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ABSTRACT

Low power consumption is a critical requirement for all liquid crystal display (LCD)
devices. A field sequential color (FSC) LCD was proposed by using red (R), green (G) and blue
(B) LEDs and removing the lossy component of color filters which only transmits ~30% of the
incoming white light. Without color filters, FSC LCDs exhibit a ~3X higher optical efficiency
and 3X higher resolution density as compared to the conventional color filters-based LCDs.
However, color breakup (CBU) is a most disturbing defect that degrades the image quality in
FSC displays. CBU can be observed in stationary or moving images. It manifests in FSC LCDs
when there is a relative speed between the images and observers’ eyes, and the observer will see
the color splitting patterns or rainbow effect at the boundary between two different colors.

In Chapter 2, we introduce a five-primary display by adding additional yellow(Y) and
cyan(C) colors. From the analysis and simulations, five primaries can provide wide color gamut
and meanwhile the white brightness is increased, as compared to the three-primary. Based on the
five-primary theorem, we propose a method to reduce CBU of FSC LCDs by using RGBYC
LEDs instead of RGB LEDs in the second section. Without increasing the sub-frame rate as
three-primary LCDs, we can reduce the CBU by utilizing proper color sequence and weighting
ratios. In addition, the color gamut achieves 140% NTSC and the white brightness increases by
more than 13%, as compared to the three-primary FSC LCDs.

Another strategy to suppress CBU is using higher field frequency, such as 540 Hz or even
up to 1000 Hz. However, this approach needs liquid crystals with a very fast response time (<1

ms). Recently, the polymer-stabilized blue-phase liquid crystal (PS-BPLC) draws great attentions



because of improved temperature range which enables the applications for photonic devices and
displays. PS-BPLC is a good candidate for FSC LCDs because of its submillisecond gray-to-gray
response time, no need for alignment layer, and isotropic dark state. So far, almost all the BPLC
devices utilize planar or protruded in-plane switching (IPS) electrode configuration. The
structure of planar IPS is relatively simple, but the operating voltage is too high for thin-film
transistor (TFT) addressing. Moreover, high voltage causes deformation of polymer network and
induces a noticeable hysteresis. Protruded IPS is helpful for lowering the operating voltage, but
the manufacturing process becomes more sophisticated.

In Chapter 3, we propose a vertical field switching (VFS) mode for blue phase LCDs.
The simple structure of VFS cell generates uniform vertical fields on the BPLC materials. From
our experimental results, the operation voltage can be reduced to ~10V s While eliminating the
hysteresis. We also defined a critical field below which hysteresis does not occur. Above critical
field, lattice distortion and other irreversible phase transition processes would occur. As a result,
the associated response time would be slower. Therefore, VFS mode also shows faster response
time than IPS mode. The operating voltage can be further reduced by choosing an optimized cell
gap and a larger oblique incident angle in VFS blue phase LCDs.

In Chapter 4, we propose several compensation mechanisms to improve the viewing
angle of VFS blue-phase LCDs. The compensation principles are analyzed and simulation results
evaluated. Because VFS blue-phase LCD processes several advantages over IPS blue-phase LCD
and conventional LCDs, it could become a strong contender for next-generation display

technology.
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CHAPTER 1: MULTI-PRIMARY COLOR DISPLAY

1.1 Introduction of Liquid Crystal Display

Liquid crystal (LC) was first discovered by an Austrian botanical physiologist, Friedrich
Reinitzer, in 1888. LCs can flow as liquids and have optical birefringence as crystals. In
addition, LCs could interact with electric or optical field. Therefore, LCs have been widely used
in electro-optic and optical devices.

Among all the applications of liquid crystals, displays are most pervasive. The active
matrix liquid crystal displays (LCDs) have thin profile, lightweight, low power consumption, and
high resolution, and have successfully displaced cathode ray tubes. A revolution for portable
electronic devices has started. Nowadays, LCDs are widely used in our daily lives, such as
smartphones, laptops, monitors, televisions, projectors, instrument panels, and signage, etc. So
far, this field has grown into a 100-billion dollar industry [1] [2].

Figure 1.1 shows a typical structure of a transmissive TFT LCD. A LCD panel is
comprised of a backlight module and a cell module. Generally, a LC cell is formed between two
glass substrates and plural pixels with switching thin-film-transistors (TFTs) are formed on the
inner surface of the bottom substrate to provide driving voltages. The LC cell is further
sandwiched between two crossed linear polarizers, which together function as a spatial light

modulator to control the light transmittance in order to obtain different gray levels [3].
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Figure 1.1 Device structure of a transmissive TFT LCD pixel with RGB sub-pixels.

In most LCD devices, nematic LC material is commonly employed because of its good
physical and optical properties, e.g., simple alignment, natural grayscales, high contrast, and
reasonably fast response time. The nematic LC molecules have no positional order, but they have
certain long-range orientational order, thus macroscopically they behave like a uniaxial crystal.
In recent years, the nematic-based LCD technology has advanced dramatically in many aspects
like wide viewing angle using optical compensation films, vivid color using LED light sources,
high contrast ratio using dynamic backlight, low power consumption using backlight recycling
techniques, and fast response time using low viscosity LC materials and thinner cell gap
fabrication techniques.

Presently, the gray-to-gray response time of a nematic LCD is about 5 ms which is still

inadequate for motion-blur-free picture qualities. To reduce motion blurs, high frequency frame



refreshing technique such as 240 Hz or even 480 Hz refreshing rate is emerging and is expected
to dominate in the near future for flat-panel LCD TVs. For 480 Hz refreshing rate, the preferred
gray-to-gray response time should be less than 2 ms. The LC response time is proportional to the
square of the cell gap employed. The state-of-the-art cell gap of LCD TV is around 3.5 um.
Reducing the cell gap to below 3-um would improve the response time, but the fabrication yield
is compromised. In other words, the response time using a nematic LC material is approaching to
its physical limit.

The inadequate LC response time also limits the widespread applications of field
sequential color (FSC) displays where spatial color filters can be removed so that the light
efficiency and resolution density are tripled. In addition, nematic LC materials require surface
treatment, such as rubbing the polyimide (PI) layer, in order to produce a uniform pretilt angle
and strong anchoring energy. Moreover, the alignment treatment of nematic LCs will also reduce
the contrast ratio of the display. For example, in a LCD using a homogeneous alignment like
those in an IPS (in-plane-switching) [4] [5] or FFS (fringe-field-switching) cell [6], surface
rubbing is needed and the alignment surface will have many micro rubbing grooves. In practice,
these grooves are not easy to be controlled uniformly, which in turn cause irregular alignments
near the surface. Because the nematic LC materials are uniaxial, certain light leakage will occur
even the LC molecules are aligned a little bit off from the designed direction. Therefore, a new
LC material that does not require surface alignment layer like the nematic material is highly
preferred.

In summary, a new LC material with fast response time to enable FSC LCDs and no

alignment layer needed for easier fabrications would be important for next-generation LCDs.



1.2 Multi-Primary Colors

1.2.1 Introduction

For most LCDs, wide viewing angle, high contrast ratio, fast response time, high
brightness, low power consumption, and wide color gamut are important metrics. Recently,
dramatic progress in LCD performance has been made in all aspects. The demand for a higher
color gamut is ever increasing. Since the natural objects and cinema are significantly more
colorful than the CRT TV standard, there is an urgent need to produce wider color gamut in order
to reproduce the original colors with high fidelity.

In a conventional three-primary [i.e., red (R), green (G), and blue (B)] LCD with CCFL
(cold cathode fluorescent lamp) as backlight, its color gamut is ~72% NTSC, which is
comparable to a CRT but inferior to a plasma display (~95%). Several backlight related
technologies have been developed for enhancing the color gamut of LCDs. 1) Laser diodes [7].
Although laser diodes provide very pure primary colors, there are still no perfect solutions for the
speckle pattern produced by interference [8]. 2) RGB light emitting diodes (LEDs) [9]. Due to a
relatively narrow bandwidth of LEDs, the color gamut as wide as ~120% has been achieved [10],
[11]. Aslim LCD TV using edge-lit LED has been recently introduced to commercial products.
However, the heat sink design, lifetime of each color, and cost are still the major concerns. 3)
Wide gamut CCFL (WG CCFL) [12] is also under development by many manufacturers, but it is
not yet widely adopted because of the shorter lifetime and lower optical efficiency.

Another strategy for widening color gamut is to use more saturated RGB color filters

(CFs). However, this approach suffers a drastic decrease in optical efficiency because the



employed CFs have a narrower transmission bandwidth which leads to a lower transmittance.

Using multi-primary colors (more than RGB) to widen the color gamut has been
demonstrated in projection displays [13] and some direct-view LCDs [14] [15] [16] [17].
However, the display brightness is reduced and cost increased because of increased number of
color pixels and fabrication complicities.

We propose a practical five-primary technique that not only widens the color gamut but
also increases the white brightness. We will first discuss the operation principles, and show some
simulation and confirming results using a 32” LCD TV with five-primary colors (RGB plus

yellow and cyan).

1.2.2 Principles and Simulations

As abovementioned, we can use highly saturated RGB color filters to enlarge the color
gamut. However, this method reduces display brightness dramatically because of the lower
transmittance of each color. Thus, it is not a preferred approach from the energy saving
viewpoint. Figure 1.2 depicts the color gamut curves of LCDs using two types of RGB primaries
but at a different green primary. As shown by the dotted triangle, if we want to get good coverage
of yellow then we cannot display a vivid cyan. On the contrary, if we shift the green point to
cover more cyan, then we lose the fidelity of yellow, as the solid triangle shows. Therefore, using
three primaries is not practical to get high brightness and wide color gamut (i.e. good color

reproduction) as well.
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Figure 1.2 Color gamut triangles with a different green primary.

To overcome the limitation of RGB primaries, we propose here a five-primary LCD by
including yellow and cyan color filters. Figure 1.3(a) shows the transmission spectra of
conventional RGB color filters and Figure 1.3(b) depicts the transmission spectra of our five
primaries. The spectrum of yellow CF covers a portion of red and part of green in order to get
more saturated yellow than the combination of standard green and red color filters shown in
Figure 1.3(a). Similarly, the cyan CF covers a portion of green and blue to get highly saturated
cyan color. Meanwhile, we used a more saturated green color filter; its full-width-half-maximum
is ~75 nm, as compared to ~100 nm for a typical green color filter. The narrower bandwidth
makes the green color more saturated, but its transmittance is lower. There are two other
important guidelines while choosing the primaries: 1) the white point at color temperature of

D65, and 2) the proper relative luminance for each primary. According to the MacAdam limits



[1], the color solid describes the colors near monochromatic can only achieve a very low
luminance level except yellow. It also states the relative luminance of different color for objects.
After having taken the MacAdam limits and practical color filter manufacturing capability into

consideration, we optimized the color filter design and chose five-primary CF spectra as depicted

in Figure 1.3(b).
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Figure 1.3 Transmission spectra of (a) conventional RGB color filters and (b) five-primary

RGBYC color filters we developed.



