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Abstract

®

CrossMark

We have fabricated and characterized a large-aperture electrooptic phase modulation device
operating in the terahertz (THz) frequency range. The device consists of a 1.6 mm thick nematic
liquid crystal placed between glass plates with a novel interdigitated electrode design. Using
THz time-domain spectroscopy (THz-TDS) coupled with raster scanning imaging, we evaluated
phase modulation across a 25 mm diameter LC device and mapped the spatial uniformity of
phase shift. Our results confirm the functionality of the LC cell as a controllable quarter-wave
plate at 0.26 THz and half-wave plate at 0.52 THz. This work contributes to the development of
large-aperture and transmissive LC devices as low-cost phase plates for THz waves and paves

the way for future applications in THz modulators.

Keywords: terahertz, liquid crystal, time-domain spectroscopy, phase plate

1. Introduction

Terahertz (THz) modulators are key components for sev-
eral emerging applications, notably in communications [1]
and imaging [2]. In both fields, filtering and active control
of amplitude, phase and frequency are highly desirable, for
example in the development of reconfigurable intelligent sur-
faces (RISs) [3]. Since these waves are naturally larger than
those of the visible (VIS) or near infrared (NIR) wavelengths,
they offer certain advantages while posing other challenges.
For example, they promise to make THz filters or reson-
ant structure easier to manufacture, without the need for

* Author to whom any correspondence should be addressed.
Original content from this work may be used under the terms
BV of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOIL.

complex cleanroom techniques [4]. For active control, liquid
crystal (LC), sometime coupled with a resonant structure,
remain a particularly attractive choice [5]. As with VIS light
applications [6, 7], the anisotropic and dielectric properties of
LCs could significantly expand the range of THz applications,
enabling cutting-edge technologies such as phase shifters [8—
10], absorbers and filters [11-13], RIS with delay lines [14],
and frequency shifters [15—17], among others. For instance,
in these demonstrations, most designs incorporate a resonant
structure in combination with an LC material (metadevices).
In this way, the resonant structure effectively captures THz
waves at the operating frequency, while minimizing the inter-
action length with the LC material.

Surprizingly enough, some of these LC materials may have
rather significant (at the order of 0.2-0.3) birefringence An =
n—ny at THz frequencies, where n and n are, respectively,
refractive index values for the electric displacement vector that
is parallel and perpendicular to the direction of natural align-
ment of long molecular axes of the LC, often called director

© 2024 The Author(s). Published by IOP Publishing Ltd
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[18]. In addition, the dielectric torque, applied by rather mod-
erate voltages (few volts) may reorient the director, chan-
ging thus the optical path difference (OPD), from PD =nd
to n d, where d is the thickness of the LC, providing thus
a maximal possible change of OPD =And. However, there
are important differences compared with VIS or NIR ranges.
THz waves are generally collimated using large optics, such as
parabolic mirrors 25-50 mm in diameter. Consequently, THz
modulators and filters of similar size are needed to achieve
modulation in the flat phase distribution plane, i.e. not at
the focus. In addition, the use of broadband pulses in trasn-
mission mode may prove difficult if the modulator consists
of an LC metadevice. Despite a notable increase in interest
in various types of modulators in current scientific research
[1, 19], there has been only limited investigation into large-
aperture and broadband LC modulators operating in the THz
range [20, 21].

Achieving this goal requires further exploration of two
primary factors: (i) integrating electrode configurations that
minimally interact with THz waves [22, 23], and (ii) under-
standing the relationship between the long interaction length
of THz waves with LCs and their high absorption in liquids
[24]. Indeed, it is worth mentioning that, in the transmission
mode (which is our main interest), larger is the sample, further
away the peripheral metal electrodes must be placed to drive
the LC, which inevitably will increase the required voltages
[21]. Alternative approaches were explored, for example, by
using carbon nano tube surfaces [23]. However, the industrial
process for manufacturing thin films of these materials is not
yet well established. In addition, the two-dimensional (2D)
uniformity of LCs in cells with layers a millimeter thick or
more—essential for inducing significant birefringence in the
THz range—has not been confirmed. Successful manufacture
and characterization of these large LC cells could pave the way
for new phase plates of various shapes, such as vector beams
[25], tailored to the desired operating frequency. It is therefore
essential to develop and demonstrate multiple alternatives for
broadband, low-loss, large-aperture active LC devices operat-
ing in the THz range.

