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Design and analysis of beam splitter based on
all-dielectric encoding metasurface

JUNLING HAN"
Jinan Vocational College, Jinan, China

Metal-based beam splitters limit device efficiency. In order to improve the beam splitter efficiency and reduce the ohmic loss
of metal materials, we propose to use all-dielectric materials to design a terahertz beam splitter. Moreover, it is an effective
way to design beam splitters using all-dielectric metamaterial structures. With the rapid development of digital technology, it
is difficult for traditional analog metamaterials to digitally control electromagnetic information. We propose the use of
encoded metamaterial structures to realize the design of terahertz beam splitters. Different encoding modes can control
different scattering angles of the beam splitter. Using all-dielectric encoding metasurfaces, we design a transmissive
terahertz beam splitter and a reflective beam splitter. It is generally believed that the design of reflective beam splitters
requires a metal layer to improve the reflection efficiency, however, the loss of metal materials is also inevitable. We use the
all-dielectric encoded metamaterial structure to design a reflective beam splitter, which makes it possible to use the

all-dielectric structure to design a reflective device.
(Received June 21, 2022; accepted December 5, 2022)
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1. Introduction

Beam splitters are indispensable components in
various optical applications such as interferometers,
multiplexers, etc. They play an important role in the
communication transmission system. The structure of the
traditional beam splitter device is relatively cumbersome
and cannot realize the free control of the beam. Traditional
beam splitters are not conducive to miniaturization,
integration and multidirectional transmission
characteristics. The study of metamaterial structure has
attracted great attention [1-10]. Metamaterials usually
refer to artificial composite structures or composite
materials with exotic electromagnetic properties that are
not found in natural materials [11-20]. Researchers can
rationally optimize the cell structure and cell size, and
artificially design exotic electromagnetic properties.
Metamaterials are widely used in microwave, terahertz,
infrared and visible light range [21-30]. Metamaterials can
be used in wireless communications, radar, stealth,
imaging, negative refraction, and perfect lenses [31-40].

Terahertz waves are highly penetrating and can pass
through wood, plastic and ceramics, enabling perspective
imaging of opaque objects. Compared with microwaves,
terahertz waves have higher spatial resolution and can be
used to distinguish the appearance and composition of
objects. When terahertz waves irradiate an object, the
morphological structure of its molecules will not be
changed, and it can be used for non-destructive testing.
Terahertz beam splitters are very important devices in
terahertz systems. For example, V. Chheang et al.

proposed a compact terahertz polarization beam splitter
based on a multimode interference structure [41]. Gao et al.
proposed an ultra-broadband Y-shaped terahertz beams
plitter [42], which consists of a straight waveguide based
on an H-shaped structure and two branched waveguides,
and its straight and branched waveguides have similar
dispersion relations and mode properties. J. Shibayama et
al. proposed a terahertz beam splitter based on radial
grating structure [43]. Lai et al. proposed a terahertz beam
splitter based on a silicon-based antiferromagnetic
nanofilm, which can split the incident wave into two
beams [44]. However, the research on terahertz beam
splitters mainly focuses on the structure of metal materials.
Ohmic losses of metal materials seriously affect device
efficiency. In order to improve the device efficiency, it is
possible to use all-dielectric materials to design terahertz
beam splitters. Compared with metal metasurface,
all-medium metasurface beam splitter can provide
relatively high transmission efficiency, especially in
visible and near-infrared bands. It can also be designed
as all-medium monolayer structure, making the
experimental preparation process more simple. The
all-dielectric unit structure can achieve both electrical
resonance and magnetic resonance, while for metal
structure, multi-layer structure is needed to achieve
magnetic resonance. Moreover, the low cost of raw
materials and compatibility with advanced semiconductor
processes allow all-dielectric metasurface beam splitters to
be integrated into photonic systems.

Here, we design transmissive and reflective THz beam
splitters using all-dielectric metamaterials. With the rapid
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development of digital technology, it is difficult for
traditional analog metamaterials to digitally control
electromagnetic information. Using the all-dielectric
cylindrical structure, different coding units are designed
and obtained. We utilize different coding modes to achieve
control of the scattering angle of the transmissive and
reflective beam splitters.

