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Tunable SERS in Gold Nanorod Dimers
through Strain Control on an Elastomeric
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ABSTRACT In this Letter we provide experimental verification of the interparticle distance dependence of the SERS enhancement
factor in 1 um gold gapped nanorods. Au dimers are fabricated from electrochemically grown heterogeneous Au—Ag—Au nanorods
and deposited on a stretchable elastomer film which allows active and reversible tuning of the interparticle gap on the sub-5-nm
level. Significantly, this technique allows the distance dependence to be tracked using a single dimer, thereby avoiding enhancement
factor reproducibility issues arising from morphological differences in disparate nanoparticle pairs.
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he integration of surface-enhanced Raman spectros-
copy (SERS) into various chemical sensing technolo-
gies is a matter of increasing scientific as well as
societal interest. In particular, applications of SERS to chemi-
cal sensors with the ability to detect substances on the single
molecule level' ~” stand to benefit a broad range of fields and
are currently receiving a great deal of attention from re-
searchers. However, the development of such technologies
necessitates a thorough understanding of the mechanisms
from which SERS arises and a great deal of progress has
been made, especially on the theoretical front, since its
discovery in 1977.* Unfortunately, the development of
experiments to test these theories has been severely ham-
pered by enhancement factor reproducibility issues. This
rings especially true with regard to the detection at the single
molecule level because detectable signals arise from a small
number of plasmonically coupled nanostructures rather than
being averaged over an entire substrate, making it extremely
sensitive to small chemical and morphological differences
that invariably exist between disparate nanostructures.
Noble metal nanoparticles have long been recognized for
their unique plasmonic properties, particularly their ability
to couple to each other through near field interactions, giving
rise to a variety of interesting surface enhanced phenomena.
Particle—particle plasmonic coupling is particularly sensitive
to subtle changes in geometry, arising from variances in
nanoparticle size,” shape,® crystal face,” surface roughness,®
and particle—particle spacing.’”'* This presents the pos-
sibility of making SERS substrates that are infinitely tunable,
provided the techniques for fabricating the desired structures
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are available. The nanoparticle dimer has emerged as one
of the most efficient and widely used configurations in
studies involving surface-enhanced phenomena, producing
intense electromagnetic fields in the interstices of a reason-
ably simple structure. Theoretical studies have shown that
variations in particle—particle spacing have a particularly
strong effect on the strength of these “gap plasmons”
between highly resonant (<100 nm) particles, with changes
in the spacing as small as 1 nm causing the SERS signal to
rise or fall by amounts as large as an order of magnitude.'*"'®
For larger particles this effect is less dramatic'” but never-
theless, the distance dependence of the SERS enhancement
has been limited by experimental variation of multiple
parameters. In past experiments, researchers have exam-
ined collections of seemingly identical particle pairs with
nominally controlled spacings,”'"'?"'81? but which surely
possess large variations in the crucial parameters listed
above. Even Raman active molecule coverage cannot be
warranted to be identical, thus geometrically similar clusters
often present very different SERS effects. While there has
been some success producing reliable surface-averaged
enhancement factors over large areas,””*' the ability to
probe specific parametric dependences of the SERS effect
itself is inextricably dependent on the ability to make
repeated measurements on truly identical individual nano-
structures. Therefore, a technique that provides the ability
to vary a single parameter (e.g., particle—particle spacing)
while holding all the other morphological aspects constant
is both desirable and necessary.

In this Letter, we report on a simple method by which
the spacing between two adjacent nanorods can be changed
by varying the strain applied to an elastomeric silicone
rubber substrate. The deposition of nanorod dimers on a
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stretchable substrate permits the coupling of macroscopic
changes in substrate length to nanometer-sized movements
between particles, resulting in a tunable interparticle gap
size. Applying this technique, we have verified the interpar-
ticle distance dependence of the SERS enhancement of
individual pairs of gold nanorods, the first time that such a
feat has been realized. This technique provides several
significant benefits: (a) the controlled strain provides access
to small interparticle spacings that would otherwise be
impossible to achieve with current lithographic methods, (b)
particle separation can be optimized, thereby creating maxi-
mum SERS signal strength, and (c) the process is completely
reversible and repeatable for a given set of dimers. Addition-
ally, this technique relies on basic wet chemical processing
techniques and can be easily adapted to a wide range of
particle sizes, shapes, and compositions, providing a prom-
ising alternative for studies involving the precise placement
of nanoparticle structures.

