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1
LIQUID CRYSTAL DISPLAY DEVICE

TECHNICAL FIELD

The present invention relates to liquid crystal display
devices.

BACKGROUND ART

Liquid crystal display devices are used in various prod-
ucts, including clocks, calculators, household electrical
appliances, measuring instruments, automotive instrument
panels, word processors, electronic organizers, printers,
computers, and televisions. Typical types of liquid crystal
display devices include twisted nematic (TN), super-twisted
nematic (STN), dynamic scattering (DS), guest-host (GH),
in-plane switching (IPS), fringe-field switching (FFS), opti-
cally compensated birefringence (OCB), electrically con-
trolled birefringence (ECB), vertically aligned (VA), color
super-homeotropic (CSH), and ferroelectric liquid crystal
(FLC) display devices. Although conventional liquid crystal
display devices are statically driven, multiplexed liquid
crystal display devices have been commonly used. Among
the mainstream schemes are passive-matrix driving and,
more recently, active-matrix (AM) driving with elements
such as thin-film transistors (TFTs) and thin-film diodes
(TFDs).

Silicon-based semiconductors are known for use in thin-
film transistors for active-matrix driving. Recently, thin-film
transistors fabricated from oxide semiconductors, such as
zinc oxide and In—Ga—7Zn—0, have also attracted atten-
tion for use in liquid crystal display devices (see PTL 1).
Oxide semiconductor thin-film transistors have higher field-
effect mobilities than silicon-based thin-film transistors and
thus allow for improved display device performance and
reduced power consumption. Accordingly, liquid crystal
device manufacturers are focusing their efforts on the devel-
opment of oxide semiconductor thin-film transistors, includ-
ing the use of arrays thereof.

Unfortunately, oxide semiconductor thin-film transistors
have low reliability due to variations in electrical charac-
teristics. The variations in electrical characteristics are
attributable to lattice defects, such as oxygen defects, which
occur when oxygen desorbs from an oxide semiconductor
layer. As a solution to this problem, a method has been
researched that involves controlling the oxygen atmosphere
conditions during the deposition of an oxide semiconductor
to reduce the electron carrier concentration so that fewer
oxygen defects occur (see PTL 2).

A liquid crystal composition used for a liquid crystal layer
of a liquid crystal display device is subjected to strict
impurity control since impurities present in the composition
greatly affect the electrical characteristics of the display
device. It is also known that impurities remaining in the
material used for alignment layers, which directly contact
the liquid crystal layer, migrate into the liquid crystal layer
and affect the electrical characteristics thereof. Accordingly,
research has been conducted on the influence of impurities
in alignment layer materials on the characteristics of liquid
crystal display devices.

Although research has been conducted on various solu-
tions to the problem of lattice defects such as oxygen
defects, as discussed in PTL 2, they have been unsuccessful
in sufficiently reducing the desorption of oxygen from an
oxide semiconductor layer. As oxygen desorbs from an
oxide semiconductor layer, it diffuses into and alters an
insulating layer covering the oxide semiconductor layer. A
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2

typical liquid crystal display device includes only a thin
insulating layer, or a thin insulating layer and a thin align-
ment layer, between oxide semiconductor layers of thin-film
transistors and a liquid crystal layer to separate the liquid
crystal composition from the oxide semiconductor layer;
therefore, the diffusion of oxygen desorbed from the oxide
semiconductor layer and the resulting alteration of the
insulating layer result in insufficient separation of the liquid
crystal layer from the oxide semiconductor layer. As a result,
the oxygen desorbed from the oxide semiconductor layer
will affect the liquid crystal layer. The diffusion of impurities
such as oxygen desorbed from the oxide semiconductor
layer into the liquid crystal layer may decrease the voltage
holding ratio (VHR) and increase the ion density (ID) of the
liquid crystal layer and may thus cause display defects such
as white spots, uneven alignment, and image-sticking.

However, as disclosed in PTL 2, the previous inventions
are intended to reduce the desorption of oxygen from oxide
semiconductors; no research has been conducted on the
direct relationship between oxide semiconductor thin-film
transistors and liquid crystal compositions.

CITATION LIST
Patent Literature

PTL 1: Japanese Unexamined Patent Application Publi-
cation No. 2007-96055

PTL 2: Japanese Unexamined Patent Application Publi-
cation No. 2006-165528

SUMMARY OF INVENTION
Technical Problem

Accordingly, an object of the present invention is to
provide a liquid crystal display device, including an oxide
semiconductor, that does not exhibit a significant decrease in
voltage holding ratio (VHR) or increase in ion density (ID)
of the liquid crystal layer and thus does not suffer from the
problem of display defects such as white spots, uneven
alignment, and image-sticking.

Solution to Problem

To achieve the foregoing object, the inventors have con-
ducted extensive research on various liquid crystal compo-
sitions suitable for liquid crystal display devices including
oxide semiconductor thin-film transistors. As a result, the
inventors have discovered that a liquid crystal display device
including a liquid crystal layer containing a particular liquid
crystal composition does not exhibit a significant decrease in
voltage holding ratio (VHR) or increase in ion density (ID)
of the liquid crystal layer and thus does not suffer from the
problem of display defects such as white spots, uneven
alignment, and image-sticking and also consumes less
power. This discovery has led to the present invention.

Specifically, the present invention provides a liquid crys-
tal display device including first and second opposing sub-
strates, a liquid crystal layer containing a liquid crystal
composition between the first and second substrates, a
plurality of gate lines and data lines arranged in a matrix on
the first substrate, thin-film transistors disposed at intersec-
tions of the gate lines and the data lines, and pixel electrodes
that are driven by the transistors and that are made of a
transparent conductive material. Each thin-film transistor
includes a gate electrode, an oxide semiconductor layer
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disposed over the gate electrode with an insulating layer
therebetween, and source and drain electrodes electrically
connected to the oxide semiconductor layer. The liquid
crystal composition contains at least one compound selected
from the group consisting of compounds represented by
general formulas (LC1) and (LC2).

[Chem. 1]
LC11 (LCD
X
RLC“*ALC“_ZLC“WQ?YvLC“
XLCIZ
(LC2)
XLC23
XLCZI
LC21__¢ ALC21__7LC21
YLCZI

XLCZZ

RLCll RLCZI

In the formulas, and are each independently
an alkyl group of 1 to 15 carbon atoms, where one or more
—CH,— groups in the alkyl group are optionally replaced
with —O—, —CH=—CH—, —CO—, —0OCO—,
—COO—, or —C=C— such that no oxygen atoms are
directly adjacent to each other, and one or more hydrogen
atoms in the alkyl group are optionally replaced with halo-
gen. AF“!! and A?! are each independently any of the
following structures.

[Chem. 2]

In the structures, one or more —CH,— groups in the
cyclohexylene group are optionally replaced with oxygen;
one or more —CH— groups in the 1,4-phenylene group are
optionally replaced with nitrogen; and one or more hydrogen
atoms in the structures are optionally replaced with fluorine,
chlorine, —CF,, or —OCF,. X*“!! X*“'? and X*“*' to
X223 are each independently hydrogen, chlorine, fluorine,
—CF,, or —OCF,. Y*“"! and Y*“*! are each independently

hydrogen, chlorine, fluorine, cyano, —CF,, —OCH,F,
—OCHF,, or —OCF,. Z*“"" and Z*“*" are each indepen-

SO

dently a single bond, —CH—CH—, —CF—CF—,
~(¢=C-, —CHCH, . —(CH),—, —OCH, .
—CH,0—, —OCF,—, —CF,0—, —CO0O—, or
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LC11 LC21
m

—0CO—. m and are each independently an
integer of 1 to 4. Each occurrence of A<, AFC2! 7211
and 75?1, if present, may be the same or different. The
liquid crystal composition further contains at least one
compound selected from the group consisting of compounds
represented by general formulas (1I-a) to (II-f).

[Chem. 3]
(II-a)
(II-b)
RZIO_Q R22
(1I-c)

(II-d)

(Il-¢)

(I

In the formulas, R'” to R*® are each independently an
alkyl group of 1 to 10 carbon atoms, an alkoxy group of 1
to 10 carbon atoms, or an alkenyl group of 2 to 10 carbon
atoms; and X*' is hydrogen or fluorine.

Advantageous Effects of Invention

The liquid crystal display device according to the present
invention, which includes oxide semiconductor TFTs and a
particular liquid crystal composition, does not exhibit a
significant decrease in voltage holding ratio (VHR) or
increase in ion density (ID) of the liquid crystal layer and
thus does not suffer from display defects such as white spots,
uneven alignment, and image-sticking and also consumes
less power.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a schematic exploded perspective view illus-
trating the structure of a liquid crystal display device.

FIG. 2 is an enlarged plan view of an area enclosed by line
1T of an electrode including thin-film transistors formed on
a substrate in FIG. 1.

FIG. 3 is an example of a sectional view of the thin-film
transistor layer 103 taken along line III-IIT in FIG. 2.

FIG. 4 is a schematic exploded perspective view illus-
trating the structure of a liquid crystal display device.

FIG. 5 is an example of an enlarged plan view of an area
enclosed by line II of an electrode layer 3 including thin-film
transistors formed on a substrate in FIG. 4.
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FIG. 6 is an example of a sectional view of the liquid
crystal display device taken along line III-III in FIG. 5.

FIG. 7 is another example of an enlarged plan view of the
area enclosed by line II of the electrode layer 3 including the
thin-film transistors formed on the substrate in FIG. 4.

FIG. 8 is another example of a sectional view of the liquid
crystal display device taken along line III-III in FIG. 5.

FIG. 9 is an enlarged plan view of the electrode structure
of a liquid crystal display device. A sectional view of a
color-filter-on-array liquid crystal display device.

FIG. 10 is a sectional view of a color-filter-on-array liquid
crystal display device.

FIG. 11 is a sectional view of another color-filter-on-array
liquid crystal display device.

DESCRIPTION OF EMBODIMENTS
First Embodiment

A liquid crystal display device according to a first pre-
ferred embodiment of the present invention includes oxide
semiconductor thin-film transistors and a particular liquid
crystal composition and generates a substantially perpen-
dicular electric field between first and second substrates. The
liquid crystal display device according to the first preferred
embodiment is a liquid crystal display device having elec-
trodes on both first and second substrates, for example, a
twisted nematic (TN) transmissive liquid crystal display
device.

The liquid crystal display device according to the first
preferred embodiment of the present invention preferably
includes first and second opposing substrates, a liquid crys-
tal layer containing a liquid crystal composition between the
first and second substrates, a plurality of gate bus lines and
data bus lines arranged in a matrix on the first substrate,
thin-film transistors disposed at intersections of the gate bus
lines and the data bus lines, and pixel electrodes that are
driven by the transistors and that are made of a transparent
conductive material. Each thin-film transistor preferably
includes a gate electrode, an oxide semiconductor layer
disposed over the gate electrode with an insulating layer
therebetween, and source and drain electrodes electrically
connected to the oxide semiconductor layer. The liquid
crystal display device preferably further includes a common
electrode made of a transparent conductive material on the
second substrate. The liquid crystal layer is preferably
homogeneously aligned when no voltage is applied. The
alignment direction is preferably twisted between the first
and second substrates.

An example liquid crystal display device according to the
first embodiment is illustrated in FIGS. 1 to 3. FIG. 1 is a
schematic exploded perspective view illustrating the struc-
ture of a liquid crystal display device. In FIG. 1, various
elements are shown as being separated for illustration pur-
poses. FIG. 2 is an enlarged plan view of an area enclosed
by line II of an electrode layer 103 including thin-film
transistors (also referred to as “thin-film transistor layer
103”) formed on a substrate in FIG. 1. FIG. 3 is a sectional
view of the thin-film transistor layer 103 taken along line
1II-1IT in FIG. 2. The liquid crystal display device according
to the present invention will now be described with refer-
ence to FIGS. 1 to 3.

As shown in FIG. 1, a liquid crystal display device 100
according to the present invention includes a second sub-
strate 108 having a transparent electrode (layer) 106 (also
referred to as “common electrode 106”) made of a trans-
parent conductive material; a first substrate 102 having a
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6

thin-film transistor layer 103 including pixel electrodes
disposed in individual pixels and made of a transparent
conductive material and thin-film transistors that control the
pixel electrodes; and a liquid crystal composition (also
referred to as “liquid crystal layer 105”) disposed between
the first substrate 102 and the second substrate 108. The
liquid crystal molecules in the liquid crystal composition are
aligned substantially parallel to the substrates 102 and 108
when no voltage is applied. The liquid crystal display device
100 is characterized by the use of oxide semiconductor TFTs
and a particular liquid crystal composition, as described
later. By “the liquid crystal molecules in the liquid crystal
composition are aligned substantially parallel to the sub-
strates 102 and 108 when no voltage is applied”, it is meant
that the liquid crystal composition is homogeneously
aligned when no voltage is applied.

As shown in FIG. 1, the first substrate 102 and the second
substrate 108 may be disposed between a pair of polarizers
101 and 109. In FIG. 1, a color filter 107 is disposed between
the second substrate 109 and the common electrode 106. A
pair of alignment layers 104 may be formed on the thin-film
transistor layer 103 and the transparent electrode (layer) 106
such that the alignment layers 104 are adjacent to the liquid
crystal layer 105 according to the present invention and
directly contact the liquid crystal composition forming the
liquid crystal layer 105.

That is, the liquid crystal display device 100 according to
the present invention includes, in sequence, the first polar-
izer 101, the first substrate 102, the electrode layer 103
including the thin-film transistors (also referred to as “thin-
film transistor layer™), the alignment layer 104, the layer 105
containing the liquid crystal composition, the alignment
layer 104, the common electrode 106, the color filter 107,
the second substrate 108, and the first polarizer 109.

As shown in FIG. 2, the electrode layer 103 including the
thin-film transistors formed on the first substrate 102
includes gate lines 126 for supplying scan signals and data
lines 125 for supplying display signals. The gate lines 126
and the data lines 125 intersect each other. Pixel electrodes
121 are formed in a matrix in the areas surrounded by the
gate lines 126 and the data lines 125. The thin-film transis-
tors are disposed near the intersections of the gate lines 126
and the data lines 125 and are coupled to the pixel electrodes
121, serving as switching elements for supplying display
signals to the pixel electrodes 121. Each thin-film transistor
includes a source electrode 127, a drain electrode 124, and
a gate electrode 128. Storage capacitors 123 for storing
display signals supplied via the data lines 125 may be
disposed in the areas surrounded by the gate lines 126 and
the data lines 125.

