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A
dvancements in technologies for
applications such as life care, envir-
onmental monitoring, food safety,

and defense present ever-increasing needs
for high-performance analytical tools that
are simple to make, low-cost, and easy to
integrate. Surface enhanced Raman spec-
troscopy (SERS) is a highly promising tool in
this direction due to its ability for label-free
analysis with high sensitivity, surface selec-
tivity, and multiplexing capabilities. SERS
has recently proved to be promising toward
sensing of diverse analytes, e.g., metabo-
lites, disease markers, pathogens, terrorism
markers, hazardous pollutants, and illegal
drugs for exploitation in biomedicine, food
quality control, environmental monitoring,
and security applications.1�5 How the SERS
substrate is fabricated and how well it per-
forms in delivering high sensitivity, low
signal variability, high chemical/mechanical
stability, low-cost fabrication, and ease of
translation onto 3D optical constructs play a
determining role in enabling other capabil-
ities that govern the final success of the
SERS sensor. To achieve this end, low-cost
fabrication of SERS substrates consisting of
metal nanostructures withwell-defined geo-
metries and predictable optical response
and that can further be tailored to yield
high SERS enhancements is being heavily
researched.While numerous SERS substrates
have been described in the literature, there is
often a trade-off between the key perfor-
mance variables, viz., sensitivity and repro-
ducibility versus economy variables, viz., cost
and throughput.6,7 Toward addressing this
challenge, we describe the preparation of per-
iodic metal nanoparticle cluster arrays for SERS
with fine-tunable cluster sizes and intercluster

separations exploiting directed self-assembly
using amphiphilic copolymer templates.
Nanoparticle aggregates of noble metals

are attractive for SERS sensors due to the
strong electromagnetic field enhancements
arising at the interparticle junctions upon
interaction with visible radiation. Nano-
particle aggregates have been shown in
the literature using techniques such as elec-
tron-beam lithography (EBL),8�12 evaporative
self-assembly,13 binding to functionalized
surfaces,14�18 and cluster formation in
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ABSTRACT We demonstrate template-

guided self-assembly of gold nanoparticles

into ordered arrays of uniform clusters sui-

table for high-performance SERS on both flat

(silicon or glass) chips and an optical fiber

faucet. Cluster formation is driven by electro-

static self-assembly of anionic citrate-stabilized gold nanoparticles (∼11.6 nm diameter) onto two-

dimensionally ordered polyelectrolyte templates realized by self-assembly of polystyrene-block-poly(2-

vinylpyridine). A systematic variation is demonstrated for the number of particles (N≈ 5, 8, 13, or 18)

per cluster as well as intercluster separations (Sc≈ 37�10 nm). Minimum interparticle separations of

<5 nm, intercluster separations of∼10 nm, and nanoparticle densities on surfaces as high as∼7�
1011/in.2 are demonstrated. Geometric modeling is used to support experimental data toward

estimation of interparticle and intercluster separations in cluster arrays. Optical modeling and

simulations using the finite difference time domain method are used to establish the influence of

cluster size, shape, and intercluster separations on the optical properties of the cluster arrays in relation

to their SERS performance. Excellent SERS performance, as evidenced by a high enhancement factor,

>108 onflat chips and>107 for remote sensing, using SERS-enabled opticalfibers is demonstrated. The

best performing cluster arrays in both cases are achievablewithout the use of any expensive equipment

or clean roomprocessing. The demonstrated approach paves theway to significantly low-cost and high-

throughput production of sensor chips or 3D-configured surfaces for remote sensing applications.

KEYWORDS: self-assembly . nanoparticle clusters . SERS . block copolymer .
LSPR . plasmonic coupling . remote-sensing
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solution.19,20 Since EBL has limitations in mass produc-
tion, other, more scalable techniques such as template-
driven nanoparticle assemblies21�25 using DNA,
surfactants, block copolymers, carbon nanotubes, elec-
trospun fibers, nanoporous membranes, cylindrical
micelles, or microorganisms such as bacteria or viruses
have been explored. However, most of these cases are
aimed at creating isolated clusters rather than arrays of
clusters that exhibit a well-defined spatial relationship
with respect to each other. Achieving a well-defined
spatial relationship between clusters is however im-
portant in order to ensure reproducible intercluster
electromagnetic interactions as well as cluster densi-
ties. Block copolymers are an excellent choice in this
direction, as they can produce templates consisting of
periodic and high-density features that can be used to
guide nanoparticle cluster formation. Earlier instances
in the literature that use copolymer templates have
shown gold nanoparticle clusters that are embedded
within the copolymer matrix formed by guided in situ

reduction of gold salt within the P4VP domains of PS-b-
P4VP thinfilms.26While this provides ameans to produce
metal nanoparticle clusters, they share some key limita-
tions: (a) the surfaces of the nanoparticles are inacces-
sible; therefore the surface plasmons cannot be utilized
for sensing applications; (b) removal of the polymeric
matrices would result in (semi)continuous, “fused” struc-
tures, therefore leading to the loss in feature shape and
separation; (c) achieving independent control over size
and separation of the clusters requires extensive molec-
ular engineering of the copolymer block lengths and
block ratios and ensuring compatibility of the nanopar-
ticle surface functionality with respect to the polymeric
block. Wang et al. demonstrated self-assembly of gold
nanoparticles driven by electrostatic attachment on
phase-invertedpoly(styrene-b-2-vinylpyridine) nanorings.27

Even though the authors have shown the capability to
attach particles of different sizes, the complex shape of
the transformed nanoring templates does not allow
adequate control over the nanoparticle numbers that
attach per template feature. This limits the rational
design of templates to engineer nanoparticle density
per feature. Recently, Lee et al. showed the use
of quaternized poly(4-vinylpyridine) blocks of poly-
(styrene-b-4-vinylpyridine) copolymer to attach a single
gold nanoparticle per poly(4-vinylpyridine) domain and
their utility for SERS.28 Although promising, this ap-
proach limits the achievable nanoparticle density to
the density of the P4VP domains. In addition, their use
of solvent annealing and quarternization steps adds to
processing time and the number of experimental
variables. During revision of this article, Cho et al.
reported SERS substrates consisting of silver nanopar-
ticle cluster arrays prepared by plasma treatment
on salt-loaded copolymer reverse micelles.29 The
excellent enhancement offered by their silver arrays
is limited by an inherent tendency to oxidize, which

makes it less attractive to gold from the standpoint of
stability and shelf-life. Although Au clusters can also be
achieved in principle by the same approach, their SERS
capability in the reported configuration is likely to be
lesser in comparison.
In our work, we show enhancement factors of >108,

