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ABSTRACT

We have constructed and characterized THz phase shifters based on liquid crystals (LCs) with graphene grown by
chemical vapor deposition (CVD) and indium-tin-oxide nanowhiskers (ITO NWhs) as transparent conducting electrodes.
A graphene-based phase shifter can achieve a phase shift of n/2 at 1.0 THz with the operating voltage of ~2.2 V (rms) as
opposed to ~ 5.6 V (rms) for ITO-NWhs-based phase shifter in previous work. On the other hand, 27 phase shift at 1.0
THz was achieved in an ITO-NWhs-based phase shifter with a multi-sandwiched structure by applying ~2.6 V (rms).
The low operation voltage of both two kinds of phase shifters imply compatibility of both type of devices with thin-film
transistor (TFT) and complementary metal-oxide-semiconductor (CMOS) technologies. The experimental results of
phase shifters are in good agreement with the theoretical predictions.

Keywords: Far infrared or terahertz, phase shift, liquid-crystal devices, spectroscopy, terahertz, transparent conductive
coatings

1. INTRODUCTION

During the last three decades, remarkable progress has been made in sub-millimeter or terahertz (THz) technology,
which has made significant inroads to applications in fields ranging from bio-medicine, 3D imaging, tomography, and
characterization of materials.! Sub-THz radio-over-fiber communication at data rate exceeding 20Gb/s over a 25km fiber
link was also demonstrated.? To meet the demands of the exploding THz field, many novel quasi-optic components, such
as phase shifter,>7 phase grating,® polarizers,®® and filters''-** have been developed. In particular, a number of tunable
THz devices employing liquid crystals (LCs) have attracted considerable attention.®®11214 Besides , a LC spatial THz
modulator (STM) with an ability of tuning THz wave front is a key component to achieve the THz vortex system which
can make the conversion of orbital angular momentum.*®

1.1 Terahertz phase shifter

In our previous work, phase shift exceeding /2 at 1 THz was achieved by using electrically controlled birefringence in a
570 pum-thick homeotropically aligned (E7) LC cell, biased at a root-mean-square voltage of 125 V (rms). Sputtered
indium-tin-oxide (ITO) films, widely used as electrodes in visible range, are opaque in the THz frequency range.'6%
Therefore, two copper pieces separated by ~ 11 mm on two sides of LCs cell were used as spacers and electrodes.* Later,
X.-W. Lin et al. demonstrated a /3 phase shifter by using sub-wavelength metallic gratings as the transparent
electrodes. Its operative voltage was, however, as high as 130 V (rms).8 Clearly, novel materials serving as transparent
electrodes for the THz frequency band need be developed. Indeed, a THz phase shifter utilizing graphene and LCs
showed excellent transmittance.” The maximum phase shift of this device, however, was just 10.8 degrees at a driving
voltage of 5 V.

1.2 Complex electrical characterization of indium-tin-oxide nanowhiskers (ITO NWhs) and graphene

Recently, ITO nanomaterials, e.g. nanocolumn, nanorods (NRs), nanowires, and nanowhiskers (NWhs), were reported to
have omnidirectional, broadband anti-reflective (AR) characteristics in the visible and near-infrared, as well as
superhydrophilicity. These nanomaterials are thus useful as electrodes in solar cells, light emitting diodes (LEDs), and
displays. Previously, we showed that ITO NWhs is also highly transparent (~82%) in the THz band. Furthermore, their
DC mobility (~92 cm?V-1s?) and conductivities (~ 245 Q'cm™) are comparable to sputtered ITO thin films.16-18
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Graphene is the first strictly two-dimensional material. The electrical mobility of monolayer graphene is as high as
~10,000 cm?V-1s) at room temperature. The transmittance of graphene is outstanding not only in the visible, but also at
THz frequencies.” Besides, it also exhibits high chemical stability and mechanical strength. Such unique properties make
graphene an attractive optoelectronic material. Complex conductivities of the graphene samples can be extracted from
THz time-domain spectroscopic (THz-TDS) measurements and fitted with the Drude free-electron model. Electrical
properties of the samples, such as plasma frequency (wy), scattering time (z), dc mobility (x), and dc conductivity (o),
are obtained. Recently, our group just shows the mobility of CVD-grown graphene used in this work is ~4000 cm?/Vs.
Comparing to the ITO NWhs, another promising candidate as transparent conductor for THz optoelectronic devices,
graphene has lower transmittance but much higher conductivity and mobility.

