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Abstract

In recent years, the display industries keep showing great interests in
liquid-crystal-on-silicon (LCOS) devices, especially in the application of projection display.
The products of LCOS devices include data projectors, rear-projection TV and the
head-mounted virtual display. Due toithe advantage.of intrinsic high electron mobility of
crystalline silicon, LCOS devices can be fabricated with very high resolution. In addition, its
peripheral driving circuits can be integrated-on a single ¢hip, which greatly reduces the cost
of manufacturing. Technically, LCOS devices are based on two major domestic industries:
the semiconductor and liquid crystal display ‘industries. Since the fabrication of the silicon
backplane is based on the standard manufacturing process of semiconductor, LCOS devices
have great potential of low price. Therefore, many manufacturers have already invested in
this industry.

However, there are still many challenges in the LCOS industry. The two major issues of
LCOS panels are the fringing-field and diffraction effects. As the resolution increases, the
pixel size and the inter-pixel gap will become very small. When the applied voltages between
adjacent pixels are different, the electric fields near the pixel edges will be distorted. Hence,
the liquid crystal molecules near this region are aligned abnormally, which, in turns, degrades
the optical performance of the device significantly. This is the so-called fringe field effect.

In addition, as the pixel pitch becomes comparable to the wavelength of the visible light,

the LCOS panel acts as a reflective grating. Therefore, obvious diffraction effect can be



observed. The oblique diffracted light may not be able to enter the optical system, and
consequently results in serious light loss.

In this dissertation, we investigate the fringing-field effects of eight commonly used liquid
crystal modes. We also investigate the influence of the LC cell structure on the optical
performance of LCOS devices. It is found that the mixed-mode twist nematic (MTN) has
weaker fringing-field effect while the twist nematic mode (TN) and vertically aligned mode
(VA) suffer from the effect significantly. The fringing-field effect is particularly severe in
VA mode. It not only degrades the static image qualities but also deteriorates the dynamic
response of the LCOS panel. The pixel pitch, cell gap, pretilt angle and electrode slope are all
found critical to the fringing-field effect.

In order to design a high-contrast-ratio LCOS panel without fringing-field effect, we
focus on the analyses of VA mode which possesses an excellent dark state. Based on the
simulated results of the LC director profile, we find that, by utilizing the properties of
circularly polarized light, the light loss caused by fringing-field effect can be preserved and
the sharpness of the image can be énhanced dramatically. Moreover, the dynamic response is
also improved and the imaging blurring effectis'successfully eliminated. The results can be
qualitatively illustrated by the de Vries theory.

With regard to the effect of diffraction, a rigorous simulator is needed to investigate the
optical performance of a high-definition LCOS panel. The conventional Jones matrix method
is no longer suitable in this condition. We extend the beam propagation method (BPM),
which is commonly employed in waveguide calculations, to the optical simulation of LCOS
devices. Two promising LC operation modes are analyzed by BPM, ie. VA and
finger-on-plane (FOP) modes. The calculated light efficiencies by Jones matrix method and
BPM with respect to the pixel pitch are compared. It is shown that the diffraction effect is
critical to the light efficiency. Using Jones matrix method may give rise to significant
miscalculation. By using BPM, it is found possible to reduce the diffraction effect for certain
waveband by slightly modifying the FOP cell structure, suggesting that the light efficiency

can be boosted effectively in a two- or three-panel LCOS projection system.
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Chapter 1

Introduction

1.1 Overview of LCOS devices

Information displays can be broadly categorized into direct-view and projection
types. Direct-view displays generate images directly on the surfaces that can be
viewed by human eyes. On the other hand, projection displays present their images on
an auxiliary surface which is separated from the image-generating devices. These
images can be either real or virtual depending on different applications.

Generally, there are three main technologies being developed for projection
displays: poly-silicon thin-film-transistor ((LFT) liquid crystal displays (LCDs) [1],
digital light processing (DLP) [2] and. liquid=crystal-on-silicon (LCOS) devices [3].
Table 1.1 compares the advantages and disadvantages of these three technologies.
Among them, LCOS is especially  attractive due to its standard semiconductor
manufacturing process. This technology is particularly suitable to its development in
Taiwan because of the mature semiconductor industry. When compared to
transmissiv-type LCDs, reflective-type LCOS light valves have higher aperture ratio
since all of the electronic circuits can be hidden behind the reflective pixels. Figure
1.1 illustrates the schematic of pixel apertures in transmissive and reflective light
valves. The black areas represent the light-absorbing material for blocking light to
prevent any current leakage. The aperture ratio of reflective light valves can be above
90% while that of the transmissive one is only around 70%. On the aspect of DLP
system, it has the advantage of fast response, high light efficiency and compactness
which are very suitable for data projectors. However, when playing movies, the

so-called color-breaking effect appears as a momentary flash of rainbow-like stripes



typically trailing the bright objects when looking from one side of the screen to the
other [4]. This effect is intrinsically generated from the field-sequential color
generating method which degrades the image quality significantly. Another drawback
of DLP is the complex manufacturing process of the micro-electro-mechanical

systems (MEMS) which becomes one of the main barriers for many investors.

Table 1.1 Comparison of LCD, DLP and LCOS for the application of projection display.

e Mass productive
e Simple optical
engines

eHigh light efficeincy
eCompact

Technologies LCD DLP LCOS
Light valves Transmissive Refelective Reflective
Companies Sony and Epson, etc. | Taxes Instruments JVC, Aurora, Sony, Brillian,
TMDC, Himax, etc.
Advantages eMature technology | eFast response (us level) eStandard semiconductor

manufacturing
eHigh aperture ratio
eHigh resolutions

(5-8 p m pitch)

disadvantage eLow aperture ratio | #Complex manufacturing eLow yield
eBulky eLess color saturation oFringing field effect
eColor breaking eDiffraction effect
(rainbow effect)

(a) (b)
Figure 1.1 schematic of pixel apertures in (a) transmissive and (b) reflective light valves.
Figure 1.2 demonstrates the cross-section of a common LCOS structure. Basically,
LCOS comprises a liquid crystal (LC) layer sandwiched between a cover glass slide
(top substrate) and a crystalline silicon wafer (bottom substrate). The LC layer
functions as an electro-optic modulator which delivers signals of displaying images to
incident light. The LC effect will be discussed in Chap. 2. Owing to the high electron
mobility of the silicon substrate, the pixel size can be shrunk to as small as 5-8 um,
which results in a very high resolution. Some characteristics of LCOS microdisplay

compared to those of TFT-LCDs are listed in Table 1.2. Another benefit of LCOS



from high electron mobility is the integration capability of driving circuits, which can
reduce cost significantly and make the system more compact.

Optical engines play an important role in LCOS projection systems. There is a
great diversity of the optical systems for LCOS devices. Basically, the engine is
composed of an LCOS panel (or panels), color management optics, projection lens,
basic display driving electronics and an illumination system. Optical engines can be
roughly classified according to the number of LCOS panels employed in the system.
In general, three-panel and single-panel systems are more popular than others, as will
be discussed later. Other optical systems are less mature and will not be discussed in

this dissertation.

Glass ITO LC Alignment
I I
i
W™ iy Al F\’Ieflector

SRS
1

Light blocking.layer

LX)
Gate | |
—/1 [ ]
1 ] L |

Source Drain Capacitor

Silicon Substrate

Figure 1.2 Cross-section of a common LCOS structure.

Table 1.2 Comparison of characteristics of TFT LCD and crystalline silicon based microdisplays.

TFT-LCDs LCOS
Medium geometry Small geometry
Line Width: several um Line Width: sub-microns

Large panel area Small chip area

Low mobility High mobility
a-Si:~1.5; p-Si:150 (cm?/Vs) ~500 cm?/Vs
Transmissive Reflective
Poor integration capability Great integration capability

Figure 1.3 shows a typical three-panel LCOS projection system. Usually, an



ultra-high-pressure (UHP) mercury arc lamp is used to generate stable light
throughput. This kind of lamps offers a small arc gap, acceptable efficiency and long
lifetime [5]. However, some UV and IR radiations are also generated by the UHP
lamp. UV light can be harmful to the LC alignments and IR light generates additional
heat to the system. Therefore, UV/IR filters must be applied in front of the lamp in
order to protect the system from these unwanted UV and IR components.

Integrated lenses including intensity-homogenizing elements are placed in the
optical path behind the UV/IR filters. There are two main functions of the integrated
lens. The first one is to homogenize the light intensity profile generated by the UHP
lamp. The second is to transform the circular cross-section of light beams into a
rectangular shape so that the beams can fit in with the size of LCOS light valves. Two
approaches are commonly adopted: the fly’s eye lenslet [6] and the light pipe
elements [7]. The fly’s eye approach consists of twe lenslet elements with different
patterns as shown in Fig. 1.4 (a). When.light passes through these lenslets, a more
uniform light intensity profile can be obtained. The other approach utilizes a hollow
or solid rod as shown in Fig. 1.4 (b). Light coming from the lamp is coupled into the
rod and is reflected off the internal walls by multiple total internal reflection. As light
exits the light pipe, the light intensity will be evened out and produce uniform
brightness.

LCOS light valves are polarization-dependent devices. Therefore, a polarizer must be
used to polarize the light before it is incident on LCOS panels. A conventional
dichroic polarizer theoretically absorbs half of the light which limits the light
efficiency to 50%. A polarization state converter (PSC) can significantly recapture the
light that is absorbed or dumped by a conventional polarizer. Figure 1.5 (a) illustrates
one of such designs [8]. Unpolarized light is decomposed into p-wave and s-wave

after it passes through a polarizing beam splitter (PBS). The reflected s-wave is then
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Figure 1.4 Intensity-homogenizing optical parts:-(a)' the fly’s eye lenslet elements; (b) light pipe.
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Figure 1.5 (a) The polarization state converter; (b) the typical front end of a LCOS optical engine



directed to a half-wave plate which rotates the polarization plane of the transmitted light to
the direction parallel with p-wave. The light efficiency is, therefore, boosted effectively. A
typical front end of an optical engine is formed comprising a lamp, UV/IR filters, integrated
lens and PCS as shown in Fig. 1.5 (b).

A three-panel system needs to separate the red (R), green (G) and blue (B) wavebands
from the white light. The most commonly employed element for color separation is a
dichroic mirror (DM). The DM is constructed with thin-film stacks which induce
interference for certain waveband and leave the others unaffected [9]. Hence, R, G and B
wavebands can be separated by using the corresponding DMs as shown in Fig. 1.3. The
basic requirements for these DMs are optical efficiency and high-temp durability.

Since LCOS systems are reflective-type devices, the PBS must be applied on the
on-axis optical system in order to previde a crossed=polarizer condition. A PBS can pass
light of one polarization state and reflect light of‘the other polarization state orthogonal to
the former. When an s-wave is incident on-a.voltage-on ECOS panel, the reflected light will
become p-wave which can pass through the PBS-heading to the projection lens and display
bright image on the screen. When the voltage is off, the reflected light will remain its
polarization state, i.e. s-wave, and be reflected off by the PBS so that the image is dark. The
gray level can be acquired by controlling the applied voltage on the LCOS panel. There are
still several issues of PBS which will be addressed in the next section.

Another kind of optical engines commonly employed in LCOS projectors is the
one-panel systems. Since only one light valve is needed, one-panel systems have the
advantages of lower cost and compactness. Various designs have been developed in
one-panel systems. There are in general two main approaches: time-sequential and
sub-pixelated systems. For the time-sequential approach, the LCOS panel is illuminated by
R, G and B lights subsequently. When the field-switching speed is fast enough that human

eyes cannot catch up, the colors will be mixed together. Eventually, full color images are
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formed. Figure 1.6 demonstrates a typical time-sequential system using a rotating color
wheel with red, green and blue segments [10]. The emerging light after passing the colored
segments is incident on the LCOS panel with R, G and B bands subsequently. The basic
requirement of this system is the fast response time of LC. The rotating frequency is at least
180 Hz which means the minimum response time of LC is only 5.5 ms. To achieve this
requirement, one can either use faster LC material, e.g. ferroelectric LC [11], or shrink the
cell gap. Another concern of this system is the low light efficiency due to the absorption of
2/3 of the light after passing the color segments. In order to overcome this drawback,
Philips constructed a rotating prism system [12] as shown in Fig. 1.7. In this system, the
white light is divided into R, G, B bands by dichroic mirrors. A rotating prism is placed in
the optical path of each waveband. The function of these prisms is to produce colored
stripes scrolling on the LCOS panel. In this condition;.three wavebands are displayed at the
same time, implying the light energy is.preserved: The main challenge of this system is the

reduction of etendue because only 1/3 ofithe.-panel-area is covered by a certain color.

Projection lens

Lamp
—
P
v—

White i
light

9
I:> B R G -S-wav
Color wheel

A
BS
bS
Mirror ‘ <> P-wave

ARV

I
LCOS panel

Figure 1.6 The time-sequential system using a rotating color wheel with red, green and blue segments.



LCOS Panel ~ PBS
Microdisplay sk yannnnnnpu]p

Scrolling I

— I
sequence
a R

I
I
v

N

1\
IR
Lamp White |

S A

Figure 1.7 The time-sequential rotating-prism system.
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vy}

JVC announced a single-panel .System using.a holographic color filter (HCF) with
sub-pixelated architecture [13] as Shown in Fig: 1.8. As white light encounters the HCF
from a particular angle, it will be separated-into. R; G, B lights and directed to the
corresponding sub-pixels. After modulated by the LC layer, the light will pass through the
HCF again without diffractions. Finally, the light will be collected by the projection lens
and displayed on the screen. This system has the advantage of high efficiency because three
wavebands can be utilized simultaneously. However, the alignment of the HCF needs to be
very precise which becomes a burden for yields.

Overall speaking, LCOS projection displays comprise various designs suitable for
different applications. Several key issues of LCOS projection displays will be discussed in

the next section.
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Figure 1.8 Single-panel LCOS system-using helographic color filter.

1.2 Theissues of LCOS projection displays

1.2.1 The issues of optical engines

There are different kinds of considerations for different optical engines. Basically, a
lower f-number (Fy) is preferred because the light throughput is approximately inversely

proportional to the square of Fx [14]. However, the lower Fx implies a larger incident angle

which can cause depoloarization when light passes through the PBS.

Typically, a PBS is formed utilizing the physical effect of Brewster angle reflection.

Based on Fresnel’s theory, the normalized reflectance of s-wave (R;) and p-wave (R,) when

passing an interface between two media can be expressed as: [15]
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where 7 is the relative index of refraction of the two media, € is the angle between the

incident ray and the surface normal. The Brewster angle reflection occurs at the condition
of Gs=tan 'n. At this condition, the reflected ray becomes linearly polarized with the
electric vector transverse to the plane of incidence. The transmitted light is partially
polarized as sketched in Fig. 1.9 (a). A calculated result of normalized reflectance with
respect to the incident angle when light propagating from air to Ti,O3 (n=2.45) is shown in
Fig. 1.9 (b). MacNeille and Banning enhanced this effect by increasing the number of
interfaces at which reflection occurred using multiple layers of thin inorganic films [16].
Modern designs can reach over 99%. reflectance of s-wave and over 95% of p-wave

transmission.

