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Efficiently coupling free-space light with a large bandwidth to arbitrary positions in on-chip systems is a significant
challenge. In this work, we address this issue by utilizing an inverse-designed metasurface as a meta-coupler, replac-
ing conventional grating couplers. Our meta-coupler achieved a maximum coupling efficiency 0of 90% (—0.46 dB).
The 1-dB bandwidth spans 138 nm (1450-1588 nm), while the 3-dB bandwidth extends over 300 nm (1425-
1725 nm), far exceeding the bandwidth of traditional grating couplers used on thin-film lithium niobate. This
meta-coupler demonstrates strong potential for on-chip systems requiring multi-wavelength interactions, such

as integrated lasers and amplifiers.
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1. INTRODUCTION

Thin-film lithium niobate (LN) is a widely used platform for
integrated optics due to its excellent optical properties such as
a relatively large refractive index and large transparency win-
dow, as well as electro-optic, acousto-optic, photorefractive,
piezoelectric, and other nonlinear optical properties [1]. Many
applications based on thin-film LN have been demonstrated,
such as optical frequency combs [2,3], electro-optical modula-
tors [4,5], wavelength converters [6,7], sensors [8—10], optical
phased array [11], and on-chip lasers [12—14]. A coupler is a
basic element of an on-chip photonic system. An efficient cou-
pler is essential to realize a high-performance on-chip photonic
device. At present, there are two common coupling approaches:
edge coupler and grating coupler [15,16]. An edge coupler has
the characteristics of relatively low loss, large bandwidth, low
polarization dependence, low placement flexibility, and the
need for end-facet dicing and polishing. The grating coupler has
the characteristics of relatively high loss, small bandwidth, high
polarization dependence, and high placement flexibility. The
couplers currently used for on-chip lasers and amplifiers [17]
have low placement flexibility and are restricted to the edges or
corners of the chip, which reduces the system’s integration and
the chip’s utilization. It is challenging to efficiently couple free-
space light with multiple wavelengths to the arbitrary position of
the on-chip system, involving the interaction of multiple wave-
lengths, such as on-chip lasers and amplifiers. Metasurfaces can
manipulate the amplitude, phase, polarization, and frequency
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of light, which provides the opportunity to solve the problem of
multi-wavelength coupling [18,19]. Recently, phase-gradient
metasurfaces used as meta-couplers have been demonstrated
[20-25]. However, the coupling efficiency is relatively low. In
contrast to the forward design method with a limited parameter
space, the inverse design method based on intelligent algorithms
provides comprehensive optimization. A series of applications
based on the inverse design method have been demonstrated
recently, such as metalenses [26,27], optical splitters [28-30],
reflectors [31,32], couplers [33,34], waveguide crossings [35],
optical filters [36], optical diodes [37], resonators [32], and
second-harmonic generation [38].

We proposed an inverse-designed broadband meta-coupler
with high coupling efficiency (CE) on thin-film LN to effi-
ciently couple broadband free-space light to the arbitrary
position of the on-chip system. First, based on generalized
Snell’s law, a meta-coupler for 1550 nm was designed. Then,
by inverse design, a meta-coupler for 1460 and 1550 nm was
realized. Without inverse design, the coupling efficiency for
1460/1550 nm is 32%/85%. With inverse design, the cou-
pling efficiency for 1460/1550 nm is 77%/83%, with a 3-dB
bandwidth of 300 nm and a 1-dB bandwidth of 138 nm, and
the maximum efficiency is 90% (—0.46 dB). To the best of our
knowledge, compared to the grating coupler, the biggest band-
width is demonstrated in our work, which shows the potential
application for on-chip systems involving the interaction of
multiple wavelengths, such as on-chip lasers and amplifiers.
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2. THEORY

An on-chip broadband meta-coupler on thin-film LN was
demonstrated by inverse design. Figure 1 shows a schematic
illustration of the meta-coupler. The design process can be
divided into two steps to decrease iteration times and improve
meta-coupler efficiency. First, based on the generalized Snell’s

law [39],

Ao d
n,sin 0, — n; sin@l':ﬁg, (1)
. . ho do
0, —sin6; = —. 2
sin sin Y dx 2

A phase-gradient amorphous silicon (o — Si) metasur-
face on the thin-film LN was designed as a meta-coupler for
efficient coupling at 1550 nm. Here, 6, /6, is the angle of refrac-
tion/reflection, 7,/n; is the corresponding refractive index, Ao
is the vacuum wavelength, and Z,,—f is the phase gradient between
neighboring antennas. Here, the incident angle 6; is 5 deg,
and #; is 1. The period P of the unit of metasurface is 500 nm,
and the height A of the unit of metasurface is 945 nm. dx is
500 nm. The footprint of the meta-coupler is 3 um x 3 pm.
According to Eq. (2), a proper phase gradient 4¢ is designed,

