ELECTRICALLY-TUNABLE COLORS OF CHIRAL LIQUID CRYSTALS FOR
PHOTONIC AND DISPLAY APPLICATIONS.

A dissertation Submitted to
Kent State University
in partial fulfillment of the requirements
for the degree of
DOCTOR OF PHILOSOPHY

By Shin-Ying Lu
August, 2010

i

Dissertation written by
Shin-Ying Lu
B.S., National Chiao Tung University, 2001
M.S., National Chiao Tung University, 2003
Ph.D., Kent State University, 2010

Approved by
____________________________________, Chair, Doctoral Dissertation Committee
(Liang-Chy Chien, PhD )
____________________________________, Members, Doctoral Dissertation
(Antal I. Jakli, PhD)
Commitee
____________________________________
(Asad Khan, PhD)
____________________________________
(Cheng-Chang Lu, PhD)
____________________________________
(Robin L. Selinger, PhD)
Accepted by
____________________________________, Director, Department of Chemical Physics
(Liang-Chy Chien, PhD)
Interdisciplinary Program

____________________________________, Dean, College of Arts and Sciences
(Timothy Moerland, PhD)

ii

Contents

List of Figures……………………………………………………………………vii
List of Tables……………………………………………………………………xvi
Acknowledgement…………………………………………………………….xviii
Abstract………………………………………………………………………….xix
Chapter 1 Introduction and Background ................................................................. 1
1.1 Cholesteric Liquid Crystals........................................................................... 1
1.2 Blue phase ..................................................................................................... 4
1.3 Polymer stabilized Liquid Crystals ............................................................... 6
1.4 Overview of a color tuning device ................................................................ 8
1.5 Overview of the dissertation ....................................................................... 11
Chapter 2 A Polymer-Stabilized Single-Layer Cholesteric Liquid Crystal Display
with Anisotropic Reflection .............................................................................................. 13
2.1 Introduction ................................................................................................. 13
2.2 Light propagation in cholesteric liquid crystals .......................................... 14
2.3 Electrically tunable colors with cholesteric liquid crystals......................... 17

iii

2.4 Frequency modulated cholesteric texture ................................................... 21
2.5 Electrically tunable colors with polymer stabilized cholesteric liquid
crystals .......................................................................................................................... 25
2.6 Colors in Polymer Stabilized Cholesteric Liquid Crystals ......................... 29
2.7 Viewing angle ............................................................................................. 34
2.8 The optical response of polymer stabilized cholesteric liquid crystals....... 36
2.9 Frequency Modulation ................................................................................ 40
2.10 Thermal stability ....................................................................................... 42
2.11 Optimization of polymer network ............................................................. 44
2.11.1 Concentration of polymer network .................................................... 45
2.11.2 Flexibility of polymer network .......................................................... 48
2.12 Film thickness ........................................................................................... 57
2.13 Conclusion ................................................................................................ 60
Chapter 3 Electrically switchable broadband light reflectors ............................... 63
3.1 Introduction ................................................................................................. 63
3.2 Electrically switchable bandwidth .............................................................. 64
3.3 Control of reflection bandwidth .................................................................. 72
3.4 Color chromaticity of a broadband reflector ............................................... 84
3.5 Summary ..................................................................................................... 85
iv

Chapter 4 Polymer stabilized blue phase .............................................................. 87
4.1 Polymer stabilized blue phase ..................................................................... 87
4.2 Electrostriction ............................................................................................ 88
4.3 Polymer stabilized blue phase for tunable colors ....................................... 89
4.3.1 Cell preparation .................................................................................... 89
4.3.2 Electrically-tuned colors ...................................................................... 91
4.3.3 Temperature dependence of color tuning ............................................ 98
4.4 Surface Alignment Effect ........................................................................... 99
4.5 Concentration of polymer network ........................................................... 104
4.6 Viewing angle ........................................................................................... 105
4.7 Optical response ........................................................................................ 108
4.8 Polymer morphology ................................................................................ 110
4.9 Summary ................................................................................................... 111
Chapter 5 Carbon nanotubes doped liquid crystals............................................. 113
5.1 Introduction of Carbon Nanotubes............................................................ 113
5.2 Materials and cell preparation for CNT-doped liquid crystal ................... 115
5.3 Material characterization .......................................................................... 116
5.4 Response time of CNT-doped OCB mode................................................ 123
5.5 CNT-doped polymer stabilized cholesteric liquid crystal ........................ 130
v

5.6 CNT-doped PSBP ..................................................................................... 136
5.7 Conclusion and summary.......................................................................... 140
Chapter 6 Conclusions ........................................................................................ 142
6.1 Comparison of polymer stabilized cholesteric liquid crystal and polymer
stabilized BP ............................................................................................................... 144
6.1.1 Reflection bandwidth ......................................................................... 144
6.1.2 Driving voltage .................................................................................. 145
6.1.3 Thermal stability ................................................................................ 145
6.1.4 Viewing angle .................................................................................... 146
6.1.5 Response time .................................................................................... 146
6.2 Future Outlook .......................................................................................... 147
6.3 References ................................................................................................. 148

vi

List of Figures
Figure 1-1: An illustration of cholesteric liquid crystal with a pitch P0. ............................ 2
Figure 1-2: The cholesteric liquid crystal textures in (a) planar (b) fingerprint (c) focal
conic state (d) homeotropic state ........................................................................................ 3
Figure 1-3: The structure of CB15. ..................................................................................... 4
Figure 1-4: A cross sectional view of a double twist cylinder. The angle at the edge with
respect to the center is around 45º. ..................................................................................... 5
Figure 1-5: BP structure. (a) BPII (b) BP I. ........................................................................ 5
Figure 1-6: The chemical structure of RM257, HDDA, and Irgacure 651. ........................ 8
Figure 2-1: An illustration of pitch squeezing in response to the electric field switching.
........................................................................................................................................... 18
Figure 2-2: The reflection spectrum of a 4 m cell with electric field ramping up. ......... 19
Figure 2-3: Microscopic pictures of a cholesteric liquid crystal cell with a cell thickness
of 4m in a reflection mode: (a) planar state; (b) and (c) fingerprint textures ................. 19
Figure 2-4: (a) The reflected center wavelength as a function of electric field. (b) The
reflected spectrum with increasing voltage....................................................................... 20
Figure 2-5: The microscope photos taken under crossed polarizers and reflecting mode
with the applied field of (a) 0V, (b) 16V, and (c) 34V. .................................................... 20
Figure 2-6: Electric induced textures in cholesteric liquid crystals. ................................. 22
Figure 2-7: Polarizing microscope pictures in a reflection mode of cholesteric liquid
crystal cell with frequency modulation. ............................................................................ 25

vii

Figure 2-8: The reflection spectra of (a) the reflected wavelength as a function of applied
voltage measured from side A of the cell, (b) the reflected wavelength versus voltage of
side B of the cell. (The side which is closer to the UV lamp during curing process is
defined as side A and the other side as side B.) (c) The reflectance (empty circle) of
electrically switched color, and the reflected central wavelength (solid circle) vs. applied
voltage (rms). .................................................................................................................... 27
Figure 2-9: Color matching functions for 2⁰ viewing angles. .......................................... 30
Figure 2-10: An illustration for the definition of color purity. (xn, yn) is the white point,
(xi, yi) is the point on the perimeter, and (x, y) is the color coordinate generated by the
reflected spectrum. ............................................................................................................ 33
Figure 2-11: The CIE 1931 chromaticity diagram 2o viewing angle of reflection
wavelength of electrically-tuned, polymer-stabilized cholesteric liquid crystals. Solid
circles show the color coordinates of the reflected color in increasing voltage, and the
empty circles are in decreasing voltage. ........................................................................... 34
Figure 2-12: (a) The optical setup for viewing angle measurement, and (b) the top view of
a cell and the angle of rotation with respect to normal incident of light. ......................... 35
Figure 2-13: The angular dependence of reflected color from a PS cholesteric liquid
crystal cell at (a) 0V (b) 20V. ........................................................................................... 36
Figure 2-14: The optical setup for the optical response measurement. ............................ 37
Figure 2-15: (a) The laser beam incident the cell from side A to side B. (b) The reflected
light signal (yellow line), the transmitted light signal (pink line) in respond to the pulse

viii

signal applied at 20V (blue line). (c) The optical behavior at the applied voltage of 100V.
........................................................................................................................................... 39
Figure 2-16: (a) The laser beam incident the cell from side B to side A. (b)The reflected
light signal (yellow line), the transmitted light signal (pink line) in respond to the pulse
signal applied at 20V (blue line). (c) The optical behavior at the applied voltage of 100V.
........................................................................................................................................... 40
Figure 2-17: The frequency dependence of reflectance and reflected wavelength of a
polymer stabilized cholesteric liquid crystal at an applied voltage of 50V. ..................... 42
Figure 2-18: The cholesteric liquid crystal reflected wavelength as a function of
temperature. ...................................................................................................................... 43
Figure 2-19: Temperature independent of reflected color of a single-layer cholesteric
liquid crystal...................................................................................................................... 44
Figure 2-20: The spectra of electrically switchable colors from cholesteric liquid crystal
cells with polymer concentration of (a) 0% (b)2.9% (c)4.8% (d)8.3% ........................... 47
Figure 2-21: The switching voltage and reflectance change with respect to the
concentration of pre-polymer. ........................................................................................... 48
Figure 2-22: The spectra of PS cholesteric liquid crystals with (a) 0%, (b)50% (c)67%
(d)75% (e)100% of HDDA with respect to the total amount of polymer network........... 51
Figure 2-23: The reflected wavelength versus applied voltage (rms) of a sample
containing (a) 0%, (b) 50%, (c) 67%, and (d)75% of HDDA soft polymer network for
voltage ramping up and down. .......................................................................................... 52

ix

Figure 2-24: Reflectance versus electrically-switched color (reflected wavelength) of
samples having different content of HDDA in the total 5% polymer network
concentration. .................................................................................................................... 53
Figure 2-25: The CIE 1931 chromaticity diagram of reflection wavelength of different
concentration of soft polymer network (HDDA). ............................................................. 56
Figure 2-26: The bandwidth with respect to the applied voltage. ..................................... 56
Figure 2-27: The spectra of voltage ramping up on a 2.0 m cell from (a) side A and (b)
side B. ............................................................................................................................... 58
Figure 2-28: The spectra of voltage ramping up on a 5.7 m cell from (a) side A and (b)
side B. ............................................................................................................................... 59
Figure 2-29: The spectra of voltage ramping up on a 59.0 m cell from (a) side A and (b)
side B. ............................................................................................................................... 59
Figure 2-30: Tunable wavelength range versus applied voltage as a function of cell gap.
........................................................................................................................................... 60
Figure 3-1: Polarizing optical microscope picture of the cell with CB15 concentration of
46.0% at (a) 0.0V (planar state) and (b) 60.6V (homeotropic state). The cell with the
CB15 concentration of 31.0% at (a) 0.0V (planar state) and (b) 46.0V (homeotropic state).
........................................................................................................................................... 66
Figure 3-2: The reflected spectra of sides A and B of cell C01 at zero volt (a) before
polymerization and (b) after polymerization. ................................................................... 69

x

Figure 3-3: Spectra of cell C01 with response to increasing electric field from (a) side A
and (b) side B of the cell. Spectra with decreasing electric field from (c) side A and (b)
side B of the cell. .............................................................................................................. 71
Figure 3-4: The bandwidth of polymer stabilized cholesteric broadband reflector as a
function of applied voltage. .............................................................................................. 72
Figure 3-5 Reflected spectra of sides A and B of cell C02 at zero volt (a) before
polymerization and (b) after polymerization. ................................................................... 75
Figure 3-6: Spectra of cell C02 with response to increasing electric field from (a) side A
and (b) side B of the cell. Spectra with decreasing electric field from (c) side A and (b)
side B of the cell. .............................................................................................................. 76
Figure 3-7: Reflected spectra of sides A and B of cell C03 at zero volt (a) before
polymerization and (b) after polymerization. ................................................................... 78
Figure 3-8: The polarizing optical microscope pictures of polymer stabilized cholesteric
liquid crystal cell filling at 80ºC: (a) C01 (b) C02, and 70 ºC: (c) C03 (d) C04. The cells
polymerized at 70 ºC show flowing patterns as indicated by the circles. ......................... 79
Figure 3-9: The spectra of cell C03 with response to increasing electric field from (a) side
A and (b) side B of the cell. The spectra with decreasing electric field from (c) side A and
(d) side B of the cell. ......................................................................................................... 80
Figure 3-10: Reflected spectra of sides A and B of cell C04 at zero volt (a) before and (b)
after polymerization. ......................................................................................................... 82

xi

Figure 3-11: Spectra of cell C03 with response to increasing electric field from (a) side A
and (b) side B of the cell; spectra with decreasing electric field from (c) side A and (d)
side B of the cell. .............................................................................................................. 83
Figure 3-12: The color chromaticity of a broadband reflector. ........................................ 85
Figure 4-1: Photomicrographs of the PSBP texture before polymerization (a)-(e), and
photomicrographs of PSBP texture after the polymerized at 29.4⁰C (f)-(j). .................... 91
Figure 4-2: Field induced red-shift of Bragg reflected wavelength in (a) a BP liquid
crystal cell with increasing applied voltage and (b) a PSBP with increasing applied
voltage. A PSBP cell shows wider tunable range comparing to that of a BP liquid crystal
cell. The inserted figures are the plots of reflected wavelength versus the ascending and
descending voltages. ......................................................................................................... 93
Figure 4-3: A schematic illustration of electrically-switched color of a PSBP cell in
which the blue reflected wavelength (a) is switched to reflect a green color (b) and red (c)
with an increase in applied voltage. The incorporation of polymer network maximizes
the structural integrity and prevents structural deformation before reaching the critical
field. Corresponding photographs of a one-pixel PSBP cell with 10 m cell gap is
operated in the reflective mode with appearance of color by Bragg reflection under (a’)
0V (blue), (b’) 30V (green) and (c’) 40V (red), respectively. .......................................... 96
Figure 4-4: Electrostriction effect of a BP liquid crystal observed under microscope (a)(d), electrostriction effect of a PSBP (e)-(h), and PSBP after switching off the electric
field (i). Compared the photos between (a) and (d) of the BP liquid crystal with (e) and (i)

xii

of the PSBP, it demonstrates that PSBP can recover the initial structure between the
switching-on and switching-off states. ............................................................................. 97
Figure 4-5: The color tuning range of a BP (filled and open circle) and PSBP (filled
diamond and square) cell. ................................................................................................. 99
Figure 4-6: Photomicrographs of BP under crossed polarizers; (a) no polymer, (b) one
substrate with spin-coated PI (c) two substrates with PI alignment layers and rubbed for
homogeneous alignment, and (d) two substrates with VA aligment layers. .................. 102
Figure 4-7: The plot of color tuning range versus temperature for BP mixtures with
different surface alignment conditions............................................................................ 103
Figure 4-8: Electrically tunable color range and temperature range of PSBPs with
different concentration of polymer network. .................................................................. 105
Figure 4-9: (a) The optical setup for viewing angle measurement, and (b) the top view of
a cell and the angle of rotation with respect to normal incident of light. ....................... 106
Figure 4-10: The peak reflected wavelength vs. incident angle of a BP cell at (a) 0V (b)
25V. The PSBP cell at (c) 0V and (d) 25V. The empty circle is the experimental data,
and the red solid line is the fitting curve. ........................................................................ 107
Figure 4-11: The optical setup for response time measurement. The optical signal is
collected from the reflected light from the test cell. ....................................................... 109
Figure 4-12: The optical response from a (a) BP cell and a (b) PSBP cell..................... 110
Figure 4-13: (a) SEM image of PSBP showing water lily-like polymer network from a
cell without alignment layer, (b) the polymer morphology at the opposite substrate
surface, (c) sponge-like polymer network from a PSBP cell with surface alignment layers
xiii

which wraps around the cubic lattice of a BP with interconnected holes that vary in size
and distribution, and (d) the enlarged image of the sponge-like polymer morphology. . 111
Figure 5-1: An illustration of a single wall CNT. ........................................................... 114
Figure 5-2: The dielectric spectroscopy of CNT-doped liquid crystal (a)// of ZLI4792
and (b) of ZLI4792. ..................................................................................................... 117
Figure 5-3: (a) The oscilloscope traces of transmission (Ch1) and applied voltage (Ch2)
of planar cell filled of BL006. (b) The circles represent ln(0/) as a function of time, the
solid line represents the fitting curve. ............................................................................. 119
Figure 5-4: (a) The transmission vs. applied voltage curves of OCB cells with BL006 and
BL006 plus CNT. (b) The gray levels of the cells of BL006 plus CNT. ........................ 124
Figure 5-5: The measured gray-level response times of the liquid crystal (a) BL006, (b)
ZLI4792, (c) MLC6080 and TL204................................................................................ 129
Figure 5-6: (a) and (b) are the spectra of polymer stabilized cholesteric liquid crystal
before and after UV curing. (c) and (d) are the spectra of the cell CNT-doped polymer
stabilized cholesteric liquid crystal before and after UV curing. (A is the side toward UV
lamp, and B is the side away from UV lamp). ................................................................ 132
Figure 5-7: The reflection spectra from side A of (a) the reference cell while ramping up
voltage, (b) ramping down voltage and (c) the CNT-doped cell while ramping up voltage,
(d) ramping down the voltage. ........................................................................................ 134
Figure 5-8: Microscope pictures of CNT-doped polymer stabilized cholesteric liquid
crystals with application of an electric field. .................................................................. 135

xiv

Figure 5-9: A CNT-doped PSBP mixture before UV curing on a cover glass, cooling
down from (a) isotropic state (b)-(e) blue phase (f) focal conic state. ............................ 137
Figure 5-10: The polarizing optical microscope pictures of CNT-doped PSBP cell in
cooling down from an isotropic state. The CNT-doped PSBP cell is in (a) isotropic state,
(b)-(e) blue phase, and (f) focal conic state starts growing. ............................................ 139
Figure 5-11: The reflected spectrum of CNT-doped PSBP cell while (a) ramping up
voltage and (b) ramping down voltage. .......................................................................... 139
Figure 6-1: Reflected spectra of cholesteric liquid crystal and BP liquid crystal.