Reflected ray

s-wave Transmitted ray
p-wave+s-wave 1.0
0]
208
Surface normal o
S~ o - / “io_’ 06 s-wave
~Jd o
19]3 § 0.4
= Brewster
g 0.2 p-wave angle 67.8°
5 /
Incident ray zZ . I
p-wave+s-wayve 0 30 60 90
Angle of incident (deg.)
(a) (b)

Figure 1.9 (a) Sketch of the Brewster angle reflection; (b) an calculated results of normalized
reflectance with respect to incident angle when light propagating from air to Ti,O;
(n=2.45).

The weaknesses of the MacNeille PBS include sensitivity of transmission of p-wave
and reflection of s-wave to the angle of incidence and wavelength [17]. The strong angular

dependence of the reflectance can also be seen in Fig. 1.9 (b). For light with a small cone
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angle, there can be a significant amount of p-wave in the reflected beam, leading to
depolarization of light.

Alternatives for MacNeille PBS have been developed to earn allowance of angle
deviations. These technologies include the wire-grid polarizer (WGP) [18], polymer
multiple layer [19] and quarter-wave plate compensations [20]. Details of these
technologies are beyond the scope of this thesis and will not be mentioned. Recently, WGPs
have been employed in some high-end LCOS projection displays not only due to its
stability over a great range of incident angle, but also because of its durability from thermal
effect. Heat-induced problems could be significant owing to high light flux generated by

UHP lamps.

1.2.2 Theissues of LCOS panels

The demand of ever-increasinglyhigh résolution 6f LCOS devices leads to a smaller
pixel size. Recall that the pixel size can be as small as 5-8 um and the inter-pixel gaps are
in sub-microns. However, several ptoblems occur-as the pixel size and the inter-pixel gaps
are shrunk. For instance, the aperture ratio 1s decreased and the diffraction loss and fringe
fields are both increased. How to maintain high brightness, high contrast ratio, high image
sharpness and good dynamic response for a high-resolution LCOS projector is a
challenging task.

Figure 1.10 sketches the fringing fields at the pixel edges when adjacent pixels operate at
different voltages. As the inter-pixel gap is reduced, the lateral components of the fringing
fields, generated by the voltage difference between the adjacent pixels, play a critical role
in the optical performance. Different liquid crystal modes have different responses to these
fringing fields. The influences of the fringing-field effect in different LC modes will be
discussed in Chapter 3. Some other parameters of a LC cell, including the pretilt angle, cell

thickness, electrode slopes and chiral dopant, are also related to this crucial effect.
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Figure 1.10 Sketche of the fringing fields at the pixel edges when adjacent pixels are operated at
different voltages.

Another important effect generated from tiny pixel pitches is diffraction. The periodic
pixel electrodes act as a reflective grating as the pixel pitches become comparable to
wavelengths of visible light. Therefore, part of the reflected light is diffracted or scattered
out of the projection system as sketched in Fig. 1.11. This intrinsic physical effect can cause
significant light loss especially when a high-definition panel is employed. Detailed analyses

of diffraction effect of LCOS devices will be introdﬁced in Chap. 5.

Reflective light

] 4l
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Figure 1.11 Sketche of the diffraction effect of LCOS devices.

1.3 Aims of the research

LCOS devices have great potential for microdisplay applications ranging from data
projectors, large-screen rear-projection televisions (RPTVs) to near-to-eye (NTE) virtual
projections devices. The major advantage of the single-crystalline silicon is the high
electron mobility, which allows very small pixel structures to be fabricated on the silicon

substrate. However, as we have mentioned, the fringing-field effect and the diffraction
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effect are critical as the pixel pitch becomes too small. Efficiency can be decreased
drastically due to diffraction loss. Fringing-field effects often cause poor image sharpness
and degrade the dynamic response [21,22].

In this dissertation, we investigate the influences of fringing fields in different boundary
conditions and distinct LC cell structures. Varying these parameters can give rise to
different optical effects when light passes through the LC layer. Starting from
understanding the LC director distributions under the influence of fringing fields, we are
able to solve this long-standing problem. On the aspect of diffraction effect in high
resolution LCOS devices, we developed an extended beam propagation method to simulate
the optical performance of the devices when the pixel pitches become comparable to the
visible wavelengths. By using this powerful tool, it is capable of designing a LCOS panel
with least diffraction loss. In the followings, the basic theories and algorithm of simulations
for LC director orientation and optical performances of LCOS devices are described in
Chap. 2. Fringing-field effects in some ¢ommenly-employed LC modes are investigated in
Chap. 3. The influences of changing LC.cell structure on fringing-field effect are also
addressed in this chapter. In Chap. 4, we present a novel design called the circularly
polarized light illuminated vertically aligned (CPVA) LCOS device which firstly eliminates
the annoying fringing-field effect in vertically aligned (VA) LC mode. In Chap. 5, the
analyses on diffraction effect of LCOS devices are studied by using BPM. A
phase-compensated finger-on-plane mode is presented to save the light which is lost due to
the strong diffraction in a conventional finger-on-plane LCOS device [22]. Finally, we
summarize our work and make a brief conclusion. Suggestions are also given for future

study.
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Chapter 2

Theory and Numerical Simulation

2.1 Theories of deformations and optical properties of
liquid crystals

To investigate the distributions of LC molecules under external fields, the continuum
theory is often employed. It provides an insight of LC physic and was initiated by Oseen [1]
and Zocher [2] back in 1933. Afterward, Frank had reexamined the theory critically and
presented the theory of curvature elasticity [3]. With regard to the optical properties of
nematic LCs, the optical rotation and birefringence effects are often induced. These
phenomena had been studied by many authors, the most clear, rigorous and accessible

reference being that of de Vries [4].

2.1.1 Continuum theory'of liquid crystals

Many important physical propertics of T.C-can 'be explained by continuum theory
disregarding the details of the structure on'the molecular scale. When external fields are
applied, the LC molecules are rotated according to the field strength; when the fields are
withdrew, the LC molecules return back to their original alignments. This effect is similar
to the elastic deformations in solids. Therefore, it can be predicted that the energy generated
by the deformations of LC molecules has the same form as that described by Hooke’s law.

LCs are either rod-like or disk-like molecules. In macroscopic point of view, LC
molecules tend to align in a common direction, which is called “director” n. The continuum
theory describes the distortions of N under some external forces. A good starting point is to
explore the minimum energy condition. At first, some assumptions have to be addressed
according to the characteristics of nematic:

1. nis defined as a unit vector, i.e. N-N=1.
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2. nand —n are indistinguishable, i.e. there is no permanent dipole in nematic.

3. All properties are identical when the coordinate is rotated around n, which is usually
called C., symmetry.

4. The reflective symmetry of the plane including n. The properties of the system at two
sides of the plane including n are the same.

Despite the influence of the surface energies, the free energy density g due to the

distortion of n can be expressed as:

8 = ayN; ; +aun, Ny, (2.1)

where a;; and a;;y are the constant coefficients depend on the material, and 7, j, k, [ =X, y ,z
which are the axes of a right-handed Cartesian coordinate system. This equation uses
second-order approximation and omits the higher order terms. Based on the assumptions

listed above, one can obtain a finally.form of free €nergy density of a nematic as:
g. = %[ku(v ‘n)’ +k,,(M:Vxn) £k, (nx Vx n)z], (2.2)

where ki, i=1, 2, 3 are the elastic’.constants associated with three basic types of LC
deformations, i.e. splay, twist and bend. It is shown in this equation that g=0 when there is
no deformation of n. there

When nematic is doped with some chiral material, the LC directors present a helical
structure as shown in Fig. 2.1. Py denotes the natural pitch of the structure which represents
the distance along the helical axis for the directors to rotate 360°. A right-handed twist
structure gives a positive Py and the left-handed twist structure gives a negative Py. In this
case, the forth assumption is not satisfied. The orientations of LC directors are varied along
the z axis in the natural balanced state. Therefore, an additional term must be added in Eq.
(2.2) to interpret this phenomenon. The modified free energy density is given as:

8ic :% k, (V-n)® +k22(n-V><n+2—ﬂ)2 +hy;(NxVxn)® | (2.3)

Dy
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Figure 2.1 Structure of chiral nematic liquid crystals. P, is the natural pitch.

The effect of static electric field
The influence of static electric field on nematic' LC can be explored by understanding
the anisotropy of its dielectric constant. Usually, the dielectric constant € can be expressed

as a tensor:
€. =¢€,0, +gnn.
o : (2.4)
g, =¢,+¢,,
where 9;; 1s Kronecker symbol (8;=1 when i=j; otherwise 8;=0; 1, j=X, y ,z), €, is the
dielectric constant measured along n and &, is the dielectric constant measured

perpendicular to n. When external electric fields are applied on liquid crystal, the electric
displacement D can is given as:

D=¢ E+¢,(n-E). (2.5)
Hence, the electric free energy g. can be expressed as:

g. -l
2 (2.6)

:%[SLE2+8a(n-E)21

Since the first term in Eq (2.6) is not related to the director distribution and introduce a

constant value for the energy of the system, it can be ignored when deriving the minimum
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energy condition. Therefore, the free energy density with external electric field can be

expressed as:

gtot = glc - ge

:% ki (V-n)? +k22(n-V><n+2—”)2 +k33(nxVxn)2}—% e E? +sa(n-E)2]

0
(2.7)
Note that this equation is under the assumption of strong boundary condition. For weak
boundary condition, a surface energy term must be included. There are several various
approaches [5-9], the details are beyond the scope of this thesis and will not be addressed.
Euler-Lagrange equation
To determine the director distribution, we have to minimize the energy generated by the
LC deformations. For simplicity, we suppose that-all parameters in Eq. (2.7) depend on

z-direction only. Therefore, the total:free energy:is given‘as:

G, = j‘”” b (V1) + k(R VXA 25N 4 (N x V x>
429 By

[ L e, (n-EY ez
a9

:I_dd//zz tot( ( ) dn (Z) jdz’

(2.8)
where 1=X, y ,z and d denotes the thickness of the LC layer. This is a function related to the
integral path. Our purpose is to find a path, nij(z), from a to b which gives the minimum
integral value Gy,. In this case, an arbitrary path, nj(z)+adni(z), from a to b gives the value

of Gy as:

G (a)=] gmt(n (2) +oom, (), 2 (Z) (df’zi(z)D dz, (2.9)
Z

where a is a variable ranged from -1 to 1. Gy(a) is either larger or equal to G, which

means:
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LG, @) =0 (2.10)
aa’ a=0
Hence,
0 b _Og og don,
— G, ()= oL §y. 4 — ot i 1dz=0 2.11
g G = [[ 1 = om, a( dnlj( = j] z 2.11)
dz

The second term in the integrand can be integrated by parts:

b

.[b agtot (d Snijd2= agtot 6ni _J-bi & Snidz (212)
a G(dnij dz a(dnij a dx a(dnij
dz dz . dz

The integrated term vanishes because onj(a)= dn;(b)=0. Therefore, Eq. (2.11) becomes:

LG (o) = [[ B, - | o on 14
da a on, dx| dnij
dz

:J'b[agtot _i agtot ]Bni dz
a on; dx a(dni)

dz
=0
(2.13)
Because 0n; is an arbitrary function, the integrand in Eq. (2.13) must vanish itself:
agtot _ i agtot — 0 (214)
on, dx 5 dn,
dz

This result is known as Euler-Lagrange equation which is commonly used for solving the

static problems of LC director distribution.
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2.1.2 Optical properties of an ideal helix: de Vries theory

As we mentioned previously, the LC directors present a helical structure when molecules
possessing chirality are doped. The same structure is also found in pure cholesteric esters.
Therefore, this helical structure is termed cholesteric. The general optical properties of an
ideal cholesteric LCs (CLCs) contains many effects occurred in common LC devices
[10,11]. The optical behaviors of light propagating in some commonly used LC modes, e.g.
twisted nematic (TN), super-twisted nematic (STN) and homogenous, etc., are only the
special cases of that in CLCs.

Let us recall the structure shown in Fig. 2.1. In this specific case, n is rotated with a helix

axis, i.e. the z-axis. We can describe n in this ideal state as:

n_=cos¢g
n, =sin
ny 0 / (2.15)

¢ = q,z + constant

where qo=27/Py. In this configuration, n is horizontal everywhere and it is usually called the
“planar texture”. To analyze the optical properties of CLCs, the local dielectric constant at

any point I must be given at first:
g;(r)=¢,8, +(g, +&,)n;(rNn,(r), (2.16)

where 1, j=X, y, z. It is noteworthy that although this equation looks the same as Eq. (2.5),
the physical meanings are different. Eq. (2.16) accounts for the optical behaviors of light
propagating inside a uniaxial material and Eq. (2.5) accounts for the anisotropy of electric
properties with external fields. In Eq. (2.16), the dielectric constants can be related

associated with the refraction indices as:

g, =g, &, =gNn. (2.17)

02 e

where g is the permittivity of vacuum, n, is the ordinary refractive index of LC and n. is

the extraordinary refractive index of LC. When an electromagnetic wave of frequency ()
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propagates along the helix axis (i.e. the z-axis), the field components are:
E t -iwt
( X(Z)J:Re(Ex(Z)e_mj (2.18)
E (zt) E (2)e
where t represents time and Re stands for the real part. The electric field vectors must

satisfy the well-known wave equation:

d* (E, o) . [(E.
s [Eyj:(?j © (Z)[Eyj 19)

where ¢ is the speed of light in vacuum and ¢" can be deduced from Egs. (2.15) and (2.16)

that:
. 1 0 cos(2q,z) sin(2q,z
2 0 1) 2{sin(2q,z) -cos(2q,z)
The wave equation can be simplified by using circularly polarized light:
E"=E, +iE,
(2.21)
E"=E —iE,

Hence, Eq. (2.19) becomes:

d* (E* (o : kz kie”” \(E* 5
“d22 B ) o) (ks k2 | E (222)
1 0

where

2 :(2)2 €, +¢,
" \e 2 (2.23)

Solving Eq. (2.22) give the following forms of propagating waves:
E+ — aei(1+qn)z

A (2.24)
E~ = el

where a and b are constants. Substitute Eq. (2.24) into Eq. (2.22) gives the relations

between the a and b:
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1+q,) -k ]-Kb=0,

o+fia -ich-0 @29

The non-trivial solution of this equation is obtained only when the determinant vanishes:
(-ki +17 +q¢)* —4q;1> -k =0 (2.26)

This equation gives the dispersion relation of CLCs, i.e. the relation between frequency
and wavenumber l. Figure 2.2 (a) shows a typical dispersion relation of CLCs with
n—=1.5578, n,=1.4748 and P¢=0.25 um. It is shown that the curve is separated into two
branches by a band gap. The range of frequency of this band gap can be determined by
setting 1=0 in Eq. (2.26):

ki —qp = k| (2.27)

Using Eq. (2.23), the boundaries of the bahd gap ¢an,be given as:

0,(0)="2, 0 0)==2

n,

(2.28)

€

where ®:(0) corresponds to the upper branch-and-m_(0) corresponds to the lower branch.
For a incident wave with fixed m, we can have four‘eigenmodes. Two propagate along +z
direction (transmissive modes) and two propagate along —z direction (reflective modes).

