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ABSTRACT
We have used surface plasmon resonant metal gratings to induce and probe the dielectric response (i.e., electro-optic modulation) of ionic
liquids (ILs) at electrode interfaces. Here, the cross-plane electric field at the electrode surface modulates the refractive index of the IL due
to the Pockels effect. This is observed as a shift in the resonant angle of the grating (i.e., Δϕ), which can be related to the change in the local
index of refraction of the electrolyte (i.e., Δnlocal). The reflection modulation of the IL is compared against a polar (D2O) and a non-polar
solvent (benzene) to confirm the electro-optic origin of resonance shift. The electrostatic accumulation of ions from the IL induces local index
changes to the gratings over the extent of electrical double layer (EDL) thickness. Finite difference time domain simulations are used to relate
the observed shifts in the plasmon resonance and change in reflection to the change in the local index of refraction of the electrolyte and the
thickness of the EDL. Simultaneously using the wavelength and intensity shift of the resonance enables us to determine both the effective
thickness and Δn of the double layer. We believe that this technique can be used more broadly, allowing the dynamics associated with the
potential-induced ordering and rearrangement of ionic species in electrode–solution interfaces.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0202642

INTRODUCTION

Recently, there has been considerable speculation surrounding
the behavior of room temperature ionic liquids at charged electro-
chemical (i.e., electrode) interfaces;1–7 however, the structure and
spatial profile of such interfacial charge remain largely elusive. The
behavior of electrolytes at electrode interfaces is of great interest for
a variety of chemical and biological processes ranging from elec-
trocatalysis to bio-membranes. Many research groups are studying
these interfaces using various techniques, including atomic force

microscopy,1,2 sum frequency generation (SFG) spectroscopy,8,9 and
anisotropic fluorescence depth profilingmeasurements.7 Wang et al.
reported a large Pockels effect in room temperature ionic liq-
uids with a charge-induced change in the index of refraction of
Δn = 0.3.6 However, the mechanism underlying these strong electro-
optic effects is still a topic of some debate and may arise from a
charge-induced long-range ordering of the ionic liquid that extends
over length scales of 100 μm, as observed by the anisotropic fluo-
rescence depth profiling measurements of Ma et al.7 Krishna et al.
reported charge profiling using three-dimensional (3D) atomic force
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microscopy (CP-3D-AFM) to experimentally quantify the real-space
charge distribution of the electrode surface and electrical double lay-
ers (EDLs) with angstrom depth resolution and found that these
charged interfacial layers extend over ∼1 nm.1,2 In, yet, another
study, Toda et al. reported the observation of the Pockels effect
in ionic liquids through voltage-induced changes in the Raman
spectra.10,11 From this, they concluded that the length scale of the
ordering in the ILs is 10–100 nm, extending more than would
be expected for the electrical double layer but not as far as the
micrometer scale reported by Ma et al.7 As such, this five order of
magnitude discrepancy (i.e., 100 μm vs 1 nm) has created some-
what of a controversy within the field. Several theory groups have
explored the interfacial structure of metal/ionic liquid (IL) systems
using ab initio molecular dynamics simulations; however, a large
gap currently exists between these simulations and experimental
measurements, and improved techniques for exploring the struc-
ture of these interfacial layers are much needed.12–19 The importance
of further exploring the electric field effects on ILs to unravel the
intricacies of interfacial structures and their control is pivotal for
advancing their functionalities.

Surface plasmon resonant gratings have been used to detect
small changes in the index of refraction for many years.20–23 This
phenomenon has largely been used for detecting the presence of
biomolecules and biomarkers through surface functionalization,
enabling applications in non-invasive cancer diagnosis and drug dis-
covery.24 Several research groups have explored the Pockels effect
using low-angle optical measurements.10,25,26 The SPR approach is
advantageous because it selectively probes a small volume, within
just a few nanometers of the electrode surface, without being

influenced by the dielectric constant of the bulk solution. SPR
sensors have been previously used to study the time relaxation
associated with the IL interfacial layers.27,28 However, combining
the experimental observations with electromagnetic simulations to
explore the structure of the electrical double layer and Pockels effect
at electrochemical/electrode interfaces in ionic liquids is still under-
explored. Here, we use the sensitivity of surface plasmon sensors
to interfacial index changes to explore voltage-induced changes,
explore potential ordering at interfaces, and compare ILs, water,
and dielectric solvents. This method enables us to investigate the
dynamics linked to the ordering and rearrangement of the double
layer.

