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ABSTRACT: Active tunable plasmonic cap arrays were fabricated on a flexible
stretchable substrate using a combination of colloidal lithography, lift-up soft
lithography, and subsequent electrostatic assembly of gold nanoparticles. The
arrangement of the plasmonic caps could be tuned under external strain to deform
the substrate in reversible. Real-time variation in the arrangement could be used to
tune the optical properties and the electromagnetic field enhancement, thereby a
proving a promising mechanism for optimizing the SERS sensitivity.
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Raman scattering spectra have been used as molecular
fingerprints to identify the presence of certain molecules.

The Raman scattering intensity may be significantly amplified
in the presence of plasmonic surface structures via the
generation of enhanced electromagnetic (EM) fields due to
surface plasmon resonance (SPR). Surface-enhanced Raman
scattering (SERS) processes based on SPR have been widely
used for the label-free molecular recognition of chemicals and
biomolecules.1 The SERS sensitivity depends strongly on the
EM field enhancement induced from the surface plasmon. A
plethora of studies have been conducted to optimize the surface
patterns of arrayed metallic nanostructures. SPR can be tuned
by adjusting the shape, size, composition, environment, and
feature distance in the metal nanostructure arrays.2−7 Among
these properties, the feature distance is one of the most
significant factors for SERS responses because the local EM
field enhancement is amplified by coupling among adjacent
metal nanostructures.8−11 A variety of metal nanostructures,
including aggregated metal colloids,12 hole arrays,13 and
nanoparticle arrays14 with controlled feature gap distances,
have been suggested for use in high-fidelity SERS devices.
The systems studied previously have yielded only limited

tunability with respect to the optical properties after fabrication
of the SERS devices. The optical properties can generally be
optimized (and are fixed) only for a specific range in the SPR
spectrum during fabrication by preparing the arrays under
tailored fabrication conditions. Recently, actively tunable
plasmonic systems were developed using pH- and temper-
ature-sensitive polymers15−18 or stretchable polymers7,19−25 as
substrate materials to overcome the limitations on tunability.
The feature gaps in the pH- and temperature-sensitive polymer

films were controlled by swelling or shrinking the polymer
matrix in response to an external stimulus. For example, a
device may be immersed in an ionic solution or heated on a hot
plate. Such systems may be restrictedly used in sensing
applications not only because the responses are too slow to
permit real-time tuning but also because the substrate
conditions available for tuning the optical properties are
limited. The plasmonic properties of the stretchable polymer
substrate could be adjusted to a specific range by varying the
intensity of the applied strain under ambient conditions. Thin
metal films deposited onto a polymer substrate to form an array
were found to crack easily in the stretched state.21 Such
properties must be avoided in practical applications to achieve
reversibility. Despite recent advances, the fabrication of regular
metal nanostructures on tunable substrates over a large area
remains a challenge.19

Here, we demonstrate the preparation of highly active
plasmonic cap arrays on a flexible substrate over a large area to
achieve real-time optical tunability for SERS devices. Colloidal
or nanosphere lithography is a robust and cost-effective route to
the fabrication of uniformly ordered nanostructures in large
area as compared with elaborating advanced lithography (e.g.,
e-beam lithography), which is a time-consuming technique and
requires high cost instrumentation.26−28 Furthermore, colloidal
lithography enables to manipulate simply the feature scale and
permits to fabricate readily complicated 3D structures. When
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combined with other conventional lithographic techniques, this
approach permits the preparation of a variety of nanostructures
with novel features.26,29 In this study, we used colloidal
lithography in combination with lift-up soft lithography to
obtain plasmonic cap arrays on a deformable substrate that
acted as a hot spot to generate a strongly enhanced EM field.
The plasmonic cap arrays consisted of self-assembled gold
nanoparticles on a single layer of colloidal particle arrays that
provided a template. Metal nanoparticles in the SERS structures
only assembled on the surfaces of the colloidal particles, not on
the deformable substrate; hence, crack formation problems in a
metal film could be avoided. The result displayed a tunable
plasmonic extinction ranging from 581 to 625 nm, depending
on the external strain applied to the deformable substrate.
Furthermore, the SERS signals could be optimized by
mechanically manipulating the stretchable substrate to vary
the gap distance between adjacent plasmonic caps. The
optically active plasmonic cap arrays have potential for use as
on-demand SERS platforms in which the elastic deformation of
the substrate under mechanical manipulation provides plasmon
tunability.
The plasmonic cap arrays were fabricated via colloidal