Here we focus on the transmissive modes, i. €. 0w/dl > 0.
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The reflective modes have similar behaviors. The wavenumber of the modes can be derived
from Eq. (2.26):

L) = (q2 +K2 )+ /422 + k!,
L(0)* = (q2 +k2)-J4k2q2 + K,

The polarization states of the eigenmodes can be deduced using the definition of ellipticity:

(2.29)

a-b
= ) 2.30
a+b (230)
according to Eq. (2.25), we have
2 N2 12
a _ k12 = d qo)2 ko (2.31)
b (I+qy)" -k ki
Therefore, Eq. (2.30) becomes
_ kl2 _(14‘qo)2 +k(z) _ [(1_q0)2 _ké]_kl2
ki +(+qy)° ~k;  (1-q,)* —kg +k{
_klz—(l+q0)2+k§+[(1—q0)2—k§]—k12 (232)
ki +(1+q,)" kg + (- qe)” tkotk; '
2lq,
ko =1’ —q; —k;
By using Eq. (2.26), we can rewrite Eq.(2.32) as
_ 2lq,
p= I (2.33)

where

s> =k +4q21° (2.34)

The sign of s in Eq. (2.33) depends on the branch used for w(l) as shown in Fig. (2.2).

Using Eq. (2.33), we calculate the frequency-dependent ellipticities of the eigenmodes as

shown in Fig. 2.2 (b)-(d). They can be roughly divided into three regimes:

1. Elliptical Regime: o>®w=>0 and 2qoc/An>>w>w.. There are two elliptical regimes
separated by the band gap of Bragg reflection. The eigenmodes are elliptically polarized
with opposite sense of handness. For ®=0, the ellipticities become *1, which indicates

the eigenmodes become circularly polarized in this particular case , i. e. denoted by A,
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and A; in Fig. 2.2 (a).

. Bragg Regime: o >w>w.. In this regime, l, is imaginary which indicates that the
corresponding eigenmode becomes an evanescent wave. On the other hand, the
eigenmode correspond to 1; has its ellipticity close to -1. Thus, the transmitted wave is
almost (but not really) left-handed circularly polarized. Recall that Py=0.25 pm>0
corresponds to a right-handed helix. Hence, it can be concluded that the transmitted
wave is almost circularly polarized with opposite rotational sense to that of the helix
structure, and the reflective wave will have its rotational sense identical to that of the
helix structure. For an extreme case when n.=n,, the band gap shrinks to one frequency
w=cqo/n,. The corresponding wavelength A= n,Py is in agreement with the usual Bragg

reflection condition. For the evanescent wave, the wavenumber can be expressed as:

(o) = ix :i[ ak2q +kl=(q2 +k§)F (2.35)
From Eq. (2.24), we have the field vector written as:

E* = gei(tt90)7 _ ooz LA qldegKe+ido :
B = bl = pe i = Beltig™ . 230

where a and b can be imaginary which are then expressed as real numbers, A and B,

multiplied by phasors, exp(i¢,) and exp(igy). Based on Eq. (2.25), we have
b= (iK+q0)2 _k(z) a

k;
. 2 2
- %(Acosqﬁa +iAsing,) (2.37)
1
= Bcosg, +1Bsing,

Therefore, we can derive the relationship between A and B, that is

B [q; —k; —k’Jcosg, —2Kkq,Asing,
A k; cosd,
_[qo — kg —k*]sing, +2xq,Acosg,
- k; sing,

(2.38)

When |A|=B|, the light is linearly polarized. Otherwise, the light is in general
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B/A

1.5

1.0 +

05 r

0.0

-05 ¢

elliptically polarized. The angle between the long axis of polarization ellipse and the

local director is (@,-¢)/2. From Eq. (2.38), the angle can be derived as:
2xq,

[q; —kj —«°]

tan(g, —4,) = (2.39)

Figure 2.3 shows the calculate B/A and ¢@,-@, with respect to frequency. As shown in
the Fig., the evanescent wave is linearly polarized. The vibration direction of electric
field is varied from parallel to perpendicular to the local director n when changing the

frequency from . to ®;.

~~ 80}

leer”
=)
@&
o 8
=]

~Cy
& ol 485 480 485 5.00 5.(3(510135.1

485 49 485 5 505 51

Fig. 2.3 The calculate (a) B/A"and (b) @@, with respect to frequency.

3. Maugauin Regime: ®w>>2qoc/An. In this high frequency regime, the eigenmodes have

their ellipticities either near-zero or near-infinity, which means they are almost linear
polarized parallel or perpendicular to the local LC director. As shown in the insert

diagram of Fig. 2.2 (a), El and E2 indicate the case when w=500qoc, the ellipticities

become -0.024 and 42.693.

Table 2.1 summarizes the properties of eigenmodes in each regimes.

28



Zq0
An

NQT\!\ ...I\Nm; ﬁn;.\f\ ﬁ\zﬁm; A
umesney co~td G (o) :'g o~'d M —(o)':'7 W
m+
0 < 1] 19y _W
_“)..A”NQQ nﬂﬂﬁ HASVNﬂNQ ﬁUQAHQQAO Ln; HASVﬁﬂﬁQ ﬂ“ﬂ
A by + AN+ Ty 4 OO0 O O -
reondma |- W_w,w_m A ey mﬁTf bg st/ (231+ b + & _m
T-<Hd<Pd<q F<Pr| 8
.QHA+SVNUQ .OHA+SVNU~”NU HAUQ”AISVAQ nﬁU~”ﬁ+8v-“ﬁU .m.__.
3e1g ‘0=(m)“d ‘0 =(o)¥tg | I8d—(w)'d W —(o)ir'g| 8
0 <(m)4d <] -2 (0 <p| T-~(w)'d< 0<°b =(®) M
T="Vd=(0)d | “b-=T[=(0)1:*v | ‘1-="Vd=(0)'d “b+="=(0) 'Y A
reandia G Nﬁmwﬁh%l = (@)7d % A+ biapf {2+ mwv”_ -
e R ; ﬁ
— 2 Doy 1 ﬁ_u_w”m A — (w1 M_M+wuwif+ﬁm_+m@___+n_ﬁ3: o

"sawWibal yoes ul sepowusbie Jo seiuadoid ay] |z 8|qel

29



2.2 Numerical Simulations

Numerical simulation is often utilized to analyze the performance of liquid crystal
displays. To calculate the distribution of LC director, one can use Eq. (2.14) for searching
the minimum energy condition once the initial and boundary conditions are given. In this
case, the free energy density is expressed in vector-form as Eq. (2.7). Some literatures
expressed the free energy density in tensor-form to maintain the equivalence of n and -n
[12-14]. However, simulations using tensor-form was reported to cause transformations
between topologically inequivalent states [15]. In view of this, the vector form is adopted in
our research.

Two numerical methods are often employed, 1.e. finite difference method [16] and finite
element method [17]. In two dimensional (2D) simulations, finite difference method splits
the simulated area into grids, which can be mismatched with boundaries of the area. This
problem can be solved by using finite-element method,which uses polygons to fit in the
shapes of the area. In our simulations;—a—cemmercial software, 2dimMOS (from
autronic-MELCHERS GmbH) [18], which. uses finite element method is employed to
calculate the director profile at first. The optical performance is then calculated by Jones
matrix method or beam propagation method as will be introduced in the followings. The
latter one includes the diffraction effect which may cause serious problem in LCOS

projection system.

2.2.1 Jones matrix method

The most commonly used method to simulate the optical performance is the Jones
matrix method [11,19]. Consider a plane wave propagates in a homogenous medium, its

electric field is a function of space r and time t, which can be written as:

E(r,t)= Acilkro) (2.40)
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where o is the angular frequency, K is the wavevector, A is a constant vector and ¢ is the
initial phase. Due to the nature of transverse waves, the electric field vector is always
perpendicular to the direction of propagation. For a wave propagates along the z-direction,

the field vectors can be written as:

E, = Axcos(mt -k, z+ gpx)

(2.41)
E = Aycos((;)t -k,z+ (/)y)
The phase difference between the x and y components are:
5=(p, —kz)-(p, ~k2)=¢',~¢', (2.42)

If we neglect the common parts related to time in Eq. (2.41), the field vectors can be
expressed as a column vector named Jones vector:

o [B A (A
Note that Jones vector is not a veetor in real physical space; rather it is a vector in an
abstract mathematical space which"denotes the-polarization state of light. Table 2.2 lists

various polarization states represented by Jones'vector.

Table. 2.2 Jones vectors corresponding to various polarization states.

Polarization State Jones Vector
cos ¢
sin ¢
1 (1
NA:

1 (1

x —

N

acos@+ibsing
asing—ib cos¢g

<«

|
§

«

ES
T

«<

an
%

<«

i

<«

i

[a cos ¢ —ibsin ¢)

asing+ib cos¢g
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When light propagates in a birefringence material, the field vector can be given as:

Ex,out

— _ikonod — i(po
E .=E, e =E ¢

y,out y,in

—ikyn.d i
=E_ e """ =E_ e*

X,in

(2.44)

where ky represents the wavenumber in vacuum and d is the thickness of the material. Eq.

(2.44) can be written in the matrix form as:

—i——n,d
Ex,out _|e A 0 Ex,in
- 2z
Ey,oul 0 6_17”0d Ey,in

io, E
_|e Oj[ (2.45)

This is so-called the Jones matrix method.,The. Jones matrix, M, is a 2x2 transformation
matrix, it characterizes the modulation of polarization state of a normally incident light.

When light propagates through a twisted nematic (TN) liquid crystal layer with twist
angle ¢; and phase difference I'=kod(n.sn,).-In-this condition, the local optical axis is a
function of position. The represented Jones matrix can be derived by subdividing the LC
layer into a large number, N, of thin layers as shown in Fig. 2.4. Each layer can be treated
as a homogeneous wave plate. Assume the variations between the thin layers are linear, i.e.
each sub-layer has a phase retardation of I'/N and is oriented at azimuthal angle of p, 2p,
3p, ... (N-1)p, Np with p=¢p/N. Under this assumption, the Jones matrix of the n"
sub-layer is:

e—iF/ZN 0
. eimNJ ‘R(np) (2.46)

M, =R(- np)-(

where R represents the rotational matrix:

cosd sinf
R(9)= ( j (2.47)

—sin@ cos@

By multiplying all the sub-layer matrices together, we obtain
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M=M, M -..-M,-M, - M,

=
Z

Sir/2N
= |:R(_ np)- (e 0 eil?ZNj'R(np):| (2:48)

n=

a2 e

When N tends to infinite (N—00), by using Chebyshev’s identity [20], the above equation

=

can be further simplified to be

.I'sinX sinX
cosX — 15 X @, X
M=R(-4) sinX T sinX (2:49)
- @ cosX +i—
X 2

Fig. 2.4 The represented Jones matrix can be derived by subdividing the LC layer into a large
number, N, of thin layers.

When the LC layer is sandwiched by two crossed polarizers, the output electric field can be

given as:
| cosX — ig 51;1(X 4 31;1(X cos 8
E, =(-sinf cosf)-R(-¢,)- ox FsinX | sing) &0
-9 cosX +i Tx S

where [ is the angle between the transmission axis of linear polarizer and the entrance LC

director. Finally, the normalized transmittance can be calculated as T ,=|Equ*.
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For reflective LC device, the incident light passes through the LC layer twice. The
director distribution encountered by reflective waves is the mirror image of the original one.
For example, in Fig. 2.5, a reflective LC device with left-handed twist structure is
equivalent to a tranmissive LC layer with right-handed twist structure plus a tranmissive

LC layer with left-handed twist structure. The normalized reflectance can be expressed as

[21]:
cosX—iE sinX 4 sinX cosX —i£ sinX 4 % cos
R, = (cosﬁ sin 8 sir12X T sinX sinXX >l(“sinX [ i j
@, cosX +i— -, cosX +i—m2 |\sin
X 2 X X X
(2.51)
POL /A/ﬁi
_ Glasg/j‘ -_—
| —
poL " __|l—<B. LCs 7
/
Glasg/_' — Reflector || ... KXod:..
= e VR s N =y | R
LCs 7 ERrefléctor Al N
\M, 7
Reflectop " ______'" .
Mirror< LCs -
image —_—
Gla3§/ -
. poL " ||.—%B.

(@) (b)

Fig. 2.5 Sketch of the mirror image of a left-handed twist LC cell.

In numerical calculations, the LC layer is divided into slabs. Each slab can be treated as
an uniform TN cell. For LCOS system, PBS is employed to meet the crossed-polarizer
condition as mentioned in Chap. 1. Some LC modes must include compensation films to

optimize the optical performance. Eventually, Eq. (2.51) is modified to be
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T sinX inX, |
| |cosX, —i 2” Slr)l( - -9, 51r)1( :
M=[-sinf cospY, nl;[v, sinX T sinX
é, " cos X, +i—~ s
X, X,
[, sinX in X
cos X, — L sin X, " sin X, ~
» D ¢ X cos
lill Sin X n F n Sin X F . :|, (252)
"= — g, n cos X +i—2 - sinf
X, X,
where
o
exp(—i—) 0
J. =R(-a) 2 s |R@) (232)
0 CXP(Z'E)

is the Jones matrix of the compensation film, a is the angle between optical axis of the

compensation film and x-axis, J'is the phase retardation of the compensation film, and ¢, is

the twist angle of the n™ slab. X, = [¢n2 +(Dy/2) ]]/2 and T :%%An, where d is the

n

cell gap, 4 is the wavelength, and An=nn, /(no2 cos? 6, +n’ sin26’[)”2 is the effective

birefringence related to the LC tiltangle -in-the,n" slab.. All the angle definitions are

illustrated in Fig. 2.6.

Analyzer gottom LC director

Film optic axis

¢/ a Polarizer
ﬂ >
Top LC director
(x-axis)

Fig. 2.6 The angle definitions in numerical calculations.

35



2.2.2 Beam propagation method

Jones matrix method mentioned above as well as other extended matrix-type solvers
[22,23] are based on the assumption of a stratified medium. Fig. 2.7 (a) sketches the
concept of these methods. As shown in the figure, the LC layer is divided into NxM grids.
Each grid is a slab of homogenous anisotropy material. Therefore, the light scattering and
diffraction effects are excluded in these calculations. They are reliable only in the regime
where the liquid crystal profiles are maintained uniformly over a scale far exceeding the
optical wavelength.

