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Abstract: An active terahertz (THz) anisotropic manipulation is based on a structure combined
polymer dispersed liquid crystal (PDLC) with sub-wavelength dielectric gradient grating. In this
structure, the PDLC works as an adjustable anisotropic material due to the change of the optical
axis direction induced by applying a biased electric field, while the dielectric grating serves as an
artificial high birefringence material. By using an appropriate design, the THz birefringence of
this structure can be enhanced or offset under different biased voltages, and the phase shift curve
of this structure becomes flatter than that of the pure PDLC cell due to the dispersion manipulation
of the grating. Moreover, the experimental results fit with the simulative designing, demonstrating
that the phase shift of the structure can vary from 7 to O near 0.8 THz when the electric field
increases from O to 80V, and this device realizes the function of polarization conversion as a
tunable THz half-wave plate. This work exhibits potential applications in THz functional devices,
such as actively controlled phase shifters and polarization convertors combined LC with artificial
microstructure.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Terahertz (THz) wave refers to the frequency ranged from 0.1 to 10 THz between microwave and
infrared regime. In the past few decades, with the fairly great developments of THz science and
technology, there are increasing attentions attached to THz functional devices, such as THz filters
[1], modulators [2], phase shifters [3], polarization convertors [4], etc, showing large potential
and wide application prospect in THz communication [5], imaging [6], sensing [7], and so on.
Among these THz devices, phase shifters are undoubtedly essential components for controlling
the phase retardation, polarization conversion, and wavefront modulation. However, the phase
shifters based on natural uniaxial crystals, such as quartz and calcite, are limited in the THz
wavelength due to their low birefringence and bulk structure.

Artificial microstructures, such as metamaterial and subwavelengh grating, can bring much
higher artificial birefringence than that of natural crystals, and its dispersion can be engineered in
the broadband frequency range. For instance, Wang et al. reported an ultrathin THz quarter-wave
based on planar babinet-inverted metasurface [8], finally achieving a phase shift of 90° at 0.87
THz. Ke et al. proposed an efficient and broadband THz quarter-wave plate by designing
double-stacked hyperbolic metamaterial waveguide arrays [9], eventually reaching /2 over a
wide spectral band ranged from 0.9 to 1.2 THz. Han et al. presented a THz quarter-wave plate
based on a thin film metamaterial with double-layer split ring resonators, and experimentally
confirmed a transmittance of 0.8 and an ellipticity of 0.99 at 0.98 THz [10]. However, these
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devices cannot be actively controlled by the external fields. It is an urgent demand to develop
active THz phase shift devices covered tunable range from O to 7 rad.

Liquid crystals (LCs) have attracted wide attention in the development of tunable phase and
polarization control devices thanks to their large optical anisotropy [11-13], which can be flexibly
controlled by thermal, optical, electrical or magnetic field [14—16]. The optical properties of
LCs in the THz regime have been extensively studied in recent years. For examples, Nico et al.
reported the frequency and temperature dependent refractive index and absorption coefficient
of 5CB, 6CB and 7CB under the terahertz time domain spectroscopy (THz-TDS) system [17].
Yang et al. presented an adjustable THz wave plate based on three different LCs (5CB, E7 and
BNHR) [18], which can provide a relatively large birefringence. Among the different kinds of
LCs, polymer dispersed liquid crystal (PDLC) impresses researchers with advantages of short
response time, good surface pre-anchoring, and uniformity of dispersion in the polymer solvent,
and its optical properties in the visible and THz band have been studied for further application of
PDLC. Harbour et al. reported the optical birefringence and anisotropic scattering of PDLC
[19]. Yo et al. reported the response time of PDLC with 4 ms in the THz frequency band [20].
Chang et al. demonstrated a THz tunable fishnet metamaterial using an electrically controlled
PDLC matrix [21], obtaining a phase shift of 70° at 280 V. Despite with these advantages of LCs,
there are also some other drawbacks, for examples, the ineffective initial surface anchoring, high
driving voltage [22] and limited phase modulation range [23].

