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Metasurface-Based Free-Space Multi-Port Beam Splitter

with Arbitrary Power Ratio

Tian Tian, Yuxuan Liao, Xue Feng,* Kaiyu Cui, Fang Liu, Wei Zhang, and Yidong Huang*

A beam splitter (BS) is one of the most critical building blocks in optical
systems. Despite various attempts of flat-type BSs to miniaturize the
conventional cube BS reported, it remains a challenge to realize an ultrathin
optical BS with multi-port output, non-uniform splitting ratio, and steerable
outgoing directions. Herein, a free-space optical multi-port beam splitter
(MPBS) based on a polarization-independent all-dielectric metasurface is
demonstrated. By applying an optimized phase-pattern paradigm via a
gradient-descent-based iterative algorithm to amorphous silicon (a-Si)
metasurfaces, a variety of MPBS samples with arbitrarily predetermined
output port number (2-7), power ratio, and spatial distribution of output
beams are prepared. The experimental results reveal that the fabricated
MPBSs can achieve high total splitting efficiency (TSE, above 74.7%) and
beam-splitting fidelity (similarity, above 78.4%) within the bandwidth of
100 nm (1500-1600 nm). Such proposed MPBS can provide fabulous
flexibility for optical integrated system and diverse applications.

quantum optics!'®! and optical compu-
ting,!1*1%) a multi-port beam splitter (MPBS)
is highly desired. The functionality of the
MPBS is to distribute the incident beam
into N (N>2) output channels with predeter-
mined power ratio. Furthermore, for these
applications, the operation wavelength and
polarization should keep constant since
the optical interference can be employed
to perform some processing or calculation
in optical domain. Such a MPBS is actu-
ally very difficult to achieve through tradi-
tional methods in both free-space and in-
tegrated systems since both the wavelength
and polarization cannot be utilized to guide
the optical beam. For instance, the widely
used multimode interference (MMI) cou-
pler only can divide the incident beam into

1. Introduction

A beam splitter (BS), which could distribute and combine the op-
tical beam paths, serves as one of the most fundamental building
blocks in a variety of optical systems. Typically, the most common
BS divides the incident light beam into two output channels (de-
noted as 2-port BS). Such 2-port BS plays a significant role in di-
verse optical applications of interferometers,!"?] spectroscopy,®!
optical communications,I*! etc. Previously, the conventional
2-port BS has been intensively investigated in both free-space
(e.g., the cube BSP®)) and on-chip (e.g., y-branch waveguide,!®’]
directional coupler®)) optical systems. Nevertheless, the cube BS
is hard to be integrated on-chip since the optical path relies on
the birefringence of the bulky prisms. As more compact alterna-
tives, some flat-type BSs (e.g., grating BS,°) dichroic BS[*)) have
been recently demonstrated. Besides the traditional 2-port BSs,
we have noticed that for some specific applications, e.g., light
detection and ranging (LiDAR),['!] beamforming networks, 2]
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N output channels with uniform power
ratio.l'7] Another scheme is the multi-port
interferometer, which is constructed by a
specific mesh of 2x2 BSs and phase shifters.!8] Since such
N-port interferometer requires cascaded Nx(N-1) 2-port BSs,
it is still challenging to fabricate and not cost-efficient. One
promising method to achieve an optical MPBS with a single
compact element is to employ the burgeoning metasurface.
Metasurface is a 2D artificial structure with periodic arrange-
ment of subwavelength scattering unit cells, which are referred
to as “meta-atoms”. During the past decades, metasurface has
attracted extensive attentions owing to its overwhelming superi-
ority over conventional optical components.['>?% Specifically, as
a compact planar structure, metasurface meets the incremental
pursuit of photonic integrated systems to miniaturize the foot-
print. Furthermore, with different materials (e.g., dielectric,212?]
metal?*2*)) and geometric structure of unit cells,[?>20] it is flex-
ible to design metasurface-empowered devices with the opera-
tion frequency band ranging from visible,[?"?%] terahertz,*% to
microwave.[3!) Notably, metasurface also exhibits the unprece-
dented capability to manipulate the electromagnetic wave in var-
ious degrees of freedom including phase,3234 amplitudel®3]
and polarization.’”] By taking advantage of these intriguing
properties, metasurface could extend the functionalities of exist-
ing optical components and further achieve novel devices. For
instance, the exceptional wavefront engineering capability en-
dowed by metasurface has been widely investigated including
metalenses,?®*] abnormal reflection,®?] negative refraction,*"]
vortex beam generation,*!] meta-holography*?l and dynamic
beam steering devices.[*}] Moreover, metasurface is also em-
ployed to demonstrate various novel devices such as perfect
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absorbers,[* invisibility skin cloak,[*! optical isolator*®l and
color printer.*’] Based on metasurfaces, several optical 2-port
BSs!*52] have recently been demonstrated with ultra-compact
size (33.6 X 33.6 um? as a concrete examplel*®]), which are very
promising to replace the conventional cube BSs. In these work,
only a few theoretical proposals realized the asymmetric (i.e.,
non-identical splitting angle or non-uniform power ratio) BSs
based on the difference of incident angle!* or frequency,*?! even
by altering the refractive index of the substrate.[*8] As mentioned
above, for our considering MPBS, the wavelength and polariza-
tion cannot be utilized to separate the light beam as well as the in-
cident angle since the incident beam is constant. Thus, the meta-
surface is the most promising candidate through the controllable
transmission phase distribution within the transverse plane.

