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Many applications of metasurfaces require an ability to dynamically change their properties in the time domain. Electrical tuning
techniques are of particular interest, since they pave a way to on-chip integration of metasurfaces with optoelectronic devices.
In this work, we propose and experimentally demonstrate an electro-optic lithium niobate (EO-LN) metasurface that shows
dynamic modulations to phase retardation of transmitted light. Quasi-bound states in the continuum (QBIC) are observed from
this metasurface. By applying external electric voltages, the refractive index of lithium niobate (LN) is changed by Pockels EO
nonlinearity, leading to efficient phase modulations to the transmitted light around the QBIC wavelength. The EO-LN metasurface
developed in this study opens up new routes for potential applications in the field of displaying, pulse shaping, and spatial light
modulating.
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1 Introduction

Formed by artificial subwavelength building blocks known
as meta-atoms, metasurfaces have demonstrated their abili-
ties to control optical waves with unprecedented flexibility
and opened up our imagination for realizing a new generation
of flat optical components outperforming their conventional
bulky counterparts [1]. Despite their impressive advances,
the current metasurfaces are mostly static in nature, with op-
tical properties set in stone after the fabrication process. Real-
izing the modulation of metasurface properties in the time do-
main can provide new opportunities to manipulate light and
thus facilitate a transition to dynamic optical devices [2-5].
For this purpose, different dynamic tuning mechanisms, such
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as optical pumping [6-10], thermal heating [11,12], chemical
reaction [13,14], and electrical stimulation [15,16], have been
implemented. Among all these tuning mechanisms, electrical
tuning techniques are of particular interest, because they hold
a promise to integrating metasurfaces with other on-chip op-
toelectronic devices. The most common electrical methods
reported so far are based on triggering free carrier modula-
tions [17-19], molecular reorientations [20], and phase transi-
tions [21,22] in active materials integrated in the meta-atoms.
However, the above approaches rely on relatively slow phys-
ical processes, and the switching time is commonly below
nanosecond [23].

Lithium niobate (LN) is one of the most appealing ma-
terials to overcome this challenge. It shows an outstanding
Pockels electro-optic (EO) effect, together with a refractive
index changeable by an electrical voltage on the femtosec-
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ond timescale [24]. Thus LN enables optical modulators with
much higher switching rates [25]. Recently, the thin-film LN
on insulator (LNOI) [26,27] has emerged as a promising plat-
form for ultracompact photonic devices [28-37]. Thanks to
the large refractive index contrast between the LN film and
substrate (such as silica), optical modes can be tightly con-
fined within the nanometers-thin LN layer, leading to an im-
proved EO modulation efficiency. And a variety of on-chip
EO modulator units with tens to hundreds of GHz modu-
lation speeds have been demonstrated using different LNOI
microstructures, for example Mach-Zehnder interferometric
waveguide [38, 39], photonic crystals [40, 41], micro-rings
[42, 43] or micro-disks [44]. Recent years have witnessed
significant advances in fabricating LN metasurfaces [45, 46]
and consequently the demonstration of intriguing tunable sec-
ond harmonic properties [47, 48]. However, the EO modula-
tion by an LN metasurface, to the best of our knowledge, has
rarely been experimentally explored.

A large EO modulation strength essentially implies sen-
sitively tunable metasurface properties (such as phase retar-
dation) by the EO-induced refractive index changes. For
this purpose, an efficient way is to utilize high-quality fac-
tor (high-Q) resonant modes with a narrow spectra linewidth,
which significantly elongate the effective optical path and
photons lifetime in the meta-atoms, yielding enhanced local
fields that experience the EO-refractive index changes. An at-
tractive approach for the extremely high Q-factors is provided
by the physics of bound states in the continuum (BICs). This
concept was first proposed in quantum systems, where the
electron wave function exhibits localization within the con-
tinuous spectrum of propagating waves [49, 50]. Recently,
BICs have also attracted considerable attention in photonics
[51-53]. Mathematically, the BICs show infinite Q-factors,
where the optical energy is trapped without leakage [54, 55].
The ideal BICs have a vanishing spectral linewidth and are
not observable in the electromagnetic spectra. However, in
practice, introducing a structural asymmetry or oblique ex-
citation could break the ideal BIC conditions [56, 57]. Con-
sequently the perfect BIC modes will convert to quasi-BIC
(QBIC) states that manifest themselves as extremely nar-
row spectral resonances with large Q-factors [58, 59]. Such
QBICs have been observed in extended photonic systems and
hold a great promise for various applications including vortex
beam generation [60], nonlinear enhancement [61-63], low
threshold lasing [64, 65], and sensitive sensing [66, 67].