In LCOS devices, the pixel pitches can be comparable to the wavelength, which means
that the diffraction effect may have severe influences to the optical performance. The beam
propagation method (BPM) has been proven useful in this condition [24,25]. This method
is a numerical approach to the solution'of Maxwell’s curl equations. Unlike the matrix-type
methods, the BPM considers the scattering and diffraction effects during the light
propagation. Furthermore, the computational-efficiency of BPM is much higher than that of
the sophisticated finite-difference time domain (FDTD) method [26-28] and their results are
almost identical when the liquid crystal (LC) layer is illuminated within £30°[25]. Fig. 2.7
(b) sketches the concepts of BPM. Basically, it develops an operational relationship
between the field components at two planes separated by a sufficiently small propagation
step Az. The excitation field is propagated from the entrance to the exit plane by the
repeated application of this operational relationship.

In this section, the concept and capabilities of BPM are reviewed.

X
— ==
N N 1 = Liguid
] = Crystal
1 m —
vkl vl “
- °
22 N2 w Input =
1 1 == optical field —+AZ Cutput optical
profile field profile
(a) (b)

Fig. 2.7 Sketches of the concepts of the (a) Jones matrix method and (b) the beam propagation method.
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Scalar, Paraxial BPM
We firstly restrict the incident wave to be a scalar field. The wave equation can be given

based on the well-known Helmholtz equation:

2 2 2
¢ L d 2+ ‘ k(%Y. 2 D=0 (2.54)
ox"~ oy oz

-iot

Here the scalar electric field is expressed as E(x,y,z,t)=®(x,y,z)e”" and k is the spatially
dependent wavenumber. Other than the scalar assumption, this equation is exact. The field
can be written as the product of a slowly varying envelope times a fast varying reference

oscillating term:

ik*z

D(x,y,2) = u(x,y,z)e (2.55)
where k* is a constant to represent the average phase variation of the field @, and is called
the reference wavenumber. Inserting Eq.(2.55) int6-Eq. (2.54), we obtain

o*u ou 0u 0%

T 2k — + =+ (K2 -k F)D =0 2.56
o T S e T o ) (2.56)

Assuming the variation of u with z1s sufficiently-slow so that the first term in Eq. (2.56)

can be neglected. It is also referred to ‘as the paraxial approximation. Therefore, Eq. (2.56)

can be rewritten as:

ou i (0°u 0’u
Ii— +
oz 2k*\ox® oy’

+(k? -k*z)uj (2.57)
This is the basic three-dimensional (3D) BPM equation.

For numerical solution, the finite-difference approach based on the Crank-Nicholson
scheme is often adopted [24]. The field in the transverse xy plane is represented at discrete
points on discrete planes along the longitudinal or propagation direction, i.e. z-direction.
The purpose is to derive the numerical equations that determine the field at the next z plane.

For simplicity, the approach is limited in two-dimensional (2D) analyses, i.e. omitting the

y-dependent term.
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Let u; denotes the field at transverse grid point i and longitudinal plane r. The grid
points and planes are equally spaced by Ax and Az, respectively. Eq. (2.57) can be written

in the discrete form based on the Crank-Nicholson method:

+1 r . 2 r+l T
u, U, _ 1 d +k.r+l/2 —k*2 u +u (258)
Az 2k*(Ax* 2

where 8% is the standard second-order difference operator, &%u= Ui+ u-2 ui Eq. (2.58)
can be rearranged into a standard tridiagonal matrix equation for the unknown field u*' in
terms of known quantities as:

au’l +bu" +cul =d, (2.59)
where a, b, ¢, and d are known coefficients. Therefore, the solutions can be obtained by
using the lower-upper (LU) decomposition [24].
Wide-Angle BPM

The restriction of paraxiality on-BPM is due to neglecting the 6*u/0z term. If the du/dz

term is treated as a variable, one can obtain’a first-order differential equation in z by solving

Eq. (2.56):
%:ik*(\/up 1),
Z
(2.60)
2 2
p= kiz [; 4 ;;2 e —k*z)}
X

This equation is exact that there is no paraxial approximation. However, the differential
operator P in the radical introduces difficulties for solving the equation. To solve this
problem, one approach is to use a Taylor expansion. Another method is to use Pade
approximation which was reported to be more accurate than the Taylor expansion for the

same order of terms [29]. Using Padé approximation, Eq. (2.60) can be modified as:

U _ o+ Na®) 2.61)
0z D (P)
where N, and D, are polynomials of P, and (m,n) is the order of approximation. The higher

order it is, the more accurate result can be obtained in wide-angle problem. Table (2.3) lists
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the first few terms of the Padé series.

Table 2.3 The first few terms of the Padé series.

Padé Order (m,n) N, D,

(1,0) P2 1

(L.1) P2 1+P/4

(2.2) P/2+ P%/4 1+3P/4+P?/16

Wide-Angle BPM for Liquid Crystal Device
When light propagates in a liquid crystal device, the spatially dependent dielectric

constant (x,z) can be written as a tensor:

8xx gxy sz
e(x,z)=l¢, &€, &,
gzx gzy gzz

2 2 2 2 : : :
n, +Ag cos” Ocos @ “Ac.cosT Psingcosg Ag, sinfcosfsin g
=¢,| Ag,cos’ @singcosd n. + Ac cos’ Ocos’ ¢ Ag, sinfcosBcos

A&, sin @ cos @ cosgd T TAE] sind cos Osin ¢ n’ +Ag, sin’ 0

Ag, =n’—n’

(2.62)
where @and ¢ are the tilt and azimuthal angle of LC director, respectively. In this case, the
scalar assumption in Eq. (2.54) is not appropriate for solving the wave equation. The
polarization of light has to be included by recognizing that the electric and magnetic fields
are vectors, i.e. E=ExX+Eyy+E,z and H=H,x+H,y+H,z. From Maxwell’s Equations, a set of

coupled equations can be given as:

O’E, O°E b ¢
=+ y—i—k({sw—si b:—s Q]

ox? 0z*

wu (~0H, _0H.
oAt it Y e O P (2.63)
Ox oz
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'wgig—ié E + joe,
TP\ 5\ @) Tax\a )| T

2 2
28Hy+2&6[—]y+{6(5

+

a 0z° a 0Oxo0z E

¢ OE,

0z a Ox

0 (gxz
+ _ 2=
oz\ a

OH
i(i}.,.i(ﬁj _y+k02]—[ =0
ox\ a oz\ a Oz 7

where L is the permeability of vacuum and

Zi XX T zz zx T xz?
b= £y —ELE L,
c= gxygzz gzygxz’
d = E.80 — & E s
€= gyxgzz gyzgzx

Under the slowly varying assumption, the field components can be written as:

E (x,2) =€, (x,2)exp(— jk*z),
H (x,z) =% (x,z) exp(— Jk* Z).

Substituting Eq. (2.66) in Egs. (2.64) and (2.65), we have'the following equations:

10ﬁ£y+Ranz+0 sl ol g
0 qloz* |9, R, R,| |0 Szza A

where
- a _—2jk* Jjou ¢
Rll Rl2 — 0 a
R Rl | joe, o —2jkr 24— %j+3
a a a Oz

4, A4, _le P, ox’

All A12 _Pll RZ:|£+|:QII QIZ
QZl QZZ

o | Tu
—+
ox | T,
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(2.64)

(2.65)

(2.66)

(2.67)

(2.68)

(2.69)

(2.70)



_ 0 7 _
O, Oy . JOHo a
_ - 5 5 (2.71)
_Q21 Q22 _Ja)go_ _2Jk* (C,::Z _}__[(C’%Xj_l__(gizj
a ox\ a oz\ a
T, le}
_T21 T22
k02(gyy _gvzg_gyx %J_k*z k*a)ﬂog (272)
~a a a
k*wsy =+ jos,| - b +£(%) ky’ Sa pw2 —jk* ﬁ(%j g(gf]
a oz\ da a ox\ a oz\ a
g=z 2.73)
a
S, = 25% (2.74)
a

The wide-angle scheme can be formed by using the Padé recurrence relation as

mentioned previously. From Eq. (2.67); we can have the following operational relation:

ai:— 7o 8[A] (2.75)
V4
—+|R[+[S
o |2+ leE
This equation suggests the recurrence relation as:
ol __ [4]
=-5 ,
Fe S IRl
0 gqloz|, (2.76)
2 o,
0z|,

When setting n=0, Eq. (2.76) gives the result identical to that under paraxial assumption (i.e.
the second-order differential term is omitted). When n=1, we have 8/82\12—([R]+[S])'1[A].
The contribution of matrix [S] is weak compared to [R] and is negligible in this case.

Therefore, Eq. (2.67) can expressed by

U B TR P T Ryl B Y
&=, q[][]+[]§}[y ——[]}[y (2.77)

After applying the Crank-Nicolson finite-difference scheme with a weight parameter o
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(0.5<a<1), the discrete form of Eq. (2.77) is given as:

{[Rr+1/2]+ [Sm/z]+ [CHI/Z(O{)][AMM]{;?:11/;}

y

r+1/2 (278)
—{rr )+ [sm e fer 2 (@ -p]ar ]{f{y M/z}
y
where
1 1
adz —=R,, iRy
R R
[C(a)] = . | | | | . (2.79)
—R,, adk ——R,
R I

and superscript =1, 2,...n indicates the propagation step of the discretized axial plane, i.e.,
z=rAz assuming that z is the propagation direction of the light. By unfolding Eq. (2.78), a
sparse linear system can be formed to represent the relation between the known value of &',
7" and the unknown value &', 7455% In order tolprevent artificial reflections from the
boundary, transparent boundary cendition (TBC) is. utilized to ensure that the outgoing
radiation passes through the boundaryifreely-[30]. Finally, the following sparse linear

system can be expressed as followed:

{[X”(w)] [Xu(e,;zﬁ)]} £, _|B(€,91,)] 2.80)
[X,,(0.0)] [Xp 001 0, | |[BU(E,  H | '

Each of the sub-blocks [X;;] with i,j=1,2 corresponds to a tridiagonal matrix. Both By and
B, are functions related to €] and # . By solving Eq. (2.80) with an initial condition of
a plane wave propagating along the z direction, we can obtain information that includes the
amplitude and phase of the propagating light wave. The incident angle &, can be changed by
modifying the initial condition, that is

E,(x,0) = E,(0,0)exp[— jk,xsin(6,)]

. . (2.81)
I, (x,0) =7 ,(0,0)exp[—jk,xsin(6,)]
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Extended Wide-Angle BPM for Reflective Liquid Crystal Devices
The reflective propagation process of the light wave can be derived by sending the
light into the mirror image of the LC molecular distribution, as shown in Fig. 2.5. Therefore,

the reflective transverse fields, £’ and #’,, of the LCOS device can be described as

follows:
E'=R _xE"
o (2.82a)
‘7{/)’ = Rgap X ‘{]-[yn
{[X“(—@, P)] [Xlz(_‘g’ ¢)]} [E/yr+l ] _ [13([£/)/r 7H/yr )] (2.82b)
[X21(_'9a ¢)] [Xzz(_ga ¢)] [[5"[/errl ] [14(%:’; ) %/yr )] ’ .

where R, and R, represent the reflectance of the reflective pixels and the interpixel gap,

respectively. From Eq. (1), we obtain

OH'

- azy :ja)go(gxxf’&+gxy£’y+gxzf’z) (2.83a)
a}[/)’ : ! ! i?
o :]a)go(gszK+gzy£y+gzZ£z). (2.83b)

The reflected fields polarized in the"x and z directions (i.e., €’y and E’.) can be derived

from Egs. (2.83a) and (2.83b):

. OH . OH el
E/x:_ 1 — 822 Y +gvz J _%E/ , (284&)
Jjwe,a 0z oox a ’
LOH L O0H) b
PPN P SR LT (2.84b)
Jjwe,a Ox 0z a ’

So far we have obtained the information of all the components of the reflective wave.
Further analyses on 2D reflectance profile and angular spectrum can be given as will be

mentioned in Chapter 5.
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Chapter 3
Fringing-Field Effects of LCOS Devices

3.1 Introduction

As mentioned in Chapter 1, the fringing fields generated by voltage difference
between neighboring pixels are critical to the optical performance of LCOS devices. Many
parameters of LC cell are influential to the fringing-field-effect. In this chapter, we present
detailed analyses of liquid crystal panels in various molecular alignment conditions,
polarizer angles, and LC phase retardation values. These parameters determine the optical
mechanisms employed, including birefringence effect and polarization rotation effect. The
LC operation modes can be classified as twisted,and non-twisted modes depending on their
initial director profile. Here in the twisted catégory, the commonly employed mixed-mode
twist nematic (MTN) [1] and the twist nematic (TN) modes [2] are studied, while in the
non-twisted category we analyze “the ~film-compensated homogenous (FCH) [3] and
vertically aligned (VA) modes [4]. The influence of cell structures including the effects of
electrode slope, cell thickness and pixel pitch are also compared. Furthermore, the
fringing-field induced distortions of LC directors may cause delay in moving images. The
dynamic behaviors of LCOS panel when switched from the dark-bright-dark state to the

all-bright pixel configuration are discussed in the last part of this chapter.

3.2 Liquid crystal operation modes

In this section, we simulate the static electro-optical properties in eight LC operation
modes. Figure 3.1 shows the cell structure used for the two-dimensional simulations of the
LC director distributions and light efficiency. The cell gap is adjusted to obtain the required
dAn for each mode, where d is the cell gap and An is the LC birefringence. The pixel size is

15 um and the inter-pixel gap is 0.9 um. A passivation lever is deposited on the Al electrode
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for protection and leveling the inter-pixel gap. The LC director orientations are calculated
by the commercial software 2dimMOS. Afterwards, the voltage-dependent reflectance is
obtained by Jones matrix method with the mirror image of the director profiles. Here, we
assume that the reflectance of the reflective pixels (Rp) and the inter-pixel gap (Rg) are 1

and 0, respectively. The LC parameters used for simulations are listed in Table 3.1.

Polarizing
beam splitter

Compensation film

Glass
LC layer \ITO
p (Rp) (Rp)

Silicon'substrate

Fig. 3.1 The LC cell structure used for the two-dimensional simulations.

Table. 3.1 The LCparameters used for the simulations.

Film-compensated

Mixed-mode twist Twist nematic Vertically aligned homogenous aligned
nematic (MTN) mode (TN) mode (VA) rr?ode (FCH)g
K11 13.1 13.9 16.7 13.4
K22 10 10 7 6
K33 22.3 21.5 18.1 19
Ne 1.5931 1.5604 1.5578 1.626
N, 1.4865 1.4758 1.4748 1.499
e, 10.1 10.5 3.6 10.5
€ 3.3 35 7.8 3.6

3.2.1 Twisted LC modes

For a twisted LC cell with a large value of phase retardation dAn compare to the
wavelength A, the Mauguin’s condition as mentioned in Chap. 2 can be satisfied, that is
dAn >>A; d=¢/qo,
®>>2mnqoc/(#An)>>2qoc/An,
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where ¢, is the twist angle. Thus, the eignemodes are linearly polarized light which follow

the twist of the LC directors reasonably well. This is so-called the polarization rotation

effect, which is commonly utilized in TN-LCDs. When dAn becomes smaller, the
polarization rotation effect is incomplete and the phase retardation effect must be imposed
to enhance the light modulation efficiency. Base on the light modulation mechanism, the

twisted LC operation modes can be subdivided into two categories [5]:

(1) TN modes. In these modes, the dAn values are large and the angle B (referring to Fig.
2.6) is normally zero. Therefore, the corresponding light modulation mechanism in such
cells is polarization rotation effect. TN modes are often operated at normally black (NB)
sheme, which gives a dark state when no voltage is applied on the panel.

