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ABSTRACT: Dynamic tuning of metamaterials is a critical step toward
advanced functionality and improved bandwidth. In the visible spectrum, full
spectral color tuning is inhibited by the large absorption that accompanies index
changes, particularly at blue wavelengths. Here, we show that the electro-
chemical lithiation of anatase TiO2 to Li0.5TiO2 (LTO) results in an index
change of 0.65 at 649 nm with absorption coefficient less than 0.1 at blue
wavelengths, making this material well-suited for dynamic visible color tuning.
Dynamic tunability of TiO2 is leveraged in a Fabry−Perot cavity and a gap
plasmon metasurface. In the Fabry−Perot configuration, the device exhibits a
shift in reflectance of over 100 nm when subjected to only 2 V bias while the gap
plasmon metasurface achieves enhanced switching speed. The dynamic range,
speed, and cyclability indicate that the TiO2/LTO system is competitive with
established actuators like WO3, with the additional advantage of reduced
absorption at high frequencies.
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■ INTRODUCTION

Color can be categorized as pigmentary or structural, and while
pigmentary colors eliminate certain wavelengths of light due to
absorption at energies dictated by electronic transitions,
structural color is generated from physical geometry. Since
structural color does not directly rely on absorption, materials
with ultralow loss can be harnessed to build vibrant colors
through interference, diffraction, or scattering. Active control
over structural color is a burgeoning field of interest with
applications in areas such as anticounterfeiting, consumer
electronics, thermoregulation, and camouflage.1,2 Furthermore,
decoupling the electromagnetic response from intrinsic
material properties allows for access to numerous modalities
for dynamic color tuning. Approaches to modulation can be
separated into two categories: (1) mechanical reconfiguration
of the geometry and arrangement of scatterers; (2)
manipulation of the optical properties of the scatterer or its
environment for a resulting change in resonance frequency.2

Although there are a variety of paths to achieve modulation,
electrochemistry is the only method that belongs to both
categories as it can provide large changes in geometry3 as well
as modulation of the carrier concentration4,5 made possible by
ionic diffusion and charge compensation, therein overcoming
Debye screening effects.4

Considering the vast arsenal of materials available for
optoelectrochemical tuning, it has been particularly challenging
to find a continuously tunable material with high index and

transparency throughout the visible spectrum, particularly in
the blue region. To date, only a few materials systems have
been leveraged for electrochemical tuning of metamaterials,
but they either experience high losses in the visible (i.e., Si,
metals) or have limited dynamic range (i.e., polymers, WO3).
Titanium dioxide (TiO2) is a popular material for photonics
due to its high index and low absorption coefficient, and while
the electrochromic properties of TiO2 nanoparticles are well-
known,6−9 there remain ample opportunities to further harness
this phenomenon for structural color tuning. In metasurfaces,
the transition metal oxide has found a multitude of applications
including planar metalenses,10−12 perfect reflectors,13 sub-
tractive color filters,14 and aberration correction.15 There has
been a demonstration of a tunable TiO2 metasurface using ion
implantation in which the structural color of an array was fully
damped,16 but many applications require functionality beyond
amplitude modulation.
Meanwhile, in the electrochemistry community, TiO2 is a

reliable anode material for lithium ion batteries, known for
excellent cycle life and minimal volume expansion.17−21 The
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reversible reaction is well studied: TiO2 + xLi+ + xe− →
LixTiO2, where x is the mole fraction of Li.22 Upon Li+

intercalation up to x = 0.5, the tetragonal symmetry of anatase
(I41/amd) is broken, forming orthorhombic Li0.5TiO2 (Imma)
which is accompanied by ∼5% volume change.22−24 At 0.05 <
x < 0.5, TiO2 and Li0.5TiO2 coexist in a two-phase system,
resulting in a constant potential during charge and discharge.
Insertion of additional lithium is possible for nanostructures
and thin films at low current densities but results in reduced
Li+ ion mobility.17,22,25,26 To our knowledge at the time of
writing, the dielectric function of electrochemically lithiated
Li0.5TiO2 (henceforth referred to as LTO) has never been
experimentally measured.
Here, we critically evaluate the TiO2/LTO system as an