In this work, we review out recent works and further development on Liquid crystal terahertz phase shifters with
indium tin oxide nanowhiskers and graphene as functional electrodes® 2°. It will be shown that ITO NWhs obliquely
evaporated by electron-beam glancing-angle deposition can serve simultaneously as transparent electrodes and aligned
layer of LCs in a terahertz (THz) phase shifter. Besides, a graphene-based phase shifter can achieve a phase shift of 7/2
at 1.0 THz with the operating voltage of ~2.2 V (rms) versus ~ 5.6 V (rms) for ITO-NWhs-based phase shifter in
previous work. On the other hand, 2r phase shift at 1.0 THz was achieved in an ITO-NWhs-based phase shifter with a
multi-sandwiched structure by applying ~2.6 V (rms). The voltage and frequency-dependent characteristics of the THz
phase shifter are discussed in detail.

2. THEORY AND EXPERIMENT

2.1 Theoretical Principles

In the following, we briefly review the theoretical basis of effects of electrically-induced birefringence in a homogeneously aligned
liquid crystal cell on THz waves traversing it. The boundary conditions on internal surfaces of substrates for the LC cell require that
the tilt angle of the director, &0) = &d) = 0, at the inner faces of the cell. Further, LC molecules are assumed to be originally aligned
along the x-direction. The condition for minimum free energy (SU = 0) can be written as: %2

, L, SZAN D’
(k1 cos” 4 +k, sin 9)- — | - — —— = constants, 1
dz (g,sin” & +¢ cos” 0)
where ks, 6, D;, gy, and 1 are the bend elastic constant, tilt angle, the z component of the displacement field vector, the
dielectric constants which are along the preferred axis and perpendicular to this axis, respectively. After assuming the
maximum tilt angle, Gmax, at the position of d/2, and defining the threshold voltage, Vin = mt-(ki/(g0-A€))¥?, where & =
8.854x102 F-m, Ag, k1, and d are free-space permittivity, dielectric anisotropy, splay elastic constants, and the distance
between two electrodes, respectively. For E7, As and k; are 13.8, and 11.1x107? N, respectively; for MDA-00-3461,

they are 11.2, and 12.6x10*2 N, respectively. The relationship between 6nax and the applied voltage can be derived
as,19,20
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where ¢ = (ks-ki)/ki, o = (gr-&e1)leL, and V is the applied voltage, whereas sin « = sin 4Isin Gnax. Besides, Vi is the
threshold voltage, and equals to Ewd. After finding the 6nax at every applied voltage, the effective birefringence
experienced by the THz wave transmitting through the LC cell can be written as,'®%° Anefrmax=(COS?Gmax/No® +
SiN? Gmax/Ne?)™2- no,b 3 where ne and n, are extraordinary and ordinary indices of refraction of the LC, respectively.
Because of the ~500 um-thick cell, we can write the phase shift due to the effective birefringence as 6 =
2n-f-d-Anefr.max/C, where f and c are the frequency and speed of propagation of the THz wave in vacuum. Here, the values
of ne and n, for E7 are 1.690~1.704 and 1.557~1.581 at 26°C, respectively, giving rise to a birefringence of 0.130~0.148
in this frequency range.r For MDA-00-3461, the values of ne and n, are ~1.75 and 1.55, respectively. Indeed, the
aforementioned model is used for thin liquid crystal cell (~20 pum), operating in visible frequency range. However, the
THz phase shifter is quite thick. In this work, the thickness of LC layer for 2r phase shifter is around 1.12 mm. Ideally,
almost all of the LC molecules orientate along the z direction, parallel to the external electric field, in the presence of
high applied voltage. This is never the case experimentally. Therefore, we apply a factor, «, for thickness compensation.
The factor is determined by Eq.(3), where Vmax =70 V. On the other hand, we also found the presence of a pretilt angle in
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ITO-NWhs-based phase shifters. Therefore, we modify the model by applying the compensation factor, 5, which can be
determined by Eq.(4), where Age A¢E is experimental phase shift. Combining both thickness and pretilt compensation
factors, the effective phase shift is expressed as Eq.(5)

