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Abstract: A linear-polarization rotator based on the optically tunable pitch of chiral-azobenzene-
doped liquid crystals (CAdLCs) has been investigated. It is shown that the orientation of linearly
polarized (LP) light can be optically tuned using CAdLCs and that the transmitted light possesses a
good degree of linear polarization (DoLP). Experimental and simulation (4 x 4 Berreman matrix)
results show that the rotation angle is dependent on the pitch as well as the number of turns of the
cholesteric LC helix. Some causes to affect the DoLP of the output LP lights during photoisomerization
are also discussed. Moreover, a calibration term, (t), is also introduced to elucidate the behavior of
the discontinuous change of the CAdLC pitch in a fixed cell thickness.
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1. Introduction

Over many decades, scientists in both the academic and industrial sectors have studied and
exploited the remarkable optical properties of chiral nematic liquid crystals (LCs) (historically known
as cholesteric LCs (CLCs)), particularly the well-known phenomenon of selective Bragg reflection [1].
Selective reflection can be observed when the wavelength of the incident light is comparable to the
pitch of the CLC [1,2]. The central reflection wavelength (A,) defined by the Bragg condition can be
described as

Ao = nPycosh, 1

where n, Py, and 6 are the average refractive index of the LCs, pitch, and the angle between the incident
light and the helical axis of the CLC, respectively. The difference in the number of turns of the CLC
helix between the two Grandjean disclination lines in a wedged cell is 0.5, indicating that the pitch
can be automatically tuned to match the cell gap in accordance with the elastic free energy of the
LC [3]. The number of turns of the CLC helix and the pitch will also be spontaneously adjusted to be a
multiple value of one-half of the pitch (the period of the helical structure is actually one half of the
pitch due to the n = —n invariance). Moreover, the pitch of a CLC in a glass cell has been shown to
vary with temperature in a stepwise manner [4-10]. Because CLCs are typically sandwiched between
two rigid glass substrates, a pitch jump in the CLCs ensures that the number of turns of the helix
satisfies the one half-integer number required to fit within the cell gap. Moreover, Belyakov et al. and
Zink et al. have both reported that the pitch variation is related to the surface anchoring energy [7-10].

The pitch of a photosensitive-material-doped CLC can also be modified using light
illumination [11-15]. The key material for demonstrating an optically tunable wavelength-dependent
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linear-polarization rotator is the azo chiral dopant, also known as the chiral azobenzene dopant.
Known for its phototunable chirality, this type of material has been studied extensively over the past
decade. Considering chiral-azobenzene-doped LCs (CAdLCs), the central reflection wavelength and
corresponding reflection band, which are dependent on the pitch of the CLC, can be optically tuned
towards either red or blue wavelengths by a trans—cis photoisomerization process that is triggered
by light illumination at a specific wavelength. Additionally, the cis-isomers also tend to naturally
transform back to the stable trans-isomers over a certain period of time. The required time for naturally
transforming azobenzenes from cis-isomers back to trans-isomers via dark relaxation is typically of the
order of several tens of hours [11-15].

In addition to the well-known Bragg reflection, the application of CLCs, which can be used
to control the polarization direction of linearly polarized (LP) light, has not been widely reported.
Zhang et al. have successfully demonstrated a high-performance wedge-shaped CLC depolarizer [16].
They stated that the macroscopic spot of the light beam impinging on the CLC can be divided into
a summation of micron-sized spots. Each micron-sized spot of the light beam passes through a
specific position of the wedged-shaped CLC depolarizer, corresponding to a specific pitch of the
CLC. Therefore, the polarization state and orientation of the linear polarization of each micron-sized
spot can be modulated differently by the wedge-shaped CLC depolarizer. As a result, the output
depolarized light beam is a combination of the micron-sized spots that make up the light beam with
various orientations of the linear polarization. Their results indicated that CLCs can be used to control
the polarization orientation of the outgoing beam. Nevertheless, the control of polarization rotation of
transmitted LP light using phototunable CAdLCs has not been considered in detail.

