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Abstract

A cholesteric liquid crystal device having the uniform king helix (ULH) structure shows stable and
reversible characteristics and it has been demonstrated for the analogue modulation in 10 micro-
second response time at room temperature. The device comprises a polymer-free chiral nematic liquid
crystal mixture and the photoalignment layer is irradiated by the UV light to cause a preferred
orientation of the liguid crystal. The ULH structure is obtained by cooling the liguid crystal mixture
from the isotropic phase transition temperature in the presence of electric field. On the electrical and
thermal cycling, no noticeable hysteresis has been observed. In addition, the tilt angle and response
time have been measured in good agreement with Meyer's theary on the flexoelectric effect in liquid
crystals.
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1. Introduction

In 1949, Meyer discussed theoretically the splay-bend deformation of liquid crystals in association
with an electric polarization. He further derived the linear electro-optic equation in liquid crystals
assuming the negligible dielectric anisotropy [1]. In case of cholesteric liquid crystal. the rotation of
optics axis has been predicted giving rise to a tilt angle when an electric field is applied normal to the
optics axis. The optics axis is parallel to the helix axis of cholesteric liquid crystal in the absence of
electric field. For small ratation, this tilt angle is linearly dependent on the magnitude of electric field.
In addition, the sign of tilt angle follows the polarity of electric field. Interestingly, the responss time
does not depend on the electric field in small rotation approximation. It is commonly referred to as
the flexoelectric effect. This effect has been observed in the nematic, cholesteric and smectic phases
particularly in the wedge shape or bend core liquid crystal molecules.

In case of small dielectric anisotropy, a field-induced domain pattern containing regions of splay and
bend could be theoretically formed in nematic liguid crystals. The domain width has been suggested
to be inversely proportional to the magnitude of electric field and the &/K, ratio. The mean
flexoelectric coefficient and the splay elastic constant are denoted by & and K, respectively. 5o, the
domain width can be large since &K, is usually small. This is conditioned on the identical flexoelectric
coefficients, one elastic constant approximation and negligible current effects. It was further discussed
by Patel and Meyer that the formation of a continuously rotating director structure in alternating
bands of splay and bend deformation could be observed in cholesteric liquid crystal [2]. Because the
director is already continuously rotating in the cholesteric in a pure twist fashion. The formation will
be manifested readily as the flexoelectric effect becomes non-negligible. Later in 1989, Patel and Lee
[3] measured the response time about 100ps for the ULH structure in cholesteric liquid orystal. it
agreed with the predicted value of 10-100ps. This fast response time which was also predicted to be
independent of the electric field for small rotation was shown experimentally.

The problem to obtain a stable and homogeneous ULH structure has been reported since the late
eighties. Often, it requires cooling the ligquid crystal from the isotropic phase in the presence of electric
field to obtain the ULH structure. Mechanical shearing has been described in some occasions
necessary for the homogeneity of ULH structure. To minimize the elastic energy associated with the
distortion, the ULH structure in homogeneous or homeotropic boundary condition has been found
not stable. It will relax back to the Grandjean texture after the remowval of electric field. Attempts such
as polymer network in the bulk of liguid crystal or at the substrate surface had been demonstrated to
stahilize the ULH structure [4-5]. The polymer-stabilized ULH structure can be restored in the thermal
cycling from isotropic phase to cholesteric phase. It was also stable for the electric field greater than
the helix unwinding field. There were issues not yet solved such as hysteresis problem and retarded
response time although the progress in minimizing the residual birefringence has been made.

Stabilization by the grating structures with periodic anchoring conditions [6], periodic microchannels
[7]. surface relief structures generated by laser [8] and by moulding [9] were also reported. The issue
associated with these techniques was the low fill factor since the grating structure occupied part of
the footprint for the optical modulation. Other techniques such as shearing [10], treatment by plasma
beam [11], chalesteric alignment layer [12], inhomogeneity induced by in-plane field [13-14] and
dynmamic state switching [15] were found favourable to the formation of stable ULH structures.
However, stabilization of the ULH structure by shearing [10] would not be compatible with present
LCD manufacturing processes. Treatment by plasma beam [11] provides questionable homogeneity
over a large area and it is considered to be incompatible with present LCD manufacturing processes.
Stabilization of the ULH structure by the incorporation of cholesteric alignment layer [12] has the
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disadvantage that a sizeable thickness of cholesteric alignment layer is required. This causes problems
such as vaoltage drop, voltage holding ratio and residual birefringence. Inhomogeneity induced by in-
plane field [13-14] has the possibility of stabilizing the ULH structure. Mevertheless, this provides a
limited fill factor due to the requirement for the interdigitated electrodes. Stabilization of the ULH
structure by dynamic state switching [15] has the drawback that a periodic reset is required to refresh
the ULH structure and the stahbility at an elevated temperature is not clear.