xv

145

List of Tables
Table 2.1: Summary of the concentration of soft polymer (HDDA) and the tuning range.
........................................................................................................................................... 54
Table 3.1: A summary of the test cells in studying a broadband reflector. ...................... 73
Table 4.1: Comparison of substrate types s on tunable color range. ............................ 101
Table 5.1: A comparison of critical voltage Vc and dielectric permittivity
and after doping CNTs. The values of

before

shown here are at taken at 1k Hz. The liquid

crystal material parameters are measured at room temperature...................................... 122
Table 5.2: The summary of improvements in response times for the studied liquid
crystals. The percentage of the improvement is the average from 8 gray scales. ........... 127

xvi

To my family

xvii

Acknowledgement
I would like to thank my dissertation advisor, Prof. L.-C. Chien, for his
knowledge, direction, and support throughout my PhD study. I also would like to thank
Prof . Robin Selinger for the academic and personal help. I appreciate the input from the
dissertation committee members Prof. Antal Jakli, Dr. Asad Khan, and Prof. ChengChang Lu to help me complete my dissertation.
I am thankful to all my colleagues and friends from liquid LCI, especially Dr.
Andrii Golovin, Dr. Clinton Braganza, and Dr. JeonYung Hwang for their help in the lab
and exchanging research ideas with me. Special thanks to Shawn Hurley. We helped each
other go through our candidacy exam. He also helped me with the English writing and
gave me valuable suggestions for my dissertation. I also would like to thank Nick Diorio
for proof-reading in the last stage. All the support from the people at the LCI has meant a
lot to me.
I am grateful to my family for being supportive and understanding of my absence
in these years.
At last, I want to thank my friends from our climbing wall group. They have been
like my family during the time I was writing my dissertation. I hope all the friendships
established in Kent will last for years to come.

xviii

Abstract

Electrically tunable colors with chiral liquid crystal materials have been discussed
in this thesis. The switchable color device can be used as a color filter and may be an
important step toward eco-friendly color reflective displays.

The first approach in achieving electrically tunable color is a polymer-stabilized
cholesteric liquid crystal. The selected Bragg reflective wavelength can be electrically
switched to reflect blue or green from a cell initially reflecting a red color. The color
change is a result of the compression of the helical pitches in planar layers in response to
the applied voltage. The unique feature of the polymer stabilization is in the fact that the
electrically switched colors preserve good reflectance and the colors are reversible with
voltage ramping. The polymer-stabilized cholesteric display exhibits anisotropic
reflection and has a reflected color which is independent of temperature.

A second method is a polymer-stabilized blue phase liquid crystal, in which the
Bragg reflected color of the blue phase can be switched to reflect a second color through
the electrostriction effect. The phase-separated three-dimensional polymer network
transcribes the cubic structure of a BP liquid crystal and restrains the deformation from
cubic lattice by the external electric field.

xix

Chapter 1 Introduction and Background

1.1 Cholesteric Liquid Crystals
Chiral nematic phases were first observed in cholesteryl derivatives. Although
chiral nematic molecules are not necessarily from cholesteryl derivatives, we usually call
the chiral nematic a cholesteric liquid crystal for historical reasons. A cholesteric liquid
crystal is a liquid crystal with a helical structure as indicated in Figure 1-1. The average
direction of molecules

rotates in a plane perpendicular to the helical axis. The distance

along the helical axis through which the director rotates 2 is called the pitch, which can
be denoted as P0. Cholesteric liquid crystals are usually composed of nematic liquid
crystals with a chiral dopant. The molecules in each layer don’t have positional order, but
the director is arranged with a small angle between each layer. Because of the periodic
structure of cholesteric liquid crystals, the wavelength of incident light will be reflected
as a function of the pitch P0. The central wavelength λ0 of the reflected light can be
described by the equation 0  n  P0 , where

is the average refractive index of the liquid

crystal.

1

2

Figure 1-1: An illustration of cholesteric liquid crystal with a pitch P0.

Several textures can be observed depending on the surface treatment, helical pitch
P0, and applied field: Figure 1-2 shows the orientation of several typical cholesteric
textures such as (a) planar, (b) fingerprint, (c) focal conic, and (d) homeotropic state. The
planar state is a reflecting state and the focal conic state is a light scattering state.
Cholesteric liquid crystals are bistable between these two states, therefore, it makes
cholesteric liquid crystals attractive in display applications.

3

Figure 1-2: The cholesteric liquid crystal textures in (a) planar (b) fingerprint (c) focal
conic state (d) homeotropic state
As it is indicated in Figure 1-2 (a), a periodic structure along the helical axis
direction is formed in the planar state. The reflected wavelength of a cholesteric liquid
crystal is generated by the photonic band gap from the periodic cholesteric helical
orientation. When light of wavelength () falls in the region no p    ne p , where no is
the ordinary refractive index and ne is the extraordinary refractive index of the liquid
crystal, the refractive index seen by the incoming light beam becomes imaginary. Light
with the same handedness as that of the cholesteric liquid crystal will be circularly
reflected, while the component with opposite handedness will be circularly transmitted.1
Unless otherwise specified, the reflected wavelength from cholesteric liquid crystals in
this dissertation refers to the center wavelength of the reflection band.
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The chiral material used in this dissertation is CB15 (Merck) unless otherwise
indicated. CB15 is a right handed material. The selection of a right handed material is
because of the availability in the lab. The experimental result should not vary with the
change of the handedness of the chiral material. The molecular structure is as indicated in
Figure 1-3.

Figure 1-3: The structure of CB15.

1.2 Blue phase
Blue phase (BP) is a state that appears while cooling down chiral nematics from
the isotropic state. It exists in a fairly short temperature range, typically around 1 to 2 K.
BP liquid crystals are optically isotropic and have a highly symmetric molecular structure.
It got the name “blue phase” because the first observations of this phase were blue.2, 3, 4, 5
A. Saupe was the first to describe the BP as a cubic structure6. The helical twist in three
dimensions cannot fill space without defects, thus a periodic defect structure will be
formed in the BP. It can be understood as the stacking of cylindrical “double twist tubes”,
in which the director rotates about any radius of a cylinder. A cross section of the “double
twist tube” is as shown in Figure 1-4.

5

Figure 1-4: A cross sectional view of a double twist cylinder. The angle at the edge with
respect to the center is around 45º.
Three BPs have been known to exist, BP I, BPII and BP III. BP I is known to be a
body-centered cubic phase and BPII is a simple cubic phase as depicted in Figure 1-5. BP
III is generally know to be with an amorphous structure.
(a)

(b)

Figure 1-5: BP structure. (a) BPII (b) BP I.
The periodic lattice structure of BP is comparable to the wavelength of visible light. A
selected wavelength will be Bragg reflected from a BP liquid crystal.

6

1.3 Polymer stabilized Liquid Crystals
Polymer stabilized liquid crystals open a lot of exciting applications in electrooptics such as bistable cholesteric displays 7 , twisted-nematic 8 ,

9

and super-twisted

nematic displays. In polymer stabilized liquid crystal system, the weight concentration is
less than 10%. When a small amount of monomer is mixed with a liquid crystal, the
mixture is in a liquid crystal mesophase. As the monomer is polymerized, the polymer
network mimics the orientation of the liquid crystals. By manipulating the boundary
condition of alignment layers or external field, various polymer network structures can be
achieved. Unlike the surface alignment layer, a polymer network provides a bulk effect in
constraining the orientation of liquid crystals.9
The monomer used by polymer stabilized liquid crystal can be either thermally
polymerizable or photopolymerizable. A photopolymerizable monomer is a better
candidate because when using a low-concentration of monomer it takes a long time for
thermal curable monomers to be polymerized. The flexibility of the molecule, the length
of the rigid core and the polymerizable functional group can be varied to improve the
electro-optic properties. 9
The photopolymerization process starts upon the absorption of UV radiation, then
the photoinitiator becomes electronically excited and decomposes into free radicals. A
fast photocleaving process thus happens. The resulting benzoyl radicals react with the
double bonds of the diacrylate monomer to form a three-dimensional polymer network by
a chain reaction.10

7

Two diacrylic monomers are used in this dissertation, one is RM 257 (Merck) and
the other is HDDA. RM257 contains three aromatic rings while HDDA has a alkyl chain
in the backbone. The photo initiator is Irgacure 651. The chemical structures are as

shown in
Figure 1-6.

8

Figure 1-6: The chemical structure of RM257, HDDA, and Irgacure 651.

1.4 Overview of a color tuning device
Traditional liquid crystal displays use color filters to generate colors. However,
only ~33% of light passes the color filter and only ~40% of light passes the polarizers. It
leads to a transmission rate of light as low as 4~9%. For applications in portable displays,
power consumption becomes a major issue. Therefore, color reflective displays have
great potential in the portable display market.
Several wavelength tunable devices using a Fabry-Perot etalon have been
developed and provide potential display applications. For example, a Fabry-Perot etalon

9

has been used by interferometric modulator (IMOD) to generate a color reflective
display.10 A similar method using a Fabry-Perot etalon incorporated with liquid crystal
has drawn several researchers’ attention.11, 12 It was reported that applying a voltage on
cholesteric liquid crystal molecules enables color tuning by extending the helical pitches
or inducing tilt of helicies. 13,

14, 15, 16, 17, 18

The electric-field-induced color change in

cholesteric liquid crystals can be traced back to the late 1960's. Harper showed the blueshift of cholesteric liquid crystals after the application of an electric field when the light
is incident from an oblique angle.14 De Genne and Meyer predicted the untwisting of a
cholesteric helix when the magnetic field or electric field is applied to cholesteric liquid
crystals1. Kahn experimentally demonstrated the color change from blue to red because
of pitch dilation with a voltage applied in the direction normal to the helical axis.14 In the
case of using inter-digitized electrodes to untwist the helix with an in-plane field, the
reported color change from blue to red in a cholesteric liquid crystal is because of pitch
extension.16, 17 However, it requires high voltage because of the field distributed within
the cell is inhomogeneous and the electric torque applied to different layers of the
cholesteric liquid crystal which is unwinding the helix is non-uniform. A dramatic loss in
reflectance with increasing voltage is also observed because the number of layers
decrease as the pitch is elongated. Instead of extending the cholesteric pitch, Hikmet et.
al18 used a polymer network to create liquid crystal gels where the reflected wavelength
showed a blue-shift with increasing voltage. The mechanism is referred to as a Helfrich
deformation,19 which indicates a uniformly periodic layer deformation in the cholesteric
liquid crystals. The local tilting of the helix leads to a shortening of the pitch when
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observed from the normal direction, thus the reflection band moves to a shorter
wavelength. It was also observed that the reflection bandwidth is increasing with greater
voltage. A flexible cholesteric liquid crystal polymer film produced to retain the color
induced by a voltage was made by Xiayu et. al.19 However, the electrically induced color
is not tunable after the polymerization of the polymer network.
In our work, we used liquid crystal materials with a periodic gradient of the
refractive index which are stabilized by polymer network. Depending on the periodicity
of the liquid crystal material, a reflection band can be selected. As we control the
orientation of the liquid crystal molecules with electric field, a wavelength tunable device
is therefore achieved. Carbon nanotubes (CNTs) are known for their particular physical
properties of high electrical conductivity, high tensile strength, high flexibility, and high
thermal conductivity.20 The interaction between liquid crystals and CNTs is also of our
interests. CNT-doped nematic and chiral nematic liquid crystals are also investigated in
this dissertation.
All the listed points are discussed in this dissertation. Specifically, we explored
applications of polymer-stabilized cholesteric and BP liquid crystals, developed
electrically-switchable color displays and tunable spectral filters, and observed the
phenomena of pitch compression and electro-mechanical effects in cholesteric and BP,
respectively.
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1.5 Overview of the dissertation
The dissertation deals with electro-optical applications of polymer-stabilized
chiral liquid crystals. It describes the electrically-switched Bragg reflected colors in
polymer-stabilized cholesteric and BP liquid crystals as a function of applied field.
The introductory part presents a short overview of cholesteric and BP liquid
crystal properties and polymer stabilized liquid crystals, which is in the core of all
electro-optical applications of chiral liquid crystals. It clarifies the motivation behind the
choice of the dissertation topic and explains the objectives of the dissertation. In the
following chapters the results of the conducted research are presented in detailed.
Chapter 2 covers the electrically tunable reflected wavelength device based on
polymer stabilized cholesteric liquid crystals. The change of the reflected wavelength
results from the pitch squeezing in response to the electric field. The optimization of the
polymer network and cell thickness is investigated. The cell has demonstrated good
thermal stability.
Chapter 3 presents a tunable bandwidth broadband reflector based on the variation
in concentration of monomer and photoinitiator.
Chapter 4 describes an electrically tunable reflected wavelength device based on
polymer stabilized BP liquid crystals. The effect of surface alignment and polymer
network has been discussed. A relatively narrow reflection bandwidth compared to
cholesteric liquid crystals can be achieved.
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Chapter 5 covers carbon nanotube (CNT) doped liquid crystals. We first discuss
the effect of CNTs mixed with nematic liquid crystals. Then we also study the effect of
doping CNTs in polymer stabilized cholesteric liquid crystals and polymer stabilized BP
liquid crystals.
Chapter 6 summarizes the results of the research presented in this dissertation and
discusses a comparison between polymer stabilized cholesteric liquid crystals and
polymer stabilized BP liquid crystals for color tuning devices and the possibilities for
future developments.

Chapter 2 A Polymer-Stabilized Single-Layer Cholesteric Liquid
Crystal Display with Anisotropic Reflection21

2.1 Introduction
Reflective liquid crystal displays with features such as sunlight readability and
low power consumption have a wide range of applications ranging from electronic papers,
electronic books, to mobile displays and electronic sign displays. Among the available
color display technologies, cholesteric reflective displays are particularly suitable for
these display applications because the reflected wavelength and bandwidth can be preselected by its helical pitch in the planar structure. The selective reflection from a
cholesteric liquid crystal makes it possible for vivid color images to be displayed without
color filters and polarizers, both of which absorb light and reduce brightness.
Color reflective cholesteric displays can be fabricated by using either a single
panel or the stacked-panels method.22, 23, 24, 25, 26, 27 A high brightness color cholesteric
liquid crystal display can be prepared by using the stacking technique, which also
provides a feasible solution for displaying full color with a reflective cholesteric liquid
crystal display. Although this approach maximizes the brightness of the color panels,
volume manufacturing of cholesteric liquid crystal displays using the stacked-panel
technology requires overcoming the high costs and low yields caused by issues such as
the driver electronics and pixel registration.
13
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In this chapter, we demonstrate electrically tunable colors using polymer
stabilized cholesteric liquid crystals. The tuning colors of a polymer stabilized cholesteric
liquid crystal is demonstrated with amplitude and frequency modulation. The electrically
tunable colors show good reflectance with the application of polymer network. The
polymer stabilized cholesteric liquid crystal display exhibits a unique anisotropic
reflection from only one side of the cell.

2.2 Light propagation in cholesteric liquid crystals
Light propagation in a medium is described by Maxwell’s equations:

,

(2-1)

.

(2-2)

Liquid crystals are dielectric and non-magnetic materials. Letting

and

gives

.

With the speed of light in vacuum,

(2-3)

, and simplifying equation ×
(2-3, we have

.

(2-4)
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Because

, equation

(2-3

gives

.

(2-5)

Consider a plane wave in the x-y plane and propagate in the z direction,
.

(2-6)

We obtain

.

(2-7)

By decomposing the electric field into two normal modes,
.

where

(2-8)

. Substituting equation 2-8 into equation 2-7,

we can obtain

(2-9)

and

.

(2-10)

With q =2/p and k=2n/0, where p is the cholesteric pitch, n is refractive index and 0
is the wavelength of incident light, we can obtain
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(2-11)
and
By replacing

(2-12)
and

,

.

