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One-dimensional arrays of silver nanoparticles with a particle size of 10.5 nm and interparticle spacing of 8.5 nm were fabricated
by depositing nanoparticles in gas phase on block copolymer self-assembled templates. The substrate showed a surface-enhanced
Raman scattering (SERS) enhancement factor as high as 1 x 107 with good reproducibility and stability. The dependence of the
average enhancement factor and the SERS intensity on the packing density of the analyte molecules were investigated. For a tiny
amount of analytes in the range of 1 x 107 to 3 x 107> mol/mm?, the SERS signal showed a linear dependence on the molecule
packing density on a logarithmic scale, with a slope of about 1.25. The substrates are promising for quantitative detection of trace

level molecules.

1. Introduction

The last three decades have witnessed an ever-increasing
interest in surface-plasmon-based analytical techniques, of
which surface-enhanced Raman scattering (SERS) [1-5] is
one of the most important applications. However, the rational
design and facile fabrication of reproducible SERS substrates
with large and stable enhancement of Raman signals remain
a critical challenge [6, 7]. Despite that extensive efforts
have been devoted to the local field enhancement and
single molecule detection at the hot spots, less attention has
been paid to the average enhancement factor G, which has
greater relevance for the design and optimization of SERS-
based chemical sensors [8, 9]. Metal nanoparticle assemblies
are important substrates for SERS-based molecule sensing,
because of the light confinement between nanoparticles,
which provides enhanced local electromagnetic fields and
the tunability of localized surface plasmon resonances. To
enable molecule detection in high SERS activity, stability
and reproducibility, a knowledge of the arrangement of the
analyte molecules and hot spots, and their effects to the
average enhancement are important. To obtain a large average
enhancement, it is crucial to provide a state of aggregation of

the metal nanoparticles and to place the analyte molecules
in the sites of the junctions of metal nanoparticles. In this
sense, one- and two-dimensional ordered arrays of closely
spaced metal nanoparticles can be excellent candidates for
SERS substrates. They can provide not only giant field
enhancement both through long range photonic coupling
and the local electromagnetic near field confinement, but
also high reproducibility because of the uniform and dense
distribution of hot spots.

Recently, block copolymer self-assembled nanopatterns
were used as templates to fabricate high density regular
arrays of metal nanoparticles [10-12]. Excellent structure
uniformity in the interparticle gap distance and the size of the
nanoparticles in the array could be obtained in a large area,
and high SERS enhancement factor with good reproducibility
was demonstrated [13-18]. Furthermore, the morphology
of the nanoparticle arrays can be adjusted by tailoring the
block copolymer self-assembling to maximize the Raman
scattering.

In this paper, densely packed one-dimensional arrays
of silver nanoparticles were fabricated on large scale by
depositing gas-phase generated nanoparticles with controlled
size on block copolymer self-assembled templates. The
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FIGURE 1: Typical 4 x 4 ym” tapping-mode AFM height image of prepatterned SBS block copolymer films.

nanoparticle arrays were used as stable SERS substrates, and
the dependence of the average enhancement factor on the
packing density of the analyte molecules on the substrate
was investigated. Specifically, for a tiny volume of very low
concentration analytes that can only form a submonolayer on
the substrate surface, a stable G factor as high as 10” could
be maintained, and the SERS signal of the analytes shows a
near-unity power-law dependence on the molecule density.
It therefore shows the possibility to be used for quantitative
trace level detection and rapid analysis of molecules.

2. Experimental Methods

Triblock copolymer poly(styrene-b-butadiene-b-styrene)
(SBS) films with self-assembled nanopatterns were used as
templates to selectively adsorb the deposited silver nanoparti-
cles on the polybutadiene (PB) phase [11, 19]. The films were
prepared by spin coating toluene solutions of 4 wt% SBS
(weight-averaged molecular weight M,, = 140000 Da, poly-
dispersity index PDI = 1.2, polystyrene (PS) weight fraction
fps = 0.3, Aldrich Chemical Inc.) onto fused quartz glasses
at about 2500 rpm for 30s, followed by solvent annealing in
a toluene vapor atmosphere with an extremely slow toluene
evaporation rate (~0.00lmL/h) at room temperature.
The solvent annealing went on for 3 days, after which
the morphologies of the block copolymer films were
characterized in air with an atomic force microscope (AFM,
NTEGRA Probe NanoLaboratory, NT-MDT, Co.) working
in tapping mode.

