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D
eveloping active plasmonic devices
based onmetal nanoparticles is draw-
ing much attention recently due

to their promising applications, such as
biosensing,1 optoelectronics,2 and optical
antennas.3 Methods to integrate plasmonic
nanoparticles into functional devices are
commonly summarized as “top-down” and
“bottom-up”. In the top-down approach,
the features are written directly or trans-
ferred onto a substrate, for example, by
optical and e-beam lithography, and then
the plasmonic nanostructures are engraved
by applying appropriate etching and de-
position processes. Although the features
of plasmonic structures could go down to
sub-20 nm, the limitation arises from the
low efficiency on patterning small features
over a large area, which is a prerequisite for
practical applications.4 Alternatively, var-
ious bottom-upmethods, such as interfacial
self-assembly5,6 and template-directed
assembly,7 have received considerable at-
tention in assembling plasmonic nanopar-
ticles into organized structures based on the
significant progress in the synthesis of na-
noparticles with desired size and shape.8�10

Among various configurations, one-
dimensional (1D) nanoparticle arrays are of
particular interest because they can serve as
ideal platforms for developing nanoscale
devices with cooperative properties, such
as surface plasmon resonance, single elec-
tron transport, and waveguiding.11�15 Tem-
plate-assisted assembly is a commonmethod
to construct 1D arrangements of nano-
particles,4,16�20 where a linear topo-
graphic structure defined by lithography is
used to trap the nanoparticles into defined

positions. The geometric parameters, such
as width and length, of the templates play
key roles for the nanoparticle arrange-
ment.21�25 The concepts of self-assembly
based on the intrinsic magnetic or electric
dipoles of nanoparticles, dewetting, or sol-
vent evaporation provide alternative ways
to realize 1D nanoparticle alignment.6,26�28

However, these strategies can only produce
the same sized particle lines on the same
substrate with a defined particle distance.
It remains a challenge to fabricate 1D nano-
particle arrays with tunable interparticle dis-
tance or 1D nanoparticle arrays with differ-
ent particle size on the same substrate. Such
multiplexed 1D nanoparticle arrays would
be interesting for the investigation of their
collective physical properties, such as sur-
face plasmon resonance and waveguiding,
which strongly depend on the particle size,
spacing, and higher-order structures.5,29,30

In addition, such multiplexed arrays are a
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ABSTRACT We report a new strategy to pattern plasmonic nanoparticles into multiplexed one-

dimensional arrays based on the spatially modulated electrostatic potential. The 32 nm Au

nanoparticles can be simultaneously deposited on one chip with tunable interparticle distance by

solely adjusting the width of the grooves. Furthermore, 32 and 13 nm Au nanoparticles can be

selectively deposited in grooves of different widths on one chip. As a result, the surface plasmon

absorption bands on the chip can be tuned depending on the interparticle distance or the particle

size of multiplex 1D arrays, which could enhance the Raman scattering cross section of the adsorbed

molecules and result in multiplex surface-enhanced Raman scattering (SERS) response on the chip.

This strategy provides a general method to fabricate 1D multiplex arrays with different particle sizes

and interparticle distances on one chip.

KEYWORDS: spatially modulated electrostatic potential . multiplexed
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kind of encoded nanostructures, which have potential
applications in computation, brand protection, dis-
ease diagnostics, drug screening, and environmental
analysis.10,31,32

Herein, we report a new strategy to pattern the
plasmonic nanoparticles into multiplexed 1D arrays
based on spatially modulated electrostatic potential.
Previously, charged nanoparticles have been selec-
tively assembled onto the chemically functionalized
substrate surface through electrostatic interaction.20,33,34

Our strategy is a synergetic combination of geometry-
mediated trappingwithelectrostatic interactionbetween
nanoparticles and surface to produce spatially modu-
lated electrostatic potential. Multiplexed 1D nanoparticle
arrays with tunable interparticle distance or multiplexed
1D nanoparticle arrays with different particle size on the
same substrate are demonstrated. As proof-of-concept,
we demonstrate amultiplexed surface-enhanced Raman
scattering (SERS) response on such patterned structures
since the surface plasmon absorption bands can be
tuned depending on the interparticle distance or the
particle size.