Recently, there has been a great deal of interest in
extending spectroscopic capabilities to nanogap structures
with larger segment lengths. Larger structures provide the
option of being addressed electrically and can more easily
be identified and tracked using optical microscopy, an
important factor in our approach. In contrast to their smaller
counterparts, nanostructures several hundred nanometers
in length support multipolar resonances®* that are periodic
in nature, providing large enhancements at specific lengths
and producing almost no signal at others for a given excita-
tion source frequency.'?*> For these experiments, we chose
nanorod segments 1 um in length which were expected to
present resonant behavior when illuminated with a 785 nm
source according to the relation®

(M

where L, 1, and n are the segment length, the surface
plasmon polariton wavelength, and the order of the multi-
pole, respectively.

In order to determine the gap dependence of the en-
hancement factor at the interparticle junction, we performed
full-wave electromagnetic calculations based on the finite
element method (FEM, COMSOL Multiphysics). The rod
dimer configuration simulated in this study consisted of two
cylindrical segments ranging from 200 to 320 nm in diam-
eter and 1 um in length, consistent with the size of the
nanorods produced in this experiment. Incident plane wave
radiation impinged normally on the dimer, with the electric
field polarized parallel to the dimer axis. Optical constants
of gold (eay = —23.02 + 1.4361) at the vacuum wavelength
of 785 nm were taken from Johnson and Christy’s publica-
tion.** In order to compare our simulation results with the
SERS enhancement factor (EF) obtained experimentally
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FIGURE 1. (a) FEM calculated surface-averaged SERS enhancement
factor (EF) as a function of gap distance for gold rod dimers of
different sizes (D = 200 nm to D = 320 nm from top to bottom in
increments of 20 nm). (b) Calculated |E,| distribution in the vertical
plane at the center of the gap (indicated in the inset) for modes i to
iv.

from an adsorbed monolayer, we estimated the surface
averaged SERS EF using the relation®”

fgdS

EF = — (2)
Jds
where
g= |Epump|2|EStokes|2
|Eol*

denotes the localized SERS EF and Ey, Esiokes, and Epump are
the incident, enhanced Raman, and enhanced incident
electric fields, respectively and the integral was taken over
a cross-section in the gap region 1 nm away from the metal
surface. Because the absorption peaks for these rods are
broad and the wavelengths of the enhanced excitation and
Raman radiation are close enough to fall under the umbrella
of this peak, we use the approximation |Epump|?|Estokes|? &
|Epumpl* (see Supporting Information). The SERS enhance-
ment factor (EF) was evaluated at a distance of 1 nm from
the metal surface to avoid breakdown of the classical ap-
proach and numerical instabilities at the particle surface as
well as to coincide with the distance at which an adsorbed
reporter molecule (benzenethiol was used in this study)
would likely be located.

The calculated relations between the SERS EF and
particle—particle spacing for gold rod pairs 200—320 nm in
diameter are shown in Figure la. The results of these
simulations reveal optimal gap sizes for these particular rod
pairs below approximately 20 nm, indicating the target
range for the experimental particle—particle separation
studies. Within this range, the dimer is expected to create a
surface averaged SERS EF on the order of 10° when excited
atits resonance frequency. Here we also note that multiple
maxima appear at these small interparticle distances, arising
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FIGURE 2. A schematic illustration of the dimer fabrication process. (a) Heterogenenous nanorods are deposited on a prestrained silicone
rubber film. (b) An aqueous solution of hydrochloric acid is used to etch away the silver spacer layer. (c) The entire substrate is immersed in
a 1 mM ethanolic solution of thiophenol to functionalize the dimer. (d) Substrate strain is varied to move the nanorod segments relative to

each other.

from the plasmon resonances of the gold dimer. As the
diameter of the nanorod segment increases, these reso-
nances tend to shift to larger gap separations. Large local
electric fields are generated by the electric field enhance-
ments in the gap, which will serve to enhance the Raman
excitation of the reporter molecule. The distributions of the
E, component of the local electric field for different reso-
nance peaks are shown in Figure 1b, each corresponding to
one peak in the EF—distance relation shown in Figure 1a.
The rod diameters in (i—iii) are 320 and 200 nm in (vi). The
gap distances are 5, 9, 15, and 20 nm in (i—vi), respectively.
It should be noted that in order to evaluate these resonances
for SERS enhancement, the integral over the absorbing
surface is critical due to the spatial distribution of the
enhanced electric fields. This differs from calculations in-
volving small nanoparticle dimers where the EF from a single
position (e.g., the center of the gap) gives a result similar to
the surface averaged enhancement factor.