2. Theory

For the flexoelectric effect in cholesteric liquid crystals, we recall the equations derived by Patel et al
[2, 3] and use the same notations. In the following discussion, the uniform lying helix (ULH) structure
is referred to the topalogical structure formed in chalesteric liquid crystal wherein the helical axis is
lying parallel to the substrate surface. In the presence of electric field, the helical axis of ULH structure
is rotated by a tilt angle g about the x-axis. It is assumed that the helix axis of ULH structure is initially
along the z-direction. The electric field E is applied in the x-direction while the director of cholesteric
liquid crystal is parallel to the x-y plane. The equilibrium helical distortion is determined by the balance
between the elastic energy and the field energy due to the flexoelectric coupling with the electric field
under the assumption of non-negligible dielectric contribution. Therefore, taking the one elastic
constant approximation and for small rotation, the tilt angle is given by

tan(0) = °E/tyk; (1)

where K, is the splay elastic constant, t, is the equilibrium twist of cholesteric liquid crystal and & is
the mean flexoelectric coefficient assuming that &=e.=e,. The splay and bend flexoelectric coefficients
are denoted by e, and &, respectively. The equilibrium twist is defined as 2n/p, where p, is the
corresponding pitch of cholesteric liquid crystal at equilibrium. The electric field represented by E is
homogeneous spatially in this case. In addition, according to the balance of torque equation that
governs the dynamics of helix rotation, the characteristic time for small rotation is given by

r=Y1/tiK, (2)

where y, is the viscosity of pure rotation. It is independent of electric field and it is measured as the
average of rise time and fall time. It is commaonly referred to as the response time. When the elastic
constants are not equal, Rudquist et al [1&] have obtained the following equation for the tilt angle in
small rotation approximation.

tan(@) = eEj K, - [{Kl +K3)faK, - 1]sin() (3)

where K, and K; are the twist and bend elastic constants respectively. Since the tilt angle is usually
small. Eq. [3) can be reduced to Eq. (1) with K, substituted by the average of K, and K.. In the first
order approximation, the authors have also replaced the splay elastic constant in Eq. (2) by the average
of K, and K; to calculate the response time. So, we shall use the average of K, and K; to substitute K,
accordinghy.

3. Experiments

Ta measure the tilt angle and the response time, the device having the ULH structure was placed
between the cross polarizers in an optical microscope. A coloured glass long-pass filter cut-off at
&10nm was inserted in the light path. The choice was to compare the measurements by the Helium-
Meon laser. The transmitted intensity and its relative change in term of the incident intensity I, are

respectively given by
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I = Ipsin® (28)sin?(™ANd/3,) (4a)
Alf21 = sin(40)/tan(2F) (4b)

where B is the angle of optic axis relative to the polarizer axis in the absence of electric field. The
effective birefringence, thickness of cell gap and centre wavelength of incident light are denoted by
An, d and A, respectively. At B=22.5°, the tilt angle can be obtained by Eq. (1) and Eq. (4b). So, the
relative change in transmitted intensity becomes proportional to four times of the electric field in
small rotation approximation.

In Device 1, the transverse field switching electrodes were fabricated using the indium tin oxide (ITO)
film. Azo-dye film was spin-coated on top of the transverse field electrode and it was baked at 80°C
for 15min. The azo-dye material was patented and the experimental results can be found in the report
by ¥ip et al [17]. It was expased in proximity to a linearly palarized LW light at 50/em?. A quartz photao-
mask was used to transfer the image to the illuminated region. A polymer-free chiral nematic liquid
crystal mixture comprising E7 and R5011 from Merck was disposed between the first and second
substrates. Both substrates were made of glass material and the perimeter was sealed by Morland
MOA &8 1V adhesives. An alternating electric field was applied while the liquid crystal was cooling
from the isotropic phase. In this case, the electric field was homogeneous and substantially normal to
the substrate surface. The ULH structure was observed to grow and after a sufficient long time it
became stable in the absence of electric field.