(2) MTN modes. The dAn values in such cells are smaller and usually #0. Both
polarization rotation and phase retardation effects are present. MTN modes are often
operated at normally white (NW) scheme, which gives a bright state when no voltage is
applied on the panel.

In the followings, we will consider threeeMTN modes: 90°-MTN [1,6], film-compensated

63.6°-MTN [7], and film-compensated 45°-MTN [8]; three TN modes: 63.6°-TN [9],

45°-TN [10] and 52°-TN [11].
3.2.1.1 Mixed-mode twisted nematic (MTN)

NW 90 “MTN Mode

This mode has twist angle #=90° and f=20°. The required phase retardation dAn is
about 240 nm for normally white operation. Figure 3.2 (a) shows the one-dimensional (1D)
simulation results on the voltage-dependent normalized reflectance using broadband red
(R:620-680 nm), green (G:520-560 nm) and blue (B:420-480 nm) lights. As shown in the
figure, the maximum reflectance of this mode is only about 88%. Based on the curve, we
let the turned-on voltage (V) to be 5 volts and the turned-off voltage (Vo) to be 0.7 volts.
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Figure 3.2 (b) shows the calculated iso-contrast contour viewing diagram for the broadband

green channel. The polar angle corresponding to 1000:1 contrast ratio exceeds 8°. Although

the property of viewing angle is less critical in projection displays, a wide acceptance angle

allows a small F-number projection lens to be used which greatly improves the display

brightness [12].
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Fig. 3.2 Simulated results of (a) the broad band RV curve, (b) the broad band green light iso-contrast
viewing diagram, and (c) the LC director and the reflectance profiles of NW 90°-MTN mode with

B=20° and dAn==240 nm.
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Figure 3.2 (c) shows the 2D simulation results of the LC director profile and the
reflectance calculated by Jones matrix method for the dark-bright-dark pixel configuration
with 2.8 um cell gap and 2° pretilt angle at green band (540 nm). In this condition, the
fringing fields are the strongest. As shown in the 2D LC director profile, the fringing fields
at the pixel edges will penetrate into the adjacent pixels and induce light leakage in the dark

pixels. This effect will degrade the contrast ratio as well as the image sharpness.

The advantages of this mode are the high contrast ratio owing to the natural surface
phase compensation of the two orthogonal boundary layers and the relatively small
fringing-field effect. The calculated 2D flat field contrast ratio exceeds 6000:1 for the
normally incident light. The shortcoming of this 90° MTN mode is that its maximum
optical filled factor is ~84.7% at the darksbright-dark configuration. Here we define the

optical filled factor as

|
F =§jRMgh,, (3.1)

where S denotes the dimension of the turned-on pixels and R is the normalize

bright *

reflectance within the bright pixel area. Changing the twist angle to 80° would boost the
filled factor to ~95%. However, the contrast ratio decreases drastically because of

incomplete surface phase compensation.
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NW Film-Compensated 63.6 “MTN Mode

The normalized reflectance R. of a reflective twisted LC cell under crossed-polarizer

condition can be given as*:

2

I sinX sinX I' sinX sinX

Rmfcomp g} 2% TN )
") SI;X cosX + ig sinX - sinX cosX + zgﬂ sin f
(3.2)
By further expanding Eq. (3.2), R can be given as:
. 2 2
R, = (F szj (sin 2Bcos X —ﬁcos 2Bsin X) (3.3)
X X
When setting f=0°, Eq. (3.3) becomes:
24(/2) |
R, = f’(—)z sin® X . (3.4)
¢ +(I/2)

From this equation, R;=100% can be obtained when setting ¢,=\/En/4 (63.6°) and
dAn/A=+/2/4 . This mode has the advantage of high reflectance; however, a very high
voltage is needed to obtain a good dark state-due to the absence of intrinsic phase
compensation. In order to operate at lower voltage, a uniaxial film is employed. Figure 3.3
(a) shows the 1D simulated results of the voltage-dependent reflectance curve under
broadband incident light when a uniaxial film with a=110° (referring to Fig. 2.6) and
(dAn)gim=24 nm is applied. The required phase retardation dAn of the LC cell is 203 nm
and entrance polarizer angle is set at f=0°. As shown in Fig. 3.3 (a), the maximum
reflectance slightly decreases to 97% due to the effect of the compensation film. Figure 3.3
(b) plots the calculated results of iso-contrast viewing diagram under broadband green light
with V=5 V and V,+=0.7 V. The contour line for 1000:1 contrast ratio reaches 10°
viewing cone. Figure 3.3 (c) demonstrates the 2D simulated results of the LC director
profile and the reflectance for the dark-bright-dark pixel configuration with 2.4 um cell gap.

The light leakages still exists at the dark pixels due to the influence of fringing fields.
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Fig. 3.3 Simulated results of (a) the broad band RV curve, (b) the broad band green light iso-contrast
viewing diagram, and (c) the LC director and the reflectance profiles of 63.6°-MTN mode
with =0°, dAn==203 nm, (dAn)g,=24 nm, and 110° film angle related to x-axis.
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In addition, the optical filled factor is only about 92.7% since the maximum R, can not
reach 100%. When setting f=4°, dAn=212 nm, (dAn),=15 nm, and a=136°, the maximum
R can be boosted up to 99%. In this circumstance, more birefringence effect is introduced
to enhance the reflectance. However, a stronger fringing field occurs and results in a lower
F. Thus, this tradeoff is not worth taking.
NW Film-Compensated 45 ~MTN Mode

The film-compensated 45° MTN cell has twist angle ¢=45° and f=78°. The required
phase retardation dAn is only 195 nm for normally white operation. To obtain a good dark
state at lower voltage, a uniaxial film with o=110° and (dAn)si,=27 nm is added. Figure
3.4 (a) shows the 1D simulated results of the voltage-dependent reflectance curve under
broadband R, G and B lights. The maximum reflectance of this mode can reach 100% and
on-state voltage is 5V. Figure 3.4 (b).shows the calculated results of iso-contrast viewing
diagram under broadband green light with Von=5:0 V. and V,5=0.7 V. We can see that the
contour line for 1000:1 contrast ratio exceeds-10°-polar angle in all directions. This large
viewing cone results from the small dAn. value. Figure 3.4 (c) demonstrates the 2D
simulation results of the LC director profile and the reflectance for the dark-bright-dark
pixel configuration with 2.3 um cell gap. It is shown that its response to fringing fields is
similar to other two MTN modes as we have discussed. Among them, 90°-MTN cell has the
smallest and 63.6°-MTN has the largest light leakages in the dark-pixel areas.

The advantages of the film-compensated 45°-MTN mode are twofold: high optical
filled factor (up to 96.7%) and low dAn value which, in turn, leads to a thin cell gap and
fast response time. Therefore, this mode is particularly attractive for color sequential
displays using a single LC panel. However, the dark state of this mode is not as good as that
of 90°-MTN mode since the complete compensation only occurs at certain wavelengths.
Besides, the required compensation film has a relatively small dAn value which is not easy

to fabricate. The film needs to be laminated onto the surface of the polarizing beam splitter.
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Any artifacts or bubbles during the lamination process would be magnified and projected to

the screen. Moreover, the film has to withstand high power illumination from the arc lamp.
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Fig. 3.4 Simulated results of (a) the broad band RV curve, (b) the broad band green light iso-contrast
viewing diagram, and (c) the LC director and the reflectance profiles of 45°-MTN mode with
B=78°, dAn==195 nm, (dAn)g,=27 nm, and 110° film angle related to x-axis.
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3.2.1.2 Twisted nematic modes (TN)

NB 63.6 TN Mode

As in 63.6°-MTN mode, this mode also has twist angle #=63.6° and beta angle =0°,
but without any compensation film. When dAn=512 nm, it can be operated in normally
black mode, however, its bright state is greatly affected by the d/P, ratio. Figure 3.5 (a)
shows the 1D simulated results of the voltage-dependent reflectance curve with d/Py=0.6.
Unlike the MTN devices, NB TN mode has the advantage of relatively low on-state voltage
because the LC molecules only need to tilt up slightly to reach the maximum reflectance.
As shown in Fig. 3.5 (a), Ry =1 is reached when the applied voltage is merely 3.3 V.
Another advantage of the NB 63.6°-TN mode is that it does not require a compensation
film. Hence, the cost is reduced. Figure 3.5 (b) shows the calculated results of the
iso-contrast viewing diagram under broadband green light with V,,=3.3 V and V,=0.7 V.
The 1000:1 contrast ratio contour line exceeds 122 viewing cone.

When considering the 2D LC diréctor-profile, the chiral dopant plays an important
role in the fringing-field effect. Figure<3.5 (c).demonstrates the 2D simulated results with
d/Py=0.6 and d=4.8 um. We find that the chiral dopant reorients the LC molecules and
induces severe LC distortions. These distortions extend from the bright-pixel to the
dark-pixel areas, which optically generate many unwanted light fringes. Hence, the contrast
ratio is very poor in this condition. In order to obtain high reflectance and high contrast
ratio simultaneously, we can reduce the cell gap to minimize the fringing-field effect.
Adjusting the d/Py ratio can also achieve a better performance in this mode. Figure 3.6
shows the dependency of contrast ratio on d/Py ratio in the 63.6°-TN mode with d=2.1 um.
As shown in this figure, the largest contrast ratio (~110:1) occurs at around d/P;=0.45.

Besides, a too large or too small d/P ratio will deteriorate the contrast ratio.
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Fig. 3.5 Simulated results of (a) the broad band RV curve, (b) the broad band green light iso-contrast
viewing diagram, and (c) the LC director and the reflectance profiles of NB 63.6°-TN mode
with =0°, dAn==508 nm, and d/p=0.6.
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Fig. 3.6 Calculated results of the contrast ratio with respect to d/p ratio for 63.6°-TN mode with d=2.1 um.

NB 45 <TN Mode

This mode was first reported by Grinberg et al [10]. The cell parameters are as
follows: twist angle #=45°, p=0°, dAn=533 nm, and'd/P,=0. Figure 3.7 (a) depicts the 1D
simulated voltage-dependent reflectance curves. Fhe turned-on voltage is only 2.8 V due to
the high dAn value. However, the maximum-normalized reflectance R, is only 96%.
Adding chiral dopant in LC may increase the reflectance; however, the director distortions
generated by fringing fields become more severe and the response time is increased.
Moreover, a negative chiral dopant (i.e., opposite to the LC twist sense) will cause
instability to the LC twist structure. Figure 3.7 (b) shows the calculated results of
iso-contrast viewing diagram. Within the 10° viewing cone, the contrast ratio exceeds
1000:1. The 2D simulation results with d=5 um are demonstrated in Fig. 3.7 (c). The
calculated optical filled factor is 70.6%. We find that the light leakages caused by fringing
fields are much more severe than those in the MTN cells due to the relatively thick cell gap.
It is found that the whole bright area is shifted into the right-hand dark pixel. This effect
will cause image blurs and deteriorate the contrast ratio. We can also reduce the cell gap to
minimize the fringing-field effect. By using 2.2 um cell gap, the bright area is shifted back

to the normal position and the optical filled factor is about 85.6%; however, a high
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birefringence (An=0.24) material is necessary to meet such a cell gap requirement.

simulation results are shown in Fig. 3.8.
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Fig. 3.7 Simulated results of (a) the broad band RV curve, (b) the broad band green light iso-contrast
viewing diagram, and (c) the LC director and the reflectance profiles of NB 45°-TN mode

with =0°, dAn==533 nm.
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Fig. 3.8 Simulated reflectance of NB 45°-TN mode with d=2.2 um.

NB 52 2TN Mode

This mode has $=52°, B=0° and d/P;=0. The main advantage of this mode is that its
maximum normalized reflectance can reach 100% without using any chiral dopant [11]. For
@¢#52°, chiral material must be employed to boost the'reflectance to 100%. However, as we
have already mentioned, chiral dopant.is unfavorable.in-many aspects. Figure 3.9 (a) plots
the 1D simulated voltage-dependent reflectance-curves with dAn=517 nm. Figure 3.9 (b)
shows the calculated results of iso-contrastviewing diagram with V,,=2.8 V and V,4=0.7 V
under a broadband green light. Similarly, the contour line for 1000:1 contrast ratio goes
beyond 10°. Basically, the performance of NB 52°-TN mode is very similar to that of NB
45°-TN mode except for a higher reflectance. Both modes have low operating voltage, but
suffer from severe fringing-field effect. Figure 3.9 (¢) demonstrates the 2D simulated
results with d=4.8 um. The calculated optical filled factor is 79.6%. Similarly, an optical
bounce at the left-hand dark pixel and the shifted bright area into the right-hand dark pixel
is revealed due to the fringing-field effect. The effect is even stronger than that in the
45°-TN. By reducing the cell gap to d=2.2 um (by using An=0.24), the fringing fields are
suppressed significantly and the calculated optical filled factor is raised to 91.5%. The

results are shown in Fig. 3.10.
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Fig. 3.10 Simulated reflectance of NB 52°-TN mode with d=2.2 pm.

3.2.2 Non-twisted LC modes
3.2.2.1 Vertically aligned mode (VA)

For VA mode, the LC molecules are aligned nearly perpendicular to the substrate
surfaces, except for a small (~2°) pretilt angle. The LC material employed should have a
negative dielectric anisotropy. Since the residual phase of the dark state is very small, VA
mode exhibits a very good contrast ratio between two-crossed polarizers. Moreover, the
contrast ratio is relatively insensitive to:the-ineident wavelength, cell gap, and operation
temperature fluctuation. Hence, VA mode holds promise for LCOS application. Figure 3.11
(a) shows the 1D simulated voltage-dependent reflectance curves of a VA cell with
dAn=192 nm. The contrast ratio of the reflective VA cell exceeds 2000:1 at any off-normal
angle along the vertical and horizontal directions. However, the contrast ratio is poor at the
45° and 135° azimuthal angles. To improve the viewing angle performance, a negative
c-plate is needed."” Figure 3.11 (b) shows the calculated results when a negative c-plate
with (dAn)g,m=-183 nm is employed. We see the contour lines corresponding to 2000:1 and
1000:1 contrast ratio reach 17° and 22° polar angle, respectively.

