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Highly Birefringent Terahertz Metasurfaces Based
on a Liquid-Crystal-Embedded Metal Mesh

Tomoyuki Sasaki , Mami Harada , Moritsugu Sakamoto, Kohei Noda, Keiichi Itoh ,
Hiroyuki Okamoto, and Hiroshi Ono

Abstract—Here, we report a metasurface for polarization con-
verters in the terahertz (THz) spectral range. The THz metasurface
consists of a metal mesh with subwavelength isotropic apertures
and a nematic liquid crystal (LC) that is a uniaxially anisotropic di-
electric medium. The LC is embedded and aligned homogeneously
in the apertures. We calculated the complex transmittance and
complex reflectance of the LC-embedded metal mesh (LC meta-
surface) for the eigen-polarization states using the finite-difference
time-domain method, and we then investigated the effective electro-
magnetic parameters. The LC metasurface exhibits birefringence
of approximately 1, which is one order of magnitude larger than
that of the LC, in the transmission band. We also investigated the
relationship between the geometrical parameters of the LC meta-
surface and transmissive retardation. These results demonstrate
that the LC metasurface is useful for transmissive polarization
converters in the THz spectral range.

Index Terms—Metamaterial, metasurface, liquid crystal,
terahertz device.

I. INTRODUCTION

E LECTROMAGNETIC metamaterials, including liquid
crystals (LCs), are of interest in a wide frequency range

because of their tunability with external fields [1]–[15]. In par-
ticular, the practical value of the LC-containing metamaterials
(LC metamaterials) is extremely high in the terahertz (THz)
spectral range owing to the lack of media for active THz devices.
Shekenhamer et al. presented an experimental demonstration
of LC metamaterials for electrically tunable THz absorbers
[6]. Buchnev et al. reported intensity and phase modulation
of THz radiation using an actively controlled large-area LC
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metamaterial [7]. Wu et al. proposed a cording LC metasurface
to manipulate the THz beam dynamically [14]. These studies
demonstrate the usefulness of LC metamaterials for various
active THz devices.

LCs without metallic subwavelength structures can also re-
alize fundamental active THz elements, such as phase, polar-
ization, and intensity modulators [16]–[22]. However, these LC
THz elements have a problem in the response speeds [20], [21].
To obtain a sufficient phase shift or retardation for THz waves,
the thickness of the LC layer should be comparable with the
submillimeter to millimeter wavelength [15], [19]. For example,
in planarly aligned nematic LCs, which are dielectric media with
uniaxial anisotropy, the alignment transition time for the applied
electric field is proportional to the square of the thickness of the
LC layer [23]. Therefore, the response speeds of common LC
THz elements are much lower than those of LC elements in the
visible range. LC metamaterials also have the potential to im-
prove this problem. Zografopoulos and Beccherelli theoretically
investigated the electrical tunable properties of THz LC meta-
materials consisting of metal–LC–metal cavity structures for
fast switching [10]. They reported that the calculated response
speed of the THz LC metamaterial is orders of magnitude faster
than that in the LC-based non-resonant THz components [10].
Vasić et al. reported that metal–LC–metal metamaterials allow
the THz polarization converter to operate at driving voltages
below 10 V with millisecond switching times [11].

Recently, we proposed a THz metasurface consisting of a
nematic LC and a subwavelength metal mesh [24]. Metal meshes
with subwavelength apertures exhibit extraordinary transmis-
sion, and they have been used as frequency selective surfaces
(FSSs), such as THz bandpass filters [25]–[27]. The extraor-
dinary transmission in the THz spectral range is generally ex-
plained by a coupled-mode model of spoof surface plasmon
polaritons [28]. In our previous study, based on experiments
and numerical simulations, we demonstrated that the LC meta-
surface converts the polarization state of the THz wave in the
transmission process and the thickness of the LC layer can be
reduced by two orders of magnitude relative to the planarly
aligned LC without metal meshes [24]. As mentioned above,
this is an advantage for the response speed in active control.
However, the electromagnetic properties of the LC metasurface
have not been quantitatively studied, and the design concepts for
practical applications have not been obtained.

In the present study, to obtain insight into the mechanism of
the polarization conversion, we investigated the electromagnetic
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Fig. 1. Schematic of the unit cell of the LC metasurface. a is the alignment
direction of the nematic LC. k is the wave vector of the incident wave.

properties of THz LC metasurfaces consisting of a metal mesh
with subwavelength isotropic apertures and a nematic LCs.
The complex transmittance and complex reflectance of the LC
metasurface were simulated for the eigen-polarization states by
the finite-difference time-domain (FDTD) method. Based on the
simulation results, we characterized the effective electromag-
netic parameters and investigated the relationship between the
retardation of the eigen-polarization states and the geometrical
parameters of the aperture. This study provides the basic design
concept of LC metasurfaces for THz polarization converters.