There are several kinds of color pixel arrangement and size designs [18]. In our
simulations and application, we adopted the same sub-pixel size of three-primary for our five-
primary approach because it is preferred by LCD manufacturers. We first used conventional
CCFL (Figure 1.4) as backlight source and consider the transmission spectra of polarizers and
liquid crystal in multi-domain vertical alignment (MVVA) mode [19] [20]. Figure 1.5 shows our

simulated color gamut for RGB and RGBYC MVA LCD TVs.
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Figure 1.4 Emission spectra of a conventional CCFL and WG CCFL.
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Figure 1.5 Simulated color gamut of RGB (dashed lines) and RGBYC (solid lines) primaries
using a MVVA LCD.

Table 1.1 Simulated results on the brightness and color coordinates of 3- and 5-primary LCDs.

Five primary
Luminance Chromaticity
Color .

Three primary (nit) X ¥

Luminance Chromaticity W 53227 0.28 0.29
_olor ,

(nit) x i R 50.95 0.66 0.32
w 450,00 .30 0,30 25801 0.46 0.53
R 102.50 066 | 0.33 G 138.37 026 | 065
G 30491 0.28 060 59.60 0.14 0.13
B 4258 .14 .06 B 25,34 0.15 (.06




Table 1.1 lists the simulated color coordinates and luminance for each primary. From
Table 1.1, the color gamut of conventional RGB LCDs is ~76% NTSC. With five primaries, the
color gamut increases to 96% NTSC with the same CCFL backlight as Figure 1.5 shows.
Moreover, the white luminance is increased by 21% for the five-primary LCD. The increase of
white luminance is mainly contributed by the additional yellow and cyan colors. Because we
employ more saturated CFs and our RGB pixel numbers are just 60% as compared to a
conventional RGB display, we would expect a reduction of RGB luminance for the five-primary
display. When the five-primary LCD displays a single primary color, say R, G, or B, the
luminance would be lower than that of the three-primary one. However, in real situation, an
object that reflects single color or narrow spectral bandwidth (i.e., pure color) will have a very
low luminosity. It means the images rarely just show RGB primaries at the highest gray level. In
fact, in a RGB-primary display the green luminance should be relatively high because of the
need to produce bright yellow and standard white after combining with R and B. While in our
five-primary LCD, we could afford to have a more saturated green primary to trade for a wider
color gamut because we already have yellow primary.

To validate these assumptions, we chose some colorful and representative photos for
image analysis. Figure 1.6 shows three photos of the pixel color with respect to gray level
distribution. We found in most cases the RGB sub-pixels are usually in the middle range between
the maximum (255) and minimum (0) gray levels. The situation of high gray levels usually just
happens when displaying yellow objects, e.g., the flowers shown in Figure 1.6(b), or the bright
white, e.g., the sky shown in Figure 1.6(c). We realize that all the primaries need to be at the

highest gray level while displaying higher luminosity of yellow or white. It means the luminance
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for RGB can be lowered if we have other sources to show yellow and white. Our five-primary
design overcomes this problem well because it provides a higher yellow and white brightness
than the conventional RGB LCDs due to the extra yellow and cyan. Although the luminance of
our RGB colors is lower, it is still high enough to show and reproduce most colored images.
When displaying the RGB color contents of an image, we can also adjust the gamma curve to get
a better contrast ratio and brightness. According to the metamerism theory [1], there are
unlimited choices of weighting ratios for five primaries to reproduce a particular mixed color. In
the optimization process, we could choose a higher weighting ratio for Y, G, and C to reproduce
a particular color since these three colors have a higher brightness. Therefore, after optimization
of color conversion and gamut mapping from three-primary color space into five-primary
signals, the decreased RGB brightness would not be a big issue in our five-primary LCDs. On
the contrary, we find that five-primary LCDs exhibiting a higher brightness than RGB LCDs

when displaying full color images.
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Figure 1.6 Image analysis for gray level distributions. (a) A fruit basket, (b) Lotus in a pond, and

(c) a pasture and sky.

1.3 Five-Primary LCDs and Comparison

Because most input image signals are in three-component format, such as RGB and
YCDCr [21], a color conversion algorithm is needed in order to convert the three-primary input
into five-primary signals. To do so, we applied the same algorithm developed for multi-primary
projection TVs to LCD TVs [22].

Figure 1.7 shows some pictures taken from the 32” five-primary LCD TV prototype. The
images of the five-primary LCD TV (left) look much more vivid and brighter than the traditional

RGB LCD TV (right). The extra yellow and cyan primaries not only widen color gamut but also

13



provide very good color reproduction.

The measured data are shown in Figure 1.8 and Table 1.2. The color gamut is increased
by 26% and the brightness of white point is also increased by 26%. The agreement between
simulated and measured color gamut is within 5%. The possible errors might originate from the

spectrum deviation in the mass production of color filters and CCFL.

Figure 1.7 Photos from a 32” MVA LCD TV prototype. Left column: five-primary (RGBYC);
right column: conventional RGB primaries. Backlight: CCFL in both systems.
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Figure 1.8 Measured data for the RGB and RGBYC MVA LCD TVs.

Table 1.2 Measured data for RGB and RGBYC displays.

Five primary

Chromatici
: Color | Luminance(nit) omaficity

Three primary X y

: ... | Chromatici 568.50 0.30 | 0.33

Color | Luminance(nit) omaticily | W

X y R 45.00 0.65 | 0.32

W 449.60 0.28 | 0.29 290.60 0.45 | 0.54
R 93.50 0.64 | 0.34 G 163.80 0.27 | 0.64
G 293.20 0.29 | 0.61 C 50.90 0.15 | 0.14
B 61.20 0.15 | 0.08 B 26.50 0.15 | 0.06
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As a promising solution for wide color gamut displays, we also compare the performance
of our five-primary display with other competing approaches such as RGB-primary using wide
gamut CCFL (WG CCFL) (Figure 1.4) and RGB LEDs. Results are summarized in Table 1.3. In
our simulations using WG CCFL and RGB LED backlight in the RGB-primary system, the color
gamut achieves ~90.23% and 120%, respectively. However, these three-primary based

technologies still cannot reproduce good yellow and cyan colors like our five-primary LCD.

Table 1.3 Performance comparison of wide-gamut CCFL, RGB LEDs and our five-primary

LCDs.
WG CCFL RGB LEDs RGBYC Primaries
Gamut Value O © O
Gamut Shape /

Color Reproduction X A ©
Brightness Efficiency X X ©
Cost O X ©

Signal Processing /
Color Conversion Algorithm © © A

X :Poor; /\: Fair; O: Good; ©: Excellent

We also simulated our five-primary MVA LCD using WG CCFL backlight; its emission
spectrum is shown in Figure 1.4. Here, we assume the conventional CCFL and WG CCFL have
the same luminosity. From our simulation results shown in Figure 1.9 and Table 1.4, we find that
the color gamut reaches ~114.07% NTSC and, moreover, the brightness of white point increases
~7%. Although the yellow brightness is reduced by ~20%, other four primaries experience
brightness increase. The better spectrum match between our five-primary CFs and WG CCFL is
responsible for the significant increase in brightness. We believe that this could be the highest

NTSC ratio ever achieved with such a high efficiency by using a WG CCFL backlight.
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Figure 1.9 Simulated color gamut of RGBY C-primary with conventional CCFL (dashed lines)
and RGBYC with WG CCFL (solid lines) ina MVA LCD.

Table 1.4 Simulation results on display brightness and color coordinates of our 5-primary MVA
LCD using conventional CCFL and WG CCFL.

RGBYC + CCFL EGBYC + WG CCFL : :
— Luminatice Gam
_ . _ b Chrotmaticity _ b _ .
Color | Luminance™(nit) |Luminance (nit) { Lurmmnance” / Lurmnnance™ )
= ¥
w 532.27 571.27 0.27 | 0.29 107.33%
R 50.95 70.57 0.&7 | 0.32 138.52%
258.01 206.80 045 | 0.49 80.15%
G 13537 145.40 015 | 071 105.08%
59.60 107.98 013 | 019 181.18%
B 25.34 38.03 0.14 | 0.03 150.05%
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14 Summary

We have successfully developed and demonstrated a five-primary LCD TV prototype.
Using the same CCFL backlight and pixel layout and dimension, the color gamut of our five-
primary display is more than 90% NTSC without sacrificing brightness. This technology is
promising for wide color gamut displays. Moreover, ~26% increase in white luminance give us a
flexibility to reduce the light source density and power. Low power consumption is highly
desirable from energy saving viewpoint. If a WG CCFL is employed, the color gamut of our

five-primary MVVA LCD is over 114%.
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CHAPTER 2: FIELD SEQUENTIAL COLOR DISPLAY

2.1 Introduction

Low power consumption is a critical requirement for all liquid crystal displays, especially
for portable electronic devices and large screen TVs. As Figure 2.1 shows, two most lossy
components in a LCD system are polarizer and color filters. The polarizer transmits ~45% of the
incident backlight, while each color filter only transmits ~30% of the incoming white light.
Therefore, the overall transmittance is usually ~5% in a conventional LCD. To overcome the
light loss from polarizer, backlight recycling using a reflective polarizer, such as 3M’s Dual

Brightness Enhancement Film (DBEF) has been widely implemented [23] [24].

~ 5%

™~ Polarizer: 45%

3 '__\<—Optical films: 70%
: N

<— Backlight

Figure 2.1 Optical transmittance of each component in a LCD.
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To avoid the dramatic absorption loss from color filters, field-sequential-color (FSC)
using red (R), green (G) and blue (B) LEDs has been proposed [25] [26] [27]. In a FSC LCD,
each primary color appears sequentially. If the field’s frequency is fast enough, the observer’s
eyes could integrate the sequential fields and perceive the original colored images as Figure 2.2
shows. By using the RGB LEDs backlight in FSC LCDs, we can remove the color filters in a
conventional LCD. Therefore, a FSC LCD offers two important advantages over the color filters-
based LCDs: 1) its optical efficiency is improved by ~3X, and 2) the device resolution density is

improved by 3X.

1 frame: t

A
v

'y

Sub frame: tl3'

Figure 2.2 Working principle of the field-sequential-color display.

2.2 Color Breakup

In FSC LCDs, the frame rate would be tripled as compared to the conventional LCDs.
Therefore, the response time of the LC materials should be at least 3X faster for the FSC LCDs.
However, 3X faster of the response time is not enough for FSC LCDs in reality. A biggest
challenge for FSC LCDs is the need of fast LC response time in order to suppress the color
breakup (CBU) [28] [29] [30] [31] [32].

CBU is the most disturbing defect that degrades the image quality in FSC displays. It can
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be observed in stationary or moving images. When our eyes trace a moving object, each
sequential color (i.e., R, G, and B) image would project on our retina at different positions as
Figure 2.3 shows. Therefore, when there is a relative speed between the images and observers’
eyes, the observer will see the color splitting patterns or rainbow effect at the boundary between
two different colors (Figure 2.4).

1 frame time: t

- CBUImage | _
on retina
Eyeball Eyeball Eyeball d Eyeball
- - '\@ seseese
Object Retina Retina Retina Retina
i i
Sub frame time: t/3 Sub frame time: t/3

Figure 2.3 The reason of color breakup.

Figure 2.4 Rainbow effect caused by color breakup.
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In order to reduce CBU, we can increase the field frequency to 540 Hz or even up to
1000 Hz [33]. This approach has been widely used in FSC projectors. However, for direct-view
LCDs, higher field frequency would require new LC materials with very fast response time (i.e.,
less than 1ms).

