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ABSTRACT: In display technologies or data processing, planar
and subwavelength free-space components suited for flat photonic
devices are needed. Metasurfaces, which shape the optical
wavefront within hundreds of nanometers, can provide a solution
for thin and portable photonic devices, for example, as CMOS-
compatible modules. While conventional electro-optic modulators
are inconvenient to operate in free space configurations, its
principle can largely be applied to the development of active
metasurfaces with the prospect of modulation speeds up to the
GHz region. We extend this principle of the linear electro-optic
effect to a metasurface in lithium niobate with an optical resonance in the visible. We exploit the electric and optical field overlap
inside the metasurface to enhance the light matter interaction. Hence, the modulation of the transmitted light is increased by 2
orders of magnitude, namely, by a factor of 80, compared to the unstructured substrate. Furthermore, we investigate the influence of
the dispersive optical resonance on the wavelength-dependence of the modulation and achieve fast and continuous modulation of
light at low voltage and MHz speed. This proof-of-concept work is a first important step toward the use of lithium niobate resonant
nanostructures for free space modulation.
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Typical photonic free space applications rely on optical
elements such as lenses or polarizers with a thickness of

several millimeters. A successful approach for thinner elements
is metasurfaces, which influence the electromagnetic wavefront
by subwavelength geometries. Although several optical
operations have been achieved with metasurfaces,1−3 a current
bottleneck in the application is the tunability of their
functionality. This issue is tackled by the field of active
metasurfaces,4,5 which is based either on tuning the material
properties, the unit cell, or the surrounding medium. Several
approaches were demonstrated by exploiting the thermo-optic
effect,6,7 nonlinear properties,8−10 stretching,11,12 MEMS,13

liquid crystals,14 plasmonics,15−17 or phase change materi-
als.18,19 Tuning via electrical actuation reaches the MHz-range
and includes approaches such as carrier doping, phase
transition, electromechanical, or capacitance tuning.20 Among
these, the electro-optic modulation of the refractive index is
one of the fastest effects,21 which is extensively exploited for
conventional modulators. Though, light intensity modulation
by the linear electro-optic effect has so far not been
demonstrated in an all-dielectric metasurface.
LN is an optically transparent, dielectric material widely

used in electro-optic modulators,22−24 due to its high refractive
index in the visible range (no = 2.26 at 765 nm),25 its high
electro-optic coefficient (r33 = 34 pm/V),26 and its robustness

as an inorganic metal-oxide. Recently, lithium niobate
metasurfaces were demonstrated, and their ability to enhance
the second harmonic generation as well as spontaneous
parametric-down conversion was shown.27−30

The electro-optic effect was realized in a metasurface in LN,
but it was limited to a phase modulation at 633 nm with 300
Vpp and a electrode gap separation of 10 μm at 1 MHz driving
frequency.31 While the Pockels effect is an inherent LN
property, here we achieve a wavelength-dependent and 80×
enhanced electro-optic response around the optical resonance
of the LN metasurface compared to the substrate. This active
electro-optic tuning changes the intensity transmission proper-
ties and works up to MHz speeds by applying AC voltages
starting from less than 1 V peak-to-peak (Vpp).
We choose an x-cut LN thin-film (500 nm) on top of a 2 μm

silicon dioxide buffer layer and a LN substrate (Figure 1a). By
top-down fabrication, we structure the film into metasurfaces
with a period of 500 nm formed of pillar-shaped unit cells. The
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pillars have heights of 200 nm and top radii of 89, 113, 135,
and 154 nm for four different metasurfaces. A 300 nm
unetched LN layer remains below the pillars. The overall size
of a metasurface is 20 × 20 μm2. Two gold electrodes with a
height of 300 nm, separated by a distance of 25 μm, are used to
drive the metasurfaces. The electrodes create an electric field
along the r33 component of the LN electro-optic tensor
(extraordinary z-axis, Figure 1a).32

Linearly polarized light from a tunable continuous wave
laser, oriented perpendicular to the electrodes, that is, along
the r33 direction of lithium niobate, probes the optical behavior
of the metasurface with ∼0.5 mW optical power. To measure
the electro-optic modulation, we apply an AC voltage and
monitor the change in transmitted intensity through the
metasurface with a lock-in amplifier or an oscilloscope (Figure
1b and SI, Figure S1). Due to the linear electro-optic effect, the
voltage induces a change in the refractive index of LN, which
shifts the metasurface resonance, as illustrated schematically in
Figure 1c. In contrast to, for example, metalenses,33 the
intensity modulation does not require a spatially discrete phase
modulation from 0 to 2π of the transmitted light but relies
solely on the shift of the resonance based on the refractive
index change. The AC voltage modulates the intensity of the
transmitted light with the same frequency (Figure 1d). In this
study, we detect this change of transmitted intensity, indicated
schematically with an orange arrow with a height named
modulation amplitude. We are able to track this electro-optic
response using an oscilloscope and report a modulation of the
transmitted intensity of 0.01% for a 180 kHz driving signal
with 10 Vpp. This simple configuration illustrates the broad
application range of our device for detection with conventional
photodiodes and oscilloscopes compared to, for example,
phase modulation.33

