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1. Introduction

The optical lens has found extensive application in a wide range
of optical systems and serves as a fundamental component for
numerous cutting-edge technologies. The traditional optical
lens, which is designed by utilizing various materials to engineer
the spatial distribution of the refractive index, is inevitably
bulky. This inherent limitation poses challenges for integrating
such lenses into compact devices or systems. Metasurface lenses,
known as metalenses, exhibit compactness and offer versatile
functionalities in comparison with conventional lenses '),
They have demonstrated significant applications in subwave-
length resolution imaging, polarimetric beam profiling, and
other related fields™*!. A current research focus in the field
of metalenses is the realization of dynamic manipulation of light
focusing, which plays a critical role in augmented and virtual
reality, microscopy, and optical communication. Dynamically
tunable or reconfigurable metalenses have been effectively dem-
onstrated utilizing stretchable substrates!”, actuated lens dou-
blets'®), mechanical systems'”*, and the employment of active
materials’® "), Despite these remarkable approaches, the modu-
lation depth and speed of reconfigurable metalenses still require
further improvement.
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We theoretically demonstrate electrically controlled light focusing using a tunable metasurface employing thin film lithium
niobate (TFLN). The designed metasurface features a high-quality factor guided-mode resonance with an electrically con-
trollable resonant wavelength, resulting in a high extinction ratio of transmittance at the operational wavelength by chang-
ing the applied voltage. A reconfigurable one-dimensional Fresnel zone plate with a focusing efficiency of around 15% has
been realized through spatial modulation of transmitted light intensity, whose focal position can be electrically tunable in
both longitudinal and lateral directions. Our approach reveals the great potential of metasurfaces using TFLN for electrically

Keywords: metasurface; thin film lithium niobate; electrically controlled light focusing; electro-optical Pockels effect.

Lithium niobate (LN) has emerged as an excellent alternative
for the implementation of integrated photonic devices due to its
wide transparency, high refractive index, significant electro-
optic coefficient, and remarkable chemical and mechanical sta-
bility!'>'*), Especially, LN and other ferroelectric materials have
been widely used for the implementation of electro-optic mod-
ulators at the microscale since the Pockels effect they supported
can change the refractive index of LN at an extremely high speed
up to ~100 GHz!"*""), Photonic crystals with a high local field
factor were reported to enhance the electro-optic effect with a
substantially larger refractive index change (on the order of
1071) compared to that predicted by the classical Pockels effect
in bulk LN material (~10~2)!?°2*], On the other hand, reconfig-
urable metasurfaces have emerged as a powerful platform for
dynamic manipulation of optical waves'*>*®!. Metasurfaces
employing thin film lithium niobate (TFLN) for modulating
free-space light utilize high-quality (Q) factor resonance to
improve the modulation efficiency'?”). Recent advancements
have demonstrated the capability of metasurfaces using TFLN
to dynamically manipulate the phase and amplitude of free-
space optical fields, thereby offering promising prospects for
optical switching and reconfigurable wavefront control®” >4,
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Lately, some attempts have been made to electrically control the ~ nanostructure and the TFLN are designed as ¢#; =80nm and
focusing of light. A metasurface using TFLN has been utilizedto ¢, =540 nm, respectively. The indium tin oxide (ITO) layers
realize an active Fresnel zone plate (FZP) with a fixed focal with a thickness of t; = 17 nm, which serve as electrostatic con-
length and electrically controllable focusing efficiency'>”.  tacts, are added onto the top surface of each TiO, nanostructure
Further investigation is required to explore the realization of  and the bottom surface of the TFLN to enable the application of

electrically controlled focusing by metasurfaces using TFLN. distinct voltages along the y-axis. This electrode fabrication

Here, we propose a one-dimensional (1D) reconfigurable FZP ~ method has been experimentally and theoretically employed
based on a tunable metasurface using TFLN, whose focal posi- in previous studies’*”**). The voltages are applied to the ITO
tion can be electrically manipulated in both longitudinal and lat-  layer on the top surface of each column of the TiO, nanostruc-

