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TOP-ALIGNMENT VERTICAL ALIGNMENT
FRINGE IN-PLANE SWITCHING (VA-FIS)
LIQUID CRYSTAL DISPLAY

FIELD

[0001] The disclosure relates generally to display technol-
ogy, and more particularly to a top-alignment vertical align-
ment fringe in-plane switching (VA-FIS) liquid crystal dis-
play.

BACKGROUND

[0002] The background description provided herein is for
the purpose of generally presenting the context of the
disclosure. Work of the presently named inventors, to the
extent it is described in this background section, as well as
aspects of the description that may not otherwise qualify as
prior art at the time of filing, are neither expressly nor
impliedly admitted as prior art against the present disclo-
sure.

[0003] A field sequential color (FSC) liquid crystal display
(LCD) is a strong contender for next-generation display
technology, as it exhibits two major advantages: 3x higher
resolution density and 3x higher optical efficiency. These
two features are highly desirable for high-end TVs and
emerging augmented reality and vertical reality (AR/VR)
applications. However, to suppress the color breakup of the
FSC LCD, the required response time is quite challenging.
Typically, the required response time should be less than 1
ms.

[0004] To get sub-millisecond response time, several
methods could be employed. For example, the polymer-
stabilized blue phase liquid crystal (BPLC) may be
employed in the LCD. This mode does not need an align-
ment layer and its electro-optic performance is insensitive to
the cell gap, leading to high fabrication yield. However, the
operation voltage is too high, and thin-film transistor (TFT)
driving is fairly complicated due to the slow charging time.
Another option to get fast response time is to apply an
erasing field to accelerate the LC relaxation process, such as
triode structure. In this case, experiments have demonstrated
that ~0.1 ms response time may be achieved. Still, the
bottleneck is the demanding TFT driving circuit.

[0005] Therefore, a heretofore unaddressed need exists in
the art to address the aforementioned deficiencies and inad-
equacies.

SUMMARY

[0006] One aspect of the disclosure relates to a liquid
crystal display, which includes: an upper substrate and a
lower substrate spaced apart from each other, forming a cell
gap therebetween; a liquid crystal layer disposed in the cell
gap between the upper substrate and the lower substrate and
having liquid crystal molecules, wherein Ag>0; a common
electrode disposed on the lower substrate facing the liquid
crystal layer; a passivation layer disposed on the lower
substrate and covering the common electrode; a plurality of
pixel electrodes disposed on the passivation layer; and a
planar electrode disposed on the upper substrate facing the
liquid crystal layer, wherein the planar electrode is config-
ured to be provided with a first biased voltage, the common
electrode is configured to be provided with a second biased
voltage, and an absolute value of the second biased voltage
is smaller than an absolute value of the first biased voltage;
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and wherein the liquid crystal molecules of the liquid crystal
layer are vertically aligned at a voltage-off state.

[0007] In certain embodiments, the liquid crystal display
is switchable from the voltage-off state to a voltage-on state
by applying on-state voltages to the pixel electrodes,
wherein for the pixel electrodes in the voltage-on state, the
on-state voltages applied to two adjacent ones of the pixel
electrodes are in different polarities.

[0008] Incertain embodiments, the first biased voltage and
the second biased voltage are in different polarities. In one
embodiment, the first biased voltage is a positive voltage,
and the second biased voltage is a negative voltage.
[0009] In certain embodiments, the liquid crystal display
further includes a first alignment layer disposed on the upper
substrate facing the liquid crystal layer, wherein the first
alignment layer has a first anchoring energy W, and is
configured to induce vertical alignment of the liquid crystal
molecules in the voltage-off state.

[0010] In certain embodiments, no alignment layer is
disposed on the lower substrate.

[0011] In certain embodiments, the first anchoring energy
W, is in a range of about 107> to 1072 N/m.

[0012] In certain embodiments, the liquid crystal display
further includes a second alignment layer disposed on the
lower substrate facing the liquid crystal layer. wherein the
second alignment layer has a second anchoring energy W,,
and the second anchoring energy W, is weaker than the first
anchoring energy W,.

[0013] In certain embodiments, the first anchoring energy
W, is in a range of about 10~ to 107> N/m, and the second
anchoring energy W, is in a range of about 10~°to 10~ N/m.
[0014] In another aspect, a liquid crystal display includes:
an upper substrate and a lower substrate spaced apart from
each other, forming a cell gap therebetween; a liquid crystal
layer disposed in the cell gap between the upper substrate
and the lower substrate and having liquid crystal molecules;
a common electrode disposed on the lower substrate facing
the liquid crystal layer; a passivation layer disposed on the
lower substrate and covering the common electrode; a
plurality of pixel electrodes disposed on the passivation
layer; and a planar electrode disposed on the upper substrate
facing the liquid crystal layer, wherein the planar electrode
is configured to be provided with a first biased voltage being
greater than 0; wherein the upper substrate has a first
anchoring energy W, and the lower substrate has a second
anchoring energy W,, and the second anchoring energy W,
is weaker than the first anchoring energy W,.

[0015] In certain embodiments, no alignment layer is
disposed on the lower substrate.

[0016] In certain embodiments, the liquid crystal mol-
ecules of the liquid crystal layer are vertically aligned at a
voltage-off state.

[0017] 1In certain embodiments, the liquid crystal display
is switchable from the voltage-off state to a voltage-on state
by applying on-state voltages to the pixel electrodes,
wherein for the pixel electrodes in the voltage-on state, the
on-state voltages applied to two adjacent ones of the pixel
electrodes are in different polarities.

[0018] In certain embodiments, the first biased voltage is
about3 Vto7V.

[0019] In certain embodiments, the common electrode is
configured to be provided with a second biased voltage, and
the second biased voltage is not equal 0.
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[0020] In certain embodiments, the common electrode is
configured to be provided with a second biased voltage, an
absolute value of the second biased voltage is smaller than
an absolute value of the first biased voltage, and the first
biased voltage and the second biased voltage are in different
polarities.