ho_do

and we let Towr dv +sin0; > 1> sinf,. Then the reflected

beam becomes evanescent. Generally, for guided waves in the
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Fig. 1. Schematic illustration of the compact broadband meta-

coupler by inverse design. (a) Schematic diagram of the principle of
the meta-coupler. (b) Unit of the metasurface. (c) Meta-coupler on
thin-film LN without inverse design. (d) Meta-coupler on thin-film
LN with inverse design. (¢) Enlarged view of the meta-coupler without
inverse design. (f) Enlarged view of the meta-coupler with inverse
design. (g) Cross-section diagram of the meta-coupler on thin-film
LN.
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thin-film LN waveguide, the effective refractive index e is
n; sin 0;, and only several limited values of 6, are allowed in the
waveguide. A proper phase gradient is needed to satisfy Eq. (1)
to realize efficient coupling. Considering these conditions, we
designed a meta-coupler to efficiently couple the free-space light
with a wavelength of 1550 nm to the thin-film LN waveguide.
Figure 1(a) shows a schematic diagram of the meta-coupler prin-
ciple on thin-film lithium niobate. Most of the free-space light
was coupled into thin-film LN through an o« — Si meta-coupler.
Here, a Z-cut thin-film LN with a thickness of 600 nm was
used, and the 2-pum-thick SiO; beneath the meta-coupler was
corroded to improve the efficiency. The unit of metasurface is
shown in Fig. 1(b). The meta-coupler on thin-film LN without
inverse design is shown in Fig. 1(c). The meta-coupler on thin-
film LN with inverse design is shown in Fig. 1(d). There were
two air holes on either side of the waveguide, which were used to
corrode the silica beneath the meta-coupler. Figure 1(e) shows
an enlarged view of the meta-coupler without inverse design.
Figure 1(f) shows an enlarged view of the meta-coupler with
inverse design. Figure 1(g) shows the cross-section diagram of
the meta-coupler on thin-film LN. Considering that the value of
d¢ is positive, the light coupled into the waveguide will propa-
gate along the positive X axis. Then, the ¢ and the initial phase
retardation ¢ of the transmitted light due to the first antenna
were swept. The range of the 4¢ and the initial phase retardation
o is 271

Second, the meta-coupler for efficient coupling at 1550 nm
was used as the initial condition of the inverse design. The
objective function is given by

.. 2
Maximize 1,550 X 73, (3)

where 1,55, is the efficiency of light at a wavelength of
1550 nm and 17%1460 is the efficiency of light at a wave-
length of 1460 nm. The size of the unit of inverse design is
100 nm X 100 nm x 945 nm. The material of the unit is air or
a — Si. The genetic algorithm (GA) was used for inverse design.
The code of the GA was written in Python. The generation in
the GA was set to 20. The population in the GA was set to 60.
The optical simulation is based on the finite-different time-
domain (FDTD) method. The light source was a total-field
scattered-field (TFSF) light source [40], which was commonly
used to analyze antenna-scattering attributes and calculate
device coupling efficiency [21]. The boundary condition was set
asa perfect matchinglayer.

3. RESULTS AND DISCUSSION

Figure 2(a) shows the relation between the phase retardation
of the transmitted light and the geometry (L, W) of the unit of
the meta-coupler. Figure 2(b) shows the relation between the
transmittance of the transmitted light and the geometry (Z,
W) of the unit of the meta-coupler. The phase map was used in
our design. Based on experimental results, the height A of the
unit is set to 945 nm, ensuring that the phase range (—7, 7) is
large enough. The o — Si was prepared by plasma-enhanced
chemical vapor deposition (PECVD). Then, the data of the
refractive index of o — Si are measured by a spectroscopic ellip-
sometry analyzer (SEA). The incident light is a TE wave. The
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Fig. 2. (a) Relation between the phase retardation of the trans-

mitted light and the geometry (L, W) of the unit of the metasurface.
(b) Relation between the phase retardation of the transmitted light and
the geometry (L, W) of the unit of the metasurface.
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Fig. 3. |E| distribution under TE plane wave illumination. (a) | E|
distribution in the y — z plane under TE plane wave illumination
(A =1.46 pm). The waveguide profile is marked with white solid
lines. (b) | E| distribution in the y — z plane under TE plane wave
illumination (A =1.55 pm). (c) |E| distribution in the x —y
plane under TE plane wave illumination (A =1.46 pm). (d) |E]|
distribution in the x — y plane under TE plane wave illumination

(A=1.55 um).

