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In this paper, the terahertz (THz) absorption spectra of a nematic liquid crystal (NLC) cell are estimated via THz
time-domain spectroscopy (TDS) using a mode-locked Yb-doped fiber laser as the pump source. The THz-TDS
system is implemented by using a dipole antenna as an emitter and a bow tie antenna as a receiver. A THz
emission bandwidth exceeding 2.2 THz is achieved corresponding to a free spacing of 220 mm and a signal-to-
noise ratio exceeding 30 dB. Subsequently, this system was utilized to measure and analyze the THz absorption

spectrum of an E7 NLC cell by applying an electric field. The conclusions experimentally confirmed that the
absorption of the specific THz frequency of the cell is inversely proportional to the intensity of the electric field

applied to the NLC cell.

1. Introduction

Terahertz (THz) waves exhibit both the straightness of light as well
as the transmittance of microwaves, enabling non-destructive testing.
Therefore, they enjoy a very wide range of applications. E.g., in spec-
troscopy, imaging technology, security screening, and medicine [1-10].
Applications of THz technology can be broadly classified into spectros-
copy, imaging, and wireless communication technologies [11-22].
Spectroscopy has been applied in various fields such as biology, medical
diagnosis, food inspection, explosion inspection for security screening,
drug inspection, inspection of art, and environmental pollution moni-
toring. On the other hand, imaging technology has been applied to time-
of-flight imaging, magnetic resonance imaging, and optical coherence
tomography [13,16-19]. Finally, wireless communication technology
has been recently applied to wireless communication between personal
wireless devices, related to 5G or Internet of Things, over short indoor
distances [20-22]. THz -based communication is also expected to be
utilized in traffic control, autonomous driving, and remote health
monitoring services.

THz spectroscopy can be divided into time domain spectroscopy
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(TDS) [14-15,23] based on pulse emission and frequency domain
spectroscopy (FDS) based on the beating of two continuous-wave (CW)
lasers [24,25]. The THz-TDS method is most popular. In this method, a
pulse generated using a femto-second laser is irradiated onto a semi-
conductor or a nonlinear crystal. The generation and detection of THz
pulses using a photoconductive antenna (PCA) requires periodic changes
of at most 1 ps in electrical or optical signals. The bulky titanium sap-
phire laser (Ti:sapphire laser) used to be the most common choice for the
pump light source in most of THz-TDS. However, in recent years, it has
been replaced by femtosecond fiber lasers, which are smaller and exhibit
higher power [13-15,23]. Due to their smaller size compared to solid-
state lasers, femtosecond fiber lasers enjoy much higher mobility.
THz-TDS architectures constructed based on a combination of a femto-
second fiber laser and photoconductive antennas (PCAs) exhibits
excellent optical-THz conversion efficiency, low space constraints, and
low system manufacturing and maintenance costs. On the other hand,
mode-locked fiber lasers used in THz-TDS was primarily implemented
using an Er- or Yb-doped fiber (YDF) as a gain medium. In particular, a
mode locked YDF laser exhibits excellent performance in terms of a
broad gain spectrum, excellent stability, high quantum efficiency, and
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Fig. 1. Experimental setup for a mode-locked YDF laser and optical pulse
compression (PLD: pump laser diode, WDM: wavelength division multiplexing,
YDF: Yb-doped fiber, QWP: quarter wave-plate, HWP: half wave-plate, PBS:
polarization beam splitter, Biref. filter: birefringent spectral filter).

compact size. Compared to a mode-locked Er-doped fiber laser, it can
obtain a high output without using an optical amplifier, making it
suitable as a THz pump source [15,26-28]. In rare-earth-doped fiber
lasers, mode locking is implemented in various methods, such as
nonlinear polarization rotation (NPR) [14-15,29-32], 2D material-
based saturable absorbers [33-36], and non-linear loop mirrors [37]
and others [38,39]. Among them, the Yb-doped fiber laser mainly uses
the NPR method to implement mode locking.

On the other hand, liquid crystal (LC) devices have been studied for a
long time because of their birefringence properties and have led to the
development of many other optical devices that have contributed to the
development of the electronics industry. The effective refractive index,
absorption coefficient, and polarization of LC molecules with free mo-
lecular arrangement are dependent on the rotation of the directors when
external stimuli, such as an electric field or temperature variation, are
applied [40-44]. Although LCs are widely used and well characterized
as optical devices, they have not been adequately explored in the THz
range [45-49]. Proper utilization of such LC properties could lead to LC-
based THz devices, such as LC-based THz switches, polarizers, and phase
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adjusters. Finally, extensive research on various THz devices, such as
birefringent devices for millimeter waves, microwave delay lines, mi-
crowave phase delay gratings, and THz-Lyot filters, is ongoing [47-51].