(2-13)

When the cholesteric pitch is long compared to the wavelength of light, the eigenmodes
can be expressed as

,

(2-14)

,

(2-15)

which is opposite to the handedness of the cholesteric, and

which is the same handedness as the cholesteric.
As n2 becomes negative, the light does not propagate.
Let

, it gives

and

. Therefore, the

reflection band occurs at
p

where

and

at optical frequencies.

,

(2-16)
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In the reflection band, the light with the same handedness as the cholesteric liquid crystal
is reflected while the opposite handedness is transmitted.

2.3 Electrically tunable colors with cholesteric liquid crystals
In this section, we demonstrate that the Bragg reflection peak from a cholesteric
liquid crystal in a planar state can be electrically switched to reflect a different
wavelength. This is meant to be as a reference to be compared with polymer stabilized
cholesteric liquid crystals which will be discussed in section 2.5. The switchable
reflection peak occurs due to a pitch change of the cholesteric in the bulk due to the 2
twist cholesteric helix of a Helifrich Instability16 (Figure 2-1(b)). Because of the strong
anchoring from the substrates, the liquid crystal molecules near the surface boundary
remain in a planar state. In responding to an applied voltage, the liquid crystal molecules
in the bulk start to tilt and squeeze the helix near the boundary layers so the effective
pitch which is resulting in the reflected wavelength is shortened. Therefore, the center
wavelength of the reflected light,

0  n  p ,

(2-17)

is blue-shifted corresponding to a shorter pitch, as it is illustrated in Figure 2-1(b). With a
sufficiently high field, most of the liquid crystal molecules are reoriented so it is in a
homeotropic state (Figure 2-1(c)). As there are more pitches in the cholesteric film, the
squeezing effect should be more notable.
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(a)

(b)

(c)

Figure 2-1: An illustration of pitch squeezing and tilting in response to the electric field
switching.
To prove the concept, two anti-parallel rubbed cells with different cell thickness
at 4m and 14m are prepared. A chiral nematic mixture comprising of a nematic liquid
crystal 65.50% E44, a chiral dopant 34.50% CB15 is injected into the cell in the isotropic
state via capillary force on a hot stage. After the cell is cooled down to room temperature,
a planar state with a reflected color is observed. The reflected spectra of the cell in
response to applied voltages are measured using normally incident white light
illumination and detected from the same angle using an Ocean Optics spectrometer. The
applied voltage is a square wave with a frequency of 1kHz. Figure 2-2 shows the
reflected spectrum of the 4 m cell. A reflection peak centered at 640nm is observed.
After switching on the electric field, the peak is blue-shifted. However, no further color
shift can be observed by further increasing the field. This can be explained due to the
occurrence of excessive helix deformation and not enough cholesteric pitches held in the
planar texture of a thin cell.
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Figure 2-2: The reflection spectrum of a 4 m cell with electric field ramping up.

(a)

(b)

(c)

100m

Figure 2-3: Microscopic pictures of a cholesteric liquid crystal cell with a cell thickness
of 4m in a reflection mode: (a) planar state; (b) and (c) fingerprint textures
A thicker cell with a cell gap of 14 m filled with E44 and CB15 is prepared for
comparison. As it is indicated in Figure 2-4, the reflection peak is tunable after the
electric field is switched on. We are able to shift the reflection peak toward blue for about
200nm with the increase in applied voltage.

20

(a)

(b)

Increasing voltage

Figure 2-4: (a) The reflected center wavelength as a function of electric field. (b) The
reflected spectrum with increasing voltage.

(a)

(b)

(c)

Figure 2-5: The microscope photos taken under crossed polarizers and reflecting mode
with the applied field of (a) 0V, (b) 16V, and (c) 34V.

In Figure 2-3 and Figure 2-5, both the 4 m cell and 14 m cells are switched to a
fingerprint texture once the electric field is switched on. A better color tuning is achieved
by the 14 m cell. This is because there are more planar layers held by the surface
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anchoring from the substrates in the thicker cell; the pitch squeezing become visible from
the reflection spectrum.
However, as it is indicated in Figure 2-4 (b), the reflectance is significantly
decreased with increasing voltage. The threshold voltage at which the wavelength started
to shift is around 15V. This voltage is different from the Frederick threshold because the
liquid crystal molecules are already being reoriented before this threshold.

2.4 Frequency modulated cholesteric texture
Different textures can be obtained in a cholesteric liquid crystal cell by applying
an external electric field to of a different amplitude and frequency. The dipoles of liquid
crystal molecules include two components: a permanent dipole and an induced dipole.
Depending on the molecular structure, liquid crystal molecules can posses a permanent
dipole which is not necessarily along the direction of the liquid crystal director. The total
polarization tot due to the permanent dipole can be expressed as:

,

(2-18)

where  is the permanent dipole, k is the Boltzmann constant, T is temperature and  is
the angle of the permanent dipole with respect to the long axis of the liquid crystal
molecule. As the frequency of the applied electric field changes, the contribution from
the induced dipole changes. Therefore, the dielectric anisotropy of liquid crystal
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molecules changes with frequency. Thus the frequency modulation of liquid crystal
orientation is feasible.
A scheme of switching is indicated in Figure 2-6. In a condition of constant frequency,
if a sufficiently high voltage, VH, is applied across the cell, the liquid crystal molecules
will be aligned along the field so that the material is in the homeotropic state (Step 1).
The material will switch to the planar texture if the field is turned off quickly (Step 2). If
the voltage applied to the material with a homeotropic texture drops to an intermediate
voltage between VF and VH, it will switch to a focal conic state (Step 3), where VF is the
voltage the cholesteric liquid crystals is switch to a focal conic texture when the voltage
is slowly ramped up. If the field is switched to a voltage smaller than VF, a transient
planar occurs (Step4).

Transient planar

Focal conic
8) ff>>fF

4) V V<VF

3) VVF<V<VH

7) ff>fF
5) ffH<f<fF
Planar

1) V>VH

Homeotropic

V=0
2) VV=0
6) ff>>fH

Figure 2-6: Electric induced textures in cholesteric liquid crystals.
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In addition to obtaining transitions among cholesteric textures by amplitude
modulation, it is possible to switch different textures with frequency modulation. As
shown in Figure 2-6, the material will switch from a homeotropic texture to a focal conic
texture by increasing the frequency while maintaining a sufficiently high voltage (Step 5).
Either in a focal conic or homeotropic texture, the material will return to a planar state
when a sufficiently high frequency, fF, is supplied (Step 7 & Step 8), while in the
amplitude modulation, a uniform planar texture cannot be obtained by turning off the
electric field from focal conic texture. If the frequency is switch to f>fF abruptly, a
transient planar will appear.
A cholesteric liquid crystal was prepared by mixing E44 and CB15 at a ratio of
1.85 to 1 to give a pitch of 0.381m to Bragg reflect at wavelength of 613 nm. An
electro-optical (EO) cell was prepared with a cell gap of 4m maintained by dispensing
glass-rod spacers between the substrates and alignment layers prepared by spin-coating a
dilute solution of polyamidic acid top of the indium-tin-oxide (ITO) transparent
conductive electrodes. The alignment layers were baked in an oven to form the polyimide
(PI). After cooling to room temperature the alignment layers were rubbed unidirectionally
and assembled in an antiparallel fashion with respect to the rubbing directions to provide
a planar alignment for the cholesteric liquid crystal. The cholesteric liquid crystal was
loaded into the EO cell via a capillary force at 80oC on a hot stage. After the cell was
cooled down to room temperature, a red reflected color appeared as a result of Bragg
reflection from the cholesteric planar texture.
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Frequency modulation on a cholesteric liquid crystal EO cell is shown in Figure
2-7. The pictures were taken under a polarizing microscope with crossed polarizers in a
reflecting mode. Each picture is taken after the texture equilibrated for twenty seconds.
The cholesteric liquid crystal switched to the homeotropic texture is shown in Figure 2-7
(a) and is changed to the different states shown in Figure 2-7 (b), (c), and (d) in response
to a frequency of 50 kHz, 150 kHz, and 500 kHz at the applied voltage of 40V. The
textures of (b), (c) and (d) return to planar texture (e) if the field is turned off. The texture
in Figure 2-7 (d) can be obtained from any other textures if a sufficiently high frequency
is applied to the EO cell. The dark red region in Figure 2-7 (d) indicates a transient planar
texture. The color orange in a planar state will take over the whole cell after a waiting
period of 10 minutes. It is also noted that a different reflected color can be obtained by
the combination of amplitude and frequency modulation.

25

Homeoptropic
V(100Hz,40V)
100m
(a)

V(0V)

(f)

(b) V(50kHz,40V)

(c)V(150kHz,40V)

(d) V(500kHz,40V)

(e) V(15MHz,40V)
Figure 2-7: Polarizing microscope pictures in a reflection mode of cholesteric liquid
crystal cell with frequency modulation.

2.5 Electrically tunable colors with polymer stabilized cholesteric liquid
crystals
As mentioned in section 2.3, the reflectance of the reflection peak from the
cholesteric liquid crystal decreases dramatically with an increase in applied electric field.
In order to retain more layers of the planar state, we introduce a small amount of a
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polymer network to provide an anchoring in the bulk28. A polymer stabilized cholesteric
liquid crystal material comprises of a nematic liquid crystal 60.95% E44, a chiral dopant
34.20% CB15, a reactive mesogen 4.8% RM257 (a mesogenic diacrylate; the above three
all obtained from Merck) and 0.05% of Ir651 (a photoinitiator from Ciba Additive). The
concentration of the chiral dopant was formulated to reflect a selected wavelength in the
visible range. An electro-optical cell was made that consisted of two ITO coated glass
substrates with a 10 m cell gap maintained by rod spacers dispensed between the
substrates. The inner surfaces were coated with PI alignment layers and the PI layers
were undirectionally rubbed for homogeneous alignment. The cholesteric mixture was
filled in the cell by capillary action at around 80oC (the isotropic state of the cholesteric
liquid crystal). The cell was irradiated with UV light at a wavelength of 365 nm (0.4
mW/cm2) for 30 minutes to initiate the polymerization. The reflected spectra
measurement of the cell in response to applied voltages is carried out using normally
incident white light illumination and detected from the same angle using an Ocean Optics
spectrometer. The applied voltage is a square wave with a frequency of 1 kHz. We
observed that the polymer stabilized cholesteric liquid crystal in the planar state exhibits
a blue-shift in reflected wavelength in response to increase in applied voltage.
The polymer network provides anchoring for the cholesteric helicies in the bulk in
addition to the anchoring from the surface alignment layers. At zero voltage, the
polymer-stabilized cholesteric cells exhibit anisotropic reflectance from only one side of
the sample. The differential reflectance is a result of inhomogeneous distribution of the
polymer network during UV light induced curing, which is a phenomenon previously
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observed and reported in prior works from Chien et al29, 30. The monomer is polymerized
faster at one side nearest to the UV lamp than the other and thus, causing the unbalance
localization of polymer network on one substrate.29, 31
(a)

(b)

(c)

Figure 2-8: The reflection spectra of (a) the reflected wavelength as a function of applied
voltage measured from side A of the cell, (b) the reflected wavelength versus voltage of
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side B of the cell. (The side which is closer to the UV lamp during curing process is
defined as side A and the other side as side B.) (c) The reflectance (empty circle) of
electrically switched color, and the reflected central wavelength (solid circle) vs. applied
voltage (rms).
In reference to Figure 2-8 (a) and (b), the side closer to the UV lamp (side A)
reflects the incident light, while the other side (side B) appears to scatter light when the
cell is turned over for reflectance measurement. The light scattering of side B is because
after the first time switching the director structure, the liquid crystal molecules close to
side B have a weaker anchoring from the polymer network and are switched to a focal
conic state. The contrast ratio of reflectance at 0 V from side A to side B is 4.5. The
electrically tunable wavelength is observed from the side closer to the UV lamp (side A).
The effective refractive index of the extraordinary wave can be expressed as

neff  ne no / ne2 cos 2   no2 sin 2  ,

(2-19)

where  is the angle between the director and the propagation direction of light. As the 
decreases with increasing voltage, neff become smaller while no remains the same.
Therefore, the photonic band gap, (neff - no)p, decreases with the voltage increasing.
Figure 2-8 (a) shows the edge of the higher energy band gap, nop, is moving toward a
shorter wavelength, meaning the pitch of the planar layers is shortened. Upon the
application of a voltage across the cell, the majority of cholesteric helicies (initially at a
planar texture) are compressed or tilted by the reoriented liquid crystal molecules from
the side B region. In the meantime, the reflectance from side A remains at a certain value
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when the reflected wavelength starts responding to the applied voltage. This is because
the strong anchoring of cholesteric liquid crystal molecules from the polymer network
suppresses the formation of focal conic and fingerprint textures in the bulk close to side
A. Above a critical voltage, which is 40V in this case, the number of reflecting layers is
not enough to keep the same reflectance as high as it is at zero field, which explains the
drop in the reflectance past 40V. With a sufficiently high voltage, higher than the critical
field of helix unwinding, the cholesteric is fully reoriented in the direction perpendicular
to the substrates to the homeotropic texture.
As shown in Figure 2-8 (c), the electrically-switched reflected wavelength is a
two-stage switching process. First, it has a threshold at approximately 2.0 V/m.
Afterwards, the electrically-switched reflective wavelength is linearly proportional to the
applied voltage after 20V with a maximum alteration range of 140 nm from the original
planar state at zero voltage. The tuning range and critical voltage where the reflectance
begins decreasing are found to be controllable either by varying the cell thickness or
flexibility of the polymer network. The polymer network flexibility was varied by mixing
the mesogenic reactive diacrylate with a flexible isotropic diacrylate.

2.6 Colors in Polymer Stabilized Cholesteric Liquid Crystals
Human eyes are commonly believed to contain three different pigments: R, G,
and B. R pigments absorb strongly in the red region, G pigments absorb strongly in the
green region and B pigments absorb strongly in the green region. A color can be
perceived from the mixing of the three different sets of pigments.32 The CIE 1931 color
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standard is used in this dissertation. In the CIE 1931 color standard, several groups of
people are being tested for the color perception with three color matching functions. The
spectral tristimulus values of the color matching functions are shown in Figure 2-9.

Figure 2-9: Color matching functions for 2⁰ viewing angles.
The reflected spectrum R() of a polymer stabilized cholesteric liquid crystal can
be obtained from a spectrometer from Ocean optics. The tristimulus value (X,Y,Z) can be
calculated by the following formulas:
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X  k  S ( ) R( ) x ( )d
Y  k  S ( ) R( ) y ( )d

(2-20)

Z  k  S ( ) R( ) z ( )d

where

are the color matching functions, S() is the spectrum of light

source, and k is the normalization factor defined as

k

100

 S ( ) y ( ) d 

.

(2-21)

The chromaticity coordinates (x, y) of a given color are defined as

x

X
X Y  Z
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X Y  Z

z

Z
.
X Y  Z

(2-22)

The white point represents a spectrum with equal energy at all wavelengths,
completely achromatic and colorless. The white point is the near the center of the
diagram located at xn = 0.3 3 and yn = 0.3 3 as it is indicated in Figure 2-10. The outer
curved boundary is the spectral locus, which represents monochromatic light. For display
applications, we would like the displayed color to cover an area in the spectral locus as
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large as possible. The color purity Pe is defined as the difference from the illuminant's
white point relative to the furthest point on the chromaticity diagram with the same hue.

where (xi,yi) is the point on the perimeter whose line segment to the white point contains
the chromaticity of the stimulus (x, y). Pe increases from 0 to 1 from white point to the
boundary of the locus. The color purity from a spectrum is affected by two factors. One is
the bandwidth, and the other is the contrast ratio (maximum intensity with respect to the
lowest intensity of the spectrum). The color purity of cholesteric liquid crystals are
restricted by its nature of having a bandwidth of ~100nm and the contrast of the
reflection peak is about 4.5.
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Figure 2-10: An illustration for the definition of color purity. (xn, yn) is the white point, (xi,
yi) is the point on the perimeter, and (x, y) is the color coordinate generated by the
reflected spectrum.
Figure 2-11 shows the chromaticity diagram calculated according to CIE 1931 2o
viewing angle of electrically tunable colors of a polymer stabilized cholesteric liquid
crystal. Each circle corresponds to the color obtained from the applied voltage. The
electrically-tuned colors follow a counterclockwise trend with the increase in applied
voltage. The color coordinates from low applied voltage (circled region) appeared to
move outward to higher color purity with increasing voltage. This is because the
bandwidth of the reflected spectra is first decreased before it starts blue-shifting. The
electrically tunable colors are reproducible upon the reversal of applied voltages. The
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color change with the increase in applied voltage can be easily observed from the pictures
taken directly from the cell in the three examples shown in the insert of Figure 2-11.

Figure 2-11: The CIE 1931 chromaticity diagram 2o viewing angle of reflection
wavelength of electrically-tuned, polymer-stabilized cholesteric liquid crystals. Solid
circles show the color coordinates of the reflected color in increasing voltage, and the
empty circles are in decreasing voltage.

