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ABSTRACT: The fundamental mechanism proposed to ex-
plain surface-enhanced Raman scattering (SERS) relies on
electromagnetic field enhancement at optical frequencies. In
this work, we demonstrate the use of microfabricated, silver
nanotextured electrode pairs to study, in situ, the influence of
low frequency (S mHz to 1 kHz) oscillating electric fields on the
SERS spectra of thiophenol. This applied electric field is shown

to affect SERS peak intensities and influence specific vibrational modes of the analyte. The applied electric field perturbs the polar
analyte, thereby altering the scattering cross section. Peaks related to the sulfurous bond which binds the molecule to the silver
nanotexture exhibit strong and distinguishable responses to the applied field, due to varying bending and stretching mechanics.
Density functional theory simulations are used to qualitatively verify the experimental observations. Our experimental and
simulation results demonstrate that the SERS spectral changes relate to electric field induced molecular reorientation, with
dependence on applied field strength and frequency. This demonstration creates new opportunities for external dynamic tuning and

multivariate control of SERS measurements.

B INTRODUCTION

Surface-enhanced Raman scattering (SERS) is a technique
that provides greatly enhanced sensitivity for analytes adsorbed
onto nanostructured metal(ized) surfaces. The fundamental
technique was discovered over 30 years ago,"” and the advent
of nanolithography and nanoimprint technologies has allowed
SERS to be explored more widely in the past decade. SERS sur-
faces are typically coated with gold or silver nanoparticles, with
the nanostructuring achieved either by photolithography,® na-
noimprint lithography,* ¢ electrochemistry,”® shadowing,” na-
nosphere lithography,'® indentation,"" or the use of a substrate
with an inherent or reactively synthesized nanotexture.> '
Demonstrations of SERS have shown million-fold increases in
the intensity of Raman spectra, but are yet to achieve reliable
detection of trace and multiple analytes." SERS has been ex-
tensively investigated for nondestructive detection of low con-
centrations of organic chemical compounds. Many recent in-
vestigations have focused on the detection of biomolecules and
harmful trace chemicals (water contaminants, explosive agents,
etc) 215718

The current mechanism proposed to explain the SERS effect
relies on a combination of chemical and electromagnetic field
enhancement at the surface of the metal to which the analyte is
adsorbed."*'® At visible and infrared wavelengths, light can
become trapped at the surface of metals such as silver and gold
in the form of a surface plasmon. Nanoscale metal features can act
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as optical resonators, vastly concentrating the optical field strength
close to the metal surface. Thus, when a SERS substrate is
illuminated with intense laser radiation, certain nanofeatures on
the surface resonate and concentrate the light in so-called ‘hot
spots’. Molecules adsorbed or in close proximity to these ‘hot
spots’ experience an exceptionally large electromagnetic field and
the probability of Raman scattering is greatly increased. Since
optical plasmons are polarized with electric field normal to the
metal surface, molecular vibrations that are also aligned normal
to the metal surface are selectively enhanced."”

The SERS process is determined by the interactions between
the optical excitation and the analyte, and the resulting electro-
magnetic enhancement. Insight into this correlation is critical for
fundamental understanding of SERS and the creation of highly
selective SERS sensors. Given the dominance of polarized elec-
tromagnetic enhancement in plasmonics and SERS, any external
polarizing electric field (additional excitation source) can be
expected to influence the SERS enhancement process.

In this work, we report on the impact of modulating analytes
linked to nanotextures by an externally applied oscillating electric
field. The use of this oscillating field in combination with SERS
sensing, creates a multivariate external control capability, by adding
field strength and frequency to the SERS accumulation parameters.
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Figure 1. Schematic of the microfabricated device and in situ SERS measurement arrangement is shown in panel a (not to scale). Scanning electron
micrographs of a microfabricated gold electrode pair, nanotextured silver coating on the electrode, and discrete 20—40 nm silver nanoislands are shown

in panels b—d, respectively.