2zf(n —n))d/c,

: ®3)
# (Vo)
_cd44, (V,,, )/2rf | @
n —n
bo=a-p-¢, ®)

2.2 Preparation of substrates with ITO nanomaterials or graphene

ITO nanomaterials, e.g., nanowires, nanorods and nanowhiskers, were deposited using the Electron-Beam Glancing-
Angle Deposition (GLAD) technique, as described in our previous works. 18 It was determined that ITO Whs with
height of about 1000 nm is most suitable for the applications such as transparent electrodes for THz devices. Here, the
These are shown In Fig. 1(a), and Fig. 1(b), respectively, we show tilted top view and cross-sectional images of ITO
NWhs with height of about 1430 nm, as examined by scanning electron mlcroscopy (SEM)..

Figure 1. (a) The tilted top SEM view and (b) the correspondmg cross-sectional image of the ITO NWhs. (adapted from
Ref. [20])

In the other set of experiments, single or bi-layer graphene samples were grown on fused silica substrates by
chemical vapor deposited graphene. The detailed growth parameters and the transfer procedures can be found in the
previous publications.??> Two-layer graphene samples were obtained by repeating transfer processes twice on the same
silica substrates. Following the transfer, Cr/Au (5 nm/20 nm) gate electrodes were deposited to make ohmic contact to
graphene. We use Raman spectroscopy (632 nm wavelength) to exam the quality of single-layer graphene transferred
onto silica substrate. The G and 2D peaks were found to be positioned at ~1580 cm™ and ~2650 cm'* respectively. Their
intensity ratio, lop/lg ~1.8, indicates that the quality of single-layer graphene on silica substrate is comparable with those
prepared in earlier works.?

2.4 THz time-domain spectroscopy (THz-TDS)

The photoconductive (PC) antenna-based THz-TDS as described in our previous works were used to characterize the
devices in the frequency range between 200 GHz and 1.4 THz.1® Two pairs of symmetrically placed parabolic mirrors
with focal lengths of 7.5 and 15 cm were employed. Their diameters of long versus short axis are 7 versus 5 cm, and 10
versus 7 cm, respectively. The dynamic range of our THz-TDS is as high as 108. During measurements, the THz-TDS
system was purged with nitrogen at a relative humidity of 4.5 +0.5%.

3. TERAHERTZ PHASE SHIFTER USING INDIUM-TIN-OXIDE NANOMATERIALS AS
FUNCTIONAL ELECTRODES

3.1 Indium-tin-oxide nanostructures for aligning LCs

Conventionally, homeotropic or homogeneous alignments of liquid crystal (LC) was achieved by coating or
mechanically rubbing the substrate with suitable polyimides, respectively. Drawbacks of the above so-called contact
methods include electrostatic damage, residual stress, cosmetic defect, and dust pollution.?® Therefore, many groups
pursued non-contact methods for LC alignment. Previous studies have shown that the oblique evaporation of silicon
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oxide (SiOy), TiO2, MgF,, Al,Os, and metals can result in film growth in a preferred direction of LCs molecules.?*3°
Later, it is shown that the pretilt angle and orientation of LC director depends on the angle of evaporation of these
materials.?®?° However, few materials which can simultaneously function as transparent conductor and aligning
mechanism for LC molecules have been disclosed to date. A schematic illustration of the geometric relationship between
the evaporation direction and director orientation of the nematic LC is presented in Fig. 2 The plane of incidence of THz
wave is defined as the y-z plane. The angle between the z-axis (normal to the substrate) and evaporation direction, or the
evaporation angle, is 70°. Besides, ¢ is the angle of inclination of the ITO NWhs from surface normal of the substrate.
As a boundary condition of LC aligned by the evaporation method, the orientation of the nematic LCs is assumed to be
along the x-axis, which is perpendicular to the plane of incidence of the THz wave. According to the analysis of L. A.
Goodman et al.,?® orientation of LC molecules which are perpendicular to the plane of incidence (along the x-axis)
requires the lowest elastic deformation energy. Therefore, it should be the preferred orientation of LCs molecules.?® T.
Uchida et al. showed that evaporation angles of SiO in the range of 70°~80° can reorient the LC molecules along the x-
axis.?° The similar phenomenon was observed in this work.