lithography, combined with lift-up soft lithography and the
subsequent electrostatic assembly of gold nanoparticles, as
shown in Scheme 1. A hexagonally ordered single layer of silica

particles was prepared on a gold thin film by spin-coating a
monodisperse colloidal suspension. Reactive ion etching (RIE)
using CF4 gas was then performed to reduce the particle size,
resulting in nonclosely packed particle arrays (see the
Supporting Information, Figure S1). The nanoparticle arrays
were transferred onto the polydimethylsiloxane (PDMS)
substrate using lift-up soft lithography that preserved the
hexagonal ordering.30,31 Uniformly ordered metallic nanostruc-

tures were easily fabricated on the elastomeric substrate over a
large area because the transferred colloidal arrays served as
templates for the metal nanoparticles.32 The exposed surfaces
of the transferred silica particles, which were partially
embedded on the PDMS substrate, were functionalized with
amine functional groups via the self-assembly of 3-amino-
propyltrimethoxysilane layers.33 Negatively charged gold nano-
particles were self-assembled on the amine-functionalized silica
surfaces via electrostatic interactions to form highly ordered
plasmonic cap arrays.34 Finally, plasmonic cap arrays based on
the PDMS substrate was fabricated with high uniformity in a
large area (see the Supporting Information, Figure S2).
Figure 1a shows scanning electron microscopy (SEM)

images of plasmonic cap arrays after gold nanoparticle assembly
over deposition times ranging from 0 to 40 min. The domains
of selectively assembled gold nanoparticles increased with the
reaction time, and a full coverage of the cap structures was
prepared after 40 min of assembly. The gold content within a
fixed area of the silica particle varied as a function of the gold
nanoparticle assembly time, as determined using energy
dispersive spectrometry (EDS) and SEM, as shown in Figure
1b. The gold content gradually increased to 12.9 wt % with the
reaction time. (The raw EDS data and the calculated elemental
contents in the plasmonic cap arrays are shown in Figure S3 in
the Supporting Information.) Figure 1c shows that the
absorbance spectra of the plasmonic cap arrays were broadened
and red-shifted due to the narrow distance between the
assembled gold nanoparticles on the silica surfaces compared
with gold nanoparticle suspension.34 Plasmon coupling effects
from the gold nanoparticles assembled on the silica surfaces
caused a red shift in the absorbance peak as the deposition time
was increased up to 30 min. Gold nanoparticles were fully
assembled on the exposed surfaces after 30 min; hence, the
absorbance spectrum observed after 40 min deposition was
almost identical to that measured after 30 min deposition, even
though the gold content increased (Figure 1b) becausee of the
deposition of gold nanoparticles on the surfaces. Here, the
sufficient deposition of gold nanoparticles was quite significant
for preparing the tunable plasmonic cap arrays. In the present
system, the network of gold nanoparticles on each silica sphere
was aggregated with high density and finally formed like
roughened film after 40 min. With this structure, the plasmonic
effect from the crevices between assembled gold nanoparticles
on each sphere was diminished and the plasmonic effect solely
from the arrangement of plasmonic caps became dominated.32

The dominant contribution from the gaps between neighboring
plasmonic caps to the enhanced plasmonic response was
confirmed by measuring the Raman signals from the various
substrates which were prepared in different gold nanoparticle
assembly times. Furthermore, the network of gold nanoparticles
on each sphere could generate more enhanced EM field than
the continuous metal-coated sphere.35

In this system, control over the nanosized gap distance
between adjacent plasmonic caps was achieved by modulating
the external strain on the elastomer substrate. The optical
extinction of the plasmonic caps could be tuned by applying
strain to the substrate, even after the array preparation steps.
Figure 2a shows atomic force microscopy (AFM) images of the
plasmonic cap arrays under various strains applied to the
substrates. The percentage of the strain was calculated by
measuring changes in the total length of the PDMS substrate
before or after deformation. The interparticle distance between
plasmonic caps could be tuned by the elastic deformation of the

