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ABSTRACT

Thin-film transistor (TFT) liquid crystal displays (LCDs) have become indispensable in
our daily lives. Their widespread applications range from smartphones, laptops, TVs to
navigational devices, data projectors and wearable displays. Over past decades, massive efforts
have been invested in device development, material characterization and manufacturing
technology. As a result, the performance of LCDs, such as viewing angle, contrast ratio, color
gamut and resolution, have been improved significantly. Nonetheless, there are still urgent needs
for fast response time and low power consumption. Fast response time helps reduce motion image
blurs and enable color sequential displays. The latter is particularly attractive since it eliminates
spatial color filters, which in turn triples optical efficiency and resolution density. The power
consumption can be reduced greatly by using color sequential displays, but liquid crystals with
submillisecond response time are required to minimize color breakup. The state-of-the-art gray-
to-gray response time of nematic LCDs is about Sms, which is too slow to meet this requirement.

With the urgent needs for submillisecond response time, polymer-stabilized blue phase
liquid crystal is emerging as a strong candidate for achieving this goal. Compared to conventional
nematic LCDs, blue phase LCDs exhibit several revolutionary features: submillisecond gray-to-
gray response time, no need for alignment layer, optically isotropic voltage-off state, and large cell
gap tolerance. However, some bottlenecks such as high operation voltage, low optical
transmittance, noticeable hysteresis and slow TFT charging remain to be overcome before their
widespread applications can be realized. This dissertation is dedicated to addressing these
challenges from material development and device design viewpoints.

First, we started to investigate the device physics of blue phase LCDs. We have built a
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numerical model based on the refraction effect for simulating the electro-optics of blue phase
devices. The model well agrees with experimental data. Based on this model, we explored
approaches from device and material viewpoints to achieve low operation voltage. On the device
side, with protrusion and etched electrodes, we can reduce the operating voltage to below 10V and
enhance the transmittance to over 80%. On the material side, high Kerr constant is indeed helpful
for lowering the operation voltage, but we also need to pay attention to the individual An and Ae
values of liquid crystal host according to the device structures employed. High-Ae LC hosts help
enhance Kerr constant, leading to a reduced operation voltage; but they may be subject to serious
capacitance charging issues due to the huge dielectric anisotropy. Our model provides important
guidelines for future device design and material development.

To further enhance transmittance and reduce voltage, we have proposed a Z-shaped
electrode structure. By optimizing the device structure, we have successfully reduced the operating
voltage to ~8V and enhanced optical transmittance to > 95% based on a lower-Ae LC host not
subjecting to charging issues, showing comparable or even better performance than the mainstream
LCDs. This is the first approach to achieve such a high transmittance in blue phase devices without
using a directional backlight. By using zigzag structure, the color shift and gray inversion are in
unnoticeable range.

In addition, hysteresis affects the accuracy of grayscale control and should be suppressed.
We have proposed a double exponential model to analyze the electric field effects of blue phase, and
found that electrostriction effect is the root cause for hysteresis under strong electric field. To
suppress the electrostriction effect in blue phase, a method to stabilize the blue phase lattice via
linear photo-polymerization is demonstrated for the first time. By illuminating the mono-

functional and the di-functional monomers with a linearly polarized UV beam, we can form
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anisotropic polymer networks, which in turn lead to anisotropic electrostrictions. In experiments,
we found that when the polarization of UV light is perpendicular to the stripe electrodes, the
electrostriction effect can be strongly suppressed. The resulting hysteresis is reduced from 6.95%
to 0.36% and response time is improved by a factor of two. We foresee this approach will guide
future manufacturing process.

The approaches and studies presented in this dissertation are expected to advance the blue
phase LCDs to a new level and accelerate their emergence as next-generation display technology.

It is foreseeable that the widespread application of blue phase LCDs is around the corner.



To my beloved family.
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CHAPTER 1. INTRODUCTION

1.1 Basis of Liquid Crystal Display

The explosive growth of personal electronic devices has nourished rapid development of
display technologies. Display is the most directly perceived feature of electronic devices and
therefore has become a key factor for consumers when choosing electronic devices. Nowadays,
various display technologies, such as liquid crystal display (LCD), organic light-emitting diode
(OLED), LED, electronic ink (e-ink) and plasma display panel (PDP) co-exist in the consumer
market [1]. Among these technologies, active matrix LCD is the prevalent one owing to its high
resolution, full color, excellent contrast ratio, wide viewing angle, low price, and long lifetime. As
a matter of fact, LCDs have become indispensable in our daily lives, and their widespread
applications range from smartphones, tablets and laptops to desktop monitors, navigational devices,
TVs, and data projectors.

In LCDs, the core and most distinctive component is liquid crystal (LC). Liquid crystals
have a history of over 100 years. In 1888, an Austrian botanist Friedrich Reinitzer discovered
liquid crystals [2]. Liquid crystal is an intermediate state of matter between isotropic fluids and
crystalline solids. It can also be viewed as a liquid in which an ordered arrangement of molecules
exists [3, 4]. Based on different orderings of molecules and their optical properties, thermotropic
liquid crystals can be categorized into smectic, nematic, and cholesteric phases [4], as illustrated
in Figure 1.1. Among them, nematic phase has been widely used in displays owing to its
advantages of simple alignment, low viscosity, low driving voltage, etc. Nematic liquid crystals

exhibit a variety of states as temperature increases: from solid to anisotropic liquid crystal, to



isotropic liquid when thermal energy deteriorates the delicate cooperative ordering of the LCs, and

finally to vapor phase [3, 5].
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Figure 1.1. Three thermotropic liquid crystals: smectic, nematic and cholesteric phases.

Although liquid crystals were discovered a long time ago, their display applications hadn’t
been realized until G. H. Heilmeier developed the first liquid crystal display using dynamic
scattering mode (DSM) in the mid-1960s [6]. However, the DSM didn’t reach a commercial
success due to some technical issues (e.g. high driving voltage, short lifetime, etc.). To address the
stability issue of the DSM, the twisted nematic (TN) mode was invented in the 1970s [7]. This is
a milestone for display technologies as it changed the development direction and opened the
gateway for widespread applications of LCDs. In the following decades, with massive efforts
invested in device development, material characterization and manufacturing technology, the LCD
industry has boomed tremendously. To improve resolution, the super-twisted-nematic LCDs [8, 9]
were invented; to widen the viewing angle and increase the contrast ratio, in-plane switching (IPS)
mode [10] and vertical alignment (VA) mode [11] were developed; to achieve high optical

efficiency and enable touch panel applications, the fringe field switching (FFS) mode [12, 13] was



developed in the 1990s and then implemented in the 2000s. The LCD industry has been

continuingly advanced by technology innovations.
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Figure 1.2. Display system configuration of a transmissive TFT-LCD.

Figure 1.2 illustrates the typical system configuration of a transmissive LCD. Since LCD
is non-emissive and liquid crystals only work as a light valve to tune the transmission, a light
source is required to illuminate the LCD panel so that viewers can see the image displayed on the
panel. The backlight is therefore a critical element of the display system, and in fact it directly
determines many key optical properties of the panel, such as color rendition, viewing angle,
contrast, and brightness. At early stage of LCD development, cold-cathode fluorescent lamp
(CCFL) was a commonly used light source in LCD laptops and monitors. As technology advances,
light-emitting diode (LED) has become increasingly prevalent since it offers tremendous

performance advantages over CCFL in larger color gamut, higher brightness, smaller volume, real-



time color management and lower power consumption [14-16].

Regarding the backlight configuration, two commonly used backlight methods are direct-
lit and edge-lit types. As its name implies, the direct-lit backlight consists of an array of light-
sources directly placed behind the LCD panel. In order to obtain acceptable brightness uniformity,
the light sources should not be too widespread and their positions should not be too close to the
LCD panel. As a result, the volume of the backlight unit is fairly bulky. In contrast, the edge-lit
backlight consists of several light sources placed along the edge of display, as depicted in Figure
1.2. The light-guide plate (LGP) distributes the light from the light sources uniformly over the
surface, typically by using a dot-pattern or microstructure extractor array. By using LGP, the total
thickness of the edge-lit backlight unit can be reduced dramatically, and the output light has a very
high uniformity. Thus, the edge-lit backlight has become the prevalent backlight technology in
high-end and portable LCD devices.

Behind the LGP placed a back reflector to redirect the backward-travelling light towards
the panel. A diffusive reflector helps scramble the polarization state of the light, which can boost
efficiency in system incorporating linear reflective polarizers. It also randomizes the direction of
reflected light, which can improve the uniformity of the output light. Meanwhile, multiple
reflections off the back reflector necessitate high reflectivity for optimal performance. An example
i1s 3M’s enhanced specular reflector, which has a typical reflectivity > 98% [17].

Light exiting the LGP usually exhibits following features: large angle, unpolarized, and
may be both spatially and angularly non-uniform. Hence, a stack of optical films is required to
mitigate these issues. These may include diffuser sheets, micro-prismatic films and a reflective
polarizer. A diffuser with high haze is directly placed above the LGP in order to hide light guide

extraction features and further enhance the light uniformity. Then, the light goes through brightness



enhancement film (BEF) so that the on-axis transmittance is enhanced. The BEF utilizes a unique
random prismatic structure to recycle the diffused light into the backlight and directs the light
through the LCD, thereby providing enhanced brightness toward the on-axis viewers [18, 19].
Depending on applications, one or two BEFs may be used. For instance, a single sheet of BEF is
ideal for LCD panels in monitors and TVs, while crossed BEF sheets are widely used in mobile
displays and laptops. Then, a low-haze diffuser is placed above the BEF(s) in order to hide prism
film features as well as moiré caused by interference between the periodicity of crossed BEFs.
Since the light exiting the diffuser is unpolarized, more than 50% of the light will be absorbed by
the crossed sheet polarizers. In order to reduce the loss, a reflective polarizer is usually used [20,
21]. When the unpolarized backlight hits the reflective polarizer, one linear polarization (say, p-
wave) will pass through while the other component (s-wave) will be reflected back to the backlight
unit for recycling. After hitting the rough surface of the diffuser, the s-wave is depolarized. Upon
reflection from the diffusive reflector, the p-wave is transmitted and s-wave is reflected again for
recycling on the return trip. A reflective polarizer widely implemented in commercial LCDs is dual
brightness enhancement film (DBEF, 3M Company) [22, 23], which can improve the brightness
by ~60%.

After passing through a stack of optical sheets, the light enters the LCD panel. In the panel,
the liquid crystal layer is interposed between two glass substrates, which can be further sandwiched
between two crossed polarizers. On the rear substrate, a thin-film-transistor (TFT) array is formed
to provide an independent switch for each pixel. In each refresh frame, signals from the gate lines
turn on the TFTs in a scanning sequence, and the voltages from the data lines are applied to drive
each individual liquid crystal pixel to the targeted gray level. On the front substrate, a color filter

layer is formed and aligned with the rear TFT pixels for achieving a full-color display. Under such



a spatial RGB subpixel configuration, different colors are achieved by combining the separate
colors from RGB subpixels at assigned gray level.

In the LCD system, due to the loss of optical sheets, polarizer, color filters, TFT aperture
ratio, only ~6% of light emitted by the light sources can be perceived by human eye. For example,
two open polarizers only transmit ~45% of the light. The transmission of the color filter layer is

even lower (~30%) since each RGB color filter only transmits one color and absorbs the other two.

1.2 Background and Motivations

Over the past decades, the performance of LCDs has been improved dramatically by
continuous development of new technologies. The most critical issue on viewing angle has been
addressed by using multi-domain structures [24] and optical film compensation [25, 26]. The
contrast ratio has exceeded one million-to-1 through local dimming of the LED backlight [27, 28].
The color gamut would reach over 90% of Rec. 2020, if quantum-dot backlight are implemented
[29, 30]. The resolution has been improved significantly by using high-mobility TFT materials
such as low-temperature polycrystalline silicon (LTPS) and indium gallium zinc oxide (IGZO)
[31-34]. Besides these technological advances, the cost has also been reduced dramatically owing
to the improvement of manufacturing lines. Nonetheless, there are still urgent needs for fast
response time and low power consumption.

Fast response time helps reduce motion image blurs [35-37] and enable color sequential
displays using RGB LED backlights [38, 39]. It is well known that motion images are blurred
when they are displayed on TFT LCDs. Such blurring is an artifact on image quality and is a
serious issue affecting the performance of LCD TVs. The causes of the motion blur are twofold:

1) sample-and-hold effect of TFTs, and 2) slow response time of liquid crystal. On the other hand,



the color sequential displays are particularly attractive since it eliminates spatial color filters,
which in turn triples the optical efficiency and resolution density. Higher optical efficiency leads
to lower power consumption, which has been emphasized in all electronic devices. In particular,
for portable devices, low power consumption is highly desirable for extending the battery life. In
spite of these attractive features, color sequential displays require the response time of liquid
crystals to be less than one millisecond in order to minimize color breakup. This imposes a big
challenge to nematic liquid crystals. To reduce liquid crystal response time, various approaches
have been developed, such as thin cell gap [40, 41], overdrive and undershoot voltage [42, 43],
bend cell [44, 45], low viscosity LC materials [46, 47], etc. However, the state-of-the-art response
time of nematic LCDs is around 2-3ms. Hence, developing LCDs with submillisecond response
time is still in need and the emerging blue-phase liquid crystal (BPLC) is a strong candidate for
achieving this goal.

Blue phase (BP) is a mesophase between chiral nematic (N*) and isotropic phases.
Although BP was first discovered by in 1888 [2], due to the narrow temperature range (0.5-2K) it
was not until 1970s when BP gained popularity. Tremendous progress has been made to understand
the underlying physics of BP since then. It was found that BP is optically isotropic while exhibiting
unusually strong optical activity. Based on this phenomenon, Saupe proposed that BP has cubic
superstructures [48]. Afterwards, many efforts were devoted to explore the BP structures, both
experimentally and theoretically [49-51]. Figure 1.3(a) illustrates how the LC molecules are
arranged in BP structures: the LC directors form a double-twist alignment in a cylinder and all the
helical axes formed by LC directors are perpendicular to the center line. Although in reality there
is an unlimited number of such helical axes, here we just use two of them to illustrate the molecular

orientation in the double-twist structure. This structure only extends a small distance (usually ~100



nm, depending on the pitch length of the chiral dopant) with the boundary molecules aligned at 45°
to the middle line. As temperature increases, up to three phases: BP-1, BP-II, and BP-III may exist.
While BP-III possesses amorphous structure [52], BP-I and BP-II are comprised of cubic lattices
fitted by the double-twist cylinders [3], as shown in Figures 1.3(b) and 1.3(d). However, these
cylinders cannot fill the full space without defects. Thus, BP is a coexistence of double-twist
cylinders and disclinations. Defects occur at the points where the cylinders are in contact, as
Figures 1.3(c) and 1.3(e) depict. These defects tend to make the structure less stable, resulting in

a narrow temperature range.

Figure 1.3. Blue phase LC structure at the microscopic level: (a) double-twist alignment of LC
molecules; (b) and (c) cubic structures of BP-I; (d) and (e) cubic structures of BP-II. The black
lines in (c) and (e) represent disclinations.