RESULTS AND DISCUSSION

In our work, we have used metallic grating structures that sup-
port surface plasmon resonance in the visible light spectrum to
monitor changes in the refractive index at the interface between
the ionic liquid (IL) and the electrode, due to the application of an
electric potential. The complex propagation constant of surface plas-
mons is sensitive to the refractive index profile of the surrounding
medium. When an electric field is applied across the IL, it alters the
refractive index profile, impacting the conditions required for sur-
face plasmon excitation. By observing alterations under the resonant
excitation conditions (such as wavelength, angle, and polarization)
of the optical wave interacting with the surface plasmon, we can
infer changes in the medium’s refractive index. We measure the
strength of coupling between monochromatic light and the grating
structure across various angles of incidence and observe the change

FIG. 1. (a) First-order plasmon resonant mode and (b) shift in plasmon resonant angle at 785 nm plotted as a function of the index of refraction of the surrounding media for
a 500 nm corrugated Au grating (k = 0). (c) Change in band diagram and (d) shift in plasmon resonant angle at 785 nm as a function of the imaginary part of the surrounding
media index for a 500 nm corrugated Au grating (n = 1.4).
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in the incidence angle, yielding the strongest coupling with the sur-
rounding index profile perturbation. To excite the surface plasmons
in the grating structure, the momentum and energy of the incident
photons must match those of the surface plasmons (i.e., wave vec-
tor matching). The incident angles that satisfy this condition at each
wavelength can be found by solving the following equation:29–31

2πnd
λ

sin ϕ +m2π
a
= ±(Re{ω

c
( εdεm
εd + εm )

1
2 }), (1)

where a is the periodicity of the grating, m is the order of the sur-
face plasmon mode, ϕ is the incidence angle, and εm and εd are
the dielectric functions of the metal and the surrounding medium,
respectively.31 Figure 1 shows the first-order surface plasmon mode
in our corrugated gold grating with a 500 nmperiod obtained analyt-
ically using Eq. (1). Figure 1(a) shows the shift in resonance when the
real part of the refractive index of the surrounding medium changes
by 0.05 RIU (Refractive Index Unit) from a nominal medium index
of n = 1.4 and k = 0. The resonant shift depends on the wavelength
of the surface plasmon excitation and the local slope of the band dia-
gram at the wavelength. Figure 1(b) shows the resonance angle at a
wavelength of 785 nm plotted as a function of the change in the real
part of the refractive index of the surrounding medium (Δneffective).
The slope of this curve represents the sensitivity of our measure-
ment technique with this grating design and is estimated to be
S = dϕ

dn = 50○/RIU. The change in the imaginary part of the medium
index (k) has a minimal effect on the resonance shift, as evident
from Figs. 1(c) and 1(d). For a Δk of 0.1, the resonant angle shift
is negligible.

EXPERIMENTAL SECTION

For our electro-optic measurements, we employed a microflu-
idic cell comprising an ionic liquid encapsulated between a gold
(Au) grating and a gold-coated calcium fluoride (CaF2) window
with an optically transparent aperture in the center. In Fig. 2(a),
the schematic outlines the design of the sample cell, where a
∼1 mm thick polydimethylsiloxane (PDMS) stamp with a rect-
angular opening secures the ionic liquid sandwiched between the
Au grating and the CaF2 window. We have used the ionic liq-
uid [DEME+][TFSI−] (diethylmethyl(2-methoxyethyl)ammonium
bis(trifluoromethylsulfonyl)imide) for this experiment. An electric
potential is applied across the IL using electrodes attached to the
grating and the gold-coated CaF2 window. Figure 2(b) shows the
cross-sectional SEM image of the 500 nm pitch Au grating structure
used in this experiment. These gratings are fabricated by depositing
100 nm Au on a corrugated Si structure, patterned by photolithog-
raphy and reactive ion etching (RIE), as reported previously.29,32,33