equivalent to what is shown by Cho et al. for the
identical probe molecule, yet using preformed gold
nanoparticles assembled from aqueous solutions. Gold
nanoparticle clusters with controlled number of parti-
cles per cluster with interparticle separations down to
sub-5 nm, intercluster separations down to 10 nm, and
high nanoparticle densities of ∼7 � 1011/in.2 are
realized in a cost-effective manner. Excellent SERS
performance of these cluster arrays attained on both
flat chips and in remote-sensing configurations is
demonstrated. Besides demonstrating formation of
nanoparticle clusters, we perform an in-depth investi-
gation into the geometry of the clusters using simple
models, the numbers obtained fromwhich are taken as
input for optical simulations by finite difference time
domain (FDTD). The simulations bring out the influ-
ence due to the cluster size, shape, and separation
toward plasmonic properties in relevance to their
SERS performance. Advantages pertaining to the low
(<10%) inherent and spatial standard deviations of
our template features are found to translate as uni-
form and reproducible SERS performance. Further,
the ability toward the formation of metal patterns on
an optical fiber faucet enables SERS analysis to be
performed in a remote-sensing configuration with
tremendous practical implications.

RESULTS AND DISCUSSION

Fabrication of Cluster Arrays. Gold nanoparticle cluster
arrays were fabricated by self-assembly of gold nano-
particles guided by nanopatterns of poly(styrene-
block-2-vinylpyridine) (PS-b-P2VP) reverse micelles on
silicon or glass substrates using the steps illustrated in
Figure 1. PS-b-P2VP reversemicelle arrays were deposited
from 0.5%w/w solutions ofm-xylene, using polymer with
a molecular weight of 114 kDa, fPS ≈ 0.5, and a PDI of
1.1. Thin films were obtained by spin-coating at
5000 rpm spin speed, on silicon or glass chips, to
obtain a center-to-center spacing of 91.2 ( 4 nm. The
thin films present a two-dimensional quasi-hexagon-
ally periodic array of P2VP domains, coveredwith a thin
PS film.

The P2VP block by virtue of the basicity of its
constituent pyridyl units exhibits a net positive charge
in aqueous medium at mildly basic to acidic pH values.
This is evident from the isoelectric point of 8.3 mea-
sured using electrokinetic measurements performed
on the PS-b-P2VP thin film coated on the Si surface
(Figure 2). The films were subsequently incubated
in an aqueous solution containing citrate-stabilized
gold nanoparticles (pH = 5.8) with a diameter of
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11.6 ( 0.79 nm (Figure S1 in the Supporting info for
diameter histogram). The ζ potential of the nanoparticles
was electrophoretically determined to be �38.9 mV.
The reverse micelle arrays exhibit a high positive
ζ potential value of 30.6 mV at the pH of the nano-
particle suspension. Thus the array of reverse micelles
translates into an array of positively charged centers,
consequently guiding negatively charged gold nanoparti-
cles by electrostatic attraction. This guides the spatially
selective clustering of nanoparticles around each micelle
feature. Since the P2VP domains are spatially isolated from
each other, the clusters obtained are also spatially well
resolved.

Tunability of Geometric Attributes of Nanoparticle Clusters.
The geometric attributes of the nanoparticle cluster
arrays were thoroughly characterized using plan-view
TEM, SEM, and AFM measurements. Since the size of the
cluster (defined as the number of particles per cluster,
denoted as N) is determined by the surface area of the
reverse micelle template available for the nanoparticle
attachment, tunability in N can be achieved by tuning
the template dimensions. The template can be tuned

by choice of copolymer characteristics, e.g., molecular
weight, block composition, or micelle-forming conditions
that result in reverse micelles with different aggregation
numbers. Alternatively, the template size can also be
varied by exposing them to highly controlled oxygen
plasma in a reactive ion etcher, to systematically etch the
polymer in steps of only a few nanometers. We used the
latter route to systematically vary the template size in
order to control thenumber of nanoparticles attachedper
template feature.

Oxygen plasma RIE exposure with an optimized
polymer etch rate of ∼19.2 nm/min resulted in tem-
plates with mean heights of 25.8, 21.0, 18.6, and
12.6 nm upon RIE exposure durations of 0 (no RIE
exposure), 22, 30, and 38 s (Figure S2 in the Supporting
Information for a plot of template height versus RIE
duration). Incubation of these templates into a gold
nanoparticle suspension yielded well-resolved nano-
particle clusters with tunable values of N. Nanoparticle
clusters of systematically varying sizes, viz.,N≈ 5, 8, 13,
or 18 nanoparticles/cluster, and low standard devia-
tions are shown in the plan-view TEM images and the
histograms in Figures 3 and 4 respectively. The stan-
dard deviation observed in the values forN follows that
of the original templates. The templates exhibit a
standard deviation of 11.2% (coefficient of variation
in percent) in their as-coated form (cf. experimental
info for determination of standard deviation). As the
size of the templates is reduced using oxygen plasma
exposures of 22, 30, and 38 s, the standard deviation
increase to 12.6%, 16.5%, and 18.8%, respectively
(Figure S3, Supporting Information for size distribution
curves). These standard deviations are well within
the range that can be reasonably expected for self-
assembled systems, e.g., copolymers and colloidal
spheres, reported in the literature.30,31 The templates
exhibit a hemispherical cross-section, as evident from
the AFM profiles. As a consequence, the resulting
nanoparticle clusters exhibit a 3D geometry, as they

Figure 1. Steps involved in fabrication of gold nanoparticle cluster arrays using polystyrene-block-poly(2-vinylpyridine) (PS-
b-P2VP) templates on a silicon or glass surface. (i) Spin-coated thin film templates of PS-b-P2VP (green indicating a passive
outer PS domain, which is neutral, and yellow indicates a positively charged P2VPdomain). (ii) Templatewith reduced feature
size obtained upon exposure of the thin films to a controlled oxygen plasma reactive ion etching. (iii) Incubation of the
templates in solution of citrate-stabilized colloidal gold nanoparticles at a pH of 5.8. Inset illustrates the electrostatic
attraction experienced by the negatively charged gold nanoparticles to positively charged PVP domainswithin the template.
(iv) Gold nanoparticle clusters form around each micellar feature in the template, with the size of the clusters determined
by the feature size of the templates.

Figure 2. Zeta potential titration of a polystyrene-block-
poly(2-vinylpyridine) (PS-b-P2VP) thin film performed using
electrokinetic measurements on the surface, revealing an
isoelectric point of 8.3 and a positive potential of 30.6mV at
pH of 5.8, corresponding to that of the gold nanoparticle
(Np) solution.
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directly inherit the shape of the templates. The 3D
geometry of the clusters can cause artifacts in the plan-
view TEMobservations, causing the nanoparticles from
different planes to sometimes appear fused.

