crystals MBPY

Article
A High-Resolution Terahertz Electric Field Sensor
Using a Corrugated Liquid Crystal Waveguide

Lan-Lan Xu "2, Yi Gong 2, Ya-Xian Fan >* and Zhi-Yong Tao %*

1 Key Lab of In-Fiber Integrated Optics, Ministry Education of China, Harbin Engineering University,

Harbin 150001, China; lanlanxu@hrbeu.edu.cn

Academy of Marine Information Technology, Guilin University of Electronic Technology, Beihai 536000,
China; gongyi@guet.edu.cn

*  Correspondence: yxfan@guet.edu.cn (Y.-X.EF); zytao@guet.edu.cn (Z.-Y.T.)

check for
Received: 28 May 2019; Accepted: 10 June 2019; Published: 12 June 2019 updates

Abstract: Liquid crystals (LCs) can always reflect variable optical properties in a broad terahertz
(THz) band under external electric or magnetic fields. Based on the measurements of these varying
properties, we can realize electric and magnetic field sensing with very high sensitivity. Here, we
theoretically and numerically demonstrate a type of electric field sensor in the THz frequency range
based on the defect mode arising in a periodically corrugated waveguide with liquid crystals. The
Bragg defect structure consisting of periodically corrugated metallic walls and a defect in the middle
can provide a narrow transmitted peak with controllable bandwidth, which can be used for external
field sensing when it is filled with LCs. The molecular orientation of nematic LCs (E7) is not only
very sensitive to the applied DC electric field but also very crucial to the effective refractive index of
E7. Changing the effective index can efficiently shift the frequency of the transmitted peak in the THz
spectrum. The simulated results show that the sensitivity can reach as high as 9.164 MHz/(V/m) and
the smallest resolution is 0.1115 V/m. The proposed sensor and its significant performance could
benefit electric field sensing and extend the applications of THz technology.

Keywords: resonances; periodic waveguides; Bragg defect mode; tunable resolution

1. Introduction

Terahertz (THz) waves belong to a frequency band of electromagnetic waves and generally refer to
electromagnetic radiation in the frequency range of 0.1-10 THz [1-5]. In the early years, due to the lack
of effective THz sources and sensitive detectors, the research results and data related to THz bands were
very limited, resulting in the so-called “THz gap”. With the emergence of a series of new technologies
over nearly thirty years, the unique THz properties of non-destructive and non-ionizing imaging and
spectroscopy were discovered, which accelerated the development of THz technology [6-10]. Vast
potential for future development was obtained in many areas such as military, medical, security checks,
astronomy, and more [11-16]. Many types of THz functional devices have been disclosed, such as
phase shifters [17,18], optical switches [19,20], sensors [21,22], modulators [23,24], and detectors [25].

On the other hand, there have been many reports in recent years on nematic liquid crystals
(LCs) [26,27], which are very sensitive to aspects of the external environment such as lights [28],
electric fields [29], magnetic fields [30], and temperature [31-33]. Wang et al. proposed an optical
temperature sensor based on a silicon nitride micro-ring resonator incorporating LC cladding [34].
Ding et al. reported an LC optical sensor that was developed to detect vaporous butylamine in air [35].
They realized chemical sensing based on the changes in LC molecular orientation caused by lauric
aldehyde and butylamine. Bi et al. designed an LC-based pH sensor that could perform real-time
monitoring of changes in localized pH values near a solid surface [36]. Furthermore, researchers have
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also proposed metamaterials, gratings, photonic crystals, and other structures based on LCs to realize
electric field sensing [37]. For example, Zhao et al. demonstrated an LC-infiltrated photonic crystal
cavity combining the excellent resonant properties of a photonic crystal cavity with the demodulation
properties of a Mach—Zehnder interferometer [38]. Czapla et al. improved the capabilities of electric
field sensing with a long-period fiber grating coated with an LC layer [39]. However, THz sensors for
electromagnetic field monitoring can hardly be found in the former reports.

