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ABSTRACT Terahertz polarization converter has drawn great attention for its properties of wavefront control
in recent years. However, the low transmission efficiency of these converters remains a major obstruction
to be resolved. A promising solution is the all-dielectric metasurface, based on which, this study proposes
a high-efficiency transmissive terahertz linear-to-circular polarization converter. The simulations show the
transmission efficiency of the converter is beyond 88% with an ellipticity < —0.8 from 0.555 to 0.737 THz,
and the maximum efficiency even reaches 100% at 0.660 THz. Furthermore, the converter can also be
actively manipulated by combining with dynamic material. The frequency sensitivity is 98 GHz/100K, and
the modulation depth of ellipticity at 0.725 THz exceeds 76%. The excellent performances of these converters

offer more potentials for terahertz devices.

INDEX TERMS Metamaterials, optical materials.

I. INTRODUCTION

The polarization manipulation of terahertz (THz) wave is one
of the most significant functions in the development of THz
devices [1]-[9]. Among various THz waves with different
polarization states, the THz circularly polarized wave, for its
robustness and chirality [10], has been manifested in a wide
range of optical applications, such as 6G wireless commu-
nication, drug detection and biomolecules sensing [11]-[13].
However, the states of most electromagnetic waves generated
from THz emitters are linearly polarized [14], and the func-
tion of corresponding polarization converters are just linear
to cross [15]-[16]. Therefore, it is becoming increasingly
difficult to ignore the realization of THz linear-to-circular
polarization conversion. Albeit the excellent performance
of wave plates and lenses have exhibited in polarization
conversion, their bulk size and limited choice of materials
still hamper the progress of THz integrated devices. Con-
versely, as the two-dimensional artificial engineering mate-
rial with unique electromagnetic properties, metasurfaces
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have excellent abilities to control the phase, amplitude, and
polarization conversion of THz wave without the mentioned
problems [17]-[21].

By carefully designing geometric parameters, various
transmissive or reflective metallic metasurfaces have been
proposed to realize THz linear-to-circular polarization con-
version. For example, Jiang et al. proposed a high-efficiency
reflective linear-to-circular polarization converter based
on a metallic split ring metasurface, and the reflection
efficiency can exceed 88% in the frequency range of
0.60-1.41 THz [22]. Fahad et al. carried out several investiga-
tions into a broadband transmissive linear-to-circular polar-
ization converter with diagonally symmetric structure, and
the transmission efficiency varied from 50% to 80% within a
wideband range of about 0.53 THz [23]. However, although
high efficiency reflective linear-to-circular polarization con-
verters are relatively easy to design and manufacture in
the THz region [24], [25], perhaps some serious disadvan-
tages still hamper their development. One of the limitations
with these structures is that incident electromagnetic waves
may interfere with the reflection waves and influence quality
of the output signal. Another problem is the inconvenience
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in practical applications. As for the transmissive polariza-
tion converters, although without these problems, the inher-
ent ohmic losses of metals and the large reflection losses
make it difficult to achieve high efficiency at THz frequency.
For the purpose of designing high-efficiency and conve-
nient THz devices, all-dielectric metasurface is employed
for its Mie-resonance to simultaneously resolve all the
problems [26].

Although metasurfaces have provided new options for con-
trolling polarization, the operating frequency and polarization
output of these converters are still confirmed by their geomet-
rical parameters. The potential of various applications that
require dynamical control over the polarization of electro-
magnetic waves has been limited. Therefore, the realization
of a tunable polarization converter has been thought of as
a key factor in expanding the practical applications of THz
devices. In order to achieve this goal, we employ the hybrid
metasurfaces whose unit cell is combined with active mate-
rial. The electromagnetic properties and resonance responses
of these metasurfaces can be dynamically controlled under
external stimuli. As previous studies reported, a great variety
of active materials have been incorporated with metasurfaces,
such as liquid crystals, graphene, phase change materials, and
semiconductors [27]-[30]. Among them, the semiconduc-
tor indium antimonide (InSb), whose carrier concentration
will change greatly under thermal stimulation, is receiving
renewed interest in all-dielectric hybrid metasurfaces. There-
fore, the tunable all-dielectric hybrid metasurface based on
InSb can become a promising choice for active and high-
efficiency THz devices.