The most distinctive feature of BP is selective reflection of incident light. In early
investigations, BP exhibited blue color, and this is why it was termed blue phase liquid crystal
since then. However, BP liquid crystals are not always blue; they may reflect other colors,

depending on the pitch length of the periodical structure. Different from chiral nematic phase, the



Bragg reflection wavelength of BP is expressed as [50]:

2
A= na (1.1)

Jh2 k2412

where n and a denote average refractive index and lattice constant of blue phases, and 4, &, and /

are the Miller indices. In BP-I, the lattice constant corresponds to one pitch length and diffraction
peaks appear at (110), (200), and (211), etc. The summation of Miller indices 4 + k + [ is an even
number. In BP-II, the lattice constant corresponds to one half of a pitch length and diffraction peaks
appear at (100), (110), etc. [SO] The BP pitch length is slightly different from that of chiral nematic
phase. The reflection bandwidth is also much narrower than that of cholesteric liquid crystals.

At voltage-off state, BP appears optically isotropic if its Bragg reflection is in the UV
region. Hence, when the device is sandwiched between two crossed polarizers, an excellent dark
state can be obtained. Upon application of an electric field, the isotropic medium becomes
anisotropic, and the induced birefringence can be characterized by the Kerr effect [53]. This
isotropic-to-anisotropic switching can be completed in submillisecond range owning to the
nanoscale double-twist cylinder diameter and short coherence length of BP. As the applied voltage
increases, the induced birefringence increases, and consequently the transmittance gradually
increases.

BP has been explored for several decades; however, the BP temperature range (1-2 °C) was
too narrow for practical applications. To widen BP temperature range, Kikuchi et al. [54] proposed
an approach to cross-link polymer networks in the disclination lines to stabilize the BPLC lattice
structure. This method can extend the BP temperature range to more than 60K (260-326K),
including room temperature. This paved the way for the widespread applications of BP liquid

crystals [55].



In terms of device configuration, both in-plane-switching (IPS) [56, 57] and vertical field

switching [58, 59] have been developed. Between these two, IPS is commonly employed because

of its simpler backlight system. In an IPS cell, electric field is mainly in lateral direction and the

Kerr-effect-induced birefringence is along the electric field direction if a LC host with positive

dielectric anisotropy (Ae > 0) is employed. Compared to mainstream nematic LCDs, blue phase

LCDs exhibit several revolutionary features:

1)

2)

3)

4)

The BP has self-assembled three-dimensional lattice structure. As a result, no surface
alignment layer is required and the fabrication process can be simplified.

The BP lattice structures have nanoscale double-twist cylinder diameter and short
coherence length, which result in submillisecond response time.

The dark state of a blue phase LCD is optically isotropic. This leads to an intrinsically high
contrast ratio and wide viewing angle.

In IPS structures, the transmittance is insensitive to the cell gap, as long as the cell gap
exceeds the penetration depth of electric field. This feature is particularly attractive for the
fabrications of large-panel LCDs, in which cell-gap uniformity is a big concern. Meanwhile,
the cell-gap insensitivity can enable touch functionality so that the display image quality
wouldn’t be deteriorated by the touch pressure.

Although IPS blue phase liquid crystals possess so many promises, some tough technical

issues remain to be overcome before widespread applications can be realized. The major

challenges lie in four aspects: (1) the operation voltage is still too high (~ 50V); (2) the

transmittance is relatively low (~65%); (3) slow charging issue due to the large capacitance, and

(4) relatively large hysteresis as well as prolonged response times, especially in the strong electric

field region.
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High operation voltage originates from the fact that the electric fields are confined near the
IPS electrodes and cannot penetrate deeply into the BPLC bulk [60]. Low transmittance results
from the “dead zones” on the top of the electrodes since only the horizontal electric field
contributes to the transmittance of the IPS BPLC cell. The hysteresis is a consequence of BP lattice
deformation under strong electric field [61]. On the other hand, unlike conventional nematic LCs,
blue phase demands an unusually large dielectric anisotropy (Ae > 100) to achieve low voltage
operation. Such a huge Ae produces a large capacitance (Crc), leading to insufficient charging
capability in conventional pixel circuit, i.e. the voltage applied to the LC capacitor cannot reach
the desired value within the designated charging time. As a result, the optical efficiency is lowered
[62]. In order to solve these issues, efforts from device development and material characterization
sides are urgently needed.

In this dissertation, electro-optic properties of blue phase liquid crystals are studied. A
computation numerical model is developed to understand the underlying device physics of blue
phase LCDs. Parameters affecting the device performance, such as electrode dimension and cell
gap are investigated. The device physics study provides a guideline to the optimization of blue
phase liquid crystal devices. New device configurations are proposed to achieve low operation
voltage as well as high transmittance, and eliminate the charging issue. Moreover, the generation
mechanisms of hysteresis are investigated quantitatively. It is found that the electrostriction effect
is the root cause of hysteresis and slow response time under strong electric field. To suppress the
electrostriction effect, an effective approach is proposed to stabilize the blue phase lattice via linear
photo-polymerization. These approaches will undoubtedly advance the blue phase LCDs to a new

level and accelerate their emergence as next-generation displays.
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CHAPTER 2. MODELING OF BLUE PHASE LIQUID CRYSTAL
DISPLAYS

To reduce operation voltage, approaches from both device design [60, 63-66] and material
development [67-70] sides have been proposed. With these combined effects, the on-state voltage
can be reduced to <10V. However, the transmittance is still limited to 65-70%. Therefore, there is
an urgent need to develop BPLC devices to achieve high optical transmittance and low operation
voltage simultaneously.

Meanwhile, Chen, ef al. [71] observed an interesting phenomenon during the study of
electrode dimension effects on BPLC using IPS electrodes. It was reported that by reducing the
width (W) and gap (G) of the IPS electrodes, the operation voltage is reduced while the
transmittance is maintained at > 80%. Such a high transmittance couldn’t be explained by the
model developed by Ge, et al. [56, 57]. IPS-2/4 (W = 2um and G = 4um), IPS-5/10 and IPS-5/5
are able to achieve over 80% transmittance in experiments; in contrast, in Ge’s model, the peak
transmittance for G/W =1 and 2 device configurations are only ~50% and ~64%, respectively.
More recently, Chen, et al. [69] reported a peak transmittance ~60% for [PS-5/5 cell in experiments.
Thus, Ge’s model predicts a lower transmittance than the experimental data.

In this chapter, we develop a refraction model to explain the dimension effect of IPS BPLC
and obtain good agreement with experimental data. Based on this model, the electro-optical

characteristics of the IPS BPLC are discussed.

2.1 Modeling Physics

In Ge’s model, the incident light is assumed to travel along straight lines in an IPS cell. On
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the top of interdigitated electrodes, the electric fields are mainly in the vertical direction. Thus, the
transmittances in these regions are very low, known as “dead zones” [57]. Let us take IPS-5/5 cell
as an example. According to this model, at the full-bright state it should have bright and dark lines
with almost the same width. However, it was reported by Chen, et al.[71] that the effective aperture
ratio for the IPS-5/5 sample is ~75% instead of ~50%. This oversized bright region indicates that
the LCs near the edges of ITO electrodes also contribute to the overall transmittance. To explain
this increased aperture ratio, a new model is needed.

For intensity modulation, an IPS BPLC cell is placed between two crossed linear polarizers.
The electric fields generated from interdigitated pixel electrodes are used to induce phase
retardation for the incident light. At the voltage-off state (V = 0), BPLC is optically isotropic
(refractive index n;) and thus showing to a very good dark state [72]. When an electric field E is
applied, the induced birefringence is along the direction of electric field. Macroscopically speaking,
such an isotropic-to-anisotropic transition is governed by the Kerr effect [53] and the induced

birefringence can be characterized by the extended Kerr model [73]:

AN = An, Llexp“EE}D @.1)

where Ang stands for saturated induced birefringence and E the saturation electric field.
According to Equation (2.1), the induced birefringence depends on the electric field in an
IPS BPLC cell. Consequently, at a voltage-on state the ordinary index (n,) and extraordinary index
(ne) should be different at different positions of the cell. As a result, the BPLC in an IPS cell cannot
be assumed as a uniform medium and the incident light would not propagate in a straight path. In
our refraction model, we take the non-uniform BPLC profile into account so that the light

propagation is changed by the refraction effect. In particular, on top of the electrodes, incident light
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would be refracted toward the center of the electrodes, as illustrated in Figure 2.1. These refracted
rays propagate at a larger angle with respect to the optic axis of BPLC. Meanwhile, the optical
path in the BPLC layer becomes longer due to the bent propagation direction. These two factors
concurrently lead to an enhanced phase retardation on top of the IPS electrodes, resulting in a

higher transmittance at these regions.

E>E,>E;

Figure 2.1. Principle of refraction effect in IPS BPLC

Based on the descriptions above, we propose the following flowchart to model the
refraction effect in an IPS BPLC cell, as Figure 2.2 depicts. First, we compute the potential
distribution by solving the Poisson equation and then the distribution of electric field in the media.
This step can be completed with commercial software such as DIMOS.2D (Autronic-Melchers,
Germany) or TechWiz LCD (Sanayi System Co., Korea). In our simulations, we use the electric
potential data exported from DIMOS.2D. To simulate the refraction effect accurately, we divide
the cell into multiple layers with each layer thickness of 0.1 um. The mesh size on the horizontal
direction is 0.05 um. Next, we further calculate the induced birefringence distribution from

Equation (2.1) and following equations [73]:
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1
n =n—=An;
3 (2.2a)

n, =n, +§An. (2.2b)

After obtaining E, n. and n,, we assign the local optic axis direction of each unit along the local E
vector. Then we compute the ray tracings of transverse electric (known as TE) and transverse
magnetic (known as TM) polarizations; calculate their phase change and then phase retardation.
We add this step to Ge’s model in order to take refraction effect into account, and the detailed
description of this step will be explained in next section. With the phase retardation, we are able

to compute the electro-optical characteristics, such as voltage-transmittance (VT) curve.

@ and then electric field E

l

Compute induced birefringence An from the
extended Kerr model and then », and #.

| &=

Assign orientation and refractive indices
of the index ellipsoid from E, », and .

!

Ray tracing of the TE and TM polarizations
within IPS-BPLC cell, compute the phase change
for each polarization, and then phase retardation

|

Output for optical characterization

{Compute the electric potential]

Figure 2.2. Flowchart of the IPS BPLC device modeling based on refraction effect.
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2.2 Numerical Modeling

When a light ray passes through the boundary of two uniform isotropic media, the
refraction effect is governed by the Snell’s law. However, at a voltage-on state the incident light
propagates in an anisotropic BPLC medium so that the e-ray (TM) and o-ray (TE) should be
considered separately. Since the polarizer is oriented at 45° with respect to the IPS electrodes, the
incident linearly polarized light can be decomposed into 50% TE and 50% TM polarizations. Let’s
take two arbitrary adjacent layers, the m™ and (m+1)" layers, as an example. Here, the m" layer is

closer to the bottom substrate, as shown in Figure 2.3.

Incident light

TE ™

Figure 2.3. Refraction at the boundary between the m"” and (m+1)" layers in an IPS BPLC cell.
For TE polarization, it experiences an ordinary refractive index no. At the interface between

these two layers, the incident angle is:
Ce = O + Oy, (23)

where 6, 1s the angle between incident light and vertical direction, and om is the inclination angle

between the electric field (E.x) and the horizontal axis.
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Let us assume 7o,m and 71, m+1 represent the ordinary refractive indices of the m” and (m+1)"
layers, respectively. Since TE polarization is an ordinary wave here [74], its refraction effect is still

governed by the Snell’s law:
r]o,m+1 Sin etrans = no,m Sin einc' (2-4)

Meanwhile, the m™ layer is closer to the electrodes and consequently the electric field intensity in
this layer is stronger. According to Equations (2.1) and (2.2), stronger electric field intensity leads
to a higher induced birefringence and lower n,. As a result, the angle of transmission ;a5 in the
(m+1)" layer is smaller than the incident angle 8;,. in the m” layer. In the electrode gap regions,
the electric field is nearly horizontal so that ;. is very small and the refraction effect is negligible,
as Equation (2.4) indicates. In contrast, on top of the interdigitated electrodes, electric field
components along the vertical direction are pretty strong. Hence, 6;,. is larger and the light is bent
toward the center of electrodes.

The phase change of TE polarization in the m” layer can be written as:
Prem = 2r- no,m 'tTE,m /ﬂ" (2.5)

where t1Em is the optical path of TE polarization in the m™ layer. The propagation direction of TE

polarization in the (m+1)" layer with respect to the vertical direction is:

9m+1 = etrans — Oy (2.6)

Then, we plug Equation (2.6) into Equation (2.3) and iterate the process for computing the

refraction effect of TE polarization in next two layers until the rays arrive at the top substrate.
For TM polarization, the situation is more complicated. The incident angle at the interface

between these two layers can still be calculated by Equation (2.3). However, since the electric field

of TM polarization is in the plane of incidence, it’s an e-ray propagating in an anisotropic media
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[74]. Hence, Snell’s law is not applicable to calculate its angle of transmission. The wave vector

km in the m™ layer should be determined by following equations:

2 2
kJ_Cm,m k//Cm,m k2
= 0 y

2 2 (2.7a)
ne,m no,m
tan einc = k//Cm,m /kJ_Cm,m’ (2-7b)

where K 1c,m and k,,cm’m are the components of wave vector k» normal and parallel to the direction

of optic axis Cm, which is also the direction of electric field in the m™ layer. And nem and nom are

the extraordinary and ordinary refractive indices of the m™ layer, respectively. After obtaining
Kic m andKjc ., the normal-to-Cm component of wave vector in the (m+1)" layer Kj¢ .., can be

determined according to the boundary matching of tangential wave vectors [74]:

k//cm mil = k//cm m (2.8)
To calculate the wave vector in the (m+1)" layer, we need to do a coordinate transformation

as shown below:

Kic  ma {cos S —sin ﬂ} Kic ma
: 2.9)

Kic .ma| [SINB coOsp Kic ma |

Here, fim = am+1 - am is the angle between optic axes in the (m+1)" and m™ layers. Then we plug

Equation (2.9) into the following equation for determining the wave vector Kmu-+1:

2 2

1Cppa.Mm+1 [ICpa,m+l 1 2

- =k (2.10)
e,m+1 o,m+1

By solving Equations (2.9) and (2.10), we can obtain k 1c, mi- The phase change of TM

polarization in the m™ layer is:
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2
(pTM,m :7neﬁ,mtTM,m’ (211)

where nefrm 1 the effective refractive index and #rm,m is the optical path of TM polarization in the
m'™ layer, respectively.
The direction of TM polarization in the (m-+1)" with respect to the vertical direction is:

k
6. .,=90°—tan™ (ﬂ} ~a,. (2.12)

11C, m+1
To iterate the process, we plug Equation (2.12) into Equation (2.3) and calculate Equations
(2.7) - (2.12) again for computing the refraction effect of TM polarization for the next two layers
until the rays arrive at the top substrate.
After computing the phase change for TE and TM in each layer, following equations are

used to calculate the phase retardation and transmittance 7 of light:

=3 bum— 2 bem (2.13)

T =sin’(T'/2). (2.14)

2.3  Simulation Results

2.3.1 Simulations vs. Experiments
To compare the refraction model with experimental results, we prepared a BPLC sample
using an IPS cell. The blue phase precursor consists of 88.17 wt. % liquid crystal host JC-BPO6N
(JNC, Japan) with 2.92 wt.% of chiral dopant R5011 (HCCH), 5.24 wt.% di-functional reactive
monomer RM257 (Merck), 3.46 wt.% TMPTA (1,1,1-Trimethylolpropane Triacrylate, Sigma

Aldrich) and 0.21 wt.% photo-initiator. JC-BPO6N is a high-Ae nematic LC host [69] whose
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physical properties are listed as follows: An =0.156 at A = 633 nm, Ae =473.1 at 100 Hz and 23
C, and clearing temperature 7. = 73.8°C. Then we filled the precursor into an IPS-5/5 (electrode
width W= 5Sum, electrode gap G = Sum) cell in its isotropic phase. The IPS cell was comprised of
interdigitated pixel electrodes on the bottom substrate, but without polyimide alignment layer. The
cell gap was 7.5 um. Next, the cell was placed on a Linkam heating/freezing stage controlled by a
temperature programmer (Linkam TMS94). The cell was cooled to the temperature near the
transition temperature from chiral nematic phase to blue phase and then cured at BP-I phase with
a UV light (A ~ 365 nm and intensity ~2 mW/cm?) for 30 min.