In this work, we present a new large-aperture LC cell struc-
ture featuring interdigitated electrodes with low losses for THz
waves. The cell features a 25 mm diameter aperture operat-
ing in the 0—1 THz range. To characterize the LC sample with
its new electrode design, we used THz time-domain spectro-
scopy (THz-TDS). Unlike optical measurements, which rely
on sensors to obtain intensity, the time-resolved capability of
THz-TDS allows us to capture both the amplitude and phase
of the electric field [26]. This feature makes THz-TDS par-
ticularly useful for characterizing phase modulators such as
LC devices. Combined with a raster scanning unit, it provides
a complete 2D mapping of the uniformity of LC devices. In
addition to the spatial distribution of cell birefringence, our
results show a significant phase shift of 7 rad THz~!. We have
also confirmed the minimal losses associated with the thin
indium tin oxide (ITO) interdigital electrode when oriented in
the optimum operating position. Finally, real-time measure-
ments of the device at 300 GHz reveal a switching time of 16 s

followed by a slow natural reorientation of almost an hour after
the bias voltage (V-bias) is switched off.

2. Materials and methods

2.1. LC sample

We have used here a nematic LC, which is an anisotropic fluid
[18] with an anisotropy axis (along the unit vector n, called
director; and defined by the average molecular orientation of
the LC) that can be reoriented by external electric or magnetic
fields [21, 22]. This allows the dynamic manipulation of the
effective extraordinary refractive index n, of the LC:

anJ_

)
\/nﬁ_ sin®6 + njcos?0

ne (0) = (1)

where 6 is the angle between the wavevector and the director;
nHand n are refractive index values for electric inductions
aligned, respectively, along the director and in the perpendic-
ular direction. The value An = n| —n_ is defined as optical
birefringence of the medium.

Novel compounds have been synthesized to increase
the birefringence and reduce absorption and dichroism in
microwave and THz ranges [24]. The value of birefringence
is crucial for THz phase shifters, as it dictates the amount of
liquid required for the desired function. The maximal achiev-
able optical phase difference A can be estimated using the
following equation:

2w

Ay = And
¥ n>\07

2

where A is the wavelength in vacuum.

Typically, the VIS applications (e.g. Ao = 0.5 pm) require
LC cells of micrometer thicknesses. However, in the THz
domain (with wavelengths at the order of 1 mm) they must be
much thicker (in the order of millimeters) to reach noticeable
phase modulations. This makes the reorientation times longer
(minutes) [14] and create challenges in the cell orientation and
tunability.

The sample, illustrated in figure 1(a), contains LCs that
are 1600 pm thick with a clear aperture diameter of 1 inch
(25 mm). It is filled with mixture 1825 of nematic LC, whose
properties are described in detail in [24]. This cell consists of
two glass substrates with a thickness t = 550 pm. A thin layer
(40 nm) of polyimide is applied, baked, and rubbed to main-
tain the planar orientation of the LC molecules. The glass sub-
strates are bonded together using UV glue, with LC filled in
between.

Generally, for applications with electromagnetic waves loc-
ated in the VIS spectrum, electrodes are made from a homo-
genous thin layer of conductive ITO, directly deposited onto
the substrates. This is already a very well-established tech-
nology in the display industry, which explains our interest
to these materials. However, ITO film is only transparent
in the VIS and near-IR range, while completely attenuating
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Figure 1. (a) Illustration of the LC sample with its physical dimension. (b) Configuration of the electrodes deposited on the glass substrate.
p: pitch and w: lane width. The liquid crystal is inserted between the two substrates. (c) [llustration of molecule orientation as a function of

bias voltage.