Substrates

The first substrate 102 and the second substrate 108 may
be made of a glass or a flexible transparent material such as
a plastic, and one of them may be made of a nontransparent
material such as silicon. The two substrates 1102 and 108 are
bonded together with a sealant, such as a thermosetting
epoxy composition, applied to the periphery thereof. The
distance between the two substrates 102 and 108 may be
maintained, for example, using spacer particles such as
glass, plastic, or alumina particles or resin spacer pillars
formed by photolithography.

Thin-Film Transistors

The liquid crystal display device according to the present
invention preferably includes inverted-staggered thin-film
transistors. As shown in FIG. 3. a preferred example of an
inverted-staggered thin-film transistor structure includes a
gate electrode 111 formed on the substrate 102, a gate
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insulating layer 112 covering the gate electrode 111 and
substantially the entire surface of the substrate 102, a
semiconductor layer 113 formed on the gate insulating layer
12 and opposite the gate electrode 111, a drain electrode 116
covering one end of the semiconductor layer 113 and
contacting the gate insulating layer 112 formed on the
substrate 102, a source electrode 117 covering the other end
of the semiconductor layer 113 and contacting the gate
insulating layer 112 formed on the substrate 102, and an
insulating protective layer 118 covering the drain electrode
116 and the source electrode 117. An anodized coating (not
shown) may be formed on the gate electrode 111, for
example, to eliminate the steps formed by the gate elec-
trodes.

As used herein, the phrase “on a substrate” refers to both
direct and indirect contact with the substrate and encom-
passes the situation where an element is supported by the
substrate.

The semiconductor layer 113 according to the present
invention is made of an oxide semiconductor. The oxide
semiconductor preferably contains at least one element
selected from In, Ga, Zn, and Sn. To reduce variations in the
electrical characteristics of the oxide transistors, the oxide
semiconductor may further contain one or more of hafhium
(Hf), zirconium (Zr), aluminum (Al), lanthanum (La),
cerium (Ce), praseodymium (Pr), neodymium (Nd),
samarium (Sm), europium (Eu), gadolinium (Gd), terbium
(Th), dysprosium (Dy), holmium (Ho), erbium (Er), thulium
(Tm), ytterbium (Yb), and lutetium (Lu).

Examples of oxide semiconductors include indium oxide,
tin oxide, zinc oxide, and gallium oxide. Oxides containing
a plurality of metal elements can also be used, including
In—7n-based, Sn—7/n-based, Al—Zn-based, Zn—Mg-
based, Sn—Mg-based, In—Mg-based, In—Ga-based, In—
Ga—Zn-based, In—Al—Zn-based, In—Sn—Zn-based,
Sn—Ga—7Zn-based, Al—Ga—Z7n-based, Sn—Al—7n-
based, In—Hf—Zn-based, In—Zr—Zn-based, In—La—
Zn-based, In—Ce—7n-based, In—Pr—7n-based,
In—Nd—Zn-based, In—Sm—Zn-based, In—FEu—/n-
based, In—Gd—Zn-based, In—Tb—Zn-based, In—Dy—
Zn-based, In—Ho—Zn-based, In—FEr—Zn-based,
In—Tm—7n-based, In—Yb—Zn-based, In—Lu—7n-
based, In—Sn—Ga—Zn-based, In—Hf—Ga—Zn-based,
In—Al—Ga—Zn-based, In—Sn—Al—Zn-based,
In—Sn—Hf—Zn-based, and In—Hf—Al—Zn-based
oxides. In—Ga—7Zn-based oxides (IGZ0), which are oxides
containing In, Ga, and Zn, are preferred to reduce the power
consumption of the liquid crystal display device and to
improve the characteristics such as transmittance of the
liquid crystal display device.

For example, the term “In—Ga—Z7n-based oxide” refers
to an oxide containing In, Ga, and Zn, which may be present
in any ratio. Metal elements other than In, Ga, and Zn may
also be present.

These are non-limiting examples, and any oxide semi-
conductor of suitable composition may be used depending
on the required semiconductor characteristics (e.g., mobility,
threshold, and variations). To achieve the required semicon-
ductor characteristics, it is also preferred to optimize other
properties such as carrier density, impurity concentration,
defect density, the atomic ratios of metal elements to oxy-
gen, interatomic distance, and density.

The oxide semiconductor layer 113 takes the form of, for
example, a monocrystalline, polycrystalline, C-axis aligned
crystalline (CAAC), or amorphous film. Preferably, the
oxide semiconductor layer 113 is a C-axis aligned crystalline
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oxide semiconductor (CAAC-OS) film. Some of the oxygen
atoms forming the oxide semiconductor film may be
replaced with nitrogen.

Oxide semiconductor thin-film transistors allow only a
small current to flow in an off state (off current), retain
electrical signals such as image signals for a long period of
time, and allow a long write cycle to be set in an on state.
This provides the advantage of reducing the refresh rate and
thus reducing the power consumption. Oxide semiconductor
thin-film transistors also have high field-effect mobility,
which allows them to operate at high speed. Oxide semi-
conductor thin-film transistors also have a smaller size than
conventional thin-film transistors, which allows more light
to pass through each pixel. Thus, the use of oxide semicon-
ductor thin-film transistors in the pixels of the liquid crystal
display device provides a high-quality image. It is also
preferred to use a transparent oxide semiconductor film,
which reduces the influence of photocarriers due to light
absorption and thus increases the aperture ratio of the
device.

An ohmic contact layer may be disposed between the
semiconductor layer 113 and the drain electrode 116 or the
source electrode 117 to reduce the width and height of the
Schottky barrier. The ohmic contact layer may be made of a
material heavily doped with an impurity such as phosphorus,
for example, n-type amorphous silicon or n-type polycrys-
talline silicon.

The gate bus lines 126 and the data bus lines 125 are
preferably made of a metal film, more preferably Al, Cu, Au,
Ag, Cr, Ta, Ti, Mo, W, Ni, or an alloy thereof, even more
preferably Al or an alloy thereof. The gate bus lines 126 and
the data bus lines 125 overlap each other with the gate
insulating layer therebetween. The insulating protective
layer 118, which functions as an insulator, is made of, for
example, a silicon nitride, silicon dioxide, or silicon oxyni-
tride film.

Transparent Electrodes

A conductive metal oxide may be used as a transparent
electrode material for the pixel electrodes 121 and the
transparent electrode (layer) 106 (also referred to as “com-
mon electrode 106”) of the liquid crystal display device
according to the present invention. Examples of metal
oxides that can be used include indium oxide (InzOj,), tin
oxide (Sn0O,), zinc oxide (Zn0O), indium tin oxide (In,O;—
Sn0,), indium zinc oxide (In,0,—7n0), niobium-doped
titanium dioxide (Ti; Nb O,), fluorine-doped tin oxide,
graphene nanoribbons, and metal nanowires, preferably zinc
oxide (Zn0), indium tin oxide (In,O,—Sn0,), and indium
zine oxide (In,0;—Zn0). These transparent conductive
films may be patterned by techniques such as photoetching
and mask patterning.

Color Filter

The color filter 107 includes a black matrix and pixel
regions of at least three colors including RGB. To reduce the
leakage of light, the black matrix (not shown) is preferably
formed in the area of the color filter 107 corresponding to the
thin-film transistors and the storage capacitors 123.
Alignment Layers

The liquid crystal display device according to the present
invention may include alignment layers disposed on the
surfaces of the first and second substrates adjacent to the
liquid crystal composition to align the liquid crystal com-
position. If the liquid crystal display device requires an
alignment layer, it may be disposed between the color filter
and the liquid crystal layer. Even a thick alignment layer has
a thickness of only 100 nm or less, which is insufficient to
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completely reduce the diffusion of oxygen desorbed from
the oxide semiconductor layer 113 into the liquid crystal
layer 5.

If the liquid crystal display device includes no alignment
layer, a larger interaction occurs between the oxide semi-
conductor layer and the liquid crystal compounds forming
the liquid crystal layer.

Examples of alignment layer materials that can be used
include transparent organic materials such as polyimides,
polyamides, benzocyclobutene (BCB) polymers, and poly-
vinyl alcohol. Particularly preferred are polyimide align-
ment layers, which are formed by the imidation of polyamic
acids synthesized from diamines such as aliphatic and
alicyclic diamines, including p-phenylenediamine and 4,4'-
diaminodiphenylmethane, and aliphatic and alicyclic tetrac-
arboxylic anhydrides such as butanetetracarboxylic anhy-
dride and 2.3,3-tricarboxycyclopentylacetic anhydride or
aromatic tetracarboxylic anhydrides such as pyromellitic
dianhydride. Although a typical alignment process for poly-
imide alignment layers is rubbing, they may be used without
an alignment process, for example, if they are used as
vertical alignment layers.

Other alignment layer materials include those containing
a chalcone, cinnamate, cinnamoyl, or azo group in the
compound. These alignment layer materials may be used in
combination with other materials such as polyimides and
polyamides. These alignment layers may be subjected to
either rubbing or photoalignment.

Although a typical alignment layer is a resin layer formed
by applying an alignment layer material to a substrate using
a process such as spin coating, other techniques such as
uniaxial drawing and the Langmuir-Blodgett technique may
also be used.

Liquid Crystal Layer

The liquid crystal layer of the liquid crystal display device
according to the present invention contains at least one
compound selected from the group consisting of compounds
represented by general formulas (LC1) and (LC2).

[Chem. 4]

LC11 (LC 1)

X

RLC11+ALC11—ZLC11 — YLCll
I
XLC 12

(LC2)

XLC23

xLezl

OO yic2l

RECH — ALC21 7121
= ’ mLC21

XLc2

In the formulas, R*“*! and R*“*' are each independently
an alkyl group of 1 to 15 carbon atoms, where one or more
—CH,— groups in the alkyl group are optionally replaced
with —O—, —CH=CH— —CO— —0CO0—,
—COO—, or —C=C— such that no oxygen atoms are
directly adjacent to each other, and one or more hydrogen
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atoms in the alkyl group are optionally replaced with halo-
gen. AF“M! and A¥*! are each independently any of the
following structures.

[Chem. 5]

Se
S

In the structures, one or more —CH,— groups in the
cyclohexylene group are optionally replaced with oxygen;
one or more —CH— groups in the 1.4-phenylene group are
optionally replaced with nitrogen; and one or more hydrogen
atoms in the structures are optionally replaced with fluorine,
chlorine, —CF,, or —OCF,). X*<!!, XF<'2 and X*“* to
X*“* are each independently hydrogen, chlorine, fluorine,
—CF,, or —OCF,. YX“'* and Y*“*! are each independently
hydrogen, chlorine, fluorine, cyano, —CF,, —OCH,F,
—OCHF,, or —OCF,. Z*“"" and Z*“*" are each indepen-

dently a single bond, —CH—CH—, —CF—CF—,
—C=C—, —CH,CH,— —(CH)y— —OCH,—,
—CH,0—, —OCF,—, —C(CF,0— —CO00O—, or

—0CO—. m*“" and m*“?! are each independently an
integer of 1 to 4. Each occurrence of AZ<*! AL2! 7ZCH,
and 75", if present, may be the same or different.

In general formulas (LC1) and (LC2), R*“!! to R*“*! are
preferably each independently an alkyl group of 1 to 7
carbon atoms, an alkoxy group of 1 to 7 carbon atoms, or an
alkenyl group of 2 to 7 carbon atoms, more preferably an
alkyl group of 1 to 5 carbon atoms, an alkoxy group of 1 to
5 carbon atoms, or an alkenyl group of 2 to 5 carbon atoms,
even more preferably linear. Most preferred are alkenyl
groups having the following structures.

[Chem. 6]

/) 7N\

In the formulas, the right end is linked to the cyclic
structure.

AT and A¥?! are preferably each independently any of
the following structures.

OO

Chem. 7]
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-continued
F

avs

YE€ and YE?! are preferably each independently fluo-
rine, cyano, —CF;, or —OCF;, more preferably fluorine or
—OCF%, even more preferably F.

75 and 7F*! are each preferably a single bond,
—CH,CH,—, —CO0—, —0CO—, —OCH,—,
—CH,0—, —OCF,—, or —CF,0, more preferably a
single bond, —CH,CH,—, —OCH,—, —OCF,—, or
—CF,0—, even more preferably a single bond, —OCH,—,
or —CF,0—.

m"" and m*“?" are each preferably 1, 2, or 3. If it is
desirable to achieve a higher storage stability at low tem-
perature and a faster response time, m*“** and m*“*! are
each preferably 1 or 2. If it is desirable to achieve a higher
upper nematic phase temperature limit, m*“** and m”“*" are
each preferably 2 or 3.

The liquid crystal layer preferably contains, as the com-
pounds represented by general formula (LC1), at least one
compound selected from the group consisting of compounds
represented by general formulas (LC1-a) to (LC1-c) below.

[Chem. 8]
Lol (LCI-a)
X
RECH _ pLClal __ pLCla2 yicn
xLc12
[Chem. 9]
(LCI-d)
XLCldl XLCll
RLCII_ALCldl ZLCldl YLCll
XLCle XLC12
(LCI1-DH
XLCI/] XLCII
o JAAY
XLCI/Z XLCIZ
(LCI-h)
xLClAl xLCl
o]

XLCth XLC12

-continued
(LC1-b
XLC1b1 xLCl ) )
RECH__ gLC1b1 O O yIci
xLC1b2 xLcn
10
{LC1-c)
15 xLCle3 xLClel xLel
20
xLCle4 xICle2 xLC12
In the formulas, REC!, Y2 XL and X212 are each

independently as defined for RECM, YX<H, XE¢ and
X512 respectively, in general formula (LC1); AF€'<!,
AR and AF' are each trans-1,4-cyclohexylene, tetra-
hydropyran-2,5-diyl, or 1,3-dioxane-2,5-diyl; and X*<***,
XEC192 and XECLel o XL are each independently hydro-
gen, chlorine, fluorine, —CF;, or —OCF;.

25

30
XEM 1o XEC1* are preferably each independently hydro-

gen or fluorine.
&rL Cl1

are preferably each independently fluorine, —CF,,
or —OCF,.