eral directions. The electrically controlled light focusing is  ture, while the bottom ITO layer functions as a reference elec-
attributed to the 1D spatial manipulation of transmitted light  trode. Consequently, the application of positive voltage induces
intensity, enabled by the electro-optical Pockels effect of the  a decrease in the refractive index of LN. The substrate is made of
LN and the high-Q factor of the guided-mode resonance  SiO,. The unit cells in which TiO, elliptical cylinders are con-
(GMR). By spatially applying different voltages along one direc-  nected by TiO, nanorods can be applied to the same voltage,
tion, the focal position of the FZP with a focusing efficiency of ~ while different voltages can be applied to each column of unit
around 15% can be longitudinally tuned in a range of approx-  cells. The designed metasurface can realize 1D spatial manipu-
imately 4800 X Ay, accompanied by a tunable lateral displace-  lation of transmitted light intensity at the operational wave-
ment equivalent to 50% of the designed metasurface width.  length by changing the distribution of applied voltage V(y),
Our approach provides a good candidate for the realization of =~ resulting in electrically controlled light focusing. In order to
electrically controlled light intensity manipulation and light  achieve electrically controlled 1D spatial manipulation of trans-
focusing. mitted light intensity, a high modulation extinction ratio with a
small change of the applied voltage is desired. Simultaneously,
the inter-electrode distances should be minimized. Therefore,
2. Metasurface Design the structural parameters of the designed metasurface are
optimized to achieve a high-Q factor GMR with a high extinc-
tion ratio within the waveband of 800-900 nm. The operational
waveband is selected to align with the latest relevant
research®>****1, Given the fixed period of unit cells at 400 nm
in both the x- and y-directions, we systematically vary the
remaining design parameters individually through iterative
sweeps to determine the structural parameters that enable a high
ry=150nm, and w=50nm. The thicknesses of the TiO,  modulation extinction ratio for the designed metasurface while
minimizing changes in applied voltage. The metasurface acting
@) as a 1D reconfigurable FZP is designed to have 1000 unit cells in
o] the y-direction, serving as an illustrative example that can be
> = mmosso, | realistically chosen alternatively. The commercially available
software COMSOL Multiphysics was utilized to simulate the
optical responses of the designed metasurface. In the simulation,
the SiO, is regarded as a lossless material with a refractive index
of 1.46. The optical constants of LN, TiO,, and ITO are taken
from experimental data®’~*"!,

The designed metasurface is illustrated in Fig. 1(a). The unit cells
of the designed metasurface are composed of elliptical cylinders
made of titanium dioxide (TiO,) on a z-cut TFLN, and the ellip-
tical cylinders in different unit cells are interconnected by TiO,
nanorods along the x-direction. The structural parameters
of the TiO, nanostructures are P, = P, = 400 nm, r, = 100 nm,

®

=

2 3. Results and Discussion

‘€05

2 For simplicity, we employed simulated results from a single unit

= T e cell with periodic boundary conditions to characterize the reso-
20 830 840 150 0 150 . - .
W nance in the designed metasurface. The transmission spectrum

avelength (nm) x (nm)

of the designed metasurface under x-polarized normal incidence
Fig. 1. (a) Schematic of the designed metasurface acting as a reconfigurable is illustrated in Fig. 1(b). A sharp transmission dip with a Q fac-
1D FZP with varying focal positions in both longitudinal and lateral dimensions tor equal to 1929.4 can be observed at 4y = 829.65 nm, indicating
and its unit cell. Characterization of the GMR in the designed metasurface. ~ a strong coupling between the incident light and the designed
(b) Transmission spectrum under x-polarized normal incidence. Distribution ~ metasurface. This sharp dip is caused by a TM mode GMR,
of the real part of electric field £ in the (c) x-z plane (y = 0 nm) and which is a stationary mode resulting from the interference
(d) y-z plane [x =100 nm, marked by the black dashed ling in (c]] at the res- ~ between two counter-propagating waves along the x-direction,
onant wavelength Aq. as validated by the simulated electric field distributions in
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Figs. 1(c) and 1(d). The GMR remains robust even when the
structural parameters deviate from their optimized values. For
example, the Q factor is primarily influenced by the r,, whereby
a 10 nm increase in 7, results in a reduction of the Q factor to
1633.6. On the other hand, the resonance wavelength is pre-
dominantly affected by ¢,, with a 10 nm increment leading to
a shift of resonant wavelength to 830.8 nm. The variation of
the refractive index of the LN also influences the GMR since
E, is enhanced and localized within the TFLN. In order to dis-
cuss the influence of the electro-optical Pockels effect on the
GMR, we initially simulated the distribution of the electrostatic
field when +1V external voltage is applied to the designed
metasurface. The static dielectric constants considered in the
electrostatic calculation are taken from Refs. [40,41]. The z com-
ponent of the electrostatic field E" within the TFLN is signifi-
cantly larger than its x and y components, making it the primary
driver of the electro-optical Pockels effect. The simulation
results presented in Fig. 2(a) demonstrate a uniform distribution
of E;*? throughout the TFLN. Due to the dielectric constant of
TiO, being larger than that of LN, the electrostatic field is mainly
in the LN layer, which overlapps with the optical electrical field
and benefits electro-optical modulation. Then, the shifts of the
refractive index of the TFLN can be derived by the Pockels first-
order derivation:
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Fig. 2. Electro-optical modulation of the resonance of the designed metasur-
face. (a) Simulated distribution of the normalized electrostatic field induced
by applying a DC voltage of 1V. (b) The variation of the transmission spectrum
as the applied DC voltage changes. The variation of (c) the resonant wave-
length and (d) the transmittance at 829.10 nm (resonant wavelength under
an external voltage of —6 V) as a function of the applied voltage. The red line
in(c) is a linear fit to the simulated data (blue dots). (¢) Simulated distribution
of the electrostatic field under periodically applied voltage.
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where n, = 2.2517 and n, = 2.1724 are the ordinary and extraor-
dinary refractive indices of LN, respectively, and ry;=
10.9pm/V and r3;3 = 34 pm/V are the electro-optic coefficients
of LNP7#0,