[0021] In certain embodiments, the first biased voltage is
a positive voltage, and the second biased voltage is a
negative voltage.

[0022] In certain embodiments, a first alignment layer is
disposed on the upper substrate facing the liquid crystal
layer, a second alignment layer is disposed on the lower
substrate facing the liquid crystal layer, the first alignment
layer has the first anchoring energy W, and the second
alignment layer has the second anchoring energy W.,.
[0023] In certain embodiments, the first anchoring energy
W, is in a range of about 10~ to 1072 N/m, and the second
anchoring energy W, is in a range of about 10~°t0 107> N/m.
[0024] These and other aspects of the present invention
will become apparent from the following description of the
preferred embodiment taken in conjunction with the follow-
ing drawings, although variations and modifications therein
may be effected without departing from the spirit and scope
of the novel concepts of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] The accompanying drawings illustrate one or more
embodiments of the disclosure and together with the written
description, serve to explain the principles of the disclosure.
Wherever possible, the same reference numbers are used
throughout the drawings to refer to the same or like elements
of an embodiment, and wherein:

[0026] FIG. 1A schematically shows a liquid crystal dis-
play according to certain embodiments of the present dis-
closure.

[0027] FIG. 1B schematically shows a liquid crystal dis-
play according to certain embodiments of the present dis-
closure.

[0028] FIG. 1C schematically shows a liquid crystal dis-
play according to certain embodiments of the present dis-
closure.

[0029] FIG. 2A schematically shows simulated voltage-
to-transmittance curves for VA-FIS LCDs with and without
the bottom alignment layer according to certain embodi-
ments of the present disclosure.

[0030] FIG. 2B schematically shows simulated time-to-
normalized transmittance curves for VA-FIS LCDs with and
without the bottom alignment layer according to certain
embodiments of the present disclosure.

[0031] FIG. 3A schematically shows simulated liquid
crystal molecules director distribution for a double-align-
ment VA-FIS LCD according to certain embodiments of the
present disclosure.

[0032] FIG. 3B schematically shows simulated liquid
crystal molecules director distribution for a top-alignment
VA-FIS LCD according to certain embodiments of the
present disclosure.

[0033] FIG. 4A schematically shows simulated voltage-
to-transmittance curves for VA-FIS LCDs with double-
alignment, top-alignment, bottom-alignment and no-align-
ment structures according to certain embodiments of the
present disclosure.

[0034] FIG. 4B schematically shows simulated time-to-
normalized transmittance curves for VA-FIS LCDs with
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double-alignment, top-alignment, bottom-alignment and no-
alignment structures according to certain embodiments of
the present disclosure.

[0035] FIG. 5A schematically shows simulated voltage-
to-transmittance curves for top-alignment VA-FIS LCDs
with different biased voltages V,,, being applied to the
planar electrode according to certain embodiments of the
present disclosure.

[0036] FIG. 5B schematically shows simulated time-to-
normalized transmittance curves for top-alignment VA-FIS
LCDs with different biased voltages V,,, being applied to
the planar electrode according to certain embodiments of the
present disclosure.

[0037] FIG. 6A schematically shows simulated voltage-
to-transmittance curves for top-alignment VA-FIS LCDs
with different cell gap thicknesses according to certain
embodiments of the present disclosure.

[0038] FIG. 6B schematically shows simulated time-to-
normalized transmittance curves for top-alignment VA-FIS
LCDs with different cell gap thicknesses according to cer-
tain embodiments of the present disclosure.

[0039] FIG. 7A schematically shows simulated voltage-
to-transmittance curves for top-alignment VA-FIS LCDs
with different gap distances between the pixel electrodes
according to certain embodiments of the present disclosure.

[0040] FIG. 7B schematically shows simulated time-to-
normalized transmittance curves for top-alignment VA-FIS
LCDs with different gap distances between the pixel elec-
trodes according to certain embodiments of the present
disclosure.

[0041] FIG. 8A schematically shows simulated voltage-
to-transmittance curves for top-alignment VA-FIS LCDs
with different thicknesses of the passivation layer according
to certain embodiments of the present disclosure.

[0042] FIG. 8B schematically shows simulated time-to-
normalized transmittance curves for top-alignment VA-FIS
LCDs with different thicknesses of the passivation layer
according to certain embodiments of the present disclosure.

[0043] FIG. 9 schematically shows simulated voltage-to-
transmittance curves for top-alignment and double-align-
ment VA-FIS LCDs with the dark state and threshold
voltages for different thicknesses of the passivation layer
according to certain embodiments of the present disclosure.

[0044] FIG. 10A schematically shows simulated liquid
crystal molecules director and equipotential line distribution
for a double-alignment VA-FIS LCD without a biased volt-
age according to certain embodiments of the present disclo-
sure.

[0045] FIG. 10B schematically shows simulated liquid
crystal molecules director and equipotential line distribution
for a double-alignment VA-FIS LCD with a biased voltage
V=4V according to certain embodiments of the present
disclosure.

[0046] FIG. 10C schematically shows simulated liquid
crystal molecules director and equipotential line distribution
for a top-alignment VA-FIS LCD with a biased voltage
V.0p=4 ¥V and a thicknesses of the passivation layer t,,,,=0.1
pm according to certain embodiments of the present disclo-
sure.

[0047] FIG. 10D schematically shows simulated liquid
crystal molecules director and equipotential line distribution
for a top-alignment VA-FIS LCD with a biased voltage



US 2019/0130863 A1l

V,,,=4 V and a thicknesses of the passivation layer t,,,,,=0.3
um according to certain embodiments of the present disclo-
sure.

[0048] FIG. 10E schematically shows simulated liquid
crystal molecules director and equipotential line distribution
for a top-alignment VA-FIS LCD with a biased voltage
V,,,=4 V and a thicknesses of the passivation layer t,,,,,=0.5
um according to certain embodiments of the present disclo-
sure.

[0049] FIG. 11A schematically shows simulated liquid
crystal molecules director and equipotential line distribution
for a top-alignment VA-FIS LCD with a biased voltage
V=4V, a thicknesses of the passivation layer t,,,,=0.5 pm,
and a common voltage V_,.=-0.8 V according to certain
embodiments of the present disclosure.

