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ABSTRACT: Plasmonic antennas and metasurfaces can
eﬀectively control light−matter interactions, and this facilitates a deterministic design of optical materials properties,
including structural color. However, these optical properties
are generally ﬁxed after synthesis and fabrication, while many
modern-day optics applications require active, low-power, and
nonvolatile tuning. These needs have spurred broad research
activities aimed at identifying materials and resonant
structures capable of achieving large, dynamic changes in
optical properties, especially in the challenging visible spectral range. In this work, we demonstrate dynamic tuning of
polarization-dependent gap plasmon resonators that contain the electrochromic oxide WO3. Its refractive index in the visible
changes continuously from n = 2.1 to 1.9 upon electrochemical lithium insertion and removal in a solid-state device. By
incorporating WO3 into a gap plasmon resonator, the resonant wavelength can be shifted continuously and reversibly by up to
58 nm with less than 2 V electrochemical bias voltage. The resonator can remain in a tuned state for tens of minutes under open
circuit conditions.
KEYWORDS: Electrochromic, gap plasmon, dynamic tuning, optical properties, nanophotonics
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density and resonant frequencies in the infrared,9−11 as well as
in 2D materials,12,13 which are atomically thin. Other switching
mechanisms for resonant light−matter interactions include
phase-change materials,14,15 memristors,16 and hydrogen
(de)sorption.17 Nevertheless, few studies have demonstrated
resonant structures that aﬀord analog, continuous electrical
tuning of resonant absorption/scattering properties in visible
frequencies. These include the use of mechanical movement of
resonant nanostructures18 and the use of electrochemical and
electrochromic materials.19−28
Electrochromism is a well-studied phenomenon designed to
dynamically control optical transmittance using current and
voltage and is commonly used in smart windows for thermal
and light management for buildings and airplanes.29,30 In
electrochromic reactions, an external electrical stimulus
induces an electron and a guest ion like H+ or Li+ to
simultaneously enter a redox-active host material like WO3.
The electron is donated to the host and changes the host’s
carrier concentration ne. Unlike electric ﬁeld or polarizationbased gating, the ionized guest (i.e., H+ or Li+) is a dopant that
balances the charge of the extra electron and thus enables
modulation of the carrier concentration by over 1022 cm−3 in

ptically resonant nanostructures function as optical
antennas and enable the deterministic design of optical
properties through accurate control over their material
properties, dimensions, and dielectric surrounding. Due to
their large optical scattering and absorption cross sections at
resonance, such nanostructures are promising for a wide range
of (nanoscale) applications, including (bio)sensing,1 photodetection,2 and color ﬁltering.3 However, the materials
properties and structural geometry are typically static and
ﬁxed at the time of synthesis and/or fabrication. The ability to
actively and dynamically control the optical response and, in
particular, the optical resonant wavelengths of nanostructured
elements would enable a wide range of new functionalities and
structures.4,5
Plasmonic antennas based on metals are a well-studied class
of resonant nanostructures.6,7 Such antennas exhibit optical
resonances in the visible spectral range due to the high plasma
frequency ωp of metals, which is directly proportional to the
square root of the electron concentration ωp ∼ ne . Electrically gating such structures to dynamically tune their optical
properties is the subject of several recent reports.8−12
However, eﬀective Debye screening in metals and in their
dielectric environments severely limits the magnitude of the
carrier density modulation and/or the depth of the ﬁeld
penetration to nanometer scales. As such, these gating
approaches are only practical for materials with lower carrier
© 2019 American Chemical Society
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Figure 1. Electrically controlled gap plasmon device showing tunable structural color based on the electrochromic material WO3. (a) Schematic of
the solid-state electrochromic device. Electrical current ﬂows through the external circuit while Li+ ions travel through the solid electrolyte. The
working electrode consists of an Al/LixWO3/Al gap plasmon resonator structure; a schematic of one resonant nanoparticle is shown in the inset.