2. Beam splitter scattering theory of
metasurface

Digitally encoded metasurfaces use digital states to
characterize electromagnetic parameters, directly linking
digital technology at the information level with
metasurface technology at the physical level. The 1-bit
metasurface consists of two cell structures with a phase
difference of 180°, corresponding to the binary numbers
"0" and "1". Far-field beam splitting scattering properties
of coding metasurfaces are obtained based on phased array
antenna theory. If there are m*n coding units to form a
coding metasurface, "0" units and "1" units are alternately
arranged in the plane coordinates, and the size of each unit
is the same, which is T, then the coding metasurface is in
the plane coordinates. The period in both directions is 2T.
The transmitted or reflected phase of each cell is marked
as ®(m,n). According to the principle of phased array
antenna, the far-field scattering of the transmitted wave
can be expressed as [45]
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where T, shows the transmitted coefficient for
encoding unit, k is wave vector, and & and ¢ are elevation
and azimuth angles of scattering. It is assumed that the
transmission coefficient of each coding unit is 1, and the
phase of each coding unit is 0 or . Equation (1) can be
simplified as
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We can further obtain as
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where p, =0, £1, £2.... It can be deduced from Eq. (3)
that |F(8, @)| reaches its first extreme value, when it
satisfy the following conditions as
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When T, = 2d,, I, =2d,, and k = 2n/A, Eq.(7)
can be simplified as

0 =sin" (A & +=). 6
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I, and T, indicate the super period of encoding
metasurface in x-direction and y-direction, respectively. If
[, = o, or I, - o, Eq.(6) for the elevation angle ¢ of
the anomalous beam can be simplified as

6 =sin"'(%), @

where T indicates coding period in the encoding direction.

3. Transmissive all-dielectric beam splitter

According to the generalized Snell's law, if one wants
to control the transmitted wave to emerge at any angle, it
can be achieved by designing and changing the phase
gradient imposed on the metasurface. If the phase gradient
has two diametrically opposite directions at the
metasurface interface, then the transmitted wave would
split and refract and exit in two directions. The control
principle of the metasurface beam splitter is to introduce
abrupt phase to control the transmission phase, and then
control the change of the transmission phase by changing
the periodic arrangement of the abrupt phase, making it
possible to manipulate the beam splitting angle and
splitting ratio of the outgoing wave.

[
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Fig. 1. Schematic diagram of coding metasurface beam splitter
and schematic diagram of unit structure (color online)
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First, we design a transmissive all-dielectric-encoded
metasurface beam splitter. The beam splitter adopts a
variety of periodically arranged silicon dielectric column
structures, mainly to provide the abrupt phase of the
transmission wave splitting and refraction through a
non-uniform arrangement. As shown in Fig. 1, an
arrangement structure is shown, and the abnormal
refraction characteristics mainly depend on the size of the
unit structure and the periodic arrangement. In order to
realize terahertz metasurface demultiplexing, we choose
two kinds of all-silicon dielectric cylinders with different
radius and length. The terahertz all-dielectric transmission
beam splitter unit structure consists of a substrate and a
cylinder on the substrate, and the entire structure uses
silicon material. The substrate is composed of a square
with a length of d and a thickness of h, and the silicon
material cylinder on the substrate has a radius of r and a
height of t. The right figure in Fig. 1 shows the structure of
the all-silicon dielectric unit. Due to the high transmittance
and refractive index of the silicon medium in the terahertz
wave band, efficient Fabry-Perot resonance can be
achieved in the cylinder. Thus, an appropriate phase delay
can be introduced to the transmitted wave. The required
phase delay can be achieved by changing the cylinder
radius. We used the finite-difference time-domain method
to optimize the design. After optimized design, the
structural parameters of the beam splitter are of d = 100
pm, h =50 um, and t = 150 um. And two unit cells with
the different cylinder radius r can be designed as rl = 28.5
pm and r2 = 47 um. The cylinder material is Si with a
dielectric constant er of 11.9, loss angle tangent of 0.0357
and refractive index of 3.45. Fig. 2 shows the transmission
amplitude and transmission phase for these two cell
structures of different radii. There are two sharp
transmission dips near the 1THz frequency. This may be
caused by the guided mode resonance effect. In the
diffracted light field, the energy distribution of light wave
is reproduced due to the coupling resonance after mode
matching between the high-order diffracted wave
generated by the grating modulation and the mode leaked
by the waveguide. In this way, very sharp resonant peaks
appear at some wavelengths. At the frequency of 0.8 THz,
the transmission amplitude of the two unit structures is
relatively high, and the transmission phase difference is
close to 180 degrees. Therefore, we can use these two unit
structures to construct a 1-bit encoding metasurface to
achieve beam splitting properties.
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Fig. 2. Transmission amplitude (a) and transmission
phase (b) (color online)