In this work, we have proposed and demonstrated a free-space
optical MPBS with arbitrarily predetermined port number, power
ratio and spatial distribution of output beams for a single wave-
length input beam. The MPBS is fabricated on the amorphous sil-
icon (a-Si) metasurface and due to the geometry of utilized nano-
pillar, non-polarizing operation is also achieved. With our pro-
posal, it should be mentioned that the propagating direction and
transverse mode profiles of the input and output beams are main-
tained, which would be convenient for cascading and cooperating
with other elements in optical systems. Specifically, the operation
mechanism of the proposed MPBS is based on a complex grating-
like diffraction phase pattern optimized by a gradient-descent-
based iterative algorithm. As a proof of concept, we have applied
the optimized phase-grating paradigm on elaborately designed a-
Si metasurfaces and fabricated different MPBS samples with var-
ious port number (N = 2-7), power ratio and spatial distributions.
To evaluate the performance, two parameters of total splitting ef-
ficiency (TSE) and beam-splitting ratio similarity are employed
to characterize the efficiency and fidelity of fabricated samples.
According to the experimental results, the TSE and similarity are
74.7%-80.7% and 78.4%-89.3% within the wavelength range of
1500-1600 nm, respectively. To the best of our knowledge, this
work is the first demonstration of optical multi-port beam split-
ting. Compared with previous metasurface-based 2-port BSs, our
proposed MPBS not only demonstrates multi-port beam-splitting
successfully, but also achieves arbitrary power ratio along with
arbitrarily predetermined port number and the spatial distribu-
tion of output beams, which relies on the powerful capabilities
of metasurface on wavefront shaping and optical steering. We
believe that such proposed MPBS would boost up to exploit the
applications of BSs by a large margin.

2. Results and Discussion

2.1. Design Methods

The functionality of our proposed free-space MPBS is to split the
incident single wavelength light beam into multiple sub-beams
with respectively predetermined power (denoted as normalized
P,~P,) while the operation wavelength and polarization keep
constant. With our proposal, an arbitrary MPBS can be readily
achieved once the port number, splitting ratio as well as the spa-
tial distributions of the output beams are specified. As a concrete
example, Figure 1a shows the schematic of a 5-port BS, in which
the input light beam illuminates on the MPBS and splits into
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five sub-beams with predetermined power ratio of P;:P,:P;:P,:P
= 1:2:3:4:5. After propagating a certain distance along the respec-
tively distinct deflecting direction, the sub-beams are received on
the observation plane and defined as the output ports of the de-
vice. Here, for the specific case in Figure 1b, the spatial distri-
bution of the output beams is considered as equally spaced on a
circle of the received plane.