Several techniques have been adopted to control the polarization orientation of LP light over
the past few decades. Briefly, the polarization direction of LP light propagating through an optical
device can be changed. One simple approach that can be employed to design a polarization rotator
for LP incident light involves the combination of a polarizer and a half- or quarter-wave retardation
plate [1,17,18]. However, the drawbacks associated with using such optical devices include the
wavelength dependence, requirements of precise alignment and orientation of the optical components,
and sensitivity to incident angles. To avoid the effect of a strong wavelength dependence of the
incident light on the linear-polarization rotator, several precisely designed birefringence quarter-wave
plates are required [19]. The fabrication processes become complicated, and the cost is therefore
relatively high. Moreover, Fresnel rhombs are usually applied as an achromatic 90° polarization rotator
based on total internal reflection. However, the dimensions of rhomb systems that are typically used
are excessively large, which precludes them from being used in compact electronics applications
because the propagation of the beam through the Fresnel rhombs generates a lateral shift caused by
the refraction of light [18]. Twisted nematic LCs (TN-LCs) can also rotate the polarization of LP light
within a certain limit. For a TN-LC that has a degree of twist characterized by ¢, and a combination
of parameters including the thickness (d), birefringence (An) of the LC, and wavelength (A) of the
incident light, which satisfy the Mauguin condition (i.e., ¢ << 27wdAn/A), the effect of polarization
rotation effect is valid. If the incident LP light possesses a wavelength that satisfies the Mauguin
condition, then the input linear polarization can be rotated by ¢ degrees upon passing through a TN-LC.
Although the fabrication of TN-LCs is relatively simple compared with the preceding two techniques,
the rotation angle ¢, of an incident monochromic light source cannot be readily electrically/optically
tuned in-situ continuously using a single device. However, the combination of the TN-LC and a
Fabry—Perot resonator has been shown to function as a spectrally-selective linear polarizer [20].

In this work, an optically controllable linear-polarization rotator based on a CAdLC is reported.
Experimental and simulation results reveal that CAdLCs can be employed to rotate the polarization of
incident LP light from one orientation to another. It is found that the orientation of the polarization
is dependent on both the pitch and the number of turns of the CLC helix. If the pitch can be tuned,
then the rotation of the polarization of incident light can be controlled.
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2. Materials and Methods

Two LC mixtures, namely, A and B, whose Bragg reflection bands were in the infrared (IR)
region, were prepared as follows. LC mixture A was prepared by mixing 86.6 wt% of the nematic
LC (726200-000, Fusol Material, Tainan, Taiwan) with 13.4 wt% of the right-handed chiral dopant
(CB15, helical twisting power (HTP) ~7 um ! for 726200-000 at 25 °C, Fusol Material, Tainan, Taiwan).
The pitch was calculated to be approximately 1066 nm. The refractive indices 7, and 7, of the LCs are
1.640 and 1.487, respectively, measured at a wavelength of 632.8 nm at 25 °C. LC mixture B, on the
other hand, was prepared by mixing 97.3 wt% of the nematic LC (E7, Merck, Taoyuan, Taiwan) with
2.7 wt% of the left-handed chiral azobenzene dopant of QI-3¢-S. The initial pitches were calculated
to be approximately 600 nm from the reflection bands. LC cells with gaps of ~15 pm, defined by
spacer beads, were prepared by assembling two glass substrates coated with indium tin oxide and
treated with homogeneous anti-parallel rubbed alignment layers. Finally, the homogeneously mixed
LC mixtures A and B were then injected into the empty glass cells to produce the LC films. The edges
of the LC cells were then sealed with epoxy.

3. Discussions

3.1. Effect of Changing the Number of Turns of the Helix on the Polarization Rotation Characteristics of CLCDs

Before demonstrating the ability to rotate the linear-polarization using CAdLC, some of the basic
properties of the linear-polarization rotator using CLCs are introduced to aid the following discussions.
Firstly, CLC mixture A was used to demonstrate the basic properties of the linear-polarization
rotator based on a CLC. An He-Ne laser (A = 632.8 nm) was selected to be the incident light source.
A schematic of the experimental arrangement is shown in Figure 1. Various cell gaps (which in turn
influence the number of turns of the CLC helix) were prepared to demonstrate the performance of the
linear-polarization rotators. The numbers of turns of the helix of CLC mixture A (pitch ~1066 nm),
filled into five different LC cells with cell gaps of 3.58, 6.95, 11.14, 13.38, and 15 um, were calculated to
be 3.5, 6.5, 10.5, 12.5, and 14, respectively. The calculations of the number of turns of the helix were
based on the fact that the pitch will be automatically tuned to fit the cell gap. As a result, the number of
turns will be spontaneously adjusted to be an integer multiple of 0.5. Thus, the calculated pitch lengths
were 1023, 1069, 1061, 1070, and 1071 nm in the LC cells for cell gaps of 3.58, 6.95, 11.14, 13.38, and
15 pum, respectively. The differences in the pitch lengths were found to be small. Thereafter, each CLC
linear-polarization rotator was placed between a linear polarizer and a linear analyzer to measure the
rotation angle of the output He-Ne laser beam by the CLC linear-polarization rotators with various cell
gaps. The angle between the transmission axis of the polarizer, which was used to linearly polarize
the He-Ne laser, and the rubbing direction of the CAdLCs cell was set at 45° in order to achieve as
close to a perfect polarization rotation as possible. The rotation angle of the outgoing LP light can be
determined by rotating the transmission axis of the analyzer. To further check the above experimental
results, the effect of the linear-polarization rotator was analyzed using simulations carried out using
the 4 x 4 Berreman approach, which is described in detail elsewhere [21,22]. All the parameters for
the simulation, such as the refractive indices of the LC, cell gap, CLC pitch, and transmission axes
of the polarizer and analyzer, were identical to those described in the experimental part. However,
the precise cell gap and the temperature and wavelength-dependent refractive indices of the LCs are
extremely difficult to be precisely determined.
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Figure 1. Experimental setup to investigate the rotation angle of LP (linearly polarized) light after