(b) Tilted scanning electron micrograph of an Al plasmon nanoparticle array placed on top of a WO3 and Al ﬁlm. The top-right inset shows a single
representative resonant nanoparticle with its length (L) and width (W) as indicated. The bottom-left inset shows a cross-sectional image acquired
by focused-ion beam milling. The period of the patterns is 225 nm. The sample was coated with a conductive polymer to mitigate charging eﬀects
during SEM imaging. (c, d) Optical microscope images showing the polarization-dependent structural color in the delithiated (c) and lithiated (d)
states. Images here were taken from a color-sensitive CMOS camera and directly displayed without further image processing. The designed
nanoparticle length L = 90 nm, and the width varies from W = 70 nm (top) to W = 50 nm (middle) to W = 30 nm (bottom). The color changes
upon lithiation (from (c) to (d)) as a result of the changes in the refractive index of the LiXWO3. The detected polarization is longitudinal (parallel
to nanoparticle long axis, left) and perpendicular (right), as indicated by the white arrows. The dark fractal-like shape results from inadvertent
environmental contamination but does not aﬀect the (electro)chemistry of the device. (e) Measured reﬂection spectra of the region marked with a
white dot in (c, d) for longitudinal (left) and perpendicular polarization (right). The dashed line indicates the reﬂectance averaged over the
experimental spectral range. The spectra for other patterns are shown in Figure S4. Fabry−Perot resonances arising from the ∼2 μm thick
electrolyte are ﬁltered digitally (Figure S5).

the bulk without Debye screening eﬀects.31 These large
changes in ne enable the modulation of plasmon resonances
at visible frequencies.
While electrochromism is widely used to control the bulk
optical absorbance of thin ﬁlms, there are a few examples
where it is used to control the optical properties of
subwavelength resonant nanostructures. Such demonstrations
generally modify the optical properties of the dielectric media
surrounding metallic subwavelength nanostructures.20,22,24−28
While promising, existing demonstrations employ liquid
electrolytes, which limit their applicability for on-chip resonant
optical coatings and devices. Many studies in this area also use
polymer electrochromics:22,24,25,28 while such materials switch
quickly in the millisecond range, they are less thermally and
UV-exposure stable32 than inorganic metal oxide ones. Metal
oxides are also generally more compatible with standard
microfabrication processes. Finally, most previous works use
the electrochromic to change the free-carrier absorption of
light, either broad-band24 or at speciﬁc wavelengths,22 and
harness the electrochromic’s ability to change the imaginary
part of the refractive index k. Changing the resonant

wavelength, however, necessitates changes in the real part n
and is more challenging. Since n and k are coupled, attempts to
modulate the resonant wavelength via n often result in
signiﬁcant broad-band absorption: for example, a 36 nm shift
in the resonant wavelength of a photonic crystal upon
electrochromic ion insertion was accompanied by a nearly
70% reduction in the intensity of the reﬂected light at
nonresonant wavelengths.19 In another example,28 the
resonant scattering intensity for one redox state may be
much lower than that of the other redox state, leading to a
signiﬁcant attenuation of the optical response that arises from
the plasmonic metasurfaces. In order to shift the resonant
wavelengths while minimizing the nonresonant absorption, it is
essential to minimize broad-band free-carrier optical absorption in the electrochromic material, while ensuring that all
redox states support the desired plasmon resonances.
Here, we employ an electrochromic tungsten oxide to serve
as a solid-state dielectric spacer of a gap plasmon
resonator33−35 to dynamically control the structural color36
with minimal decrease in the overall reﬂected light. We show
that an electrochromic LiXWO3 layer (0 < X < 0.2) only 17 nm
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0.2) dielectric in the gap plasmon resonators, thereby changing
the resonant wavelength.
Figure 1c shows the structural color, taken by a colorsensitive CMOS camera and displayed without further
manipulation, for one representative pattern in the array in
the delithiated state (Li0.0WO3) for the W = 50 nm (middle)
and W = 70 nm (top) samples. The particle length L = 90 nm.
The lower area is largely unpatterned as a result of
underexposure of the W = 30 nm particles during the
electron-beam lithography. Due to the rectangular shape of the
Al nanoparticles, the structural colors also depend on the
polarization of the light. Here, the structure appears blue for
longitudinal and orange for perpendicular polarization. The
structural color also depends on the particle size (Figure S3),
consistent with previous reports.
To tune the lithium concentration in LiXWO3, we apply a
reducing voltage (−1.4 V against the LiYFePO4 counter
electrode) for ∼10 min to insert Li+/e− into the LiXWO3
electrode to obtain the lithiated state or an oxidizing voltage
(+1.0 V) to remove Li+/e− and obtain the delithiated state.