Also preferably, the liquid crystal layer contains, as the
compounds represented by general formula (LC1), at least
one compound selected from the group consisting of com-
pounds represented by general formulas (LC1-d) to (LC1-m)
below.

35

(LCl-¢)

XLCll

RLCIIO_QZLCIEIQYLCII

Lc1
(LCl-g)

xLClgl

RLC“_ALCIgl O O O YLC“

XLCIZ

XLCll

xLClg2
(LCL+)

XLClil XLCll

0]
RLC11_<:>_<: O O yicn
0]

XLCI 2 XLCIZ
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(LCL) (1C1-k)
XLClj3 XLC]/I XLCII XLClkl XLCII
RLCII_ALCIJIZLCIJJQYLCH RICU_ ALCIRL ZLCIK _ gLCIR el
XLClj4 XLC]/'Z XLC12 XLClkZ XLCIZ
(LC1-m)
XLCI ml XLCI 1
RLCII_ALClml_ALCIMZQ72LCIWI ALCI”BAQYLC“
XLCI m2 XLCIZ
In the formulas, R““*' Y2, X*“" and X*“"*areeach ~ —(CH,),—, —OCH,—, —CH,0—  —OCF,—,

RLCII YLCll XLCII
s s

independently as defined for
X" respectively, in general formula (LC1);
ALClﬂ ALClgl ALCljl ALClkl ALClk2 and ALClml to
AT€'"3 are each 1,4-phenylene, trans-1,4-cyclohexylene,
tetrahydropyran-2,5-diyl, or 1,3-dioxane-2,5-diyl; X*<*%,
XLCle XLClﬂ XLleZ XLClgl XLCng XLClhl XLCth
XLClil ’XLCIZ'Z ’XLCljl t’O XLClji XLClkl’ XLClkZ’ XLClml

LCldl
AT,

bl

and X' are each independently hydrogen, chlorine,
fluorine, —CF,, or —OCF,; and Z-<'4!, ziclel zievl

ZECY and 75€1™ are each independently a single bond,
—CH=CH—, —CF=CF—, —(C=C— —CH,CH—,
[Chem. 10]
RLCZI ZLC2al

REc21 O 7LC2b1

RLCZI O_QZLCZCI O
Q YLCZI

B and 20

5
—CF,0— or —OCH, .

—CF,0—, —COO0—, or —0CO—.

XFM 10 XFY? are preferably each independently
hydrogen or fluorine.

YZ“"! is preferably each independently fluorine, —CF;,

or —OCF;.

ZE o ZFC™Y are preferably each independently

The liquid crystal layer preferably contains, as the com-
pounds represented by general formula (LC2), at least one
compound selected from the group consisting of compounds
represented by general formulas (LC2-a) to (LC2-g) below.

(LC2-a)
XLC23
XLCZI
OQ YLCZI
XLCZZ
(LC2-b)
XLC23
XLC21
OQ YLCZI
XLCZZ
(LC2-¢)

XLCZS

XLCZI

xicn
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-continued
LC2-d)
XLC2d3 XLCZdl XLC23
XLCQI
XLCZd4 XLCZdZ
XLCQZ
(LC2-¢)
XLCZe3 XLCZel XLC23
XLCZI
XLC2e4 XLCZeZ
XLCZZ
(LC2)
xICIB xLen X123
0 XLCZI
RLCZI O O ZLCZ/] O
xICp xLep
XLCZZ
(LC2-g)

X023 XLl

LC2gh xLC2g2

In the formulas, R¥€?!, Y22 and X2€! to XE€*? are
each independently as defined for R*“*', Y*“! and X!
to XX respectively, in general formula (LC2); X*“*™* to
XLC2d4, XLCZel to XLC284, XLCZ/I to XLCZ 4’ and XLC2g1 to
X£€28% are each independently hydrogen, chlorine, fluorine,
7CF3, or 7OCF3, and ZLC2a1, ZLCZbI, ZLC201, ZLCZdI,
752t 7 and 75<%8! are each independently a single
bond, @ —CH=CH—  —CF=CF— = —C=C—,
—CH,CH,—, —(CH,),— —OCH,— —CH,0—,
—OCF,—, —CF,0—, —COO—, or —OCO—.

XE€2 1o X284 are preferably each independently hydro-
gen or fluorine.

Y*“*! is preferably each independently fluorine, —CF;,
or —OCF,.

7E24 o 7F*8* are preferably each independently
—CF,0— or —OCH,—.

Also preferably, the liquid crystal layer contains, as the
compounds represented by general formulas (LC1) and
(LC2), at least one compound selected from the group
consisting of compounds represented by general formula
(LC-I).

XLC23

XLCZI
RLCZI O O O Zchgl O
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XLC22

[Chem. 11]
R3! _{ M3! ) e _6 CF,0 ) < M3 ) M4
31 33 32

In the formulas,

R>?! is an alkyl group of 1 to 10 carbon atoms, an alkoxy
group of 1 to 10 carbon atoms, an alkenyl group of 2 to 10
carbon atoms, or an alkenyloxy group of 2 to 10 carbon
atoms;

M>?' to M* are each independently trans-1,4-cyclohex-
vylene, 1.4-phenylene, or naphthalene-2.6-dienyl, where one
or more non-adjacent —CH,— groups in the trans-1,4-
cyclohexylene group are optionally replaced with —O—
such that no oxygen atoms are directly adjacent to each
other, one or more non-adjacent —CH— groups in the
phenylene group are optionally replaced with —N—, any
hydrogen atom present in the group is optionally replaced

(LC-D
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with fluorine, and any hydrogen atom present in the naph-
thalene-2,6-dienyl group is optionally replaced with fluo-
rine; and
M3* is represented by any of the following formulas.

[Chem. 12]

In the formulas, X3!, X2, X*, X*2, and X* are each
independently hydrogen or fluorine, and Y>' and Y** are
each fluorine, chlorine, cyano, —CF;, —OCH,F, —OCHF,,
or —OCF;).

n*! and n*' are each independently 0, 1, or 2, with the
proviso that n*'4n°% is 0, 1, or 2, where each occurrence of
M3! and M*, if present, may be the same or different. n*
isOor 1.

If R*" in general formula (LC-I) is linked to phenyl
(aromatic group), it is preferably a linear alkyl group of 1 to
5 carbon atoms, a linear alkoxy group of 1 to 4 (or more)
carbon atoms, or an alkenyl group of 4 or 5 carbon atoms.
If R*! is linked to a saturated cyclic structure such as
cyclohexane, pyran, or dioxane, it is preferably a linear alkyl
group of 1 to 5 carbon atoms, a linear alkoxy group of 1 to
4 (or more) carbon atoms, or a linear alkenyl group of 2 to
5 carbon atoms.

If it is desirable to achieve good chemical stability to heat
and light, R*' is preferably alkyl. If it is desirable to produce
a liquid crystal display device with low viscosity and fast
response time, R*' is preferably alkenyl. If it is desirable to
achieve a low viscosity, a high nematic-isotropic phase
transition temperature (Tni), and a faster response time, it is
preferred to use an alkenyl group having no unsaturated
bond at the end thereof, more preferably an alkenyl group
having methy] at the end thereof. If it is desirable to achieve
good solubility at low temperature, R*" is preferably alkoxy.
Alternatively, it is preferred to use a combination of com-
pounds having different groups at R*'. For example, it is
preferred to use a combination of compounds having alkyl
or alkenyl groups of 2, 3, and 4 carbon atoms at R?, a
combination of compounds having alkyl or alkenyl groups
of 3 and 5 carbon atoms at R®, or a combination of
compounds having alkyl or alkenyl groups of 3, 4, and 5
carbon atoms at R>!.,

M3 to M** are each preferably any of the following
structures.

OO0
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-continued

0
[Chem. 14]
.i F .i F
F

M?3! is preferably any of the following structures.
[Chem. 15]
:/ O

More preferably, M>! is any of the following structures.

) <O

M?3! is preferably any of the following structures.

[Chem. 16]

[Chem. 17]
F
:/< F é
F
More preferably, M>* is any of the following structures.

[Chem. 18]

<O
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Even more preferably, M is any of the following struc-
tures.

[Chem. 19] °

:: F
F
M?? is preferably any of the following structures.

[Chem. 20]
T
:/< F é
F
More preferably, M* is any of the following structures.
F F
F

Even more preferably, M?? is the following structure.

[Chem. 21]

[Chem. 22]

To achieve a lower viscosity, M>* is preferably the fol-
lowing structure.

[Chem. 23]

Z3l
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To achieve a higher As, M>* is preferably the following
structure.

[Chem. 24]

X3, X%, X33, X%, and X are preferably each indepen-
dently hydrogen to achieve a lower viscosity or fluorine to
achieve a higher Ae. To achieve a higher Ae, therefore, at
least one of X' and X*? is preferably fluorine, and more
preferably, both are fluorine. If X*' to X* are each inde-
pendently fluorine or hydrogen, it is preferred that X*' be
fluorine and X** and X* be hydrogen if it is desirable to
achieve a lower viscosity and a better miscibility with other
liquid crystal components, and it is preferred that X*' and
X*? be fluorine and X** be fluorine or hydrogen if it is
desirable to achieve a higher Ae.

73! and 7% are each preferably fluorine or trifluo-
romethoxy.

In one embodiment, the combination of X>!, X3, and 73!
is X*'—F, X**>—F, and 7*>'—F. In another embodiment, the
combination of X*!, X2, and Z*' is X*'—F, X**—H, and
7>'—F. In yet another embodiment, the combination of X**,
X3, and 73 is X3'—=F, X**—H, and Z*>'—QCF,. In still yet
another embodiment, the combination of X3!, X**, and Z*'
is X*'=F, X**—=F, and Z*'—OCF,. In a further embodi-
ment, the combination of X3, X32, and 7*! is X*'—H,
X32—H, and Z**—OCF,.

n*! is preferably 1 or 2. n®? is preferably 0 or 1, more
preferably 0. n'+n°? is preferably 1 or 2, more preferably 2.

n*? is preferably 1.

Specific preferred compounds represented by general
formula (LC-I) include those represented by general formu-
las (I-a) to (I-f) below.

[Chem. 25]

(F-a)

X3l
. O_Q o Q “
X32

(I-b)

X35 X33 X3l
. o Q “
X36 X34 X32
(-

X35 X33 X3l
* oo Q “
X36 X34 X32
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(-d)
X35 X33 X3l
* O O e “
0]
X36 X34 X32
(-e)
X37 X35 X33 X3l
© O O Q e “
X38 X36 X34 X32
(19
X37 X35 X33 X3l
R%2 CF,0 VAR
X38 X36 X34 X32

In the formulas, R*' is an alkyl group of 1 to 10 carbon
atoms, an alkoxy group of 1 to 10 carbon atoms, an alkenyl
group of 2 to 10 carbon atoms, or an alkenyloxy group of 2
to 10 carbon atoms; X* to X** are each independently
hydrogen or fluorine; and Z*! is fluorine, trifluoromethoxy,
or trifluoromethyl.

If R*? in general formulas (Ia) to (If) is linked to phenyl
(aromatic group), it is preferably a linear alkyl group of 1 to
5 carbon atoms, a linear alkoxy group of 1 to 4 (or more)
carbon atoms, or an alkenyl group of 4 or 5 carbon atoms.
If R** is linked to a saturated cyclic structure such as
cyclohexane, pyran, or dioxane, it is preferably a linear alkyl
group of 1 to 5 carbon atoms, a linear alkoxy group of 1 to
4 (or more) carbon atoms, or a linear alkenyl group of 2 to
5 carbon atoms.

If it is desirable to achieve good chemical stability to heat
and light, R is preferably alkyl. If it is desirable to produce
a liquid crystal display device with low viscosity and fast
response time, R*' is preferably alkenyl. If it is desirable to
achieve a low viscosity, a high nematic-isotropic phase
transition temperature (Tni), and a faster response time, it is
preferred to use an alkenyl group having no unsaturated
bond at the end thereof, more preferably an alkenyl group
having methy] at the end thereof. If it is desirable to achieve
good solubility at low temperature, R*' is preferably alkoxy.
Alternatively, it is preferred to use a combination of com-
pounds having different groups at R3!. For example, it is
preferred to use a combination of compounds having alkyl
or alkenyl groups of 2, 3, and 4 carbon atoms at R*!, a
combination of compounds having alkyl or alkenyl groups
of 3 and 5 carbon atoms at R*, or a combination of
compounds having alkyl or alkenyl groups of 3, 4, and 5
carbon atoms at R

At least one of X** and X*% is preferably fluorine.
Although compounds where both X** and X*® are fluorine
are effective in achieving a higher Ag, they are not preferred
for reasons of Tni, solubility at low temperature, and the
chemical stability of the resulting liquid crystal display
device.

At least one of X*” and X?® is preferably hydrogen, and
more preferably, both are hydrogen. Compounds where at
least one of X7 and X*® is fluorine are not preferred for
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reasons of Tni, solubility at low temperature, and the chemi-
cal stability of the resulting liquid crystal display device.

The liquid crystal layer preferably contains one to eight,
more preferably one to five, compounds selected from the
group consisting of compounds represented by general for-
mula (LC-1). These compounds are preferably present in an
amount of 3% to 50% by mass, more preferably 5% to 40%
by mass.

The liquid crystal layer of the liquid crystal display device
according to the present invention further contains at least
one compound selected from the group consisting of com-
pounds represented by general formulas (II-a) to (1I-f).

[Chem. 26]
(Il-a)
(II-b)
RZIO_Q R22
(ll-c)

(II-d)

(Il-¢)

(119

In the formulas, R'® to R*® are each independently an
alkyl group of 1 to 10 carbon atoms, an alkoxy group of 1
to 10 carbon atoms, or an alkenyl group of 2 to 10 carbon
atoms; and X*' is hydrogen or fluorine.

If R* to R* in general formulas (Ila) to (IIf) are linked
to phenyl (aromatic group), they are each preferably a linear
alkyl group of 1 to 5 carbon atoms, a linear alkoxy group of
1 to 4 (or more) carbon atoms, or an alkenyl group of 4 or
5 carbon atoms. If R* to R*® are linked to a saturated cyclic
structure such as cyclohexane, pyran, or dioxane, they are
each preferably a linear alkyl group of 1 to 5 carbon atoms,
a linear alkoxy group of 1 to 4 (or more) carbon atoms, or
a linear alkenyl group of 2 to 5 carbon atoms.

