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Preface to “Liquid Crystal Optics for Applications”

After their discovery by Reinitzer in 1888, liquid crystals (LCs) were studied from the perspective
of basic science for around 70 years. During this period, the researchers’ interests were the
fundamental relationship between the molecular structure and the liquid crystal properties, the
physical properties such as elasticity and viscosity, the unique optical anisotropy, the response to
electric or magnetic fields, the technologies for liquid crystal alignment on surfaces, etc. Due to these
studies, in 1968, Heilmeir and his co-workers of RCA published the application of liquid crystal
to a display device. After this invention, the industry of liquid crystal displays (LCDs) started in
Japan. Since thin film transistors were applied to LCDs, the production of large LCDs could be
realized. The LCD industry has been largely developed in Asia. Liquid crystal technology displays
continue developing. However, the main interest regarding LC applications is moving to areas
beyond displays.

LC devices control the light using an electric signal. A wide variety of applications are expected.
Moreover, researchers can take advantage of display industry technologies. This Special Issue,
“Liquid Crystal Optics for Applications”, is timely. In this issue, 10 articles for new applications
are collected. There is no overlap between the areas of the LC applications. This issue aims to provide
an overview of the expansion of the research area for LC applications.

Technologies using liquid crystal on silicon (LCOS) have been investigated for many purposes.
In this issue, three articles focus on LCOS usage for optical communication, laser processing and
wireless optical charging. For other optical devices, we can find articles about wavelength selective
filters and waveguides. We can find articles regarding technologies other than electronic devices that
can be used for windows, and new functions for “smart windows” are shown. LC devices are effective
not only for visible light but also for near-infrared radiation and terahertz waves. One article in this
issue shows the LCD usage for terahertz waves. Research in the field of LC polymers has also been
active. In one article of this issue, the application of LC polymers for polarizing grating is discussed.
It is expected to be used in augmented reality (AR) technology, etc. LC material is also expected for
applications without electrical effects. In this issue, we can find an article concerning LC’s application
to an ink, showing further possibilities regarding LC materials.

We want to express our sincere appreciation for Mr. Gilbert Liu, Section Managing Editor, MDPI,

for his many important pieces of advice and contributions.

Kohki Takatoh and Akihiko Mochizuki
Editors
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Abstract: We report two high birefringence and low viscosity nematic mixtures for phase-only liquid-
crystal-on-silicon spatial light modulators. The measured response time (on + off) of a test cell with
27t phase change at 1550 nm, 5 V operation voltage, and 40 °C is faster than 10 ms. To improve the
photostability, a distributed Bragg reflector is designed to cutoff the harmful ultraviolet and blue
wavelengths. These materials are promising candidates for future 6G optical communications.

Keywords: liquid crystals; spatial light modulator; liquid-crystal-on-silicon; photostability

1. Introduction

Dense wavelength division multiplexing (DWDM) optical networks [1] are the founda-
tion of global internet communications. With an ability to transport over 100 information-
bearing wavelengths on a single optical fiber [2], DWDM nullifies the cost-per-bit of
communicating services. The technology makes it economically viable for businesses
to move their computing and storage to the Cloud and for consumers to stream video
ubiquitously. It is also an essential enabler for the 5th generation (5G) [3] and 6th gener-
ation [4,5] (6G) networks and most other advanced telecommunications. Ensuring high
capacity, ultra-high reliability, and low latency over multiple simultaneous connections in
the same communication network infrastructure not only requires development of 5G/6G
mobile fronthaul networks but also requires major developments at the wired network
backhaul side.

In order to increase the data transport rate and reduce the signal latency, reconfig-
urable add/drop multiplexer (ROADM) systems [6,7] are widely deployed in DWDM
network nodes, as illustrated in Figure 1a. ROADM systems can facilitate the addition of
new services without requiring an expensive upgrade or substantial change to telecom
networks [8]. A ROADM allows remote, precise, and flexible selection of wavelengths,
so it significantly increases the network capacity without major expense. The ROADM
market is forecasted to have tremendous growth following the progress of deployment of
5G/6G networks.

Referring to Figure 1b, the 1 x N wavelength selective switch (WSS) and M x N
Add/Drop WSS (AdWSS) are two core subsystems of a ROADM system [9]. The optical
system of a WSS, as shown in Figure 2a, performs wavelength de-multiplexing, beam
steering, and then wavelength multiplexing. A WSS system can direct an optical beam at
any wavelength to any desired output port. Several technologies have been used for light
beam steering, such as micro-electromechanical system (MEMS) arrays [10], liquid crystal
cells and crystal wedges [11], and liquid-crystal-on-silicon (LCoS) phase modulators [12].
Among them, LCoS phase modulators are used in most current WSS systems because
they are easier to develop high port count WSS systems and to realize dynamic control
of the channel center with high resolution [13,14]. As Figure 2b depicts, a blazed grating
is formed on the LCoS phase modulator corresponding to each incident beam (e.g., red,
green, and blue) when a designed profile of spatially dependent voltages is applied to the

Crystals 2021, 11, 797. https:/ /doi.org/10.3390/ cryst11070797 1 https:/ /www.mdpi.com/journal/crystals
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pixels. When a light beam is incident upon the grating, the reflected beam is diffracted to a
designed direction. Changing the blazed grating pitch enables the grating to diffract an
incident optical beam to different angles, resulting in 1 x N optical switching.
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Figure 1. (a) Schematic diagram of optical telecommunication network; (b) Example of ROADM architecture.
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Figure 2. (a) The optical system of WSS; (b) illustration of beam steering principle using an LCoS phase modulator.

Currently, the optical network industry faces significant challenges to develop high
port count, high switching speed, and low insertion loss WSS systems. Generally, current
WSS systems have a beam steering time longer than 1 s. Such a steering time consists of
two parts: the frame data loading time onto LCoS silicon backplane and the liquid crystal
(LC) response time [15]. The latter is usually much slower than the former. For example,
the frame data refreshing time is ~8 ms when an LCoS phase modulator is operated at a
frame rate of 120 Hz. The frame data loading time can be further reduced by increasing
the frame rate if necessary. In current WSS systems, LC response time is much longer than
data loading time, resulting in a slow beam steering speed. Therefore, to increase the beam
steering speed, we need to develop fast-response LC materials.

In a WSS, to achieve the required hitless switching, beam steering is performed with
several steps, for example, 4-6 steps. Therefore, increasing the LC switching speed can
significantly reduce the system’s beam steering time. For example, if the LC switching time
is less than 10 ms, then the system’s beam steering time can be reduced by one order from
current millisecond switching time. More details about how LC materials influence the
performance of WSS can be found in Ref. [16].

Fast-response LC materials have been developed for display applications [17] and
phase-only modulators for beam steering applications [15,18,19]. Most commercially
available LC mixtures exhibit a birefringence An < 0.3 at A = 589.3 nm in order to keep
a good photostability [16]. However, for optical telecommunications, the wavelength is
typically at A = 1550 nm. As the wavelength increases, An gradually decreases and then
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saturates [15]. Moreover, for an LCoS phase modulator, the required phase change is 277,
instead of 17 for the corresponding intensity modulator. That means that, if we use the
same LC material for intensity and phase modulators, the latter will have a 4x slower
response time. Thus, it is really challenging to achieve a fast response time for the intended
5G/6G communications.

In this paper, we evaluate two fast-response LC materials, LCM-1107 and LCM-2018
(LC Matter). Both mixtures exhibit a high An and relatively low viscosity. The measured
response time is less than 10 ms at 5 V, A = 1550 nm, and the intended operating temperature
of an LCoS, which is between 40 and 60 °C. A distributed Bragg reflector is also designed
to protect these high An LC materials from being damaged by the ambient UV (ultraviolet)
and blue lights.

2. Material Characterizations

The physical properties of LCM-1107 and LCM-2018 are listed in Table 1. Differential
scanning calorimetry (DSC, TA Instruments Q100) was applied to measure the melting
temperature (T},;) and clearing temperature (T;). From Table 1, these two materials show a
wide nematic range to meet the requirements for LCoS applications in 6G communications.
The dielectric constants were measured with a multifrequency LCR meter, HP-4274. Both
mixtures have a reasonably large dielectric constant (Ae > 15), which helps to lower the
threshold voltage. According to the measured free relaxation response time of the test
cell [20], the viscoelastic constant 71/K11 of each mixture can be extracted. For comparison,
we also include the properties of a Merck high birefringence LC material, BL0O38 [21], as
shown in Table 1. From Table 1, we can see that these two materials exhibit high An, large
dielectric constants, and relatively low viscoelastic constants.

Table 1. Measured physical properties of LCM-1107, LCM-2018, and BL038 at T' = 22 °C.

LC Mixture LCM-1107 LCM-2018 BLO038
T. (°C) 99.2 115.6 100.0
T (°C) <—20 <—20 -
An@1550 nm 0.312 0.344 0.257(@633 nm)
Ae@1 kHz 16.3 17.3 14.4
£, @1 kHz 4.84 5.07 5.0
K11 (pN) 12.7 14.6 19.1
v1/Kq1 (ms/um?) 17.6 14.5 30.2

2.1. Birefringence

To measure An, LCM-1107 and LCM-2018 were filled into two homogeneous cells,
whose cell gaps are d = 8.03 um and d = 8.10 pm, respectively. The pretilt angle of the rubbed
polyimide alignment layers is about 3°. Then, the cell was mounted on a Linkam heating
stage, and the temperature was controlled through a temperature programmer TMS94. The
test cell was sandwiched between two crossed polarizers and the LC director was oriented
at 45° with respect to the optical axis of the polarizer. During the measurement, the sample
was activated with a 1 kHz square-wave AC voltage, and the input wavelength (A = 1550
nm) was from a laser diode. The transmitted light was detected by an infrared (IR) detector,
so that we could obtain the voltage—transmittance (V-T) curve. This V-T curve can be
converted to a voltage-phase (V-®) curve [22].

Next, the birefringence at a temperature can be calculated from the measured phase
retardation. Figure 3 shows the measured (dots and triangles) and fitting (solid line) results
of these two materials at different temperatures. The temperature-dependent birefringence
can be described by the following equation [23]:

An = AngS = Ang(1—T/T)P. 1)
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Figure 3. Temperature-dependent birefringence of LCM-1107 and LCM-2018 at A = 1550 nm and
f =1kHz. Dots and triangles are measured data and solid lines are fitting curves with Equation (1).

In Equation (1), S is the order parameter, T, (unit: K) is the clearing temperature of
the LC (measured by DSC), Ang represents the extrapolated birefringence when T =0 K,
and exponent f is a material parameter. The values of both Any and  can be obtained by
fitting the experimental data with Equation (1), whose results are listed in Table 2.

Table 2. Fitting parameters obtained through Equations (1)-(3).

LC An B G@40 °C A*@40 °C A E,
Mixture 0 (um—2) (1um) (ms/um?) (meV)
LCM-1107 0.451 0.236 3.67 0.276 11?)9,; 342
LCM-2018 0.500 0.260 391 0.284 1.16x 10~4 288

For LiDAR (light detection and ranging) and 6G optical communications, the em-
ployed wavelength could be different. Therefore, we also measured the wavelength-
dependent birefringence of these two materials. In the experiment, we measured the
wavelength dispersion at the working temperature of LCoS, which is typically 40-60 °C.
Six different wavelengths were used: a He-Ne laser at A = 632.8 nm, a tunable Argon ion
laser with A = 457, 488, and 514 nm, and two diode IR lasers at A = 1060 and 1550 nm. The
measured results (dots and triangles) are plotted in Figure 4. We can fit the experimental
results with the following single-band birefringence dispersion equation [23]:

A2)*2

An =Gy @)
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Figure 4. Wavelength-dependent birefringence of LCM-1107 and LCM-2018 at 40 °C and 1 kHz. Dots
and triangles are measured data and solid lines are fitting curves with Equation (2).

Equation (2) has two fitting parameters: G (proportionality constant) and A* (mean
resonance wavelength). The fitting results are listed in Table 2.

2.2. Viscoelastic Constant

The viscoelastic constant 7y1/Ky; is also an important parameter affecting the LCoS
response time. We measured 1/Kj; through the transient decay time of an LC cell. The
obtained results are plotted in Figure 5, where dots and triangles are the measured results,
and solid lines are the fitting results using the following equation [24]:

m o Aexp(Eﬂ/kBT) 3

Kiy (1-T/T)F"

30 T T T T

® LCM-1107
25 F A | CM-2018]]

7,/K,; (ms/pm®)

0 1 1 L 1 L
20 40 60 80 100

Temperature (°C)

Figure 5. Temperature-dependent viscoelastic constant of LCM-1107 and LCM-2018. Dots and
triangles are measured data and solid lines are fitting curves with Equation (3).

In Equation (3), A is the proportionality constant, E; is the activation energy, and kg
is the Boltzmann constant. Here, A and E, are fitting parameters, whose values are also
included in Table 2.
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2.3. Figure of Merit

Figure of merit, which is defined as FOM = An?/ (v1/Kq1), is a fair way to com-
pare the electro-optic performance of different materials [24]. Based on the results in
Figures 3 and 5, we can plot the temperature-dependent FoM as shown in Figure 6, where
dots are experimental data and solid lines are the fitting curves using the definition of FoM,
and Equation (2) for An and Equation (3) for 7y1/Ky;. From the figure, we can see that as
the temperature increases, FoM increases first, reaching a peak, and then declines sharply
as the temperature approaches T.. The reason the FOM shows such a tendency is that
both An and 71/K1; decrease but at different rates as the temperature initially increases. In
Figure 3, An decreases slowly as the temperature gradually increases, but the decreasing
rate becomes more pronounced as the temperature approaches T.. However, v1/Kj; shows
an opposite trend, i.e., it decreases rapidly in the beginning and then gradually saturates as
the temperature gets closer to T.. Detailed mechanisms have been explained in Ref. [24].

(b) 0025

0.02
= 0.015
(o]
w
0.01
0.005
40 60 80 20 40 60 80 100
Temperature (°C) Temperature (°C)

Figure 6. Temperature-dependent FoM of (a) LCM-1107 and (b) LCM-2018. Squares are measured data and solid lines are

fitting curves.

2.4. Voltage-Dependent Phase Change

For a phase-only LCoS, we can select an optimal cell gap for each LC material to
achieve 271 phase change at the maximally allowable operation voltage, which is 5 V
(Vor =5V), and the intended operation temperature and wavelength. In the experiment,
for convenience we measured the voltage-dependent transmittance (V-T) curves of these
two materials using transmission-type LC cells at A = 1550 nm and then converted to
the voltage-dependent phase (V-®) curves depicted by red lines in Figure 7. Since the
operating temperature of a working LCoS device could vary from 40 to 60 °C due to the
thermal effects from the backplane driving circuits and the employed light source, we
measured the electro-optic effects at 40, 50, and 60 °C for LCM-1107 (Figure 7a—c) and
LCM-2018 (Figure 7d—f), respectively. From the measured results (red lines) shown in
Figure 7, when the applied voltage is 5 V, the phase change is more than 277, which means
we can use a thinner cell gap (optimal cell gap) to achieve the desired V;, =5V at each
temperature. Due to the limited available cell gaps in our lab, we extrapolated the V-@
curve to the corresponding optimal cell gap as shown by the blue lines in Figure 7. The
optimal cell gaps and the extrapolated V-® curves are obtained according to the phase
retardation equation d = 27tdAn/A. Since the cell gap is thinner, the response time is faster,
as will be discussed quantitatively later.
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Figure 7. Measured (red lines) voltage-dependent phase change in a transmissive LCM-1107 cell (a-c) and LCM-2018 cell
(d—f) at A = 1550 nm, and the extrapolated (blue lines) voltage-dependent phase change of the corresponding optimal cell
gaps at Vo =5 Vims.

2.5. Response Time

The response time (rise time and decay time) of an LC phase modulator between two
gray levels (V1 and V3) depends on the viscoelastic constant, LC cell gap, threshold voltage,
and operating voltages, which are described in the following equations [25]:

0

Tn = ————5—), 4)
(Va/V)* =1
T
Toff = ——————, ®)
ot (Vi/V)* =1
_ md?
Ty = K117T2. (6)
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In Equations (4)—(6), 7o is the free relaxation time, Vy, is the threshold voltage, V1
and V; are the low and high gray-level voltages, respectively. Based on the previous
studies [17,26], the average gray-to-gray rise and decay time is approximately equal to the
sum of free relaxation time (V; = 0) and turn-on time (V' = 8th gray level). Therefore, in
our experiment we set V1 = 0 and V, = V,; and just measured the rise time and decay
time between gray levels 1 and 8 for each test cell without the need of measuring all the
gray-to-gray transition times.

In experiment, the rise time and decay time of LCM-1107 and LCM-2018 were mea-
sured at T =40, 50 and 60 °C at V,,; =5V and A = 1550 nm. Results are shown in Table 3
for LCM-1107 and Table 4 for LCM-2018. Next, we converted the measured results to the
corresponding reflection-type cell, which is four times faster than that of a transmissive
cell because its cell gap is one-half of the transmissive one. Furthermore, in each scenario
we also need to convert the response time to the corresponding optimal cell gap with
Var =5V, as the blue lines depict in Figure 7. Under optimal conditions, the cell gap is
thinner and the value of V, increases to 5 V, which contributes to a faster rise time, as
Equation (4) indicates. On the other hand, a thinner cell gap also helps to improve the
decay time according to Equations (5) and (6). Therefore, the total response time is reduced
significantly by using an optimal cell gap, and the extrapolated results are shown in Table 3
for LCM-1107 and Table 4 for LCM-2018. From Table 3, LCM-1107 has a total response
time of 6 ms at 50 °C. On the other hand, LCM-2018 has an even higher birefringence than
LCM-1107. Thus, a thinner cell gap can be used, resulting in a 5.1 ms total response time
at 50 °C and 4.6 ms one at 60 °C. That means that by using LCM-2018 we can achieve a
~200 Hz frame rate for 6G communication at A = 1550 nm.

Table 3. Measured response time of a transmissive LCM-1107 cell with d = 8.03 um and the extrapo-
lated response time to the corresponding reflective cells at 40, 50 and 60 °C with A = 1550 nm.

Ttotal (MS) Ttotal
TCEO dum) Vg (V)  Vor (V) Ton(ms) Ty (ms) total 7 (ms)
Transmissive .
Reflective
40 8.03 0.8 1.88 40.4 56.6 97.1 243
40 5.88 0.8 5.0 24 30.4 32.8 8.2
50 8.03 0.8 1.94 27.1 39.2 66.3 16.6
50 6.05 0.8 5.0 1.9 223 24.2 6.0
60 8.03 0.8 2.04 17.9 30.9 48.8 12.2
60 6.52 0.8 5.0 1.6 20.4 22.0 55

Table 4. Measured response time of a transmissive LCM-2018 cell with d = 8.10 yum and the extrapo-
lated response time to the corresponding reflective cells at 40, 50 and 60 °C with A = 1550 nm.

Tiotal (ms) Ttotal
T (°Q) d(um) Vg (V) Var (V) Ton (MS)  Tyg (Ms) Transmissive (ms).
Reflective

40 8.10 0.9 1.80 54.4 52.1 106.4 26.6
40 5.20 0.9 5.0 2.3 21.5 23.7 59
50 8.10 0.9 1.84 38.3 41.5 79.8 19.9
50 5.42 0.9 5.0 1.8 18.6 20.4 5.1
60 8.10 0.85 1.85 29.8 33.7 63.4 15.9
60 5.73 0.85 5.0 1.7 16.8 18.5 4.6

It should be mentioned here that, in addition to the material parameters and cell gap
shown in Equations (4)—(6), the LC response time also depends on the anchoring energy of
the alignment layers [27]. Equations (4)—(6) are derived based on strong anchoring energy,
such as buffed polyimide alignment layers. If an inorganic SiO, layer is used, its anchoring
energy could be lower. As a result, the corresponding threshold voltage would decrease,
and decay time would increase slightly due to the weaker restoring force [28].
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3. Coating Design

Both LCM-1107 and 2018 contain some isothiocyanato (NCS) phenyl-tolane com-
pounds [29,30]. Thus, they exhibit a high An, large Ag, and relatively low viscosity. How-
ever, due to their long molecular conjugation, the photostability of these high birefringence
NCS compounds are usually inadequate, especially in the UV and blue spectral regions. To
seal the filling hole of the LCoS panel, we should block the active LC area and use a longer
UV wavelength, such as 385 nm, to cure the sealant glue, as discussed in [17].

To protect the high birefringence LC materials from ambient UV and blue light irradia-
tion, we designed a distributed Bragg reflector (DBR) to filter out the wavelength from 300
to 500 nm, while keeping a high transmittance at 1550 nm. Such a DBR film should only
cover the active LC area, except for the filling hole, because it is not transparent at 385 nm.

In our design, we applied TiO; and SiO; as the high and low refractive index materials,
respectively, which are commonly used in DBR fabrication [31-33]. The wavelength-
dependent refractive indices of TiO, and SiO, were taken from [31] and [32], respectively.
Since we require a broad reflection band in the UV-blue region, in our design we adopted
two groups of DBR stacks [33] corresponding to the two reflection peaks at 360 and 480 nm,
respectively. Each group consists of eight pairs of TiO, /SiO,. Each pair in the first group
(corresponding to the 360 nm reflection peak) has a thickness of TiO,(32 nm)/SiO,(61 nm),
and the second group (corresponding to the 480 nm reflection peak) has the thickness of
TiO,(47 nm)/SiO,(81 nm). The transmission spectrum of this DBR is shown in Figure 8.
The transmittance is less than 0.5% from 300 to 510 nm but is as high as 97.2% at 1550 nm.
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Figure 8. Transmission spectrum of the designed distributed Bragg reflector.

4. Conclusions

We reported two high birefringence LC mixtures, LCM-1107 and LCM-2018, for phase-
only LCoS panels intended for 6G communications, whose working wavelength is around
1550 nm. These two materials can easily achieve a total response time of 6 ms at 50 °C
operating temperature, while keeping the 27t phase change voltage at 5V ms. To enhance
the photostability, we also designed a DBR coating, which has a transmittance lower than
0.5% from 300 to 510 nm, and higher than 97% at 1550 nm. These two materials are
promising candidates for LCoS-based 6G communications.
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Abstract: Thermochromic liquid crystal materials are commonly used in printing inks, opening up a
wide range of possible applications. In order to ensure and control the most accurate application, the
occurrence of the so-called colour play effect, i.e., the appearance of iridescent (rainbow) colours as a
function of temperature, must be determined precisely. For this purpose, the temperature-dependent
reflection of a sample must be measured using a spectrometer with an integrating sphere. The same
values should be obtained for each sample containing the same thermochromic liquid crystalline
material, irrespective of the spectrometer used, integrating sphere, layer thickness and the surface
properties of the substrate. To describe this intrinsic property of the thermochromic liquid crystal
material, the term communication mechanism might be considered. The research has shown how
this mechanism is obtained experimentally.

Keywords: thermochromic liquid crystal inks; temperature; colour play effect; communication
mechanism

1. Introduction

Thermochromic liquid crystal (TLC) inks respond to temperature change with a
change of colour [1]. In order to achieve numerous possible applications, the TLC func-
tional material is usually microencapsulated, so as to protect its unique properties and to
“pigment” the ink or some other host material. The TLC material inside the microcapsules
determines the colour, mechanism of colour change, and temperature at which the change
occurs, but the binder of the ink defines its printing and curing technology [2,3].