[0050] FIG. 11B schematically shows simulated liquid
crystal molecules director and equipotential line distribution
for a top-alignment VA-FIS LCD with a biased voltage
V,,,=4V, athicknesses of the passivation layer t,,,,,=0.5 um,
and a common voltage V_,.,=-0.8 V according to certain
embodiments of the present disclosure.

[0051] FIG. 11C schematically shows simulated voltage-
to-transmittance curves for top-alignment VA-FIS LCDs
with the dark state and threshold voltages for the conditions
as shown in FIGS. 11A and 11B according to certain
embodiments of the present disclosure.

[0052] FIG. 12 schematically shows simulated voltage-to-
transmittance curves for VA-FIS LCDs with different
anchoring energies of the lower substrate according to
certain embodiments of the present disclosure.

DETAILED DESCRIPTION OF THE
DISCLOSURE

[0053] The present disclosure will now be described more
fully hereinafter with reference to the accompanying draw-
ings, in which exemplary embodiments of the invention are
shown. This invention may, however, be embodied in many
different forms and should not be construed as limited to the
embodiments set forth herein. Rather, these embodiments
are provided so that this disclosure will be thorough and
complete, and will fully convey the scope of the invention
to those skilled in the art. Like reference numerals refer to
like elements throughout.

[0054] The terms used in this specification generally have
their ordinary meanings in the art, within the context of the
invention, and in the specific context where each term is
used. Certain terms that are used to describe the invention
are discussed below, or elsewhere in the specification, to
provide additional guidance to the practitioner regarding the
description of the invention. For convenience, certain terms
may be highlighted, for example using italics and/or quota-
tion marks. The use of highlighting has no influence on the
scope and meaning of a term; the scope and meaning of a
term is the same, in the same context, whether or not it is
highlighted. It will be appreciated that same thing can be
said in more than one way. Consequently, alternative lan-
guage and synonyms may be used for any one or more of the
terms discussed herein, nor is any special significance to be
placed upon whether or not a term is elaborated or discussed
herein. Synonyms for certain terms are provided. A recital of
one or more synonyms does not exclude the use of other
synonyms. The use of examples anywhere in this specifica-
tion including examples of any terms discussed herein is
illustrative only, and in no way limits the scope and meaning

May 2, 2019

of the invention or of any exemplified term. Likewise, the
invention is not limited to various embodiments given in this
specification.

[0055] It will be understood that when an element is
referred to as being “on” another element, it can be directly
on the other element or intervening elements may be present
therebetween. In contrast, when an element is referred to as
being “directly on” another element, there are no intervering
elements present. As used herein, the term “and/or” includes
any and all combinations of one or more of the associated
listed items.

[0056] It will be understood that, although the terms first,
second, third etc. may be used herein to describe various
elements, components, regions, layers and/or sections, these
elements, components, regions, layers and/or sections
should not be limited by these terms. These terms are only
used to distinguish one element, component, region, layer or
section from another element, component, region, layer or
section. Thus, a first element, component, region, layer or
section discussed below could be termed a second element,
component, region, layer or section without departing from
the teachings of the disclosure.

[0057] The terminology used herein is for the purpose of
describing particular embodiments only and is not intended
to be limiting of the invention. As used herein, the singular
forms “a”, “an” and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
It will be further understood that the terms “comprises”
and/or “comprising”, or “includes” and/or “including” or
“has” and/or “having” when used in this specification,
specify the presence of stated features, regions, integers,
steps, operations, elements, and/or components, but do not
preclude the presence or addition of one or more other
features, regions, integers, steps, operations, elements, com-
ponents, and/or groups thereof.

[0058] Furthermore, relative terms, such as “lower” or
“bottom”, “upper” or “top”, and “left”” and “right”, may be
used herein to describe one element’s relationship to another
element as illustrated in the Figures. It will be understood
that relative terms are intended to encompass different
orientations of the device in addition to the orientation
depicted in the Figures. For example, if the device in one of
the figures is turned over, elements described as being on the
“lower” side of other elements would then be oriented on
“upper” sides of the other elements. The exemplary term
“lower”, can therefore, encompasses both an orientation of
“lower” and “upper”, depending of the particular orientation
of the figure. Similarly, if the device in one of the figures is
turned over, elements described as “below” or “beneath”
other elements would then be oriented “above” the other
elements. The exemplary terms “below” or “beneath” can,
therefore, encompass both an orientation of above and
below.

[0059] Unless otherwise defined, all terms (including tech-
nical and scientific terms) used herein have the same mean-
ing as commonly understood by one of ordinary skill in the
art to which this invention belongs. It will be further
understood that terms, such as those defined in commonly
used dictionaries, should be interpreted as having a meaning
that is consistent with their meaning in the context of the
relevant art and the present disclosure, and will not be
interpreted in an idealized or overly formal sense unless
expressly so defined herein.
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[0060] As used herein, “around”, “about” or “approxi-
mately” shall generally mean within 20 percent, preferably
within 10 percent, and more preferably within 5 percent of
a given value or range. Numerical quantities given herein are
approximate, meaning that the term “around”, “about” or
“approximately” can be inferred if not expressly stated.
[0061] The description will be made as to the embodi-
ments of the present disclosure in conjunction with the
accompanying drawings. In accordance with the purposes of
this disclosure, as embodied and broadly described herein,
this disclosure, in certain aspects, relates to a liquid crystal
display (LCD).

[0062] Recently, the LCD in a vertical alignment fringe
in-plane switching (VA-FIS) mode was proposed and fast
response was obtained even at -30° C. In the vertical
alignment L.CD, the liquid crystal molecules naturally align
vertically to the glass substrates. When no voltage is applied,
the liquid crystal molecules remain perpendicular to the
substrate, creating a black display between crossed polariz-
ers. When voltages are applied, the liquid crystal molecules
shift to a tilted position, allowing light to pass through and
create a gray-scale display depending on the amount of tilt
generated by the electric field. The driving scheme of the
VA-FIS LCD is simple and there is no charging issue.
However, the trade-offs of the VA-FIS LCD are twofold:
increased operation voltage and decreased transmittance. In
other words, its operation voltage is too high and transmit-
tance is too low for practical applications. Therefore, there
is a great demand to solve these issues.