After UV curing, nanostructured BPLC composites were self-assembled. The measured
Bragg reflection wavelength was Aprgg ~ 380 nm. Afterwards, the IPS cell was sandwiched
between two crossed polarizers for measurement. The transmitted light was focused with a lens so
that different diffraction orders [75] can be collected by the detector. We measured the voltage-
dependent transmittance (VT) curve of the sample with this lens and normalized the transmittance
to that of two open polarizers.

Figure 2.4 compares the simulated VT curves using Ge’s and refraction models with the
experimental data. The black solid line stands for the measured VT curve. The red dashed lines
represent the simulated VT curve using Ge’s model. The general trend is similar, but the simulated
peak transmittance from Ge’s model is ~10% lower than the measured data. However, when we
take the refraction effect into account the simulated VT curve (green solid line) well overlaps with
the experimental data. Here, the parameters used in the refraction model are An; = 0.09 and E; =
2.2 V/um. Hence, our refraction model is able to describe the VT characteristics of IPS BPLC

more accurately than Ge’s model.
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Figure 2.4. Comparison between experimental VT curve and simulated results using Ge’s model
and the refraction model. BPLC cell: JC-BP06 in IPS-5/5 at 23°C and A = 633 nm.

It was reported by Chen, ef al.[71] that the transmittance profiles of IPS-5/5 and -10/10 at
their full-bright state are different under the polarizing optical microscope: the IPS-5/5 sample
shows an increased aperture ratio of ~75% while IPS-10/10 keeps at the expected ~50%. From
Ge’s model, both IPS-5/5 and IPS-10/10 cells exhibit ~50% aperture ratios, as shown in Figures
2.5(a) and 2.5(b), because only the induced birefringence from electrode gaps contribute to the
overall transmittance. In contrast, our refraction model well explains the difference in aperture
ratio. Figures 2.5(c) and 2.5(d) depict the position dependent transmittance profiles of these two
cells at their full-bright state, respectively. Due to the refraction effect, some rays penetrate into
the electrode region, especially at the edges of the electrodes. This is why the electrode edges look
brighter than electrode gaps in experiments [71]. The lower aperture ratio of IPS-10/10 can be
explained as follows: the light at electrode edges (where the electric fields are mostly inclined)

cannot be refracted towards the center of the electrode as much as the IPS-5/5 cell because of its
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larger electrode dimension and same cell gap (d = 7.5 um). A more detailed explanation of this

phenomenon will be outlined later.

C)) (b)

| |

IPS-5/5 IPS-10/10

Figure 2.5. Simulated transmittance profiles of JC-BPO1 in (a, ¢) IPS-5/5 and (b, d) IPS-10/10 at
A=633 nm and 23°C. Cell gap d=7.5 um. (a, b): Ge’s model, and (c, d): refraction model.
In brief, our refraction model well agrees with the experimental results. Hence, this model

can be used to predict the electro-optic properties of IPS BPLC accurately.

2.3.2 Electrode Dimension Effect
The electrode dimension plays an important role in the electro-optics of IPS BPLC. Figure
2.6(a) shows the simulated VT curves of IPS BPLC using JC-BPO1 [67] with different electrode
dimensions (G/W = 1) using our refraction model. The fitting parameters for JC-BP01 at 4 = 550
nm are Ans = 0.154 and Es = 4.05 V/um. Their on-state voltage (Von) and corresponding peak
transmittance are listed in Table 2.1. For comparison, we also included the peak transmittance

calculated by Ge’s model in the table.
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Figure 2.6. Simulated VT curves of IPS cells with (a) G/W =1 and (b) G/W =2 using JC-BPO1 at
23°C and A=550 nm.

As shown in Figure 2.6(a), the on-state voltage decreases as electrode dimension decreases
from IPS-10/10 to -5/5 and then -3/3. However, for IPS-2/2 this trend is reversed. To explain this,
we need to consider two determining factors for Von: penetration depth of electric field and induced
birefringence An. A smaller electrode dimension requires a lower voltage to achieve comparable

induced birefringence, that’s why IPS-3/3 shows a lower Vo, than IPS-5/5 and -10/10 as mentioned
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above. On the other hand, a smaller electrode dimension also leads to a shallower penetration depth
[56], which in turn demands a higher induced birefringence in order to accumulate sufficient phase
retardation for achieving high transmittance. These two factors compete with each other and result
in a higher Vo, for IPS-2/2 due to the deficiency of shallow penetration depth outweighs the merit
of strong electric field. However, for IPS-3/3 and 5/5, although their electric field intensities are
weaker than that of IPS-2/2, their deeper penetration helps to lower Von.

Table 2.1. Comparison between refraction and Ge’s models for IPS BPLC cells with G/W = 1.

BPLC: JC-BPO1 at 23°C and A = 550 nm.

Electrode Refraction Model Ge’s Model

Dimension Von (V) Tinax Tmax
IPS-2/2 34.2 71.4% 50.4%
IPS-3/3 31.8 68.5% 50.2%
IPS-5/5 324 65.0% 50.7%

IPS-10/10 41.2 54.9% 50.6%

Another clear trend shown in Figure 2.6(a) is that the peak transmittance drops as the
electrode dimension increases. IPS BPLCs with different electrode dimensions have different on-
state voltages and electric field intensities. According to the extended Kerr model, higher electric
field intensity would result in a higher induced An. As a result, the difference in refractive indices
between neighboring layers would be larger as explained above and the light would bend more by
the refraction effect. Especially on the top of electrodes, the larger angle with respect to the optical
axis and higher An would result in a higher transmittance and reduced dead zones. This is why
IPS-5/5 exhibits a larger aperture ratio than IPS-10/10 in experiments.

Next, we use the refraction model to simulate the VT curves of IPS BPLC (JC-BP01) with

G/W = 2, as depicted in Figure 2.6(b). Table 2.2 lists the on-state voltage and peak transmittance
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with and without the refraction effect. The G/W =2 cells show following same trend with G/W =1
cells: as the electrode dimension increases the peak transmittance decreases. Although a larger G
leads to a deeper penetration depth, the electric field is weaker so that the induced birefringence is
lower. Moreover, a wide electrode width W leads to a larger dead-zone area, which in turn lowers
the transmittance. From Table 2.1 and Table 2.2, we find that the cells with G/W = 2 exhibits
weaker refraction effect than the G/W =1 cells. This originates from that the IPS cells with a larger
G/W ratio generates a flatter electric field profile so that the incident light is less bent by the
refraction effect. As a result, in comparison with Ge’s model, the increase in peak transmittance
due to refraction effect is smaller. We also simulated the VT curves for IPS BPLC with G/W =3

and 4 ratios. The results are also included in Table 2.2, and they show the same trend as well.

Table 2.2. Comparison between refraction model and Ge’s model for IPS BPLC with G/W =2, 3

and 4 structures. BPLC: JC-BPO1 at 23°C and A = 550 nm.

Electrode Refraction Model Ge’s Model

Dimension Von (V) Tinax Tmax
IPS-2/4 34.2 82.8% 64.1%
IPS-3/6 38.4 80.7% 63.7%
IPS-4/8 42.8 77.8% 64.1%
IPS-5/10 44.6 74.3% 64.3%
IPS-2/6 41.8 84.6% 73.3%
IPS-3/9 44.2 83.6% 73.7%
IPS-2/8 48.2 86.6% 78.5%
IPS-3/12 49.6 83.2% 78.3%

2.3.3 Cell Gap Effect

In a nematic IPS cell, both transmittance and response time are affected by the cell gap.
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However, the transmittance of IPS cells is insensitive to the cell gap as long as the cell gap exceeds
the penetration depth of electric field [56]. This feature is particularly desirable for fabricating
large-size LCD panels, in which uniform cell gap control is a big concern. Here we revisit this

important feature by including the refraction effect.
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Figure 2.7. (a) Induced An profile of a 10-um-thick IPS-5/5 cell at 31V and (b) simulated VT
curves of IPS-5/5 with different cell gaps. BPLC: JC-BPO1 at 23°C and A = 550 nm.
Figure 2.7(a) depicts the induced birefringence distribution of a 10-um IPS-5/5 cell and

Figure 2.7(b) shows the VT curves of the IPS-5/5 cell with different cell gaps simulated by the
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refraction model. The material employed here is JC-BPO1 [67]. From Figure 2.7(a), the induced
birefringence is the highest near the electrode surface and it gradually drops as the distance
increases. As shown in the figure, when the depth increases to 5.5 um the induced birefringence
drops to < 0.05. Hence, for IPS BPLC the VT curve is insensitive to cell gap as long as the cell
gap is larger than the field’s penetration depth, which is governed by the electrode dimension
through Poisson equation. This is verified in Figure 2.7(b). As the cell gap drops from 10 um to 9
pm and then 8 um, the VT curves remains almost unchanged. When the cell gap continues to
decrease to 7 um, the transmittance drops slightly due to the cell gap becomes thinner than the
penetration depth. As the cell gap continues to decrease to 5 um, the transmittance becomes much
lower. Thus, in order to assure that the VT characteristics is insensitive to the cell gap variation,
the cell gap must be kept thicker than the field’s penetration depth.

Shown in Figures 2.8(a)-(d) are the on-state spatial transmittance profiles of IPS-5/5 with
cell gap d=5, 7, 8, and 10 um, respectively. As the cell gap increases, the light would be bent more
toward the center of electrodes by the refraction effect owing to a longer optical path. This explains
why the IPS-5/5 with d = 10 um shows a slightly larger aperture ratio than the corresponding 7-
um cell. Notwithstanding, the electric fields beyond the penetration regions are very weak and the
BPLC in that region can be nearly regarded as isotropic. Therefore, the light wouldn’t accumulate
additional phase retardation and transmittance wouldn’t change in spite of the fact that light rays
experience longer optical path. As a result, the VT curves are not critically dependent on the cell
gap as long as the cell gap exceeds the penetration depth of electric field. In addition, the cell gap
effect can be used to explain the aforementioned lower aperture ratio of IPS-10/10 because its

larger electrode dimension.
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Figure 2.8. Transmittance profile of IPS-5/5 with different cell gaps: (a) 5 um, (b) 7 um, (¢) 8 um

and (d) 10 pm. BPLC: JC-BPO1 at 23°C and A = 550 nm.

2.3.4 Saturated Birefringence and Saturation Field Effects

A higher saturated birefringence Ans not only helps boost the Kerr constant [76] but also
affects the electro-optical characteristics directly due to the refraction effect. Based on JC-BPOI,
Figure 2.9(a) shows the simulated VT curves of IPS-2/4 with different Ans while keeping Es of JC-
BPO1 unchanged (Es = 4.05 V/um). The red solid line represents the IPS BPLC employing JC-
BPO1. As Ans increases, the peak transmittance increases while on-state voltage decreases. For a
BPLC with higher Ans, according to Equation (2.2), the refractive index difference between
neighboring layers would increase and the light would bend more significantly by the refraction
effect. Thus, the light would propagate at a larger angle with respect to the optical axis. Moreover,
a higher Ans directly leads to an enhanced phase retardation. These two factors concurrently
contribute to a higher transmittance and reduced dead zone area.

Figure 2.9(b) shows how E affects the VT curves of IPS-2/4 based on JC-BPO1. It’s clearly

shown that as Es increases the on-state voltage also increases while peak transmittance remains
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unchanged. This indicates that £ only determines the voltage where the BPLC reaches its Ans, but

the maximum induced birefringence still remains unchanged at the on-state voltage.
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Figure 2.9. Simulated VT curves of IPS-2/4 using BPLCs with (a) different Ang (Es = 4.05
V/um), and (b) different Es (Ans = 0.154) at 23°C and A = 550 nm. Red solid lines: JC-BPO1.
Hence, in IPS BPLC cells, a higher Ans helps reduce the operation voltage and enhance the

transmittance, not only by increasing the Kerr constant on material side but also by enhancing the
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refraction effect. A lower Es is effective in lowering operation voltage while maintaining the same
peak transmittance. In order to achieve low voltage while keeping high transmittance, an effective

strategy is to boost Ans while keeping Es low.

24 Summary

In this chapter, we have developed a numerical model to compute the electro-optical
characteristics of IPS BPLC cells while taking the refraction effect into account. The refraction
model well agrees with the experimental results, and is more accurate than conventional model in
predicting the electro-optics of IPS BPLC. With this numerical calculation model, parameters
affecting the electro-optics of BPLCDs in IPS structures, such as electrode dimension effect, cell
gap effect, saturated induced birefringence as well as saturation electric field effects have been
investigated. The study of the device physics provides important guidelines for future device

development and optimizations.
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CHAPTER 3. LOW VOLTAGE BLUE PHASE LIQUID CRYSTAL
DISPLAYS

In a conventional planar IPS electrode configuration, the electric field is confined near the
bottom substrate, and only the blue phase liquid crystals in this shallow region contribute to the
induced birefringence. As a result, the driving voltage is high and optical transmittance is low. In
order to lower the operation voltage, various device configurations have been proposed to generate
strong electric fields with enhanced penetration depth [63, 65]. However, their fabrication
processes are rather challenging. In this chapter, we will discuss possible approaches to achieve

low voltage blue phase LCDs from device design and material development viewpoints.

3.1 Device Configurations

3.1.1 Protrusion Electrodes

From Chapter Two, we can enhance the transmittance by increasing the G/ ratio of the
IPS cell. However, the major tradeoff is higher driving voltage due to the wider electrode gap. An
effective way to overcome this issue is to implement protrusion electrodes [60, 77]. The typical
device structure using protrusion electrode structure is shown in Figure 3.1. The BPLC cell is
sandwiched between two crossed polarizers, and organic protrusions are form on the bottom
substrate. Then, the pixel and common protrusion electrodes are deposited onto the organic
protrusions. Their dimension is defined as follows: W is the bottom width of organic protrusions,
H is the height, and G is the space between adjacent protrusions. In this design, strong electric
fields are generated between the pixel and common electrodes, and more importantly, the field is
able to penetrate deeply into the LC bulk region. These two factors concurrently lead to a lower

operation voltage. The detailed performance depends on the protrusion height and the G/ ratio.
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To investigate the influence of refraction effect on the transmittance of protrusion IPS cell, we
used rectangular protrusion electrodes in our simulations. Nonetheless, the electrodes can be

fabricated in other shapes, such as elliptical, trapezoid, etc. [78]

Analyzer
D 7777777///7////;/;/;’;’’J//Zi’/’b®bW /777

Substrate

Substrate

Polarizer

Figure 3.1. Cell structure of an IPS BPLC cell using protrusion electrodes.