electrochemical tuning agent for active metamaterials and
demonstrate its efficacy for modulation of nanophotonic
structures. In contrast to previous studies of electrochromism
in TiO2, the incorporation of resonant nanostructures
harnesses both real and imaginary parts of the complex
dielectric function to produce vibrant structural color spanning
the visible spectrum. We first demonstrate a simple Fabry−
Perot nanocavity, which reflects frequencies of light that satisfy
the resonance criteria between two reflective surfaces.27 In a
second demonstration, TiO2 serves as the dielectric in a
metal−insulator−metal (MIM) type gap plasmon metasurface,
where enhanced electromagnetic fields28,29 lead to smaller
mode volumes and accelerated switching speeds. This work
illustrates how nanophotonic design in conjunction with
electrochemically activated media allows flexible control over
spectral response.

■ RESULTS AND DISCUSSION

In this work, the dielectric properties of TiO2 are transformed
by applying a voltage between the device and a counter
electrode, causing lithium ions to reversibly intercalate into the
TiO2. When incorporated into nanophotonic devices, the
resulting phase transformation is expected to shift the resonant
frequency as shown in Figure 1a. To predict the breadth of
optical modulation in the proposed configurations, we first
experimentally determined the dielectric function of TiO2 and
its lithiated counterpart using spectroscopic ellipsometry. TiOx
films were deposited on silicon wafers via RF magnetron
sputtering and subsequently annealed in air at 400 °C to yield
anatase TiO2,

30−35 confirmed through Raman spectroscopy
(Figure S1). Spectroscopic ellipsometry was used to determine
the refractive index (n) and absorption coefficient (k), and the
results are presented in Figure 1b and Figure 1c, respectively. A
refractive index of 2.42 at 650 nm is consistent with other
reports of annealed TiO2.

10,11,35 Raw ellipsometry data are
included in Figure S2, along with fit parameters used for
modeling (Table 1 in Supporting Information). The
absorption coefficient is negligible throughout the visible
spectrum, though it increases at lower wavelengths as photon
energy approaches the band edge.
Significant modification of the refractive index and

extinction coefficient was achieved through electrochemical
lithiation of anatase TiO2. Orthorhombic LixTiO2 (LTO) was
formed through ambient temperature galvanostatic discharge
of anatase in 1 M LiClO4 electrolyte to a capacity of 168 mAh·
g−1, corresponding to x = 0.5 (Figure S3), at which point the
sample was rinsed in dry acetonitrile and transferred directly

Figure 1. Concept of electrochemical modulation using the TiO2/LTO materials system. (a) Depiction of modulation mechanism, showing the
change in resonant wavelength of gap plasmon structures caused by lithium ion intercalation in TiO2. Crystal structures for anatase TiO2

36 and
orthorhombic LTO37 were visualized using Mercury.38 (b) Change in refractive index and (c) absorption coefficient derived from ellipsometry
measurements.
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into a homemade air-free ellipsometry compartment inside a
glovebox. After application of the fit parameters detailed in
Table 2 in Supporting Information, the result is a dip in
refractive index with a minimum of 1.77 at 650 nm, generating
a maximum shift of Δn = 0.65 at 649 nm (Δε1 = 3.15 at 707
nm), likely related to the interband transitions of localized
electrons previously identified at 700 nm (1.77 eV) by
Wagemaker et al.39 Nearing the band gap, absorption remains
very low due to the Moss−Burstein effect,40 suggesting the
possibility of high-efficiency, tunable metasurfaces across the
entire visible spectrum. For reference, the absorption
coefficient of LixTiO2 with x = 0.5 is 50% less than that of
the popular transition metal oxide, LixWO3, with x > 0.38 at
blue wavelengths.41,42 The resulting values of n and k are in
agreement with optical properties extracted from DFT
calculations, as shown in Figure S4. The chemical under-
pinnings of the observed optical transitions were verified using
X-ray photoelectron spectroscopy (XPS), revealing that
approximately 41% of the Ti atoms are in a reduced state
after lithiation (Figure S5). More information about
ellipsometry, DFT, and XPS measurements is available in the
Supporting Information.
With the aim of demonstrating the dynamic tuning