2 X

passing through the CLC. The orientation of the linear-polarization of the transmitted beam is rotated
in the x—y plane. P is the pitch of the five CLCs (cholesteric liquid crystals), whose helical axes are
aligned along the z-axis. The five inserts in the dashed square represent the cross-sectional views of the
five CLCs through the z—x plane.

Experimental and simulation results reveal the different rotation angles of the LP He-Ne laser
beam through the five CLC cells with the same pitch but different cell gaps, as shown in Figure 2a.
Interestingly, the rotation angles for the CLC linear-polarization rotators were found to be linearly
proportional to the number of turns of the CLC helix (cell gaps). However, comparing the experimental
and simulation results, the rotation angles by these five linear-polarization rotators did not coincide
with each other because of certain discrepancies in the physical parameters, including the cell gap
and the temperature- and wavelength-dependent refractive indices of the LCs employed in this study.
In addition, the planar alignment layers onto the substrates of the LC cells were nonuniform; as a
result, the CLCs were not aligned in perfectly Grandjean textures. To evaluate the linearity of the
output polarization, the degree of linear polarization (DoLP) is defined as the following:

(Imax — Imin)
where Imax and [yin are the measured maximum and minimum intensities of the output beam through
a rotating polarizer, respectively. Figure 2b shows the DoLP values obtained from the experimental
(green circles) and simulation (red circles) results, shown in Figure 2a, as a function of the cell gap.
All values are found to be close to unity. These findings indicate that the transmitted beam was linearly
polarized, and that the DoLP value was almost independent of the cell gap.
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Figure 2. (a) Experimental and simulation results of the rotation angle as a function of the cell gap;
(b) the DoLP (degree of linear polarization) values of the experimental results, shown in (a), as a
function of the cell gap.
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3.2. Effect of the Pitch on the Polarization Rotation Characteristics of CLCs

To control the rotation of the linear polarization, the optically active material, that is, the chiral
azobenzene, was employed to demonstrate an optically controllable and wavelength-dependent
linear-polarization rotator based on CAdLCs. LC mixture B was filled into a 15 um-thick LC cell and
was used to demonstrate such an optically controllable linear-polarization rotator. The experimental
setup is illustrated in Figure 3. A LP He-Ne laser was used as the incident light source with which
to examine the optically controllable linear polarization rotator when exposed to ultraviolet (UV)
illumination. The angle between the transmission axis of the polarizer, which was used to define the
state of linear polarization of the He-Ne laser, and the rubbing direction of the CAdLC cell was set
at 45°. The CAdLCs were illuminated with a UV light source with a central wavelength of 365 nm and
an intensity of 0.6 mW /cm? so as to gradually increase the pitch via photoisomerization.

Analyzer

Polarlzatlon direction
A rotates on xy-plane

ﬁ UV light

1llummatlon

. Polarizer |
X

Py increasing

i

632.8 nm

Figure 3. Experimental setup to investigate the rotation angle of the linear polarization of a He-Ne
laser during UV illumination. The orientation of linear-polarization of the transmitted beam can be
rotated in the x-y plane.