Although VA mode has several advantages, it has a serious problem on the strong
fringing-field effect. Figure 3.11 (c) demonstrates the 2D simulated results with 2.3 um cell
gap. As shown in the figure, the dark pixels have an excellent black state. However, the

fringing field induces a relatively wide dark line near the right edge of the bright pixels.
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This dark line splits the bright pixel into two unequal parts and drastically reduces the
optical filled factor. The integrated optical filled factor is only 70.2%. In addition, the LC
distortions caused by fringing fields even encumber the dynamic switching of the image
and produce a very slow transition in the dynamic process, as will be addressed later.
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Fig. 3.11 Simulation results of (a) the broad band RV curve, (b) the broad band green light
iso-contrast viewing diagram, and (c) the LC director and the reflectance profile of VA
mode with p=45°, dAn==192 nm and (dAn)..,=-183 nm.
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3.2.2.2 Film-compensated homogenous mode (FCH)

A homogeneous cell is known for its fast response time. However, its dark state voltage is
too high unless a phase retardation film is used [11]. The principal axis of the film is oriented

to be orthogonal to the LC axis such that their phase retardations are subtractive:

_4n(dAn, —d,An,)
- p

)

(3.5)

Where d;» and An;, represent the cell gap and birefringence of the LC cell and
compensation film, respectively. Fig. 3.12 (a) shows the simulated green band reflectance
profile for homogeneous cell without any compensation film. The phase retardation of LC
cell diAn;is 184 nm and B angle is 45°. The on pixel is set at 4 volts and the adjacent off
pixels are set at 1.5 volts. In this condition, the dark state is poor due to the residual phase
from the boundary layers. After carefully.choosing a.compensation film with suitable phase
retardation, the residual phase can be eliminated. Fig. 3.12 (b) gives the simulated
reflectance profile of a FCH with dyAn,=52 am. As'shown in the figure, the dark state in
this condition is much better. However, the light leakages due to the fringing-field effect
still appear at the dark pixels which are obstacles for realizing high image quality.

The main advantage of FCH mode is the low dAn value. It guarantees a thin cell gap
which efficiently boost the optical response time of the LC cell. A drawback of this mode is
the narrow range of dark-state voltage, which means that any thermal fluctuation may cause
light leakage in the dark state. Using smaller d;An; can widen the range of dark-state

voltage. However, a higher voltage must be applied to ensure a good dark state.
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3.3 Influences of the cell structures
3.3.1 The effect of pixel pitch

Obviously, the fringing-field effect is strongly influenced by pixel pitch [13]. When
pixel pitch decreases, fringing fields become stronger. When the pixel pitch is larger, the
region influenced by fringing fields occupies smaller fraction of the adjacent pixels area as
shown in Fig. 3.13. Figure 3.14 shows the simulated pixel pitch dependent contrast ratio for
each mode with dark-bright-dark pixel configuration. As the pixel size decreases, the
contrast ratio decreases. Based on the figure, the MTN modes can reach higher contrast
ratio than the TN modes by taking the advantage of smaller fringing-field effect in every
pixel pitch. Among all the modes, the 63.6°-TN mode has the lowest contrast ratio. This
mode suffers strong fringing-field effegt due to,the influences of chiral dopants and, as a
result, the contrast ratio is limited to:~15:1. ‘ It is alsb noteworthy from the figure that the
contrast ratio of the 90°-MTN cell 1s higher tl‘lan‘that of jthe VA mode after the pixel pitch
becomes smaller than 14 pum. Because the 90°-MTN ‘is relatively not sensitive to the
fringing-field effect, the contrast ratios maintain ‘at around 220 after the pixel pitch reduced
to 12~14 pum. Hence, the 90°-MTN should be considered a promising candidate when

designing a high resolution display.

o Glass ’ 4 Glass ’

LC layer
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Fig. 3.13 Sketch of the influence of the pixel pitch to the fringing-field effect.
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Fig. 3.14 Calculated contrast ratio of each LC operation mode at dark-bright-dark state with
respect to the pixel size.

3.3.2 The effect of cell thickness

Cell gap is another important factor affecting the fringing-ﬁeld effect. The fringing field
is restrained when the cell gap is small. Figl‘lr‘e 3.15 derﬁonstrates the concept of reducing
fringing field by shrinking cell gap."As shown in‘the ﬁgﬁre, the electric fields only slightly
extend to the adjacent pixel when the cell'gap “is small. As the cell gap increases, the
fringing fields stretch out more. The cell gap effect is especially important when the TN
cells are employed. In a TN cell, the LC dAn value must be large enough to satisfy the

polarization rotation effect. Therefore, a thicker cell gap is usually used in TN cells.

Glass ‘
ITOQ— . / |
Electric field Class /
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Fig. 3.15 Sketch of the effect of cell gap.
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Figure 3.16 summarizes the contrast ratios for the aforementioned NB TN modes under
different cell gaps. As shown in the figure, a very poor contrast (~50:1) is obtained when
the cell gap is around 5 um. With the cell gap is reduced to ~2 um, the contrast ratio
exceeds 500:1 for both 45°-TN and 52°-TN modes. Although the contrast ratio of 63.6°-TN
mode also rises as the cell gap shrinks, the chiral dopant still causes disorder in the cell and
limits the contrast ratio. For such a small cell gap (~2 um), high birefringence LC materials
with An~0.24 must be used to satisfy the dAn requirements. For the VA and MTN modes,
the phase retardation of the LC cell do not need to be as high as those of TN modes since
the birefringence effect is involved. Therefore, a thinner cell gap can be achieved without
using a high birefringence LC material. High optical efficiency and contrast ratio can be
obtained when using a thinner cell gap. However, the influence of the cell gap for VA mode
is not so obvious. The distortions of L€ directors in the bright pixel are triggered by small
fringing fields and extend to the adjacent regime in.a long dynamic process. The optical
filled factor is only slightly improved from 70.2%-to 71:8% even the cell gap is reduced to
1 um. A newly developed method for eliminating the fringing-field effect of VA cell will

be addressed in Chap. 4.
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Fig. 3.16 Calculated contrast ratio of 63.6°-TN, 45°-TN and 52°-TN at dark-bright-dark state with
respect to cell gap.
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3.3.3 The effect of pretilt angle

Pretilt angle is also found to be influential to the fringing-field effect, especially in VA
mode LCOS devices [14]. Fig. 3.17 sketches the effect of pretilt angle to a negative liquid
crystal. As shown in the figure, the LC molecules with high pretilt angle can be
reverse-tilted easily even when the fringing field is only slightly bended. Under the same
condition, the LC molecules with lower pretilt angle are maintained normal-tilted, which
means the LC distortions area will be smaller. Fig 3.18 (a) shows the simulated reflectance
profiles of VA cells at dark-bright-dark state with their pretilt angles varies from 85° to 88°.
The pixel pitch is 15 pm and the interpixel is 0.9 um. As shown in the figure, the dark
stripe in the bright pixel moves more toward the inter-pixel gap area when lower pretilt
angle is adopted. The calculated optical filled factor is presented in Fig. 3.18 (b). It is
shown that the optical filled factorican be slightly raised as a lower pretilt angle is
employed. In addition, the dynamie response of the LCOS panel when switched from the
dark-brigh-dark state to the all-bright state-is-faster for those with lower pretilt angle as
shown in Fig. 3.19. However, since the LC distortions still exist, the improvement is very
limited. Furthermore, since lowering pretilt angle will reduce the contrast ratio significantly,

the tradeoff may not be worth-taken.
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Fig. 3.17 Sketch of the effect of pretilt angle to negative liquid crystal molecules.
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Fig. 3.19 Calculated optical filled factor with respect to evolution time of VA cell after switched from
dark-bright-dark state to the all-bright state with pretilt angle varies from 85° to 88°.

3.3.4 Electrode slope effect

During the manufacturing process, the electrode edges may not be as steep as we
presume. There should be a finite electrode slope which may influence the distributions of
fringing fields near the pixel edges [15,16]. The slope of electrode is sketched in Fig. 3.20(a)
and defined as s=h/b, where h is the thickness of the aluminum electrode, and b is the
length difference between the electrode top and the bottom. Here we analyze the effect of
electrode slope for the three most attracting LC operation mode that we have mentioned:
90°-MTN, film-compensated 45°-MTN and VA modes. Figure 3.20(b) presents the

calculated contrast ratio with respect to the electrode slope ranging from 0.3 to o when the
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panel is operated at the dark-bright-dark state. Based on the calculated results, VA mode has
its contrast ratio decreased monotonically as the electrode slope decreases. Therefore, the
electrode slope should be as close to infinity as possible. For 90°-MTN mode, we can find a
minimum contrast ratio when the slope is around 1. Either a higher or lower slope can give
a higher contrast ratio. For film-compensated 45°-MTN, the calculated contrast ratio is not
that sensitive to the electrode slope. Nevertheless, we can still obtain the highest contrast
ratio when the sharp electrode (s=w0) is employed. The detailed mechanism of this

phenomenon is beyond the scope of this thesis and will not be discussed.
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Fig. 3.20 (a) Sketch of the electrode slope; (b) Calculated contrast ratio with respect to the electrode slope
ranging from 0.3 to oo at dark-bright-dark state for 90°-MTN, 45°-MTN and VA mode.

3.4 Dynamic response of the panel switched from the
dark-bright-dark state to the all-bright state

The response time of LCOS devices are usually faster than those of the direct view

displays due to its relative thinner cell gap. For MTN and FCH cells, the response time is
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relative fast due to its thin cell gap. For TN modes, the requirement of larger cell gaps
results in much longer response time. In addition, an even longer time is needed to reach
the stable state if chiral dopants are added in the LC mixture. The use of a thinner cell gap
with a high birefringence material would help to reduce the response time for the TN
modes. It is noteworthy that the dynamic behaviors of LCOS devices are influenced by the
LC distortions generated by fringing fields. This phenomenon is especially obvious in VA
mode when the panel is switched from the dark-bright-dark to the all-bright patterns.
Although the cell gap of a VA cell is only around 2 um, it still takes a long time to reach the
stable state [17,18]. Figure 3.21 shows the calculated transient states for such a VA cell with
d=2.3 um amd 0=88°. The fringing-field-caused LC distortions take an extreme long time
to be relaxed back to the normal condition. This relaxation time is influenced by the LC
viscosity and the boundary conditions’As shown in the figure, the light efficiency is only
65.6% after 90 ms. Under such conditions, image blurring will occur for a moving object

and, thus, the image quality is drastically:deteriorated.
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Fig. 3.21 The calculated transient states of VA mode when switching from the dark-bright-dark state
to the all bright state. The cell gap is 2.3 um and the pretilt angle is 88°.
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3.5 Conclusion

Detailed analyses on fringing-field effects of twisted and non-twisted LC modes for
LCOS devices are presented. Overall speaking, NW MTN modes have weaker
fringing-field effect because of the thinner cell gap. However, a uniaxial compensation film
is needed to obtain a good dark state at low applied voltage for the twist angle less than 90°.
For NB TN modes, the fringing-field effect is strong due to the thick cell gap. Reducing
cell gap can minimize the fringing fields effectively and improve contrast ratio. However,
high birefringence material must be used to satisfy the large dAn requirement. Adding
chiral dopant for improving reflectance would cause severe disorders of the LC directors.
The tradeoff may not be worth of taking.

For non-twisted LC operation modes, FCH and VA cells were analyzed. For FCH mode,
the dark state needs to be compensated using a retardation film. Although the low dAn
value guarantees a fast response time, the light- leakages caused by fringing fields
significantly decrease the image quality~of thismode. For VA mode, the contrast ratio is
very high due to the extremely small résidual phase in the voltage-off state. The main
problem of VA mode is that the strong fringing field produces a broad dark line in the bright
pixels in the dark-bright-dark pixel configurations. The dark lines decrease the optical
efficiency drastically. Furthermore, the transient states evolution of the disclination line in
VA mode is very slow after changing the applied voltages. This would blur the dynamic
images.

The influences of pixel pitch, cell gap, pretilt angle and electrode slope to the optical
performance of LCOS devices are also discussed in this chapter. Based on the simulated
results, smaller pixel pitch presents stronger fringing-field effect. Decreasing cell gap
effectively reduce the fringing-field effect in TN modes. However, the requirement of high

birefringence LC material limits its application. Lowering pretilt angle in VA mode can
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slightly release the fringing-field effect. The tradeoff of lower contrast ratio in this
condition may not be worth taken. The electrode slope is also an important factor to
fringing-field effect. It was demonstrated that the sharp electrode gives the best
performance for VA, 90°-MTN and 45°-MTN modes.

Table 3.2 compares the performance of the LC operation modes that we have analyzed.
We found that two of them are especially attractive for LCOS applications. First, the
45°-MTN mode has the advantages of high reflectance, high optical filled factor and
relatively weak fringing-field effect. Furthermore, the fast response makes it particularly
suitable for time-sequential devices. Second, when considerations all come to contrast ratio,
VA mode is still very promising. The main drawback is its strong fringing-field effects in
both static and transient states. A novel VA-LCOS device utilizing the properties of
circularly polarized light has successfully eliminated the fringing-field-caused problem as

will be introduced in the next chapter.

Table 3.2 Summary of the performance of each LC operation mode.

90'-MTN  63.6-MTN  45-MTN 63.6™-TN 45°-TN 52°-TN VA FCH
Optical Filled Factor (%) 84.7 92.7 96.7 70.6 70.6 79.6 70.2 98.3
Max Reflectance(%) 87 99 100 100 96 100 100 100
Contrast Ratio
(checkerboard) 261 87 178 14 51 55 298 93
Viewing Cone . . . . . . .
(1000:1) 8 11 10 12 10 10 22
Fringing Field Effect Weak Normal Normal Severe Strong Strong Severe Normal
Others Issues need film need film Vneeavi high .neec.i high Inee('i high Need need film
birefringence birefringence birefringence c-plate
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Chapter 4
Circularly Polarized Light [lluminated
Vertically Aligned LCOS Device

4.1 Introduction

The influences of the fringing-field effect in different LC modes have been investigated
in the last chapter. Among them, the vertically aligned (VA) LCOS is particularly promising
because of its inherent high contrast ratio. However, the light loss of a VA-LCOS due to the
fringing-field effect is relatively high (>30%) when a linearly polarized light is employed
[1,2]; this device is abbreviated as LRVA cell for convenience. Hence, the sharpness and
brightness of the displayed images are deteriorated: tremendously. Moreover, the optical
transition time of the LPVA LCOS ‘switched from the alternate bright and dark states to the
all-bright state is extremely slow which results in blurred images as have been already
mentioned previously [3,4].

In this chapter, we demonstrate a novel device called the circularly polarized light
illuminated vertically aligned (CPVA) liquid crystal cell which not only preserves the light
in the presence of the lateral fringing field but also gives a fast optical switching time (<10
ms) to eliminate the blurring of the moving images [5,6]. We first simulate the LC directors
distribution and optical performances of the CPVA and the LPVA cells and then apply the
de Vries theory to interpret these optical properties. Finally, we present the confirming
experimental results using a LCOS device.