RESULTS AND DISCUSSION

In a typical experiment, as sketched in Figure 1a,
the silicon substrate surface was first functionalized
with amonolayer of aminopropyltriethoxysilane (APTES),
which provided positively charged amine groups
(þ35 ( 3 mV; ζ-potential). Then a poly(methyl metha-
crylate) (PMMA) layer (40 nm thickness) was spin-coated

onto the surface, and the 1D groove template with
different widths (65, 90, and 110 nm) were defined
by electron-beam lithography (EBL). It is important
to note that the profile of the generated 1D
grooves was negatively charged by e-beam irradiation
(Figure 1b).35,36 Finally, the 1D groove patterned sub-
strate was immersed into the 32 nm citrate-stabilized
Au nanoparticle (�38 ( 5 mV; ζ-potential) solution
(>10 h), where the ionic strength I of the Au nanopar-
ticle solution was about 5.0 � 10�4 mol/L. In the
solution, the effective diameter (D) of the nanoparticles
is determined by the diameter of the rigid core (d) and
the thickness of the double charge layers (1/K)
(Figure 1c).20 Herein, since K = 3.288

√�
I, the calculated

thickness of the double layer is about 13.6 nm, result-
ing in an effective diameter of about 59 nm for 32 nm
Au nanoparticles. In order to have 1D single-particle
arrays, one must make sure that the effective diameter
of the particle is smaller than the groove width.20

Therefore, we rationally designed a 1D groove pattern
with different groove widths ranging from 65 to
110 nm, which were large enough to host the Au
nanoparticles. It was found that the 32 nm Au nano-
particles can form well-aligned 1D single-particle
chains in these 1D grooves (Figure 1d). Furthermore,
the average interparticle distance between two adja-
cent Au nanoparticles increased from 56( 5, 76( 5, to
152 ( 10 nm, with the groove width decreasing from
110, 90, to 65 nm, respectively. This result showcases
that we can get multiplexed 1D nanoparticle arrays

Figure 1. (a) Schematic illustration of the deposition of Au nanoparticles into the 1Dgrooves defined by EBL. (b) Cross section
of the 1D groove with positively charged silicon substrate surface and negatively charged profile of PMMA layer. (c) Effective
diameter (D) of a Au nanoparticle determined by the diameter of the rigid core (d) and the thickness of the double charge
layers (K�1). (d) SEM image of single-particle chains with tunable interparticle distance (center to center, from 56( 5, 76( 5,
to 152 ( 10 nm) depending on the groove width (110, 90, and 65 nm, respectively) on the same chip.
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with tunable interparticle distance on the same sub-
strate just by modulating the groove width.
To interpret the above result, we have calculated the

electrostatic potential distribution in a single groove
by numerically solving the two-dimensional Poisson�
Boltzmann equation:37,38

ΔU ¼ (Ka)2sinh(U) (1)

using the partial differential equation (PDE) solver tool
in Matlab and constant-charge boundary conditions.
Here,U= ej/kBT is the dimensionless local electrostatic
potential (j), κ�1 = (2Ce2/εε0kBT) theDebye length, and
a the scaling length (100 nm)within the simulation cell.
Further, C is the salt concentration in the solution, ε the
dielectric constant of themedium, ε0 the permittivity of
free space, kB the Boltzmann constant, and T the
absolute temperature. The constant-charge boundary
condition can be described as n 3 (ΔU) = e2/εε0kBTσsa,
where n is the normal to the PMMA surface and σs
the surface charge density at the PMMA surface. Out-
side the groove, σs was assumed to be 0, and inside
the groove, the surface charge density of the PMMA
profile was assumed to be σs = �75 nC/cm2. The
surface charge density of the APTES-functionalized
groove bottom σs = 275 nC/cm2 and the nanoparticle
σP = �187 nC/cm2 were calculated using a semiempi-
rical approach39 based on the ζ-potential. The poten-
tial energy qΔU of a charge q over the groove was
calculated at y=�50 nm, where q is the particle charge
and ΔU is the potential depth. Here the particles were
reduced to point charges with q = �38e (e is the
elementary charge). Figure 2a shows the electrostatic
potential contribution U for a groove with depth

