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Abstract: Liquid crystal (LC) cells that are coated with metamaterials are fabricated in this work. The
LC directors in the cells are aligned by rubbed polyimide layers, and make angles 6 of 0°, 45°, and
90° with respect to the gaps of the split-ring resonators (SRRs) of the metamaterials. Experimental
results display that the resonance frequencies of the metamaterials in these cells increase with
an increase in 6, and the cells have a maximum frequency shifting region of 18 GHz. Simulated
results reveal that the increase in the resonance frequencies arises from the birefringence of the LC,
and the LC has a birefringence of 0.15 in the terahertz region. The resonance frequencies of the
metamaterials are shifted by the rubbing directions of the polyimide layers, so the LC cells coated
with the metamaterials are passively tunable terahertz filters. The passively tunable terahertz filters

exhibit promising applications on terahertz communication, terahertz sensing, and terahertz imaging.
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1. Introduction

Metamaterials have attracted much attention due to their unusual electromagnetic res-
onance [1-7]. The resonance frequencies of metamaterials are sensitive to their geometrical
structures [1-3] and the refractive indices of the media that surround the metamateri-
als [4-7]. Therefore, metamaterials can be used to develop frequency filters, intensity
modulators, and sensors. Liquid crystals (LCs) have been used to tune the resonance
frequencies of terahertz metamaterials due to their large birefringences [6,7]. Chen et al.
deposited a dual frequency LC layer on a terahertz metamaterial [6]. The resonance spec-
trum of the terahertz metamaterial can be red-shifted and blue-shifted by switching the
frequency of a given voltage because the dual frequency LC exhibits positive and neg-
ative dielectric anisotropies at low and high frequencies. Therefore, the dual frequency
LC layer that is deposited on the terahertz metamaterial can be used to develop electri-
cally controllable terahertz filters. Deng et al. deposited an LC layer between a terahertz
metamaterial and a metal layer [7]. The resonance frequency of the terahertz metamate-
rial is red-shifted by 11.4 (12.6) GHz at the irradiation of terahertz waves with TE (TM)
polarization as a voltage that is applied to the LC layer increases from zero to 10 V. There-
fore, the metamaterial-imbedded LC cell can be used to develop electrically controllable
terahertz absorbers.

The application of the large voltages to the LC layers causes the shift of the resonance
spectra of the metamaterials in the previous works [6,7]. The electrically controllable tera-
hertz devices in these works consume a lot of power to filter incident terahertz waves. This
drawback hinders the usage of the terahertz devices in practical applications. It is of great
interest to researchers to develop LC-based metamaterials with zero power consumption.
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This work fabricates LC cells coated with terahertz metamaterials, and studies the
effect of the rubbing directions of the alignment layers of the cells on the electromagnetic
resonance of the metamaterials. The resonance frequencies of the terahertz metamaterials
increase with an increase in the angles between the directors of the LC and the gaps of the
SRRs. A finite-difference time-domain simulation depicts that the increase in the resonance
frequencies arises from the birefringence of the LC, and the LC has a birefringence of
0.15 in the terahertz region. The LC cells coated with the terahertz metamaterials are
passively tunable filters with zero power consumption, and can be used in terahertz
imaging, terahertz sensing and terahertz communication.

2. Materials and Methods

Figure 1a presents the schematic configuration of LC cells that are coated with terahertz
metamaterials. Each of the LC cells are fabricated using two 188-um-thick polyester (PET)
substrates, which are separated by two plastic spacers with a thickness of 500 pm. A
200-nm-thick silver SRR array is coated on one of the PET substrates by photolithography,
metal evaporation, and lift-off process. Figure 1b presents the dimensions of one of the
SRRs in the array. The SRR has a linewidth (w), split gap (g), short side (s), long side (I),
period in the x direction, and period in the y direction of 6 um, 20 pm, 50 um, 60 pm, 70 um,
and 80 um, respectively. Six-hundred-nanometer-thick polyimide (PI) layers (AL-1426CA,
Daily Polymer) are coated on both PET substrates as homogenously aligning layers and
are rubbed using a rubbing machine. The directors in the LC cells that are coated with the
terahertz metamaterials make angles 0 of 0°, 45°, and 90° with respect to the gaps of the
SRRs of the metamaterials. A nematic LC (HTW114200-100, Fusol Material) is used in the
cells. The nematic LC has been used to develop high-performance optical devices [8,9].
However, the LC has not been used to develop terahertz devices. Therefore, the LC is
used in this work. The LC layers with a thickness of 500 um are so thick that terahertz
waves experience their refractive indices significantly [10,11]. The LC has ordinary and
extraordinary refractive indices of 1.513 and 1.779, respectively, in the visible light regime.