TLC inks are coloured within the temperature activation range of several degrees,
also referred to as the “bandwidth” or “colour play interval” [4,5]. At temperatures below
or above the activation range, the TLC ink is colourless. During heating, at the point
of reaching the activation temperature, the red colour appears first, followed by orange,
yellow, green, blue, and violet. This effect is referred to as “colour play” [4,6]. Each of the
colours is limited to a narrow temperature interval [3]. Above the upper threshold of the
activation range, the violet colour disappears and the TLC ink becomes colourless again.
The temperature required to reach the colourless stage is called the “clearing point” [4,7,8].
Our previous experiments have shown the colour cycles of TLC inks to be reversible.

Microcapsules are the functional pigments and can be used in a number of different
applications. They are usually contained in a binder system and are incorporated in various
places including wearable devices [9-11]. In this study, we used the TLC inks in which the
binder of the ink defines the printing and curing technology, whereas the pigment defines
the thermochromic functionality [2,3]. Such inks can be used to print arbitrary designs
on various surfaces, including direct printing on curved ones. In this special state, the
adjacent sheets of equally oriented molecules twist and the corresponding director (i.e., the
direction of the long axis of the molecules) traces a helical path. The distance required for
the director to complete a 360° turn is called the pitch length. The thermochromic effect of
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TLCs results from the temperature-dependent pitch. With an increase in temperature, the
helical pitch shrinks, leading to reflections of light with shorter wavelengths [12,13].

The “colour play effect” of TLC inks is only clearly visible when the ink is printed
on a black substrate [7,14]. The reflection of light from the helical structure is nearly
imperceptible, because most of the light passes through the ink layer and hits the substrate.
On a white substrate, most of this light is backscattered, virtually obscuring the low light
intensity reflected from the molecular pitch [7]. To prevent this obscuring effect, TLCs
should be deposited on a black substrate, which can absorb the greatest part of the light
transmitted through the ink layer. Under such circumstances, the weak spectral reflection
prevails, making the iridescent colours clearly visible [15,16]. Our previous studies have
shown that the colour play effect of TLC ink can be observed when it is printed on a grey
substrate with an optical density of at least 0.72 [15].

TLC inks are best known as temperature indicators, especially for packaging, security
printing and brand protection [2,4,12]. In electronics, liquid crystals can be used to detect
electrical shorts in circuits, open circuits, and non-functional devices [12]. Temperature
changes of TLCs can be a great advantage in monitoring and mapping the temperature of a
significant surface area of almost any shape to detect a temperature fault or locate thermal
activity [4,5,17,18]. The unique thermochromic effect of TLCs possesses the potential for an
increased application in security printing.

The thermoreactive properties of TLC inks must be measured using integrating
spheres, which spatially integrate the radiant flux reflected on a sample in each direc-
tion. Our previous studies have shown that larger diameter spheres give better results than
smaller ones [7].

To date, no detailed optical analysis of the colour play effect has been performed
to show how this effect can be assessed independently of measurement devices, layer
thickness, properties of the substrate and the differences between samples obtained from
different producers. Therefore, the goal of this research was to analyse how these parame-
ters could be experimentally quantified. We have chosen to call this set of parameters the
communication mechanism. It is an intrinsic property of the functional TLC material and
is fully independent of application and measurement conditions.

2. Materials and Methods

In the research, we used the water-based TLC ink formulation by Printcolor, Switzerland.
According to manufacturer’s data, the ink activates at 25 °C (T, activation temperature)
and the clearing point is at 44 °C. At 25 °C the ink turns red, at 26 °C to green, proceeding
to blue at 30 °C. Below T, and above the cleating point, the ink is colourless.

Two types of printing substrates were used: black coated paper (260 g/m?, BYK,
Geretsried, Germany) and black uncoated paper (160 g/m?, Hahnemiihle, Dassel, Ger-
many). Black coated paper has a thickness of 350 um, while black uncoated paper is 232 um
thick. The TLC ink was screen-printed over the black substrates with single, double and
triple layers (wet over dry), using a semiautomatic screen-printing machine. The SEFAR®
PET 1500 43/110-80 W polyester mesh (Sefar AG, Heiden, Germany) with 149 um openings
was used [19]. The prints were dried inside a hot air tunnel at about 75 °C.

Temperature-dependent optical properties of TLC prints were measured in a tem-
perature range from 26 to 79 °C, using two different spectrometers, a full-size scientific
device, mostly used in basic research and a fibre-based portable one typical for various
spectrometric analyses. Both instruments have an integrating sphere measurement cell
with (8°:di) measuring geometry. The full-size spectrometer was Lambda 950 UV-VISNIR
(Perkin Elmer, Hopkinton, MA, USA) equipped with a 150 mm wide integrating sphere
with a 25 mm sampling port diameter. The fibre-based USB 2000+ spectrometer (Ocean
Optics, Orlando, FL, USA) has a 50 mm wide integrating sphere (ISP-50-8-R-GT) and an
8 mm sampling port diameter. SpectraSuite software by Ocean Optics was used to calcu-
late the CIELAB L*, a*, b* values taking into account the D50 illuminant and 2° standard
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observer. At each individual temperature degree, the reflectance spectra of the samples
were measured with 1 nm step in the 350-850 nm spectral region.

Temperature control of the printed samples was carried out using the surface of
a water block (EK Water Blocks; EKWB d.o.o., Ljubljana, Slovenia). Thermostatically
controlled water circulates through very thin acrylic channels inside the base plate. The
heat from the water quickly transfers from thin channels through highly polished copper-
nickel plate to the sample. The applied thermostatic circulator allows a heating rate of
about 3.7 °C min~—1, and the water temperature is accurate up to a tenth of a degree [7,20].
Spectrometric measurements were performed at a steady temperature of the samples.
This approach follows the uniform surface temperature method used in liquid crystal
thermography [18,20]. Steady temperature of the measured sample is very important to
ensure that the temperature of the sample remains constant throughout the sampling of
each reflectance spectrum in both measuring devices used.

3. Results and Discussion

The reflectance spectra of the TLC samples prepared on black uncoated paper and
measured with the Lambda 950 spectrometer are shown in Figure 1. The spectral charac-
teristic of the colour play effect is a single reflection peak that occurs when the functional
material inside the “pigments” is in the chiral nematic/cholesteric phase. This peak moves
across the visible range as a function of the temperature. In the example shown, the chiral
nematic phase of the liquid crystalline material is formed at 27 °C, where a low and broad
reflectance peak appears at the long wavelength limit of the visible (780 nm) (Figure 1).
At 28.5 °C, this peak shifts to 713 nm and the sample appears reddish. A further increase
in temperature shifts the peak throughout the visible spectrum to shorter wavelengths,
making it narrower and more intense. These changes are not linearly dependent on the
temperature, so that the blue part of the spectrum remains visible most of the time. Here,
the reflectance peak is the narrowest, highly intense, and necessitates more heating to shift
to even smaller wavelengths. This corresponds to the visual perception of the sample—its
appearance is very distinctly blue and remains as such over the widest temperature range.
As the temperature rises above 46 °C, the peak shifts outside of the visible region (below
380 nm) and disappears completely above 75 °C, because the TLC turns into isotropic
liquid. This temperature is commonly referred to as the clearing point [7]. It is important to
note, however, that the result we obtained is higher than 44 °C as declared by the producer.
Therefore, in the studied TLC, both activation and clearing temperatures are outside of the
visible spectral range and the activation range is wider than visible. Figure 1 presents the
spectra with reflectance peak positioned inside the visible spectral range.

The same sample was also measured with the fibre-optic spectrometer, and the ob-
tained spectra are shown in Figure 2. The results are slightly different from those measured
with the Lambda 950 spectrometer (Figure 1), but the basic characteristics of the reflection
appear very similar in measurements performed with both instruments.

More commonly applicable results were investigated by colorimetric analysis, as
shown in Figure 3. The CIELAB colour values were calculated from the corresponding re-
flectance spectra measured on the same sample with both spectrometers (Figures 1 and 2).
The red-green (a*) and yellow-blue (b*) values start and end at almost the same points of
the (a*,b*) graph, showing the colour of the sample in isotropic phase of the TLC, where no
colour is developed. At intermediate temperatures, where the chiral-nematic/cholesteric
phase produces the single reflection peak, the entire loop is formed, exhibiting the ther-
mochromic effect. Similar loops were obtained for both measurements. However, some
differences do occur, especially in green and blue part of the CIELAB colour space. We
assume that these differences are attributable to different measuring equipment used,
specifically by the amount of light available in the short wavelength spectral region and
the characteristics of the integrating sphere used in both spectrometers. In addition, the
fibre-optic spectrometer USB 2000+ (Ocean Optics, Orlando, FL, USA) was used to measure
lesser temperature values.
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Figure 1. Reflectance spectra of the sample double printed on black uncoated paper, measured in
temperature range between 27 and 45 °C with Lambda 950. Only spectra with reflectance peaks in
the visible are shown. The temperature of some reflectance spectra is given with the same colour as
the corresponding spectrum.
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Figure 2. Reflectance spectra of the sample double printed on black uncoated paper, measured in the
temperature range between 27.5 and 45 °C with a USB 2000+ spectrometer. The temperature of some
reflectance spectra is given with the same colour as the corresponding spectrum.
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Figure 3. CIELAB colour values of the TLC ink printed on black uncoated paper, measured by both
spectrometers and presented in (a*,b*) diagram. Red ellipses connect the colour states obtained at the
same temperature.
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The optical effects of the TLC ink were further analysed as a function of layer thickness.
Test samples were prepared by applying single-, double- and triple-printed TLC layers on
the coated black paper. The thickness of these samples, as measured by micrometre were
27.6,34.2 and 46.8 pm for single-, double-, and triple-printed samples, respectively.

The reflectance spectra of these three samples, measured with the Lambda 950 spec-
trometer, are shown in Figures 4—6. In general, the intensity of the reflection peak is the
lowest for the single-printed sample (Figure 4) and the highest for the triple-printed one
(Figure 6). More specifically, the highest reflectance peak (0.10) was demonstrated at 45 °C
for the single-printed layer, the value of 0.13 appeared in the double-printed one at 39 °C
and increased to 0.16 in the triple-printed sample at 41 °C. Thicker layers contain more
thermochromic pigments, resulting in a stronger optical effect.

0.19
0.17

0.15

0.13

350 450 550 650 750

Figure 4. Reflectance spectra of single-printed TLC layer on coated black paper, measured by the
Lambda 950 spectrometer. The temperature of some reflectance spectra is given with the same colour
as the corresponding spectrum.
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Figure 5. Reflectance spectra of double-printed TLC layer on coated black paper, measured by the
Lambda 950 spectrometer. The temperature of some reflectance spectra is given with the same colour
as the corresponding spectrum.
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Figure 6. Reflectance spectra of triple-printed TLC layer on coated black paper, measured by the
Lambda 950 spectrometer. The temperature of some reflectance spectra is given with the same colour
as the corresponding spectrum.

These measurements were evaluated in CIELAB colour space using the (a*,b*) plot
(Figure 7). The full loop was obtained for all three samples. As expected, the colour play
effect is the faintest for the single-printed sample and the strongest for the triple-printed
one. This is shown by difference in size of the corresponding colour loops in the (a*,b*) plot.
The differences between the three samples are the greatest in the green-blue part (a* < 0),
where they occur for all the temperatures in the corresponding range. In addition, the
triple-printed sample also yields substantial effects in the yellow (b* > 0) parts of the (a*,b¥)
graph (Figure 7).

25 ~ -
5 —single
—double
15 4
triple
-20 10 a* 20
-25 -

Figure 7. CIELAB colour values of TLC ink, single, double, and triple printed on black coated paper,
presented in (a*,b*) plot.

The CIELAB colour values include a* (red-green), b* (yellow-blue), and L* (lightness)
values. The a* and b* values were analysed by (a*b*) plots (Figures 3 and 7), while L* is
examined by the L*(T) plot (Figure 8). Each curve extends from 27 to 45 °C, where the
reflection peak appears in visible, justifying the colorimetric measurements within this
range. A single maximum occurs in each L*(T) curve in the green region, where the colour
has the highest lightness L* (Table 1). The effect is nearly proportional to the thickness of
the TLC layer, corresponding to the larger amount of the thermochromic material. At the
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temperature of 35 °C, the L*(T) reaches the peak for single- and triple-printed samples, but
for the double-printed one, it differs by 0.5 °C, reaching the peak at 31 °C (Table 1). This
minute difference could be explained by possible incongruities during measurement.

i 41 - ——single
-
39 - ——double
37 - triple
35
33 ~
31
29 -
27 - e
25 T T T T T 1
20 25 30 35 40 45 50
T(°C)

Figure 8. Temperature dependence of CIELAB lightness values L* measured for single-, double- and
triple-printed TLC samples (on black coated paper).

Table 1. Properties of TLC ink printed in single, double and triple layers over the black coated
substrate: temperature at which the L*(T) curve has its maximum is denoted by T(L*;;y), and its
intensity by AL*x. See also Figure 8.

TLC Sample Thickness (um) T (L*max) (°C) AL* 0y
single 27.6 30.5 4.28
double 34.2 31 9.01
triple 46.8 30.5 11.01

Reflectance spectra obtained by both integrating spheres (Figures 1 and 2) were
analysed in terms of the position of the reflectance peak Ay as a function of temperature
(Figure 9). Here, the A;4x(T) curves coincide almost completely. The A4y shifts towards
shorter wavelengths exponentially with an increase in temperature, which is in accordance
with the findings reported in the literature, revealing the change in the pitch length in the
TLC material [4,5,7,9].

The position of the reflection peak was analysed in more detail, also taking into
account the surface properties of the two substrates and the thickness of the TLC layers.
For this purpose, the results were analysed for four samples, namely single, double, and
triple layers on black coated substrate and double layer on black uncoated substrate. The
Amax(T) curves of these samples coincide in full (Figure 10). The only exception is the result
at 32.5 °C obtained for the double-printed layer on uncoated black paper, which differs
slightly from the other three, but this can be attributed to experimental error.

These results demonstrate that the position of the peak in reflection spectra of TLC
samples is unrelated to the spectrometer and integrating sphere used for the measurements
(Figure 9). Moreover, the results do not depend either on the substrate and its surface
properties (coated or uncoated, i.e., gloss or matt surface) or on the thickness of the TLC
layer (Figure 10).
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Figure 9. Position of the reflectance peak dependent on temperature as measured by Lambda 950 and
USB 2000+ spectrometers (referring to Figures 1 and 2). The corresponding spectra were measured
for double layers on black uncoated paper.
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Figure 10. Position of the reflectance peak dependent on the temperature as measured by Lambda
950 and USB 2000+ spectrometers. The reflectance spectra were measured for multiple layers on
black coated paper and for double layer on black uncoated paper.

4. Conclusions

Reflectance spectra as a function of temperatures of the TLC ink printed on coated
and uncoated black substrate in single-, double- and triple-ink layers were measured by
two different spectrometers—the Lambda 950 UV-VISNIR full-size device and the portable
fibre-based USB 2000+ Ocean Optics. Both spectrometers use integrating spheres with
identical measurement geometry (8°:di), but have different sphere diameter and sample
port opening. The reflectance spectra obtained by these devices are highly similar to
each other, though not identical. In both cases, the single reflection peak appears as a
result of functional material being in the chiral nematic/cholesteric phase. The peak shifts
along the visible range due to the increase of temperature and becomes narrower and
more intense. When presented as CIELAB colour values, the differences are even more
emphasized, despite a very similar shape of the curve obtained in the same trend of curve
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formation. The differences between the curves for different ink layers are even more
significant, with single-layer samples showing the faintest colour play effect visible in the
CIELAB diagram, and the triple-layer sample showing the strongest one, covering the
largest CIELAB loop. None of these results can prove that the same TLC ink was used
throughout the experiment. However, when the wavelengths at which the reflectance
peak appears are extracted—the A;,v—and presented as variables of the temperature,
identical curves are obtained irrespective of the ink layers and substrate properties, and
the same is true for both measuring devices. This is an authentic characteristic of TLC ink,
independent of any other experimental parameter. We have proposed to call this feature
the communication mechanism.

According to our studies, which have been ongoing since 2012, only the TLC inks
require the specific procedure described, where only the temperature dependence of the
peak in the reflectance spectra is the true identifier of the communication mechanism [7,14].
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Abstract: Optical wireless charging is a nonradiative long-distance power transfer method. It may
potentially play an important role in certain scenarios where access is challenging, and the radio
frequency power transfer is less efficient. The divergence of the optical beam over distances is a key
limiting factor for the efficiency of any wireless optical charging system. In this work, we propose
and experimentally demonstrate a holographic optical beam shaping system that can restrict the
divergence of the optical beam. Our experimental results showed up to 354.88% improvement in the
charging efficiency over a 10 m distance.

Keywords: optical wireless power transfer; beam shaping; phase modulation

1. Introduction

Wireless charging [1-4] has attracted considerable attention in recent years due to its
operational flexibility; this is especially true for underwater environments as the design of
the charging cable and sockets can be complicated and often impractical. Wireless charging
can be implemented in various ways. Magnetic coupling charging [5,6] can transmit energy
at the kilowatt level with high efficiency. However, it only supports wireless charging
within 1 m as the power declines rapidly with the increasing charging distance [7,8]. The
transmission distance of microwave charging is much longer [9]. However, its charging
efficiency is limited due to the quick divergence of the microwave beams. The propagation
loss of microwaves is also extremely high in the water. Therefore, it is not suitable for
underwater applications [3,10]. Wireless optical charging has gained considerable interest
in recent years due to its flexibility, strong directivity, and support for long transmission
ranges [11]. It is also free of electromagnetic interference. In addition, blue and green
wavelengths correspond to the low attenuation window of the seawater, which make them
suitable for underwater applications [12]. The sources for wireless optical charging are
laser diode [13,14], light-emitting diodes (LED) [15,16], vertical-cavity surface-emitting
laser (VCSEL) [17], etc. The performance of the wireless optical charging system has been
optimised in previous works. Most of these works mainly focused on fully exploiting the
power processing capacity and conversion efficiency of laser and PV cells. The operating
point of the laser can be tuned to improve the electrical-to-optical efficiency [18,19]. The
material and temperature of the photovoltaic (PV) cell can also be optimised for higher
efficiency [20]. However, the divergence of the optical beam over distances [21] may be a
key factor for the system’s overall efficiency. To our knowledge, this issue has not been
properly addressed so far.

In this work, we designed and demonstrated a holographic optical beam shaping
system that could improve the overall charging efficiency. In our demonstration, the
divergence of the optical beam was restricted for different charging distances. The power
on the PV cell significantly increased in both free space and water compared with the
conventional system. Our results showed that this technique has great potential for the
application of underwater wireless charging.

Crystals 2021, 11, 970. https:/ /doi.org/10.3390/ cryst11080970 23 https:/ /www.mdpi.com/journal/crystals
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2. System Setup

Figure 1 shows the design of our proposed optical launching unit with the beam
shaping capability. A pigtailed single-mode laser diode (Thorlabs LP450-SF15, Newton, NJ,
USA) operating at 450 nm was used as the light source. Then a fibre-coupled collimator
(Thorlabs F671FC-405, Newton, NJ, USA) was used to slow the divergence of the laser
beam. The wavefront of the collimated beam was spatially modulated by a phase-only
liquid crystal on silicon (LCOS) device (CamOptics COVIS-2K, Cambridge, UK). This
LCOS device has a bit depth of 8 bit, i.e., 256 unique phase levels between 0 and 2.57t. The
phase flicker of the LCOS was optimised [22,23]. The reflectance of the LCOS device was
~80%; however, it can be improved by applying a dielectric mirror coating on the LCOS
backplane [24]. The desired beam can be generated with the Fourier transform lens (L1,
f1 = 500 mm) in the system. A 4f magnification system based on L2 (f2 = 250 mm) and
L3 (f3 = 500 mm) were used to further enlarge the shaped beam. For the proof-of-concept
demonstration, a beam splitter (BS) was used in the current system; this can be replaced
with a prism to further increase the energy efficiency of this optical launching unit [25].

Laser'
bs I

Relay magnification system

Z3
L2 L3

Figure 1. Setup of the optical launching unit.

Two types of beam shaping techniques were investigated in this work. The first one
uses holograms that exhibit radially symmetric cubic phase profiles, which is described by
the following equation [26,27]:

P= angle(e*"bw) @

where r is the radial distance and b is a coefficient optimised for different charging distances.
The second type utilises holograms that follow the Fresnel lens shape [28,29], which is
described by:

P= angle(e_ibrz) ()

where r is the radial distance and b is related to focal length of the Fresnel lens. Again, the
value of b can be optimised for different charging distances.

Figure 2 shows the general architecture of our testbed. A pigtailed single-mode laser
diode (Thorlabs LP450-SF15, Newton, NJ, USA) operating at 450 nm was driven by Thorlabs
LDMOLP to provide a constant DC of 35 mA with an output power of approximately
4.37 mW. This driver unit also integrated a thermoelectric cooler module to maintain the
laser performance during the experiment. Then the laser was fed from the single-mode
fibre into an optical launching unit for collimation and beam shaping before entering the
channel. At the receiver side, a low-cost PV cell was used to collect the incident optical
power. In this way, the received optical power was converted into electric power to charge
a target device. A source meter (KEITHLEY-2400, Portland, OR, United States) was used to
collect the voltage and current passing through the cell. In this work, we tested wireless
optical charging in both free spaces and water environments.
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Figure 2. General architecture of the testbed.

3. Results

First, simulations based on the Fourier optics theory [30] were conducted to investigate
the performance of the optical launching unit. It should be noted that a 4f system of L.2
and L3 had a magnification factor of 2. The transmission medium was assumed to be
homogeneous and had a refractive index of 1. The results were shown in Figure 3. Figure 3a
corresponded to the beam propagation behaviour when the optical beam shaping was not
applied. It diverged with a fixed angle while propagating through the medium. Figure 3b
corresponded to the case when a radially symmetric cubic phase modulation applied with
b =4.95 x 10'1. The beam showed a strong self-focusing characteristic within the first
~20 m before diverging. The highest intensity of the modulated beam was 7.8 dB higher
than the Gaussian beam at the same distance. This simulation results when the Fresnel lens
phase hologram with a b value of 1.25 x 10® was illustrated in Figure 3c. In this case, the
position of the maximum light intensity was similar to Figure 3b. A further improvement
of 4.01 dB was achieved. After passing through the focal point, the light field diverged
as a Gaussian beam. The simulation results showed that the Fresnel phase hologram was
more effective than the radially symmetric cubic phase hologram.

048
15
0 10 20 30 40 50 60
? — ]
-30
0 10 20 30 40 50 60

Transmission distance/m

Figure 3. The phase holograms and simulated characteristics of the launched beams (a) without beam
shaping; (b) with the cubic modulation beam shaping when b = 4.95 x 10'; (c) with the Fresnel
modulation beam shaping when b = 1.25 x 108.