polarization direction is along the y direction. The thickness
of LN is 600 nm. The etching depth is 350 nm. The width of
the waveguide is 3.8 pum. Figure 3 shows the | E| distribution
with inverse design in thin-film LN. The | £| distribution in the
y — z plane under TE plane wave illumination (A = 1.46 pm)
is shown in Fig. 3(a). The waveguide profile is marked with solid
white lines. The | E| distribution in the x — y plane under TE
plane wave illumination (A = 1.55 pm) is shown in Fig. 3(b).
The mode profile at 1460 nm is close to TE;;, and the mode
profile at 1550 nm is close to TEq;. The | E| distribution in the
x — y plane under TE plane wave illumination (A = 1.46 um)
is shown in Fig. 3(c). The waveguide profile is marked with solid
white lines. The | E| distribution in the x — y plane under TE
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plane wave illumination (A = 1.55 pm) is shown in Fig. 3(d).
From Figs. 3(c) and 3(d), we find that most of the light prop-
agates along the positive X axis, which agrees with our theory.
To investigate the influence of the polarization of the incident
light, the polarization of the incident light was set to TM polari-
zation. Figure 4 shows the | £| distribution with inverse design
in thin-film LN under TM plane wave illumination. The | £]
distribution in the y — z plane under TM plane wave illumina-
tion (A = 1.46 pm) is shown in Fig. 4(a). The waveguide profile
is marked with solid white lines. The | £| distribution in the
x — y plane under TM plane wave illumination (A = 1.55 pum)
is shown in Fig. 4(b). The | E| distribution in the x — y plane
under TM plane wave illumination (A =1.46 pm) is shown
in Fig. 4(c). The | E| distribution in the x — y plane under TM
plane wave illumination (A = 1.55 pwm) is shown in Fig. 4(d).
Figure 5 shows the coupling efficiency (CE) of the meta-coupler
with(out) inverse design. The efficiency of the meta-coupler
with inverse design under TE plane wave illumination is plotted
in black, and the efficiency of the meta-coupler without inverse
design under TE plane wave illumination is plotted in cyan.
The efficiency of the meta-coupler without inverse design under
TM plane wave illumination is plotted in red. The efficiency
of the meta-coupler without inverse design under TM plane
wave illumination is plotted in green. The data at a wavelength
of 1460 nm are marked with green points, and the data at a
wavelength of 1550 nm are marked with yellow points. Without
inverse design, the coupling efficiency at 1460/1550 nm under
TE plane wave illumination is 32%/85%, and with inverse
design, the coupling efficiency at 1460/1550 nm under TE
plane wave illumination is 77%/83%. The coupling efficiency
at 1460/1550 nm under TE plane wave illumination is much
higher than the coupling efficiency at 1460/1550 nm under TM
plane wave illumination. In the simulation to find the relation
between the phase retardation of the transmitted light and the
geometry of the unit of the meta-coupler, the polarization of
the incident light was set as TE. During the forward design, the
incident light was set as TE. So, the device is designed for the TE
mode. For the TM mode, the phase response of the metasurface
is different, which may not satisfy the conditions of Eq. (1), so
the coupling efficiency is low and uncertain. After the inverse
design for the TE mode, the polarization was changed to TM to
find the polarization sensitivity. And the result shows that the
structure is sensitive to polarization. After the inverse design,
the coupling efficiency at 1460 nm under TE plane wave illumi-
nation can be increased by 141%, while the coupling efficiency
at 1550 nm is almost the same. After the inverse design, the
maximum CE under TE plane wave illumination is 86%. The
1-dB bandwidth is 138 nm from 1450 to 1588 nm, and the
3-dB bandwidth is 300 nm from 1425 to 1725 nm. S(short),
C(conventional), and L(long) bands are commonly used in
optical communication. In Fig. 5, the S/C/L bands are high-
lighted by translucent yellow/purple/red areas, respectively. The
S band and C band are within the 1-dB bandwidth. The L band
is within the 3-dB bandwidth. Our meta-coupler can work in
the S, C, and Lbands.

To further investigate the influence of different parameters
of the meta-coupler on the thin-film LN waveguide, the width
Win, the etching depth, the thickness Ay of the thin-film LN

waveguide, and the fabrication error of the meta-coupler were
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Fig. 4. |E]| distribution under TM plane wave illumination.
(a) | E| distribution in the y — z plane under TM plane wave illumi-
nation (A =1.46 pm). The waveguide profile is marked with solid
white lines. (b) |£] distribution in the y — z plane under TM plane
wave illumination (A = 1.55 um). (c) |E| distribution in the x — y
plane under TM plane wave illumination (A =1.46 pm). (d) |E|
distribution in the x — y plane under TM plane wave illumination

(A=1.55 pum).