(a) (b)

Figure 1. (a) Schematic configuration of liquid crystal (LC) cells that are coated with terahertz metamaterials. 6 is an angle
between the director of the LC and the gaps of the split-ring resonators (SRRs). (b) Dimensions of SRR.

3. Results and Discussion

Figure 2 displays the experimental terahertz spectra of three metamaterials that are
coated with the PI layers. These spectra are obtained using a commercial terahertz spec-
trometer (TPS 3000, TeraView, Cambridge, UK) in transmission mode, and the chamber in
the spectrometer is filled with nitrogen gas to prevent terahertz waves from absorbing mois-
ture. The polarization of incident terahertz waves is set parallel to the x axis of Figure 1a.
The PI-coated metamaterials have transmission peaks in their terahertz spectra due to
the absorption of the electromagnetic resonance of the metamaterials. The transmission
peaks are at an identical frequency of 0.588 THz, and the two PI-coated metamaterials have
similar resonance spectra. Therefore, the three PI-coated metamaterials can be used to
study the effect of the rubbing directions of the PI layers on the electromagnetic resonance
of the metamaterials.
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Figure 2. Experimental spectra of three metamaterials that are coated with polyimide (PI) layers.

A simulation is performed using a software based on finite-difference time-domain
method to verify the experimental spectra of the PI-coated metamaterials. A simulated
SRR has the same geometrical dimensions as the SRR of Figure 1b, and is deposited on
a 188-um-thick PET substrate with an area of 70 um x 80 um. A 600-nm-thick PI film is
coated on the simulated SRR. The permittivity of the PET substrate (PI film) is 3.0 (1.21) in
the simulation, and was obtained from its time-domain spectrum. A periodical boundary
condition is set in the simulation, and the conductivity of silver in the simulated SRR is
6.30 x 107 S/m. Figure 3 displays the simulated spectrum of the PI-coated metamaterials.
These metamaterials have a simulated peak at 0.588 THz. Therefore, the peak frequency
of the simulated spectrum of Figure 3 verifies that of the experimental spectra of Figure
2. The inset in Figure 3 presents the near-field distribution of the simulated SRR that are
coated with the PI film at 0.588 THz. The near field of this SRR exhibits the maximum
strength at its gap. This result depicts that the electromagnetic resonance of the Pl-coated
metamaterials is an inductive-capacitive mode at 0.588 THz.
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Figure 3. Simulated spectrum of PI-coated metamaterials. The insert presents the near-field distribu-
tion of the simulated SRR with the PI film at 0.588 THz.

An SRR can be considered as an inductor-capacitor circuit, and its resonance frequency
is given by [12]

/= ovic @
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where L is an inductance of the inductor, and C is a capacitance of the capacitor. L is
determined by the enclosed area of the SRR, and C is proportional to the permittivities
of the media that surround the SRR. Equation (1) depicts that the resonance frequency of
the inductive-capacitive mode of a metamaterial is inversely proportional to the refractive
index of a dielectric layer that is deposited on the metamaterial [12]. Therefore, the PI-
coated metamaterials will be sensitive to change in the refractive indices of the dielectric
layers that are deposited on them.