We determine the resonance position of the metasurface by
sweeping the laser between 765 and 780 nm and measuring the
transmission intensity with a silicon photodiode with a spectral

resolution of 3 pm (Figure 1b). In Figure 2a, we show the
measured transmission (left axis, solid blue line) of the
metasurface with the steepest spectral feature of the four
investigated metasurfaces in the given laser range (135 nm
pillar radius), normalized to an unpatterned reference area. We
observe an optical resonance with a quality factor of 129 at
776.6 nm, where the spectral resonance position can be
controlled by the pillar radius (SI, Figure S2). Superimposed
on the transmission, we observe Fabry-Peŕot interferences with
a period of 0.2 nm, originating from the 500 μm thick LN
substrate (SI, Figure S3). As the LN substrate is unaffected by
the applied electric field, we focus the discussion on the filtered
data after the Fabry-Peŕot interference removal by Fourier
transform filtering (SI, Figure S4).
We measure the modulation amplitude for the wavelength

range of the laser while applying an 180 kHz AC voltage of 2
Vpp. Here, the photodiode signal is tracked by a lock-in
amplifier referenced by the signal generator driving the open
circuit. In order to determine the enhancement of the
modulation as compared to an unstructured film, we define a
modulation enhancement factor as the modulation amplitude
of the metasurface divided by the modulation amplitude of an
unpatterened reference area. The modulation enhancement
(Figure 2a, right axis, solid orange line) shows a strong
dependence on the wavelength of the laser, with an about 80×
enhancement in the vicinity of the metasurface resonance. As
the unstructured area shows no dependence on the wavelength
(SI, Figure S5a, inset) and the electro-optic coefficient of LN is
quasi-constant in the investigated wavelength range, this
indicates that the modulation amplitude of the structured
area is influenced by the transmission of the metasurface itself.
As the electro-optic transmission shift is small (SI, Figure

S5b, inset), we postulate that the modulation amplitude
corresponds to the derivative of the transmission. This is
validated by the derivative (dashed cyan line) of the measured
transmitted intensity of the metasurface (solid blue line) given

Figure 1. Design and characterization of an electro-optic metasurface. (a) Metasurface (blue LN pillars, to differentiate from the remaining LN
layer) with pillars of height h and a period p between Au electrodes on top of the sample stack. The lower left inset shows the SEM image of the
metasurface pillars structure. Scale bar 1 μm. The lower right inset shows a false-color SEM of several metasurfaces (purple) between the electrodes
(yellow). Scale bar 30 μm. (b) Schematic of the measurement setup. (c) Schematic transmission curve (yellow line) shifted upon application of a
voltage (purple line). The orange arrow marks the change of transmitted intensity, that is, the modulation amplitude. (d) Measured time trace of
the transmitted intensity modulation at 772.4 nm, 22 mW laser power, 2.5 MHz voltage signal, and 10 Vpp.
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in Figure 2a. We conclude that the transmission of the
metasurface itself causes a dispersive electro-optic response in
the modulation amplitude. This modulation response is
therefore unique to every metasurface geometry, as we show
for the other investigated metasurfaces (SI, Figure S6).
Compared with the response of an unpatterned substrate,
which is flat (SI, Figure S5), the modulation amplitude of the
metasurface is enhanced by 2 orders of magnitude (−2.2 ×
10−3% on the metasurface compared to −0.026 × 10−3% on
the substrate) at 774.2 nm (dashed line in Figure 2a as guide
to the eye). These modulation amplitudes correspond to an
about 80× modulation enhancement at the metasurface
compared to the substrate. It is worth noting that the negative
sign of the enhancement factor or modulation amplitude does
not imply less modulation (this would be true for factors
between 0 and 1 such as at the resonance itself).
Subsequently, we investigate the origin of the electro-optic

modulation enhancement with a finite element method (FEM)
model. The transmission of the metasurface (Figure 2b, left
axis, solid blue line), normalized to the reference layer (SI,
Figure S5b, inset), was calculated using a model described in
SI, S5 and Figure S7 and matches the measurements (Figure
2a). The quality factor of 272 of the simulated transmission
resonance is higher than the measured one (129), which we