For further developments of THz devices, artificial microstructures, like metamaterials [24],
metasurfaces [25], and sub-wavelength gratings [26], are introduced to combine with LC because
of the easily engineered structures. Sasaki ef al. proposed a 90 degrees-twisted nematic LC cell
with subwavelength metallic gratings [26]. J.Wang et al. presented an electrically adjustable
THz modulator based on LC and metamaterial with a large modulation depth beyond 90% and
a low insertion loss below 0.5dB [27]. L.Wang et al. reported a tunable THz metamaterial
absorber integrated few-layer porous graphene with LC [28,29], demonstrating a tunable resonant
frequency from 0.75 to 1 THz and an amplitude modulation of 80% corresponding to these
frequencies at 10 V. Yang et al. designed a nematic LC (NLC)-based tunable THz plasmonic
metamaterial [30], and experimentally demonstrated the amplitude modulation depth and insertion
loss are about 96% and 1.19 dB at 0.42 THz, respectively, when the bias voltage applied to the
NLC layer changes from 0 to 16 V. Such THz devices based on the frequency shift of resonance
peak caused by the change of refractive index are mainly utilized as switches, filters, absorbers,
and modulators, while there are merely a few reports on THz anisotropic devices that combine
LC and microstructure to realize the polarization conversion, therefore still requiring further
investigations in this area.

In this work, we proposed an electrically adjustable THz phase shifter based on a structure
combined PDLC with a sub-wavelength dielectric grating. Here, the PDLC is used as a tunable
anisotropic material due to the rotation of optical axis caused by biased electric field, and the
grating acts as an anisotropic material with a fixed optical axis. By a suitable design, the anisotropy
of this structure can be enhanced or eliminated at different biased voltages. Furthermore, we
have experimentally verified the phase shift of this structure can change from 7 at 0V to O at
80V near 0.8 THz, implementing the function as a tunable THz half-wave plate, which shows a
promising prospect in THz functional devices, like actively tunable phase shifters and polarization
convertors.

2. Results and discussions
2.1. THz birefringence properties of PDLC

The PDLC used in the experiment was mixed of a polymer solvent named epoxy resin and a
mixture of LCs called E7 by using the method of UV polymerization. The quality percentage
of the epoxy resin in the PDLC is 30 wt%, and its refractive index is around 1.95 in the THz
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band. The refractive indices of E7 are n, = 1.78 and n, = 1.58, and the absorption coefficients
of o-light and e-light of E7 at 0.8 THz are 15cm™" and 5cm™, respectively [31]. First, we
prepared a PDLC cell of 500 um thickness, and made the initial anchoring process by applying
ultraviolet (UV) light and the external magnetic field. As shown in Fig. 1(a), the LC molecules
are randomly dispersed in the polymer solvent, and the orientation of the LC molecules is also
random, thus the PDLC is isotropic in this case. Then the LC cell was irradiated by UV light
of 365 nm wavelength and 8 mW/cm? for 5 mins, and meanwhile an external magnetic field
of 70 mT was applied along x axis so as to orient the LC molecules. As shown in Fig. 1(b),
after this process, many polymer-coated LC droplets with the size of the order of micrometer
are formed in the polymer solvent, and the LC molecules in these droplets are aligned along
the magnetic field direction. When the magnetic field is removed, the LC molecules are still
regularly arranged along the original magnetic field direction due to the surface interaction with
the droplets. Finally, we obtained the PDLC cell with the initial anchoring direction and a stable
anisotropic state for a long time at room temperature. The anchoring direction of the optical axis
of LC molecules is set along the x axis.

(@) (b) UV irradiation

LC droplet

random oriented
alignment alignment

Fig. 1. Initial anchoring process of PDLC. (a) Schematic diagram showing the initial state
of PDLC molecules with random alignments dispersed in the polymer solvent; (b) The state
of PDLC molecules after being irradiated by the UV light and oriented by a magnetic field
of 70 mT along the x axis.