o
zZ o Evaporation direction o

Figure 2. The schematic illustration of the geometric relationship between the evaporation direction and director
orientation of the nematic LCs. (adapted from Ref. [20])

3.2 THz quarter-wave plate

The configurations of THz phase shifters studied in this work are shown in Figs. 3(a) and 3(b). The cells were
constructed by sandwiching the LC (E7 by Merck) layer between two fused silica substrates which were deposited with
ITO NWhs by the electron-beam glancing-angle deposition (GLAD) method. For the phase shifters in Fig. 3(a) and 3(b),
the thicknesses of the fused silica substrate and the LCs layer are 95946 and 517+15 um, versus 100848 um, and
509412 um, respectively. The mechanisms of LC alignment for the devices in Fig. 3(a) and 3(b) are different. For the
device shown in Fig. 3(b), the inner surfaces of both ITO NWhs-deposited substrates were further coated with polyimide
(P1) alignment layers, which were lacking for the devices in Fig. 3(a). Note that these are thick cells, which are much
thicker than LC cells used in optical devices. This is due to the path length requirement for phase shifting at THz
frequencies.

(3) potarization 1 (b)

direction N

I'Hz pulse H

y (1) Fused silica-_.__
7 (2)1TONWhs

(3) Polyimide. [ XIS TeTsTR

Figure 3. Schematic drawing of THz phase shifter (a) without polyimide (PI), and (b) with PI. (adapted from Ref. [20])

Before undertaking the phase shifting experiments, we first checked the alignment condition of these LC cells
by placing the cell between a pair of crossed polarizers. Dark (the director of LCs is parallel to one of the polarizers) and
bright (the director of LCs is 45° to crossed polarizers) states for the device shown in Fig. 3(a) are shown in Fig. 4(a),
and 4(b), while those for device drawn in Fig. 3(b) are presented in Fig. 4(c) and 4(d), respectively. For the device with
PI (Fig. 3(b)), even though the LC layer is thick, we were able to achieve uniform alignment with high contrast (see Figs.
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4(c) and 4(d)). For the device without the PI, although the alignment was not as well as that with the PI, we were still
able to observe high-contrast images for bright and dark states (see Figs. 4(a) and (b)).

(@) oy~ 1
L = P |
© "(d) ‘
) o =

Figure 4. The (a) and (b) are the dark and bright states of the THz phase shifter without PI; the (c) and (d) are of with PI.
(adapted from Ref. [20])

Fig. 5(@) and (b) exhibit the phase shift as a function of driving voltage for the devices with PI, and without PI,
respectively. Over 90° of phase shifters were achieved at 1.05 THz when the devices with Pl and without Pl were driven
at 17.68, and 2.83 V (rms), respectively. The fitting curves are theoretical predictions according to Eg. (1)-(3). Far above
threshold, the LCs molecules are essentially aligned with the electric field. For the THz phase shift with PI, the
theoretical curves are in good agreements with the experiments, and the Ew and corresponding Vi are determined as
18.60 V/cm and 0.95 V (rms), respectively. However, for the THz phase shift without PI, the maximum phase shifts of
theoretical curves in the different frequencies are generally in good agreements with the experiments. However, the
discrepancy below ~4 V (rms) is considerable. This can be attributed to the weak anchoring of the LC aligned by ITO
NWhs only, which results in the reduction of operating voltages and the drastic change in the electro-optic response.® In
order to understand the level of weak anchoring on the ITO NWhs surface, further studies are required. Meanwhile, the
thresholds for voltage and electric field, Vin and Ew are determined to be 0.71 V (rms) and 13.73 V/cm, respectively,
slightly lower than the theoretically predicted values, 0.95 V (rms) and 18.32 V/cm.
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Figure 5. Phase shifter as a function of driving voltages for four frequencies of THz phase shifters (a) with PI, and (b)
without PI, respectively. (adapted from Ref. [19], and Ref. [20], respectively)

