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a b s t r a c t
Metamaterials have been widely applied in the polarization conversion of terahertz (THz) waves. However,
common plasmonic metamaterials usually work as reflective devices and have low transmissions. All-dielectric
metamaterials can overcome these shortcomings. An all-dielectric metamaterial based on silicon with elliptical
air holes is reported to achieve high artificial birefringence at THz frequencies. Simulations show that with
appropriate structural parameters the birefringence of the dielectric metamaterial can remain flat and is above
0.7 within a broad band. Moreover, the metamaterial can be designed as a broadband quarter wave plate. A
sample metamaterial was fabricated and tested to prove the validity of the simulations, and the sample could
work as a quarter wave plate at 1.76 THz. The all-dielectric metamaterial that we proposed is of great significance
for high performance THz polarization converters.

1. Introduction
Terahertz (THz) wave, electromagnetic (EM) wave within the frequency range of 0.1–10 THz, is situated between the microwave and infrared bands. With the rapid development of THz sources and detectors
in recent years, THz technology has been widely applied in a variety of
fields such as spectroscopy [1], imaging [2] and communications [3].
To realize these applications, THz functional devices such as sensors [4],
absorbers [5], filters [6], and modulators [7] are highly desirable.
Polarization is a basic property of EM wave, and it carries valuable
information of the amplitude and phase of the EM field [8]. Thus, THz
polarization converters (TPCs) are very important for the THz technology. However, traditional materials cannot satisfy the high performance
requirements for TPCs due to the shortcomings such as high cost, great
loss and low birefringence [9–11]. For example, crystalline quartz only
has a birefringence of 0.046 at 1 THz [12], and it needs a large thickness
over 1 mm to work as a quarter wave plate (QWP).
Metamaterials, artificial materials composed of subwavelength
micro-structured elements, have flexible structural designs and extraordinary physical properties. They can overcome many shortcomings
of traditional materials in the THz band. Accordingly, metamaterials
provide a new way to realize TPCs with high performance. Thus,
*

many reports have been performed on TPCs made of different kinds
of metamaterials. Cong et al. proposed a metamaterial with a doublering-chain structure to realize polarization conversion at 0.66 THz [13].
Liu et al. achieved a QWP within 0.91–1.45 THz using a singlelayer metasurface [14]. Zhu et al. reported a hyperbolic metamaterial
waveguide as a TPC [15]. Wang et al. used VO2 to realize a switchable
QWP in the THz band [16]. Xia et al. proposed a broadband reflective
half wave plate which has a high polarization conversion rate over
88% within 0.67–1.66 THz [17]. Woo et al. realized a 90◦ polarization
conversion with a through-via connected double-layer slot metamaterial
within 0.3–1.4 THz [18]. Vasic et al. designed a controllable reflective
TPC to achieve tunable polarization conversion from linear polarization
to right circular polarization, orthogonal linear polarization or left
circular polarization at 2.32 THz [19]. However, these TPCs based on
plasmonic metamaterials usually only work as reflective TPCs, or have
low transmission limited by ohmic loss.
Compared with plasmonic metamaterials, all-dielectric metamaterials have the advantages of high transmissions and they are better suited
for transmissive TPCs. The most common dielectric devices for polarization conversion are dielectric gratings. They have a birefringence for
the different field directions parallel and perpendicular to the grating
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grids, and can realize polarization manipulations in the THz, infrared
and visible bands [20–23]. However, the dielectric gratings usually have
a thick size due to the low birefringence in the THz band. Chen et al.
proposed an all-dielectric gradient grating for TPC, and its birefringence
can reach 0.35 within 0.6–1.4 THz [24].
In this work, we proposed an all-dielectric metamaterial composed of
a subwavelength elliptical hole array fabricated in a silicon substrate.
Numerical simulations have been done to study the properties of the
metamaterial. With appropriate structural parameters, the birefringence
caused by the asymmetry of the elliptical holes can remain flat and is
above 0.7 in a broad THz band. Moreover, the metamaterial can be
designed to work as a broadband QWP within a specific THz band. A
sample metamaterial was fabricated and tested to prove the validity
of the simulations, and the experiment agreed well with the numerical
results.
2. Structure design
The all-dielectric metamaterial that we designed has a periodic
structure based on a square unit cell, where there is an elliptical air
hole at the unit cell center. The specific geometric parameters of the
unit cell are defined in Fig. 1. The major and minor axes are denoted by
𝐷 and 𝑑, respectively. The period of the unit cell in both the 𝑥 and
𝑦 directions is 𝑃 , and the depth of the elliptical hole is 𝐿. The alldielectric metamaterial, made of pure silicon, is composed of these unit
cells with subwavelength elliptical holes. In our design, the period of
the subwavelength air holes is much smaller than the wavelength range
of the THz wave, and, therefore, the metamaterial with subwavelength
air holes functions as an effective medium [25]. If spatial asymmetry
is introduced into the design, for example, elliptical or rectangular air
holes, the effective indices experienced by the THz wave along the x
and y directions will be different, leading to the birefringence. This
work only considers the case of elliptical air holes but other cases like
rectangular air holes can be investigated and we expect similar results.
Because the index contrast of air and silicon is high, the birefringence
can be very large and is dependent on the geometrical parameters of the
air holes, as will be shown in this work.

