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Abstract: Terahertz (THz) technology has unique applications in, for example, wireless communi-
cation, biochemical characterization, and security inspection. However, high-efficiency, low-cost,
and actively tunable THz modulators are still scarce. We propose a broadband tunable THz beam
deflector based on liquid crystals (LCs). By a periodic gradual distribution of the orientation of the LC
in one direction, a frequency-independent geometric phase modulation is obtained. The LC device
with this specific orientation distribution was obtained through ultraviolet polarization exposure.
We have verified the broadband beam deflection in both the simulation and experiment. The device
can achieve a good spin-coupled beam deflection effect in the 0.8-1.2 Thz band, and the average
polarization conversion efficiency exceeds 70%. Moreover, because the electro-optical responsivity of
LCs is excellent, graphene transparent electrode layers introduced on the upper and lower substrates
enable the deflection modulation to be switched and dynamic tuning to be achieved.
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1. Introduction

The terahertz (THz) band is between 0.1 and 10 THz (wavelength: 30-3000 um). Because
the electromagnetic characteristics are unique, THz technology has broad applications in
many fields, such as security inspection, biomedicine, and high-speed wireless communica-
tions [1-6]. Compared with THz sources and detectors, high-performance modulators used
to transmit and control THz signals are still in the preliminary stage of development. Usually
either a prism or a tilted phase plate, the beam deflector is one of the basic components for
modulating THz signals and has wide applications in THz communication systems. The
electrically tunable beam deflector using LC steers the incident beam at a desired angle by
changing the refractive index of LC to form a phase profile [7-9]. The underlying principle of
a traditional refractive optical element is the accumulation of the optical path difference in
the propagation direction [10]. This device has a large volume and realizing a miniaturized
and integrable version is difficult. Recently, researchers have developed THz beam deflectors
based on metasurfaces [11,12], which are composed of sub-wavelength resonator arrays.
The wavefront control is accomplished by introducing an abrupt phase change on a two-
dimensional planar surface, thereby attaining a thin and light structure. The shortcomings of
such deflectors are a narrow modulation band and the lack of tunability. A tunable THz beam
deflector is desirable to realize dynamic THz beam deflection that has high efficiency and a
wide operating band to meet the needs of practical applications.

Dynamic modulation of terahertz beams can be achieved with many materials, such as
semiconductors, superconductors, Phase Change Materials (PCM), Micro Electro Mechani-
cal Systems (MEMS). Semiconductor materials, such as silicon and gallium arsenide (GaAs),
can change their carrier concentrations by applying electric fields or optical pumping. The
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dielectric constant of semiconductor materials is determined by the carrier concentration,
so the semiconductor materials are introduced into the super surface, thus realizing the
dynamic control of electromagnetic characteristics. In 2013, Shrekenhamer et al. proposed
an all-electronic multi-color spatial light modulator with super-pixels composed of arrays
of THz metasurface absorbers. By combining a GaAs with the metasurface, an average
modulation depth of 62% is achieved [13]. In 2010, Chen et al. used high-temperature super-
conducting films to replace metallic materials for the preparation of Split Ring Resonator
(SRR) arrays. When the temperature is changed, the conductivity of the superconduc-
tor changes significantly, which can achieve an intensity tuning and a shift of resonant
frequency. The operating frequency is 0.6 THz and the operating bandwidth is about
60 GHz [14]. This device is costly, as it requires a low-temperature action environment with
superconducting materials as the modulating medium. In 2016, He et al. proposed a metal-
lic metasurface on a VO, film for THz wave focusing at 0.75 THz, and as the temperature
increases from 293 K to 353 K, VO, changed from a dielectric to a metallic state because of a
phase transition, which allowed the device to achieve switchable focusing modulation [15].
MEMS-based modulation uses external fields (e.g., temperature, electrostatic or piezoelec-
tric drive) to modulate the bending of the cantilever of the structural unit to achieve a
change in resonant characteristics. In 2011, Fu et al. achieved a frequency modulation
bandwidth of 31% of the incident TE wave by adjusting the distance between resonant
units and successively adjusting the resonant coupling strength by MEMS. The operating
frequency point is located near 1.2 THz, and the whole structure is more compact. However,
the preparation cost of the MEMS structure is higher, and the modulation efficiency of the
single-layer metal resonance structure is lower [16].

In short, THz liquid crystal devices have some advantages in terms of modulation
efficiency, bandwidth, and cost. However, the modulation rate of the liquid crystal is slow,
about several millisecond, while the modulation rate of semiconductors and phase change
materials can reach microseconds or even nanoseconds.