To experimentally realize the dimer configuration de-
scribed above, we have fabricated nanorod dimers using a
modified version of on-wire lithography (OWL).*® Nanorod
dimers were created using a combination of electrodeposi-
tion and wet chemical etching. Au—Ag—Au nanorods were
grown via DC electrochemical deposition in 200 nm diam-
eter anodic alumina oxide (AAO) templates (Whatman). For
this experiment, two Au cylinders (1 um in length) were
separated by a Ag segment (~80 nm in length) designed to
serve as a sacrificial spacer layer. Immediately following the
electroplating, the templates were placed in a 3 M NaOH
solution for 60 min to dissolve the alumina and, afterward,
were washed in ethanol and suspended in a 20:80 mixture
of ethanol and water to prevent aggregation. A typical
nanorod dimer pair is shown in the inset of Figure 4. SEM
imaging provided information about the dimensions of the
nanorods constituting a typical dimer pair. The diameters
of the resulting nanorods are defined by the pores in the host
AAO template (nominal values ranging from 200 to 320 nm).
Nanorods were then dropcast on a prestrained silicone
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rubber film and blown dry with N, (Figure 2a). The use of
heterogeneous nanorods as a precursory structure provides
several technical advantages over randomly deposited nano-
structures previously used in SERS experiments.*'®2” One
of the most significant advantages is customizable gap sizes
designed into the resulting nanorod dimer pair after etching
of the sacrificial layer. Other researchers used an oxide
backbone to fix the particle interspacing.'® However, in our
approach this distance is not critical and in fact it just needs
to be in the desired range since it will be tuned via the
elastomeric substrate. Next, the film was immersed in a 6
M aqueous solution of HCI and water for 10 min at room
temperature to etch away the Ag spacer (Figure 2b). The
substrate was then removed from the HCI solution and
rinsed in deionized water for 2 min to remove excess HCL.
Finally, the completed dimers were immersed in a 1 mM
ethanolic solution of benzenethiol (BT) for 24 h at room
temperature to ensure thorough functionalization of the
nanorods with the reporter molecule (Figure 2c).

Control of the interparticle gap was achieved by modulat-
ing the strain of the elastomer substrate using a hysteresis-
free translation stage outfitted with a fine micrometer (Figure
2d). Strain measurements at the macro- and microscopic
levels are known to be linearly proportional and we verified
this for the specific case of our samples by observing
changes in separation between nanoparticle pairs in re-
sponse to substrate deformation. This test was extended to
the 300 nm particle—particle length scale, the smallest
distances that can reliably be measured with a confocal
microscope. Preliminary stretching experiments on 1 um
polystyrene beads deposited on the elastomer reveal a linear
relationship between the strain measured at both the mac-
roscopic (i.e., total change in length of the elastomer film)
and the microscopic (i.e., change in distance between
individual nanoparticles determined through confocal imag-
ing) levels which is presumed to extend down to the molec-
ular scale (see Supporting Information).
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Unlike isotropic pointlike nanoparticles which should, under
ideal conditions, only be in contact with the substrate at a single
point, the elongated nanorod geometry necessitates the calcu-
lation of customized strain—distance scaling factors for each
dimer pair. The elongated shaft of the nanorod provides a large
area that can potentially be in contact with the substrate when
the nanorod is initially deposited on the substrate. When the
elastomer is deformed, the rigid nanorod resists deformation
and subsequently detaches from the substrate at all but a single
point. The distance between these two points of attachment
for each dimer pair determines the linear scaling factor that
governs the relationship between the strain applied to the
substrate and the actual distance the nanorods move relative
to each other. For instance, if two ideal 1 um cylindrical
nanorods aligned end-to-end were both connected to the
substrate at the center of their long axes, then the distance
between these points of attachment for touching rods would
be exactly 1 um. To open a 5 nm gap between the rods, the
distance between these two points would need to be increased
to 1005 nm, necessitating a 0.5% strain applied to the sub-
strate. If the length of the elastomeric substrate is 1 c¢cm, this
length would need to be increased by 50 um, a movement that
is easily achieved with a micrometer stage. Likewise, to open
a clearly visible gap, say 500 nm, the substrate would need to
be stretched to 1.5 cm in length, highlighting the necessity of
a substrate material with sufficient recoverable strain.