In Device 2, the in-plane switching electrodes were fabricated using the aluminium on chromium film.
Megative photoresist AZ nLOF 2020 from MicroChemicals was spin-coated at 4000rpm for 30 second
before it was baked at 100°C for 1min. Then, it was exposed in proximity to UV light with a gquartz
phaoto-mask. It was post baked at 110°C for 1min before it was developed in AZ 724 MIF for 90 second.
A layer of about 20nm chromium and 100nm aluminium was deposited in sequence by sputtering.
Lift-off in 1-Methyl-2-pyrrolidon (MMP) and resist stripping by oxygen plasma were followed. At the
end of the processes, the substrate having the electrodes for in-plane switching was obtained and it
was substituted for the first substrate in Device 1. The in-plane switching electrodes were short-
circuited externally by a connection wire. These were acted as the counter electrode when the electric
field was applied in this case. Therefore, the electric field was not homogeneous spatially. Stable ULH
structure was formed after the liquid crystal was cooling from the isotropic phase in the presence of
electric field. For the normal operation, the connection wire would be removed and the ITO electrode
on the second substrate would be left disconnected as a floating electrode.

In Dievice 3, the fringe field switching electrodes were fabricated using the materials of aluminium on
chromium, silicon dioxide and ITO. To fabricate the first electrode, the ITO film was patterned by the
lithographic technique and it was subsequently etched in diluted hydrochloric acid. & layer of 400nm
silicon diowide was then deposited by PECVD on top of the first electrode. The lithography, film
deposition and lift-off steps for the second electrode were repeated according to Device 2. At the end
of the processes, the substrate having the electrodes for fringe field switching was obtained and it was
substituted for the first substrate in Device 1. The electric field was also not homogeneous spatially.
To obtain the low threshold voltage and high breakdown field, high quality PECVD silicon oxide was
critical. Stable ULH structure was formed as in Device 2 although there was fringe field induced
inhomogeneity at the perimeter of electrode. Likewise, the ITO electrode on the second substrate
would be floating for the normal operation. More information regarding the fabrication of these
devices can be found in the published application [18].
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The equipment used in these measurements were Olympus optical microscope BY &0, Hewlett
Packard UWV-visible spectroscopy system 8453, Agilent Technologies digital storage oscilloscope
DS05034A, Thurlby Thandar Instruments programmable function generator TG1304. Linkam hot stage
LTS 350 with controller TMS 94, Thorlabs photo-diode PDA 55 and a calibrated high-voltage amplifier.
It was noted that the measurements and the photo were taken at 22°C unless it was mentioned
otherwise.

4, Results and Discussion

In a microscopic view, small domains were observed growing as the liguid crystal was cooling from
the isotropic phase in the presence of electric field. These small domains coalesced and became large
domains having a structure of long thin stripes. These large domains further grew to a ULH structure
comprising aligned domains of splay and bend deformation. The ULH structure in the transverse field
switching electrode configuration was aligned in a preferred orientation induced by the alignment
layer. The azo-dye material was used for the alignment layer in this case. The ULH structure exhibited
a very good homogeneity in a viewing area of 3mm x 4mm as shown in Fig. 1 (a)-[b). The azimuthal
angle of optics axis relative to the polarizer axis was denoted by B whereas P, A and O denoted the
polarizer axis, analyzer axis and optics axis respectively. In Fig. 1 (c)-(d), the width of long thin stripes
was about 10um whereas the typical length was longer than 400um. The ULH structure comprising
these aligned domains were found having stable and reversible characteristics. In a control
experiment, this ULH structure can withstand oycling at a high electric field up to 10%/um and high
operating temperature close to 0.8 of the isotropic phase transition temperature.

According to our simulation results, the fluctuations in the surface director orientation and the
discontinuous structural changes will be manifested at the substrate surfaces when the electric field
reaches the cut-off condition at an elevated temperature below the isotropic phase transition
temperature. Since the dielectric anisotropy is negligibly small in this regard, the flexoelectric effect
becomes the dominant cause for the onset of aligned domain formation. It is also shown that the
perturbation term in twist does not depend on the dielectric anisotropy and the continuous helical
distortion will grow when the electric field is sufficiently large. On cooling down in the presence of
electric field, the dielectric contribution begins to couple with the curvature induced by the
flexoelectric effect and the ULH structure comprising the aligned domains of splay and bend
deformation will be formed as a result. This is assumed that a flat surface without any protrusion is in
direct contact with the liquid crystal layer. So. the rotating director in the form of splay and bend
deformation is not perturbed locally by the surface distortion.