To verify the effect of the fully adjustable beam
splitting angle of the terahertz all-dielectric beam splitter,
we utilize the two previously designed cell structures to
construct encoded metasurfaces with different periods. Fig.
3(@) shows a schematic diagram of an encoded
metasurface with a period of 400 pm. The corresponding
far-field scattered beam splitting characteristics are shown
in Fig. 3(b). For the surface metasurface arrangement with
a period of 400 pum, the two beam scattering directions of
the corresponding far-field beam splitting are deflected
along the negative x-axis and the positive Xx-axis,
respectively. Based on the far-field scattering principle of
the encoding metasurface, using formula (3), we can
calculate that the two beams of transmitted light along an
angle of 69 degrees. The above numerical simulation
results are basically consistent with the theoretical
calculation results. At the same time, the deflection angle
and light intensity of the two beams emitted by the beam
splitter are different, which may be caused by the
interaction between the unit structures.
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Fig. 3. (@) Schematic representation of an encoded metasurface
with a period of 400 um. (b) The corresponding far-field
scattered beam splitting characteristics (color online)

To further confirm that the encoding metasurface can
control different beam angles, we designed the encoding
metasurface sequence with a period of 600 um, as shown
in Fig. 4(a). The corresponding two scattered beams are
shown in Fig. 4(b). The numerically simulated scattering
angle of the two beams is 37°. According to the far-field
scattering theory and Equation 3, we can theoretically
calculate the scattering angle of this encoding sequence to
be 38°. The theoretical calculation results are basically
consistent with the numerical simulation results. The error
between the two is about 1°. This error may be caused by
the interaction between coding units and the small number
of computational units. In order to further adjust the
scattering angle, we designed an encoding metasurface
sequence with an encoding period of 800 um, as shown in
Fig. 5(a). The corresponding far-field scattering is shown
in Fig. 5(b). The numerically simulated scattering angle of
the two beams is 27°. According to the far-field scattering
theory and Equation 3, we can theoretically calculate the
scattering angle of this encoding sequence to be 28°. The
theoretical calculation results are basically consistent with
the numerical simulation results.

(b)
Fig. 4. (a) Schematic representation of an encoded metasurface
with a period of 600 um. (b) The corresponding far-field
scattered beam splitting characteristics (color online)

To demonstrate the splitting properties of multiple
beams in 3D space, we further design a checkerboard
encoding pattern, as shown in Fig. 6(a). Next, two
checkerboard coding modes with the same cell structure
described above, but with different periodic arrangements,
are introduced. The arrangement of the checkerboard
coding is to evenly arrange the silicon cylinders of
different radius lengths together, which can effectively
reduce the interaction between different unit structures,
and most importantly, can obtain the splitting
characteristics of multiple beams in 3D space. The
corresponding 3D spatial far-field scattered beams are
shown in Fig. 6(b). As shown in the figure, a metasurface
beam splitter with a periodic arrangement of four units
divides the transmitted light perpendicularly incident from
the substrate into four outgoing beams. The deflection
angle of the numerically simulated beamless beam is 66°.
According to equation (6), we can theoretically calculate
the scattering angle of this checkerboard encoding pattern
to be 69°. The numerical simulation results are basically
consistent with the theoretical calculation results. To fully
demonstrate that the deflection angles of the four beams in
three-dimensional space can be adjusted freely, we further
design a checkerboard-encoded pattern metasurface with
different periods, as shown in Fig. 7(a). The corresponding
far-field scattering distribution is shown in Fig. 7(b).
According to the numerical simulation results, we can see
that the far-field scattering angle is 14°. According to the