Fig. 1. (a) Unit cell of all-dielectric metamaterial and (b) cross-section of unit
cell.

The birefringence is defined as
𝛥𝑛 (𝑓 ) =

𝑐𝛥𝛿 (𝑓 )
,
2𝜋𝑓 𝐿

(3)

where 𝑐 is the speed of light.
The birefringence 𝛥n is only dependent on the transverse geometric
parameters of the elliptical holes, and has no relation with the holedepth L. For a fixed birefringence 𝛥n at a frequency f, the required phase
difference 𝛥𝛿 is proportional to the hole-depth L

3. Numerical analysis

2𝜋𝑓 𝐿
𝛥𝑛 (𝑓 ) .
(4)
𝑐
Moreover, the output polarization can be obtained by the transmitted
components in the 𝑥- and 𝑦-polarized directions, and the ellipticity of the
output polarization can be further calculated by [26]

𝛥𝛿 (𝑓 ) =
In order to study the properties of the all-dielectric metamaterial,
simulations have been done with CST Microwave Studio. 3D-models
with corresponding geometric parameters are built to simulate the
transmissions with the software. The relative dielectric constant of
silicon is taken to be 11.9, and periodic boundary conditions are used in
the 𝑥 and 𝑦 directions to simplify the simulations. The incidence is set
as a plane wave pulse, and we assume that the incident pulse along the
𝑧 direction has a linear polarization with a polarization angle of 45◦ ,
i.e., both of the components in the 𝑥- and 𝑦-polarized directions have
the same amplitude and phase. The incident pulse is modulated by the
metamaterial and the transmitted one can be obtained by simulation,
and further, through Fourier transform, we can get the corresponding
transmitted electric field amplitudes (𝐸𝑥 (𝑓 ) and 𝐸𝑦 (𝑓 )) and phases
(𝛿𝑥 (𝑓 ) and 𝛿𝑦 (𝑓 )), where 𝑓 denotes the frequency of the transmitted
wave. Similarly, we can get the transmitted electric field amplitudes
𝐸𝑥𝑅 (𝑓 ) and 𝐸𝑦𝑅 (𝑓 ) through the reference (air), and they are actually
equal due to the isotropy of air.
The amplitude transmissions are defined as
{
𝑡𝑥 (𝑓 ) = 𝐸𝑥 (𝑓 )∕𝐸𝑥𝑅 (𝑓 )
(1)
𝑡𝑦 (𝑓 ) = 𝐸𝑦 (𝑓 )∕𝐸𝑦𝑅 (𝑓 ).

