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Terahertz waves are finding important applications in diverse fields, and meanwhile
the manipulation of terahertz waves calls for the development of various functional
devices. Here, we have designed and fabricated a metagrating-based polarization beam
splitter for terahertz waves using the simplified modal method. By only considering
two propagation modes and treating the grating as a Mach-Zehnder interferometer,
the method can greatly simplify the reverse grating design process. The parameters
of the grating are first obtained under the guidance of the simplified modal method
and then improved upon by the finite element method. The fabricated device is finally
experimentally demonstrated with a terahertz time-domain spectroscopy system. The
diffraction efficiencies of the polarization beam splitter at 0.9 THz are measured to be
69 and 63% for TE and TM waves relative to that of a silicon plate, respectively. The
corresponding extinction ratios are 12 and 17 dB for TE and TM waves, respectively.
The experiment results agree well with the simulations.
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INTRODUCTION

Over the past decades, terahertz (THz) waves are finding a growing number of applications in
communications [1-3], security check [4], imaging [5], pharmaceutical quality control [6], and
other fields because of their particular location in the electromagnetic spectrum [7-11]. As a
result, functional devices for THz waves like polarization beam splitters (PBSs) are highly needed.
However, there is a lack of suitable materials that have the required electromagnetic response in the
THz range. The advent of metamaterials has helped to solve this problem.

Metamaterials are artificial materials with carefully designed subwavelength structures to obtain
electromagnetic properties that cannot be found in natural materials. Negative permittivity and
negative permeability leading to a negative refractive index can be achieved with metamaterials
[12]. The radiation of surface waves and waves in free space can be absorbed completely by
metamaterials [13, 14]. Many other functions like cloaking [15], asymmetric transmission [16], and
holography [17, 18] are widely investigated. Many functional THz devices have been designed with
metamaterials, such as polarization converters [19], absorbers [20], and so on. In previous reports,
there are mainly two kinds of methods for beam splitting. Utilizing material anisotropy, one
can stack particular materials like black phosphorus with dielectric layers to achieve polarization
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beam splitting [21]. Nevertheless, the structure is too complicated
for fabrication. One can also pattern a metamaterial with a phase
gradient from 0-2m, which is the primary method of designing
metamaterial beam splitters [22-26].

Metagratings are a kind of metamaterial composed of one-
dimensional subwavelength periodic structures and have been
theoretically and experimentally analyzed [27-29] and applied
to deflectors [30, 31], holograms [32], sensing [33], and many
other fields. As a fundamental optical device, gratings can deflect
the incident light into multiple diffraction orders, which can be
utilized in PBS design. Finite difference time domain method
and rigorous coupled wave analysis (RCWA) [34] are typically
used for grating analysis and design. Although very accurate and
widely used, they are difficult for reverse grating design. The
modal method proposed by Collin [35] and Botten et al. [36]
was simplified more recently. In the simplified modal method
(SMM) [37-40], the diffraction process in a grating is treated as
the propagation of and interference between a limited number
of propagation modes. Thus, the grating design process can be
greatly simplified.

In this work, a THz PBS is designed based on the SMM,
fabricated, and experimentally demonstrated on a THz time-
domain spectroscopy system. The SMM provides physical
insight and theoretical guidance on the grating design. Different
from other designs, the metagrating-based PBS has the
benefits of simple structure, convenient design, and mature
fabrication process. The design methodology is expected to find
more applications.

THEORETICAL ANALYSIS AND DESIGN
Theory of Simplified Modal Method

According to the diffraction theory, when waves are incident
on a grating surface, the reflected and the transmitted beams
are composed of a series of diffraction orders. The number of
diffraction orders is determined by the relationship between the
incident wavelength and the grating period, as governed by the
grating equation:

A
sin ¢, = sing;, + n—

7 (1)
where the grating is assumed to be embedded in air, n is the
diffraction order, ¢;, the incident angle, ¢, the angle of the nth
diffraction order, A the incident wavelength in vacuum, and d the
grating period.