If it is desirable to achieve good chemical stability to heat
and light, R*? to R*° are preferably alkyl. If it is desirable to
produce a liquid crystal display device with low viscosity
and fast response time, R'? to R*° are preferably alkenyl. If
it is desirable to achieve a low viscosity, a high nematic-
isotropic phase transition temperature (Tni), and a faster
response time, it is preferred to use an alkenyl group having
no unsaturated bond at the end thereof, more preferably an
alkenyl group having methyl at the end thereof. If it is
desirable to achieve good solubility at low temperature, R*®
to R3° are preferably alkoxy. Alternatively, it is preferred to
use a combination of compounds having different groups at
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R'® to R*. For example, it is preferred to use a combination
of compounds having alkyl or alkenyl groups of 2, 3, and 4
carbon atoms at R*® to R3®, a combination of compounds
having alkyl or alkenyl groups of 3 and 5 carbon atoms at
R** to R*!, or a combination of compounds having alkyl or
alkenyl groups of 3, 4, and 5 carbon atoms at R'® to R*°.

R'? and R* are each preferably alkyl or alkoxy, and at
least one of them is preferably alkoxy. More preferably, R'
is alkyl, and R* is alkoxy. Even more preferably, R*® is an
alkyl group of 3 to 5 carbon atoms, and R*® is an alkoxy
group of 1 or 2 carbon atoms.

R*! and R7? are each preferably alkyl or alkenyl, and at
least one of them is preferably alkenyl. Although com-
pounds where both R** and R*? are alkenyl are preferred to
achieve a faster response time, they are not preferred to
improve the chemical stability of the liquid crystal display
device.

At least one of R** and R** is preferably an alkyl group
of 1 to 5 carbon atoms, an alkoxy group of 1 to 5 carbon
atoms, or an alkenyl group of 4 or 5 carbon atoms. If it is
desirable to achieve a good balance of response time and T,
at least one of R** and R** is preferably alkenyl. If it is
desirable to achieve a good balance of response time and
solubility at low temperature, at least one of R** and R** is
preferably alkoxy.

At least one of R*® and R?® is preferably an alkyl group
of 1 to 5 carbon atoms, an alkoxy group of 1 to 5 carbon
atoms, or an alkenyl group of 2 to 5 carbon atoms. If it is
desirable to achieve a good balance of response time and
Tni, at least one of R** and R® is preferably alkenyl. If it is
desirable to achieve a good balance of response time and
solubility at low temperature, at least one of R** and R*® is
preferably alkoxy. More preferably, R*’ is alkenyl, and R*°
is alkyl. Also preferably, R* is alkyl, and R*® is alkoxy.

At least one of R*” and R*® is preferably an alkyl group
of 1 to 5 carbon atoms, an alkoxy group of 1 to 5 carbon
atoms, or an alkenyl group of 2 to 5 carbon atoms. If it is
desirable to achieve a good balance of response time and
Tni, at least one of R*” and R*® is preferably alkenyl. If it is
desirable to achieve a good balance of response time and
solubility at low temperature, at least one of R*” and R*® is
preferably alkoxy. More preferably, R*” is alkyl or alkenyl,
and R?® is alkyl. Also preferably, R*” is alkyl, and R*® is
alkoxy. Even more preferably, R*7 is alkyl, and R*® is alkyl.

X?! is preferably fluorine.

At least one of R*® and R3® is preferably an alkyl group
of 1to 5 carbon atoms or an alkenyl group of 4 or 5 carbon
atoms. If it is desirable to achieve a good balance of response
time and Tni, at least one of R* and R* is preferably
alkenyl. If it is desirable to achieve good reliability, at least
one of R*® and R* is preferably alkyl. More preferably, R*°
is alkyl or alkenyl, and R*® is alkyl or alkenyl. Also pref-
erably, R*® is alkyl, and R*" is alkenyl. Also preferably, R*
is alkyl, and R* is alkyl.

The liquid crystal layer preferably contains one to ten,
more preferably one to eight, compounds selected from the
group consisting of compounds represented by general for-
mulas (II-a) to (II-f). These compounds are preferably
present in an amount of 5% to 80% by mass, more preferably
10% to 70% by mass, even more preferably 20% to 60% by
mass.

The liquid crystal layer of the liquid crystal display device
according to the present invention preferably further con-
tains a compound represented by general formula (LC).

10

15

20

25

30

35

40

45

50

55

60

65

24

[Chem. 27]

(LC
RIC_¢ ALCI—7LCy_ ALC2_yIC e
a

In general formula (LC),

RE€is an alkyl group of 1 to 15 carbon atoms, where one
or more —CH,— groups in the alkyl group are optionally
replaced with —O—, —CH—CH—, —CO—, —0CO—,
—COO—, or —C=C— such that no oxygen atoms are
directly adjacent to each other, and one or more hydrogen
atoms in the alkyl group are optionally replaced with halo-
gen;
A"" and A“* are each independently a group selected
from the group consisting of

(a) trans-1,4-cyclohexylene (where one or more non-
adjacent—CH,— groups present in the group are optionally
replaced with oxygen or sulfur),

(b) 1,4-phenylene (where one or more non-adjacent
—CH— groups present in the group are optionally replaced
with nitrogen), and

(c) 1ld-bicyclo(2.2.2)octylene, naphthalene-2,6-diyl,
decahydronaphthalene-2,6-diyl, 1,2,3,4-tetrahydronaphtha-
lene-2,6-diyl, and chromane-2,6-diyl, where one or more
hydrogen atoms present in groups (a), (b), and (c) are each
optionally replaced with fluorine, chlorine, —CF;, or

—OCF;

75 is a single bond, —CH—CH—, —CF=—CF—,
—C=C—, —CH,CH,—, —(CH,)—, —OCH,—,
—CH,0—, —OCF,—, —CF,0—, —COO0—, or
—0C0—;

Y€ is hydrogen, fluorine, chlorine, cyano, or an alkyl

group of 1 to 15 carbon atoms, where one or more —CH,—
groups in the alkyl group are optionally replaced with
—0—, —CH=CH—, —CO—, —0CO—, —C00—,
—C=C—, —CFO—, or —OCF,— such that no oxygen
atoms are directly adjacent to each other, and one or more
hydrogen atoms in the alkyl group are optionally replaced
with halogen; and

a is an integer of 1 to 4, where if a is 2, 3, or 4, each
occurrence of AX“! may be the same or different, and each
occurrence of Z-¢ may be the same or different,

with the proviso that compounds represented by general
formulas (LC1), (LC2), and (I1I-a) to (II-f) are excluded.

The liquid crystal layer preferably contains one to ten,
more preferably one to eight, compounds selected from the
group consisting of compounds represented by general for-
mula (LC). These compounds are preferably present in an
amount of 5% to 50% by mass, more preferably 10% to 40%
by mass.

To achieve a faster response time, the liquid crystal
composition preferably contains, as the compound repre-
sented by general formula (LC), at least one compound
represented by general formula (LC6) below.

[Chem. 28]
(LC6)

LC61 . ALC61 . 7LC61 LC62 _7LC62 LC63 _qpLlC62
RECE1— ALCO1—7 LC61 . ALCO? 710624 — o p\LCES

Les1 LC62
R R

In the formula, and are each independently
an alkyl group of 1 to 15 carbon atoms, where one or more
—CH,— groups in the alkyl group are optionally replaced
with —O—, —CH=CH—, —CO—, —0CO—,
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—CO0O—, or —C=C— such that no oxygen atoms are
directly adjacent to each other, and one or more hydrogen
atoms in the alkyl group are optionally replaced with halo-
gen. AY%! to AT“® are each independently any of the
following structures.

[Chem. 29]

OO

In the structures, one or more —CH,— groups in the
cyclohexylene group are optionally replaced with
—CH—CH—, —CF,0—, or —OCF,—, and one or more
CH groups in the 1,4-phenylene group are optionally
replaced with nitrogen. 7-“%! and 7*“%* are each indepen-
dently a single bond, —CH—CH— —C=C—,
—CH,CH,—, —(CH,),— —CO0—, —OCH,—,
—CH,0—, —OCF,—, or —CF,0—. m"" is 0 to 3. Com-
pounds represented by general formula (I) are excluded.

RE€S! and R“%? are preferably each independently an
alkyl group of 1 to 7 carbon atoms, an alkoxy group of 1 to
7 carbon atoms, or an alkenyl group of 2 to 7 carbon atoms.
Most preferred are alkenyl groups having the following
structures.

/7 7\ _J

In the formulas, the right end is linked to the cyclic
structure.

ALCOL 1o ALCO are preferably each independently any of

the following structures.

[Chem. 31]

OO
OO0

G5

Z7ECSt and 75 are preferably each independently a
single bond, —CH,CH,—, —COO—, —OCH,—,
—CH,0—, —OCF,—, or —CF,0—.

More preferably, the liquid crystal layer contains, as the
compound represented by general formula (LC6), at least

26

one compound selected from the group consisting of com-
pounds represented by general formulas (LC6-a) to (LC6-g).

5 [Chem. 32]
{LC6-a)
RLC61 RLC62
10
(LC6-b)
OO
(LC6-c)
” RLC61 4<:>_<:>7 C2H4 O RLC62
(LC6-d)
RLCGI c, RLCGZ
25 Hy
(LC6-¢)
RECS! CH,0 REC6E2
30
LC6-H)
RLCﬁl 4<:>7 CHZO RLC62
35
(LC6-g)
LC61 LC62

RLC61 RLC62

In the formulas, and are each independently
an alkyl group of 1 to 7 carbon atoms, an alkoxy group of
1 to 7 carbon atoms, an alkenyl group of 2 to 7 carbon atoms,
or an alkenyloxy group of 2 to 7 carbon atoms.

The liquid crystal composition used for the liquid crystal
composition layer of the liquid crystal display device
according to the present invention preferably has a Ae at 25°
C. of +1.5 or more. To achieve a faster response time, the
liquid crystal composition preferably has a Ag at 25° C. of
+1.5 to +4.0, more preferably +1.5 to +3.0. To achieve
low-voltage driving, the liquid crystal composition prefer-
ably has a Ae at 25° C. of +8.0 to +18.0, more preferably
+10.0 to +15.0. The liquid crystal composition preferably
has a An at 25° C. of 0.08 to 0.14, more preferably 0.09 to
0.13. Specifically, the liquid crystal composition preferably
has a An at 25° C. 0f0.10t0 0.13 for small cell gaps and 0.08
to 0.10 for large cell gaps. The liquid crystal composition
preferably has a m at 20° C. of 5 to 45 mPa-s, more
preferably 5 to 25 mPa's, even more preferably 10 to 20
mPa-s. The liquid crystal composition preferably hasa T, , of
60° C. to 120° C., more preferably 70° C. to 100° C., even
more preferably 70° C. to 85° C.

In addition to the compounds discussed above, the liquid
crystal composition according to the present invention may
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contain other ingredients such as common nematic, smectic,
and cholesteric liquid crystals.

The liquid crystal composition according to the present
invention may contain at least one polymerizable monomer
for the fabrication of liquid crystal display devices such as
PS, transverse-field PSA, and transverse-field PSVA liquid
crystal display devices.

The liquid crystal layer may contain, as a polymerizable
monomer, a polymerizable compound containing one reac-
tive group, i.e., a monofunctional polymerizable compound,
or a polymerizable compound containing two or more
reactive groups, i.e., a polyfunctional polymerizable com-
pound, such as a di- or trifunctional polymerizable com-
pound. The reactive-group-containing polymerizable com-
pounds may or may not contain a mesogenic moiety.

The reactive-group-containing polymerizable compounds
preferably contain a photopolymerizable substituent, par-
ticularly if vertical alignment layers are formed by thermal
polymerization. This reduces the reaction of the reactive-
group-containing polymerizable compounds during the ther-
mal polymerization of the vertical alignment layer material.

Among reactive-group-containing polymerizable com-
pounds, specific preferred monofunctional reactive-group-
containing polymerizable compounds include polymeriz-
able compounds represented by general formula (V1) below.

[Chem. 33]
(VD

D\ 0—Sp*—V—W

X3 0

In the formula, X? is hydrogen or methyl; Sp> is a single
bond, an alkylene group of 1 to 8 carbon atoms, or —O—
(CH,),— (where t is an integer of 2 to 7, and the oxygen
atom is linked to the aromatic ring); V is a linear or branched
polyvalent alkylene group of 2 to 20 carbon atoms or a
polyvalent cyclic substituent of 5 to 30 carbon atoms, where
the alkylene group in the polyvalent alkylene group is
optionally substituted with oxygen such that no oxygen
atoms are adjacent to each other and is optionally substituted
with an alkyl group of 5 to 20 carbon atoms (where the
alkylene group in the group is optionally substituted with
oxygen such that no oxygen atoms are adjacent to each
other) or a cyclic substituent; and W is hydrogen, halogen,
or an alkylene group of 1 to 8 carbon atoms.

Although X? in general formula (VI) above is hydrogen or
methyl, X? is preferably hydrogen if it is desirable to achieve
a higher reaction rate and is preferably methyl if it is
desirable to achieve a lower residual monomer content.

Although Sp? in general formula (VI) above is a single
bond, an alkylene group of 1 to 8 carbon atoms, or —O—
(CH,),— (where t is an integer of 2 to 7, and the oxygen
atom is linked to the aromatic ring), shorter carbon chains
are preferred. Specifically, Sp® is preferably a single bond or
an alkylene group of 1 to 5 carbon atoms, more preferably
a single bond or an alkylene group of 1 to 3 carbon atoms.
If Sp® is —O—(CH,),— t is preferably 1 to 5, more
preferably 1 to 3.

Although V in general formula (VI) above is a linear or
branched polyvalent alkylene group of 2 to 20 carbon atoms
or a polyvalent cyclic substituent of 5 to 30 carbon atoms,
the alkylene group in the polyvalent alkylene group may
optionally be substituted with oxygen such that no oxygen
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atoms are adjacent to each other and may optionally be
substituted with an alkyl group of 5 to 20 carbon atoms
(where the alkylene group in the group is optionally substi-
tuted with oxygen such that no oxygen atoms are adjacent to
each other) or a cyclic substituent, preferably with two or
more cyclic substituents.