A diffraction grating is the simplest structure to perform beam
splitting. However, a single grating cannot split the incident
beam into multiple output beams with non-uniform power ra-
tio. Actually, a series of gratings are required to perform the task
of multi-port beam splitting. Thanks to the distinctive wavefront
control capability, a 2D complex grating-like diffraction phase pat-
tern can be achieved by the phase-gradient metasurface. Hence,
the process to design a metasurface-based MPBS can be consid-
ered as two steps. The first step is to design a proper diffraction
phase pattern to achieve the desired multi-port beam splitting
and the second step is to determine the distribution of “meta-
atoms” corresponding to the phase pattern acquired in first step.
In the following text, we will consider a 5-port BS shown in
Figure 1b as a specific example to introduce the design process
in detail.

Firstly, both the incident and output beam are considered as
the same transverse mode profile. Theoretically, the MPBS is in-
dependent of the mode of both the input and output. In this
work, the mode profile is specifically set as fundamental Gaus-
sian mode since it is commonly utilized in most spatial opti-
cal systems. Besides, in our design, the number and the spa-
tial distribution of the output ports can be flexibly settled. The
only restriction is to avoid the overlap between adjacent output
beams, which is corresponding to the divergence angle of the
Gaussian beam, the angle of beam deflecting and the distance
between the incident and the observation plane. Here, the case
shown in Figure 1D is set as a specific circumstance. The inci-
dent beam, which is a Gaussian-mode with a beam waist radius
of 40 um, falls precisely on the MPBS and then splits into five
sub-beams with the same deflecting angle of 4.1°. After a prop-
agation distance of 6 mm, the output beams are received by an
observation plane, representing uniformly distributed around a
430 um-radius circle (see Supporting Information for detailed
discussions about the size of beam waist). Following these settled
parameters, a diffraction phase pattern could be determined.

Before focusing on the concrete example, we should first de-
termine how to design a diffraction phase pattern to deflect the
incident wave to distinct outgoing directions at the same time. A
straightforward but effective recipe is to utilize superposed phase
gratings. It has been recently demonstrated that a mixed phase
pattern will simultaneously perform respective phase compen-
sation according to the superposition theorem.>3] As shown in
Figure 1D, for convenience, the center of the incident light beam
is considered as the origin of the coordinate and then the diffrac-
tion pattern composed of a series of blazed gratings can be ex-
pressed as:

N
F,(r) = arg{z A, exp [-ik, - (r=R,)|} (1)

where N refers to the number of the output ports, and
A, indicates the normalized amplitude of the n, sub-beam.
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Figure 1. The schemes and design process for the metasurface-based free-space optical MPBS. a) The schematic of a 5-port BS example with power
ratio of Py:P,:P3:P4:Ps. b) The desired output on the received plane of the 5-port BS with power ratio of Py:P,:P3:P,:Ps = 1:2:3:4:5. The brightness reveals
the light intensity values while the color indicates the phase values of sub-beams. c)The optimized phase-only pattern obtained by gradient-descent-
based algorithm for the 5-port beam splitting with power ratio of 1:2:3:4:5. d) The simulated phase delay and transmittance versus the varied radius
(70-270 nm) of a-Si nano-pillars. Through systematically sweeping the parameters, the carefully selected height and period of the nanopillars are h =
750 and p = 630 nm, respectively. e) The whole and partial arrangement diagrams of nano-pillar radius for the metasurface-based MPBS with power

ratio of 1:2:3:4:5.

Displacement vector r and R, are the position coordinates of a
certain point and the central point of the n, output beam on
the transverse plane, respectivelyk' = (kZ, k;‘)represents the cor-
responding transverse wave vector compensation of the n,, sub-
beam deflected from the incident beam, resulting in the deflec-
tion angle of tan™! (k” /k) and ta,n‘l(k;L /k) along x-axis and y-axis,
respectively. Besides, considering the circular symmetric distri-
bution on the transverse plane of the Gaussian beam, the func-
tional area of diffraction pattern contributing by Equation 1 is
purposely set as a circular region to match the incident beam.
The Equation 1 is rewritten as:

11 |I'| < Rthreshold
0, otherwise

Fy(1) = Fy (1) X x (1), x(1) = { (2)
where, R, .0 1S determined by the beam waist of the incident
Gaussian spot.