Subsequently, the impact of b values on the system of beam propagation characteristics
was analysed. As shown in Figure 4, the focusing position of the beam increased with the
value of b when the cubic modulation was implemented. Although the peak light intensity
decreased for the longer transmission distances, it was always significantly higher than the
standard Gaussian beam without beam shaping.
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Figure 4. The trend of focusing distance and intensity with b value when loading the cubic modula-
tion hologram.

Figure 5 showed corresponding results when the Fresnel modulation was used. The
trend was similar to that observed in Figure 4. The notable difference was that the inten-
sity attenuation was very small at different focusing distances with Fresnel modulation.
Compared with cubic modulation, Fresnel modulation can increase the light intensity
more significantly.
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Figure 5. The trend of focusing distance and intensity with b value when loading the Fresnel
modulation hologram.

In our experiment, the voltage-current curve of the PV cell was measured by a source
metre. The measurement was conducted when the PV cell was placed 10 m away from our
launching unit and the beam shaping was not applied. The results were plotted in Figure 6.
The maximum power generated in this specific setting was 1.91 pW with a load resistance
of 5250 Q.

Subsequently, we measured the maximum electrical power generated by the PV cell
under different beam shaping configurations. The experiment was first conducted in the
free space between 4 m and 10 m. The value of b was optimised for each transmission
distance. Figure 7 illustrated the maximum power generated at each plane. It can be
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seen that the generated power decreased over the distance. However, the drop was most
significant when no beam shaping was applied. When the Fresnel phase modulation was
used, the decrease in power was the slowest. The value of b used in each measurement

was listed in Table 1.
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Figure 6. Voltage vs. current curve of the PV cell.
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Figure 7. The maximum electrical power obtained by source metre conversion at different planes.

Table 1. The values of b used in the experiments.

Focusing Distance/m

Cubic Modulation/(x10'")

Fresnel Modulation/(x108)

4 0.7324 0.4189
5 1.1719 0.6981
6 1.7578 0.9774
7 2.4902 1.2566
8 3.8086 1.5359
9 52734 1.8151
10 8.2031 2.0944
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Figure 8 showed the relative improvement in the charging efficiency at each plane
when compared with the results measured without beam shaping. At 10 m, the charging
efficiency increased by 246% when the Fresnel modulation was used.
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Figure 8. The efficiency of power improvement.

We then conducted the same experiment in a water tank. The attenuation coefficient
of water in the tank was measured as ~0.25/m, which was similar to the Jerlov II water
conditions. The experimental results underwater were nearly the same as those in free
space. Since the tank was 5 m long, only the situations at 5 m and 10 m were tested. At
5 m, the radially symmetric cubic phase modulation increased power by 21.33% over the
Gaussian and the Fresnel phase modulation by 26.22%. At 10 m, the former increased by
176.24% and the latter by 354.88%. At a longer distance, the beam size without shaping
became significantly larger. The beam shaping techniques were able to concentrate the
optical power at an arbitrary receiver plane. Therefore, its effect became more apparent at
a longer distance, improving the overall system efficiency.

4. Conclusions

In this work, we demonstrated two holographic optical beam shaping techniques
that could improve the optical energy transfer efficiency in free spaces and underwater
environments. In a proof-of-concept experiment, both techniques demonstrated focusing
capability at different distances. The beam shaping based on the Fresnel lens modulation
performed better than the radially symmetric cubic phase modulation. We believe the
holographic optical beam shaping technique has the potential for application in underwater
wireless optical charging systems, where the accessibility is poor, and the RF transmission
is inefficient. Although the power currently generated in this work is low, it could be
significantly improved by using more powerful laser sources and more efficient PV cells.
Using the beam splitter in our current configuration also limited the overall efficiency of
the system. However, it can be easily solved by replacing the beam splitter with a prism, as

previously mentioned. Alternatively, transmissive phase-only spatial light modulators can
also be used.
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Abstract: The use of polymer-stabilized blue phase (PSBP) including a tolane-type liquid crystal
was investigated to develop a voltage-controlled wavelength selective filter for wavelength-division-
multiplexing optical fiber network. It was found that the tolane-type liquid crystal introduction can
increase both a blue-phase temperature range and a Kerr coefficient. A Fabry-Perot etalon filled with
PSBP functioned as a wavelength selective filter, as expected. The tuning wavelength range was
62 nm although peak transmission was not as high as expected. Numerical analysis suggested that
light absorption in transparent electrodes may cause the issue. Minor change to the etalon structure
will result in improved performance.

Keywords: liquid crystal; variable wavelength filter; blue phase; stabilized polymer

1. Introduction

A wavelength selective filter (WSF) has become an essential device in a wavelength-
division-multiplexed (WDM) optical fiber communication system, where multiple color
signals are transmitted in parallel in the optical fiber to increase communication through-
put [1-4]. Current systems employ wavelengths between 1.3 and 1.6 um as optical fibers
show the smallest absorption and the smallest chromatic dispersion near these wavelengths.
The WSFs are necessary both in transmitters and receivers in such systems. WDM systems
could be developed by using constant wavelength filters while the systems employing the
WSFs have more advantages in design flexibility, low-cost construction and maintenance,
and functionality. Furthermore, system researchers and designers impose other require-
ments such as low-voltage operation, low-power consumption, fast response, and wide
temperature range. A large number of WSFs have been developed and some are commer-
cially available [5,6]. It should be noted that the use of liquid crystal (LC) is advantageous
in large change in refractive index and low-voltage and low-power operation [7]. Response
times of nematic LC are typically in ms order although some LC materials can respond in
us order [8].

Polymer stabilization of LC could extend its application field to optical fiber com-
munication devices. We have succeeded in development of a variable optical attenuator
for 1.5 um optical fiber networks [9]. This paper focuses on the use of polymer-stabilized
blue phase (PSBP) for a WSF. We were drawn to conventional—unstabilized—blue phase
devices as a viable option due to its non-birefringence at zero electric field, high speed
response, and large Kerr effect [10]. However, a major disadvantage of the conventional
blue phases is narrow temperature range of the phase. Blue phase is eroded by a chiral
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nematic phase and an isotropic phase. As a result, blue phase appears only in a few °C at
temperatures higher than room temperature. To overcome this problem, we set out to fix
blue phase liquid crystal in polymer network. Thus, we achieved a blue-phase temperature
range of 47 °C by using tolane-type liquid crystal as host mixture [11]. Another issue
that needed to be resolved is to decrease the applied voltage. Typically, a higher voltage
operation is necessary due to the short coherent length in orientational order and highly
twisted molecular alignment in the conventional devices.

Then, we filled a Fabry—-Perot etalon with the PSBP to develop a lower-voltage WSF
and succeeded in its demonstration. A tuning wavelength range of 62 nm was experimen-
tally obtained at 120 V or lower voltages. In other words, the required voltage for 7 nm
tunability is 13.5 V, assuming an application to access network called NG-PON2 [4].

A molecule structure, a sample preparation, and a phase diagram of the PSBP are
described in Section 2. The structure and experimental results are described in Section 3
that includes transmission spectrum of the PSBP-filled WSF. We discuss the characteristics
of the developed WSF and suggestions for future improvement in Section 4. We conclude
this paper in Section 5.

2. Preparation and Measurement of Mixture

Sample fabrication processes are divided into two: liquid crystal mixture and Fabry—
Perot etalon manufacture described below and in Section 3.

First, we describe the principle and mixture method of PSBP. Blue phase appeared
in only a few °C between a chiral nematic (N*) phase and an isotropic (Iso) phase in a
previous report [10]. It was expected that the temperature range can be expanded by the
fixation of LC molecules in polymer-stabilized network. Figure 1la shows a schematic
diagram of BP I with double twisted cylinders (blue) and disclination lines (violet) and
Figure 1b shows the LC molecules (brown) aligned along the disclination lines. To achieve
larger birefringence or low-voltage operation, a tolane-type LC is regarded as one of the
strongest candidates as host nematic LC (NLC). Schematics of general tolane-type molecule
and TE-2FF are shown in Figure 2a,b, respectively. The use of tolane-type host LC can
enlarge the Kerr effect and decrease the operation voltage. We chose two tolane-type LCs:
TE-2FF and E8 (Merck, Darmstadt, Germany). Precursors to PSBP consist of the described
host LCs, a chiral dopant, a mono-functional monomer, a bi-functional monomer, and a
photo initiator. Details of the materials are summarized in Table 1. Then, the precursor
mixture was irradiated with 365 nm, 1.5 mW/cm? ultra-violet (UV) light to the blue phase
for 20 min. Phase transition of the mixture was observed during preparation by using a
polarization microscope at a wavelength of 633 nm before and after UV light irradiation.
Materials were observed between two glass substrates during fabrication. The injection
was done at 110 °C for the TE-2FF:E8 ratio of 1:1 and 1:2 and at 95 °C for the ratio of 1:2.5,
1:3, and 1:4.

We obtained phase diagrams with a parameter of the TE-2FF:E8 ratio, as shown in
Figure 3a,b, that were observed before and after UV irradiation, respectively. We describe
the characteristics for the cell before UV light irradiation first. The developed materials
show BP I phase between N* phase and isotropic phase for all the host mixture ratios.
Between the N*-phase and the isotropic phase, a BP I phase appears only in 4.4-4.7 °C,
as shown in Figure 3a. The BP I temperature range was independent of the mixture ratio.
In contrast, we observed wider temperature range of BP I phase in the sample after UV
irradiation or the polymer-stabilized sample, as shown in Figure 3b. The BP I temperature
ranges are 10 °C for a ratio of 1:1 and 47 °C for the ratio of 1:4. The temperature range
becomes widened as the E8 ratio increases. Furthermore, we observed that the BP I phase
appears at a temperature as low as 20 °C, which is regarded as room temperature. The BP I
phase appears between the N* phase and the isotropic phase for the cells with TE-2FF:E8
of 1:1 while we find that the BP I phase appears between the crystal phase and isotropic
phase for the cells with TE-2FF:E8 ratio of 1:2 to 1:4. The latter cells show no N* phase.
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Figure 1. (a) Sketch of blue-phase liquid crystal with some disclination lines (blue) and (b) polymer-
stabilized blue-phase liquid crystal. Polymer network (brown) is constructed along the disclination
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Figure 2. (a) Molecule sketch of a general tolane-type liquid crystal and (b) TE-2FF.
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Table 1. Composition in our blue phases.

Mixture Chemical Material wt%
NLC: E8 (Merck) X
NLC: TE-2FF 925 — x

Host LC (92 wt%) Chiral dopant: s-[4’-(hexyloxy)-phenyl-4-carbonyl]-1,4;3,6-

dianhydride-D-sorbitol(ISO-(60BA)2 75
Mono-functional monomer: Dodecyl acrylate (C12A, Wako) 38.4
Bi-functional monomer:
Polymer (8 wt%) 2-methyl-1,4-phenylene-bis(4-(3-(acryloyloxy)propyloxy)benzoate) 57.6
(RM257, Merck)
Photo initiator: 2,2-dimethoxy-2-phenylacetophenone (DMPAP, Aldrich) 4.0
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Figure 3. (a) Phase diagram of our mixture before UV irradiation and (b) after UV irradiation; that is, the mixture is already

polymer-stabilized.

We observed the Kerr effect of our new material and conventional, non-tolane 5CB:JC1041XX
material, as shown in Figure 4. JC1041XX was available from JNC, Tokyo, Japan. Light
transmission was observed with the crossed-Nicol polarized microscope. All the curves
seem proportional to the square of sinusoidal function except at the voltage of lower than
40V, in which case, they reach their peaks, and then decrease. We should note that the
voltage at the peak transmission is 216 V for the conventional mixture while we find 97 and
108 V for our new mixture with TE-2FF:E8 ratios of 1:2.5 and 1:3. These new data shows
that reduction of the applied voltage is as high as 55 and 50%.
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Figure 4. Normalized transmission versus the applied voltage for the tolane-type mixture and the

conventional mixture (5CB:JC1041XX). The latter is simply described as 5CB:JC in the figure.

3. Experiments of a Variable Wavelength Filter

A cross-sectional schematic of the WSF is shown in Figure 5. A test cell of WSF
was developed as follows: On two glass substrates, we deposited a dielectric mirror of
six-pair layers of silicon oxide and titan oxide as high and low refractive index material,
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respectively, and a layer of indium tin oxide as transparent electrode that was placed inside
the mirrors. Each layer of silicon oxide and titan oxide has a thickness (optical length) of
quarter of the wavelength of 1.5 um. We designed the cells, assuming that refractive index
of titan oxide is 2.2 and that of silicon oxide is 1.4. The two glass substrates were fixed with
10 um thick spacers and adhesive, which are not shown in Figure 5 to omit complexity. The
precursor mixture was injected into a Fabry—Perot etalon at 110 °C for the TE-2FF:E8 ratio
of 1:1 and 1:2 and at 95 °C for the ratio of 1:2.5, 1:3, and 1:4. Then, the cell was irradiated
with 365 nm and 1.5 mW/cm? UV light for 20 min to be polymer-stabilized in the etalon.
Finally, we sealed the cell and bonded electric wires for measurements. The PSBP thickness
was estimated to be larger than the spacer thickness of 10 pm and its refractive index was
approximately 1.4.

‘ Incident light

Glass substrate
Dielectric mirror
Transparent electrode

PSBP

Transparent electrode
Dielectric mirror
Glass substrate

‘ Transmitted light

Figure 5. Cross-sectional schematic of the proposed variable wavelength filter.

To test the cells, we employed an optical spectrum analyzer with a built-in broadband
light source. Light from the light source was fed through a single-mode optical fiber to
be a parallel beam after passing through a focusing lens. The light beam was incident on
the cell and concentrated and fed into the optical spectrum analyzer with another lens
and another single-mode optical fiber. The measurement configuration was setup in a box
so that the optical measurement was measured stably. No matching oil was employed
in the setup. Figure 6 shows measured transmission spectra of the developed device
at the applied voltages of 0 (blue), 40 (green), 80 (yellow), and 120 (red) V. The applied
electric signal was alternative current at an audio frequency. The light was not polarized
and the temperature was 27 °C. We evaluated only the cell with the TE-2FF:E8 of 1:4. At
0V, the spectrum shows a curve similar to the square of sinusoidal function. The peak
transmission wavelength decreases clearly as the applied voltage increases. The developed
device functioned successfully as a WSF; however, the maximum transmission is as low as
2.2% and the half-bandwidth is 23 nm. The low transmission suggests that absorption may
occur in the etalon, which will be discussed in Section 4.
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Figure 6. Transmission spectra of the developed wavelength selective filter.

Peak-transmission wavelength dependence on the applied voltage is shown in Figure 7.
It is found from these results that the peak-transmission wavelength shifts to shorter
wavelength as the applied voltage increases. The tuning of the resonant wavelength was
expected from the Kerr effect by which refractive indexes change due to the applied voltage
across the PSBP. A shift was calculated to be approximately —0.5 nm/V. The maximum
shift observed was 62 nm for a 120-V voltage change and large enough for the WDM
system applications. To achieve a tuning range of 7 nm to be employed in the dense
WDM downlink system [4], the developed WSF can be operated at 13.5 V. The sample was
capacitive and insulated electrically so that the power consumption was too small to be

measured.
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Figure 7. Wavelength at transmission versus the applied voltage. Data for three peaks are plotted.
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4. Discussion

We achieved a 1.5 um WSF with low-voltage operation and low-power consumption
by using PSBP while we should analyze some data in this section. We have to make it
clear of what degrades the peak transmission since a theoretical value of transmission
of the absorption-free Fabry—Perot etalon is 100%. The absorption in mirror materials,
silicon oxide and titan oxide, is negligible at a 1.5 mm wavelength. On the other hand, the
transparent electrodes of indium tin oxide are reported to have some absorption in the
telecommunication wavelength [12]. Such transparent electrodes are employed in some
optical telecommunication devices although they are not used in a cavity. The light has
to reflect multiplicatively inside the Fabry—Perot etalon cavity, which weakens the light
intensity in general. In addition to the light absorption in the cavity and mirrors, fabrication
errors, reflection at the glass substrates, and error in an incident angle are degradation
factors of Fabry—Perot etalon performances.

Our current analysis model is based on the internal light absorption. We calculated
the theoretical transmission spectrum (blue), as shown in Figure 8, assuming that the
transparent electrodes have an extinction coefficient of 0.16. Characteristic matrix was
modeled for each layer of the dielectric mirrors and transparent electrodes [13-15]. The
calculated and experimental spectra (orange) exhibit similar curves with coincidence of low
transmission and wide bandwidth. Our model or the calculated spectrum is traced close
to the experimental spectrum. The internal light absorption in the transparent electrodes
may be one of the candidates to explain the transmission attenuation. Our future research
will focus on the improvement of this model by placing the electrodes outside of the cavity.
Our preliminary analysis suggests that the maximum transmission will be improved.

3 . . .
— Calculation
— Experiment _

0 1 1 1
1.45 1.50 1.55 1.60 1.65

Wavelength (um)

N
T

[ERY

Transmission (%)

Figure 8. Transmission spectra of the experimental and calculated results with no applied voltage.

5. Conclusions

The use of polymer-stabilized blue phase (PSBP) was investigated to develop a voltage-
controlled wavelength selective filter for WDM optical fiber network. It was found that
a tolane-type liquid crystal introduction can increase both the blue-phase temperature
range and the Kerr coefficient. A Fabry—Perot etalon filled with PSBP functioned as the
wavelength selective filter, as expected. The tuning wavelength range was 62 nm at a
1.5 um wavelength with the applied voltage from 0 to 120 V. The peak transmission was
not as high as expected; however, we found the intensity attenuation may come from
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absorption in the transparent electrodes. We could improve the transmission with a newer
structure, where the transparent electrodes are to be placed outside the cavity.
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Abstract: Liquid-Crystal-On-Silicon (LCOS) Spatial Light Modulator (SLM) is widely used as a
programmable adaptive optical element in many laser processing applications with various wave-
length light sources. We report UV durable liquid-crystal-on-silicon spatial light modulators for
one-shot laser material processing. Newly developed LCOS consists of UV transparent materials and
shows a lifetime 480 times longer than the conventional one in 9.7 W/cm? illumination at 355 nm.
We investigated the durability of polymerization inhibitor mixed liquid crystal in order to extend
its lifetime.

Keywords: liquid crystal; ultraviolet light; laser processing; liquid-crystal-on-silicon

1. Introduction

Because conventional laser machining systems with one-way drawing use a 2-axis
galvano mirror, they need a relatively long process time for fine large-area processing.
Additionally, another mechanical actuator is needed to control depth direction on an optical
axis for 3D processing. On the other hand, optical pattern forming technology allows for the
generation of multiple beams or an arbitral 2D image with a computer generated hologram
(CGH). Thus, high throughput and flexible processing can be realized by simultaneous
multi-point scanning [1,2], one-shot 2D mask illumination or vertex beam generation, as
shown in Figure 1. Spatial light modulators (SLMs) based on liquid-crystal-on-silicon
(LCOS) are suitable candidates for generating the 2D optical mask, which works as both
an optical phase modulator and an optical intensity modulator. It is difficult to create
a CGH image with conventional techniques such as thin-film-transistor liquid crystal
displays or digital mirror devices (DMD) because they have no ability of optical phase
modulation and can only control optical intensity. Since LCOS can generate not only digital
binary ON-OFF filters but also arbitral analog filters with a desired 2D space intensity
profile, an unprecedented level of laser processing can be achieved by controlling the 3D
space, including depth direction, rather than just the 2D plane [3-5]. The 1064 nm or
532 nm Nd:YAG lasers are widely used for laser processing techniques, including laser
micromachining, laser printing and laser modification with a variety of materials, such as
metals, dielectrics, polymers and semiconductors [6,7]. In general, the operational optical
bandwidth of LCOS is limited from the visible (VIS) to the near-infrared (NIR) range,
owing to an ultraviolet absorption of the constitutional materials; although some effective
studies for liquid crystal devices under ultraviolet (UV) light have been reported [8-11].
However, there are so many interesting applications in the UV range [12-14], such as 3D
printing, integrated circuit (IC) laser trimming, printed circuit board (PCB) cutting and
maskless exposure. In this paper, we report a UV durable LCOS technology for LCOS
based UV laser processing.
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(a) Conventional system | (b) One-shot 3D system
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Figure 1. Schematic comparison of laser processing systems. (a) Conventional system with a 2-axis
scanner and (b) one-shot 3D system.

2. Materials and Methods

Figure 2 shows a typical schematic configuration of reflective type LCOS [15-19]. The
LCOS generally comprises of a liquid crystal panel and a CMOS drive circuit. The liquid
crystal panel has almost the same structure as conventional liquid crystal displays, which
is the sandwich-like structure consisting of cover glass plate, liquid crystal (LC) and CMOS
circuit backplane. Both the cover glass and the CMOS backplane have additional functional
layers to control LC orientation, as shown in Figure 2.

Cover glass plate
Transparent electrode
LC alignment layer

Liquid crystal (LC)

LC alignment layer

Mirror/electrode
CMOS circuit

|
I
'ﬁ

Silicon substrate

Figure 2. Schematic drawing of typical LCOS layer structure.

LCOS technology was established to obtain the basis for display applications and
success in cinema projectors and rear projection TVs. Thus, typical LCOS is designed on the
condition of VIS light control, and the use of LCOS has been limited in the VIS to NIR region
because of the UV absorption of the constituent materials, especially in cover glass plate,
indium tin oxide (ITO) electrode, polyimide LC alignment layer, metal mirror/electrode
and LC material. Actually, conventional LCOS is subjected to easily permanent, irreparable
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damage due to UV laser radiation or high power laser radiation, even in VIS or NIR light
sources [20]. In order to extend LCOS applications to the UV region, we investigated the
resistivity of the LCOS composed of UV transparent materials, fused-silica cover plate, a
15 nm thin ITO electrode, an inorganic SiOx alignment layer, a SiO; /SiN dielectric mirror
on aluminum electrodes and a special blended nematic LC, which has an absorption edge
wavelength (Ag) shorter than 300 nm, as shown in Figure 3. The LC was consisted of a
mixture of cyclohexane derivatives, having fluorine substitutes instead of a mixture of
cyano group derivatives, which has been employed for visible applications in general. In
addition, the LC contains none of the tolan derivatives, and the birefringence An is 0.08.

1
—uvLC
—Visible LC

T o1}

S,

@

o

c

©

=

2 001 |

<

0.001 ' ' '
200 250 300 350 400

Wavelength [nm]

Figure 3. Comparison of the liquid crystal absorption spectrum between the typical visible liquid
crystal (LC) and the special blended LC for high UV resistivity. The birefringence An for UV LC
and visible LC was 0.08 and 0.20 at 589 nm, respectively. Each LC was dissolved in cyclohexane
solvent with 20 mg/L concentration and filled into a 1 cm long silica glass cell for spectroscopic
measurement.

Figure 4 shows the measurement setup for evaluating the LCOS durability of UV laser
illumination. The setup consists mainly of two lasers and LCOS. Laser 1 (A = 355 nm) is
for the power laser to evaluate LCOS optical durability and Laser 2 (A = 532 nm) is for the
probing laser to optically detect LCOS damage due to UV illumination. Both laser beams
are illuminated in the same spatial position onto the LCOS panel after passing a thorough
wire grid polarizer to ensure that each input polarization is linear and that the axis coincides
with the longitudinal axis of LC molecules for optical phase modulation. A blazed phase
grating was written to the LCOS to steer the incoming laser beam to the 1st order diffraction
location in the far field by a specific voltage pattern applied to the electrodes. After passing
the band-pass filter to block UV lasers, only the 1st order diffracted light of 532 nm probing
laser is detected for the in-situ optical monitoring of LCOS damage. For splitting Oth and
1st order diffracted light, the laser beams were irradiated at 5 degrees to the LCOS.
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Figure 4. Optical setup for evaluating the UV laser durability of LCOS.

