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Abstract: Photonic integrated circuits (PICs) have garnered increasing attention because of their high
efficiency in information processing. Recently, lithium niobate on insulator (LNOI) has become a
new platform for PICs with excellent properties. Several tunable devices such as on-chip tunable
devices that utilize the electric-optic effect of LN have been reported. However, an on-chip electrically
tunable beam modulator that can focus or deflect the wave has not yet been developed. In this study,
we designed an electrically tunable LNOI metasurface for on-chip optical beam manipulation. With a
carefully designed local phase profile, we realized the tunable focusing and reflection functions on the
chip. As the bias voltage varies, the focusing length can be shifted up to 19.9 um (~13A), whereas the
focusing efficiency remains greater than 72%. A continuously tunable deflection can also be achieved
efficiently within a range of 0-45°. The beam modulator enhances the ability to manipulate light on
LNOI chips, which is expected to promote the development of integrated on-chip photonics.
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1. Introduction

Photonic integrated circuits are more efficient and safer than electronic integrated
circuits with regard to information processing and transmission. Photonic integrated chips
might be one of the core technologies in the next generation of information revolution. Nu-
merous materials, such as silicon, silicon nitride, and indium phosphide, can be employed
as platforms [1]. However, lithium niobate (LN) is under the spotlight because of its large
transparency window, large refractive index, strong second-order nonlinearity, and strong
electro-optic effect [2]. LN has become a competitive material in integrated photonics [3].

In recent years, as LN on insulator (LNOI) developed rapidly [4,5], the properties of
LN have been gradually investigated. Similar to silicon on insulator, LNOI consists of a
substrate made from silicon or LN, on top of which there is a sub-micrometer-thick LN film
on a silica buried layer [6]. With the commercialization of LNOI substrates in recent years,
large-scale LNOI substrates have provided an excellent platform for integrated photonics,
which greatly promotes the research and development of on-chip integrated photonics [2].
LNOI has become a rapidly growing and highly promising integrated photonic platform [6].
Numerous on-chip photonic devices based on LNOI have been reported recently, such
as LN low-loss waveguides [7], high Q-factor microring resonators [8,9], Mach—Zehnder
interferometer modulators [10], nonlinear optic devices [11-13], and metasurface-based
devices [14]. Because of the electro-optic effect in LN, which allows the refractive index to
vary upon application of an electric voltage, on-chip electrically tunable devices have been
widely reported [1,15,16]. Moreover, because LNOI has the structure of a sub-micrometer
LN on top of silica, it has a larger refractive index contrast and higher field confinement,

Micromachines 2022, 13, 472. https:/ /doi.org/10.3390/mil13030472

https://www.mdpi.com/journal /micromachines


https://doi.org/10.3390/mi13030472
https://doi.org/10.3390/mi13030472
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/micromachines
https://www.mdpi.com
https://orcid.org/0000-0002-5119-7064
https://doi.org/10.3390/mi13030472
https://www.mdpi.com/journal/micromachines
https://www.mdpi.com/article/10.3390/mi13030472?type=check_update&version=1

Micromachines 2022, 13, 472

2 0f9

making it an excellent electrically tunable platform [2]. Electrically tunable devices can
perform functions in several cases. Tunability enhances the control of the light on-chip,
which is of great importance in photonic devices [17-20].

The integrated photonic chip is two-dimensional (2D) and ultracompact. To realize
efficient light control in such narrow spaces, researchers are investigating graphene de-
vices [21-25] and metasurfaces. Metasurface is a quickly developing new type of artificial
material that is also 2D and can significantly manipulate light while enhancing light-matter
interaction [26-29]. Incorporating a metasurface onto a chip makes it possible to control
the on-chip beam at will [30] and realize various complex beam control functions [31].
However, one of the greatest disadvantages of metasurfaces is that their structural ge-
ometry, dimensions, and optical properties are fixed. This greatly limits the applications
of metasurfaces in the design of tunable devices [32,33]. We have discovered the electro-
optic effect of LN that can address this drawback. However, the study of combining the
beam-manipulating ability of the metasurface and electro-optic effect of LN still requires
further research.

