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Abstract: In this article, we present a study of the equivalent dielectric constant of two nematic liquid
crystals (LCs) with different thicknesses, in the region from 90 to 140 GHz. The equivalent dielectric
constant of the LCs was measured using a frequency selective surface (FSS). The LC-based tunable
FSS with 22× 25 unit cells was printed on a quartz substrate with an area of 4× 4 cm2 and a thickness
of 480 µm; the LC layer with thicknesses ranging from 30 to 100 µm acted as a substrate. The FSS
featured a maximum frequency-shifting range of 8.15 GHz and 30 µm-thick LC layers with mutually
orthogonal rubbing directions were deposited on it. The results show that the initial equivalent
dielectric constant of the LC layer increased with the LC layer thickness, while the saturation-
equivalent dielectric constant remained almost constant. This work provides LC parameters that can
be useful for the design of LC-based devices in the millimeter and terahertz ranges.

Keywords: nematic liquid crystal; frequency selective surface; electrical control; dielectric constant

1. Introduction

Liquid crystals (LCs) feature the fluidity of liquids and the anisotropy of crystals and
are considered to be excellent materials for controlling electromagnetic waves. The nematic
phase is the simplest LC phase. The long axes of the rod-shaped molecules of this type of LC
point in the same direction or nearly parallel to each other. This spontaneous arrangement
of molecules with their long axes pointing along the same direction endows the LCs with a
high degree of birefringence [1]. In the past few years, the application of LCs has gradually
become widespread in the millimeter and terahertz (THz) bands [2–5]. LC-based microwave
and THz devices, such as modulators [6], filters [7], absorbers [8], transduces [9,10], and
phase shifters [11], can be easily adjusted and controlled by changing the electric field or
magnetic field. They offer the advantages of low power consumption and low cost [12].
In order to precisely design LC-based devices, it is essential to accurately investigate the
dielectric properties of LCs at THz frequency [13–17]. In 2010, Bulja proposed a broadband
planar transmission line method to characterize the physical parameters of the LCs E7, K15,
E44, E63, and MDA-00-3506 in the 30–60 GHz millimeter wave frequency range [18]. In
2012, Dickie used a frequency-selective surface (FSS) to accurately measure the dielectric
constant and loss tangent of the GT3-23001 and BL037 LCs in the region from 140 to 165
GHz [19]. In 2015, Deo et al. proposed a simple microstrip structure that can measure the
dielectric constant and loss tangent of nematic liquid crystals (NLCs) at 15–65 GHz. In
this manner, they were able to obtain the dielectric constant of the NLCs MDA-00-3506
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and GT3-23001 [20]. In 2020, Ji et al. measured and compared the THz birefringence of a
polymer-dispersed liquid crystal doped with gold nanoparticles [21]. In 2020, Johri et al.
investigated the dielectric properties of PentylCyano Biphenyl NLCs in a temperature
range of 297–316 degrees K at 9.0 GHz and 20.9 GHz frequencies [22]. In the same year,
Nova et al. provided an accurate measurement of the complex permittivity of GT3-23002
LC at microwave frequencies [23].

In LC-based tunable devices, the LC layer is typically used as a substrate with ad-
justable dielectric constant. LCs are composed of rod-shaped molecules, and an external
electrical field can be used to align the direction of the LC molecules along the field lines.
The tunability of LC polymer substrates is the result of the interaction of a polyimide
(Pi) alignment layer with the external electrical field [24]. As the electrode coverage is
insufficient and the force is weak away from the Pi alignment layer, the equivalent dielectric
constant of thick LC layers can be distinguished from birefringence [25]. However, an
accurate model would be able to better study the properties of the target object in applica-
tions and provide a more realistic fit [26]. The creation of an accurate model requires an
understanding of the specific properties of each material. Not only is it easy to optimize the
simulation, but it is also beneficial to obtain accurate test results. It is necessary to research
the effect of the thickness of the LC layer on its equivalent dielectric constant for LC-based
tunable devices.

In this paper, the effect of the thickness of the LC layer on the equivalent dielectric
constant was studied. Due to the difficulty of accurately analyzing the anisotropy and
inhomogeneity in the direction of the bias field for the intermediate states, no adequate
theory exists to directly calculate the dielectric constant of LCs based on voltage. The
equivalent dielectric constant of two LCs was measured using an FSS. An FSS consisting
of 22 × 25 hollow circle units was fabricated and tested. The values of the equivalent
dielectric constant of the LCs SLC103014-200 (S200) and E7 with different thicknesses
were calculated by fitting the simulated reflectance spectrum to the experimental spectral
response at different voltages. Our work provides more accurate LC parameters for the
design of LC-based devices in the millimeter and THz ranges.