Additionally, to spatially filter out the undesired light, a three-
step diffraction grating is additionally implemented in the sur-
rounding area, which is given by Fy,.;;,,(r) = exp (yaping - 1)-

Thus, the ultimate diffraction phase pattern is expressed as:

N
F(r) = arg{ )’ A, exp [—ik, - (r—R,)]} X () + exp(iky s, - 1)

n=1

G)
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However, the phase-only modulation induced by phase grat-
ings cannot accurately accomplish the arbitrary power ratio beam
splitting functionality, which involves both the amplitude and
phase information. Thus, an iterative algorithm with gradient
descent is employed to obtain the optimal phase-only pattern,
which produces the light field distribution on the target plane
to approximate an ideal distribution. The main procedure to gen-
erate the optimized phase pattern and the light field simulation
method based on Discrete Fourier Transform (DFT) can be found
in Figure S1,2 (Supporting Information). Figure 1c is the finally
optimized two-dimensional diffraction pattern to perform the 5-
port beam splitting with power ratio of 1:2:3:4:5, which is com-
prised of the complex phase pattern in the circular area to gen-
erate target light field and the stripe pattern in the surround-
ing area to filter out the undesired beams. Compared with the
diffraction pattern given by Equation 3, the optimized one con-
tains more meticulous details, promising more accurate target
light field (Figure S3, Supporting Information). It should be men-
tioned that our utilized iterative algorithm with gradient descent
is a backward optimization algorithm. Thus it is different from
the greyscale computer-generated holography (CGH) algorithm,
which is a kind of forward simulation method (see Supporting
Information for detailed discussions). Besides, we have deduced
the complex-number form of this optimization. This complex al-
gorithm can make more effective use of the computing library
than the real number algorithm, so it can obtain the results with
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Figure 2. Simulation results of the proposed MPBS with power ratio of 1:2:3:4:5. a) The output beams with normalized light intensity on the received
plane. b) The extracted normalized peak power ratio of each sub-beams versus the azimuth angle 6, 6 is defined as the polar angle with negative y-axis
on the received plane, as shown in (a). c) The calculated TSE and SED (similarity) in the wavelength range of 1500-1600 nm with wavelength interval of

10 nm. d) The TSE for the x-polarization and y-polarization incident light.

much faster speed. Moreover, the optimization complexity of our
utilized algorithm is independent on the number of ports, but
only depends on the area and resolution of the optimization re-
gion (i.e., the total number of pixels). In this work, the optimiza-
tion is running with MATLAB and a GTX 1660Ti GPU is used,
and the resolution is 2048 by 2048. It takes just a few seconds to
optimize a hologram.

After obtaining the phase pattern, we further apply the opti-
mized phase-grating paradigm on an elaborately designed meta-
surface. Here, the metasurface is considered as a-Si nano-pillar
array on quartz substrate to achieve polarization independent op-
eration. For more accuracy, we first measured the dielectric func-
tion of a-Si sample deposited on 300 um quartz substrate by
plasma enhanced chemical vapor deposition (PECVD) by spec-
troscopic ellipsometry. The details are provided in Figure S6
(Supporting Information). Typically, with the measured refrac-
tive index (n = 3.324) and absorption coefficient (k = 0.015) at
the wavelength of 1550 nm, the phase delay and transmittance
have been calculated by Finite-Difference-Time-Domain (FDTD)
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method within the radius range of 70-270 nm. The lattice con-
stant and height of the nano-pillars have been carefully selected
so that the phase delay can be nearly regulated from 0 to 2z and
high transmission efficiency can be maintained simultaneously
(Figure 1d). With the relation between the phase delay and the
radius of the nano-pillars, the proper arrangement of nano-pillar
radius (Figure le) can be obtained to construct the MPBS.