THz waves. This approach is therefore unsuitable for THz
applications, and another electrode solution needs to be pro-
posed, such as, side electrodes [27]. The present paper pro-
poses an interdigital ITO electrode design (see figure 1(b)),
composed of thin patterned ITO tracks of about 30 nm width,
with a periodicity (pitch) of 370 pm [28]. This structure is
similar to metal-grid THz polarizers, which are commonly
used to polarize or attenuate THz waves [29]. Our experiments
with linearly polarized THz pulses show that this specific pat-
terned ITO configuration achieves near-perfect transmission
in the operating orientation. In addition, the use of a LC layer
thicker than 1 mm allows relatively large interdigitated elec-
trode spacings (370 pm), as the electric field inside the LC
layer is smoothed [21]. This approach is particularly prom-
ising for transmission-mode phase modulation applications.
Figure 1(c) shows the two experimental conditions, i.e. with
and without the application of a V-bias, and illustrates the ori-
entation of LC molecules’ as a function of V-bias. To induce
a phase shift on the THz wave, a square voltage of 1 kHz
and 20 volts AC was applied to the electrodes. Initially, with
no voltage applied, the LC molecules align parallel to the
cell substrates and along the direction perpendicular of the
electrode’s stripes. Upon applying voltage, molecules align
along the bias field direction. This direction is parallel to the
THz beam propagation. Therefore, when the biased voltage
is applied, no change in refractive index is expected with
respect to the rotation angle of the LC cell (i.e. no perceived
birefringence exists). We therefore study the THz properties
of our LC cell by measuring the THz pulses transmitted at
10° angular intervals, from 0° to 360°, when the voltage
is switched off, then repeating this measurement when the
voltage is switched on. To validate the phase change obtained
when the electric field is applied, we calculate the differen-
tial between the phase values for the voltage-on and voltage-
off measurements for each angle of rotation. It should be
noted that our measurements were carried out over the entire
aperture using a 2D time-domain scan. It is important to
note that a THz polarizer is placed before the LC cell to

ensure that only linearly polarized light passes through the
sample.

2.2. Experimental setup TDS

Figure 2(a) shows the THz-TDS used in this experiment, a
Toptica system, model TeraFlash pro, which uses InGaAs pho-
toconductive antennas for emission and detection, pumped by
laser pulses with a wavelength of 1550 nm. As this figure also
shows, THz radiation is collected and guided by four one-
inch diameter 90° off-axis parabolic mirrors (OAPMs). The
sample is placed at the focal point of the THz beam, between
the second and third OAPMs. A 2-inch-diameter wire-grid
polarizer is placed before the sample to ensure that the incom-
ing THz beam is linearly polarized. The TeraFlash system
allows spectroscopic measurements from 100 GHz to 4 THz,
as shown in figure 2(b) with the time-domain traces in inset.
However, due to the absorption in the two glass substrates,
measurements are limited to the 100—-1000 GHz range. The
measurement of the reference pulse was done in ambient air.

To understand the impact of the electrodes, substrates, and
LCs, we examine THz pulses through three configurations:
(1) a single glass substrate plate, (2) a glass plate with an
ITO interdigital electrode, and (3) a complete cell with two
substrates and electrodes but without LC material. Notably
in figure 2(b), the spectrum of the substrate (yellow) com-
pletely overlaps with that of the configuration with one elec-
trode when the latter is set perpendicular to the THz field
polarization [29]. Additionally, the spectra of the empty cell
(green) and the cell containing LCs (red) are mostly equival-
ent, as expected given that the absorption of the LC mixture is
about 5 cm~! in this frequency range [24]. Using these data
and equation (5) as presented in the next section, we determ-
ined that the extraordinary index at 300 GHz was 1.76 for the
LC used in this study. This value was obtained by analyzing
the time-domain traces of the cell containing the LC and the
cell without the LC.
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Figure 2. (a) Schematic of the THz-TDS system. (b) Spectra of Fourier transform of the THz pulse and the time-domain signal in inset of

the reference (blue) and the various sample components.

As we will discuss below, the phase needs some extra
care to have a good correlation between biased and unbiased
measurement. Moreover, this situation becomes more crit-
ical if 2D mapping is performed [2, 30]. Indeed, it should
be noted that the LC assessment, carried out in this work,
was obtained by systematically scanning the entire LC cell
via a raster scanning. The imaging device comprises two pre-
cise linear stages for scanning the sample through the focus
of the THz beam. For this sample, the imaging area cov-
ers 25 x 25 mm? with a resolution of 0.5 mm in each axis,
resulting in a total of 2500 THz traces. To better under-
stand the transmission behavior and phase change of the LC
device, we will also present the azimuthal dependence of
the normalized amplitude and phase information in the next
section.