𝐸𝑙𝑙𝑖𝑝𝑡𝑖𝑐𝑖𝑡𝑦 = sin 2𝜒 =

𝑡𝑥 2 + 𝑡𝑦 2

,

(5)

where −𝜋/4 ≤ 𝜒 ≤ 𝜋/4 is the ellipticity angle, sin2𝜒 = 0 and ±1
correspond to linear and circular polarizations, respectively, and the
rotation sense is determined by the positive or negative ellipticity.
The influences of different structural parameters on the metamaterial
performance have been analyzed with the simulation results. First, we
discuss the influence of the unit cell period. Here, the unit cell period is
varied from 23 to 27 μm, and the other structural parameters (𝑑 = 12
μm, 𝐷 = 22 μm and 𝐿 = 100 μm) are fixed. The simulation results
are shown in Fig. 2. It can be seen from Fig. 2(a) that the amplitude
transmissions are both around 0.75, and the 𝑦-polarization transmission
is slightly higher than that of the 𝑥-polarization. With an increase of the
unit cell period, both amplitude transmissions have a slight decrease
while the birefringence has an obvious decrease in Fig. 2(c). It is easy
to understand that the air-filling fractions in both 𝑥 and 𝑦 directions
become smaller when the period becomes larger, the asymmetry of the
metamaterial becomes weaker, and the metamaterial is closer to an
isotropic material. Although the unit cell period has a great influence
on it, the birefringence can remain flat and is over 0.7 within 0–1.94
THz when 𝑃 = 23 μm. The birefringence has a clear relationship with

The phase difference between the two components can be obtained
by
𝛥𝛿 (𝑓 ) = 𝛿𝑦 (𝑓 ) − 𝛿𝑥 (𝑓 ) .

2𝑡𝑥 𝑡𝑦 sin (𝛥𝛿)

(2)
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Fig. 2. Simulation results with different unit cell periods. (a) Amplitude transmission, (b) phase difference, (c) birefringence, and (d) ellipticity of the output field.

the phase difference between the 𝑥 and 𝑦 polarizations, as determined
by Eq. (3). Fig. 2(b) shows that the phase difference increases with the
frequency of the incident wave. Because the difference between the
amplitude transmissions is quite small for the 𝑥 and 𝑦 polarizations,
the ellipticity of the output polarization is mainly dependent upon the
phase difference here. Therefore, the points with a phase difference of
𝛥𝛿 = 𝜋/2 in Fig. 2(b) correspond well to the points with Ellipticity = 1
in Fig. 2(d). As can be seen in Fig. 2(b), the phase difference increases
almost linearly with frequency in the low frequency range, and begins
to bend at high frequencies. Due to the bending, the phase difference is
very close to 𝜋/2 within a broader band when 𝑃 = 27 μm. If we define
the range with 0.99 ≤ sin2𝜒 ≤ 1 as the operation band, the metamaterial
can work as a broadband QWP within 1.97–3 THz.
Because the broadband feature mentioned above is very significant
for practical applications, we discuss the reason of the bending here.
From Eq. (3), we can know that the bending is actually caused by the
decrease of the birefringence in the high frequency range. In order to
explain the reason for the decrease of the birefringence, the eigen-modes
of the unit cell at three different frequencies (1, 2 and 3 THz), with
𝑑 = 12 μm, 𝐷 = 22 μm, and 𝑃 = 27 μm, have been simulated using
the eigen-mode solver of the software and plotted in Fig. 3. Since the
structure is invariant in the 𝑧 direction, only a 2D-model is needed
with periodic boundary conditions applied to a unit cell. Obviously,
the polarized electric field is mainly distributed in the elliptical hole
whether for the 𝑥- or 𝑦-polarized mode in the low frequency range, and
the field distribution in the air hole becomes weaker with an increase
of frequency. This is in accordance with the electromagnetic principle
to concentrate the electric field in regions of high dielectric constant
to minimize the energy [25]. As a consequence, the influence of the
elliptical hole for the two polarization modes becomes weak with an
increase of frequency. Thus, it causes the decrease of the birefringence
in the high frequency range, which agrees with the results in Fig. 2(c),
and further causes the bending of the phase difference in Fig. 2(b).
Next, the influence of the elliptical hole size has been investigated.
In this part, the elliptical hole size has a variation with different 𝑑 and
𝐷, but 𝑑∕𝐷 = 6∕11 and the other structural parameters (𝑃 = 25 μm and