2.7 Viewing angle
The reflected color of a cholesteric liquid crystal is arising from the Bragg
reflections. To characterize the angular dependence of color reflection, an optical setup as
shown in Figure 2-12 is used to measure the viewing angle.
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(a)

(b)

Figure 2-12: (a) The optical setup for viewing angle measurement, and (b) the top view
of a cell and the angle of rotation with respect to normal incident of light.
The incident light from a tungsten halogen lamp is collimated by two convex
lenses. The transmission spectra are measured with a light incident angle from -60⁰ to
+60⁰. As shown in Figure 4-9 (b), the angle of rotation is defined as positive when the
cell is rotated in clockwise direction viewed from the top. The reflected wavelength as a
function of the light incident angle is as indicated in Figure 4-10. The Bragg reflected

sin  I
sin  R
1
)  sin 1 (
)} , where p is the
color can be expressed as   pn  cos {sin 1 (
2
n
n
lattice length, n is the refractive index and I is the angle of incident light and R is the
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reflected angle.
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Therefore, we fit the experimental data with an equation of

. The reflection peak wavelength appears to shift about 100 nm at 60 degrees.
(a)

(b)

Figure 2-13: The angular dependence of reflected color from a polymer stabalized
cholesteric liquid crystal cell at (a) 0V (b) 20V.

2.8 The optical response of polymer stabilized cholesteric liquid crystals
To further investigate the asymmetric reflectance, we studied the electro-optical
behavior of the polymer stabalized cholesteric liquid crystal cell. The optical response of
transmitted and reflected light was carried out with a set up that consisted of a He-Ne
laser and a detector. An illustration of the optical setup is indicated in Figure 2-14.
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Figure 2-14: The experimental setup for the optical response measurement.

The light beam was incident on the cell from side A to side B as it is depicted in
Figure 2-15 (a). A component of the incident light is circularly reflected and detected by
one detector, while the transmitted light is scattered by the localized polymer network
and detected by a second detector. The optical measurement results are shown in Figure
2-15 (b). A square wave voltage of 20V at a frequency of 1 kHz and pulse duration of
750 ms was applied to the cell with a 10 m cell gap. The reflected light intensity (which
is collected at a 10o angle) increases (yellow line in Figure 2-15), because the central
wavelength moves toward 633 nm at this voltage. The intensity of transmitted light (the
pink line in Figure 2-15) decreases as a result of strong light scattered from side B. In
Figure 2-15 (c), a voltage of 100V applied to the cell causes most of the liquid crystal
molecules to be reoriented so the intensity of reflected light decreases, while the intensity
of transmitted light increases as the voltage turned on.
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Now we discuss the dynamic response. After the application of the electric field, the
polymer network is extended, thus the liquid crystal molecules in this region are oriented
and compress the helical pitch closer to the side A glass substrate. When the field is
turned off, the backflow causes the mismatching of refraction index and results in a
strong scattering.
In carrying out the second optical response experiment, the light beam goes into
the cell from side B to side A as shown in Figure 2-16 (a). In Figure 2-16 (b), at an
applied voltage of 20V, both the reflected and the transmitted light intensity decrease
because of the scattering from side B. Figure 2-16 (c) shows data at an applied voltage of
100V where most of the liquid crystal molecules are reoriented so the reflected light
intensity decreases and the transmitted light intensity increases as the voltage turned on.
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(a)
B

A

(b)

B

(c)

Figure 2-15: (a) The laser beam incident the cell from side A to side B. (b) The reflected
light signal (yellow line), the transmitted light signal (pink line) in respond to the pulse
signal applied at 20V (blue line). (c) The optical behavior at the applied voltage of 100V.
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(a)

(b)

(c)

Figure 2-16: (a) The laser beam incident the cell from side B to side A. (b)The reflected
light signal (yellow line), the transmitted light signal (pink line) in respond to the pulse
signal applied at 20V (blue line). (c) The optical behavior at the applied voltage of 100V.

2.9 Frequency Modulation
We further investigated the electrically tunable color and reflectance of the
polymer stabilized cholesteric liquid crystals by studying their sensitivity to frequency
modulation. Figure 2-17 shows the dependence of reflectance as a function of frequency
modulation of an applied voltage measured at 50V. Upon the application of an electric
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field at 1kHz, the reflected wavelength of a polymer stabilized cholesteric liquid crystal
cell shifts to a shorter wavelength. As the frequency increases, the reflected wavelength
shifts back to a longer wavelength. The wavelength shift equals about 100 nm. The
frequency modulation is a reversible process. By keeping the voltage on, the color and
intensity of color are recovered upon decreasing the modulated frequency. The process of
frequency modulated color and reflective intensity is reversible in both the increase and
decrease of frequency of an applied voltage. The reversal process provides additional
flexibility in designing electrically tunable reflective mirrors.
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Figure 2-17: The frequency dependence of reflectance and reflected wavelength of a
polymer stabilized cholesteric liquid crystal at an applied voltage of 50V.

2.10 Thermal stability
It is known that the cholesteric liquid crystal pitch changes as a function of
temperature34. A reference cell filled with cholesteric liquid crystals is prepared to show
the temperature dependence. An electro-optical cell was made consisting of two ITO
coated glass substrates with a 10 m cell gap maintained by rod spacers, whose inner
surfaces were coated with PI alignment layers and the PI layers were unidirectionally
rubbed for planar alignment. The cholesteric mixture (without polymer) was filled in the
cell by a capillary action at around 80oC (the isotropic state of the cholesteric liquid
crystal). As it is shown in Figure 2-18, the reflection peak is red-shifted as the cell is
being heated to a higer temperature, which indicates a pitch elongation with increasing
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temperature. The variation of wavelength with respect to temperature is step-like. The
cholesteric helicies have to meet the boundary condition and keep the number of pitches
in integers. So the pitch p will satisfy the equation:

m

p
2d
d  p
,
2
m

(2-23)

where m is an integer, and d is the cell thickness.

Figure 2-18: The cholesteric liquid crystal reflected wavelength as a function of
temperature.
At zero applied voltage, the polymer stabilized cholesteric liquid crystal cell shows a
good thermal stability in both a heating and cooling process. Unlike the temperature
dependence of pitch variation in cholesteric liquid crystals, the cell with a polymer
network suppresses the pitch elongation as the temperature increases. The clearing point
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of the pure E44 is 100oC. After doping E44 with CB15 and RM257, the clearing point is
measured to be at 73oC. In reference to Figure 2-19, the polymer stabilized cholesteric
liquid crystal shows negligible deviation in reflected wavelength from room temperature
up to 60oC. The decrease in reflected wavelength beyond 60oC is observed when the
liquid crystal is approaching the isotropic transition temperature.

Figure 2-19: The reflected color is temperature independent for a single-layer cholesteric
liquid crystal.

2.11 Optimization of polymer network
The function of polymer network has been demonstrated in the previous sections
that it provides bulk anchoring, maintaining planar structures in the bulk. It also
suppresses the pitch variation with respect to temperature variation. In order to further
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understand the effect of the polymer network, we discuss the effect of concentration and
the flexibility of the polymer network.
2.11.1 Concentration of polymer network
Mixtures with four different concentrations of polymer network are made for
comparison. The nematic liquid crystals (E44) to chiral dopant material (CB15) is fixed
at the ratio around two to one aiming for a zero field reflected color of 630nm according
to equation 2-1, 0  n  p The cholesteric pitch can be determined by the equation

.

(2-24)

where C is the concentration of chiral dopant and HTP is its helical twisting power. The
value of HTP used in our calculation is 7.3 m-1 from the data sheet provided by Merck35.
The concentrations of monomer used are 0%, 2.9%, 4.8%, and 8.3%. The electro-optic
cells consist of two ITO coated glass substrates with 10 m cell gap maintained by rod
spacers dispensed between substrates, whose inner surfaces were coated with PI
alignment layers and the PI layers were uniaxially rubbed for planar alignment. The
cholesteric mixture was filled in the cell by a capillary action at around 80oC (the
isotropic state of the cholesteric liquid crystal). The cells were irradiated with UV light at
a wavelength of 365 nm (0.4 mW/cm2) for 30 minutes to initiate the polymerization
except the one with no prepolymer in the mixture.
The spectra at different concentrations of polymer network are shown in Figure
2-20. It can be seen that from the cells of 0% and 2.9% polymer, the reflection spectrum
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at zero field has sharp bandgap edge. With the application of an electric field, a blue shift
in the reflection band can be observed. In the case of 4.8% polymer network, the zero
field spectrum is smoother at the bandgap edge from the light scattering caused by
polymer network. It can be observed that the reflectance of electrically switched color
increased as the concentration of the polymer network increased from 0% (Figure 2-20
(a)) to 4.8% (Figure 2-20 (b)). The polymer network mimics the director orientation of
liquid crystals at zero volts and provides a memory effect for a planar structure.
Therefore, the reflectance of the electrically tunable bandgap increases as the
concentration of the polymer network increases. When the monomer concentration goes
up to 8.3% (Figure 2-20 (d)), a broad reflection composed of two peaks is observed. The
reflection band at the long wavelength region is switched to low reflectance as the
applied voltage ramps up, however, both reflection peaks remain at the same reflected
wavelength. The high concentration of polymer network not only keeps the cholesteric
helicies in a planar structure, it also suppresses the effect of pitch squeezing in the planar
layers.
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(a)

(c)

(b)

(d)

Figure 2-20: The spectra of electrically switchable colors from cholesteric liquid crystal
cells with polymer concentration of (a) 0% (b)2.9% (c)4.8% (d)8.3%
In Figure 2-21, solid circles show the voltage at which the reflection band starts
being shifted with respect to the variation of pre-polymer. Blue circles show the voltage
where the reflectance starts dropping. It can be observed that with the increase of prepolymer concentration, the voltage difference between where wavelength starts shifting
and where reflectance starts dropping become larger.
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Figure 2-21: The switching voltage and reflectance change with respect to the
concentration of pre-polymer.

2.11.2 Flexibility of polymer network
The influence of polymer network flexibility on the maximum range of
electrically-switched color is also investigated. In additional to the RM257 used in the
previous section, a soft polymer hexanediol diacrylate (HDDA, Aldrich Chemical) is
used to adjust the flexibility of the polymer network. Four cells are prepared for this
experiment in addition to the reference cell of 0% of HDDA. The concentration of
HDDA with respect to the total amount of monomer is 50%, 67%, 75%, and 100% by
weight. Electro-optic cells were made consisting of two ITO coated glass substrates with
a 10 m cell gap maintained by rod spacers dispensed between the substrates, whose
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inner surfaces were coated with PI alignment layers and the PI layers were uniaxially
rubbed for homogeneous alignment. The cholesteric mixture was filled in the cell by
capillary action at around 80oC (the isotropic state of the cholesteric liquid crystal). The
cell was irradiated with UV light at a wavelength of 365 nm (0.4 mW/cm2) for 30
minutes to initiate the polymerization.
Figure 2-22 shows the spectra of the polymer stabilized cholesteric liquid crystal
cells in response to an applied electric field. From Figure 2-22 (a) to Figure 2-22 (e), a
different percentage of soft polymer with respect to the total amount of the network was
used. In 0% and 50% of soft polymer, the spectrum shows that the hard polymer is
dominating, thus the behavior in response to the applied voltage is similar. With the
addition of a soft polymer network of HDDA up to 50% by weight of total polymer
network concentration (see Figure 2-24), the reflected color is still tunable and the
process is reversible.
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(a)

(b)

(c)

(d)

(e)
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Figure 2-22: The spectra of polymer stabilized cholesteric liquid crystals with (a) 0%,
(b)50% (c)67% (d)75% (e)100% of HDDA with respect to the total amount of polymer
network.

The reflected color is continuously tunable and the process is reversible. With
increasing percentage of soft polymer, the reversible range is much smaller. If a voltage
larger than 20 V is applied, the reflected spectrum is no longer reversible because the cell
starts to have focal conic domains. This focal conic state stays even when the field is
turned off. Also, this state shows broadband scattering, and no distinguishable reflected
color was observed. In the case of 100% soft polymer network, no reflection peak is
shown on the spectrum because of the strong scattering from the cell.
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50%5
0
%

67%

75%

Figure 2-23: The reflected wavelength versus applied voltage (rms) of a sample
containing (a) 0%, (b) 50%, (c) 67%, and (d)75% of HDDA soft polymer network for
voltage ramping up and down.

A hysteresis in reflected wavelength is observed. The δλ is defined as the
wavelength difference in the zero field. The hysteresis in reflected wavelength grows
with increasing concentration of soft polymer because of the weak interactions between
liquid crystal molecules and polymer network. Some focal conic structure starts growing
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which makes the planar structure unable to return like was present in the initial state.
Continuously increasing and decreasing the voltage on the cell may lead to a larger λ.
Figure 2-24 shows the data supporting our observation that the focal conic texture results
in lowering the reflectance and the tunable range.

Increasing voltage

Figure 2-24: Reflectance versus electrically-switched color (reflected wavelength) of
samples having different content of HDDA in the total 5% polymer network
concentration.
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Table 2-1: Summary of the concentration of soft polymer (HDDA) and the tuning range.
Soft Polymer
concentration
0%
50%
67%
75%
100%

Starting
Wavelength
(nm)
660.4
685.0
618.4
699.2
scattering

Ending
Wavelength
(nm)
516.6
575.0
577.4
573.0
scattering

Tunable
Range
(nm)
143.8
110.0
41.0
72.1
N/A

λ@ 0V
(nm)
0.5
4.9
11.2
19.3
N/A

The color chromaticity of the polymer stabilized cholesteric liquid crystal with
different flexibilities is illustrated in Figure 2-25. The color space is related to the tunable
range and the bandwidth of the reflected wavelength. As mentioned above, the tunable
range gets smaller with increasing soft polymer network. The bandwidth is determined by

  n  p , where Δn is the birefringence and p is the pitch of the liquid crystals. In a
polymer stabilized cholesteric liquid crystal cell, the bandwidth generally decreases as the
voltage increases. This is because the liquid crystal molecules are reoriented when the
field is applied and this leads to a smaller birefringence. The layers which are squeezed or
tilted cause a smaller effective pitch observed in the normal direction; however, in the
case of a 67% and 75 % soft polymer ratio, the bandwidth increases abruptly after a
certain voltage. When the applied voltage is larger than 15 volts; the reflected spectra are
no longer reversible because the focal conic domains start to appear as seen in Figure
2-26. The color coordinate changes in a counterclockwise direction as the voltage ramps
up. This focal conic state stays even when the field is turned off; therefore, this state
shows a broadband scattering, and no distinguishable reflected color is observed. In the
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case of 100% soft polymer network, no reflection peak is shown on the spectrum because
of the strong scattering from the cell. Therefore, in a higher concentration of soft polymer
network, the color space shrinks quickly leading to a smaller color gamut.
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Figure 2-25: The CIE 1931 chromaticity diagram of reflection wavelength of different
concentration of soft polymer network (HDDA).

Figure 2-26: The bandwidth with respect to the applied voltage.
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The effect of flexible polymer network has been demonstrated. The more flexible
the polymer network is, the easier the focal conic textures form with increasing voltage.
The focal conic texture has bistability, however, it doesn’t preserve the reflection peak in
a planar state. The focal conic texture results in the decrease of the reflectance and
tunable range. The color space is therefore smaller.

2.12 Film thickness
The reflectance of a cholesteric liquid crystal cell depends on the film thickness.36
To obtain a good reflectance from the polymer stabilized cholesteric liquid crystal, we
need to maintain enough planar layers for reflection. As we mentioned earlier, the color
shift of the reflected spectra is due to the surface localization of polymer network. The
compression from the polymer stabilized helix in a planar state leads to the blue shift. As
the thickness of the cell increases, there are more pitches exist in the cell. Depending on
the distribution of the anisotropy of the polymer network, the tunable range of the
reflection peak should be related to the cell thickness.
To understand the influence of cell thickness on the tunable range, four samples
with cell gap of 2.0 m, 5.7 m, 10.3m and 59.0 m were made for comparison. The
inner surfaces of the cells were coated with PI alignment layers and the PI layers were
uniaxially rubbed for planar alignment. The cholesteric mixture was filled in the cell by a
capillary action at around 80oC (the isotropic state of the cholesteric liquid crystal). The
cell was irradiated with UV light at a wavelength of 365 nm (0.4 mW/cm2) for 30
minutes to initiate the polymerization.
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(a)

(b)

Figure 2-27: The spectra of voltage ramping up on a 2.0 m cell from (a) side A and (b)
side B.

In Figure 2-27, the spectra of a 2.0m cell is demonstrated. It can be seen that the
reflection band is similar from side A and side B, except a small variation in the
reflectance. It might be due to measuring from different spots on the cell when measuring
from the different sides. Compared to the thicker cells as indicated in Figure 2-28 and
Figure 2-30, it shows that the non-uniform polymer network doesn’t occur in the thin
polymer stabilized cholesteric liquid crystal film. The cell with 5.7 mm cell gap has
similar reflection properties in side B due to the non-uniform polymer network with 10.0
mm cell, however, a smaller tuning range is observed.
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(b)

(a)

Figure 2-28: The spectra of voltage ramping up on a 5.7 m cell from (a) side A and (b)
side B.