Figure 4 displays the experimental spectra of the three LC cells that are coated with the
terahertz metamaterials at 6 = 0°, 45°, and 90°. The metamaterial-coated LC cells at 6 = 0°,
45°, and 6 = 90° have resonance peaks at 0.533 THz, 0.542 THZ, and 0.551 THz, respectively.
The resonance frequencies of the LC cells increase with an increase in 8, and the cells have
a maximum frequency-shifting region of 18 GHz. The increase in the resonance frequencies
arises from the birefringence of the LC. As the cell is at § = 0° (90°), the LC director is
parallel (perpendicular) to the gaps of the SRRs of the metamaterial. In addition, the
polarized direction of incident terahertz waves is parallel to these gaps. Therefore, the
incident terahertz waves experience an extraordinary (ordinary) refractive index of the LC
in the cell at 8 = 0° (90°). This result depicts that the LC has an extraordinary (ordinary)
refractive index as the metamaterial has a resonance frequency at 0.533 THz (0.551 THz).
Therefore, the LC birefringence causes the increase in the resonance frequencies as the
angles between the LC directors and the SRR gaps are increased. Resonance frequencies of
plasmonic materials can be tuned by active methods such as external voltage, pump light,
and heat or by passive methods such as the change in their geometrical dimensions [13,14].
The results in Figure 4 reveal that the resonance frequency of a metamaterial-coated LC cell
can be passively tuned by the rubbing direction of its alignment layers. The metamaterial-
coated LC cells are passively tunable terahertz filters, and exhibit promising applications on
terahertz communication, terahertz sensing, and terahertz imaging. A situation in which
photoalignment layers replace the PI layers in this work may fabricate light-controllable
terahertz metamaterials. Efforts are being made at the authors’ laboratory to fabricate
light-controllable terahertz metamaterials, the results of which will be published in the
near future.
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Figure 4. Experimental spectra of three metamaterial-coated LC cells at § = 0°, 45°, and 90°.

A simulation is performed using software to verify the experimental spectra of the
three metamaterial-coated LC cells. A dielectric layer with a refractive index of n is
deposited on the simulated PI-coated SRR (the inset of Figure 3). Figure 5 displays the
terahertz spectra of the simulated PI-coated SRR with the dielectric layer at n = 1.55, 1.62,
and 1.70. This SRR has simulated resonance frequencies of 0.551, 0.542, and 0.533 THz at
n =1.55,1.62, and 1.70, respectively. The resonance frequency of the simulated PI-coated
SRR with the dielectric layer at #n = 1.70 (1.55) equals that of the metamaterial-coated LC
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cell at 6 = 0° (90°). The polarized direction of the incident terahertz waves is parallel
(perpendicular) to the LC director of the metamaterial-coated LC cell at 8 = 0° (90°), so the
LC has an extraordinary (ordinary) refractive index . (1,) of 1.70 (1.55) in the terahertz
region. This result reveals that the LC exhibits a birefringence of 0.15 in the terahertz region,
and the LC birefringence increases the resonance frequencies of the metamaterials as the
angles between the directors and the gaps of their SRRs are increased.
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Figure 5. Simulated spectra of three metamaterial-coated LC cells at n = 1.55, 1.62, and 1.70. n is the
refractive index of a dielectric layer that is deposited on the simulated PI-coated SRR.

The effective refractive index of the LC in the metamaterial-coated LC cell that involves
6 = 45° can be determined by an equation of the index ellipse of the LC, and it is given by

Hegs = : @
eff — c0s20/n2 + sinf?/n2’

where 0 is an angle between the LC director between the polarized direction of the incident
terahertz waves. Substituting n, = 1.70, n, = 1.55, and 6 = 45° into Equation (2) yields
Ny = 1.62. n,¢ equals the refractive index of the LC in the metamaterial-coated LC cell
at 8 =45°, as presented in Figure 5. This result verifies that the rubbing directions of
the PI layers of the cells can be used to passively tune the resonance frequencies of the
metamaterials in the metamaterial-coated LC cells at 6 = 0°, 45°, and 90°. The thickness
(600 nm) of the PI layers exceeds that (200 nm) of the metamaterials. Therefore, the LC
layers are anisotropic on the PI layers. This fact reveals that the effective refractive index
of the LC in the metamaterial-coated LC cell that involves 6 = 45° can be calculated from
Equation (2).