2.2. Simulation Results

To verify our design shown in Figure 1e, some FDTD simulations
have been carried out. Actually, due to the limited computing ca-
pacity of the simulations, the MPBS has a more compact size
of 90 x 90 um?, i.e., 143 x 143 @-Si nano-pillars involved in the
simulation, and it is illuminated by an x-polarization Gaussian
incident light with the radius of beam waist as 40 pm. Figure 2a
shows the simulation result of the MPBS with predesigned power
ratio of 1:2:3:4:5. Figure 2b shows the power distribution versus

© 2023 Wiley-VCH GmbH
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Figure 3. The optical microscope image and SEM images of the fabricated sample with splitting ratio of Py:P,:P3:P,:Ps = 1:2:3:4:5. a) The optical
microscope image of the MPBS sample. b) The overall SEM image of the MPBS sample. c) The partially enlarged SEM images of the MPBS sample.

the azimuth angle 6 and the peak power ratio of each sub-beam.
It can be seen that the beam splitting ratio is quite consistent with
the theoretical design.

Additionally, to evaluate the performance of the MPBS, two
parameters are employed. The first one is the total splitting effi-
ciency (TSE), which is the ratio of the total intensity of the desired
sub-beams to the total intensity of all transmitted light and ex-
pressed by Equation 4. The other one is standardized Euclidean
distance (SED),[>* which evaluates the discrepancy of the theoret-
ical splitting ratio vector and the experimental one. In addition,
similarity is also introduced to characterize the beam-splitting fi-
delity more clearly. The relation between SED and similarity is
expressed as Equation 5. As shown in Figure 2c¢, the simulated
TSE can reach >88% with similarity >88.2% (SED<0.133) in the
wavelength range of 1500-1600 nm, which covers the C-band
and most of L-band. Besides, to demonstrate the polarization
independence of the MPBS, we have repeated the simulations
with y-polarization Gaussian incident light and plot the results
in Figure 2d. According to the simulation results of both x and
y-polarization, our purposed MPBS is insensitive to the polariza-
tion states of the incident light beam.

M=

i=1

TSE =

)

total

1

)
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2.3. Experimental Results

Further, several MPBS samples with various splitting ratio have
been fabricated and measured. At first, a-Si (thickness of 750 nm)
was deposited on a quartz substrate by PECVD. Then, the MPBS
samples were fabricated on a-Si layer with electron beam lithog-
raphy (EBL) and inductively coupled plasma reactive ion etching
(ICP-RIE). It is worth mentioning that a hard mask of Cr layer
was adopted to increase the aspect ratio of the nano-pillars, and
an additional SiO, mask was also employed to avoid experimen-
tally cumbersome lift-off process of Cr. The details of fabrication
processes can be found in Figure S7 (Supporting Information),
and the comparative results of fabricated samples using Cr hard
mask and using bilayer mask of Cr and SiO, are also provided
in Figure S8 (Supporting Information). Figure 3 shows the op-
tical microscope and scanning electron microscope (SEM) im-
ages of the fabricated sample with splitting ratio of P;:P,:P;:P,:P;
= 1:2:3:4:5. All samples (five types of MPBSs) are comprised of
500%500 nano-pillars with size of 315x315 um?, which is compa-
rable to the diameter of the incident light spot (=300 pum) located
on the MPBS bracket. Actually, such sample size is determined
as a trade-off between the performance and cost. Specifically, to
achieve precise beam-splitting, large area is desired so that more
meta-atoms could be implemented to achieve high resolution
phase pattern. However, large area sample also introduces higher
cost in terms of time cost of optimizing the phase pattern and
particularly the expenditure of EBL. If the standard CMOS fabri-
cation is adopted for future mass production, the cost of imple-
menting large area MPBS could be significantly reduced.

© 2023 Wiley-VCH GmbH
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Figure 4. Experimental results of the proposed metasurface-based MPBSs with power ratio of 1:2:3:4:5 (a,b,c) and 1:2:3:4 (d,e,f). a,d) The extracted nor-
malized peak power ratio of each sub-beams versus the azimuth angle 6, the inset shows the recorded CCD image. b,e) The simulated and experimental
TSE in the wavelength range of 1500-1600 nm with wavelength interval of 10 nm. ¢,f) The simulated and experimental SED/similarity.