Several other methods have also been proposed instead of using new LC materials. Such
as inserting another color or black fields [34] [35], motion compensation technique [36], four
color fields arrangement [37], and Stencil-FSC method [38]. However, most of these methods
still require fast LC response time. Some methods even sacrifice the display brightness and some
are restricted by the uncertainty of observers’ motion.

In Chapter 1, we already introduce the principles of five-primary color (R, G, B, yellow
(Y), and cyan (C)) LCD which has been shown to exhibit a very good color and brightness [17]
[18] [39]. Because of the better color reproduction and optical efficiency, we extend the five-
primary approach to FSC LCD. We propose a practical way to reduce CBU by using five-
primary-color technique for direct-view FSC LCD without enhancing the frame rate. Meanwhile,
our design not only widens the color gamut but also increases the white brightness, as compared

to the three-primary LCD.

2.3 Multi-Primary FSC LCDs

The two-dimension time and location diagram is usually used to evaluate CBU (Figure
2.5). By integrating images of consecutive frames along the trace of saccadic eye motion, we can
evaluate the color and brightness variations of rainbow-like CBU patterns. From the simulated

CBU (Figure 2.6), it shows that the three-primary FSC displays with sub-frame frequency of 540
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Hz (i.e., frame rate of 180 Hz) have the CBU width of N pixels. N is determined by the relative
speed between the images and observers’ eyes. Figure 2.6(b) and Figure 2.6(d) show the CBU
width for higher and lower frame rates, respectively. We observe that the higher frame rate
causes a less noticeable CBU. There is no doubt that increasing the frame rate is an effective way
to suppress CBU. However, the requirement for fast LC response time makes this method a
challenge.

According to the two-dimension time and location diagram shown in Figure 2.5(b), the
CBU width for five-primary is 5/3 times more than the three-primary under the same frame rate.
Therefore, it is naturally expected that five-primary could suffer from larger CBU as compared to
three-primary displays. Some psychophysical experiments about the comparison of CBU
visibility between three-primary and five-primary displays have been reported [40]. Surprisingly,
the results indicate that, most of the time, CBU for five-primary is less visible than three-
primary. However, thus far there is no further study and systematic analysis for this result. In our
simulations based on five-primary, we develop a method to compress CBU by optimizing the

color sequence and weighting ratios.
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Figure 2.5 Two-dimension time and location diagram. The upper parts of each diagram represent
the moving white objects with width of W pixels. The lower parts are simplified CBU patterns
without considering the brightness variation. The slant dashed arrows show the eyes tracking

along the movement of object.
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Figure 2.6 Simulated CBU for three-primary display. (a) White object, (b) Frame rate = 540Hz,
(c) Frame rate = 180Hz, (d) Frame rate = 60Hz.
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When a three-primary LCD displays a specific color, there is a unique color ratio
corresponding to this color. However, there are numerous possibilities for five-primary. Here, we
adopt the commercialized LEDs from Nichia in our simulations. The spectra and luminance
intensity are shown in Figure 2.7. From Table 2.1, we find that there are many choices for the
five-primary to reproduce the same white color coordinate of standard illuminant D65 (i.e., X =
0.3127, y = 0.3290). In order to choose the best solution among these infinite combinations, we
take some basic rules and requirements into considerations. First, we abide to the MacAdam
limits [1] which set the theoretical maximum relative reflection and brightness between a
specific color and white under D65 illumination. From Figure 2.8, this theorem tells us a
reasonable relationship of brightness between each primary should be Y>G, G>R, G>B, G>C,
and C>B. Second, we consider the capability of LED brightness of different colors. In the real
design of LED backlight, we tend to use the same numbers of LEDs for each primary. We also
prefer each LED to work at its maximum luminance, so that we can minimize the number of
LEDs. For example, if we choose a ratio of R:G:B to be 10:37:5, it is an acceptable ratio based
on the brightness ratio of 10:37.7:9.3 shown in Figure 2.7. However, the ratio of 10:37:12 would
not be a good choice because we need more blue LEDs to fulfill the design. Third, we would like
to optimize the brightness. Table 2.1 also shows that different ratio would lead to a different
brightness and we prefer the ratios with higher brightness. After considering the abovementioned

three criteria, we obtain a set of ratios for R:G:B:Y:C to be 12.36:18.90:4.04:48.33:16.37.
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Figure 2.7 LED spectra and luminance intensities. (Ref. Nichia Co.)

Table 2.1 Color ratios for standard illuminant D65

Three-primaryDisplay
R (%) | G(%) | B (%) | W (%)
26.80 | 67.68 5.52 |100.00
Five-primaryDisplay

R(%) | G(%) | B(%) | Y (%) | C (%) | Brightness (a.u.)
1.11 8.38 4.96 78.03 7.52 128.16
10.96 22.10 4.58 51.45 10.91 194.36
15.46 37.40 4.99 36.28 5.88 275.61
1332 | 22.78 4.17 44.66 | 15.07 223.89
13.33 | 20.90 4.08 45,80 | 15.89 218.35
12.14 | 20.53 4.29 48.73 | 14.31 205.20
12.36 | 18.90 4.04 48.33 | 16.37 206.91
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Figure 2.8 MacAdam Limit boundaries for the CIE 1931 color space chromaticity diagram.

Based on the preliminary color ratios, we simulate the CBU with different color order as
Figure 2.9 shows. The left side shows the color order and the right side is the corresponding
CBU patterns. In comparison to the CBU of three-primary in Figure 2.9(a), the five-primary has
a broader CBU as we expected from time and location diagram (Figure 2.5(b)). However, we can
find some better color orders that cause a weaker perceived CBU. For example, Figure 2.9(e) and
Figure 2.9(f) exhibit a smaller CBU than those from Figure 2.9(b) to Figure 2.9(d). It is because
the high brightness colors, such as yellow and cyan which are in the middle order, tend to merge
with the white color of the object. Similarly, the lower brightness colors of red and blue tend to
merge with the black background. Due to the lower color contrast and luminance contrast, we

perceive that the CBU is compressed.
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Figure 2.9 Simulated CBU with different color appearing sequence.

Although we can continue to optimize the color sequence of RCYGB or RCYBG, we still
observe the CBU in five-primary FSC display. To further reduce CBU, we propose to boost the
ratio of yellow and cyan brightness; meanwhile, to reduce the red, green, and blue ratios. From
Figure 2.10(b) to Figure 2.10(e), the CBU is gradually suppressed when the ratio of red, blue,
and green is decreased. The CBU reduction is more pronounced if we could get rid of green
completely while reproducing white color. Because of the weaker red and blue colors, these

colors are almost merged to the black background. Our eyes also tend to trace the brighter color
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fields, such as yellow and cyan, thus, we feel these two colors are merged to the white object.
Here, we rearrange the sequence of green to be the last in order to get the least CBU (Figure
2.10(e)). In comparison to the CBU of three-primary (Figure 2.10(a)), we effectively compress
the CBU by adjusting the color order and weighting ratios.

When we want to realize the lower brightness ratio of R, B, or G, we use the liquid
crystal cell to modulate the brightness instead of dimming or turning off the backlight. Therefore,
the backlight emits each primary sequentially as the normal FSC backlight. There will be no

need to change the electronic control of our five-primary backlight system.

Figure 2.10 Simulated CBU with different color weighting ratios.

29



Table 2.2 shows some choices of color ratios leading to a fairly small CBU for five-
primary in representing white color. We would choose the most appropriate ratio after
considering the least color shift (auv) at different viewing angle [10] [17], highest brightness,
and least CBU. Usually, the solution for the least color shift might not be the same as that for the
highest brightness or least CBU, and we need to compromise between these factors. If the CBU
is acceptable, we could choose the ratio with the highest brightness. When showing the lower
gray level of white (i.e. lower brightness), we could choose the ratio with the least color shift but

not necessarily with the highest brightness.

Table 2.2 Color ratios and color shift in IPS mode LCDs

R(%) | G(%) | B(?0) | Y (%) | C (%) | Brightness (a.u.) FANI\Y
0.93 0.00 13.39 43.584 41.84 467.62 0.0361
0.92 0.00 13.22 | 43.29 | 42.57 473.55 0.0358
0.91 0.00 13.29 42.64 43.16 480.78 0.0357
0.75 0.00 13.25 44.13 41.86 464.52 0.0360
0.75 0.00 13.45 44.03 41.77 465.56 0.0361
0.74 0.00 13.31 | 43.59 | 42.36 470.30 0.0359
2.31 0.00 13.11 40.67 4391 485.82 0.0358
1.77 0.00 13.24 41.63 43.35 492.14 0.0359
1.75 0.00 13.09 41.14 44.02 484.61 0.0356

Figure 2.11 shows the simulated CBU for yellow and cyan objects. It is easy to realize
that a five-primary LCD has no CBU when displaying these two color tones. Unlike a three-
primary LCD which generates yellow by mixing red and green, or cyan by mixing green and
blue, the five-primary LCD can just use yellow or cyan LEDs to display these two colors.

Ideally, there would be no CBU.
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Figure 2.11 Simulated CBU of yellow and cyan objects.

Figure 2.12 shows another two arbitrary colors represented by three-primary and five-
primary LCDs. Based on the similar method of showing white color object, we boost the ratio of
yellow and cyan to get compressed CBU in five-primary. Under proper color sequence and
weighting ratios, the CBU of a five-primary display is not always larger than that of three-
primary. On the contrary, after optimization the five-primary LCD could exhibit a smaller CBU

than the conventional three-primary.
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Figure 2.12 Simulated CBU of two arbitrary colors. The bottom figures show compressed CBU
after adjusting the color weighting ratios.

Figure 2.13 shows the color coordinates of LEDs and color gamut of our five-primary
display. Because of the additional yellow and cyan sources, the color gamut could achieve

~140% NTSC and it provides a very good color reproduction.
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Figure 2.13 Color coordinates and gamut for five-primary LCDs.

We also compare the brightness and numbers of LEDs required between three-primary
and five-primary FSC LCDs. In Table 2.3, the luminance intensity means the capability or
maximum brightness of a single LED. To satisfy the color ratio we want, we estimate the LED
number for each color. Brightness in Table 2.3 means the actual brightness of each color when
showing the white color. We notice that not all the LEDs emit light at its maximum luminance.
When showing the white color (CIE illuminant D65), the three-primary LCDs have the total

brightness of 37.31 (a.u.) during each frame time (i.e., 3/540 Hz). For the five-primary LCDs, the
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total brightness would be 70.23 (a.u.). However, under the same sub-frame rate (i.e. 540 Hz) as
three-primary, the five-primary LCDs take more time (i.e. 5/540 Hz) to complete each frame.
Therefore, the brightness that we perceive in five-primary FSC LCDs should be multiplied by a
factor of 3/5. After considering the field sequential factor for five-primary, we find the brightness
of 42.14 (a.u.) in reality. Therefore, the brightness for five-primary is 13% higher than three-

primary FSC LCDs.

Table 2.3 The required LED numbers for showing white color (CIE illuminant D65).