The applied electrochemical voltage dictates the ﬂow of
electrons in the circuit, which in turn controls the rate of
lithium insertion and removal. By using a LiYFePO4 reference
electrode, which has an electrochemical potential ∼3.4 V vs
Li/Li+, we minimize the open-circuit “oﬀset” voltage that
allows the device to be cycled between −1.4 and +1.0 V; using
a Li/Li+ reference would increase the measured voltage by 3.4
V (Figure S2). The 10 min duration of the applied voltage
ensures complete optical switching across its dynamic range; as
we shall show later, switching can also be accomplished in ∼20
s.
This dynamic modulation in the lithium concentration
actively changes the observed structural colors (Figure 1d);
spectral color changes are also observed for other patterns
(Figure S4). For longitudinal polarization, the structure
changes from blue to a red/purple color; for perpendicular
polarization, the color also changes (Figure 1d). The measured
optical reﬂectance spectra at the location indicated by the
white dot show that the reﬂectance spectrum blue shifts by 58
nm for longitudinal polarization and 31 nm for perpendicular
polarization (Figure 1e). The spectral shift is determined by
the combination of the change in the gap plasmon mode index
and the optical propagation length inside the gap plasmon
(which scales with particle length). As such, the blue shift is
smaller for perpendicular than for longitudinal polarization. A
low-pass digital ﬁlter was used to remove the Fabry−Pérot
interference fringes that result from the electrolyte layer
(Figure S5). Despite a large 58 nm blue shift in the resonance,
the resonant features are clearly visible with little change in the
total reﬂectance averaged across all wavelengths: in eight
representative structures for particle sizes ranging from 50 to
100 nm, the averaged change in reﬂectance is less than 5%
relative (Figure S4). As we will explore in more detail later, this
largely arises because the additional absorption at nonresonant
wavelengths due to ion insertion is minimized. The minimal
reduction of overall reﬂectance upon lithiation contrasts
signiﬁcantly with previous works using thicker dielectrics,
which results in large optical losses at both resonant and
nonresonant wavelengths.19,24,26 Our experimental results
unambiguously demonstrate a solid-state device with the
ability to tune the resonance frequency of a gap plasmon in
visible wavelengths.

thick can be used to form a polarization-dependent Al/
LiXWO3/Al gap plasmon structure that displays large dynamic
tuning of its resonant properties. LiXWO3 changes its refractive
index n from ∼2.1 to ∼1.9 in the visible spectral range as the
lithium concentration X changes upon electrochemical lithium
insertion. The strong ﬁeld conﬁnement in the gap at resonance
ampliﬁes the sensitivity to changes in n of the material in the
gap.37 As a result, we observe a 58 nm shift in the plasmon
resonance wavelength upon application of an electrochemical
potential of below 2 V, with minimal increases in the
attenuation, in our liquid-free, solid-state device. This leads
to notable changes in the structural color. While LiXWO3
becomes more optically lossy upon lithium insertion, the
ultrathin structure of our dielectric minimizes the additional
absorption losses at nonresonant wavelengths. As a result, the
plasmon resonances are sustained while the resonant wavelength changes. A further advantage of reduced thickness is
accelerated lithium transport within the electrochromic layer,
which is often the rate limiting step in switching electrochromic devices. Both the magnitude and direction of this shift
are consistent with simulations and allow for the rational
design of tunable optical structures using gap plasmons.
We design an electrically tunable gap plasmon device using
electrochromic WO3 (Figure 1a). The metal−insulator−metal
gap plasmon resonators are composed of a bottom 100 nm
thick Al metal ﬁlm, a 17 nm amorphous LiXWO3 (0 < X < 0.2)
ﬁlm as the dielectric spacer, and a top array of Al metal
rectangular nanoparticles. The nanoparticles are 50 nm tall and
have diﬀerent lengths and widths; the rectangular nanoparticles
here enable a polarization-dependent response, whereas
spherical resonators do not.28 The use of an inorganic metaloxide electrochromic layer enables us to easily integrate this
structure using standard lithography and physical vapor
deposition processes−including the fabrication of the Al
nanoparticle array on top of the electrochromic dielectric
spacer (see Supporting Information for fabrication details).