The polarization conversion efficiency of a single-layer metallic metasurface is less
than 25% [17]. Subsequent improvements to metasurface efficiency include the use of
multilayer metal metasurfaces and dielectric metasurfaces, and the efficiency is mostly
below 80% [18-22]. While the liquid crystal is non-resonant, and the theoretical polarization
conversion efficiency can reach more than 95% after optimizing the liquid crystal layer
thickness and using low loss liquid crystal materials. This method has the advantage of
relatively simple processing compared with the metasurface.

Liquid crystals (LCs) have mature applications in the field of flat-panel displays be-
cause of the electro-optical tunability and broadband birefringence [23,24]. In addition,
the advantages of LC applications in non-display fields are gradually becoming apparent.
For example, in the visible band, LC spatial light modulators and LC-on-silicon and other
devices have been used for beam shaping, switching, and filtering [25,26]. In the early days,
THz LC devices mainly use magnetic fields or temperature control to change the refractive
index to modulate the phase and polarization, and achieve functions such as filtering and
phase shifting [27,28]. In recent years, with the development of THz transparent electrode
materials and alignment technology for large cell thickness, electrically controlled LC wave-
plates and geometric phase components have been reported [29-34]. LC geometric phase
elements use the spatial orientation distribution to obtain phase modulation. Compared
with metasurface devices based on the geometric phase, LCs do not generate electromag-
netic resonances, and its polarization conversion efficiency only depends on the phase
retardation. Therefore, by selecting a reasonable cell thickness, the modulation efficiency
is much higher than that of the metasurface. In addition, under an external electric field,
the orientation direction of the LC is deflected, thereby changing the phase retardation
accordingly [35]. Different voltages can be used to achieve high-efficiency modulation at
different frequencies and to switch device functions. If the LC geometric phase device is
applied to the THz beam deflection, a broadband tunable function can be realized.
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Here, we propose an LC-based broadband tunable THz beam deflector. The inner
sides of the upper and lower quartz substrates are covered with graphene and a photo-
alignment layer, respectively. An LC layer with a thickness of 500 um lies in the middle.
The orientation of the LC is realized with photo-alignment technology, which achieves a
periodic gradual grating phase in a specific direction to realize the deflection of the THz
beam. We have verified this deflector in both simulations and experiments. Because of the
spin-coupling of the geometric phase, the incident left- and right-circular polarizations are
deflected at symmetrical angles. When a voltage is applied across the graphene electrodes,
the phase modulation disappears, and the THz wave is directly transmitted, realizing the
switch of the deflection.

2. Principle and Design

The structure of the beam deflector (Figure 1a) has upper and lower substrates, which
are made of fused silica with a thickness of 800 um; the inner surfaces of the upper and
lower substrates are covered with graphene and a photo-alignment layer, respectively. The
electrode is formed from a few layers of graphene, which has good conductivity and high
THz transmittance. The alignment material is azobenzene-based sulphonic dye SD1 [36],
which produces a vertical alignment effect when illuminated by polarized ultraviolet light.
A room-temperature LC nematic mixture (NJU-LDn-4) was adopted because its average
birefringence band is greater than 0.3 over the 0.5-2.0 THz band [37]. Applying photo-
alignment technology, an LC forms a periodic gradually distributed orientation thereby
producing a blazed grating phase for THz beam deflection.
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Figure 1. (a) Schematic of the beam deflector. (b) Required grating phase along the x-axis. (c) Phase

Phase (rad/2m)

distribution diagram of the designed grating. (d) Prepared LC sample under crossed polarizers and
orientation distribution in the corresponding area.

The phase of the blazed grating comes from the geometric phase modulation formed
by the orientation of LCs. A geometric phase, i.e., the Pancharatnam-Berry phase (PB
phase) [38], is derived from photon spin—orbit coupling [39] and is achieved by controlling
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the orientation angle distribution of an anisotropic medium. For a uniformly oriented LC
domain with an orientation angle of &, its Jones matrix is [40]:

J=R(—a)- ( exp(o—ig) Oig) > -R(w)

. cos 2« sier): 1;0(é M
= —isinf- < sin2x — cos2« ) tcosg -1
where R and I denote the rotation and identity matrices, respectively, and:
{=mdnd/A 2)

which is half the phase retardation obtained from the product of the LC birefringence 41,
the cell thickness d, and the reciprocal of the operating wavelength A.

The normalized Jones vectors of left- and right-handed circularly polarized (LCP and
RCP) waves, denoted as x*) and x(7), are:

X =, +)"/v2 9
When a circularly polarized (CP) wave is incident, the outgoing wave is expressed as:
Bour =J - x'*) = —ising - exp(i2a) - x*) + cos - x 1) 4)

For an LCP incident wave, the outgoing wave divides into two parts: the first is the
RCP wave with phase factor exp(i2«), and the second is the LCP wave without phase
modulation. The opposite is true for an RCP incident wave.