Although our analyses are concentrated on the reflective LCOS devices because of their
severe fringing-field effect, these treatments can be applied equally well to the transmissive

microdisplays, such as HTPS and LTPS panels.
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4.2 Simulation results

Figures 4.1 (a) and (b) depict the optical configurations used for the CPVA and LPCA
device studies, respectively. As shown in Fig. 4.1 (a), the incident light is linearly polarized
by a polarizing beam splitter (PBS) along the x-axis. The light will then traverse through

the LC layer, whose rubbing direction deviates from the x-axis by an angle [=45°.
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Fig. 4.1 Schematic drawing of the systems used for (a) the LPVA device and (b) the CPVA device.
PBS=polarizing beam splitter; P=polarization axis, R is the LC alignment direction at the
front surface.

The reflective pixel electrodes fabricated in the device will reflect the light back to the LC
layer. After passing the LC layer the second time, the outgoing light will be analyzed by the
PBS and directed to the detector. For the CPVA device, a broadband circular polarizer is
used instead of the PBS, as shown in Fig. 4.1 (b). Therefore, the incident light is circularly
polarized and modulated by the LC cell. After traversing through the LC layer twice, the
light will be analyzed by the same circular polarizer and directed to the detector. For the
following simulations and experimental results, the LCOS panel is operated at the alternate
bright and dark states with the on-state voltage V,,=5 V and the off-state voltage V=0 V.
Here the turn-on voltage corresponds to the maximum reflectance. The pixel size is 11.5

um, the inter-pixel gap is 0.5 um, and the cell gap d=2.6 um. The LC pretilt angle 6=88°
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and the LC material used for simulations is Merck MLC-6608; its extraordinary refractive
index ne=1.5578, ordinary refractive index n,=1.4748, and dielectric anisotropy Ae=—4.2.

Figure 4.2 presents the simulated results of the LC director distribution and the
corresponding reflectance profiles, Rcp(x) [top] and Ryp(x) [middle], at the dark-bright-dark
state [bottom] for the CPVA and the LPVA systems. And Fig. 4.3 shows the calculated
azimuthal angles (&) of the LC directors along the z direction at the specified x positions,
X=X1, Xa, Xp and x, as denoted in Fig. 4.2. From Fig. 4.2, the fringing fields penetrate into
the voltage-off pixels from both right and left edges of the voltage-on pixel. Without the
electric field, the director n of this vertically aligned cell is parallel in a plane with an
azimuthal angle of 45° from the x-axis. With the field on, the LC directors on the substrate
surfaces are pinned due to the strong anchoring boundary condition. The largest polar angle
appears near the middle plane because the negative. type (Ae<0) LC molecules tend to
orient themselves perpendicular to-the.electric field. Therefore, the director profile can be
regarded as a screw-like structure-with.its-helical axis along z-axis and have opposite
rotational sense in the upper and lower parts.

With regard to the optical properties, it is shown in Fig. 4.2 that there are two LC
domains separated at x,, where the dark line occurs on the bright pixel of the LPVA
system. At x,, nearly all the directors are aligned in the y direction. On the left and right
sides, the directors have their maximum twist angles smaller and larger than 45°,
respectively. In the LPVA cell, a reflectance peak is displayed in each domain, i.e. Ryp(Xa)
and Ry p(Xx3), while R p(xp) displaying a minimum reflectance. The R 1 p(x) is lying between
R rp(xa) (which is ~Rip(x2)), and Rpp(xp) in the rest area of the voltage-on pixel. The
accumulated light loss is as high as 30%. On the contrary, Rcp(x) is not influenced by the
director distortions in the x-y plane leading to a high sharpness and high brightness image

in the CPVA cell.
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4.3 Theoretical interpretation

As mentioned above, the LC director profile can be regarded as a screw-like structure
with spatially varying pitch, Py(z). Some studies have been made in such structure with
different models of Py (z) [7,8]. Here we interpret the optical properties qualitatively by de
Vries theory [9-11] for simplicity. Assuming a wave propagates along the helical axis of an
ideal helical structure with a fixed pitch Py. In general, there are two eigenwaves
propagating in the same direction. Their eigenvalues /;, i=1,2, satisfy the dispersion relation
which can be derived from solving the Maxwell’s equations supplemented by the

constitutive equation as derived in Chap. 2:

(ko +17+q3)° —4ql} —k! =0

4.1
where
kg :(2_”)2 (ne2 +n§)
A 2 (4.2)
2 _ 27, (n] —n))
kl — (= e o
( A ) 2 (4.3)

where qy=2m/Py and A is the wavelength of'the‘incident light. When P and A are known,
one can obtain the ellipticity of the eigenwaves as:

21,4,
k! +4qil} -k

(4.4)

where /; can be derived from Eq. (4.1) as:

I, =\/k§ +q; +4ky g5 + k) @.5)

The eigenwaves, whose polarization ellipse axes are either parallel or perpendicular to n,

have their phase difference accumulated to (/;- /;)z. From Eq. (4.4), if Po>>A >> Py(n.- n,),
then p —=1. In this regime, the eigenwaves are almost circularly polarized, which means
the oscillation direction of a linear wave will be rotated after passing the LC layer. The

optical rotatory power i (the amount of rotation per unit length) is given as:
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V=
84, (ks —4q5) (4.6)

Also from Eq. (4.4), if A << Py(n.- n,), then p —0 or co. In this regime, the eigenwaves are
almost linearly polarized at the direction parallel or perpendicular to n.

In the CPVA system, the light is preserved in the region of x;<x<x, as presented by the
reflectance profile Rep(x) in Fig. 4.2. This can be understood easily by the above arguments
with an approximated model, which is a non-twisted LC layer sandwiched between two
twisted layers. In Fig. 4.3, the twisted regimes near the substrates (0<z<dp) and di<z<d)
having their eigenwaves circularly polarized since the effective pitch (1.32um<|Py|<1.87um)
satisfies the condition of Py>>A>>Py(ne-no) for the visible light. The circularly polarized
light remains its polarization state after passing the top-twisted regime. Note that a
circularly polarized light can be regarded as the superposition of any two orthogonal
linearly polarized waves with the .same amplitude and n/2 phase difference. The
non-twisted uniform regime (d,<z<d-di), as-shown in" Fig. 4.3, with linearly polarized
eigenwaves provides a phase difference, say 0=mn/2, such that the resulted light is linearly
polarized in the direction at 45° from n. The reflected light that traverses through the
bottom-twisted regime twice (forwardly and backwardly) will have the same linear
polarization. Then the uniform regime changes it to be circularly polarized by gathering
another m/2 phase change. The polarization state of the outgoing circular wave will again
not be influenced after traversing through the top-twisted regime. Finally, almost all of the
light passes through the broadband circular polarizer. In other words, the CPVA system
preserves the input light efficiently.

On the contrary, for the LPVA system the input light is linearly polarized in the x
direction. The top-twisted regime will slightly rotate the plane of polarization according to
Eq. (4.6).The non-twisted regime will generally change the light to an elliptically polarized

light. The characteristic of the polarization ellipse depends on the angle between the local
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director n and the entering linear wave. At x= X3, most directors are aligned parallel in the y
direction. Since the incident light of the non-twisted region is almost linearly polarized in
the x direction, one of the linear eignewaves has almost zero amplitude while the other
remains oscillating in the x direction after having passed through this region. The reflected
light that traverses through the bottom twisted regime twice will maintain the same
polarization. i.e. along the x direction. The light will then traverse through the uniform and
the top-twisted regions the second time with its polarization almost unchanged as already
discussed above. Eventually, the outgoing light will be blocked by the analyzer resulting in
a minimum reflectance, Ry p(Xp). At X= X, as shown in Fig. 4.3, most directors without twist
deformation are aligned in the 45° direction with respect to the x-axis. Therefore, the two
linear eignewaves have almost the same amplitudes in this regime. By gathering a © phase
change after passing through the LC layer twice; the outgoing light will be linearly
polarized at the direction nearly perpendicular to.that.of the incident light, which results in
a maximum reflectance Ryp(X,). The reflectance-for the rest area can be deduced from the

same model and the results are in between Ryp(xz)and Ry p(xy).
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4.4  Experimental results

Figures 4.4 (a) and (b) depict the experimental results when the panel is operated at the
alternating bright and dark states for the LPVA and the CPVA devices, respectively. The
photos were captured by CCD through an optical polarizing microscope. It is clearly shown
that the image of the LPVA device is degraded by the fringing-field-effect severely. The
dark lines in the bright pixels originate from the distortion of the LC director profile
illustrated in Figs. 4.2 and 4.3. By contrast, Fig. 4.4(b) shows that the dark lines are totally
eliminated in the CPVA device. Therefore, the sharpness and the brightness of the displayed
images are enhanced significantly.

The CPVA optical system not only improves the static performance but also
dramatically reduces the dynamic response, time.of the LCOS panel. Figures 4.4 (¢) and (d)
show the photos of the LC panel switched ffom the alternate bright and dark states to the
all-bright state for the LPVA and the CPVA devices, respectively. The elapsed time after
switching is 198 ms in Fig. 4.4 (c) ahd 33 ms inFig. 4:4:(d). The distorted LC directors take
extremely long time to relax back to the original ‘state. The dark lines in the LPVA device
last for at least several hundred milliseconds after switching which causes a serious image
blurring effect. Since the distorted LC directors are mainly rotating in the x-y plane during
the relaxation process, the influence on the optical response of the CPVA device is very
small. Figure 4.5 shows the measured reflectance with respect to the elapsed time after
switching from the alternate bright and dark states to the all-bright state for the CPVA

device. The result indicates that the transition time is less than 10 ms.
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Fig. 4.4 Photos captured by CCD through the polarizing microscope of the LC panel operated at the
alternate bright and dark states for (a) the LPVA and (b) the CPVA devices. Photos of the LC
panel switched from the alternate bright and dark states to the all-bright state for (c) the
LPVA device at 198 ms after switching and (d) the CPVA device at 33 ms after switching.
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Fig. 4.5 Measured reflectance with respect to the elapsed time after switching from the alternate bright
and dark states to the all-bright state for the CPVA device.
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4.5 Optical engines for CPVA device

A circularly polarizer (CP) can be easily formed by combining a linear polarizer (LP)
and a quarter-wave plate with a 45 degree angle between their optical axes. In order to
widen the bandwidth of a CP, a half-wave plate is usually inserted between the LP and the
quarter-wave plate [12]. The relative directions of their optical axes are arranged as in Fig.
4.6. Note that the incident light (I) and the reflective light (R) have the same polarization

state, which means that PBS are not able to separate the incident light and the signal light in

R I
p
/)
/ LP
transmlssmn axis

Al2-plate

this condition.

1 Ald-plate

optical axis /5"

H}

Fig. 4.6 Sketch of the broadband circular polarizer which comprises a linear polarizer, a 1/2A-plate
and a 1/4A-plate.
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Fig. 4.7 The off-axis optical system for reflective CPVA device.
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One available optical engine for CPVA device is the off-axis system as shown in Fig.
4.7. This design was developed by Aurora corp.[13] As shown in the figure, the light is
incident on the LCOS panel with an oblique angle 6. The reflected light will be directed to
the projection lens with a different optical path. A broadband CP is placed on the incident
path to generate circularly polarized light, and another CP is placed on the reflective path to
analyze the signal light. It is obvious that the incident light and the signal light can be
separated regardless of their polarization states. However, the off-axis design is more

complicated and the viewing angle properties of the LCOS panel become more critical.

Lamp

Mirror A& == _ _ _

Projection lens

Fig. 4.8 The optical system using hologram film for reflective CPVA device.

Another candidate of the optical engine is the one using hologram film (HF) as shown
in Fig. 4.8. This system was first presented by JVC corp. as mentioned in Chap. 1. By
appropriately designing the HF, the oblique incident light that passes through it will be
directed to the LCOS panel in the normal direction. A broadband CP is placed between the
HF and the LCOS panel to generate the circularly polarized light. The reflected light will be
analyzed by the same CP and pass through the HF again without any interference. Finally,
the signal light will enter the projection lens. It is noteworthy that JVC’s design was
intended for one panel system. Therefore, the alignment of the HF is very critical in order
to direct the R, G, B light into their corresponding subpixels. This issue can be ignored in
the CPVA system because the three-panel engine can be employed. It was shown that the
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light efficiency of the HF for single-panel system can reach 40% [14]. It is believed that by
optimizing the HF based on Kogelnik’s theory [15], the light efficiency can be much higher
for the CPVA system.

The third design of CPVA’s optical system consist a Faraday rotator between the
broadband CP and the PBS as sketched in Fig. 4.9. In this case, the normal-incident
condition is preserved. The plane of polarization of the incident light will be rotated by an
angle O after it passes through Faraday rotator [16].6; can be controlled by external

magnetic field B as:
0, =V,Bl (4.7)

where V/; is the Verdet constant and / is the length of the rotator along the light propagating
direction. The light will than encounter the, broadband CP and the LCOS panel. After
modulated by the LC layer, the reflected light 'will. pass through the Faraday rotator again.
Therefore, the total rotation angle will be 2&. By setting £=45°, the plane of polarization
can be rotated by 90° which is identical to.the-condition of LP system. Therefore, the PBS

can be employed to direct the signal light te'the'projection lens.

Lamp
[~ /_PBS
4—. \
Projection lens -~ Faraday
[ ] rotator
O 1/2x plate
+—— P-wave [ ]
[ J—1/4A plate
® Swave s . <> >
z
(L)—»x [ W off | Von 1— LCOS panel

Fig. 4.9 The optical system using Faraday rotator for reflective CPVA device.

The transmissive CPVA optical engine is sketched in Fig. 4.10. As shown in the figure,
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the system is simply formed by each LC panel sandwiched by two CPs. Despite of that,
there is no additional modification on the optical engine. The simplicity of the transmissive
CPVA system makes it more promising for the high-definition projection displays.

M1% X«Az
! CP1G) TN cpa2 (B)

HTPS LCD (G
CP1 (e)( "\ | ==1iTPs Lo ()

% ______ h I_ — Projection
g G v lens
. ———= CP2(R)
A K_ g X-cube E==7HTPS LCD (R)
----- )? ézcm (R)
R/ DM M3

Lamp

Fig. 4.10 The three-panel optical system for transmissive CPVA high-temperature poly-Si LCD.