Figure 4 displays that the transmittances of the metamaterials at their experimental
resonance frequencies decrease with an increase in 6. The decrease in the transmittances
arises from the anisotropic absorption of the LC in the terahertz region. The terahertz
waves are extraordinary (ordinary) waves in the metamaterial-coated LC cell at 6 = 0° (90°).
In addition, most LCs in the terahertz region have a small (large) absorption coefficient
for extraordinary (ordinary) waves [15,16]. Therefore, the anisotropic absorption of the
LC in the terahertz region decreases the experimental resonance transmittances of the
metamaterials with the increase in 6. Figure 5 presents that the metamaterial-coated LC cells
have similar transmittances at the simulated resonance frequencies of the metamaterials.
The similar resonance transmittances arise from the fact that the anisotropic absorption of
the LC is not considered in the simulation.

Another LC (E7, Merck, Kenilworth, NJ, USA) is used to study the effect of the
birefringence of the LC on the electromagnetic resonance of metamaterials. Metamaterial-
coated LC cells have the same geometric configuration as the cells of Figure 1a, but are filled
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with the E7 LC. Figure 6 presents the experimental spectra of the metamaterial-coated cells
filled with the E7 LC at 6 = 0° and 90°. These cells have resonance frequencies of 0.533 THz
and 0.542 THz at 6 = 0° and 6 = 90°, respectively. Therefore, the metamaterial-coated cells
filled with the E7 LC have a frequency shifting region of 9 GHz.
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Figure 6. Experimental spectra of metamaterial-coated LC cells filled with E7 LC at § = 0° and 90°.

A simulation is performed using the software to verify the experimental spectra of the
metamaterial-coated cells filled with the E7 LC. A dielectric layer with a refractive index of
n is deposited on the simulated PI-coated SRR (the inset of Figure 3). Figure 7 displays the
terahertz spectra of the simulated PI-coated SRR with the dielectric layer at n = 1.62 and
1.70. This SRR has simulated resonance frequencies of 0.542 THz and 0.533 THz at n = 1.62
and 1.70, respectively. The resonance frequency of the simulated PI-coated SRR with the
dielectric layer at n = 1.70 (1.62) equals that of the metamaterial-coated LC cell filled with
the E7 LC at 6 = 0° (90°). In addition, the polarized direction of the incident terahertz
waves is parallel (perpendicular) to the LC director in the metamaterial-coated LC cell
filled with the E7 LC at 8 = 0° (90°). Therefore, the E7 LC has an extraordinary (ordinary)
refractive index 7, (1,) of 1.70 (1.62) in the terahertz region. This result reveals that the E7
LC exhibits a birefringence of 0.08 in the terahertz region. Because the birefringence (0.08)
of the E7 LC is smaller than that (0.15) of the HTW114200-100 LC, the frequency shifting
region (9 GHz) of the metamaterial-coated LC cell filled with the former is smaller than
that (18 GHz) of the metamaterial-coated LC cell filled with the latter.
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Figure 7. Simulated terahertz spectra of metamaterial-coated LC cells filled with E7 LC at n = 1.62
and 1.70.
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4. Conclusions

This work fabricated the metamaterial-coated LC cells with the LC directors that make
the angles of 0°, 45°, and 90° with respect to the gaps of the SRRs of the metamaterials.
They are used to study the effect of the rubbing directions of the PI layers of the cells on
the electromagnetic resonance of the metamaterials. The experimental results reveal that
the resonance frequencies of the metamaterial-coated LC cells increase with the increase
in the angles, and the cells have a maximum frequency shifting region of 18 GHz. The
simulated results depict that the shift of the resonance spectra of the cells arises from
the LC birefringence, and the LC has a birefringence of 0.15 in the terahertz region. The
metamaterial-coated LC cells are passively tunable terahertz filters due to the rubbing
directions of the PI layers. The passively tunable terahertz filters can be used in terahertz
sensing, terahertz communication, and terahertz imaging.
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