Scheme 1. Schematic Diagram Showing the Fabrication of
the Plasmonic Cap Arrays on a Flexible Substratea

a(1) Silica colloidal particles were spin-coated onto the as-prepared
gold films to form a monolayer. (2) Reactive ion etching with CF4 gas
was performed to reduce the particle size. (3) The non-close-packed
silica monolayer was transferred onto the PDMS substrate using lift-up
soft lithography. (4) Partially embedded silica particles on the PDMS
substrate. (5) Exposed silica surfaces were modified with APTMS
molecules to provide a positive surface charge. (6) Plasmonic cap
arrays on the PDMS substrate. The negatively charged gold
nanoparticles were self-assembled on the modified silica surfaces via
electrostatic interactions. (7) The plasmonic cap arrangement was
tuned by the elastic deformation of the PDMS substrate in real time.
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PDMS substrate. When the plasmonic substrate was elongated
by external strain, such spacings inhomogeneously changed
depending on the angle of the plasmonic cap relative to the
strain axis.36 The plasmonic caps remained closely aligned
along the direction perpendicular to the applied strain, whereas
the gap distance between adjacent plasmonic caps along the
other direction in the hexagonal array became broader (Figure
2a).36 As a result, the dimensions of the plasmonic cap array
changed from a hexagonal arrangement (under 0% strain) to a
one-dimensional array of particle chains (under 30% strain).
These reduced gap distance and increased gap distance were
defined as G1 and G2 for convenience. Panels b and c in Figure
2 show the values of G1 and G2, calculated on the basis of the
AFM images (see the Supporting Information, Figure S4). G1
was tuned between 80 and 34 nm, and G2 was tuned between
80 and 127 nm under a 30% strain. As shown in Figure 2b, the
value of G1 was converged ∼30 nm because silica spheres were
partially embedded in PDMS matrix that prevented touching
each metallic caps.37 On the contrary, the value of G2 was
gradually increased during elongation process (Figure 2c).
When the plasmonic substrate was suffered from 30% or higher
strain, the distance between closely aligned caps was kept ∼30
nm long, with a gradual increase in the distance between
neighboring one-dimensional particle chain. The resonance
wavelength, which depended strongly on the arrangement of
the metallic nanostructures,38,39 could be tuned by controlling
the distances between the plasmonic caps. The local plasmonic
properties were characterized under the external strain by
measuring the scattering from the plasmonic cap arrays using a
dark-field microscope equipped with a spectrometer. The
hexagonally ordered plasmonic caps with uniform spacings
between adjacent caps exhibited a resonance wavelength at 581
nm. As G1 decreased, the resonance wavelength became red-

shifted from 581 to 625 nm because of the plasmonic coupling
effects with plasmonic caps several tens of nanometers in
length, as shown in Figure 2d. Furthermore, the scattering
intensity, which had a similar trend to the value of G1, was
increased evidently with the strain as large as 10% due to
plasmonic coupling effect like a pair of nanoparticles.40,41 These
results confirmed that the optical properties could be easily
adjusted in real-time by controlling the applied strain, thereby
tuning the arrangement of the plasmonic caps.
The plasmonic cap arrays were expected to display a highly

enhanced EM field arising from the aggregated gold nano-
particles on the individual caps and the interparticle coupling
from the plasmonic caps separated by nanoscale gaps. The real-
time optical tunability of the resulting plasmonic cap arrays may
potentially be used to design a tunable SERS platform. A SERS
application was demonstrated by immersing a plasmonic cap
array in a 1 μM benzenethiol (BT) solution for 1 h for
immobilization on the gold surfaces. The Raman signals of BT,
which has characteristic peaks at 994, 1017, 1071, and 1571
cm−1,42 were measured under various substrate strain values to
verify the arrangement effects on the EM field enhancement at
specific optical frequencies, as shown in Figure 3. The intensity
of the Raman signals obtained from the substrate clearly
changed depending on the arrangement of the plasmonic caps
(Figure 3a). As the applied strain increased from 0 to 30%, the
SPR resonance wavelength was red-shifted toward laser
excitation wavelength (632.8 nm), which led to a stronger
EM field. As a matter of fact, however, the complicated
combination and competition between inhomogeneous spac-
ings (G1 and G2) have a decisive effect for the enhanced Raman
signals in the present system. The value of G2 increased
resulting in a weaker plasmon coupling effect derived from the
defunctionalization as “hot spots”.43 A strong SERS signal,

