoparticle surface
that stabilizes the colloidal suspension, and this partial bilayer
acts as a molecular spacer between silver nanoparticles. Con-
sidering the size of CTAB molecules, the size of the molecular
pores can be assumed to be in the range of 2-4 nm, which is
an excellent gap size for surface plasmon overlap. The CTAB
molecules interact with the hydrophobic surface through their
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hydrophobic tails and generate a positively charged surface.
This helps the spread of partially positively charged silver
nanoparticles on the hydrophobic surface. Figure 4 shows the
proposed model for the silver nanoparticle thin film on the hy-
drophobic surface. Notably, the treatment of the hydrophobic
surface with CTAB solution before spotting the colloidal sus-
pension without added CTAB does not generate a uniform film
(see Figure 6C).

Figure 4. Structure of the silver thin film.

The charge and the molecular structure of the analyte could
play an important role in the SERS experiment as well. For ex-
ample, a rhodamine 6G molecule is mostly hydrophobic with a
positive charge. When the surface charge of the nanoparticles
is partially positive, it may diffuse into the molecule-sized
porous structure of the colloidal silver nanoparticle film. The
presence of a completely positive charge on the nanoparticle
surface may hinder the deeper penetration of a positively
charged rhodamine 6G molecule due to repulsion forces. The
decrease in the SERS performance of silver nanoparticle films
prepared with concentrations higher (1.0x1072m) than the
CMC can be explained by the higher density of positive charg-
es on the nanoparticle surface. This may prevent the diffusion
of the rhodamine 6G molecule into the thin-film structure and
it may remain mostly on the surface. Therefore, it cannot com-
pletely benefit from surface plasmons of silver nanoparticles.

The presence of a layer of molecules on the surface of the
silver nanoparticles may influence the charge-transfer compo-
nent of the SERS enhancement mechanism. The peaks on the
rhodamine 6G SERS spectrum at 614 and 773 cm™' are out-of-
plane modes, which are due to vibronically coupled charge-
transfer contributions to SERS.®” The inspection of spectra of
rhodamine 6G acquired from an aggregate prepared from 32 x
colloidal suspension on a glass surface and on a hydrophobic
surface, and thin films prepared from colloidal suspensions
with CTAB concentrations of 1.0x1073m, 1.0x1072m, and 1.0x
10™*m, revealed that there could be some contributions to the
SERS enhancement mechanism from the charge transfer. The
ratios of the peak heights (ls4/l;s1; and I,,5/l;515) at 614 and
773 cm™" with respect to the peak at 1513 cm™, which is an
in-plane mode, are given in Table 1. Interestingly, there is not a
significant difference in the peak-height ratio values for the hy-
drophobic and hydrophilic glass surfaces in the absence of
CTAB, while there is a considerable increase in the intensity
ratio values on the aggregates prepared from the silver colloi-
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Table 1. Peak-height ratios of rhodamine 6G peaks at 614 and 773 cm™'

with respect to 1513 cm ™.

Surface [CTAB] [Mm] Isra/hs1s Lyl hsts

Plain glass - 1.10 0.42
1073 0.41 0.51

Hydrophobic - 1.09 0.46
10 1.24 0.26
1073 1.45 0.52
1072 135 0.52

dal suspension containing CTAB. Comparison of the I 4/l1513
value obtained from thin films prepared from colloidal suspen-
sion containing 103m CTAB indicates that the formation of
the thin film on a hydrophobic surface could have a significant
effect on the charge-transfer component of the SERS enhance-
ment mechanism. The comparison of the peak ratios obtained
from SERS spectra acquired from thin films prepared with col-
loidal suspension containing three different CTAB concentra-
tions on the hydrophobic surface indicates that the charge-
transfer contribution with 10>m CTAB to the SERS enhance-
ment mechanism is the largest. Overall, it can be concluded
that both a hydrophobic surface and a critical CTAB concentra-
tion influence the charge-transfer component of the SERS
mechanism.