In addition to the tunability in size shown above,
tunability in periodicity (center-to-center distance) of
the gold nanoparticle clusters can be achieved by fine-
tuning the periodicity of the original template features.
It is known from literature that the periodicity of the
reverse micelle templates can be varied in steps of a few
nanometers by varying either the concentration of the
reverse micelle solution or the speed of evaporation.32 In
this work, the spin-coating speeds were systematically
decreased in the range 5000�1000 rpm to achieve
templates with systematically decreasing periodicities
from ∼92 to ∼70 nm. The size of the template features
remains constant during this variation, as perceived
through their AFM images. Figure 5 shows tappingmode
AFMmeasurementsperformedonas-prepared templates
and the corresponding N ≈ 18 clusters exhibiting sys-
tematic variation of periodicity in steps of only a few
nanometers. The AFM measurements show that the
cluster formation faithfully followed the nanopatterns
defined by the original reverse micelle templates. For
the case of nanoparticles with lowest periodicities, the
individual clusters in arrays appear less resolved in AFM
measurements. This is likely due to AFM tip-convolution
effects that prevent effective penetration of the tip
between features when feature separations encountered
are in the sub-10 nm regime.

Visual inspectionof the cluster arrays showsuniformity
in hue across the entire coated area, as is perceived from
the pictures of coated glass chips shown in Figure 4b.
The SEM analysis (Figure S4, Supporting Information) was
used to spot any uncovered areas and quantify the yield
of the cluster formation. The yield signifies the proportion
of the substrate that is covered with nanoparticle clusters
with characteristics represented by TEM and AFM mea-
surements shown in Figures 3 and 5, respectively. On the

Figure 3. Representative plan-view TEM measurements at (a�d) high and (e�h) low magnifications showing gold
nanoparticle clusters with systematically increasing number of particles per cluster. The histograms of the particle numbers
per cluster are shown in Figure 4a.

Figure 4. (a) Histograms of the number of particles per
cluster for four different template sizes. The average num-
ber of particles per cluster (N) in each case is indicated. (b)
Photographsof glass chips (∼1 cm� 1 cmsize) consistingof
nanoparticle cluster arrays, shown for different values of N.
The case “isolated” corresponds to unpatterned control,
obtained by saturated binding of gold nanoparticles to an
aminosilane self-assembled monolayer on glass. The varia-
tion in hue with change in cluster size, as well as its
uniformity across the coated area of the chip, is discernible.
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basis of the observation that no uncovered areas
could be spotted in FESEM observation at different
areas of the substrate, and observed defects were
found to be due to spin-coating artifacts at the
extreme corners of the substrate, we quantify the
yield of cluster formation to be >90%. In an earlier work
we have already shown that the reverse micelle templates
canbeachievedacross largeareas suchas fullwaferswitha
low standard deviation of <10% in feature size and
periodicity.33 In combination with the observation that
the cluster formation faithfully occurred at each template
feature, the cluster arrays can be expected to inherit the
spatial uniformity of the original templates across full
wafers. This is an aspect of high importance toward the
utility of these arrays for SERS, as the uniformity of the
cluster arrays would contribute toward to a low signal
intensity variation, and the high-throughput in fabrication
would translate into economic means of fabricating the
SERS substrates.

Geometric Attributes of Clusters: Modeling Interparticle and
Intercluster Separations. Unlike values for size and peri-
odicity of the nanoparticle cluster arrays that are readily
determined from TEM and AFM measurements,

respectively, the determination of interparticle and inter-
cluster separations is not straightforward. Although the
TEM measurements show interparticle separations of
<5 nm within the cluster, the nonplanar 3D geometry of
the clusters complicates the observation and renders this
interpretation deceptive. Knowledge of the interparticle
separation within the cluster and intercluster separation
within the array is vital as inputs to quantify trends in
optical and SERS properties of the cluster arrays and to
establish a clearer understanding through simulations. In
order to extract these values, we therefore construct
imaginarymodels that accept experimentally determined
values for height and density of template features and
diameters of gold nanoparticles as input.

Atemplate ¼ 2πR2 (a)

ANp ¼ πreff
2 (b)

N ¼ pAtemplate

Anp
¼ 2p

reff2
R2 ¼ CR2, where C

¼ 2p
reff2

(c)

Figure 5. Tapping mode AFM images of the (a, b) templates and (c, d) N ≈ 18 cluster arrays measured under (a, c) low
and (b, d) high resolution, with systematically decreasing separations from left to right. Images within each row have
identical measurement areas.

A
RTIC

LE



YAP ET AL . VOL. 6 ’ NO. 3 ’ 2056–2070 ’ 2012

www.acsnano.org

2061

reff ¼
ffiffiffiffiffi
2p
C

r
(d)

s ¼ 2(reff � r) (e)

The calculation of interparticle separations in-
volves calculating the 2D parking space available per
nanoparticle on the surface of the template feature
(Figure 6 and eqs a�e). The available parking space per
particle is obtained by dividing the surface area of
the template feature by the footprint of “N” nano-
particles. Based on their AFM profile, the templates
can be well-approximated as hemispheres (Figure 6b),
and thus their surface area is given by eq a. The
footprint of each nanoparticle is taken to be a circular
area with an “effective radius” (reff) that is larger than
the actual physical radius (r) of the nanoparticles (eq b).
The effective radius is a result of the interparticle
repulsion between the nanoparticles. Assuming that
the nanoparticles occupy a triangular lattice, the con-
tribution toward this parking space would come from
both the effective size and the unused area at the

intersection of the nanoparticles (Figure S5). The area
at intersections is known from the packing efficiency
for a 2D hexagonal closed packed (hcp) lattice to be
90.6%. The ratio of the surface area of the template to
the footprint per nanoparticle provides N (eq c). It can
be seen thatN is a quadratic function of R. Therefore, by
fitting a quadratic function of the form of y = Cx2 to the
plot ofN versus R as shown in Figure 6a, the value of the
fitting coefficient (C) can be used to deduce reff using
eq d. The interparticle separation (s) is twice the
difference between the effective and the actual radii
of the particles as shown in eq e and in Figure 6c. The
goodness of the N versus R quadratic fit was confirmed
with an adjusted-R2 value of 0.98. The values of reff and
swere thus deduced to be 8.2 and 4.6 nm, respectively.
This value for interparticle separation between the
particles is indicative of the thickness of the electrical
double layer (or Debye length), which depends on the
ionic strength of the medium.18,34

Although this model assumes for simplicity an
equal distance between nanoparticles within the clus-
ter, a distribution in interparticle separations is ex-
pected due to the size distribution of the nano-
particles as well as the random nature of adsorption
of the nanoparticles on the template features. Such a
scenario of irreversible adsorption of monolayers of
charged colloids on oppositely charged surfaces has
been studied extensively using random sequential
adsorption (RSA)models.35,36 Themaximum attainable
surface coverage, also known as the “jamming limit”,

Figure 6. (a) Variation of the number of nanoparticles per
cluster (N) as a function of height (R) of the templates. The
quadratic fit of the form y = Cx2 is taken to represent eq c to
derive the value for the effective radius reff. (b) Illustration of
thenanoparticle clusters adsorbedon topof thehemispher-
ical polymer template with radius R, shown in cross section.
(c) Illustration of the triangular lattice assumed for model-
ing, denoting the actual and effective radii of the nano-
particles (r and reff, respectively) and separation, s, caused
by the repulsive interaction due to the presence of nega-
tively charged citrate ligands.