Silver nanoparticles were subsequently deposited onto
the prepatterned SBS copolymer film surface under high

vacuum at room temperature. The nanoparticles were gen-
erated by a magnetron plasma gas-aggregation cluster source
[20, 21]. 200 sccm of argon were introduced into the liquid
nitrogen cooled aggregation tube to maintain a stable gas flow
with a pressure of 180 Pa. A stable magnetron discharge was
operated with an input power of 90 W. Atoms were sputtered
from the silver target and nanoparticles were formed through
the aggregation process in the argon gas. The nanoparticles
were extracted to the high vacuum deposition chamber
through a differential pumping system. The substrate was
placed in the deposition chamber perpendicular to the
nanoparticle beam. Preformed nanoparticles were deposited
at low kinetic energy (<0.leV/atom) onto the substrate
surfaces. The deposition rate was monitored by a quartz
crystal microbalance and controlled to be about 2 A/s. The
coverage was controlled to be less than one monolayer by
controlling the deposition time. The Ag nanoparticle covered
SBS copolymer films were characterized with a transmission
electron microscope (TEM).

Raman spectra were acquired on a confocal Raman
spectroscope (NT-MDT NTEGRA Spectra) using a 473 nm
laser excitation and a 70 ym diameter pinhole. The laser beam
was focused with an objective (100x, NA = 0.9) to give an
illumination area in 350 nm diameter on the sample surface.
A constant laser power of 100 yW was used for the SERS
measurement.

3. Results and Discussion

Figure 1 shows a typical tapping-mode AFM height image
of an SBS copolymer thin film. The film is composed of
microphase-separated domains with cylindrical morphology
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FIGURE 2: (a) A typical TEM image of the one-dimensional silver particle arrays on SBS prepatterned template. (b) The size distribution of
the silver nanoparticle arrays. (c) The distribution of the interparticle spacings of the silver nanoparticle arrays.

aligned parallel to the substrate, similar to those found in
our previous investigations [11]. The orientational order of the
cylinders can cover several tens of lattice constant, which is
around 38 nm as measured from the AFM image.

The Ag nanoparticle covered SBS copolymer films
were characterized with a transmission electron microscope
(TEM). As shown in Figure 2(a), the silver nanoparticles
assemble to chain-like arrays with nearly equal interchain
spaces, approximately 38 nm, which corresponds to the
period of the in-plane PS domain cylinders in the under-
lying SBS copolymer substrate. It has been demonstrated
previously that evaporating metal onto a phase-separated
block copolymer film resulted in selective decoration of
one of the blocks [10, 22]. When silver nanoparticles are

deposited onto the triblock copolymer SBS thin films, they are
selectively absorbed onto the PB domains, forming regular
arrays of nanoparticles [11]. Due to the high stability of
the nanoparticles preformed in gas phase and the limited
diffusive mobility and coalescence of silver nanoparticles on
the PB blocks, nanochains of particles with fairly narrow size
distribution and uniform interparticle spacing are produced.
With a carefully controlled coverage of silver nanoparticles,
the SBS copolymer surfaces are uniformly distributed with
nanoparticle chains. A single chain typically extends more
than 1 micron, containing several tens of nanoparticles,
covering the whole range of the phase separated pattern area
with minor defect clusters. Figures 2(b) and 2(c) give the
distributions of Ag nanoparticle size and the interparticle
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FIGURE 3: Raman spectra of BPE molecules adsorbed onto two
different substrates. (A) 2 x 10~° M of BPE solution drop casted on
the SBS template surface uniformly distributed with Ag nanoparticle
chains. (B) 2 x 107 M of BPE solution drop casted on pure silica
glass surface. For spectrum (A) and (B), 100 uW laser power was
used. (C) 2x 107> M of BPE solution drop casted on pure silica glass,
1mW laser power was used. Spectrum (C) was magnified 120 times
for clarity.

spacings within the chains. The nanoparticles have a mean
diameter of about 10.5nm and a standard deviation of
about 2.5nm. The interparticle spacing within the chain is
about 8.5nm with a standard deviation of about 6.0 nm.
From Figure 2(a), the number density of the nanoparticles is
measured to be about 2x 10° um ™, which corresponds to that
estimated according to the morphology of the nanoparticle
arrays.