3. Results and discussion

3.1. Normalized transmission

Unlike the complexity of active phase-change measurements
in reflection mode [30], THz measurements in transmis-
sion mode are easier to perform because the path, travelled
by the THz beam, remains constant between measurements.
However, significant absorption in samples can introduce a
substantial error in phase change, particularly when the phase
starts to wrap around itself. In transmission, the sample is
mounted at normal incidence with respect to the propagation
direction of the THz radiation. This prevents additional sig-
nal losses caused by lateral shift of the THz beam, which
occurs due to refraction in the sample. The measured transmis-
sion function of a sample and a reference measurement can be
express as follow [26]:

3

()= 20 = e

where E; (f) is the Fourier-transformed time trace recorded
through the sample, E, () is the Fourier-transformed reference
time trace recorded through air, |7] is the transmission amp-
litude and A¢ is the frequency-resolved phase difference
between the two signals.

Measurement of phase and spectral amplitude enables
direct calculation of complex-valued physical properties of
materials, such as absorption o and refractive index n. The
equations used for these calculations are well-known and
provided below [26]:

2 (n+1)*

a(f)=--n [T|4n ; )
B cA¢

n(f)_H_Ffd ®)

where c is the speed of light and f is the THz frequency

The initial evaluation of the LC device aims to understand
the influence of the electrodes and polarization field on THz
wave transmission as a function of cell rotation, i.e. keeping
the incoming THz polarization fixed. Indeed, significant trans-
mission losses from the electrodes would render it ineffect-
ive as an active phase modulator. It is therefore important to
determine if the electrode is properly aligned with the oper-
ating orientation angle of the LC device. Figure 3(a) shows a
VIS image of the LC device used for analyzing transmission as
a function of rotation. Figure 3(b) shows the variation in phase
(A®) or normalized phase, obtained by subtracting the phase
information under bias-off conditions from that under bias-on
conditions. This figure shows two distinct regions: one with
strong phase changes and the other with no phase change. This
behavior is repeated twice over the entire rotation, as expected
due to the symmetry of the elongation shape of the LC. In this
figure, we will focus our analysis on two specific angles, as
indicated by the two orange dotted lines: 270 degrees for sig-
nificant phase modulation and 180 degrees for a region with
no phase change. The extraction of the phase difference for
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Figure 3. (a) Visible image of the LC sample with its rotating mount. (b) Phase shift vs. frequency at various angles, with (c) showing
maximum (red) and minimum (blue) phase shifts. (d) Normalized transmission of a single glass substrate with ITO electrode. Normalized
transmission of the LC sample (e) without bias voltage, and (f) with bias voltage. All data are normalized to a reference pulse in air without
sample, and taken as a function of THz bandwidth and sample rotation angle.
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Figure 4. (a) TDS image of phase shift between non-active and active cell at 180 degrees. (b) TDS image of phase shift between non-active
and active cell at 270 degrees. (c) Phase shift between non-active and active vs position on the cell at different angle.

these two cases are shown in figure 3(c). This figure demon-
strates a significant phase shift occurring within the frequency
range of 100 GHz to 1 THz. Specifically, the LC device func-
tions as a quarter-wave plate (1.57 radians) at 260 GHz and as
a half-wave plate (3.14 radians) at 520 GHz. However, based
on the value of An reported in [24] and using equation (2),
the maximum phase shift for mixture 1825 in a 1.6 mm thick
cell is estimated to be 6.4 radians at 500 GHz. The smaller
phase shift observed in this study is likely due to imperfect
alignment of the LC in the thick cell and a possible overestim-
ation of the actual thickness of the LC material. Additionally,
according to previous work [24], mixture 1825 is expected to

exhibit an extraordinary index of 1.948 at 500 GHz, which
is higher than the value of 1.76 measured in this study at
300 GHz with the sample oriented at 270 degrees. In fact, the
cell’s visually milky appearance suggests non-ideal alignment
of the LC, and figure 4 below will further illustrate the nonuni-
form thickness of the LC material, which could explain this
discrepancy.