As the cell gap is increased to 59.0 m, the tunable behavior from side A is
similar to thinner cells while the reflection peak from side B doesn’t change with voltage.
The experiment stopped at 200V due to the limitation of the lab equipment. A higher
tunable range is possible from 59.0 m cell if a higher voltage is applied to the cell.

(a)

(b)

Figure 2-29: The spectra of voltage ramping up on a 59.0 m cell from (a) side A and (b)
side B.
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The tunable range with respect to cell thickness is summarized in Figure 2-30. It
can be seen that the tunable wavelength range increases with increasing cell gap.
However, considering the increase in voltage required with increasing cell gap, the

Wavelength (nm)

optimized cell gap for a large tunable wavelength range should be around 10 m.

800
750
700
650
600
550
500
450
400

starting wavelength
ending wavelength

0.0

20.0

40.0
60.0
Cell gap (m)

80.0

Figure 2-30: Tunable wavelength range versus applied voltage as a function of cell gap.

2.13 Conclusion
To conclude, we have demonstrated a single-layer color cholesteric liquid crystal
display by using a small amount of polymer network to stabilize the electrically-switched
color with anisotropic reflection.
The reflected color can be electrically switched by both amplitude and frequency
modulation. The reflected color is blue-shifted by increasing the amplitude of the field
because of the pitch tilting and squeezing. With frequency modulation, the reflected color
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is red-shifted with increasing frequency because of the change in dielectric anisotropy.
The reflected color is reversible in both switching methods.
The delicate balance between the field-induced pitch extension and polymernetwork-squeezed or tilted pitches serves to provide an ideal number of helical pitches to
display an electrically tuned color with minimum sacrifice of the reflectance. We have
shown that the cell thickness (i.e. the number of pitches in a cell) changes the tunable
range of the cell. Moreover, the display shows good thermal stability because the
polymer network hinders the change of pitch with temperature variation. Optical response
from both transmitted and reflected light was studied which confirms the anisotropic
distribution of the polymer network in the cell.
It is so far unclear if the blue-shifting of the reflected wavelength is a result from
purely pitch squeezing or tilting. From the viewing angle experiment in section 2.7, no
red shifting in reflected wavelength is observed. If the blue shifting is from the pitch
tilting

, where  is the tilting angle, the reflected wavelength should

be red-shifted as the observation angle approaches the normal direction of the pitch. It
shows that the blue-shift of reflection peak is not purely from pitch tilting, however, we
can’t completely exclude the possibility of pitch tilting either. We also speculate that with
the application of an electric field, the looser polymer network near side B might be
detached from the substrate surface. The squeezing of the pitch might be accompanied by
the compression of the polymer network. Further research needs to be done to clarify the
mechanism of the blue-shifting of the reflection peak.
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In studies of the polymer network’s influence, the concentration and flexibility of
the polymer network are discussed. A low concentration of polymer network cannot hold
enough planar layers for pitch squeezing, on the other hand, a high concentration of
network will keep the planar layers from being squeezed for color switching.

We

controlled the flexibility of the polymer network by changing the ratio of hard to soft
polymer. When the concentration of soft polymer network exceeds 50% by weight of
total polymer network; the tunable color range of the sample diminishes quickly.
Our results also suggest an avenue for applications ranging from the ultraviolet to
the infrared region by properly selecting the Bragg reflective wavelength of a cholesteric
material.

Chapter 3 Electrically switchable broadband light reflectors

3.1 Introduction
The selective Bragg reflection from cholesteric liquid crystals has been studied by
many researchers. The reflection bandwidth  of cholesteric liquid crystals is given by
the following equation: =n·p, where n is the birefringence of liquid crystals, and p
is the pitch of the cholesteric liquid crystals. The reflection bandwidth is usually around
50-100nm. It has been shown that a gradient of the cholesteric pitch results in a broadband reflection. The variation of pitch can be generated by: UV curing a polymerizable
monomer such that a different cross-linking rate takes place within the cell 37 , 38 , a
thermally-induced pitch difference 39 or thermal diffusion of cholesteric liquid crystals
with a different pitch40. More research has demonstrated that it is possible to switch the
broad-band reflection band gap either thermally41 or electrically37. 42, 43, 44. Switching the
reflection band between reflecting, scattering, and transparent states is demonstrated by E.
Nouvet, et. al

37

. An electrically tunable bandwidth, proposed by B. Fan, et. al., shows

that the cholesteric band gap can be switched from narrow-band to broad-band41. In this
work, we introduce a broad-band light reflector made with polymer stabilized cholesteric
liquid crystals in which the width of the reflection band gap is electrically switchable
from broad-band to narrow-band.
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3.2 Electrically switchable bandwidth
In cholesteric liquid crystals, a cholesteric-nematic transition can be observed
under an electric field perpendicular to helical axis45. The critical field can be expressed
as

, where K22 is the twist elastic constant. Thus, the helix with longer

pitch can be switched at a smaller threshold voltage. However, we applied the field in a
direction parallel to the helical axis. In our case, the dynamic response in the director
orientation is more complicated, but the threshold voltage of the cholesteric-nematic
transition should still be inversely proportional to the helical pitch because the helix can
be tilted after the application of the electric field. Two cholesteric liquid crystal cells with
different cholesteric pitches are made to confirm the threshold voltage difference in the
cholesteric-nematic transition. The indium-tin-oxide coated glass substrates were spin
coated with PI2555 (DuPont), baked to eliminate the solvent and cure the PI, uniaxially
rubbed, and assembled in an anti-parallel fashion with respect to the rubbing directions.
The gap of the cells was maintained by spreading a small amount of 10 m glass rod
spacers between the substrates. The cholesteric mixtures are composed of a nematic
liquid crystal E44 and a chiral dopant CB15 at the concentrations of 46.0% and 31.0%,
targeting cholesteric liquid crystals with pitches of 0.298 m and 0.442 m, respectively.
The ratio of one pitch to the other is 1:1.48. The measured reflection peak is at 502.9 nm
and 747.7 nm, indicating a ratio of 1:1.49. These cholesteric liquid crystals were filled
into the electro-optical cells in their isotropic states via a capillary force. To measure the

65

threshold voltage, an electro-optical apparatus consisting of a function generator and
power amplifier is used to apply a voltage with square wave at a frequency of 1 kHz
along the helical axis. The threshold voltage is recorded as the cell is switched from the
planar state to the homeotropic state, where the helicies are unwound. The textures are
observed under a polarizing optical microscope in a reflecting mode as shown in Figure
3-1. The threshold voltage is 60.6V and 46.0V, a ratio of 1.32:1.
Therefore, as an electric field is applied on a cholesteric cell along the helical axis
with a pitch gradient, the helicies with a long pitch will be switched first followed by the
short-pitch layers. Based on these observations, we conclude that a broadband reflector
can be achieved by pitch variation in a cholesteric liquid crystal cell.
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(a)

(b)

(c)

(d)

Figure 3-1: Polarizing optical microscope picture of the cell with CB15 concentration of
46.0% at (a) 0.0V (planar state) and (b) 60.6V (homeotropic state). The cell with the
CB15 concentration of 31.0% at (a) 0.0V (planar state) and (b) 46.0V (homeotropic state).
A polymer stabilized cholesteric mixture composed of nematic liquid crystal E44
(59.99%), chiral material CB15(34.80%), monomer RM257(4.74%) and photoinitiator
Irgacure 651 (0.47%) (which is 10% with respect to RM257) was prepared and filled in a
10m cell at 80⁰C. Before polymerization, the reflected spectra from both sides of the
cell is recorded in Figure 3-2 (a). The reflection band is approximately at the same
wavelength range. The slight variation in the reflectance is caused by measuring not
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exactly the same spot while flipping the cell over. Different concentrations of defects
may have also contributed to the difference in the reflectance. The cell is UV cured for 30
min at room temperature at the light intensity of 0.4 mW/cm2. The cell is named as C01
for future reference. After polymerization, the spectra were recorded with an Ocean
Optics spectrometer.

Figure 3-2 shows the reflected spectra of cell C01 at zero volts. Figure 3-2 (a) is
before polymerization and Figure 3-2 (b) is after polymerization. A broad reflection band
approximately 150 nm covering the visible wavelength range is observed from side A of
the cell. It has been reported that the polymerization rate is proportional to the
concentration of photo initiator upon UV curing46. The polymerization rate Rp can be
expressed as

,

(3-1)

where kp and kt are the rate constants of propagation and termination, [M] is the monomer
concentration,

is the overall quantum efficiency for dissociation and initiation, and [P]

are the molar extinction coefficient and the concentration of the photo initiator, I0 is the
intensity of the incident light and d is the thickness of the cell. As it is shown in Figure
3-2.(b), the cholesteric helix from side A, which is closer to the UV lamp has shorter
pitch than side B. The gradient in UV light throughout the cell causes the side closer to
the UV light source to polymerize faster than the other side. This effect is more
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pronounced in cells C01 and C03 due to the higher concentration of the photo initiator.
A pitch gradient through the cell thickness direction occurs and causes the broad
reflection band. The control of the reflection band will be discussed in section 3.3.
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(a)

(b)

Figure 3-2: The reflected spectra of sides A and B of cell C01 at zero volt (a) before
polymerization and (b) after polymerization.
With the application of an electric field, the reflected bandwidth decreases with
increasing voltage. In Figure 3-3, the reflection band starts shrinking from the right side
of the band gap edge while the left side remains the same with the application of voltage.
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Further increasing the applied voltage, the bandwidth is decreased and the reflection band
is blue shifted as shown in Figure 3-3 (c). As discussed in chapter 2, the pitch was further
squeezed by the tilted liquid crystal molecules. The reflection band is switched from the
long to short wavelength region. By contrast, side B of the cell shows a broad reflection
band which the reflectance varies with applied voltage (Figure 3-3 (b) & (d)). The
reflectance from the long wavelength region is no longer as high as before switching as in
Figure 3-2 (b). The electric field has switched some of the long pitch layers to fingerprint
structure and cannot be switched back with descending voltage as illustrated in Figure
3-3(d). This finding confirms that the electric switching behavior of side B is dissimilar
from that of the side A.
The term bandwidth used in this dissertation refers to a full width at half
maximum of a reflection peak. The reflection peak with respect to applied voltage is
shown in Figure 3-4. The bandwidth changes from 150nm to 40 nm switched by a field
of 1.8V/m.
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(a)

(c)

(b)

(d)

Figure 3-3: Spectra of cell C01 with response to increasing electric field from (a) side A
and (b) side B of the cell. Spectra with decreasing electric field from (c) side A and (d)
side B of the cell.
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Figure 3-4: The bandwidth of polymer stabilized cholesteric broadband reflector as a
function of applied voltage.

3.3 Control of reflection bandwidth
In order to investigate the best parameters for an electrically tunable bandwidth
reflector, four cells including the one in the previous section were prepared by filling two
kinds of mixtures at two different temperatures. The glass substrates were spin-coated
with PI2555, uniaxially rubbed and assembled in an anti-parallel fashion with respect to
the rubbing directions. The cell gap was maintained at 10 m with glass rod spacers. The
two mixtures contain different concentration of photo initiator Irgacure 651 were
prepared. The first mixture from previous section is filled in cell C01 and cell C03 at
80ºC and 70ºC, respectively. The second mixture is composed of the same materials as in
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the previous section with nematic liquid crystals E44 (61.04%), chiral material CB15
(34.15%), reactive monomer RM257 (4.76%) and photo initiator Ir651 (0.05%). The
second mixture, which has a smaller concentration of by a factor of 0.1 in photo initiator
is filled in cell C02 and cell C04 at 80ºC and 70ºC, respectively. Table 3.1 summarizes
the parameters for controlling the reflection bandwidth of the polymer-stabilized
cholesteric liquid crystal. Cell C01 is the switchable broadband reflector demonstrated in
section 3.2, where the reflection bandwidth is electrically switchable.
Table 3-1: A summary of the test cells in studying a broadband reflector.
Cell
Name

Filling
temperature
(⁰C)

Concentration of
Ir651 with respect
to RM257

C01

80

10%

The difference
of reflection
peak. nm)
130

Comment

C02

80

1%

60

Tunable wavelength

C03

70

10%

120

C04

70

1%

100

Nonuniform broadband
reflectance
Unstable broadband

Switchable broadband
reflector

Cell C02 is a reference cell, in which the parameters are the same as those
discussed in chapter 2. The spectra of cell C02 at 0V are depicted in Figure 3-5. The
reflected bandwidth is slightly increased and blue-shifted from the shrinkage in pitch
during polymerization45. The reflected bandwidth is around 100 nm and is electrically
tunable. After electric switching, liquid crystal molecules are better aligned and have less
pitch gradient. The smaller concentration of photo initiator doesn’t cause a significant
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polymerization rate variation in the cell which induces the pitch gradient. It can be
observed from Figure 3-6 that the reflected bandwidth at 0V is smaller compared to cell
C01 after polymerization. The smaller concentration of photo initiator generates a weaker
polymer network on side B compared to cell C01. In Figure 3-6 (b), no reflection peak is
observed because the helical pitches close to side B are switched to focal conic state. The
focal conic texture is non-uniform and contains many domains, thus scattering light.
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(a)

(b)

Figure 3-5: Reflected spectra of sides A and B of cell C02 at zero volts (a) before
polymerization and (b) after polymerization.
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(a)

(b)

(c)

(d)

Figure 3-6: Spectra of cell C02 with response to increasing electric field from (a) side A
and (b) side B of the cell. Spectra with decreasing electric field from (c) side A and (b)
side B of the cell.

The spectra of cell C03 is in Figure 3-7. The cell is filled at temperature of 70°C,
and the concentration of the photo initiator is at 10% by the weight of RM257. The
experiment of lower filling temperature was originally designed to prevent the
polymerization during the filling process, however, this low temperature filling resulted
in a flowing pattern. The slight variation in the reflectance is caused by not measuring
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exactly the same spot on the either side of the cell. A comparison of the cell texture under
the microscope is shown in Figure 3-8. The flowing pattern can be observed around the
spacers. The liquid crystals were injected in a direction from top to bottom in the picture.
Because of the lower filling temperature, the helical layer structure in cell C03 creates
more oily streak defects near the spacers.
The field-induced blue-shift of the reflection peak from the shrinkage of the
polymer network after UV curing is much larger in cell C03 than in cell C02. Compared
to cells C02 and C04, cells C01 and C03 have a higher concentration of photo initiator.
Figure 3-9 shows that the reflection peaks from the two sides of cell C03 are quite
different, indicating the different formation rate of polymer network leading to the
variation of the pitch in the cell. Light incident on side B is scattered and does not reflect
as strongly as side A.
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(a)

(b)

Figure 3-7: Reflected spectra of sides A and B of cell C03 at zero volt (a) before
polymerization and (b) after polymerization.

79

(a)

(b)

200m

(c)

(d)

Figure 3-8: The polarizing optical microscope pictures of polymer stabilized cholesteric
liquid crystal cell filling at 80ºC: (a) C01 (b) C02, and 70 ºC: (c) C03 (d) C04. The cells
polymerized at 70 ºC show flowing patterns as indicated by the circles.
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(a)

(b)

(c)

(d)

Figure 3-9: The reflectance spectra of cell C03 in response to increasing electric field
from (a) side A and (b) side B of the cell. The spectra with decreasing electric field from
(c) side A and (d) side B of the cell.

Figure 3-10 shows the reflected spectra of cell C04 with 1% of Ir651 with respect
to the weight of RM257 before and after polymerization. The cell was filled at 70 ºC, and
the flowing pattern can also be observed as in Figure 3-8 (d). The slight variation in the
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reflectance is causing by not measuring exactly the same spot on either side of the cell.
The reflection peak from side A is blue-shifted and broadened from the contraction of the
polymer network during UV curing. Before polymerization, a high reflection peak on
side B and a shoulder of lower reflectance from side A are observed. Unlike cell C02, a
pitch gradient from polymerization still appears in cell C04 with a lower concentration of
photo initiator. The pitch gradient might be caused from the flowing pattern rather than
the different polymerization rate caused from the concentration of photo initiator. From
Figure 3-11 (a) and (c), it can be observed that the broadband reflection peak is not
entirely reversible after electric switching. The liquid crystal molecules are better aligned
after the application of an electric field. The layers with long pitch induced by the
flowing pattern are not as stable as those in the case of cell C03. On side B, a fairly low
reflectance in response to the voltage ramping upward and downward was observed,
indicating less focal conic or fingerprint domain formation during the electric switching.
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(a)

(b)

Figure 3-10: Reflected spectra of sides A and B of cell C04 at zero volt (a) before and (b)
after polymerization.
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(a)

(b)

(c)

(d)

Figure 3-11: Spectra of cell C03 with response to increasing electric field from (a) side A
and (b) side B of the cell; spectra with decreasing electric field from (c) side A and (d)
side B of the cell.

A comparison of the separation of reflection peak  from side A and side B is
listed in Table 3-1. For visible broadband reflectors, we need  as far apart as possible
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to cover to the entire visible spectrum region. The broadband reflectors can be prepared
using a higher concentration of photo initiator in the pre-polymer mixture or by creating
the flowing pattern during the cell filling at low temperature. It can be seen that the
change of photo initiator concentration effectively separates the reflection peak from both
sides of the cell and results in a switchable spectral filter with anisotropic reflection
character.