The required grating phase for beam deflection ¢ is expressed as:

@ = —2mxsinf/A (5)

where 6 and x denote the deflection angle and the coordinate, respectively. After nor-
malizing ¢ by 2m, the phase distribution presents a periodic inclined phase (Figure 1b).
We use the principle of geometric phase to realize the phase distribution. Because of the
spin-conjugacy of the geometric phase, the grating phases for LCP and RCP incident waves
are opposite (see Figure 1b). The period P of the 27 phase change determines the deflection
angle 0 for a given incident wavelength A. We design a beam deflection phase with § = 13°
at 1 THz (corresponding to P = 1333 um). The normalized phase distribution (Figure 1c)
features a periodic phase along the x-axis.

In preparing the device (Figure 2), a silica substrate is ultrasonically cleaned. Next, we
transfer the few layers of graphene from a copper foil to the substrate. SD1 is spin-coated
onto the graphene substrate. In forming the LC cell, a 500-pum-thick Mylar film is used
as the spacer. At 1 THz, the thickness satisfies the half-wave condition. Next, we use a
digital micro-mirror device (DMD)-based microprojection exposure system to perform a
multi-step overlapping polarized UV exposure [41]. The photo-alignment material SD1 is
polarization-sensitive. When exposed to linearly polarized UV light, the SD1 molecules
tend to be aligned perpendicular to the incident polarization. After the LC is infiltrated
into the cell, SD1 further guides the spatial distribution of the LC to obtain the designed
geometric phase distribution. Finally, we fill the cell with LC NJU-LDn-4 to form the beam
deflector. The cross-polarized micrograph of the prepared sample and the LC orientation
distribution in the corresponding area (Figure 1d) shows a light—dark gradient area that is
consistent with the theoretical phase distribution.



Crystals 2021, 11, 1141

50f9

Transferring Spin-coating
grapheng SD1 ]

Silica substrate

Photopatterning

Assembling Filling LCs
v
4
LCs
Transferring Spin-coating
graphene SD1 o

Silica substrate

Figure 2. Schematic of the sample preparation process.

To verify the design, commercial electromagnetic simulations software (Lumerical
FDTD Solutions) was used to simulate the lens numerically. The configuration is based on
the LC orientation (Figure 1c) with a one-dimensional grating model profiled along the
x-axis. Each LC pixel is considered as a rectangular shape of 50 x 50 x 500 pm?. The LC
material is an anisotropic dielectric material, where 7, = 1.50 + i0.006, ne = 1.81 +i0.001,
which is set by the LC orientation module in the software. The conductivity depends on
the number of layers of the graphene, which affects the transmittance of the THz wave.
The more layers there are, the higher the conductivity and the lower the transmittance are.
Therefore, we use the graphene with 2-3 layers, which can not only ensure the conductive
effect of the electrode but also allow more THZ waves to pass through, so as to maintain
high performance of the device.

The Raman test has been mentioned in many previous articles on graphene as a
transparent THZ electrode [32,35]. In our experiments, we used graphene materials with
few layers provided by a mature company. The number of layers is determined and its
performance can be guaranteed by measuring resistance and THz transmittance.

The plane wave is incident along the z-axis. The far-field intensity distributions under
LCP and RCP incidence (Figure 3a,b, respectively) show clearly that the deflection angles
are —13° and +13°, which are consistent with the expected results. From diffraction effects,
the intensity of the beam attenuates slightly with propagation.

To detect the beam deflection, we employed a scanning near-field THz microscope in
which the THz waves are generated and detected using the photo-conductive antenna and
microprobe, respectively. More specifically, a femtosecond pulse with a center wavelength
of 780 nm, pulse width of 90 fs, and pulse repetition frequency of 90 MHz, is divided into
two beams; one is used as the pump beam for THz wave generation, and the other is used
as the probe beam for THz wave detection. The transmitted THz wave covers a frequency
band from 0.2 to 1.5 THz. After focusing and collimation by a parabolic mirror, the linearly
polarized wave is converted into a CP wave by a quarter waveplate and subsequently
detected by the microprobe. The scanning probe is used to obtain the Ex component
distribution in the xy-plane. The sample is fixed on a z-axis stage and scans the electric
field strength in the xz-plane. The results (Figure 3c,d) show the THz intensity distribution
in the xz-plane displaying spin-coupled deflection. In the xy-plane, the Gaussian spot has a
nonuniform intensity distribution that arises from the qualified LC alignment.