There are usually only several diffraction orders and
propagation modes (more typically two) on account of the
subwavelength nature of the metagrating. In this case, the
SMM can be utilized to model the diffraction process as the
interference between the two propagation modes as is done
in a Mach-Zehnder interferometer [37, 40]. The calculation
of the diffraction efliciencies is thus reduced to a series of
analytical equations.

The structure of the subwavelength metagrating is shown
in Figurel. In this work, the grating is constituted of
high-resistivity silicon and air, whose refractive indices are n;

and n;, respectively. The period, ridge width, groove width, and
grating height are defined as d, w, g, and h, respectively. The fill
factor of the grating is defined as f = w/d. When a plane wave
is incident on the grating, Maxwell’s equations and boundary
conditions can be used to describe and solve the grating problems
[36]. The equations for the Bloch modes under transverse electric
(TE) and transverse magnetic (TM) incidence are given as [36]:

B>+’
2By
= cos (ko sin @;y, ) (TE) 2)

> (:?'B + 2/3) sin (Bw) sin (yg)
cos (ko sin @iy ) (TM) (3)

cos (Bw) cos (vg) — sin (Bw) sin (yg)
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where kg = 27 /A is the wave vector in vacuum, and S

n2 aim and ¥ = ko /n3 ngﬂ’m are, respectively, the

wave vectors in silicon and air, w1th Nefm being the effective
refractive index of the mth mode.

Here, we restrict the metagrating parameters to the ranges
where there are only two propagation modes. In other words,
there are only two real solutions of neg, in Equations (2) and
(3) corresponding to propagation modes, and the imaginary
solutions correspond to evanescent modes. In the SMM, those
evanescent modes are ignored as they contribute little after
propagating a certain distance. Because there is a difference
between their effective refractive indices, the two propagation
modes will accumulate a phase difference after propagation.
Hence, the interference between the two propagation modes
determines the efficiency of the diffraction orders. Normally, the
calculation of interference involves an overlap integral because
the energy coupled into the two propagation modes is different.
However, when the waves are incident on the grating at the
Littrow angle, the first two diffraction orders are symmetric, so
as are the two propagation modes in the grating. In this case,
the two propagation modes carry the same amount of energy,
and the phase difference between the two modes determines the
diffraction efficiencies.

The interference process in the grating as previously described
is similar to the interference in a Mach-Zehnder interferometer
[40]. The analogy is illustrated in Figure 2. In a Mach-Zehnder
interferometer, the incident wave is split into two identical waves,
and they propagate through two different paths or materials.
After interfering with each other, the wave propagates out of the
interferometer from port 1 or 2 or both of them. The intensity of
the outgoing wave is determined by the optical path difference of
the two split waves. Neglecting the reflection at the grating input,
the interference within the grating is just like that in the Mach-
Zehnder interferometer. The two propagation grating modes
have the same propagation length but different effective refractive
indices. Thus, the two modes will acquire a phase difference just
like the two split beams in the Mach-Zehnder interferometer. The
efficiencies of the diffraction orders are likewise determined by
the effective optical path difference between the two propagation
modes. If the phase difference is zero, starting from a grating

2
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-1st

FIGURE 1 | Schematic of the metagrating fabricated on a high-index substrate. The grating and substrate are both made of high-resistivity silicon. The grating
parameters are the grating period d, the ridge width w, the groove width g, and the groove depth h.

Silicon

Oth

depth of zero corresponding to a silicon plate, the diffracted
wave leaves the grating from the Oth order. As the grating depth
increases, the phase difference increases, so is the efficiency of the
—1st diffraction order. The efficiency of the —1st diffraction order
achieves maximum when the phase difference reaches . By this
means, the efficiencies of the diffraction orders are given by [40]:

i = (22 "
11 (h) = sin® (5 =) 5)

where hpax = A/ (2 {neff,l — neff)2|) is the grating depth when
the phase difference reaches , and t represents the transmission
coefficient of the grating.