In this study, based on an extensive numerical simulation, we propose an electrically
tunable LNOI metasurface for on-chip optical beam manipulation. A series of periodic
slits of equal length were used as waveguides. Varying voltages are applied to each
unit by two gates such that the refractive index of LN changes separately in each unit.
Different refractive indices of each unit result in different phase modulations that add up
to a specific phase distribution across the device scale. The phase of each unit varies with
voltage, enabling electrically tunable focusing and deflection beam manipulation. The
on-chip dynamic focusing function is realized such that the focusing length can be shifted
up to 19.9 um (~13A) while focusing efficiency remains greater than 72%. The on-chip
deflection function was designed without changing the device. A continuously tunable
beam deflection was achieved in the range of 0°~45°.

2. Materials and Methods

We used a homemade finite-difference time-domain (FDTD) software named Gallop
to design and optimize the metasurface on the LNOI chip. The homemade FDTD simulator
named Gallop is a three-dimensional electromagnetic field simulation software. The
software takes use of the FDTD solutions to calculate photonic problems [34]. We have
successfully solved some photonics problems with Gallop [27]. Furthermore, our simulation
results were consistent with those obtained by the commercial software from Lumerical.
The simulation domain was 3D, rectangular and non-uniformly gridded. The minimum
mesh step was set to 50 nm and the simulation time was set to 2000 fs to obtain accurate
simulation results. Figure la shows a schematic of the designed LNOI on-chip beam
modulator. We selected the z-cut LN material (refractive index nyxx = nyy = no = 2.211,
Ny, = Ne= 2.138 at A = 1550 nm [35]), and the refractive index of silica was n = 1.46 at our
target wavelength A = 1550 nm. The transverse electric (TE) wave travels in the positive x
direction (polarized in the y-direction). The device as a whole is composed of 19 periodic
slits with a periodic width of D = 700 nm, such that the total width of the device is less than
15 um. The number of the units will increase for more precise wavefront phase control.
However, the complexity of the device structure and the difficulty of applying voltages
also increase. To find a balance, we have determined that the number of units is 19. The
cross-section of a single unit is shown in Figure 1b. Rectangular slits are etched in the
middle of the upper LN layer in each unit to form a rectangular waveguide with a width
of d = 70 nm to ensure simultaneous efficient transmission and effective electrical control
of light. According to numerical simulation, to obtain the best transmission efficiency, the
thickness of the upper and lower LN layers of the LNOI platform should be h = 0.5 um and
hj =2 um, respectively. The thickness of the silicon dioxide between them was h, =1 pum.
The length of the slit in each unit is L as shown in Figure 1a. On the LNOI chip, the phase
will be delayed when the wave travel through the slits. If no voltages are applied, the phase
is mainly determined by the length of the slits. Electro-optic effect of LN is used here to
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modulate the refractive index, so that phase can be modulated by applying voltages to
control refractive index variation.

Figure 1. Schematic of the on-chip metasurface device. (a) Schematic of the three-dimensional
structure of the on-chip metasurface device. The TE wave of wavelength A = 1550 nm travels in
the positive x direction (polarized in the y direction); (b) Schematic cross section of the device unit
structure. The terms h = 0.5 um, h;= 2 um and hy = 1 pm denote the thickness of the upper LN layer,
lower LN layer, and silicon dioxide layer of LNOI, respectively. The cuboid slits etched in the upper
LN layer are in the middle of the unit with a width of d = 70 nm.