Three-primary LCD

E G B
Eatio (%) 26.80 67.68 5.52
Luminance
10k 77k 9 3k
Intensity (mcd)
LED Number 1 1 1

Brightness (a.u.) 10 25.25 2.06
Total Brightness: 37.31

Five-primary LCD

K G E Y C
Eatio (%) 1.77 0.00 13.24 41.63 43,35
Lumimnance
10k 277k 9.3k 6. 15k 6.4k
Intensity (mcd)
LED Number 1 1 1 5 5

Brightness (au.)| 1.24 0.00 9.320 29.24 30.45
Total Brightness : 70.23
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2.4 Discussion and Conclusion

From our simulations, we can suppress CBU effectively by choosing proper color order
and ratios in the five-primary LCDs. However, a major challenge in our design is the relative low
brightness of yellow and cyan LEDs (as of today). From Table 2.3, we realize that the LED
numbers we need for yellow and cyan are much more than other primaries. Actually, many LED
manufacturers already delve into developing high power yellow and cyan LEDs, and they have
obtained promising results and progress recently. We believe this issue could be resolved in the
near future.

Another difficulty we encounter is how to present our simulated CBU correctly in the
three-primary displays. In the three-primary displays, we combine red and green to generate
yellow, or green and blue to generate cyan. However, in the five-primary display, there are
particular yellow and cyan sources that are more saturated and brighter. Therefore, it is
impossible to display the same yellow and cyan colors in three-primary display as shown in five-
primary displays. In addition, as restricted by the limited brightness of green we cannot generate
and display very bright yellow and cyan when showing the simulated patterns of CBU in a three-
primary display. The intrinsic difference between three-primary and five-primary displays
becomes a problem during our optimization process. It causes an uncertain issue when we
compromise between the CBU, color shift, and brightness to get the best ratio of each primary.
This problem can be easily resolved once we use the five-primary display in the simulations and
psychophysical experiments.

We have developed a method to reduce CBU in five-primary FSC displays. With the

same sub-frame rate as three-primary, we effectively compress the CBU by adjusting the color

35



order and ratios. In our simulations, the color gamut is 140% NTSC which provides a very good
color reproduction. The brightness is also increased by 13% in comparison to three-primary
displays. We believe that once the CBU is reduced to an acceptable level, FSC LCD would

become a strong contender for next-generation display technology.
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CHAPTER 3: BLUE PHASE LIQUID CRYSTAL DISPLAYS

3.1 Blue Phase Liquid Crystal

3.1.1 Introduction

In Chapters 1 and 2, we propose a five-primary method to reduce the CBU in FSC LCDs.
In order to completely eliminate CBU, increasing the frame rate of the sequential color images is
still a viable approach. In addition, the higher frame rate helps to reduce motion blur and
improve image quality. The higher frame rate (e.g., >480 Hz) would need very fast response time
of liquid crystal (e.g., <1 ms). Presently, the gray-to-gray response time of a nematic liquid
crystal is about 5 ms which is still inadequate for FSC LCDs.

Recently, optically-isotropic liquid crystals, including polymer-stabilized blue phase
(PSBP) and polymer-stabilized isotropic phase (PSIP) liquid crystals draw lots of attentions
because of their submillisecond response time [41] [42] [43]. Blue-phase liquid crystals (BPLCs)
are often observed in a very narrow temperature range (0.5-2K) between chiral nematic and
isotropic phases. In Meiboom’s model, BPLCs are comprised of double-twist cylinders arranged
in a cubic lattice, where the coexistence of such cylinders and disclination lines stabilizes three-

dimensional periodic structures as shown in Figure 3.1.
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Figure 3.1 Double-twist alignment of LC molecules and cubic structure of BPLCs.

The temperature range of BPLCs can be expanded significantly by polymerizing a
mixture of monomers that are localized at the disclination cores [41]. A polymer-stabilized
BPLC with a temperature range wider than 60K including room temperature (260-326K) has
been demonstrated. The wide temperature enables display applications.

The symmetric cubic structures in a PS-BPLC appear optically isotropic at zero electric
field, but become anisotropic when a strong field is applied to induce birefringence. The
microscopic structure of such induced birefringence is still not yet completely understood, but
macroscopically it can be treated as Kerr effect in isotropic materials caused by the electric field-
induced reorientation of polar molecules. The induced birefringence can be described by Kerr

effect equation as:

An._, = AKE?, (1.1)
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where A is the wavelength of incident light, K is Kerr constant which depends on the wavelength,
temperature and driving frequency [43, 44], and E is the applied electric fields. Kerr effect shows
a fast response time (<1 ms) due to the short coherent length of BPLCs.

For display applications, several advantages make BPLCs quite attractive: 1) no need for
alignment layer, 2) initially isotropic dark state, and 3) gray-to-gray response time in
submillisecond range so that it has potential to be used for color sequential displays, 3D displays,

or photonic devices.

3.1.2 Planar In-Plane-Switching BPLCD

For display applications, the BPLCs are usually driven by planar in-plane switching (IPS)
electrodes, where the electric fields are substantially in lateral direction [30] [31]. Figure 3.2
shows a traditional planar IPS-based BPLCD. The substantial lateral electric fields would induce
birefringence along the direction of electric fields, provided that the employed LC has a positive
dielectric anisotropy. The BPLCs could be optically modeled as an isotropic sphere with E=0.
Under crossed polarizers, the display shows a good dark state. As E increases, the induced An
changes the sphere into an ellipsoid like a uniaxial medium where the optic axis is along the
electric field vector. Therefore, the polarized incident light would experience a double refraction
and accumulate certain phase retardation. As a result, the light would transmit through the

crossed linear polarizers. The transmittance depends on the applied voltage.
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Figure 3.2 Operation principle of a planar IPS BPLCD between crossed polarizers: (a) E=0, and
(b) E>O.

Planar IPS is a popular and mature technology which is widely used in nematic LCDs,
such as iPhones and iPADs. In an planar IPS BPLC cell, the electric fields have limited
penetration depth into the BPLC layer so that the induced birefringence only happens in less than
~3 pm thickness [45]. The cell gap does not affect the optical property when it is larger than 3
pum. Therefore, the electro-optic properties of a planar IPS BPLCD are insensitive to the cell gap.

The operating voltage is a critical issue for planar IPS BPLCDs. A BPLC material with a
large Kerr constant (K~10 nm/V?) has been recently developed to reduce the driving voltage
from over 100 Vs to ~50 Vms. We can also optimize the electrode width and electrode gap to
reduce the operation voltage. From the simulated results, smaller electrode width and gap help to
reduce driving voltage with tradeoff in transmittance. However, these voltages are still far
beyond the acceptable range of mainstream amorphous-silicon thin film transistors (TFTs), and
higher driving voltage also dramatically increases power consumption. Another problem of
planar IPS structure is that the electric field direction and intensity profile are not uniform.

Therefore, some dead zones exist with very weak or vertical electric fields above the electrodes.
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These dead zones do not contribute to light transmittance, resulting in a reduced optical
efficiency (<70%). Moreover, in a planar IPS mode the nonuniform electric fields are
particularly strong near electrode edges which could cause lattice deformation, known as
electrostriction effect, leading to hysteresis [46] [47].

Therefore, besides developing new BPLC materials with a large Kerr constant, designing
new electrodes and driving mechanism play equally important roles for achieving low operation

voltage, high transmittance, and hysteresis-free blue-phase LCDs.

3.2 Reducing VVoltage for Blue Phase Liguid Crystal Display

Planar IPS mode exhibits shortcomings in high operation voltage and relatively large
hysteresis. To reduce voltage and hysteresis, some modified IPS structures have been proposed.

In order to overcome small penetration depth of the electric fields for IPS structure, a
partitioned wall-shaped electrode configuration has been proposed [48]. The parallel wall-shaped
electrodes contact top and bottom glass substrate and also work as spacers. In comparison to
planar IPS, this structure can generate horizontal electric fields between electrodes and induce
uniform birefringence throughout the entire cell gap. From simulation results, the operating
voltage is reduced by ~1.5X as compared to the planar IPS. However, this structure is difficult to
fabricate and has very small aperture ratio which causes low transmittance. In addition, the wall-
shaped electrodes would block the oblique backlight and sacrifice the brightness at large viewing
angle.

For the traditional planar IPS structure, the horizontal electric field can be enhanced by

reducing the electrode gap. However, the smaller electrode gap causes shallower penetration
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depth which leads to a reduced optical efficiency. A protrusion electrode structure has been
proposed for increasing the penetration depth of electric fields [45]. From the simulation results
with 2 um bottom electrode width, 1 um top electrode width, 2 um electrode height, and 3 pm
electrode gap, the peak transmittance is ~71% (normalized to the transmittance of two parallel
polarizers) at 13 Vms. However, the manufacturing of such small protruded IPS electrodes is still
a big challenge in industry. Samsung Electronics demonstrated a 15” BPLCD prototype in 2011
by using the protrusion structure of 4-um electrode width, 4-um electrode gap, and 2-pm
electrode height. From the measured results, the peak operation voltage is reduced from ~60 Vs
to ~38 Vms. Semiconductor Energy Lab (SEL) also demonstrated a 6” protruded IPS BPLCD in
2012 with operating voltage ~27 V. These results clearly show the improvement on operating
voltage by using protrusion electrodes for blue-phase LCDs. Although SEL shows the lowest
driving voltage reported so far, it is still too high for LCD applications. In addition, Samsung
Electronics indicates that residual birefringence, hysteresis, and voltage holding ratio are still
unsolved even with protruded electrodes.

The planar IPS electrode with an etched substrate [49] which generates double-
penetrating fringe fields was also proposed. Because BPLCs fill the etched region, it helps to
contribute the phase retardation and reduce the driving voltage. With 1-2 um etching depth, the
operating voltage is reduced by 30% as compared to the planar IPS. Further improvement by
deeper etching is limited because the lateral electric fields only penetrate ~3 pum. This etched IPS
BPLCD also exhibits a wider viewing angle because of the created multi-domain structures in
the etched areas. However, this method complicates the manufacturing process and the driving

voltage is still too high.
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A corrugated electrode for BPLCD was proposed to reduce operating voltage and
enhance the transmittance [50]. The periodic corrugated electrodes on the top and bottom
substrates can generate a strong horizontal component of electric field to induce a large
birefringence of BPLCs. Moreover, this field is uniformly distributed across the entire pixel area
and penetrates deeply into the BPLC medium. The accumulated phase retardation along the
beam path is large, resulting in high transmittance and low voltage. From simulations, the
driving voltage can be reduced from ~50 Vs for planar IPS to ~9.9 Vs for corrugated
structure. The transmittance is also improved (~85.6%) as compared to planar IPS (~65%)
because of the uniform electric fields across the pixels and smaller dead zones. This result shows
a possibility for TFT addressing and BPLCD applications. Unfortunately, the manufacturing
process of the TFT on the corrugated structure is still an issue so far.

In addition to lateral electric fields discussed above, another possibility to drive BPLC
devices is to use longitudinal field, which is proposed independently by us [51] and by Kim et al
[52]. In Ref. [52], the normal incident backlight is split into two oblique angles by a bottom
prism sheet. A top prism sheet is used to orient the oblique light back to the normal direction.
The oblique light inside the BPLC can accumulate the necessary phase retardation for achieving
continuous grayscales under applied vertical field. Because there is no patterned electrode inside
the cell, the cell structure is much simpler than the protruded IPS. However, there are several
intrinsic problems of this design. First, the split backlight by the bottom prism sheet would cause
double images which in turn degrade the resolution and image quality. Second, the top and
bottom prism sheets sandwiched between a polarizer and an analyzer would depolarize the

incident backlight and decrease the contrast ratio dramatically. Furthermore, the driving voltage
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is still too high for TFT addressing and the optical efficiency in this design is also questionable.