capabilities of anatase TiO2 in simplest form, basic Fabry−
Perot nanocavities were fabricated through the deposition of
100 nm TiOx onto a titanium metal backplane, which was
subsequently annealed at 400 °C in air to form anatase TiO2.
Reflections off the TiO2−air interface and the metal backplane
interact in a weakly resonant cavity that appears gold in the
pristine state. Finite element frequency-domain (FD) simu-
lations executed using the experimentally determined dielectric

functions for TiO2 predicted broadband reflection of visible
wavelengths greater than 500 nm in the pristine state, with a
local minimum around 410 nm due to destructive interference
in the cavity, as shown in Figure 2a. By replacing TiO2 with the
lower-index LTO and increasing thickness by 5% to represent
volume expansion associated with the phase transforma-
tion,25,43 new resonance conditions dictated reflection of
blue-green wavelengths, peaking around 490 nm. The minimal
thickness expansion contributes a small red shift of ∼7 nm, as
illustrated in Figure S12. In practice, spectral reflections in the
pristine state agreed closely with simulations, despite being
slightly damped by interfacial losses in the optical cell (see
Figure S7) and finite roughness of the TiO2 surface. The
experimental results shown in Figure 2b agree with
simulations, therein confirming the dielectric function for
LTO derived from ellipsometry measurements. For the first
discharge, the full extent of tunability was achieved by slowly
discharging at a constant current of 1 μA/cm2, generating a
114 nm blue shift as the optical thickness of the cavity is
decreased. Notably, the maximum peak intensity of the
lithiated film experienced a reduction of 38.7%, in line with
predictions, supporting the selection of the TiO2/LTO system
for highly efficient tuning across the visible spectrum. The
chromaticity was calculated from the reflectance spectra and
mapped in the CIE 1931 color space in Figure 2c. More
information about color identification and mapping is provided
in the Supporting Information. The color purity, represented
as the radial component of chromaticity, is slightly lower than
that predicted through simulation, likely due to the nuances of
nanostructured anatase when operated at high rates. For very
small particles, high surface energy may prohibit phase

Figure 2. Performance of Fabry−Perot nanocavities in optical cell. (a) Theoretical reflectance spectra for a cavity comprised of TiO2 versus LTO
film, simulated using measured optical constants. Line colors represent color calculated from spectra. (b) Experimental reflectance spectra for
pristine film and lithiated film after galvanostatic discharge to −2 V. Line colors represent color calculated from spectra. (c) CIE 1931 chromaticity
map with points representing experimentally measured and simulated color of TiO2 and LTO films. (d) Speed of color change determined by
plotting the magnitude of reflectance at 650 nm acquired every 10 s during potentiostatic hold at −2 V. (e) Reversibility of spectral shift over 10
cycles.
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coexistence, causing individual grains to transform instanta-
neously rather than proceeding through the film as a uniform
phase front.26 This behavior results in an effective mixing of
TiO2 and LTO properties, broadening the resonance and
reducing the color purity. Such phenomena can be mitigated
by slowing the reaction or by using thicker films with bulk
properties.
The greatest rate of change in reflectance spectra is observed

in the early stages of intercalation (Figure 2d). Immediately
after application of voltage, a buildup of capacitance at the
interface gives way to the solid solution regime, followed by
rapid nucleation of the LTO phase. Given the small nucleation
energy barrier, the phase boundary motion is fast compared
with lithium self-diffusion; thus the reaction rate slows as the
system transitions into a diffusion-limited regime.26 Accord-
ingly, a large initial shift in peak wavelength after the first 30 s
is succeeded by more and more subtle adjustments over the
total holding period of 15 min. For insertion, 50% of the total
reflection change is achieved within the first 50 s. Upon
reversal, the 50% benchmark is achieved in just over 40 s. Such
asymmetry has been evaluated in other works22,44 and is
theoretically attributed to a higher energy barrier across the
phase boundary during insertion.22