II. CALCULATION METHODS

In this study, we considered a LC metasurface consisting
of a free-standing isotropic metal mesh with subwavelength
cross apertures. These metal meshes are expected to be FSSs
in the THz spectral range [25]–[27]. The unit cell of the LC
metasurface is shown in Fig. 1. We assumed that a nematic
LC was uniaxially aligned in the apertures, as shown in Fig. 1.
The two arms of the cross aperture were parallel to the x- or
y-direction. For the cross aperture, the lengths and widths of the
arms were the same for the x- and y-directions. The unit cell
size for the x- and y-directions was set to be P = 270 μm for
future experimental demonstration [24]. The arm length l, arm
width w, and thickness of the metal mesh (i.e., the thickness
of the LC layer) d were variables. The metal was assumed to
be a perfect electric conductor (PEC), and the nematic LC was
assumed to be a lossless dielectric material with positive uniaxial
anisotropy. The LC was aligned in the x-direction in the aper-
tures. The ordinary and extraordinary refractive indices of the
LC were set to be no = 1.54 and ne = 1.69, respectively, which
are the values of 4-penthyl-4′-cyanobiphenyl (5CB), which is
a common nematic LC, in the THz spectral range [29]. The
birefringence of the LC was Δn = ne − no = 0.15. Because
the metal mesh was isotropic and the LC was aligned to the
x-axis, the eigen-polarization states of the metasurface were
linear polarization parallel to the x- and y-directions. We calcu-
lated the complex transmittance and complex reflectance of the
LC metasurface at normal incidence for the eigen-polarization
states using a FDTD simulator (Ansys Lumerical FDTD). In the
FDTD simulation, we assumed that the free space surrounding
the LC metasurface was a vacuum (i.e., the refractive index of

the free space was 1). The sampling points of the transmitted
and reflected waves in the free space were sufficiently far from
the LC metasurface. As boundary conditions, perfectly matched
layers were introduced in the z-direction and periodic boundary
conditions were introduced in the x- and y-directions. Actually,
we will use the metal mesh sandwiched between dielectric
substrates with alignment layers as shown in [24], instead of
the free-standing metal mesh. However, since the LC apertures
are essentially important in the polarization conversion property,
we employ the free-standing metal mesh without substrates in
this study.

Based on the results of the FDTD simulation, we characterized
the effective electromagnetic parameters of the LC metasurface.
The effective wave impedance for the eigen-polarization states
can be expressed as

Zq = ±Zf

√√√√ (1 + rq)
2 − t2q

(1− rq)
2 − t2q

, (1)

where q is x or y (i.e., Zq is the effective wave impedance for
the linearly polarized wave parallel to the q-direction), Zf is the
wave impedance of the free space, tq is the complex transmit-
tance for the linearly polarized wave parallel to the q-direction,
and rq is the complex reflectance for the linearly polarized wave
parallel to the q-direction [30]–[32]. The double-sign in (1) can
be selected based onReZq ≥ 0 because the material has no gain.
The effective complex refractive index for the eigen-polarization
states n̂q is given by

cos (k0n̂qd) =
1− r2q + t2q

2tq
≡ Gq, (2)

where k0 is the wavenumber of the incident wave in vacuum
[30]–[32]. Because n̂q is a complex number, the effective re-
fractive indexRen̂q ≡ nq and the effective extinction coefficient
Imn̂q ≡ κq are expressed as

nq =
1

k0d
Im

[
ln
(
Gq ±

√
1−G2

q

)]
, (3)

κq = − 1

k0d
Re

[
ln
(
Gq ±

√
1−G2

q

)]
, (4)

where the double-sign in (3) corresponds to that in (4).
A unique value for κq can be obtained because κq ≥
0 and Re(lnA) is a single-valued function, where A is
a complex number. However, nq is not uniquely deter-
mined because Im(lnA) has infinite branches. Here, (3) is
rewritten as

nq = Nq +
2πm

k0d
, (5)

whereNq is the principal value ofnq determined by the principal
branch in (3) and m is an integer. In this study, we defined
the effective birefringence as ΔN = Nx −Ny and the effective
retardation as γ = k0ΔNd, where −π < γ ≤ π.