Specific polymerizable compounds represented by gen-
eral formula (VI) include compounds represented by general
formula (XTa).

[Chem. 34]
Xla)
Al A} B2 Ab
H2C=C—COO—A2—? C ?—Bl
A* 1|33 A7

In the formula,

A is hydrogen or methyl;

A? is a single bond or an alkylene group of 1 to § carbon
atoms (where one or more methylene groups in the alkylene
group are each independently optionally replaced with oxy-
gen, —CO—, —COO—, or —OCO— such that no oxygen
atoms are directly linked to each other, and one or more
hydrogen atoms in the alkylene group are each indepen-
dently optionally replaced with fluorine, methyl, or ethyl);

A® and A°® are each independently hydrogen, halogen, or
an alkyl group of 1 to 10 carbon atoms (where one or more
methylene groups in the alkyl group are each independently
optionally replaced with oxygen, —CO—, —COO—, or
—OCO— such that no oxygen atoms are directly linked to
each other, and one or more hydrogen atoms in the alkyl
group are each independently optionally replaced with halo-
gen or an alkyl group of 1 to 17 carbon atoms);

A* and A7 are each independently hydrogen, halogen, or
an alkyl group of 1 to 10 carbon atoms (where one or more
methylene groups in the alkyl group are each independently
optionally replaced with oxygen, —CO—, —COO—, or
—OCO— such that no oxygen atoms are directly linked to
each other, and one or more hydrogen atoms in the alkyl
group are each independently optionally replaced with halo-
gen or an alkyl group of 1 to 9 carbon atoms); p is 1 to 10;
and

B!, B®, and B® are each independently hydrogen or a
linear or branched alkyl group of 1 to 10 carbon atoms
(where one or more methylene groups in the alkyl group are
each independently optionally replaced with oxygen,
—CO—, —COO—, or —OCO— such that no oxygen
atoms are directly linked to each other, and one or more
hydrogen atoms in the alkyl group are each independently
optionally replaced with halogen or a trialkoxysilyl group of
3 to 6 carbon atoms.

Other specific polymerizable compounds represented by
general formula (VI) include compounds represented by
general formula (XIb).

[Chem. 35]
(X1b)

AS
|
H2C=C—COO—<E>—Y1—<E>-GYZ—<E>%—Y3-BS
q
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In the formula,

A® is hydrogen or methyl; and

the six-membered rings, T!, T2, and T?, are each inde-
pendently any of the following structures.

[Chem. 36]

In the structures, q is an integer of 1 to 4.
In general formula (XIb) above,

qisOor 1

Y! and Y* are each independently a single bond,
—CH,CH,—, —CH,0—, —OCH,—, —C00—,
00—, —C=C—, —CH=CH—, —CF—CF—,
—(CH,),—, —CH,CH,CH,0—, —OCH,CH,CH,—,

—CH,—CHCH,CH,—, or —CH,CH,CH—CH—;

Yisa single bond, —COO—, or —OCO—; and

B? is a hydrocarbyl group of 1 to 18 carbon atoms.

Still other specific polymerizable compounds represented
by general formula (V1) include compounds represented by
general formula (XIc).

[Chem. 37]

(Xlc)
R70

H,C=C—CO0—R"

In the formula, R™ is hydrogen or methyl, and R is a
hydrocarbyl group having a fused ring.

Among reactive-group-containing polymerizable com-
pounds, preferred polyfunctional reactive-group-containing
polymerizable compounds include polymetizable com-
pounds represented by general formula (V) below.

[Chem. 38]

3 0—>Sp'—U Sp?— y
X3 0 0 x? A

In the formula, X* and X* are each independently hydro-
gen or methyl; Sp* and Sp® are each independently a single
bond, an alkylene group of 1 to 8 carbon atoms, or —O—
(CH,),— (where s is an integer of 2 to 7, and the oxygen

V)
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atom is linked to the aromatic ring); U is a linear or branched
polyvalent alkylene group of 2 to 20 carbon atoms or a
polyvalent cyclic substituent of 5 to 30 carbon atoms, where
the alkylene group in the polyvalent alkylene group is
optionally substituted with oxygen such that no oxygen
atoms are adjacent to each other and is optionally substituted
with an alkyl group of 5 to 20 carbon atoms (where the
alkylene group in the group is optionally substituted with
oxygen such that no oxygen atoms are adjacent to each
other) or a cyclic substituent; and k is an integer of 1 to 5.

Although X* and X? in general formula (V) above are
each independently hydrogen or methyl, X' and X? are
preferably hydrogen if it is desirable to achieve a higher
reaction rate and are preferably methyl if it is desirable to
achieve a lower residual monomer content.

Although Sp' and Sp” in general formula (V) above are
each independently a single bond, an alkylene group of 1 to
8 carbon atoms, or —O—(CH,),— (where s is an integer of
2 to 7, and the oxygen atom is linked to the aromatic ring),
shorter carbon chains are preferred. Specifically, Sp* and Sp?
are preferably a single bond or an alkylene group of 1 to 5
carbon atoms, more preferably a single bond or an alkylene
group of 1 to 3 carbon atoms. If Sp* and Sp* are —O—
(CH,),—, s is preferably 1 to 5, more preferably 1 to 3. More
preferably, at least one of Sp* and Sp is a single bond, and
even more preferably, both of them are single bonds.

Although U in general formula (V) above is a linear or
branched polyvalent alkylene group of 2 to 20 carbon atoms
or a polyvalent cyclic substituent of 5 to 30 carbon atoms,
the alkylene group in the polyvalent alkylene group may
optionally be substituted with oxygen such that no oxygen
atoms are adjacent to each other and may optionally be
substituted with an alkyl group of 5 to 20 carbon atoms
(where the alkylene group in the group is optionally substi-
tuted with oxygen such that no oxygen atoms are adjacent to
each other) or a cyclic substituent, preferably with two or
more cyclic substituents.

Specifically, U in general formula (V) above is preferably
any of formulas (Va-1) to (Va-5) below, more preferably any
of formulas (Va-1) to (Va-3), even more preferably formula

(Va-1).

[Chem. 39]
(Va-1)
(Va-2)
. . F
(Va-3)
. F .
(Va-4)

e
i

2
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-continued
(Va-5)
F F

In the formulas, both ends are linked to Sp* and Sp?.

If U has a cyclic structure, it is preferred that at least one
of Sp' and Sp” be a single bond, and it is also preferred that
both be single bonds.

Although k in general formula (V) above is an integer of
1 to 5, difunctional compounds, where k is 1, and trifunc-
tional compounds, where k is 2, are preferred, and difunc-
tional compounds are more preferred.

Specific preferred compounds represented by general
formula (V) above include compounds represented by gen-
eral formula (Vb) below.

[Chem. 40]
(Vb)
y OOy
x! 0 0 x?

In the formula, X* and X* are each independently hydro-
gen or methyl; Sp' and Sp? are each independently a single
bond, an alkylene group of 1 to 8 carbon atoms, or —O—
(CH,),— (where s is an integer of 2 to 7, and the oxygen
atom is linked to the aromatic ring); Z' is —OCH,—
—CH,0—, —C00—, —0CO—, —CF,0—, —OCF,—,
—CH,CH,—, ~ —CF,CF,—, ~—CH—CH—COO0O—,
—CH=—CH—OC0O—, —COO0—CH=—CH—, —0CO—
CH—CH—, —CO0O—CH,CH,—, —OCO—CH,CH,—
—CH,CH,—C00—, —CH,CH,—0CO—, —CO0—
CH,— —0OCO—CH,—, —CH,—CO0— —CH,—
0CO—, —CY'=CY>—, —C=C—, or a single bond; and
C is 1,4-phenylene, trans-1,4-cyclohexylene, or a single
bond. Any hydrogen atom in any 1,4-phenylene group in the
formula is optionally replaced with fluorine.

Although X' and X? in general formula (Vb) above are
each independently hydrogen or methyl, diacrylate deriva-
tives, where both X" and X* are hydrogen, and dimethacry-
late derivatives, where both X' and X* are methyl, are
preferred. Also preferred are compounds where one of X!
and X? is hydrogen and the other is methyl. Among these
compounds, diacrylate derivatives have the highest rates of
polymerization, dimethacrylate derivatives have the lowest
rates of polymerization, and asymmetrical compounds have
intermediate rates of polymerization. Any suitable com-
pound may be used depending on the application. In par-
ticular, dimethacrylate derivatives are preferred for PSA
liquid crystal display devices.

Although Sp' and Sp? in general formula (Vb) above are
each independently a single bond, an alkylene group of 1 to
8 carbon atoms, or —O—(CH,),—. compounds where at
least one of Sp* and Sp? is a single bond are preferred for
PSA liquid crystal display devices. Specifically, compounds
where both of Sp* and Sp? are single bonds and compounds
where one of Sp* and Sp? is a single bond and the other is
an alkylene group of 1 to 8 carbon atoms or —O—(CH,),—
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are preferred. In this case, an alkylene group of 1 to 4 carbon
atoms is preferred, and s is preferably 1 to 4.

Although 7' in general formula (Vb) above is —OCH,—,

—CH,0—, —C00—, —0CO—, —CF,0—, —OCF,—,
_CH,CH,—, —CF,CF,—. —CH=CH-COO_,
—CH=—CH—0C0O—, —COO—CH=CH—, —0OCO—
CH—CH , — COO- CH,CH, , —OCOCH,CH,
—_CH,CH,—COO—, —CH,CH,—0CO—, —COO—
CH—, —0CO—CH,—, —CH,—COO—, —CH,—
0CO—, —CY'=CY?>—, —C=C—, or a single bond, 7' is

preferably —OCH,—, —CH,0—, —CO0—, —0CO—,
, —CH,CH,—, —CF,CF,—, or a
single bond, more preferably —COO—, —OCO—, or a

single bond, even more preferably a single bond.

Although C in general formula (Vb) above is 1,4-phe-
nylene or trans-1,4-cyclohexylene where any hydrogen atom
is optionally replaced with fluorine, or a single bond, C is
preferably 1,4-phenylene or a single bond. If C is a cyclic
structure, rather than a single bond, Z is also preferably a
linking group other than a single bond. If C is a single bond,
7! is preferably a single bond.

As discussed above, C in general formula (Vb) above is
preferably a single bond, and the cyclic structure is prefer-
ably composed of two rings. Specific preferred polymeriz-
able compounds having a cyclic structure include com-
pounds represented by general formulas (V-1) to (V-6)
below, more preferably compounds represented by general
formulas (V-1) to (V-4), most preferably a compound rep-
resented by general formula (V-2).

[Chem. 41]

%H -

(V-1)

(V-4
6] (0]
(v-5)
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-continued
(V-6)
>_< O_Splspz_o H
(6] (0]

Other specific preferred compounds represented by gen-
eral formula (V) above include compounds represented by
general formula (Vc) below.

[Chem. 42]

5

34

As discussed above, liquid crystal display devices includ-
ing oxide semiconductor thin-film transistors have the prob-
lem of the diffusion of oxygen desorbed from the oxide
semiconductor layer 113 into the insulating layer 118 cov-
ering the oxide semiconductor layer 113. As shown in FIG.
3, the oxide semiconductor layer 113 is separated from the
liquid crystal composition only by members such as the
insulating layer 118 and the alignment layer 4. Since these
members are thin, typically 0.1 um or less thick, they cannot
sufficiently reduce the influence of oxygen desorbed from
the oxide semiconductor layer on the liquid crystal layer.

(Ve)

X3

Sp’—0

0
\ <@> {
x! 0 0 x?

In the formula, X', X*, and X* are each independently
hydrogen or methyl; Sp', Sp?, and Sp® are each indepen-
dently a single bond, an alkylene group of 1 to 8 carbon
atoms, or —O—(CH,,),— (where s is an integer of 2 to 7,
and the oxygen atom is linked to the aromatic ring); Z'* and

7'? are each independently —OCH,—, —CH,0—,
00—, —0CO—,  —CF,0—  —OCF—,
_CH,CH,—, —CFCF,—, —CH—CH—COO—,
—CH—CH—0CO—, —COO—CH—CH—, —0OCO—
CH—CH—, —COO—CH,CH,—, —OCO—CH,CH,—,
— CH,CH,—COO—, —CH,CH,—0CO—, —CO0—
CH,—, —OCO—CH,—, —CH,—COO—, —CH,—

0CO—, —CY'=CY?>—, —C=C—, or a single bond; and
J is 1,4-phenylene, trans-1,4-cyclohexylene, or a single
bond. Any hydrogen atom in any 1,4-phenylene group in the
formula is optionally replaced with fluorine.

If a polymerizable monomer is added, polymerization
proceeds without the use of a polymerization initiator;
however, a polymerization initiator may be added to pro-
mote the polymerization. Examples of polymerization ini-
tiators include benzoin ethers, benzophenones, acetophe-
nones, benzyl ketals, and acylphosphine oxides. A stabilizer
may also be added to improve storage stability. Examples of
stabilizers that can be used include hydroquinones, hydro-
quinone monoalkyl ethers, tert-butylcatechols, pyrogallols,
thiophenols, nitro compounds, f-naphthylamines, f-naph-
thols, and nitroso compounds.

A liquid crystal layer containing a polymerizable mono-
mer 1s useful in liquid crystal display devices, particularly
active-matrix-driven liquid crystal display devices, includ-
ing PSA, PSVA, VA, IPS, and ECB liquid crystal display
devices.

A liquid crystal layer containing a polymerizable mono-
mer acquires the ability to align liquid crystal molecules
when the polymerizable monomer present therein is polym-
erized by exposure to ultraviolet radiation. The liquid crystal
layer is used in a liquid crystal display device that controls
the intensity of transmitted light by means of the birefrin-
gence of the liquid crystal composition.
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However, the use of a particular liquid crystal composi-
tion in the liquid crystal display device according to the
present invention reduces the influence of the interaction
between the oxide semiconductor layer and the liquid crystal
composition. The liquid crystal display device according to
the present invention does not exhibit a significant decrease
in voltage holding ratio (VHR) or increase in ion density
(ID) of the liquid crystal layer and thus does not suffer from
display defects such as white spots, uneven alignment, and
image-sticking and also consumes less power.