The device applies voltage Vg for each unit by adding ITO material on both sides of
the upper LN of the LNOJ, as shown in Figure 1b. The lower part of the LN is a layer of ITO
material as a whole, and it is covered with ITO material equal to the length of the slits at
the top of each unit. Units are independent of each other when applying varying voltages.
When the voltages are applied, the refractive index variation of the z-cut birefringent
material LN can be expressed as follows [36]:

Anii = —0.5rﬁznﬁ3EZ, (1)

where ryx; = ryy, = 10.12 pm/V, rz;; = 31.45 pm/V denote electro-optic effect coefficients
of LN and E; represents the electric field intensity along the z-direction. In other words,
the LN refractive index decreases when an electric field is applied in the negative direction
along the z-axis. The thickness between the two layers of ITO is the thickness of LN in
the upper layer of LNOI, h = 0.5 pm. Therefore, the two layers of ITO can be regarded
as parallel plate capacitors. According to the formula for the electro-optic effect, it was
observed that every 100 V voltage can change the ordinary refractive index n, by 0.011 and
the extraordinary refractive index ne by 0.034.

To achieve on-chip focusing and deflecting beam control, we used a rectangular array
of slits along the y direction on the LNOI platform to form a specific phase distribution.
To achieve the on-chip focusing function, the phase shift can be defined by the following
formula [31]:

@(y) =2 neg (F — (F* + yH)1/?), ¢)

where Ag denotes the designed incident wavelength in free space, nog is the effective
refractive index of the LN slit waveguide, and F is the focusing length of the metalens
(metasurface with focus functions). Among the previously reported metalenses, some bring
different phases through varying sizes and configuration structures [37]; some achieve this
by changing the alignment angle of a similar configuration [38]; and others use different
lengths of slits to obtain the desired wavefront [31]. In this study, the voltages are applied
to each unit of the beam modulator resulting in a high degree of control freedom. We can
obtain the desired phase distribution in a simpler manner, more precisely, and more con-
trollably by applying varying voltages to different units. In addition, the phase distribution
can be manipulated at high speed by changing the voltage, thus realizing the focusing
function of the high-speed tunable on the chip. For the deflection function, the wavefront
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is relatively simple to obtain by realizing a linear wavefront. Continuous tunable on-chip
deflection can be easily realized by changing the phase gradient caused by the voltage.

3. Results

The design of the on-chip beam modulator can be divided into three steps. First, the
phase and transmittance of the slit waveguide in a single unit are analyzed, and a database
is established. Thereafter, design of the device is performed on the basis of the database.
Then the device functions of focusing and deflecting are determined.

3.1. Units Analysis

To design the beam modulator with superior performance, the parameters of the
unit structure were scanned first. The thickness of each part of the LNOI base platform
was determined as h = 0.5 um, h; =2 um and hy = 1 pum, respectively, representing the
upper LN layer, lower LN layer, and silica layer of LNOI. The periodic width of the unit
and the width of the slit waveguide were set as D = 700 nm and d = 70 nm, respectively.
Periodic boundary conditions were applied in the y-direction, while perfectly matched
layer-absorbing (PML) boundary conditions were applied in the x- and z-directions. Based
on the aforementioned parameters, the phase and transmission with the change in slit
length without voltage were simulated and the results are shown in Figure 2a. When the
slit length reaches L = 20 um, the phase of the cell structure can cover the range of 0~27
while the transmission is maintained greater than 80% simultaneously. A slit waveguide
with a length of L = 20 um is suitable for the basic structure of the metasurface device.
When a different z-axis negative voltage is applied, the ordinary refractive index n, of LN
exhibits a decrease in deviation An,. According to Equation (1) of the electro-optic effect
of LN, the voltage required for An, = —0.20 is approximately 1828.45 V down the z axis.
The maximum An, of the previously reported LN tunable filter device is 0.14 [39], which
is almost equal to the value determined in this study. Therefore, it is considered that the
An, value determined in this study is within a reasonable range. The variation of phase
and transmission with An, was simulated, as shown in Figure 2b. The phase varies almost
linearly with a decrease in n,, and the transmission is always approximately 80%.
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Figure 2. Simulation scanning results of phase and transmission of the element structure. (a) Calcula-
tion results of the slit waveguide with the length varying from 0 to 20 pm. The phase coverage of the
slit waveguide with a length of 20 um can reach 27, whereas the transmission is greater than 80%;
(b) Simulation results of voltage applied under the condition of ordinary refractive index An, ranging
from 0 to —0.20. | An, | almost satisfies the linear relationship with the phase, and the transmission
is always greater than 80%.

