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Abstract: We propose a metasurface-based Lithium Niobate waveguide power splitter with
an ultrabroadband and polarization independent performance. The design consists of an array
of amorphous silicon nanoantennas that partially converts the input mode to multiple output
modes creating multimode interference such that the input power is equally split and directed
to two branching waveguides. FDTD simulation results show that the power splitter operates
with low insertion loss (< 1dB) over a bandwidth of approximately 800 nm in the near-infrared
range, far exceeding the O, E, S, C, L and U optical communication bands. The metasurface is
ultracompact with a total length of 2.7 µm. The power splitter demonstrates a power imbalance
of less than 0.16 dB for both fundamental TE and TM modes. Our simulations show that the
device efficiency exhibits high tolerance to possible fabrication imperfections.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Research efforts towards miniaturization of optical elements are motivated by the drive to produce
on-chip photonic devices that attain the advantages of electronics, e.g., nanoscale dimensions, and
retain the advantages of photonics, e.g., low power consumption and broad bandwidth. However,
a common trade-off is sacrificing the efficiency of a given device for the sake of miniaturization
which, from a practical standpoint, is usually unacceptable [1]. Fragmented demonstration of a
standalone device, not integrated with a complex system, can curtail the effect of efficiency drop.
Practically, however, a small increase in the losses of a given device can render it dysfunctional.
In the past few years, a new paradigm emerged in nanophotonics that promises to overcome this
trade-off, namely, metasurfaces. Metasurfaces provide near complete control over the propagation
of light through abrupt phase changes at an interface which is induced by deeply subwavelength
antennas [1–5]. These metasurfaces offer the possibility to create ultrathin and efficient optical
devices [6–12].

In the context of integrated photonic circuits (IPCs), minimizing the footprint of the main
elements of such circuits, e.g., power splitters, polarizers, directional couplers, etc., is important
to increase the cost-effectiveness and packing density of IPCs. Recently, chip-integrated
metasurfaces platform translated the concept of a metasurface into IPCs, serving as a paradigm
for versatile, compact, and complete control over waveguide optical signals. Several chip-scale
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metasurface-based applications were recently demonstrated such as mode converters [1,4,13–16],
mode-pass polarizers [17,18], polarization rotator [1], wavelength/polarization (de)multiplexers
[19–21], asymmetric power transmitter [1], optical routers [22,23], and guided waves-to free
space wave-couplers [24–26]. These metasurface designs have the potential to obtain high
efficiency and miniaturized optical elements for future IPCs.

In this work, we demonstrate an ultracompact, ultrahigh efficiency, polarization independent
and ultrabroadband power splitter using an array of amorphous-Si metasurface nanorods
superimposed on a Lithium Niobate (LN) waveguide. Our device has an unprecedented ultra-
broadband operation of 800 nm far exceeding the O, E, S, C, L, and U optical communication
bands, and a total length of 2.7 µm. The device has excellent efficiency with low insertion loss of
< 1 dB and a power imbalance of less than 0.16 dB for both fundamental TE and TM modes.
The design is easy to fabricate and highly tolerant to fabrication deviations which makes it a
reliable component in the chip-integrated photonic systems. We note that our concept can be
realized in other dielectric material systems that support optical resonances.

2. Materials and methods

The device design is schematically illustrated in Fig. 1(a). The device consists of a LN waveguide
with a thickness of 400 nm on top of a 2-µm buried SiO2 layer, further supported on a single-
crystal LN substrate [27]. The ridge LN waveguide has a trapezoidal cross-section with a width
d= 2600 nm on the top, a sidewall tilting angle θ = 40 degrees (considering the experimental
implications of the LN waveguides [1,4]), a ridge height h= 300 nm and an under-etched slab
thickness s= 100 nm (Fig. 1(b)) [1,4]. A metasurface consisting of an array of amorphous
silicon (a-Si) nanorods (black rods) is superimposed on the waveguide (Fig. 1(a), inset). The
Si-metasurface consists of 12 nanorods of a rectangular cross-section, patterned along the center
top surface of the LN ridge waveguide and oriented along the y axis, with width w=75 nm,
thickness T = 130 nm, center-to-center distance between the adjacent nanorods Λ= 250 nm, and
a range of lengths (1.4, 1.4, 1.3, 1.1, 0.8, 2, 2, 0.8, 1, 1.4, 0.6, 0.3) µm. The nanorods length is
varied to optimize for the power splitting figures of merit (FOMs), e.g., insertion loss, power
imbalance between two output waveguides, and operation bandwidth. Following the seminal
works on metasurface-based integrated photonic devices [1,4], in our work, we used the direct
design approach to create the metasurface structure [28]. The dimensions of nanoantennas
were parametrically swept to realize the desired optical response and to achieve the obtained
device FOMs. The metasurface is ultracompact with a total length of Lx=2.7 µm. The designed
waveguide and a-Si nanoantennas are coated with a 3-µm SiO2 layer to ensure a polarization
independent power splitting (see Supplement 1, Section 1 for more details). The suggested
fabrication method is provided in Supplement 1, Section 2.