adjusted. The influence of the width Wi of the thin-film LN
waveguide, with a thickness of 600 nm and an etching depth of
350 nm, is shown in Fig. 6(a). The maximum CE at 1460 nm is
82% when Wiy is 3.74 um. The maximum CE at 1550 nm is
80% when Wiy is 4.68 pum. The maximum CE is 86% when
the wavelength is 1480 nm and Wi is 3.74 pm. The influence
of the width Wi of the thin-film LN waveguide is relatively
small, which shows an excellent fabrication tolerance. The
influence of the etching depth of the thin-film LN waveguide
with a thickness of 600 nm and a width of 3.8 pum is shown
in Fig. 6(b). The maximum CE at 1460 nm is 85% when the
etching depth is 600 nm. The maximum CE at 1550 nm is
83% when the etching depth is 528 nm. The maximum CE is
90% when the wavelength is 1480 nm and the etching depth
is 600 nm. The results show that increasing the etching depth
helps improve the CE. The influence of the thickness Hjn of
the thin-film LN waveguide, with a width of 3.8 pm and an
etching depth of 300 nm, is shown in Fig. 6(c). The maximum
CE at 1460 nm is 86% when Hj y is 579 nm. The maximum CE
at 1550 nm is 78% when Fiy is 579 nm. The maximum CE
is 87% when the wavelength is 1469 nm and Hiy is 590 nm.
The results show that increasing the thickness helps improve the
CE. The influence of the fabrication error of the meta-coupler
is shown in Fig. 6(d), while the thin-film LN waveguide has a
thickness of 600 nm, a width of 3.8 um, and an etching depth
of 350 nm. The meta-coupler with a fabrication error of 20 nm
means that the width and length of all the structures in the
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Fig.5. Efficiency of the meta-coupler with(out) inverse design. The
efficiency of the meta-coupler with inverse design under TE plane wave
illumination is plotted in black. The efficiency of the meta-coupler
without inverse design under TE plane wave illumination is plotted in
cyan. The efficiency of the meta-coupler with inverse design under TM
plane wave illumination is plotted in red. The efficiency of the meta-
coupler without inverse design under TM plane wave illumination
is plotted in green. The data at a wavelength of 1460 nm are marked
with green points, and the data at a wavelength of 1550 nm are marked
with yellow points. The S(short)/C(conventional)/L(long) bands are
highlighted by translucent yellow/purple/red areas, respectively.
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Fig. 6. Influence of the width Wy, etching depth, thickness Hx,
and fabrication error of LN waveguide. (a) The efficiency map as a
function of wavelength and Wix. (b) The efficiency map as a function
of wavelength and etching depth. (c) The efficiency map as a function
of wavelength and thickness Hx. (d) The efficiency map as a function
of wavelength and fabrication error.

meta-coupler increase by 20 nm. When the fabrication error
varies from —10 to 48 nm, the CE at a wavelength of 1550 nm
ranges from 70% to 85%. The meta-coupler shows an excellent
fabrication tolerance.
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Table 1. Comparison of Grating Coupler on Thin-Film Lithium Niobate
CE (dB) 3-dB Bandwidth (nm) 1-dB Bandwidth (nm)

Reference Inverse Design Reflector Sim Exp Sim Exp Sim Exp
[41] No No 2.7 —3.06 102 55
[42] No No -2 —3.6 44 48
[43] No Yes —3.13 —-3.5
[44] No Yes —0.51 —1.43 38
[45] No No —4.57 —5.82 61 57
[46] No No —2.98 —3.58 58
[47] No No -3 —3.27 35
[48] No No —3.21 —4.02 70
[49] Yes Yes —0.71 —0.89 46 45
[50] No No —1.40 —2.20 47 86
[51] Yes No -2
[52] Yes No —2.75 —3.37 75
[53] Yes No —2.98 —3.8 86 ~ 120 46 71.4
This work Yes No —0.46 300 138

A coupler is a basic element of an on-chip photonic system. 6. Z. Hao, L. Zhang, W. Mao, et al., “Second-harmonic generation

An efficient coupler is essential to realize a high-performance
on-chip photonic device. The functionality of our work is
similar to that of the grating coupler, which can couple the
free-space light into the arbitrary position of the on-chip system.
A comparison of grating couplers on thin-film lithium niobate
is shown in Table 1. This work breaks the limited bandwidth of
the grating coupler. High efficiency and ultra-large bandwidth
were realized. There are several important details for realizing
a meta-coupler with high coupling efficiency and large band-
width. First, the SiO; beneath the meta-coupler is corroded
to increase the refractive index contrast. Thereby, more light is
limited in the LN, improving the coupling efficiency. Second,
the phase-gradient metasurface was used as a meta-coupler,
and by inverse design, the dispersion of the meta-coupler was
optimized, improving the bandwidth of the meta-coupler.
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