Shown in Figures 3.2(a) and (b) are the simulated VT curves of planar and protrusion IPS
cells with protrusion height # = lum and 2um for IPS-2/4 employing two different BPLC
materials: JC-BPO1 (Ans = 0.154, Es = 4.05V/um) and JC-BP06 (Ans = 0.09, Es = 2.2V/um).
Compared to a planar IPS, the protrusion IPS exhibits nearly the same transmittance since the
protrusion electrodes mainly generate electric fields in the electrode gaps and don’t change the
field distribution above the electrodes. Nonetheless, the operation voltage drops dramatically as
the protrusion height increases due to the penetration depth of electric field is significantly

enhanced by the protrusion electrodes.
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Figure 3.2. Simulated VT curves IPS-2/4 with protrusion electrodes employing (b) JC-BP0O1 and
(c) JC-BP0O6 (T =23°C and A = 550 nm).

On the other hand, JC-BP06 exhibits a higher voltage than JC-BPO1 for planar IPS-2/4

structure (40 V vs. 34 V). This is because JC-BP06 has a relatively lower saturated birefringence

(Ans = 0.09) and IPS-2/4 has a relatively shallow penetration depth. Thus, JC-BP06 requires a

higher operation voltage to reach the peak transmittance. However, when we use protrusion

electrodes, the relatively low Ans of JC-BP06 can be compensated by the enhanced penetration
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depth of electric field. Thus, with the same device structure JC-BP06 exhibits a lower operation
voltage than JC-BPO1 because JC-BP06 has a higher Kerr constant. As Figure 3.2(b) shows, for
IPS-2/4 with h =2 pm its operation voltage is reduced to 10V while keeping > 80% transmittance.
Such a protrusion height is easy to obtain in fabrications, as recent progresses on fabrication has
already achieved a protrusion height of 3.5 um [77]. Lowering the operation voltage to < 10V is
an important milestone to enable BPLC to be addressed by a-Si TFT technology. To further boost
transmittance, we can increase the birefringence of the BPLC material. For example, as Figure

3.2(a) shows, JC-BPO1 has a higher induced birefringence so that its peak transmittance can reach

83%, slightly higher than that of JC-BP06.

3.1.2 Etched Electrodes

In addition to protrusion electrodes, etching is another effective approach to lower the
operation voltage [64, 66]. Figure 3.3 shows the device structure of a BPLC cell using etched
electrodes. In an etched-IPS structure, say IPS-2/4, the etching takes place along the 4-um
electrode gaps with an etching depth of A’. As a result, the fringe field is able to penetrate above
and below the 2-um ITO electrodes, as shown in Figure 3.3. The BPLC molecules filled in the
etched part of the substrate also contribute to phase retardation so that the driving voltage would
be reduced. Similar to protrusion IPS, etched-IPS using JC-BP06 also shows lower operation
voltage than that using JC-BPO1 since the bottom fringe fields provide an extra phase retardation
to compensate the relatively low Ans of JC-BP06. Hence, in simulations we focus on JC-BP06 to
demonstrate the effectiveness of the etched-electrode approach.

Figure 3.4(a) compares the simulated VT curves of IPS-2/4 structure with etching depth H’

increasing from 0, 1, 2 to 4 um. As the etching depth increases, the operation voltage drops rapidly
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and then gradually saturates. With A’ = 2um, the operation voltage is reduced to ~ 10V. This
saturation phenomenon originates from the finite penetration depth of electric field below in the
etched regions. Hence, when the etching depth is larger than the penetration depth, the operation
voltage does not decrease further. This feature provides a high fabrication tolerance for the etched-
IPS since we don’t need to control the etching depth very precisely as long as it’s deeper than the

penetration depth.
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Figure 3.3. Cell structure of an IPS BPLC cell using etched electrodes.

To improve transmittance, we can increase the G/W ratio, such as IPS-2/6 or -2/8, while
still using the etched electrodes. Same with etched IPS-2/4, both etched IPS-2/6 and -2/8 show the
saturation effect, but at a deeper etching depth (~ 4um for IPS-2/6 and ~ 6um for IPS-2/8), due to
the larger penetration depths of electric fields. Figure 3.4(b) includes the simulated VT curves of
etched IPS-2/6 and IPS-2/8 cells with 4-um and 6-um etching depths, respectively. Compared to

IPS-2/4, their transmittance can exceed 80% due to higher G/W ratios; however, a tradeoff is
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increased voltage. As nanotechnology advances, smaller electrode dimension could be fabricated
[79]. If we can reduce the electrode width to 1 pm, then the operation voltage can be reduced to

~8V while maintaining a high transmittance of >80%, as Figure 3.4(b) depicts.
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Figure 3.4. Simulated VT curves of etched-IPS cells with different electrode dimensions: (b)

G/W=2and (¢c) G/W=3,4 and 5 using JC-BP06 (T'= 23°C and A = 550 nm).
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3.1.3 Blue Phase LCD with Single Gamma Curve

In an IPS BPLC cell, the phase retardation depends on the wavelength and induced
birefringence. The latter one in turn depends on the Kerr constant, which decreases as the
wavelength increases [80]. Accordingly, the VT curves of an IPS BPLC depend on the wavelength,
as shown in Figure 3.5(a). Three gamma curves are required to drive the red (R: A = 650 nm),
green (G: A =550 nm) and blue (B: A =450 nm) sub-pixels, which in turn increases the complexity
of driving electronics.

To simplify the driving circuits, we propose following method to achieve single gamma
curve for IPS BPLC. Based on the discussions above, we know that the on-state voltage of an IPS
BPLC can be adjusted by changing the G/W ratio. Accordingly, in order to achieve overlapped
gamma curves for RGB colors, we can simply adjust the electrode gap G for RGB sub-pixels while
maintaining the same electrode width and etching depth. Similar approach of adjusting the
electrode gap has been used to balance the optical phase retardation between transmissive and
reflective regions for transflective displays [81].

Here, we use IPS-2/4 with H” = 2.5um and d = 7.5um for the green wavelength as a
benchmark to illustrate the design principles. From Figure 3.5(a), we need to lower the on-state
voltage for the red color. Thus, we choose a narrow electrode gap, say G = 3.6um, while still
keeping H’ =2.5 um and d =7.5 um. On the other hand, we increase G to 5.2 um for the blue
wavelength. Figure 3.5(b) shows the normalized VT curves for RGB sub-pixels with different
electrode gaps. Indeed, the RGB gamma curves overlap fairly well, and consequently, the

complexity of driving circuit can be greatly reduced.
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Figure 3.5. (a) Calculated VT curves for RGB wavelengths of etched IPS-2/4 cell. (b) Calculated

VT curves for IPS-2/3.6 (R), -2/4 (G), -2/5.2 (B). (H’ = 2.5um and d = 7.5um, BPLC: JC-BP06).

3.2 Material Development

In addition to device designs, continuous development of large Kerr constant materials [68,

70] would help further reduce the operation voltage. From Gerber’s model, Kerr constant is related
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to the properties of LC host through following equation [82]:

'—k/”t-(27r)2 ; (3.1)
where An and Ae¢ are the birefringence and dielectric anisotropy of the LC host, respectively; P is
the pitch length, and & is the average elastic constant. Hence, in order to enhance the Kerr constant,
a straightforward approach is to enhance the A¢ or An of the LC host.

In addition, the aforementioned comparison between JC-BP01 and JC-BP06 using different
device structures implies the operation voltage is also determined by the electrode dimension. JC-
BPO1 has a higher Ans than JC-BPO06, but its A¢ is lower (~94), resulting in a lower Kerr constant.
In contrast, although JC-BP06 has a high Kerr constant because of its huge Ae¢ (~ 473), its Ans is
too low (0.09). Hence, when JC-BP06 is employed in small-dimension electrode structures like
IPS-2/2 and IPS-2/4, the operation voltage is usually very high. In order to reduce the operation
voltage, device structures as well as material properties must be considered together. For small
electrode dimension structures, high birefringence is preferred due to its shallow electric field
penetration depth. For large electrode dimension structures, high dielectric anisotropy is preferred
because of its weaker electric field.

Since there is limited room for further enhancing An, extensive efforts have been devoted
to enhance the Ae significantly (Ae ~ 300) [68, 69, 83], but the downsides of using such high-Ae
LC hosts are apparent. On one hand, these compounds have long molecular conjugation and large
dipole moment so that their viscosity is very high. This slows down the device fabrication process
and increases device response time. On the other hand, the huge Ae produces a large capacitance
(CLe), leading to insufficient charging capability in conventional pixel circuit, i.e. the voltage

applied to the LC capacitor cannot reach the desired value within the designated charging time. As
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a result, the optical efficiency is sacrificed. In particular, when the driving frequency is tripled in
color sequential displays, the charging issue becomes more severe. Meanwhile, the Debye
relaxation frequency of such bulky liquid crystal molecule is rather low. The frequency

dependency of parallel dielectric constant ¢’ is governed by the Debye model [84]:
gy =€, + %; (3.2)
r
where & is the static permittivity along the long molecular axis at the low frequency limit, & IS
the permittivity at the high frequency limit, and f- is the Debye relaxation frequency, which is

related to the molecule properties through following equation [85]:

fr ~ B (3.3)

Here, vy is the rotational viscosity and / is the molecule length of LC host. Compared to conventional
nematic LCs, the molecule length of high-Ae LC host is much longer and the viscosity is much
higher. As a result, the relaxation frequency of high-Ae LC host is much lower. For instance, the
relaxation frequency f of JC-BPOON is only 1.07 kHz. Such a low relaxation frequency cannot
meet the charging requirement of high-resolution displays due to the huge number of pixels. In
contrast, the relaxation frequency of conventional nematic LCs are in the magnitude of several
MHz. Therefore, the Ae of LC host shouldn’t be too high in order to mitigate the charging issue.
For instance, by employing a LC host with Ae ~ 80, the charging issues have been well resolved

in blue phase LCD prototypes [77].

3.3 Summary

In this chapter, we have discussed possible approaches from device design and material
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development viewpoints to achieve low-voltage blue phase devices. On the device side, by using
protrusion and etched electrodes, the operation voltage can be reduced to < 10V and transmittance
is enhanced to > 80%. On the material side, we should not only emphasize on enhancing the Kerr
constant, but also need to pay attention to the individual An and Ae values according to the device
structures employed. High Ae is helpful in reducing the operation voltage, but it would incur
charging issues as a tradeoff. In order to mitigate this issue, we should focus on LC host with Ae
~ 80 or even lower. These efforts will provide guidelines for future blue phase device optimizations

and material characterizations.
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CHAPTER 4. HIGH TRANSMITTANCE BLUE PHASE LIQUID
CRYSTAL DISPLAYS

Compared to the planar IPS structures, the protrusion and etched electrode structures in
Chapter Three can reduce operation voltage significantly. However, the transmittance is still rather
low compared to nematic LCDs. In order to reduce power consumption, most commercial LCDs,
including twisted nematic [7, 9], vertical alignment [11], and fringe field switching [12, 13] modes,
exhibit ~90% or higher transmittance. Thus, in order to compete with mainstream nematic LCDs,
there is an urgent need to develop a blue phase LCD with comparable or even higher transmittance.
In this chapter, we will introduce a blue phase LCD using Z-shaped electrode to achieve high

transmittance and low operation voltage simultaneously.

4.1 Device Structure

The cross-sectional view of the Z-shaped electrode configuration is shown in Figure 4.1.
The LC layer is interposed between two glass substrates. A thin layer of passivation material (e.g.
Si0,, SiN,, etc.) with a height of H is first formed on the substrate. The bottom width of the
passivation protrusion is defined as L and the space between adjacent passivation protrusions is
defined as G. The taper angle of passivation protrusions is denoted as &. Then, the indium tin oxide
(ITO) electrodes are coated near the edge of passivation protrusions to form pixel and common
electrodes. The common and pixel electrodes cover the top surface passivation protrusions with a
length of 1 and bottom substrate with a length of W>. W1 and W> may have the same or different
widths, as will be outlined later. In each RGB sub-pixel, multiple electrodes can be formed. The

BPLC layer is further sandwiched between crossed polarizers, as shown in Figure 4.2. For the
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purpose of expanding viewing angle and reducing color shift, retardation films, which can be either
a biaxial film or a set of uniaxial films, are laminated between bottom polarizer and the top analyzer

[29].
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Figure 4.1. Cross-sectional view of a BPLC cell using Z-shaped electrodes.
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Figure 4.2. Electrode arrangement in a LCD pixel.

4.2 Electro-optical Performance

As discussed in Chapter Three, high-Ag LC hosts such as JC-BPO6N (Ae ~ 473) are subject
to serious charging issues. Therefore, hereinafter we will focus on a LC host with much lower Ag,

which has already been proven with good performance in resolving the charging issue in blue
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phase LCD prototypes [77]. The parameters of the blue phase material are: Ae ~ 80 at f = 100Hz,

Es;=4.8 V/umand Ang = 0.15 at L = 550nm.

4.2.1 Voltage-transmittance Characteristics
Due to the optical isotropy of BPLCs at the voltage-off state, the linearly polarized light
after the polarizer would be blocked by the analyzer. When the display is turned on, a driving
voltage is applied to the pixel electrodes to generate an electric field in the BPLC layer with a main
vector along horizontal direction, except the regions near the edge of passivation protrusions, as
illustrated in Figure 4.1.
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Figure 4.3. Calculated VT curves of BPLC cells using Z-shaped electrodes under different G
conditions. (& =90°, H=3.5um; W= W, =1.0um; L =4.0um, L = 550nm).
Figure 4.3 shows the calculated VT curve using the Z-shaped electrodes. Here, the taper
angle of the passivation layer is set at & = 90° and the height of the passivation layer is H = 3.5um;
the electrode width W= W> = 1.0 gm. The bottom width of the passivation protrusion L =4.0 pm,

and the gap between adjacent passivation protrusion G varies between 4.0 4m and 6.0 gum. The
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BPLC parameters are as follows: Ans = 0.15 and Es = 4.8 V/um at A = 550nm. The black solid
curve stands for the VT curve using the Z-shaped electrode with G = 4.0 um, where the required
driving voltage is only 7.2V, and the peak transmittance is 91.9%. When G increases, the operation
voltage increases, while peak transmittance gradually increases and then decreases when G
exceeds 5.0 um. At G = 5.0 um, the driving voltage is 8.2V and the peak transmittance reaches

96.6% (shown as the blue solid curve).
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Figure 4.4. A summary of the peak transmittance (7max) and on-state voltage (Von) of BPLC cells
using Z-shaped electrodes under different G conditions (L = 4.0um, A = 550nm).
In order to find out the optimal device dimension to achieve high transmittance, we varied
G between 4.0 um and 6.0 um with a step of 0.1 um and simulated their VT curves. Figure 4.4
summarizes the peak transmittance (7max) and corresponding on-state voltage (Von) under different
G conditions. The highest peak transmittance 97.1% occurs at G = 4.8 um, which is equivalent to
G/L = 1.2. A more detailed discussion of this optimal G/L ratio to achieve high transmittance will

be explained later. Figure 4.5 schematically plots the transmittance profile at the on-state voltage
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(upper) and the electric potential distribution (lower) for the scenario of G = 4.8 um. It clearly
shows that the horizontal electric fields penetrate deeply into the LC layer. As a result, the Z-
shaped structure is able to achieve very high transmittance throughout the whole period, except

the regions near the edge of the passivation layer, which are negligibly small.
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Figure 4.5. On-state transmittance profile (upper) and the electric potential distribution diagram

(lower) of the Z-shaped electrode structure (L = 4.0pm, G =4.8um, A = 550nm).