Second Embodiment

A liquid crystal display device according to a second
embodiment of the present invention includes oxide semi-
conductor thin-film transistors and a particular liquid crystal
composition and generates an electric field containing a
component parallel to the substrate surface. The liquid
crystal display device according to the second preferred
embodiment is an in-plane switching (IPS) liquid crystal
display device or a fringe-field switching (FFS) liquid
crystal display device, which is a type of IPS liquid crystal
display device.

An IPS liquid crystal display device according to the
second preferred embodiment of the present invention pref-
erably includes first and second opposing substrates, a liquid
crystal layer containing a liquid crystal composition between
the first and second substrates, a plurality of gate lines and
data lines arranged in a matrix on the first substrate, thin-film
transistors disposed at intersections of the gate lines and the
data lines, and pixel electrodes that are driven by the
transistors and that are made of a transparent conductive
material. Each thin-film transistor preferably includes a gate
electrode, an oxide semiconductor layer disposed over the
gate electrode with an insulating layer therebetween, and
source and drain electrodes electrically connected to the
oxide semiconductor layer. The thin-film transistors are
preferably disposed at the intersections of the gate lines and
the data lines. The pixel electrodes are preferably connected
to the thin-film transistors. The liquid crystal display device
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preferably further includes common electrodes disposed on
the first or second substrate and separated from the pixel
electrodes and alignment layers that are disposed between
the first and second substrates and the liquid crystal layer
and close to the liquid crystal layer and that induce homo-
geneous alignment to the liquid crystal composition. The
first and second substrates are preferably transparent insu-
lating substrates. The pixel electrodes and the common
electrodes are preferably arranged such that the shortest path
from the pixel electrodes to the common electrodes located
close to the pixel electrodes contains a component parallel to
the first or second substrate.

By “the shortest path from the pixel electrodes to the
common electrodes located close to the pixel electrodes
contains a component parallel to the first or second sub-
strate”, it is meant that the direction vector indicating the
shortest path from the pixel electrodes to the common
electrodes located closest to the pixel electrodes contains a
component parallel to the first or second substrate. For
example, if the pixel electrodes and the counter electrodes
overlap each other in the direction perpendicular to the first
or second substrate, the shortest path from the pixel elec-
trodes to the common electrodes located close to the pixel
electrodes is perpendicular to the first or second substrate;
therefore, it contains no component parallel to the first or
second substrate. That is, the pixel electrodes and the
counter electrodes are arranged such that they do not overlap
each other in the direction perpendicular to the first or
second substrate. The counter electrodes may be disposed
either on the first substrate or on the second substrate.

Since the common electrodes and the pixel electrodes are
separated such that they do not overlap each other in the
direction perpendicular to the first or second substrate, an
electric field (E) containing a planar component can be
generated between the common electrodes and the pixel
electrodes. For example, if alignment layers are used that
induce homogeneous alignment to the liquid crystal com-
position, the liquid crystal molecules are aligned in the
alignment direction of the alignment layers, i.e., in the
planar direction, thereby blocking light, before a voltage is
applied across the common electrodes and the pixel elec-
trodes. When a voltage is applied, the liquid crystal mol-
ecules are rotated horizontally relative to the substrate by the
planar electric field (E) and are aligned in the electric field
direction, thereby transmitting light.

An FFS liquid crystal display device according to the
second preferred embodiment of the present invention pref-
erably includes first and second opposing substrates, a liquid
crystal layer containing a liquid crystal composition between
the first and second substrates, a plurality of gate lines and
data lines arranged in a matrix on the first substrate, thin-film
transistors disposed at intersections of the gate lines and the
data lines, and pixel electrodes that are driven by the
transistors and that are made of a transparent conductive
material. Each thin-film transistor preferably includes a gate
electrode, an oxide semiconductor layer disposed over the
gate electrode with an insulating layer therebetween, and
source and drain electrodes electrically connected to the
oxide semiconductor layer. The liquid crystal display device
preferably further includes common electrodes disposed on
the first substrate and separated from the pixel electrodes
and alignment layers that are disposed between the first and
second substrates and the liquid crystal layer and close to the
liquid crystal layer and that induce homogeneous alignment
to the liquid crystal composition. The first and second
substrates are preferably transparent insulating substrates.
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The pixel electrodes and the common electrodes are pref-
erably arranged such that the shortest distance d between the
common electrodes and the pixel electrodes located close to
each other is shorter than the shortest distance G between the
alignment layers.

As used herein, the term “IPS liquid crystal display
device” refers to a liquid crystal display device in which the
shortest distance d between the common electrodes and the
pixel electrodes is longer than the shortest distance G
between the alignment layers, whereas the term “FFS liquid
crystal display device” refers to a liquid crystal display
device in which the shortest distance d between the common
electrodes and the pixel electrodes located close to each
other is shorter than the shortest distance G between the
alignment layers. The only requirement for FFS is that the
shortest distance d between the common electrodes and the
pixel electrodes located close to each other is shorter than
the shortest distance G between the alignment layers; there-
fore, there may be any positional relationship between the
surfaces of the common electrodes and the pixel electrodes
in the thickness direction. Example FSS liquid crystal dis-
play devices according to the present invention include those
in which the pixel electrodes are disposed closer to the liquid
crystal layer than are the common electrodes, as shown in
FIGS. 4 to 8, and those in which the pixel electrodes and the
common electrodes are disposed on the same surface, as
shown in FIG. 9.

An example FFS liquid crystal display device according
to the second embodiment of the present invention will now
be described with reference to FIGS. 4 t0 9. FIG. 4 is a
schematic exploded perspective view illustrating the struc-
ture of a liquid crystal display device, i.e., an FFS liquid
crystal display device. A liquid crystal display device 10
according to the present invention includes, in sequence, a
first polarizer 1, a first substrate 2, an electrode layer 3
including thin-film transistors (also referred to as “thin-film
transistor layer”), an alignment layer 4, a liquid crystal layer
5 containing a liquid crystal composition, an alignment layer
4, a color filter 6, a second substrate 7, and a second
polarizer 8. As shown in FIG. 4, the first substrate 2 and the
second substrate 7 may be disposed between the pair of
polarizers 1 and 8. As shown in FIG. 4, the color filter 6 is
disposed between the second substrate 7 and the alignment
layer 4. The pair of alignment layers 4 may be formed on the
(transparent) electrode (layer) 3 such that they are located
close to the liquid crystal layer 5 and in direct contact with
the liquid crystal composition forming the liquid crystal
layer 5.

The FFS liquid crystal display device utilizes a fringe
field, which is formed between the common electrodes and
the pixel electrodes since the shortest distance d between the
common electrodes and the pixel electrodes located close to
each other is shorter than the shortest distance G between the
alignment layers. This allows horizontal alignment and
vertical alignment of liquid crystal molecules to be effi-
ciently utilized. Specifically, the FFS liquid crystal display
device can utilize a horizontal electric field perpendicular to
the lines forming the comb-shaped pattern of pixel elec-
trodes 21 and a parabolic electric field.

FIG. 5 is an enlarged plan view of an area enclosed by line
1T of the electrode layer 3 including the thin-film transistors
formed on the substrate in FIG. 4. The thin-film transistors
are disposed near intersections of gate lines 26 and data lines
25 and are coupled to the pixel electrodes 21, serving as
switching elements for supplying display signals to the pixel
electrodes 21. Each thin-film transistor includes a source
electrode 27, a drain electrode 24, and a gate electrode 28.
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In the example in FIG. 4, planar common electrodes 22 are
formed below the comb-shaped pixel electrodes 21 with an
insulating layer (not shown) therebetween. The surfaces of
the pixel electrodes 21 may be covered with a protective
insulating layer and an alignment layer. Storage capacitors
23 for storing display signals supplied via the data lines 25
may be disposed in the areas surrounded by the gate lines 26
and the data lines 25. Common lines 29 extend parallel to the
gate lines 26 and are coupled to the common electrodes 22
to supply common signals to the common electrodes 22.

FIG. 6 is an example of a sectional view of the liquid
crystal display device taken along line III-I1I in FIG. 5. The
first substrate 2 having the alignment layer 4 and the
electrode layer 3, including the thin-film transistors (11, 12,
13, 14, 15, 16, and 17), formed thereon and the second
substrate 7 having the alignment layer 4 formed thereon are
separated from each other by a predetermined distance G
such that the alignment layers 4 face each other. This space
is filled with the liquid crystal layer 5 containing the liquid
crystal composition. A gate insulating layer 12 is formed on
part of the surface of the first substrate 2. The common
electrodes 22 are formed on part of the surface of the gate
insulating layer 12. An insulating layer 18 is formed over the
common electrodes 22 and the thin-film transistors. The
pixel electrodes 21 are disposed on the insulating layer 18.
The pixel electrodes 21 face the liquid crystal layer 5 with
the alignment layer 4 therebetween. The minimum distance
d between the pixel electrodes and the common electrodes
can be adjusted depending on the (average) thickness of the
gate insulating layer 12. In other words, the distance
between the pixel electrodes and the common electrodes in
the direction parallel to the substrates in the embodiment in
FIG. 6 is zero. The electrode width 1 of the comb-shaped
pixel electrodes 21 and the gap width m of the comb-shaped
pixel electrodes 21 are preferably selected so that the result-
ing electric field can drive all liquid crystal molecules in the
liquid crystal layer 5.

For the FFS liquid crystal display device, in which the
shortest distance d between the common electrodes and the
pixel electrodes located close to each other is shorter than
the shortest distance G between the alignment layers, as
shown in FIGS. 4 to 8, a voltage applied to the liquid crystal
molecules, which have the major axes thereof aligned par-
allel to the alignment direction of the alignment layers,
generates a parabolic electric field between the pixel elec-
trodes 21 and the common electrodes 22. The equipotential
lines of the parabolic electric field extend above the pixel
electrodes 21 and the common electrodes 22. The liquid
crystal molecules in the liquid crystal layer 5 are rotated
along the resulting electric field and serve as switching
elements. More specifically, for example, if alignment layers
are used that induce homogeneous alignment to the liquid
crystal composition, the liquid crystal molecules are aligned
in the alignment direction of the alignment layers, i.e., in the
planar direction, thereby blocking light, before a voltage is
applied across the common electrodes and the pixel elec-
trodes. When a voltage is applied, a planar electric field is
generated since the common electrodes and the pixel elec-
trodes are separated from each other on the same substrate
(or electrode layer), and a perpendicular electric field (fringe
field) is generated at the fringes of the electrodes since the
shortest distance d between the common electrodes and the
pixel electrodes located close to each other is shorter than
the shortest distance G between the alignment layers. These
electric fields can drive liquid crystal molecules with low
dielectric anisotropy. This allows the amount of compound
with high dielectric anisotropy (Ag) to be minimized and
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thus allows a larger amount of compound with low viscosity
to be used in the liquid crystal composition.

The rubbing direction of the alignment layers 4 in the
second embodiment is preferably selected such that the
major axes of the liquid crystal molecules are aligned at an
angle 0 of about 0° to 45° with respect to the x-axis, which
is parallel to the lines forming the comb-shaped pattern of
the pixel electrodes 21. The liquid crystal composition used
in the second embodiment is of the same type as the liquid
crystal composition described in the first embodiment, i.e.,
a liquid crystal composition with positive dielectric anisot-
ropy. When no voltage is applied, the liquid crystal mol-
ecules are aligned such that the major axes thereof are
parallel to the alignment direction of the alignment layers 4.
When a voltage is applied, the liquid crystal molecules,
which have positive dielectric anisotropy, are rotated such
that the major axes thereof are substantially parallel to the
direction of the resulting electric field. Thus, the FFS liquid
crystal display device including liquid crystal molecules
with positive dielectric anisotropy has superior transmit-
tance characteristics.

FIG. 7 is another example of an enlarged plan view of the
area enclosed by line I1 of the electrode layer 3 including the
thin-film transistors (also referred to as “thin-film transistor
layer 3”) formed on the substrate in FIG. 4. The thin-film
transistors are disposed near intersections of gate lines 26
and data lines 25 and are coupled to the pixel electrodes 21,
serving as switching elements for supplying display signals
to the pixel electrodes 21. Each thin-film transistor includes
a source electrode 27, a drain electrode 24, and a gate
electrode 28. Each pixel electrode 21 may have at least one
cutout. An example of such a pixel electrode 21 is shown in
FIG. 7. The pixel electrode 21 is formed in a rectangular
planar shape with triangular cutouts in the center and at both
ends thereof and eight rectangular cutouts in the remaining
region, and the common electrode 22 is comb-shaped (not
shown). The surfaces of the pixel electrodes may be covered
with a protective insulating layer and an alignment layer.
Storage capacitors 23 for storing display signals supplied via
the data lines 24 may be disposed in the areas surrounded by
the gate lines 25 and the data lines 24. The pixel electrodes
21 may have any number of cutouts formed in any shape.

FIG. 8 is another example of a sectional view of the liquid
crystal display device, which is taken at a position in FIG.
7 similar to line III-III in FIG. 6. Specifically, this liquid
crystal display device and the liquid crystal display device in
FIG. 6 differ in that the liquid crystal display device in FIG.
5 includes planar common electrodes and comb-shaped
pixel electrodes. As described above, the pixel electrodes 21
of the liquid crystal display device in FIG. 7 are formed in
a rectangular planar shape with triangular cutouts in the
center and at both ends thereof and eight rectangular cutouts
in the remaining region, and the common electrodes 22 are
comb-shaped. The minimum distance d between the pixel
electrodes and the common electrodes is not smaller than the
(average) thickness of the gate insulating layer 12 and is
smaller the distance G between the alignment layers.
Although the common electrodes shown in FIG. 8 are
comb-shaped, they may instead be planar in this embodi-
ment. In either case, the FFS liquid crystal display device
according to the present invention needs only to satisfy the
requirement that the shortest distance d between the com-
mon electrodes and the pixel electrodes located close to each
other is shorter than the shortest distance G between the
alignment layers. Whereas the pixel electrodes 21 of the
liquid crystal display device in FIG. 8 are covered with the
protective layer 18, the pixel electrodes 21 of the liquid
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crystal display device in FIG. 5 are covered with the
alignment layer 4. In the present invention, the pixel elec-
trodes may be covered with either a protective layer or an
alignment layer.