Design and analysis of beam splitter based on all-dielectric encoding metasurface

495

theoretical calculation and equation (6), we can
theoretically calculate that the scattering angle is 13°. The
errors of the theoretical calculation results and the
numerical simulation results are reduced relative to the
results in Fig. 6. This is due to the increase in the number

of repetitions of each coding unit in a cycle of this
checkerboard coding pattern, resulting in a decrease in the
interaction between the unit structures, which further

makes the numerical simulation and theoretical calculation
more consistent.

(b)

Fig. 5. (a) Schematic representation of an encoded metasurface with a period of 800 pm.
(b) The corresponding far-field scattered beam splitting characteristics (color online)
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Fig. 6. (a) Schematic of an encoded metasurface with the checkerboard encoding mode and the period of 200 zm.
(b) The corresponding far-field scattered beam splitting characteristics (color online)
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Fig. 7. (a) Schematic of an encoded metasurface with the checkerboard encoding mode and the period of 400 ym.
(b) The corresponding far-field scattered beam splitting characteristics (color online)
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4. Reflective all-dielectric beam splitter

We have designed the transmission beam splitter in
detail above. In general, the all-dielectric unit structure is
generally considered to be mainly used in the design of
transmissive devices. However, there are few reports on
all-dielectric material units for designing reflective devices.
It is generally believed that a reflective device needs to be
designed with a metal reflective layer. However, due to the
ohmic loss of the metal material, the device efficiency is
greatly reduced. In order to reduce the loss characteristics
of metal materials and improve the efficiency of the device,
we further use the all-dielectric unit structure to design a
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reflective encoding metasurface beam splitter.

To achieve the required reflective phase delay can be
achieved by changing the cylinder radius. After optimized
design, the structural parameters of the beam splitter are of
d =100 pm, h = 50 pm, and t = 180 um. And two unit
cells with the different cylinder radius r can be designed as
rl = 20 um and r2 = 35 um. Fig. 8 shows the reflective
amplitude and reflective phase for these two cell structures
of different radii. At the frequency of 1.4 THz, the
reflective amplitude of the two unit structures is relatively
high, and the reflective phase difference is close to 180
degrees. Therefore, we can use these two unit structures to
construct a 1-bit encoding metasurface to achieve beam
splitting properties for reflection mode.
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Fig. 8. Reflective amplitude (a) and reflective phase (b) (color online)

To verify the effect of the fully adjustable beam
splitting angle of the reflective all-dielectric beam splitter,
we utilize the two designed cell structures to construct

reflective encoded metasurfaces with different periods. Fig.

9(a) shows a schematic diagram of an encoded
metasurface with a period of 400 pm. The corresponding
far-field scattered beam splitting characteristics are shown
in Fig. 9(b). For the surface metasurface arrangement with
a period of 400 um, the two beam scattering directions of
the corresponding far-field beam splitting are deflected

(a)
Fig. 9. (a) Schematic representation of an reflective encoded metasurface with a period of 400 um.
(b) The corresponding far-field scattered beam splitting characteristics (color online)

along the negative x-axis with 30 degree and the positive
x-axis with 31 degree, respectively. Based on the far-field
scattering principle of the encoding metasurface, using
formula (3), we can calculate that the two beams of
transmitted light along an angle of about 32 degree. The
above numerical simulation results are basically consistent
with the theoretical calculation results. At the same time,
the deflection angle and light intensity of the two beams
emitted by the beam splitter are different, which may be
caused by the interaction between the unit structures.
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To further confirm that the reflective encoding
metasurface can control different beam angles, we
designed the encoding metasurface sequence with a period
of 600 pm, as shown in Fig. 10(a). The corresponding two
scattered beams are shown in Fig. 10(b). The numerically
simulated scattering angle of the two beams is about 20°.