In Fig. 2, the ULH structure was obtained using a transverse field switching electrode configuration.
Very good homogeneity at the azimuthal angle of 0% and 45° was observed in a viewing area of about
&mm in diameter. It was noted that the scattering of the non-illuminated background area was due to
the formation of focal-conic texture. The device preparation was described in Device 1. In Fig. 3, the
ULH structure was obtained using an in-plane switching electrode configuration and the device
preparation was described in Device 2. The homogeneity was good in a viewing area of 400pm x
760pm as shown in the inserted photo. The in-plane electrodes were viewed dark at the azimuthal
angle of 0% and 45° as shown in Fig. 3 (a) and Fig. 3 (b) respectively, since the photo was taken in the
transmission mode. In Fig. 4, the ULH structure was obtained using a fringe field switching electrode
configuration and the device preparation was described in Device 3. The homogeneity was reasonably
good in a viewing area of S00pm x 760pm as shown in the inserted photo although there was a fringe
field induced inhomogeneity at the perimeter of electrode. Likewise, the fringe field electrode shown
in Fig. 4 (a) and Fig. 4 (b} was taken in the transmission mode. In Fig. 3 and Fig. 4, straight and parallel
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metallic arrays were fabricated to form the comb-shaped electrodes and the electrode width and
spacing were 10um and 8pm respectively. In these figures, it was demonstrated that stable ULH
structure can be formed in three types of electrode configuration each having a distinctively different
spatial distribution of electric field.

These results were not obvious and they were not in agreement with other published work. Firsthy,
stable [13] and unstable [ 14] ULH structures had been inconsistently reported in the in-plane switching
electrode configuration under the homogeneous boundary condition. Bimesogenic molecules of
positive dielectric anisotropy and similar set of conditions were used. The authors attributed one of
the causes to the inhomogeneity in the field produced by the interdigitated electrodes. Secondly, the
commercial chiral nematic mixture was used in the homeotropic boundary condition to mitigate the
difficulties in obtaining the ULH structure [14]. However, there was light leakage in both electrode and
non-electrode regions shown in their results and the dark state was hardly homogeneous. It has been
known that the rod-like liquid crystal molecules in proximity of an electrode region will have equal
chance to arient in the left or right direction due to the symmetry of in-plane switching electrode
structure. This happens regardless of the inhomogeneity in the field produced by the interdigitated
electrodes. As a result, the liquid crystal molecules to a large extent cannot form a homogeneous
ohservation in the electrode regions after the removal of electric field. This cannot be explained
satisfactorily by the defects or randomly oriented domains of ULH formed simultaneously as the
dominating causes for the observation. Therefore, we suggest that the dielectric coupling cannot be
ignored according to our simulation results and it is the aligned domains inherited in our present work
that stabilize the ULH structure after the remowval of electric field. They can be formed under three
distinctively different spatial distributions of electric field and they are resistant to the stress caused
by the thermal and electrical field cycling.

Tao verify the observations, the measurements of tilt angle and response time were made and Device
1 was used for the largest possible fill factor and lower voltage requirement. The thickness of cell gap
was estimated to be 4. 2pm by analyzing the interference transmission spectrum. The triangle, square
and circle represent the measurements at 10°C, 20°C and 30°C respectively. The abbreviations “inc”
and “dec” stand for the data measured on the incremental and decremental voltage cycle respectively.
The dependence on tilt angle and response time at different temperature was plotted in Fig. 5 and the
plots were linearly dependent on the square of electric field in agreement with Eq. (1) and Eq. (2).
Taking the elastic constants K, and K; as 10.3pM and 15.8pM respectively, the mean flexoelectric
coefficient & was determined to be 3.8pC/m by measuring the slope of plot at 20°C. It was assumed
that the viscosity y. was 0.3 Pa-s in this case. It was noted that the published data inthe measurements
of viscosity were scattered and the uncertainty may give rise to a possible error in the determination
of mean flexoelectric coefficient. Accordingly, the pitch was deduced to be about 137nm which was
difficult to be measured accurately by the spectral transmission method. The response time at
different temperature was shown in Fig. & and the rectangular waveform at 1kHz was used. The rise
time and the fall time were approximately equal and the response time was defined as an average.
The response time was found independent of the electric field and the response time at 10°C, 20°C
and 30°C were measured as 20pus, 11ps and 7ps respectively. When the temperature was kept at 22°C,
the response time was equal to 10ps. The measurements of tilt angle and respanss time agreed with
the predicted values [3]. So, it was concluded that the abservations were due to the flexoelectric effect
in liquid crystals.