This novel approach can potentially serve as a platform to selec-
tively enhance vibrational modes using a combination of these
electronic input parameters. This work first describes the realiza-
tion and testing of electrode pair integrated SERS microdevices.

The correlation between observed electric field dependent
spectral trends with analyte vibration modes is then discussed.
Finally, first principle theoretical techniques are utilized to ex-
plore field dependent analyte structure and qualitatively support
experimental observations.

B RESULTS AND DISCUSSION

The experimental apparatus consisted of a nanotextured,
metalized surface to achieve SERS, with an integrated micro-
scale electrode pair for applying the external field as shown in
Figure la. Oxidized silicon substrates were coated with a 100 nm
gold layer, which was patterned to define electrode pairs with
spacings of 2 and 4 um (Figure 1b). A SERS-active texture of
silver nanoislands was deposited using an oblique angle deposi-
tion (OAD) process.”® The substrates were placed with an angle
of 86° between the sample normal and the vapor flux, resulting
in an insulating film of discrete silver nanoislands of about
20—40 nm in diameter (Figure 1c,d); therefore, no current flow
during application of the external electric field was observed.
These samples were dip coated for monolayer functionalization
in a 10 mM ethanolic solution of thiophenol.

To test the influence of an external electric field on the SERS
response, the functionalized electrode pair samples were mea-
sured using a Raman microscope. During Raman measurements,
an oscillating voltage was applied across the electrode pair on
either side of the nanoisland array. It should be noted that no
static (i.e., direct current) fields were applied for two reasons: (i)
static fields are known to electrochemically degrade silver nano-
structures and result in the dissociation of the adsorbed analytes™ >
and (ii) the motivation of this work is to develop a platform for
SERS enhancement with multivariate parametric control, by
adding the strength, frequency, and phase of an external electric
field to the SERS accumulation parameters. The method of
testing is also illustrated in Figure la. Reference SERS spectra
were collected regularly with no electric field influence (these
served as control experiments). This data was used for normal-
izing the results when further measurements were taken upon
applying an electric field. The wavenumber and intensity of five
peaks with different bond structure assignment were selected for
further analysis, due to either their representative or anomalous
behavior.** These five peaks of thiophenol and their associated
vibrational modes are presented in Table 1.

Sinusoidal fields which oscillated between +10 and £20 V
were applied across the 4 um spacing and 320 V across the 2 um
spacing, with resulting maximum field strengths being £2.5, £-5.0,
and £10.0 kV/mm, respectively. The frequency of the applied
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fields was scanned from S mHz to 1 kHz. All as-collected
SERS spectra are presented in Figure S1 in the Supporting
Information.

Table 1. Assignment of Vibrational Modes for Thiophenol
Raman Peaks™*

Raman shifts (cm ™)

theoretical™* experimental vibrational mode (s)

1076 1070 C—C asymmetric stretching

1018 1019 Ring in-plane deformation and
C—C symmetric stretching

990 997 Ring out-of-plane deformation and

C—H out-of-plane bending

471 462 C—S out-of-plane bending

404 420 C—S stretching and ring in-plane

deformation

“ Only the peaks relevant to this work are listed.

Figure 2a presents a reference spectrum obtained with no
applied field. The significant peaks and their associated bond
structure are labeled. Figure 2b—d presents the normalized in-
tensity of the five significant SERS peaks of thiophenol as a
function of the frequency of the applied electric field for three
different field strengths (also see Tables S1—S3).

The background-subtracted, normalized SERS intensity for
the 1070, 1019, and 997 cm ™" peaks decrease in a simple gradual
manner with frequency, while the peaks at 420 and 462 cm
exhibit a more complex response (discussed later) to changes in
frequency and amplitude of the applied field.