The THz optical properties of PDLC were measured by the THz-TDS system shown in Fig. 2(a).
In this system, the THz pulse is generated by a GaAs photoconductive antenna (PCA), which is
excited by a Ti:sapphire laser with 80 fs duration of 80 MHz repetition rate working at 800 nm,
and a ZnTe crystal is used for the electro-optical sampling detection. The polarizing direction of
the incident linearly polarized (LP) THz wave is always along y axis. A THz polarizer is placed
behind the sample to detect the polarization state of the output light. All of the experiments are
performed at room temperature with the humidity of under 5%.

In the first step of the experiment, the polarizer in the THz-TDS system was fixed at 0° (the
transmitting direction along y axis). Since the PDLC has been initially oriented, we set the
angle between its optical axis direction (i.e. PDLC molecular orientation direction) and x axis
as 6. Thus, we measured the time domain signal of o-light when we placed the PDLC cell as
6=0°. Then the PDLC cell was rotated to 90°, and at this time the optical axis of the PDLC was
along the y axis (§=90°), so the time domain signal of e-light was obtained. All the results are
presented in Fig. 2(b).

After Fourier transform of the two signals above, the refractive index n(w), extinction coefficient
k(w), and absorption coefficient a(w) of o-light and e-light can be calculated by [3]

nlw)=1+ Ad(w)e (1)
wd
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where c is the speed of light in vacuum, d denotes the thickness of the PDLC layer used in the
experiment (d = 500 um here), and w is the circular frequency of THz waves. Ad(w) = 465 — 46,
and t(w) = Ty/T, are the phase difference and amplitude transmission between the sample and
reference (i.e. blank cell), respectively. The intensity transmittance I(w )=t(w)?. The intensity
transmittance of e-light exhibited in Fig. 2(c) is over 80% due to a low absorption of lower than
5cm™! shown in Fig. 2(d), but the transmittance of o-light is lower than that of e-light because
of a larger absorption loss with an absorption coefficient a(w) = 12cm™" at 1 THz. As shown
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Fig. 2. THz-TDS system and experimental results of PDLC. (a) The THz-TDS system
light path diagram; (b) The time domain signals of o-light and e-light; (c) The intensity
transmittances and (d) absorption coefficients of o-light and e-light; (e) The refractive index
no and n, of PDLC; (f) Phase shifts of PDLC layer with the thickness of 500 um under O V
and 80 V.



-

Research Article Vol. 10, No. 2/1 February 2020/ Optical Materials Express 286

o

in Fig. 2(e), n, and n, are about 1.65 and 1.85 with a slight dispersion in the broadband THz
frequency range, respectively.

In the second step of the experiment, we further investigated the PDLC cell used as a THz
electrically tunable phase shifter. In this case, the PDLC cell was rotated to §=+445° as shown in
Fig. 2(a). We can rotate the THz polarizer at + 45° and -45° to measure the two orthogonal LP
components of output light passing through the PDLC cell. The birefringence phase shift of the
LC cell can be obtained, which is exhibited in Fig. 2(f). When there is no DC voltage applied
between the two electrodes of the PDLC cell, the optical axis of the PDLC is along §=+45°
direction. In this case, the phase shift of the LC cell is positive, linearly increasing with the
growing frequency and exactly reaching 0.5z at 0.8 THz, which means that the LC cell realizes
the function as a quarter-wave plate at 0.8 THz. When the DC voltage gradually increases to 80V,
the optical axis of the PDLC turns to the 6=—45° direction. The phase shift curve is reversed to
be negative in this case, exactly obtaining —0.57 at 0.8 THz, which means that the LC cell in this
situation also serves as a quarter-wave plate. As a result, the pure PDLC cell can be used as a
quarter-wave plate with an adjustable optical axis at 0.8 THz, just realizing the conversion from a
LP light to a circularly polarized (CP) light. However, a higher frequency is required to obtain a
wider phase shift range.