Figure 7. Illustration of the geometric attributes of (a)
templates and (b) nanoparticle clusters and the (c) estima-
tion of edge-to-edge separationbetween the templates and
the nanoparticle clusters from experimentally determined
distributions in R, d, and P.
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has been predicted to be 54.7% based on these
models.18,37,38 In our case, the surface coverage of the
nanoparticles on the surface of the polymeric templates
can be estimated to be ∼47%. This represents a fairly
high coverage, approaching the jamming limit of RSA.
Such coverage attainedwithin a duration of 2 h suggests
an enhanced kinetics of adsorption, in contrast to the
case of unpatterned polyelectrolyte films investigated in
the literature.39,40 The enhanced kinetics and density
could arise from confinement of adsorption within
nanopatterns, as has been reported earlier41�43 for
biomolecular adsorption within nanopatterns. Such si-
milarity in behavior to biomolecules may permit use of
nanoparticles as a simple model for investigation of
biomolecular interactions on patterned surfaces.

Figure 7 illustrates the means of estimating edge-
to-edge separations between the clusters using experi-
mentally determined values for feature width and
periodicity (average center-to-center distance) of fea-
tures obtained from AFM and the diameter (d) of gold
nanoparticles obtained from TEM as input. The peri-
odicity can be calculated from the density of features
known from analyzing the AFM images (cf. Experimen-
tal Section, on image analysis) and by assuming a two-
dimensional hexagonal lattice. The separation be-
tween the nanoparticle clusters is then estimated
by subtracting twice the diameter of the gold nano-
particles from the periodicity of the lattice (Figure S5).
The separations obtained in each of the cases shown in
Figure 5 could be readily estimated using this model
as 61.0, 53.3, 45.5, and 33.7 nm for the templates and
37.6, 29.9, 22.1, and 10.2 nm for the N ≈ 18 particle
clusters, respectively. The estimated values for interclus-
ter separations are in good agreement with what
is perceived in the plan-view TEM images (Figure 3),
confirming the validity of the model used. The narrow
distribution and uniformity of the templates contribute
to the ease of modeling to arrive at these numbers for
geometric characteristics with fair accuracy. These num-
bers are necessary as inputs formodeling and simulation
of the optical properties of these clusters, as shown later.

Optical Properties of Nanoparticle Cluster Arrays. The op-
tical properties of the cluster arrays were studied using
extinction measurements performed using a micro-
spectrometer on areas measuring 77 μm� 77 μmon a
chip. A thorough investigation of the size, shape, and
interparticle and intercluster separations, along with
the respective standard deviations derived from the
earlier parts, enables a detailed understanding of the
plasmonic properties of the clusters andwhat could be
expected of their SERS performance.

The extinction spectra reveal a single broad peak
around∼600 nm, red-shifted by up to∼100 nm in com-
parison to that of isolated Au nanoparticles (Figure 8).
Since each extinction spectrum averages optical pro-
perties from numerous clusters, the standard deviation
in N and interparticle and intercluster separations are

likely to contribute to the broadening of the observed
spectral line width.30A systematic red-shifting of reso-
nance peak position as well as an increase in the peak
intensity is noticed with an increase in cluster size and
decrease in intercluster separations. Such red-shifting
of the plasmon resonance is known to arise due to
strong coupling of localized surface plasmons between
adjacent metal nanostructures.44�46 Plasmonic coupl-
ing is known to be a sensitive function of the inter-
particle separation as well as the number of nearest
neighbors.46,47 In the case of clusters shown here, the
average interparticle separation of 4.6 nm (estimated
by geometric modeling) is lower than the particle
radius of 5.8 nm, based on which an excellent coupling
is expected. The strong plasmon coupling is found to
manifest itself as a large shift in resonance peak position
as a result of cluster formation.

The extinction spectra of the cluster arrays are in
sharp contrast to reports for random gold nanoparticle
aggregates reported in the literature, where a predom-
inant peak corresponding to the isolated particles
appears at ∼520 nm with only a broad low-intensity
peak corresponding to clusters above 600 nm.39,48,49

Therefore, the absence of a distinct contribution due to
individual Au nanoparticles in our cluster arrays sug-
gests the existence of nanoparticles mainly as clusters.
As a consequence, our ordered cluster arrays can be
expected to exhibit low variation in interparticle

Figure 8. Extinction spectra comparing (a, b) gold nano-
particle cluster arrays with systematically increasing values
of N and decreasing values of separation. (a) Extinction
spectra of nanoparticle clusters show an increase in plas-
monic peak intensity and wavelength in the range
590�620 nm with an increase in N from 5 to 18. (b)
Extinction spectra for N ≈ 18 clusters show a systematic
increase in peak intensity and wavelength with systematic
decrease in intercluster separations.
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separations in comparison to random nanoparticle
clusters reported in the literature. The extinction spec-
tra of the cluster arrays reveal certain key aspects of
interest for their exploitation in SERS, viz., strong
plasmonic coupling between nanoparticles and low
variation in interparticle separations, which would
translate into high density of hot-spots, sought after
for highly sensitive SERS detection.

Modeling and Simulation of Optical Properties. Numerical
simulations using the FDTDmethodwere performed in
order to determine the influence of the cluster size,
shape, and interparticle and intercluster separations on
the resulting plasmonic properties of the cluster arrays.
This is essential to understand the contributing factors to
the optical properties of the nanoparticle clusters and to
evolve design rules to maximize SERS enhancements. In
order to match the experimental system as closely as
possible, the model used for the FDTDwas developed by
extracting (x, y) coordinates of nanoparticles belonging to
a representative nanoparticle cluster from the TEM plan-
view image. The z coordinates of the nanoparticles are
then calculated from the obtained (x, y) coordinates by
taking into account theexperimentally determinedvalues
for template heights and Au NP diameter as input (Figure
S5, Supporting Information). Figure 9a illustrates steps to
extract (x, y, z) coordinates for a randomly chosen cluster
corresponding to the N ≈ 18 cluster arrays. A part of the
TEM image representing a well-isolated cluster is sec-
tioned (Figure 9a (ii)), and the center of sectioned image is
taken to be the origin. The sectioned image is then
subjected to an intensity threshold to obtain the well-
resolved locationofAuparticles, as shown inFigure 9a (iii).