In this paper, we propose a THz electric field sensor created by filling a hollow metal waveguide
with nematic LCs. The waveguide consists of periodically corrugated walls and a defect in the
middle, which leads to an arising Bragg defect mode in the transmitted spectrum. By optimizing the
geometric structure of the metal waveguide, a very narrow transmitted peak could be generated at
1 THz without the external electric field. Increasing the external electric field results in a frequency
shift of the peak, which can be used to realize THz sensing. In the following section, we explain the
Bragg defect structure with nematic LCs and its spectrum characteristics in detail. In Section 3, we
discuss the physical properties of nematic LCs under an external electric field according to a recent
experiment [40], whereas the sensing performance of the electric field intensity sensor based on the
Bragg defect structure with nematic LCs is investigated in Section 4. Finally, our major findings are
summarized in Section 5.

2. Bragg Defect Mode

THz waves can pass through cylindrical metal tubes with very low loss. To manipulate THz
propagation, we introduced periodic corrugations on the wall, which can effectively change the
transmitted spectrum without significantly increasing the attenuation. As shown in Figure 1a, the
Bragg structure consists of a cylindrical metal tube with corrugated walls and nematic LCs inside,
sealed by 1 um thick high-density polyethylene (HDPE). HDPE was selected here due to its high
transmittance and low loss properties in THz ranges. r; and ryy are the radii of the narrow and wide
tubes, respectively. a defined as the corrugation amplitude denotes the undulation intensity, and
A is the length of a period. In practice, THz antennas can generate a small-diameter parallel beam
which can be further focused through the lens and coupled into the proposed structure. The THz
signals enter from the left end and exit the waveguide from the right end. Due to the undulating
structure, THz waves can be reflected by each section. The multiple reflections and interactions will
lead to Bragg resonance when the incident wavenumber and the wall corrugations are matching.
Around Bragg resonances, there will appear a forbidden frequency band in which THz waves cannot
propagate through the structure. To achieve electric field sensing, we propose a Bragg defect structure
by introducing an additional wide tube in the middle of the periodic structure. As shown in Figure 1b,
a defect with length L was inserted.

The dispersion relation of Bragg structures can be formulated as follows [20]:

c K\ (2nm 2

e R
where f represents the resonant frequency, c is the speed of light in the LC waveguide, k, = 2.4048 is
the first zero of the zeroth-order Bessel function, ry (11 = 1y — a, ri1 = 19 + a) is the average radius, f8
(=mt/A £ B < /) is the propagation constant, and n represents the nth space harmonic. When we
select the resonant frequency at 1 THz, n is equal to 0 and 1, and § = ©/A, the two reference lines
intersect each other at the edges of the first Brillouin zone, and first-order Bragg resonance occurs.
Considering that the nematic LCs fill the core of the waveguide, the obtained structural parameters are
ro = 119 um and A = 109 um. The undulating parameter was selected as & = 11.9 um, which results

in r; = 107.1 um and ;= 130.9 um. The lengths of the wide and narrow tubes were both selected as a
half-period, i.e., 54.5 pm. The dispersion and its reference are shown in Figure 2a by the blue dots and




Crystals 2019, 9, 302 30f 10

red solid lines, respectively. It is obvious that a forbidden band (the pink shadow) appears around 1
THz and the red solid lines as the references also intersect at 1 THz.

» A : an AN
- v oUWy

~

output

(b

Wha

Figure 1. A schematic diagram of the Bragg (a) and Bragg defect (b) structures. The yellow curves
represent the pipe wall of gold while the gray-green indicates the LCs (E7) filling the metal waveguide.
The darker, orange-outlined section illustrates the inserted defect in the Bragg structure with length L.
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Figure 2. Transmission characteristics of periodic cylindrical waveguides with and without a defect.
(a) Dispersion characteristics of the Bragg structure: the blue dots depict the dispersion curves, the
red solid lines are their references, and the pink shadow denotes the forbidden band created by the
first-order Bragg resonance. (b) Transmitted spectra of the Bragg and Bragg defect structures: the
blue dashed line illustrates the forbidden band of the waveguide without the defect, and the red solid
line is the transmission of the Bragg defect structure. (c,d) are the electric field E, component of the
waveguides with and without the defect at 1 THz, respectively.

