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Terahertz (THz) linear-to-circular (LTC) polarization conversion plays a crucial role in imaging
and 6G wireless communication. This paper will give an account of a thermally tunable THz LTC
polarization converter by using the active all-dielectric metasurface. It consists of zirconium oxide
(ZrO,) microsphere resonators, active strontium titanate (STO) cladding, and flexible polyimide
substrate. Through numerical simulation, the amplitude of the ellipticity of the proposed polariza-
tion converter at 0.265 THz is —1, indicating that perfect right-hand circular polarization (RHCP)
wave is achieved. Meanwhile, the amplitude of the ellipticity is less than —0.8 between 0.247 and
0.278 THz (relative bandwidth is 12%). In addition, with the temperature changes of 180 K (from
200 to 380 K), the operating frequency of the converter can be tuned from 0.220 to 0.291 THz,
a sensitivity about 39 GHz/100 K is achieved. Besides, the modulation depth of the ellipticity am-
plitude can achieve 92% at 0.220 THz, which demonstrates that the converter can output terahertz
wave with different polarization states, and the device can be fabricated on a large scale. These
perfect conversion performances show that the converter has potential applications in high-speed
communication and imaging.

Keywords: terahertz waves, dynamically tunable, strontium titanate, polarization conversion, all-dielec-
tric metasurface.
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1. Introduction

Terahertz (THz) wave (0.1 to 10 THz) has attracted more attention in imaging, spec-
troscopy, environmental surveillance, remote sensing, high-resolution radars, and
high-speed communication [1-5]. In particular the rapid development of high-speed
communication and imaging has attracted wide attention from scholars [6—13]. To im-
prove the performance of these THz devices, the circular polarization wave with ro-
bustness [14] and chirality [15] is essential and necessary. However, the THz waves
are mostly linearly polarized [ 16, 17]. More importantly, the polarization control is one
of'the most basic functions of optical components such as polarizers, polarization beam
splitters, and polarization converters [18]. Therefore, the THz linear-to-circular (LTC)
polarization converters are of significance in the expansion of THz devices. Generally,
the THz polarization converter is based on birefringent waveplates [19]. However,
the major problems of bulky size, high losses, and narrow bandwidth of waveplate
have limited their applications in integrated THz devices [20]. Conversely, as the pe-
riodic sub-wavelength planar array with unique electromagnetic properties [21-27],
metasurface has provided greater freedom and better performance in THz polarization
conversion devices.

Nowadays, researchers have proposed a variety of THz polarization converters
based on metasurfaces. GRADY et al. first reported the reflective and transmissive po-
larization converter based on metasurface [27]. CHIANG and YEN proposed a transmis-
sion broadband polarization converter, including s-type metal split ring resonators [28].
Compared with the metal metasurface, the all-dielectric metasurface has the charac-
teristics of low loss [29]. However, the disadvantage of narrow relatively bandwidth
limits their applications. For example, the all-dielectric THz LTC polarization convert-
er proposed by ZHU et al. achieved a relative bandwidth of about 5% [30]. Therefore,
realizing a higher relative bandwidth is one of the goals of the all-dielectric polarization
converter. In addition, designing general-purpose equipment with tunable functions is
the top priority to promote the development of THz technology [31]. In particular the
dynamic control of THz wave that realizes LTC polarization conversion plays an im-
portant role in wireless communication switches and modulators [32]. More impor-
tantly, the device with tunable functions can effectively expand the working bandwidth
and modulate the polarization state of incident wave [33]. For instance, a metal-isola-
tor-metal metasurface for THz polarization converter is proposed by VAsIC et al., which
achieved fast modulation in a switching time of about 10 ms [33]. However, due to the
metal parts of metallic metasurfaces with the limits of easy breakdown, oxidation and
corrosion, these devices are difficult to use in a complex environment [34]. Therefore,
it is significant to develop tunable metasurfaces using all-dielectric structures. Based
on the above factors, Hou et al. proposed a transmission LTC polarization converter
by using a silicon metasurface. They deposited InSb film on the silica substrate and
doped silicon as the structure material, which can control the polarization converter
dynamically [35]. However, the fabrication of silicon pillars is complicated in the exper-
iment, and the silicon is too fragile, which makes it difficult to storage in the experiment.
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The structure of the microspheres presented in this paper is simpler in the fabrication
process, and can be fabricated on a large scale, more economic, and easier to storage.
Taking into account the above facts, it is significant for the development of terahertz
science to realize the tunable terahertz polarization converter with simple structure,
high bandwidth and large-scale fabrication by using all-dielectric metasurface.