In FIG. 8, the polarizer is formed on one surface of the
first substrate 2. The comb-shaped common electrodes 22
are formed on part of the other surface of the first substrate
2. The gate insulating layer 12 is formed over the common
electrodes 22. The pixel electrodes 21 are formed on part of
the surface of the gate insulating layer 12. The insulating
layer 18 is formed over the pixel electrodes 21 and the
thin-film transistors 20. The alignment layer 4, the liquid
crystal layer 5, the alignment layer 4, the color filter 6, the
second substrate 7, and the polarizer 8 are deposited on the
insulating layer 18. The shortest distance d between the
common electrodes and the pixel electrodes can be adjusted
depending on the positions of both electrodes, the electrode
width 1 of the comb-shaped pixel electrodes 21, and the gap
width m of the comb-shaped pixel electrodes 21.

As shown in FIG. 8, the pixel electrodes are disposed
closer to the second substrate than are the common elec-
trodes. A planar electric field can be formed between the
common electrodes and the pixel electrodes since they are
disposed parallel to each other on the first substrate. At the
same time, an electric field (E) extending in the thickness
direction can be formed since the surfaces of the pixel
electrodes and the common electrodes differ in height in the
thickness direction.

The FFS liquid crystal display device, which utilizes a
fringe field, may have any configuration in which the
shortest distance d between the common electrodes and the
pixel electrodes located close to each other is shorter than
the shortest distance G between the alignment layers. For
example, as shown in FI1G. 9, comb-shaped pixel electrodes
41 and comb-shaped common electrodes 42 may be dis-
posed on the same surface, i.e., on the first substrate 2, such
that the teeth of the pixel electrodes 41 mesh with the teeth
of the common electrodes 42 without contact therebetween.
In this case, an IPS liquid crystal display device can be
constructed if the distance between the teeth of the common
electrodes 42 and the teeth of the pixel electrodes 41 is
longer than the shortest distance G between the alignment
layers, whereas an FFS liquid crystal display device, which
utilizes a fringe field, can be constructed if the distance
between the teeth of the common electrodes 42 and the teeth
of the pixel electrodes 41 is shorter than the shortest distance
G between the alignment layers.

Thin-Film Transistors

The thin-film transistors shown in FIGS. 6 and 8 include
a gate electrode 11 formed on the substrate 2, a gate
insulating layer 12 covering the gate electrode 11 and
substantially the entire surface of the substrate 2, a semi-
conductor layer 13 formed on the gate insulating layer 12
and opposite the gate electrode 11, a protective layer 14
covering part of the surface of the semiconductor layer 13,
a drain electrode 16 covering one end of the protective layer
14 and the semiconductor layer 13 and contacting the gate
insulating layer 12 formed on the substrate 2, a source
electrode 17 covering the other end of the protective layer 14
and the semiconductor layer 13 and contacting the gate
insulating layer 12 formed on the substrate 2, and an
insulating protective layer 18 covering the drain electrode 16
and the source electrode 17. These thin-film transistors differ
from the thin-film transistors described with reference to
FIG. 3 in the first embodiment in that the protective layer 14
covers part of the surface of the semiconductor layer 13. The
protective layer 14 separates the liquid crystal layer 5 from

20

25

40

45

60

65

40

the semiconductor layer 13, which is made of an oxide
semiconductor, thus reducing the influence of oxygen des-
orbed from the oxide semiconductor layer on the liquid
crystal layer.

The insulating layer 18 of the thin-film transistors shown
in FIG. 8 covers the pixel electrodes 21 and the thin-film
transistors 20. The insulating layer 18 separates the liquid
crystal layer 5 from the semiconductor layer 13, which is
made of an oxide semiconductor, thus reducing the influence
of oxygen desorbed from the oxide semiconductor layer on
the liquid crystal layer.

The first substrate 2, second substrate 7, transparent
electrode 6, color filter 6, alignment layers 4, and liquid
crystal layer 5 of the FFS liquid crystal display device shown
in FIGS. 4 to 8 are similar to the first substrate 102, second
substrate 109, transparent electrode 107, color filter 108,
alignment layers 104 and 106, and liquid crystal layer 105
in the first embodiment and are therefore not described
herein.

As shown in FIGS. 6 and 8, the oxide semiconductor layer
13 of the liquid crystal display device according to the
second embodiment is separated from the liquid crystal
composition only by members such as the insulating layer
18, the alignment layer 4, and the protective layer 14. Since
these members are generally thin, they cannot sufficiently
reduce the influence of oxygen desorbed from the oxide
semiconductor layer on the liquid crystal layer.

However, the use of a particular liquid crystal composi-
tion in the liquid crystal display device according to the
present invention reduces the influence of the interaction
between the oxide semiconductor layer and the liquid crystal
composition. The liquid crystal display device according to
the present invention does not exhibit a significant decrease
in voltage holding ratio (VHR) or increase in ion density
(ID) of the liquid crystal layer and thus does not suffer from
display defects such as white spots, uneven alignment, and
image-sticking and also consumes less power.

Third Embodiment

A liquid crystal display device according to a third
embodiment of the present invention includes oxide semi-
conductor thin-film transistors and a particular liquid crystal
composition. The liquid crystal display device preferably
includes color filters 6 formed on the same substrate as the
electrode layer 3 including the thin-film transistors, i.e., on
the first substrate. This structure is commonly known as
color-filter-on-array (COA). Specific structures will now be
described with reference to FIGS. 10 and 11. FIG. 10 is
another example of a sectional view of a liquid crystal
display device. A first substrate 2 having an alignment layer
4, thin-film transistors (11, 13, 15, 16, and 17), color filters
6, and pixel electrodes 21 formed thereon and a second
substrate 7 having an alignment layer 4 formed thereon are
separated from each other such that the alignment layers 4
face each other. This space is filled with a liquid crystal layer
5 containing a liquid crystal composition. The thin-film
transistors and a gate insulating layer 12 are formed on part
of the surface of the first substrate 2. A buffer layer 30
serving as a planarization layer covers the thin-film transis-
tors. The color filters 6, the pixel electrodes 21, and the
alignment layer 4 are deposited in the above order on the
buffer layer 30. Unlike the structure in FIG. 6, there is no
color filter 6 on the second substrate 7.

The liquid crystal display device has a rectangular display
area located in the center thereof and a rectangular non-
display area extending around the periphery of the display
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area. Red, green, and blue color filters are formed in the
display area. More specifically, the peripheries of the color
filters overlap signal lines (such as data lines and gate lines).

The pixel electrodes 21, which are made of a transparent
conductive film such as ITO film, are disposed on the color
filters. The individual pixel electrodes 21 are connected to
the corresponding thin-film transistors via through-holes
(not shown) formed in the insulating layer 18 and the color
layers. More specifically, the pixel electrodes 21 are con-
nected to the thin-film transistors via the contact electrodes
described above. A plurality of spacers (not shown) such as
pillars may be disposed on the pixel electrodes 21. The
alignment layer 4 is formed on the color filters and the pixel
electrodes 21.

FIG. 11 illustrates a color-filter-on-array liquid crystal
display device different from that in FIG. 10, showing the
thin-film transistors and the substrate 2 in an enlarged view.
Whereas the color filters are disposed closer to the liquid
crystal layer than are the thin-film transistors in FIG. 10, the
thin-film transistors are disposed closer to the liquid crystal
layer than are the color filters in FIG. 11. The thin-film
transistors and the color filters are separated by the buffer
layer.

Other members such as the oxide semiconductor layer and
the liquid crystal layer in the third embodiment are similar
to those in the first and second embodiments and are
therefore not described herein.

The liquid crystal display devices according to the present
invention can be used in combination with backlights for
various applications, including liquid crystal display televi-
sions, personal computer monitors, cellular phone and
smartphone displays, notebook personal computers, portable
information terminals, and digital signage. Examples of
backlights include cold cathode fluorescent lamp backlights
and two-peak-wavelength and three-peak-wavelength
pseudo-white backlights including inorganic light-emitting
diodes and organic EL devices.

EXAMPLES

The present invention is further illustrated by the follow-
ing examples, although these examples are not intended to
limit the invention. The percentages for the compositions of
the following Examples and Comparative Examples are by
mass.

The properties measured in the examples are as follows:

T . nematic phase-isotropic liquid phase transition tem-
perature (° C.)

An: refractive index anisotropy at 25° C.

Ae: dielectric anisotropy at 25° C.

1: viscosity (mPa-s) at 20° C.

y1: rotational viscosity (mPa-s) at 25° C.

VHR: voltage holding ratio (%) at 70° C. (the percentage
of the voltage measured on a cell having a cell thickness of
3.5 um and filled with a liquid crystal composition at an
applied voltage of 5V, a frame time of 200 ms, and a pulse
duration of 64 ps, to the initial applied voltage) ID: ion
density (pC/cm?) at 70° C. (the ion density measured on a
cell having a cell thickness of 3.5 um and filled with a liquid
crystal composition at an applied voltage of 20 V and a
frequency of 0.05 Hz using an MTR-1 measurement system
(Toyo Corporation))

Image-Sticking

Each liquid crystal display device was evaluated for
image-sticking as follows. After a predetermined fixed pat-
tern was displayed within the display area for 1,000 hours,
a uniform image was displayed over the entire screen and
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was visually inspected for image-sticking of the fixed pat-
tern. The liquid crystal display device was rated on the
following four-level scale:

A: no image-sticking

B: slight and acceptable image-sticking

C: unacceptable image-sticking

D: severe image-sticking
Transmittance

The transmittance of each liquid crystal display device is
expressed as the percentage of the transmittance of the
device after the injection of the liquid crystal composition to

the transmittance of the device before the injection of the
liquid crystal composition.

The compounds used in the examples are represented by
the following abbreviations.

Cyclic Structures

[Chem. 43]
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Side Chain Structures and Linking Structures

TABLE 1
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n (number) at end C,Hop1—
-2- —CH,CH,—
-10- —CH,0—
-01- —OCH,—
-V- —CO—
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TABLE 1-continued

-VO- —CO00—
-CFFO- —CF,0—
-F —F
-Cl —Cl
-CN —C=N
-OCFFF —OCF,
-CFFF —CF,
-On —OC,Hy,,,
-T- —C=C—
-N- — CH=N—N—CH—
ndm- C,Hy,,,—HC—=CH—(CH,),, ,—
-ndm —(CH,),_—HC=CH—C,H,,,,,
ndmoO- C,H,,,—HC=CH—(CH,),,_,0—
-Ondm —0O—(CH,),_—HC=CH—C,H,,,.,
-ndm- —(CH,),_;—HC—=CH—(CH,),,_,—

Example 1

Thin-film transistors including an In—Ga—7n oxide film
as shown in FIG. 3 were formed on a first substrate by
sputtering to form a thin-film transistor layer including an
electrode structure. Horizontal alignment layers were
formed on the opposing surfaces of the first and second
substrates and were subjected to weak rubbing. An IPS cell
was assembled, and Liquid Crystal Composition 1 shown
below was injected between the first and second substrates
to obtain a liquid crystal display device of Example 1
(dgyp=4.0 pm, alignment layer: AL-1051). The resulting
liquid crystal display device was tested for VHR and 1D and
was evaluated for image-sticking. The results are summa-
rized in the following tables.

[Chem. 44]
Chemical structure

Content Abbreviation

GsH;

C3l;

H;C

GHs

C3H7 O O CFZO

48% 3-Cy—Cy-1d0

4%

3-Cy—Cy-1d1

8% 1-Ph—Ph-3d1

5% 3-Cy—Ph—Ph-2

Gl
$% 2-Ph—Phl—Ph3
CH,
F 2%  3-Ph—Ph3—CFFO—Ph3—F
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-continued
[Chem. 44]
Chemical structure Content Abbreviation
F 3% 3-Cy—Cy—CFFO—Ph3—F
C3H7@_QCFZO '
F
F F F 7%  3-Ph—Phl—Ph3—CFFO—Ph3—F
F F
F F 5%  4-Cy—Cy—Ph3—CFFO—Ph3—F
C4H94<:>_<:>_Q7CFZO '
F F
TABLE 2 Liquid Crystal Composition 1 was found to have a liquid
crystal layer temperature limit of 75.8° C., which is practical
Tar® C. 75.8 30 for televisions, a large absolute value of dielectric anisot-
An 0.112 ropy, a low viscosity, and an optimal An.
o 1.488 The liquid crystal display device of Example 1 had a high
€ 55 VHR and a low ID. This liquid crystal display device also
A€ 29 exhibited no or only slight and acceptable image-sticking.
n/mPa - s 13.5 35
Examples 2 and 3
TABLE 3 L . .
Liquid Crystal Compositions 2 and 3 shown in the fol-
Example 1 40 Jowing tables were injected as in Example 1 to obtain liquid
Liquid crystal composition Liquid crystal composition 1 cry stal display devices of Examples 2 and 3. The resulting
VHR 99.6 liquid crystal display devices were tested for VHR and ID
D 14 . . .
Image-sticking A and were evaluated for image-sticking. The liquid crystal

display device of Example 2 was also tested for transmit-
tance. The results are summarized in the following tables.

TABLE 4

Liquid crystal composition 2

Liquid crystal composition 3

Content Content
Compound name (%)  Compound name (%)
4-Cy-Cy-1d0 15 5-Cy-Cy-1d0 5
0d1-Cy-Cy-Ph-1 4 3-Cy-Cy-1d1 10
0d3-Cy-Cy-Ph-1 14 0d1-Cy-Cy-Ph-1 8
3-Cy-Ph—Ph-Cy-3 3 5-Cy-Cy-Ph—01 6
3-Cy-Ph—Ph1-Cy-3 4 2-Ph—Ph1—Ph-3 8
1-Cy-Cy-Ph3—F 9 2-Cy-Cy-Ph3—F 1
2-Cy-Ph—Ph3—F 10 3-Cy-Cy-Ph3—F 15
3-Cy-Ph—Ph3—F 10 5-Cy-Cy-Ph3—F 3
5-Cy-Ph—Ph3—F 5 3-Cy-Ph—Ph3—F 6
0d1-Cy-Cy-Ph1—F 8 3-Cy-Ph—Phl—F 9
3-Cy-Cy-Ph1—Ph3—F 8 4-Cy-Cy-Ph—OCFFF 4
2-Ph—Ph3—CFFO—Ph3—F 4 3-Cy-Cy-CFFO—Ph3—F 7
3-Ph—Ph3—CFFO—Ph3—F 6 5-Cy-Cy-CFFO—Ph3—F 4
Tni° C. 100.7  3-Cy-Cy-Phl1—Ph3—TF 2
An 0.094 Tni/° C. 103.2
AE 80 An 0.102
yl/mPa - s 108 AE 7.1
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Liguid crystal composition 2

Liguid erystal composition 3

48

liquid crystal display devices also exhibited no or only slight

and acceptable image-sticking.