2.2. Artificial birefringence of dielectric grating

We consider using a Si grating to introduce high THz artificial birefringence, of which the
anisotropy mechanism originates from the difference in the filling rate of the Si between along
and perpendicular to the grating grid direction. The refractive index of Si is 3.42 in the THz
regime with a negligible absorption loss. The equivalent refractive index perpendicular to the grid
direction will be much smaller than that of silicon due to the periodic modulation of air/silicon
structure according to the equivalent medium theory. Different from the ordinary gratings with
the fixed grating grid, we designed a gradient grating with multiple gradient grids in a super
cell, so that this grating can manipulate the dispersion characteristic of PDLC. As shown in
Fig. 3(a), this dielectric grating has 10 ridges and 10 grooves in one period, where the ridge
width is invariably 60 um, but the groove width is gradually varied, increasing from the minimum
groove width of 15 ym to the maximum one of 60 um with the gradient of 5 um. The etched
depth is 200 pm, and the silicon substrate thickness is 300 um. The microscope photograph
of the grating is shown in Fig. 3(b). The dielectric grating was fabricated by the silicon deep
etching technology in micro-electromechanical systems (MEMS). Firstly, a 500 pm thickness
Si wafer with a high resistivity of 10 KQ - cm is cleaned, and a 5 um photoresist layer is spun
onto the wafer. Then, exposed by UV light through a designed mask, the wafer will generate the
expected structure, and finally the wafer is shaped by the inductively coupled plasma etching.
The different etching time is required for the different etching depth, about 70 mins for 200 um.
The size of the whole grating sample is 1 cm X 1 cm.

We also measured the birefringence and phase shift of this dielectric grating by using the
THz-TDS system, and the results are presented in Figs. 3(c) and 3(d), respectively. The refractive
index along the ridge direction of grating is defined as n,, which is larger than the refractive
index n, along the orientation perpendicular to the ridge direction, therefore the direction along
the ridge of grating is defined as the long axis of this birefringent grating. Different from the
refractive index of PDLC, both the refractive index n, and n, of the dielectric grating exhibit
a significant dispersion. And the birefringence (An =n,—n,) decreases with the increasing
frequency (i.e. negative dispersion), so that the phase shift spectrum in Fig. 3(d) is a flat curve
close to 7 in the wide band from 0.55 to 1.05 THz, that is to say, realizing the function as an
achromatic wave plate in a broad band range.
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Fig. 3. Geometric structure and birefringence properties of the dielectric gradient grating. (a)
Structure diagram of the grating; (b) Microscope photograph of the grating; (c) Experimental
refractive index n, and n, of the grating; (d) Experimental birefringence phase shift of the
grating.

2.3. Design of phase shifter based on the birefringence grating filled with PDLC

From the results above, we can see that the PDLC is an adjustable natural birefringent material,
of which the optical axis can rotate with the biased electric field, and the dielectric gradient
grating is an artificial birefringence material with a fixed optical axis, which can function as a
broadband achromatic waveplate. Therefore, we consider filling PDLCs into the surface of the
dielectric grating by an appropriate design, so that the tunable phase shift range and dispersion of
PDLC can be improved. As shown in Fig. 4(a), without biased electric field, the LC molecules
are aligned along the ridge direction of grating (§=90°). In this case, the optical axis direction of
LCs and dielectric grating is the same, so that the total birefringence of this device is enhanced,
therefore obtaining the maximum phase shift. After applying a DC electric field along x axis,
the LC molecules gradually rotate to the x axis as shown in Fig. 4(b), and when the applied DC
voltage reaches 80V, finally the optical axis of LCs is along the electric field direction (§=0°),
vertical to the optical axis of the grating. That is to say, by adjusting the thickness of PDLC layer,
the birefringence of the LC and dielectric grating can exactly offset each other so that this device
reaches an isotropic state without birefringence phase shift. As a result, the phase shift of this
device can be tuned between 0° and the maximum value, improving the maximum tunable range
of the LC device, compared with a similar thickness of LC layer discussed in Section 2.1.

We simulated the results of this device in the commercial software CST Studio. The simulation
parameters of PDLC, such as the thickness of PDLC layer, the refractive index n, and n, of
PDLC without considering the loss of PDLC, are followed with Section 2.1. The simulation
parameters of the dielectric grating are configured as Section 2.2, and the grating direction is
along y axis. The x and y directions are set as the periodic boundary condition, and an open
boundary condition is set in the z direction. As a light source, the 45° LP light is incident along z
axis to get the same x and y components.