In this work, a thermally tunable LTC polarization converter is proposed by using the
active all-dielectric metasurface. The device includes zirconium oxide (ZrO,) microsphere
resonators, active strontium titanate (STO) cladding, and flexible polyimide substrate,
enabling the large-scale fabrication [36]. This structure can dynamically convert the lin-
early polarized wave into right-hand circular polarization (RHCP) wave. At room tem-
perature, numerical simulations indicate that the absolute value of axis ratio (AR) more
than (=) -3 dB and ellipticity less than (<) —0.8 is realized in the frequency range of
0.247-0.278 THz (relative bandwidth is 12%). Obviously, the conversion frequency
of the perfect RHCP wave has a blue-shift from 0.220 to 0.291 THz when the temper-
ature changes from 200 to 380 K. Meanwhile, a great ellipticity modulation depth of 92%
is observed at 0.220 THz, which demonstrates that the polarization state of output
THz wave can be actively tuned. This platform with powerful THz functions proposed
here will be widely used in tunable THz devices and has the great potential in 6G wire-
less communication.

2. Theoretical design and results in discussion

The diagram of the reported converter is illustrated in Fig. 1(a), which can realize the
conversion from THz linear polarization wave to circular polarization state. As the unit
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Fig. 1. (a) Illustration of the designed all-dielectric polarization conversion metasurface. (b) Graphical
representation of structural elements. (¢c) Geometric parameters in the vertical view of structural unit cell.
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cell indicated in Fig. 1(b), the converter is composed of ZrO, microsphere resonators,
active STO cladding, and flexible polyimide substrate. Considering the stronger Mie
-resonance in the high dielectric material, the ZrO, (¢ = 40, loss tangent = 0.15)
microsphere is selected as the resonator to control the electromagnetic characteristics
of the THz wave [37]. To improve the flexibility of the converter, a 50 um thick (%)
polyimide (g = 3.6, loss tangent = 0.01) is used as the substrate [36]. The active ma-
terial STO (e = 296, loss tangent = 0.015) is coated on the microsphere resonator to
achieve the tunable ability of the polarization converter. The frequencies and the
strength of the Mie resonance can be tuned effectively, and the change of the permit-
tivity of the active material will cause the change of the permittivity of the whole struc-
ture, which will affect the Mie resonance accordingly [38]. Thus, the permittivity of
STO changes with temperature, and the dynamic range of permittivity changes is
higher, so the frequency range of its tuning is wider in the process of thermal tuning.
Therefore, STO is chosen as the active material in this design. Furthermore, the pro-
posed polarization converter parameters are selected through simulation optimization:
a =250 um, b =5 pum, ¢ = 50 pm, as the vertical view of the converter is shown in
Fig. 1(c).

We use CST Microwave Studio to simulate the performance of the polarization con-
verter, and the unit cell boundary condition is used in the parameter setting. The trans-
mission wave can be expressed as E; = Ege, + Eje, = f,exp(joy)Eyie, +
+ 1y exp(Joyy) Eyiey, Where 1, = [E/Ey;| and tyy = |E,/E,;|. In these equations, ,,
fyys Pxx > Pyy Tepresent the amplitude and phase of the x-to-x and y-to-y polarization con-
version, respectively [39,40]. From the previous research, when #,, = ¢,, and Ap =
= @yy — Pxx = 2nm+ /2 (n is an integer) are achieved simultaneously, the perfect LTC
polarization conversion function can be achieved, and “~” and “+” represent perfect
RHCP wave and left-hand circular polarization (LHCP) wave [41]. Figures 2(a) and (b)
describe the transmission amplitude and phase of x-to-x and y-to-y conversion, respec-
tively. Furthermore, the difference between the orthogonal components is plotted in
Fig. 2(c) to verify the correctness of the above equation. As the black and red curve is
shown in Fig. 2(c), the amplitude of the orthogonal components is equal and the phase
has the 270° difference at 0.265 THz. Combined with the theoretical analysis, we can
speculate that the designed metasurface can indeed realize the LTC polarization con-
version. In addition, the Stokes parameters are introduced by Eq. (1) and Eq. (2) to rep-
resent the ellipticity of the converter [42—44].

V=2t tyy|sinAp )

The normalized ellipticity calculated by V/I is used to verify the performance of
the converter. Here, V'/I = +1 and V'/I = —1 indicate the perfect LHCP and perfect
RHCP wave. Based on the equation mentioned above, the ellipticity of the polarization
converter is plotted in Fig. 2(d). It can be found that the ellipticity is close to —1 at
0.265 THz, which means the perfect transmission RHCP wave is realized. Meanwhile,
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Fig. 2. Simulation results of the designed structure. (a) The x-polarized transmission THz wave magnitude
and phase distribution. (b) The y-polarized transmission THz wave magnitude and phase. (c) The simu-
lated amplitude and phase difference of x-polarized and y-polarized. (d) The ellipticity and axis ratio of
the designed structure under the 45°-polarized incidence wave. (Incident angle: parallel to the Z axis, po-
larization angle: 45°, temperature: 300 K.)

we can find that from 0.247 to 0.278 THz (the blue region in Fig. 2(d)), the ellipticity
is less than —0.8 with a bandwidth of 0.031 THz.