Next, we measured the normalized amplitude transmission
across the frequency range of 0—1 THz for different rotation
angles in three specific cases: (d) a glass plate with an ITO
interdigital electrode, (e) biased LC device, and (f) unbiased
LC device. All normalized transmissions are obtained from
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the FFT response of the sample compared with the FFT of a
pulse propagating only in air (without sample). In figure 3(d),
the modulation of the normalized transmission as a function of
the rotation angle of the single substrate with the ITO electrode
layer is influenced solely by the attenuation of the electric field
parallel to the electrode stripes. This attenuation is similar to
the effect produced by a wire grid polarizer on an electro-
magnetic wave [29]. It is important to note that the strongest
transmission is observed at 270 degrees and 90 degrees, where
phase changes are maximal. In these normalized transmis-
sion data, an additional oscillation is observed as a function
of frequency. As mentioned previously, this behavior results
from the echo of the glass substrate in the time domain, which
converts into oscillations in the frequency domain. A second
important result in figures 3(e) and (f) is that the normalized
amplitude transmission remains virtually unchanged with and
without V-bias. Unfortunately, above 1 THz, high absorption
losses make it extremely difficult to develop THz LC cells
using glass substrate that can operate efficiently at these fre-
quencies. To overcome this problem, a new substrate with a
lower absorption coefficient (such as diamond) could be used.
The second important piece of information is to note that max-
imum absorption occurs for rotation angles that will not be
used when activating the cell polarization field (e.g. for angles
around 0° or 180°).

3.2. Active phase modulation

To assess the impact of angle of rotation and applied V-bias
on LCs, we recorded both amplitude and phase of the sig-
nal at different frequencies from O to 1 THz. Phase inform-
ation was extracted from the angle value after performing a
Fourier transform (FFT) on the time-domain data. The phase
spectrum, derived directly from the angle between the real and
imaginary parts of the transfer function, is generally bounded
between —7 and 7. This wrapping phenomenon means that
whenever the phase value exceeds 7 in absolute magnitude, it
wraps around the opposite polarity of 27. This effect, known
as phase wrapping, also occurs when performing FFT on noisy
signals. It is therefore vital to differentiate between a legitim-
ate phase jump, i.e. one that arises from a significant phase
change, and a phase jump related to the low signal-to-noise
ratio of the data, which therefore does not correspond to a
real phase change. To mitigate this bias, a modified Blackman
Window is applied to each time-domain data before proceed-
ing with the FFT calculation, i.e. attenuating the values at both
ends using cosines:

w(i)=0.5 (cos (ax”_l (i — (a;— l))) + 1) ,0 <ay (6)
w(i)=1l,a,<i<n—a, 7

w(i) = 0.5 (cos (2 (i = (n—ac))) +1) 8)

a; represents the length of the region at the start, a, the
length of the region at the end, and n, the total length of the
pulse.

Although this filtering procedure reduces the occurrence
of phase wrapping in a single time-domain trace, extracting
the phase angle from a time-domain hypercube (a 2D spatial
mapping of a sample with the third dimension being temporal
evolution) may still result in 27 phase jumps across all three
axes. To ensure a continuous phase distribution along both spa-
tial and spectral axes, a 3D phase unwrapping algorithm is
employed to unwrap the phase information in 2D [31]. This
algorithm has been selected due to its low time complexity
allowing it to function seamlessly on large images. The lin-
ear relationship between the frequency and the unwrapped
phase allows the reconstruction of an image by using the slope
of the linear regression in every pixel. The region is determ-
ined by finding the start and stop indices that maximize the
coefficient of determination (R2) of the linear fit on regions
of varying length. To reduce time complexity, this operation
is only performed on the pixel located at the center of the
images.

Using this algorithm, figures 4(a) and (b) represent the
unwrapped differential phase of the full aperture, when bias is
on and then off, of THz data measured for two distinct angles
where maximum and minimum phase shifts occurred: 180°
and 270°, respectively. In figure 4(a), the maximum phase shift
as a function of frequency, in units of (rad THz™'), can be
directly extracted from the above algorithm, with a linear fit.
It can also be seen that a rotation difference of 90° from the
maximum position at 270° results in a minimal phase shift,
as shown in figure 4(b). Indeed, a near-zero differential phase
shift is observed at the 180° rotation position, as expected
based on the LC orientation shown in figure 3(b).