5. Conclusions
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In surnmary, we obtained the homogeneous ULH structure in three different electrode configurations
that were stable and exhibited reversible characteristics on the electrical and thermal cycling. In
addition, there was no noticeable change over a long period of time after the remaval of electric field.
As a matter of fact, we had stable samples on hand that were still functional according to this
definition. We attributed this to the formation of aligned domains of splay and bend deformation. This
enabled us to solve the long standing problem of stahbility and hysteresis particularly to meet the
rmanufacturing requirements. Furthermore, the device had been demonstrated for the analogue
modulation that showed the field-independent response time of 10 micro-second at room
temperature and the linearly dependence of tilt angle on the electric figld. These wers in good
agreement with Meyer’s theory on the flexoelectric effect in liquid crystals.
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Figure captions

Fig. 1 The ULH structure is formed in the transverse field switching electrode configuration where the
aligned domains of splay and bend deformation in the absence of electric field are shown. Mote: 1mm
scale bar for (a)-{b) and 50pm scale bar for (c)-(d). The azimuthal angle B is 07 and 45° for (a) & () and
(b) & (d) respectively.

Fig. 2 Large size ULH structure is formed homogeneously in the transverse field switching electrode
configuration. Note: 1mm scale bar. The azimuthal angle B is 0 and 45° for the dark and bright states

respectively.
Fig. 3 The ULH structure is formed in the in-plane switching electrode configuration. Mote: 20um scale
bar (the inserted photo in 200pum scale bar). The azimuthal angle B is 0° and 45° for (a) and (b)
respectively.
Fig. 4 The ULH structure is formed in the fringe field switching electrode configuration. Mote: 20um
scale bar (the inserted photo in 200pm scale bar). The azimuthal angle B is 07 and 45 for (a) and (b)
respectively.

Fig. 5 Plot of dependence on tilt angle and response time as a function of square of electric field at
different temperature. The device in the transverse field switching electrode configuration was used
for the measurements. Mote: 10°C (Triangle), 20°C (Square) and 30°C (Circle).



Manuscript: ¥ip et al. "4 cholesteric liquid crystal device having stable uniform lyving helix structure”

Fig. & Plot of response time as a function of electric field at different temperature. The device in the
transverse field switching electrode configuration was used for the measurements. Mote: 10°C
(Triangle), 20°C (Square) and 30°C (Circle).
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(b) (@)

Fig. 1 The ULH structure is formed in the transverse field switching electrode configuration where
the aligned domains of splay and bend deformation in the absence of electric field are shown. Note:
imm scale bar for (a)-(b) and 50um scale bar for (c)-(d). The azimuthal angle B is 0° and 45° for (a) &

(c) and (b) & (d) respectively.
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Fig. 2 Large size ULH structure is formed homogeneously in the transverse field switching electrode
configuration. Note: 1mm scale bar. The azimuthal angle B is 0° and 45° for the dark and bright
states respectively.
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Fig. 3 The ULH structure is formed in the in-plane switching electrode configuration. Note: 20um
scale bar (the inserted photo in 200um scale bar). The azimuthal angle B is 0° and 45° for (a) and (b)
respectively.
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Fig. 4 The ULH structure is formed in the fringe field switching electrode configuration. Note: 20um
scale bar (the inserted photo in 200um scale bar). The azimuthal angle B is 0° and 45° for (a) and (b)
respectively.
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Fig. 5 Plot of dependence on tilt angle and response time as a function of square of electric field at
different temperature. The device in the transverse field switching electrode configuration was used
for the measurements. Mote: 10°C (Triangle), 20°C (Square) and 30°C (Circle).
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Fig. & Plot of response time as a function of electric field at different temperature. The device in the
transverse field switching electrode configuration was used for the measurements. Note: 10°C
(Triangle), 20°C (Square) and 30°C (Circle).






