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ABSTRACT: Metallic nanostructures supporting surface plas- Raro ot ing Vibrational Reman € 5 g
mon modes can concentrate optical fields and enhance ““~~’§S"a‘ragg‘“”" 3 o N AV AVIE:
luminescence processes from the metal surface at plasmonic (X X ANV - $05 23
hotspots. Such nanoplasmonic metal luminescence contributes .‘: —— .:.‘ ;
to the spectral background in surface-enhanced Raman Olg @ == ==® =4
spectroscopy (SERS) measurements and is helpful in bioimag- \,Au’ (uiovq) §
ing, nanothermometry and chemical reaction monitoring R @ a0
applications. Although there is growing interest in nano- < o y & §
plasmonic metal luminescence, its dependence on voltage (U &
modulation has received limited attention in research |~ & [ N EU)
investigations. Also, the hyphenated electrochemical surface- U <U n ‘

1 y Time (s)

enhanced Raman spectroscopy (EC-SERS) technique typically
ignores voltage-dependent spectral background information
associated with nanoplasmonic metal luminescence due to limited mechanistic understanding and poor measurement
reproducibility. Here, we report a combined experiment and theory study on dynamic voltage-modulated nanoplasmonic
metal luminescence from hotspots at the electrode—electrolyte interface using multiresonant nanolaminate nano-
optoelectrode arrays. Our EC-SERS measurements under 785 nm continuous wavelength laser excitation demonstrate that
short-wavenumber nanoplasmonic metal luminescence associated with plasmon-enhanced electronic Raman scattering (PE-
ERS) exhibits a negative voltage modulation slope (up to ~30% V') in physiological ionic solutions. Furthermore, we have
developed a phenomenological model to intuitively capture the plasmonic, electronic, and ionic characteristics at the metal—
electrolyte interface to understand the observed dependence of the PE-ERS voltage modulation slope on voltage polarization
and ionic strength. The current work represents a critical step toward the general application of nanoplasmonic metal
luminescence signals in optical voltage biosensing, hybrid optical-electrical signal transduction, and interfacial electrochemical
monitoring.

KEYWORDS: electrochemical surface-enhanced Raman spectroscopy (EC-SERS), nanoplasmonic metal luminescence,

plasmon-enhanced electronic Raman scattering (PE-ERS), plasmon-enhanced vibrational Raman scattering (PE-VRS), nano-optoelectrodes,
multiresonant plasmonics, interfacial capacitance

INTRODUCTION continuous emission background, typically subtracted and
Metallic nanostructures can support surface plasmon modes neglected in biochemical analyses. Recent studies reveal that
and concentrate optical fields to enhance nanoscale lumines- the SERS background can originate from plasmon-enhanced
cence processes ranging from spontaneous and stimulated metal luminescence at hotspots.c)’10 Moreover, over the past

emission, resonant and nonresonant Raman scattering, and
nonlinear harmonic generation.'~” Among various applications
using plasmon-enhanced luminescence, surface-enhanced
Raman spectroscopy (SERS) has received enormous attention
as a compact biochemical detection technique with combined
vibrational fingerprint specificity and plasmonic hotspot
sensitivity. In addition to discrete plasmon-enhanced vibra-
tional Raman scattering (PE-VRS) peaks from molecules at
hotspots, a measured SERS spectrum often has a broad

decade, there has been a rising interest in investigating
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Figure 1. Nanolaminate nano-optoelectrode (NLNOE) with electrically connected metal—insulator—metal (MIM) multinanogap nanocavity
plasmonic hotspots. (A) The fabrication scheme of creating periodic arrays of NLNOEs consisting of multilayered Au/SiO, nanolaminate
nanoantennas (NLNAs) with a thin Au layer coated on its side wall by oblique-angle e-beam evaporation. (B) Top-down and cross-sectional
(inset) SEM images of fabricated NLNOEs. (C) The scheme of in situ electrochemical SERS measurements of NLNOE:s in the electrolyte
with a three-electrode configuration under 785 nm laser excitation. The inset scheme shows that the electrically connected multinanogap
nanocavity hotspots in the NLNOE can generate plasmon-enhanced electronic Raman scattering (PE-ERS) and plasmon-enhanced
vibrational Raman scattering (PE-VRS) signals at the metal—electrolyte interface under laser excitation. (D) Electrochemical impedance
spectroscopy (EIS) measured Bode magnitude plots and Nyquist plots for the NLNOE (with sidewall Au coating) and NLNA (without
sidewall Au coating) samples in 1X phosphate-buffered saline (PBS).

plasmon-enhanced metal luminescence for applications ranging
from bioimag1n§ to nanothermometry and chemical reaction
monitoring. 7 Nevertheless, the exact mechanism of
plasmonic metal luminescence is still under debate and can
involve several possible pathways, including interband photo-
luminescence,"™"? intraband photoluminescence,zo_23 and
electronic Raman scattering (ERS).Q’M_27 Moreover, despite
studies on the effects of continuous-wave (cw) or pulsed
excitation conditions, excitation wavelengths, temperature,
metal geometries, and metal types,9’11’12’20_25’27_30 little
attention has been paid to investigating how the plasmonic
metal luminescence depends on the applied voltage modu-
lation at hotspots.