When the refractive index of the material is large, as in our
case, the reflection should be considered. The reflection at the

air/grating interface can be treated as that at two homogeneous
media with respective effective refractive indices of niy =

nycosgin and g, (m denoting the mode number). The
reflection at the grating/substrate interface is treated in the same
way. The reflection and transmission coefficients of the mth
propagation mode are given by: [41]
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FIGURE 2 | Schematic illustration of two-mode SMM for modeling the grating as a Mach-Zehnder interferometer neglecting the reflection of grating.
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FIGURE 3 | Diffraction efficiency of Oth and —1st orders for TM waves
calculated by FEM (solid lines) and SMM (dashed lines), respectively. The
grating parameters are d = 260 wm and f = 0.3. The refractive indices of the
grating are 3.45 and 1 for silicon and air, respectively. Black and red lines
represent Oth and —1st diffraction orders, respectively.

where n:}it = nj cos ¢, is the effective refractive index in silicon.
Multireflection is not taken into account here in order to simplify
the calculation. The transmission coefficient is described as

1[4 e sin o
t= 5 / Z ot 1y (X) ¢~ ko sin @inX g, (10)
0 m

where u,,(x) is the mode field distribution.
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FIGURE 4 | Values of hmax for different fill factors for TE (black line) and TM
(red line) modes.

As can be seen from the preceding discussion, the calculation
process by the SMM is extremely simple compared with more
rigorous numerical methods. A comparison of the results
calculated by the SMM and the finite element method (FEM)
based on COMSOL Multiphysics is presented in Figure 3. Here
the grating parameters are the grating period d = 260 um
and the fill factor f = 0.3. The two materials of the grating
are high-resistivity silicon and air, whose refractive indices are
3.45 and 1, respectively. The incident light is illuminated on
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the grating at an angle of 46°, the Littrow angle. The solid
and dashed lines represent the results calculated by the FEM
and SMM, respectively. In order to simplify the calculation
process, evanescent modes and multireflection are not taken into
account, which are known to affect the accuracy of the SMM
[42]. The complicated interaction between the grating modes
is then reduced to a series of analytic equations. Considering
above simplifications made in the SMM, the overall agreement
between two methods is good. The SMM produces slightly higher
transmissions because the multireflection process within the

grating is neglected. The multireflection process together with
the ignored evanescent modes can lead to the slight shift of the
curves [42]. In short, the SMM can well predict the performance
of the grating and greatly simplify the design process and will be
used first to yield the grating parameters, which will be improved
upon by the FEM.

Design of Polarization Beam Splitters
Traditionally, sweeping parameters for a particular grating
design is time-consuming. By contrast, the SMM provides a
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FIGURE 5 | Simulated diffraction efficiency of Oth and —1st orders as a function of frequency for (A) TE and (B) TM waves, respectively. The grating parameters are d
=260um, f = 0.23, and h = 210 um. The incident angle is 46°, the Littrow angle of the grating. Black and red lines represent Oth and —1st diffraction

0.8 1.0 1.2

Frontiers in Physics | www.frontiersin.org

October 2020 | Volume 8 | Article 580781


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Ma et al.

Terahertz Metagrating Polarization Beam Splitter

physical vision of the relationship between the grating parameters
and its diffraction efficiencies. Given the grating parameters,
its diffraction efliciencies can be calculated by very simple
equations. On the other hand, by solving the preceding equations
reversely, the required grating parameters can also be obtained.
Therefore, the reverse grating design could be accomplished very
simply. THz metagrating beams splitters will be designed in the
following. Based on the working frequency, the period, fill factor,
and groove depth of the grating are determined in sequence.

The double-beam-interference approximation in the SMM
assumes symmetrical outputs, the Oth and —1st diffraction
orders, so that the incident angle needs to satisfy the Littrow
condition (¢in = A/2d). A large incident angle also causes large
reflection, which means that the grating needs a relatively large
grating period. However, the grating period needs to be chosen
to make sure there are two only two diffraction orders. Therefore,
for the 0.8 THz working frequency, the grating period is chosen to
be 260 um to meet the preceding conditions. The corresponding
Littrow angle is 46°.