Here, we propose a high-efficiency transmissive linear-
to-circular polarization converter based on the all-dielectric
silicon metasurface. The anisotropy of silicon pillars on the
silica substrate provides enough freedom to manipulate polar-
ization conversion. Through simulation, the operating fre-
quency of the converter ranges from 0.555 to 0.737 THz with
an absolute value of axis ratio (AR) < 3 dB, and transmission
efficiency > 88% are realized. It is worth emphasizing that
a perfect left-handed circularly polarized wave is achieved
at 0.66 THz, and the corresponding transmission efficiency
can reach 100%. Besides, the converter can also be actively
manipulated by combining with active InSb film. Numerical
simulation demonstrates that the frequency sensitivity of the
tunable converter is 98 GHz/100K, and the ellipticity of the
circularly polarized THz wave can be tuned from —1.00 to
—0.24 at 0.725 THz. All of these excellent performances
indicate the potential applications of the converter in high-
efficiency THz devices.

Il. DESIGN, THEORY AND RESULTS DISCUSSION

Absorption loss is well known as one of the main factors that
affect the efficiency of the transmissive metasurface. In order
to reduce the impact of this point, doped silicon is chosen
as structure material due to its high permittivity (11.7) and
low loss tangent (0.0001) [31]. As illustrated in Fig. 1(a),
the tunable THz linear-to-circular polarization converter is
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FIGURE 1. Schematic diagram of the tunable polarization converter.

(a) Schematic of the converter consists of a silica substrate, periodic
silicon pillars, and indium antimonide (InSb) film deposited on the pillars.
(b) Illustration and geometric parameters of the unit cell.

based on a serious of tangential silicon pillars on the silica
substrate (with a thickness of 10 pum). For the purpose of
dynamically controlling the polarization converter, the InSb
film is deposited on the silicon pillars, as shown in Fig. 1(b).
The corresponding structure parameters are set to period
p = 250 um, diameter d = 60 pum, and height h = 90 um.
In this case, the polarization of the electric field regarding the
incident wave is 45° relative to the x-direction. Through sim-
ulation and structural optimization, perfect circularly polar-
ized waves can be achieved under the normal incidence
of THz linearly polarized waves.

Firstly, the all-dielectric polarization converter without
InSb film is simulated using a frequency-domain solver in
CST Microwave Studio. The unit cell boundary conditions
are employed to characterize the periodic structure of the
converter. As demonstrated in Fig. 1(b), the plane wave with
a normal incidence and the 45¢rc polarized electric field
is selected as the excitation source. For data management
and analysis, the transmissive electromagnetic wave of the
converter can be expressed as E;, = Eyey + Eye, =
L exp(joa)Exiex + tyyexp(joyy)Eyiey, where tyy = |Ey /Eyil
and ty, = |Ey/Ey;]| represent the transmission coefficient
of x-x and y-y polarization conversion, respectively. Cor-
responding, ¢y, and @y, are the transmission phase for the
two orthogonal components. It has been demonstrated that
when t,, = f,y and Agp = ¢y, — @ = 2nw £ 0.57
are satisfied simultaneously, the perfect linear-to-circular
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FIGURE 2. Simulated results of the all-dielectric terahertz (THz)
linear-to-circular polarization converter. (a) The transmission coefficient
and phase of the x-polarized component. (b) The transmission coefficient
and phase of the y-polarized component. (c) The difference in
transmission coefficient and phase between two orthogonal components.
(d) The ellipticity (EP) and axial ratio (AR) of the designed converter.

polarization conversion can be achieved [31]. The simulated
transmission coefficients and phases of the orthogonal com-
ponents are plotted in Fig. 2(a) and Fig. 2(b), respectively.
To quantitatively analyze the relationship between these two
components, the difference in transmission coefficient and
phase between them is plotted in Fig. 2(c). It is obvious
that the amplitudes of 7, and t,, are equal, and the phase
difference is —90° at 0.66 THz. Combining this result with
the above theory, it can be speculated that the perfect circu-
larly polarized wave is realized. To verify this result, stokes
parameters are introduced to describe the polarization states
of the transmission THz wave [22].