We sweep through the plasmon resonance by varying the inci-
dent angle of monochromatic light at a wavelength of 785 nm.
Figure 2(c) shows the schematic that demonstrates our setup for
reflection measurements, where the polarization of the incoming
light is oriented perpendicular to the grating lines (p-polarization)
by means of a half-wave plate. The sample cell is attached to a
motorized rotational stage, and the reflection from the grating is
measured at different incident angles using a silicon photodetector
(Thorlabs S121C). We observe sharp dips in the photoreflectance
around ±4.6○, corresponding to the conditions under which there

FIG. 2. (a) Schematic diagram of the electrochemical cell used for the electro-optic
measurement. (b) Cross-sectional SEM image of the 500 nm pitch corrugated Au
grating structure. (c) Schematic diagram of the angle-dependent photo-reflection
measurement setup.

is wave vector matching between the incident light and the spacing
in the grating.29,30,33–36 Figure 3 illustrates the variation in reflected
power as the incident angle is swept from −10○ to 10○ under applied
voltages of 0 and 3 V. A notable shift in the plasmon resonance
toward smaller angles by Δϕ = 0.35○ is observed upon application
of the electric potential. In addition to the angle shift, the peak
reflectivity reduces with the applied potential as well. Under an
applied potential of 3 V, a reflection change of 18% is observed
[(18.27 − 14.94 mW)/18.27 mW = 18.2%]. This resonance shift,
which vanishes upon removal of the applied potential, is consistently
repeatable across several experiments, as evidenced in Fig. 3. When
a uniform perturbation of the refractive index permeates the entire
ionic liquid (IL) medium, resulting in a bulk refractive index change,
this shift in the resonant angle equates to an effective refractive index
alteration in the IL of Δneffective = 0.35/S = 0.007, where S denotes the
sensitivity determined in Fig. 1(b). The effective index change agrees
well with the electro-optic index changes in ILs previously reported
in the literature.11

Changes in the refractive index of ionic liquids under an
applied electric field can mainly be attributed to the development of
an electrical double layer (EDL) at the interface, resulting from the
electro-migration of cationic and anionic species. Previous studies
have shown that cations and anions are alternately stacked to form
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FIG. 3. (a) Angle-dependent reflection for different voltages applied across the
ionic liquid electrolyte. (b) Zoomed-in plot of the reflection profile in the range (a)
−5.4○ and −3.2○.

an interfacial layer, with its structure influenced by the sign of the
surface potential, as well as the disparities in size, shape, and sur-
face interactions among the ionic species.37 Toda et al. found that
applying a potential to ionic liquids (ILs) caused uniform intensity
changes in Raman spectra, independent of cation and anion vibra-
tional modes. They attributed this to the Pockels effect, where the
potential induces the ordering of ILs near the electrode interface.11
Wang et al. also reported the surface charge-induced birefringence
in ionic liquids (ILs) due to alterations in the electrical double layer
(EDL) with the applied potential.6 The molecular ordering induced
in the ionic liquid near the electrode interface breaks the inversion
symmetry, enabling the manifestation of the Pockels effect within
the interfacial domain, which subsequently alters the refractive index
as detected in experimental measurements. Conventional narratives,
which imply a uniform change in medium index, fail to acknowl-
edge the crucial aspect of electric field-induced molecular ordering
near the electrode interface. It has been postulated that a conformal
interfacial layer, extending a finite distance (h) from the electrode
surface, facilitates the analysis of the well-defined electrode–ionic
liquid interface through the application of the ray optics model.11
Although these models do not fully encapsulate the role of an
intermediate layer, which acts as a transitional zone between the
highly organized interfacial layer and the bulk liquid, they provide a
framework for delineating the structural transformations occurring
during molecular assembly.

NUMERICAL MODEL

In our system, we have modeled the EDL as a thin conformal
layer above the corrugated grating with a characteristic thickness
of h and a dielectric constant of εd + δεd (or index of n + Δnlocal).
The perturbation in the surface index change affects the surface plas-
mon wave vector and thereby the conditions of excitation required
to excite the resonance. For thicknesses much larger than the pene-
tration depth of the surface plasmon, the change in surface plasmon
wave vector converges to the same as in the case of bulk refrac-
tive index change.38 By employing computational electromagnetic
tools to simulate the Pockels effect in ionic liquids using a thin con-
formal layer characterized by variable refractive indices and layer
thicknesses, a more profound understanding of the interfacial layer’s
characteristics can be achieved. This approach enables a compara-
tive analysis between theoretical predictions and experimental find-
ings, thereby yielding enhanced insights into the interfacial layer’s
dynamics.