The SERS activity of the silver nanoparticle arrays on
SBS templates was examined with trans-1,2-bi-(4-pyridyl)
ethylene (BPE) molecules. 10 4L of low concentration BPE
methanol solution(2 x 107 M) was dropped onto the sub-
strates, with a surface area of 1cm”. The liquid drop spread
on the substrate surface and fast dried in air. Raman spectra
measured from the substrates covered with or without Ag
nanoparticle are plotted in Figure 3. Strong Raman bands can
be observed (curve (A)) when the BPE molecules are attached
to the silver nanoparticle covered substrates, while no Raman
signal is detectable under the similar laser illumination
condition if only pure BPE specimen is used (curve (B)).
Obviously, Raman scattering is significantly enhanced by
the silver nanoparticle arrays. The major peaks of the SERS
spectra reveal the characteristic Raman bands of BPE, that
is, 1640 cm™! and 1610 cm™! due to (C-C) stretching modes,
1200 cm™" due to both stretching and rocking modes of (C,-
C,,) where C, is a ring carbon attached to a bridging carbon
and C, is a bridging carbon, and 1010 cm™" due to both (C-
C) and (C-N) stretching modes [23]. Between the major
peaks, there are a number of minor peaks, contributed both
from the Raman bands of BPE and SBS. With a moderate
laser power, the spectral noise coming from Raman scattering
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of SBS substrate is not significant, even with an analyte
concentration as low as 2 x 107° M. This may be ascribed
to the lower efficiency on the excitation and detection of the
local field enhanced Raman scattering from SBS molecules,
since the surface of the SBS substrate is covered by Ag
nanoparticles.

The BPE Raman bands at 1610 and 1640 cm™' were
selected for evaluating the Raman enhancement factor. The
average surface enhancement factor G is defined as

() o

IRaman N, ads
where Igppg and Iy, ., are the integrated Raman intensities
of BPE on SERS substrate and normal substrate, respec-
tively. Ny, and N4 are the number of BPE molecules on
normal substrate and SERS substrate, respectively. Since in
the measurement of Raman spectroscopy for analytes on
normal substrate, the laser power was 10 times larger than
that used for SERS measurement, I, .., was normalized with
respect to the laser power. From the Raman spectra shown in
Figure 3, a surface enhancement factor of about 1.1 x 10’ can
be estimated.

We investigated the molecule concentration-specific
SERS property of the one-dimensional Ag nanoparticle
arrays. BPE was dissolved in methanol to form diluted
solutions with a series of concentrations (2 x 107*M, 7 x
10°M,2x 107 M, 8 x 107° M, 3x 10°M, 2 x 107° M, 1 x
10°M,5%x107" M, and 1 x 107" M, resp.). A series of surface
densities of BPE molecules ranging from 2 x 107" mol/mm?
to 1 x 10”"* mol/mm* were obtained corresponding to the
solution concentrations, assuming that the molecules are
uniformly distributed on the substrate free of aggregation.
Their SERS spectra are plotted in Figure 4. For most of the
concentrations, the major Raman bands of BPE, that is, 1640,
1610, 1200, and 1010 cm™", are clearly visible. Only for the
lowest concentration, 1x 10~ M which gives a corresponding
molecular surface density of 1 x 10™** mol/mm?, the char-
acteristic Raman bands of BPE are almost submersed in the
background level, indicating the detection limit of BPE is
reached for the present SERS measurement configuration.
For this concentration, the number of BPE molecules covered
by the laser spot, with a diameter of about 350 nm, is
estimated to be about 6 x 10°. With a rough estimation,
these molecules cover less than 0.2% of the substrate sur-
face, assuming that the area of a single BPE molecule is

approximately 30 A® [24]. Above this lowest concentration,
reproducibility of SERS signals is quite well. The intensity of
SERS signals acquired from various locations on the substrate
show consistence within 18%. To examine the uniformity
of SERS signals across a large surface area, a micro-Raman
map of sample area with 200 nm spot spacing was measured.
Figure 5 shows a 3-dimensional mapping of the integrated
Raman intensity of the 1610cm™ and 1640 cm™ band of
BPE. Overall the Raman intensity is very uniform across the
surface, indicating that both the distribution of the analyte
molecules and the enhancement are uniform.