To evaluate the proposed structure, the finite element method (FEM) with COMSOL Multiphysics
was employed. In the simulations, a two-dimensional axisymmetric model was established due to
the symmetry of the proposed cylindrical waveguide structure, and the TM mode was selected to
excite the electromagnetic waves in the waveguide. The transmission T of the waveguide with 10
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periods is shown in Figure 2b. The blue dotted and red solid lines are the transmitted spectra of the
Bragg and Bragg defect structures, respectively. It was verified that the Bragg forbidden band is in the
frequency range of 0.859-1.129 THz and a defect mode arose in the forbidden band as a narrow peak
due to the inserted tube. The defect is located in the center of the waveguide, that is, the numbers of
periods at both ends of the defect are the same, as shown by the dark green part in Figure 1b. The
left end of the defect was connected to a wide tube while the right end was connected to a narrow
one. The length of the defect could directly affect the frequency of the Bragg defect mode. Selecting
the defect mode at 1 THz without an external electric field yields the defect length L = 57 um. The
distributions of the electric fields at 1 THz for the Bragg and Bragg defect structures are shown in
Figure 2¢,d, respectively. It can be seen from Figure 2¢ that the THz waves are quickly attenuated along
the periodic structure because the frequency falls in the forbidden band, while Figure 2d tells us that
there exists a strong localized resonance in the defect and that the electromagnetic energy is effectively
accumulated around the defect. Furthermore, the accumulated energy finally results in a transmitted
peak in the former forbidden band. The inserted defect in the Bragg structure definitely changes the
transmission characteristic of the waveguide and the transmitted narrow peak of the Bragg defect
mode seems to be a good candidate for THz sensing.

3. LC Materials

LC materials are the intermediate phases between crystalline solids and isotropic liquids. Different
types of LCs form such intermediate phases in different temperature ranges and have special physical
properties. The special properties of LC materials can be attributed to the phenomenon of birefringence
of electromagnetic waves, which is caused by the anisotropy of the constituent molecules. Considering
LC E7 in its Lagrange coordinates (x’, y’, z’) yields the permittivity tensor

2
0

N

0
0 (2)

ol o
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n

when z’ is selected as the principle axis. 7, and 7, are the ordinary and the extraordinary refractive
indices, respectively. Then, the magnetic wave propagation can be formulated as

(ks — ) 2k§k2, 2 ][ b ] =0, (©)

ky ke (kinz —kz,) E,
where ky is the electromagnetic wavenumber in vacuum, and ky, k,/, and E,, E,/ are the components
of the wavenumber and the electric field, respectively. In the proposed waveguide, the longitudinal
wavenumber of THz waves is kon.rr when we define the effective refractive index of LC as .
Thus, ky = kon, ffsin 6 and ky = kon, 7 cos 0 when 6 denotes the angle between the LC molecular
orientation and the direction perpendicular to the electric field. Then, we can obtain the effective

refractive index as
NNy

Meff =
\/ng cos2 6 + n? sin® 0

(4)

when the determinant of the coefficients in Equation (3) vanishes.

The molecular orientation of LCs can be controlled by the external environment; this has been
widely used in research of visible light and far-infrared devices in recent years. According to the
Frederiks transition, when LC molecules are controlled by an electric field, the LC transition mode
depends on the dielectric anisotropy Ae = n2 — n2. If the dielectric anisotropy is positive, i.e., Ae > 0,
the LC molecule regions are arranged in a direction parallel to the external electric field. Otherwise,
they tend to be aligned in the vertical direction of the electric field [41,42]. The mixture type of the LCs