In this paper, we numerically and experimentally demon-
strate an LN metasurface offering EO phase modulation to
transmitted light in the visible frequency regime. To yield an
obvious phase modulation, we utilize a nanograting array un-
der oblique incidence in which the EO effect induced by the
applied bias voltage is significantly enhanced by leveraging

the QBIC states, resulting in a 1.46 times larger EO modula-
tion strength compared with the unstructured LN film. To the
best of our knowledge, this is the first experimental demon-
stration of the EO modulation by the LN metasurfaces. Our
results would act as a novel dynamic EO platform for wave-
front engineering, pulse shaping, polarization control, etc.

2 Metasurface design and theoretical analysis

A design schematic of the EO-LN metasurface is shown in
Figure 1. The metasurface is composed of an array of LN
nanogratings residing on a fused quartz substrate. The LN
ridge width is presented by d and grating period by D. Height
h of 200 nm is determined by the thickness of the LN film
(LNOI by NANOLN corporation) used for the metasurface
fabrication. In our design, the orientation of the nanogratings
is parallel to the e-axis of the LN crystal. And the external
electric field is applied also along the e-axis to take advan-
tage of the largest EO-coefficient element γ33. We fabricate
the metasurfaces by the focused ion beam technique (FIB,
Ga+, 30 kV, 40 pA) following the previous procedure [45].
Footprint of the metasurface array is 10 µm×10 µm. The
Au electrodes with a 10 µm gap are fabricated via the stan-
dard UV-lithography procedure. Figure 1(b) gives the scan-
ning electron microscope (SEM) images of total footprint and
zoomed-in view of the fabricated LN-EO metasurface with
D=390 nm and d=290 nm.

Figure 2(a) shows a full map of the transmission spectrum
(T ) of the metasurfaces with D=390 nm as a function of the
incident angle (θ) under x-polarized incident light. The spec-
tra are calculated using a finite element method (COMSOL
Multiphysics). And ellipsometrically measured refractive in-
dices of the birefringent LN and fused quartz are used in the
simulations. Such grating structures are expected to support
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Figure 1 (Color online) Design of EO-LN metasurface. (a) Schematic
illustration of the LN metasurface. The properties of the meta-atoms are
actively modulated by applying an external electric voltage V(t). The ge-
ometrical parameters of the metasurface include lattice constant D, ridge
width d, and thickness h. (b) Scanning electron microscope images of the
fabricated sample. Scale bars are 5 µm (up panel) and 500 nm (down panel),
respectively.
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Figure 2 (Color online) BIC states in LN metasurface. (a) Incident-angle
resolved transmission spectra of the LN metasurface. (b) Comparison of
transmission T between 0◦ (red line) and 4◦ (blue and black lines) incidence
shows a collapse of BIC to sharp Fano shaped QBIC resonance. The inci-
dent wave is polarized along the x-axis and located within the yoz-plane. The
LN is assumed to be lossless for red and blue lines, while ni is set as 0.002
to consider the loss caused by FIB fabrication (black line). (c) Spectra for
transmitted phase ϕ. (d) Electric field distributions of eigenmodes for 0◦ and
4◦ incidence. The electric fields are tightly confined within the LN layer at
0◦, while showing a clear leakage to air and SiO2 substrate for 4◦ incidence.