Although significant spectral shifts are possible in short
times, the device is cycled to the extent of its capability using
potentiostatic holds at −2 V (insertion) and 0 V (extraction)
for up to 15 min each (Figure 2e). In doing so, we find that the
device demonstrates full optical reversibility over the first 10
cycles, following an initial first cycle loss of only 5.5% the total
reflected power. In the fourth and tenth cycles, the peak-to-
peak shifts in reflectance were 62.9 and 61.2 nm, respectively,
indicating negligible additional loss after the first few cycles. It
should be noted that the external bias of only 2 V is an order of
magnitude less than the voltages applied to devices based on
state-of-the-art phase change materials.45−47 Furthermore, the
lithiated and delithiated states were highly stable after 20 min
under open circuit conditions, suggesting the device is
nonvolatile and exhibits bistability (Figure S8).
To better understand the limits of speed and cyclability for

this material system, we measured the cycle life and diffusion
coefficient of lithium in the sputtered TiO2 thin films. The
capacity retention for a 20 nm anatase film on an aluminum
backplane cycled in a coin cell versus LFP is shown in Figure
3a. After 400 cycles of galvanostatic charge and discharge at 3
μA/cm2 (30 min per cycle) the lithium capacity remains stable,
despite initial capacity loss associated with solid electrolyte
interphase formation and volume expansion. Following this,
the capacity is constant over the duration of cycling with a
slight increase attributed to fine adjustments in microstructure
that allows accommodation of additional lithium ions. This
observation is consistent with the previously discussed
optoelectrochemical cycling studies of Fabry−Perot nano-
cavities. The excellent electrochemical cyclability of anatase
thin films is expected to translate into dynamic photonic
devices which maintain full modulation depth over many
switching cycles.
Switching speed is a critical parameter for most optoelec-

tronic devices. In electrochemical systems, the speed will
primarily depend on film thickness and the intrinsic diffusion
coefficient. The diffusion coefficient was derived from the
transient current response of a planar electrode to an
instantaneous potential step,48−50 and the results are shown
in Figure 3b. When stepped from the open circuit voltage to

−1.5 V vs Ag/AgNO3 (1.67 V vs Li/Li+), the slope of current
versus t−1/2 is predominantly linear, curving slightly with
increasing time to indicate a minor dependence of diffusion
characteristics on lithium content.22,51 Taking the average
linear slope (R2 = 0.997), the diffusion coefficient for lithium
insertion was calculated as 9.78 × 10−12 cm2/s. On the reverse
step, a much higher current at early times is associated with a
greater diffusion coefficient of 9.31 × 10−11 cm2/s. These
values agree with other measurements of lithium diffusion in
anatase TiO2

22,25,51 and establish an upper boundary on speed
through the characteristic diffusion time, τd = l2/D, where l is
the film thickness. For a 100 nm film, the characteristic
diffusion time is 10.2 s for insertion and 1.07 s for extraction,
though speed can be dramatically improved by reducing
thickness; for a 20 nm film, the characteristic diffusion time is
0.409 s for insertion and 0.043 s for extraction. As this
represents the ideal (upper bound) for speed, the slightly
longer measured switching speed (Figure 2) is attributed to
sources of impedance in the optoelectrochemical cell,
particularly non-negligible ionic resistance through the
separator and electrolyte.
In order to realize faster actuation times, the same material

system was incorporated into a gap plasmon metasurface. For
the metal−insulator−metal configuration with patterned
nanopillars atop a thin dielectric layer, strong absorption in
the gap is enabled by the resonant behavior of excited gap
surface plasmons.52,53 20 nm thick TiO2 films were chosen as
the dielectric layer between patterned silver nanopillars and an
aluminum backplane, simultaneously optimizing coupling and
reducing the diffusion path length of Li+ ions to enhance
reaction speed. The final unit cell design is depicted in Figure
4a. For all tests, the period of the patterned layer remains a
constant 250 nm and the pillar height is 40 nm. As pillar