3.3 Vertical Field Switching BPLCD

Although abovementioned methods have been proposed to overcome the high voltage
problem of BPLCDs, results are still unsatisfactory. Most of the proposed methods do increase
the complexity of manufacturing process. Hysteresis is another important issue. Some of the
designs are helpful for reducing hysteresis, but none is actually free from hysteresis. Here, we
propose vertical field switching (VFS) for a BPLCD with obliquely incident light to achieve low

voltage, high transmittance, and hysteresis-free operation [51] [53].

3.3.1 Device Structure

Figure 3.3 depicts our proposed VFS BPLC device structure. The electric field inside the
cell is in the longitudinal direction, and only the incident light at an oblique angle (0<6<90°) can
experience the phase retardation effect. For a given BPLC layer thickness, a larger incident angle
results in a larger phase retardation, which is helpful for lowering the operation voltage. Hence,
we couple the backlight to a large output angle (e.g., 6~70°) and keep it reasonably well
collimated. The reason of a well-collimated light is to achieve better viewing symmetry. If the
incident light is divergent, the portion with a smaller angle would accumulate less phase
retardation and has lower gray levels, while the larger angle part would accumulate more phase
retardation and result in higher gray levels. In this case, the divergent backlight would cause
asymmetric brightness distribution when viewed from right side or left side of the panel after the

light exits to the viewer’s side. As a result, it will be difficult to obtain uniform brightness. The
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well-collimated backlight is already adopted in some high brightness LCDs and 3D displays [54]
[55].

In our design, the polarizer and analyzer are set at 45° and -45° azimuthal angles. The
prism films (i.e., coupling films and turning film) are set at 90° as Figure 3.3 shows. We used the
ray tracing software (i.e. LightTools) to simulate this structure. Referring to the commercialized
prism film (e.g., 3M’s brightness enhancement film), the refractive index of our prism films is
~1.59 and the thickness is ~150 um. The backlight has a reasonable Gaussian distribution

(FWHM ~30°) and the maximum intensity is at 70°.

Tu;ning Film i i ﬂTop coupling film
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ATULATN N Toro
| | v NE

D[ A\ A +— Polarizer

<3 Backlight module  Bottom coupling film

Figure 3.3 Device structure of the proposed VFS-BPLCD.

Figure 3.4(a) shows the structure of a bottom coupling film laminated on the bottom

polarizer. It can substantially couple the oblique incident light to the bottom substrate and the
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BPLC layer as well. The prismatic structure not only couples the oblique input light to the cell
but also keeps a large incident angle in the BPLC layer. Without the bottom coupling film, the
refraction angle in the BPLC layer will be reduced dramatically according to Snell’s law. As a
result, the phase retardation will be smaller and the operating voltage will be higher. Therefore,
how to optimize the prism structure is important to the VFS mode. The prism pitch should be
smaller than each pixel size of the LCD; it could range from ~5 pm to ~50 pm.

Figure 3.4(b) shows the structure of a top coupling film. Without this top coupling film,
the oblique light will be trapped in the cell module because of total internal reflection (TIR).
Therefore, the major function of the top coupling film is to couple the oblique light to the air.
The prism structures with internal angles of 70°-20°-90° can efficiently couple the light out of
the substrate. A pair of top and bottom coupling films plays an important role on keeping a large
incident angle in the VFS LCDs. Figure 3.4(c) depicts the structure of the turning film. It can
steer the direction of the oblique light to the viewer’s position by TIR without any energy loss.
The pitch of the turning film is designed to be the same as that of the top coupling film.
Therefore, the turning film can be easily laminated or placed on the top coupling film. Because
the backlight that we used is well collimated, the turning film with regular prisms is suitable for
the narrow-view application. The angle of the turning film should be optimized according to the
profiles and angle of the backlight. To realize wide viewing angle, we can use irregular prism, or
using the round shaped prisms to spread the light to multiple directions as shown in Figure
3.4(d). The round shaped prisms should provide a wider viewing angle and more uniform image.

It should also be more durable than triangular prisms.
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Figure 3.4 Structures of (a) bottom coupling film, (b) top coupling film, (c) turning film with
regular-angle prisms, and (d) turning film with round shaped prisms.

3.3.2 Experiments and Simulations

We performed some experiments to confirm the advantages of our VFS device over the
conventional planar IPS structure. Figure 3.5 shows our experimental setup. To simulate the
beam path shown in Figure 3.3, we prepared a transparent container filled with Glycerol
(n=1.47@ 2=633 nm). The BPLC cell was immersed in Glycerol and it could be rotated freely.
Because of matched index between glass and Glycerol, the light can pass through the BPLC

without refraction and in a very large angle.
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Figure 3.5 Experimental setup for characterizing the VFS cell.

We prepared a polymer-stabilized BPLC material from Chisso JC-BP01M [56]. The LC
host has a dielectric anisotropy Ae~94 and birefringence An~0.17. The phase transition
temperature of the precursor is BP 42.4°C N* during the cooling process and N* 44.5°C BP
during the heating process, where N* denotes chiral nematic phase. The phase transition
temperature between isotropic phase and blue phase was not easy to determine precisely because
Bragg reflection occurred at ~350 nm. UV stabilization curing process was performed at 44°C
for 30 min. with an intensity of 2 mW/cm?. After UV curing, the blue-phase temperature range
was widened from <0°C to ~70°C. To make a fair comparison, we used the same material for
both IPS and VFS cells. The IPS cell has patterned ITO electrodes with 10 um electrode width
and 10 um electrode gap, and 7.5 um cell gap. For the VFS cell, both top and bottom glass
substrates were coated with thin ITO electrodes; no polyimide layer was used. The cell gap we
used was d~5.74 um.

Figure 3.6 depicts the measured voltage-dependent transmittance (VT) curves (at A=633

nm and T~23°C) of the IPS cell and VFS cell at 6=70°. For the IPS cell measured at normal
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incidence, the peak voltage occurs at Vp~50 Vys. For the VFS cell at 6=70°, its V,~16 Vims
which is ~3.2X lower than that of IPS structure. To further reduce operating voltage, we could

use a larger Kerr constant BPLC or increase the incident angle.

100 | VFS mode i
—a— forward
80 L —o— backward |
IPS mode
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—v— backward
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o
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Figure 3.6 Measured VT curves and hysteresis of IPS and VFS cells. A=633 nm.

Hysteresis is a common phenomenon for polymer-stabilized liquid crystal devices [46]
[47]. For display applications, hysteresis affects the accuracy of grayscale control and should be
eliminated. Hysteresis is defined by the voltage difference (AV) at half-maximum transmittance
when we scan the voltage forward and backward. From Figure 3.6, the measured AV/V, is
~5.8% for the IPS cell. For our new VFS cell with d=5.74 um and 6= 70°, it is free from
hysteresis! The reason is that our VFS cell has a weak electric field (E~2.8 VV/um) so that the

electrostriction effect does not occur. On the contrary, in an IPS cell the generated electric fields
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are not uniform spatially. The electric fields are much stronger near the pixel edges than those in
the electrode gap. The peak electric fields could cause lattice deformation locally which results in
hysteresis.

To validate this hypothesis, we applied different voltages (up to 40 V) to our VFS cell
and measured their hysteresis at 6=70°. Figure 3.7 shows the field intensity versus corresponding
phase retardation under the specified voltages. The black line represents the ascending curve,
while red cycles, blue triangles, and green squares denote the descending curves from 40 Vs,
28 Vs, and 20 Vs, respectively. From Figure 3.7, we find the accumulated phase increases
almost linearly and then gradually saturates as the electric field exceeds ~6V/um. For the V=20
Vms curve (E~3.5 V/um in our 5.74-um VFS cell), the forward and backward curves overlap
very well and no hysteresis is observed. Therefore, the critical field (E.) for a hysteresis-free
BPLC using Chisso JC-BP01M is ~3.5 V/um. In our VFS cell, the electric field is uniform, thus
it provides a reliable way for determining the critical field for a PS BPLC. On the other hand, for
an IPS cell the electric field near electrode edges is often higher than 3.5 V/um so that it exhibits
a noticeable hysteresis.

Residual birefringence is another serious problem for IPS BP-LCDs [57]. It causes light
leakage at dark state and degrades the contrast ratio. In an IPS cell, the residual birefringence
arises in the region with strong field. In a VVFS cell, the required field intensity for producing 1x

phase retardation is relatively weak. Thus, the resultant residual birefringence is negligible.
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Figure 3.7 Measured phase retardation vs. electric field intensity under different applied voltages.
A=633 nm.

We also compared the response time of our VFS cell with IPS cell at 23°C. Figure 3.8(a)
shows the gray-to-gray response time of the IPS cell while Figure 3.8(b) shows the measured
response time of our new VFS cell. The applied voltage swings from 0 to 16 Vs (@ 100HZz) for
the VFS cell, and 0 to ~46 Vs for the IPS cell. We find that IPS cell has a very slow rise time
especially in the low gray level transition. Our VFS mode shows much faster rise time and fall
time as compared to the IPS cell. Again, this is attributed to the smaller LC reorientation angle

and uniform field of the VVFS cell.
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Figure 3.8 Measured response time of (a) IPS cell and (b) VFS cell. 2=633 nm.

Unlike an IPS cell whose VT curve is insensitive to the cell gap, the peak transmittance
voltage of our VFS cell is dependent on the cell gap. Here, two factors have to be considered:

induced birefringence and effective cell gap. At a given voltage V, as the cell gap d decreases the
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electric field E gets stronger because E=V/d. According to Kerr effect, the induced birefringence
is proportional to E. Thus, the induced birefringence is larger as the cell gap decreases. On the
other hand, for a given incident angle the beam path in the BPLC cell for accumulating phase
retardation decreases as the cell gap decreases. Therefore, there ought to be an optimal cell gap
for achieving certain phase retardation. If the cell gap is too thin, although the induced
birefringence is large, the optical beam path is decreased so that the accumulated phase may not
be adequate for achieving maximum transmittance. Moreover, the saturation phenomenon in the
high field region should be also considered. In a real situation, the induced birefringence will
gradually saturate as the electric field increases. Therefore, the driving voltage could not
decrease indefinitely when we use an ultra-thin cell gap, as described by the extended Kerr effect
equation [58].
In the extended Kerr effect model, the induced birefringence is expressed as follows:

2
E
An=Ang,| 1-exp| - (E—J , (1.2)

S

where Ang,; stands for the saturated induced birefringence and E represents the saturation field.
From the measured results in Figure 3.6, our PS-BPLC material has K~7.5 nm/V? at A=633 nm
in the low field region, with Ang,~0.17 and Es~6.0 V/um. The Kerr constant extracted from VFS
cell is ~70% smaller than that from IPS cell. A possible explanation is as follows. In an IPS cell,
the electric field varies largely from electrode edges to the center of electrode gap. Therefore, the
extracted Kerr constant thru curve fitting has a larger uncertainty.