A commercial Finite Difference Time Domain (FDTD) solver
(Ansys Lumerical FDTD solutions) is used to solve Maxwell’s equa-
tions discretely in time and space for the grating structure. The
geometry of the corrugated grating surface is fitted to a measured
AFM (Atomic Force Microscope) cross-sectional profile using the
following equation:

y(x) = A[ 1
1 + eα(x−w)/a +

1
1 + e−α(x+w)/a ], (2)

where a is the periodicity of the grating (a = 500 nm), A is the height
difference between the peaks and valleys of the corrugation (corru-
gation amplitude), α specifies the slope of the corrugation, and w
determines the length of the flat top of the grating. By fitting the
surface geometry with Eq. (2), the fit parameters are obtained as
A = 54 nm, w = 0.25a, and α = 25. Using the momentum matching
condition [Eq. (1)] and Snell’s law, the refractive index of the bulk IL
is estimated be equal to 1.41 to satisfy the resonant angle (ϕo = 4.6○)
at 785 nm illumination.

We have simulated the reflection from the grating structure as a
function of angle of incidence in the presence of an EDL. A 785 nm
plane wave source is used to illuminate the grating structure at an
oblique angle. The reflection from the grating is monitored using a
power monitor placed behind the source as a function of the angle
of incidence. Figure 4(a) shows the simulated angular reflection of
the grating as a function of the EDL thickness (h) for a fixed index
change (Δnlocal) of the interfacial EDL, and Fig. 5(b) shows the same
as a function of the EDL index perturbation for a fixed thickness
of the EDL. The reflection from the grating as a function of angle
reaches a minimum value when the maximum coupling condition is
satisfied (corresponds to the resonant excitation condition). For pos-
itive index perturbation, the resonance shifts to lower angles with an
increase in both Δnlocal and h. The change in index also affects the
resonant reflection from the structure. The reflection initially goes
down with an increase in Δnlocal and then goes up. The change in
reflection is mainly from the change in the index of EDL and is in
alignment with the expectation from Fresnel’s equations. The sensi-
tivity of the resonance shift to both the thickness and index of EDL
can be explained by the near-field perturbation. Figure 5 shows the
resonant field profile simulated using FDTD with and without an
interfacial EDL. When the medium is a homogenous layer of the IL
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FIG. 4. Resonance shift with (a) the thickness of EDL for a constant local index change and (b) the perturbed index of EDL with a constant thickness.

FIG. 5. (a) Interface of Au grating and homogeneous ionic liquid medium. (b) Electric field intensity distribution and (c) field decay away from the metal for grating with
homogenous ionic liquid medium. (d) Interface of Au grating and ionic liquid medium with a conformal EDL. (e) Electric field intensity distribution and (f) field decay away from
the metal for grating with the EDL interface.

as shown in Fig. 6(a), the plasmonic field decays exponentially away
from the Au surface. The field is concentrated at the peak to trough
transition region of the grating. The penetration depth (Lpd) of the
surface plasmon excitation into the ionic liquid medium is estimated
to be 84 nm, as shown in Fig. 5(c). The resonant field profile with
an interfacial EDL of 10 nm thickness and 0.1 RIU index change
is plotted in Fig. 5(e). The cross-sectional field profile in Fig. 5(f)
clearly shows the perturbation of a smoothly decaying field due to
the introduction of EDL. If the thickness of the EDL is smaller than
the surface plasmon penetration depth, it can perturb the surface
plasmon field and, consequently, affect the plasmon wave vector.
The sensitivity of the surface plasmons to the EDL thickness goes
down with an increase in thickness. Beyond the penetration depth,
the plasmonic system cannot distinguish the EDL from a bulk index
change.

The h and perturbed refractive Δn of the interfacial layer are
varied, and the corresponding change in resonant excitation is sim-
ulated using FDTD. Figures 6(a) and 6(b) illustrate the simulated
shifts in resonant angle (Δϕ) and variations in resonant reflectiv-
ity (ΔR/R), respectively, contingent upon h and Δnlocal. The white
contour in Fig. 6(a) represents the required refractive index change
and corresponding thickness necessary to induce a resonance shift of
Δϕ = −0.35○, as observed in measurements. This contour line estab-

lishes an empirical correlation between the thickness and refractive
index adjustment of the interfacial layer, enabling the estimation
of the EDL’s thickness based on the refractive index change of the
conformal layer, and vice versa. In the bulk phase, the ionic liquid
exhibits a random assortment of ionic species. However, applying
an electrical bias close to the interface encourages greater organi-
zation of ions, thereby amplifying the refractive index alteration of
the conformal layer. Remarkably, to achieve a given resonant angle
shift, the requisite thickness (h) increases exponentially with minor
perturbations in the index.