Figure 1(b) schematically illustrates the operation principle of the metasurface-based power
splitter. As light propagates in the waveguide, its evanescent field interacts with the nanoantennas
resulting in a spatially dependent abrupt phase change in addition to the propagation phase. An
intuitive understanding of the device mechanism is as follows: the wave-antenna interaction
partially converts the input fundamental mode to higher order modes which interferes with the
input mode creating an effective multimode interferometer. Through multimode interference,
images of the input mode are formed along the propagation direction of the waveguide. We note
that in the near-infrared wavelengths range, a-Si has a refractive index (na−Si ∼ 3.45) significantly
higher than LN (nLN∼2.2) (see Supplementary Figs. S3a, b) which strengthens the interaction
between waveguide modes and Mie resonance modes in the a-Si nanoantennas. Moreover, we
note that the anisotropic nature of LN waveguides has been taken into account in all of our
simulations (see Supplement 1, Section 3). The use of dielectric antennas instead of plasmonic
antennas minimizes the absorption losses.
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Fig. 1. Concept and schematic of the metasurface-based LiNbO3 power splitter. (a). A 3D
rendering of the device operating in the near infrared region. Inset (top right) showing the
top view and dimensions of the metasurface consisting of an array of amorphous silicon
nanorods (black rods) patterned on LN waveguide. (b). Schematic showing the cross-section
of the device. (c). Conceptual diagram of the device operation principle showing that the
mode-antenna interaction leads to a constructive interference of the guided mode at the
center of the waveguide.

3. Results and discussion

Figure 2(a) and Fig. 2(b) show the calculated electric field |E| flow profiles along the propagation
at a wavelength λ=1550 nm at the XZ, and XY planes when the TM00 mode is injected along the
propagation direction (x-axis) from left to right. Note that we purposely show the electric field
profile in the stem waveguide without considering the output branches in order to ensure that
the beam splitting occurs because of the interaction between the input mode with the designed
metasurface, as opposed to other mechanisms, e.g., branching waveguide and Y-junction [29–31],
where the splitting happens due to the sharp electric field discontinuity at the branches intersection
thus causing relatively high mode mismatch loss and excess power leakage (see Supplement
1, Section 4) [32,33]. Figure 2(c) shows the |E| for the fundamental TM00 mode in the power
splitting device at λ=1550 nm when the LN waveguide is connected to two branches having
width dout= 1.2 µm. The output power takes relatively confined path along the output branches
with a uniform splitting ratio and high transmittance.

In order to characterize the device performance, we studied the following figures of merit
(FOM): insertion loss described as IL= -10log(|s21 |

2 +|s31 |
2), where s21 and s31 are the complex

parameters of transmission extracted from the fundamental mode of the input (port1) to the
fundamental modes of the output ports (2 and 3); imbalance (IB), defined as the power variation
between the two output ports relative to the input power IB= 10 log(|s21 |

2/ |s31 |
2); reflectance (R)