In a different but related field, the hyphenated electro-
chemical surface-enhanced Raman spectroscopy (EC-SERS)
has emerged as a powerful nanoscale spectroelectrochemistry
technique to simultaneously monitor molecular fingerprint
information and electrochemical activities at the metal—
electrolyte interface under voltage modulation,” ™ which
has apphcatlons in interfacial spectroelectrochemistry anal-
yses”* > and biochemical sensing.””** Compared to SERS,
EC-SERS incorporates charge transfer and redox reactions at
the metal—liquid interface. These additional effects influence
the material type, morphology, charge density, and permittivity
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at the nanostructured metal—liquid interface, directly or
indirectly affecting both the PE-VRS and the background
emission processes. While several studies have shown a
correlation between voltage and plasmon-enhanced metal
luminescence within electrochemical setups,*~** a compre-
hensive understanding of the connection between electrode
interfacial behavior and the microscopic representation of
plasmon-enhanced metal luminescence remains elusive.
Furthermore, most EC-SERS studies have employed nonuni-
form plasmonic devices based on metal nanoparticle aggregates
or roughened metal electrodes with randomly distributed or
mechanically unstable plasmonic hotspots,”"*>**7*** limiting
EC-SERS measurement reproducibility for reliable analysis of
voltage-dependent spectral background information.

Here, we report a combined experiment and theory study on
dynamic voltage-modulated nanoplasmonic metal lumines-
cence from hotspots at the electrode—electrolyte interface
using multiresonant nanolaminate nano-optoelectrode
(NLNOE) arrays. Using EC-SERS measurements under 785
nm laser excitation, we demonstrate that NLNOEs consisting
of vertically stacked and electrically connected Au-SiO,—Au
nanocavities can produce voltage-sensitive (up to ~30% v
short-wavenumber (~87 cm™) nanoplasmonic metal lumi-
nescence signals associated with plasmon-enhanced electronic
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Figure 2. Multiresonant optical characteristics of NLNOEs. (A) Measured and (B) FDTD-calculated absorption spectra for NLNOE and the
NLNA. (C) Light illumination scheme in FDTD simulations under parallel || (asymmetric) and perpendicular L (symmetric) polarization
excitation configurations regarding the mirror-symmetry x—z plane for NLNOEs. (D—F) FDTD-calculated near-field distribution maps of |
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) in the x—z or y—z plane for the resonant modes for (D) the NLNA at 4, =
725 nm and A} = 820 nm under || polarization light, and (F) the NLNOE at A; = 730 nm and A; = 870 nm under L polarization light.
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Raman scattering (PE-ERS) in physiological ionic solutions.
Furthermore, we have developed a phenomenological model
that can capture plasmonic, electronic, and ionic characteristics
at the metal—electrolyte interface to understand several
experimental observations, including: (i) negative voltage
modulation slope for PE-ERS signals, (ii) an abrupt change
in PE-ERS voltage modulation slope by switching electrode
voltage polarity, and (iii) reduction of PE-ERS voltage
modulation slope amplitude with increasing ionic strength.
Our model intuitively reveals that (i) the observed voltage
sensitivity of PE-ERS metal luminescence signals originates
from the spatial overlap between the metal electronic Debye
length (d}) and the penetration depth (dgp/4) of fourth power
of surface plasmon field (IEg*) within the metal surface
exposed to the electrolyte at hotspots, and (ii) voltage-sensitive
metal luminescence from electrically connected hotspots in
nano-optoelectrodes can serve as probe signals to monitor the
dynamic changes in microscopic capac1t1ve characteristics (e.g,,
local electrolyte Debye length db, local dielectric permittivity
€h) at the electrode—electrolyte interface.

RESULTS AND DISCUSSION

Fabrication and Characterization of Nanolaminate
Nano-Optoelectrodes. In many biomedical and environ-
mental applications using SERS/EC-SERS, it is highly
desirable to employ near-infrared (NIR) laser excitation and
Au-based plasmonic devices to (i) minimize molecular
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autofluorescence background, (ii) reduce cellular photo-
toxicity, (iii) ensure chemical stability and biocompatibility,
and (iv) increase optical penetration depth in measurements.
Therefore, in this work, we developed Au-based NLNOEs with
NIR multiresonant responses to conduct SERS/EC-SERS
measurements under NIR laser excitation at 785 nm.
Moreover, several studies suggest that PE-ERS can be the
dominant pathway for low-wavenumber nanoplasmonic metal
luminescence from metal—insulator—metal (MIM) nanogap
cavities under NIR laser excitation because of the difficulty in
achieving (i) intraband photoluminescence with the small
incident photon energy and (ii) intraband photoluminescence
with significant momentum mismatch in real-state electronic
transitions across the dispersive sp-band.”*" 2% Qur recent
work has further demonstrated that low-wavenumber (5100
cm™") nanoplasmonic metal luminescence associated with PE-
ERS signals from MIM nanogap cavities under the NIR laser
excitation experience an |E|* enhancement factor™ to serve as
an internal standard for spatial and temporal calibration of PE-
VRS signals in SERS measurements,””**

As shown in Figure 1A, we employed our recently developed
reverse nanoimprinting technique45 to create large area,
uniform NLNOE arrays on planar substrates. First, a reusable
inverse template of perfluoropolyether (PFPE) nanopillar
arrays on the polyethylene terephthalate (PET) carrier
substrate was replicated from a silicon master of square
nanowell array (diameter ~ 120 nm, depth ~ 300 nm, and

~
~
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periodicity & 400 nm) by nanoimprint lithography. With low
surface energy and relatively high young modulus, the PFPE
template can allow a reverse nanoimprinting process to create
the deposition mask of poly(methyl methacrylate) (PMMA)
nanohole array patterns on planar substrates. Second, we spin-
coated diluted PMMA solution on hydrophobic PFPE
nanopillar array. Third, we performed thermal nanoimprinting
to transfer the PMMA nanowell arrays onto an indium—tin-
oxide (ITO) coated glass slide. Then, we converted PMMA
nanowells to nanoholes by reactive ion etching (RIE), yielding
a deposition mask for electron-beam (e-beam) evaporation of
alternating Au (%25 nm) and SiO, (%10 nm) thin-film layers.
Next, we dissolved PMMA in anisole to lift oft the deposited
excess material layer and reveal a discrete array of nano-
laminate nanoantennas (NLNAs) with multilayered metal—
insulator—metal (MIM) nanocavities. Finally, an angled
(~50°) deposition by e-beam evaporation was performed to
form a sidewall coating of ~30 nm thick Au on one side of
NLNAs, connecting the nanocavities to the conductive
substrate ground to yield uniform NLNOE arrays. Crucially,
the sidewall coating from angled e-beam deposition can enable
voltage modulation of hotspots in EC-SERS measurements
while leaving one side of NLNOEs uncovered to expose
plasmonic nanocavity hotspots to the electrolyte environment.
In Figure 1B, the top-view and cross-section scanning electron
microscopy (SEM) images of NLNOE arrays reveal diagonally
oriented elliptic Au nanohole arrays at the base of NLNOE due
to the shadowing effect during the angled deposition.