attribute to fabrication imperfections. In the next step, we
calculate the electric field distribution created by the gold
electrodes using an extended model described in SI, Figure
S10. Owing to the electrodes geometry, the electric field in the
metasurface takes higher values in the edge unit cell and
decreases uniformly toward the center of the metasurface (SI,
Figure S10, insets). Using the simulated local electric field
distribution in the central unit cell, we determine the local
refractive index modification caused by the electro-optic effect.
With the new value of the refractive index, we determine the
modulation at 2 Vpp (Figure 2b, right axis, orange curve) using
the method described in SI, section S8. Our simulation
confirms the experimental result that the modulation of the
metasurface has the highest enhancement (and absolute
amplitude, Figure S5) at the steepest slope of the transmission
spectrum. The deviation in magnitude between experimental
and numerical enhancement factor is attributed to less
pronounced edges between the pillars due to fabrication
imperfections.
The optical field strength map in Figure 3a shows that the

resonance is dominated by the electric dipole mode (SI, Figure
S9). Further, we calculate the electric field from the electrodes
with an FEM model (SI, Figure S10). We observe that the
metasurface nanopatterning imprints a periodicity on the

Figure 2.Wavelength dependence of the electro-optic response. (a) Measured transmission (blue) of a metasurface with radius 135 nm and period
500 nm, normalized by the transmission of an unstructured area. The orange line shows the modulation enhancement, defined as the modulation
amplitude of the metasurface divided by the modulation amplitude of an unpatterned area, for an AC voltage of 2 Vpp and 180 kHz. The rescaled
derivative of the transmitted signal (dashed cyan line) is shown as a guide to the eye. (b) Calculated transmission (blue) of a metasurface with
radius 135 nm and period 500 nm, normalized by the transmission of an unstructured area. The orange line shows the modulation enhancement,
defined as modulation amplitude of the metasurface divided by the modulation amplitude of an unpatterned area, for a voltage of 2 Vpp. The
rescaled derivative of the transmitted signal (dashed cyan line) is shown as a guide to the eye.

Figure 3. Optical field, electric field, and refractive index change distribution over the metasurface. (a) Optical field strength at the resonance
wavelength in one unit cell of the metasurface (right) and reference layer (left) along a plane normal to the incident electric field. The arrows show
the direction of the magnetic field. (b) Transversal cut with the distribution of the electric field norm created by the electrodes for the metasurface
(up) and the reference layer (bottom). The arrowheads show the direction of the electric field. The cut is transversal to the LN surface, with the
extraordinary axis along the vertical. c The change of refractive index induced by the electro-optic effect at 1 V in the metasurface unit cell (up) and
the reference layer (bottom). In (a)−(c), three unit cells (width of 500 nm) of the metasurface/reference layer is shown. The change of refractive
index is largest at the corners of the pillars as it is the position where the optical electric field (a) and the electric field (b) are largest.
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electric field (Figure 3b, top), whereas the electric field in the
reference layer is uniform (Figure 3b, bottom). As expected for
a dielectric material, the electric field strength is larger in the
surrounding air (Figure S11). As air does not exhibit an
electro-optic response, the electric field in air is neglected in
Figure 3b due to better visibility. Comparing Figure 3a and b, a
clear overlap of the electric hotspots with the optical field at
the corners of the metasurface is visible. This is relevant as the
electric field hotspots are also the locations of biggest change
in refractive index (Figure 3c), which will eventually change
the transmission behavior of the metasurface. On average, the
refractive index change has similar values for the metasurface
and the reference layer. However, around the resonance this
change leads to a much stronger effect on the transmission and
the electro-optic modulation. Having investigated the micro-
scopic origin of the modulation, the next section will be
dedicated to the evaluation of the performance of the device
and the characterization of the linear electro-optic effect.
Conveniently, the dispersive electro-optic modulation

response offers two approaches for changing the electro-optic
modulation strength: the operating wavelength and the driving
voltage. The modulation amplitude changes the most at the
extrema of the derivative of the transmission, as shown in
Figure 4a for different Vpp values. Consequently, the electro-
optic modulation barely changes at the extreme values of the
transmission itself (green and gray dashed line), even upon
application of higher voltages. To investigate the influence of
the electric field on the modulation amplitude, we fix the laser
at chosen wavelengths (Figure 4b): off-resonance (770 nm), at
the steepest drop of the transmitted intensity (774.2 nm) and
at the resonance (776.6 nm). Upon increasing Vpp, we observe
that the modulation amplitude scales linearly with the applied
voltage and reaches 0.01% at 10 Vpp. This strongly validates the
dominance of the linear electro-optic effect for the modulation
of the metasurfaces and is further confirmed by the
independence of the modulation amplitude on the laser
power, that excludes a thermo-optic effect (SI, Figure S12).
The electro-optic modulation can be detected already for
voltages below 1 Vpp, indicating the practical impact of this
device for low-power consumption applications. The different
slopes in Figure 4b reveal that the modulation at 774.2 nm
scales 1 order of magnitude higher to the applied voltage than
the off-resonant/on-resonance case, which further confirms the
dispersive electro-optic behavior.