2. Methods

LC materials feature dielectric anisotropy and exhibit different dielectric properties in
different frequency bands. Therefore, the method for testing the dielectric properties of LCs
varies in different bands. In the THz band, the main test methods are THz time-domain
spectroscopy (THz-TDS) and the FSS. Although THz-TDS covers a wide frequency range
with high resolution, it requires a high test environment (nitrogen environment), a large
test voltage, and complex calculations [27,28]. Compared with THz-TDS, the FSS features
the advantages of being a noncontact, nondestructive, simple, fast, and highly accurate test
method [29,30].

Figure 1a shows the overall structure of the proposed device. The top surface of the
bottom quartz substrate is printed with a complete copper surface, which can be used
as a ground plane, and the bottom surface of the top quartz substrate is printed with a
copper layer with a circular hole pattern. The upper and lower quartz thicknesses, dielectric
constant, and loss tangent are 480 µm, ε = 3.78, and tanδ = 0.002, respectively. As shown in
Figure 1b, the thicknesses of the LC layer and copper layer are hlc = 45 µm and hc = 0.5 µm,
respectively, where hlc is controlled by microspheres and the copper is deposited by thermal
evaporation. The diameter of the hollow circle is 800 µm and the period of the unit-cell is
1600 µm. Table 1 lists the geometric parameters of the unit-cell structure.
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Figure 1. (a) Unit-cell structure and direction of the LC molecules in two states. (b) Layout of the
unit-cell structure with the copper pattern.

Table 1. The parametric dimensions of the FSS structure.

Parameters hq hlc hc P D

Values (µm) 480 45 0.5 1600 800

The bias voltage applied between the two copper layers can generate electric field.
Under its influence, the LC molecules point in a different direction, which changes the
equivalent dielectric constant of the LC layer. The direction of the LC molecules is not
determinate, with no bias voltage. In order to control the direction of the LC molecules, the
Pi layers were spun onto the two copper layer. The Pi-covered surface was mechanically
rubbed in the direction perpendicular to the electrode. When the applied bias voltage is
0 V, the long axis of the LC molecules is parallel to the surface of each copper layer due to
the alignment of the Pi film, where the equivalent dielectric constant of the LC is referred
to as ε⊥. As the applied bias voltage reaches the saturation voltage, the long axis of the LC
molecules is perpendicular to the surface of the copper layer, and the equivalent dielectric
constant of the LC layer reaches the maximum value ε//. Thus, the tunable range of the
equivalent dielectric constant of the LC layer is ∆ε = ε// − ε⊥. The Finite Element Method
(FEM) and periodic boundary condition were used to simulate and optimize the structural
parameters to achieve the expected performance. In addition, the FSS features only one
distinct absorption peak to facilitate the fit. When the other parameters have been fixed,
the resonant frequency point is only decided by the equivalent dielectric constant of the LC
layer. By fitting the resonant frequency points of the measured and simulated results, the
equivalent dielectric constant of LC layer can be obtained accurately. Of course, as with the
equivalent dielectric constant, the equivalent loss tangent also varies with the thickness of
the LC layer, but in this study, we mainly focused on dielectric constant.

3. Experimental Measurements and Results

A standard photolithography process produced the FSS structure shown in Figure 2a.
On the lower surface of the top quartz, a layer of periodic metal metamaterial unit cells
was formed by means of exposure, developing, and etching. Figure 2b shows the image of
the unit cells of the periodic pattern under a metallographic microscope. Figure 2c shows
the apparatus used for sample testing. The spectral response of the sample was tested
by a vector network analyzer (Agilent N5224A), which was accompanied by two horn
antennas (with a frequency range of 90-140 GHz, a gain of 21 dB and a 3 dB bandwidth of
12 degrees) and an F-band module extender (N5262AW08). The S21 parameter of the vector
network analyzer represents the electromagnetic wave reflected from the sample. During
the experiments, the samples were placed in a hole dug in the absorbing material, which
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can reduce reflections from the environment. The humidity and temperature of the room
remained constant during laboratory testing (the air temperature was 23 degrees Celsius
and the relative humidity was 45–55%). During the test, 1000 points were scanned in the
vector network analyzer in the 90–140 GHz band, and the test error was not more than 0.05
GHz. Additionally, the numerical results for the resonant frequency points obtained from
the FEM were fitted to the experimental measurement results by changing the dielectric
constant of LC layer in the computational model. Thus, the equivalent dielectric constant
of LC layer was obtained [26].
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Figure 3 shows the simulation and experimental results obtained for the S200 LC
(Shijiazhuang Chengzhi Yong Hua Display Materials Co., Ltd.) with hlc = 30, 35, 40, 45, 50,
60, 65, and 100 µm. When the thickness of the LC layer is 30 µm, the maximum shift range
of the resonant frequency is 8.15 GHz. The resonant frequency of the FSS shifts toward
lower frequencies (from 108.4 to 105.4 GHz) as the thickness of the LC layer increases
from 30 to 100 µm without any bias voltage. On the other hand, when the applied bias
voltage reaches saturation, the resonant frequency remains almost constant at around
100 GHz. Since the LC molecules under the hollow circular region of the patterned copper
layer cannot be completely reoriented, the maximum error at the resonant frequency point
is about 0.91%, and the corresponding LC layer equivalent dielectric constants error is
about 2% [29]. In addition, we also considered the influence of hollow circle radius errors
caused by manufacturing. In this study, the hollow-circle radii measured by metallographic
microscope were used for the fitting of the equivalent dielectric constants, so the errors due
to the hole radius were very small. It can also be seen from the figures that each resonant
frequency on the FSS features a one-to-one correspondence with the equivalent dielectric
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constant of the LC layer; this renders it possible to calculate the equivalent dielectric
constant of the LC layer by fitting the
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almost constant. The reason for this behavior is that the initial state of the LC layer mainly 
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Figure 3. With different thicknesses: (a) hlc = 30 µm, (b) hlc = 35 µm, (c) hlc = 40 µm, (d) hlc = 45 µm,
(e) hlc = 50 µm, (f) hlc = 60 µm, (g) hlc = 65 µm, and (h) hlc = 100 µm. (i) Measured reflection spectra
at 30 and 100 µm.