[0063] FIG. 1A depicts a schematic view of a liquid crystal
display according to certain embodiments of the present
application. Specifically, the LCD 100 as shown in FIG. 1A
is a top-alignment VA-FIS LCD. As shown in FIG. 1A, the
LCD 100 includes an upper substrate 102 and a lower
substrate 104, a common electrode 110, a passivation layer
120, a top alignment layer 130, a planar electrode 140, and
a plurality of pixel electrodes 150A and 150B adjacent to
each other. The upper substrate 102 and the lower substrate
104 are spaced apart from each other, forming a cell gap
therebetween. A liquid crystal layer 106 is disposed in the
cell gap between the upper substrate 102 and the lower
substrate 104 and having liquid crystal molecules 106A. The
thickness of the cell gap (i.e., the space where the liquid
crystal layer 106 exists) is d. The common electrode 110 is
disposed on the lower substrate 104 facing the liquid crystal
layer 106, and the passivation layer 120 is disposed on the
lower substrate 104 and covering the common electrode 110.
The pixel electrodes 150A and 150B are disposed on the
passivation layer 120. Each of the pixel electrodes 150A and
150B has a width W, and a gap distance g exists between the
adjacent pixel electrodes 150A and 150B. In certain embodi-
ments, W=2 um, and g=5 um. The top alignment layer 130
and the planar electrode 140 are disposed on the upper
substrate 102 facing the liquid crystal layer 106. Specifi-
cally, as shown in FIG. 1A, the planar electrode 140 is
directly disposed on the upper substrate 102, and the top
alignment layer 130 is disposed on the planar electrode 140.
It should be noted that the LCD 100 as shown in FIG. 1A has
a top-alignment structure, and as the name indicates, there is
only one alignment layer (i.e., the top alignment layer 130)
disposed on the upper substrate 102. In other words, no
alignment layer is disposed on the lower substrate 104.
[0064] In the LCD 100 as shown in FIG. 1A, the planar
electrode 140 is provided with a fixed biased voltage V
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and the common electrode 110 is provided with a common
voltage V.. In certain embodiments, V,,, is a positive
voltage which is greater than 0. In certain embodiments,
V,.,=0. In this case, a strong vertical electric field is
generated in the whole panel. Further, the LCD 100 is
switchable between a voltage-off state and a voltage-on
state. In the voltage-off state, no voltage is applied to the
pixel electrodes 150A and 150B. When the LCD 100 is
switched from the voltage-off state to the voltage-on state,
on-state voltages are applied to the pixel electrodes 150A
and 150B, creating a horizontal electric field. This has two
effects: (1) the liquid crystal molecules 106A are vertically
aligned along the electric field, leading to high contrast ratio;
and (2) the liquid crystal molecules are forced to initial state
when the horizontal electric field is removed, leading to
faster decay time.

[0065] The purpose of providing the top alignment layer
130 on the upper substrate 102 is to induce vertical align-
ment of the liquid crystal molecules 106A of the liquid
crystal layer 106 in the voltage-off state. In certain embodi-
ments, the top alignment layer 130 has a first anchoring
energy W,, which may be in a range of about 10~ to 1072
N/m.

[0066] In certain embodiments, in the voltage-on state, the
on-state voltages applied to two adjacent pixel electrodes
150A and 150B are in different polarities. For example, if the
on-state voltage being applied to the pixel electrode 150A is
+V, the on-state voltage being applied to the pixel electrode
150B is —V. Thus, the strength of horizontal electric field is
doubled. This structure is called the FIS mode structure [J W
Park, et al. APL 93, 081103 (2008)], since the fringe electric
field and the in-plane electric field coexist.

[0067] FIG. 1B depicts a schematic view of a liquid crystal
display according to certain embodiments of the present
application. Specifically, the LCD 100" as shown in FIG. 1B
is a special-top-alignment VA-FIS LCD, which is different
from the LCD 100 as shown in FIG. 1A in that the LCD 100"
as shown in FIG. 1B further includes a bottom alignment
layer 160 disposed on the lower substrate 104 facing the
liquid crystal layer 106. Specifically, the bottom alignment
layer 160 is disposed on the passivation layer 120 and the
pixel electrodes 150A and 150B. In certain embodiments,
the bottom alignment layer 160 has a second anchoring
energy W, which is weaker than the first anchoring energy
W, of the top alignment layer 130. In certain embodiments,
when the first anchoring energy W, of the top alignment
layer 130 is in a range of about 107 to 1072 N/m, the second
anchoring energy W, of the bottom alignment layer 160 may
be in a range of about 107° to 10~ N/m. Other structures of
the LCD 100" as shown in FIG. 1B, including the upper
substrate 102 and the lower substrate 104, the common
electrode 110, the passivation layer 120, the top alignment
layer 130, the planar electrode 140, and the plurality of pixel
electrodes 150A and 150B, are identical to the correspond-
ing structures of the LCD 100 as shown in FIG. 1A, and are
thus not elaborated herein.

[0068] It should be noted that the “special-top-alignment”
structure as shown in FIG. 1B is similar to but slightly
different from a “double-alignment” structure. A double-
alignment structure may refer to a structure which includes
both a top alignment layer and a bottom alignment layer,
which is similar to the special-top-alignment structure as
shown in FIG. 1B. The difference between the double-
alignment structure and the special-top-alignment structure
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exists in that, in a double-alignment structure, each of the top
and bottom alignment layers may have a strong anchoring
energy that is not significantly different from the anchoring
energy of the other alignment layer. In comparison, as
disclosed above, in the special-top-alignment structure as
shown in FIG. 1B, the bottom alignment layer 160 has a
second anchoring energy W, which is weaker than the first
anchoring energy W, of the top alignment layer 130. In other
words, in the special-top-alignment structure, the first
anchoring energy W, of the top alignment layer 130 is
significantly greater than the second anchoring energy W, of
the bottom alignment layer 160.