(E7) used in the Bragg defect structure has low absorption and small dispersion in the THz frequency
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range, which is very promising in applications of controllable THz systems. The molecular orientation
of the LCs determines the effective refractive index n,¢ of THz waves in the direction of propagation.
Since the dielectric anisotropy of E7 is positive (Ae > 0), the molecules will tend to be aligned parallel to
the direction of the electric field when the external electric field increases. Figure 3 shows a schematic
diagram of the E7 molecule’s enhanced transition with an external electric field. In Figure 3a, the
molecules are randomly distributed in the absence of an external electric field, and Figure 3b—d exhibits
that the LC molecules gradually change to a direction parallel to the external electric field as the
intensity becomes stronger. Here, it is assumed that the external DC electric field is parallel to the
polarization direction and perpendicular to the propagating direction of THz waves. In this case, the
nef¢ can be directly determined from the DC electric field strength (Eo), and a larger adjustment range
can be achieved.

(a) (b) (¢) (d)

% B 1 1
o + + +
LC
HDPE
1 1 1

Figure 3. A schematic diagram of the LC (E7) molecule transition under an external electric field.
The blue ellipses represent the LC molecules. (a) The molecules distribute randomly when there
is no external electric field. (b-d) The orientations of LC molecules change with increasing electric
field intensity.

Yang et al. reported experimental results of the 7,7, of E7 under an external DC electric field [40]
where 1,¢¢ increases from 1.61 to 1.70 at 1 THz when the electric field Eq changes from 0 kV/m to
7 kV/m. The n,¢¢ can reach the maximum value 1, when Ey > 7 kV/m, but it cannot reach its minimum
value #,, because when Ey = 0 kV/m, the E7 molecules are randomly aligned instead of perpendicular
to the electric field direction. Although the proposed structure is different from the experimental one,
the physical properties of the effective index of LCs are similar due to the only dependence being on
the molecular orientations. We read the refractive index from the experimental data and employed a
cubic polynomial fit to represent the relationship between the 1,7 and the frequency in the range of
0.4-1.4 THz as follows:

Meff =ax f+bx f24cx f+d. ®)

For different Ey values, the fitting curve of n,¢¢ with frequency is shown in Figure 4 and the
optimal coefficients and fitting root-mean-square error o are listed in Table 1. The fitting results are in
good agreement with the experimental data and were used in our simulations.
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Figure 4. Effective refractive index 1,77 of E7 in the frequency range of 0.4-1.4 THz. The different lines
depict the fitting results of the experimental data [40].

Table 1. Optimal coefficients and the root-mean-square error of the cubic polynomial fit for the effective
refractive index.

Ey (kV/m) a b c d o (1079)
0 0.05068 —0.11660 0.04956 1.621 3.201
3 0.01520 —0.04189 0.01373 1.645 5.324
4 0.01307 —0.02724 0.00269 1.658 3.600
5 0.01110 —0.03321 0.02184 1.665 5.317
6 0.00819 —-0.03082 0.02365 1.680 3.502
7 0.01717 —0.06046 0.05830 1.680 6.392

4. Sensitivity and Resolution

To investigate the sensing effect on electric field strength of the proposed Bragg defect structure,
we simulated THz transmission under different applied electric field intensities. By changing the
intensity of the applied electric field, the peak position of the Bragg defect mode can be easily changed
because the varying electric field changes the orientation of LC modules and, thus, the effective
refractive index. Therefore, an accurately measured peak frequency can reflect tiny changes in the
electric field. In our study, the defect was inserted in the middle of a waveguide with 10 periods, that is,
the number of periods at both ends of the defect was 5. By numerical simulations of the FEM for THz
wave propagation in the Bragg defect structure, the transmission spectra for the electric field Ey from
3 kV/m to 7 kV/m were obtained and the results are presented in Figure 5a. The frequency of the Bragg
defect mode shifts to a lower frequency range when the electric field increases. It can be seen from
Figure 5a that the center frequency of the defect mode is 0.9832 THz when the electric field is 3 kV/m,
and it moves to 0.9473 THz when the electric field increases to 7 kV/m. The average bandwidth of the
defect mode is 0.7740 GHz. The simulated data indicate that the minimum electric field intensity that
can be identified from 3 kV/m to 7 kV/m is 84.39 V/m, which means that the Bragg defect structure can
provide a satisfying resolution of the DC electric field. In order to study the sensitivity of the defect
mode in the proposed structure to the external DC electric field, the center frequency of the peak under
various electric fields was read out and fitted by a linear model, as shown by the circles and the purple
line in Figure 5b, respectively. The best fitting curve for the frequency shift Af from 0.9642 THz is