As shown in Figure 4, the dielectric properties (ε⊥, ε//, ∆ε) of the LC layers with
different thicknesses are determined by fitting the numerical simulation results to the
experimental data. We fitted the simulated reflection spectra to the experimental spectra at
different voltages and obtain the values of the equivalent dielectric constant of the LC layer.
Table 2 lists the dielectric properties obtained. The results show that the initial equivalent
dielectric constant (ε⊥) of the LC layer increases with the increase in the thickness of the
LC layer, while the saturation equivalent dielectric constant (ε//) of the LC layer remains
almost constant. The reason for this behavior is that the initial state of the LC layer mainly
depends on the role of the alignment layer. As the thickness of the LC layer gradually
increases, the force exerted by the alignment layer on the LC intermediate layer becomes
smaller. A component of the long axis of some branches in the intermediate layer lies along
the vertical direction (i.e., the z-axis direction); thus, the equivalent εeff⊥ increases. As the
LC layer thickness increases from 30 to 100 µm, εeff⊥ increases from 2.56 to 2.65.
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Table 2. Dielectric properties of the S200 LC with different thicknesses.

Thickness (µm) 30 35 40 45 50 60 65 100

ε⊥ 2.55 2.57 2.58 2.58 2.59 2.61 2.62 2.65

ε// 3.03 3.03 3.02 3.02 3.02 3.03 3.02 3.03

∆ε 0.48 0.46 0.44 0.44 0.43 0.42 0.40 0.38

Figure 5 shows the simulation and experimental results obtained for the E7 LC (Jiangsu
Hecheng New Material Co. Ltd., Nanjing, China) with hlc = 30, 45, 60, and 100 µm. The
LC layers with thicknesses of 30, 45, 60, and 100 µm result in a frequency-shifting range
of 6.3, 5.9, 5.5, and 4.9 GHz, respectively. As shown in Figure 6, the equivalent dielectric
constant is used as a function of the LC layer thickness in two states. Table 3 lists the values
of the dielectric properties (ε⊥, ε//, ∆ε) of E7. However, E7 exhibits a small change in the
equivalent dielectric constant within the thickness range of 30–100 µm, which indicates that
the alignment induced by Pi is also closely related to the LC molecular structure. Further
investigations on thicker LC layers will be conducted in the future.
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Table 3. Dielectric properties of the E7 LC with different thicknesses.

Thickness (µm) 30 45 60 100

ε⊥ 2.59 2.61 2.62 2.64

ε// 2.96 2.96 2.96 2.96

∆ε 0.37 0.35 0.34 0.32

4. Conclusions

For the design of LC-based tunable devices, it is necessary to systematically understand
the characteristics of LC materials; thus, measuring the dielectric properties of LC materials
is important. The effect of the LC layer thickness on the equivalent dielectric constant was
analyzed in this study. We varied the thickness of the LCs S200 and E7 and measured
their dielectric properties in the 90 to 140 GHz. We found that the initial equivalent
dielectric constant increases when the thickness of both LC layers increases, while the
saturation equivalent dielectric constant of the LC layer remains essentially unchanged.
Our work provides relevant information regarding the dielectric properties of LC materials
for their application in infrared, GHz, and THz bands, so as to better design and optimize
tunable devices.
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