Figure 1b shows a tilted scanning electron micrograph and a
cross-section of a representative nanoparticle array.
To complete the all-solid device, we place a LiYFePO4 (Y ∼
0.7) composite electrode onto an Al current collector about 5
mm away, to serve as the counter electrode and the reference
electrode. This electrode acts as a source and sink of lithium
for the switching layer in the gap plasmon resonators. We
ionically connect the two electrodes using a ∼2 μm thick,
optically transparent solid polymer electrolyte (30% LiClO4
dissolved in 600 000 MW poly(ethylene oxide)). The device is
placed in an inert argon environmental housing with a glass
window for optical access (Figure S1) and is operated at 80 °C
to improve the ionic conductivity of the electrolyte. Upon the
application of an electrical current and voltage between the
LiYFePO4 electrode and the Al/WO3/Al electrode, an electron
and its complementary Li+ ion move between LiYFePO4 and
LiXWO3 via the current collector circuit and the electrolyte,
respectively. Although WO3 is treated as an insulator at optical
frequencies, it contains suﬃcient electronic conductivity for dc
electron transport into the bulk. This allows reversible tuning
of the lithium concentration of the dielectric from Li0.0WO3 to
Li0.2WO3, where the concentration of Li (0.2) in the lithiated
state was determined by counting the number of electrons
passed for a given thin ﬁlm (Figure S2). This shows that ∼1022
cm−3 of e− and Li+ are reversibly inserted and removed. As we
will show later, this reversible insertion and extraction of
lithium alters the optical properties of the LiXWO3 (0 < X <
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Figure 2. Origin of the structural color change in Al/WO3/Al resonators. (a) Refractive index of a WO3 ﬁlm upon lithium insertion to Li0.2WO3
(red) and upon lithium removal to Li0.0WO3 (blue). The optical constants are measured on a 64 nm thick LiXWO3 ﬁlm. (b) Simulated reﬂectance
spectrum (longitudinal polarization) for Al nanoparticle arrays (p = 225 nm) with particle length L ranging from 50 to 100 nm in steps of 10 nm
and a delithiated Li0.0WO3 dielectric. The simulated structure and dimensions are shown as an inset, with the particle width W = 60 nm. (c)
Simulated reﬂectance spectrum for longitudinal (left) and perpendicular (right) polarization for the lithiated Li0.2WO3 (red) and delithiated
Li0.0WO3 state (blue). The simulated nanoparticle length L = 85 nm and W = 60 nm are slightly smaller than the experimental design dimensions in
Figure 1c−e because the actual size of the experimental nanoparticles is likely smaller than the design size. The inset shows the ﬁeld intensity
enhancement proﬁle at resonance, demonstrating the strong plasmonic ﬁeld conﬁnement inside the gap. Note that the color map is normalized to
the incident light intensity and is saturated for improved visibility.

period p = 225 nm on top of a 17 nm LiXWO3 ﬁlm and a semiinﬁnite Al substrate. The background refractive index is set to n
= 1.45 to simulate the presence of the solid polymer
electrolyte.41 As shown in Figure 2b, the structural color is
highly dependent on the particle length L for the delithiated
Li0.0WO3, with a clear dip in reﬂection due to resonant
absorption; Figure S7b shows the simulated reﬂectance as a
function of particle size in lithiated Li0.2WO3. This dip red
shifts for increasing particle length, consistent with the change
in the structural colors observed experimentally (Figure S3).
Near-unity optical absorption is achieved at designed wavelengths, giving rise to distinctively diﬀerent colors in reﬂection.
The resonance line width increases with particle size as a result
of increased radiative losses. The ﬁeld-proﬁle (intensity
enhancement) at resonance is shown as an inset in Figure 2c
for L = 85 nm. The ﬁeld distribution clearly resembles that of
the lowest order gap plasmon resonance with strong ﬁeld
conﬁnement in the thin Li0.0WO3 layer, resulting in a large
sensitivity to the refractive index of the dielectric.