Figure 3.9 shows the simulated VT curves for d=5um, 2um, and 1pum at A=550 nm. For

display applications, we often optimize the device design at A=550 nm. To obtain the Kerr
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constant at this wavelength, we use the value measured at A=633 nm and then extrapolate it
following the dispersion relation [59]. For the 1-um BPLC cell, the induced birefringence
gradually saturates so that the maximum phase retardation reaches ~1= at a fairly high voltage.
As compared to the IPS structure whose VT curve is insensitive to the cell gap, the electro-optic
effects of VFS are dependent on the cell gap. We can optimize the cell gap according to the
material properties and incident angle to obtain a proper operation voltage. If we would
compromise for a lower transmittance, we could use a thinner cell gap to trade for a lower
operating voltage. For example, from Figure 3.9 the 1-um VFS cell has an operating voltage of 6
Vms at 70% transmittance, which is the typical transmittance of an IPS cell. If we want to boost
the transmittance to 90% for the 1-um VFS cell, then we can increase the operating voltage to
7.7 Vms. A caution should be taken that if we use a thinner cell gap to reduce driving voltage, the
electric filed might exceed the critical field (E.) for causing hysteresis. The critical voltage for

the Sum, 2um, and 1um cells is 17.5 Vs, 7.0 Vs, and 3.5 Vs, respectively.
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Figure 3.9 Simulated VT curves under different cell gap (d= 1um, 2pum, and 5um) for the VFS
cell. Incident angle=70° and A=550nm.

Based on the extended Kerr effect, we simulated the cell gap versus the driving voltage at
A=550 nm as shown in Figure 3.10. As the cell gap decreases, the driving voltage decreases and
then reaches a minimum. For the case of 6=70° and d~1.5 um, the minimum peak voltage occurs
at Vp~9 Vms. As stated above, we can optimize cell gap according to the material properties and
incident angle to obtain the minimum voltage. For the BPLC layer under a longitudinal field, the
induced birefringence 4n is along the electric field and behaves as a C-plate [60]. The phase

retardation I" equals 17 for the first maximum transmittance and can be expressed as:
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where d is the cell gap, ng is the refractive index of Glycerol (Figure 3.5), 6 is the incident
angle, and n, and n are the ordinary and extraordinary refractive indices of the BPLC. We also

assume the following equations hold for n, and n. [20]:
1 2
n, =N, —=An;n,=n,+—=An 14
3 3 (1.4)

where nj is the isotropic refractive index of BPLC in the voltage-off state, and An is the induced
birefringence under an external electric field. After combining equations (1.2), (1.3), and (1.4),
we derive (by neglecting algebraic derivation) following analytical solution of cell gap d for the

minimum operating voltage:

ﬂni\/nf -n;sin® 6

d=
n; sin’ Q-Ans(\/g—l)’ (L.5)
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Figure 3.10 Simulated operating voltage vs. cell gap at different incident angles of VFS cells.

A=550 nm and Kerr constant is assumed to be K~7.5 nm/V>2.

The operating voltage is roughly proportional to the inverse square root of Kerr constant
under low fields [31] [58]. From Kerr effect equation, we can get Kerr constant K = 4ns/ (AEs).
Therefore, BPLC materials with high 4ns and low Es are crucial for enhancing Kerr constant,
which subsequently corresponds to the lower operation voltage. Figure 3.11 shows the operating
voltage versus cell gap with different Kerr constants. The incident angle is 70° and the
wavelength is A=550 nm. The cyan squares, blue triangles, and red circles denote the same Kerr
constant but with different Ans and Es respectively. When the Kerr constant is doubled (i.e. K=
15 nm/V? at =633 nm), the operating voltage is reduced from ~10.9 Vms t0 ~7.4 Vs in a 3-pm

cell gap. We notice that if we can use a BPLC with high Ang in an ultra-thin cell gap (e.g. ~1.1
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pm), the driving voltage could be further reduced to below 5V. To get such a large 4ns, the host
LC should have a fairly high birefringence. However, this kind of liquid crystal usually has UV
stability issue and high viscosity which is unfavorable for response time. Another strategy to get
large Kerr constant is to reduce Es by using materials with a large dielectric anisotropy which
would also inevitably increase the viscosity. Therefore, how to lower the operation voltage while

keeping fast response time remains a critical challenge for future BPLC development.
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Figure 3.11 Simulated operating voltage vs. cell gap with different Kerr constants.
The optical efficiency (normalized to two parallel polarizers) of an IPS BPLC cell is
generally limited to ~70% due to some dead zones above the electrodes. Our VFS cell could in

principle achieve 100% transmittance because of its uniform vertical fields without dead zones.

The major optical loss comes from Fresnel reflection of the coupling films and turning films.
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From our simulations, the optical efficiency for the employed films is over 85%. Crosstalk
between two adjacent pixels would also affect the transmittance of our VFS BPLC. As shown in
Figure 3.12, the width W of crosstalk equals d/cot6, here d is the cell gap, and @ is the incident
angle. Therefore, the transmittance ratio becomes 1-W/p, here p is each pixel width. Let us
assume d=3um, £=70°, and p=180um, the transmittance would be 95%. We can fabricate TFT
structure in the crosstalk region and add black matrix on it. Therefore, VFS should have a

comparable or higher optical efficiency than IPS.
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Figure 3.12 Possible crosstalk in a VFS BPLCD.

Achieving wide viewing angle is a major challenge for the VFS mode. Because the
backlight’s incident angle is fairly large through the polarizer and analyzer, the extinction ratio of
polarizer and analyzer degrade dramatically. As a result, the intrinsic contrast ratio is very poor
for the case of oblique incident light in VFS BPLCD. We need to design some phase
compensation methods and retardation films to improve the intrinsic contrast ratio. Since we
adopt the directional backlight with fairly narrov FWHM for VFS BPLCDs, this design is
suitable for narrow-view applications. To widen the viewing angle, we can design the irregular
prism structure of turning film [53] or a front diffuser [61] to orient and steer backlight to

different viewing angles. We can also add a polymer-dispersed liquid crystal (PDLC) [62] [63]
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layer in front of the panel to work as a dynamic diffuser. The scattering degree of the PDLC layer
can be controlled by the applied voltage. Therefore, we can realize the tunable viewing angle

display which is suitable for both private and public environments.

34 Summary

The VFS mode offers superior performances to IPS in lower operating voltage, higher
transmittance, free from hysteresis, no residual birefringence, and faster response time. Its cell
structure is very simple, but it requires sophisticated phase compensation scheme to achieve wide
view. On the other hand, IPS requires protrusion electrodes to reduce operation voltage, but its
phase compensation scheme for achieving wide view is relatively simple. The VFS mode is

particularly attractive for displays and photonic devices that require fast response time.
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CHAPTER 4:  WIDE VIEWING ANGLE OF VFS BPLCD

From our introductions in the previous chapters, most BPLC devices utilize planar IPS or
protruded IPS. Planar IPS has wide view, but its operating voltage is high and hysteresis is fairly
large because the lateral field is spatially nonuniform and the peak electric field near electrode
edges is high. Protruded electrodes lower the operation voltage, but the tradeoff is increased
fabrication complexity.

To overcome the fabrication problem, we proposed vertical field switching (VFS) for
BPLCDs. With this novel VFS mode, the operating voltage is greatly reduced and hysteresis is
completely suppressed. However, how to achieve wide view becomes a challenge.

In this chapter, we present several approaches for improving the contrast ratio (CR) and

viewing angle of VFS BPLCDs. We also analyze the pros and cons of each method.

4.1 Light Leakage in VES BPLCD

Figure 4.1 depicts the angular distribution of the directional backlight [54] [55] for VFS
BPLCDs. A directional backlight with oblique output (6~70°) is adopted. A larger incident angle
results in a larger phase retardation which helps to lower the operating voltage. Typically, the
directional backlight has a divergence angle (full width at half maximum FWHM) smaller than
20°. The more collimated backlight is preferred, but we also need to consider the optical

efficiency and brightness uniformity.
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Figure 4.1 Directional backlight’s angular distribution.

The polar coordinate in our device and simulations is defined in Figure 4.2. Because the
backlight passes the polarizer and analyzer obliquely (6~70°, $~270°), there is light leakage at
the dark state if the polarizer and analyzer are set at $=45° and -45° as a conventional LCD [64].
To minimize light leakage, we can rotate the absorption axes of polarizer and analyzer along
$=71.12° and -71.12° respectively as shown in Figure 4.3(a), in which the polarizer and the

analyzer are crossed at the backlight angle (6=70°, $=270°) as Figure 4.3(b) shows.

0=90° Light
0=0 ¢0390 Z

——

Liquiq‘.a(‘f‘r“ystal cell

Lightguide

0=90%; ¢ = 270°
Figure 4.2 Polar coordinate of the VFS-BPLCD.
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We used commercial software, LCD Master (Shintech), and Nitto Denko’s polarizer and
analyzer (SEG1425DU) in our simulations. The BPLC composite is optically isotropic with
ni=1.55 at the voltage-off state. As the voltage increases, Kerr effect-induced birefringence
gradually increases. At V=16 Vs in which the phase retardation d=n at 70° incident angle of
our VFS cell, the measured n,=1.54 and n.=1.57 at A=633 nm. The cell gap is 4.74um. Figure
4.3(c) shows the simulated isocontrast contours of Figure 4.3(b) after the incident oblique
backlight is steered to the normal direction by a turning film. Although the polarizer and analyzer
are crossed at (6=70°, $=270°), the intrinsic CR is much lower than that of the crossed polarizers
at normal incidence. Because the extinction ratio of the analyzer decreases drastically as the
polar angle 6 increases, in which the smaller effective absorption coefficient causes light leakage
in the dark state. Therefore, how to enhance the intrinsic CR and widen the isocontrast contours

becomes an urgent task for VFS BPLCDs.

64



(a) Absorption axis of polarizer (b)

Absorption axis of polarizer

Figure 4.3 Change in the effective angle between the polarizer and the analyzer: (a) normal

observation (6=0°), (b) oblique observation (6=70°); (c) simulated isocontrast contours.

4.2 Film Compensation Principles

As plotted in Figure 4.3(c), the polarizer and analyzer at $=71.12° and -71.12° leads to a
fairly poor contrast ratio and narrow viewing angle. We could design retardation films to widen

the isocontrast contours. However, the maximum CR (or the intrinsic CR) is not improved. On
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the other hand, we could reduce the azimuthal angle ¢ to enhance the effective absorption
coefficient and improve the intrinsic CR. In this case, the polarizer and analyzer are not mutually
perpendicular at the viewing angle of 6=70° and $=270°. It would be even harder to design the
phase compensation films to widen the isocontrast contour for a small ¢. According to our
experience, we should find a balance between high CR and wide isocontrast contour by choosing
a proper ¢ between the polarizer and the analyzer.

Figure 4.4(a) shows our first proposed optical configuration for VFS BPLCD. The
absorption axes of polarizer and analyzer are along ¢ =45° and -45° respectively. Because the
effective angles between polarizer and analyzer become 12.88° and -12.88° rather than mutually
perpendicular at oblique incident angle (6=70°, $=270°), the noticeable light leakage degrades
the CR dramatically. We add two identical biaxial films set at $=38.5° and -38.5° to reduce the
light leakage. The N, factor, which is defined as (nx-n;)/(nx-ny), is 0.54 for both biaxial films,
and d(nx-ny) =256 nm, here d is the biaxial film thickness.