4.2.2 Contrast Ratio
Blue phase liquid crystal behaves like an optically isotropic medium when no voltage is
applied. As a result, the dark-state light leakage only occurs at an off-axis incidence that comes
from the effective angle deviation between two crossed linear polarizers, i.e., two crossed linear
polarizers at normal incidence is no longer perpendicular to each other at an oblique incidence.
This light leakage deteriorates the viewing angle performance unfavorably. At the voltage-on state,
although electric field induces birefringence and the LC index ellipsoid is elongated, the overall

cubic symmetry of blue phase does not change. This leads to a symmetric view angle performance.
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Figure 4.6(a) plots the contrast ratio contour of Z-shaped electrodes. As we can see, the contrast
ratio drops to < 10:1 when the polar angle exceeds 40°. Hence, in order to reduce off-axis light
leakage of blue phase LCDs, compensation films are required. In terms of film configurations, a
biaxial film [57] or a pair of positive A and positive C uniaxial films [26] are often used, while a
biaxial film is preferred for high-end LCDs. In our simulations, the BPLC using Z-shaped
electrodes are compensated by adding a half-wave biaxial film before the analyzer in order to
reduce the off-axis light leakage at dark state. The parameters of the biaxial film are as follows: 7,
=1.521, n,=1.519, n. = 1.520 and the biaxial film thickness is 137.5um. For the compensation of
viewing angle, the n, axis is placed parallel to the absorption axis of the top linear polarizer. The
viewing angle of the Z-shaped structure using stripe electrodes is shown as the iso-contrast plot in
Figure 4.6(b), where the viewing angle with contrast ratio higher than 100:1 covers over 80° for

all viewing directions.

Figure 4.6. Calculated iso-contrast contour of Z-shaped structure (a) without and (b) with biaxial

compensation film. (L =4.0um, G =4.8um, A = 550nm).
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4.2.3 Color Shift

Color shift is an important parameter describing the angular dependent color uniformity of
a LCD panel. For high-end LCD devices, negligible color shift has always been a pursuit. In this
section, the modeling of color shift will be introduced and we will investigate the color shift of
blue phase LCDs using Z-shaped structure.

In our model, we compute the color performance of the LCD panel including light source,
polarizer, LC cell, color filters, and analyzer. For simplicity but without losing generality, here we
do not consider other optical elements such as diffusers or brightness enhancement films. These
films are commonly used for improving viewing angle and contrast ratio, but they make little effect
on the colors. Starting from the backlight unit, let us assume the emitted light from the backlight
has a spectral power distribution (SPD) S;, (1). The black dashed lines in Figure 4.7(a) shows the
SPD of a commonly employed white LED backlight using a yellow phosphor. After passing
through the first polarizer, the linearly polarized light transmits through the TFT substrate, LC cell,
color filters, and finally reaches the crossed analyzer, as illustrated in Figure 1.2. To analyze the
system color performance, we spatially divided the incident light into three channels: red (R),
green (G) and blue (B). Here, we define R(1), G(41) and B(4) as the transmission spectra of each
color filter, which are plotted Figure 4.7(a). Meanwhile, the transmission spectra of polarizers P
(4) 1s also wavelength-dependent. Here, we take the dispersion of polarizer’s absorption into
consideration by using following complex refractive indices at RGB wavelengths: n. = 1.5 +
i-1.38x1073 and n, = 1.5 +i-4.27%107 at . =450 nm, n.= 1.5 +i-2.21x10 and n, = 1.5 + i-3.22x10°
Sat A =550nm, n.= 1.5 +i-2.42x103 and n, = 1.5 + i-3.36%107 at 2 = 650 nm. The thickness of

the polarizer is 200 um.
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Figure 4.7. Normalized emission spectra of a white LED light source (black dashed lines) and
transmission spectra of RGB color filters (color curves).
In addition, the wavelength dependent Kerr constant is also taken into consideration by the

following single-band model [80]:

/12‘/1*2
ﬂK:G'm, 4.1)

where A* is the mean resonance wavelength and G is a proportionality constant. The transmittance
of blue phase layer LC (V, 1) depends on voltage and wavelength. To generate color hues and
different gray levels, we apply different voltages to RGB sub-pixels to control their transmittance.
By integrating the impacts of polarizers, TFT aperture ratio, LC cell and color filters, the SPD of

output light in each channel and total SPD Sy (1) can be written as:

S, (1) =S. (1)-LC(V,2)- P(1)-R(A): 4.20)
S.(A) =S, (1)-LC(V,A)- P(A)-G(A): (4.2b)
S, (1) =S. (1)-LC(V,2)-P(1)-B(A): 4.20)
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Stotal (A4)= SR (A4)+ SG (4)+ SB (A). (4.2d)

Here, Sk (L), Sc (L), and Sz (L) refer to the output SPD for the R, G, and B channels, respectively.
To quantitatively characterize the color performance of LCD system, here we choose the
most commonly used tristimulus method which was established and developed by the International
Commission on Illumination (CIE) [86]. Based on the human visual system, the CIE XYZ color
space defines all the colors in terms of three imaginary primaries X, Y and Z, the values of which

represent the luminance or brightness of the colors and can be expressed as [87]:

X =k j S(A)-X(A)dA; (4.3a)
Y =k J' S(A)- V(A)dA; (4.3b)
Z=k j S(A)-Z(A)dA; (4.3¢)

where x(1), y(A) and z(1) represent three color matching functions and & is a constant. S (1)
equals to output SPD for each color filter in Equations (4.2a) to (4.2c) when calculating the X, ¥
and Z tristimulus values for light from RGB channels. To specify which colors do X, Y and Z

represent, CIE 1931 color space introduced the chromaticity coordinates x, y and z in following

terms:
X= —X ;
X 1Y +7 ) (4.4a)
y= _
X +Y 17 ) (4.4b)
L= —Z ;
X+Y+Z' (4.4¢)
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while the chromaticity in CIE 1976 uniform chromaticity scale diagram, which is also called (u’,

V') diagram, is related to the (X, y) coordinates by the following equations:

U'e 4X _

_2x+12y+3’ (4.52)
V'= 9y

Cox+12y+3° (4.50)

The color shift of a LCD panel is usually measured by a spectro-radiometer with capacity
of presenting u' and v' coordinates when the panel is set at the full-bright state. The chromaticity
coordinates u' and v' are measured in the visually most color deviating areas such as the horizontal,
vertical or diagonal directions of a LCD panel. Based on Equations (4.5a) to (4.5b), Au'v' at any

two positions (1 and 2) can be calculated using following equation:

A= (U, ~ ) + (v, - )", @)
where (1’2, v’2) and (¢’1, v’1) represent the (u’, v’) values at an oblique viewing angle and the
normal viewing angle, respectively.

In simulations, the incident angle is defined as the angle between the light incident direction
and the normal of the LCD panel, which is referred as the theta angle 6 thereafter. In our
simulations, we varied € from -80° to 80°, and scan the backlight across the whole 360° azimuthal
angle () at 10°step for every chosen 6. First, we study the color shift of film-compensated Z-
shaped structures using stripe electrode, as depicted in Figure 4.8(a). Figure 4.9(a) plots the
calculated color shift in CIE 1976 diagram from different azimuthal incident angles at the full-
bright gray level G255. As the incident angle increases, color shift becomes more severe. To

quantitatively evaluate angular color uniformity, we use Equation (4.5) to calculate the Au’v’
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values at different azimuthal and polar angles. The color shift of the stripe electrode structure is
Au’v’=(0.007,0.011, 0.090) for RGB primaries, respectively. Blue primary has most severe color
shift: Au’v’=0.090 at 8= 80< The accuracy of the colors is usually characterized by human eye
sensitivity, where one JNCD (Just Noticeable Color Difference) = Au’v’ = 0.004 [88]. INCD ofters
an accurate and objective way to evaluate the color accuracy of a display in terms of the eye’s

sensitivity to color. Typically, color errors less than three JNCDs are considered visually

indistinguishable from perfect.

(a) , (b)

Figure 4.8. Top view of (a) stripe shaped electrodes and (b) zigzag shaped electrodes.

Since the stripe electrodes exhibits a severe color shift at large viewing angle, zigzag multi-
domain electrodes have been proposed to overcome this drawback [89]. In zigzag structure, the
electrode arms are bent at an angle o with respect to the y axis in the x-y plane, as Figure 4.8(b)
shows. As a result, the Kerr effect-induced birefringence is in the complementary directions
between each subdomain, resulting in a better and more uniformly compensated bright state. In
order to achieve optimal viewing angle performance, we set o at 45° [89] and simulated the color
shift of film-compensated zigzag electrodes, as shown in Figure 4.9(b). We can see the color shift

is significantly reduced in zigzag structure. Quantitatively, the Au v’ values are reduced to (0.0016,
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0.0018, 0.0055) for RGB primaries at 8= 80 respectively. Compared to stripe electrodes, zigzag

electrodes have reduced color shift by > 15X, and thus exhibiting unnoticeable color shift.
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Figure 4.9. Color shift of RGB primaries film-compensated Z-shaped structure: (a) stripe

electrodes, (b) zigzag electrodes. The backlight is white LED.



4.2.4 Grayscale Inversion

At the voltage-on state, blue phase is a birefringent material. Its phase retardation depends
on the applied voltage, wavelength, and viewing angle. Hence, the image at off-axis viewing
direction may be distorted. As a matter of fact, it is widely known that LCD panels usually have
one viewing side in which color of the image change suddenly after exceeding specified view
angle. This phenomenon is called grayscale inversion, which is also an important factor evaluating
the off-axis image quality.

In simulations, we evaluated the gray inversion of Z-shaped BPLC using stripe and zigzag
electrodes. To compare the gray inversion, we transform the transmittance into gamma curves
based on the equation of T = (GL/255)*?, where GL stands for gray level. All the gray levels were
considered (GO - G255) and the gamma curves of stripe and zigzag electrodes are plotted in Figure
4.10(a) and 4.10(b), respectively. Here, the azimuthal viewing angle is along the diagonal direction,
where the gray inversion is the most severe.

For stripe electrodes, we can see that gray inversion appears at high gray levels. The most
severe gray inversion occurs at G243, with 109.39% transmittance at polar angle = 60°. Although
human eyes are more sensitive to the gray inversion at lower gray levels than higher ones, such a
severe gray inversion would still affect the image qualities, thus causing aforementioned color shift.
In contrast, for zigzag electrodes, gray inversion is reduced significantly, as shown in Figure
4.10(b). At viewing angle € = 60°, gray inversion barely appears. To quantitatively compare the

gray inversion, we used the off-axis image distortion index D(6, ¢), which can be defined as [90]:

\AT AT

i,j(on-axis) — =i, j(off—axis,0,p)
D(8,¢) = AT i : (4.6)

i, j(on—axis)

i,j=0-255
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Figure 4.10. Viewing angle dependence of gamma curves for film-compensated Z-shaped BPLC:

(a) stripe electrode and (b) zigzag electrode along the diagonal direction.

where AT;; means transmittance difference between i and /" gray levels, and < > denotes the
average for all cases of arbitrary grays. The D (6, ¢) value ranges from 0 to 1. If D < 0.2, then the
image distortion is indistinguishable by the human eye. Our simulations show that stripe and
zigzag structures D values of 0.38 and 0.13, respectively. This implies the zigzag electrodes have

reduced the image distortion to unnoticeable extent and improved off-axis image quality
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significantly. This is due to the fact that induce birefringence is in the complementary directions

between each subdomain.

4.3 Analysis of Device Parameters

4.3.1 Protrusion Height Effect
In protrusion electrode structures [60, 91], the protrusion height is crucial in lowering the
operation voltage. Higher protrusion enables the electric field to penetrate deeper into the BPLC
bulk, and thus reducing the operation voltage significantly. This trend applies to the Z-shape

electrode structures as well.
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Figure 4.11. Calculated VT curves of BPLC cells using Z-shaped electrodes under various
heights H conditions (& = 90°, W1 = W>=1.0um; L =4.0um; G =4.8um, A = 550nm).
Figure 4.11 plots the calculated VT curves using the Z-shaped electrode structure with
various protrusion heights of the passivation layer. Here, the VT curve for the aforementioned

scenario of H= 3.5 um is plotted as the green solid curve. When H increases to 4.5 um, the driving
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voltage is reduced to 7.3V, while the peak transmittance is maintained at 97.1%, as plotted by the
magenta solid curve. This is due to the fact that the penetration depth of electric field is enhanced
[60]. On the other hand, when H drops to 2.5 um, the penetration depth of the electric field becomes
shallower. As a result, the operation voltage increases to 9.5V, as plotted by the blue solid curve.

When H continues to decrease, the driving voltage increases accordingly.
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Figure 4.12. A summary of the peak transmittance (7max) and on-state voltage (Von) of BPLC
using Z-shaped electrodes under various heights H conditions (A = 550nm).

In order to investigate the protrusion height effect more thoroughly, we varied H in the
range between 0.5 um and 4.5 um with a step of 0.5 um and simulated their VT curves. Figure
4.12 summarizes the peak transmittance (7max) and on-state voltage (Von) under different H
conditions. The trend is clear: as H decreases, the driving voltage increases dramatically and the
peak transmittance also decreases. When H = 0.5 um, the driving voltage is as high as 38.2V and
peak transmittance is reduced to 84.2%. Therefore, a high H is very helpful in achieving high

transmittance and low driving voltage simultaneously.

57



4.3.2 Dimension Effect

The electrode dimension plays an important role in determining the electro-optical

properties of IPS BPLC cells. When L increases or decreases, in order to maintain a high

transmittance, G needs to increase or decrease accordingly.
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Figure 4.13. Calculated VT curves of BPLC cells using Z-shaped electrodes under different H

conditions. (a) H=3.5um, (b) H=4.5um, (c¢) H=2.5um and (d) H = 1.5um (A = 550nm).

Figure 4.13(a) plots the calculated VT curve using the Z-shaped electrode structure with

various L and G conditions at H = 3.5 um. Here, the VT curve for the aforementioned scenario of

L=4.0 um, G =4.8 um is plotted as black solid curve. When L increases to 5.0 gm, G should
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increase to 6.0 M in order to maintain a high transmittance, as shown by the red solid curve,
where the driving voltage is 9.8V and peak transmittance is 97.7%. When (L, G) further increases
to (6.0 um, 7.4 um), the driving voltage increases to 11.6V while the transmittance is maintained
at 97.9% (blue solid curve). The general trend is as L and G increase, the driving voltage increases.
In order to maintain high transmittance, the ratio of G/L of the Z-shaped electrodes should be kept
at around 1.2. This optimal G/L ratio of 1.2 to achieve high transmittance not only applies to the
scenario of H = 3.5 um, but also applies to other scenarios with different passivation thickness.
Figures 4.13 (b)-(d) plot the calculated VT curve using the Z-shaped electrode structure with
various L and G conditions at H =4.5, 2.5 and 1.5um, respectively. It shows that the optimal G/L

ratio to achieve high transmittance is also around 1.2 for other protrusion heights.