Next, we utilize this ﬁeld conﬁnement in the LiXWO3 layer
to simulate the change in the resonance wavelength upon
lithium insertion. Figure 2c shows the simulated reﬂectance
spectrum for L = 85 nm and W = 60 nm for longitudinal (left)
and perpendicular polarization (right). These dimensions were
found to best match the experimental results in Figure 1c−e
and are within fabrication uncertainties. Both the lithiated and
delithiated spectra show a shorter resonance wavelength for
perpendicular polarization, consistent with the smaller particle
dimension in the perpendicular direction (W = 60 nm). Upon
lithium insertion, the reﬂection spectrum shows a 48 and 34
nm blue shift for longitudinal and perpendicular polarization
respectively (Figure 2c), close to the experimentally observed
58 and 31 nm shift. Importantly, the additional oﬀ-resonance
absorption is minimal (Figure S7b,c), particularly for wavelengths far from the gap plasmon resonance, resulting in a
minimal decrease in the average reﬂectance especially for
smaller particle sizes (Figure S7d). Detailed analysis of the
optical absorption (Figure S8 and S9) shows that the lithiated
Li0.2WO3 ﬁlm is signiﬁcantly absorbing at resonant wavelengths, but the increase in absorption is small at nonresonant

To rationalize these observations, we conduct spectroscopic
ellipsometry on 64 nm thick ﬁlms of LiXWO3 in both the
lithiated (reduced) and delithiated (oxidized) states. The
lithiated ﬁlm was prepared by electrochemical lithium insertion
of a pristine WO3 ﬁlm grown on Si, while the delithiated state
was prepared by the electrochemical removal of lithium from a
previously lithiated ﬁlm (see Supporting Information for
details). Figure 2a shows the results, which are generally
consistent with previous work.38 The delithiated Li0.0WO3 has
a refractive index resembling a wide bandgap semiconductor
with a bandgap at ∼3 eV. The material is mostly transparent at
visible wavelengths with a refractive index n ∼ 2.1 and is well
described by a Tauc−Lorentz model.39 The refractive index of
the delithiated ﬁlm is somewhat diﬀerent from that of a pristine
WO3 ﬁlm, which is attributed to residual amounts of lithium in
the nominally delithiated structure (Figure S6). The lithiated
Li0.2WO3, however, shows two signiﬁcant changes. First, there
is an increase in the imaginary component of the refractive
index (k) at visible wavelengths. This increase in optical
absorption is caused by free-carrier absorption from the
inserted electrons that accompany the Li+ ions and is welldescribed by an additional Drude term in the ellipsometry
model. The LiXWO3 ﬁlms used here are thicker than the ones
used in the gap plasmon resonators (Figure 1) in order to
minimize the contribution from surface scattering in ultrathin
ﬁlms to the optical attenuation measured by the ellipsometer.
Second, there is a signiﬁcant blue shift in the Tauc−Lorentz
resonance frequency, which indicates a change in the optical
bandgap for the charge carriers that ﬁll the bottom of the
conduction band (Pauli blocking).40 Combined, these changes
result in a signiﬁcant reduction of the refractive index to n ∼
1.9 at visible wavelengths. These measured optical properties
were also used to design the gap plasmon structures.
To more quantitatively understand the relationship between
the change in the optical index, the gap plasmon resonance
frequency, and the resulting structural color, we conduct ﬁnitediﬀerence time-domain (FDTD) simulations using the
experimental optical constants (obtained from ellipsometry)
and structural geometries. We simulate an array of Al
rectangular nanoparticles (h = 50 nm, W = 60 nm) with
7991
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Figure 3. Continuous tuning of structural color, temporal dynamics, and retention time. (a) Cyclic voltammetry of the tunable structural color
device. Negative current corresponds to Li insertion (red shaded), positive current to Li depletion (blue shaded). The colored dots indicate the
corresponding reﬂectance spectrum in (b). The shape of the voltammetry proﬁle in this device is consistent with the shape of LiXWO3 cycled in
liquid electrolytes (Figure S2). The reference electrode here is LiYFePO4 (Y ∼ 0.7), which lies at an electrochemical potential 3.4 V above Li/Li+.