The bandwidth of the modulation, which defines the driving
frequencies of the device, is in the MHz region. We can
operate in a frequency range from a few Hz (SI, Figure S12) up
to the MHz-region, with a flat response to the driving
frequency from 1 kHz up to 2.5 MHz (Figure 4c), limited only
by the electrical scheme. Based on LN properties, our device
should be operational at modulation frequencies up to the
GHz regime.23,34 However, the modulation response in the
MHz-frequency range already supports the dominant linear
electro-optic effect since other modulating effects (e.g.,
thermal) exhibit lower characteristic time scales.35

In conclusion, we demonstrate an all-dielectric LN metasur-
face in the visible with a resonance that can be actively and
continuously tuned based on the linear electro-optic effect.
This metasurface shows a versatile way of realizing small, low-
loss, and tunable optical devices operating in the visible to
near-infrared range and offering fast modulation. We show that
the electro-optic modulation amplitude is wavelength-depend-
ent and enhanced through the optical resonance of the
metasurface by a factor of 80 in magnitude compared to an
unstructured film, which corresponds to a two orders of
magnitude enhancement. The agreement with the simulations
supports the experimental findings and their interpretations.
We achieve a frequency-independent modulation amplitude
between 10 Hz and 2.5 MHz for voltages below 1 V, which
allows driving our device by commercial microcontrollers. The
modulation amplitude of 0.01% in our proof-of-concept work
is rather small for practical applications. There are several
strategies on how to boost the modulation amplitude in the
future. First of all, a sharper resonance with a higher Q-factor
would increase the modulation amplitude. Promising reso-
nance types could be, for example, bound states in the
continuum or Fano resonances.36−38 Enhancing the overlap of
the electric with the optical field would improve the
modulation, which could also further be optimized by an
advanced fabrication to obtain sharper structures. Electrodes
on top and on the bottom of the metasurface may be
preferable, but such a configuration is a challenge with the
current available LN substrate platforms. More diverse
applications could be reached by single pixel modulation,5

which would require further improvements on the electrode
designs. Another interesting approach is to combine LN with
other all-dielectric materials, for example, silicon for hybrid
electro-optic platforms as theoretically predicted.39

Figure 4. Performance of the electro-optic metasurface. (a) Dependence of the modulation amplitude on peak-to-peak AC voltage between 0 Vpp
(no modulation) and 10 Vpp (strong modulation) with 180 kHz driving frequency. The dashed colored lines are the same as in Figure 2a and
indicate the position of the cross sections in (b). (b) Modulation amplitude upon application of an increasing AC voltage at 770 (green line), 774.2
(red line), and 776.6 nm (gray, dashed line). The peak-to-peak voltage is indicated on the horizontal axis. The dots are measured data at 180 kHz
driving frequency, while the solid lines are linear fits. (c) Measured frequency dependence of the modulation amplitude between 1 kHz and 2.5
MHz at 774.2 nm. The solid red line is the smoothed data.
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Future work includes an extension of the setup to
investigations up to the GHz-regime and an optimized design
for better electric and optic field overlap or higher Q-factor
resonances. This could lead to a stronger enhancement of the
electro-optic modulation amplitude. However, our proof-of-
concept work already gives the experimental demonstration on
how the electro-optic modulation amplitude is enhanced at a
metasurface resonance and is to date the fastest and strongest
electro-optically modulated metasurface. With further improve-
ments, tunable lenses and color displays are within reach. The
fast tuning properties of our LN device could lead to advances
in beam steering and ultimately push free-space data
processing to the next level.

■ METHODS
Metasurface Fabrication. The metasurfaces presented in

this work were fabricated at the cleanroom facilities of the
Binnig and Rohrer Nanotechnology Center (BRNC). The
sample was fabricated on a commercially available x-cut lithium
niobate-on-insulator thin film chip with a top-down approach
using reactive ion etching. The gold electrodes were deposited
using a lift-off process after electron-beam evaporation. A
detailed fabrication report can be found in the Supporting
Information.
Simulations. All the presented simulations were performed

using FEM models in COMSOL Multiphysics 5.5, which are
described in detail in the Supporting Information. We modeled
the origin of the rapid oscillations in Figure 1e by comparing
two 2D FEM models, one including the full 500 μm LN wafer
and one including a semi-infinite LN wafer (SI, section S3).
We calculate the transmission of a metasurface and of the
reference using a 3D model shown in section S6, which takes
into account the particular geometry of our sample. This
method is based on previous works, described in detail
elsewhere.40 To account for the electro-optic effect, we
combine the method shown in section S6 with a previous
step using the electrostatic module of COMSOL Multiphysics
(SI, section S8). In this step, we calculate the electric field
created by two gold electrodes in a full slice along the
extraordinary axis. Using this result, we update the value of the
refractive index with the electro-optic contribution and use the
new refractive index value to run the model in section S6.
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