The (x, y) coordinates of each Au nanoparticle are
obtained with respect to the chosen origin, with the
distances known through magnification of the TEM im-
age. To extract the z coordinates of the nanoparticle,
imaginary planes of different Z heights are chosen by
isolating each individual particle from the threshold im-
age by background subtraction. Then each sectioned
nanoparticle template is uploaded into the FDTD simula-
tion layout containing a polystyrene hemisphere on
silicon substrate via image import options provided by
the FDTD software. The z coordinate of the particle is
computed from the point of intersection of the Au
nanoparticle and the PS sphere. Figure 9c (i) represents
the FDTD layout made from the extracted (x, y, z) data of
each nanoparticle in the sectioned cluster. The simulated
layout almost resembles the sectioned Au cluster, except
for theparticle size,which is assumed tobemonodisperse
andequivalent to theexperimentally determinedaverage
size. To double confirm, the z coordinates of the Au
particle on the polystyrene sphere was also estimated
mathematically from the known values for the radius of
the PS hemisphere and (x, y) coordinates obtained
from the plan-view TEM image. The 3D shape of the
clusters was thus taken into consideration during this
processing.

The interparticle distances computed from the
(x, y, z) coordinates show an average of 4.2 nm, which
agrees well with the value of 4.6 nm predicted by the
geometric modeling discussed earlier. The simulated
extinction spectrum of N ≈ 18 clusters shown in
Figure 9b was found to closely match the experimental
spectrum shown in Figure 8. The simulations were also

Figure 9. (a) (i�iii) Steps followed to extract coordinates of nanoparticles fromTEMplan-view image. (i) TEMplan-view image
of N ≈ 18 clusters from which (ii) one cluster was randomly chosen and (iii) thresholding done to identify the nanoparticle
coordinates. (b) Simulated extinction spectrum of N ≈ 18 clusters shown in (ii) by the FDTD method using unpolarized
radiation with an excitation wavelength of 633 nm. (c) (i) Model of the 3D cluster used for FDTD simulations. (ii) False color
plots showing the electromagnetic near-field distribution at intercluster separations of 37 and 10 nm, showing an increase in
E-field intensity within and around the clusters with a decrease in separation. (d) False color plots showing the
electromagnetic near-field distribution of the cluster arrays across XY and YZ sections shown at 10 nm intervals, revealing
hot-spots within the cluster.
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similarly carried out for other cluster sizes andwere found
tomatch the experimental spectra (Figure S6, Supporting
Information for simulated extinction spectra for other
cluster sizes). A sharp feature at ∼450 nm appearing in
the FDTD is found to be absent in the experimental
spectrum. This is likely to be due to the inherent assump-
tion of a perfectly periodic lattice in the FDTD simulations
that can lead to a grating effect, as observed before50,51 in
the literature. Thiswas further confirmedby repeating the
simulations by removing the periodic boundary condi-
tions, which showed the absence of this peak (Figure S7,
Supporting Information).

Further, the simulations predict electromagnetic
field (E-field) enhancement spanning the entire inter-
cluster space arising due to intercluster plasmonic
coupling resulting from the 3D shape of the clusters.
Simulations performed on gold nanoparticle clusters
with comparable cluster sizes in planar geometry were
found to produce no such enhancement (Figure S9,
Supporting Information). This has important implica-
tions for SERS, as signal enhancements can be ex-
pected not only for molecules at the vicinity of hot-
spots at nanoparticle junctions but also for those that
are present in the intercluster space. This is significant,
considering the fact that the intercluster region con-
stitutes 30�60% (depending on the cluster separation,
estimated forN≈ 18 clusters) of the surface exposed to
the laser spot. Further, a decrease in intercluster sep-
aration was found to enhance the E-field enhance-
ment both within and around the cluster. Figure 9c
shows simulated E-field profiles for intercluster separa-
tions of 37 and 10 nm that reveal higher intercluster
and interparticle field enhancement at a separation of
10 nm (Figure 9c (ii)). The simulations reveal strong
interparticle coupling between nanoparticles within
the cluster, making each cluster behave like a “hot-
particle”. The E-field profiles simulated every 10 nm
along the YZ and XZ directions confirm hot-spots with
strongE-field enhancements resulting fromsuchplasmo-
nic coupling within the cluster (Figure 9d). The simula-
tions further point to strong interparticle plasmonic
coupling as the likely cause of nonappearance of the
peak due to individual Au nanoparticles of∼520 nm in
the experimental spectra. This was confirmed by mod-
eling the nanoparticles as half dielectric metal shells,
where the interparticle plasmonic coupling is signifi-
cantly reduced. In such a case the simulated spectrum
shows a dominant contribution at ∼530 nm accom-
paniedwith an absence of peak at∼620 nm (Figure S8,
Supporting Information). Thus the dominant contribution
at ∼620 nm in the experimental extinction spectra of
the cluster arrays confirms the presence of strong
interparticle plasmonic coupling as well as the exis-
tence of nanoparticles mainly within clusters. Well-
defined clusters obtained in our experiments are there-
fore expected to result in a high yield of hot-spots,
making them especially attractive for SERS.

SERS Performance on Flat Chips. Uniform nanoparticle
cluster arrays shown so far with a high density of
junctions between nanoparticles exhibiting separa-
tions down to <5 nm are expected to deliver excellent
SERS performance. The SERS detection performance of
the cluster arrays was investigated using crystal violet
(CV) as the model molecule. This was performed by
incubating the cluster array substrates for 3 h in 1 μM
CV and measuring the SERS spectrum using a laser
wavelength of 633 nm and a laser power of 0.63 mW,
with an exposure duration of 10 s through a 20�
objective lens. The choice of excitation wavelength
was made based on its proximity to the peak absor-
bance of the nanoparticle cluster arrays. There is
evidence in the literature that supports the need for
tuning the laser wavelength to match the LSPR wave-
length of the SERS substrate as a favorable condition to
achieve high sensitivity in detection.52,53 For cluster
arrays on both Si and glass substrates, the choice of the
633 nm laser is well justified, as it falls within the
plasmonic absorbance spectrum and close to the peak
positions. CV has been used for the comparison of SERS
results by various other groups in spite of the highly
fluctuating nature observed for the SERS spectrum of
the molecule.54 In fact the use of a molecule that is
known to exhibit high variation is more suitable to
challenge the substrate performance in terms of anal-
ysis of point-to-point variation. Incidentally, detection
of CV is also used tomonitor its illicit use in aquaculture
industry55 as an antimicrobial agent in spite of its
toxicity and mutagenicity to mammalian cells.56