In these differential raster-scan imaging in transmission
mode, a quick assertion of the LC device can be made. The
red and blue tones indicate the areas with the highest and low-
est phase differences, respectively. To understand this linear
behavior of the differential phase change as a function of THz
frequency, figure 3(c) illustrates this dependence for the two
orientations of 180° and 270°. However, as seen in figure 4(a),
certain areas, such as the right-side part of the sample at
270°, reveal a smaller phase difference which may be the con-
sequence of a thinner layer of LC (cell deformation during the
manual fabrication). To visualize the variation in the differ-
ential phase distribution, figure 4(c) displays the rad THz ™!
profile extracted for the two rotation cases. These curves were
obtained along the X and Y directions from the white dotted
lines VIS in figures 4(a) and (b). The difference between the
cross-sections of the X and Y axes clearly indicates the spa-
tial inhomogeneity within the cell. In fact, the phase decrease
beyond 20 mm observed at 270° along the x-axis in figure 4(c)
is due to LC inhomogeneity. The phase difference is linearly
proportional to the LC thickness, so a thinner LC layer results
in a smaller phase difference, as shown in figure 4(c). Over
time, when the device is stored vertically, the LC molecules
shift within the cell, causing uneven distribution and disrupt-
ing uniform alignment. This variation in refractive index leads
to inconsistent phase transmission and the decrease observed
in the measurements.
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Figure 5. Real-time phase response to voltage activation and
deactivation. Zoomed view of activation in inset.

3.3. Relaxation time measurement of the LC molecules

The response times are crucial for investigating any active
modulator. For a 1.6 mm thick LC solution, we expect that the
turn-on (7o) and turn-off (7.¢) times will be relatively long, as
indicated by the following equations [31]:

nd®
Tofl =} 12 ©))
To
Ton = o (10)
()
Vin
K,
Vih = 11
th SAE 11

where Ace and V are the dielectric anisotropy of the LC and the
switching V-bias of the cell respectively, ~; is the rotational
viscosity and K,is the appropriate expression for the elastic
constant of the LC mixture, which is dependent upon the align-
ment of the LC cell. Vy, is the threshold voltage of the LC cell.

Given the squared dependence of activation and deactiva-
tion times on thickness, fast devices at THz frequencies require
thin cells filled by materials with relatively high birefringence
[14]. While the birefringence of LC mixtures is well docu-
mented at VIS frequencies, their properties at THz frequen-
cies are less well understood. Figure 5 shows phase changes
in real time relative to the off state (no voltage on the elec-
trodes) at 0.3 THz, with the inset showing a close-up view
of the phase change relative to the on state (presence of a
polarized voltage). This measurement was performed using a
continuous-wave (CW) THz system, as described previously
[32]. This result demonstrates that phase modulation at fre-
quencies below 500 GHz is feasible using mixture 1825 with
an LC thickness of 1.6 mm, whereas such modulation was pre-
viously limited to 500 GHz [24].

Asitis also observed in figure 5, the molecules respond rap-
idly to the electric field once the voltage is applied, but natural
relaxation is slower. Our measurements indicate a switching

time of 16 s for the device. It should be noted that the response
is fast under an electric field due to 7o, o 1/E? thanks to our
large applied DC field of 12.5 V. m~! . However, complete
relaxation of the molecules in the LC to their initial planar
position takes around an hour, indicating a significant delay
once the electric field is removed, as 7o o d2. Fortunately,
this long response time could be improved by introducing an
additional set of electrodes to return the molecules to their
initial state [33]. We are currently testing next generation of
electrodes (patent pending), which would allow not only gen-
erating an electric field that is perpendicular to cell substrates
(used to reorient molecules from their ground state), but also,
when desired, we can generate electrical field with a signific-
ant component that is parallel to these substrates. This should
allow helping bringing back the molecular orientation much
faster than the natural relaxation. We shall report the corres-
ponding results soon.

4. Conclusion

In summary, we have fabricated and fully characterized a large
aperture LC cells using THz time domain spectroscopy and
raster scanning imaging. We found that the LC cells operate in
the low THz frequency range, specifically between 100 GHz
and 1 THz. Additionally, we demonstrated that the maximum
relative phase difference corresponds to the maximum trans-
mission of the LC cell, which is crucial for future applica-
tions. Moreover, THz-TDS coupled with raster imaging cap-
ability proved sufficiently sensitive for studying these cells
and mapping the inhomogeneity of LC thickness across the
entire aperture. We also determined that our large aperture LC
cell functions as a controllable quarter-wave plate and half-
wave plate at 0.26 THz and 0.52 THz, respectively. In sum-
mary, our work confirms the fabrication process for align-
ing molecules in a 1.6 mm thick LC cell. We also validate
the functionality of our novel ITO electrode configuration for
THz waves. THz-TDS successfully characterized the 2D map-
ping of phase changes, and real-time CW THz phase tracking
monitored the LC sample’s switching time. This study paves
the way for future characterization of LC cells operating at
THz frequencies, essential for enabling applications such as
THz modulators.
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