To obtain the customized scaling factors used in these
experiments, unetched nanorods were deposited on an
elastomeric substrate under sufficient strain to bring indi-
vidual segments into head-to-head contact upon etching and
relaxation of the film. Next, the substrate was immersed in
a 6 M aqueous solution of HCI for approximately 10 min to
dissolve the silver spacer layer and substrate strain was
subsequently reduced to bring the particles into physical
contact. The substrate was then strained again to create a
large (approximately 1000 nm) gap between the nanorods
which could be measured optically. This measured distance
was then correlated with the change in length of the sub-
strate (measured with the stage micrometer) from which the
nanoscopic movements between the particles could be
deduced. Here, it is important to emphasize that because
the distance between the points of contact to the substrate
is different for every nanorod pair, it was necessary to
perform this correlation for every dimer used in this study.

SERS signal measurements from individual dimers were
obtained using a Leica microscope equipped with a confocal
Raman spectroscopic system (Renishaw, inVia) with a 45 mW
785 nm laser excitation source. All spectra were measured
using a 50x objective with a numerical aperture of 0.75. The
Raman signal was collected by a TE air-cooled 576 x 400 CCD
array preceded by two notch filters (OD > 12) to block the laser
line. The dimers were illuminated by centering the laser spot
(diameter ~2 um) over the central gap, and spectra were
subsequently collected with an integration time of 60 s. Expo-
sure to intense laser radiation can degrade the reporter mol-
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FIGURE 3. (a) A spectrum of a 320 nm diameter nanorod pair
functionalized with benzenethiol (approximately 10 nm separation)
taken with 785 nm laser light polarized along the dimer axis. (b) A
spectrum of the same dimer with light polarized perpendicular to
the dimer axis. (c) A spectrum of the same nanorod pair at a
separation of 300 nm. Traces are artificially offset for clarity.

ecule over time, so stability tests were performed to determine
a laser power that would allow the signal to remain stable. It
was determined that 100 W measured at the sample surface
provided a signal that was sufficiently stable and strong. The
dependence of the SERS signal strength on the interparticle
spacing was tracked by measuring the Raman signal from an
individual nanorod pair repeatedly as the substrate strain was
varied with the micrometer in small increments. In order to
ensure reproducibility of our own results and to further rule out
the possibility of our data being skewed by laser-induced
degradation of the reporter molecule, all measurements were
performed over three stretching cycles for each dimer consid-
ered here. The results of a typical spectrum for a particle—
particle separation of ~10 nm are shown in Figure 3. The
most pronounced peaks appear at 1000 cm™! (ring out-of-plane
deformation and C—H out-of-plane bending), 1080 cm™ (C—C
symmetric stretching and C—S stretching), and 1577 cm™!
(C—C symmetric stretching).””

Normalized data depicting the dependences of the intensity
of the Raman band at 1080 cm™! to the dimer gap separation
are presented in Figure 4 and are in good agreement with our
theoretical predictions. Here, we highlight the fact that because
the length, width, and gap roughness of the dimers used in this
study were not identical, the data presented in Figure 4 are only
representative of a single dimer. However, data taken from two
other dimers displayed trends matching the ones shown here
and were in general agreement with the results of our FEM
simulations in the sense that they showed enhanced Raman
signals at gap distances under 20 nm (data shown in Supporting
Information). Furthermore, to strengthen the argument that the
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FIGURE 4. Red and blue traces show the calculated values of the
surface-averaged SERS enhancement factor for polarization parallel
and perpendicular to the dimer axis, respectively. Red circles denote
the experimental values for the SERS enhancement factor for
parallel-to-axis illumination. Blue circles denote experimental val-
ues for perpendicular-to-axis illumination. Inset: A SEM image of a
typical nanorod pair used in these experiments. Y-error bars
calculated from observed dispersion in EF data. X-error bars calcu-
lated as described previously. Inset: SEM image of a typical nanorod
dimer pair.