The SERS performance of the cluster arrays was
investigated as a function of varying cluster sizes and
intercluster separations. Themost intense peak of CV at
1617 cm�1 was chosen for comparison of different
substrates and to calculate the SERS enhancement
factors (EF) (cf. Experimental Section for details of
the calculation). The signal enhancement by the
cluster arrays was compared against unpatterned
colloidal monolayers consisting of citrate-stabilized
gold nanoparticles adsorbed on amine-terminated
self-assembled monolayers of silane on glass or silicon
substrates. Figure 10 shows a systematic increase in
SERS signal intensities and the enhancement factors
with increasing N and decreasing Sc reaching a max-
imum for N ≈ 18 clusters at Sc ≈ 10 nm. The trend in
SERS signal intensity with variation in N and Sc was
found to match the trend in average nanoparticle
densities on the surface. An increase in the number
density of nanoparticles can be expected to translate
into a high yield of hot-spots for SERS, particularly
when the clusters are uniform, as suggested by extinc-
tion measurements. The high SERS enhancements
exhibited by the cluster arrays are therefore consistent
with experimental57�59 and theoretical60,61 investiga-
tions in the literature, which have shown the depen-
dence of SERS enhancement on the density of hot-spots.
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The uniformity of hot-spots across the sample is con-
firmed by a low standard deviation of <10% in SERS
signal intensities (Figure S10, Supporting Information,
for overlaid SERS spectra from 12 different regions on a
surface spaced at least 3 mm apart).

A comparison of the cluster arrays with the control
samples showed that the controls performed better
than the cluster arrays for N ≈ 5, 8, and 13 clusters.
However, theN≈ 18 clusters outperformed the control
samples for all separations with a maximum enhance-
ment of 272% over that of the controls realized in the
caseofSc≈10nm(FigureS11, S12Supporting Information,
for comparative plot and spectra). These trends in SERS
signal intensities were found to be in tune with the dif-
ference in nanoparticle densities achieved on the control
samples in comparison to the different cluster arrays.
The best performing cluster arrays with N ≈ 18 at
Sc ≈ 10 nm showed higher density than the controls
by ∼300%. Besides high nanoparticle densities, an
additional contribution to the enhancement by the
cluster arrays is expected due to enhanced E-field in
the intercluster space arising out of the 3D shape of the
clusters, as predicted by FDTD simulations. However,
due to the curved nature of the clusters, the E-field is
expected to be divergent and as a consequence result
in loss due to the scattered photons not falling within
the acceptance angle (NA) of the collecting objective
(Figure S13, Supporting Information, for schematic
illustration). Therefore, making the best out of this
contribution may require making adjustments to the
experimental setup to enable higher collection efficiency
of the optical system during the SERS experiments.

SERS substrates shown here mark a significant
improvement in terms of ease and cost of fabrication

over literature reports given that the cluster arrays with
the best SERS enhancements can be obtained without
use of any expensive equipment or clean-room envi-
ronment. As an additional comparison, we tested the
performance of our substrate against the commercial
Klarite substrates (Figure S14, Supporting Information).
Spectra recorded under identical conditions revealed
that the cluster arrays performed far better in terms of
signal intensity and spectral resolution. We further
performed experiments to test the stability of the
nanoparticle cluster arrays. AFM measurements on
the cluster arrays after the SERS experiments show
their integrity to be preserved. The clusters were
further found to be stable even upon exposure to a
2 M solution of NaCl for the tested duration of 12 h
(Figure S15, Supporting Information). Such high stabi-
lity toward high ionic strength aqueous media is
especially important for biosensing applications. The
clusters were further confirmed to retain their integrity
upon exposure to hydrocarbon solvents, allowing the
possibility of a wide range of organic analytes to be
detected. A deformation of the clusters is however
expected upon exposure to solvents that swell PS and
P2VP blocks significantly, such as toluene or ethanol,
respectively. This may be avoided by cross-linking the
PS and P2VP blocks using UV exposure or bifunctional
cross-linkers, shown previously in the literature.62,63

Following the significant increase in SERS intensities
observed for the optimized cluster arrays on flat chips,
we proceeded to translate the cluster arrays onto an
optical fiber faucet to enable SERS capability in remote-
sensing configurations.

SERS Performance on Optical Fibers. To prepare nano-
particle cluster arrays on a fiber faucet, the tip of the

Figure 10. SERS spectra of crystal violet measured on gold nanoparticle cluster arrays show signal intensity enhancement
with (a) increasing values of N and (b) decreasing values of intercluster separations. (c, d) Plots of the variation in SERS signal
intensities corresponding to the most intense peak of CV and the calculated enhancement factors (EF) as a function of (c)
cluster size (N) and (d) intercluster separations (Sc), respectively.

A
RTIC

LE



YAP ET AL . VOL. 6 ’ NO. 3 ’ 2056–2070 ’ 2012

www.acsnano.org

2066

fiber was drop-coated with a solution of PS-b-P2VP
reverse micelles. In contrast to the case of flat chips
where spin-coating speeds was varied to fine-tune the
template separations, drop-coating yields a fixed sep-
aration that corresponds to the closest 2D packing of
the reverse micelles. Such close-packing is evident
from the AFM of the templates performed directly on
the fiber faucet (Figure 11). In the next step, the fibers
coated with the templates were incubated in an aque-
ous solution of citrate-stabilized gold nanoparticles
for 2 h. The conditions used weremaintained the same
as for the preparation of nanoparticle cluster arrays on
flat chips. The resulting nanoparticle arrays were char-
acterized using microspectrometry, which allowed
acquiring reflectance measurements on areas measur-
ing only a few tens of micrometers across. The reflec-
tance spectrumwas acquired inmicroscopic spot areas
measuring 77 μm � 77 μm that reveal a prominent
peak at ∼640 nm due to the plasmonic absorbance
from the nanoparticle cluster arrays (Figure 11a�c).
The uniformity of the nanoparticle cluster arrays could
be confirmed by the excellent uniformity in peak-
wavelength positions for spectra recorded at different
areas of the fiber faucet. The observed peak wavelength
of 640 nm in the case of nanoparticle clusters formed
on the fiber faucet suggests intercluster separations

even lower than the smallest separations we observed
on the flat chips. This can be supported by the scenario
of close packed template features resulting from drop-
coating of the reverse micelles, which in turn would
result in closely separated nanoparticle clusters.