3. Results and Discussion

Figure 5 shows the comparison of UV resistivity between typical visible LCOS and UV
LCOS. The power density and beam diameter of the irradiated UV laser was 9.7 W/ cm?
and 6 mm, respectively. In visible LCOS, an abnormality in visual appearance was observed
in an irradiation time of 2 min. On the other hand, similar abnormality was observed after
16 hours in UV-LCOS, which corresponds to 480 times higher resistivity.

Irradiation time

2 min. 4 min. 8 min. 16 min.
— l. . l
I 16 hours

Figure 5. UV resistivity of LCOS with (a) typical visible LC and (b) special blended LC for high UV
resistivity. Each cell gap of the LCOS panels for visible LC and UV durable LC is 9.7 pm and 6.0 pm,
respectively.

We also measured the 1st order diffraction efficiency on a UV illuminated area, and the
phase change due to UV irradiation was estimated, as shown in Figure 6. The optical phase
change is calculated from measured diffraction efficiency by the following Equation (1),
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where 1, ®(x), A and m are the relative diffraction efficiency, phase shift function, grating
period, and diffraction order number, respectively.
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Figure 6. Maximum phase retardation on the UV irradiated area of LCOS with typical visible LC and
special blended LC for high UV resistivity.

In LCOS, the maximum optical phase shift is limited by a LC thickness implicating
optical response speed and fringing field effect [21-23]. Thus, a blazed grating for optical
beam steering is represented by a modulo-27 (27t folded) sawtooth phase profile, and
the phase shift function is expressed as a quantized multilevel step function due to the
spatially pixelized mirror structure of LCOS [24-26]. Although a drastic improvement in
lifetime was confirmed in UV LCOS, the phase degradation of about 15% in the irradiation
time of 16 h was observed. LC is the only organic substance within UV LCOS materials
on the light path and has the lowest resistance. Thus, we speculate that the observed
degradation results from LC damage by UV radiation. For finding the true root cause of
the damage, material content analysis by Gas Chromatography-Mass Spectrometry (GC-
MS) (Agilent Technologies, Inc., Santa Clara, CA, USA) analysis was conducted, and the
impurities contained in normal LC and damaged LC due to UV irradiation were compared,
as shown in Figure 7. Due to its defluorinated compound close to the signal peak from
the original chemical compound, multiple signals were detected from the damaged LC.
The peak (1) is the one for the compound produced by the UV radiation in the damaged
liquid crystal. The compound is considered to be formed by extracting fluoro atom from
the original compound represented by the peak (2). Similarly, the peaks (3) and (5) are
considered to be the ones for the compounds formed by the fluoro atom extraction from
the original compounds shown by the peak (4) and (6). These results show that the
damaged liquid crystal contains the compounds formed by fluoro atom extraction from
the original compounds.
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Figure 7. Measured GC/MS spectra. (a) normal liquid crystal without UV irradiation and (b) dam-
aged liquid crystal with UV irradiation. (1)(2), (3)(4) and (5)(6) are pairs of the original base compound
of the liquid crystal and its defluorinated compound, respectively. (c) shows a putative compound
structure of (1) and (2) in the GC/MS spectrum.
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It is considered that the fluorine extracted compounds were formed by the cleavage
of the C-F bond and radical formation. These results should also suggest the possibility
that the formed radical species could decompose the liquid crystal compounds and induce
the polymerization reaction. In order to verify the assumption, the laser durability of the
LC blended phenolic polymerization inhibitor (2,6-Di-tert-butyl-p-cresol) was investigated
with various mixed ratio, as shown in Figure 8. The power density and beam diameter of
the irradiated CW laser (A = 450 nm) are 30 W/cm? and 1 mm, respectively. The lifetime
was determined by the time when permanent visible damage was observed. With an
increase of inhibitor concentration, the lifetime was extended drastically, although the
nematic-isotropic phase transition temperature (Tyy) decreased linearly. In addition, a
significant change in the viscosity of the mixed LC was not observed in the experiment
range. A 30-times longer lifetime was confirmed in the LC of 6 wt% inhibitor concentration
compared to the normal LC without the inhibitor. At this moment, it is impossible to iden-
tify which LC mixtures in Figure 7 were stabilized by inducing polymerization inhibitors,
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References

but it might be clarified after GC-MS analysis of the damaged LC and the comparison of
the damaged LC without polymerization inhibitors. It is expected that the polymerization
inhibitor mixing technique is an effective means to expand the lifetime, even in UV light
operation, and that it achieves further improvement by the deployment of a more effective
polymerization inhibitor with optimum concentration.
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Figure 8. Measured lifetime and nematic-isotropic phase transition temperature of liquid crystal
blended with various concentrations of polymerization inhibitors. The lifetime is defined as the time
between the laser power turning on and visible permanent damage.

4. Conclusions

We reported UV durable LCOS structures for one-shot laser processing. We observed
higher UV resistivity in a UV LCOS composed of UV transparent materials compared to
a typical visible LCOS. In addition, we showed that special blended liquid crystal with
a polymerization inhibitor has the potential to drastically extend LCOS lifetime under
UV operation. We believe that the proposed concept will open up a new class of laser
processing.
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Abstract: An optically tunable terahertz filter was fabricated using a metasurface-imbedded liquid
crystal (LC) cell with photoalignment layers in this work. The LC director in the cell is aligned
by a pump beam and makes angles 6 of 0, 30, 60 and 90° with respect to the gaps of the split-
ring resonators (SRRs) of the metasurface under various polarized directions of the pump beam.
Experimental results display that the resonance frequency of the metasurface in the cell increases
with an increase in 6, and the cell has a frequency tuning region of 15 GHz. Simulated results reveal
that the increase in the resonance frequency arises from the birefringence of the LC, and the LC has a
birefringence of 0.13 in the terahertz region. The resonance frequency of the metasurface is shifted
using the pump beam, so the metasurface-imbedded LC cell with the photoalignment layers is an
optically tunable terahertz filter. The optically tunable terahertz filter is promising for applications in
terahertz telecommunication, biosensing and terahertz imaging.

Keywords: liquid crystals; metasurface; terahertz telecommunication

1. Introduction

Photoalignment has attracted much attention due to its controllability on the orien-
tations of liquid crystals (LCs) [1-6]. Photoalignment can be achieved by doping methyl
red dyes into LCs [1-3] or coating SD1 dyes onto the substrates of LC cells [4-6]. The
methyl red molecules in a dye-doped LC cell sequentially undergo absorption, photoiso-
merization, diffusion, desorption and adsorption on the irradiated surface of the cell after
the cell is irradiated with a linearly polarized green light. The competition between the
desorption and the adsorption determines the orientation of the LC director in the cell.
The LC director is parallel (perpendicular) to the polarized direction of the light as the
desorption (adsorption) prevails over the adsorption (desorption) at a high (low) intensity
of the light [1]. Methyl red dyes will be bleached by ambient light because their absorption
is in green-light wavelengths. Therefore, the reliability of methyl red dyes hinders the
development of methyl red dye doped LC cells. The SD1 molecules in an LC cell that is
coated with SD1 dye layers sequentially undergo absorption and photoisomerization on
the irradiated surface of the cell after the cell is irradiated with a linearly polarized UV
light [4-6]. The LC director in the cell is perpendicular to the polarized direction of the
UV light following the photoisomerization of the SD1 molecules and can be reoriented
by changing the polarized direction [4-6]. SD1 dyes are more reliable than methyl red
dyes because a UV component has a smaller intensity than a green component in ambient
light. LC cells that are coated with SD1 dye layers have been used to develop optically
controllable optical devices such as rewritable E-papers, polarization rotators, switchable
optical gratings and variable optical attenuators [5,6].

Metasurfaces, which consist of arrays of split-ring resonators (SRRs), have been used
to manipulate the phases, intensities and frequencies of incident lights due to their sensi-
tivities to the refractive indices of the media that surround them [3,7-12]. The resonance
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frequencies of metasurfaces can be tuned using liquid crystals (LCs) because their refractive
indices are changed by voltages, heat and magnetic fields. Wu et al. reported a review of
tunable metasurfaces with anisotropic LCs and showed that LC-tunable metasurfaces have
potential in developing advanced optical devices [13].

Chen et al. fabricated a terahertz metasurface that is imbedded into a dual-frequency
LC cell. The switch of the frequency of a specific voltage tunes the resonance frequency
of the terahertz metasurface by a frequency tuning range of 15 GHz. Therefore, the dual-
frequency LC cell with the terahertz metasurface is an electrically controllable filter. Liu
et al. deposited an LC layer on a terahertz metasurface [11]. The resonance frequency
of the terahertz metasurface is tuned by heating the LC because its refractive index is
changed at the heating of a thermal stage. As a result, the terahertz metasurface that
is deposited with the LC layer is a thermally controllable filter. Zhang et al. made an
omega-type metasurface that is imbedded into an LC cell [12]. The resonance frequency
of the omega-type metasurface can be tuned by applying a magnetic field to the LC, and
the omega-type metasurface has a frequency tuning range of 0.22 GHz. Therefore, the
omega-type metasurface is a magnetically controllable filter. Optically tunable terahertz
filters based on metasurfaces that are imbedded into LC cells have not yet been developed,
and exhibit many advantages such as free electrode-patterning, ease addressability and
high potential for remote control in various ambient environments. Therefore, it is of great
interest to researchers to develop optically tunable terahertz filters using metasurfaces that
are imbedded into LC cells. Some latest works reported that LCs can be used to fabricate
advanced optical devices, such as lenses [14], beam steerer [15] and antennas [16].

This work presents the fabrication of a terahertz metasurface that is imbedded into
an LC cell with photoalignment layers. The irradiation of a pump light with various
polarized directions on the photoalignment layers causes the director reorientation, tuning
the resonance frequency of the terahertz metasurface by a frequency tuning range of
15 GHz. A simulation reveals that the tuning of the resonance frequency is caused by the
birefringence of the LC, and the LC has a birefringence of 0.13 in the terahertz region. The
terahertz metasurface that is imbedded into the LC cell with the photoalignment layers is
an optically tunable terahertz filter and has potential in terahertz imaging, biosensing and
terahertz telecommunication.

2. Materials and Methods

Figure 1a presents the schematic configuration of a metasurface-imbedded liquid
crystal (LC) cell with photoalignment layers. The LC cell was fabricated using two 188 um
thick polyethylene terephthalate (PET) substrates, which were separated by two plastic
spacers with a thickness of 100 um. A 200 nm thick silver split-ring resonator (SRR) array
was deposited on one of the PET substrates using photolithography, metal evaporation and
lift-off process. Figure 1b presents the dimensions of one of the SRRs in the array. The SRR
has a split gap (g), inner radius (r;), outer radius (,), period in the x direction and period
in the y direction of 20, 26.5, 32.5, 85 and 85 um, respectively. One of two photoalignment
layers (SD1 dye, DIC Corp, Tokyo, Japan) with a thickness of 30 nm was coated on the
top substrate, and the other was coated on the metasurface of the bottom substrate. A
nematic LC (HTW114300-100, Fusol Material, Tainan, Taiwan) was used in the cell. The
top substrate with the dye layer, LC layer, and the bottom substrate with the dye-coated
metasurface compose the metasurface-imbedded LC cell. Although the silver metasurface
is easily oxidized in ambient environment, it is imbedded into the LC cell. Therefore, the
metasurface was reliable in this work.
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Figure 1. (a) Schematic configuration of metasurface-imbedded LC cell with photoalignment layers.
(b) Dimensions of SRR.

A linearly polarized pump beam (center wavelength = 365 nm) was incident to the
metasurface-imbedded LC cell from the top substrate. The pump beam with an intensity
of 0.3 mW /cm? irradiated the photoalignment layers for 100 s, aligning the LC director
in the cell. The LC director made angles 6 of 0, 30, 60 and 90° with respect to the gaps of
the SRRs of the metasurface by changing the polarized direction of the pump beam via
a polarizer. The metasurface-imbedded LC cell was placed in the chamber of a terahertz
spectrometer (TPS 3000, TeraView) for studying the effect of the polarized direction of the
pump beam on the resonance frequency of the metasurface. Terahertz waves that were
polarized in a direction parallel to the x axis of Figure 1a were normally incident to this cell.
TPS 3000 had a frequency resolution of 3 GHz in this work.

3. Results and Discussion

Figure 2 displays the experimental terahertz spectrum of the metasurface that is
coated with the dye layer. This spectrum was obtained using the terahertz spectrometer
in transmission mode, and the chamber in the spectrometer was filled with dry air to
prevent terahertz waves from absorbing moisture. The polarization of incident terahertz
waves was set parallel to the x axis of Figure 1a. The metasurface had a transmission peak
in its terahertz spectrum due to the absorption of the electromagnetic resonance of the
metasurface. The transmission peak was at a frequency of 0.688 THz.
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Figure 2. Experimental and simulated terahertz spectra of metasurface that is coated with dye layer.
The inset presents the near-field distribution of the simulated SRR with the dye layer at 0.688 THz.
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A simulation based on the finite-difference time-domain method was performed to
verify the experimental spectrum of the metasurface with the dye layer. The simulated
SRR had the same geometrical dimensions as the SRR of Figure 1b and was deposited on
a 188 nm thick PET substrate with an area of 70 pm x 80 pm. A 30 nm thick dye layer
was coated on the simulated SRR. The permittivity of the PET substrate (photoalignment)
was 3.0 (1.1) in the simulation and was obtained from its time-domain spectrum. A
periodical boundary condition was set in the simulation, and the conductivity of silver
in the simulated SRR was 6.30 x 107 S/m. Figure 2 displays the simulated spectrum of
the metasurface with the dye layer. The metasurface had a simulated peak at 0.688 THz.
Therefore, the peak frequency of the simulated spectrum verifies that of the experimental
spectra. The inset in Figure 2 presents the near-field distribution of the simulated SRR with
the dye layer at 0.688 THz. The near field of this SRR exhibits the maximum strength at its
gap. This result depicts that the electromagnetic resonance of the metasurface with the dye
layer is an inductive-capacitive mode at 0.688 THz.

The SRR can be considered as an inductor—capacitor circuit, and its resonance fre-
quency is given by [17]

PR N

Zn\/ﬁ n’

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 permittivity of a

medium that is deposited on the SRR. Equation (1) depicts that the resonance frequency of

the inductive—capacitive mode of a metasurface is inversely proportional to the refractive

index n of a dielectric layer that is deposited on the metasurface [17]. Therefore, the

resonance frequency of the metasurface with the dye layer will be sensitive to a change in
the refractive index of an LC layer that is deposited on it.

Figure 3 presents the experimental terahertz spectra of an empty cell without a meta-
surface, empty cell with the metasurface and LC cell without a metasurface. Figure 4
displays the experimental spectra of the metasurface-imbedded LC cell at 6 = 0, 30, 60 and
90°. The metasurface has resonance frequencies of 0.551, 0.557, 0.560 and 0.566 THz at
0 =0, 30, 60 and 90, respectively. The resonance frequencies of the metasurface increase
with an increase in 6, and it has a frequency tuning region of 15 GHz. The increase in the
resonance frequencies is caused by the birefringence of the LC. As the cell is at 6 = 0° (90°),
the LC director is parallel (perpendicular) to the gaps of the SRRs of the metasurface.
In addition, the polarized direction of the incident terahertz waves is parallel to these
gaps. Therefore, the incident terahertz waves experience an extraordinary (ordinary) re-
fractive index of the LC in the cell at § = 0° (90°). This result depicts that the LC has an
extraordinary (ordinary) refractive index as the metasurface has a resonance frequency
at 0.551 (0.566) THz. Therefore, the LC birefringence increases the resonance frequencies
with the increase in 6. The results in Figure 4 reveal that the resonance frequencies of the
metasurface can be tuned by the polarized directions of the pump beam. In other words,
the metasurface-imbedded LC cell is an optically tunable terahertz filter. Therefore, this cell
exhibits promise for applications in terahertz telecommunication, biosensing and terahertz
imaging. The losses of the transmittances at frequencies that exceed 0.6 THz are caused by
the multiple reflections of the metasurface-imbedded LC cell [18].

)
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Figure 3. Experimental terahertz spectra of empty cell without a metasurface, empty cell with
metasurface and LC cell without metasurface.
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Figure 4. Experimental terahertz spectra of metasurface-imbedded LC cell at 6 = 0, 30, 60 and 90°.

A simulation was performed using the software to verify the experimental spectra of
the metasurface-imbedded LC cell at 8 = 0, 30, 60 and 90°. A dielectric layer with a refractive
index of n was deposited on the simulated dye-coated SRR (the inset of Figure 2). Figure 5
displays the terahertz spectra of the simulated dye-coated SRR with the dielectric layer at
n =1.52,1.55,1.61 and 1.65. This SRR has simulated resonance frequencies of 0.551, 0.557,
0.560 and 0.566 THz at n = 1.65, 1.61, 1.55 and 1.52, respectively. The resonance frequency
of the simulated dye-coated SRR with the dielectric layer at n = 1.65 (1.52) equals that of
the metasurface-imbedded LC cell at § = 0° (90°). The polarized direction of the incident
terahertz waves is parallel (perpendicular) to the LC director of the metasurface-imbedded
LC cell at 6 = 0° (90°), so the LC has an extraordinary (ordinary) refractive index ne (11,) of
1.65 (1.52) in the terahertz region. This result displays that the LC exhibits a birefringence of
0.13 in the terahertz region, and the LC birefringence increases the resonance frequencies of
the metasurface as the angles between the directors and the gaps of its SRRs are increased.
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Figure 5. Simulated spectra of simulated dye-coated SRR with dielectric layer at n = 1.55, 1.62 and
1.70. n is the refractive index of a dielectric layer that is deposited on the simulated dye-coated SRR.

The effective refractive indices r1f ¢ of the LC in the metasurface-imbedded LC cell
that involves 6 = 30 and 60° can be determined by an equation of the index ellipse of the
LC, and it is given by

1
Neff g = — ()
- cos?0/n2 +sin*0/n3

where 6 is an angle between the polarized direction of the incident terahertz waves and
the director of the LC. Substituting 1. = 1.65, 11, = 1.52 and 6 = 30° into Equation (2) yields
Nefr 30> = 1.61. ner 300 equals the refractive index of the LC in the metasurface-imbedded
LC cell at § = 30°. Substituting n. = 1.65, n, = 1.52 and 6 = 60° into Equation (2) yields
Tefr_60° = 1.55. 1y g0 equals the refractive index of the LC in the metasurface-imbedded
LC cell at 0 = 60°. These results verify that the polarized directions of the pump beam can
be used to tune the resonance frequency of the metasurface in the metasurface-imbedded
LC cell.

Figure 6 is the measurement of the reliability of the metasurface-imbedded LC cell.
The metasurface-imbedded LC cell was irradiated with the linearly polarized pump beam
three times. The LC director made angles 6 of 0, 30, 60 and 90° with respect to the gaps
of the SRRs of the metasurface by changing the polarized direction of the pump beam
each of the three times, and the resonance transmittances and resonance frequencies of
the metasurface-imbedded LC cell at 6 = 0, 30, 60 and 90° were measured by the THz
spectrometer. These resonance transmittances and resonance frequencies at a given 6
were the same in each of the three times. As a result, the metasurface-imbedded LC cell
is reliable.
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Figure 6. Measurement of reliability of metasurface-imbedded LC cell.
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Atorf et al. developed an optically switchable filter using a dye-doped LC cell that
is cascaded with an infrared metasurface [19]. The infrared metasurface only has two
resonance frequencies before and during the irradiation of a green light. In other words,
the resonance frequency of this metasurface cannot be continuously tuned by the light.
Therefore, the dye-doped LC cell with the infrared metasurface is an optically switchable
filter rather than an optically tunable filter. Palto et al. developed an optically switchable
filter using a dye-coated visible metasurface [20]. The dye-coated visible metasurface only
has two resonance frequencies at the irradiation of a blue light with two mutually orthog-
onal polarized directions. Therefore, the dye-coated visible metasurface is an optically
switchable filter rather than an optically tunable filter. We fabricated an optically tunable
filter using the dye-coated LC cell with the terahertz metasurface. The resonance frequency
of this metasurface is continuously tuned by the polarized directions of the pump beam.
Therefore, the dye-coated LC cell with the terahertz metasurface is an optically tunable fil-
ter. In summary, our work is different from Atorf’s and Palto’s works in terms of operating
frequency and purpose.

4. Conclusions

This work presented the fabrication of a metasurface-imbedded LC cell with pho-
toalignment layers. The LC director makes angles of 0, 30, 60 and 90°, and the cell has
a maximum frequency tuning region of 15 GHz. The simulated results depict that the
polarized direction of the pump beam reorients the LC director, tuning the resonance
frequency of the metasurface. The LC has a birefringence of 0.13 in the terahertz region.
The metasurface-imbedded LC cell is an optically controllable terahertz filter. The opti-
cally tunable terahertz filter can be used in biosensing, terahertz telecommunication and
terahertz imaging.
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Abstract: This study proposed a new type of optical device with variable transmittance based on the
incident angle direction. These devices consist of two liquid crystal devices (LCDs) with a half-wave
plate between them. Hybrid aligned nematic (HAN)-type guest-host (GH) LCDs or GH-LCDs with
antiparallel alignment of high pretilt angles were used. The use of a half-wave plate allowed for the
control of the p- and s-waves. Using these devices, a wide range of transmittances were obtained
because no polarizer was used. The newly proposed LCDs have a wide range of applications,
including use on buildings, vehicles, and glasses.

Keywords: liquid crystal; incident angle dependence; transmittance; HAN-LCD; hybrid aligned
nematic; high pretilt LCD; half-wave plate; smart window; sunglasses; vehicle window

1. Introduction

Light control is extremely important for observing objects correctly without stress. In
particular, the light observed directly from the sky to the eyes can be a large hindrance to
observing an object correctly. Under typical conditions, objects are observed in the front
or lower direction. Therefore, optical filters whose transmittance is small in the upward
direction and large in the front or downward directions should be valuable.

Figure 1 shows the function of the optical filter with the incident angular dependence of
the transmittance, which presents as a “louver” function. The louver can reduce the light only
from the upward direction. Thin optical films with this function have a variety of applications,
such as buildings, vehicles, and glasses. It can also be valuable if the transmittance is controlled
by the electric field. This investigation used guest-host (GH) liquid crystal (LC) devices for
these applications. GH-liquid crystal devices (LCDs) are devices that use dichroic dyes
without polarizers. The dye molecules are aligned parallel to the molecular axis of the LC and
absorb polarized light vibrating parallel to the molecular axis.