I = |t + Ity (1)
0 = |tel? — Ityyl? )
U = 2|tx||tyylcosAgp 3)
V = 2|txx||tyy|sinA<p “4)

The normalized ellipticity is defined as V /I to character-
ize the polarization conversion performance of the designed
structure, where V/I = —1 and V /I = +1 indicate that the
transmission signals are perfect left-handed or right-handed
circularly polarized waves, respectively.

Based on Eq. (1) and Eq. (4), the normalized ellipticity of
the converter is plotted with a black curve in Fig. 2(d). The
ellipticity less than -0.8 in the frequency range from 0.555 to
0.737 THz (the blue shaded region), suggesting that the pro-
posed converter has an excellent performance in polarization
conversion. In addition, the axial ratio (AR) of the transmis-
sion wave is also calculated through AR = 10logtan(B),
where § = 0.5arcsin(V/I). As shown by the red curve
in Fig. 2(d), the absolute value of AR is less than 3 dB in the
range of 0.555 to 0.737 THz, which also illustrates the high
conversion performance of the converter. The most obvious
finding to emerge from this graph is that the ellipticity equal
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to —1 at 0.66 THz, this phenomenon is consistent with the
speculations from Fig. 2(c). Furthermore, the proposed struc-
ture performs well in the linear-to-circular polarization con-
version with a bandwidth of about 0.182 THz, which expands
its application range and robustness in THz communication
devices.

FIGURE 3. Simulated electric field distribution of the proposed converter
for different time phases. (a) Excited by the x-polarized plane wave.

(b) Excited by the y-polarized plane wave. (c) Excited by the 45€irc
polarized plane wave.

In order to understand the underlying physical mechanism
of the THz polarization converter, our main results of the
electric field evolution process under the time phase are
shown in Fig. 3. The frequency of the perfect circularly
polarized wave is selected as the frequency for observing
the electric field distribution. When the converter is excited
by the x-polarized plane wave, the simulated results are
indicated in Figs. 3(aj)—3(ay). It is apparent that a weak
electric resonance mode can be observed. This phenomenon
may explain the little influence of the converter on the trans-
mission coefficient of the x-polarized incident wave, that is,
the amplitude of #, is 1 in broadband of about 0.2 THz
in Fig. 2(a). In contrast, a different resonance mode can
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be observed under the incidence of the y-polarized plane
wave. One significant evidence from Figs. 3(b;)—3(b7) is
the accumulated electric field at the edge of the silicon pillar
along the y-direction. This phenomenon provides compelling
evidence for the magnetic dipole resonance excited in the
silicon pillars. The low radiative loss caused by the magnetic
resonance results in the high transmission efficiency of the
incident wave, as shown in Fig. 2(b) above. The difference
between the electric field distribution in the two orthogonal
polarized waves is resulted from the anisotropy of the struc-
ture, which is also the fundamental reason for the realization
of polarization conversion. Further research will explore the
electric field distribution of the transmissive left-handed cir-
cularly polarized wave under the 45¢irc polarized plane wave.
A perfect left-handed circularly electric field rotation can
be observed through the change of time phase, as indicated
in Figs. 3(c1)—3(cy). This result is consistent with Fig. 2(d)
and verifies the correctness of the theoretical calculation.
In addition, the magnetic resonance inside the silicon pillars
may lead to high transmission efficiency of the converter.
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FIGURE 4. The polarization conversion performance of the converters
with different geometric parameters. The period-dependent transmission
(a) ellipticity and (b) energy efficiency. The diameter-dependent
transmission (c) ellipticity and (d) energy efficiency.

For the purpose of giving deep insight into the THz polar-
ization converter performance, p = (|t 12+ |tyy|2) /2 is intro-
duced to quantitatively calculate and analyze its transmission
energy conversion efficiency. As we expected, the transmis-
sion efficiency can reach 100% at 0.66 THz, as seen from
the blue curve in Fig. 4(b). It seems possible that this result
is due to the magnetic resonance inside the silicon pillars.
Furthermore, the transmission efficiency still greater than
88% in the frequency range with ellipticity less than —0.8.
Both of these results exhibit the high transmission efficiency
of the polarization converter that is difficult to achieve in
previous reports.