Fig. 3. Eigen-modes of unit cell with 𝑑 = 12 μm, 𝐷 = 22 μm, and 𝑃 = 27 μm
at different frequencies. (a) 𝑥-polarized mode at 1 THz, (b) 𝑦-polarized mode
at 1 THz, (c) 𝑥-polarized mode at 2 THz, (d) 𝑦-polarized mode at 2 THz, (e)
𝑥-polarized mode at 3 THz, and (f) 𝑦-polarized mode at 3 THz. The red arrows
denote the direction of the polarized electric field. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 4. Simulation results with different elliptical hole sizes. (a) Amplitude transmission, (b) phase difference, (c) birefringence, and (d) ellipticity of the output field.

𝐿 = 100 μm) are fixed. The simulation results are shown in Fig. 4, and
they are similar to the previous results. The amplitude transmissions
of the 𝑥- and 𝑦-polarizations are also around 0.75 (Fig. 4(a)), and the
𝑦-polarization has a slightly higher amplitude than the 𝑥-polarization.
Overall, both amplitude transmissions have a slight increase with an
enlargement of the elliptical hole while the birefringence has an obvious
increase in Fig. 4(c). The birefringence remains flat and is over 0.75
until 1.64 THz when 𝑑 = 13.2 μm and 𝐷 = 24.2 μm. In Fig. 4(b),
the phase difference increases with frequency, and begins to bend in
the high frequency range. The points with a phase difference of 𝜋/2 in
Fig. 4(b) again agree well with the points with Ellipticity = 1 in Fig. 4(d).
Third, we have also studied the influence of the hole-ellipticity. In
this part, the hole-ellipticity has a change with different 𝑑 and 𝐷, but
𝑑 + 𝐷 = 34 μm, i.e., 𝑑∕𝐷 has a change. Moreover, the other structural
parameters (𝑃 = 25 μm and 𝐿 = 100 μm) are fixed here. The simulation
results are plotted in Fig. 5. We can find that the amplitude transmissions
of the two polarizations are still around 0.75 in Fig. 5(a). However, the
amplitude transmission difference becomes increasingly smaller with an
increase of 𝑑∕𝐷. A lower 𝑑∕𝐷 brings about a higher birefringence in
Fig. 5(c), and the birefringence can remain flat and is very close to 0.8
until 1 THz when 𝑑 = 10 μm and 𝐷 = 24 μm. Further, A lower 𝑑∕𝐷
results in a higher phase difference in Fig. 5(b). The points with a phase
difference of 𝜋/2 in Fig. 5(b) correspond well to the points with Ellipticity
= 1 in Fig. 5(d).
Finally, simulations have been done to study the influence of the hole
depth L, and the results are shown in Fig. 6. In this part, the hole-depth
L is varied from 100 to 300 μm, and other structural parameters (d =
12 μm, D = 22 μm and P = 25 μm) are fixed. In Fig. 6(a)–(c), we can
see that the amplitude transmissions (around 0.75) and birefringence
𝛥n have almost no change, which proves the working principle that the
birefringence 𝛥n arises due to structural asymmetry as explained in the
beginning. In contrast, the phase difference 𝛥𝛿 increases with the depth
L and a longer L can induce a larger phase difference 𝛥𝛿 as determined
by Eq. (4), see Fig. 6(b). And the points with a phase difference of 𝜋/2 in
Fig. 6(b) still agree well with the points with Ellipticity = 1 in Fig. 6(d).
Through an analysis of the previous simulation results, we can
clearly find that the influences of the transverse structural parameters