To measure the transmission of the fabricated samples, a con-
focal microscope system has been built up (more details are pro-
vided in Figure S9, Supporting Information). The inset image in
Figure 4a is captured by CCD and shows a typical output of a 5-
port sample with splitting ratio of 1:2:3:4:5 at the wavelength of
1550 nm. It can be seen that there is a central spot, which is the
directly transmitted light without modulation and indicates that
the diffraction efficiency of fabricated sample is lower than the
design. The reason could be attributed to the sidewall roughness
and diameter deviation of fabricated nano-pillar (detailed discus-
sions can be found in Figure S10-13, Supporting Information).
With the recorded data of CCD, the power distribution versus
the azimuth angle 6 can be extracted and shown in Figure 4a
as red dots while the simulation results are also plotted as blue
square for comparison. All results are normalized with the inten-
sity of the maximum output beam. It can be found that the exper-
imental results and simulations are quite consistent. Figure 4b,c
show both the TSE and SED (similarity) within the operation
wavelength range of 1500-1600 nm, respectively. In both figures,
the results of experiment/simulation are shown as red dots/blue
squares. According to the experimental results, the TSE is 74.7%—
78.8% and similarity is 78.4%-85% (SED: 0.177-0.276) within
the bandwidth of 100 nm, respectively. These results indicate
that our proposed MPBS could operate within a very broad band-
width. The TSE of our experiments is reasonable in the previously
reported transmissive metasurface devices (discussions can be
found in Table S1, Supporting Information). The polarization-
independent operation of the MPBS is also measured and shown
in Figure S14 (Supporting Information). Furthermore, with our
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Table 1. The complete experimental results of all fabricated samples.

Beam-Splitting Exp.TSE Exp.SED Exp.similarity
Ratio

1:2 76.4%-80.7% 0.13-0.175 85.1%-88.5%
1:2:3:4 78%-79.4% 0.128-0.177 85%-88.7%
1:2:3:4:5 74.7%—78.8% 0.177-0.276 78.4%-85%
IRHHNI 74.7%—78.1% 0.16-0.243 80.5%-86.2%
IR R 77.1%-79.5% 0.12-0.175 85.1%-89.3%

proposed MPBS, the incident beam can be guided towards any
direction/angle. Thus, another case with a rhombic pattern of
output sub-beam spots is shown in Figure 4d—f with power ratio
of 1:2:3:4. The experimental TSE is 78%-79.4% and similarity is
85%-88.7% (SED: 0.128-0.177). In addition, all the experimental
results of other samples are provided in Figure S15,16 (Support-
ing Information) and summarized in Table 1. From Table 1, it
can be seen that different types of free-space MPBSs, including
various beam-splitting number (up to 7) and spatial distribution
of output ports (circle-arranged or rhombus-arranged), have be
successfully achieved.

3. Conclusion

In summary, we have proposed and demonstrated a free-space
optical MPBS based on a polarization-independent all-dielectric
metasurface. An iterative algorithm with gradient descent

© 2023 Wiley-VCH GmbH
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optimization is utilized to design the phase grating for pre-
cisely multi-beam splitting. With such a generic optimization
paradigm, a series of MPBSs have been designed and fabricated
on a-Si substrate with various port number (N = 2-7), splitting
ratio and spatial distributions. According to the complete exper-
imental results of all fabricated samples, the calculated TSE and
similarity are 74.7%-80.7% and 78.4%-89.3% within the band-
width of 100 nm. Compared with previous metasurface-based
2-port BSs in visible/near-infrared regimes,***?! our proposed
MPBS achieves multi-port beam-splitting with arbitrary power
ratio, port number and the spatial distribution of output beams.
This work further exhibits the flexibility of metasurface to achieve
the functionalities that are hard to be obtained by conventional
optical devices. Moreover, for the proposed MPBS, the character-
izations of maintaining propagating directions and transverse
mode profile of the incident beam are very beneficial for cascad-
ing and cooperating in expanded optical systems. We believe that
such MPBS device could be promising for applications of LIDAR,
beamforming networks, quantum optics and optical computing.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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