The imaging of the nanoparticle cluster arrays
formed on the fiber faucet by scanning electronmicro-
scopy was complicated by the heavy charging of the
nonconducting glass substrate. The AFM measure-
ments on the other hand are significantly limited due
to tip-convolution effects for ultralow separations as
encountered in this case. Therefore, as evidence for
nanoparticle cluster formation on the fiber, we rely on
the AFM imaging to confirm formation of templates
and optical absorbance to confirm formation of gold
nanoparticle clusters, both measurements performed
directly on the fiber faucet.

The SERS performance of the optical fiber was
tested by using CV as the model analyte as done for
the flat chips. The configuration used formeasuring the
SERS response by the fiber faucet dipped into the CV
solution is illustrated in Figure 12a�c. The fiber end
consisting of the clusters is dipped into a vial contain-
ing the CV solution, while the SERS spectrum is mea-
sured through the other end of the fiber, which faces
the objective lens of the Raman spectrometer. The
remote-sensing measurements clearly reveal both
higher signal intensity and lower signal intensity varia-
tion among the fibers with clusters as compared to the
control fibers (Figure 13). SERS measurements were
also performed in the backscattering geometry
(“direct” configuration) in order to validate the perfor-
mance of the cluster arrays formed on the fiber faucet
as well as to compare against intensities obtained by
remote sensing. The SERS spectra acquired on the fiber
faucet in the direct configuration show comparable
signal intensities with those observed in the case of
cluster arrays with the lowest separations on flat chips
(N≈ 18, Sc≈ 10 nm). This is consistent with what could
be expected due to narrow intercluster separations
naturally realized on an optical fiber faucet due to the
close-packed arrangement of the drop-coated reverse
micelles. SERS signal intensity in the remote-sensing
configuration was found to be ∼10% of that obtained
in direct configurationwith anestimated EFof 4.7� 107.
A comparison with unpatterned nanoparticle control
fibers shows higher SERS intensities for the cluster
array containing fibers by∼136% and∼636% for mea-
surements performed in remote-sensing and direct
configurations, respectively.

While these experiments demonstrate the promise of
the nanoparticle clusters on a fiber faucet for remote
sensing, we envisage a significant scope for further
improvement in sensitivity, by an appropriate choice of
both optical fibers and optical processing employed. Due
to combined advantages derived from the self-assembly
of colloids and the spatial resolution offered by the

Figure 11. (a) Tapping mode AFM image of the template
deposited by drop-coating on the tip of a polished optical
fiber. The conformal deposition of the reverse micelles on
the rough asperities of the surface of the fiber tip is clearly
discernible. (b) Optical picture of the fiber tip covered with
gold nanoparticle cluster arrays. (c) The area where reflec-
tance spectrawere collectedusing a spotmeasuring 77μm�
77 μm using a microspectrometer. (d) Reflectance spectrum
showing plasmonic peak at ∼640 nm.
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copolymer templates, our approach is attractive over
other approaches for fabricating SERS-active optical
fibers, viz., random colloid assemblies,64 surface
roughening approaches,65 or nanostructure transfer
approaches66 reported earlier. The significance of
our approach stems from the ease of achieving

conformal monolayer coverage of templates on the
optical fiber faucet without having to depend on any
expensive equipment nor special clean room or
environmental conditions. Further, any surface
roughness on the fiber faucet seriously limits the
capability of most commonly used nanofabrication

Figure 12. (a) Optrode configuration employed for measuring SERS through an optical fiber. (b, c) measurement setup
demonstrating the remote-sensing configuration for measuring the SERS signal of crystal violet through the optical fiber.
Views from (b) above and (c) below the optical stage showing the collection end of the fiber facing the objective and the
cluster-coated end dipped into the CV solution contained in a vial, which in turn is held in place through a clamp.

Figure 13. Comparisons of the SERS signal intensity for themost intense peak of the crystal violet molecule, measured under
(a) direct and (b) indirect configurations for nanoparticle cluster arrays versus unpatterned controls. The unpatterned control
consists of isolatednanoparticles obtainedby electrostatic adsorption of gold nanoparticles to aminosilane-treatedfiber. The
directmeasurement configurationmeasures SERS under backscattering geometry on the fiber tip surface incubated in crystal
violet solution overnight. The indirect configuration corresponds to SERS measurement performed through the fiber, with
the cluster-containing end dipped in solution and the other end facing the objective (as in Figure 12 b,c).
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approaches in efficiently catering to patterning of
optical fiber faucets. In our case, despite the fact that
the fiber tip was rough, the conformal template cover-
age and their facile translation into nanoparticle clus-
ters contribute to their promise in remote-sensing
configurations.

CONCLUSIONS

In summary, we have demonstrated simple, yet
highly promising means of producing macroscopic
arrays of gold nanoparticle clusters with engineered
SERS response on both flat and 3D substrates. Au
nanoparticle cluster arrays with systematic variation
in cluster size and intercluster separations, exhibit-
ing interparticle separations down to sub-5 nm and
intercluster separations down to 10 nm, with yields of
>90% are demonstrated. Optical modeling and simula-
tions predicted the best electromagnetic enhance-
ments arising out of cluster arrays with the largest
size (N ≈ 18) and smallest separations (Sc ≈ 10 nm),
which correlate well with SERS experiments. The ability

to obtain templates conformally on 3D substrates
allowed convenient translation of the nanoparticle
cluster arrays onto the tip of an optical fiber, enabling
SERS measurements in remote-sensing configura-
tions. The benefits of the highly sensitive cluster array
configuration observed on flat chips could be carried
over to optical fibers as well. We anticipate that the
investigations presented here can be further extended
along directions of fine-tuning cluster geometry, opti-
mizing the fiber configuration as well as other optical
processing parameters. This can pave the way to a
reliable and promising SERS detection platform that
can efficiently cater to the ever-increasing need for
sensitive and remote monitoring of various analytes in
biological and chemical environments. The optical
properties of these cluster arrays are very promising
for applications beyond SERS, in other research areas
such as metal-enhanced fluorescence, photocatalysis
solar cells, plasmonic waveguides, and light-emitting
diodes.

EXPERIMENTAL SECTION
Materials. Polystyrene-block-poly(2-vinylpyridine) (PS-b-PVP)

(57000-b-57000 g/mol) was purchased from Polymer Source
Inc. (Montreal, Canada). Silicon and quartz substrates were
purchased from Silicon Valley Microelectronics (SVM, CA, USA).
(3-Aminopropyl)trimethoxysilane (APTMS, 95%), crystal violet, and
sodium citrate dihydrate (∼99%) were purchased from Sigma-
Aldrich. Toluene (g99%) was purchased from Merck. Hydrogen
tetrachloroaurate(III) trihydrate (HAuCl4 3 3H2O) (g99.9%) was pur-
chased from Aldrich. Optical fibers with 1000 μm diameter and
0.37 numerical aperture having a hard polymer cladding with a
silica core were purchased from Thorlabs (BFH37-1000, fiber ID
F10-056T).