3.3 2w liquid crystal terahertz phase shifter

As the configuration of phase shifters shown in Fig. 6, the phase shifters were constructed by multi-sandwiching the LC
(MDA-00-3461 by Merck) layers between fused silica substrates which were deposited with ITO NWhs and spin-coated
by polyimide layer as transparent electrodes and alignment layer, respectively. The thickness of substrate is about 1.033
mm, while that of LC layer is limited to ~1.12 mm in order to align the LCs by rubbed polyimide layer, that is, the total
thickness of LC layer for each sample is about 2.24 mm. The cells were biased with sinusoidal signals at 1 kHz. We
designed three different constructions of THz phase shifter, 4-layer-ITO-NWhs means that the sample was applied four
pieces of substrate deposited with ITO NWhs. Similarly, the other two cells are applied three and two pieces of ITO-
NWhs substrates, respectively.
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Figure 6. Schematic diagrams of three different designs of ITO-NWhs-based phase shifter. (a) 4-layer-ITO-NWhs, (b) 3-
layer-ITO-NWhs, and (c) 2-layer-ITO-NWhs cell.

The phase shift as a function of driving voltage is shown in Fig. 7, where the fitting curves are corresponding theoretical
predictions according to Egs. (1)—(5). Here, the experimental results of phase shifters are in good agreement with the
theoretical predictions. The operating voltage for achieving a phase shift of 2x at 1.0 THz and the averaging
transmittance of the phase shifters are shown in Table 1.
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Figure 7. Phase shift as a function of applied voltage of (a) 4-layer-ITO-NWhs, (b) 3-layer-ITO-NWhs, and (c) 2-layer-
ITO-NWhs phase shifter.

Table 1. The operating voltage for achieving a phase shift of 2 at 1.0 THz and the averaging transmittance of three
kinds of phase shifters.

Electrode layer number Averaging transmittance Operating voltage for 2r
phase shift
4-layer 20.0% 26V
3-layer 25.4% 53V
2-layer 31.3% 10.3V

4. TERAHERTZ PHASE SHIFTER EMPLOYING GRAPHENE AS TRANSPARENT
ELECTRODES

4.1 THz quarter-wave plate

The phase shifters were constructed by sandwiching the LC (MDA-00-3461 by Merck) layer between two fused silica
substrates with transferred graphene and spin-coated polyimide layer as electrodes and alignment layer, respectively.
The configuration of phase shifter is shown in Fig.8, where the thickness of substrate and LC layer are about 1.033 and
0.55 mm, respectively. The cells were biased with sinusoidal signals at 1 kHz.
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Figure 8. Schematic diagrams of liquid crystal THz phase shifter, applying graphene as transparent electrodes.

The phase shift as a function of driving voltage is shown in Fig. 9, where the fitting curves are corresponding theoretical
predictions according to Egs. (1)—(5). Here, the experimental results of phase shifters are in good agreement with the
theoretical predictions. The operating voltage for achieving a phase shift of 7/2 at 1.0 THz of the monolayer and bilayer
graphene-based phase shifters are about 2.6 and 2.2, respectively. Besides, the averaging transmittance of two LC cells
are about 38.1% and 36.6%, respectively.

Monolayer graphene shows higher dc conductivity, mobility, and transmittance than that of bilayer one. Furthermore,
monolayer has relatively low cost. Therefore, monolayer graphene is more suitable for the applications in THz regime
than bilayer one.

Phase shift (n)

4 0.8 THz — Fitting curve at 0.8 THz

L L s L L
8 10 12 16 18 20

N 6 14
Applied voltage (Vrms)

Figure 9. Phase shift as a function of applied voltage of phase shifter with bilayer graphene electrodes.

5. SUMMARY

In summary, we have constructed and characterized THz phase shifters based on LCs with graphene grown by CVD and
ITO NWhs obliquely evaporated by electron-beam GLAD as transparent conducting electrodes. A graphene-based phase
shifter can achieve a phase shift of n/2 at 1.0 THz with the operating voltage of ~2.2 V (rms) versus ~ 5.6 V (rms) for
ITO-NWhs-based phase shifter in previous work. On the other hand, 27 phase shift at 1.0 THz was achieved in an ITO-
NWhs-based phase shifter with a multi-sandwiched structure by applying ~2.6 V (rms). The low operation voltage of
both two kinds of phase shifters imply the compatibility with TFT and CMOS technologies. The experimental results of
phase shifters are in good agreement with the theoretical predictions.
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