Experimental results indicated that the rotation angle of the incident LP probe beam increases
with the duration of UV illumination, as shown in Figure 4a. The rotation angle of the output LP
light ranging from 0° to ~180° can be controlled optically. To further understand the results of the
optically controllable linear-polarization rotators, a cell gap parameter («) after UV light illumination
for a specific duration is introduced:

a = k(t)[P(t) + (1)), ®)

where k(t) and P(t) are the number of turns of the helix and the pitch of the CAdLC, respectively.
B(t) is a calibration term, which is dependent on the UV illumination duration. The variable ¢
represents the UV illumination duration. Additionally, k(t) equals 0.5e, where e is a positive integer
(ie,1,2,3...)[3]. The cell gap parameter (¢) and the pitch are 15 um and 600 nm, respectively;
hence, k(t) equals 25. Following photoisomerization of the doped chiral azobenzene molecules,
the pitch gradually elongates with an increase in the UV illumination duration within a specific
time limit. However, as the pitch is tuned from 600 nm to 610 nm (590 nm), if the number of
turns of the CLC helix is kept constant (e.g., 30), the cell gap should be extended (shrunk) to
15.25 (14.75) um. The preceding circumstance is unreasonable because the cell gap of CAdLC cell is
invariable. Accordingly, the calibration term J(f) is added to calibrate P(t) to satisfy the condition of
Equation (3). In other words, the calibration term indicates that there is a force, resulting from the
alignment layers onto the substrates, that compresses or extends the pitch of a CLC as the pitch of a
CLC increases or decreases during illumination in order to satisfy Equation (3). For a given cell gap of
15 um, the k() or P(f) terms gradually decrease or increase with the duration of UV illumination because
of the effect of photoisomerization. Based on Equation (3), considering three different UV illumination
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durations, that s, 2, 30, and 60 s, the cell gap parameter and the relationships of k(t), P(t), and B(t) can be
expressed as the relationship & = k(2)[P(2) + B(2)] = k(30)[P(30) + B(30)] = k(60)[P(60) + B(60)] = 15 pm,
as shown in Table 1. The values of k(t) in order of increasing ¢ are k(2) > k(30) > k(60). As shown in
Figure 4a (experimental results), the rotation angles, ¢(t), are arranged in order of increasing ¢ are
@(2) < ¢(30) < ¢(60). Table 2 summarizes the relationship between ¢(t), k(t), and P(t) as t = 2, 30, and
60 s based on the results shown in Figure 4.

Table 1. Relationship of «, B(t), k(t), and P(t) as t = 2, 30, and 60 s and « = 15 um.

UV Illumination Duration, t Cell Gap Parameter, «
t=2(s) a=k(2)[P(2) + B(2)] =15 um
t =230 (s) o =k(30)[P(30) + B(30)] = 15 um
t =60 (s) a=k(60)[P(60) + B(60)] = 15 um

Table 2. Relationship of ¢(t), k(t), and P(t) as t = 2, 30, and 60 s.

UV Illumination Duration, t Relationship of (), k(t), and P(#) Description
¢(60) > ¢(30) > ¢(2) @(t) increases with time, ¢
t=2,30,and 60 (s) k(60) < k(30) < k(2) k(t) decreases with time, ¢
P(60) > P(30) > P(2) P(t) increases with time, ¢
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Figure 4. (a) Experimental results of the rotation angle as a function of the UV illumination duration;
(b) experimental results of the DoLP as a function of rotation angle.

Considering a CAdLC cell with a fixed cell gap, the rotation angle increases with the decreases
[increases] of k(t) [P(t)]. Usually, the P(t) cannot be unlimitedly increased, so the valid CLC pitch for
the polarization rotator will be discussed later [14]. The results obtained for the DoLP are shown in
Figure 4b. The values of DoLP are found to be very close to unity when the rotation angle is smaller
than 50°. This finding indicates that the polarization of the outgoing light is a near-perfect LP light
beam. However, the DoLP value decreases as the rotation angle increases. A larger rotation angle is
obtained for a longer pitch by exposing the cell to UV illumination for a longer period than usual.
Therefore, more cis-isomers are generated and consequently disturb the planar texture and the pitch
of the CLCs. Figure 5 depicts the planar textures of CAdLCs that are disturbed by the bent-shaped
cis-isomers [23-26]. This drawback can be overcome if the materials of chiral azobenzene with high HTP
can be obtained. Briefly, to obtain CLCs with a specific pitch, the required concentration of the chiral
dopant should be decreased with the increase in the HTP value of the selected chiral materials. Hence,
to approach the same pitch of CLCs, (600 nm), the required concentration of the chiral azobenzene with
high HTP can be reduced to decrease the population of cis-isomers that disturb the uniformity of planar
texture and pitch after photoisomerization (from trans- to cis-isomers). Thus, the uniformities of CLC
structures and the rotation angle of the output LP light can be improved significantly. Another method
to increase the DoLP is to keep the orientation of the CLC in a planar-aligned (Grandjean) texture by
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employing an LC with a negative dielectric anisotropy and applying an external electric field [27].
Figure 5 shows that the local pitch of the CLCs in the bulk of the LC cell after long UV illumination
could be nonuniform due to the various photoisomerization rates of azobenzenes in different regions,
caused by cell fabrication errors, such as inhomogeneous alignment layer and nonuniform cell gap [1,3].
The probe beam passed through the area of the CAdLCs, where the local pitch was nonuniform caused
by the cell gap fabrication errors.