S =0.5arcsin(V/I) 3)
AR = 10log(tanp) 4)

Except for ellipticity, the AR of the transmission can be obtained from Egs. (3) and (4) [45].
The AR of the proposed polarization converter is more than —3 dB at the frequency of
0.247-0.278 THz with relative bandwidth of 12% (Fig. 2(d)). The calculated AR
matches well with the ellipticity, i.e., the structure performs excellent LTC polarization
conversion within the frequency range covered by the blue shadow. Furthermore, the
operating frequency indicates that the converter has broad application prospects in
6G wireless communication.

To give a detailed analysis of the electromagnetic response mechanism, the electric
field distribution under 45° polarization incident wave is also studied. The simulated
electric fields in different time phases are shown in Fig. 3. We can observe a strong
electric field symmetrically distributed on the microspheres, and a very obvious mag-
netic resonance is observed inside the converter. The strong electric field resonance
inside the microsphere leads to the realization of the polarization conversion function.
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Fig. 3. The electric field distribution of the time phase varies from 0° to 336° under the excitation of the
45° polarized wave.

In addition, the spiral electric field distribution is obtained when the time phase is in-
creased from 0° to 336°. Therefore, we can conclude that a perfect RHCP wave is
achieved in our design. This result is consistent with the theoretical calculation and
simulation results.

Next, the effects of the geometric parameters on the LTC polarization conversion
performance are simulated. A slight blue shift of 0.005 THz is observed in Fig. 4(a)
with the increase of the period. Meanwhile, the amplitude of ellipticity continues to
approach —1 along with the blueshift of the resonance frequency. This phenomenon
indicates that better conversion performance can be achieved by selecting the appro-
priate period. Besides, the relationship of the transmission ellipticity and microsphere
radius is plotted in Fig. 4(b). A redshift of about 0.139 THz in the ellipticity dip is ob-
served when the microsphere radius increases from 35 to 65 pm. Different from the
trend that changes with the period, the amplitude of the ellipticity first continues to ap-
proach —1 (from 35 to 55 pm), and then begins to decrease (from 55 to 65 um). This
may result from the huge influence of radius on the anisotropy of the structure.

V= —;—Dtxx|4+ |tyy|4} )

Furthermore, the transmission efficiency of converters with different geometric pa-
rameters is also simulated and calculated according to Eq. (5). Figure 4(c) shows that
the transmission efficiency is related to period. In Fig. 4(d) the dependence of the trans-
mission efficiency on the radius is plotted. It can be seen that the transmission efficiency
increases by 9% (from 24% to 33%) with the increases of the period (210-270 pm).
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Fig. 4. The performance of the LTC converter is related to period and radius. (a) The relationship of the
ellipticity and period. The inset shows the ellipticity from 0.24 to 0.29 THz. (b) The microsphere radius
-dependent ellipticity. (c) The period-dependent transmission efficiency. (d) The microsphere radius-de-
pendent transmission efficiency. (Incident angle: parallel to the Z axis, polarization angle: 45°, tempera-
ture: 300 K.)

Combined with the fact that the ellipticity continues to approach —1 as the increase of
period, we can conclude that the larger period brings about better conversion perfor-
mance. In contrast, the transmission efficiency of the polarization converter undergoes
a gradual decrease from 40% to 23% when the radius varies from 25 to 65 pm. In this
condition, considering the ellipticity and transmission efficiency comprehensively,
there is an inflection point to improve the performance of the converter as the radius
increases. It is stated above that both the period and the microsphere radius have a cer-
tain influence on the performance of LTC polarization conversion. Combining the influ-
ence of period and radius at the same time, the best geometric parameters are selected
and taken in Fig. 1 as an example.