Next, the fill factor and grating depth need to be determined.
As previously derived, efficiencies of the TE and TM waves can
be described by Equations (4) and (5), from which it can be seen
that the peak of the diffraction efficiencies is determined by /.
When the grating depth h = mh,,x with m being an odd number,
the —1st order diffraction efficiency achieves maximum. The Oth
order diffraction efficiency achieves maximum when the grating
depth is h = nhp,x with n being an even number. The quantity
Bmax = A/ (2 |niﬂ — n§H|) is related with the difference between
the effective refractive indices of the two modes, which can be
calculated from the grating Equations (2) and (3). That is to say,
the difference between the two effective mode indices determines
the diffraction efficiencies. Because the grating equations for TE
and TM waves are different, TE and TM waves have different
values of hyay. For the THz PBS, the incident TE and TM waves
are split into two different diffraction orders (TE waves to the Oth
order and TM waves to the —1st order or the opposite). Once
the grating period is fixed, the grating depth h needs to meet the
condition of h = hmax TE = 2hmax, ™ OF B = Fmax ™M = 2max,TE
by changing the fill factor of the grating. At this point, the peak
of the 0th order diffraction of the TE wave coincides with that of
the —1st order diffraction of the TM wave, or vice versa. Thus,
TE and TM waves propagate through different ports. Figure 4
shows how hp,x varies with the fill factor for both polarizations
when the grating period is fixed at 260 um. As shown in there,
when the fill factor f = 0.23, hpaxT™M = 2hmax,1E- If the grating
depth h is chosen to be 205 pm, TE and TM waves will propagate
through the Oth order and —1st order, respectively, according to
our analysis.

Now that all the grating parameters have been determined,
the FEM is used to validate and slightly adjust the parameters.
The optimal grating parameters are finally determined to be
d = 260pm, f = 023, and h = 210 wm. Figure 5 displays
the diffraction efficiencies of the metagrating calculated by
COMSOL. Here, the TE wave propagates through the Oth order
and the TM wave through the —1st order at 0.8 THz as designed.
The diffraction efficiencies of the device are 50% and 70% for
TE and TM waves, respectively. The large difference between

the refractive indices of silicon and air is the primary reason
of the overall low working efficiency. According to the Fresnel
equations, the transmittances at an air/silicon interface for a
silicon plate are 0.57 and 0.83 for TE and TM waves at an incident
angle of 46 degrees, respectively, which means the corresponding
conversion efficiencies of the device are 87.7 and 84.3% for TE
and TM waves. Here, conversion efficiency is defined as the ratio
of the diffraction efficiency of the grating to the transmittance of a
single air/silicon interface with no structure. As fabrication error
is inevitable, the device designed must have good tolerance of
the parameter deviation, especially of the grating depth. Finally,
Figure 6 compares the diffraction efficiencies for TE and TM
waves by the SMM and FEM. The discrepancy for TE wave is
larger due to the fact that the effective refractive indices n1g p, for
TE wave have a larger difference from the refractive indices of the
substrate and air than those for TM wave do, thus causing larger
reflections at the interfaces [40, 42]. Figure 7 also indicates that
the diffraction efficiency for the TE wave is more severely affected,
but it does not drop significantly for a deviation <10 pm.

EXPERIMENTAL RESULTS

To further testify our design strategy, a metagrating device
is fabricated and experimentally characterized. The air/silicon
grating is manufactured by photolithography followed by deep
reactive ion etching. A scanning electron microscopy image of
the fabricated PBS device is shown in Figure 7A. The diffraction
efficiencies of the PBS device are measured on a fiber laser-
based THz time-domain spectroscopy system, part of which is
illustrated in Figure 7B. In the experiment, the incident angle is
set to be 46°. By rotating the angle between the receiver and the
sample, the time-domain THz signal is measured, since the THz

1.0 T T T T
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QL e
=} - .
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0.2 TFEM,—I _
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FIGURE 6 | Diffraction efficiency of Oth order for TE wave (black lines) and
—1st order for TM wave (red lines) at 0.8 THz as a function of grating depth.
Solid and dashed lines represent results calculated by FEM and

SMM, respectively.
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and broadband linear polarizers, respectively.