d = 110 nm, height h = 40 nm, and concentration
C = 5 � 10�4 mol/L. It is clearly seen that APTES-
functionalized surface is at an energy minimum,
whereas the profile of the PMMA is at the energy
maximum compared to the PMMA surface or the APTES-
functionalized surface. Hence, the minimum energy in
the groove facilitates trapping of the nanoparticles.
In addition, qΔU in the groove is substantially larger
than the thermal energy, kBT, so the particles can be
stably trapped. Furthermore, it is noted that the groove
width largely affects the electrostatic potential distri-
bution in the 1D grooves. For the same density of the
positively charged surface, the wider the groove, the
higher the electrostatic potential drop in the groove
(Figure 2b), which helps us understand themechanism
for interparticle modulation, as shown in Figure 1d. In
other words, the wider the groove, the larger the
electrostatic interaction between the nanoparticles
and the substrate. Therefore, we can adjust the average
interparticle distance of a 1D single-particle array of
Au nanoparticles by simply modulating the width of
groove on the same chip based on the electrostatic
trapping.
Since the interparticle distance plays an important

role in the plasmonic properties of nanoparticles,14 we
investigated the surface-enhanced Raman scattering
(SERS) behavior of the obtained multiplexed 1D nano-
particle arrays on the substrate. The multiplexed 1D
nanoparticle (32 nm) arrays (Figure 3a�c) were func-
tionalized with methylene blue (MB) and subsequently
characterized by confocal Raman microscopy. The
linear nanoparticle arrays showed dramatic SERS re-
sponse in their polarization dependence (Figure S1 in
the Supporting Information), where the Raman signal
for the longitudinal polarization with respect to the
long axis of the 1Dparticle arrays ismuch stronger than
that of the transverse polarization. Therefore, in the
following experiment, we focused only on excitation
with the longitudinal polarization. The two character-
istic peaks (Figure 3d) for MB at 1622 and 1399 cm�1

corresponding to C�C stretching and C�N stretching
modes were observed.40 The 1D Au nanoparticle array
with the smallest interparticle distance (40 nm,
Figure 3c) showed much higher Raman signal com-
pared to that observed from 1D Au particle array with
larger interparticle distance (100 nm, Figure 3a, and
66 nm Figure 3b). We employed the peak maximum to
estimate the enhancement factor (EF) of 1D Au nano-
particle arrays over pure MB through the following
equation:

EF ¼ Iarray MB

Narray MB
=
Ipure MB

Npure MB
(2)

where I is the intensity of the characteristic SERS
peak and N is the number of molecules probed. The
areas of the 1622 cm�1 band were used for determina-
tion of the intensity. While determining the number of

Figure 2. (a) Two-dimensional electrostatic potential dis-
tribution obtained by solving the Poisson�Boltzmann
equation. (b) Electrostatic energy of a point charge of q
(�38e) as a function of x along a contour of y =�50 nm and
the effect of channel width on the electrostatic potential
distribution.
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molecules probed, we assumed that the MBmolecules
were absorbed as a monolayer onto the particle sur-
face of 1D array.41 Narray MB, the number of molecules
absorbed onto the particle surface of 1D array probed
in the SERS spectrum, is calculated from the following
equation:41

Narray MB ¼ nAlaserAN=σ (3)

where n is defined as the particle density of 1D Au
particle arrays in the laser spot area, determined by the
interparticle distance (center to center) of 1D Au
particle arrays. Alaser is the area of the laser spot
(1 μm2), AN is the area of single Au nanoparticle, and
σ is the area occupied by oneMBmolecule (0.8 nm2).41

On the other hand, the number ofmeasuredmolecules
in the pure MB sample was determined from the
following equation:32

Npure MB ¼ 6:02� 1023 � FV=M (4)

where F is the density of MB, V is the volume
(determined by the laser beam size; the collected
sample size is roughly 1 μm3), and M is the molecular
weight of MB. On the basis of the calculations in
eqs 2�4, EF can be determined. The observed SERS
enhancement factor for 1D Au particle array with
40 nm interparticle distance is about 100 times larger
than that with 100 nm interparticle distance at 633 nm
irradiation wavelength, as shown in Figure 3e.
To clarify the structural basis for the Raman enhance-

ment phenomena associated with interparticle dis-
tance, simulation of the UV�vis spectra and local
electric fields (E) of 1D nanoparticle arrays (excited at
633 nm) was performed in vacuum using the discrete
dipole approximation (DDA) method.42�44 All of the
electrodynamic modeling was done by the DDSCAT7.0
program.45 In DDA, gold spheres are represented as a
cubic array of polarizable elements whose polarizabil-
ity is determined from the nanoparticle dielectric