3.4 Color chromaticity of a broadband reflector
The color coordinates in response to the applied voltage can be obtained from the
reflected spectra in Figure 3-3 (a). The color coordinates from the broadband reflector
move counterclockwise with increasing voltage. It was mentioned in section 2.6 that the
color purity depends on the bandwidth and the contrast ratio. Because the bandwidth is
decreasing with increasing voltage, the color coordinates from the reflected spectra move
away from the white point as the voltage increases as indicated in Figure 3-12. However,
as the applied voltage exceeds 100V, the color coordinates move toward the white point
with increasing voltage as shown in the circled area. This is because the reflectance of the
spectra decreases as the applied voltage bigger than 100V, the contrast ratio of the cell
also decreases correspondingly.
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Figure 3-12: The color chromaticity of a broadband reflector. The solid circles are the
color cordinates obtained from the reflection spectra and the empty circle represents the
white point.

3.5 Summary
We have presented a broadband reflector with polymer stabilized cholesteric
liquid crystals. The reflection bandwidth is controlled by the concentration of the photo
initiator which leads to a different cross-linking rate in the cell. A pitch variation through
the cell thickness direction is generated. The broad reflection band is switchable with the
electric field due to a different cholesteric-nematic threshold voltage for the various
pitches. The relationship of switching voltage the helical pitch has been experimentally
demonstrated. Obtaining a uniform reflectance throughout the visible light spectrum is an
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important issue. The switchable broadband reflectors are useful in smart windows for
blocking sunlight, useful for tunable bandpass filters or high transmission polarizers with
the incorporation of a broadband quarter wave plate.

Chapter 4 Polymer stabilized blue phase

4.1 Polymer stabilized blue phase
Blue Phase (BP) liquid crystals have been known to exist in a small temperature
range. Recently, broadening the temperature range of a BP liquid crystal has occurred by
using a mixture of nematic bimesogenic liquid crystals 47 or by polymerizing a small
amount of monomer in a BP to stabilize the cubic lattice against temperature variation.
This has revived interest in exploiting BP liquid crystals beyond their basic scientific
aspects48. It is proposed that the increase in the BP range is because the polymer network
is concentrated in the isotropic defect core and localizes the disclination core of the BP
structure. The field-induced birefringence of BP liquid crystals, known as the Kerr
effect, 49 ,
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thus has value for practical applications because of the broader BP

temperature range and fast electro-optical response time.
In contrast to the Kerr effect, the electric-field induced shift in Bragg reflective
wavelength, known as electrostriction51, has drawn little attention due to the small change
in wavelength. Moreover, electrostriction in polymer stabilized BP (PSBP) has never
been explored. In a prior report47, the polymer network used to stabilize BP liquid crystal
for a wider temperature range might have hindered the lattice change under electric field.
To provide an energy-saving electro-optical device that works in a reflective mode, we
have

previously

demonstrated

the

electrically
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tunable

color

in

a
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polymer stabilized cholesteric liquid crystal using a surface-localized polymer network to
prevent the elongation and distortion of the cholesteric helix in the electrically-switched
color.52 In this study, we demonstrate a PSBP liquid crystal with a wide tuning range of
reflected wavelength, which shows the three primary colors in a single cell. Compared
with polymer-stabilized cholesteric liquid crystals, PSBP provides a narrower bandwidth
and less than one half of the driving voltage required for the electrically tunable colors.

4.2 Electrostriction
Applying an electric field on a BP has been known to produce two effects. If the
field is strong enough, an electric field induced phase transition could occur. The phase
transitions are to other BPs, to the helical phase, and to the nematic phase53, 54, 55. When
the electric field is not strong enough to induce the phase transition to a helical state, a
distortion in the BP lattice can be observed.

The deformation of a solid object can be expressed as a stain tensor
where  is the displacement at location x. When the electric field E is applied in the z
direction, a compression in z direction can be expressed as
energy can be expressed as

. The free

, where  is elastic coefficient and 

is the dielectric permittivity. Because of the anisotropic permittivity of liquid crystal
molecules, is a function of electric field expressed as

. 1 is the

unperturbed part of the permittivity, b is an elasto-optic coefficient, and  is the nonlinear
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dielectric susceptibility. Considering free energy as a function of u,
. By minimizing free energy with respect to u, the strain u can be expressed as
. Here R is the electrostriction coefficient defined as R=(-1b)/2.
The sign of electrostriction coefficient determines whether the distortion is a compression
or an extension.

4.3 Polymer stabilized blue phase for tunable colors
4.3.1 Cell preparation
In order to prepare room temperature BP cells, we make a mixture composed of
nematic liquid crystals (BL006) and chiral dopant (CB15) with the weight ratio of 1:2.
The PSBP sample has an additional reactive mesogenic monomer (4.52% of RM 257
based on the weight of BP liquid crystal, Merck) and a small amount of photoinitiator
(0.04% of Irgacure 651 based on the weight of BP liquid crystal, Ciba Additive). The
electro-optical cells are prepared with a cell gap of 10 m maintained by dispensing
glass-rod spacers between the substrates and alignment layers prepared by spin-coating a
dilute solution of polyamidic acid on top of the ITO transparent conductive electrodes.
The alignment layers were baked in an oven to form PI. After cooling to room
temperature the alignment layers were rubbed unidirectionally and assembled in an
antiparallel fashion with respect to the rubbing directions to provide a planar alignment.
The PSBP mixture is filled into the cell in the isotropic state and cooled down to room
temperature at a rate of 0.1⁰C/min. A BP range from 35.0⁰C to 26.9⁰C is observed. The
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polymerization temperature is chosen at 29.4⁰C. The microscope pictures of the PSBP
mixture during the cooling process before polymerization are shown in Figure 4-1 (a)-(e).
The cell is illuminated with an UV lamp (0.4 mW/cm2, 365 nm) for 40 minutes to
polymerize the reactive monomer. After UV illumination, the PSBP cell is evaluated with
a polarizing microscope. The polarizing optical microscopic texture of a PSBP mixture
after polymerization and upon cooling from the isotropic phase is presented in Figure 4-1
(f)-(j). According to microscopic observation, the BP temperature range is shifted to a
lower temperature region compared to that of the mixture before polymerization. This is
because of the increase in chiral dopant concentration in the resultant PSBP due to the
phase-separation of polymer from the liquid crystal mixture. For comparison, a separate
cell is filled with the BP liquid crystal without the polymer, in which the BP range is
tuned at a similar range by having the same ratio of nematic to chiral dopant.
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Figure 4-1: Photomicrographs of the PSBP texture before polymerization (a)-(e), and
photomicrographs of PSBP texture after the polymerization at 29.4⁰C (f)-(j).

4.3.2 Electrically-tuned colors
Application of an electric field across a BP material in an electro-optical cell can
induce a small red shift in the Bragg-reflected wavelength as illustrated in Figure 4-2.
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This electric-field-induced mechanical effect is called electrostriction, in which the
distortion can be described as the strain tensor: u=RE2 where u is the resulting strain, R is
the electrostriction coefficient, and E is the electric field5. The electric field interacts with
the local dielectric anisotropy of a BP and deforms the lattice, resulting in a change in the
spectral reflection peak.

Fig. 4.2(a), shows the reflectance versus wavelength as a

function of applied voltage. The electrically-tuned red-shift in reflected wavelength is
accompanied by a 20% reduction in reflectance. The inset figure shows a plot of reflected
wavelength as a function of applied voltage ramping upward and downward, indicating
the electrically tuned color is reversible in a BP liquid crystal. A wider electrically-tuned
color range has been observed in a PSBP sample in response to the applied voltage,
however, the approximately 20% reduction in reflectance is also observed. The inserted
plot of wavelength versus the voltage ramping of a PSBP sample shows a hysteresis.
With the phase-separated polymer network located at the defect (disclinations) regions of
a BP, the material requires additional electrical energy to overcome the bulk anchoring of
BP liquid crystal molecules in the process of field-induced deformation and hinders the
recovery from a relaxation process at the field-off state. Nevertheless, the electricallytuned color is also a reversible process.
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(a)

(b)

Figure 4-2: Field induced red-shift of Bragg reflected wavelength in (a) a BP liquid
crystal cell with increasing applied voltage and (b) a PSBP with increasing applied
voltage. A PSBP cell shows wider tunable range comparing to that of a BP liquid crystal
cell. The inset figures are the plots of reflected wavelength versus the ascending and
descending voltages.
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A discontinuity in electrically-switched color is due to field-induced phase
transition from BP I to BP II as shown in Fig. 4.2(b). Both BP and PSBP cells
demonstrate a red-shift in the electrically-switched reflection spectra in response to the
electric field. The bandwidth is around 30 nm which provides a good color chromaticity
in comparison with the cholesteric Bragg reflection bandwidth (~85 nm). The color
switching is reversible by continuously ramping upward and downward the applied
electric field. In general, there is a trend showing reflectance at the short wavelength
region which is higher than that of the switched colors at the long wavelength region. By
comparing the two cells, a wider tunable color range is achieved by the polymer
stabilized BP cell. In the case of a BP liquid crystal cell, Figure 4-2(a), the range of
switched color is around 50nm. By contrast, the counterpart PSBP cell shows that the
range of switched color is nearly the full visible spectrum. There is a slight hysteresis
from the polymer stabilized BP that is observed, as shown in Figure 4-2(b).
By comparing the cells with pure BP material and PSBP, the incorporation of
polymer in a BP liquid crystal helps in the stabilization of the BP structure in response to
the application of an electric field. A color change of a PSBP cell in response to the
applied voltage can be easily observed in a single-pixel cell, in which the electrode area is
switched to reflect a different color while the surrounding area with no electrodes
remains blue in color (Figure 4-3 (a’)-(c’)). The applied field in this case is below the
threshold of electric-field-induced phase transition to the cholesteric phase. The
incorporation of a small amount of polymer network stabilizes against the occurrence of
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lattice deformation and broadens the range of electrically switched color in the visible
spectrum.
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Figure 4-3: A schematic illustration of electrically-switched color of a PSBP cell in
which the blue reflected wavelength (a) is switched to reflect a green color (b) and red (c)
with an increase in applied voltage. The incorporation of polymer network maximizes
the structural integrity and prevents structural deformation before reaching the critical
field. Corresponding photographs of a one-pixel PSBP cell with 10 m cell gap is
operated in the reflective mode with appearance of color by Bragg reflection under (a’)
0V (blue), (b’) 30V (green) and (c’) 40V (red), respectively.
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Figure 4-4: Electrostriction effect of a BP liquid crystal observed under microscope (a)(d), electrostriction effect of a PSBP (e)-(h), and PSBP after switching off the electric
field (i). Compared the photos between (a) and (d) of the BP liquid crystal with (e) and (i)
of the PSBP, it demonstrates that PSBP can recover the initial structure between the
switching-on and switching-off states.

The polymer network enables more uniform domains of BP in a cell. As it is
shown in Figure 4-4, the reflected color is brighter in the cell with polymer network
(Figure 4-4 (e)) than in the one with no polymer network (Figure 4-4(a)) right after the
cell is cooled from isotropic state. The color of a PSBP also shows a better uniformity
compared to that of a BP liquid crystal during electric switching. The electrically
switched color shows domain change starting around the spacers and propagating to the
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whole electrode area in a BP liquid crystal cell. By contrast, the polymer network in a
PSBP cell produces defects in a more uniform fashion.
4.3.3 Temperature dependence of color tuning
The plot of the temperature dependence of the color tunable range is shown in
Figure 4-5. In general, the tunable range of the reflected color in a PSBP cell is twice that
of a BP liquid crystal cell. Evidently, the polymer network plays a significant role in
stabilizing the BP structure in response to the applied electric field. The results also show
the temperature dependence (shortening) of the color tuning range for both PSBP and BP
cells. The tunable range decreases as the temperature decreases toward the BP – chiral
nematic transition temperature. In this case, the BP is electrically switched to a focal
conic state, an effect of an electrically-induced phase transition, when the temperature is
close to the BP-cholesteric phase transition temperature. Once the texture is switched to a
focal conic state, it is an irreversible process and cannot be switched back to the BP. The
texture stays at a focal conic state in the absence of electric field. The appearance of a BP
can be recovered by heating the cell above the isotropic temperature then cooling slowly
to the BP temperature.
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Figure 4-5: The color tuning range of a BP (filled and open circles) and PSBP (filled
diamonds and squares) cell.

4.4 Surface Alignment Effect
Several cell configurations have been considered to explore the performance of
the tunable reflected colors. The BP mixture is composed of a nematic liquid crystal
(BL006) and chiral dopant (CB15) with the weight ratio of 1 to 2. The PSBP sample has
an additional reactive mesogenic monomer (4.52% of RM 257 based on the weight of BP
liquid crystal, Merck) and a small amount of photoinitiator (0.04% of Irgacure 651 based
on the weight of BP liquid crystal, Ciba Additive). The electro-optical cells are prepared
with a cell gap of 10 m maintained by dispensing glass-rod spacers between the
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substrates and alignment layers prepared by spin-coating a dilute solution of polyamidic
acid top of the ITO transparent conductive electrodes. The alignment layers were baked
in an oven to form PI. After cooling to room temperature the alignment layers were
rubbed unidirectionally and assembled in an antiparallel fashion with respect to the
rubbing directions to provide a planar alignment. BP lattice is known to form even in the
absence of alignment layers on the substrates. However, a PSBP cell with no alignment
layer will be electrically shorted at around 4V/m due to high ionic conductivity.
Therefore, we spin coat PI layers on the glass substrates to prevent the cell from being
shorted. The experimental data has shown that even with one alignment layer on one of
the glass substrate will make higher electric field switching possible. This is because the
PI serves as an insulating layer for ions in the liquid crystal cells. In order to investigate
the influence of surface alignment on the BP stability and electro-optical switching, we
prepared cells with planar or vertical alignment layers. The surface alignment was found
to help in enlarging the BP domain and widening the tunable color range. The results of
substrate type and tunable color range are summarized in Table 4-1.
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Table 4-1: Comparison of substrate types on tunable color range.
Surface Alignment Condition
No PI

Tunablility*
X

Results
The cells are easily shorted. The electric
switching is limited to short color tuning

Figure 4-6 (a)

range.
With PI (PI 2555),

O

Reflectance is low after cooling from
isotropic state.

Degenerate (no rubbing) planar
alignment
Figure 4-6 (b)
With PI (PI 2555),

O

Large size BP domain and large color
tuning range

Homogenous (rubbed) planar
alignment
Figure 4-6 (c)
With PI (SE 1211 (Nissan)),
VA alignment

Δ

BP domain is small due to the weak
surface anchoring of VA alignment.

Figure 4-6 (d)

* A comparison of tunable range between different surface alignment conditions. O is the
best, Δ is fair, and X is the worst.
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The photomicrographs of the PSBP cells with different surface alignment
conditions are illustrated in Figure 4-6. It can be clearly observed that the polymer
network stabilizes bigger domains of BP (Figure 4-6 (b)). With the planar alignment, the
domains are more uniform throughout the cell (Figure 4-6 (c)). As for the case of vertical
alignment (VA) (Figure 4-6 (d)), the BP domain doesn’t grow as uniform as that in the
cell with planar alignment.

Figure 4-6: Photomicrographs of BP under crossed polarizers; (a) no polymer, (b) one
substrate with spin-coated PI (c) two substrates with PI alignment layers and rubbed for
homogeneous alignment, and (d) two substrates with VA aligment layers.

The plot of wavelength tunable ranges of BP mixtures with different alignment
configurations are shown in Figure 4-7. In general, the tunable range decreases as the
temperature decreases. This is because as the temperature decreases, BP is close to the
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phase transition temperature to chiral nematic. As the electric field is applied to the BP, a
phase transition can be easily induced and the BP lattice is switched to the focal conic
texture. This process is irreversible. After the texture is switched to the focal conic
texture, decreasing the electric field will not regain the BP texture which reflects colors.
By considering both the operating temperature range and the electrically tunable range,
the cell with anti-parallel rubbing has the best performance.
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Figure 4-7: The plot of color tuning range versus temperature for BP mixtures with
different surface alignment conditions.