It is perhaps surprising that there should be any dependence of
the Raman response on the frequency of the applied electric field,
since at the low frequencies under study, the fields could be
considered quasi-static. It should be noted that the acquisition
time was S0 s, so a complete cycle is only recorded for frequen-
cies exceeding 20 mHz; and thus, the number of electric field
oscillations that are averaged change dramatically over the range
of frequencies investigated. The strength of the applied field
may also reduce due to changing dielectric properties and the
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Figure 2. (a) Reference SERS spectrum for thiophenol measured with no electric field. The trends in relative peak intensity for five significant peaks at
different frequencies, normalized to the case of no electric field, is shown for electric fields oscillating between (b) 2.5 kV/mm, (c) £5.0 kV/mm, and

(d) £10.0 kV/mm.
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Figure 3. Electric field induced thiophenol molecular kinetics. (a) Schematic representation of typical thiophenol binding to silver nanostructures. (b)
The anchoring C—S bond of thiophenol subject to bending forces (related to the 462 cm ™" peak) at lower electric field strengths. (c) Higher electric
fields subject the thiophenol molecule to stronger bending and potential stretching forces (related to the 420 cm ™' peak). (Not to scale.)

impedance and resistive behavior of the microelectrode structure
and also the cabling and analysis instruments. All of these effects
could be used to explain the observed gradual reduction in
resulting in a corresponding reduction in the observed Raman
peaks.

It is hard, however, to use such arguments to explain the
complex behavior of the peaks at 420 and 462 cm ™. It could be
suggested that the observation of this incongruous behavior of
the peak at 462 cm ™' is due to it being of a low intensity level and
thus could be adversely influenced by noise. However, careful
analysis of the peaks shows that the noise level is negligible.
Moreover, it should be noted that the 420 cm ' peak also
exhibits incongruous behavior, yet it is a relatively strong peak in
the spectrum with >3000 counts/(s/mW) which is far stronger
than other peaks with monotonic trends.

Further, the observed gradual response of the 1070, 1019, and
997 cm ™" peaks and the more complex response of the 420 and
462 cm™ ! peaks cannot be explained by known phenomena such
as the charge transfer mechanisms>">*?* or the vibrational Stark
effect.”**” The former results in large frequency or wavenumber
shifts while the latter causes significant peak broadening, both of
which were not observed in the SERS spectra resulting from our
experiments. It should also be noted that spectral fluctuations,
especially changes in relative intensities of vibrational modes,
have been observed in gap-mode tip enhanced Raman spectro-
scopic (TERS) measurements.”®*® These are often attributed to
changes in electromagnetic enhancement due to variations in
tip—sample sspacing as aresult of surface roughness and scanning
parameters.”® > These spacing dependent outcomes have been
shown to relate to the TERS enhancement factor, with selective
peak enhancement dependent on the location of the tip relative
to bond positions.*’

Thiophenol is a polar molecule consisting of a benzene ring
with a sulfur tether that is bound to the nanostructured silver
surface by hydrogen replacement to form an Ag—S bond.
Previous works by Carron and Hurley>® and Mani et al.** have
shown that the thiophenol monolayer stabilizes in an erect
configuration with the anchoring C—S bonds at specific angles
0 to the normal (Figure 3a), which depends on the surface
orientation and location of the molecule on the metal surface.

We propose that under the influence of an oscillating electric
field, the thiophenol molecules are forced to constantly realign
their net polarization with respect to the direction (polarity) of
the electric field. The manner in which the molecules are
expected to respond to the oscillating electric field is presented
in Figure 3, panels b and ¢, for modest and large electric fields,

respectively. The benzene ring itself remains undistorted and
simply realigns in response to the electric field. The bonds
associated with the sulfur tether must however bend and distort
in order to allow the benzene ring to realign.

This hypothesis is supported by our experimental observa-
tions. The realignment of the benzene ring will determine the
molecular bonds which are aligned with the polarization of sur-
face plasmon excited by the incident laser with maximum Raman
scattering observed for only part of the oscillation cycle. For the
incident green laser (532 nm), the maximum spectral response
will be for bonds aligned normal to the substrate surface, based
on the selection rules proposed by Moskovits and Suh.>* Static
electric field dependent surface selection rules have also recently
been proposed for quantum dot systems.*®

The response of the peaks to the applied field strength is also
of interest. The behavior of the 420 and 462 cm ™' peaks are
significantly different from that of the three peaks at 1070, 1019,
and 997 cm ™!, which do not change form with increasing field
strength (Figure 2b—d). The 462 cm ! peak rises and falls
dramatically with increasing frequency of the external field for all
field strengths investigated. The 420 cm ™' peak only shows mild
differences from the three benzene ring peaks for lower electric
fields (Figure 2b,c). At the highest electric field strength, the
variations in the intensity of the 420 cm ™' peak with frequency
are more apparent.