are mainly on the birefringence, and they further affect the phase
difference through the hole depth L. The structural parameters have a
small effect on the amplitude transmissions of the 𝑥- and 𝑦-polarizations.
Thus, the ellipticity of the output polarization mainly depends on the
phase difference between the 𝑥- and 𝑦-polarizations. By changing the
structural parameters properly, we can tune the phase difference to
realize a specific output polarization at a specific frequency. Moreover,
the bending feature of the phase difference in the high frequency range
can be used for a broader operation band. For example, the metamaterial
can work as a broadband QWP within 1.97–3 THz when 𝑑 = 12 μm,
𝐷 = 22 μm, 𝑃 = 27 μm, and 𝐿 = 100 μm.
4. Experimental results
In order to prove the validity of the above simulation results, we
have fabricated and tested a sample metamaterial. A scanning electron
microscopy image of the sample is shown in Fig. 7(a). Lithography
technology has been adopted to fabricate the sample, and the array
of the elliptical holes has a total area of 2 × 2 mm2 etched on a
silicon wafer with a thickness of 1 mm. By actual measurement, the
sample has the structural parameters of 𝑑 = 12.02 μm, 𝐷 = 21.20
μm, 𝑃 = 25.00 μm, and 𝐿 = 101.65 μm. We have used a THz time
domain spectroscopy system [24] to characterize the properties of the
sample, and the experimental data of the output components in 𝑥- and
𝑦-polarized directions have been collected and processed. Furthermore,
a simulation with the actual parameters has been done to compare with
the experiment. Both the simulation and experimental results are shown
in Fig. 7(b)–(e). Overall, the experiment is in good agreement with the
simulation except that the experimental results deviate a little around
the numerical results. From Fig. 7(b), the amplitude transmissions of
both 𝑥- and 𝑦-polarizations are close to each other and around 0.7
within the frequency range of interest. And the birefringence of the
sample is over 0.32 in Fig. 7(d). Furthermore, the sample achieves a
phase difference of 𝜋/2 at 1.76 THz, as can be seen in Fig. 7(c). The
corresponding point with Ellipticity = 1 is indicated in Fig. 7(e), and this
means that the sample metamaterial can work as a QWP at 1.76 THz.
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Fig. 5. Simulation results with different hole-ellipticities. (a) Amplitude transmission, (b) phase difference, (c) birefringence, and (d) ellipticity of the output field.

Fig. 6. Simulation results with different hole depths. (a) Amplitude transmission, (b) phase difference, (c) birefringence, and (d) ellipticity of the output field.

5. Conclusion

polarizations. With proper structural parameters, the birefringence can
be flat and over 0.7 in a broad THz range. Moreover, the metamaterial
can work as a broadband QWP within 1.97–3 THz for particularly
chosen parameters. The operation frequency and bandwidth can be
tuned by the structural parameters. A sample metamaterial has been
fabricated and tested to prove the validity of the design. The simulation
and experiment agree well with each other, and the sample can work as

In this work, we proposed an all-dielectric metamaterial with an
elliptical hole structure. The metamaterial is made of pure silicon, and
can realize a high artificial birefringence in the THz band. Simulations
show that the transverse structural parameters have a great influence on
the birefringence but a small one on the amplitude transmissions of both
134
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Fig. 7. (a) Scanning electron microscopy image of sample metamaterial, (b)–(e) Experimental and simulation results for the sample metamaterial.

a QWP at 1.76 THz. Due to the artificial high birefringence and broad
bandwidth in the THz range, the all-dielectric metamaterial with an
elliptical hole structure has great potential for further development of
THz polarization converters and other functional devices.
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