In this paper, we demonstrate the implementation of PCA-based THz-
TDS using a mode-locked YDF laser as a THz pump light source. A mode-
locked fiber laser with YDF is employed as a gain medium to achieve
mode-locking over the region comprising 1 pm center wavelength using
a nonlinear polarization rotation (NPR) method [14,15,29-32], which
serves the function of an artificial saturable absorber. As the femto-
second pulse is output directly from the oscillation of the mode-locked
fiber laser in the normal dispersion region and exhibits a chirp owing
to many frequency components, an oscillating pulse with a period of
several ps is generated, resulting in the compression of the output pulse
into a pulse with a period less than or equal to ~200 fs using a pair of
diffraction gratings outside the resonator. Subsequently, a nematic
liquid crystal (NLC) cell is fabricated and analyzed using THz-TDS. In
particular, the dependence of the THz spectral characteristics of the NLC
cell on the intensity of the applied electric field is measured and
analyzed.

2. Experiments

A schematic diagram of the experimental setup for a mode locked
YDF laser and a pulse compression system is depicted in Fig. 1 [29]. The
box on the top denotes a mode locked YDF laser. It operates in normal
dispersion mode and achieves passive mode-locking by employing the
NPR method as a saturable absorber. It composes a laser diode with a
center wavelength of 974.5 nm utilized as a pump light source, a 980/
1030 nm wavelength division multiplexing (WDM) coupler, 25 cm-long
YDF (Liekki®YB1200-4/125@nLIGHT) utilized as a gain medium, a
1.54 m-long single mode fiber (SMF), and two collimators within the
optical fiber. In its capacity as a gain medium in this experiment, the
YDF exhibits a 1200 dB/m peak absorption at 975 nm. The pump laser
diode exhibits a maximum output power of 500 mW. The free space of
0.28 m length consists of a quarter wave plate (QWP), a half wave plate
(HWP), an optical isolator, a birefringent spectral filter, and a polari-
zation beam splitter (PBS). The birefringence spectral filter exhibits a
center wavelength of 1030 nm and a bandwidth of 10 nm [29].

The pump light enters the resonator through the WDM coupler and
the YDF emits light in the 1 pm band. When the emitted light enters the
free space through the collimator, it passes through the QWP and the
HWP and is divided into s-polarized light and p-polarized light in the
PBS. The s-polarized component is used as the output and the p-polar-
ized light proceeds to the SMF through the optical isolator, the bire-
fringent wavelength filter, and the collimator through the QWP in the
laser cavity. The total length of laser cavity is taken to be ~2.07 m,
including the free space, and the pulse repetition rate is 103.75 MHz.
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Fig. 2. (a) Optical spectrum and (b) RF-spectrum outputs of the mode-locked YDF laser.
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The SMF used in the experiment is HI1060. The total GVD inside the
resonator is positive, with a value of 0.0434 ps? corresponding to the
center wavelength of 1.03 pm. Therefore, the laser operates in the
normal dispersion region of the 1.0 pm wavelength band. A non-zero
GVD value contains frequency components in a wide range when the
pulse travels through the optical fiber, resulting in chirping. To
compensate for this, pulses output directly from the laser require
compression.

The bottom box in Fig. 1 depicts the experimental setup for pulse
compression. A reflective diffraction grating with 600 grooves/mm and
exhibiting polarization-dependence is used. Consequently, the HWP is
inserted into the path of the light pulse output directly from the PBS.
After passing through the HWP, the light enters the first diffraction
grating. Subsequently, the diffracted light enters the second diffraction
grating. The diffracted light proceeds parallelly, and its height is
adjusted by inserting a mirror into its path. The pulse is compressed
when the reflected light passes through a pair of gratings in the opposite
direction to that of the incident light.