III. RESULTS AND DISCUSSION

The frequency spectra of the zeroth order transmittance
|tq|2 ≡ Tq and the phase arg tq for d = 40 μm , w = 20 μm,
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Fig. 2. Transmittance and phase for d = 40 μm, w = 20 μm, and l =
170 μm. (a) Transmittance. (b) Phase in units of π.

and l = 170 μm are shown in Fig. 2. The LC metasurface can
also be used as a bandpass filter in the THz spectral range
[Fig. 2(a)]. However, the transmission frequency depends on
the polarization state of the incident wave. Here, as shown
in Fig. 2(a), we define the frequency as f and the peak fre-
quency with the maximal transmittance for the linear polar-
ization parallel to the q-axis as fq . Because Tq(fq) = 1, it
was surmised that the wave impedances of the LC metasur-
face and free space are effectively matched at f = fq . The
phase is not proportional to the frequency and show a rapid
change around fq [Fig. 2(b)]. This indicates that the phase
difference between the eigen-polarization states can be con-
trolled by the refractive indices of the LC and/or the alignment
direction of the LC. Additionally, we show the transmittance and
phase spectra of an isotropic-dielectric-embedded metal mesh in
Fig. S1.

The frequency spectra of the effective parameters for d =
40 μm , w = 20 μm, and l = 170 μm are shown in Fig. 3.
Here, we have confirmed that the transmittance and phase spectra
shown in Fig. 2 are reproduced using the effective parameters
shown in Fig. 3 and the Fresnel equations. Zq and n̂q exhibit
drastic changes around fq [Fig. 3(a) and 3(b)]. For both eigen-
polarization states, Zq(f < fq) is inductive while Zq(f > fq)
is almost purely resistive. In addition, κq(f > fq) � 0 and
Nq(f < fq) � 0. At f = fq, the impedance matching to the
free space (i.e., Zq/Zf � 1) is achieved. As shown in Fig. 3(c),
ΔN also shows strong frequency dispersion. We define the
peak frequency with the maximal effective birefringence as fγ
[Fig. 3(c)]. In this case, ΔN(fγ) � 0.90. This value is 6 times

Fig. 3. Effective electromagnetic parameters for d = 40 μm, w = 20 μm,
and l = 170 μm. (a) Wave impedance normalized byZf . (b) Complex refractive
index. (c) Birefringence.

higher than Δn. Namely, enhancement of the birefringence can
be realized using the isotropic metal mesh.

For practical applications of the LC metasurface, the phase
difference between the eigen-polarization states (i.e., the re-
tardation) is more important than the effective birefringence.
The above defined effective retardation γ, which is formally
proportional to ΔN and d, is caused by propagation in the
medium. However, the phase also changes due to the difference
between the impedances of the free space and medium. This is
because the Fresnel coefficients between the boundaries (i.e., the
argument of the complex transmittance) depend on Zq, which is
a complex number. Here, we characterize the integrated retar-
dation considering both the propagation and boundaries. Using
the argument of tq , the integrated retardation in the transmission
process is defined as

Γ = arg tx − arg ty, (6)

where −π < Γ ≤ π. The frequency spectra of γ and Γ for d =
40 μm, w = 20 μm, and l = 170 μm are shown in Fig. 4. The
peak frequency with the maximal Γ is denoted fΓ. In this case,
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Fig. 4. Retardation for d = 40 μm, w = 20 μm, and l = 170 μm.

fΓ � 0.538 THz �= fγ . For common isotropic metal meshes,
the phase changes rapidly around the peak frequency of the
transmittance [28]. Therefore, a large integrated retardation can
be obtained by controlling fq that depends on the geometrical
parameters and the refractive indices in the apertures. Using
the peak wavelength λΓ = c0/fΓ � 558 μm, the geometrical
parameters are normalized as P/λΓ � 0.484, d/λΓ � 0.072,
w/λΓ � 0.036, and l/λΓ � 0.305, where c0 is the speed of
light in vacuum. For these geometrical parameters, we obtained
Γ(fΓ) � 1.73 rad. This value is higher than γ(fγ) and the
retardation of the homogeneous LC layer φ = k0Δnd at f = fΓ
(Fig. 4). Namely, retardation can be achieved with >π/2 in the
transmission process by adjusting the geometrical parameters
of the aperture. This indicates that the LC metasurface is useful
for transmissive polarization converters and phase shifters in the
THz spectral range.