[0069] FIG.1C depicts a schematic view of a liquid crystal
display according to certain embodiments of the present
application. Specifically, the LCD 100" as shown in FIG. 1B
is a no-alignment VA-FIS LCD, which is different from the
LCD 100 as shown in FIG. 1A in that the LCD 100" as
shown in FIG. 1C does not include the top alignment layer
130. In other words, the LCD 100" as shown in FIG. 1C does
not include any alignment layer. Other structures of the LCD
100" as shown in FIG. 1C, including the upper substrate 102
and the lower substrate 104, the common electrode 110, the
passivation layer 120, the planar electrode 140, and the
plurality of pixel electrodes 150A and 150B, are identical to
the corresponding structures of the LCD 100 as shown in
FIG. 1A, and are thus not elaborated herein.

[0070] There are several factors in determining the per-
formances of the LCD as shown in FIGS. 1A-1C. These
factors include, without being limited thereto, an absolute
value of the on-state voltage applied to each of the pixel
electrodes 150A and 150B; the gap distance g between the
two pixel electrodes 150A and 150B; the thickness d of the
cell gap; the thickness of the passivation layer 120; the fixed
biased voltage V,, applied to the planar electrode 140; and
the common voltage applied to the common electrode 110.
Analysis of these factors will be described hereinafter in
detail.

[0071] The inventors have investigated the electro-optical
properties of the top-alignment VA-FIS LCD structure using
a commercial LCD simulator DIMOS.2D. To perform the
simulation, the cell parameters are provided as follows: the
pixel electrode width W=2 um, the gap distance g between
the pixel electrodes=5 pum, and cell gap thickness d=4 pm.
The material of the liquid crystal molecules used here is a
positive Ae L,C material with An=0.125, Ae=6.7, and y,=53
mPas. Further, as discussed above, a fixed biased voltage
V,,,=4 V is applied to the planar electrode to generate a
vertical electric field.

[0072] FIG. 2A schematically shows simulated voltage-
to-transmittance (VT) curves for VA-FIS LCDs with and
without the bottom alignment layer according to certain
embodiments of the present disclosure. FIG. 2B schemati-
cally shows simulated time-to-normalized transmittance
(TT) curves for VA-FIS LCDs with and without the bottom
alignment layer according to certain embodiments of the
present disclosure. As shown in FIGS. 2A and 2B, the solid
lines correspond to the double-alignment VA-FIS LCD,
which includes the bottom alignment layer 160, and the
dotted lines correspond to the top-alignment VA-FIS LCD,
which does not include the bottom alignment layer. As
shown in FIG. 2B, in the VA-FIS LCD with double-align-
ment, the response time is pretty fast (rise time: 1.07 ms,
decay time: 0.61 ms). However, as shown in from FIG. 24,
the on-state voltage for the double-alignment VA-FIS LCD
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is higher than 20V, and transmittance at 15V is only 58.0%,
which is too low for practical applications. On the other
hand, the top-alignment VA-FIS LCD shows significant
improvement in comparison to the double-alignment VA-
FIS LCD. For example, the VT curve of the top-alignment
VA-FIS LCD increases much earlier and faster. Further, the
corresponding on-state voltage for the top-alignment VA-
FIS LCD is only 17 V, and transmittance at 15 V is as high
as 69.3%. Moreover, as shown in FIG. 2B, sub-millisecond
response time is realized in the top-alignment VA-FIS LCD
(rise time: 0.91 ms, decay time: 0.93 ms).

[0073] FIG. 3A schematically shows simulated liquid
crystal molecules director distribution for a double-align-
ment VA-FIS LCD according to certain embodiments of the
present disclosure. FIG. 3B schematically shows simulated
liquid crystal molecules director distribution for a top-
alignment VA-FIS LCD according to certain embodiments
of the present disclosure. Specifically, the simulation results
as shown in FIGS. 3A and 3B are provided for better
understanding of the underlying physical mechanisms of the
top-alignment and double-alignment VA-FIS LCDs. As
shown in FIG. 3A, the LC molecules in the double-align-
ment VA-FIS LCD near the lower substrate (shown in the
area 310) stay still due to the strong anchoring energy. In
comparison, in the case of the top-alignment VA-FIS LCD
as shown in FIG. 3B, these LC molecules in the same area
(shown in the area 320) rotate freely and easily along the
electric field. As a result, the phase retardation is larger and
required voltage is smaller for the top-alignment VA-FIS
LCD.

[0074] It should be noted that the top-alignment VA-FIS
LCD is not limited to the LCD 100 as shown in FIG. 1A,
which includes a top alignment layer 130 but has no align-
ment layer disposed on the lower substrate 104. For
example, a liquid crystal display which includes a bottom
alignment layer 160 as shown in FIG. 1B, but has no top
alignment layer disposed on the upper substrate 102 is, by
definition, also a “single-alignment” VA-FIS LCD, because
such LCD also includes only one alignment layer (i.e., the
bottom alignment layer 160) disposed on the bottom sub-
strate 104. To distinguish the two types of the single-
alignment structures, the LCD 100 as shown in FIG. 1A
(which includes a top alignment layer 130 but has no
alignment layer disposed on the lower substrate 104) is
hereinafter referred to as the “top-alignment” structure, and
the other LCD structure (which includes a bottom alignment
layer 160 but has no alignment layer disposed on the upper
substrate 102) is hereinafter referred to as the “bottom-
alignment” structure.