and scattering (S) [34,35]. These FOM were calculated using 3D EMEsimulation (Lumerical
Inc.) as a function of the wavelength. Figure 2(D) shows calculated transmittance (T) at the
two output waveguides, the reflectance (R) and the scattering (S) for the TM00 mode over the
simulated wavelength range. The calculated insertion loss for TM00 polarized light is less than
1 dB over the simulated wavelength range from 1.2 µm to 2 µm. Our simulations indicate for
λ>2 µm, the corresponding intrinsic losses of the waveguide, as well as the calculated dispersion
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Fig. 2. Simulated device performance for TM00 mode. (a), and (b), Simulated field
flow profiles |E| (arbitrary units) along the propagation for the fundamental TM mode at
λ=1550 nm at the center of LN waveguide at the (a) XZ, and (b) XY planes. (c). Full-wave
simulation showing |E| for the fundamental TM mode in the power splitting device at
λ=1550 nm. The boundaries of LN waveguide and Si metasurface are indicated by dashed
lines and rectangles, respectively, in the figures. Note that in (a) and (b) there are no output
waveguides. (d), Calculated transmittance (T) at the two output waveguides (solid lines),
reflectance (dashed black lines) and scattering (dashed orange lines) for the TM00 mode
over the simulated wavelength range.
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in the near-infrared region, rise appreciably. Moreover, it is expected that the propagation losses
also increase for increasing wavelength. Hence, the total losses of the waveguide will eventually
become too large (>1 dB) to allow for efficient guiding of the optical signal. This limits the
performance of the splitter towards longer wavelengths. For λ<1.2 µm the reflected optical
power rises gradually as a result of increasing the impedance mismatch by the Si metasurface
(Fig. 2(d)). The device also shows an imbalance IB < 0.16 in the simulated wavelength range.
The simultaneous excitation of higher order modes following the interaction between the input
fundamental mode and the metasurface breaks the adiabatic condition and cause slight deviation
in the splitting ratio. These results highlight the significant technological relevance of our
proposed metasurface based power splitter.

Figure 3(a) and Fig. 3(b) show the calculated electric field |E| flow profiles along the propagation
at a wavelength λ=1550 nm at the XZ, and XY planes when the TE00 mode is injected along the
propagation direction (x-axis) from left to right. Figure 3(c) shows the |E| for the fundamental
TE in the power splitting device at λ=1550 nm. Figure 3(d) shows the calculated transmittance
(T) at the two output waveguides, the reflectance, and the scattering for the TE00 mode over the
simulated wavelength range. We note that the results in Fig. 3(a)–(d) are nearly identical to the
results obtained for the TM00 mode. Our design shows a polarization insensitive, record high
power splitting bandwidth of 800 nm (∼100 THz), a remarkably low insertion loss and imbalance,
and a small footprint. A comparison with existing power splitters regarding all FOMs is shown
in Table 1.

Table 1. Comparison with state-of-the-art power splitters

Design principles Bandwidth
(nm)

Insertion
loss (dB)

Power
Imbalance
(dB)

Footprint
(µm)

Polarization
independent

Inverse design [36] 100 0.5 <10.0 3

No

Adiabatic splitter [37] 100 0.31 0.2 300

Particle swarm optimization [38] 100 0.28 0.02 2

Photonic crystal [39] 30 0.25 0.58 20

Star coupler [40] 90 <1 <1 0.75

SWG MMI [34] 500 <1 <1 25.4

SWG adiabatic coupler [41] 185 0.11 0.7 35

Si Modal slotted waveguide [42] 390 <1 <1 200

Yes
SIN modal slotted waveguide [43] 420 <1 <1 320

Adiabatic tapers based variational
Y-junction [33]

70 0.19 0.47 20

Si-bent directional couplers [44] 80 <1 <0.9 50

Our work 800 <1 0.16 2.7

Figure 4(a) shows the normalized amplitude of the output modes for input fundamental TE
and TM modes at 1.55 µm. Following the interaction with the metasurface, part of the input
fundamental TE and TM mode is converted, mainly, to an output TE20 mode and TM20 mode,
respectively. The interference between these modes with the remainder of the fundamental mode
is responsible for the observed power splitting. In other words, the designed metasurface is
functionally similar to a multimode interferoemeter. Figure 4(b) shows the normalized amplitude
of the output modes for an input TE00 mode over a wide wavelength range. The mode conversion
from a TE00 mode to a TE20 mode through the metasurface is obtained over the entire wavelength
range which highlights the origin of the broadband operation of our power splitter. Section 5 in
Supplement 1 includes simulation structure and further details on the mode analysis.

https://doi.org/10.6084/m9.figshare.13955234
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Fig. 3. Simulated device performance for TE00 mode. (a), and (b), Simulated field |E| flow
profiles along the propagation (arbitrary units) for the fundamental TE mode at λ=1550 nm
at the center of LN waveguide at the (a) XZ, and (b) XY planes. (c). Full-wave simulation
showing |E| for the fundamental TE mode in the power splitting device at λ=1550 nm. The
boundaries of LN waveguide and Si metasurface are indicated by dashed lines and rectangles,
respectively, in the figures. Note that in (a) and (b) there are no output waveguides. (d)
Calculated transmittance (T) at the two output waveguides (solid lines), reflectance (dashed
black lines) and scattering (dashed orange lines) for the TE00 mode over the simulated
wavelength range.