Figure 1. (a) SEM images of the plasmonic cap arrays created by the electrostatic self-assembly of gold nanoparticles on the APTMS-modified silica
surfaces with varying assembly times, from 0 to 40 min. (b) Variations in the gold content in the plasmonic cap arrays as a function of the gold
nanoparticle assembly time. (c) Optical properties of the gold nanoparticle suspension and the plasmonic cap arrays as a function of the assembly
time. The scale bar indicates 500 nm.
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attributed to the EM field, was enhanced across the activated
nanogaps between adjacent plasmonic caps. The EM field
enhancement due to the small nanogaps was particularly
dominant compared with the isolated nanostructures in the
SERS application.43 Hence, the SERS sensitivity gradually
increased, and was maximized when the substrate suffered from
a 20% strain because of the optimized combined effects of the
position of the structural resonance wavelength and the
arrangement of the plasmonic caps. When the substrate was
further extended (over a 20% strain), the widened G2 (a value
of 127 nm) was not narrow enough to perform as strong “hot
spots” in SERS applications. Under this condition, the narrower
G1 became responsible for the enhanced Raman signals.43

Finally, the SERS intensity decreased when the substrate was
deformed under a strain exceeding 30% strain, compared with

the 20% elongated sample, because the EM field due to G2

decreased as these structures ceased to form “hotspots”.
To determine that the high SERS sensitivity of the tunable

plasmonic substrate resulting from changes in the nanostruc-
ture arrangement, a set of control experiments were performed
in which the enhancement factors (EFs) from a substrate
without strain were compared for various concentrations of a
BT solution, as shown in Figure 3b. The SERS EF at 1017 cm−1

was calculated by comparing the signal intensities measured
from the BT-adsorbed plasmonic substrates to intensities
measured for the 99% BT solution onto a glass substrate as a
reference (see the Supporting Information). The EF of BT (1
μM) could be increased to 7.102 × 103 in a plasmonic substrate
under 20% strain, up from 2.373 × 103 for the as-prepared
substrate. The error bars (Figure 3b) show a small fluctuation

Figure 2. Tunable plasmonic cap arrays. (a) AFM images of the plasmonic cap arrays under various applied strains (0, 10, 20, and 30% strain).
Variations in the gap distance between adjacent gold caps (b) perpendicular to the direction of applied strain (G1) and (c) other gap distance in the
hexagonal array (G2). (d) Scattering spectra of the plasmonic cap arrays corresponding to the AFM images of (a). The scale bar indicates 500 nm.
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of EFs at each elongated state, however, that is a negligible
change. When the substrate was elongated, EF increased more
than 3 times in the same analyte of equal concentration. It is
noteworthy that the maximal EF, which occurred from the 20%
elongated plasmonic substrate (at 1 μM BT case), exceeded the
value obtained from a sample, prepared using a 1000-fold
higher concentration (1 mM) of the BT solution, without
deforming the substrate (Figure 3b). Consequently, it was
confirmed that the small change in the stretchable substrate,
which induced rearrangement of the plasmonic caps, could be
much more efficient approach for enhancing the SERS intensity
rather than a 1000-fold increase in the analyte concentration.
Furthermore, by using the 20% elongated plasmonic substrate,
BT concentration as low as 10 nM, which was an lower limit of
detection (LOD) for the normal-stated plasmonic cap arrays,
could be detected in a reproducible manner (see the
Supporting Information, Figure S5). Indeed, improved LOD
with 100-fold enhanced SERS sensitivity could be obtained
from the stretched substrate compared with the original
substrate. Also, the scattering peak position could be tuned in
reversible and repeatable manner without appreciable devia-
tions during cyclic mechanical manipulation (see the
Supporting Information, Figure S6). The gold nanoparticles
on each silica sphere were maintained and the arrangement of
plasmonic cap arrays was successfully recovered without any
fracture after several times of SERS tunability tests (see the
Supporting Information, Figure S6). Therefore, our tunable
plasmonic cap arrays showed potential as excellent durable
SERS substrates, even under extreme dilution conditions.
In conclusion, we demonstrated the preparation of active

plasmonic cap arrays on a flexible substrate that provided real-
time optical tunability for use as an effective SERS sensor. The
uniform plasmonic cap arrays were fabricated over a large area
via colloidal lithography combined with lift-up soft lithography
and the electrostatic assembly of gold nanoparticles. The
optical properties and SERS sensitivities could be tuned in real
time using a single plasmonic substrate. Furthermore, the SERS
signals could be intensified by controlling the arrangement of
the plasmonic caps, resulting in additional EM field enhance-

ments due to the nanogaps. Small change (20% strain) in the
stretchable plasmonic substrate was much more effective in
enhancing the SERS intensity than a 1000-fold increase in the
analyte concentration as obtained at zero strain. The plasmonic
cap arrays, which were composed of biocompatible materials,
may potentially be used not only as patch-type SERS devices
using the flexibility but also as an on-demand SERS platform in
a microfluidic chip for a biomolecular sensing probe.44
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