It is well known that the electromagnetic properties of
metasurfaces mainly depend on their design and geome-
try parameters. As the electric field distribution indicated
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in Fig. 3, the linear-to-circular polarization conversion is
generated from the anisotropy of the designed structure.
As shown in Fig. 1(a), the silicon pillars are tangent in the
x-axis direction, in contrast, there is a certain pitch in the
y-axis direction. The difference of effective permittivity in
the two orthogonal directions is the source of all phenomena.
Therefore, we further simulate and investigate the variation
in the ellipticity and transmission efficiency of the converter
under different periods and diameters. Fig. 4(a) shows the
ellipticity of the polarization converter under the modula-
tion of period (fixed diameter = 60 pwm). When the period
increases from 210 um to 250 um, the frequency of the
ellipticity peak decreases from 0.675 to 0.660 THz. Corre-
sponding, the bandwidth of the ellipticity (ellipticity < —0.8)
decreases from 0.337 THz to 0.182 THz. A possible expla-
nation for this might be that as the increases of period,
the relative permittivity in the y-axis direction will decrease,
which increases the anisotropy between x and y direction.
In addition, the transmission energy conversion efficiency is
also studied under different periods, as indicated in Fig. 4(b).
In contrast to the redshift of ellipticity, the peak of trans-
mission efficiency exhibits a blue shift with the increase of
period. Another more significant findings to emerge from this
study is that the transmission efficiency peak remains almost
constant in various periods. In this case, it can be concluded
that all the converters with different periods can achieve high
transmission efficiency. However, it is worth noting when
the period is confirmed, only one structure can achieve a
transmission efficiency of 100% and the ellipticity equals -1.
This structure (period = 250 pwm, diameter = 60 pwm) is what
we used in Fig. 2 to investigate the working mechanism of
the polarization converter. Apart from the period, the effects
of silicon pillar diameter (fixed period = 250 um) on the
converter performance are also investigated in Figs. 4(c)-4(d).
There is a redshift of the ellipticity peak is observed with the
increase of diameter, and a similar phenomenon also emerges
in the transmission efficiency. Combining with the finding
in Figs. 4(a)-4(b), this result provides more freedom for the
design of the THz polarization converter.

After investigating the perfect conversion performance and
high transmission efficiency of the converter, the tunable THz
polarization converter is also proposed to expand its applica-
tion range. The active InSb film is selected to be integrated
with the silicon pillars with the aim of tuning the polarization
converter electromagnetic response, as illustrated in Fig. 1(b).
As an active semiconductor, the permittivity of InSb film can
be easily tuned with the increase of temperature, which can
be attributed to its small bandgap, high electron-mobility,
and the low effective mass. Drude model is also introduced
to understand the permittivity of InSb film with various
temperatures [32].

£(®) = £00 — W, /(& + iy ) )

where w is the resonant frequency of the InSb, g5, = 15.68
represents its high-frequency value, and the damping constant
y = 0.1z THz. In addition, the plasma frequency w, can be
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calculated by the equation:

wp = \/ (Ne2/£qm) ©)

in which m represents the effective mass of free carriers, and
&o is the vacuum permittivity. As a function of temperature,
the intrinsic carrier density N of InSb film can be adequately
described N = 5.76 x 10'473/2exp(—0.13/kT). Through
these equations, we can conclude that the permittivity of InSb
is indeed closely related to the environmental temperature.
As shown in Fig. 5(a), in the frequency of 0.60-0.85 THz,
when the temperature rises from 340 K to 400 K, the real part
of the permittivity changes more than 470, and the maximum
value even reaches 940 at 0.60 THz. Fig. 5(c) shows a similar
phenomenon in the imaginary part of the InSb permittivity.
All of these findings exhibit the excellent thermal tunability
of this active semiconductor, that is why this active material
is selected in combination with the polarization converter.
Finally, the relative permittivity of the all-dielectric converter
can also be tuned due to the influence of the active InSb film.
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FIGURE 5. The permittivity of the InSb film with different temperatures.
The (a) real part and (b) imaginary part of permittivity when the
temperature is increased from 340 K to 400 K.