4.3.3 Electrode Width Effect

In the descriptions above, W1 = W, = 1.0 um is used to explain the physical principles.
Notwithstanding, in this design, W1 and W> can be same or different, and can vary in a wide range
depending on the fabrication technique. The scenarios of W # W, will be discussed in Section 4.4.
In this section, we focus on the scenario of W = W and investigate the electrode width effect.

Figure 4.14 shows the calculated VT curve using Z-shaped electrodes with various
electrode width conditions while L = 5.0 gzm and G= 6.0 gum. When the electrode width W1 = I
increases from 1.0 gm to 1.5 gm and 2.0 um, the driving voltage remains the same, but the peak
transmittance decreases from 97.2% to 95.3%, and then to 93.8%. This is due to the slightly lower
transmittance on the top of the ITO electrodes, as shown in Figure 4.5. Hence, a larger ITO
electrode width leads to a lower transmittance. In order to achieve high transmittance, the electrode

width  should be as narrow as possible.
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Figure 4.14. Calculated VT curves of BPLC cells using Z-shaped electrodes under various

electrode width conditions. (& =90°, H=3.5um; L =5.0pm; G = 6.0um, A = 550nm).

4.3.4 Taper Angle Effect

The taper angle plays a critical role in determining the electro-optical performance of the
Z-shaped electrode structures. In aforementioned discussions, & was set at 90° in order to achieve
high transmittance and low voltage simultaneously. When & deviates from 90°, both transmittance
and voltage would be deteriorated. Figure 4.15 shows the calculated VT curve using the Z-shaped
electrode structure when the taper angle drops from 90° to 85°. Here, the VT curve for the scenario
of & = 90° is plotted as the black solid curve. It clearly shows that as taper angle decreases, the
driving voltage increases and the peak transmittance decreases dramatically. For example, when
the taper angle decreases from 90° to 89°, the driving voltage increases from 8.1V to 14.2V, and
the transmittance drops from 97.7% to 89.9%. Hence, in order to maintain the transmittance higher

than 90%, the taper angle should be steeper than 89°.
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Figure 4.15. Calculated VT curves of BPLC cells using Z-shaped electrodes under various taper
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Figure 4.16. A summary of the peak transmittance (7max) and on-state voltage (Von) of BPLC
using Z-shaped electrodes under various taper angle conditions (A = 550nm).
Figure 4.16 summarizes the peak transmittance (7max) and its corresponding driving

voltage (Von) under different & conditions. The general trend is that driving voltage increases and
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the peak transmittance decreases dramatically as & decreases from 90°. When & = 85.5°, the
driving voltage increases to 19.8V, while the peak transmittance decreases to below 80%. Hence,
& should be as close to 90° as possible in order to achieve high transmittance and low driving

voltage simultaneously.

4.4 Variations in Device Structures

The Z-shaped electrode structure is able to achieve high transmittance and low operation
voltage simultaneously. In addition, there is a wide freedom in device fabrication. Some possible

variations in device structures are discussed below.

4.4.1 L-shaped Electrodes

In the Z-shaped electrode structure, the ITO electrodes cover the surfaces of the passivation
protrusions and bottom substrates. In contrast, in the L-shaped electrode structure, the common
and pixel electrodes only cover the sidewall of passivation protrusions and bottom substrate with
electrode width of >, but don’t cover the top surface of passivation layer, as illustrated in Figure
4.17. Same with the Z-shaped electrode structure, the LC layer is interposed between two
substrates, which can be further sandwiched between two crossed polarizers.

Figure 4.18 shows the calculated VT curves using the L-shaped electrode structure with
different electrode dimensions. Here, the taper angle of the passivation protrusions is set at & =
90° and the height is H = 3.5um. The black and red solid curves stand for the VT curves of the L-
shaped electrodes structures with different L and G conditions while the electrode width is kept at

W> = 1.0 um. Both structures are able to achieve > 98% transmittance, while the driving voltage
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is below 10V. When the electrode width increases to W2 = 2.0 um, the driving voltage keeps almost
the same, while the peak transmittance drops slightly, but still keeps at > 97%, as shown by black
and red dashed curves. Same with the Z-shaped electrode structure, in order to maintain the high

transmittance, the optimal G/L of the L-shaped structure should be around 1.2.
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Figure 4.17. Cross-sectional view of a BPLC cell using L-shaped electrodes.
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Figure 4.18. Calculated VT curves of BPLC cells using L-shaped electrodes. (H =3.5um, & =

90°; % = 550nm).
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4.4.2 7-shaped Electrodes
Another possible variation in the structure is the 7-shaped electrodes. Different from Z-
and L-shaped electrodes, the common and pixel electrodes only cover the sidewall and the top
surface of passivation layer with electrode width of W1, but don’t cover the bottom substrate, as

illustrated in Figure 4.19.
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Figure 4.19. Cross-sectional view of a BPLC cell using 7-shaped electrodes.

Figure 4.20 shows the calculated VT curves using the 7-shaped electrode structure with
different electrode dimensions. Here, the taper angle of the passivation protrusions is set at & =
90° and the height is H = 3.5um. The black and red solid curves stand for the VT curves using the
7-shaped electrode with different L and G conditions while the electrode width is kept at W1 =1.0
um. Both structures are able to achieve >98% transmittance, and their driving voltages are 9.2V
and 11.1V, respectively. When the electrode width increases to W = 2.0 pm, the peak transmittance
keeps almost the same, while the driving voltage increases to 12.9V and 14.2V, respectively; as
depicted by blue and green solid curves. Same with aforementioned structures, in order to maintain

high transmittance, the optimal G/L ratio of the L-shaped structure is around ~1.2.
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Figure 4.20. Calculated VT curves of BPLC cells using 7-shaped electrodes. (H =3.5um, & =

90°; A = 550nm).

4.4.3 [-shaped Electrodes

From the discussions above, the vertical electrodes deposited on the sidewalls of
passivation protrusions play a crucial role in enhancing the penetration depth of horizontal electric
field and consequently lowering the operation voltage. Thus, a possible variation in structure is
that the common and pixel electrodes only cover the sidewall of passivation layer, but don’t cover
the top surface of the passivation layer or bottom substrate, as depicted in Figure 4.21. Therefore,
both common and pixel electrodes appear to be I-shaped.

Figure 4.22 shows the calculated VT curves using the I-shaped electrode structure with
different electrode dimensions. Here, the taper angle of the passivation protrusions is set at & =
90° and the height is H = 3.5um. The black solid curve stands for the VT curves using the I-shaped

electrode with L = 4.0u4m and G = 4.8um, where the peak transmittance is 98.7% at a driving

voltage of 9.1V. When device dimension increases to L = 5.0 gm and G = 6.0 pm, the driving
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voltage increases to 11.1V while the peak transmittance remains very high (98.9%), as shown by
red solid curve. Same with aforementioned structures, the optimal G/L ratio of the L-shaped

structure is ~1.2 for achieving high transmittance.
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Figure 4.21. Cross-sectional view of a BPLC cell using I-shaped electrodes.
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Figure 4.22. Calculated VT curves of BPLC cells using I-shaped electrodes. (H =3.5um, & =

90°; & = 550nm).
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4.5 Summary

In this chapter, we have proposed a new device structure for dramatically reducing the
operating voltage and enhancing the transmittance of blue phase LCDs. The device shows high
tolerance in fabrications. By optimizing the device structure, we have successfully reduced the
operating voltage to lower than 10V and improved optical transmittance to > 95%, showing
comparable or even better performance than the mainstream nematic LCDs. More attractively, this
is the first time to achieve such a high transmittance in BPLC devices without implementing a
collimated oblique incident backlight. By using zigzag structure, the color shift and grayscale
inversion are in unnoticeable range. With continuous development in LC materials, the voltage of
Z-shaped structure can be further reduced and widespread applications of blue phase LCDs is

foreseeable.
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CHAPTER 5. DYNAMIC RESPONSES OF BLUE PHASE LIQUID
CRYSTALS

The fast response time of blue phase liquid crystal renders it as an excellent candidate for
reducing motion blurs in LCDs and enabling color sequential displays [92, 93]. The elimination of
spatial color filters triples optical efficiency and resolution density. However, it was recently found
that the response time of polymer-stabilized blue phase liquid crystals could vary from
microseconds to several milliseconds [59, 94], depending on the liquid crystal viscosity, pitch
length, polymer network, and electric field strength. If the response time of blue phase liquid
crystals increases to several milliseconds, then one of their major advantages over nematic liquid
crystals would be lost, as the color sequential displays demand the response time of LCDs to be
within submillisecond range. Hence, there is an urgent need to understand the dynamic response
behaviors of blue phase liquid crystals in order to improve the response time. In this chapter, we
will investigate the dynamic response behaviors of blue phase liquid crystals under different
electric fields. We find that electrostriction effect is the root cause for the observed slow response

time and severe hysteresis under strong electric field.

5.1 Electric Field Effects

Regarding the electric field effects, three distinct transformations in blue phase liquid
crystals would occur as the field intensity increases: local liquid crystal reorientation (manifested
by the induced birefringence from Kerr effect), lattice distortion (known as electrostriction effect)
and eventually phase transition to lower symmetry phases (e.g. chiral nematic phase).

Microscopically speaking, the blue phase lattice consists of cylinders in which the liquid

crystal molecules have a double-twist alignment, as illustrated in Figure 5.1(a). Although the
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structure is named as “double-twist”; in fact, there is an unlimited number of helical axes within
each cylinder. As a result, from the macroscopic viewpoint, blue phase appears optically isotropic
at the voltage-off state. Upon application of an electric field, the liquid crystal directors within the
shortly correlated nematic domains existing in the double-twist cylinders are reoriented locally, as
shown in Figure 5.1(b). Consequently, the order parameter of LC directors increases under electric
fields and the isotropic medium becomes anisotropic, as manifested by the change in birefringence,
which is governed by the Kerr effect [53, 73]. As a matter of fact, the helical pitch of BPLC is
usually very short (~ 100nm). Thus, the response time of this effect is extraordinarily faster, usually
less than 1ms [95] or even shorter in the microsecond range [94], which is much faster than the
Fréedericksz transitions in nematic LCs [96]. When the applied field becomes stronger, polymer
networks are deformed and accordingly, the three-dimensional blue phase lattices are distorted,
leading to electrostriction [97-101], as shown in Figure 5.1(c). The term “electrostriction” is widely
used in solid-state physics for describing a property of all electrical non-conductors or dielectrics
that causes them to change their shape under the application of an electric field. Since the distortion
of blue phase lattice usually involves as many as ~10’ LC molecules, it has a characteristic time
much longer than that of the Kerr effect, usually around several milliseconds or even longer [99].
When electric field becomes even stronger, diverse changes such as extension of the chiral pitch
and phase transition to the chiral nematic phase occur, as shown in Figure 5.1(d). The helical
structures of blue phase lattice are unwound, leading to irreversible structural changes. Thus, the
electrostriction and phase transition are main reasons causing hysteresis and slowing the response
time. In order to understand the dynamic response behaviors of blue phase liquid crystals, we need

to differentiate three electric field effects quantitatively, as will be discussed below.
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Figure 5.1. Electric field effects in blue phase liquid crystals.

5.2 Experimental Setup

In experiments, we employed a large Ag nematic LC host JC-BPO6N (JNC, Japan) [69] whose
physical properties are listed as follows: An = 0.156 at A = 633 nm, Ae =473.1 at 100 Hz and 23°C, and
clearing temperature 7.= 73.8°C. The BPLC host was then mixed with chiral dopant R5011 (HCCH, China)
and two photocurable monomers: TMPTA (1,1,1-Trimethylolpropane Triacrylate, Sigma Aldrich) and
RM257 (Merck). To investigate how polymer networks affect the electro-optic response of blue phase

liquid crystals, we adjusted the monomer concentration while keeping the weight ratio between LC host
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and chiral dopant unchanged (96.8: 3.2), as listed in Table 5.1.

Table 5.1. Material recipes and cell gap of three samples.

Sample A Sample B Sample C
RM257 5.26% 6.75% 7.01%
TMPTA 3.46% 4.17% 4.60%
JC-BPO6N 88.33% 85.21% 85.54%
R5011 2.95% 2.87% 2.85%
Cell gap 7.84 um 7.83 um 7.77 pm

The weight ratio between RM257 and TMPTA was kept at ~1.5:1. To rule out the influence of non-
uniform electric field in a commonly employed in-plane switching (IPS) cell [91], we injected the blue
phase precursor into a vertical field switching (VFS) cell [59, 102]. The VFS cell consists of two planar
ITO (indium tin oxide) glass substrates without surface alignment layer, and the electric field is along the
longitudinal direction. Table 5.1 lists the compositions of three samples studied and their cell gaps. Next,
we placed the VFS cell on a Linkam temperature controllable stage, let it cool to a temperature near the
chiral nematic and blue phase transition temperature, and then cured it at BP-I phase with a UV light (A ~
365 nm, intensity 2 mW/cm?) for 30 min. After UV exposure, the nanostructured blue phase composite
was self-assembled.

Figure 5.2 depicts the experimental setup for characterizing the dynamic response of a VFS
cell. The transmission axes of polarizer and analyzer are set at 45° and -45° azimuthal angles with respect
to the incident plane. For intensity modulation, the incident light should infringe the VFS cell at an oblique
angle. Hence, we immersed the VFS cell in a glass container filled with glycerol (n = 1.47) for index
matching purpose. This enabled the incident light to pass through the VES cell at a large angle in order to

obtain more phase retardation. In our experiments, € was set at 45° and a 100 Hz square-wave AC signal
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was applied to drive the VFS cell.
Polarizer Analyzer
(45°) Glycerol / (-45°)
P \
(\ >

- . / Detector
VFS cell

Figure 5.2. Experimental setup for characterizing the dynamic response of a VFS cell.

To measure the rise time, we applied a voltage to the VFS cell and recorded the transmittance
change by a digital oscilloscope. Similarly, to measure decay time we removed the on-state voltage applied
on the VFS cell instantaneously and recorded the transient transmittance change. In our experiments, the
analyzer was rotated by a small angle (~2°) to compensate the polarization rotation effect from blue phase
liquid crystals [103]. As a result, the measured contrast ratio was over 2000:1.

The measured change in transmittance 7'is related to the phase retardation das:
T =sin’(5/2). (5.1)
To rule out the cell gap effect and only focus on the intrinsic electro-optic properties of blue phase liquid

crystals, here we convert the phase retardation to induced birefringence (An= n. - n,) using following

equations [59]:

2 nZsin’@ n?sin? @
o= Tﬂnod Jl—gT —\/1—QT ) (5.2)
n,=n—An/3, (5.3)
n,=n+2An/3. (5.4)
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where 4 is the laser wavelength, #, is the refractive index of glycerol,  is the incident angle in the glycerol,
n; is the refractive index of blue phase liquid crystals at the voltage-off state, and 7. and n, represent the

extraordinary and ordinary refractive indices, respectively.