[0075] FIG. 4A schematically shows simulated VT curves
for VA-FIS LCDs with double-alignment, top-alignment,
bottom-alignment and no-alignment structures according to
certain embodiments of the present disclosure. FIG. 4B
schematically shows simulated time-to-normalized trans-
mittance (TT) curves for VA-FIS LCDs with double-align-
ment, top-alignment, bottom-alignment and no-alignment
structures according to certain embodiments of the present
disclosure. Specifically, FIGS. 4A and 4B include the data of
all four types of alignment conditions, while FIGS. 2A and
2B include only the data of the double-alignment VA-FIS
LCD and the top-alignment VA-FIS LCD. As shown in
FIGS. 4A and 4B, the bottom-alignment structure shows
almost the same performance as that of the double-align-
ment structure, although the top alignment layer is removed
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in the bottom-alignment structure. This is because the liquid
crystal molecule reorientations mainly happen near the
lower substrate (i.e., the lower side of LC region), which are
governed by the bottom alignment layer 160. Then, as
expected, once this bottom alignment layer 160 is removed,
the device performance would be improved noticeably, as
shown by the data of the top-alignment structure (gray solid
line) and the no-alignment structure (gray dashed line) in
FIG. 4A.

[0076] In the analysis performed to obtain the data as
shown in FIGS. 2A, 2B, 4A and 4B, the biased voltage V,,
applied to the planar electrode 140 is kept at 4 V. Since the
fixed biased voltage V,,, applied to the planar electrode 140
is also a factor for the performance of the LCD, the inventors
have conducted further investigation to tune this biased
voltage V,,, to investigate how it aflects the electro-optical
properties.

[0077] FIG. 5A schematically shows simulated voltage-
to-transmittance curves for top-alignment VA-FIS LCDs
with different biased voltages V,,, being applied to the
planar electrode according to certain embodiments of the
present disclosure. FIG. 5B schematically shows simulated
time-to-normalized transmittance curves for top-alignment
VA-FIS LCDs with different biased voltages V,,, being
applied to the planar electrode according to certain embodi-
ments of the present disclosure. Specifically, FIGS. 5A and
5B show different results for the cases where the biased
voltage V,,, may be 3 V, 4 V and 5 V. When the biased
voltage increases from 3 V to 5 V, the response time
becomes much faster as the vertical electric field becomes
stronger, as shown in FIG. 5B. However, the tradeoff exists
in that the on-state voltage is increased from 14 V to 20 V,
and transmittance is slightly decreased from 70.4% to 65.8%
at 15 V. To balance all these properties, the inventors chose
Viep=4 V as an optimized choice for further analysis, but
other optimized value of the biased voltage may be used
depending on the physical properties (i.e., Ae and An) of the
liquid crystal molecules employed. In certain embodiments,
the biased voltage V,,, being applied to the planar electrode
140 may be in the range of about 3 Vto 7 V.

[0078] Another factor that determines the performance of
the LCD is the thickness d of the cell gap. FIG. 6A
schematically shows simulated voltage-to-transmittance
curves for top-alignment VA-FIS LCDs with different cell
gap thicknesses according to certain embodiments of the
present disclosure. FIG. 6B schematically shows simulated
time-to-normalized transmittance curves for top-alignment
VA-FIS LCDs with different cell gap thicknesses according
to certain embodiments of the present disclosure. Specifi-
cally, FIGS. 6A and 6B show different results for the cases
where the thickness d of the cell gap may be 3.5 um, 4.0 pm,
and 4.5 pm. As shown in FIG. 6B, thin cell gap is more
favorable for fast response time, as T~d*. However, voltage
and transmittance would be sacrificed simultaneously. As
shown in FIG. 6A, the case where cell gap thickness d=4.5
pm shows the lowest operation voltage (V,,=11.7 V), but its
response time is also the slowest (rise time: 1.27 ms, decay
time: 0.99 ms). In real applications, the cell gap thickness d
has to be determined carefully. In the following analysis, the
thickness d is determined to be 4 um for further optimiza-
tions. In certain embodiments, the thickness d of the cell gap
may be in the range of about 2.5 pm to 5 pm.

[0079] Still another factor that determines the perfor-
mance of the LCD is the gap distance g between the two
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pixel electrodes 150A and 150B. FIG. 7A schematically
shows simulated voltage-to-transmittance curves for top-
alignment VA-FIS LCDs with different gap distances
between the pixel electrodes according to certain embodi-
ments of the present disclosure. FIG. 7B schematically
shows simulated time-to-normalized transmittance curves
for top-alignment VA-FIS LCDs with different gap distances
between the pixel electrodes according to certain embodi-
ments of the present disclosure. Specifically, FIGS. 7A and
7B show different results for the cases where the gap
distance g between the two pixel electrodes 150A and 150B
may be 4 um, 5 um, and 6 um. As shown by the results, a
larger electrode gap leads to a higher peak transmittance, but
also higher on-state voltage. As shown in FIG. 7A, when the
electrode gap distance is increased from 4 um to 6 um, peak
transmittance is increased from 64.2% to over 70%, but the
on-state voltage is also increased from 12.8 V to over 20 V.
Using 15V as a standard on-state voltage, and it is found that
the electrode gap distance g=5 pm may be the optimum
value. In certain embodiments, the gap distance g between
the two pixel electrodes 150A and 150B may be in the range
of about 4 um to 8 pm.

[0080] Yet another factor that determines the performance
of the LCD is the thickness of the passivation layer 120.
FIG. 8A schematically shows simulated voltage-to-transmit-
tance curves for top-alignment VA-FIS LCDs with different
thicknesses of the passivation layer according to certain
embodiments of the present disclosure. FIG. 8B schemati-
cally shows simulated time-to-normalized transmittance
curves for top-alignment VA-FIS LCDs with different thick-
nesses of the passivation layer according to certain embodi-
ments of the present disclosure. Specifically, FIGS. 8A and
8B show different results for the cases where the thickness
1,45 Of the passivation layer 120 may be 0.1 pm, 0.3 um, and
0.5 um. The results show that, as the passivation layer gets
thicker, the operation voltage becomes lower, e.g., V,,=9.6
V for t,,,=0.5 um. This is because for the unique VA-FIS
structure, two forces are competing each other: the vertical
electric field and the horizontal electric field. For a thick
passivation layer, the corresponding vertical electric field
becomes weaker. As a result, the horizontal electric field
would dominate and the liquid crystal directors would be
reoriented more easily, leading to much lower operation
voltage.