This behavior of the 420 and 462 cm ™" peaks can be explained
by considering the specific bond symmetry generating the SERS
peaks. The 462 cm™ ' peak corresponds to the bending modes of
the C—S(—Ag) bond tethering the thiophenol to the silver
nanostructure surface and the 420 cm™ ' peak is a result of the
stretching of the C—S bond and/or the deformations of the
benzene ring. Figure 3 presents an illustration of what may occur
when thiophenol is exposed to an external electric field. Figure 3a
presents the situation with no external electric field, where the
C—S bond is aligned at an angle 6 to the normal to the silver
surface. When an oscillating field is applied across the silver
island, the field strength normal to the surface will increase (as
the electric field lines are always normal to a conductive surface).
This will result in rotation of the benzene ring and the C—S bond
to align with the field as shown in Figure 3b. At lower electric field
strengths (2.5 and 5.0 kV/mm), the benzene ring can realign to
compensate for this applied field through bending of the C—S
bond. At the higher electric field (10.0 kV/mm), the C—S bond
resists further bending and the bond and the benzene ring it-
self may deform in the direction of the applied field to achieve
equilibrium as shown in Figure 3c. The bending of the C—S bond
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Figure 4. Optimized geometry of a single thiophenolate (C4HsS)
molecule adsorbed on Ag(111) surface as obtained by density functional
theory calculations. (a) Side view shows thiophenolate adsorbed in
bridge configuration, with 6 being the angle between the C—S bond and
the Ag(111) surface normal. Gray, orange, red, and blue spheres denote
Ag, C, S, and H atoms, respectively (as in Figure 3). (b) Stable and
unique configurations for the adsorption of thiophenolate on Ag(111)
can be identified based on the different surface adsorption sites for
S atom of the thiophenolate molecule. Top view shows adsorption sites
for S atom for four configurations: A (bridge), B (fcc-bridge), C (hep-
bridge), and D (top). Light, medium, and dark gray spheres indicate
Ag atoms in topmost, second, and third layers, respectively, while red
spheres denote adsorption sites of the S atom. A indicates the projected
offset distance for the S atom from the closest bridge site. The
thiophenolate molecule (other than the S atom) is not shown for clarity.

influences the 462 cm™ ' peak. The deformation of the C—S
bond and orientation changes of the benzene ring influences the
420 cm ™' peak. The bending of the C—S bond and the resulting
deformations of the tethered benzene ring under a strong applied
field are inter-related. This may explain the behavior of the
420 and 462 cm ™" peaks observed for a large applied field in
Figure 2d. Such bond bending or ring deformation dependent
changes to normalized Raman scattering intensity have been
observed in plasmon resonances due to bending kinetics in
DNA.*”?® These results highlight that the spectral variations
are strongly correlated to field-induced molecular reorientation,
and the relationship between the molecular orientation and the
electromagnetic field of the incident laser.

To test this interpretation of the experimental observations,
we have performed first-principles density functional theory (DFT)
calculations to study how an applied electric field influences the
adsorption geometry of thiophenols on metallic surfaces. It is
well-known that for aromatic phenols adsorbed on high symme-
try metallic surfaces, the adsorption patterns are highly dependent
on the chemical structure of the adsorbent molecules, surface
coverage, and the method of preparation.®® For instance, oligo-
benzenethiols form a well-ordered self-assembled monolayer on
Au(111) with a (24/3 x 4/3) R30° periodic symmetry. For
thiophenols, it has been suggested that the formation of an
ordered monolayer depends on the method of preparation.*’
Moreover, metallic surfaces can act as a catalyst for the dissocia-
tion of phenols (X—SH) to form phenolates (X—S), which then
chemically bind to the surface through strong covalent inter-
actions.*'