—

Figure 1. Optical filter of which transmittance can be controlled depending on the incident angles.
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By using the structure in which the dye molecules decline to the substrate plane, the
incident light propagating along the dye molecules passes through the molecules with
little absorption, and the light moving perpendicular to the molecular axis is absorbed
more effectively. Two types of LCDs possess this structure. The first is the hybrid aligned
nematic (HAN) and the other is the high pretilt angle LCDs. High pretilt angle LCDs
are defined by alignment layers showing a high pretilt angle, and the directions of LC
molecular declination on both substrates are opposite. The structures of these types of
LCDs are shown in Figure 2a,b.

Rubbing direction s

| O O O O O LC molecules ‘% % % % % %LCmolelcules

Dichroic dye Q \ \Dichroic dye

<4— Rubbing direction <4 Rubbing direction
(a) (b)

Figure 2. (a) Structure of HAN GH-LCDs; (b) Structure of high pretilt angle GH-LCDs.

As shown in Figure 2a, the two substrates of HAN GH-LCDs possess two types of
alignment layers, namely a homogeneous and a homeotropic layer. The polar angle of
LC molecules varies from 2 or 3 degrees (the pretilt angle of the homogeneous alignment
layer) to 90° continuously from the surface of the homogeneous alignment layer to that of
the homeotropic alignment layer. Therefore, the molecules at the center of the LC layer are
inclined at approximately 45° from the substrate surface plane.

It was proposed that by using an inclined molecular arrangement, the incident angle
dependence of the transmittance can be controlled. The reverse polymer-dispersed LC
(PD-LC) mode with a HAN structure, which causes light scattering when an electric field is
applied, shows the incident angle dependence of the transmittance [1-3]. This application
has been proposed for smart windows as well as displays and other applications [4-7].
In these papers, except for the usage of the light scattering phenomenon [1-3], polarized
light was used. This is because HAN-LCDs work only for the polarized light vibrating
parallel to the LC direction. This study proposes a method for HAN-LCDs to work for
non-polarized light.

Figure 2b shows the alignment layers of high pretilt angles. Alignment layers with a
high pretilt angle can be realized by a mixture of the polyimide material for homogeneous
alignment layers and one for homeotropic alignment layers [8].

In Figure 3, the light passes through the single HAN-LCD from the incident angles ©
and-60, where O is the polar angle in the middle of the LCD. The p-wave of the incident
light, from the direction ©, vibrates parallel to the long axis of the dichroic dye and is
absorbed effectively.

p-wave

-wave
sf\/\/avi/}%vp ; )@ve

Yo
0=m/2-0

Figure 3. Light passing through the HAN or high pretilt angle LCDs from the incident angles of ©
and —6.
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In contrast, the vibration of the s-wave is perpendicular to the molecular axis and the
absorption is small. For the incident light from the direction of —6, both the p- and s-waves
vibrate perpendicularly to the molecular axis of the dye, resulting in the absorption being
small. The transmittance, even from the © direction, is not sufficiently reduced owing to
the presence of the s-wave.

The optical device shown in Figure 4 was proposed to realize a large ratio of the light
strength from the ® and —6 directions. By utilizing this device, it is possible to realize the
ratio between the largest light strength from the —6 direction and the smallest one from
the @ direction.

LCD 1 \

Half wave plate I

LCD 2

Figure 4. Structure of two-layer optically anisotropic LC filters.

Figure 5 shows the mechanism which causes the incident angle dependence of the
transmittance. In the case of incident light to LCD1 from the ® direction, the absorption of
the p-wave is large, and the one of s-wave is small. By passing through the half-wave plate,
the s-wave changes into a p-wave, which is effectively absorbed by passing through LCD2.
However, in the case of incident light from the —6 direction, both p- and s-waves vibrate
perpendicular to the dye molecular axis, passing through both LCD1 and LCD2 without
large absorption. Therefore, the transmittance from the ® direction becomes low and that
from the 6 direction becomes high. The device shown in Figure 4 would realize the largest
ratio between the large light strength from the @ direction and the smallest one from the
—0 direction.

. ,bwave P vy:av/e
Swave e /@;s wave
\ |
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.
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Figure 5. p-wave and s-wave through two-layer optically anisotropic LC filters in the direction of ©
and —6.

The demands for the devices which control transmittance depending on the incident
angle exist in various situations. Especially, the demand to reduce only sunlight is usual.

57



Crystals 2021, 11, 1199

The function of the devices described in this paper should be desired for sunglasses,
sunvisors, vehicle windows, and so on. Furthermore, the demand to show information to
the limited direction also exists in the fields of information displays in vehicles, displays
for games, and so on. The switching function is also effective for these purposes. The films
named “louver film” also have a similar function. However, those films cannot show the
switching function, and the incident angle for high transmittance is limited.

2. Materials and Methods
2.1. HAN-LCD Preparations

On the surfaces of two 2 cm x 2 cm glass substrates and deposited 100 Q/cm? of ITO
layer, alignment layers of 100 nm were formed. For one alignment layer, the polyimide of
the homeotropic alignment layer, SE4811 (Nissan Chemical Co., Tokyo, Japan), was used.
For another alignment layer, a mixture of two types of polyimides, PIA-X359-01X (85%) of
the homogeneous alignment layer and PIA-X768-01X (15%) of the homeotropic alignment
layer (JNC Petroleum Chem. Co. Tokyo, Japan), was used. The pretilt angle of the resultant
polyimide layer was 6°.

The surfaces on both alignment layers were treated by an LC alignment process called
“rubbing”. Utilizing an adhesive containing silica spacers of 5 um radius, the two substrates
were set, with the distance between the two alignment layers being 5 um. The mixtures of
LC material, ZLI-4792 (Merck Co. Darmstadt, Germany), and dichroic black dye NKX-4173
(Hayashibara Ltd., Okayama, Japan) or NKX-4010 (Hayashibara Ltd.) were injected at
concentrations of 1, 3, and 5 wt.%.

2.2. High Pretilt Angle LCD Preparations
2.2.1. 25° Pretilt Angle

Alignment layers with high pretilt angles were formed on the surfaces of the ITO layers
by using a mixture of 80 wt.% polyimide PIA-X768-01X for the homeotropic alignment
layer and 20 wt.% of polyimide PIA-X359-01X for the homogeneous alignment layers. Both
alignment layers were treated by rubbing. The pretilt angle of the resultant alignment layer
was 25°. The two substrates with the same alignment layers were set for opposite rubbing
directions, as shown in Figure 2b.

2.2.2. 40° Pretilt Angle

For the alignment layers, a mixture of 90% PIA-X768-01X and 10% PIA-X359-01X was
used. The pretilt angle of the obtained alignment layer was 40°. LCDs were formed by
using the same process.

2.3. Preparations of Optically Anisotropic Optical Device Using Two-Layer LCDs

For the half-wave plate, the film of Nichiban cellophane type No. 405, with a retarda-
tion of 260.4 nm (550 nm), was attached to LCD1, as shown in Figure 4. The angle between
the drawing direction of the film and the rubbing direction of the LCD1 alignment film
was set to 45°. On the other surface of the film, LCD2 was set as shown in Figure 4. The
angle between the drawing direction of the film and the rubbing direction of LCD2 was set
to 45°.

2.4. Measurements of the Pretilt Angles for the Alignment Layers

For the measurements of the alignment layer pretilt angles, LCD cells with parallel
rubbing paths but opposite directions were prepared. The distance between the alignment
layers was set as 20 um. The pretilt angle was measured using the PAS-301 pretilt angle
measurement system (Elscon Co., Newark, DE, USA).

2.5. Measurements of the Incident Angle Dependence of the Transmittance

The incident angle dependences of the transmittance of the LCDs and two-layer
LCD devices were measured using an optical property measurement system RETS-100
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(Otsuka Electronics Co., Osaka, Japan), and the relationship between the sign of the incident
angles and the directions of the polar angle of the LC molecules is shown in Figure 3. All
measurements were carried out by using the light of 550 nm wavelength.

3. Results and Discussions

Transmittance Dependences on the Incident Angles for HAN-LCDs

Figure 6 shows the transmittance dependence on the incident angles for HAN-LCDs
using LC materials containing 1, 3, and 5 wt.% of the dichroic dye NKX-4173 (Hayashibara
Ltd., Japan). In the case of 1 wt.%, the maximum value, minimum value, and ratio between
them was 71%, 55%, and 1.3 respectively, in the range of +45°.
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Figure 6. Transmittance dependences of the incident angles for HAN-LCDs using LC materials
containing 1, 3, and 5 wt.% of NKX-4173 (Hayashibara Ltd., Japan) dichroic dye.

Figure 7 shows the dependence of the transmittance on the incident angles for the
2-layer HAN-LCDs, as shown in Figure 4, using LC materials containing 1, 3, and 5 wt.% of
the dichroic dye NKX-4173 (Hayashibara Ltd., Japan). In the case of 1 wt.%, the maximum
value, minimum value, and ratio was 37%, 21%, and 1.8, respectively, in the range of £45°.
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Figure 7. Transmittance dependences of the incident angles for the two-layer HAN-LCDs, as shown

in Figure 4, using LC materials containing 1, 3, and 5 wt.% of dichroic dye, NKX-4173 (Hayashibara
Ltd., Japan).

Figure 8 shows the behaviors of the p- and s-waves parallel and perpendicular to
the dye molecules for single and two-layer HAN-LCDs. In the case of HAN-LCDs, the
polar angle of the LC molecules or dye molecules is distributed from several degrees in the
vicinity of one alignment layer to 90° in another. The polar angle of the LC molecule can be
considered to represent either the angle in the middle of the LC layer or the average of the
LC alignment.
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Figure 8. (a). Behaviors of p-waves and s-waves parallel and perpendicular to the dye molecules for
single HAN-LCDs. (b). Behaviors of p-waves and s-waves parallel and perpendicular to the dye
molecules for 2-layer HAN-LCDs.

T shows the transmittance of the polarized light vibrating parallel to the molecular
axis of the dichroic dye through GH-LC materials. T shows the transmittance of the
polarized light vibrating perpendicular to the molecular axis of the dye.

T|and T, are the transmittances of the p- and s-waves from the angle © in Figure 8a,
respectively. T | is almost equal to the transmittance p-wave and s-wave from the angle —6.
Te and T_y are the transmittance of light from the incident angles ® and —6, respectively.
As shown in Figure 8a, for a single cell T_ is equal to T, . In the case of light from the
incident angle ©, the transmittance of the p-wave is equal to TH and that of the s-wave is
equal to T . Generally, the strengths of the p- and s-waves are identical. Consequently, Te
can be represented by Equation (1):

(Tj+1.)/2 (1)
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and the ratio r, where TH < T, can be expressed as follows:

yoTo_ 20
Te Tj+TL

@

Therefore, the ratio  should be limited.

Figure 8b shows the behavior of the p- and s-waves that enter into the two-layer
HAN-LCDs from the incident angle —6 and ©. The transmittance of the p-wave through
LCD1 from the incident angle —6 can be considered to be T |, as described above. The
p-wave changes into the s-wave by passing through the half-wave plate. The transmittance
of the s-wave is also considered to be equal to T, . Therefore, the transmittance of the
p-wave passing through two-layer LCDs is T 2. The transmittance of the s-wave incident
from —6 passing through two-layer HAN-LCDs is also equal to T 2. As a result, the
transmittance of the incident light from —6 should be T , 2.

The transmittance of the p-wave through LCD1 from the incident angle ® can be
expressed as T|. The p-wave changes to the s-wave by a half-wave plate. As a result, the
p-wave transmittance from the incident angle ® can be represented by Equation (3):

TH X TL (3)

In contrast, the s-wave transmittance for LCD1 is T | and changes to a p-wave by a
half-wave plate. The p-wave transmittance through LCD2 is represented by Equation (3).
Consequently, the transmittance of the incident light from ® can be expressed by Equation (3).

The ratio r of the maximum transmittance Ty and minimum transmittance T can be
expressed as follows:

Te T,
To T @)

For an increasing T, and T ratio, it is effective to increase the dichroic ratio of the
dye and the order parameters of the LC materials. Increasing the dye concentration and the
cell thickness is effective in increasing the r value by reducing the minimum transmittance,
To. The required maximum transmittance is determined depending on the application.
Therefore, to achieve a large r value, the dichroic ratio of the dye and the order parameters
of the LC materials are important.

Figure 9 shows the dependence of the transmittance on the incident angles for HAN-
LCDs using LC materials containing 1, 3, and 5 wt.% of the dichroic dye NKX-4173
(Hayashibara Ltd., Japan) with a polarizer. The optical axis of the polarizer was parallel to
the alignment direction of the HAN-LCD. The transmittance was halved with the use of
the polarizer. From Figure 9, it can be determined that T was 0.32, and T | was 0.62 for 1
wt.%. For these values, the transmittance in Fig.9 was doubled because of the usage of the
polarizer. By using these values for the two-layer LCD device, T_g = T? becomes 0.38 and
Te = Tj x T becomes 0.20. These values show the good correspondence with Figure 7.
By using these values, Figure 6 can also be approximately explained. In the case of 3 and
5 wt.%, the relationship can also be approximately confirmed.

The absorbances A and A were measured by polarized light parallel and perpen-
dicular to the alignment directions. Antiparallel LCD of 1” pretilt angle using ZLI-4792 and
NKX-4173 was used. A and A | were 0.835and 0.0725, respectively. By Lambert-Beer’s law,
the ratio of the absorption coefficients of dichroic dye, a)/a | ,was 11.5 (&) /a = A/ AL).
On the other hand, the transmittance of HAN LCD without a dichroic dye of 45° incident
angle was 0.785. By using the value, the absorbances A and A of HAN GH-LCD of 45°
incident angle were calculated (AH =0.39, A =0.102). The ratio of absorption coefficients
of 45° incident angle was 3.80. The value was reduced to be 1/3. This is considered to be
the distribution of the dichroic dye polar angle from the homogeneous alignment layer to
the homeotropic alignment layer.
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Figure 9. Transmittance dependences on the incident angles for HAN-LCDs using LC materials
containing 1, 3, and 5 wt.% of NKX-4173 (Hayashibara Ltd. Japan) dichroic dye with a polarizer. The
optical axis of a polarizer is parallel to the alignment direction of the HAN-LCD.

Figure 10 shows the transmittance dependencies on the incident angle for two-layer
HAN-LCDs using LC materials containing 3 wt.% of dichroic dye with applied voltages
of 0, 1, 3, 5, and 10 V. The same voltage was applied to the two LC panels during the
measurements. By applying a voltage, the polar angle of the LC molecules increased,
resulting in the asymmetric properties of the LCDs decreasing. The saturated voltage of
LCDs, using the LC material ZLI-4792, was approximately 4 V. However, the asymmetric
properties were still observed at applied voltages as high as 10 V because of the effect of the
pretilt angle and the LC molecular arrangement maintained in the vicinity of homogeneous
alignment layer.
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Figure 10. Incident angle dependencies of the transmittance for the two-layer HAN-LCDs using LC
materials containing 3 wt.% of dichroic dye with applied voltages.

Figures 11 and 12 show the dependence of the transmittance on the incident angle for
the two-layer LCDs, as shown in Figure 2b, with pretilt angles of 25° and 40°, respectively.
In the case of the two-layer LCDs with a 25°pretilt angle, the maximum value was 28% at
an incident angle of —30°. The value at 45° was 8% and the ratio r was found to be 3.5.
In the case of two-layer LCDs with a 40° pretilt angle, the maximum value was 35% at
—30°. The value at 45° was 8% and the ratio r was found to be 4.4. In the case of two-layer
HAN-LCDs with 1 wt.% dye concentration, the maximum value, the value of 45 degrees
and the ratio were 37%, 21% and 1.8, respectively. In the case of high pretilt angle LCDs,
all the LC molecules were expected to be aligned in the same direction, although those of
HAN-LCDs were distributed. As a result, the ratio of two-layer high pretilt angle LCDs
was larger than that for HAN-LCDs.
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Figure 11. Transmittance dependence on the incident angle for the 2-layer LCD with a 25° pretilt
angle using a concentration of 1 wt.% NKX-4010 (Hayashibara Ltd., Japan).
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Figure 12. Transmittance dependence on the incident angle for the two-layer LCDs of 40° pretilt
angle. The concentration of NKX-4010 (Hayashibara Ltd., Japan) dye was 1 wt.%.

In the case of high pretilt angle LCDs, the incident angle of the maximum value was
approximately 30°. This is different from the incident angle, which was expected from the
polar angle or pretilt angle. The incident angle of the maximum transmittance depends
not only on the polar angle but also on the optical path length and reflection, as expected
from the Fresnel law. Based on these three factors, both high pretilt two-layer LCDs were
considered to show the maximum value at approximately 30°.

By using Fresnel’s equations, the transmittance through glass (refractive index: 1.5)
from air was calculated. When the transmittance perpendicular to the glass is 80 degrees,
the transmittance for p-wave/s-wave are 77%//76% at 30 degrees and 64%/58% at 60 de-
grees, respectively. By increasing the incident angle, the transmittance decreases and the
difference of the transmittance between p-wave and s-wave increases. In Figure 9, only
the p-wave was used by a polarizer. By increasing the incident angle at (—) direction, the
transmittance increases monotonically. However, in Figures 7, 11 and 12, both s-waves
and p-waves were used. This should be one of the reasons why the maximum value is
observed. The same tendency is also observed in Figure 6.

4. Conclusions

This study proposed a series of devices capable of different transmittances based on
incident angle direction. The devices consist of either two HAN GH-LCDs or GH-LCDs
with a high pretilt angle antiparallel alignment and a half-wave plate between them. Both
the p- and s-waves for the incident light can be controlled, owing to the rotation of the
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wave vibration direction by the half-wave plate. The dependences can be controlled by
the applied voltage. The ratio of the devices using GH-LCDs with high pretilt antiparallel
alignment was found to be higher than that using HAN GH-LCDs. This is because in the
case of HAN GH-LCDs, the polar angle at the LC materials or dichroic dye is distributed
from 2 or 3 degrees to 90 degrees.

Due to the capabilities of these devices, they have a wide range of application, includ-
ing buildings, vehicles, and glasses.

Author Contributions: K.T. proposed and conceptualized the devices, supervised the project, and
wrote the manuscript. S.S. and Y.T. prepared the sample cells and made measurements. M.IL. super-
vised S.S. and Y.T. and analyzed the data. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to extend their sincerest gratitude to Chisso Petro
Chemical Co. and Nissan Chemical Co. for providing the polyimide materials used during this
investigation. The authors would also like to thank Merck Co. for providing the LC materials and
Hayashibara Co. for the dye materials used during this investigation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yamaguchi, R.; Waki, Y.; Sato, S. Wide viewing angle properties in nematic liquid crystal/UV curable liquid crystal composite
film with some aligned-modes. . Photopol. Sci. Technol. 1997, 10, 19-24. [CrossRef]

2. Yamaguchi, R; Inoue, K.; Oikawa, Y.; Takasu, T. Electro-optical property in hybrid aligned reverse mode cell using liquid crystals
with positive and negative dielectric constant anisotropies. . Photopol. Sci. Technol. 2017, 30, 463—466. [CrossRef]

3. Yamaguchi, R.; Ushizaki, R. Louver function in hybrid aligned reverse mode using dual frequency liquid crystal. J. Photopol. Sci.
Technol. 2019, 32, 545-548. [CrossRef]

4. Hong, S.H; Jeong, Y.H.; Kim, H.Y.; Lee, S.H. Novel nematic liquid crystal device associated with alignment controlled by fringe
field. Jpn. J. Appl. Phys. 2001, 40, L272. [CrossRef]

5. Kasajima, Y.; Kato, T.; Kubono, A_; Tasaka, S.; Akiyama, R. Wide viewing angle of rubbing-free hybrid twisted nematic liquid
crystal displays. Jpn. J. Appl. Phys. 2008, 47, 7941-7942. [CrossRef]

6.  Lim, Y].; Song, ] H.; Kim, Y.B.; Lee, S.H. Single gap transflective liquid crystal display with dual orientation of liquid crystal. Jpn.
J. Appl. Phys. 2004, 43, L972. [CrossRef]

7. Atorf, B.; Miihlenbernd, H.; Zentgraf, T.; Kitzerow, H. All-optical switching of a dye-doped liquid crystal plasmonic metasurface.
Opt. Express 2020, 28, 8898-8908. [CrossRef] [PubMed]

8.  Takatoh, K.; Akimoto, M.; Kaneko, H.; Kawashima, K.; Kobayashi, S. Molecular arrangement for twisted nematic liquid crystal

displays having liquid crystalline materials with opposite chiral structures (reverse twisted nematic liquid crystal displays). J.
Appl. Phys. 2009, 106, 64514. [CrossRef]

64



crystals

Article

Stabilization of Long-Pitch Supertwisted Nematic Structures

Masahiro Ito *, Satoshi Ohmi and Kohki Takatoh

Citation: Ito, M.; Ohmi, S.; Takatoh,
K. Stabilization of Long-Pitch
Supertwisted Nematic Structures.
Crystals 2021, 11, 1541. https://
doi.org/10.3390/cryst11121541

Academic Editors: Stephen
J. Cowling, Kohki Takatoh, Jun Xu
and Akihiko Mochizuki

Received: 10 November 2021
Accepted: 7 December 2021
Published: 9 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Electrical Engineering, Faculty of Engineering, Sanyo-Onoda City University, Daigakudori 1-1-1,
Sanyo-Onoda 756-0884, Japan; f119603@ed.socu.ac.jp (S.0.); takatoh@rs.socu.ac.jp (K.T.)
* Correspondence: m-ito@rs.socu.ac.jp

Abstract: Stabilized reverse twisted nematic liquid crystal devices (RTN-LCDs) were fabricated using
formation of a polymer matrix under UV irradiation with an applied voltage (sustain voltage) in
the vicinity of the alignment layers. In the absence of an applied voltage, the non-stabilized RTN
structure gradually returns to a splay twist structure. The sustain voltage was decreased with an
increase in temperature. A stabilized long-pitch supertwisted nematic (LPSTN) structure could also
be formed during the RTN structure stabilization process with a much lower sustain voltage at a
temperature near the clearing point. The chiral pitch for the LPSTN structure is longer than that
for a typical STN structure. LPSTN-LCDs similar to RTN-LCDs show a large reduction in both
the threshold and saturation voltage compared with those for TN-LCDs consisted of the same LC
materials. Furthermore, a notable feature of LPSTN-LCDs is a change to a TN structure when a
high voltage is applied. A black state can be realized due to the change from the LPSTN structure
to the RTN structure unlike the typical STN mode under the crossed nicols condition. In contrast
STN-LCD:s retain their color due to the retardation because the RTN and LPSTN states are considered
topologically equivalent.

Keywords: twisted nematic; supertwisted nematic; low driving voltage; polymer stabilization

1. Introduction

A twisted hybrid aligned [1], hybrid twisted nematic (HTN) [2], hybrid aligned
nematic using strong and weak polar anchoring surfaces [3], or reverse twisted nematic
(RTN) [4-7] liquid crystal displays (LCDs) have been proposed to reduce the driving
voltage. An HTN that uses strong and weak polar anchoring surfaces was numerically
analyzed [8]. Long-pitched supertwisted nematic (LPSTN) LCDs have been reported [9] in
the development of RTN-LCDs. In addition, the doping of metallic nanoparticles in the LC
system [10], or ferroelectric barium titanate nanoparticles in alignment layer [11] provide
low power consumption in the display devices.