Figure 1C illustrates the setup for in situ EC-SERS
measurements of the NLNOE sample, which also serves as a
working electrode (WE). The plastic well of the EC cell was
mounted directly onto the NLNOE-based WE substrate with
an overall metal—electrolyte interface area of ~1 cm?® The
plastic well contained two inlets with a platinum wire counter
electrode (CE) and an Ag/AgCl (saturated in KCl) reference
electrode (RE). We conducted in situ EC-SERS measurements
of NLNOEs with a cw near-infrared (NIR) laser excitation at
785 nm to collect the backscattered PE-ERS and PE-VRS
signals using a confocal microscope. Using a potentiostat, we
first conducted electrochemical impedance spectroscopy (EIS)
for NLNA (without a single-sided Au coating) and NLNOE
(with a single-sided Au coating) samples on the ITO glass
substrates (Figure 1D). EIS measurements show a large
impedance at low frequencies that decreases exponentially as
the frequency increases for both NLNA and NLNOE samples.
Notably, the EIS spectra reveal smaller impedance values for
NLNOE than the NLNA sample, manifesting an increased
capacitance due to an increased electrode surface area from the
metal sidewall coating. The capacitive reactance, however, is
inversely proportional to capacitance; hence, overall impe-
dance shifts downward at low frequencies with the metal
sidewall coating.

Optical Characteristics of Nanolaminate Nano-Opto-
electrodes. To investigate how the metal sidewall coating
influences the optical properties, we performed visible-NIR
reflection (R) and transmission (T) measurements for NLNA
and NLNOE samples with an area of ~#2 cm” using a UV—
visible—near-infrared (NIR) spectrophotometer under unpo-
larized white light illumination. Both reflectance and trans-
mittance measurements employed an integrating sphere with
an incidence angle of 3.3° to collect specular and diffuse light
from the samples. Figure 2A shows the retrieved absorption
spectra (A=1— T — R) for NLNA and NLNOE samples. The
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NLNA sample shows a narrow Fano-like asymmetric resonant
peak at £600 nm and a broad resonant peak at £780 nm with
peak absorption of ~30%, while the NLNOE sample shows a
significantly higher absorption of ~40% to ~50% across a
broad spectral range from ~500 nm to ~900 nm.

To understand the different measurement optical responses
between NLNA and NLNOE samples, we employed finite-
difference time-domain (FDTD) method (see Methods) to
calculate their far-field and near-field characteristics with
nominal geometries estimated from SEM images in Figure
1B. We used a periodic boundary condition in the x and y
directions with a periodicity of 400 nm and a perfectly
matched layer (PML) boundary condition in the z-direction.
For the FDTD simulations of the NLNOE, we define the x—z
plane as the plane for the line-of-sight oblique-angle e-beam
deposition of single-sided metal coatings on the sidewall.
Unlike NLNA, NLNOE with a single-sided metal coating has a
broken mirror symmetry and therefore exhibits different
optical responses under normal-incidence plane-wave illumi-
nations with parallel (||) and perpendicular (L) polarizations
(Figure 2C). FDTD-calculated far-field absorption spectra for
NLNA and NLNOE in Figure 2B reveal several crucial
features. First, consistent with the measurements in Figure 2A,
FDTD calculations for the NLNA exhibit a narrow Fano-like
asymmetric feature at ~600 nm due to periodic lattice
diffraction*®*” and a broad resonant feature at ~750 nm
with an absorption peak of ~#30%. Second, FDTD calculations
confirm that the NLNOE exhibits input polarization depend-
ent multiresonant optical response due to the broken mirror
symmetry. Third, in contrast to the NLNOE’s broadband
absorption responses (~40% to ~50%) in measurements,
FDTD calculations show multiple narrow resonant features
with a higher peak absorption of 50% to ~70% under parallel
(Al % 610 nm, A ~ 725 nm, Al ~ 820 nm) and perpendicular
(A ~ 610 nm, 1y ~ 730 nm, A3 ~ 870 nm) polarized
illumination. Last, in agreement with the measurements,
FDTD calculations manifest that the NLNOE can induce a
roughly 2-fold higher broadband absorption than the NLNA
without the single-sided metal coating under either || or L
polarized illumination. We note that NLNOE simulations
produce narrower resonant features than the measurements
due to (i) the inhomogeneous broadening effect from
geometric variations among periodic unit cells in the fabricated
sample and (ii) the homogeneous broadening effect from extra
optical losses from nanostructure surface roughness and
plasmon damping from interfacial £0.5 nm thick Cr adhesion
layer between Au and SiO, layers. Thus, multiple narrow
plasmonic peaks in NLNOE simulations can blur and merge
into a broad absorption feature in the measurements.

