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We propose and demonstrate an electrically controlled liquid crystal phase grating
for the terahertz wave. The performance of the device was characterized by a
terahertz time-domain spectrometer. The experimental results were in a good
agreement with the prediction by classic diffraction theory.
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INTRODUCTION

In the past decade, terahertz (THz) photonics had progressed
remarkably. THz technology and its applications including ultrafast
dynamics in materials, communication, biomedical imaging, and
environmental surveillance were realized [1-3]. However, essential
quasi-optic components such as phase shifters, modulators, attenua-
tors, polarizers, and beam splitters in the THz range are relatively
underdeveloped. For controlling electromagnetic waves, the periodic
structures such as gratings are frequently employed. In the THz
range, tunable devices based on optically and electrically controlled
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carrier concentration in quantum-well structures have been demon-
strated. These tunable THz devices, however, have limited range of
tunability and have to be operated at cryogenic temperatures far
below room temperature [4-6]. Previously, we have reported the
complex optical constants of several nematic liquid crystals in the
THz frequency range [7-11]. Commonly available nematic liquid crys-
tals, e.g., 5CB and E7, exhibit birefringences as large as those in the
visible and relatively small absorption coefficient from 0.2 to 1THz.
Various tunable THz devices based on nematic liquid crystals (NLC),
such as phase shifters and filters that are controlled either electrically
or magnetically, have been demonstrated [12,13]. Recently, we have
demonstrated a magnetically controlled phase grating for manipulat-
ing the THz wave [14]. Electrically controlled phase grating for THz
wave is desirable. In this work, we propose a design of such a device
and report some of its characteristics.

Operation Principles and Experimental Setups

The electrically controlled THz phase grating in this work could be
seen as a binary phase grating. It contains alternate sections of two
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FIGURE 1 Schematic drawing of a generic binary phase grating, ni, ng:
indices of refraction, d: depth of grating, /: width of each element, ¢: diffraction
angle. The THz pulse is normally incident on the phase grating.
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materials with different refractive indices as shown in Figure 1. The
electric fields of electromagnetic waves that pass through materials
1, 2 and the total field E detected at an angle of ¢ from the incident
beam can be written as,

odd  (n+1)l o ) )
E1(¢) _ Z/ Eoelky 51n¢ez(n1+m1)kddy7

n=17nl

even r(n+1)! o ) ) (1)
E2(¢) — Z /l Eoelky smq&el(nzﬂrcz)kddy7

n=0 71

E = E\(¢) + E2(d),

where Ej is the amplitude of the incident electric field, ¢ is the diffrac-
tion angle, % is the wave number of the electromagnetic wave in free
space, [ is the width of each material, d is the thickness of the grating,
and nq+ix; and notiky are complex refractive indices of materials 1
and 2, respectively.

The grating was designed such that the efficiency of the Oth order
diffracted THz waves would be highest around 0.3—0.5 THz. Parallel
grooves having a period of 2.0 mm, a width of 1.0mm, and a groove-
depth of 2.5 mm were fabricated by stacking ITO (indium-tin-oxide)
film coated fused silica substrates, for which the refractive index is
1.95 in the THz frequency region (0.2—0.8 THz). The surfaces of the
fused silica were coated with polyimide (SE-130B, Nissan) and rubbed
for alignment. The grooves were filled with the NLC, E7 (Merck), and
sealed with a sheet of fused silica coated with DMOAP. Therefore, this
device was constructed with alternate sections with 1.0mm thick
NLC layer and 1.0 mm thick fused silica sheet. The dimension of the
NLC layers was 20.0mm x 2.5mm x 1.0mm. In previous work, we
have shown that the LC layer as thick as 1.5mm can have a good
alignment [13].

A schematic illustration of the device and the relationship between
the NLC director and applied electric field are shown in Figure 2. The
NLC E7 was aligned along the x-direction by the alignment layer.
Since E7 is a birefringent material with positive dielectric anisotropy,
the molecules tend to be aligned parallel to the direction of the applied
electric field when the applied voltage is lager than the threshold
voltage. The complex refractive indices of E7 in the THz frequency
range have previous reported by our group [12]. There are no
resonances from 0.2 to 1.2 THz. The value of the real part of the refrac-
tive indices for the ordinary wave and the extraordinary wave are
respectively 1.58 and 1.71. The corresponding imaginary indices are
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FIGURE 2 Schematic illustration of electrically controlled NLC based THz
phase grating. The polarization and propagation direction of incident THz
wave are parallel to y- and x-axis, respectively. The director of NLC is rotated
from x- to y-axis with increasing applied bias. ITO: indium-tin-oxide film as
electrode, P: polarization of THz wave, V: bias, Vy,: threshold voltage. The
dimensions of the structure are shown.