The RTN and LPSTN structures were separately formed controlling the chiral pitch to
the cell thickness (p/d) ratio [9]. These structures were changed from a splay twisted (ST)
structure (Figure 1a), which includes a chiral reagent causing the twist distortion opposite
to that determined by the rubbing directions and were formed by the application of voltage
over Fredericks transition threshold voltage to the ST structure. The twist of the liquid
crystal is basically determined by the angle of the director in the vicinity of the alignment
layer depending on the rubbing direction of the alignment layers of the upper and lower
substrates. The director of twisted nematic and STN structures, which include a chiral
reagent causing the twist distortion that determined by the rubbing directions, rotates in
the direction of Azimuth angle. In addition, the STN has a steeper transmittance change
than the TN. On the contrary, splay-twisted nemantic structures which include a chiral
reagent causing the twist distortion opposite to that determined by the rubbing directions,
which rotate in the direction of Azimuth and Polar angles. The RTN and LPSTN structures
that include a chiral reagent with the twist distortion opposite to that determined by the
rubbing directions have a metastable state and can be maintained when a specific voltage
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is applied after application of the saturation voltage. This voltage is referred to as the
sustain voltage. The ST structure changes to RTN or LPSTN structures as the director
near the center of the LC cell is rotated in the opposite direction, as the Gibbs free energy
increases with the voltage. This phenomenon can be explained by assuming that the stress
of the LC structure generated by the splayed structure with an electric voltage can be
released because the reversely twisted structure (no splay deformation) is more stable
than the splayed structure [5,12,13]. The RTN structure appears when the p/d ratio is
more than three. Moreover, our group has developed a stabilization method for the RTN
structure by UV irradiation using reactive mesogens (RMs) with application from 1.25 to
1.5 V [14]. The driving voltage for the RTN-LCD is reduced compared with the TN-LCD
(Figure 1). When the p/d ratio is 2.78, the STN structure appears [9]. In the case that the
rubbing directions are twisted at 90° by application of high voltage to avoid ST structure,
it changes into the RTN structure [5] and, at the same time, the STN structure in which
LC material is twisted at 270° could be formed by twisting in the direction opposite to the
RTN. These RTN and STN do not contain splayed structures. The p/d value approaches
1.5, which is necessary for the LC to twist 270°; therefore, the ST structure is formed when
the voltage is 0 V. Application of a voltage higher than the threshold voltage causes the
energy of the ST structure to increase, so that the STN structure is obtained without the
splay structure. STN has an increased twist angle from 180° up to 270° [15-17], which is
known to increase the steepness of the transmittance-voltage curve (V-T curve). In Figure 1,
the V-T curve of LPSTN is shown as blue open triangles [9]. When the p/d ratio is 2.14, the
RTN structure appears by application of a high voltage (metastable state 2 (ii) in Figure 1d),
while the typical STN (p/d ratio is 1.5) does not change to RTN. Our group has termed this
non-typical STN (p/d ratio more than 1.5) LPSTN.

(a) Initial state
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Figure 1. Schematic diagrams of LC structures; (a) initial state, ST; (b) metastable state 1, RTN;
(c) metastable state 2a, LPSTN; (d) metastable state 2b, RTN. The ST structure changed to the
metastable state (b) RTN or (¢) LPSTN by high voltage application when the p/d ratio was 3.0 or
2.14. (e) Dependence of transmittance on the applied voltage for TN-LCDs (cell thickness of 5.0 pm),
RTN-LCDs (chiral pitch of 15.0 pm, cell thickness of 5.0 pum, RM), and LPSTN-LCD (chiral pitch
of 15.0 um, cell thickness of 7.0 um) [9,14]. Solid symbols indicate MLC-2173 and open symbols
indicate ZLI-4792.

In this study, we focus on the effect of thermal energy and attempt to cause transfor-
mation by heat instead of voltage to maintain the structure by application of a low voltage
because, by reducing the applied voltage, RTN-LCDs of high transmittance without applied
voltage can be obtained. Transformation from the ST state to the RTN state occurred at a
temperature slightly below the nematic-isotropic (NI) point with the application of 1.0 V.
Furthermore, the electro-optical properties and Gibbs free energy were calculated for each
structure and compared with the obtained results. The Gibbs free energy is calculated by

66



Crystals 2021, 11, 1541

Frank-Oseen free energy density F; and the energy per unit volume by electric field F, F;
is given by:

1 1 1

F = E1<11(v-ﬁ)2 + 5K (1Y x4 +q0)* + 5 Kaa( x ¥ x #)? a
where Kj1, Ky and Kjz; are elastic constants for different director deformations: splay, twist
and bend, respectively, g0 = 271/ P, is constant and describes the chiral pitches P of the

helix, and 7 is eigenvector [18]. F, is given by:
F = 1eE -E 2)

272
where ¢ is the dielectric tensor of the liquid crystal, and E is the electric field. The Gibbs

free energy G can be expressed by:

G=F—-hk 3

2. Materials and Methods

The LC material MLC-2173 (US048) (Merck & Co. Inc., Darmstadt, Germany) had a
left-handed pitch of 15.0 pm and MJ141067 (US048) had 5 wt% RM in MLC-2173 (US048).
Two LC were mixed to be 1 wt% RM. The MLC-2173 has positive dielectric anisotropy (20.8).
The polyimide material for the alignment layers was produced by mixing PIA-X768-01X
and PIA-X359-01X (Chisso Petrochemical Corp., Tokyo, Japan) in a 15:85 ratio. The pretilt
angle of the alignment layer was confirmed to be 6° with a pretilt analysis system (PAS-301,
Elsicon Inc., Newark, NJ, USA). The cell thicknesses were set at 5.0 and 5.4 pm using silica
bead spacers. The rubbing directions were set to form a right-handed twist of the LC
material without a chiral reagent from the upper to the lower substrate. A splayed twisted
structure was formed when left-handed LC materials were injected into the cell. The
temperature was controlled with a high-precision temperature controller (mK1000, Instec
Inc., Boulder, CO, USA) and UV light was irradiated to cure the RM with a UV lamp (LUV-6,
AS ONE Co., Osaka, Japan). The electro-optical properties (applied voltage dependence of
the transmittance and response time) were measured using OPTIPRO-standard (Shintech
Inc., Yamaguchi, Japan). The optical axis of one polarizer was set parallel to one of the
rubbing directions in a crossed nicols setting. The elastic constant was measured with an
elastic constant measurement system (EC-1, Toyo Corp., Tokyo, Japan). Simulations of
the electro-optical properties and Gibbs free energy were performed using LCD Master
(Shintech Inc.) software under various conditions, such as pretilt angle, cell thickness, and
chiral pitch. The LCDs were driven by a 1 kHz square wave.

3. Results and Discussions

The transition from ST to RTN was confirmed by polarized optical microscopy (POM)
measurements under a crossed nicols condition. The clearing point for this LC is 353 K.
Figure 2 shows the lowest sustain voltage for each cell thickness as a function of temper-
ature. These voltages started to decrease near 343 K. Transition to the isotropic phase
occurred with application of 1.0 V at 354.7 and 356.5 K for the cell thicknesses of 5.0 and
5.4 um, respectively. The chiral pitch extended up to 16.8 um at high temperature, as
shown in Figure 3. The chiral pitch was once saturated near 343 K; however, it extended
up to 16.8 um at high temperature, as shown in Figure 3. The change of the molecular
conformation of chiral reagent could occur at high temperature. The change of the pitch
dependence on temperature could be explained by the change of the molecular conforma-
tion [19]. Therefore, the disturbance of the chiral pitch on temperature could be explained
by the large change of the conformation of the chiral reagent. Although the reason is not
stated, there are reports that the chiral pitch changed twice at high temperatures [20].
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Figure 2. Sustain voltage for RTN structure as a function of temperature for cell thicknesses of

5.0 (red solid circles) and 5.4 um (black solid squares). The insert shows an enlarged view of the high
temperature region.
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Figure 3. Chiral pitch length as a function of temperature.

The ST structure changed to the RTN structure with application of 1.2 V (transition
voltage) at 356 K. A decrease in the voltage to 0.5 or 0 V resulted in a transition of the RTN
structure to the ST structure via the STN state in Figure 4a,b. Transition speed to STN is
faster than that to ST. At this time, the STN structure changed to the RTN structure with
application of 1.0 V, while the ST structure was maintained. After a relatively long time of
applying a voltage lower than 1.0 V, the structure becomes the ST structure (Figure 4c). It is
necessary to apply 1.2 V to transform the ST structure into the RTN structure, while 1.0 V
is required for a transition from the STN to RTN structure (Figure 4d). Therefore, there is a
higher potential barrier between ST and RTN than that between STN and RTN.
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Temperature: 356K
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Figure 4. POM images acquired at 356 K; (a) immediately after changing the applied voltage from
1.2t0 0.5V, (b) after a short time, and (c) after a relatively long time. (a) The structure changed from
RTN to STN or ST. (b) The transition speed to STN was faster than that to ST. At this time, increasing
the applied voltage to 1.0 V results in transition of the STN structure to the RTN structure, while the
ST structure is maintained. (c) After a relatively long time of applying a voltage lower than 1.0 V, the
structure eventually becomes the ST structure. (d) The ST structure changed to the RTN structure
with application of 1.2 V at 356 K. A decrease in the voltage to 0.5 or 0 V resulted in a transition of the
RTN structure to the ST structure via the STN state. The STN structure changed to the RTN structure
with application of 1.0 V at 356 K.

These RTN-LCDs were irradiated with UV light for 1 h, while 1.0 V was applied
at 356 K, after confirmation of the RTN structure with POM. After UV irradiation, the
RTN structure was maintained at high temperature; however, the LPSTN structure was
formed at room temperature when the cell thickness was 5.4 um. Figure 5 (green solid
triangles) shows V-T curves for the LPSTN structure. On the other hand, when the cell
thickness was 5.0 pm, the RTN structure at high temperature relaxed to the ST structure at
room temperature even after UV irradiation. The driving voltage increased in the order of
RTN-LCD < LPSTN-LCD < TN-LCD. When the V-T curves of STN-LCD were calculated
(LCD Master) for cell thicknesses of 5.0-6.2 um with a chiral pitch of 15 um, a pretilt of 6°
and a twist angle of 270°, the driving voltage was high as a function of thickness (Figure 6).
Figure 7 shows V-T curves calculated for various chiral pitches of 10-25 um with a chiral
pitch of 15 um, a pretilt of 6°, a twist angle of 270°, and a cell thickness of 5.4 pm. A longer
chiral pitch results in a lower driving voltage; however, if the pitch is too long (chiral pitch
is 25 pm), then the transmittance slowly decreases as a function of the voltage. Although
the transmittance of LPSTN did not decrease to zero at 1.2 V in Figure 5, the steepness
of transmittance increased compared with the TN or RTN. In addition, the transmittance
decreased to zero in simulation in the case of the cell thickness of 5.4 um and chiral pitch of
20 um. Therefore, we thought that a black state at low driving voltage can be realized by
controlling condition of LCD.
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(black solid squares, cell thickness of 5.0 um), and RTN (red solid circles, chiral pitch of 15.0 um, cell
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=

C T

3 1 0 .~ Chiral pitch 15 pm |
a 2, —&—5pm

- —£— 54 um
I —0—6.2 um

08}

Q

8]

[

S 06} .
=

g

c 04 1
©

b

+

o - o
3 0.2

E 00 . 1 .

=

£70 1 2
=

Voltage (V)
Figure 6. Transmittance as a function of the applied voltage for LPSTN (MLC-2173, chiral pitch

15.0 pum) with cell thicknesses of 5.0, 5.4, and 6.2 um. The threshold and saturation voltage decreased
with the cell thickness.
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Figure 7. Transmittance as a function of applied voltage for LPSTN with chiral pitches of 5, 10, 15, 20,
and 25 pm. Open symbols indicate simulation data and solid symbols show measurement data.

The transmittance and the change of azimuth angle dependence on voltage were
calculated for LPSTN using LCD Master for a cell thickness of 5.4 um and a chiral pitch of
15 um, and the results are shown in Figures 8 and 9. The transmittance decreased similar
to that for STN LCDs until 1.06 V and then dropped slowly from 1.07 V. The twist of
the azimuth angle was 270° up to 1.06 V and then changed to 90°, which is not simple
rotation. The LC molecules near the alignment layer twist left-handed where z/d implies
the normalized thickness is from 0.0 to 0.4 and from 0.6 to 1.0 and those near the center of
the cell twist right-handed at more than 90°. This phenomenon is an intrinsic twist for the
RTN structure. Consequently, the LPSTN structure changed into an RTN structure with
application over a certain voltage.
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Figure 8. Transmittance as a function of the applied voltage for LPSTN (MLC-2173, chiral pitch
15.0 um, cell thickness 5.4 pm).
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Figure 9. Azimuth angle dependence of the normalized cell thickness for LPSTN (MLC-2173, chiral

pitch 15.0 pum, cell thickness 5.4 um). The angle is 270° until the applied voltage is 1.06 V and 90°
over 1.07 V. The z/d implies normalized thickness.

The chiral pitch is known to cause length increase, and the decrease in physical
properties (e.g., the dielectric constant anisotropy, and the elastic constant) under heating.
The chiral pitch was elongated to 16.8 um (Figure 3) and the physical properties changed
(Table 1) at 353 K. The physical properties at 353 K were estimated from multiplying
nominal values at room temperature (298 K) by the ratio of measured values at 298 K to
measured values at 353 K. The tilt angle in the vicinity of the alignment layer may be lower
than that in the previous study [14], because the sustain voltage is low. The pretilt angle
for LCDs has been reported to be controllable by polymer matrix formation in the vicinity
of the alignment layers by application of an electric voltage [14,21,22].

Table 1. Dielectric constant anisotropies and elastic constants were measured at 298 and 355 K. The
estimated value was calculated by dividing the nominal value by the ratio of measured values at
298 K to the measured values at 355 K.

Ae(F/m)  Kqq(pN/m?) Kay(pN/m?) K33(pN/m?)
measured value@298 K 15.6 24 10.5 20.5
measured value@353 K 39 0.6 2.6 4.3
nominal value@298 K 20.8 8.7 18.1 13.3
estimated value@353 K 52 22 4.5 2.8

The pretilt angle was assumed 15° because the RTN structure was maintained by UV
irradiation with application of 1 V, while the pretilt angle is 6.0° for MLC-2173 without
chiral dopant and RM at room temperature. The Gibbs free energy for RTN and LPSTN
was calculated for the difference of (i) the physical properties (Figure 10a,b), and (ii) the
pretilt angles under the condition (i) (Figure 10c,d).
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Figure 10. Gibbs free energy for the RTN and the LPSTN structures with a cell thickness of 5.5 um
(a) at 298 K or those at 353 K (c) at 353 K with a pretilt angle of 6° or 15° (lower left), and (b,d) enlarged
views of the left-hand panels near 1 V.

At the beginning, the Gibbs free energy of the RTN and LPSTN structure at high
temperature decreased at 0 V compared with the Gibbs free energy of those structures at
room temperature (Figure 10a,b). Additionally, these energies then slowly decreased as a
function of voltage. The transition voltage from LPSTN structure (blue inverted triangles)
to RTN structure (green triangles) under the physical properties at 353 K was lower than
the transition voltage from LPSTN structure (black squares) to RTN structure (red circles) at
298 K. Secondly, the transition voltage from LPSTN structure (sky blue diamonds) to RTN
structure (purple left-pointing triangles) was lower than the transition voltage from LPSTN
structure (blue inverted triangles) to RTN structure (green triangles) in Figure 10c,d. For
application of 1.0 V, the RTN structure was stable because the LPSTN structure changed to
the RTN structure, even if the pretilt angle was kept low.

For the RTN structure with the application of 1 V at 356 K experimentally, two
routes are conceivable for the process of decreasing the voltage from 1 to 0 V; (i) the RTN
remaining (green triangles in Figure 11) or (ii) the RTN changing to the LPSTN at 0.95 V
(blue inverted triangles in Figure 11). The LPSTN structure was observed to change to
the RTN structure with the application of 1.0 V at 356 K in Figure 4. Therefore, the RTN
structure when polymerized with the application of 1 V at 356 K was the RTN structure
that was changed from the LPSTN. After being polymerized, the LPSTN structure was
stable at room temperature.
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Figure 11. There are two routes from the RTN structure with application of 1 V at 353 K; (i) the RTN
structure remaining, or (ii) changing to the LPSTN structure at low voltage.

A notable point of the STN-LCD is that their sharper threshold properties can realize
a larger number of pixels in the case of passive matrix LCDs. For multiple-line addressing
of passive matrix LCDs, the sharpness of the threshold property can be expressed by:

8= Vsnt
Vin

*)

where Vg is the saturation voltage and Vy, is the threshold voltage. A sharper threshold
property means that a approaches one more closely. The maximum number of scanning
electrodes of passive matrix addressing Ny, can be expressed using a [23].

2
Ninax = { 0‘2;1 } (5)

a2 —1

In the case where a approaches one, the possible number of scanning electrodes
increases. For this reason, high-resolution LCDs can be achieved using the sharp threshold
property of the STN mode. However, because the STN mode uses the change in the
retardation of liquid crystals, it has a problem in that the transmitted light is colored. An
LPSTN LCD possesses the STN structure without an applied voltage and exhibits the sharp
threshold property. However, when voltage larger than the threshold voltage is applied,
it changes to the RTN-LCD structure and shows the black state without color. Therefore,
an LPSTN can realize the sharp threshold property of the STN mode and the black state
without the color of the TN mode.

The change from LPSTN to RTN occurs because the RTN and LPSTN states are
considered topologically equivalent. The LPSTN mode showing low driving voltage and a
realizing black state could be an improved alternative candidate for STN-LCDs.

4. Conclusions

An increase in the temperature decreased the voltage for the ST to RTN structural
transition and the sustain voltage for the RTN structure. The LPSTN-LCD but not the RTN-
LCD was successfully stabilized with UV irradiation near the clearing point. The differences
between this study and previous studies are the temperature during UV irradiation and
the cell thickness. The notable points of the LPSTN-LCD are a low driving voltage and a
black display when a high voltage is applied under the crossed nicols condition. Due to
the change from the STN structure to the TN structure, a black state can be realized, unlike
the typical STN mode under the crossed nicols condition. The lower limit of the p/d ratio
for the LPSTN was 2.14 in 2012; however, that was improved to 2.78 using this method. A
lower driving voltage was calculated for chiral pitches of 15 or 20 pm and cell thicknesses
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of 5.0 or 5.4 pm (p/d ratios of 3.0 or 3.7). The structure was returned to the ST structure
under p/d ratio of 3.0. If the p/d ratio is dominant, then the structure will be returned
with p/d ratio of 3.7.
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Abstract: Photoresponsive photoalignable liquid crystalline polymers composed of phenyl benzoate
terminated with N-benzylideneaniline were evaluated. These polymers are capable of axis-selective
photoreaction, photoinduced orientation, and surface relief grating formation. Polarization hologra-
phy using an He-Cd laser beam at a wavelength of 325 nm demonstrated the formation of a surface
relief grating with a molecularly oriented structure based on periodic light-induced reorientation and
molecular motion. Electrical switching of diffracted light using an electric field response of twisted-
nematic cell containing a low-molecular-weight liquid crystal in combination was also demonstrated.

Keywords: liquid crystalline polymer; axis-selective photoreaction; holography; beam diffraction

1. Introduction

Surface alignment patterning of optically anisotropic materials has attracted sub-
stantial attention from the perspective of science and technology because of its potential
application in photonic devices for polarized light communication. In particular, polarizing
gratings (PGs) have been researched and developed widely in the field of polarized beam
manipulation because of their high diffraction efficiency and polarization selectivity [1,2].
These are likely to be applied to beam steering [3-6], imaging [7,8], and near-eye dis-
plays [9,10], as well as 3D displays and virtual reality /augmented reality (VR/AR) [4,11-14].
A PG is a diffractive optical element in which the in-plane anisotropic orientation varies
linearly along the surface and the magnitude of anisotropy is constant [15-23]. It is fab-
ricated by methods such as optical orientation by two-flux interference exposure [24],
micro-rubbing [25,26], photomasking [27], and direct beam writing [8,28]. In these meth-
ods, the diffraction efficiency is improved by increasing the variation in refractive index in
the film or the non-uniform structure of the film. Liquid crystal polymers are suitable as
materials for PGs because their birefringence can be modulated substantially by external
stimuli. On this, various structures have been evaluated.

In the previous study, we studied the formation of PGs by two-flux interference
exposure using azobenzene [29,30] and N-benzylideneaniline (NBA) [31,32]. PGs are
formed under interference exposure owing to the periodic distribution of light intensity
and polarization state. When exposed to a polarized light beam, the azobenzene and NBA
portions parallel to the polarization direction of the light beam undergo photoisomerization,
followed by a trans-cis-trans reorientation process to form an oriented structure. At this
time, small optical anisotropy is generated in the liquid crystal polymer film. On the other
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hand, there is a significant increase in optical anisotropy when the photoirradiated film is
heated above the glass transition temperature due to self-assemble mesogenic moiety with
high mobility [33]. Furthermore, the NBA can be functionalized by a polymer reaction to
deactivate the photoresponsive part or to increase the heat resistance by cross-linking [34].
In addition, NBA is more transparent to the visible light region than azobenzene, whereby
it is more suitable for use in optical devices.

Recently, we reported an NBA polymer with a high orientation, birefringence, and high
heat resistance [35]. This polymer has the capability to replace components with higher
birefringence while maintaining orientation [36]. However, its application as a PG material
has not been investigated. Herein, we prepared PG using this material and evaluated its
diffraction properties.

2. Materials and Methods
2.1. Material

Polymethacrylate P1 coupled with phenyl benzoate terminated with NBA via a hex-
amethylene spacer was used (Figure 1a). P1 was synthesized by the method described
in the previous literature [35]. The polymer exhibited a glass transition temperature (Tg)
of 100 °C and retained its liquid crystalline phase above 295 °C. The films of the poly-
mer were prepared by spin-coating a dichloromethane solution of the polymers onto
quartz substrates.

(a) O(HZC)50—< >—(O
zfo P1 O_Q_\}V—@—OCH:,

(b) (c)

Laser ES HW M Laser ES HW M
M BS

PC HW
SS

Figure 1. (a) Chemical structure of NBA liquid crystalline polymer P1. Experimental setup for
(b) axis-selective photoreaction and (c) holographic exposure. ES, shutter; HW, half-wave plate;
M, mirror; BS, beam splitter; QW, quarter wave plate; SS, sample stage; PC, personal computer.

2.2. Equipment

The photoinduced orientation behavior was evaluated by irradiating a 325 nm He-Cd
laser (Kimmon IK3501R-G-S) (Tokyo, Japan) with the optical setup displayed in Figure 1b.
Since the linearly polarized UV laser was emitted from the He-Cd laser source, the polar-
ization direction of the actinic beam was controlled by a half-wave plate (HW) mounted
on the rotational stage. The intensity of the laser beam was 210 mW/cm?. The molec-
ular orientation after linearly polarized light irradiation was evaluated using polarized
absorption spectra (HITACHI U3900H) (Tokyo, Japan) and polarized light microscopy
(Olympus BH-51) (Tokyo, Japan). The thermally annealed film was obtained by heating the
photoirradiated film in the air at a specified temperature for 10 min.