To investigate the microscopic origin behind distinct far-
field optical responses, we calculated the near-field distribution
maps of field intensities |EI* and |HI? and phases ¢(E;) and
@(H;) for representative modes supported in NLNA and
NLNOE arrays (Figure 2D—F). The FDTD-calculated 2D
near-field plots can reveal several critical points. First, as shown
in Figure 2D, the broad resonance in the NLNA at 4, &~ 750
nm exhibits (i) electric dipole (ED) characteristics with an in-
phase @(E,) distribution in three Au nanodisks, and (ii)
magnetic dipole (MD) characteristics with an in-phase go(Hy)
distribution across the two vertically stacked Au-SiO,—Au
nanocavities, and thus is a hybridized electrical dipole—
magnetic dipole (ED-MD) plasmonic mode.***” Second, for
the NLNOE under || and L polarized illumination, both

https://doi.org/10.1021/acsnano.3c01491
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Figure 3. Electrode potential modulation of PE-ERS and PE-VRS signals from NLNOE:s in the electrolyte. (A) Time-dependent current
measurements (top) under cyclic voltage (CV) sweeping between —0.5 and 0.5 V and time-dependent light emission spectra (bottom) under
785 nm laser excitation from the NLNOE sample in the 1X PBS. (B) The measured light emission spectra (bottom) from the NLNOE
sample in the 1X PBS under 785 nm laser excitation at different applied potentials between —0.5 and 0.5 V and the corresponding zoomed-
in view of PE-ERS pseudo peaks around ~87 cm™' (top left) and PE-VRS features around ~270 cm™' for Au—Cl bonds (top right) at
different potentials. (C) The cyclic potential-dependent current (top) and normalized light emission intensities (bottom) for PE-VRS Au—Cl
peak at ~270 cm™’, PE-ERS pseudo peak at ~87 cm!, PE-ERS broad continuum integrated between 600 and 1200 cm™, and elastic
scattering peak at ~0 cm™'. Note: The coefficient of variations for positive and negative PE-ERS modulation slopes are 4.1% and 3.7%,

respectively.

modes at 4! &~ 610 nm and 1+ &~ 610 nm, originate from the
hybridization between the (+1,0) surface plasmon polariton
(SPP) Bloch modes at Au nanohole array and ED plasmonic
modes in Au nanodisks (Figures S1 and S2, Supporting
Information). Third, for the NLNOE under || and L polarized
illumination, both modes at A} & 725 nm (Figure 2E, top) and
A3 ~ 730 nm (Figure 2F, top) exhibit near-field characteristics
of hybridized ED-MD plasmonic modes. Next, under ||
polarized illumination, the excited mode at A} ~ 820 nm
(Figure 2E, bottom) exhibits magnetic quadrupole (MQ)
characteristics with an out-of-phase @(H,) distribution in the
top Au-SiO,—Au nanocavity, manifesting that the single-side
metal coating can break the mirror symmetry to lift the
degeneracy of MD modes at MIM nanocavity edges and allow
their out-of-phase coupling. Lastly, under L polarized
illumination, the excited mode at A3 ~870 nm (Figure 2F,
bottom) exhibits (i) electric quadrupole (EQ) characteristics
with an out-of-phase (p(Ey) distribution between the top Au
disk and the two Au disks below and (ii) MD characteristics
with in-phase @(H,) across the two vertically stacked Au-
SiO,—Au nanocavities. Compared to NLNA, NLNOE benefits
from the asymmetric geometry, and bottom nanohole arrays to
support many hybridized plasmonic modes with high spatial
mode overlaps over a broad wavelength range.””>'

Cyclic Voltammetry Modulation of Metal Lumines-
cence from Plasmonic Hotspots. To investigate the effects
of electrode potential modulation on PE-ERS and PE-VRS
signals from plasmonic hotspots in NLNOEs, we performed in
situ EC-SERS measurements of the NLNOE sample as the WE
in 1X phosphate-buffered saline (PBS), using cyclic voltage
sweep between —0.5 and 0.5 V at a voltage sweep rate of 50
mV/s with a saturated Ag/AgClI reference electrode. As shown
in Figure 3A, top, the cyclic voltage sweep causes the periodic
current modulations within +0.2 mA associated with reversible
non-Faradaic capacitive charging—discharging processes at the
NLNOE surface.”” The redox reaction between Au atoms and
CI” ions at the electrode surface typically requires a higher
positive potential (>1.5 V vs AgCl/Cl).>® Figure 3A, bottom
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shows the time-dependent in situ EC-SERS spectra from —50
cm™! to 500 cm™!, where the dominant feature at ~87 cm™! is
periodically modulated under cyclic voltage sweeping. Figure
3B illustrates five EC-SERS spectra recorded between —0.5 and
0.5 V in a half-cycle with several key observations. First, the
small peak at ~%0 cm ™" accounts for the elastic scattering signal
from the excitation laser (785 nm) leaking through the long-
pass filter. Second, the asymmetric voltage-dependent spectral
feature at ~87 cm™" is a PE-ERS pseudopeak due to the long-
pass filter modification of the continuous Stokes ERS emission
associated with the Bose—Einstein distribution of the metal sp-
band electron—hole pairs at Stokes-shifted frequency Aw,”>*>
which decreases with the applied potential. Third, a PE-VRS
shoulder feature at #2270 cm™" on top of the PE-ERS spectral
background is from Au—Cl bonds formed on the gold
surface,”™” which increases with the applied potential because
of the attraction of the Cl™ ions to the gold surface under a
positive potential.