In light of these experimental observations, we consider a model
system with an isolated thiophenolate molecule adsorbed on
Ag(111) surface for our DFT studies (see Methods section for
details). Our simulation cell consisted ofa 3 x 3 Ag(111) surface
unit cell and three Ag layers forming a slab. Isolated thiopheno-
late molecules were initially placed in the vicinity of the surface in
various configurations and their optimized geometries were ob-
tained for external electric fields in the range of —0.5 to +0.5 eV/A.

Table 2. The Adsorption Energy E, and Structural Param-
eters for the Stable Configurations of Thiophenolate on a
Ag(111) Surface in the Absence of an External Electric Field”

configuration E, (eV) r{S—Ag} (A) A (A) 0 (deg)
bridge 1.597 2.59 0.00 66.8
fec-bridge 1.584 2.58 0.33 60.0
hep-bridge 1.562 2.60 0.41 60.7
top 1.312 2.47 - 75.7

“ As indicated in Figure 4, r, A, and 0 denote the S—Ag bond length, the
projected offset distance for the S atom from the closest bridge site, and
the angle between the S—C bond and the surface normal, respectively.

After relaxation, the thiophenolate molecule adsorbs in four
unique configurations irrespective of the external electric field.
Each of these configurations can be characterized by the location
of the thiophenolate S atom relative to the Ag atoms in topmost
surface layer. These configurations are marked in Figure 4 as
follows: (A) bridge, S atom at the bridge site between two surface
Ag atoms; (B) fec-bridge, S atom in the bridge site and shifted
toward fcc stacking sequence; (C) hcp-bridge, S atom in the
bridge site and shifted toward hcp stacking sequence; and (D)
top, S atom vertically on top of a surface Ag atom. After complete
relaxation for each configuration, we computed the adsorption
energy E, defined as E, = —[Er — Eagirield — EMolecute], Where
Er is the total energy of the supercell containing thiophenolate
adsorbed on the Ag surface in the presence of electric field,
Eagiricla is the total energy of pure Ag slab in the same supercell,
and Epjolecule 1S the energy of isolated thiophenolate molecule in
the same supercell. With this definition, positive adsorption
energy denotes that absorption is energetically favorable.

Table 2 shows the adsorption energies and geometrical para-
meters such as S—Ag bond length r, tilt angle 6, and the offset of
the S atom A for each configuration in the absence of external
electric field. We find that the bridge configuration has the largest
adsorption energy. In the bridge configuration, the S atom of
thiophenolate is bonded to two surface Ag atoms and the mole-
cule is tilted from the surface normal by 66.8°. With tilt angle
close to 60°, fcc and hcp bridge configurations are structurally
very similar to each other except for the location of S atom
relative to the surface. Their bonding environment is also similar
to the bridge configuration, resulting in slightly lower adsorption
energies. Finally, with S atom bonded to only one surface
Ag atom, we found that the top site is the least favorable site
with E, of 1.31 eV. It is worth noting that our results on adsorption
geometries of isolated thiophenolates on Ag(111) in the absence
of electric field as shown in Table 2 are in a qualitative agreement
with a recent theoretical study that predicts similar bridge,
fec-bridge, hcp-bridge, and top configurations for thiophenolate
adsorbed on Au(111).* However, in contrast to the Au(111)
surface, it appears that configurations with thiophenols adsorbed
on a Ag(111) surface at fcc and hep hollow sites, where the S atom
is bonded to three surface atoms, are not stable. Nevertheless, our
calculated adsorption energies are in the range of 1.3—1.6 eV, in
good agreement with the reported values.>”