FIGURE 7 | (A) Scanning electron microscopy image of the PBS device. (B) Schematic of the experimental setup. T, R, and P represent the THz transmitter, receiver,

SU3500 15.0kV 7.1mm E 07/06/2019 12:20 100pm

transmitter and receiver only work for THz waves with horizontal
polarization (TM polarization). The conversion between TE and
TM waves in the measurement are achieved via two broadband
linear polarizers P; and P; in the transmission arm, and P3 and P4
in the detection arm by two 45-degree-field-projection processes.

In this way, the performance of the PBS device at multi-angles
is studied.

The measured time-domain signal is then transformed to
the frequency domain by fast Fourier transform for analysis.
To further compare the experimental and simulation results,
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Figure 8 presents the two-dimensional maps of the simulated
and measured angle-resolved diffraction efficiencies for TE and
TM waves, where the measured grating parameters are used. Both
waves are illuminated on the grating device at the Littrow angle of
46°. As Figure 8 demonstrates, the simulation and measurement
results are in good agreement. However, the experimental and
simulation results show that the working frequency shifts to
0.9 THz from the designed 0.8 THz; the deviation from the
design is mainly due to the parameter variations in the fabricated
device. The measured grating depth is 4 = 192 um, as shown
in Figure 7A. The lower grating depth causes a blueshift of the
working frequency. Although the design is aimed at a single
frequency, the metagrating reveals its diffractive property under
broadband THz wave illumination. As shown in Figure 8D, the
TM wave is diffracted to the —1st order within a frequency
range around 0.9 THz, and the larger the wavelength, the larger
the diffraction angle, consistent with the grating equation (1)

and the simulation results in Figure 5B. The lower frequencies
diffract to angles outside the measurement range. In addition,
most of the energy remains in the Oth order and much weaker
TE wave is diffracted to the —1st order above 1 THz, as can also
be seen from Figure 5A where the diffraction efficiency of the
Oth order drops, and the —1st order slightly rises. In agreement
with the simulation results in Figure 5, the diffraction into the
0Oth order for both waves at 0.6 THz is also accidentally stronger
than that at the working frequency. It should also be noted that
the diffraction efficiencies of the device are lower than design
because the reflection at the substrate/air interface is not taken
into account in the SMM. The diffraction efficiencies are 69
and 63% for TE and TM waves relative to the transmittances
of a silicon plate at an incident angle of 46°, respectively.
The simulations and experimental results are closer when the
reflection is taken into account. Also, the material loss leads to the
reduced transmittance. The material loss might also contribute to
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FIGURE 9 | Experimentally measured normalized amplitude vs. measurement
angle at 0.9 THz. Black solid and red dashed lines represent TM and TE
waves, respectively.

the broadening in bandwidth of the measured data in addition to
factors of fabrication error and limit in space resolution of the
detector. One solution to increasing the diffraction efficiencies is
adding an antireflection structure on the substrate/air interface
as discussed in our previous work [43]. Also, as the inset in
Figure 7A indicates, the inclined walls and uneven bottom of the
grating also affect the diffraction efficiencies of the device.

To further illustrate the function of the device, the
far field results at 0.9 THz for TE and TM waves are
shown in Figure9. Because of the blueshift of the working
frequency caused by fabrication error, the angle of the —Ist
diffraction order shifts from —46 to —34°, which makes
the light going out of the metagrating asymmetric. But the
functionality of the metagrating is not affected, and the extinction
ratios are measured to be 12 and 33 dB for TE and TM
waves, respectively.
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