After combining the InSb film (1 wm) with the silicon
pillars, the performance of the tunable THz polarization con-
verter with different temperatures is simulated, as shown
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FIGURE 6. The simulated tunability of the THz polarization converter.

(a) The ellipticity of the converter under different temperatures. (b-c) The
normalized wavefront trajectories for different temperatures at 0.725 THz
(corresponding to the dotted line in (a)).

in Fig. 6(a). When the temperature varies from 340 K to
400 K, the peak of ellipticity shifts from 0.672 THz to
0.731 THz. In order to clearly exhibit the tunable perfor-
mance of the polarization converter, the sensitivity (fiax —
Jmin)/ (Tinax — Tmin)/ 1s employed and high sensitivity indi-
cates the better tunable performance. It can be calculated
that the sensitivity of the converter can reach 98 GHz/100K,
which has never been found in the all-dielectric polarization
converter. The ellipticity peak still less than —0.8 at different
temperatures, this finding demonstrates the excellent polar-
ization conversion performance of the converter in the pro-
cess of thermal regulation. In the same condition, the ampli-
tude of ellipticity at 0.725 THz increases from —1.00 to
—0.24, and the modulation depth can reach 76%. To give a
deep insight into the ellipticity regulation, the vector wave
equation is introduced as [33]:

by xycos(Ap)

2 X2 )
(ATE) + (ATE) 2( ArpAm )=sin"(Ap) (1)
where A7 and Ary represent the transmission coefficient
under the x-polarized and y-polarized incident wave, i.e., the
tye and t,, mentioned in Fig. 2, respectively. According to
Eq. (7), the wavefront trajectory curves of the transmis-
sion wave at different ellipticity (i.e. ellipticity (EP) equals

—0.5, —-0.6, —0.7, —0.8, —0.9, and —1.0) are calculated, and
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the corresponding results are illustrated in Figs. 6(b)-6(g).
As we can see, when the ellipticity decreases from —0.5 to
—1.0, the trajectory curves change from a flat ellipse to an
ideal circle. These figures provide strong evidence of the
tunable of ellipticity.

TABLE 1. Crucial performance parameters compared with the values for
the historical THz polarization converters.

Reference | Efficiency Sensitivity Dynamic ellipticity
[21] 8% ~97% R) |— —_—

[24] <80% (R) e 200%

[34] ~ 60% (T) 34 GHz/100K | 30%

[35] ~ 60% (T) —_—

[36] ~ 75% (T) —_— —_—

[37] ~ 40% (T) —_— e

This work | 88% ~ 100% (T) |98 GHz/100K | 76%

T: Transmission; R: Reflection.

Finally, performance comparison with the previously
reported THz polarization converters is carried out. Table 1
displays the frequency, period, transmission efficiency, sen-
sitivity, and dynamic ellipticity range of these converters.
It can be seen that the proposed structure exhibits an improved
efficiency among these reported converters. Hence, our con-
verter represents an ultra-high transmission efficiency. More-
over, the extensive tunability of the frequency and ellipticity
amplitude further exhibits the high-performance in which
other converters are hardly achieved. Thus, the proposed THz
polarization converters provide a promising prospect for
high-efficiency THz devices.

Ill. CONCLUSION

In summary, we propose an ultra-high efficiency THz linear-
to-circular polarization converter based on all-dielectric
metasurface. Through carefully designing the structure
parameters of the converter, the excellent performance is
realized. In the simulation, the operating frequency of the
converter ranges from 0.555 to 0.737 THz with the absolute
value of AR < 3 dB and efficiency > 88% are achieved.
The relation between geometric parameters and conversion
performance provides more freedom for structural design.
In addition, the InSb film is deposited on the silicon pillars to
realize the tunability of the polarization converter. Numerical
simulation demonstrates that the frequency sensitivity of the
tunable converter can reach 98 GHz/100K, and the ellipticity
can be tuned from —1.00 to —0.24 at 0.725 THz. The pro-
posed high-efficiency and tunable polarization converters can
be used as the component in THz imaging and communica-
tion devices.
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