[0081] As discussed above, increasing the passivation
layer thickness seems to be a good approach to reduce the
operation voltage. However, unexpectedly, the dark state
and threshold voltage may be sacrificed. FIG. 9 schemati-
cally shows simulated voltage-to-transmittance curves for
top-alignment (TA) and double- alignment (DA) VA-FIS
LCDs with the dark state and threshold voltages for different
thicknesses of the passivation layer according to certain
embodiments of the present disclosure. As shown in FIG. 9,
in a double-alignment VA-FIS LCD, when no biased voltage
is applied (black solid line), it shows the best dark state and
the highest threshold voltage. This is more favorable for TFT
fluctuations. However, when a biased voltage is applied
(black dashed line), the threshold voltage is greatly reduced.
This 1s because the threshold state of the liquid crystal
directors is already broken by the vertical electric field. Then
a very small horizontal electric field would cause these
liquid crystal molecules to reorient. Similarly, for the top-
alignment case, threshold voltage is further reduced.
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[0082] The effect as shown in FIG. 9 could be visualized
more clearly in FIGS. 10A-10E. Specifically, FIG. 10A
schematically shows simulated liquid crystal molecules
director and equipotential line distribution for a double-
alignment VA-FIS LCD without a biased voltage according
to certain embodiments of the present disclosure. FIG. 10B
schematically shows simulated liquid crystal molecules
director and equipotential line distribution for a double-
alignment VA-FIS LCD with a biased voltage V,, =4 V
according to certain embodiments of the present disclosure.
FIG. 10C schematically shows simulated liquid crystal
molecules director and equipotential line distribution for a
top-alignment VA-FIS LCD with a biased voltage V,, =4 V
and a thicknesses of the passivation layer t,, 0.1 um (100
nm) according to certain embodiments of the present dis-
closure. FIG. 10D schematically shows simulated liquid
crystal molecules director and equipotential line distribution
for a top-alignment VA-FIS LCD with a biased voltage
Viop—4 'V and a thicknesses of the passivation layer t,,,. =0.3
um (300 nm) according to certain embodiments of the
present disclosure. FIG. 10E schematically shows simulated
liquid crystal molecules director and equipotential line dis-
tribution for a top-alignment VA-FIS LCD with a biased
voltage V,,,=4 V and a thicknesses of the passivation layer
{qs50-5 pm (500 nm) according to certain embodiments of
the present disclosure. As shown in FIG. 10A, for the
double-alignment case without the biased voltage, no elec-
tric field exists and L.Cs are vertically aligned, showing the
best dark state. When a biased voltage is applied, as shown
in FIG. 10B, in theory, there should be a vertical electric
field. Nevertheless, this field is not perfectly vertical due to
the shielding effect of the passivation layer 120. As shown
in FIG. 10B, the electric field is slightly slanted. In this case,
some LC molecules have already been reoriented, meaning
that the threshold state is broken. If the bottom alignment
layer is further removed, and the thickness of passivation
layer is increased, as shown in FIGS. 10C to 10E, this effect
may be magnified. The non-uniformity of the vertical elec-
tric field would induce more LC molecules to reorient, and
finally, dark state and threshold voltage would be compro-
mised.

[0083] To overcome this light leakage issue, in certain
embodiments, a small biased voltage may be applied to the
common electrode 110 to compensate the voltage shielding
effect of passivation layer 120. In other words, the small
biased voltage (i.e., the common voltage V_, ) applied to
the common electrode 110 is not 0, and the absolute value
of the common voltage V__,, is smaller than the absolute
value of the biased voltage V,,, applied to the planar
electrode 140. In certain embodiments, the biased voltage
V,,, and the common voltage V_,, are in different polarities.
For example, FIG. 11A schematically shows simulated lig-
uid crystal molecules director and equipotential line distri-
bution for a top-alignment VA-FIS LCD with a biased
voltage V,,,=4 'V, a thicknesses of the passivation layer
t,,5=0.5 um, and a common voliage V,,,=0 V according to
certain embodiments of the present disclosure. FIG. 11B
schematically shows simulated liquid crystal molecules
director and equipotential line distribution for a top-align-
ment VA-FIS LCD with a biased voltage V,, =4 V, a
thicknesses of the passivation layer t,, =0.5 pm, and a
common voltage V_, . =—0.8 V according to certain embodi-
ments of the present disclosure. FIG. 11C schematically
shows simulated voltage-to-transmittance curves for top-

com
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alignment VA-FIS LCDs with the dark state and threshold
voltages for the conditions as shown in FIGS. 11A and 11B
according to certain embodiments of the present disclosure.
As shown in FIG. 11B, the common electrode may be
applied with a small biased voltage as the common voltage,
eg.,V =08V Inthis case, at the voltage-ofl state, the
resultant electric field is quite uniform, as shown in FIG.
11B. Therefore, both dark state and threshold voltage are
improved significantly from the case as shown in FIG. 11A
to that as shown in FIG. 11B, as shown in FIG. 11C. It
should be noted that the result as shown in FIGS. 11A to 11C
are illustrated using the worst case: the top-alignment struc-
ture with a thick passivation layer (t,,,.,=0.5 pm). Undoubt-
edly, this approach works as well for other conditions, such
as a thin passivation layer and the double-alignment struc-
ture, where better performance may also be expected.
[0084] The above analysis and discussions focused on the
top-alignment structure, where there is no bottom alignment
layer, i.e., the second anchoring energy W , is zero. However,
in some cases, the bottom alignment layer is still preferred
to get better vertical alignment and then higher contrast
ratio. With that, the inventor has carried out more investi-
gations on the anchoring energy effect. FIG. 12 schemati-
cally shows simulated voltage-to-transmittance curves for
VA-FIS LCDs with different anchoring energies of the lower
substrate according to certain embodiments of the present
disclosure. Specifically, FIG. 12 shows the results for the
VA-FIS LCDs, where the second anchoring energies W,
may be 0, 107 N/m, 107> N/m, 10* N/m, 107 N/m, 102
N/m, and infinity. As shown in FIG. 12, with the weak
anchoring energy (W,=107°~10"> N/m), the performances
are almost identical to that of zero anchoring energy, which
means the bottom alignment layer is not necessarily
removed, as long as the anchoring energy W, is weak. Also,
as expected, high voltage and low transmittance is obtained
with strong anchoring energy (W,=107~10"> N/m).
[0085] The foregoing description of the exemplary
embodiments of the invention has been presented only for
the purposes of illustration and description and is not
intended to be exhaustive or to limit the invention to the
precise forms disclosed. Many modifications and variations
are possible in light of the above teaching.