According to the far-field scattering theory and Equation 3,

we can theoretically calculate the scattering angle of this
encoding sequence to be 21°. The theoretical calculation
results are basically consistent with the numerical
simulation results. The error between the two is about 1°.
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In order to further adjust the reflective scattering angle,
we designed an encoding metasurface sequence with an
encoding period of 800 pum, as shown in Fig. 11(a). The
corresponding far-field scattering is shown in Fig. 11(b).
The numerically simulated scattering angle of the two
beams is 17°. According to the far-field scattering theory
and Equation 3, we can theoretically calculate the
scattering angle of this encoding sequence to be 15°. The
theoretical calculation results are basically consistent with
the numerical simulation results.

(b)

Fig. 10. (a) Schematic representation of an reflective encoded metasurface with a period of 600 m.
(b) The corresponding far-field scattered beam splitting characteristics (color online)
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(b)
Fig. 11. (a) Schematic representation of an reflective encoded metasurface with a period of 800 um.
(b) The corresponding far-field scattered beam splitting characteristics (color online)
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To demonstrate the splitting properties of multiple
reflective beams in 3D space, we further design a
checkerboard encoding pattern, as shown in Fig. 12(a).
The corresponding 3D spatial far-field scattered beams are
shown in Fig. 12(b). The deflection angle of the
numerically simulated beams is 31°. According to
equation (6), we can theoretically calculate the scattering
angle of this checkerboard encoding pattern to be 32°. The
numerical simulation results are basically consistent with
the theoretical calculation results. To fully demonstrate
that the deflection angles of the four beams in
three-dimensional space can be adjusted freely, we further
design a checkerboard-encoded pattern metasurface with
different periods, as shown in Fig. 13(a). The
corresponding far-field scattering distribution is shown in
Fig. 13(b). According to the numerical simulation results,
we can see that the far-field scattering angle is 7°. When
we designed the separation of the double beams, the

@)

separation of the two beams is obvious. However, for the
multi-beam splitting, there seemed to be a lot of sidelobes.
This is probably because when we designed the split of the
two beams, we arranged as many cycles as possible given
the computational power. However, when we design
multi-beam splitting, the total number of units we design is
fixed due to the limitation of computing power. The cycle
size of multi-beam splitting units is relatively large, which
leads to a small number of permutation cycles. This results
in multiple side lobes. The beam splitter we designed may
be applied to other fields [46-53]. Even though the
presented work is fully based on numerical simulations of
encoding metasurfaces, it is feasible to prepare such all
dielectric encoding metasurfaces. The preparation

processes include the base bonding, the conventional mask
photolithography, and the Bosch deep reactive ion etching
process.

(b)

Fig. 12. (a) Schematic of an reflective encoded metasurface with the checkerboard encoding mode and the period of 200 wm.
(b) The corresponding far-field scattered beam splitting characteristics (color online)
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(b)
Fig. 13. (a) Schematic of an reflective encoded metasurface with the checkerboard encoding mode and the period of 400 pm.
(b) The corresponding far-field scattered beam splitting characteristics (color online)
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5. Conclusions

As an important terahertz device, the terahertz beam
splitter is widely used in various fields such as terahertz
band communication and imaging. Compared with other
structures, devices with metasurface structures have the
advantages of being simpler and more specific and flexible
in design. In this paper, a transmissive all-silicon
dielectric-encoded metasurface beam splitter and a
reflective all-silicon dielectric-encoded metasurface beam
splitter are designed. Both can provide a 1-bit phase
change in the terahertz band by changing the different

radii of the silicon pillars on the base of their unit structure.

By changing the periodic arrangement law of different unit
structures, the control of changing the splitting angle of the
outgoing beam is achieved.
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