Figure 3. Electrochemical characterization of TiO2 films. (a) Cycle
life of 20 nm TiO2 films on Al backplane cycled at 3 μA/cm2 in coin
cells versus LFP cathode. (b) Results of potential step experiment for
100 nm TiO2 films on Ti in three-electrode flooded cell with platinum
counter electrode and Ag/AgNO3 reference electrode. The slope of
the curve is proportional to the diffusion coefficient.
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diameter varies from 60 to 90 nm, FD simulations predict a red
shift in the reflectance minimum (Figure 4b), as the resonance
condition for counter-propagating gap surface plasmon polar-
itons dictates destructive interference at increasingly long
wavelengths.53 As shown in Figure 4b, inset, the electric field is
concentrated in the gap between pillar and backplane at the
frequency of minimum reflectance. The reflected color is
thereby tuned from gold to brown with increasing pillar
diameter. The positions of local minima at shorter wavelengths
are not strongly dependent on resonator width due to near-
field coupling between neighboring surface plasmon polaritons.
Considering the case of 70 nm pillar diameter, changing LTO
content was simulated as a uniform phase front propagating
along the depth of the film in Figure 4c. As the film is
transformed from anatase TiO2 to 100% LTO, the reflectance
minimum experiences a significant blue shift of 135 nm,
changing the expected color from gold to green. An SEM
image of the fabricated metasurface is included in Figure 4d. In
experimental demonstrations (Figure 4e), the positions of the
gap plasmon resonances are consistent with expectations for
the lithiated state, but the pristine spectra are slightly blue-
shifted, potentially stemming from diffusion of silver into the
TiO2 thin film during e-beam evaporation.54,55 The silver can
diffuse beneath the resist layer and renucleate at the surface,
forming constellations of silver nanoislands around the larger
pillars (Figure S9). Due to the sensitivity of plasmon polaritons
to the environment at the metal−dielectric interface, this

introduces an offset in the initial state of the device.
Accordingly, the spectral shifts in reflectance minima are 59,
39, and 37 nm for the 80, 70, and 60 nm diameter pillars,
respectively. Though the minima for the 90 nm pillars are cut
off by the detector window, there is a significant blue shift in
the peak edge measuring 108 nm. Figure 4e shows that the
most significant shift occurs in the first few seconds with
diminishing returns at longer time scales. When considering
the change in reflectance over time at 650 nm, 50% change is
realized in 7 s, a time scale that compares favorably with similar
devices constructed using LixWO3.

4,41 Though the transition is
still slower than the measured diffusion coefficient would
suggest, the speed of ion transport is likely limited by elements
of device construction and can be optimized using different cell
components and geometries. These results lay the foundation
for applications of the TiO2/LTO material system in tunable
nanophotonic devices for the visible spectrum. Additional data
and results for a similar device using aluminum nanopillars are
illustrated in Supporting Information Figures S10 and S11.

■ CONCLUSIONS

As shown here, TiO2 is an attractive material for dynamic
tuning of photonic devices in the visible spectrum, leveraging a
reversible electrochemically controlled phase transformation at
biases less than 2 V. This results in a change in refractive index
of 0.65 while maintaining a small absorption coefficient at blue
wavelengths. These properties, combined with measured

Figure 4. Performance of gap plasmon device in optical cell. In all plots, line colors represent color calculated from spectra. (a) Schematic of device
unit cell before and after lithium intercalation. (b) Simulated reflectance spectra for varying pillar diameter from 60−90 nm. Inset shows electric
field distribution at the frequency corresponding to the peak minimum. (c) Simulated reflectance spectra for 70 nm diameter pillars with LTO
content ranging from 0% to 100%. (d) SEM image of metasurface acquired at 5 kV, magnification = 100K×, working distance = 5.0 mm. (e)
Experimentally measured reflectance spectra showing shifts for four different pillar diameters after galvanostatic lithiation. Insets are photographs of
the arrays in each state. (f) Speed of reflectance change at 650 nm.
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diffusion coefficients on the order of 10−11 cm/s and stable
cycling of lithium at high rates, enable this material system as a
suitable platform for active modulation. Employed in nano-
photonic structures, this enables resonance tuning exceeding
100 nm. Employed as all-dielectric metasurfaces, this material
system could open new doors in applications such as
anticounterfeiting, holograms, or tunable aberration correction.
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