—_—————
—

= cis-isomers

—

non-uniform pitch

Figure 5. Schematic diagram of CAdLCs (chiral-azobenzene-doped liquid crystals) with a planar
texture (helix axis normal to the substrates) that were disturbed by the bent-shaped cis-isomers after UV
illumination for a long period of time. Moreover, the local pitch could be nonuniform due to variations
in the cell thickness and nonuniform alignment layers.

Figure 6 shows a schematic diagram of the cross-section of a CAdLC cell for an incident probe
beam propagating along z-axis through mixture B (Figure 4) following UV illumination for a specific
duration. The angle between the polarization direction of the incident LP probe beam and the x-axis is
set to be 45°. We assume that the pitches in these four different subareas, namely, A;, Ay, A3, and Ay,
are different due to the cell fabrication errors after a certain UV illumination duration. The number
of the generated subareas could be more or less than four (Figure 6), depending on how high the
cell gap fabrication errors are. The probe beam goes through subareas A;, Ay, A3, and A4, and their
various pitches are Py, Py, P3, and Py, respectively. We assume that the pitch of mixture B (Figure 4)
can be supposedly tuned from the initial pitch (600 nm) to the expected pitch, Py, after a certain UV
illumination duration, and the P1, P, and P3 are those nonuniform pitches caused by the cell gap
fabrication errors, such as the variations in the cell thickness and the nonuniform alignment layers.
Hence, these four pitches are different. Based on the results shown in Figure 4b, the linear polarization
directions (rotation angles), denoted by the four green double-head arrows in Figure 6, of the four
output LP lights passing through the four subareas are different. Accordingly, as the transmission
axis of the analyzer rotates to be parallel to the linear polarization of output LP light, passing through
subarea Ay, the DoLP of the output LP light passing through the whole cross-section decreases with
the increase of the UV illumination duration because the polarization direction of the output LP light
is the sum of the four output LP lights. Hence, the calculated DoLP value of the output light decreased
because of the combined LP light, but not the elliptically polarized output light [28].
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Figure 6. Illustration of the combined linear polarizations of the output beam through the cross-section

of CAdLCs where the local pitch is nonuniform.

Simulations using the 4 x 4 Berreman matrix help to investigate the effect of the CLC pitch on
the rotation angle. Figure 7 shows the simulation results for the rotation angle in terms of the pitch
and number of turns of the CLC helix. The wavelength of the incident LP light and the LC material
used in this study were 632.8 nm and E7, respectively. For the same number of turns of the helix,
the rotation angle for LP red light by a CLC with a pitch of 3 um is found to be larger than that obtained
for a sample with a pitch of 1 pm. Moreover, regarding the same cell gap (9 pm), the rotation angle for
LP red light by a CLC cell with a pitch of 3 pm and 3 turns of the helix (red circle in Figure 7) is found
to be larger than that by a CLC cell with a pitch of 1 um and nine turns of the helix (green circle in
Figure 7). Table 3 shows the DoLP values of all the plotted data, depicted in Figure 7, based on the
simulations. All of the DoLP values are close to unity, indicating that the output light of the plotted

datais LP.
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Figure 7. Simulation results for the rotation angle of the polarization as a function of the number of

turns of the helix confined within a glass cell.

Table 3. DoLP (degree of linear polarization) values for all the data shown in Figure 7.

Pitch of 1 ym

Number of Turns of the Helix

1

2 3 4 5

6 7 8 9 10

DoLP

0999 0.997 0.995 0.993 0990 0.988 0.987 0.987 0.987 0.988

Pitch of 3 um

Number of Turns of the Helix

1

2 3 4 5

6 7 8 9 10

DoLP

0.883 0.997 0904 0989 0.908 0975 0.923 0.968 0.925 0.949
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Based on the simulated results shown in Figure 2b and Table 3, the DoLP values of the output
light are very close to unity. Therefore, for a homogeneous LC cell with a given thickness, the CLC
pitch for the polarization rotator is smaller than the LC cell gap. As the pitches are longer than the cell
gap, the CLC cells could become 90° TN-LCs or 180° super TN-LCs [1]. The limitation of pitch can be
understood because of setting the angle between the polarization direction of the incident light, and the
rubbing direction of the CAdLC cell was 45°. The DoLP of the output LP light after passing through
the LC cell could not be good enough. Moreover, for cells with a typical thickness of 3 um and original
pitch of 600 nm (Figure 4), the pitch should be tuned to 12 pm (6 um) using photoisomerization to
form 90° TN-LCs (180° super TN-LCs). Hence, such a chiral azobenzene is difficult to prepare for real
applications [14].