[0086] The embodiments were chosen and described in
order to explain the principles of the invention and their
practical application so as to activate others skilled in the art
to utilize the invention and various embodiments and with
various modifications as are suited to the particular use
contemplated. Alternative embodiments will become appar-
ent to those skilled in the art to which the present invention
pertains without departing from its spirit and scope. Accord-
ingly, the scope of the present invention is defined by the
appended claims rather than the foregoing description and
the exemplary embodiments described therein.

What is claimed is:

1. A liquid crystal display, comprising:

an upper substrate and a lower substrate spaced apart from
each other, forming a cell gap therebetween;

a liquid crystal layer disposed in the cell gap between the
upper substrate and the lower substrate and having
liquid crystal molecules, wherein Ae>0;

a common electrode disposed on the lower substrate
facing the liquid crystal layer;

a passivation layer disposed on the lower substrate and
covering the common electrode;
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a plurality of pixel electrodes disposed on the passivation

layer; and

a planar electrode disposed on the upper substrate facing

the liquid crystal layer,

wherein the planar electrode is configured to be provided

with a first biased voltage, the common electrode is
configured to be provided with a second biased voltage,
and an absolute value of the second biased voltage is
smaller than an absolute value of the first biased
voltage; and

wherein the liquid crystal molecules of the liquid crystal

layer are vertically aligned at a voltage-off state.

2. The liquid crystal display of claim 1, being switchable
from the voltage-off state to a voltage-on state by applying
on-state voltages to the pixel electrodes, wherein for the
pixel electrodes in the voltage-on state, the on-state voltages
applied to two adjacent ones of the pixel electrodes are in
different polarities.

3. The liquid crystal display of claim 1, wherein the first
biased voltage is about 3 V to 7 V.

4. The liquid crystal display of claim 1, wherein the
second biased voltage is not equal to Q.

5. The liquid crystal display of claim 1, wherein the first
biased voltage and the second biased voltage are in different
polarities.

6. The liquid crystal display of claim 1, further comprising
a first alignment layer disposed on the upper substrate facing
the liquid crystal layer, wherein the first alignment layer has
a first anchoring energy W,, and is configured to induce
vertical alignment of the liquid crystal molecules in the
voltage-off state.

7. The liquid crystal display of claim 6, wherein no
alignment layer is disposed on the lower substrate.

8. The liquid crystal display of claim 7, wherein the first
anchoring energy W, is in a range of about 107> to 107 N/m.

9. The liquid crystal display of claim 6, further comprising
a second alignment layer disposed on the lower substrate
facing the liquid crystal layer, wherein the second alignment
layer has a second anchoring energy W,, and the second
anchoring energy W, is weaker than the first anchoring
energy W,.

10. The liquid crystal display of claim 9, wherein the first
anchoring energy W, is in a range of about 1073 to 1072 N/m,
and the second anchoring energy W, is in a range of about
107° to 107> N/m.

11. A liquid crystal display, comprising:

an upper substrate and a lower substrate spaced apart from

each other, forming a cell gap therebetween;

a liquid crystal layer disposed in the cell gap between the

upper substrate and the lower substrate and having
liquid crystal molecules;
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a common electrode disposed on the lower substrate

facing the liquid crystal layer;

a passivation layer disposed on the lower substrate and

covering the common electrode;

a plurality of pixel electrodes disposed on the passivation

layer; and
a planar electrode disposed on the upper substrate facing
the liquid crystal layer, wherein the planar electrode is
configured to be provided with a first biased voltage
being greater than 0,

wherein the upper substrate has a first anchoring energy
W, and the lower substrate has a second anchoring
energy W,, and the second anchoring energy W, is
weaker than the first anchoring energy W, .

12. The liquid crystal display of claim 11, wherein no
alignment layer is disposed on the lower substrate.

13. The liquid crystal display of claim 11, wherein the
liquid crystal molecules of the liquid crystal layer are
vertically aligned at a voltage-off state.

14. The liquid crystal display of claim 13, being switch-
able from the voltage-off state to a voltage-on state by
applying on-state voltages to the pixel electrodes, wherein
for the pixel electrodes in the voltage-on state, the on-state
voltages applied to two adjacent ones of the pixel electrodes
are in different polarities.

15. The liquid crystal display of claim 11, wherein the first
biased voltage is about 3 Vto 7 V.

16. The liquid crystal display of claim 11, wherein the
common electrode is configured to be provided with a
second biased voltage, and the second biased voltage is not
equal to O.

17. The liquid crystal display of claim 11, wherein the
common electrode is configured to be provided with a
second biased voltage, an absolute value of the second
biased voltage is smaller than an absolute value of the first
biased voltage, and the first biased voltage and the second
biased voltage are in different polarities.

18. The liquid crystal display of claim 17, wherein the first
biased voltage is a positive voltage, and the second biased
voltage is a negative voltage.

19. The liquid crystal display of claim 11, wherein a first
alignment layer is disposed on the upper substrate facing the
liquid crystal layer, a second alignment layer is disposed on
the lower substrate facing the liquid crystal layer, the first
alignment layer has the first anchoring energy W,, and the
second alignment layer has the second anchoring energy W,.

20. The liquid crystal display of claim 11, wherein the first
anchoring energy W, is in arange of about 10~ to 1072 N/m,
and the second anchoring energy W, is in a range of about
107° to 107> N/m.
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