Polarization holographic recording was performed using the experimental setup il-
lustrated in Figure 1c. The laser beam was divided into two writing beams by a beam
splitter (BS). The two writing beams with equal intensities crossed at an angle of 3.28° and
impinged on the P1 films on a sample stage (SS). The resulting grating period of the polar-
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ization holographic grating was estimated to be approximately 4.8 um. The polarization
states of the two writing beams were controlled individually by two quarter-wave plates.
The polarization holographic gratings were written using two orthogonally circularly po-
larized, mutually coherent He-Cd laser beams. The intensity of the interference beam was
420 mW /cm?. The He-Ne laser with a wavelength of 633 nm was used as a probe light to
evaluate the diffraction behavior, and the diffraction efficiency was calculated using the
following equation:
DE =14/

where I4 and I are the intensities of the diffracted and incident beams, respectively.

The laser intensity measurement, irradiation position, and dose control were per-
formed using a serial communication program. The surface topography was measured us-
ing an interferometer-type surface profiler (Ryoka Systems, R3300H) (Osaka, Japan). A TN
cell coated with indium tin oxide (ITO) and polyimide was used for the beam switching.
A liquid crystal with a low molecular weight (Merck, ZLI4792: (An = 0.09, Ae = 5.3) [37])
(Darmstadt, Germany) was injected into a TN cell (EHC KSRT-04/B211PINSS05) (Tokyo,
Japan) with a cell gap of 4 um. The orientation was controlled by applying a DC voltage of
2 V using a function generator (Hokuto Denko HB-111) (Tokyo, Japan).

3. Results and Discussion
3.1. Photoalignment Behavior in Thin Films

Figure 2 shows the variation in the polarized absorption spectra of the P1 film with a
thickness of 140 nm when irradiated with a single linearly polarized laser beam for 10 s
as shown in Figure 1b. The absorption at 340 nm originating from the 7—m* transition of
NBA decreased in the direction parallel to the polarization of the laser and increased in the
perpendicular direction. This indicated that the NBA moiety was rearranged perpendicular
to the electric field vector of the polarized light by trans-cis-trans reorientation.

= 2 T T
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15 Initial
s ||, Exposed (20 s) 1
g \ 1, Annealed (160 °C)
o] if
g
e}
5 0.5]
8
<

Wavelength (nm)

Figure 2. Polarized absorption spectra of P1 after spin-coating, irradiation with linearly polarized
UV-laser, and annealing at 160 °C for 10 min. The spectra are color-coded as black for initial, blue for
irradiation, and red for annealing, respectively. The absorption spectra for the directions parallel and
perpendicular to the polarization direction of the laser beam are indicated by solid and dashed lines,
respectively.

When heated to a temperature above the glass transition temperature, the optical
anisotropy was enhanced perpendicular to the polarization direction of the laser beam.
The amplified anisotropy was almost the same when the film was heated above 160 °C,
while it showed a small value when the film was heated below 160 °C. The anisotropy in-
duced by heat treatment tended to decrease for films exposed for more than 10 s. This may
be due to undesired photoreactions (crosslinking or rearrangement reactions) and self-
organization (out-of-plane orientation or aggregation) caused by prolonged exposure.
The absorption spectra after annealing are plotted in red in Figure 2. These results are simi-
lar to those obtained under exposure to linearly polarized light from a mercury lamp [35].
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Diffraction gratings were fabricated using interference exposure. Figure 3 plots the
change in diffraction efficiency as a function of exposure time (solid line) and the change
in diffraction efficiency of P1 films annealed at various temperatures after exposure to
interference light (dashed line). The diffraction efficiency was dependent on the exposure
time, increasing for exposure times shorter than 5 s and slowly decreasing for longer
exposure times. The diffraction efficiency of the P1 film was stable after switching off
the interfering beams though the diffraction efficiency after irradiation was very low
(<0.5%). On the other hand, it was remarkably improved by heating above the glass
transition temperature. The diffraction efficiency increased to 3.8% for the film exposed
for 5 s at 240 °C. These can be attributed to the amplification of orientation and the
expansion of birefringence modulation by heating and polarized laser irradiation. However,
the diffraction efficiency was marginal (<5%), possibly due to the small film thickness.
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=120 °C

~140 °C
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50 .100. 150 200
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Figure 3. Variation in +1st diffraction efficiency of P1 film as a function of exposure time (solid
line) and 1st diffraction efficiency of P1 film after thermal annealing under various temperatures
(dashed lines).

The surface morphology of the heat-treated films was also evaluated. Periodic ir-
regularities with a pitch of approximately 4 pm and a height difference of approximately
40 nm were observed after heat treatment. This indicated that the height difference was
caused by the diffraction grating formation (Figure 4a). The surface relief was formed by
the mass transfer of NBA upon light irradiation. This mechanism is identical to that of
azobenzene and indicates that the diffractive structure is formed by a behavior identical to
that of conventional NBA polymers. Figure 4b shows a polarized light micrograph of the
diffraction grating. Periodic bright stripes are observed along the diffraction grating vector.
This indicates that the NBA is arranged periodically and that the refractive index varies
periodically. To investigate the optical anisotropy caused by the molecular arrangement,
the grating was observed by rotating the polarizer and analyzer simultaneously by 30°
while maintaining the grating fixed. The results showed that the rotation of the polarizer
and analyzer caused the bright stripes to shift along the grating vector and recovered to the
initial pattern at 180°. This indicates that the polarization direction of the linearly polarized
light is modulated periodically by the interference of two orthogonal circularly polarized
beams (Figure 4c) [38].
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Figure 4. (a) Surface profile of P1 after irradiation with interference beams following thermal

annealing (5 s, 240 °C). (b) Polarizing micrographs observed as a function of the rotation angle
of the polarizer and analyzer, 0. (c) Alignment of mesogens induced in holograms. The arrows
indicate the direction of mesogens. The white and gray areas correspond to the bright and dark areas,
respectively, in (c).

3.2. Photoalignment Behavior in Thick Films

Figure 5a shows the polarization absorption spectra of a 460 nm-thick film after
irradiation with LP-325 nm and heat treatment. Similar to the 140 nm film, the absorption
in the direction parallel to the polarization field decreased with UV irradiation. However,
a marginal amplification was induced by thermal annealing. Figure 5b shows the diffraction
efficiencies of the films after interference exposure for various times. The diffraction
efficiency after irradiation with the interference beam increased compared with that of
the thin film. However, the increase after thermal treatment was marginal. Figure 5c¢
shows the polarized light micrographs of the diffraction gratings. These show periodic
bright stripes along the grating vectors as in the 140 nm film. However, the periodic
structure is disrupted marginally after thermal treatment. The surface morphology of the
film shows that the surface layer of the film became rougher after heat treatment. When this
experiment was conducted using a significantly thicker film (900 nm), diffraction structures
disappeared after heat treatment (data not shown). These results indicate that the thicker
film increases the number of areas in the deeper layers of the film that are not involved
in optical orientation. This, in turn, induces unintended self-organization and orientation
(e.g., out-of-plane orientation), thereby resulting in surface roughening and a decrease in
anisotropy. Meanwhile, reorientation is partially induced in the surface layer of the film
by heat treatment. This is expected to increase the diffraction efficiency. It is necessary to
reexamine the composition of the film (e.g., the transmittance and the introduction of a
structure that facilitates reorientation) to increase the diffraction efficiency.
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Figure 5. (a) Polarized absorption spectra of P1 film with a thickness of 460 nm after spin-coating,
irradiation with linearly polarized UV-laser, and annealing at 160 °C for 10 min. The spectra are color-
coded as black for initial, blue for irradiation, and red for annealing, respectively. The absorption
spectra for the directions parallel and perpendicular to the polarization direction of the laser beam
are indicated as solid and dashed lines, respectively. (b) Variation in +1st diffraction efficiency of P1
film with a thickness of 460 nm as a function of exposure time (solid line) and 1st diffraction efficiency
of P1 film after thermal annealing at 160 °C. (c) POM image (top) and surface profile (bottom) of P1
film with thickness of 460 nm after irradiation (left) and thermal annealing (right).

3.3. Diffraction Control Using TN Cell

The combination of a field-driven cell and quarter-wave plate enables switching of the
laser [39,40]. In particular, an optical system combining a field-driven TN cell and quarter-
wave plate can switch the diffracted light from the +1st order to the —1st order, or vice versa,
by controlling the voltage applied to the TN cell [4]. In this method, multiple diffraction
angles can be obtained by cascading multiple PGs, and simultaneous wavelength control
is feasible. Two-dimensional directional control is also likely to be feasible owing to the
transmission type and cascade connection capability. Figure 6a,b shows the diffraction
images of the voltage-off and voltage-on states, respectively (support Video S1). For the
polarization grating, we used a 140 nm P1 film after thermal annealing. As expected, the
diffraction order varies from +1 to —1 and vice versa. Since it is intended to be controlled
by a single-board computer, DC voltage control is used; however, simple AC voltage (4 V,
60 Hz) can also be used for control (support Figure S1). Efficient switching is likely to be
achieved by improving the diffraction efficiency. This is presently under study.
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Figure 6. Schematic diagram (top) and photograph of diffraction (bottom) of proposed optical switch
based on PG at (a) voltage-off state and (b) voltage-on state.

4. Conclusions

Axis-selective photoreaction, photoinduced orientation, and surface relief grating
formation were evaluated using liquid crystalline polymers composed of phenyl benzoate
terminated with NBA. Heat treatment greatly amplifies the molecular arrangement in the
photo-reactive thin film, while the amplification is small in the photo-reactive thick film.
The formation of a polarization grating with a molecularly oriented structure based on
periodic light-induced reorientation and molecular motion was demonstrated. We demon-
strated the electrical switching of diffracted light using a TN cell. Although the transmission
of zero-order light could not be prevented in this study, more efficient beam control is likely
to be achieved by biasing the diffraction of first-order light through the formation of a
more efficient diffraction grating. It is necessary to reexamine the composition of the film,
such as the transmittance and the introduction of a structure that facilitates reorientation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ cryst12020273 /s1, Figure S1: Diffraction photographs of an optical switch using an AC input
(4 'V, 60 Hz), Video S1: Switching of diffracted beam using field-driven cell.
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Abstract: This work investigates nematic liquid crystal (NLC) optical guiding structures designed
in typical sandwich-like NLC cells. With the support of an electrically controlled spatial topology
of director orientation, we manage a linear and nonlinear light propagation with the realization of
optical beam switching.

Keywords: nematic liquid crystals; electro-optical beam steering; optical waveguides and microstructures

1. Introduction

In most optical waveguide designs with external modulators, the optical switching is
commonly realized through electro-optic, magneto-optic, all-optical, and thermo-optical
effects [1]. The classic electro-optic (EO) effect is related to the refractive index alteration
due to the modification of the index ellipsoid (or optical indicatrix) by applying an external
electric field. Commonly used materials for electro-optic waveguides are LiNbO3, LiTaOs3,
BaTiO3, electro-optic polymers, and nematic liquid crystals (NLCs) [1-6]. Due to the very
high birefringence, combined with the possibility of changing it under the effect of external
stimuli in thin-film NLC elements, the latter offers an excellent opportunity to develop
novel methods and devices for the control of light beams [6,7]. The fluid nature of NLCs
and their compatibility with most optoelectronic materials, polymers, and organic materials
allow them to be easily incorporated with other elements in various configurations, forms,
and geometries, thereby increasing the potential applications in novel photonic networks.
NLCs are composed of rod-like molecules. Due to anisotropy in molecular structures, they
exhibit electrical anisotropy. In a specific temperature range, called the nematic phase, long
axes of molecules are approximately parallel to each other in. The averaged alignment
direction defines a dimensionless unit vector n called the director. Most nematics are
optically uniaxial and positive birefringent materials (with an extraordinary refractive
index greater than the ordinary one, 1, > n,) with an optical axis corresponding to the
long axis of the molecules. The electric field oscillations are perpendicular and parallel to
the direction of molecular orientation, and then an ordinary and extraordinary wave can
be excited, respectively.

A standard configuration of the planar NLC cell that comprises two glass substrates
and a liquid crystal layer is used. Light beams are directed perpendicular to the substrates.
The transmission of light beams directed perpendicular to the substrates of the cell can
be electrically controlled. Several optical types of NLC devices were demonstrated, using
the linear properties of the material and electrical switching. The simplest example is the
pixelated microdisplay (i.e., a spatial light modulator) for free-space beam shaping and
steering [8]. Different possibilities are associated with the light beams reflected from the
spatially modulated NLC structures. Spatially structured NLC cells are also used to trans-
form linearly polarized light beams into beams with radial or azimuthal polarization [9]. In
the last decades, another geometry in which the light beam propagates in the NLC layer
along the glass substrates has also attracted considerable attention [10,11]. The concept of
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NLC waveguide channels for polarization-independent light propagation was presented,
and, for the first time, the concept and performance of a liquid-crystal-based electro-optical
router was discussed. In addition to electro-optic and nonlinear effects that can be utilized
for controlling the light propagation in photonic channels, the optical switching between
waveguides can be realized using ferroelectric or smectic liquid crystals [10,12]. The pre-
sented waveguides consisted of an NLC infiltrated core made in PDMS channels. Such a
configuration uses NLC in their isotropic phase for electro-optical-induced waveguides and
supports polarization-independent light propagation [11]. Such NLC-waveguide architec-
tures, as reported by the Fraunhofer IPMS [13], are based on a pure electro-optic approach.
On the other hand, it has to be underlined that liquid crystal devices can also switch and
route signals due to the modulation of external electric fields and the interplay between the
light and molecules [14], especially when the nonlinearity of NLC plays a crucial role [15].
It has been shown in several papers that a milliwatt of power of laser radiation is sufficient
for observation of the self-focusing effects and formation of the soliton-type propagation of
light beams due to reorientation of the NLC director under an electromagnetic field of an
optical wave [16-19]. Such soliton beams, called nematicons, form a waveguide channel
in NLC film that can confine and guide the light beam. Two basic configurations can be
distinguished: (i) Electro-optical, which combines initial reorientation under the external
electric field with a huge nonlinear optical reorientation of the liquid crystal molecules,
as well as the electrically induced reorientation of molecules with a substantial nonlinear
optical response of the liquid crystal molecules. It can be realized by applying a voltage
over a liquid crystal layer between a planar electrode and a thin stripe electrode [17,18].
(ii) Pure all-optical, which combines a proper initial boundary condition with nonlinear
optical reorientation [20]. It is possible to perform all-optical switching and logic gating
using only interactions between nematicons [21]. The possibility of confining a weak signal
beam in the self-induced waveguide [22] opens the way to build novel optical interconnects
for computing and communications. A few results of soliton manipulation have been
proposed to control the soliton trajectory, e.g., the temperature [23,24] or initial boundary
conditions [25,26].

This work utilizes light beam propagation in NLC media and demonstrates an electro-
optical architecture that provides voltage control over the optical path. The operation
principle of the presented device is based on the electrically controlled spatial topology
of director orientation due to the reorientation of NLC molecules in the presence of a
low-frequency electric field and specially designed electrode geometry. Our concept of
reconfigurable optical microstructures supports the waveguiding of Gaussian beams in
both linear and nonlinear cases, the latter in the sense of nematicons. In a linear case, an
optical waveguide is induced by an electric field across the cell, within regions delimited
by stripe, arch, or Y-shape electrodes. Simple waveguides are easily combined in more
complex structures, including independently addressed electrodes providing light beam
guiding, switching, and steering. In the nonlinear regime, we successfully demonstrate
the complete electro-optical control by combining the electric response of NLC molecules
with nonlinear light beam propagation in the sense of nematicons and utilizing the NLC
cell with properly designed individually addressed electrodes over nematicons’ trajectory.
Both approaches can potentially obtain light-guiding structures in a planar geometry.

2. Materials and Methods

The basic waveguide structure of the electrically controlled NLC is shown in Figure 1a.
It consists of two glass substrates, numbered 1 and 2, glued together with a specific distance.
On the first substrate, there is a transparent indium/tin oxide electrode. On the second
one, metallic electrodes of different sizes and shapes are prepared by the electron beam
lithography (EBL) technique. The preparation of the electrodes is a two-stage lift-off process.
Initially, a 200 nm thin poly(methyl-methacrylate) layer (PMMA 495K) is spin-coated on
the clean glass substrate. After evaporation of the solvent, an additional gold layer is
deposited on the surface of the polymer. This step is essential because a thin layer of gold
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ensures the electrical discharging of the sample exposed on a focused beam of electrons,
which irradiates the target shapes for the electrodes. Before the development process (in
1:3 solution of methyl isobutyl ketone:2-Propanol), a gold layer is removed by immersing
the sample in KI5 gold etchant (Sigma-Aldrich, St. Louis, MI, USA) and deionized water.
The next stage of the process concerns subsequent metallization with a 10 nm underlay of
Titanium and a 100 nm layer of gold. A final result is a glass substrate with deposited gold
electrodes in designed shape and dimensions.

(b) (c)

2] pm) 1000 1500

Figure 1. Electrically controlled NLC structures: (a) sketch of the NLC cell; (b) straight and (c) curved
electrodes (widths 5 um and 10 um); (d) combination of three independently controlled electrodes
for realizing optical Y-junction (10 um width, one input and two output ports); (e) combination of
Y-shaped independently controlled electrodes (the widths 100 um and 50 um) for the realization of
beam switching in nonlinear propagation regime (a nematicon).

Whenever required, the additional polymeric layer (number 3, Figure 1a) can be
spin-coated on the substrates on the top of the electrodes and their surrounded areas and
rubbed to ensure the initial planar orientation in the desired direction. Such prepared
glass substrates are then used for cell preparation. The cell thickness equals 12 and 30 pm
for linear and nonlinear beam propagation, respectively. A small amount of NOA-61 UV-
curing photopolymer mixed with 12 or 30 um glass spacers is placed over one substrate.
The counter substrate is put over it, and after proper alignment, the photopolymer is cured
by exposing it to ultraviolet light. Because of the relatively small cell thickness used for
linear beam propagation and electro-optical waveguide formation, no additional interfaces
limiting the outflow of NLC were used, yet no adverse effects related to NLC leakage or
meniscus formation were observed. The NLC cells that are made contain electrodes to
realize the electrically induced waveguides for the light beam propagation and switching
between two output ports. Prepared structures are shown in Figure 1b (straight electrodes),
Figure 1c (bend electrodes), and Figure 1d (“fork” electrode), and they are designed to
operate in a linear optical regime, i.e., when the intensity of the propagated beam is not
high enough to cause additional reorientation of the molecules. The width of the electrodes
is 5 and 10 pm; the length of the electrodes is 4 mm (straight); 0.5-1.5 mm (bend); 0.35 mm
(the length of the input electrode of the fork structure); and 1.2 mm is the length after
forking. The minimal distance between electrodes is 3 um.

For nonlinear beam switching, an NLC cell with one electrode of a 100 um width and
500 um length and two output electrodes of a 50 um width, 500 pm length and minimal
separation of 10 pm is used, as shown in Figure 1e. This cell contains a rubbed alignment
layer that anchors molecules of NLC along the z-axis.

The assembled cells are filled up with NLC by capillarity, taking care to avoid bub-
bles/gaps near the boundaries, and examined under a polarization microscope to verify
the proper alignment of the director. As an NLC material, a typical-birefringent 6CHBT
nematic liquid crystal is used: characterized by positive dielectric anisotropy (Ae = 0.42
at 1 kHz); refractive indices: n, = 1.4967, n, = 1.6335 at A = 1064 nm and n, = 1.52,
ne = 1.68 at A = 532 nm (at room temperature); the Frank elastic constants are K;; = 8.96 pN;
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Kz =3.61 pN; Ks3 = 9.71 pN (for splay, twist and bend, respectively); and the nematic—
isotropic phase transition temperature is T. = 43 °C [27].

Figure 2a presents the basic experimental setup used for beam propagation analysis.
As an input, we used the linearly polarized (along the x-axis) Gaussian beam (TEM)
propagating along the z-axis. The beam is focused in the cell midplane (a beamwidth
wo = 2.5 um) at the input of the cell (z = 0). The first CCD camera visualized the beam evo-
lution along z in the principal yz-plane by imaging the light scattered out of the plane, while
the second CCD camera is used to visualize the beam profile in the xy-plane at the output.
The position of the sample is adjusted by the precise three-axis micro-translation stage in
the x, y, and z-direction. A low-frequency (1 kHz) sinusoidal waveform generator combined
with a signal amplifier drives NLC molecules and induces out-of-plane reorientation.

(a)

function
generator |,

amplifier ......... :

laser A/2 P MO
beam

Figure 2. Sketch of the experimental setup showing: (a) part devoted to beam coupling and
visualization of the beam propagation; (b) part for determining waveguide formation times.
A/2—halfwave plate, P—polarizer, MO—microscope objective, BS—beam splitter, CCD—digital
camera, PD—photodiode.

To measure the formation times of waveguides induced by straight electrodes, a part of
light collected by the first CCD camera is redirected to the photodetector (PD), schematically
presented in Figure 2b. The amplitude of the electric signal recorded by the oscilloscope is
proportional to incident light intensity. Without driving voltage applied to the electrodes of
the NLC cell, the beam diffracts; therefore, a weak electric signal (mostly noise-related) is
recorded by oscilloscope. When the beam is propagated within a waveguide, some light
is scattered out of the propagation plane. Then, the light is collimated by the microscope
objective reaching the photodiode. Therefore, an electric signal corresponding to a high state
is recorded. To increase the dynamic range between a high and a low state, a mechanical
slit that clips part of the beam is used.