Figure 4.4(b) shows the compensation process for the dark state on the Poincaré sphere.
At normal incidence, i.e., 6=0°, the polarization state after polarizer P, is the same as the
absorption axis of analyzer Ag. However, the effective angle between the polarizer and the
analyzer changes as the incident backlight tilts away from normal (e.g., 6=70°, ¢$=270°).
Therefore, the transmittance state P, deviates from analyzer A; and the light leakage happens.
We add two biaxial films to compensate the separation of P; from A;. Biaxial film 1 shifts the
polarization state from P; to Py, and subsequently biaxial film 2 moves the polarization state
from Py to A;. As a result, light leakage is suppressed substantially. Figure 4.4(c) shows the

simulated CR and isocontrast contours optimized at incident angle (6=70°, $=270°) for A=550
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nm. From Figure 4.4(c), CR>1000:1 covers ~10° viewing cone which is sufficient for the
employed directional backlight (FWHM <20°) in our VFS BPLCD. In order to widen the
viewing angle, a front diffuser [61] [65] or a curve shaped turning film [53] can be applied to
spread the directional backlight to the observer for achieving wide view.

Figure 4.4(d) shows the simulated isocontrast contours and optical configuration which is
optimized for a smaller incident polar angle 6=60°, $=270°. The polarizer and analyzer are still
set at $=45° and -45°. Two identical biaxial films (N,=0.63, d(nx-ny) =260 nm) are set at $=42°
and -42°. Under a smaller polar angle 6, Figure 4.4(d) shows wider isocontrast contours as
compared to Figure 4.4(c). However, a smaller incident angle 6 corresponds to a lower induced
birefringence of a VFS BPLC which leads to a higher operating voltage. Recently, Merck
reported a high Kerr-constant BPLC material [66]. If we use this material, we can choose a
smaller incident angle to obtain 1z phase retardation. A smaller incident angle helps to enlarge

the isocontrast contours.
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Figure 4.4 Biaxial film-compensated VFS BPLCD: (a) device configuration, (b) compensation
principle on Poincare sphere, and simulated isocontrast contours at incident angle 6=70° (c) and

0=60° (d). A=550 nm.
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Let us return to the backlight angle (6=70°, $=270°) but varying the polarizer/analyzer
angle. Figure 4.5(a) shows the isocontrast contours at a smaller angle ($=40° and -40°) between
the polarizer and the analyzer. Two biaxial films (N,=0.506, d(nx-ny)=259 nm) are set at $=36°
and -36°. Figure 4.5(b) shows the isocontrast contours when the polarizer and the analyzer are
further reduced to $=30° and -30°. The incident angle of backlight is still at (6=70°, $=270°).
Two biaxial films (N,=0.44, d(n«-ny)=264 nm) are set at $=31° and -31°. Comparing Figure
4.4(c), Figure 4.5(a), and Figure 4.5(b), we find the contour size for CR=1000:1 is similar but the
contour shape changes as the absorption angle ¢ between the polarizer and analyzer varies. For
practical applications, we should also consider the output profile of the directional backlight in
order to choose an appropriate ¢ and the matched contour shape.

Figure 4.6 shows the isocontrast contours optimized for a smaller incident polar angle
(6=60°, $=270°). The polarizer and the analyzer are set at $=30° and -30°. Two identical biaxial
films (N,=0.4775, d(nx-ny)=264.5nm) are set at $=32.5° and -32.5°. From Figure 4.4(d) and

Figure 4.6, a smaller incident polar angle could result in larger contours.
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Figure 4.5 Simulated isocontrast contours of biaxial film-compensated VFS BPLCD: (a) $=40°
and -40° and (b) $=30° and -30°.
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Figure 4.6 Isocontrast contours and film configurations of a VFS BPLCD with incident angle
6=60°.

Figure 4.7(a) shows another compensation method by adding four biaxial films. The
polarizer and the analyzer are set at $=30° and -30°. Two identical biaxial films 1 and 4
(N,=0.851, d(nx-ny)=281nm) are set at $=25.75° and -25.75°. Identical biaxial films 2 and 3
(N,=0.3984, d(nyx-ny)=272nm) are set at $=29.72° and -29.72°.The compensation process is
shown on the Poincaré sphere in Figure 4.7(b). As compared with previous examples, the
additional two biaxial films are designed to compensate the varied effective angle between the
polarizer and the analyzer due to different azimuthal angle ¢. P, denotes the polarization state at
0=70°, $=300°. P, deviates from P; which represents the transmittance state at 6=70°, $=270°.
The biaxial film 1 can compensate the effect of varied ¢ and shift the polarization state from P,
to P;. The biaxial films 2 and 3 shift the polarization state from Py to A;. Finally, the biaxial film
4 shifts the polarization state to absorption axis of the analyzer A,. Figure 4.7(c) shows the CR
contours. Because of two additional biaxial films to compensate the effect of varied azimuthal
angle ¢, the CR contours exhibit a more circular shape which is similar to the output profile of

the direction backlight.
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Polarizer 30°

Coupling film

Figure 4.7 Optical configuration of the proposed VFS BPLCD: (a) film configuration, (b)

compensation principle, and (c) isocontrast contours.
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Figure 4.8(a) shows another example of four biaxial films. The polarizer and analyzer are
set at $=45° and -45°. The biaxial films 1 and 4 (N,=0.575, d(nyx-ny)=256 nm) are set at $=40°
and -40°. The biaxial films 2 and 3 (N,=0.5, d(nx-ny)=137 nm) are set at $=90° and ¢=0°,
respectively. From the Poincaré sphere in Figure 4.8(b), biaxial film 1 shifts the polarization state
from Py to Po. Biaxial film 2 shifts the linear polarization state Py to circular polarization C; and
then biaxial film 3 changes the circular polarization C; back to linear Py. Finally the biaxial film
4 rotates the transmission state P to align with the absorption axis of analyzer A;. Here, Py and
Ay are for the normal incident 6=0°. P; and A; deviate from Py and Ay due to the oblique
incidence (6=70°, $=270°) of the directional backlight.

Because the circularly polarized light C; is independent of the azimuthal angle ¢ in the
BPLC material, it helps to improve the brightness state of the VFS BPLCD. Actually, we also
tried to use one biaxial film to shift the polarization state from P; to C; directly and another
biaxial film to shift the polarization state from C; to A;. However, this simpler configuration is
very sensitive to the polar angle 6 and our results are not promising. Figure 4.8(c) shows the
isocontrast contours when the directional backlight is at (6=70°, $=270°). Figure 4.8(d) shows
the isocontrast contours optimized for the incident angle (6=60°, $=270°) of the directional
backlight. The polarizer and the analyzer are set along $=45° and -45°. The biaxial films 1 and 4
(N;=0.63 and d(ny-ny)=260nm) are set at $=42° and -42°. The biaxial films 2 and 3 (N,=0.5 and
d(nx-ny)=137nm) are set at $=90° and 0°, respectively. Figure 4.8(d) exhibits wider isocontrast

contours than Figure 4.8(c) because of the smaller incident angle.
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Figure 4.8 Optical configuration of a VFS BPLCD with 4 biaxial films: (a) film configuration,

(b) compensation principle, and simulated isocontrast contours at 6=70° (c) and 6=60° (d).

74



In all the above examples, the backlight passes the analyzer obliquely. If the coupling
film and turning film are laminated between the analyzer and the BPLC cell, the light would pass
the analyzer at normal angle and the analyzer would exhibit a good extinction ratio. Moreover,
better image quality can be obtained if the coupling film and turning film are closer to the image
plane (i.e., pixels of the LCD panel). Similarly, if we can place the polarizer outside the bottom
coupling film [Figure 4.9(a)], the directional backlight travels inside the polarizer at a smaller
angle according to Snell’s law. Hence, the extinction ratio of the polarizers and the device CR are
all improved. A tradeoff is that the backlight might be depolarized by the turning films and the
coupling film. As a result, we need additional retardation films to compensate for the
depolarization effect.

Figure 4.9(a) shows the schematic view of our approach. The polarizer and analyzer are
at $=0° and 90°, respectively. A biaxial film 1 (N,=0.756, d(ny-ny)=254 nm) is set ¢=0°. The
biaxial films 2 and 3 (N,=0.501, d(nx-ny)=137.5 nm) are set ¢=-45° and 45°. A C-film
(no=1.5095, n,=1.511, and thickness d=48um) and an A-film (n,=1.5095, n.=1.511, thickness
d=70um, and optical axis $=0°) are laminated between the biaxial film 2 and the top coupling
film. Figure 4.9(b) shows the compensation process of the dark state on Poincaré sphere. For an
oblique incidence (6=70°, $=270°), the transmission state Py is on the absorption axis of the
analyzer Ao and we get good dark state. However, when the azimuthal angle changes, such as
$=315°, the polarization state P; and the absorption axis A; deviates from Py and Ao. Biaxial
film 1 does not change the polarization state Py at $=270° but can shift the polarization from P
to Pg at $=315°. Biaxial film 2 changes the linear polarization Py to circular C; and biaxial film

3 would change the circular light from C; to linear Py. The C-film and A-film are designed to
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shift Py to Az via A,. Finally, the top coupling film and turning film would depolarize the light
A;z and move Az to Ajp; the absorption axis of the analyzer. Figure 4.9(c) is a plot of the
simulated isocontrast contours. The contours are improved noticeably because the polarizer and

the analyzer exhibit larger extinction ratio at a small incident angle.
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Figure 4.9 Biaxial and A/C-films compensated VFS BPLCD: (a) film configuration, (b)

compensation principle, and (c) simulated isocontrast contours.
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Figure 4.10 shows another example by laminating bottom coupling film on the polarizer.
The absorption axis of the polarizer and the analyzer are at $=0° and 90°, respectively. Biaxial
film 1 (N,=0.568, d(nyx-ny)=209.6 nm) is set at $=0°. Identical biaxial films 2 and 3 (N,=0.501,
d(ny-ny)=137.5nm) are set at $=-45° and 45°. A C-film (n,=1.5095, ne=1.511, and thickness
d=40um) and an A-film (n,=1.5095, n.=1.511, thickness d=60um, and optical axis $=0°) are
laminated between the biaxial film 3 and the top coupling film. Figure 4.10(b) shows the
compensation process on Poincaré sphere for the dark state, which is the same as Figure 4.10(b).
Figure 4.10(c) is a plot of the simulated isocontrast contours. Because the backlight’s incident
angle inside the polarizer is larger in Figure 4.10 (6~70°) than that in Figure 4.9 (6~39°), Figure

4.10(c) shows smaller isocontrast contours than Figure 4.9(c).
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Figure 4.10 Film-compensated VFS BPLCD with bottom coupling film laminated to the
polarizer: (a) film configuration, (b) compensation principle, and (c) simulated isocontrast

contours.
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Figure 4.11 shows another compensation process for dark state based on the same
configuration as Figure 4.9. Here, biaxial film 1 (N,=0.756 and d(nyx-ny)=254 nm, and ¢$=0°) can
compensate the polarization state from P; to Py for an azimuthal angle deviated from ¢=270°.
Biaxial film 2 (N,=0.6738 and d(nyx-ny)=275 nm, and ¢$=112.5°) shifts P, to P,. Biaxial film 3
(N,=0.9328 and d(nyx-ny)=275 nm, and ¢$=22.5°) shifts P, back to Po. A C-film (n,=1.5095,
ne=1.511, and thickness d=65um) plus an A-film (n,=1.5095, n,=1.511, d=70um, and ¢$=0°)
shift Py to P4. Finally, the depolarization by the coupling film and turning film would shift P4 to
A;. Figure 4.11(c) depicts the isocontrast contours optimized for the backlight at incident angle
0=70°, $=270°. Figure 4.9(c) shows better isocontrast contours than Figure 4.11(c) because we
chose circularly polarized light as the middle state in Figure 4.9 which is less sensitive to the

azimuthal angle ¢.
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A-film (no=1.5095, ne=1.511, d=70pm, 0°)
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Biaxial film 1 (Nz 0.756, dAn 254, 0°)
Polarizer 0’

Figure 4.11 Another version of biaxial and A/C-films compensated VFS BPLCD: (a) film

configuration, (b) compensation principle, and (c) simulated isocontrast contours.
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4.3 Wire-Grid Polarizer for VES BPLCDs

We also explore the compensation method using wire-grid polarizers (WGPs) [67]
instead of conventional dichroic sheet polarizer (Figure 4.12). Actually, a WGP can substitute
conventional polarizer in all above discussed examples. Because a WGP retains a good
extinction ratio at large incident angle (e.g., 6=70°), it helps to improve the CR. However, one
shortcoming of WGP is that it reflects up to 50% of the ambient light which would degrade the
CR. Thus, it is better to use WGP as the inner polarizer while keeping a sheet polarizer as the

outer polarizer [68].