As shown in Fig. 4(c), the phase shift of this device decreases with the decreasing 8 from 90°
to 0°, namely the PDLC molecules rotating from y axis to x axis. At 0.375 THz, when 8 is 0°
and 90°, the corresponding phase shifts are 0.067r and 0.56, respectively, namely with the phase
modulation depth of 0.5x at 0.375 THz. When 6 = 0° and 90°, the phase shifts reach 0 and 7 at
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Fig. 4. Schematic diagrams and simulation results of the dielectric gradient grating filled
with PDLCs. (a) Schematic that the orientation of PDLC molecules is parallel with the
grating direction when £ =0V; (b) Schematic in which the orientation of PDLC molecules
is perpendicular with the grating direction when E =80 V; (c) Simulative phase shifts when
the orientation of PDLC molecules gradually rotate from y axis (6=90°) to x axis (6=0°),
representing the process of the increasing voltage from 0V to 80 V; (d) Simulative intensity
transmittances of x and y components when 6 is 0° and 90°, respectively.

0.8 THz, respectively, namely with the phase modulation depth of x at 0.8 THz. That is to say,
compared with the tunable phase shift range of pure PDLC cell from —0.57 to 0.5 at 0.8 THz in
Section 2.1, the introduction of the dielectric grating improves the tunable range from O to 7
at 0.8 THz. Moreover, owing to the dispersion control of the gradient grating, the phase shift
curve of this device becomes flatter than that of the pure PDLC cell. Furthermore, the simulative
transmissions of x and y components at #=0° and 90° are shown in Fig. 4(d), which shows the
intensity transmittance of the two orthogonal components is basically the same about 50%, and
there is no resonance peak in the broad THz band from 0.2 to 1.1 THz.

With the amplitudes of the two orthogonal LP components (A, and A,) and the phase shifts
between them (Ad), we can reconstruct the polarization ellipse of the output light. Figures 5(a)
and 5(b) show the polarization ellipse at 0.375 THz and 0.8 THz obtained by

E? E? 2EE,
—_— + —_—
A2 A2 AA

cos A8 = sin’As 4)

Two important polarization parameters, the elliptic angle y and the polarization rotating angle ¢,
are respectively defined by
tan 2y = sin2B3sin A§ (5)

tan 2¢ = tan 23 cos Ad (6)

where tanf =A,/A, If y=45°, the polarization state is a CP. On the contrary, if y is 0°, the
polarization state is a LP. In Fig. 5(a), the polarization state of the output light at 0.375 THz
transforms from the initial LP along the y axis, gradually to the elliptical polarizations, and finally
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to the CP, demonstrating that this device can function as a tunable quarter-wave plate at 0.375
THz. Figure 5(b) shows that the polarization state of the output light at 0.8 THz converts from
the original LP along with the y axis, gradually to the CP, and eventually to the LP orthogonal
with the initial LP, proving that this device can act as an adjustable half-wave plate at 0.8 THz.

) - — 0 - _ 0°
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Fig. 5. Simulative polarization states of dielectric gradient grating filled with PDLC under
the different LC molecular orientation angles. (a) At 0.375 THz; (b) At 0.8 THz.

24.

Experiment of phase shifter based on the birefringence grating filled with PDLC

At last, we experimentally confirmed the proposed device. The LC cell used in the experiment
is shown in Fig. 6(a), which is still encased in two pieces of quartz glass. The PDLC layer is
just on the surface of the dielectric grating and between the two copper wires, and the grooves
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Fig. 6. Schematic diagram in the experiment and experimental data. (a) The structure of the
dielectric gradient grating filled with PDLCs in the experiment; (b) The schematic diagram
of geometry configuration in the measurement; (c) The time domain signals of +45° and

-45° LP components at 0 V and (d) 80 V measured by THz-TDS system, respectively.
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of the grating are filled with PDLCs. The edge parts between the two pieces of glass are filled
by solidified UV glue to wrap the grating and the PDLC layer so that forming the LC cell of a
sealed structure. The experimental light path is shown in Fig. 6(b), where the grating direction
forms an angle of 45° to the y axis, and the biased DC electric field is perpendicular with the
grating direction. The PDLC molecules are initially anchored by an external magnetic field and
UV light, which are aligned along the grating direction. With the increasing voltage from 0V to
80V, the PDLC molecules gradually rotate perpendicular to the grating direction.