(b) Reﬂectance spectra (left) and the corresponding wavelength of minimum reﬂection (right) taken during the cyclic voltammetry in (a), showing
a continuous shift. The spectra are stacked and vertically oﬀset for visibility. (c) Reﬂectance spectra as a function of time for the ﬁrst 48 s of the
switching speed test involving ∼25 s of delithiation (+1 V) and lithiation (−2 V). The time step between spectra is 4 s. (d) Wavelength of
minimum reﬂectance as a function of time. The applied voltage is indicated by the background color, and the tangent lines indicating the maximum
switching speed are also shown. (e) The device retains its state for tens of minutes in both the lithiated and delithiated states under open-circuit
conditions without the application of current and voltage. The reﬂectance minimum in the fully lithiated (565 nm) and delithiated state (619 nm)
are shown as dashed lines for reference.

a small contribution of the experimentally observed blue shift
but is too small to be explored in simulations. Finally, the
experiments also do not show unity absorption at the resonant
wavelengths, which may result from reﬂection at the air/
housing and argon/electrolyte interface (Figure S1). Light
scattering in the electrolyte and at the electrolyte/argon
interface may explain the decrease in reﬂection intensity
between simulated and experimental results. Despite these
diﬀerences, our FDTD simulations conﬁrm that the spectra
changes in the structural color arise from a reduction in the
optical index n of the dielectric LiXWO3 layer upon lithiation.
We next characterize the ability of the solid-state electrochromic device to obtain continuous, analog states, switch in
tens of seconds, and attain nonvolatile optical responses.
Analog tuning of the electronic conductance of LixWO3 has
recently been demonstrated attractive for implementing
neuromorphic computing in the electrical domain.44 Likewise,
tuning the optical properties could prove useful for
implementing neuromorphic networks in the optical45 or the
hybrid electronic-optical domain. Unlike phase-change memory, liquid crystals, and memristors, which are primarily binary
switching mechanisms, electrochromic materials allow for
continuous, analog variations between the lithiated and
delithiated end states. To demonstrate continuous tuning of
the structural color, we use a cyclic voltammetry sweep at 3

wavelengths. For example, when the plasmon resonance is
∼470 nm in the perpendicular polarization for W = 60 nm, the
total power dissipated by the LiXWO3 and Al layers increases
slightly from 31% to 35% at λ = 700 nm upon lithiation
(Figure S9). These results are qualitatively consistent with
experimental results showing a signiﬁcant shift in the resonant
wavelength with minimal additional oﬀ-resonant absorption.
Comparing the simulated and experimental results, several
diﬀerences can be observed. First, the simulated line widths are
slightly narrower than the experimentally measured ones, likely
a result of enhanced scattering by the irregularly shaped
particles that arise due to a chemical reaction between Al and
WO3 during fabrication (Figure 1b). Second, the simulated
results show a stronger overall attenuation of the reﬂection
intensity upon lithiation than the experimental results, possibly
because the 17 nm WO3 in the gap plasmon has slightly
diﬀerent optical properties than the 64 nm WO3 ﬁlm used for
ellipsometry. The refractive index may also slightly depend on
temperature; however, previous measurements of pristine WO3
shows that heating the sample to 80°C changes n by less than
0.01 (ref 42). Third, the eﬀect of volume change upon
lithiation has been neglected in the simulations. Typically,
WO3’s volumetric change upon lithiation is ∼2% (ref 43); thus
the linear change in thickness for a 17 nm ﬁlm is expected to
be below 2 Å. This minor change in thickness could give rise to
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mV/s between −1.4 and +1 V (Figure 3a). Our results show a
continuous change in the reﬂectance spectra for longitudinal
polarization (Figure 3b). Starting in the lithiated state, the
reﬂectance minimum gradually red shifts upon Li depletion
and saturates at ∼620 nm. Upon lithium insertion, the reverse
occurs, and the reﬂectance minimum continuously moves back
to ∼565 nm. These results conﬁrm that the addition and
removal of lithium allows for a continuous shifting in the
optical properties and thus the gap plasmon resonance
conditions, as a result of the continuous tuning of the
ambipolar e−/Li+ concentration in LiXWO3.