The dependence of the polarization performances on the incidence state of THz wave
is also analysed. As shown in Fig. 5, the incident and polarization angles are also inves-
tigated. Figure 5(a) exhibits the profile of the ellipticity amplitude with the incident
angle varying from 0° to 85° in a step of 5°. It can be seen that the amplitude of ellip-
ticity is always less than —0.8 from 0.248 to 0.277 THz. It is apparent that the proposed
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Fig. 5. (a) Simulated transmission ellipticity map under different incidence angle of THz wave. (b) Nu-
merical simulated transmission ellipticity map under different polarization angle of THz wave.

converter is insensitive to the incident angle. Correspondingly, Fig. 5(b) shows the sim-
ulated amplitude of ellipticity dependence on the polarization angle, with the polarization
angle changing from 0° to 90° in a step of 5°. The results obtained from this graph
show that the amplitude of the ellipticity is divided by the polarization angle of 45°.
The reason of this phenomenon is that the electric field components of x and y direc-
tions are exactly equal under the 45° polarized waves. Then along with the angle in-
creases or decreases, the symmetry of the structure leads to the symmetry of the
spectrum. Furthermore, when the polarization angle increases from 10° to 80°, the am-
plitude of ellipticity is always less than —0.8 at 0.029 THz (from 0.248 to 0.277 THz).
The insensitivity of the converter to the incident and polarization angle brings greater
freedom for structural application.

After investigating the geometrical parameters of the converter and the angle of
the THz wave, the tunability of the converter is researched to expand its applications.
As we all know, as the active ferroelectric material, the permittivity of the STO can be
calculated with the Drude model [46—438]:

£, = €y +f/(w0 w’ — iwy) (6)

Here, ¢, ~ 9.6 is high-frequency bulk permittivity, f =2.3 x 10® cm? is the oscillator
strength, and w is the working angular frequency in the THz band. Besides these pa-
rameters, the soft mode frequency w, and damping parameter y can be expressed as:

wo(T)[em™'] = /31.2(T-42.5) (7)

y(T)[em™] = -3.3+0.094T (8)

Through the temperature-dependent parameters w, and y in Eq. (7) and Eq. (8), we
can speculate the permittivity of STO under different temperatures and study its influ-
ence on the converter. The real part of the permittivity at different temperatures is
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Fig. 6. The permittivity of strontium titanate is calculated by the Drude model. (a) The real part of the
strontium titanate permittivity. (b) The imaginary part of the strontium titanate permittivity.

shown by various graphical curves in Fig. 6(a). It can be seen that when the temperature
decreases from 380 to 200 K, the real part of permittivity increases from 228 to 479.
Meanwhile, the decrease of the imaginary part of the permittivity observed in Fig. 6(b)
indicates the relationship between loss and temperature. These results show the po-
tential application of STO materials in the active THz devices. The change of the
STO permittivity will influence the dielectric properties of the resonator. That is why
the STO is selected to be coated on the microspheres to realize the tunable THz LTC
polarization converter.

In order to verify the above speculation, the variation of ellipticity with the increase
of temperature is simulated. The simulated amplitude of the ellipticity with temperature
to achieve a frequency regulation of 0.220 to 0.291 THz is plotted in Fig. 7(a). A fre-
quency blueshift of about 0.071 THz (0.220-0.291 THz) is observed with the temper-
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Fig. 7. (a) The amplitude of the ellipticity with the increase of temperature. (b)—(e) The electric field
trajectory diagram for ellipticity at different temperatures.
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ature rising from 200 to 380 K. The corresponding electric field trajectory diagram is
plotted in Fig. 7(b), the ideal circles demonstrate the perfect polarization conversion per-
formance in the tunable process. In addition, the sensitivity (( fiax — fmin)/ Tmax — Tmin))
of the proposed tunable converter is about 39 GHz/100 K. Meanwhile, the modula-
tion depth of the ellipticity amplitude can achieve 92% (from 7.97% to 99.78%) at
0.220 THz. It is obvious that the polarization state of the output electromagnetic wave
can also be controlled. This finding means that the proposed converter cannot be lim-
ited in the application of circular polarization, which effectively increases its scope of
application. For the better performance of the tunable polarization converter, we be-
lieve it has more potential in beam control, wireless communications, and other func-
tional devices.

3. Conclusions

In conclusion, a thermally tunable LTC polarization converter is proposed based on
the STO all-dielectric metasurface at THz frequency. Because the proposed design has
thermal stimulation tuning characteristics, a tunable operating band can be obtained.
At room temperature, the proposed LTC polarization converter has an ellipticity ampli-
tude of —1 at 0.265 THz, which indicates that a perfect RHCP wave is achieved. In ad-
dition, the amplitude of the ellipticity is less than —0.8 and the AR is greater than —3 dB,
when the frequency is between 0.247 and 0.278 THz (relative bandwidth is 12%). More
importantly, with a temperature rise of 180 K (from 200 to 380 K), the LTC polariza-
tion converter can tune the conversion frequency of the RHCP wave from 0.220 to
0.291 THz. And an ellipticity modulation depth of 92% is observed at 0.220 THz.
The LTC converter is one of the most basic functions of optical components, which
plays a significant role in the development of wireless communication.
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