Next, we consider how an external electric field influences the
geometry and energetics of thiophenolate adsorbed on Ag(111)
surface. We find that for each configuration, the tilting angle, the
S—Ag bond length, and the adsorption energy all change in
response to the applied electric field. Table 3 illustrates this effect
in the case of the bridge configuration, as an example (with results
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Table 3. The Influence of the External Electric Field on the
Adsorption Energy E, and the Geometry of Thiophenolate
Adsorbed on Ag(111) in Bridge Configuration

external electric field (eV/A) E, (eV) r{S—Ag} (A) 0 (deg)
0.50 1.658 2.61 66.5
0.25 1.603 2.60 66.8
0.00 1.597 2.58 66.8
—0.25 1.626 2.57 67.3
—0.50 1.704 2.54 67.9

for the other configurations presented in Table S4 in the Sup-
porting Information). When the applied electric field varies from
+0.5 to —0.5 eV/A, the thiophenolate molecule moves closer to
the surface, with the tilt angle increasing from 66.5 to 67.9°, while
the S—Ag bond length reduces from 2.61 to 2.54 A. We also find
that while the adsorption energy E, increases in the presence of
electric field in general, it is much larger for negative electric fields
compared with the positive electric fields. Thus, these results
indicate that the negative electric fields promote stronger cova-
lent interactions between the Ag surface and the thiophenolate,
which can be attributed to the increased electron density in the
region between the molecule and the surface. Moreover, we find
that for thiophenolate adsorbed in fec-bridge, hep-bridge, and top
configurations, the effect of external electric fields is essentially
similar to the bridge configuration, where the S—Ag bond com-
presses or stretches while the plane of the benzene ring tilts closer
to or away from the surface in response to the alternating external
electric field as employed in our experiments (see Supporting
Information).

In addition to bond-stretching and tilting of thiophenolate
adsorbed in a particular configuration, we find that the alternating
electric field can also influence relative stabilities of different
configurations. For instance, Table 2 shows that the difference in
the adsorption energy of bridge and hcp-bridge configurations is
35 meV in the absence of external electric field. However, our
calculations indicate that this difference reduces to 22—25 meV
with an applied field of +-0.5 eV/A. Since the population densities of
thiophenols adsorbed in various configurations depend on their
relative absorption energies, the alternating external field can also
promote switching between configurations. As Figure 4 and
Table 2 indicate, switching between adsorption configurations
involves a significant change in the relative position of the S atom
as well as the tilt angle.

It should be noted that for the DFT calculations, we have
considered a model system with isolated thiophenolates adsorbed
on low-index, defect-free Ag(111) surface. However, the pre-
paration process for Ag nanoislands covered with thiophenols
may also stabilize other high-symmetry surfaces such as (100)
and (110) with varying degrees of surface coverage and adsorp-
tion symmetries.*”*> These effects are likely to influence the
thiophenol adsorption geometry as well as the response to
alternating electric fields. Moreover, it has been suggested that
the adsorption of thiophenol in large densities on metallic
surfaces can induce a significant strain in the topmost surface
layer; thereby, promoting the formation of vacancy defects.****
The presence of such defects near the adsorbed molecules can
therefore also influence the adsorption geometry. It should also
be noted that the SERS spectral signature for the Ag—S vibra-
tional mode is known to be very weak,>”**** which was the case
in our experimental results also. Therefore, a direct comparison

of experiments and DFT calculations for this Ag—S bond is not
viable, but indicates the need to investigate techniques for
selectively enhancing this vibrational mode. Nevertheless, our
DFT calculations provide a qualitative confirmation of bond
stretching and bending in response to alternating electric fields,
as proposed to explain the experimental observations.

B CONCLUSIONS

To our knowledge, this work presents the first investigation
combining microfabricated electrode pairs and silver nanotex-
tures to investigate the influence of an applied electric field on
SERS spectra. Application of an external oscillating field to the
polar thiophenol molecules appears to reorient them and reduce
the scattering cross section leading to a decrease in scattering
intensity for modes of the dangling benzene ring, while the
asymmetric C—S bond anchoring the benzene ring to the silver
has a complex response which depends on both the strength and
frequency of the applied field. Electric field influenced modula-
tion of spectra, with reversible behavior, complements innovative
plasmonics switching approaches using molecular switching based
on reduction—oxidation and mechanical processes.***” The experi-
mental observations and interpretation are qualitatively validated by
first principles DFT calculations.