Next, we determine the speed by switching over a limited
spectral range. We apply −2.0 and +1.0 V, respectively, for
lithium insertion and lithium removal and measure the
reﬂectance spectrum as a function of time. A more negative
voltage (−2.0 V, compared to −1.4 V in Figure 3a) was
applied here in order to increase the switching speed. Figure 3c
plots the reﬂectance spectra, while Figure 3d shows the
characteristic local reﬂectance minimum, which serves as an
indicator for the spectral shift in the resonant condition. Our
results show that delithiation (oxidation) shifts the spectra at a
speed up to 4 nm s−1, with a total notable 20 nm spectral shift
in less than 10 s. The maximum rate of spectral shift in the
lithiation process, however, is slower with −1.5 nm/s, and a 20
nm spectral shift requires nearly 20 s. Note that the delithiation
rate saturates and the ∼25 s period of constant voltage is
insuﬃcient to tune across the complete 565−620 nm range.
The switching speeds here are signiﬁcantly slower than devices
using electrochromic polymers,24,28 where protons diﬀuse
much faster, but are comparable to electrochromic devices
using inorganic metal oxides,27 which are more stable and
more compatible with standard microfabrication processes.
The switching time in the tens of seconds range is consistent
with a characteristic diﬀusion time (L2/D) of ∼20 s. The
diﬀusivity (D) of amorphous WO3 is typically on the order of
10−12 cm2 s−1 (ref 46). The characteristic diﬀusion length (L)
is approximately the sum of the ﬁlm thickness (17 nm) plus
half the size of the Al particles (∼40 nm). Since the Al particles
block the LiXWO3 (Figure 1a) from directly receiving Li+ from
the electrolyte, the lithium must diﬀuse around the Al particles
to enter the gap. Increased switching speeds could be achieved
by using electrode materials with faster ion diﬀusivity; certain
crystalline tungsten oxide polymorphs have lithium diﬀusivities
between 10−9 and 10−7 cm2 s−1 (ref 46), while LiCoO2 ﬁlms
have diﬀusivities as high as 10−9 cm2 s−1 (ref 47) and exhibit
changes in n upon lithium insertion and removal. 38
Substituting Li+ with protons, which also induce electrochromic behavior in WO3, may also improve ion diﬀusivity and
switching speeds.40,48 If the diﬀusion times can be decreased,
another rate-limiting process is the ionic resistance in the
polymer between the LiYFePO4 and the LiXWO3, which can be
reduced by decreasing the distance or using a more ionically
conductive electrolyte, such as the recently demonstrated class
of “ionogel” solid electrolytes with ionic conductivities several
orders of magnitude higher compared to the solid electrolyte
used in this work.49
Finally, we demonstrate nonvolatile switching of our solidstate electrochromic device by removing the external electrical
circuit contacts on the Al current collector (Figure 1a) and
study the stability of the state as measured from the reﬂectance
minimum. Figure 3e shows the stability of both the lithiated
and delithiated states that are prepared by applying −1.5 and
+1 V, respectively. Our results demonstrate that the optical

spectra are primarily stable for tens of minutes. Some of the
loss likely arises because residual water vapor in the device and
chamber oxidizes the lithiated state and reduces the delithiated
state, resulting in a slight red shift and blue shift, respectively.
Nonetheless, our results show that, even after 17 min, the
response still retains signiﬁcant memory of its original state
with a 36 nm separation, corresponding to ∼65% of the full
spectral shift. Unlike liquid crystal displays, retaining the device
in a speciﬁc state thus does not require a continuous
application of power.
In summary, we demonstrate a tunable gap plasmon
electrochromic device based on a LiXWO3 ﬁlm that combines
the dielectric in a metal/insulator/metal gap plasmon structure
and an electrochromic oxide with dynamically tunable optical
properties. Using electrochemical lithium insertion and
removal to continuously change the refractive index of
tungsten oxide from 2.1 to 1.9, our polarization-dependent
gap plasmon resonant wavelength dynamically shifts by as
much as 58 nm at visible wavelengths. The devices exhibit
continuous, analog states, switch in tens of seconds, and attain
nonvolatile optical responses. Further improvement in switching speeds could be achieved using materials with faster ion
diﬀusivity, while improvements in dynamic range could be
achieved by using materials with larger changes in n upon ion
insertion. Large-area applications of the gap-plasmon structures
can be realized using nanoimprint lithography, which has
demonstrated large-area patterning of deep subwavelength
features,50,51 including role-to-role printing.52 The combination of electrochromism with subwavelength resonant
structures provide exciting opportunities for solid-state devices
with electrically tunable optical responses and reﬂective
displays.53
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