Figure 5 shows the SERS performance of silver thin films pre-
pared on hydrophobic and hydrophilic surfaces. The trend
with increasing concentration of the colloidal suspension is
very dramatic, and the increase with the 32X concentration is
the greatest on both surfaces due to a higher degree of aggre-
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Figure 5. Performance of silver colloidal thin films prepared with increased
colloidal concentrations on A) hydrophobic and B) hydrophilic surfaces. The
final concentration of CTAB in all experiments is 1.0x 107> m.
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gation of silver colloidal nanoparticles. A higher degree of ag-
gregation results in a higher possibility of overlapping surface
plasmons of nanoparticles at the particle junctions. A compari-
son of the peak intensities at 1512 cm™' indicates that a mini-
mum fivefold increase in the SERS signal of rhodamine 6G was
obtained on the hydrophobic surface at almost all concentra-
tions. Notably, even with the increased concentration of colloi-
dal suspension, the aggregates on the hydrophilic glass surfa-
ces should be targeted through the surface plasmons of aggre-
gates under the microscope objective for comparable spectral
acquisition. However, on the hydrophobic surfaces this is
almost unnecessary due to a very uniform film. The location of
the laser beam on any point on the thin film is satisfactory for
reproducible SERS spectra.

As the thin film is prepared of silver nanoparticles, the sur-
face roughness, investigated by AFM gives indirect information
about its structure. Figure 6 shows AFM images and surface
roughness of thin films prepared from 32 x concentrated silver
colloidal suspension with CTAB on a hydrophobic surface, a
plain glass surface, and a hydrophobic surface but with the
1.0x107>m CTAB spotted on it and then 32x colloidal suspen-
sion prepared without CTAB added. In Figures 6 A-C, the sur-
face roughness profiles along the red and green labeled lines
are seen on the right-hand side. The AFM images indicate that
the surface roughness in Figure 6 A is much greater and the
particle size distribution much narrower than for the surfaces
seen in Figure 6B and C. Combined with the fact that the thin
film is prepared from silver nanoparticles and the nanoparticle
surfaces were covered with CTAB molecules, the surface rough-
ness can be related to the structure of the thin film. Besides,
the interparticle distance smaller than 1 nm significantly re-
duces the SERS activity of the structures.”>® The lower SERS
activity of the silver nanoparticle aggregates prepared from
colloidal suspension without CTAB indicates the smaller distan-
ces among the silver particles forming the aggregates. There-
fore, we hypothesize that there are nanometer-sized gaps or
cavities between the silver nanoparticles in the film structure,
which form a porous structure.

When the silver colloidal suspension containing CTAB is
spotted on the hydrophobic surface, the CTAB molecules could
be adsorbed on the surface through their hydrophobic tails to
form a monolayer. To investigate the influence of the forma-
tion of this monolayer on the SERS performance of the silver
nanoparticle aggregates, the hydrophobic surface is treated
with 1 mm CTAB solution and a silver colloidal suspension with
the same concentration (32x) is spotted on the hydrophobic
surface. Figure 7 shows the SERS spectra of rhodamine 6G ob-
tained from both surfaces. It is apparent that the generation of
a positively charged surface due to the formation of a mono-
layer of CTAB molecules does not influence the SERS perfor-
mance of the silver thin film prepared from colloidal suspen-
sion without CTAB. This finding indicates that the presence of
CTAB molecules in the colloidal suspension causes the forma-
tion of molecule-sized gaps between the silver nanoparticles.
The lack of such nanocavities in the thin films not only pre-
vents the diffusion of analyte molecules into the cavities but
also the formation of overlapping surface plasmons.
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Figure 6. AFM images of the substrates prepared from 32X concentrated silver colloidal suspension containing
1 mm CTAB on A) hydrophobic surface and B) glass surface, and C) hydrophobic surface but with 1.0x 10> m
CTAB spotted on it and then 32 x colloidal suspension prepared without added CTAB.
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Figure 7. Comparison of the SERS performance of thin films prepared from
32x concentrated colloidal suspension containing CTAB and those prepared
from a similar suspension without CTAB on the hydrophobic surface treated
with 1.0x 10 m CTAB. Laser power: 3 mW, rhodamine 6G: 0.5 uL 1 um, ex-
posure time: 10 s, accumulation:1.
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per mL as synthesized.”® Since
the minimum detectable con-
centration of rhodamine 6G is
1.0x108m, the number of rho-
damine 6G molecules under the
laser light is 1204 with the as-
sumption that the rhodamine 6G
molecules form a uniform monolayer in the silver thin film.
When 0.5 pL of rhodamine 6G solution is spotted on the pre-
pared silver nanoparticle thin film, the solution completely
covers all the 2.0 mm? area of the thin film. Therefore, the den-
sity of rhodamine 6G is roughly estimated as one molecule per
silver nanoparticle in the thin film. Due to the fact that only a
small fraction of rhodamine 6G molecules contribute to the
SERS signal, the detectable concentration is smaller than the
observed concentration.