3.2. Focusing Function Design

The focusing function design of the LNOI on-chip beam-manipulated metasurface
device was performed using the numerical results of unit structure scanning. According to
Equation (2), a parabolic wavefront is designed to realize the function of tunable on-chip
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focusing, that is, a tunable LNOI on-chip metalens is designed. When applied with different
combinations of voltages, the metalens can produce varying focusing effects, and the focus
can improve significantly. The focusing effect of the metalens at the four different voltage
groups is shown in Figure 3. PML boundary conditions were applied in all directions
in the simulation. In Figure 3a, Anymax shown at the top of each figure corresponds to
the maximum ordinary refractive index variation due to the voltages applied in all units
of the metalens. No voltage was applied to the central unit, and symmetrical voltages
were applied to both sides to realize the paraboloid phase distribution, thus realizing
the focusing function. Figure 3b shows the distribution of the normalized electric field
intensity of y = 0 cross-section versus the x coordinates. The four curves correspond to
the metalens in Figure 3a for the four voltage groups. As shown in Figure 3, the focal
length of the metalens decreases while the electric field intensity at the focal point increases
with the increase in | Angmax | from 0.05 to 0.20. To achieve the beam focusing function,
the refractive index of each cell is parabolic distributed, and accordingly, we achieve the
function by loading a parabolic distributed bias. No voltage is applied to the unit in the
middle of the device. Because of the symmetry of the phase, the voltages applied to the
units in the symmetrical position is equal. Therefore, there are 9 units in which different
voltages are applied. We also note that it is practically feasible to fabricate electrodes on
integrated on-chip photonics [16]. The detailed distribution of refractive index variation
among these 9 units is shown in the Supplementary Materials.
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Figure 3. Focusing electric field intensity |Ey | 2 distribution. (a) Electric field intensity |Ey | 2
distribution in the x—y plane of metalens under different voltage groups; Angmax shown at the top
of each figure corresponds to the maximum ordinary refractive index variation due to the voltages
applied in all units of the metalens; (b) Distribution of normalized electric field intensity of y = 0
cross section versus x coordinates in the metalens. The four curves Angmax = —0.05, Angmax = —0.10,
Anpmax = —0.15 and Angmax = —0.20 correspond to the metalens at the four voltage groups shown in
(a), respectively.

To illustrate the dynamic shift of the focus of the metalens more clearly and characterize
the focusing function of the device under different voltage groups, we extracted and
analyzed the data, as shown in Figure 4. Four parameters were selected to characterize
the performance of the metalens: focusing length, full width at half maximum (FWHM),
focusing efficiency (the ratio of light energy to total incident energy in the range of Ay =3 *
FWHM in the focal plane), and transmission ratio at the focal plane. With an increase in the
overall voltage, the focusing length and FWHM of the focal spot decrease from 43.32 um to
23.41 pm and from 1.91 pm to 0.786 pm, respectively. Meanwhile, the focus can be shifted
by approximately 19.9 um (nearly 13A). Thus, the focusing function improves. In terms
of device performance, transmission and focusing efficiency of the metalens under the
four groups of voltages are all greater than 78% and 72%, respectively. Thus far, we have
designed high-performance tunable metalens on LNOI.
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Figure 4. Characterization and comparison of metalens focusing function. (a) Comparison of
focusing length and focal spot size FWHM of metalens under four voltage groups; (b) Comparison of
focusing efficiency and transmission ratio of metalens under four voltage groups. The horizontal axis
represents Angmax, which is the maximum ordinary refractive index variation caused by voltages in
each group. This representation gives a more direct view of the voltage corresponding to different
sets of metalens.
Below Table 1 contains some beam manipulation devices using other materials com-
paring to the proposed device in this study.
Table 1. Summary of performance metrics for metalenses.
. Focusing
Reference Wa‘(lelr:)lgth Material F (um) F:VII;III)VI ]5 foﬁcclizlnncg Length
H H y Tunability/um
0.43~0.78 . 55%
[40] (achromatic) SizNy 81.5 25~45 (measurement) )
0.4~0.76 . 71%
[41] (achromatic) LiNbO; 8 1.5-3.2 (simulation) )
79%
[31] 1.55 SOI 25 1.07 (simulation) -
161.1~251.5 27.15~61.62%
[37] 30 Au, Graphene (tunable) 48.78~60.62 (simulation) 90.4 (~3M)
. 23.41~43.32 72%
This work 1.55 LNOI (tunable) 0.786~1.91 (simulation) 19.9 (~13A)