Figure 6(a) shows the integrated intensities of BPE
Raman peaks at 1610 and 1640 cm™" for various BPE molecule
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FIGURE 4: The representative surface enhanced Raman spectra of
BPE molecules absorbed on silver nanoparticle arrays, with different
concentrations. From upper line to bottom line, the corresponding
BPE molecular surface packing densities are 2 x 10~"! mol/mm?,
7 x 1072 mol/mm?, 2 x 10" mol/mm?, 8 x 107" mol/mm?,
3 x 107° mol/mm?, 2 x 107> mol/mm?, 1 x 107" mol/mm?, 5 x
107" mol/mm?, and 1 x 10™"* mol/mm?. All spectra were recorded
under identical experimental conditions and were vertically shifted
for clarity.
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FIGURE 5: Micrograph of Raman mapping of the integrated intensity
of the 1610 cm™" and 1640 cm ™" Raman bands. BPE molecule density:
1 x 107" mol/mm?. Scanning step: 200 nm.

densities. The standard deviations are obtained by aver-
aging the SERS spectra of 20 individual spots all around
the substrate. At higher BPE surface densities, from 3 x
107" mol/mm? to 2 x 107" mol/mm?, the SERS intensity
remains nearly unchanged. On the other hand, when the
surface density of the BPE molecules is reduced to 3 x
107" mol/mm?, the SERS intensity decreases as the BPE
surface density reduces, showing a linear dependence in
the double-log plot, that is, a power law of the molecule
packing density dependence, with a near unity exponent of
about 1.25. This power law relation demonstrates that the
SERS signals become more sensitive to the molecule surface
density at such low packing densities, from 3 x 107" to
1 x 107" mol/mm?, with a molecular coverage from 0.2% to
6%. It means quantitative analysis of such low concentration
molecules can be achieved through SERS measurement on
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FIGURE 6: (a) SERS intensity and (b) SERS enhancement factor as a
function of the surface packing density of BPE molecules calculated
by the integrated area of BPE Raman bands at about 1610 cm™ and
1640 cm™.

the silver nanoparticle array substrates provided that the
stability and reproducibility of these SERS substrates are
obtained.

In order to take quantitative analysis of relation between
SERS intensity and the molecular concentration, we con-
sider the average Raman enhancement factor G at various
BPE concentrations. It is clearly seen in Figure 6(b) that
the average enhancement factor intensively changes with
molecule packing density on the substrate at high molecular
concentration. With the decrease of BPE surface density, the
average Raman enhancement factor G increases and reaches
a maximum, as large as 1.5 x 107, for the packing density of
3x107" mol/mm?, and then a stable value of G is maintained
at about 1 x 107, and only a slight change takes place while
the molecule packing density reduces by a factor of 30,
from 3 x 107" to 1 x 107"* mol/mm?. With such a stable
average enhancement factor, a quantitative relationship arises
between Raman signal intensities and molecular surface
densities, as shown in Figure 6(a).

For the silver nanoparticle array SERS substrate, there
are two kinds of SERS active points: the surface of metal
nanoparticles and interparticle spacing (nanoparticle junc-
tion, or the so-called “hot spot”). The local electromagnetic



field at the nanoparticle junction is much greater than that
on the nanoparticle surface. Only Raman scattering from
the molecules locating around the nanoparticle junctions can
be enhanced greatly, whereas molecules out of the junction
regions have much less microscopic enhancement. Therefore,
a SERS signal results mostly from molecules located at the
nanoparticle junctions, which may only account for a small
portion of the molecules that distribute on the substrate or
absorbed on the nanoparticle surfaces. The distribution of
SERS active points with different microscopic enhancements
and the real number of the analyte molecules that occupy the
specific SERS active points have an especially strong influence
on the average enhancement factor. At high molecule density,
the available high field volumes at the nanoparticle junctions
have fully been occupied, restricting the further access of
analytes. In this sense, an increase of molecule density does
not always cause a proportional increase of the number of
molecules that contribute significantly to the SERS signal.
Therefore, when the BPE molecule packing density is higher
than 3 x 107" mol/mm?, only small changes on the SERS
intensity can be observed as BPE molecule density increases,
as shown in Figure 6(a), and accompany with an intensive
reduction of the average Raman enhancement factor G, as
shown in Figure 6(b). On the contrary, at lower analyte con-
centration, adequate high field volumes at the nanoparticle
junctions remain available for the access of analytes. With the
increase of the BPE molecule density, more molecules access
the high-field regions and contribute significantly to the SERS
signals. Accordingly, the SERS intensity increases with the
concentration of the analytes, whereas the average Raman
enhancement factors G only shows a slight change. Since
the number of molecules located in the hot spots increases
proportionally to the total amount of analytes exposed to the
probing laser, a constant specific SERS intensity normalized
to the molecular concentration is achieved. A highest average
Raman enhancement arises at the analyte concentration
with which the volumes of the hot spots are almost fully
occupied. There is a balance among the packing density of
the molecules, the density, and uniformity of the SERS active
points, as well as the volumes of the SERS active points that
the analytes can access.