4. Conclusions

Polarization rotation and optically-induced tunable pitch of CLC for linear polarization rotation
have been investigated. With an electrically controllable pitch of CLCs as reported by Xiang et al. and
Xianyu et al. [29,30], a CLC polarization rotator can be utilized in various applications, such as lasers,
displays, communications, etc. In the past few decades, the research scope of CLCs has been mainly
limited to the category of displays, light shutters, lasers, and smart windows [1,2,4,5,12-15,21,26,31-34].
The authors hope that the reported investigations and analysis can further extend to other fields,
especially for the ability to rotate the polarization orientation using external stimuli. Most importantly,
in this paper, we have reported and demonstrated an optically controllable linear polarization
rotator experimentally, which is supported by results obtained using the 4 x 4 Berreman matrix.
A phenomenological description of the polarization rotation is introduced that is based on the pitch
and number of turns of the CLC helix, and the angle of 45° between the transmission axes of the
polarizer. These were developed in accordance with the modeling of the reflection of cholesteric LCs
using the Jones matrix, proposed by Yang et al. [35]. The detailed theory of calibration term, (), is also
under development. Moreover, to overcome the reduction of the DoLP after the long exposure to UV
illumination (see Figure 4b), chiral azobenzenes with very high HTP would be preferred to reduce the
disturbance introduced from the bent-shaped cis-isomers [14].

Acknowledgments: We would like to thank Chi-Lun Ting for his useful discussions. We also sincerely thank
the reviewers for their valuable comments and great suggestions. This research was financially supported by
the Ministry of Science and Technology (MOST) of Taiwan under Grant No. MOST 106-2112-M-008-002-MY3.

Author Contributions: Cheng-Kai Liu, Stephen M. Morris, and Ko-Ting Cheng wrote the manuscript and
proposed the theoretical analysis. Chian-Yu Chiu and Min-Cheng Tsai fabricated the LC cells and performed
the experiments. Cheng-Kai Liu, Chain-Yu Chiu, Chii-Chang Chen, and Ko-Ting Cheng analyzed the experimental
results. Ko-Ting Cheng conceived the idea and supervised the study. All authors reviewed the manuscript.

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

References

1. Wu,S.T,; Yang, D.K. Reflective Liquid Crystal Displays; Wiley: Chichester, UK, 2011.

2. Coates, D. Development and applications of cholesteric liquid crystals. Lig. Cryst. 2015, 42, 653-665.
[CrossRef]

3. Podolskyy, D.; Banji, O.; Rudquist, P. Simple method for accurate measurements of the cholesteric pitch
using a “stripe-wedge” Grandjean—Cano cell. Lig. Cryst. 2008, 7, 789-791. [CrossRef]

4. Morris, S.M.; Ford, A.D.; Coles, H.]. Removing the discontinuous shift in emission wavelength of a chiral
nematic liquid crystal laser. J. Appl. Phys. 2009, 106, 023112. [CrossRef]

5. Funamoto, K.; Ozaki, M.; Yoshino, K. Discontinuous shift of lasing wavelength with temperature in
cholesteric liquid crystal. Jpn. J. Appl. Phys. 2003, 42, L1523-L1525. [CrossRef]
Coles, H.J.; Morris, S.M. Liquid-crystal lasers. Nat. Photonics 2010, 4, 676-685. [CrossRef]

7. Zink, H,; Belyakov, V.A. Temperature hysteresis of the change in the cholesteric pitch and surface anchoring
in thin planar layers. . Exp. Theor. Phys. 1997, 85, 285-291. [CrossRef]


http://dx.doi.org/10.1080/02678292.2015.1020454
http://dx.doi.org/10.1080/02678290802175756
http://dx.doi.org/10.1063/1.3177251
http://dx.doi.org/10.1143/JJAP.42.L1523
http://dx.doi.org/10.1038/nphoton.2010.184
http://dx.doi.org/10.1134/1.558276

Materials 2017, 10, 1299 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

Belyakov, V.A.; Kats, E.I. Surface anchoring and temperature variations of the pitch in thin cholesteric layers.
J. Exp. Theor. Phys. 2000, 91, 488—496. [CrossRef]