104

4.5 Concentration of polymer network
We further investigate the effect of polymer network concentration on the tunable
color range of PSBPs. The mixture for room temperature BP is composed of a nematic
liquid crystal (BL006) and chiral dopant (CB15) with the weight ratio of 1 to 2. The
monomer RM257 is prepared with four different concentrations: 0%, 4%, 8% and 12%
by the weight of liquid crystal. The amount of photoinitiator (Irgacure 651) is 1% by the
weight of monomer. The electro-optical cells are prepared with a cell gap of 10 m
maintained by dispensing glass-rod spacers between the substrates and alignment layers
prepared by spin-coating a dilute solution of polyamidic acid top of the ITO transparent
conductive electrodes. The alignment layers were baked in an oven to form PI. After
cooling to room temperature the alignment layers were rubbed unidirectionally and
assembled in an antiparallel fashion with respect to the rubbing directions to provide a
planar alignment. The PSBP mixture is filled into the cell in the isotropic state and cooled
down to room temperature at a rate of 0.1⁰C/min. Figure 4-8 shows that both the BP
temperature range and tunable color range are polymer network concentration dependent.
The tunable color range is doubled compared to that of the BP with the inclusion of a
polymer network, however, the BP temperature range is slightly decreased. As the
polymer network concentration is increased from 4% to 8%, a more stable tunable color
range across the studied temperature range can be achieved and the BP temperature range
is also increased. Conversely, the reflectance is reduced due to the scattering from the
higher concentration of polymer network. When the concentration is increased to 12%, a
rather small BP temperature range is observed. The high concentration of polymer
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network may have disturbed the lattice arrangement of the BP. Instead of stabilizing the
BP, a PSBP with high polymer content experiences both the electrically tunable color
range and BP temperature range decrease dramatically in response to the applied electric
field and temperature variation. So we conclude that the optimal polymer concentration
for a PSBP with a wide tunable color range and BP temperature range should fall
between 4% to 8%.
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Figure 4-8: Electrically tunable color range and temperature range of PSBPs with
different concentration of polymer network.

4.6 Viewing angle
The reflected color of a BP liquid crystal is arising from its three dimensional
periodical structure. 56 Therefore, an angular dependence of the reflected color limits a
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wide range of applications. To characterize the angular dependence of color reflection, an
optical setup as shown in Figure 4-9 is used to measure the viewing angle.

(a)

z
x

y

(b)
x
y

Figure 4-9: (a) The optical setup for viewing angle measurement, and (b) the top view of
a cell and the angle of rotation with respect to normal incident of light.
The incident light from a tungsten halogen lamp is collimated by two convex
lenses. The transmission spectra are measured with a light incident angle from -60⁰ to
+60⁰. As shown in Figure 4-9 (b), the angle of rotation is defined as positive when the
cell is rotated in clockwise direction viewed from the top. The reflected wavelength as a
function of the light incident angle is as indicated in Figure 4-10. The Bragg reflected

sin  I
sin  R
1
)  sin 1 (
)} , where p is the
color can be expressed as   pn  cos {sin 1 (
2
n
n
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lattice length, n is the refractive index and I is the angle of incident light and R is the
reflected angle. Therefore, we fit the experimental data with an equation of
. The reflection peak wavelength appears to shift about 60 nm at 60 degrees
in both BP and PSBP cells.

(a)

(c)

(b)

(d)

Figure 4-10: The peak reflected wavelength vs. incident angle of a BP cell at (a) 0V (b)
25V. The PSBP cell at (c) 0V and (d) 25V. The empty circle is the experimental data,
and the red solid line is the fitting curve.
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4.7 Optical response
The response time of BP electrostriction was estimated by H.-S. Kitzerow, et. al.57
The equation of motion can be expressed as

, where  is a coefficient

analogous to the permeation coefficient of Helfrich.58 The solution of the equation is
, where qn = n/L and n = /qn2. With the approximation
of ~K2q02 and ~1q02, the time constant is

. Therefore, the response time can

be estimated by the above equation with 1= 1 dyn-s/cm2, K2~

, q1 = /L,

where L~10m. The estimated time 1 is around 0.3s. The response time measurement is
carried out at room temperature with the optical setup as shown in Figure 4-11. A small
incident angle around 5 degree is implemented in the setup in order to measure the signal
of reflected light. A square wave with frequency of 1kHz is applied to the cell for 5
seconds in a BP cell. For the case of a PSBP cell, the same square wave is applied with a
longer duration of 15 seconds.

109

Figure 4-11: The optical setup for response time measurement. The optical signal is
collected from the reflected light from the test cell.
Figure 4-12 shows the optical response with the application of an electric field.
The spectra of electric switching are shown in Figure 4-2. Both BP liquid crystal and
PSBP cells are reflecting a wavelength at 430nm at zero voltage and approaching 460 nm
as the applied voltage is increased. A two-stage switching phenomenon has been
observed from the waveform. The first stage might be due to a better aligned lattice after
an applied voltage has been kept on. The second stage is when the lattice of BP starts to
be distorted. This can be confirmed by observing the waveform when the cells are
switched below 20V. The reflectance is increased after the field is switched on, however,
no wavelength shift can be observed when it is below 20V. The response time of a PSBP
cell is longer than that of the BP cell. It is because the polymer network hinders the
change in aspect ratio of lattice length compared to the BP cell.
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(a)

(b)

Figure 4-12: The optical response from a (a) BP cell and a (b) PSBP cell.

4.8 Polymer morphology
In order to confirm that a polymer network enables the progressive deformation of
the cubic lattice structure in response an applied voltage we carried out the morphological
study of the PSBP samples by extracting BP liquid crystal from the cell with hexane.
The cell is opened and the polymer is sputtered with a thin layer of gold and examined
with a scanning electronic microscope (SEM). As a result, the SEM images (Figure 4-13
(a) & (b)) reveal that the polymer network has a water lily-like structure connected to
both substrate surfaces and mimics the periodic structure of a cubic-lattice pattern from a
PSBP cell without a surface alignment layer. In contrast, the phase-separated mesogenic
polymer network forms sponge-like structures. These ribbons appear to extend from one
substrate to the other. The enlarged SEM image (Figure 4-13 (c) & (d)) shows a size
variation in array of holes indicating that the BP texture is polydomain in character.
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Figure 4-13: (a) SEM image of PSBP showing water lily-like polymer network from a
cell without alignment layer, (b) the polymer morphology at the opposite substrate
surface, (c) sponge-like polymer network from a PSBP cell with surface alignment layers
which wraps around the cubic lattice of a BP with interconnected holes that vary in size
and distribution, and (d) the enlarged image of the sponge-like polymer morphology.

4.9 Summary
To conclude, we have demonstrated an electrically-switched color reflective
device using a PSBP mode. Compared to the cell with only BP liquid crystals, the PSBP
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cell enables a wider tuning range up to 160 nm at applied voltage of 40V for a 10 m cell.
Although BP liquid crystals are known for being able to form the BP lattice without
alignment layer, it has shown in our study that the glass substrates with rubbed PI provide
a better arrangement of the lattice and an increase in the electrically tunable range of
Bragg reflected color.
The concentration of polymer network appears to extend the electrically
switchable range of Bragg reflected color. On the other hand, the BP temperature range is
insensitive to the reactive monomer concentration compared to the reactive monomer
reported by Kikuchi group43. The angular dependence of Bragg reflected color of the
PSBP cell is also studied. The reflected wavelength is blue-shifted at an off axis direction.
The response time of wavelength switching is in the order of seconds because the
switching involves a change in lattice length.
Compared to the polymer stabilized cholesteric liquid crystals34, PSBPs require a
relatively low driving voltage to tune the color across the visible spectrum. Achieving
bistabililty and gray-scale switching of the electrically-switched color in PSBPs are the
remaining challenges. Once these issues are solved, this new reflective electricallyswitchable color device may find wide range applications in information displays such as
electronic-papers and electronic-books.

Chapter 5 Carbon nanotubes doped liquid crystals59

5.1 Introduction of Carbon Nanotubes
Since the discovery of carbon nanotubes (CNTs) by Iijima in 1991 60, CNTs have
drawn a great deal of interest both in fundamental and applied research because of its
unique properties such as high electrical conductivity, high tensile strength, high
flexibility, and high thermal conductivity61. The structure of CNTs can be described as
rolling a graphene sheet into a cylinder and joining their edges. A picture illustration of a
CNT is shown in Figure 5-1. Multi-walled nanotubes consist of multiple rolled layers
(concentric tubes) of graphite. Pristine CNTs are usually insoluble to liquids. To make
nanotubes more easily dispersible in liquids, CNTs are functionalized, which means
physically or chemically attaching certain molecules, or functional groups, to their
smooth sidewalls without significantly changing the nanotubes desirable properties. For
multi-walled nanotubes, the resistance to chemicals is significantly improved. Therefore,
we choose functionalized single walled nanotubes to mix with liquid crystals.
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Figure 5-1: An illustration of a single wall CNT. 62
Recently, several groups reported studies of CNT-doped nematic liquid crystals63,
64

. Lee and Shih65, 66 demonstrated that in twist nematic (TN) cells, CNT-doped nematic

liquid crystals improve the rise time due to the lowering of the threshold voltage;
however, the fall time was increased because of the increase in viscosity67. Lee, et al.,
shows improvement in both rise time and fall time in TN cells when the CNTs were
doped with a concentration of 10-4%68. They credit the improvement in both the rise and
fall time with the reduction in viscosity. The application of CNTs presents a challenge in
obtaining reproducible results and improving the electro-optical properties of the host.
From the reported results, a uniform dispersion of CNTs in the liquid crystal is the key to
exploring new device applications. In our work, the dispersed CNTs are functionalized or
surfactant-treated, as described in the literature by Liu, et al.. The length of the CNT is
around 100nm-300nm. 69 We use functionalized CNTs to enhance the switching time of
the optical compensated bend (OCB) cells by changing surface anchoring with CNTs.
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We also attempted to put CNTs in polymer stabilized cholesteric liquid crystals and
polymer stabilized BP.

5.2 Materials and cell preparation for CNT-doped liquid crystal
Four commercially available liquid crystals from Merck, BL006, TL204,
MLC6080, and ZLI4792, were chosen to study the effect of doping single-wall CNTs in
nematic liquid crystals. The characteristics of these liquid crystals are listed in Table 5-1.
The doping concentration of CNTs in the host liquid crystal was 10-3%, and the mixture
was put in an ultra-sonic bath for 3 hrs until the CNTs were well-dispersed in the host
liquid crystals. The mixtures were filled in electro-optical cells with a 5m cell gap and
homogeneous alignment layers by capillary action along the rubbing direction at 100°C.
Except the empty cells for anchoring measurement, two types of cells were made
to characterize the physical properties of liquid crystal materials. The planar cells were
made with two indium-tin-oxide coated glass substrates, spin-coated with PI2555,
separated by 10m spacers, and assembled with antiparallel rubbing directions. The
vertical aligned cells were spin-coated with SE1211 (Nissan Chemical Industries, LTD)
without rubbing and the cell gap was 10 m. Planar cells with a 20 m cell gap were
purchased from E.H.C. Co and are only used in the anchoring energy measurement. The
liquid crystal was capillary filled in all the cells. All the material characterizations were
done in room temperature (~20 °C).
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5.3 Material characterization
The dielectric spectroscopy of pure and CNT-doped liquid crystals is depicted in
Figure 5-2. The dielectric constant of a nematic liquid crystal was measured both in the
direction parallel () and perpendicularto the long axis of the molecule with vertical
aligned and anti-parallel aligned cells, respectively. The applied voltage for the dielectric
permittivity measurement is 0.2V, which is smaller than the Freedericksz transition
threshold, with a frequency ranging from 10Hz to 1MHz. The values of dielectric
permittivities for all four liquid crystals are listed in Table 5-1. The measured values are
about 3~13% smaller than the values from data sheets, the difference may be resulting
from the different alignment layers we used. The critical voltage (Vc) is designated as the
threshold voltage when the splay to bend transition of liquid crystal occurs. The CNTdoped liquid crystal materials showed no change in both the  and // in the measured
frequency range. Therefore the dielectric anisotropy, , at the operating frequency of 1
kHz in this experiment remained the same. It indicates that the electro-optical properties
of CNT-doped materials should remain similar to the pure nematic liquid crystal host.
The imaginary part of the dielectric permittivity increased by about one order in
magnitude. The increase is more significant in the low frequency region which indicates
that the CNTs increase the conductivity of the material.
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Figure 5-2: The dielectric spectroscopy of CNT-doped liquid crystal (a)// of ZLI4792
and (b)  of ZLI4792.
The threshold voltage, Vth, of a planar cell can be described by equation 5-1.
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Vth  

K1
 0 

(5-1)

where K1 is the splay elastic constant and 0 is the dielectric permittivity in vacuum. The
10 m planar cells meet the condition of strong anchoring energy (~10 -3) and low pretilt
angle (~2°). Thus, equation 5-1 is valid. The dielectric anisotropy  of a liquid crystal is
measured in the previous experiment. Accordingly, the elastic constant K1 can be
determined by measuring the threshold voltage with the transmission versus voltage (T-V)
curve from the planar cell.
For a planar cell between crossed polarizers, the relation between the phase
retardation  and time t after the removal of an applied voltage can be written as

0
2 2 K1
ln( )  2 t

d 1

(5-2)

where K1 is the splay constant in a planar cell, d is the cell thickness, and 1 is the
rotational viscosity70. By plotting the data points of ln(0/) and t from an oscilloscope
trace (Figure 5-2 (a)), a slope representing
(b).

2 2 K 1
d 2 1

can be obtained as shown in Figure 5-2
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Figure 5-3: (a) The oscilloscope traces of transmission (Ch1) and applied voltage (Ch2)
of planar cell filled of BL006. (b) The circles represent ln(0/) as a function of time, the
solid line represents the fitting curve.
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With the effective elastic constants of a planar cell from the measurement of threshold
voltage, the rotational viscosity can be evaluated. The rotational viscosity we obtained
from this method is generally smaller than the data from Merck. The cell gap values we
used in the calculation were measured with empty cells. The cell gaps might be smaller
after the injection of liquid crystals and thus be the cause of the smaller calculated values
of 1 compared to the datasheets.
The measured values of rotational viscosity for the liquid crystal materials are
listed in Table 5-1. According to the table, the dielectric permittivities and rotational
viscosities show negligible changes after doping CNTs and do not endorse significant
improvements in response time.
The polar anchoring strength is measured with planar cells manufactured by
E.H.C. Co with a cell gap of 20m. By measuring the phase retardation R of liquid
crystal cells in response to an applied voltage V, the anchoring strength can be obtained
by the following equation: 71
R(V  V ' ) ~ 2 K1
 J0 
(1  y p )(V  V ' ).
R0
Wd

(5-3)

~

R0 is initial phase retardation, J 0 is the intersection in x-axis in the plot of R(V  V ' ) / R0
vs. (V  V ' ) , V '   (1    /  // )Vth , W is polar anchoring,   ( K 3  K1 ) / K1 , y p  sin 2  p ,
and p is the pretilt angle. A linear fit is done in the region higher than 6Vth, to insure that
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the liquid crystal molecules in the middle layer are parallel to the electric field. The polar
anchoring can be evaluated from the slope using the K1 and d from the previous
measurement.
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Table 5-1: A comparison of critical voltage Vc and dielectric permittivity before and
after doping CNTs. The values of shown here are at taken at 1kHz. The liquid crystal
material parameters are measured at room temperature.
Liq. Crys.

Vc(V)

K1 (pN)





1 (mPas) W(J/m2)x104

BL006

1.1

9.46

20.0

4.7

426

1.0

ZLI4792

1.8

10.08

7.9

3.0

96

0.8

MLC6080

1.7

6.41

10.6

3.8

135

2.3

TL204

1.9

9.43

8.4

3.8

393

0.5

BL006+CNT

1.0

9.46

20.0

4.7

393

19

ZLI4792+CNT

1.8

9.88

7.8

3.0

97

1.5

MLC6080+CNT

1.6

6.32

10.5

3.8

133

41

TL204+CNT

1.9

9.63

8.5

3.8

363

3.3

(Note: The discrepancy between the measured dielectric permittivities are about 3~13%
lower than those of the data sheets from Merck.)
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5.4 Response time of CNT-doped OCB mode
Conventionally, the response time of liquid crystal switching is considered with
the assumption that the anchoring energy is infinite. It has been shown that the response
times are sensitive to anchoring energy in those cells with intermediate to weak
anchoring.72
The OCB cells used in our experiment are manufactured by E.H.C. Co. The
transmittance versus applied voltage measurements for the OCB cells were determined
with a set up consisting of a He-Ne laser (=633 nm), a pair of crossed polarizers, the cell
and a photodiode detector, where the rubbing direction of the cell is placed at a 45o angle
between the crossed polarizers. The applied voltage was a square wave at 1 kHz. As
shown in Figure 5-4 (a), the T-V curves of OCB cells with and without CNTs have
similar responses with respect to the voltage ramping. It was also found that the critical
voltage of the splay to bend transition remained the same after the liquid crystal was
doped by the CNTs as shown in Table 5-1. The slight change in transmission at zero
voltage in Figure 5-4 (a) is due to the different phase retardation caused by the cell
thickness variation from different cells. According to the T-V curve of the liquid crystal,
we selected 7 gray levels below the bright state to evaluate the improvement in response
time. An example of the transmission of gray levels from CNT-doped BL006 is shown in
Figure 5-4 (b).
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(a)

(b)

Figure 5-4: (a) The transmission vs. applied voltage curves of OCB cells with BL006 and
BL006 plus CNT. (b) The gray levels of the cells of BL006 plus CNT.
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Because a splay to bend transition exists in an OCB cell, the response times are measured
by switching between gray levels and a bias voltage. The rise time is defined as the time
when the transmission goes from 90% to 10%, and the fall time is from 10% to 90%. The
voltage difference between bias voltage and gray-level voltages is expressed as V. It is
shown in figure 4 that after doping with CNTs, the fall time of all four liquid crystals in
OCB cells are improved. The percentage of improvement is listed in Table 5-2, it shows
significant change in fall time. Although the rise times slightly increase in the cases of
BL006 and MLC6080, the decrease in fall time is larger than the increase in rise time.
Thus, the total response time is improved. As was demonstrated earlier, the rotational
viscosity 1, dielectric anisotropy  of the material does not show significant change
after doping CNTs. The OCB cells are with a weak polar anchoring at the range of 10-4 to
10-5 J/m2 as shown in
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Table 5-1, which indicate the change in anchoring energy will lead to the change in
response time. Our results show that the CNTs have increased the surface anchoring by
one order. A general liquid crystal response time considering polar anchoring can be
written as 73,

 fall 

1
4dK
(d 2 
)
2
 K
W

(5-4)

where d is the cell gap , 1 is the rotational viscosity of liquid crystal, and K is effective
elastic constant of liquid crystal. The equation is derived under the condition of
homogeneous alignment. For OCB cells, ignoring the flow effect, the response time
should still be proportional to same parameters. Therefore, a modified expression for the
fall time of OCB mode, considering polar anchoring, has an additional term because of
the warm up voltage Vb is written as

 fall 

1
 0  Vb   K
2

2

(d 2 

4dK
)
W

(5-5)

where 0 is the electric permittivity in vacuum,  is the dielectric anisotropy of liquid
crystal, and K is the effective elastic constant of liquid crystal at the bend state. From the
observation of the T-V curve in Figure 5-4, the saturation voltages of the dark state are
quite similar in the two cases: with and without CNTs. It shows that the effective constant
K in the OCB cell doesn’t show significant change with CNTs. Thus, as the anchoring
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strength from the alignment layer is increased, the response time will be shortened. The
increase in anchoring energy is believed to be from the - electron stacking between
CNTs, surface alignment layers and liquid crystal molecules. For rise time, the bias
voltage

Vb

in

the

response

time

equation  fall 

1
 0  Vb   K
2

2

(d 2 

4dK
)
W

(5-5 is replaced by driving voltage V. The change in response time from anchoring W is
small; instead, the driving voltage V is a dominating factor. As shown in Figure 5-5, the
rise time decreases with increasing V. Overall, a faster response is achieved by doping
nematic liquid crystals with CNTs.