This work has shown that specific bonds could be distin-
guished, not only by their specific Raman shifts, but also by ob-
serving the dependence of the SERS peak intensity on an oscillating
external field. This knowledge may enable signal processing to
selectively enhance or suppress the spectra resulting from specific
bonds, utilizing the strength, frequency, and the phase of the
applied field. This ability to dynamically manipulate the Raman
spectra of specific bond types in situ adds an extra dimension to
the collection and interpretation of spectra with significant
opportunity for selective analysis of multiple analytes simulta-
neously. The application of this technique to the separation of
multiple analytes is currently under investigation.

M METHODS

Fabrication of Microscale Electrode Pairs. Silicon substrates
with 300 nm of thermally grown silicon dioxide were cleaned using
solvents, following which electrode pairs were fabricated by lift-off
lithography. The electrodes were defined using 100 nm of electron
beam evaporated gold (with a 10 nm chromium adhesion layer), with a
spacing between the electrode pairs of 2 and 4 ym.

Synthesis of Silver Nanoislands. A layer of silver ~60 nm thick
was deposited on the electrode pairs by thermal evaporation. An oblique
angle deposition (OAD) process was employed with substrates placed at
86° to the normal. This resulted in discrete silver nanoislands about
20—40 nm in diameter. The discrete nature of these islands was verified
by the measurement of resistivity at the frequencies under investigations,
showing that the electrode pairs remained open circuit with no current
flow at such conditions.

SERS Measurements and Electrical Actuation. The electrode
pair samples coated with silver nanoislands were functionalized with a
self-assembled monolayer of thiophenol (10 mM solution in ethanol).**
SERS measurements were carried out using a 532 nm laser, with 1.1 mW
incident power and 50 s accumulation time. A sinusoidal electric field
was applied using an Agilent 33220A arbitrary waveform generator
across the electrode pair devices to determine the influence of electric
field parameters (voltage and frequency) on the SERS spectra. Normal-
ized intensities for the SERS data were calculated based on actual peak
intensities relative to background intensities near the peak of interest.
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First Principles Density Functional Theory Simulations.
Density functional theory (DFT) simulations were performed using the
Vienna Ab Initio Simulation Package (VASP).* Electron exchange and
correlation was described using the generalized gradient approximation
of the Perdew-Burke-Ernzerhof form.*® Core and valence electrons were
treated using the projector-augmented wave potentials supplied with
VASP.>' Using DFT methods, first we obtained the optimized lattice
constant for fcc-Ag crystal to be 4.16 A, which is within 2% of the
experimental value. The simulation supercell designed to study the
adsorption of thiophenol on a Ag(111) surface consisted of 3 x 3 (111)
surface unit cell with three layers of Ag forming a slab. A vacuum of 20 A
separated the periodic images of the slab in the direction normal to the
surface in order to ensure accurate energy convergence. For geometry
optimization, the supercell vectors and all ionic positions were relaxed
using a conjugate gradient algorithm until the Hellmann—Feynman
forces were less than 0.02 eV/A. A 500 eV plane wave kinetic energy
cutoff was used in each case. A7 X 7 x 1 I'-centered Monkhorst-Pack
mesh was used to sample the Brillouin zone for relaxation as well as
accurate total energy calculations. Finally, the external electric fields in
the direction normal to the slabs (as expected for the conductive silver
surface) were applied by introducing dipolar sheets at the center of the
simulation cell.**

B ASSOCIATED CONTENT

© Ssupporting Information. Additional data including full
unprocessed surface-enhanced Raman spectra collected as re-
ference data and under the influence of electric field together
with detailed numerical data used to plot background-subtracted,
normalized, relative intensity plots. Density functional theory
results of electric field induced molecular orientation for different
thiophenolate-silver configurations. This material is available free
of charge via the Internet at http://pubs.acs.org.
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