Due to the uniform distribution of E;"* throughout the TFLN,
we use the average value of E;"* within the TFLN to calculate the
shifts of its refractive index!>>*' ], To investigate the impact of
electro-optical Pockels effect-induced shifts in the refractive
index of LN on the GMR, we simulated the variation of the
transmission spectrum of the designed metasurface as the
applied DC voltage changed. As shown in Fig. 2(b), the resonant
wavelength redshifts with positive external applied voltage and
blue shifts with negative external applied voltage, while the Q
factor of the resonance remains unchanged. The relationship
between the shifts of the resonant wavelength and the externally
applied voltage exhibits a linear correlation, as shown in
Fig. 2(c). The linear regression analysis of the data points reveals
a tuning sensitivity value of 0.089 nm/V. The obtained modula-
tion efficiency is relatively high, although it does not reach the
highest values?”***'~33] The shift follows the relation

An_Al
) _/10

, )

where the resonance wavelength and refractive index, in the
absence of applied voltage, are denoted as 4, and n, respectively.
It predicts a tuning sensitivity value of 0.096 nm/V, correspond-
ing to the simulated result. The resonant wavelength can be
viewed as a function of multiple variables, determined not only
by the refractive index and structural parameters of the TFLN
but also by the structural parameters of the TiO, nanostructures.
Thus, the relationship between the resonance wavelength and
refractive index of LN exhibits a deviation from the ideal equa-
tion’s calculated results. The large sensitivity can be attributed to
the high-Q factor resonance and the good overlap of the optical
field and electrostatic field. Due to the exceptional tuning sen-
sitivity, a high extinction ratio of transmittance with a value of
21.3 dB [calculated by 10 1g(T nax/ Timin)] can be achieved, as
validated by the results in Fig. 2(d).

The designed metasurface can be used for 1D spatial manipu-
lation of transmitted light intensity by changing the distribution
of external applied voltage. The result in Fig. 2(e), illustrating the
distribution of the electrostatic field when the specially varied
1V voltages are applied to every 5 periods, validates that the
external voltage applied to every 5 unit cells along the y-axis
can be independently manipulated. To make a proof of the
concept, a reconfigurable FZP with a tunable focal position is
designed. We choose the center of the designed metasurface
as the origin of the coordinate. Then, the distribution of trans-
mission intensity for a designed FZP with a given focal length f
can be obtained based on!*”
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where r; represents the radius of the ith zone in the FZP. The
o-zones, where i is an odd number, represent regions with high
transmittance, while the e-zones, where i is an even number, re-
present regions with zero transmittance. By varying the exter-
nally applied voltage within the range of —6 to 8 V, the
transmission intensity of the unit cell at A =829.10 nm can be
modulated from 0.0073 to 0.9860, as shown in Fig. 2(d).
Therefore, for the unit cells located in o-zones and e-zones, the
external applied voltage should be —6 and +8V, respectively,
to obtain the required distribution of transmitted light intensity
for light focusing. Moreover, the GMR can be affected by aperi-
odic boundary conditions. Specifically, Figs. 1(c) and 1(d) vali-
date that the GMR is a stationary mode resulting from the
interference between two counter-propagating waves along the
x-direction. Thus, the influence of aperiodic boundaries along
the y-direction is smaller than that along the x-direction, and
this influence can be effectively suppressed by including at least
five columns of unit cells in each zone of the designed FZP.
For the simulation of light focusing with the designed metasur-
face, we simulated 1000 unit cells along the y-direction with
periodic boundary conditions in the x-direction. Then, we
obtained the electric field distribution by sampling at intervals
of 400 nm in both x- and y-directions, at a distance of 500 nm
above the TFLN. This location is approximately half a wave-
length above the metasurfaces, ensuring a uniform electric field
distribution. Finally, far-field electric field distributions were
calculated using 1D angular spectrum theory. We expanded
the array to 1.5 times its original length by filling additional
blank areas surrounding it to avoid any influence from boundary
effects on the calculated results**~**/,