The time domain signals of + 45° and -45° components at E=0V and 80V are measured.
When E =01V, the birefringence of the grating and the PDLC is superposed, and the optical axis
of the device is along the -45° direction, exhibiting an anisotropic state. As shown in Fig. 6(c),
the two signals are very different, almost the peak corresponding to the valley, which means
they are nearly reversed 180°. While when E =80V, the birefringence of the grating offsets
the one of PDLC, and meantime the device is isotropic. As shown in Fig. 6(d), the two signals
become almost overlapped, which means no delay in the phase shift. Furthermore, the intensity
transmittances of +45° and -45° LP components at 0 V and 80V are exhibited in Fig. 7(a) and
7(b), respectively. When E =0V, the transmittance of the -45° LP component along the optical
axis is greater than that of the + 45° LP component perpendicular to the optical axis, which is
mainly due to the different absorption of the PDLC along the two orthogonal directions. At this
time, the total intensity transmittance of the device at 0.8 THz is 52% and the insertion loss is
-2.83 dB. When E =80V, the whole structure is in isotropic state, thus the transmittances of the
-45° and + 45° LP components are similar. In this case, the total intensity transmittance of the
device at 0.8 THz is 49% and the loss is -3.09 dB.
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Fig. 7. Experimental results of the dielectric gradient grating filled with PDLCs. (a) The
intensity transmittances of + 45° and -45° LP components at 0 V and (b) 80 V; (c) The curves
of birefringent phase shift at 0 V, 40 V and 80 V; (d) Polarization ellipses when E=0V, 40V
and 80V at 0.8 THz.
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The phase shifts at 0V, 40V and 80V are presented in Fig. 7(c), and these experimental
curves are consistent with those of simulation shown in Fig. 4(c). At 0.8 THz, the phase shift
reaches 1.07r rad at 0V, and it becomes 0 when the voltage is increased to 80 V. The tunable
range of phase shift is basically from 0 to 7 at 0.8 THz. Besides, the polarization ellipses can be
calculated by Eq. (4) shown in Fig. 7(d). When the incident light is y-LP, the polarization state of
output light at 0.8 THz is the initial left-handed CP light with the elliptic angle of -6.55° and
polarization rotating angle of 79.62° at 0V (i.e. close to a x-LP, the device realizes the function
of orthogonal polarization conversion as a half-wave plate). Then it becomes the right-handed
elliptical polarized state, and finally to the y-LP with the elliptic angle of 1.27° and polarization
rotating angle of 1.17° (i.e. the function of orthogonal polarization conversion is OFF). The
main reason why the polarization state at 0 V is not a strictly orthogonal LP light is that the phase
shift is 1.07x not just 7 rad and the transmittances of the two orthogonal LP components are not
strictly same. To sum up, the experimental results basically fit with our design discussed above.

3. Conclusion

In summary, we present a new active manipulation mechanism of THz anisotropy based on a
dielectric gradient grating filled with PDLC. Here, PDLC serves as a tunable anisotropic material
based on the rotation of LC molecular orientation caused by the biased electric field, while the
grating acts as an artificial high birefringence material with a fixed optical axis. By filling PDLC
into the surface of the grating, the superposition of two birefringence effects makes the anisotropy
of the total structure enhanced or eliminated, and the dispersion of phase shift curve is engineered
to be smaller in the broad THz frequency range. This designing manipulates the phase shift of
this structure changes from x to 0 around 0.8 THz when the electric field is applied from O to
80 V. The experiment results support the simulation design of this device, which implements the
tunable polarization transformation function of THz half-wave plate. This work that combined
with LC and artificial microstructure will bring new ideas for researches in developing active
THz phase and polarization devices.
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