This mechanism leads to the strong sensitivity of SERS
intensities to the arrangement of metal nanoparticles as well
as the packing of the analyte molecules. Furthermore, the
distribution uniformity of the hot spots not only affects the
SERS activity, but also determines its stability and repro-
ducibility. For the one-dimensional silver nanoparticle array
we prepared, the well-controlled patterning geometry that
enables a sensitive and monotonous dependence between
SERS intensity and the molecular packing density ranging
from 1 x 107'*mol/mm® to about 3 x 107" mol/mm?,
covering about one and half order of magnitude, due to
optimizing the high-field site distribution and the available
high field volume. A wide range of analyte concentrations that
have a monotonously dependent SERS intensity is important
to a SERS substrate for trace level molecule detection.

The well-controlled patterning geometry is not only
important to get high stability and reproducibility on SERS
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sensoring by providing uniform SERS active point dis-
tributions, but also important to get a large local field
enhancement. The local electromagnetic fields can be largely
enhanced due to the strong coherent coupling between
nanoparticles in one-dimensional arrays [25]. An interpar-
ticle spacing of about 8.5nm is measured for the one-
dimensional silver nanoparticle array we prepared. A red
shift of the plasmon resonance wavelength was observed on
such nanoparticle arrays [16], which could also contribute
to the increase of local field enhancement by tuning the
resonant excitation condition of the substrate to match-
ing the excitation laser wavelength. Recently Mirkin and
coworkers [26, 27] found that there is a nonzero optimum
interparticle spacing of about 30 nm for maximum local
SERS enhancement in the case of 1D Au nanodisk arrays.
Spacing below 30 nm does not significantly affect the SERS
enhancement. They suggested that for very small interparticle
spacings, excitation of higher multipoles, in which the field
enhancements are smaller than that of dipole mode, can
induce the decrease in SERS enhancement. Such nonzero
optimum interparticle spacing may also be an important fact
to the high SERS intensity and its monotonous dependence
on the molecule packing densities we observed.

The confinement of the self-assembled SBS template also
enables a very high stability for the Ag nanoparticle arrays.
Our previous work showed that the SBS-templated one-
dimensional Ag nanoparticle arrays have a much enhanced
thermal stability as compared with the nanoparticle assem-
blies on the surfaces of covalent amorphous solids or even on
the disordered SBS films. They were not influenced by long
time thermal annealing at a temperature as high as 560 K
[28]. We also evaluated the stability of the Ag nanoparticle
substrates for SERS applications. The sample was stored
in dry atmospheric environment for several weeks and
reexamined. No significant changes on the SERS response
and sensitivity were observed. From TEM observation, we
confirmed that the morphology of the Ag nanoparticles
deposited on SBS template surface did not change over time,
even after immersion with BPE methanol solution. Although
reusability cannot be expected for the 1D Ag nanoparticle
array substrates in their current form, mass production of
such SERS substrates is easy to be realized at significant
low cost. This simple and straightforward method offers
considerable potential for the fabrication of practical sensor
chips based on SERS.

4. Conclusions

As a conclusion, an optimized SERS substrate has been
demonstrated by fabricating densely packed one-dimen-
sional silver nanoparticle arrays with a self-assembled block
copolymer template. High SERS activity, stability, and repro-
ducibility have been achieved due to the well-controlled
patterning geometry of the nanoparticle arrays. The depen-
dence of the average Raman enhancement factors and the
SERS intensities on the packing density of the analyte
molecules have been obtained. For a range of very low analyte
density with a molecular coverage from 0.2% to 6% on
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the substrate surface; the SERS signal of the analytes exhibits
a linear dependence on the molecule packing density on
a logarithmic scale, with a slope of about 1.25. Such one-
dimensional silver nanoparticle array-based SERS substrates
are promising for quantitative trace level detection and rapid
analysis of molecules.
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