Research Article Vol. 29, No. 6 / 15 March 2021 / Optics Express 8166

Fig. 4. Mode analysis at the end of stem waveguide. (a), Simulated amplitude of the output
modes (forward propagation modes) at the end of the stem LN waveguide at λ=1550 nm.
Note that the amplitudes of output modes resulted from both polarized input TE00 and TM00
light are nearly identical. (b) Amplitudes of the output modes as a function of wavelength
when the TE00 is injected in the device. The broadband TE00-to-TE20 and TM00-to-TM20
mode conversion through the metasurface highlights the origin of the broadband operation
of our power splitter

To ensure that our power splitter maintains the input fundamental TE00/TM00 modes without
exciting high-order modes at the output end, we analyzed the mode composition at the output
end of the power splitter as shown in Fig. 5. Note that the results from analyzing the mode
composition in both outputs of the device are nearly identical. Hence, for brevity, we show the
results in one output port.

Fig. 5. Mode analysis at an output branch of the power splitter. (a) Simulated amplitude
of the output modes (forward propagation modes) at the output branch of the device at
λ=1550 nm. Note that the amplitudes of output modes resulted from both polarized input
TE00 and TM00 light are nearly identical. (b) Amplitudes of the output modes as a function
of wavelength when the TE00\TM00 is injected in the device.

It is important to note that the output wave in both branches does not experience any polarization
rotation. Figure 6(a) and Fig. 6(b) show the electric field component Ez for TM00 mode and
electric field component Ey for TE00 mode. The corresponding vector diagrams of the electric
fields of the modes at the input and output of stem waveguide are shown in arrows in Fig. 6(a) and
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Fig. 6(b). After interacting with the metasurface, both the TM00 and TE00 modes are split while
retaining the polarization of electric field of the input fundamental mode as shown in Fig. 6(c)
and Fig. 6(d), These results are shown without introducing the Y branches, i.e., they are entirely
due to the metasurface. Figure s10 shows the |Ez |/

√︂
(|Ex |

2 + |Ey |
2 + |Ez |

2) for TM00 mode and

|Ey |/

√︂
(|Ex |

2 + |Ey |
2 + |Ez |

2) for TE00 mode.

Fig. 6. Modes at the input and output ports of the stem LN waveguide at λ=1550 nm. (a),
and (b), Plots of the Ez component for TM00 mode and Ey for TE00 mode of the input TM00
and TE00 modes. (c), and (d), Simulated output TM and TE modes after interacting with the
metasurface. The arrows show the vector diagrams of the electric field component of the
modes. The dashed lines indicate the boundaries of the LN waveguide.

We also would like to highlight the fabrication tolerance of our proposed metasurface waveguide
power splitter. To illustrate that we calculate the IL considering variations in the waveguide
thickness and width (Fig. 7(a)) and considering variations in the antenna thickness and width
(Fig. 7(b)). Within the entire parameter space under consideration for both the waveguide and
antenna dimensions, IL is lower than 1 dB. Regions of IL values lower than 0.28 dB correspond
to design tolerance where the device efficiency is considerably high despite variations in the
waveguide dimensions (Fig. 7(a)) or antenna dimensions (Fig. 7(b)).
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Fig. 7. Device fabrication tolerance. (a), and (b), Simulated device insertion loss for
the TE00 mode at λ=1550 nm, considering the variation of the waveguide dimensions and
antenna dimensions, respectively. The solid black lines in the contours denote the dimensions
that do not alter the efficiency of the device.

4. Conclusion

In conclusion, we demonstrate a high efficiency LN waveguide power splitter using a-Si nanorod
metasurface. The metasurface-based power splitter demonstrated a record bandwidth of 800 nm,
while having a small footprint, low insertion loss and low imbalance. Our demonstration shows
that metasurfaces interfaced with waveguides could provide simple and effective solution for
miniaturized integrated photonic devices without sacrificing the device efficiency. The method
utilized in our work can be used to realize other power divider designs, e.g., asymmetric y-splitters,
symmetric 3-waysplitters, and 1× 4 branching waveguides.
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