Figure 3C compares the measured electrode potential
dependence of the charging—discharging current and the
emission modulation ratios (AI/I) for PE-ERS, PE-VRS, and
elastic scattering signals in a single cycle. First, by modeling the
dominant non-Faradaic capacitive interfacial process with an
equivalent circuit™® consisting of a double-layer capacitor (C)
and an ohmic resistance (R) in series, we can fit the measured

current—potential (I-V) curve with I = % + %/C to estimate

the capacitance of the NLNOE sample as C ~ 1.8 X 107> F
(see details in Supporting Information). Second, the elastic
scattering peak at ~0 cm ™" has a negligible voltage modulation.
Third, PE-VRS signals at 2270 cm™' from Au—Cl surface
bonds have a positive linear dependence on potential changes
on the positive voltage side. Interestingly, PE-VRS signals
become less sensitive to electrode potential changes on the
negative voltage side, suggesting the interfacial Au—CI bond
formation—deformation processes depend on the electrode
potential polarities.”” Fourth, the PE-ERS pseudopeak signal at
~87 cm™' shows a negative linear dependence on potential
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Figure 4. Mechanism for electrode potential modulation of PE-ERS signals from plasmonic hotspots at the metal—electrolyte interface. (A)
The scheme of PE-ERS and PE-VRS light emission from plasmonic hotspots in the NLNOE with an applied electrode potential U > 0 V in
the electrolyte. The inset shows the energy diagram of the VRS process. (B) The energy diagram scheme illustrates that the electrode
penitential difference (U, < U,) can change the ERS intensity by shifting the Fermi energy Ey and free electron density n at the metal surface.
(C) The scheme of the local electrochemical environment at the electrode—electrolyte interface with positive (top) and negative (bottom)
electrode surface potential U and induced surface charge. (D) The scheme of position-dependent energy distribution with a positive
electrode potential (U > 0 V) (top) and surface plasmon electric field intensity |EI* profile (bottom) at the electrode—electrolyte interface.

changes with different voltage modulation slopes on the
positive (~30% V') and the negative (~15% V') voltage
sides, suggesting that interfacial charging—discharging pro-
cesses also depend on the electrode potential polarities. The
data shown in Figure 3C originates from a single cycle
measurement (from 60 to 100 s). The reversibility of the
system is verified through the modulation slope tracking, which
can be found in Supporting Information, Figure S3. The
coeflicient of variations for positive and negative PE-ERS
modulation slopes are 4.1% and 3.7%, respectively. Next, the
broadband emission signal integrated from ~600 cm™' to
~1200 cm ™" exhibits a negative linear voltage dependence with
different voltage modulation rates on the positive (x22% V')
and negative (~18% V') voltage sides, similar to the
behaviors of the ERS pseudopeak signal at 87 cm™'. Last,
the voltage-modulation slopes for both PE-VRS and PE-ERS
signals change around ~0 V, manifesting that the Au surface in
1X PBS with pH of ~7.4 has a point of zero charge (PZC)
potential Upy around =<0 V in our measurements, which is
reasonable as previous work shows with similar polycrystalline
gold substrate.”’

Modeling of Electrode Potential-Modulated Plas-
monic Metal Luminescence in Electrolytes. To under-
stand the voltage modulation behaviors for PE-ERS and PE-
VRS signals from NLNOEs, we need to consider optical,
electronic, and ionic activities in the plasmonic hotspots at the
metal—electrolyte interface. As illustrated in Figure 4A, the
laser excitation of plasmonic modes in NLNOEs can
concentrate intense optical fields in multinanogap MIM
nanocavities’' to generate PE-VRS signals from Au—Cl surface
bonds and PE-ERS signals from Au sp-band electron—hole
pairs. Like PE-VRS, surface plasmon modes can simultaneously
enhance excitation (@,) and emission (@) transitions for PE-
ERS to realize a significant enhancement factor F(wy,w,r) = |
Esp(@o,r)? - |Egp(,r)* = |Egp(wp,r)I*, where |Egpl is the local
electric field amplitude at position r inside the metal. In this
way, we can express the PE-ERS flux density as,

8639

ipg-prs(@o) @, 1) & F(r) iy, (@) oprs(@y, @)
e~ (@0=®) /T _ U n(r)

= F(r)-K-n(r) (1)

where i;, is the incident laser flux density, oggs is the cross
section coefficient for an ERS event, le(@ ~ /T — 1 is
the Bose—Einstein distribution of the electron—hole pairs at
Stokes-shifted frequency Aw = @, — w, and n(r) is the local
free electron density in the metal. By defining K = i,,(w,) -
Oprs(@Wg, @) - le M@ = @/BT _ 1|71 the PE-ERS flux density
becomes a position-dependent function as ipg_ggs = F(r) - K -
n(r).>* Because n(r) directly couples with the local Fermi

energy level as En(r) = £[3ﬂ2n(r)]2/3, the change of

electrode potential U at the electrolyte interface can modulate
Eg(r) and accordingly n(r) within the Debye length df} (~0.15
nm for Au) at the metal surface.®”®® Thus, as illustrated in
Figure 4A,B, the electrode potential modulation (U, < U,) can
change PE-ERS intensity from the hotspots in which the metal
is electrically connected to the working electrode substrate and
exposed to the electrolyte.

Figure 4C illustrates that the change between positive and
negative electrode potentials will reverse the electrical
polarities of induced metal surface charges and ionic species
in the electrical double layer (EDL) at the electrode—
electrolyte interface. As a general model, the EDL structure
consists of (i) the Stern layer with the inner Helmholtz plane
(IHP) for specifically adsorbed ions and the outer Helmholtz
plane (OHP) for nonspecifically adsorbed ions and (ii) the
diffuse layer for free-moving ions. Under U > 0 V, the
positively charged metal surface can electrostatically attract
negatively charged ions to increase the surface density of both
specifically and nonspecifically adsorbed CI™ ions in the Stern
layer.’”®* The increased surface density of specifically
adsorbed CI” ions under positive potential can lead to more
noncovalent Au—Cl surface bonds at the Au surface. On the
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other hand, applying negative electrode potentials (e.g, U <
—0.5 V) will increase the number of specifically and
nonspecifically adsorbed positive ions (e.g., Na*) and deplete
the noncovalent Au—Cl surface bonds, while those more stable
covalent Au—Cl surface bonds can remain. Such a scheme can
explain the observation in Figure 3C that PE-VRS signals at
~270 cm™' show a positive modulation rate on positive
voltages by forming noncovalent Au—Cl surface bonds but an
insensitive modulation on negative voltages due to the
depletion of noncovalent Au—Cl surface bonds. Furthermore,
because Cl™ and Na* ions have different electric susceptibility
values, the polarity change of electrode potential can modulate
the local dielectric permittivity eh, in EDL environment by
switching the types of ionic species which occupy the Stern
layer, which will further affect the voltage modulation rates for
PE-ERS signals, as discussed later.