Methods. Fabrication of Nanoparticle Clusters on Flat Chips.
The silicon and glass substrates were cleaned by ultrasonicating
in acetone followed by 2-propanol and finally treated with UV/
ozone. A 0.5% (w/w) solution of the polymer was prepared in
m-xylene. The micelles were deposited onto the substrates by
spin-coating at speeds ranging from 1000 to 5000 rpm. The
micellar film was subjected to a controlled exposure to oxygen
plasma (30W, 65mT, 20 sccm) for durations of 20, 35, and 50 s to
obtain polyelectrolyte templates of different sizes. Either the
as-coated templates or templates with different sizes obtained
after oxygen plasma exposure were immersed in a citrate-
stabilized gold nanoparticle suspension (pH 5.8) for 2 h followed
by rinsing in deionizedwater. Gold nanoparticles were prepared
according to the method reported previously.49

Fabrication of Control Substrates. Control substrates with
unpatterned gold nanoparticles were prepared by first functio-
nalizing the flat chips or optical fiber faucet with (3-aminopropyl)-
trimethoxysilane in vapor phase, followed by their incubation in
aqueous solution of citrate-stabilized gold nanoparticles for 12 h.
Prior to silanization, the substrates were treated with UV/ozone for
10 min. Silanization was performed within a desiccator under a
vacuum of 5 � 10�2 mTorr for 2 h.

Characterization of Cluster Arrays. The zeta potential of the
surface coated with micelle arrays was determined by stream-
ing potential measurements using SurPASS electrokinetic anal-
yzer (Anton Par, VA, USA). Electrophoretic measurements on
gold nanoparticles were carried out using a Zetasizer Nano ZS
(Malvern, Worcestershire, UK), on samples measuring 20 mm�
10 mm. The templates, nanoparticle clusters, and the unpatterned
gold nanoparticle controls were characterized with tapping mode

AFM (Nanoscope IV Multimode AFM, Veeco Instruments Inc., NY,
USA), SEM (FESEM 6700F, JEOL, Tokyo, Japan), and TEM (Philips
CM300) operating at 300 kV. The extinction spectra of the gold
nanoparticle assemblies on glass substrates were recorded using a
CRAIC microspectrophotometer (CRAIC Technologies, CA, USA).
An unpolarized light source was used with measurement spot
areas of 77 μm � 77 μm.

Image Processing from AFM Data. The AFM images of the
templates and the clusters were measured in tapping mode,
over areas spanning 2 μm� 2 μm. The standard deviation in the
size of the templates was determined from a Gaussian fit made
to the height histogramof the templates. The height histograms
are more accurate than diameter histograms, as they are not
subject to AFM tip-convolution effects. The sigma obtained
from the Gaussian fit is divided by the mean to obtain the
coefficient of variation. The values for standard deviation
reported here represent the coefficient of variance in percent.
The feature densities were determined by digitally filtering the
image pixels by setting a suitable threshold that isolated
the features within the AFM image followed by counting them.
The inbuilt “particle analysis” function of the DI Nanoscope
software was used for the purpose.

Fabrication of Nanoparticle Clusters on a Fiber Faucet. The
fibers were cut into 10 cm pieces by a cleaver. The jacket and
cladding were stripped to a length of approximately 1.5 cm
from each end. Both ends were then polished using alumina
polishing sheets (1 μm) using standard techniques. The po-
lished ends were then washed 2�3 min with a jet of water,
sonicated in ethanol for 10 min, and dried. The fiber tip surface
was cleaned using UV/ozone treatment. The cladding was
protected by wrapping the fiber with aluminum foil, exposing
only the tip to plasma.

Optical Simulations. Numerical simulationswere performed
using the finite-difference time domain method using a commer-
cial software package from Lumerical Solutions, Inc. (Vancouver,
Canada). A perfectly matched layer is considered at the top and
bottom, and a periodic boundary condition is considered at the
sides. The simulations considered a mesh spacing of 1 nm in x, y,
and z directions. Unpolarized radiation with an excitation wave-
length at 633 nm is employed to excite the sample and is made
normally incident through the air medium. The simulations were
run bymodeling the clusters based on coordinates extracted from
TEM images.
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SERS Experiments. SERS experiments were carried out using
aRaman system (Renishaw InVia, UK) equippedwith amicroscope,
a Peltier cooled CCD detector, and an excitation laser of 633 nm.
The systemwas connected to amicroscope (Leica), and the laser
light was coupled through an objective lens of 20� (for flat
chips) and 50� (for fibers), which was used for exciting the
sample as well as collecting the Raman signals. Instrument
control and data acquisition were carried out using the WIRE
3.0 software package provided with the Renishaw system. Prior
to each Raman experiment calibration of the instrument was
done with the Raman signal from a silicon standard centered at
520 cm�1. Subtraction of the baseline using cubic spline inter-
polation was performed in order to eliminate unwanted back-
ground noise and to facilitate data analysis. SERS substrates
were incubated for 3 h in 1 μM CV solution. Substrates were
taken out and fixed onto the glass slide with a coverslip placed
on top. SERS measurements were taken from at least eight
random locations that are more than 3 mm apart in the
wavenumber range of 400�2000 cm�1 with an exposure time
of 10 s using 0.63 mW of laser power. For optics fibers, the
incubation with 1 μM CV was carried out by dipping the
substrate end of the fiber in a vial through a septa. For direct
end measurements 0.63 mW laser power is used, whereas for
through-fiber measurements 6.3 mW laser power is used. The
recorded spectrum after baseline correction using WIRE 3.0
software was imported into OriginPro and processed further for
intensity comparisons. SERS enhancement factors (EF, denoted
as G) were calculated by normalizing the SERS intensities
observed on clusters with that obtained on bare Au substrate
under identical experimental conditions using the following
equation. The packing density of molecules and incorporation
of surface roughness factor R was followed from literature.67,68

G ¼
ISERS
NSERS
IRaman

NBulk

¼ HF
Rμ

� �
ISERS
IRaman

� �

ISERS and IRaman denote Raman spectral intensities for crystal
violet at 1617cm�1, recorded on the SERS substrate and in the
absence of enhancement, respectively. NBulk = AHF is the
number of CV molecules in bulk solution contributing to the
unenhanced Raman signal; NSERS = ARμ is the number of CV
molecules on the substrate and contributes to the SERS signal; A
is the area of the laser spot; R is the surface roughness ratio; μ is
the packing density of CV molecules on the substrate; F is the
number of molecules in the CV solution; H is the apparent
height of the CV liquid layer that emits a Raman signal; G is the
enhancement factor.
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