5.3 Double Exponential Model

The black solid lines in Figures 5.3(a) and (b) represent the measured transient An change during
rise and decay processes using Sample B as an example when an electric field £ =3V/um was applied and
then removed. It clearly shows that both rise and decay curves involve two distinct processes: a fast one
followed by a slower one. To further understand the electric field effects in the transient An change process,
we use exponential equations to fit the measured data. First, we use following exponential equations with

single exponent to fit the rise and decay curves:
An(t) = An, - (1—e ") (5.5)
An(t) = Ang e, (5.6)

Here, ¢ and 1, are the rise and decay time constants, while Any is the steady-state induced birefringence
under an applied voltage. The fitting curves are shown by the blue dashed lines in Figures 5.3(a) and (b).
We can see that Equations (5.5) and (5.6) don’t fit the experimental results very well (Coefficient of
determination R* = 91.6% and 92.6% for rise and decay, respectively). This is because the single
exponential equation only accounts for the Kerr effect, and fails to take the electrostriction effect into
consideration due to the difference in time constants. Thereby, we need to modify the model and include
the electrostriction effect, although its contribution is relatively small. The following double exponential
growth equation is introduced to describe the dynamic rise processes involving these two effects:

An(t) = Ax(1—e ")+ Bx(1l—e "), (5.7)
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where 1 and #2 are the rise time constants, while 4 and B represent the induced birefringence from Kerr

effect and electrostriction effect, respectively.
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Figure 5.3. Transient (a) rise and (b) decay processes of induced birefringence for Sample B at £
=3V/um.
For decay process, we fit the transient induced birefringence change curves with double
exponential relaxation equation below [104]:

An(t) =C xe " + Dxe "z, (5.8)
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where 741 and #» are the decay time constants, whereas C and D are birefringence induced by the Kerr
effect and electrostriction, respectively. The fitting curves (red solid lines) in Figure 5.3 show that Equations
(5.7) and (5.8) well characterize the transient rise and decay processes of induced birefringence (Coefficient
of determination R> > 99.7% for the fittings both rise and decay curves).

In experiments, we measured the rise time behaviors of all three samples under different electric
fields ascending from 1 V/um to 11 V/um, and fit the experimental data with Equation (5.7). The values of
t1 and 2 under different electric fields are plotted in Figures 5.4(a) and (b). All the values of #1 shown in
Figure 5.4(a) are shorter than 1ms, which well correlate with the response time of Kerr effect. In addition,
Figure 5.4(a) shows a clear trend: #1 decreases as E increases. This is because the liquid crystal directors
within double-twist cylinders experience a stronger torque and react faster when the electric field intensity
becomes stronger [95]. More interestingly, in spite of the difference in monomer concentration, #1 of these
three samples almost overlaps with each other. This indicates that #1 is mainly determined by the LC host
and chiral dopant and it is insensitive to the monomer weight ratio. The reason is that all the monomers are
polymerized to form polymer networks during UV curing process and the properties (e.g. rotational
viscosity y1, average elastic constant £, pitch length Po, etc.) of the double-twist blue phase cylinders are
determined by the liquid crystal host and chiral dopant. As a result, in the samples with same ratio between
LC host and chiral dopant, the formed blue phase lattices are almost same and the local reorientations of
LC directors within double-twist cylinders exhibit same response time. For the electrostriction effect, the
magnitude of #2 1s around several milliseconds, much longer than #.. Notwithstanding, #2 exhibits similar
dependency on electric field as #1: as E increases, f,2 decreases. This is because a strong electric field
expedites the electrostriction effect. Moreover, the value of #2 depends on the monomer concentration; or
more specifically, the rigidness of polymer network. In blue phase liquid crystals with a higher monomer

concentration, polymer networks are more robust to prevent lattice from being distorted by the electric field,
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thus helping suppress the electrostriction effect. Consequently, it takes a shorter time for the electric field to

complete the stretching process of the blue phase lattices, as Figure 5.4(b) plots.
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Figure 5.4. Fitted rise time constants of (a) Kerr effect #,; and (b) electrostriction effect ¢.» for

samples with different monomer concentrations.

In Equation (5.7), 4 and B represent the induced birefringence from Kerr effect and electrostriction

effect, respectively. Accordingly, 4/(4+B) stands for the contribution of the Kerr effect. To understand the
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dependency of the contribution from Kerr effect on the electric field, we plot A/(4+B) as a function of the
applied electric field intensity in Figure 5.5. The ratio of A/(4+B) remains almost unchanged at the weak
field region. Interestingly, for each sample there is a critical electric field E., beyond which A/(4+B) drops
dramatically. Take Sample A (red solid squares) as an example, 4/(A+B) lies between 0.8 and 0.9 and it
remains constant when E < E.=4V/um. This implies that in the weak field region the LC local reorientation
caused by Kerr effect plays a dominant role while electrostriction effect is relatively weak. However, when
E exceeds E., the ratio of A/(4+B) starts to drop, indicating the electrostriction effect starts making more
significant contributions. This is due to the polymer networks and blue phase lattices are gradually
deformed by strong electric field. This. For the sample with a higher polymer concentration, polymer

networks are more rigid so that the electrostriction effect manifests beyond a higher critical field.
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Figure 5.5. Contribution of Kerr effect when different electric fields are applied to samples with
different monomer concentrations.
The critical field is not only the starting point of electrostriction effect, but also an onset for the
phenomenon of hysteresis. We measured the hysteresis loops of each sample under different electric fields

by ascending the voltage to a certain level and then descended it to zero. Due to the limitation of space, here
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we only show the hysteresis curves of Sample A, but the other two samples exhibit the same trend. The
measured hysteresis loops of Sample A under different electric fields of 3, 5 and 7 V/um are plotted in
Figure 5.6. The solid and dashed lines represent the VT curves under forward and backward driving,
respectively. From Figure 5.5, the critical field E. is 4 V/um for Sample A. When E is lower than E., the
forward and backward VT curves overlap well with each other and the hysteresis is unnoticeable. This
means there is no deformation in polymer network and the electrostriction effect is negligible. However,
when the electric field is increased to 5 V/um, which is higher than E., a small hysteresis is observed,
indicating the polymer networks are deformed and electrostriction effect starts to manifest. As £ continues
to increase to 7V/um, the polymer networks are further deformed and lattice distortion becomes more
severe, thus the hysteresis becomes even larger. An effective approach to suppress electrostriction and

reduce hysteresis is to increase monomer concentration [105, 106]; however, the tradeoff is increased

operation voltage.
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Figure 5.6. Hysteresis loops of Sample A under different electric fields (Solid lines: forward

driving, dashed lines: backward driving; A = 633nm).
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Figure 5.7. Fitted decay time constants of (a) Kerr effect zs; and (b) electrostriction effect #;> for
samples with different monomer concentrations.

We also measure the transient decay process of all three samples under different electric fields, and
fit the experimental data with Equation (5.8). Figures 5.7(a) and (b) plot the extracted decay time constants
ta1 and ¢ under different electric fields. Similar to the rise time constant #1 of Kerr effect, the decay time
constant 74 1s also insensitive to the monomer concentration and only depends on the weight ratio between

LC host and chiral dopant. According to Gerber’s model [82], the characteristic response time of Kerr effect
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is governed by rotational viscosity y;, average elastic constant &, and pitch length P as follows:

_ 71'302 _
A%k

Ly~ 7 (5.9)

Hence, ##1 remains almost the same for blue phase composites under same electric field as long as the ratio
between LC host and chiral dopant does not change. However, in contrast to #1, Z1 increases as the electric
field gets stronger. This is because the LC directors within double-twist cylinders are unwound more
severely under a stronger electric field. Thereby, upon removal of electric field, it takes longer time for those
LC directors to relax back to their original double-twist alignment, resulting in a longer decay time. The
same trend applies to 7 as well, and this explains why the decay time becomes slower when electric field
gets stronger [95]. For blue phase liquid crystals with a higher monomer concentration, their polymer
networks are more rigid and lattice less likely to be distorted, thus the relaxation time is faster upon
removing the electric field.

In Equation (5.8), C and D represent the induced birefringence from Kerr effect and electrostriction
effect, respectively. Therefore, similar to the analysis of rise process above, C/(C+D) stands for the
contribution of the Kerr effect. To understand the dependency of the contribution from Kerr effect on the
electric field during the decay process, we also plotted C/(C+D) as a function of the applied electric field
intensity in Figure 5.8. Same with the rise process, a critical electric field E. also exists for the decay process.
When the electric field 1s weaker than E., the reorientation of local LC directors within double-twist
cylinders dominates. When E exceeds E., the contribution of electrostriction effect gradually increases. In
Sample A, it reaches ~50% at £ = 11 V/um, as Figure 5.8 shows. For those samples with higher monomer
concentrations, their E. is higher and lattice distortion is less likely to occur so that the electrostriction effect

is less severe. However, the required operation voltage is higher.
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Figure 5.8. Contribution of Kerr effect when different electric fields are applied to samples with
different monomer concentrations.

The double exponential model discussed above well characterize the mechanisms underlying
dynamic responses of blue phase composites. From our analysis, both response time and hysteresis of blue
phase liquid crystals increase as the applied field exceeds a critical point. Thus, it is essential to keep the
electric field below the critical field in order to achieve fast response time and hysteresis-free performance.
This serves as a useful guideline for future BPLC material development and device optimization. On the
material side, higher monomer concentration can be used to form more stable polymer networks in order
to suppress the electrostriction effect, but bear in mind that any excessive polymer would lead to an
undesirable increase in operation voltage [105, 107]. Therefore, a delicate balance between response time,
hysteresis and operation voltage need to be sought from the material development point of view. On the
device side, it is strongly desired to keep the applied electric field below the critical field of the BPLC
composite. For example, the sharp taper angle of the rectangular or trapezoid protrusions generates
strong electric field at the edge of the electrodes [100]. To reduce the peak electric field, we can

modify the trapezoid protrusion to elliptical shape so that the sharp taper angle becomes smooth.
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In this way, the electrostriction is suppressed and hysteresis can be reduced.

5.4 Summary

In this chapter, we have proposed a double exponential model to characterize the dynamic response
behavior of blue phase composites. This model well agrees with experimental results. Based on the model,
we can quantitatively evaluate the contributions of Kerr and electrostriction effects of a blue phase
composite under different electric fields. We find that electrostriction effect is the root cause for the
observed slow response time and hysteresis under strong electric fields. Meanwhile, there is a
critical field (E.) determining the onset of electrostriction and hysteresis. When the applied electric
field is below the critical field, Kerr effect dominates. As a result, the response time is usually within
submillisecond range and hysteresis is negligible. Once the electric field exceeds the critical field,
electrostriction effect gradually manifests. Under such a circumstance, response time gets slower and
hysteresis becomes more severe. Our experimental results show that a higher polymer concentration
helps suppress electrostriction and achieve faster response time, but the tradeoff is increased
operation voltage. Thus, other approaches need to be sought in order to suppress the electrostriction effect,

as will be discussed in next chapter.
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CHAPTER 6. HYSTERESIS-FREE BLUE PHASE LIQUID CRYSTALS
STABILIZED BY LINEAR PHOTO-POLYMERIZATION

As discussed in Chapter Five, the typical response time of Kerr effect is within submillisecond
range, but the electrostriction effect usually takes several milliseconds or even longer to accomplish. When
the electric field is below a critical field (E.), the Kerr effect dominates. Consequently, the blue phase
composite exhibits fast response time and negligible hysteresis. However, when the applied electric field
exceeds E., electrostriction gradually manifests, leading both hysteresis and response time to increase
dramatically. Hence, there is an urgent need for suppressing the electrostriction effect in order to achieve
submillisecond response time and hysteresis-free blue phase liquid crystal devices.

In this chapter, we propose a method to suppress the electrostriction effect by polymerizing
photopolymers with linearly polarized UV light instead of conventional unpolarized UV. We find
that linear photo-polymerization (LPP) [108] can induce anisotropic polymer networks, leading to
anisotropic electrostrictions with respect to the direction of applied electric fields. By setting the
polarization direction of the crosslinking UV light perpendicular to the stripe electrodes of an IPS
cell, the electrostriction effect is dramatically suppressed and consequently the hysteresis is

reduced by ~20X.

6.1 Electric Field Effects

To form polymer networks for stabilizing the blue phase lattices, three types of monomers
are commonly used [109]: a di-functional (e.g. RM257) monomer is mixed with a mono-functional
(e.g. C12A: dodecyl acrylate) or a tri-functional monomer (e.g. TMPTA: 1,1,1-trimethylolpropane

triacrylate) The chemical structures of these exemplary monomers are depicted in Figure 6.1.
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Figure 6.1. Chemical structures of monomers employed in our PS-BPLC.

Conventionally, unpolarized UV light is used in the polymerization process of monomers.
However, it is widely known that the photo-crosslinking mechanism of monomers depends on the
polarization of UV light [108, 110]. For instance, the crosslinking probability of a dichroic acrylate
moiety is greater when exposed to UV light whose polarization axis is parallel to the double bonds
instead of perpendicular. Therefore, by crosslinking double bonds of monomers with a linearly
polarized UV light, anisotropy can be induced in the polymer networks. As discussed in last chapter,
the severity of electrostriction mainly depends on the rigidness of polymer networks. Hence, by
controlling the UV polarization axis with respect to the stripe electrodes of an IPS cell, the formed
anisotropic polymer networks could result in anisotropic electrostrictions accordingly.

In our experiments, we employed a large Agnematic LC host JC-BPO7N (JNC, Japan) [83] whose
physical properties are: An = 0.162 at A =633 nm, Ae =302 at 100 Hz and 22°C, and 7= 87°C. The blue
phase precursor consists of 86.53 wt. % JC-BPO7N, 2.82 wt. % chiral dopant R5011 (HCCH), 6.31 wt. %
RM257 (Merck), 4.02 wt. % C12A (Sigma Aldrich) and 0.32 wt. % photoinitiator. The precursor was

heated to an isotropic phase and then filled into IPS cells with cell gap d ~ 7.3 pm. The IPS cells
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have interdigitated pixel electrodes on the bottom substrates (electrode width I = 8um, electrode gap
G = 12um) without surface alignment layer. Next, the cells were placed on a Linkam temperature
controllable stage, cooled to a temperature close to the chiral nematic and blue phase transition point, and
then illuminated with UV light for 15 min (A ~ 365nm, intensity 8 mW/cm?). After UV exposure, the
nanostructured BPLC composite was self-assembled. In the next step, the IPS cell was sandwiched
between two crossed polarizers and a He-Ne laser was used as a probing beam (A = 633 nm). The
voltage-dependent transmitted light was focused by a lens so that multiple diffraction orders [75]
were collected by the detector.

In order to investigate the effect of UV polarization on the electro-optic properties of blue phase
composites, we first prepared three samples exposed under different UV polarization conditions. The
directions of UV polarization were parallel and perpendicular to the stripe electrodes in Sample 1 and 2,
respectively; whereas Sample 3 was cured by unpolarized UV light. Since temperature cooling rate and
curing temperature play very important roles in determining the properties of polymer networks [111, 112],
we kept these two parameters identical for all three samples. A linear UV polarizer was placed between the
UV light source and IPS cell in all polarized UV exposure experiments, as shown in Figure 6.2.

Some prior studies reported the electrostriction effect could be characterized by measuring the shift
of Bragg reflection wavelength [101, 113]. In those experiments, the results were measured using LC cells
with homogeneous alignment, in which the deformation of cubic lattice caused by the vertical electric field
would shift the Bragg reflection wavelength. In contrast, the IPS cells employed in transmissive blue phase
liquid crystal cells do not have any alignment layers, and the electric field is mainly along the lateral
direction. Thus, the shift in Bragg reflection wavelength is negligible and very difficult to detect.
Nevertheless, as discussed in last chapter, the degree of electrostriction effect can still be investigated from

the hysteresis and dynamic response processes. In order to evaluate the severity of electrostriction, we
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measured and compared the hysteresis as well as response time of these three samples. The hysteresis was
measured by increasing the voltage to their individual peak transmittance and then sweeping it back to zero.
To measure the rise time, we applied a voltage to the BPLC sample and recorded the transmittance change
by a digital oscilloscope. Similarly, to measure decay time we removed the on-state voltage of the BPLC

sample instantaneously and recorded the transient transmittance change.
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Figure 6.2. Experimental setup of curing process for LPP-stabilized blue phases.