As illustrated in Figure 4D, top, applying a positive electrode
potential (U > 0 V) can drastically distort the electronic free
energy ®(z) across the interfacial region of the metal Debye
length df} (= 0.15 nm for Au) and the electrolyte Debye length
dy (= 0.79 nm for 1x PBS, ionic strength: ~0.1S mol/L).
Accordingly, local Fermi energy Ep(z) and local free electron
density n(z) can be electrically modulated within djj at the
metal surface. It should be noted here that Ex(z) may also be
modulated due to the adsorbed halide ions.”> As the slope of
PE-ERS vs potential nearly does not alter over sequential
cycles (Supporting Information, Figure 3), the potential
influence on PE-ERS from the accumulation of covalently
bonded chloride ions can be ruled out. In contrast, Figure 4D,
bottom shows that the local electric field amplitude |Egpl for
the surface plasmon mode exponentially decreases from the
metal—liquid interface with the characteristic penetration
lengths d¢p and dip on the metal and electrolyte sides. In
this experiment, dg} can be approximated as &5 nm according
to the mode confinement dimension for the surface plasmons
supported in the MIM nanocavity.® As a first-order
approximation, we can express the z-dependent PE-ERS
enhancement factor as

'€_4Z/d§¥’
)
Using eqs 1 and eq 2, we can express the total PE-ERS flux

from a plasmonic nanocavity hotspot with a mode surface area
Ay as

F(z) ~ [Eg(2)I* » IEgp(z = 0)|4.e—4z/ds"}, —F

max

(o]
Ippprs ® [; ip-prs(2) Ao dz

o0
~ KF A n(z)-e~*/%.dz
0 (3)
In the condition with a zero electrode surface potential (U,
~ Upyc ~ 0 V), the free electron density n(z) = n(U,) is
uniform inside the metal, and we can use eqs 2—3 to express
the PE-ERS flux as

g grs(Up) ~

max

KF-&WW@/mEW%&

0

LKE A, n(U,)-d

= —.KE A .-n(U)-

4 max “*tot 0 SP (4)
On the other side, with a nonzero electrode potential (U # 0

V), we can decompose the plasmonic hotspot mode surface

into (i) the region exposed to the electrolyte with an area of

Ay and (ii) the embedded region with an area of A,y — A

exp. exp*
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Within the electrolyte-exposed hotspot region under electrode
potential U, we can approximate the z-dependent free electron
density profile n(z) as (i) n(U) within the metal Debye length |
zl < dfj, and (ii) n(U,) outside the metal Debye length Izl > dp.
By defining a local EDL capacitance at the plasmonic hotspot
as
1
x ., p
C' = %- exp

(5)

we can express the free electron density change with electrode
potential modulation within the metal Debye length as

ChU-U)  (U-U) &
—e Ay dpy —e-dpy  db
(6)

Using eqs 4—6, we can model the potential modulated PE-
ERS flux from a hotspot as

Al grs = bp-prs(U) = bp-prs(Up) ® KB Ay’

An = n(U) — n(U,) ~

& o
/ [n(U) - n(U0>]'€_4Z/ *-dz & I<'Fmax'Aexp'
0

ChU-W)

—e

[n(U) — n(Uy)]-dy ~ K-E,.

(U - UO)'Aexp i

d, 7)

Using eqs 4 and 7, the modulation ratio for PE-ERS flux
from a hotspot can be expressed as

~ K-E .
—e

Alpppps . 4(U - Uo)_L_C_*
IPE»ERS(UO) - n(Uy)-e dsp Ao
+(U-1) e 1 Agp
n(Up)e dpy dp Ay (8)

Our analytical model in eq 8 can reasonably agree with the
observations in Figure 3C. First, the PE-ERS signal modulation
ratio Aleens(V) gy negative linear dependence on the

IPE-ERS(UO)
electrode potential U, considering Uy & Upyc & 0 V in our
measurements. Second, the potential modulation slope
Alpg prs(AU)
Ipg-prs(Up)

the EDL and thus can change values by switching polarities of
electrode surface potential and ionic species with different
susceptibilities in the Stern layer.>®

lon Concentration Effects on Voltage Modulation of
Plasmonic Metal Luminescence. Significantly, eq 8 predicts

that the PE-ERS voltage modulation rate A (AU).
AU‘IPE—ERS(UU)

depends on the local dielectric permittivity €k in

is

p at the

!
proportional to the local capacitance C* ~ ;—f’~Ae
D
electrolyte-exposed plasmonic hotspot region and thus
depends on the local electrolyte capacitive characteristics in
1
Z—?. Because increasing ion concentration P in the electrolyte

D
Alpg_pps(AU)

AU.IPE—ERS([][))
can increase with ion concentration P due to increased C*. To
validate this model prediction, we conducted experiments to
Alpg_grs(AU)