the symmetry-protected BIC modes at normal incidence [52].
As shown in Figure 2(a), the resonant modes indicated by
white dashed rectangles clearly emerge for oblique incidence
(nonzero θ). In order to clarify the behavior of the BIC
modes, we plot the transmission T and phase retardation (ϕ)
spectra in Figure 2(b) and (c), respectively. It can be ob-
served that ultra-narrow asymmetric Fano-shaped transmis-
sion dips and abrupt phase slips occur around the wavelength
of 667 nm for incident angle of θ=4◦ (blue lines). These res-
onances vanish from the spectra at θ=0◦ (red curves). Such
characteristic is clearly a manifestation of occurrence of the
BIC resonant modes. Left panel of Figure 2(d) demonstrates
the eigenmode distribution of the x-component of electric
field (Ex) at θ=0◦ in the yoz cross section of the meta-atom.
The mode exhibits an antisymmetric profile along the hori-
zontal direction with a node formed at the center, correspond-
ing to an odd mode parity symmetry. The electromagnetic
fields are tightly confined in the LN layer and decoupled from
the free-space propagating waves. However, for θ=4◦ the
electric energy clearly leaks out into air and SiO2 substrate,
and the magnitude of the electric fields in the LN becomes
4 times weaker than the ideal BIC mode. Such phenomena
further confirm the presence of the true BIC for normal inci-
dence which collapses into the QBIC modes for oblique ex-
citation. Although the LN is ideally lossless within the stud-
ied spectral range, the Ga+ contamination and lattice damage
during the FIB milling will inevitably deteriorate the optical
performance of the metasurface [68]. Such influence is taken

into account in the simulation by setting the imaginary part of
the LN refractive index ni as 0.002. The calculated results are
shown by black curves. It can be clearly seen that the ultra-
sharp dip in T and abrupt phase slip in ϕ are preserved, while
the resonance strength in both T and ϕ is reduced owing to
the optical loss.

Such high Q-factor QBIC resonance leads to an increased
lifetime of photons and a strong localization of the fields
within the meta-atoms, which would significantly enhance
the light-matter interaction at the nanoscale and boost the
spectral tunability resulting from the EO-induced refractive
index change in the LN. It is worth noticing that the extremely
sharp QBIC phase resonance can yield a substantial phase
modulation in transmission through small EO spectral shifts
of the modes. Figure 3 demonstrates the simulated phase
spectra of the transmitted light through the metasurface for
different variations in the real part of refractive index of the
LN while maintaining ni=0.002. It can be clearly observed
that the phase spectrum shifts by 0.6 nm to shorter wave-
lengths for the reduced refractive index, while redshifts by
the increased refractive index. The choice of operating wave-
length at the QBIC resonance wavelength of 667 nm is de-
noted by the vertical dashed line in Figure 3(a). The phase
modulation ∆ϕ at this wavelength is calculated as a function
of ∆n and the results are plotted in Figure 3(b). It is shown
that a modulation span ∆ϕ of ±0.42 rad in the transmitted
light phase is obtained through tuning QBIC resonance via a
∆n modulation from –0.0025 to 0.0025.
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Figure 3 (Color online) Simulated EO-phase modulation by metasur-
face. (a) Transmission phase spectra of the LN metasurface with D=390 nm
around QBIC wavelength (indicated by vertical dashed line) for 4◦ oblique
incidence corresponding to different refractive index modulations. (b) Rela-
tion between transmitted phase modulation and refractive index modulation
for the LN metasurface at the QBIC wavelength.
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3 Experimental characterization

To experimentally evaluate the transmission spectrum of the
fabricated LN metasurface, we build a micro-spectrometer.
The output of a supercontinuum laser (NKT EXR-15) is fo-
cused onto the LN metasurfaces by a 10× objective form-
ing a convergent beam with a convergence angle of about
13◦. The transmitted light is analyzed using a spectrome-
ter (Horiba MicroHR). The measured transmission spectrum
under x-polarized incidence is given in Figure 4(b). A QBIC
resonance dip clearly appears around 633 nm, as indicated
by a vertical black arrow. It is shown that the experimentally
measured QBIC resonance is much shallower and broader
leading to a smaller Q-factor compared with the simulation
results shown in Figure 2. Such discrepancy could be ex-
plained by the fabrication imperfections. Furthermore, both
normal and oblique incidence components are included in the
experiment, thus the QBIC dip may be averaged out by the
normal incident component.