When the EDL forms near the grating with a local index per-
turbation, the reflectivity of the structure changes compared to the
bulk medium. The reflection change is highly sensitive to the local
index change, but relatively independent of the EDL thickness. The
reflectivity changes remain almost constant as h increases. The simu-
lations have revealed that the reflection from the structure decreases
for small local index changes (small Δnlocal) and increases for suf-
ficiently large local index changes (large Δnlocal). The maximum
reflectivity drop observed in the simulation with a conformal index
perturbation is around 11%, which is lower than what is observed
in the measurements. This discrepancy could be due to the abrupt
boundary and uniform layer thickness assumption of the double
layer in the simulation. From Figs. 6(a) and 6(b), we obtain an
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FIG. 6. (a) Simulated electric field profile calculated on resonance. (b) Plasmonic electric field intensity as it decays away from the metal surface. (c) Plasmon resonance shift
as a function of the change in refractive index and thickness of the ionic liquid double layer. The contour tracks the combination of index change and thickness required to
satisfy the experimentally observed shift of −0.35○ with the applied potential. (b) Change in reflection from the grating as the double layer forms as a function of the change
in refractive index and thickness of the ionic liquid double layer. The contours represent the combination of index change and thickness required to obtain a resonance shift
of Δϕ = −0.35○ and 10% decrease in reflection. The red star represents the intersection point. (c) Simulated and (d) measured reflection as a function of incident angle to
the grating with and without an ionic liquid double layer.

h that produces a resonant angle shift of Δϕ = −0.35○ and a reflectiv-
ity change of ΔR/R = 11%, respectively. The h of 8 nm indicated by
the red star in Fig. 6(b) represents the approximate thickness derived
from the simulations that correspond to the changes in refractive
index from the experiment. Figure 6(c) shows the shifts in the sim-
ulated reflection spectra of the SPR grating structure using an EDL
thickness of 8 nm and a local change in refractive index of Δnlocal
= 0.1 with respect to the bulk IL medium without any EDL. The
measured response with and without an applied potential is shown
in Fig. 6(d) and qualitatively agrees with the simulations. The plas-
monic sensor offers the opportunity to probe into the dynamics of
the EDL formation. It was also observed that the ionic liquid exhibits
a strong asymmetric response with the polarity of the applied bias.
It can be inferred that the index shift in the interfacial layer is asym-
metric with the polarity of the immediate layer. In addition, it was
observed that the time constant of the optical response is much
higher than that of the current response.28,39

In conclusion, we have used surface plasmon resonant Au grat-
ings to measure the refractive index change due to the Pockels effect
created at the interface of polar liquid and metal gratings under
an applied electrochemical voltage. We observe a voltage-induced
change of Δϕ = 0.35○ in the plasmon resonant angle at an excita-
tion wavelength of 785 nm, which corresponds to an effective index
change of Δneffective = 0.007, which is of the same order reported
in previous studies.11,26 The electrostatic accumulation of ions from

ILs induces local index changes to the gratings over the extent of
the electrical double layer (EDL). Finite difference time domain
(FDTD) simulations are used to relate the observed shifts in the
plasmon resonance and change in reflection to the change in the
local index of refraction of the electrolyte. The angular and inten-
sity changes of the resonance enable us to determine the change
in index Δnlocal of the double layer. We believe that this technique
can be used more broadly, allowing the dynamics associated with
the potential-induced ordering and rearrangement of ionic species
at electrode–solution interfaces to be measured, provided that the
EDL is within the surface plasmon penetration depth.

SUPPLEMENTARY MATERIAL

The supplementary material provides the details of the materi-
als used, additional data of temporal dynamics of positive and nega-
tive biases, resonant shift of the IL with the polarity of the electrode
potential, sensing depth vs sensitivity trade-off, and electro-optic
modulation of water.
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