PE-ERS( UO)

can decrease db and increase €h, we expect that
measure the electrode potential U-dependent in
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Figure S. Ion concentration dependence and dynamic responses of electrode potential modulated PE-ERS signals in the electrolyte. (A) The
measured and fitted PE-ERS intensities from NLNOEs as a function of electrode potentials in the electrolyte with different ion
concentrations. Each data point represents the average amount of the % at a specific voltage among the total S cycles, and the error bars
represent the standard deviation among the S cycles. (B) The normalized macroscopic capacitance Cp/Cp, and microscopic capacitance
C¥*/Cit (U > 0 V) and C¥~/Cé" (U < 0 V) for the electrical double layer (EDL) at different ion concentrations by fitting the
measurements in cyclic potential-dependent currents and PE-ERS signals, respectively. (C) Time-resolved PE-ERS traces at ~#87 cm™, and
PE-VRS traces at ~270 cm™ from NLNOEs in 1X PBS under electrode potential modulation of square wave functions.

electrolytes with different ion concentrations P, including 1X length dy (e.g., & 0.79 nm for 150 mol/m?, &~ 2.5 nm for for 15
PBS (PO = 150 mol/m®), diluted 0.1x PBS (P1 = 15 mol/m?), mol/m?) may cause a more significant effect of the difference
diluted 0.01x PBS (P2 = 1.5 mol/m?), and diluted 0.001X in electric susceptibility and, accordingly, dielectric permittivity
PBS (P3 = 0.15 mol/m?) solutions. Figure SA shows the between specifically/nonspecifically adsorbed CI” and Na*

experimental U vs Al grs(AU) L ocults from in situ EC-SERS species within the Stern layer unde;r7 (?gpposite U polarities on

Ipg-grs(Up) local capacitance values at hotspots.””””” Overall, the agreement

measurements of NLNOEs in electrolytes of different P under between the experimental data and the fitting results with

cyclic voltage sweeping between —0.5 and 0.5 V at a #50 mV/s different ion concentrations substantiates the credibility of the
scan rate for five cycles. There are several observations. First, developed model.

Alpprs(AU) oo o negative linear dependence on U but with a As shown in Figure 5C, we measured the temporal responses

Toggrs(Uo) of the PE-ERS pseudo peak at ~87 cm™' and Au—CI PE-VRS

reduced slope amplitude at lower ion concentrations P.
Second, in higher ion concentration electrolytes (150 mol/
m> and 15 mol/m3), the PE-ERS voltage modulation slope
amplitude is higher in positive than negative electrode
potentials, while the slope difference significantly drops in
lower ion concentration electrolytes (1.5 mol/m® and 0.15
mol/m?).

By defining a slope coeflicient as

peak at ~#270 cm™' under voltage square waves alternating at
+0.3V, 0V, or 0.5 V in 1X PBS with an integration time of
0.5 s. Similar to measurements under cyclic sweeping
conditions in Figure 3C, the square-wave inputs produce
more significant voltage modulation of the PE-ERS and PE-
VRS signals under the positive (U > 0 V) than negative
electrode potentials (U < 0 V) with similar voltage modulation
at rates, manifesting that the underlying electrode potential
modulation mechanisms for PE-ERS and PE-VRS signals
remain the same under different input voltage shapes.
Significantly, our measurements in Figure 3C and Figure 5C

pr— 4 1 G7
P n(Up)e dsp Aot
positive (+) and negative (—) electrode potentials, we can
express eq 8 as

AL(U) demonstrate that biocompatible Au-based NLNOEs can

m ~ —by=(U - U,) ©) produce PE-ERS signals with a substantial voltage modulation
9 <

e rate Arees(A0) o6 1506 V! to 230% V! in physiological

. . . AU.IPE-ERS( UO)
to fit measurements as .red lines in Figure SA and extract the electrolytes (e.g, 1X PBS); thus, they can potentially serve as
fitted b= slope co'e.fﬁclents at different lon c?ncentiatlonf .P label-free nonlinear voltage nanosensors. Although the PE-ERS
and electrode polarities (+). Based on bjf™*/bif" = C¥*/Cifg" in voltage modulation rate from NLNOEs is still lower than label-

a ratiometric normalization with the P, values from 1X PBS, based voltage-sensitive fluorophores (80% to 200% V™) and
Figure SB quantitively illustrates the effects of ion concen-

trations P and electrode potential polarities (+) on the PE-
ERS retrieved local capacitance values C§*/Ci" from
nanoscale plasmonic hotspots, which reveals several crucial
points by comparing with the cyclic I-V extracted macroscopic
capacitance Cp/Cp, from the cm® scale NLNOE sample area.
First, both macroscopic capacitance Cp/Cp, and microscopic
capacitance C§*/C#s" values decrease with decreasing P,

recently reported label-free linear scattering-based voltage
nanotransducers (2100% V~'),”%”" they may enjoy advantage
by combining label-free operations, low phototoxicity,
excellent photostability, and nonlinear NIR deep-tissue
sensing/imaging modalities by filtering elastic scattering
background. Furthermore, our analytical model in eqs 7 and
8 reveals that there is room to improve the PE-ERS voltage
I modulation performance in signal brightness and voltage
manifesting that Z_I; of the electrolyte EDL depends on ion sensitivity. To enhance the PE-ERS voltage modulation

D

. Al rs(AU) . . . .
concentration P. Second, the observation of much-increased amplitude N that is the signal brightness, we can (i)
differences between C#*/Cf" and CF~/Cf" only at higher increase the PE-ERS enhancement factor F,,, = |Eqp(z = 0)I*
ion concentrations suggest that a short electrolyte Debye by optimizing near-field plasmonic characteristics and (ii)
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expand the electrolyte-exposed mode area A, at the hotspot
by engineering nanocavity geometries. On the other hand,
AIPE—ERS(AU)
AU.IPE—ERS(UO)
, that is the signal voltage sensitivity, requires (i) reducing the
penetration depth dgp in the metal at the hotspot by optimizing
near-field plasmonic characteristics, and (ii) increasing the

achieving a higher PE-ERS voltage modulation rate

Aexp

exposed area ratio by engineering nanocavity geometries.