Enhancement Factor and Reproducibility

The peak at 1512 cm™ is used to calculate the enhancement
factor. Rhodamine 6G solutions at concentrations of 1.0x 10~
and 1.0x107®m are used for the bulk Raman and SERS experi-
ments, respectively. The intensity ratio is calculated as 195 and
the concentration factor as 1.0x 10°. The enhancement factor,
estimated by application of the formula lsggs/lgu X Coun/Cserss 1S
2.0x10’. This enhancement factor is also consistent with a 2-
4 nm interparticle distance.”® Figures 9A and B show the bulk
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A) higher concentrations and B) lower concentrations, which were separated
for clarity. Laser power: 0.3 mW, rhodamine 6G: 0.5 pL, exposure time:10s,
accumulation: 1.
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Figure 9. A) Bulk Raman and B) SERS spectra of rhodamine 6G. Laser power:
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rhodamine 6G for SERS experiments (the substrate was prepared under opti-
mal conditions), exposure time: 10 s, accumulation: 1.

208

www.chemphyschem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

M. Culha et al.

Raman and SERS spectra of rhodamine 6G, respectively. Nota-
bly, the laser wavelength used in this study is 830 nm. There
are several reasons for using a NIR laser with silver colloidal
nanoparticles. First of all, as silver nanoparticles form aggre-
gates, the resonance for surface plasmons becomes almost in-
dependent of laser wavelength. The use of a laser wavelength
in the UV/Vis region could be destructive for the molecule
under investigation, whereas the use of a NIR wavelength
could increase the sensitivity further due to its greater penetra-
tion depth. Finally, a NIR laser is more suitable for the investi-
gation of biological molecules and structures.®®® Indeed, up
to 10" times enhancement is reported for silver nanoparticle
aggregates with the use of a NIR laser (780 nm).*”! The estimat-
ed enhancement factor in this study is free of the contribution
from resonance because rhodamine 6G does not have a chro-
mophore absorbing at 830 nm.

The spot-to-spot reproducibility of the SERS spectra for the
substrate, shown in Figure 10 for ten arbitrarily chosen differ-

250000 -
200000

* 150000 4

100000

Raman intensity / a.u.

50000

0+ —rrr— T r Ty

400 600 800 1000 1200 1400 1600

Raman shift / cm™

Figure 10. SERS spectra of rhodamine 6G taken at ten different spots on the
same substrate. Laser power: 3 mW, rhodamine 6G: 0.5 uL 1.0x 10~®m, expo-
sure time: 10 s, accumulation: 1.

ent spots on the thin film, is excellent. The coefficients of varia-
tion of peak height, absolute intensity, and area at 1512 cm™’
are 1.63, 1.68, and 2.37, respectively. The substrate is SERS-
active for several days.