Table 5-2: The summary of improvements in response times for the studied liquid
crystals. The percentage of the improvement is the average from 8 gray scales.
Liq. Cryst.

tf

ttotal

improvement

improvement

Characteristics

BL006

20%

5%

High Polar

LI4792

28%

18%

MLC6080

19%

6%

Low Viscosity

TL204

5%

4%

High Resistivity

Super Fluorinated
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As indicated earlier, the addition of CNTs causes a slight increase in the
imaginary part of dielectric permittivity. To confirm if the response time improvement is
due to the dielectric heating from the increase in the imaginary part, a one-step pulse was
applied in order to prevent the dielectric heating. A critical response time was performed
with a pulse duration of 215 ms, divided into warm up, switching on and switching off
stages. The results of response times using the one-pulse measurement corroborates the
results using the continuous waveform method.
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(a)

(b)

(c)

(d)

Figure 5-5: The measured gray-level response times of the liquid crystal (a) BL006, (b)
ZLI4792, (c) MLC6080 and TL204.
The results show that CNTs have changed the effect of the alignment layer,
causing an increase in anchoring energy by one order of magnitude. The response time is
shortened because of the increased anchoring energy. The improvement in response time
with the CNT-doped liquid crystal OCB mode display is confirmed with both the
continuous waveform and one-pulse switching methods. The CNT-doped liquid crystal
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OCB cells are compatible with field sequential color LCDs. Furthermore, it is possible to
apply the fast-switching CNT-doped materials to other types of LCD modes.

5.5 CNT-doped polymer stabilized cholesteric liquid crystal
To investigate the effect of CNTs in polymer stabilized cholesteric liquid crystals,
the functionalized CNTs of 10-3% were mixed with TL204 in ultrasonic bath for 3 hrs
and then added with CB15 (35.88%), monomer RM257 (4.97%) and photo initiator of
Ir651 (0.06%). Another reference cell with same mixtures without CNTs is prepared. The
nematic host is replaced by TL204 instead of E44 used in chapter 3 because the CNTs
cannot be well dispersed in E44. An electro-optical cell was made consisting of two ITO
coated glass substrates with a 10 m cell gap maintained by rod spacers, whose inner
surfaces were coated with PI alignment layers and the PI layers were unidirectionally
rubbed for planar alignment. The cholesteric mixture (without polymer) was filled in the
cell by a capillary action at around 80oC. According to the experimental results explained
in the previous section, CNTs increase the surface anchoring. We expect that the CNTs
will increase the anchoring of the polymer network thus increase the tunable range of the
polymer stabilized cholesteric liquid crystal.
In Figure 5-6, a comparison of the spectra of a reference cell and a CNT-doped
cell is demonstrated. Figure 5-6 (a) and (b) show the spectra of polymer stabilized
cholesteric liquid crystal, and Figure 5-6 (c) and (d) are the spectra of polymer stabilized
cholesteric liquid crystal with CNTs. It can be observed that the reflection peak shows a
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greater shift in spectral wavelength in the case of the CNT-doped cell. It indicates that the
CNTs may act as the additional stabilization factor by increasing the nonuniform
distribution of the polymer network in the cell thickness direction.
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(a)

(c)

(b)

(d)

Figure 5-6: (a) and (b) are the spectra of polymer stabilized cholesteric liquid crystal
before and after UV curing. (c) and (d) are the spectra of the cell CNT-doped polymer
stabilized cholesteric liquid crystal before and after UV curing. (A is the side toward UV
lamp, and B is the side away from UV lamp).
The electrically tunable reflection peak is shown in Figure 5-7. Compared to the reflected
spectra with cells using E44 as nematic host, there is more noise in the reflection peak
from the cell with TL204 as nematic host. It might be due to the different interactions
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between liquid crystal and polymer network. The tunable range of the reference cell is
from 580 nm to 530 nm while the CNT-doped cell has a range from 550 nm to 490 nm in
the CNT-doped cell. No significant improvement in tuning range was observed. However,
a more reversible reflection peak is observed in the case of CNT-doped cell compared to
the reference cell. A fixed peak at 545 nm can be observed while voltage ramping.
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(a)

(b)

(c)

(d)

Figure 5-7: The reflection spectra from side A of (a) the reference cell while ramping up
voltage, (b) ramping down voltage and (c) the CNT-doped cell while ramping up voltage,
(d) ramping down the voltage.
Polarizing optical microscope pictures of CNT-doped polymer stabilized
cholesteric liquid crystals are shown in Figure 5-8. No CNT clusters are observed under
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the microscope. With the application of an electric field, there are several spots that don’t
have the same changes as other regions do. Those should correspond to the peak in the
spectrum at 545nm. If we take a close look at the texture, those spots are actually in a
good planar state. It is possible that the CNTs are clustered in a size under the resolution
of the microscope, increasing the surface anchoring at these regions and created better
planar alignment.

Figure 5-8: Microscope pictures of CNT-doped polymer stabilized cholesteric liquid
crystals with application of an electric field.
The CNT-doped polymer stabilized cholesteric liquid crystals show a consistent
result in increasing the surface anchoring between the polymer network and cholesteric
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liquid crystals. However, the change of the liquid crystal host from E44 to TL204 made
the reflection peak carry more noise.

5.6 CNT-doped PSBP
We also investigate the effect of CNTs dispersed in PSBP. A PSBP mixture of
BL006 (32.20%), CB15 (63.67%), RM257 (3.87%) and Ir651 (0.127%) with 0.14%
CNTs is prepared. The electro-optical cells were made consisting of two ITO coated glass
substrates with a 10 m cell gap maintained by rod spacers, whose inner surfaces were
coated with PI alignment layers and the PI layers were unidirectionally rubbed for planar
alignment. The PSBP mixture is filled into the cell in the isotropic state and cooled down
to room temperature at a rate of 0.1⁰C/min. The cell is illuminated with an UV lamp (0.4
mW/cm2, 365nm). The microscope pictures under crossed polarizers are illustrated in
Figure 5-9. The UV curing temperature is chosen at which the domains of BP are large
and the reflection color is at the desired wavelength, which is at the beginning (blue) of
the visible range.
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Figure 5-9: A CNT-doped PSBP mixture before UV curing on a cover glass, cooling
down from (a) isotropic state (b)-(e) blue phase (f) focal conic state.
The microscope picture of the CNT-doped PSBP cell in cooling from the isotropic
state is illustrated in Figure 5-9. Compared to the microscope pictures of PSBP cell in
Figure 4-1 (f)-(j), the CNT-doped PSBP cell shows some clusters as in Figure 5-9 (b) and
(c). The idea of using a high concentration of CNTs in a PSBP mixture is to anticipate
that the CNTs will nucleate and locate at the defects regions of a BP liquid crystal. In
this way, the CNTs may add an additional stabilization effect and extend the BP phase
range as well as widen the electrically tuned color range. Although we couldn’t see the
accumulation of CNTs, it is possible that these clusters are caused by CNTs. The CNTdoped PSBP mixture before UV curing shows a slight increase in BP phase temperature
range, from 21.0 ºC to 29.6ºC, compared to that of a PSBP mixture after polymerization.
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After polymerization, the BP temperature range is lowered to 6ºC and the BP domain size
is more uniform as seen in Fig. 5.10.
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Figure 5-10: The polarizing optical microscope pictures of CNT-doped PSBP cell in
cooling from an isotropic state. The CNT-doped PSBP cell is in (a) isotropic state, (b)-(e)
blue phase, and (f) emerging focal conic state starts.
(a)

(b)

Figure 5-11: The reflected spectrum of CNT-doped PSBP cell while (a) ramping up
voltage and (b) ramping down voltage.

140

The electrically tunable reflection peak at room temperature (22.2ºC) is as shown
in Figure 5-11. The BP structure is less stable in response to the electrical switching. And
a smaller electrically tunable range is observed. As it is shown in Figure 5-11 (b), the
reflection peak is not reversible while ramping down the voltage. This shows that the
CNTs might disturb the lattice arrangement of the BP structure.

5.7 Conclusion and summary
It has been demonstrated that doping a small amount of CNTs in a nematic
changes the response time of the nematic liquid crystal. From the results of physical
properties characterization related to the response time of nematic and CNT-doped
nematic liquid crystals, we conclude that CNTs have changed the surface anchoring of
nematic liquid crystals and shortened the response time of the resultant mixtures.
A memory effect, the bistability of reflected color, at zero electric field has been
observed with the addition of CNTs in the polymer stabilized cholesteric liquid crystals.
It shows that CNTs may also change the bulk anchoring between liquid crystals and
polymer network. The goal of increasing the tunable range of the Bragg reflected color
can be further investigated by optimizing the concentration of monomer and CNTs.
The CNT-doped polymer stabilized BP liquid crystal has not shown the similar
electrostriction effect as we had obtained from the polymer stabilized BP liquid crystals.
The dispersion of CNTs might have disturbed the arrangement of BP lattice, therefore
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instead of stabilizing it, a lower reflectance and smaller electrically switchable range is
observed.

Chapter 6 Conclusions

We have demonstrated two polymer stabilized liquid crystal materials cholesteric
and BP for color display applications. The generated colors are electrically switchable
and the devices working in reflection mode do not require a backlight system. The color
generation is without color filters or polarizers and has a reflectance up to 40% with
respect to the incident light. The following statements summarize the findings in this
dissertation:
o Electrically switchable reflected colors with polymer stabilized cholesteric
liquid crystal by amplitude and frequency modulations are demonstrated.
o The nonuniform distribution of the polymer network is observed by the
reflected spectra and the optical response measurement.
o Unlike cholesteric liquid crystals, polymer stabilized cholesteric liquid
crystals show good thermal stability in reflected colors which make them
feasible for display applications.
o The tunable wavelength range is related to cell thickness (to provide
enough planar layers for high reflectance) and concentration and the
flexibility of the polymer network (to modify the bulk anchoring condition
to maintain planar structure in response to applied electric field).
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o The electrically switchable bandwidth light reflector can be achieved with
polymer

stabilized

cholesteric

liquid

crystals

by

adjusting

the

concentration of the photo initiator.
o Electrically tunable reflected colors with polymer stabilized BP liquid
crystals are possible by using electrostriction effect.
o A better BP lattice has been found on a rubbed PI surface. A higher
reflectance can be obtained before electric switching in cells with
alignment layers.
o The response time of polymer stabilized BP liquid crystal is on the order
of seconds.
o The reflected wavelengths of both polymer stabilized cholesteric liquid
crystals and polymer stabilized BP liquid crystals are angular dependent.
o It has been experimentally demonstrated that CNTs increase the surface
anchoring of the cell and decrease the response time in nematic liquid
crystals.
o Doping the polymer stabilized cholesteric liquid crystals with CNTs has
resulted in an increased memory effect, however, detailed studies need to
be done to optimize the effect for application.
o Conversely, CNT-doped polymer stabilized BP liquid crystals show that
the BP lattice arrangement has been disturbed by CNTs. A lower
reflectance and tunability was observed from CNT-doped PSBP cells
compared to that of an undoped PSBP cell.
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6.1 Comparison of polymer stabilized cholesteric liquid crystal and
polymer stabilized BP
6.1.1 Reflection bandwidth
In Figure 6-1, a comparison of bandwidth from cholesteric liquid crystal and BP
liquid crystal is demonstrated. The bandwidth is around 80 nm in a cholesteric liquid
crystal and about 30 nm in a BP liquid crystal. The reflected bandwidth  from a
cholesteric liquid crystal is determined by the birefringence n and pitch p of the liquid
crystals. The relationship can be expressed as n·p. The relative broad bandwidth
makes it possible for the switchable broadband light reflector. The selective reflection of
BP liquid crystals is due to the three-dimensional periodic cubic lattice. The nature of the
narrow bandwidth can be useful for color purity in display applications.
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Figure 6-1: Reflected spectra of cholesteric liquid crystal and BP liquid crystal.
6.1.2 Driving voltage
The driving voltage for polymer stabilized cholesteric liquid crystals to switch
through the visible range is around 10V/m. The polymer network stabilizes the planar
structure for color tuning, but at the same time, the driving voltage is increased compared
to the switching voltage of cholesteric liquid crystals without polymer. In the case of a
polymer stabilized BP, the switching field is about 5V/m through the visible range. The
polymer network increases the tunable range of electrostriction while the driving voltage
is not significantly changed.
6.1.3 Thermal stability
Polymer stabilized cholesteric liquid crystals show good thermal stability. The
reflected wavelength barely changes with temperature ramping, as shown in section 2.7.
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On the other hand, the polymer stabilized BP is sensitive to the temperature variation. It
is known that BP usually exists in a small temperature range. The material we used has a
BP range of about 9ºC. From Figure 4-8, the tunable range changes as the temperature is
close to the BP-cholesteric transition. It has been reported that the BP range can be
increased by a polymer network74; however, in our work, no increase in the BP range has
been observed. The polymer network appears to make the BP material more stable with
respect to the electric field rather than the temperature variation.
6.1.4 Viewing angle
The selective reflected colors from both cholesteric liquid crystals and BP liquid
crystals are due to bragged scattering from the periodic structure of liquid crystals. The
angular dependence of the reflected wavelength from cholesteric liquid crystals can be
1
sin  I
sin  R
expressed as   pn  cos {sin 1 (
)  sin 1 (
)} where p is the pitch, n is the
2
n
n
,

average refractive index, I is the angle of incident light and R is the reflected angle75.
The angular dependence of the reflected light from a polymer stabilized BP can be
expressed by replacing p with 2d, where d is the BP lattice length. Both materials have
similar limitations in the angular dependence of display applications.
6.1.5 Response time
The response time of polymer stabilized cholesteric liquid crystals is on the order
of a hundred milliseconds. The response time of PSBPs is slower compared to that of the
PS cholesteric liquid crystals and is on the order of seconds. Therefore, these two
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materials may be used for e-books which normally do not require video-rate response
times.

6.2 Future Outlook
For the proposed color tuning devices to be useful for practical display
applications, bistability is a very important issue. The driving voltage of both materials is
high compared to active matrix driven liquid crystal displays. They both operate in a
continuous electric tuning mode. If bistability can be achieved, power consumption
would be significantly reduced.
The current reflected colors from both devices cover the visible range of the
spectrum and therefore can be used for color signage; however, for a full color display, it
is essential to generate grayscales. Further research in changing the reflectance of the cell
should be done. Possibly, it can be achieved by adjusting the driving method such as the
number of frames each color stays; however, this requires a faster response time in both
materials.
The BP material in our study demonstrates a BP temperature range for about 9 ⁰C.
A large BP temperature range up to 60⁰C has been reported by groups from Kikuchi1.
Although we implement a polymer network in our material, there is no sign of the
increase in the BP temperature range. This may be related to the chemical structure of the
polymer network we used. Further research to increase the BP temperature range is
currently being conducted in our lab76.
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