function.42,46 Dipoles are induced as a result of the
interaction of the polarizable elements with an inci-
dent plane wave field and with fields arising from the
other polarizable elements. The fields outside the
nanoparticle are determined from the superposition
of the incident plane wave and the fields of the
induced dipoles. These fields are calculated with half
grid spacing from the surface, instead of right on the
surface, in order to avoid numerical instabilities that
arise at the surface. The grid spacing used was 0.5 nm,
and the dielectric constants of gold were used from
Johnson and Christy.47 The refractive index of the
surrounding medium was fixed at a value of 1.30 to
include the substrate effect implicitly. As the interpar-
ticle distance decreases, the plasmonic band shifts to
higher wavelength (red shift) (see Figure 3f), demon-
strating the tunability of the surface plasmon reso-
nance by controlling the interparticle distance based
on our strategy. It is found that the magnitude of the
calculated enhancement factors (

R
|E|4ds) for the 1D

nanoparticle array with the smallest interparticle dis-
tance (40 nm) is much larger than other two particle
arrays with larger interparticle distance (66 and 100 nm),
which are in good agreement with experiments
(Figure 3e). One reason for this is that the 1D nano-
particle array with the smallest interparticle distance
(40 nm) is closer to resonance at 633 nm than the other
two arrays. We further measured the Raman spectra for
the above-mentioned 1D Au nanoparticle arrays with
difference interparticle distances at 532 nm irradiation
wavelength. It was found that these three diffe-
rent arrays had similar Raman intensity, which could
be due to the similar resonance for these three nano-
particle arrays at 532 nm (Figure S2 in the Supporting
Information).
We further demonstrated that it was possible to

fabricate multiplexed 1D nanoparticle arrays with dif-
ferent particle size on the same substrate based upon

Figure 3. (a�c) SEM images, (d) SERS spectra, (e) experiment and simulation SERS enhancement factor curve under 633 nm
irradiation, and (f) electrodynamic modeling calculations for UV�vis extinction spectra of single-particle chains of 32 nm Au
nanoparticles with tunable interparticle distance (center to center, from100( 10, 66( 5, to 40( 4 nm; and the ionic strength
of Au nanoparticle solution is 5.0 � 10�3 mol/L).
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the concept of spatially modulated electrostatic po-
tential. It is noted that onlywhen the effective diameter
of the nanoparticle is smaller than the width of the
groove, the nanoparticles can be assembled into the
grooves.20 Therefore, it is envisaged that we could
precisely position the different sized Au nanoparticles
into the desired location on the same chip by suitably
controlling the width of the grooves. As proof-of-
concept, we rationally designed a patterned surface
with three different width of grooves, 170 nm (broad,
B), 130 nm (medium, M), and 100 nm (narrow, N), to
buildmultiplexed 1D nanoparticle arrays with different
particle size (Figure 4a). First, we immersed the pat-
terned substrate into the solution with 32 nm Au
nanoparticles (the effective diameter of about 102 nm
based on the ionic strength of the solution of 7.5 �
10�5 mol/L). Due to the spatial confinement, Au

nanoparticles can be only deposited in the broad
grooves of 170 with 102 nm interparticle distance
(center to center) and in the medium grooves of
130 nm with larger interparticle distance (Figure 4b),
but there is no deposition in the narrow grooves of
100 nm, which is smaller than its effective diameter.
Then, we immersed the same chip into the solution
with 13 nm Au nanoparticles (the effective diameter of
about 83 nm based on the ionic strength of the
solution being 7.5� 10�5 mol/L). The Au nanoparticles
were deposited into the grooves with 130 and 100 nm
in-width grooves, and there is no deposition in the
170 nm grooves since the gap between the particle is
70 nm, which is smaller than the effective diameter of
13 nm Au nanoparticle (83 nm) (Figure 4b). AFM
images (Figure 4c,d) further clearly show that 13 nm
Au nanoparticles were deposited into the grooves with