Belyakov, V.A.; Oswald, P; Kats, E.I. Temperature pitch variations in planar cholesteric layers: The role of
fluctuations and surface anchoring. J. Exp. Theor. Phys. 2003, 96, 915-921. [CrossRef]

Belyakov, V.A,; Stewart, LW.; Osipov, M.A. Dynamics of jump wise temperature pitch variations in planar
cholesteric layers for a finite strength of surface anchoring. J. Exp. Theor. Phys. 2004, 99, 73-82. [CrossRef]
Liu, CK.; Huang, W.L.; Fuh, A.Y.G.; Cheng, K.T. Binary cholesteric/blue-phase liquid crystal textures
fabricated using phototunable chirality in azo chiral-doped cholesteric liquid crystals. J. Appl. Phys. 2012,
111,103114. [CrossRef]

Liu, J.H,; Yang, P.C.; Hung, H.J.; Liaw, D.]. Photochemical tuning capability of cholesteric liquid crystal cells
containing chiral dopants end capped with menthyl groups. Lig. Cryst. 2007, 34, 891-902. [CrossRef]

Li, Q.; Green, L.; Venkataraman, N.; Shiyanovskaya, I.; Khan, A.; Urbas, A.; Doane, ].W. Reversible
photoswitchable axially chiral dopants with high helical twisting power. ]. Am. Chem. Soc. 2007, 129,
12908-12909. [CrossRef] [PubMed]

White, T.J.; Bricker, R.L.; Natarajan, V.; Tabiryan, N.V.; Green, L.; Li, Q.; Bunning, T.J. Phototunable
azobenzene cholesteric liquid crystals with 2000 nm range. Adv. Funct. Mater. 2009, 19, 3484-3488. [CrossRef]
White, TJ.; Cazzell, S.A.; Freer, A.S.; Yang, D.K.; Sukhomlinova, L.; Su, L.L.; Kosa, T.; Taheri, B.; Bunning, T.J.
Widely Tunable, Photoinvertible Cholesteric Liquid Crystals. Adv. Mater. 2011, 23, 1389-1392. [CrossRef]
[PubMed]

Zhang, D.; Luo, F; Luo, Y,; Li, J.; Liu, C.; Liu, H.; Shen, Z.; Wang, W. Cholesteric liquid crystal depolarizer.
Opt. Eng. 2007, 46, 070504. [CrossRef]

Duarte, EJ. Tunable Laser Optics; CRC: Boca Raton, FL, USA, 2015.

Hecht, E. Optics; Addison Wesley: San Francisco, CA, USA, 2002.

Masson, ].B.; Gallot, G. Terahertz achromatic quarter-wave plate. Opt. Lett. 2006, 31, 265-267. [CrossRef]
[PubMed]

Gunyakov, V.A ; Timofeev, L.V,; Krakhalev, M.N.; Zyryanov, V.Y. Polarization exchange of optical eigenmode
pair in twisted-nematic Fabry-Pérot resonator. Phys. Rev. E 2017, 96, 22711. [CrossRef] [PubMed]

Ting, C.L.; Lin, T.H.; Liao, C.C.; Fuh, A.Y.G. Optical simulation of cholesteric liquid crystal displays using
the finite-difference time-domain method. Opt. Express 2006, 14, 5594. [CrossRef] [PubMed]

Yeh, P; Gu, C. Optics of Liquid Crystals Displays; Wiley: New York, NY, USA, 1999.

Lin, J.D.; Hsieh, M.H.; Wei, G.J.; Mo, TS.; Huang, S.Y.; Lee, C.R. Optically tunable/switchable
omnidirectionally spherical microlaser based on a dye-doped cholesteric liquid crystal microdroplet with an
azo-chiral dopant. Opt. Express 2013, 21, 15765-15776. [CrossRef] [PubMed]

Fuh, A.Y.G.; Wu, Z.H.; Cheng, K.T.; Liu, C.K.; Chen, Y.D. Direct optical switching of bistable cholesteric
textures in chiral azobenzene-doped liquid crystals. Opt. Express 2013, 21, 21840-21846. [CrossRef] [PubMed]
Chen, LJ; Lin, ].D.; Lee, C.R. Optically stable and tunable quantum dot nanocrystals embedded cholesteric
liquid crystal composite laser. J. Mater. Chem. C 2014, 2, 4388-4394. [CrossRef]

Huang, T.C.; Chen, Y.Y.; Chu, C.C.; Hsiao, V.K.S. Optothermal Switching of Cholesteric Liquid Crystals:
A Study of Azobenzene Derivatives and Laser Wavelengths. Materials 2015, 8, 6071-6084. [CrossRef]
[PubMed]