On bare glass and metallic surfaces, NLC molecules are oriented randomly (in-plane,
xy-plane); however, they remain parallel to the glass surface [28]. Under the influence
of an external electric field (along the x-axis), NLC molecules (with positive dielectric
anisotropy) start to reorient (out of plane, along the x-axis) and align along the electric
field, i.e., towards homeotropic texture. This means that the initial molecular alignment
(orientation in xy-plane) is not necessary to induce NLC waveguides (for TM-polarized
beam) using an external electric field, as already presented by Fraunauhoffer [13]. In our
work, the impact of alignment layers on electro-optically induced NLC waveguides was
analyzed (e.g., driving voltages, formation times). In both configurations of NLC cells, the
waveguide formation times and the driving voltages are comparable.
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3. Results
3.1. Linear Waveguides

The light guiding within an electrically induced and controlled NLC waveguide is
based on total internal reflection from two regions within the NLC layer with a different
spatial distribution of the molecules [13,14,29]. When there is no voltage applied, the NLC
molecules are uniformly oriented in a planar configuration (along the z-axis) over the whole
volume of the sample. As the voltage increases (above the Freedericksz threshold value),
molecules reorient out of plane towards the electric field lines to homeotropic orientation.
Figure 3a presents the orientation of molecules in a uniform NLC cell characterized by the
planar molecular alignment of a thickness equal to 12 um, the same as the thickness of the
analyzed NLC structures. The reorientation is induced by a uniform electric field; how-
ever, the final position of molecules depends, among others, on anchoring conditions, liquid
crystal elasticity and applied voltage, as it is sketched for 6CHBT NLC for U = 1.2 V— black
square, 1.5 V—gray circle, 2.0 V—light gray triangle, 2.5 V—magenta hexagon, 7.0 V—violet
hexagon, and 20.0 V—purple star. As the molecules reorient out of plane, the refrac-
tive index for the input beam linearly polarized along with x increases according to

1ne(0) = non,/ (n2 cos® 0 + n2 sin? 9)7%, where: 0 is the angle between the long axis and
yz-plane, and ny and 7, are ordinary and extraordinary refractive indices, respectively, as
is plotted in Figure 3b. In contrast, in the regions without electrodes, molecules maintain
a planar orientation. Therefore, in a non-uniform electric field induced by structured
electrodes, a transverse modulation of the refractive index is obtained. NLC cells with
structured electrodes resemble a graded waveguide structure for a linearly polarized input
beam with TM (along with x-axis) polarization.
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Figure 3. (a) Director distribution in NLC cell along the x-axis (cell thickness) as a function of the volt-
age (solid lines), plotted for U = 1.2 V—black (square), 1.5 V—gray (circle), 2.0 V—light gray (triangle),
2.5 V—magenta (hexagon), 7.0 V—violet (diamond), and 20.0 V—purple (star). (b) Refractive index
for TM-polarized beam (A = 532 nm) as a function of the orientation of molecules. (c-e) Experimental
evidence of a (1D + 1) waveguide formation (electrode width 5 um) and propagation of TM-polarized
beam at A = 532 nm. Beam evolution in yz-plane (left panel) and corresponding output profiles in
xy-plane (right panel) (c) for U=0V, (d) for U =23V, and (e) for U = 7.0 V biasing voltage. (f) Mean
beam width plotted for different voltages for 5 um (red circles) and 10 pm (blue triangles) electrode
widths. (g) Propagation of a TM-polarized beam at A = 642 nm and (h) A = 1064 nm, for U = 1.8 V and
5 um electrode width.

Without an electric field, the NLC molecules maintain planar orientation (9 = 00) and
the TM-beam propagates along the z-axis and diffracts as it does in isotropic media, with
the refractive index ng. For a driving voltage above the Freedericksz threshold value, the
molecules reorient under the electrode, increasing the angle 6. As a result, the refractive
index for the TM-polarized beam increases, and a waveguide channel is formed.
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The laser beam propagation in the designed structure with a straight electrode is shown
in Figure 3c—e. The linearly polarized input beam along the x-axis beam at A = 532 nm is
launched into the NLC sample in the region of the stripe-shaped electrode. Without the
external voltage (U = 0), the light beam diffracts, increasing its width with propagation
distance (Figure 3c). In the output plane (xy), this is visible as a broad illuminated region
along the y-axis, confirming the beam diffraction in the yz-plane. Along the x-axis, the beam
does not diffract significantly due to its limited thickness. Applying a voltage of (U =2.3V)
causes a reorientation of the NLC molecules and thus an increase in the refractive index in
this region, which consequently leads to the excitation of the waveguide channel (Figure 3d).
The intensity distribution at the cell output is approximately Gaussian, characterized by
partial ellipticity. The approximate diameter of the modal field is w, = 1.8 um and
wy = 2.9 um, measured as FWHM values. Increasing the voltage up to 7 V widens the
waveguide in both x and y directions due to further reorientation and saturation, and
nonlocality of NLC molecules, respectively (Figure 3e). The beam output profile becomes
irregular and corresponds to a mix of higher-order guiding modes. Therefore, the induced
waveguide starts to support more and more higher-order modes.

The mean width of a beam as a function of biasing voltage on electrodes of a width
equal to 5 and 10 pm is plotted and presented in Figure 3f. The beam is the narrowest for
a biasing voltage of about 2 V, then, as the voltage increases, the mean width of a beam
increases as well. Biasing voltage of 7 V results in irregular optical field distribution at the
output. It indicates that propagation is realized as a superposition of higher-order modes.

An electrically induced waveguide also supports different wavelengths. The propaga-
tion of the visible beam at A = 642 nm (Figure 3g) and infrared one A = 1064 nm (Figure 3h)
is recorded for a U = 1.8 V biasing voltage. Furthermore, NLC waveguides are not limited
to straight geometry. An example is presented in Figure 4, where there are sketched arch-
shaped electrodes of different sizes (left panel, Figure 4a) and a combination of three arch
electrodes (left panel, Figure 4b). The propagation of a TM-polarized beam of a wavelength
A =532 in a single arch-shaped channel and beam splitting at three different combined
NLC arch-shaped electrically induced waveguides (driving voltage U = 2.3 V) are shown
in Figure 4a,b (right panels). The possibility of beam splitting between more guiding
channels makes it possible to design and perform novel photonics devices for integrated
optical circuits.
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Figure 4. (a) Scheme of the curved geometry of the electrodes in NLC cell (left panel) and A = 532 nm,
TM-polarized beam propagation (right panel). (b) Combined three arch-shaped electrodes (left panel)
and TM-polarized beam propagation at A = 532 nm for U =2.3 V.
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3.1.1. Waveguide Formation Times

One of the important issues and also one of the significant drawbacks is the dynamics
of the waveguide channel formation. Due to the fact that reorientation involves, in general,
the rotation of the molecules, it is a relatively slow process. The relationship between the
response time and the dynamic rotational viscosity 7 and the cell thickness d is directly
proportional: t, ~ yd?. From this relation, the larger the dynamic rotational viscosity,
the slower the response time, but the thickness is even more critical in determining the
response time, as it is squared with the response time, which can be defined as the time
that a certain region of an NLC cell takes to turn from on to off or vice versa. NLC with
a low rotational viscosity favors a rapid switching using an electric field. For a specific
NLC, the value of the viscosity cannot be changed freely; however, the electrical driving
signal can be optimized to maximize the overall performance of the structure. In order to
determine the formation time of the induced waveguide structure, the setup, as shown in
Figure 1b, is used. The waveguide formation time is defined as the time from the moment
the voltage is switched on until the transverse beam profile at a given propagation distance
does not change and is more or less the same as the input beam profile. In an experiment,
a more convenient way is to use a photodetector at the output of the waveguide. The
criterion for the waveguide formation time that is measured is a time from beam coupling
to the input to a moment when the electric signal at the photodetector reaches 0.9 times
its maximum value. Generation of a waveguide channel requires a voltage just above
the Frederiks threshold value. Such a voltage value forces the molecules to reorient, thus
providing a change in refractive index (1,(0)) sufficient to guide the light beam. However,
in this case (relatively small voltage value), the reorientation time of molecules is on the
order of hundreds of milliseconds (for the 12 um thick cell).

The obtained NLC waveguide formation times are presented in Figure 5a. The reori-
entation time is estimated from a sequence of images taken by a CCD camera operating
at a recording rate of 30 fps, i.e., the measurement resolution is 33 ms. No significant
differences are observed in NLC cells with and without alignment layers at the bottom
and top surfaces. However, the arrangement of all molecules towards the propagation
direction seems to be a better approach to the reorientation process and slightly increases
the response times of the molecules.

The reorientation rate directly depends on the amplitude of the driving voltage. For
a driving voltage with an amplitude higher than the threshold value, the reorientation
process occurs significantly faster than for voltages of the order of the threshold value.
On the other hand, as shown already in Figure 3a, higher voltages are disadvantageous
because they induce too high reorientation (and thus a change in refractive index) and
promote/support higher-order modes. Therefore, we propose a solution of using two
voltages: a high overdrive voltage to achieve fast molecule reorientations and a voltage
to ensure single-mode waveguide maintenance. The duration time of this high amplitude
driving voltage must be precisely determined. It is important to reduce the amplitude of
a voltage to the optimum value needed for waveguide formation at a specific time. An
overdriving voltage duration that is too short will not result in a sufficient reorientation
angle to induce waveguide formation. On the other hand, when the duration of the
overdriving voltage is too long, the molecules will reorient too much, and the induced
waveguide becomes highly multimodal.

To determine the overdrive voltage duration, a typical configuration with two crossed
polarizers and a planar NLC cell with the optical axis oriented at 45° to the polarizers’ axis
is used. Without an electric field, an NLC cell placed between crossed polarizers acts as a
wave plate and brightens the field of view. As the voltage is switched on, the molecules start
to reorient, and the phase delay between ordinary and extraordinary wave components
changes. As a result, the intensity of a beam transmitted through the optical system varies
in time. It stabilizes at a certain level depending on the final position of the molecules for
a given voltage. Transmitted light intensity reaches the successive minima and maxima,
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finally reaching zero for the entirely reoriented molecules almost to a homeotropic texture.
The number of oscillations increases with the NLC birefringence and cell thickness.
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Figure 5. Experimental results on waveguide formation times and reorientation times. (a) Formation
times as a function of voltage for 5 um (red circles) and 10 um (blue triangles) electrode widths.
Open and filled markers refer to cells without and with an additional alignment layer, respectively.
(b) Transmission through NLC cell vs. determined in the cross-polarizer configuration plotted
for U=2.1V. The dotted red line denotes a decrease in the transmitted beam intensity to 10% of
the maximum value. (c) Reorientation time as a function of a biasing voltage (orange squares).
(d) Comparison of waveguide formation times for biasing voltage U = 2.1 V with (solid black line)
and without 21.2 V overdriving voltage (dotted blue line). Intensity represents voltage rise time on
the photodetector.

The oscillatory character of these changes for U = 2.1 V (the voltage value for which
single-mode waveguide is formed) is presented in Figure 5b. In the measurements intended
to determine the duration time of high overdriving voltage, a reorientation time is defined
as the time from when the voltage is turned on until the intensity of the transmitted beam
reaches 0.1 times its maximum value. From this, the reorientation times are determined for
different overdriving voltages and plotted in Figure 5c. The line fitted to the experimental
data is exponentially decreasing, and further increasing the voltage above a few tens of
volts does not significantly reduce the reorientation time.

The waveguide induction time measurements are investigated as a function of over-
driving voltage of duration, and amplitude presented in Figure 5b. The experiment is
performed in the same experimental setup as in Figure 2a. A sinusoidal overdriving voltage
of frequency 10 kHz and a precisely determined duration and amplitude, after which the
voltage dropped to a value of U = 2.1 V, are applied to the NLC cell. The waveguide
formation time is defined as the time that elapses from the voltage on until the electric
signal generated on the photodetector reaches 0.9 times its maximum.

The application of a high overdrive voltage made it possible to shorten a switching
time by two orders of magnitude. The best result is obtained for Uy, = 21.2 V, and the
formation time corresponds to 2.2 ms. The impact of a short duration voltage with high
amplitude (2.2 ms; 21.2 V) is presented in Figure 5d.
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3.1.2. Splitting Structures

Since the beam trajectory coincides with the shape of the electrodes, it is possible to
design more complex electro-optical circuits designed for optical switching. The Y-splitter
design is the simplest element to implement light splitting or switching. Figure 6a shows a
top view image of the designed Y-splitter. It consists of three individual electrodes with
a width of 10 um each, namely, (1), (2) and (3), as marked on the photo, which allows for
independent voltage control in each branch. The length of the first electrode to the forking
(splitting) is equal to 600 um; the angle between the second and third electrode is equal
to 7° and the length of these electrodes is equal to 600 um; thus, the distance between the
output electrode (the “fork” width) is 50 um. The voltages applied to the input electrode
and two output electrodes are labelled as Uj, Uy, and Us, respectively. The visible dark
stripe perpendicular to the input electrode is used to supply the voltage and does not affect
the beam propagation.
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Figure 6. Electro-optic structure with three independent electrodes (with a width of 10 um each) that
forms an optical Y-junction for TM-polarized beam: (a) Photo of the designed structure illuminated
by white light. (b—d) Beam propagation at A = 1064 nm and (e) intensity cross-sections along the
y-axis at z = 800 um that corresponds to biasing voltage of 2.1 V applied to the electrodes: no. 1 and 3
(solid black line), no. 1 and 2 (dashed blue line) and no. 1, 2 and 3 (dotted red line), respectively.
(f) Intensity cross-sections along the y-axis at z = 800 um in case of biasing voltage of 2.1 V applied to
electrodes 1 and 2, as a function of voltage at electrode no. 3: 0 V (dashed black line), 1.0 V (dotted
blue line), 1.4 V (dash-dotted green line), 2.1 V (solid orange line).

Figure 6b—d shows the propagation result of linearly polarized TM infrared beam
A = 1064 nm in the fabricated structure. The first electrode, supplied with a voltage U; =2.1 V
is used to induce the input channel. Applying a voltage to the top electrode (U, =2.1V;
Uz = 0 V) induces the upper channel and the beam follows the direction (Figure 6b),
while applying a voltage to the third electrode (U, = 0 V; U3 = 2.1 V) switches the beam
into the lower channel (Figure 6¢). Applying the same voltage to all three electrodes
(Uy =Up =U3z =2.1V) excites three waveguide channels in the medium, and the laser
beam propagates along these channels (Figure 6¢c). The light is captured by a single input
waveguide and then undergoes splitting /forking with approximately equal intensities due
to the electrode geometry. Figure 6e,f shows the corresponding intensity distribution in the
lower and upper channels at a distance of 800 um for different voltages, illustrating the
principle operation of the structure.

3.2. Nonlinear Waveguides

In a nonlinear case, an intense light beam in an NLC medium can propagate with a
constant width at a propagation distance exceeding the Rayleigh range multiple times. For
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the TM-polarized beam, the generation of nematicon requires proper alignment direction.
The strongest nonlinear response of the molecules is when molecules are oriented in the
direction of the k vector. For a non-threshold reorientation of molecules in the presence of
a light beam and avoiding the Freedericksz threshold effect, the initial pretilt of molecules
is induced by an external electric field (Figure 7a). Without an electric field, molecules are
subjected to a threshold, and, for the TM-polarized beam, diffraction is observed (Figure 7b).
In the presence of an electric field, molecules tend to reorient towards the x-direction. The
beam propagates in the form of spatial soliton (nematicon) and preserves its width at a
distance of a few millimeters (Figure 7c).

(=) / F@TE
< : x4 n
' T A

A\

A\

1\
A/

z[um)]

7[um] 2000

Figure 7. Experimental evidence of the light beam propagation in 6CHBT NLC cell, (A = 1064 nm;
optical power P = 1.5 mW): (a) The geometry of a cell and molecular orientation induced by an
electric field of amplitude above the threshold value. (b) Diffraction observed in a yz-plane for beam
propagation without biasing voltage. (c) Nematicons propagation for U= 1.6 V.

As described in the introduction part, in the nonlinear case, a light beam with suffi-
ciently high intensity can propagate in NLC medium, with a constant width over distances
many times the Rayleigh range, in the form of a so-called nematicon.

The alignment layers ensure planar orientation in the yz-plane with initial molecular
anchoring at 6 = 0 with respect to the z-axis (Figure 7a). Indium/tin oxide (ITO) thin
transparent electrodes deposited on the inner side of the NLC cell are applied to provide an
adjustable low-frequency electric field for the out-of-yz-plane reorientation of the molecules.
The NLC cell under consideration has been infiltrated with 6CHBT NLC and the linear
polarized TM (along x-axis) light beam at A = 1064 nm with optical power P = 1.5 mW has
been focused to the waist of several micrometers and then launched into the NLC cell with
its k vector oriented along the z-axis, as schematically presented in Figure 7a. Figure 7b
presents an experimental photo of light beam propagation without an external electric
field. As one can clearly see, the light beam diffracts. Without an external electric field,
the reorientation is subjected to a threshold value much higher than the 1.5 mW. When a
sufficiently high voltage is applied to the ITO electrodes, the NLC molecules are reoriented
in the xz-plane, changing, thus, the director orientation. Indeed, by applying an electrical
bias of 1.6 V (1 kHz), the self-trapped beam of TM-polarization is induced (Figure 7c). The
beam propagates in the form of a nematicon and preserves its width at a distance of 2 mm.

Among other possibilities of controll light propagation in NLC structures [30-33],
bycombining the propagation of the nematicon with the properties of structures with
specially designed electrodes as described in Section 3.1, we obtain a configuration for
changing the propagation direction of the nematicon in a Y-shaped geometry, as presented
in Figure 8a. It is composed of one initial electrode of a width of 100 pm and two electrodes
of a thickness equal to 50 pm with a short gap between them. The width of a cell is 50 um.
The amplitude of the driving voltage on each electrode can be controlled independently. The
propagation direction of the nematicon between the upper (U;) and lower (U,) electrodes
can be change by applying the voltage to the proper electrodes. To generate nematicon in
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the area designated by the initial electrode (Up), a TM-polarized IR beam of initial width
wo = 2.5 um and optical power P = 1.5 mW is coupled to the middle part of the NLC cell.
For the biasing voltage, the Uy = 2.1 V beam forms a nematicon that propagates along the
z-axis. Depending on the voltages U; and Uy, a nematicon is redirected to the upper or
lower part of the NLC cell, as presented in Figure 8b,c. Trajectories of the nematicon that
propagates in the case of Uy =2.1 Vand U; =2.1 V or U, = 2.1 V are plotted in Figure 8d.
After propagation over a 1 mm distance, the spatial separation of a beam exceeds 300 mm,
which may be advantageous for the application of the structure in integrated optical circuits.
More NLC cells can be combined to obtain guiding/switching structures or decouple the
beam from the NLC cell.
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Figure 8. Combination of three independent powered electrodes of a width of 100 and 50 um that
formed an optical Y-junction for TM-polarized beam: (a) Electrodes within NLC cell. (b) Nonlin-
ear propagation of a beam at A = 1064 nm and optical power P = 1.5 mW for biasing voltage of
Up=U; =2.1Vand (c) Uy = Uy =2.1 V. (d) Corresponding to (b,c) beam trajectories—black solid to
light gray dashed line, respectively.

4. Perspectives

Expanding the structure by the additional electrode/electrodes can increase the num-
ber of output ports. The 1 x 3 Y-switching structure was prepared by the same method
as the previously described 1 x 2 Y-shaped optical switches and is presented in Figure 9.
It consists of four independent electrodes, one of which is devoted to inducing the pretilt
of molecules in an initial channel, and the other three are responsible for changing the
direction of nematicon propagation between upper (Uy), middle (U;), and lower (Uz)
output ports. Figure 9b shows a low-power signal beam (A = 532 nm, TM-polarization)
propagation, the width of which increases along with propagation distance. For a high-
power TM-polarized beam (A = 1064 nm, P = 1.6 mW) and driving voltage Uy = 1.7 V,
a nematicon is formed. A nematicon can be routed between three output ports depending
on Uy, Uy, and Uj driving voltages, as it is plotted in Figure 9c and shown in Figure 9d-f.
A low-power co-polarized signal beam co-coupled with a high-power IR beam follows the
nonlinearly induced waveguide channel presented in Figure 9g—i.

An interesting advantage of the proposed configuration is that the signal can be
switched between the output channels not by changing the voltage value, but by using the
phase shift of a sinusoidal electrical signal on the electrodes. A structure is analogous to
the one described above and is shown schematically in Figure 10a. Based on the numerical
calculations (presented in Figure 10b), it is seen that there is a considerable asymmetry in
molecular reorientation out of the yz-plane in the proximity of the forked area when the
out of phase electrical sinusoidal signal is applied to the upper electrode. In the qualitative
numerical results, a theoretical value of reorientation angle in a cell midplane was found by
solving the Euler-Lagrange equation, with the assumption of strong anchoring conditions
at the boundaries (a planar alignment with an initial orientation of molecules at § = 0):

KH% + %soAsEz sin260 = 0, where K;;—the splay elastic constant; E—amplitude of the
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electric field (above the threshold value) directed along the x-axis; Ae—dielectric anisotropy;
f—reorientation angle of molecules out of the yz-plane. The voltages included in the
calculation are Uy = U, = 2.0 V. For the sake of simplicity, the counter phase of the voltage
on the upper electrode is assumed to be U; = - 2.0 V. In the considered situation, the
reorientation of the molecules is asymmetric about the symmetry axis of the electrodes in
the z-direction. Consequently, only one direction of nematicon propagation is preferred,
resulting in switching the nematicons trajectory from the upper channel (when all-electrical
signals are in phase) to the bottom channel (when the electric signal at the top electrode is
out of phase with the others).

10( “(h) () z[um] 1000

0=

z[um] : z[um] 1000

z[pum] 1000 0 z[pum] 1000

250

500 750 1000

z [um]

Figure 9. Combination of four independent controlled electrodes of a 100 um width in the initial
channel and 50 um in the output channels formed an optical 1 x 3-junction for TM-polarized
beam: (a) Electrodes within NLC cell. (b) Propagation of low-power signal beam (A = 532 nm, TM-
polarization). (c) Trajectories of self-induced nonlinear waveguides obtained for IR beam of optical
power P = 1.6 mW, TM-polarization, Uy = 1.7 V. (d—f) Nematicon propagation for driving voltage
applied sequentially to the electrodes Uy = 1.7V, U = 1.7 V and U3z = 1.7 V. (g—i) Guided low-power
signal beam (A = 532 nm, TM- polarization) co-coupled collinearly with an infrared beam.
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Figure 10. Redirection of nematicon in an optical Y-junction for TM-polarized beam using the phase
shift of a driving voltage: (a) Electrodes within NLC cell, with a marked one with variable phase.
(b) Asymmetry in the out-of-plane molecular reorientation when sinusoidal signal U; is out of phase
with the Uy and Uj of the electrical signals—numerical calculations. (¢) Experimental nonlinear beam
propagation of a wavelength A = 1064 nm and optical power P = 1.5 mW in case of U; = 1.7 V remains
in phase and (d) out of phase to Uy and Us.
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Experimental results presenting beam propagation and trajectory switching between
two electrically induced channels due to a counter phase driving signal on the upper
electrode (Uj) are presented in Figure 10c,d. The voltages of the sinusoidal signal (1 kHz)
were Ug 1, = 1.7 V. A phase delay between the electric signal on the upper electrode (U;) was
varied, ranging from 0 to 7t. When all voltages remain equal, and in phase, the distribution
of the effective refractive index for the TM-polarized IR beam in the forking section of the
NLC cell is symmetrical, and the initial beam propagation direction is such that the beam
propagates in the upper channel—Figure 10c. When the electric signal (U;) was delayed
by 7, the effective refractive index in the area between electrodes in the initial part of a
structure (Up) and the upper one (U;) decreases, and the beam propagation switches to a
lower channel—Figure 10d. The optical power of a beam remains constant in both cases at
P=15mW.

5. Conclusions

In this paper, electrically induced optical waveguides based on liquid crystals for
a linearly polarized light beam have been presented. They operate by refractive index
change induced by the reorientation of molecules under the influence of an external slowly
varying electric field. Different geometries, both straight and curved waveguide structures
as well as Y-shaped switches, have been presented. A method that significantly reduces
the formation time of such waveguides (single milliseconds) has been proposed, which is
undoubtedly an important step towards applications.

In the case of waveguides induced using both an external electric field and beam
intensity (nonlinear case), independently controlled electrodes with a given geometry allow
one to select the direction of signal (nematicon in this case) propagation by modifying the
amplitude and phase. In particular, we aim to develop efficient methods to form liquid
crystalline waveguide structures with the particular spatial distribution of the refractive
index within in order to obtain functional elements typical for integrated optics (e.g.,
waveguides of different shapes, logic gates, Y-junction, switches, and so forth).
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