4.6 Conclusion

We have demonstrated a circularly polarized light illuminated vertically aligned LCOS
microdisplay. The long standing problems of poor. sharpness and low brightness in the
conventional device illuminated by a linearly ‘polarized light are successfully overcome.
Furthermore, the dynamic transition time of the CPVA device switched from the alternate
bright and dark states to the all-bright state is less than 10 ms, which is adequate to
eliminate the blurring of moving images in the LPVA device. The optical properties are
interpreted qualitatively by the de Vries theory. Applicable optical engines for CPVA
devices are also discussed. Potential applications of this device for high contrast and high
optical efficiency reflective LCOS and transmissive p-Si TFT-LCD projection displays are

foreseeable.
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Chapter 5
Diffraction Effect of the LCOS Devices

5.1 Introduction

In projection displays, compactness is favorable when designing optical engine.
Therefore, the dimensions of the optical parts and the LCOS panels need to be as small as
possible. In order to maintain high resolution on such small panels, the pixel pitch
fabricated on the silicon backplane can be made comparable to the wavelength of visible
light. In this condition, the periodic pixel electrodes function as a reflective grating which
causes significant light scattering and diffraction effect. The diffraction light propagates
along the direction deviated from the axis, of optical system may not enter the projection
lenses and cause severe light loss..In ordér to‘analyze the diffraction effect of LCOS
devices, a rigorous simulation method is needed when analyzing the performance of a
LCOS panel. The conventional matrix-type methods based on the assumption of stratified
medium are no longer suitable in this condition.” As introduced in Chap. 2, the extended
beam propagation method for optical simulations of reflective liquid crystal display is
developed [1,2]. This diffraction-included method is especially helpful for predicting the
optical performance of high-definition liquid crystal displays [3-6]. In this chapter, we
analyze the effect of diffraction on light efficiency of the optical system. The influence of
pixel pitch to the efficiency is also investigated. Based on the simulated results, the
diffraction effect can be compensated for some specific wavebands when adjusting the

structure parameter of LCOS panel appropriately.
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5.2 The influence of the pixel pitch to the light efficiency

From the derivation in Chap.2, the field components of reflective waves can be
obtained using the extended beam propagation method. It is important to further investigate

the angular distribution of the light intensity, which is called the intensity angular spectrum.
By using the Fourier transform, the amplitude angular spectra, 4, (%), of the transverse

fields, £ and £, are given as follows [7]:

1

/2 —cos” ax)]dx, (5.1)

a o .
4., (I) = jf .y €xp[j27 cos(
where A is the light wavelength in the propagating medium and o represents the cosine of

the beam propagating direction depicted in Fig.4.1.

In
f
) n(x, Z)
cost ; ¥
9 ;
g mirror
_____ QI? s )é
mirror image
T

Fig. 5.1 Schematic representation of angle definitions and mirror image of reflective LCOS device.
Finally, the output intensity angular spectrum is expressed as:

a
1(1) =4 +4, (5.2)
Equation (4.2) represents the spectrum of the light at the end of the propagation which is
prior to enter the cover glass. When considering the spectrum of the light exits from the LC

panel, the refraction at the interfaces of the cover glass and the air must be taken into

consideration. As a consequence, the final propagating angle, 6,, is given as follows:
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0, = sin”' (Mg % sin(cos ™ &) (5.3)

where the n'.; represents the effective refractive index at the end of propagation in the LC

layer. We then define the light efficiency of the LCOS optical system as, 7, as follows:

I 1(?)
n="tA, (54)

where [;,1s the intensity of the incident light and 6, represents the acceptance angle of the

optical system which is related to the f-number (F4) of the projection lenses:

0, =tan™ (#) (5.5)

#

Figure 5.2 sketches the acceptance angle of the projection lenses.

&—"—5Projection
| L lenses

LCOS panel

Fig. 5.2 Sketch of the acceptance angle 6, of the light waves propagating from the LCOS panel to the
projection lens.

Here we focus on two specific LC operation modes, VA and finger-on-plane (FOP) modes.
FOP mode was first developed by Electronics Research & Service Organization (ERSO),
Industrial Technology Research Institute (ITRI) [8,9]. The main characteristic of this mode is
its tiny common electrodes fabricated on top of the pixel electrodes. Using this specific
structure, it can effectively eliminate the fringing-field effect of LCOS panel. However, the
tiny common electrodes are found contributive to the diffraction effect and result in a poor

l,ight efficiency as will be discussed in the following.
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Figure 5.3 shows the cell structures used for the 2D simulations of the LC director
distributions and the light efficiencies. The dAn equals 207.5 nm for the FOP mode and 190.9
nm for the VA mode. The LC parameters used for simulations are based on the commercial

material MLC-6608.

Glass

LC layer

AI(Vcommon)
minislvimmisisisisslinislisls

Isolation layer

d,
Al (Rp) | | Al (Rp) | | Al (Rp)
Silicon Substrate

(@)

Glass
ITO

LC.layer

Al (Rp) Rl Al (Rp) Rl Al (Rp)
Silicon substrate

(b)
Fig. 5.3 Cell structures used for 2D computer simulations of (a) FOP mode (b) VA mode.

The LCOS panels are both illuminated by a normally incident linearly polarized light.
The angles between the direction of polarization and the LC rubbing direction on the top
glass are 0" and 45° for the FOP mode and the VA mode, respectively. In our optical engine,
we assume Fy= 2.8, which indicates 6,~10° from Eq. (5.5). In order to investigate the
influence of the pixel pitch (P) to the light efficiency, we varied the P/A value from 30 to 2.5
with a fixed inter-pixel gap (0.7 um). The LC layer is divided as a grid with the spatial step
Ax=100 nm and Az=50 nm during the numerical analyses. In simulations, we assume
Rp,=90% and R,=0% for the pixelated aluminum electrodes and absorptive black matrices

underneath the interpixel regions, respectively.

Figures 5.4 plots the calculated light efficiencies (6,=10°) of the LCOS devices with
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respect to the P/A value when all the pixels are turned off for the FOP. The results calculated
by the Jones matrix method are also included in the figures. From Fig. 5.4, the light
efficiencies predicted by the BPM are much lower than those given by the Jones matrix
method. In reality, the comb-like common electrodes on the bottom substrate of the FOP
device are acting as a phase grating. The light waves encountered these electrodes will be
scattered and diffracted to various angles. The light waves propagating outside the acceptance
angle of the projection lens are wasted. Thus, the overall light efficiency is decreased. It is
well known that from the grating formula, mA = gsin@ (where m is the order of diffraction,
g is the grating pitch, and 6 is the diffraction angle), the diffraction angle gets larger as the
pitch becomes smaller [10]. Therefore, a smaller pixel pitch generally gives a lower light
efficiency in LCOS devices. However, some exceptions may occur. For example, when P/A=5
in Fig. 5.4, the diffraction angle of the first order light exceeds the critical angle of the total
internal reflection at the glass-air interface. Hence; the energy will not escape from the device

leading to a higher light efficiency than thelarger.P/A case.
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Fig. 5.4 Computer simulated light efficiencies (£,=10°) with respect to P/A value of FOP-LCOS
devices at voltage-off state by extended BPM and Jones matrix method.

We have shown that the BPM describes reasonably well the optical behavior of the

FOP device. The Jones matrix results maintain almost identical for different pixel pitch and
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are much higher than those obtained from BPM. Basically, the Jones matrix method treats
the bottom substrate only as a specular reflector. Figure 5.5 shows the intensity angular
spectrum calculated by both methods with P=7.7 um and A=540 nm. It can be easily seen
that without considering the diffraction effect, the signal light waves mainly propagate

along the normal direction, which will cause an unbearable error in the real system.
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Fig. 5.5 Simulated intensity angular spectrum with P=7.7 pm and A=540 nm for FOP mode.

In the case of VA mode, an absofption material (black matrix) is employed underneath
the inter-pixel gaps. In the voltage-off state, the device is acting as a slit grating. The
calculated light efficiencies from the BPM and the Jones matrix method are almost the
same as shown in Figs. 5.6 (a) and (b). The light efficiency calculated by Jones Matrix
depends on P/A because of the influence of the dark inter-pixel gaps. These dark gaps act as
slits and generate periodic intensity profiles of the signal light. Therefore, the diffraction
effect induced by these gaps can still be analyzed via the angular spectrum even though the
fields are calculated by the Jones matrix method. However, when the voltages between the
adjacent pixels are different, which is common seen when an image is displayed, the
diffraction and scattering induced by phase difference and the variation of LC directors are
not included by using the Jones matrix method. Therefore, we simulated the extreme case

in which one pixel is on and its adjacent pixels are off, i.e. the off-on-off configuration.
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Fig. 5.6 (a) Simulated light efficiencies with respect to P/A value of VA-LCOS devices at voltage-off
state by extended BPM and Jones matrix method, and (b) simulated intensity angular
spectrum with P=7.7 pm and A=540 nm.

Figure 5.7 (a) shows the calculated light efficiencies of the VA device as a function of
P/N. Although this figure still shows almost identical results between the two methods, the
optical behaviors are very different. Figure 5.7 (b) shows the calculated intensity angular
spectra with P=7.7 um and A=540 nm. As shown in:the figure, the intensities of the signal
light near the normal direction calculated by the BPM are much lower than those by the
Jones matrix method. The intensity of'the zeroth order-diffracted light, Iy, is also calculated
with respect to the P/A value as shown in Fig. 5.7 (c). The [, calculated by the BPM is
always lower due to the light scattering and diffraction by the various LC orientations
around the pixel edges. These results are especially important for designing a projection
display, because accurately predicting the angular distribution of the light intensity can

prevent many unwanted image aberrations in the optical system.
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Fig. 5.7 Computer simulated results of VA mode with off-on-off pixel configuration by extended
BPM and Jones matrix method: (a) light efficiencies (6,=10°) of LCOS devices with respect
to P/A value, (b) intensity angular spectrum with P=7.7 pm and A=540 nm, and (c) the
intensity of zeroth-order diffracted light, /,, calculated with respect to P/A value.
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5.3 Phase-compensated finger-on-plane mode

The extended BPM simulator is useful to design high resolution LCOS devices. By
using this method, we can modify the structure of FOP mode to relax the diffraction effect
by phase compensation between the propagating beams. As shown in Fig. 5.3 (a),
appropriately selecting the thickness (di) and the refractive index of the isolation layer
between the common electrodes and the pixel electrodes can reduce the diffraction effect in
some specific wavebands. The modified structure is called phase-compensated
finger-on-plane modes. The simulated light efficiency with respect to the wavelength for
the FOP mode (P=15.5 um) with different d; as shown in Fig. 5.8. Here we assume the
material of the isolation layer is SiO, whose refractive index is about 1.46. From the figure,
the green band exhibits a higher efficiency at.di=115 nm while the red and blue bands favor
di=150 nm. Therefore, one can boost, theéfficiency.of the FOP device in a two- or

three-panel projection system by optimizing the'd; corresponding to the RGB bands.
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Fig. 5.8 Calculated light efficiency by reflective BPM with respect to wavelength for FOP mode
(P=15.5 um) with d=115 nm and 150 nm.
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5.4 Conclusion

The conventional matrix-type methods can not authentically exhibits the optical
characteristics when the pixel pitch becomes comparable to the wavelength. We extend the
beam propagation method, which was commonly employed in the waveguide calculations,
to simulate the optical performance of the high resolution LCOS devices. Light scattering
and diffraction effects are included in the simulations. Two promising LC modes: vertically
aligned and finger-on-plane LCOS devices are analyzed. Our results indicate that both
modes are significantly influenced by the diffraction effect. The calculated light efficiency
strongly depends on the pixel pitch. The optical behaviors are also explicitly described from
the intensity angular spectra. We have shown that it is essential to employ the BPM for
designing the LCOS devices. By using this rigorous simulation method, it is possible to

design a LCOS system with minimum:diffraction effect.
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Chapter 6
Summary and Future Scope

Liquid-crystal-on-silicon (LCOS) device is a promising candidate for projection
displays. The standard manufacturing process of silicon wafers gives the potential of low
cost of LCOS panels. Furthermore, the intrinsic high electron mobility of single-crystal
silicon guarantees an extremely high resolution of LCOS devices. However, as the demand
on resolution becomes higher, new problems arise. When the inter-pixel gap becomes
comparable to the cell thickness, the fringing fields generated by the voltage difference
between the adjacent pixels become critical to the optical performance of the LCOS devices.
This fringing-field effect may decrease the brightness, contrast ratio, image sharpness and
even the dynamic properties of theé LC cells:-Meanwhile, if the pixel pitch becomes
comparable to wavelength of incident light, the diffraction effect becomes significant and
may cause light loss of the optical system.

In this dissertation, the fringing-field ‘effects'in several commonly used LC operation
modes are investigated. It is found that the mixed-mode twist nematic (MTN) cells are less
sensitive to the fringing fields due to its relative thin cell gap. On the other hand, twist
nematic (TN) modes suffer from strong fringing-field effect because of their thicker cell
gaps to satisfy the Maugauin condition. Shrinking cell gaps may effectively reduce the
fringing-field effects in TN modes. However, a special material with high birefringence
needs to be employed. Therefore, the potential of TN-LCOS devices is limited. Vertically
aligned (VA) mode is famous by its excellent dark state, which results in an extremely high
contrast ratio. However, based on the simulated results, the fringing-field effect is
particularly severe in VA mode. When the applied voltages are different between the

adjacent pixels, a reverse-tilted regime will be form around the inter-pixel area due to the
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fringing fields. LC distortions are generated near the pixel edges and extended toward the
turned-on pixel. When the VA-LCOS panel is placed between crossed polarizers, dark
stripes can be observed inside the bright pixel due to the LC distortions. This effect
significantly decreases the image sharpness and brightness of the display. Furthermore,
when a VA cell is switched from the dark-bright-dark state to the all-bright state, the LC
distortions take a long time to relax back to the normal state. Therefore, severe image
blurring can be observed when a movie is displayed. The effect of pixel pitch, cell gap,
pretilt angle and electrode slope are also investigated.

In order to eliminate the fringing-field effect while keeping high contrast ratio, we
have designed a circularly polarized light illuminated VA-LCOS (CPVA) device. Utilizing
the characteristics of circularly polarized light, we are able to solve both the static and
dynamic issues. The simulations and: confirmed eXxperimental results indicate that the
sharpness and the brightness of-the displaying images are significantly improved.
Furthermore, the dynamic transition time from.the, dark-bright-dark state to the all-bright
state is less than 10 ms, which has suecessfully-overcome the image blurring effect. The
optical properties of this promising device are interpreted qualitatively by the de Vries
theory.

Another problem generated from the small pixel pitch of LCOS panel is the diffraction
effect. The light loss caused by diffraction can be significant when the pixel pitch becomes
comparable to the wavelength. In order to take the diffraction effect into account, a rigorous
simulation method is needed. Conventional matrix-type solvers can cause severe
miscalculating and are no longer available in this condition. The beam propagation method
(BPM), which includes light scattering and diffraction, is found particularly suitable for
high-definition LCD simulations. We further extend this method to analyze the reflective
LCOS device. Two promising LC modes, VA and finger-on-plane (FOP), are analyzed.

The calculated light efficiencies with respect to pixel pitch are presented. The results are
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compared to those obtained by Jones matrix method. It is shown that the BPM
demonstrates much more reasonable results than Jones matrix method does. By using this
powerful tool, we present a phase-compensated FOP mode in which the diffraction effect is
reduced for certain wavebands.

The CPVA device successfully overcomes the long standing problem caused by
fringing fields. However, as discussed in Chap 4, either off-axis design or a Faraday rotator
is needed in its optical engine. For the topic of future works, it is a subject to design an
optimal optical engine for the CPVA device. Using hologram films is a good approach to
achieve this goal. In order to obtain good efficiency of the hologram films, rigorous
analyses based on the couple wave theory are needed. On the aspect of diffraction effect of
LCOS panel, further investigations by using BPM are needed for optimizing the panel

structure and minimizing the light loss:
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