Xu, M.; Yang, D.K. Dual frequency cholesteric light shutters. Appl. Phys. Lett. 1997, 70, 720-722. [CrossRef]
Sutormin, V.S.; Timofeev, 1.V.; Krakhalev, M.N.; Prishchepa, O.0.; Zyryanov, V.Y. Orientational transition in
the cholesteric layer induced by electrically controlled ionic modification of the surface anchoring. Lig. Cryst.
2017, 44, 484-489. [CrossRef]

Xiang, J.; Li, Y,; Li, Q.; Paterson, D.A.; Storey, ] M.D.; Imrie, C.T.; Lavrentovich, O.D. Electrically tunable
selective reflection of light from ultraviolet to visible and infrared by heliconical cholesterics. Adv. Mater.
2015, 27, 3014-3018. [CrossRef] [PubMed]

Xianyu, H.; Faris, S.; Crawford, G.P. In-plane switching of cholesteric liquid crystals for visible and
near-infrared applications. Appl. Opt. 2004, 43, 5006-5015. [CrossRef] [PubMed]

Yang, D.K.; Chien, L.C.; Doane, J.W. Cholesteric liquid crystal/polymer dispersion for haze-free light shutter.
Appl. Phys. Lett. 1992, 60, 3102-3104. [CrossRef]

Liu, CK.; Cheng, K.T.; Fuh, A.Y.G. Observation of anisotropically reflected colors in chiral monomer doped
cholesteric liquid crystals. Appl. Phys. Lett. 2011, 98, 041106. [CrossRef]


http://dx.doi.org/10.1134/1.1320082
http://dx.doi.org/10.1134/1.1581945
http://dx.doi.org/10.1134/1.1787080
http://dx.doi.org/10.1063/1.4721899
http://dx.doi.org/10.1080/02678290701407185
http://dx.doi.org/10.1021/ja0747573
http://www.ncbi.nlm.nih.gov/pubmed/17927184
http://dx.doi.org/10.1002/adfm.200900396
http://dx.doi.org/10.1002/adma.201003577
http://www.ncbi.nlm.nih.gov/pubmed/21400602
http://dx.doi.org/10.1117/1.2756073
http://dx.doi.org/10.1364/OL.31.000265
http://www.ncbi.nlm.nih.gov/pubmed/16441051
http://dx.doi.org/10.1103/PhysRevE.96.022711
http://www.ncbi.nlm.nih.gov/pubmed/28950633
http://dx.doi.org/10.1364/OE.14.005594
http://www.ncbi.nlm.nih.gov/pubmed/19516728
http://dx.doi.org/10.1364/OE.21.015765
http://www.ncbi.nlm.nih.gov/pubmed/23842363
http://dx.doi.org/10.1364/OE.21.021840
http://www.ncbi.nlm.nih.gov/pubmed/24104076
http://dx.doi.org/10.1039/C4TC00128A
http://dx.doi.org/10.3390/ma8095293
http://www.ncbi.nlm.nih.gov/pubmed/28793552
http://dx.doi.org/10.1063/1.118261
http://dx.doi.org/10.1080/02678292.2016.1218557
http://dx.doi.org/10.1002/adma.201500340
http://www.ncbi.nlm.nih.gov/pubmed/25821155
http://dx.doi.org/10.1364/AO.43.005006
http://www.ncbi.nlm.nih.gov/pubmed/15468701
http://dx.doi.org/10.1063/1.106765
http://dx.doi.org/10.1063/1.3545848

Materials 2017, 10, 1299 11 of 11

33. Lua, S.Y,; Chien, L.C. A polymer-stabilized single-layer color cholesteric liquid crystal display with
anisotropic reflection. Appl. Phys. Lett. 2007, 91, 131119. [CrossRef]

34. Cheng, K.T,; Liu, C.K,; Ting, C.L.; Fuh, A.Y.G. Optical Addressing in Dye-Doped Cholesteric Liquid Crystals.
Opt. Commun. 2008, 281, 5133-5139. [CrossRef]

35. Yang, D.K.; Mi, X.D. Modelling of the reflection of cholesteric liquid crystals using the Jones matrix. J. Phys.
D Appl. Phys. 2000, 33, 672-676. [CrossRef]

@ © 2017 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 (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1063/1.2790499
http://dx.doi.org/10.1016/j.optcom.2008.07.028
http://dx.doi.org/10.1088/0022-3727/33/6/313
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Discussions 
	Effect of Changing the Number of Turns of the Helix on the Polarization Rotation Characteristics of CLCDs 
	Effect of the Pitch on the Polarization Rotation Characteristics of CLCs 

	Conclusions 