Conclusions

We have reported a simple, reproducible, and ultrasensitive
SERS substrate preparation method. With this approach, the in-
terparticle distance of silver nanoparticles in the aggregates
can be controlled. The technique is based on the preparation
of a silver nanoparticle thin film on hydrophobic surfaces using
a concentrated silver colloidal suspension containing CTAB.
The optimum concentration of the suspension was obtained
by concentrating the synthesized silver colloidal suspension 32
times. The final concentration of CTAB in the colloidal suspen-
sion was 1 mm for maximum SERS enhancement. The SERS en-
hancement obtained from the silver thin films prepared from
the CTAB-containing colloidal suspension on the hydrophobic
surface was one order of magnitude greater than for a hydro-
philic glass surface. It is also found that the thin film prepared
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on a hydrophobic surface from a colloidal suspension contain-
ing CTAB at a concentration around the CMC may help to in-
crease the charge-transfer contribution to the SERS enhance-
ment mechanism. The LOD and enhancement factor were esti-
mated as 1.0x107®m and 2x 107, respectively, on the hydro-
phobic surface with the 32x concentrated silver nanoparticle
suspension containing 1.0x 107> m CTAB. This method is simple
and cost effective. A very sensitive and reproducible SERS-
active surface can be prepared in a very short time.

Experimental Section

Materials: Silver nitrate was purchased from Fluka (Seelze, Germa-
ny). CTAB and trisodium citrate were obtained from Merck (Darm-
stadt, Germany). Dichloromethylsilane and rhodamine 6G were pur-
chased from Alfa Aesar (Karlsruhe, Germany). All chemicals were
used as received.

Preparation of Silver Nanoparticles: The silver colloidal suspension
was prepared using the method of Lee and Meisel.”’ Briefly, AgNO,
(90 mg) was dissolved in water (500 mL) and heated to boiling
point. An aliquot (10 mL) of 1% sodium citrate was added to the
solution, which was kept boiling until the volume reached half of
the initial volume. The maximum absorption of the solution was
recorded at 420 nm. In this method, the density of the silver parti-
cles is 2.0x 10" particles per mL and the average particle size is
40-60 nm.*® The silver colloidal suspension was concentrated 4, 8,
16, and 32 times by centrifugation at 5500 rpm for 30 min.

Preparation of SERS Substrate: Regular glass slides were left over-
night in a chromic acid solution and washed by submerging in dis-
tilled water. The cleaned glass slides were used to prepare the hy-
drophobic surfaces by exposing them to dichloromethylsilane
(CH,SiHCL,) in a closed container. The concentrated silver colloids
with or without CTAB were spotted on the regular glass surface
(hydrophilic) and hydrophobic glass surface.

Silver colloidal solutions containing CTAB were prepared by the ad-
dition of a suitable amount of CTAB to the colloidal suspensions.
To investigate the concentration effect of CTAB on SERS perfor-
mance, three different concentrations (one above, one below, and
one around the CMC) were prepared at 1.0x1072 1.0x 1073, and
1.0x 107*m, respectively. Moreover, the same CTAB concentrations
were investigated by spotting on the hydrophobic surface first and
then the silver colloidal suspension without CTAB was added on
the same surface. A range of rhodamine 6G concentrations of 1.0x
1073-1.0x 107" m was used in the LOD experiments. The SERS en-
hancement factor was estimated by comparing 1.0x10"'m rhoda-
mine 6G (2 ul) for the bulk Raman experiment and 1.0x10 ®m
rhodamine 6G (0.5 uL) for the SERS experiment. All SERS experi-
ments were performed by the addition of rhodamine 6G solution
to the silver colloidal thin film unless stated otherwise.

Raman Instrumentation: A Renishaw inVia reflex Raman microsco-
py system was used to perform all SERS experiments. The system
was automatically calibrated against a silicon wafer peak at
520 cm™". A diode laser at 830 nm and a 50 x objective (numerical
aperture: 0.75) with a laser power of 0.3 mW were used for all ex-
periments, with the exception that the laser power was 3 mW for
the enhancement factor experiments and substrates prepared with
CTAB.

Microscopy: All SEM images were obtained using a Carl Ziess
Evo 40 instrument at high vacuum and extra-high tension (10 kV).
AFM images were obtained with a Park Systems XE-100 instrument
using the noncontact mode.
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