The longitudinal focal position of the designed FZP can be
easily modulated by adjusting the spatial distributions of applied
voltages V(y). The simulated results depicted in Fig. 3(a) dem-
onstrate the capability of the designed 1D FZP to effectively
modulate its longitudinal focal position within a range span-
ning from 1 to 6 mm, thereby indicating an impressive tuning
depth exceeding 4800 X . In order to better show the perfor-
mance of light focusing, we plot the intensity distribution for
y € [-100, 100] pm, while the length of the designed FZP in
the y-direction is 400 pm. We compare the simulated light
focusing with the ideal one, for which the transmission inten-
sities of o-zones and e-zones are set to be 0.9860 and 0.0073,
respectively. Subsequently, we employ angular spectrum theory
to calculate the far-field electric field distributions. In this situa-
tion, the near-field interaction within the boundaries of different
zones in the FZP is neglected. The designed focal lengths exhibit
excellent agreement with the simulated values, as illustrated
in Fig. 3(b). Due to the limited size of the designed metasurface,
the focusing efficiency (14.6%-17.3%) and the full width at
half-maximum (FWHM) (3.0-10.5 pm) of the focal line are
dependent on its longitudinal focal position, as shown by the cal-
culated and simulated results in Figs. 3(c) and 3(d). The focusing
efficiency is defined as the ratio of the power gathered in a
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Fig. 3. The implementation of longitudinal reconfigurable light focusing.
(a) Simulated intensity distributions of transmitted light in the y-z plane
(x=0nm). (b) The designed and simulated focal lengths for different spatial
distributions of applied voltages. The designed and simulated (¢) FWHMs and
(d) efficiencies of the five focal lines with different focal lengths.

rectangle area with a width of 3X FWHM and a length equal
to that of the simulation region and the total power in a square
area confined by edges of the simulation region'**!, A larger
focal length indicates a reduced number of zones in the designed
Fresnel zone plate, leading to an increased FWHM. Meanwhile,
the presence of different external applied voltages in adjacent
unit cells along the y-direction leads to a reduction in focusing
efficiency due to nearest-neighbor interaction.

Besides the electrical control of light focusing in the longi-
tudinal direction, the focal position of the designed FZP can also
be modulated in the lateral direction by shifting the origin of the
coordinate along the y-axis based on Eq. (3). The performance of
the designed FZP for electrically controlled light focusing in the
lateral direction is also characterized with five different distribu-
tions of externally applied voltage V(y), each corresponding to
the same longitudinal focal length but with varying lateral shifts.
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Fig. 4. The implementation of lateral reconfigurable light focusing by adjust-
ing the applied voltages along the y-axis. (a) Simulated intensity distributions
of transmitted light in the y-z plane (x = 0 nm). (b) The designed and simu-
lated lateral displacements of the focal lines with a longitudinal focal length of
3 mm for different spatial distributions of applied voltages. The designed and
simulated (c) FWHMs and (d) efficiencies of the five focal lines with different
lateral displacements.
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As illustrated in Fig. 4(a), the maximum lateral shift of the focal
line is +100 pm, which is 50% of the designed metasurfaces’
width. The designed lateral displacements and the simulated
ones are in good agreement, as shown in Fig. 4(b). Different
from the results in Figs. 3(c) and 3(d), the FWHM (~6 pm) of
the focal line and the focusing efficiency (~15%) are almost in-
dependent of the lateral displacements, as illustrated in Figs. 4(c)
and 4(d). This is reasonable as the number of zones remains con-
stant despite different lateral displacements of the focal line. 1
The simulated focusing efficiency is lower than the designed
one due to the neighbor interaction between o- and e-zones.

1

1

1

4. Conclusion 1

In conclusion, we proposed a tunable metasurface using TFLN
for achieving reconfigurable light focusing by spatially modulat-
ing the transmitted light intensity. Taking advantage of the
electro-optical Pockels effect of LN and the high-Q factor
GMR, the resonant wavelength of the GMR can be electrically
modulated with a shift rate of 0.089 nm/V. As a result, a high
extinction ratio of transmittance can be achieved by changing
the applied voltage. Importantly, the applied voltage can be spa-
tially tailored along one direction, enabling spatial manipulation
of transmitted light intensity. We have demonstrated that the

1

1

1
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