Af = —9.164E( + 46.53. (6)
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The fitting results show that the defect mode linearly shifted to a low frequency as the external
Eg was enhanced. The frequency shift is 9.164 GHz when the electric field is increased by 1 kV/m,
indicating that the sensitivity of the Bragg defect structure sensor can reach as high as 9.164 MHz/(V/m).

1 20
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Figure 5. Frequency shift of the defect mode and its sensing characteristics. (a) The defect mode moves
to a lower frequency as the electric field intensity increases. (b) The best fitting curve for the shifted
frequency (the circles) of the transmitted peak under different electric field intensities exhibits high
sensitivity for electric fields. (c) The transmitted peak gets narrower when the number of periods
increases with Eg= 5 kV/m. (d) The resolution (the squares) and its best fitting curve indicate that the
resolution can be improved by increasing the number of periods.

Moreover, Bragg defect structures with different numbers of periods at both ends of the defect
were also simulated to further improve the resolution, which is the essential factor in electric intensity
sensing. The transmitted peaks for N =5, 6,7, 8,9, and 10 periods are shown in Figure 5c by different
lines with Eg= 5 kV/m. It was surprisingly found that the bandwidth of the transmitted peak sharply
narrowed as the number of periods at both ends increased, but the center frequency was almost
constant. In order to clearly show these peaks, a center frequency of 0.9642 THz at 10 periods was
uniformly subtracted from the frequency. The bandwidth of the defect mode was also reduced from
0.7740 GHz at 5 periods to 1.002 MHz at 10 periods. The average bandwidths in the cases of different
numbers of periods were obtained, and this parameter can directly reflect the resolution of the proposed
sensor. When the peak frequency of the defect mode moves a half-bandwidth, the related electric field
change is known as the device resolution. In Figure 5d, the resolution and its best fit are shown by the
circles and the solid line, respectively, and the fitting function is

Resolution = 60950e 316N )

The fitting results show that the resolution of the proposed Bragg defect structure is exponentially
decreasing as the number N increases. When the number of periods is selected to be 10, the electric
field sensor attains its smallest resolution, where the minimum identifiable Ey can reach 0.1115 V/m.
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5. Conclusions

A THz electric field sensor based on the Bragg defect structure filled with LC E7 material was
proposed, and its sensing performance was investigated. The sensor consists of a circular defect with
undulating waveguides connected at both ends, and the numbers of periods are the same either side.
The wall material of the waveguide is 1 um thick gold coated on a layer of 1 pm thick HDPE, the
LCs fill the waveguide, and the two ends of the waveguide are also sealed by 1 um thick HDPE. The
numerical results show that the Bragg defect structure produces a narrow transmitted peak around
1 THz when no external electric field is applied. By analyzing the electric field E, component at the
peak frequency, we verified that the transmitted peak can be attributed to the local resonance in the
defect. The effect of an external electric field on this structure leads to the variation of the effective
refractive index of the LCs (E7), thereby causing a frequency shift of the peak. Thus, the Bragg defect
structure performs the function of electric field sensing. The simulated results show that the sensitivity
of the sensor can reach 9.164 MHz/(V/m), and the resolution highly relies on the number of periods at
both ends of the defect. The minimum value of the resolvable electric field at 5 periods is 84.39 V/m,
and at 10 periods, the smallest is 0.1115 V/m. The LC Bragg defect structure with its high sensing
performance could be widely used in various applications of THz technology, such as switches and
tunable filters.
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