The optical spectrum of the optical pulse generated by the mode
locked YDF laser is depicted in Fig. 2(a). The center wavelength and the
full width at half maximum (FWHM) are observed to be 1035.0 nm and
17.0 nm, respectively. The inset in the Fig. 2(a) depicts the optical
spectrum on a dB scale. We observe side peaks at both ends of the optical
spectrum, revealing a typical dissipative soliton oscillating in the normal
dispersion region of the mode-locked fiber laser. The RF-spectrum
output of the mode-locked YDF laser with a side mode suppression
ratio of approximately 53.44 dB and a repetition rate of 103.75 MHz is
depicted in Fig. 2(b). The threshold pump output of the mode-locked
fiber laser is 350 mW, above which pulses are generated by self-
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Fig. 3. (a) Autocorrelation trace of the pulse directly emitted from the mode locked YDF laser and (b) Autocorrelation trace of the compressed optical pulse.

starting. The output power is observed to be approximately 67 mW
corresponding to an optical pump power of 350 mW. This indicates that
the output pulse obtained directly from the laser contains multiple fre-
quency components and is highly chirped. The duration of the output
pulse emitted by the laser is measured using an interferometric auto-
correlation. The measured optical pulse width is ~ 3.4 ps under the
assumption of a Gaussian profile, as recorded in Fig. 3(a). The time
bandwidth product of the optical pulse is observed to be 16.2, which is
significantly larger than the transform limited value of 0.44 for pulses of
Gaussian shape. This can be attributed to the highly chirped nature of
the pulse. The autocorrelation trace of the compressed optical pulse
following its passage through the pulse compression system is depicted
in Fig. 3(b). It showed several side-lobes, which arise from the steep
sides and structure of the spectrum [30]. The compressed pulse width is
observed to be 172 fs, assuming the pulse shape to be Gaussian, and the
average output power exceeds ~40 mW. The time bandwidth product of
the compressed pulse is reduced to 0.82. This is significantly different
from the transform-limited value owing to the lack of higher-order
compensation during dispersion compensation using the diffraction
grating.

A schematic diagram of the experimental setup for a PCA-based THz-
TDS using a mode-locked YDF laser is depicted in Fig. 4. Initially,
compressed optical pulses are incident on THz-TDS. They are split into
beams of approximately equal intensity using a beam splitter and the
two beams are incident on the emitter (Tx) and the receiver (Rx). A
corner-cube retroreflector is affixed to the variable stage connected by a
motor, enabling the adjustment of the time delay in the optical path by
moving it into the optical path of Tx. Tx is taken to be a dipole antenna
with a gap of 5 pm and a width of 10 pm. In contrast, Rx is taken to be a

Mode-locked 5 _
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Mirror Tx TPX lens l TPX lens Rx irror
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Fig. 4. Schematic diagram of the experimental setup for THz TDS (QWP: Quarter wave-plate, Tx: THz emitter, Rx: THz receiver).
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Fig. 5. Variations of the THz spectra of the 220 mm free space with respect to
the bias frequency of Tx.

bow-tie antenna with an antenna gap of 5 pm and a width of 10 pm. Both
antennas are commercially obtained from Batop, and exhibit 84% light
absorption and 300 fs carrier recovery time in the 1060 nm wavelength
band. Each QWP is inserted in front of the antenna such that it is incident
with linearly polarized light. The free space between the two antennas is
taken to be 220 mm, and the signal is detected using a lock-in amplifier.
The radiated THz waves are aligned using a silicon lens placed in front of
each antenna and two pairs of TPX lenses. The refractive index of the
TPX lenses used in the experiment is 1.45 (@1 THz), and the focal length
is 32.5 mm. The average optical power of the optical pulse beam inci-
dent on each antenna is set to be 20 mW, and the peak power and pulse
energy of the pulse are 1.12 kW and 192 pJ, respectively. The sensitivity
and signal-to-noise ratio (SNR) of the THz radiation signal are observed
to be dependent on various parameters, such as bias voltage, frequency,
and humidity within the free space. The THz spectrum of the 220 mm
free space is measured by varying the frequency of the bias voltage
connected to Tx from 3.45 kHz to 20.45 kHz. As depicted in Fig. 5, the
sensitivity of the signal is observed to be inversely proportional to the
frequency, but the SNR does not exhibit significant dependence on the
latter. However, as the bias frequency is increased, the THz bandwidth is
observed to decrease. In the region above 20.45 kHz, the water vapor
peak after 0.75 THz is similar to the noise level, making it difficult to
distinguish the signal. Under all measurement conditions, the humidity
and the bias frequency are set to approximately 40-45%, and 4.25 kHz,
respectively. For the free space of 220 mm, an SNR of approximately 40
dB is obtained, and the frequency bandwidth of the THz wave is
confirmed to be 2.2 THz or higher.