6.2 Polarization Effect

6.2.1. Hysteresis
Figure 6.3 depicts the measured hysteresis loops of Samples 1-3 and their operation voltage and
hysteresis are listed in Table 6.1. We can see that Sample 2 (UV polarization is perpendicular to the stripe

IPS electrodes) exhibits a much lower hysteresis than Sample 3 (cured by unpolarized UV light).
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Figure 6.3. Measured hysteresis loops of Samples 1-3 (Solid lines: forward driving, dashed lines:
backward driving; A = 633nm).

The physical mechanisms underlying the observed differences are explained as follows. In the blue
phase precursor containing C12A and RM257 monomers, the directional LPP photoreaction is parallel to
the polarization axis of linearly polarized UV light. As a result, the formed polymer networks are more rigid
along the UV polarization axis [ 108, 114]. The LPP-induced anisotropy in polymer networks of Samples 1
and 2 are sketched in Figures 6.4(a) and (b), respectively. In Sample 2, polymer networks are formed along
the UV polarization direction; that is, parallel to the direction of the applied electric field, as Figure 6.4(b)
illustrates. Thereby, the polymer networks are more robust against electric field-induced deformation along
the LPP direction, leading to a suppressed electrostriction effect and consequently a reduced hysteresis. In
contrast, for Sample 1, in which the UV polarization is parallel to the stripe electrodes, the polymer
networks are mainly formed along the electrode direction, as shown in Figure 6.4(a), and therefore it is less
robust along the direction of the applied electric field. As a result, the polymer networks, and more

specifically, blue phase lattices, are more likely to be deformed by the applied electric field in the
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configuration of Figure 6.4(a), resulting in a more severe electrostriction. This is indeed observed in Sample

1, which exhibits the largest hysteresis (7.56%) as depicted in Figure 6.3.
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Figure 6.4. LPP-induced polymer network in (a) Sample 1 and (b) Sample 2.

Table 6.1. Measured operation voltage, hysteresis and response time of Samples 1-3.

Sample 1 Sample 2 Sample 3
Von (V) 51.8 56.2 53.0
Hysteresis 7.56% 0.36% 6.95%
Trise (LS) 674.6 456.8 524.7
Tdecay (MS) 4.34 1.90 3.72
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6.2.2. Dynamic Responses
On the other hand, among Samples 1-3, Sample 2 exhibits the fastest rise and decay times while
Sample 1 is the slowest, as Table 6.1 lists. To explain the difference, the double relaxation model is used to
characterize the decay process [61]. As discussed in Chapter Five, this model well reveals the contributions
of Kerr and electrostriction effects to the overall electro-optic properties of blue phase liquid crystals. In
following experiments, each cell was driven to its own peak transmittance after which the voltage was
removed instantaneously. The transient transmittance change was recorded by a digital oscilloscope. The

measured change in transmittance 7 is related to the phase retardation ¢ by:
T =sin*(p/ 2). 6.1)

The black solid line in Figure 6.5 shows the measured transient phase retardation of Sample 2 during the

decay process. Then the experimental data is fitted with following double relaxation equation [61]:

pt)=Ae ™" + A, 6.2)

where # and % are the average decay time constants while 4; and A> are the phase retardations generated
by the Kerr and electrostriction effect, respectively.

The fitting curve (magenta solid line) in Figure 6.5 indicates that Equation (6.2) well describes the
decay process of the phase retardation. The fitted time constants and the contribution of electrostriction
effect, which is described by 4>/(41 + A42) in our model, are listed in Table 6.2. All the values of # lie in the
submillisecond range while those of , are around several milliseconds. These results well match the typical
response time of fast Kerr effect and the slow electrostriction effect. Please note here that Sample 2 exhibits
the fastest response time. This is due to the suppression of electrostriction by polarized crosslinking, which
can be told from the lowest 42/(41 + A>) ratio of Sample 2. However, from Figure 6.4, the non-planar electric

fields near the edges of planar stripe electrodes are still quite strong [100], thereby the electrostriction effect
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is yet not negligible (16.9%). Nevertheless, compared to Sample 3 which is stabilized by unpolarized UV
light, this ratio is reduced by more than 2X. By using protrusion electrodes instead of planar electrodes
[100], the on-state voltage would drop to below 10V and the electrostriction effect should be completely
suppressed. As a result, the response time should be in the submillisecond range over the entire driving

voltage range.
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Figure 6.5. Transient decay process of Sample 2 at 56.2V.

Table 6.2. Fitted time constants and contribution of electrostriction effect for Samples 1-3.

Sample 1 Sample 2 Sample 3
t1 (ms) 0.51 0.27 0.39
t2 (ms) 6.47 3.78 5.98
A/(A1 + A7) 43.8% 16.9% 38.7%

6.3 UV Intensity Effect

In addition, the illumination intensity of polarized UV light affects the rate the crosslinking process

and consequently the anisotropy of polymer networks. Thus, UV intensity also plays an important role in
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determining the performance of LPP. Using LPP-photoalignment, which employs polarized UV light to
induce anisotropic LC-surface alignment [108], as an analogy, the induced surface anchoring of LPP-
photoalignment is related to the intensity of the activating UV light [115]. This trend applies to polarized

UV-polymerized blue phase compisites as well.
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Figure 6.6. Hysteresis loops of IPS cells under different UV illumination intensities (Solid lines:
forward driving, dashed lines: backward driving; A = 633nm).

In order to investigate the effect of illumination intensity, we prepare two more samples using
different UV exposure intensities in addition to Sample 2 for comparison. The UV dosage for all three
samples is the same: 8 mW/cm? for 15 min, 4 mW/cm? for 30 min, and 2 mW/cm? for 60 min. The
measured hysteresis loops of these three samples are plotted in Figure 6.6 and their operation voltages,
hysteresis, and response times are listed in Table 6.3. As we can see, when UV exposure intensity increases,
the response time becomes faster while the hysteresis is reduced, indicating that the electrostriction is
suppressed. This trend is similar to the LPP process of azo-type monomers, in which the diffusion rate of
linearly polarized pre-polymers is proportional to the illumination power according to a diffusion model of

photopolymers [115]. Hence, here we use this model as an analogy to explain the correlation of UV
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intensity and LPP-induced anisotropy in polymer networks. The higher diffusion rate under stronger UV
illumination power expedites the anisotropic polymerization process, and accordingly induces a larger
anisotropy in polymer networks. Consequently, stronger polymer networks are formed along the electric
field direction, thus suppressing the electrostriction effect. In contrast, a lower UV illumination power leads
to a lower anisotropy in polymer networks. Hence, a linearly polarized UV light with strong intensity is
preferred in LPP-stabilization in order to induce a large anisotropy in polymer networks for the purpose of
suppressing electrostriction effect.

Table 6.3. Measured operation voltage, hysteresis and response times of IPS cells under different

UV illumination intensities.

UV Intensity Von Hysteresis Trise (1LS) Tdecay (MS)
2 mW/cm? 53.2V 6.79% 860.5 3.67
4 mW/cm? 54.0V 3.40% 594.5 2.78
8 mW/cm? 56.2V 0.36% 456.8 1.90

6.4 Monomer Choice

Besides the monomer combination of RM257 and C12A discussed above, we also investigated the
effect of LPP on the electro-optic properties of polymer-stabilized blue phase composites by using another
monomer combination, namely the di-functional monomer RM257 and the tri-functional monomer
TMPTA. The blue phase precursor consists of 86.90 wt. % JC-BPO7N, 2.81 wt. % chiral dopant R5011,
5.98 wt. % RM257, 3.99 wt. % TMPTA and 0.32 wt. % photoinitiator. This time, we also prepared three
IPS samples under different UV curing conditions. The directions of UV polarization were parallel and
perpendicular to the stripe electrodes in Sample 4 and 5, respectively; whereas Sample 6 was illuminated

by unpolarized UV light. All three samples are polymerized with the same UV dosage with: 8 mW/cm? for
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15 minutes.

The measured hysteresis loops of these three samples are plotted in Figure 6.7, and their operation
voltage, hysteresis as well as response time are listed in Table 6.4. Compared to the combination of RM257
and C12A, the samples comprising RM257 and TMPTA exhibit much faster response time. This originates
from the fact that the tri-functional monomer TMPTA has three photo-crosslinking double bonds, which
can form much stronger polymer network than the mono-functional monomer C12A. Nevertheless, these
three samples do not exhibit large differences in terms of operation voltage, hysteresis and response time
under different UV polarization directions. This is because the three photo-crosslinking double bonds of
TMPTA are along different directions, thus rendering their polymer networks more likely to be isotropic
no matter which direction is the UV light polarized along. Hence, in order to use the LPP stabilization for
the purpose of suppressing electrostriction effect, the combination of monomer-functional and di-functional

monomers should be chosen.
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Figure 6.7. Measured hysteresis loops of Samples 4-6 (Solid lines: forward driving, dashed lines:

backward driving; A = 633nm).
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Table 6.4. Measured operation voltage, hysteresis, and response time of Samples 4-6.

Von Hysteresis Trise (US) Tdecay (L1S)
Sample 4 572V 4.37% 362.9 958.4
Sample 5 580V 3.97% 369.3 810.7
Sample 6 580V 4.14% 345.8 871.5
6.5 Summary

In this chapter, we have proposed a method to suppress the electrostriction effect in polymer-
stabilized blue phase liquid crystals via polymerizing photopolymers with linearly polarized UV light. By
illuminating the mono-functional monomer C12A and the di-functional monomer RM257 with linearly
polarized UV light, anisotropic polymer networks are formed, resulting in anisotropic electrostrictions.
Linearly polarized UV with polarization direction perpendicular to the stripe electrodes strongly suppresses
electrostriction. The resulting hysteresis of the driving voltage is reduced from 6.95% to 0.36% and the
response times is reduced by a factor of two. To induce a higher anisotropy in polymer networks, a more
powerful linearly polarized UV exposure is required. It is foreseeable that this method will provide a

guideline for future manufacturing of the blue phase liquid crystal displays.
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CHAPTER 7. SUMMARY

In this dissertation, we have investigated Kerr effect-based blue phase liquid crystal
displays (BPLCDs). Compared to commonly employed nematic liquid crystals, blue phase liquid
crystals (BPLCs) exhibit several attractive features: (1) self-assembled three-dimensional lattice
structure so that no surface alignment layer is required; (2) optically isotropic voltage-off state
which leads to high contrast ratio and wide viewing angle; (3) its electro-optical performance is
insensitive to the cell gap, which is favorable for large-size panel fabrication and enabling touch
panel functions, and (4) most attractively, its nanoscale double-twist cylinder diameter and short
coherence length result in submillisecond response time. The fast response time not only reduces
motion picture blurs but also enables color sequential displays. The elimination of spatial color
filters triples optical efficiency and resolution density.

Nonetheless, there are still some technical challenges to overcome: high operation voltage,
low optical transmittance and noticeable hysteresis. To solve these problems, efforts from both
material development and device design sides should be made simultaneously.

The background knowledge of liquid crystal displays and blue phase are introduced in
Chapter 1, following which the electro-optical properties of blue phase are discussed in Chapter 2.
The device physics of Kerr effect-based blue phase LCDs are investigated. We build a numerical
model based on the refraction effect for simulating the electro-optical characteristics of blue phase
LCDs using in-plane-switching (IPS) structures. Our refraction model is more accurate than
conventional model in computing the electro-optics of IPS structures and it well explains the
electrode dimension effect. Parameters affecting the electro-optics of blue phase using IPS

structures, such as electrode dimension, cell gap, saturated birefringence, and saturation field are
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analyzed.

Based on the refraction model, Chapter 3 discusses approaches to achieve low operation
voltage from device and material viewpoints. On the device side, with protrusion and etched
electrodes, we can reduce the operating voltage to below 10V and enhance the optical
transmittance to over 80%. On the material side, large Kerr constant is still helpful for lowering
the operation voltage, but we also need to pay attention to the individual An and Ag values of liquid
crystal host according to the device structures employed. For small electrode dimension, liquid
crystal host with a high birefringence is preferred because of the shallow electric field penetration
depth. For large electrode dimension, high dielectric anisotropy is a better choice. High-Ag LC
hosts help enhance Kerr constant, leading to a reduced operation voltage; but they may be subject
to serious TFT charging issues due to the huge dielectric anisotropy. This will provide important
guidelines for future device design and material development.

The transmittance of protrusion and etched electrodes are limited to ~80% since the dead
zones over the electrodes still cannot be eliminated. In order to compete with mainstream nematic
LCDs, such as twisted nematic and fringe field switching modes, the transmittance of blue phase
devices needs to be improved to over 90%. In Chapter 4, we propose a Z-shaped electrode structure
for reducing the operating voltage and enhancing the transmittance of blue phase LCDs. By
optimizing the device structure, we have successfully reduced the operating voltage to lower than
10V and improved optical transmittance to > 95% based on a lower-Ag LC host not subjecting to
charging issues. The performance is comparable to or even better than that of mainstream nematic
LCDs. More attractively, this is the first device structure to achieve such a high transmittance in
blue phase devices without using an oblique incident backlight. By using zigzag structure, the

color shift and grayscale inversion are in unnoticeable range. With continuous development in LC
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material development, the voltage can be further reduced.

In addition, hysteresis affects the accuracy of grayscale control and should be suppressed.
Hysteresis usually occur when a strong electric field is applied to the blue phase cell. In order to
investigate the generation mechanisms of hysteresis, we have proposed a double exponential model
to analyze the dynamic responses of blue phase liquid crystals in Chapter 5. From this model, we can
quantitatively evaluate the contribution of Kerr and electrostriction effects of blue phase liquid crystals
under different electric fields. We find that electrostriction effect is the root cause for the observed
slow response time and severe hysteresis under strong electric field. When the electric field is below
a critical field, Kerr effect dominates. As a result, the response time is usually within submillisecond range
and hysteresis is negligible. Once the electric field exceeds the critical field, electrostriction effect gradually
manifests. Under such a circumstance, response time gets slower and hysteresis becomes more severe.

To suppress the electrostriction effect in blue phase, in Chapter 6 we introduce a method to
stabilize the blue phase lattice via linear photo-polymerization. By illuminating the mono-
functional and the di-functional monomers with a linearly polarized UV beam, we can form
anisotropic polymer networks, which in turn lead to anisotropic electrostrictions. In experiments,
we found that when the polarization of UV light is perpendicular to the stripe electrodes, the
electrostriction effect can be strongly suppressed. The resulting hysteresis is reduced from 6.95%
to 0.36% and response time is improved by a factor of two. To further reduce the electrostriction
effect, a more powerful linearly polarized UV intensity can be employed since it helps induce a
higher anisotropy in polymer networks.

In conclusion, the Kerr effect-based blue phase LCDs have been explored systematically
in this dissertation. Efforts have been made on both device and material sides to improve the

performance of the blue phase LCDs in terms of driving voltage, transmittance and hysteresis. The
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approaches and studies presented would advance the blue phase LCDs to a new level and
accelerate their emergence as next-generation displays. It is foreseeable that the widespread

applications blue phase LCDs is near.
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