origin of the strong variation in the Raman enhancement is
indeed the dispersion of the dimer modes, we have calculated
the extinction spectra for our nanorod dimer pairs. These
results illustrate the tight link between the strength of the
enhanced Raman signal and the absorption peaks, which
strengthens this claim (see Supporting Information). Finally, it
is important to note that one of the limiting factors in this
experiment was to find SERS-active nanorod pairs that were
aligned along the translational stage axis. Optical tracking of
individual structures reveals that dimers not aligned along the
direction of applied strain tend to move at some angle to, rather
than along, the dimer axis when strain is varied. This changes
the morphology of the gap and inhibits accurate assessments
of changes in interparticle spacing. For this reason, we were
careful only to conduct measurements on nanorod pairs aligned
directly along the axis of strain.

Gap estimate error was calculated from the diffraction
limited measurement of the relative position of the particles
as there is a A/2 error determining the distance between the
them. This measurement was made at the maximum sepa-
ration of 1000 nm between the rods and, assuming that 400
nm light gives the sharpest image, this yields an uncertainty
in the relative position of 20 % that carries out to all deduced
separation values. Significantly, the largest enhancement
observed in our experimental measurement occurs at an
interparticle separation of approximately 15 nm, in close
agreement with the simulated EF. While the small number
of measured points in our data set does not exactly repro-
duce the simulated EF values, it is nonetheless a strong
indication that the true position of the peak is in the vicinity
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of this particular gap size. This is particularly obvious in the
measurements taken from other dimers in this study (see
Supporting Information) where the exact height and loca-
tions of the peaks are not commensurate with those pre-
dicted by FEM. Furthermore, it is also important to note that
the dimers in our model are perfect cylinders which do not
include surface imperfections, the polycrystalline nature of
the segments, or the inherent roughness of the interparticle
gap, which would account for the observable SERS signal for
perpendicular excitation which was is not predicted by FEM
calculations. In a recent study on the structural effects of gap
roughness on the SERS enhancement, it was demonstrated
that roughened gapped rod pairs exhibited significant reso-
nance broadening from plasmon dephasing that occurs due
to protrusions that cause irregularities in interparticle spac-
ing (and, thus, interaction) between segments.'” As the
nanorods used in this study are inherently rough at the
interparticle interface, it is very likely that the peak would
be smeared across a certain range of interparticle separations.

We have also extended our investigation to include the
situation in which the incident electric field is oriented both
parallel and perpendicular to the dimer axis. Previous studies
have demonstrated that the sensitivity of the SERS signal to
the polarization of the incident radiation was most pro-
nounced at small separations (i.e., when the resultant SERS
signal is large) and gradually wanes as particle—particle
separation is increased.?®? This is largely due to the fact
that, at larger separation distances, the dipole coupling
weakens, leaving higher order resonances which are not
necessarily strongly polarization dependent to contribute to
the bulk of the measured signal strength. Both our simulation
results as well as our experimental findings show a large
contrast between polarizations at separations less than 15
nm with this difference becoming smaller at larger interpar-
ticle distances, consistent with previous reports.

In conclusion, we have developed a facile method to
control SERS-active dimer spacing through the fabrication
of nanorod heterostructures on elastomeric substrates. Sub-
sequent measurements of the SERS enhancement factor
over a range of interparticle separations yielded a trend
consistent with what was predicted by FEM simulations for
primary mode resonances. This method improves upon
methods proposed in recent publications®® because the ideal
interstitial spacing can effectively be designed into the
nanorod growth process, eliminated the need for excessive
tuning to bring the dimer into resonance. This is an impor-
tant advantage for potential scientific and commercial ap-
plications of this technique, as it reduces the need for
excessive particle movement to produce large SERS en-
hancement factors. Furthermore, since every heterostruc-
ture can be made into a nanorod dimer, this technique
provides a high throughput, consistent and tunable means
by which SERS-active structures can be created. This tech-
nique can be extended to probe more complex structures
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such as nanoparticle chains and plasmonic coupling be-
tween nanoparticles of different materials (experiments in
progress).
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