Finally, we note that the PE-ERS signals possess much
higher voltage modulation sensitivity than the traditional
elastic scattering-based plasmonic devices’” because the tightly
confined voltage-induced surface electron density changes
within the metal Debye length djj (~0.1S nm) have a high
spatial overlap with the plasmonic enhancement profile |Egpl* -

¢™#/% for PE-ERS signals with a tight |Egpl* -related optical
depth in the metal of dTgnP. Meanwhile, for the elastic channel,

the resonance wavelength shifts, or intensity changes are
determined by the total bulk charge density changes of the
plasmonic resonator,”” causing weaker voltage modulation
rates.

CONCLUSION

In conclusion, we have demonstrated a substantial capacitive
voltage modulation (up to ~30% V') of nanoplasmonic metal
luminescence associated with PE-ERS signals from hotspots at
the electrode—electrolyte interface using multiresonant
NLNOE arrays. We have developed a simple phenomeno-
logical model to capture critical plasmonic, electronic, and
ionic characteristics at the metal—electrolyte interface to
understand experimental observations, which can also provide
guidelines for further performance improvement. Significantly,
this study reveals that the voltage modulation of PE-ERS metal
luminescence signals originates from the spatial overlap
dsp
4
and electronic Debye length dfj for the electrolyte-exposed
metal surface at hotspots and can follow the changes in
microscopic capacitive characteristics (e.g., local electrolyte
Debye length db, local dielectric permittivity ef,) at the
electrode—electrolyte interface. While this study primarily
concentrates on modeling and analyzing PE-ERS originating
from Au-based MIM nanocavity hotspots under NIR laser
excitation, the developed model can be extended to include
other potential plasmon-enhanced metal luminescence pro-
cesses, such as intraband and interband photoluminescence of
hot carriers within the metal. This generalization is feasible
because these plasmon-enhanced metal luminescence mecha-
nisms involve plasmonic near-field enhancements and the
transition of electrons near the Fermi level. While additional
work will be needed, for example, to improve signal brightness
and voltage sensitivity by optimizing nano-optoelectrode
designs, the current work represents a critical step toward
the general application of nanoplasmonic metal luminescence
in optical voltage biosensing, hybrid optical—electrical signal
transduction, and interfacial monitoring of electrochemical
processes.

between the plasmonic mode |Egl* penetration depth

METHODS

Fabrication of Nano-Optode Arrays. First, a reusable PFPE
nanopillar array template on a PET substrate was created from a
silicon master of square nanowell (diameter ~120 nm, depth ~300

8642

nm, and periodicity #400 nm) arrays using nanoimprint lithography.
Next, the PFPE nanopillar array was spin-coated with diluted PMMA
solution, and the PMMA nanowell arrays were transferred onto an
ITO-coated glass slide using thermal nanoimprinting (~100 °C, 12
h). The PMMA nanowells were then transformed into nanoholes
using RIE, forming a deposition mask for e-beam evaporation of
alternating Au (25 nm) and SiO, (~10 nm) thin-film layers.
Subsequently, the PMMA was dissolved in anisole, removing excess
material and revealing an array of NLNAs with MIM nanocavities.
Lastly, a #30 nm thick Au layer was coated on NLNAs with a tilted
angle (x50°) for the substrate. The NLNOE is achieved after the off-
angle deposition of the Au layer.

Reflectance and Transmittance Measurements. Samples’
reflectance and transmittance spectra were measured by a UV—vis—
near-infrared (NIR) spectrophotometer (Cary 5000). The wavelength
range is from 400 to 900 nm with the step 0.5 nm.

Numerical Silations. The 3D FDTD simulations were performed
by commercial software (FDTD solutions, Ansys-Lumerical Inc.) to
numerically calculate the far-field spectra and the near-field
distributions of the plasmonic systems. Optical constants of Au
were taken from Johnson and Christy” in the spectrum range from
400 to 900 nm, and n = 1.5 was used for SiO,. A mesh with a
resolution of 1 nm in ¥, y, and z directions was used for the NLNOE.
To mimic the geometry of the nanolaminate SERS substrate
according to the SEM and FIB images, we construct the square
lattice with 400 nm periodic boundary conditions in the x—y plane.
For the noncoated and coated nanopillar structure, we adopted a
trapezoidal multilayered nanopillar and a coating layer diagonally
oriented in the square lattice.

Electrochemical Measurements. A custom-made EC cell was
constructed to contain the liquid and mounted onto the sample. An
Ag/AgCl electrode saturated in KCl served as the reference electrode,
while a platinum coil functioned as the counter electrode. Phosphate
buffer saline (PBS) was employed as the electrolyte solution,
consisting of 137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, and
1.8 mM KH,PO,. Deionized water was used for the dilution of the
PBS. Approximately 2 mL of the electrolyte solution was introduced
into the EC cell, and measurements were conducted at room
temperature. To prevent electrolyte purging issues over an extended
time scale (hours), we carried out all measurements within
approximately 10 min immediately following the addition of the
liquid. For all measurements, the substrate was rinsed with the
corresponding concentration of PBS solution between each use to
ensure cleanliness and reliability.

EC-SERS Measurements. Raman measurements were done
under laser excitation at a wavelength of 785 nm and power of 2
mW via a 10X objective (NA = 0.25) lens with a commercial confocal
microscope in the backscattering configuration. Single-point measure-
ments were done at a 0.5 s integration time and acquired by a CCD
camera in a commercial spectrometer to measure the Stokes—Raman
scattering. A long-pass filter was used to block elastically scattered
light at the wavelength corresponding to the laser line (Rayleigh
scattering), and the Stokes scattering passed through a multimode
fiber (100 pm core diameter) with the cleaved fiber core acting as the
confocal pinhole. EC modulation was done using a custom EC cell
and commercial potentiostat with the NLNOE as the working
electrode, platinum coil as the counter electrode, and Ag/AgCl as the
reference electrode.
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