The EO phase modulation by the metasurfaces is charac-
terized by a home-built laser heterodyne detection system
(shown in Figure 4(a)). An x-polarized 633 nm continu-
ous wave laser (CNILaser, MGL-III-532) is launched into

an acoustic-optic frequency shifter (AOFS) and divided into
two parts, i.e., the 0th order transmitted and the 1st order
diffracted light beams. The 0th order light without frequency
shift is used as probe light to focus onto the LN metasurface
by the 10× objective. The 1st order light with a frequency
downshift of fc=110 MHz is used as reference light. An arbi-
trary waveform generator (Agilent 33250A) is used to gener-
ate a sinusoidal driving voltage signal at fm=1.0 MHz, which
is further amplified to be 300 Vpp (peak-to-peak magnitude,
–150 V to +150 V output voltage) using a high-voltage am-
plifier (Falco Corp.), and then fed into the electrodes. As a
consequence, the phase of the probe light is changed by the
EO response of the LN metasurface. After interfering the
probe light with the reference beam, optical beats are gen-
erated and subsequently recorded by a photodetector and an
RF spectrum analyzer. In the measurements, the visibility of
the optical beats is optimized by equilibrating the powers and
optical paths of the two beams.

Assuming the probe and reference beams at the photode-
tector are Ep = ei[2π fot+m sin(2π fmt)] and Er = ei2π( fo− fc)t, re-
spectively where fo is the optical frequency of the 633 nm
laser, and m is the EO phase modulation magnitude. Thus
the optical beats can be described as I = |Ep + Er|2 =
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Figure 4 (Color online) Experimental EO phase modulation by metasurface. (a) A schematic diagram of a laser heterodyne detection system. An acoustic-
optic frequency shifter (AOFS) is used to divide an input 633 nm laser (with optical frequency of fo) into two parts. The 0th order light is used as probe light to
excite the LN metasurface. The frequency of the 1st order light is downshifted by fc=110 MHz and used as reference light. The metasurface is modulated by
a sinusoidal electric voltage at fm=1.0 MHz. (b) Experimentally measured transmission spectrum of the metasurface with D=390 nm excited by focused light
with a convergence angle of about 13◦. A clear QBIC resonance dip is observed around 633 nm as indicated by a vertical black arrow. (c) Power spectrum
of optical beats recorded by an RF spectrum analyzer. Three distinct peaks are observed at fc − fm=109 MHz, fc=110 MHz and fc + fm=111 MHz. (d)
Phase modulation magnitude m measured from the LN metasurface and the unstructured LN film. Heights of histograms are the average values of multiple
measurements, and error bars are their standard deviations.
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2+2 cos[2π fct+m sin(2π fmt)]. When m ≪ 1, such beat signal
could be expressed by a set of standard Bessel function ex-
pansions I = 2+2{J0(m) cos(2π fct)+J1(m)[cos(2π( fc+ fm)t)−
cos(2π( fc − fm)t)]}, and the corresponding Fourier frequency
spectrum can be expressed as F ( f ) = 2δ( f ) + J0(m)δ( f −
fc)+ J1(m)[δ( f − ( fc + fm))− δ( f − ( fc − fm))], in which δ( f )
is the Kronecker delta function [69]. This equation indicates
that the phase modulation signal results in three discrete fre-
quency components fc − fm, fc and fc + fm, respectively. As
shown in Figure 4(c), three distinct peaks are observed at 109,
110 and 111 MHz in the experimental power spectrum. The
magnitude of the frequency component at fc and fc± fm is pro-
portional to J2

0 (m) and J2
1 (m), respectively. Then the phase

modulation magnitude m can be mathematically demodulated
by the experimental ratio of J2

0 (m)
/
J2

1 (m). The deduced m
for the metasurface and the unstructured LN film are shown
in Figure 4(d), in which the heights of histograms are the av-
erage m values of multiple measurements, and error bars are
their standard deviations. The m of 0.0041 rad is achieved
from the metasurface, which is larger than 0.0028 rad by the
unstructured LN film. This explicitly shows that the metasur-
face is a good candidate for stronger EO-modulation.

4 Conclusions

In conclusion, we have numerically and experimentally
demonstrated an EO tunable LN metasurface that provides
a dynamic control over the phase retardation of transmitted
light in the visible spectral regime. The oblique incidence
enables collapse of symmetry-protected BICs into Fano res-
onant QBIC modes with ultrahigh Q-factors, which signifi-
cantly increases the lifetime of photons as well as field con-
finement within the resonators, ultimately leading to an im-
proved modulation sensitivity. The proposed EO-LN meta-
surface is a good candidate for developing multifunctional
and tunable optical components such as ultracompact spatial
light modulators and optical switches, and will find various
applications in displaying, optical wavefront shaping, and so
on.
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