Furthermore, because the geometric phase is independent of the polarization, a disper-
sive deflection in a broadband is obtained. We measured the beam deflection of the device
from 0.8 to 1.2 THz (Figure 4a,b). A good spin-coupled beam deflection is achieved having
different beam deflection angles at different frequencies. We plotted the measured deflec-
tion angle with frequency (Figure 4c). Under LCP and RCP incidences, the deflection angles
gradually decrease as frequency increases, consistent with theory (black line). With the
half-wave condition being attained at 1 THz, the device has its largest deflection conversion
efficiency at 1 THz, reaching 94% under LCP incidence (Figure 4d). At other frequencies,
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the efficiency gradually decreases with the gradual deviation from the half-wave condition.
The measured efficiency is slightly smaller than the theoretical value (Figure 4d), which
may be because the LC orientation is not perfect when under the influence of graphene.

Figure 3. THz far-field intensity distributions: (a,b) Simulation results in the xz-plane under (a) LCP
and (b) RCP incidence. (c,d) Measured results in the xz-plane and xy-plane (z = 15 mm) under (c) LCP
and (d) RCP incidence, (e, f) Simulation results in the xz-plane under (e) LCP and (f) RCP incidence.
The white solid curves show the horizontal intensity distribution along the white dashed lines.
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Figure 4. (a,b) Measured THz far-field intensity distribution in the xz-plane in the frequency range of
0.8-1.2 THz band under (a) LCP and (b) RCP incidence. (c,d) Dependence of (c) deflection angle and
(d) polarization conversion efficiency with frequency.

The dependence relationship of the parameters such as efficiency, frequency and
thickness of liquid crystal has been described by:

1 = sin2( = sin2(7tdndf/c), (6)
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where 1 is the polarization conversion efficiency, 47 is the birefringence of the liquid crystal
material, d is the thickness of liquid crystal, c is the speed of light, and f is the frequency.

Based on this equation, the polarization conversion efficiency at different liquid crystal
thicknesses is provided in Figure 5. As shown in Figure 5, the polarization conversion
efficiency reaches the maximum of 94% at 1 THz. Moreover, in our experiment, the signal-
to-noise ratio of the experimental setup is large at 1 THz. Therefore, we chose a crystal
liquid layer thickness of 500 pm.

Efficiency (a.u.)

0.6 0.8 1 1.2 1.4 1.6
Frequency (THz)

Figure 5. The polarization conversion efficiency at different liquid crystal thicknesses.

With the graphene electrode present, the beam deflector may be driven by an external
voltage. We applied a square wave (1 kHz) alternating signal during the experiment.
Under a saturation voltage of 120 V, the orientation of the LC is completely distributed
along the z-axis (Figure 6a). In this instance, the beam deflection function disappears,
and the transmitted THz wave is not modulated. The far-field intensity distributions in
the xy-plane under LCP and RCP incidences (Figure 6b,c, respectively) feature Gaussian
intensity distributions, demonstrating dynamic switching. Because of the non-uniformity
of the electric field, the THz wave is scattered by LCs and is not very uniform (Figure 6b,c).

(b)

(a)

00000000 OBias

X (mm)

Figure 6. Results obtained after a saturation voltage is applied: (a) switchable function of the device;
(b,c) far-field intensity distributions in the xy-plane under (b) LCP and (c) RCP incidence. The white
solid line shows the horizontal intensity distribution along the white dashed line.
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3. Results and Discussion

The beam deflector is realized by the geometric phase of LCs. The phase has a double
relationship with the orientation angle of the LC. Therefore, there is no need for complex
simulations to determine the structural parameters. The alignment and fabrication of the
LC devices follow well-established techniques, and hence, our device is very cheap and
suitable for large-scale production; the modulation efficiency of the device is relatively
high over a wide operating band. Further improvements are possible by optimizing the
birefringence and absorptivity of the LC material. The device performs dynamic beam
deflection, which will be of great benefit in THz communications and imaging.

4. Conclusions

In summary, we have realized a THz beam deflection device that exhibits a broad
operating band and high efficiency. The conversion efficiency of dielectric metasurface
devices can reach less than 80%. Moreover, because the liquid crystal is non-resonant, the
polarization conversion efficiency can reach more than 95% after optimizing the thickness
of liquid crystal layer and using low loss liquid crystal materials, and has the advantage
of simple processing compared with the metasurface. By exploiting the geometric phase
distribution of the LCs, we have achieved a dispersive focusing effect in the 0.8-1.2 THz
band. Furthermore, by adding graphene electrodes on the upper and lower substrates with
an external bias, we realized dynamic switching of the beam deflection. The device can be
manufactured by a mature LC photo-aligning process and gainfully applied in the field of
THz communication and imaging systems.
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