Figure 4. (a) Schematic illustration of fabricating multiplexed 1D nanoparticle arrays with different particle size on the same
substrate, (b) SEM image and (c) confocal Raman image of 1D particle array with two different size particles at the desired
location on one chip (left side, 13 nmAu array; middle, mixed array of 13 and 32 nmAu nanoparticle in mediumgrooves; and
right side, 32 nm Au nanoparticle array), AFM images of 1D arrays for (d) 13 nm Au nanoparticles and (e) 32 nm Au
nanoparticles, (f) SERS spectra for these two different arrays at 633 nm irradiationwavelength, and (g) the peak intensity ratio
at 1622 cm�1 of broad groove area to narrow groove area (IB/N) at 532 and 633 nm irradiation wavelength, respectively.
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100 nm width, while 32 nm Au nanoparticles were
deposited into the grooves with 170 nm width. Other
methods, such as dip coating,27 can only fabricate lines
of mixed nanoparticles for the different size particles.
Our method described above can fabricate distinct
lines of different particles. These kinds of multiplexed
1D nanoparticle arrays would be interesting for the
multiplexed SERS since the resonance for 1D 32 nm Au
nanoparticle arrays is closer to 633 nm compared with
that for 1D 13 nmAu nanoparticle arrays. The obtained
multiplexed 1D nanoparticle arrays (Figure 4b) were
functionalized with MB and subsequently character-
ized by confocal Ramanmicroscopy (Figure 4e). Figure 4f
shows SERS spectra recorded from 1D 32 nm, 1D
mixture size, and 13 nmAunanoparticle arrays. Indeed,
1D 32 nm Au nanoparticle arrays show much higher
Raman enhancement compared to the enhancement
observed with 1D 13 nm Au nanoparticle arrays. How-
ever, when such multiplexed 1D nanoparticle arrays
were irradiated with 532 nm laser, the Raman mea-
surement (Figure S3 in the Supporting Information)
showed that the relative Raman intensity ratio of the
broad area pattern to the narrow area pattern (IB/N) was
much smaller at 532 nm comparedwith that at 633 nm,
as shown in Figure 4g. These results have shown that

we had the preliminary capability to tune the SERS
response based on the rational selection of laser for
irradiation.

CONCLUSIONS

We demonstrated a synergetic combination of geo-
metry-mediated trappingwith electrostatic interaction
between nanoparticles and substrate to produce spa-
tially modulated electrostatic potential, which is used
to construct 1Dmultiplexed nanoparticle arrays on one
chip. Multiplexed 1D nanoparticle arrays with tunable
interparticle distance and/or multiplexed 1D nano-
particle arrays with different particle size on the same
substrate were demonstrated. Since the surface
plasmon absorption bands can be tuned depending
on the interparticle distance or the particle size, we
demonstrated a multiplexed SERS response on such
a patterned substrate. This strategy provides a gen-
eral approach for using a colloidal nanoparticle to
produce high-quality encoded nanostructures with
multiplex 1D periodic nanoparticle arrays in desired
locations on one chip, which have potential applica-
tions in multiplexed response of surface vibrational
spectroscopy, biological and chemical diagnostics,
and so on.

METHODS
Amine-functionalized silane (APTES) was fabricated on a Si

substrates capped with a 300 nm SiO2 oxide (SiO2/Si) by a
vacuum vapor method. Cleaned substrates were placed in an
air-tight vial, which contained one drop of APTES. The vial was
heated at 70 �C for 3 h in a vacuum oven. As a consequence, the
APTES molecules are organized in a layer with their free amino
groups away from the substrate. The PMMA film of thickness
40 nm was spin-coated as the resist layer, and the 1D groove
and hole pattern were generated by EBL to expose the amino-
modified SiO2/Si substrate with different width. The Au nano-
particles were prepared by sodium citrate reduction of HAuCl4
solution.20 The substrate was then immersed into Au nanopar-
ticle solution for 8�12 h and afterward rinsed by deionized
water and dried with the nitrogen. PMMA as the resist layer can
be easily removed in acetone by sonication.
E-beam lithography was performed on a LEO VP 1530 field-

emission scanning electron microscope with a Raith Elphy Plus
lithography attachment system. Atomic force microscopy mea-
surements were carried out on a Multimode Nanoscope IIIa
instrument (Digital Instrument) operating in tappingmodewith
silicon cantilevers (resonance frequency in the range of
280�340 kHz). Raman spectra and imageswere recordedwith a
confocal Raman microscope (WiTec Alpha300) equipped with a
piezo-scanner and 100� microscope objectives (NA = 0.9).
Samples were excited with a He�Ne laser (632.8 nm, Coherent
Inc.) with a spot size of∼1 μm. For a typical Raman image with a
scan range of 10 μm � 10 μm, complete Raman spectra were
acquired on every pixel with an integration time 0.5 s per
spectrum and an image resolution of 100 pixels � 100 lines.
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