3.3. Deflection Function Design

When the structure is not changed, the device can also realize a tunable deflection
function on the chip by manipulating the applied voltages, as shown in Figure 5. Because
the deflection function is relatively simple, simply applying the linear gradient voltages
to the nine units in the middle of the device can bring the linear gradient phase to the
incident light on the chip. By changing the voltage gradient, on-chip deflection at different
angles can be realized. The incident light in the deflected case is still set to the TE wave
propagating in the +x direction. Because the voltage is only applied to the nine units
at the center, the light source is set as a Gaussian beam with a half-width of nine units,
thus achieving a better and more practical deflection effect. To prove that the deflection
function can be manipulated continuously, deflections of 30° and 45° are achieved by
setting two specific voltage groups, as shown in Figure 5b,c. In this simulation, PML
boundary conditions were also applied in all directions. The maximum variation of the
ordinary refractive index Angmax of LN caused by voltages in the two voltage groups is
—0.0475 and —0.095. The detailed distribution of refractive index variation among the
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be concluded that the wavefront of the deflection effect is not determined by the phase
of the metasurface device. The deflection angle does not change linearly with the voltage
gradient because of other unknown effects occurring in our device.
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Figure 5. On-chip deflection realized by applying the linear gradient phase with designed voltages.
(a) IEy | with no voltages applied; (b) |Ey | when 30° on-chip deflection is realized. The maximum
variation of the ordinary refractive index Anomax = 0.0475 caused by the applied voltages; (c) | Ey |

when 45° on-chip deflection is realized. The maximum variation of the ordinary refractive index
Angmax = 0.095 caused by the applied voltages.

4. Discussion

Thus far, we have designed an electrically tunable LNOI metasurface for on-chip
optical beam manipulation using the homemade FDTD software named Gallop. By setting
periodically equal-length slits on the upper layer LN of LNOI to form a metasurface, the
slit waveguides transmit an on-chip optical signal and modulate its phase. By applying
different voltages to each unit separately, the electro-optic effect of LN is used to form an
electrically tunable local phase profile to realize the focusing and deflecting functions of
high-speed electrical tuning on the LNOI chip. In the focusing function, the distance of
focus shift is up to 19.9 um (~13A) while focusing efficiency remains greater than 72%. The
reflection function can be manipulated continuously from 0° to 45°.

Take the electro-optic effect of LN into consideration, all slits are set to the same
length as each other. The phase modulation can be manipulated flexibly by changing the
voltages applied separately on each unit. Furthermore, because of the flexibility of phase
modulation, the device can realize the focusing and deflecting functions without changing
its structure. The proposed device provides a novel idea for electrically dynamic tunable
beam manipulation based on metasurfaces on an LNOI chip. It enriches and improves the
capability of LNOI on-chip beam manipulation and fills the gap in LNOI on-chip tunable
beam manipulation devices. It is expected to promote the development of integrated
photonics based on the LNOI platform and has broad application prospects.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/mi13030472/s1, Table S1: Distribution of refractive index variation
among the units when Angmax = —0.05; Table S2: Distribution of refractive index variation among
the units when Angmax = —0.10; Table S3: Distribution of refractive index variation among the
units when Angmax = —0.15; Table S4: Distribution of refractive index variation among the units
when Angmax = —0.20; Table S5: Distribution of refractive index variation among the units when the
deflection of 30° is realized; Table S6: Distribution of refractive index variation among the units when
the deflection of 45° is realized.
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