To obtain insight into the maximization of Γ(fΓ), we investi-
gated the relationship between the geometrical parameters (i.e.,
d,w, and l) andΓ(fΓ)based on the FDTD simulation. The results
are summarized in Figs. 5–7. The thickness dependence for
w = 20 μm and l = 170 μm is shown in Fig. 5.Γ(fΓ) increases
with increasing d. However, Γ(fΓ) is not proportional to d,
unlikeφ, and ∂Γ(fΓ)/∂d decreases with increasing d [Fig. 5(a)].
The thickness also affects fΓ because the peak frequencies of
Tq and arg tq are shifted continuously by varying d [28]. In
contrast to Γ(fΓ), Tx(fΓ) and Ty(fΓ) decrease with increasing
d [Fig. 5(b)]. Namely, there is a trade-off between the integrated
retardation and the transmittance. Here, at f = fΓ, we define
the transmittance ratio as

ρ =

{
Tx/Ty forTx ≤ Ty

Ty/Tx forTx > Ty
, (7)

where 0 ≤ ρ ≤ 1. In the case of ρ = 1, the transmittances for
the eigen-polarization states are the same. To control the phase
and/or polarization states purely, it is desirable that ρ is close to
1. As shown in Fig. 5(b), ρ � 1 can be obtained by controlling
the geometrical parameters. This is an advantage of the LC
metasurface for practical applications. When the absolute values
of the x- and y-components of the electric field of the incident
wave are equal, the Jones vector of the incident wave is written as
Ein = A[ 1 exp(iδ) ], whereA is the amplitude and δ is the initial
phase difference between the y- and x-components. For f = fΓ

Fig. 5. Thickness dependence forw = 20 μm and l = 170 μm. (a) Integrated
retardation Γ(fΓ) and peak frequency fΓ. (b) Transmittance Tx and Ty and
transmittance ratio ρ.

Fig. 6. Width dependence for d = 10 μm and l = 170 μm. (a) Integrated
retardation Γ(fΓ) and peak frequency fΓ. (b) Transmittance Tx and Ty and
transmittance ratio ρ.

and ρ = 1, the Jones vector of the transmitted wave is written as
Eout =

√
TA[ 1 exp[i(δ − Γ)] ], where T = Tx = Ty . Namely,

the polarization state of the transmitted wave can be controlled
by Γ without changing the intensity. The line-width dependence
for d = 10 μm and l = 170 μm is shown in Fig. 6.Γ(fΓ) can be
increased by decreasing w [Fig. 6(a)], but Tx(fΓ) and Ty(fΓ)
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Fig. 7. Length dependence for d = 10 μm and w = 20 μm. (a) Integrated
retardation Γ(fΓ) and peak frequency fΓ. (b) Transmittance Tx and Ty and
transmittance ratio ρ.

decrease by decreasing w [Fig. 6(b)]. The line-length depen-
dence for d = 10 μm and w = 20 μm is shown in Fig. 7. The
results shown in Figs. 6 and 7 indicate that the integrated retar-
dation increases with decreasing aperture size. However, there is
also a trade-off relationship between the integrated retardation
and the transmittance. Namely, the LC metasurface is useful for
transmissive THz modulators, but optimization of the unit cell
structure is important for practical applications. We are currently
studying optimization of the aperture form and the geometrical
parameters based on the machine learning approach.

Additionally, same simulation results are shown in Figs. S2–
S4. These data are useful for understanding effects of substrates
and losses in the metal and LC. In particular, the additional data
indicates that it is important to use a LC with small extinction
coefficients in practical applications.

IV. CONCLUSION

We have numerically simulated the electromagnetic proper-
ties of a THz metasurface consisting of a uniaxially anisotropic
LC and a subwavelength metal mesh with isotropic aper-
tures. Based on the complex transmittance/reflectance, the wave
impedance, refractive index, and birefringence were formally
characterized. As a result, we demonstrated that the LC metasur-
face exhibits birefringence that is several times higher than that
of the LC embedded in the apertures. The integrated retardation
between the eigen-polarization states was also characterized
by considering the phase changes both at the boundaries and
in the LC metasurface. We found that the LC metasurface
can realize high retardation with >π/2 for proper geometrical
parameters in the transmission process. At this point, we cannot

sufficiently explain the physical meaning of the obtained results.
However, we believe that our simulation results are important for
demonstrating the usefulness of the LC-embedded metal meshes
as media for THz polarization convertors and modulators. We
would like to discuss the construction of analytical models and
the qualitative explanation of the properties in further work.
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