K, (0.010) to k. (0.007). The effective refractive index of NLC experi-
enced by the THz propagating through the device can be written as

~1/2
o c0s29+sin29 / @)
ff =\ "2 T .9 ’
‘ n? n?

where n, and n, are ordinary and extraordinary indices of refraction of
NLC and 0 is the reorientation angle of NLC molecules from the origi-
nal orientation. A stack of ITO film coated fused silica sheets without
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FIGURE 3 Schematic diagram of the THz-TDS system. P: polarizer, A:
analyzer, BS: beam splitter, V: bias. Dashed line indicates the propagation
trace of the THz wave.

filling NLC, identically in dimension to that of the grating was pre-
pared as the reference. The data presented below, were obtained at
room temperature 23 + 0.5°C.

A photoconductive antenna-based terahertz time-domain spectro-
meter (THz-TDS) [15] was utilized to measure the Oth order diffraction
spectra of the device. This is shown in Figure 3. Briefly, the pump
beam from a femtosecond mode-locked Ti:sapphire laser illuminated
a dipole antenna fabricated on low-temperature-MBE-grown GaAs to
generate the broadband THz signal, which was collimated and
collected through the THz phase grating by off-axis parabolic gold
mirrors. A pair of parallel wire-grid polarizers (Specac, No. GS57204)
was placed before and after the device under test. The Oth order dif-
fracted pulse of THz radiation was coherently detected by another
photoconductive antenna of the same type gated by ultrafast pulses
from the same laser.

RESULTS AND DISCUSSIONS

The Oth order diffracted THz pulses transmitted through the phase
grating for both ordinary and extraordinary waves and that of the
reference (black, red, and blue curves) were presented in Figure 4.
The applying voltages are 0 and 90V, for o-ray and e-ray, respec-
tively. An oscillating component can be seen arriving 3.0ps and
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FIGURE 4 Temporal profiles of the 0th order diffracted THz pulses through
the phase grating bias at 0V (o-ray) and 90V (e-ray) and that of a reference
sample.

1.9 ps before the main pulse for ordinary and extraordinary waves,
respectively. This is attributed to the propagation time difference
between the waves through fused silica and NLC. The calculated delay
times, ond/c, where on is the difference of the refractive indices
between fused silica and NLC, d is groove depth and ¢ is the speed
of light in vacuum, are 3.1 ps and 2.0 ps for o- and e-ray, respectively.
These are very close to the experimental observed time difference.

The diffraction efficiencies of the incident THz pulse at various
frequencies, 1, are determined by applying fast Fourier transform
algorithms to time-domain waveforms and normalizing the magni-
tudes of the diffracted signals for o-ray and e-ray with respect to that
of the reference. In Figure 5, we plot the diffraction efficiency of the
phase grating with the LC driven at different applying voltages as a
function of frequency. The experimental results are in good agree-
ments with the theoretical predictions according to Eq. (1). These
results clearly demonstrated that the diffraction efficiency of the
phase grating was the highest at the frequency of 0.3 THz, according
to our design. For ordinary wave at 0.3 THz, the phase difference
between fused silica and E7 was close to 2. Therefore, the transmis-
sion of the grating was higher. The THz wave was mainly concen-
trated in the Oth order. In contrast, the phase difference is close to n
for extraordinary waves at 0.3 THz. The diffraction efficiency was
smaller for the Oth order, because the THz wave was mostly diffracted
into the 1st order.
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FIGURE 5 (a) Experimental observation and (b) theoretical calculation of
diffraction efficiencies of the phase grating as a function of frequency. Curves
for the grating driven at two different applied voltages corresponding to o-ray
and e-ray are shown.

CONCLUSIONS

We propose and demonstrate an electrically controlled liquid crystal
phase grating for the terahertz wave. The performance of the device
was characterized by a terahertz time-domain spectrometer. The
experimental results were in a good agreement with the theoretic
prediction by classic diffraction theory. Applications of the device
include beam splitting, scanning, and modulation of the THz wave.
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