Next, an E7 NLC cell is fabricated and the dependence of its THz

(@
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Fig. 7. THz Transmission spectra of the NLC cell with ITO electrodes under
various conditions.

absorption spectrum on the applied electric field is measured and
analyzed using THz-TDS. The E7 NLC used in the experiment is a
mixture of 5CB, 7CB, 80CB, and 5CT of cyanide-added polyphenyl
substances in the specific compositional ratio of 51%, 25%, 16%, and
8%, respectively [52]. Z-cut quartz wafers are commonly used as a
substrate during THz spectroscopy to avoid birefringence due to their
effect on light waves propagating perpendicular to the wafer surface
[53]. In our first attempt, an NLC cell is fabricated using z-quartz, which
is known to exhibit excellent THz wave transmission properties. How-
ever, during the coating of the electrode metal on the z-quartz, a large
absorption is observed in the THz band, complicating the measurement
of the spectral characteristics of the NLC cell in the THz band. Therefore,
during the second attempt, the substrate of the LC cell is fabricated by
replacing z-quartz with an indium tin oxide (ITO) coated Polyethylene
Terephthalate (PET) film [54]. A schematic diagram of an NLC cell
fabricated using a 0.1 mm thick ITO film as an electrode and a substrate
is depicted in Fig. 6(a). A polyimide layer is subsequently applied to the
film, cured, and aligned to align the LC molecules in the direction par-
allel to the ITO film. As illustrated in Fig. 6(b), the thickness of the NLC
layer is 30 pm, and the total thickness of the cell including the ITO
substrate is 230 pm. The wires are connected by soldering indium to the
electrodes.

The THz transmission spectra of the NLC cell fabricated with an ITO
film as an electrode are depicted in Fig. 7. A comparison of the THz
spectrum in free space with that obtained when a single ITO film is
utilized in the absence of LC molecules reveals that the signal sensitivity
decreases slightly until the 1.5 THz region approximately. However, the
sensitivity of the THz spectrum decreases by approximately 10 dB

— -

30 pm spacer

E7 NLC
Polyimide layer
Indium solder ITO coated PET film

wire

(b

Fig. 6. (a) A schematic diagram of the LC cell with an ITO film and (b) the structure of the NLC cell with ITO electrodes and substrates.
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Fig. 8. Variations of absorption coefficient at a specific THz frequency with
respect to the electric field applied to the NLC cell.

irrespective of the presence of LC molecules in the cell substrate con-
structed using an ITO film. Beyond 1.5 THz, it becomes difficult to
distinguish due to its similarity with the noise signal.

As indicated in the experimental setup depicted in Fig. 4, the focal
point of the THz wave is in the middle area of the free space, and an
aperture is placed in this area. The radius of the aperture is set to
approximately 8 mm, minimizing the loss of the THz wave the focal
position, and the NLC cell is positioned directly behind the aperture to
block the signal reflected from the surface of the NLC cell. Therefore, the
THz wave passes solely through the NLC cell. The THz absorption
spectra of the NLC cell are measured by applying an electric field to it.
The direction of the applied electric field is aligned perpendicular with
the director of the LC. The THz absorption coefficient with respect to the
intensity of the applied electric fields to the NLC cell is depicted in Fig. 8.
The intensity of the electric field is varied from 0.005 V,ps/pm to 0.12
Vims/pm. The THz absorption coefficient is observed to decrease as the
intensity of the electric field is increased. This can be attributed to the
change in the effective refractive index of the NLC and the decrease in
the transmitted signal of the linearly polarized THz wave with rotation
of the LC director.

3. Summary

In this paper, PCA-based terahertz time-domain spectroscopy (THz-
TDS) was fabricated using a mode-locked ytterbium fiber laser as a
pump light source. The THz-TDS exhibited a spectrum exceeding 2.2
THz over a free space of 220 mm. Subsequently, an E7 nematic liquid
crystal (NLC) cell was fabricated to apply the THz-TDS, and the THz
absorption spectrum corresponding to an external signal applied to the
NLC cell was measured. An NLC cell was fabricated using an ITO film as
the substrate and the electrode. As the electric field applied to the NLC
cell was increased, the director of the LC was observed to be aligned in
the direction of the electric field, and the effective refractive index was
observed to vary correspondingly. In turn, the THz absorption spectrum
was observed to decrease.
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