Non-polarized light Reflected light

Metallic wires

L] EEEE ’
Transmitted light ﬂ P wave
Figure 4.12 Schematic drawing of a wire-grid polarizer.

In Figure 4.13(a), we show a special case by setting the absorption axis of a WGP at
$=90° and a dichroic sheet analyzer at $=0°. Usually, we do not set the dichroic polarizer at
$=90° because of its poor extinction ratio at an oblique incidence (6=70°, $=270°). The biaxial
films 1 and 2 (N,=0.81, d(nx-ny)=317.35 nm) are set at $=0° and 90°, and biaxial films 3 and 4

(N.=0.5 and d(nx-ny)=137 nm) are at ¢$=45° and -45°, respectively. Figure 4.13(b) shows the
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compensation process of dark state by biaxial films on Poincaré sphere. When the oblique
directional backlight (6=70°, $=270°) passes through a WGP, it becomes linearly polarized P,.
Biaxial film 1 does not change the polarization state at $=270°, but biaxial film 2 would shift the
linear light from Pg to circular C;. Biaxial film 3 would shift the circular light from C; to linear
which is parallel to the absorption axis of the analyzer Ay and biaxial film 4 does not change the
polarization state. Therefore, we can get a good dark state at (6=70°, $=270°). However, as the
azimuthal incident angle changes (e.g., 6=70°, $=300°), the polarization state P; deviates from
Po and the absorption axis A; deviates from A,. Biaxial film 1 can move P; back to Py at
different azimuthal angle (e.g., from ¢ =225° to ¢ =315°). Next, biaxial films 2 and 3 shift the
polarization state from Py to P, via C;. Finally, biaxial film 4 reorients the linearly polarized
light P, to be parallel to the absorption axis of the analyzer A;. As a result, the light leakage is
suppressed substantially. From the isocontrast contours shown in Figure 4.13(c), the WGP is
insensitive to the polar angle 6 along $=90°/270° and provides wide isocontrast contours along
its absorption axis. This special characteristic allows us to adopt 2D light-distribution backlight

and front diffusor [69].
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Figure 4.13 Optical configuration of the proposed VFS-BPLCD, (a) film configuration, (b)

compensation principle, and (c) simulated isocontrast contours.
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4.4 E-type Analyzer for VES BPLCDs

The conventional LCDs adopt O-type analyzer in which ordinary ray is transmitted and
extraordinary ray is strongly absorbed. For an O-type polarizer [Figure 4.14(a)], the extinction
ratio for E-wave attenuates gradually as the incident plane is parallel to the c-axis and the polar
angle increases. While in Figure 4.14(b), the E-type polarizer [70] [71] can preserve a large
extinction ratio for O-wave at different polar angles as the incident plane is perpendicular to the
c-axis. Therefore, the polarization purity remains reasonably good at large incident angles for E-

type polarizer.

1

(a) Ic—axis (absorption axis) (b) Ic—axis (transmission axis)
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Figure 4.14 Schematic drawing of an (a) O-type polarizer and (b) E-type polarizer.

Here, we propose a new design by using E-type analyzer instead of O-type for VFS
BPLCD. As shown in Figure 4.15(a), the absorption axis of a conventional O-type polarizer is

along ¢=0°. The c-axis (i.e., transmission axis) of an E-type analyzer is along ¢=0°. Two biaxial
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films 1 and 2 (N,=0.5, d(nx-ny)=137.5 nm) are set at $=-45° and 45°.

Figure 4.15(b) shows the compensation process on Poincaré sphere for achieving dark
state. The polarization state is always at P, for different polar angles while the oblique backlight
(¢=270°) passing through the polarizer. The transmitted light Py is polarized along the absorption
axis of the E-type analyzer and a good dark state is obtained. For an E-type analyzer, all the light
polarized perpendicular to the c-axis will be absorbed. Therefore, the absorption axis can be
represented by the red circle in Figure 4.15(b). For any incident light with azimuthal angle ¢
deviated from 270°, the transmitted state would shift from P, to another state, such as P, and is
still on the red circle (i.e. absorption axis). Therefore, our configuration shows a good dark state
which is insensitive to 6 and ¢. No additional retardation film is needed to compensate the light
leakage at dark state for different polar and azimuthal angles. In order to improve the bright state
at different viewing angles, we add biaxial film 1 to shift the linear polarization P; to circular C;.
Biaxial film 2 shifts the circularly polarized light C; back to A;; the absorption axis of analyzer.
Figure 4.15(c) shows the simulated isocontrast contours optimized at incident angle (6=70°,
$=270°). The E-type analyzer provides very wide isocontrast contours because it retains good

extinction ratio for different 6 and ¢.
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Figure 4.15 Proposed VFS BPLCD using an O-type polarizer and an E-type analyzer: (a) film

configuration, (b) compensation principle, and (c) simulated isocontrast contours.
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45 Discussions

We have proposed several device structures for improving the viewing angle of VFS
BPLCD. With phase compensation films, we are able to enhance the intrinsic CR at normal
direction and enlarge the isocontrast contours. Since VFS BPLCD uses a directional backlight
(FWHM<20°), the high contrast contours should be larger than £10° viewing cone. If the oblique
backlight is more collimated (e.g., FWHM<10°), we could choose the simplest configuration
with two biaxial films. Otherwise, we need more retardation films to obtain wider isocontrast
contours. Reducing the incident angle of a directional backlight can also enlarge the isocontrast
contours. However, we need BPLC material with a higher Kerr-constant or we should apply a
higher operating voltage. The E-type analyzer shows the best performance for VFS BPLCD.
However, the E-type analyzer is presently not available commercially. To achieve wide view, a
front diffusor or curved turning film can also be considered. The high contrast images are steered
or diffused to different viewing directions. This kind of surface-diffusion LCD [65] helps to

eliminate color shift and gray level inversion at different viewing angle.
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CHAPTER 5: SUMMARY

We investigate and study the principles of multi-primary displays. From our results, multi-
primaries (RGBYC) can enlarge the color gamut to have a better color reproduction and also
enhance the brightness of the display.

We also applied the five-primary theorem on the FSC LCDs. We propose a method and
algorithm to reduce the CBU by using an optimized color ratio and order. Without increasing the
frame rate, we can reduce the CBU and keep the advantages of multi-primaries.

In order to totally suppress the CBU and motion blur of FSC LCDs, it is necessary to
enhance the frame rates of sequential color images. Higher frame rates would require a very fast
response time of liquid crystal (< 1ms). PS-BPLC shows potential in FSC LCDs because of its
submillisecond response time. However, large operating voltage of BPLC is always a big issue
for TFT addressing by using the conventional planar IPS structure. Protruded IPS can help to
reduce the voltage, but the hysteresis and residual birefringence still exists. Moreover, protruded
IPS makes the manufacturing much more difficult and the record low voltage (~27 V) still
needs to be further reduced.

We propose a novel device design of VFS BPLCD. We have investigated the device physics
and electro-optical properties. The main research discoveries and achievements are as follows:

1. VFS mode offers several superior performances to IPS or other proposed structures. First,

we reduce the operating voltage to 16 Vms in our experiment and estimate the operating
voltage can be lower to 10 Vs by optimizing cell gap which enables BPLCD for TFT

addressing. Second, we solve the problem of hysteresis for PSBPLC material. As
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compared to other methods with serious hysteresis, VFS has much lower driving voltage
so that the hysteresis becomes negligible. A hysteresis-free device is very important when
showing the correct grayscale in display applications. Third, we observed no residual
birefringence which was reported in other driving methods for BPLCD. The residual
birefringence will cause light leakage in the dark state and degrade the contrast ratio of
the BPLCD. Fourth, from our measurement, VFS reveals faster response time than IPS
BPLCD. IPS shows very slow response time in the low gray level transition. VFS shows
fast response time in both low and high gray level transitions.

VES cell provides a reliable way to determine the property of BPLC material. In fact, the
electric filed direction and intensity is not uniform in the IPS cell. We can only measure
the average BPLC molecular orientation under different electric fields. It is not easy and
precise to locally analyze the interaction between the BPLC molecule and a specific
electric field in an IPS cell. Since VFS cell has uniform fields inside, its electro-optic
property should also be uniform. Using a VFS cell, we are able to establish correlation
between hysteresis and electric fields. We define a critical electric field for a hysteresis-
free device. Below this critical field, hysteresis is negligible. When the applied field is
larger than the critical field, the deformation of polymer network also causes the slow
response time. This critical field is dependent on the strength and stability of the polymer
networks.

Unlike IPS, the operation voltage of a VFS cell is cell gap sensitive. Therefore, we can
get an optimized cell gap for achieving minimum operation voltage. From our measured

results and calculations, we estimate the driving voltage should be lower than 10 Vys if
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the cell gap is ~3 um. We also derived the analytical solution for the optimized cell gap,
and studied the relation between incident angle and operation voltage.

VFES cell structure is very simple, but it requires sophisticated phase compensation scheme to
achieve wide view. We design and optimize the dual biaxial films to enhance the intrinsic
contrast ratio of VFS cell. We also propose to use wire-grid polarizer or E-type analyzer to get a
better performance. In order to steer the directional backlight to multiple directions, we propose
to add a front diffuser or use curve shaped prism film to get a wide viewing angle. This surface-
diffusion display has less color shift and gray level inversion as compared to the conventional
LCDs.

Overall, VFS overcomes most of the problems encountered in IPS BPLCDs and the cell
structure is simple for manufacturing. It is particularly attractive for display and photonic devices
that require fast response time, such as FSC LCDs using RGB LED backlight, or 3D displays.
We believe our work will make an important impact on the display technologies and VFS

BPLCDs would be a strong competitor in the next generation.
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