Examples 4 to 6

Liquid Crystal Compositions 4 to 6 shown in the follow-

Content Content
Compound name (%)  Compound name (%)
n/mPa - s 222 yl/mPa-s 96
n/mPa - s 20.8
10
TABLE 5
Example 2 Example 3
Liquid erystal Liquid crystal Liquid erystal
composition composition 2 composition 3 15
VHR 99.5 99.5
D 17 18
Image-sticking A A
Maximum 88.9%
transmittance

ing tables were injected as in Example 1 to obtain liquid

The liquid crystal display devices of Examples 2 and 3
had high VHRs and low IDs. The liquid crystal display
device of Example 2 also had a high transmittance. These

20 crystal display devices of Examples 4 to 6. The resulting

liquid crystal display devices were tested for VHR and ID

TABLE 6

and were evaluated for image-sticking. The liquid crystal
display device of Example 4 was also tested for transmit-
tance. The results are summarized in the following tables.

Liquid crystal composition 4

Liquid crystal composition 5

Liquid crystal composition 6

Content Content Content

Compound name (%) Compound name (%) Compound name (%)
5-Cy-Cy-1d0 15 5-Cy-Cy-1d0 10 5-Cy-Cy-1d0 12
3-Cy-Cy-1d1 2 3-Cy-Cy-1dl 5 3-Cy-Cy-1d1 25
0d1-Cy-Cy-Ph-1 12 0d1-Cy-Cy-Ph-1 8 3-Cy-Cy-1d1 12
2-Ph—Ph1—Ph-3 3 0d3-Cy-Cy-Ph-1 12 0d1-Cy-Cy-Ph-1 4
2-Ph—Ph1—Ph-4 3 2-Ph—Phl—Ph-5 2 0d3-Cy-Cy-Ph-1 9
2-Cy-Cy-Ph3—F 8 3-Cy-Ph—Ph-Cy-3 3 2-Ph—Phl—Ph3—F 5
2-Cy-Ph—Ph3—F 3 3-Cy-Ph—Ph1-Cy-3 3 3-Ph—Phl—Ph3—F 9
3-Cy-Ph—Ph3—F 9 1-Cy-Cy-Ph3—F 9 2-Ph—Ph3—CFFO—Ph3—F 4
4-Cy-Cy-Ph—OCFFF 14 2-Cy-Cy-Ph3—F 10 3-Ph—Ph3—CFFO—Ph3—F 6
3-Ph—Ph3—CFFO—Ph3—F 11 3-Cy-Cy-Ph3—F 6 3-Cy-Cy-CFFO—Ph3—F 2
2-Cy-Cy-CFFO—Ph3—F 9 5-Cy-Cy-Ph3—F 5 5-Cy-Cy-CFFO—Ph3—F 3
3-Cy-Cy-CFFO—Ph3—F 8 0d1-Cy-Cy-Ph1—F 8 3-Cy-Cy-Ph1—Ph3—F 9
3-Cy-Cy-Phl—Ph3—F 3 2-Ph—Ph3—CFFO—Ph3—F 4 Tni”® C. 714
Tni/® C. 90.2  3-Ph—Ph3—CFFO—Ph3—F 6 An 0.101
An 0.098 3-Cy-Cy-Phl—Ph3—F 9 AE 7.0
AE 91 Tni°C. 1100 yl/mPa - s 86
yl/mPa - s 90 An 0.099 n/mPa - s 14.2
n/mPa - s 181  AE 83

y1/mPa - s 112

n/mPa - s 234
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TABLE 7

Example 4 Example 5 Example 6
Liquid crystal Liquid crystal Liquid crystal ~ Liquid crystal
composition composition 4 composition 5 composition 6
VHR 99.6 99.4 99.5
D 13 27 19
Image-sticking A A A
Maximum 89.0%
transmittance

The liquid crystal display devices of Examples 4 to 6 had
high VHRs and low IDs. The liquid crystal display device of

5

10

50

Example 4 also had a high transmittance. These liquid
crystal display devices also exhibited no or only slight and
acceptable image-sticking.

Examples 7 to 9

Electrode structures were formed on first and second
substrates. Horizontal alignment layers were formed on the
opposing surfaces of the first and second substrates and were
subjected to weak rubbing. TN cells were assembled, and
Liquid Crystal Compositions 7 to 9 shown in the following
tables were injected between the first and second substrates
(dgqp=3.5 pm, alignment layer: SE-7492). The resulting
liquid crystal display devices were tested for VHR and ID
and were evaluated for image-sticking. The results are
summarized in the following tables.

TABLE 8

Liquid crystal composition 7

Liquid crystal composition 8

Liquid erystal composition 9

Content Content Content
Compound name (%) Compound name (%) Compound name (%)
3-Cy-Cy-1do 38 3-Cy-Cy-1do 38 3-Cy-Cy-1do 30
3-Cy-Cy-1d1 9 3-Cy-Cy-1dl 14 3-Cy-Cy-ldl 17
0d1-Cy-Cy-Ph-1 16 0d3-Cy-Cy-Ph-1 8 0d1-Cy-Cy-Ph-1 7
0d3-Cy-Cy-Ph-1 4 3-Ph—Ph3—CFFO—Ph3—F 9  0d3-Cy-Cy-Ph-1 7
2-Ph—Ph3—CFFO—Ph3—F 2 3-Cy-Cy-CFFO—Ph3—F 15 3-Cy-Cy-Ph2 2
3-Ph—Ph3—CFFO—Ph3—F 12 3-Ph—Phl—Ph3—CFFO—Ph3—F 2 2-Ph—Phl—Ph4 2
3-Cy-Cy-CFFO—Ph3—F 7 4-Ph—Phl—Ph3—CFFO—Ph3—F 7 2-Ph—Phl—Ph3—F 8
3-Ph—Ph—Phl—Ph3—F 1 §-Ph—Phl—Ph3—CFFO—Ph3—F 7 3-Ph—Phl—Ph3—F 12
3-Ph—Ph1—Ph3—CFFO—Ph3—F 2 TnifC. 81.8  3-Ph—Ph3—Ph3—F 4
2-Py—Ph—Ph3—CFFO—Ph3—F 9  An 0.099 3-Cy-Cy-Phl—CFFO—Ph3—F 11
Tni/” C. 760 A€ 80  Tnif° C. 75.0
An 0097 yl/mPa - s 8  An 0.112
AE 6.8 nmPa-s 146 AE 7
yl/mPa - s 83 y1l/mPa - s 87
n/mPa -+ s 14.5 n/mPa - g 15.2
35
TABLE 9
Example 7 Example 8 Example 9
40
Liquid crystal Liquid crystal Liquid erystal ~ Liquid crystal
composition composition 7 composition 8  composition 9
VHR 99.6 99.7 99.5
45 1D 15 13 22
Image-sticking A A A
The liquid crystal display devices of Examples 7 to 9 had
39 high VHRs and low IDs. These liquid crystal display devices
also exhibited no or only slight and acceptable image-
sticking.
55 Examples 10 and 11
An electrode structure was formed on at least one of first
and second substrates. Horizontal alignment layers were
6 formed on the opposing surfaces of the first and second
substrates and were subjected to weak rubbing. FFS cells
were assembled, and Liquid Crystal Compositions 10 and 11
shown in the following tables were injected between the first
and second substrates (d,,,=4.0 pm, alignment layer:
65 AL-1051). The resulting liquid crystal display devices were

tested for VHR and ID and were evaluated for image-
sticking. The results are summarized in the following tables.
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TABLE 10
Liquid crystal composition 10 Liquid crystal composition 11
Content Content
Compound name (%) Compound name (%)
3-Cy-Cy-1d0 39 3-Cy-Cy-1d0 44
3-Cy-Cy-1d1 7 3-Cy-Cy-1d1 3
0d1-Cy-Cy-Ph-1 11 2-Ph—Ph-3d1 13
2-Ph—Ph1—Ph-3 8 3-Cy-Ph—Ph-2 7
2-Ph—Ph1—Ph-5 8 2-Ph—Ph1—Ph-3 8
3-Ph—Ph3—CFFO—Ph3—F 10 3-Ph—Ph1—Ph-3 7
3-Cy-Cy-Ph—Ph3—F 6 3-Ph—Ph1—Ph3—CFFO—Ph3—F 9
4.Ph—Phl—Ph3—CFFO—Ph3—F 11  4-Cy-Cy-Phl—CFFO—Ph3—F 3
Tni/° C. 760  3-Cy-Ph3—Phl—OCFFF 6
An 0.114 Tnif° C. 779
AE 60 An 0.131
yl/mPa - s 71 AE 4.6
n/mPa - s 133 yl/mPa-s 74
n/mPa - s 124
TABLE 11 2" devices also exhibited no or only slight and acceptable
image-sticking.
Example 10 Example 11
Examples 12 to 14
Liquid crystal Liquid crystal Liquid erystal 25
composition composition 10 composition 11
VHR 99.5 99.6 - o .. .
D 5 1 Liquid Crystal Compositions 12 to 14 were injected as in
. Example 10 to obtain liquid crystal display devices of
Image-sticking A A K L. i R
30 Examples 12 to 14. The resulting liquid crystal display

The liquid crystal display devices of Examples 10 and 11
had high VHRs and low IDs. These liquid crystal display

devices were tested for VHR and ID and were evaluated for
image-sticking. The results are summarized in the following
tables.

TABLE 12

Liquid crystal composition 12

Liquid crystal composition 13

Liquid erystal composition 14

Content Content Content

Compound name (%) Compound name (%) Compound name (%)
3-Cy-Cy-1d0 47 3-Cy-Cy-1d0 29 3-Cy-Cy-1d0 10
3-Cy-Cy-1d1 9 5-Cy-Cy-1d1 8 3-Cy-Cy-1d1 6
3-Cy-Cy-Ph-2 7 3-Cy-Cy-1d1 13 3-Cy-Cy-1d1-F 28
2-Ph—Ph1—Ph-3 4 5-Ph—Ph-1 2 0d1-Cy-Cy-Ph-1 11
2-Ph—Phl—Ph-5 7 2-Ph—Ph1—Ph-3 6 0d3-Cy-Cy-Ph-1 10
3-Cy-Ph—Ph-Cy-3 2 2-Ph—Ph1—Ph-4 6 2-Ph—Ph1—FPh-3 10
2-Ph—Ph1—Ph-3 6 2-Ph—Ph1—Ph-5 6 2-Ph—Ph1—Ph-5 10
3-Ph—Phl—Ph-3 7 3-Cy-Ph—Ph-Cy-3 4 5-Cy-Ph—Ph1—Ph-2 2
3-Ph—Ph3—CFFO—Ph3—F 2 3-Ph—Phl—Ph3—F 9 3-Ph—Ph3—CFFO—Ph3—F 7
3-Cy-Cy-Phl—Ph3—F 2 2-Ph—Ph3—Ph3—F 7 3-Cy-Cy-Phl—CFFO—Ph3—F 6
3-Cy-Ph—Ph3—Phl—OCFFF 7 3-Ph—Ph3—CFFO—Ph3—F 4 Tni/° C. 80.0
Tni” C. 80.6  3-Cy-Ph—Cl 3 An 0.110
An 0.122 3-Cy-Cy-Phl—Ph3—TF 3 AE 5.9
A 6.0  Tni/° C. 749  yl/mPa-s 68
yl/mPa - s 65 An 0.121 n/mPa - s 11.6
n/mPa - s 11.1  AE 4.1

yl/mPa - s 60

mn/mPa - s 10.8
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TABLE 13
Example 12 Example 13 Example 14
Liquid crystal Liquid crystal Liquid crystal ~ Liquid erystal
composition composition 12 composition 13 composition 14
VHR 99.7 99.5 99.6
D 14 22 14
Image-sticking A A A

The liquid crystal display devices of Examples 12 to 14
had high VHRs and low IDs. These liquid crystal display
devices also exhibited no or only slight and acceptable
image-sticking.

BExample 15

Liquid Crystal Composition 10 used in Example 10 was
mixed with 0.3% by mass of biphenyl-4,4'-diyl bismeth-
acrylate to obtain Liquid Crystal Composition 15. Liquid
Crystal Composition 15 was injected into a TN cell and was
polymerized by exposing the liquid crystal composition to
ultraviolet radiation for 600 seconds (3.0 Jem?) while
applying a drive voltage across the electrodes to obtain a
liquid crystal display device of Example 15. The resulting
liquid crystal display device was tested for VHR and ID and
was evaluated for image-sticking. The results are summa-
rized in the following table.

TABLE 14
Example 15
Liquid crystal composition Liquid crystal composition 15
VHR 99.5
D 20
Image-stbking A

The liquid crystal display device of Example 15 had a
high VHR and a low ID. This liquid crystal display device
also exhibited no or only slight and acceptable image-
sticking.

Example 16

Liquid Crystal Composition 8 used in Example 8 was
mixed with 0.3% by mass of biphenyl-4,4'-diyl bismeth-
acrylate to obtain Liquid Crystal Composition 16. Liquid
Crystal Composition 16 was infected into an IPS cell and
was polymerized by exposing the liquid crystal composition
to ultraviolet radiation for 600 seconds (3.0 J/em?) while
applying a chive voltage across the electrodes to obtain a
liquid crystal display device of Example 16. The resulting
liquid crystal display device was tested for VHR and ID and
was evaluated for image-sticking. The results are summa-
rized in the following table.

TABLE 15
Example 16
Liquid crystal composition Liquid crystal composition 16
VHR 99.4
D 31
Image-sticking A

The liquid crystal display device of Example 16 had a
high VHR and a low ID. This liquid crystal display device
also exhibited no or only slight and acceptable image-
sticking.
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Example 17

Liquid Crystal Composition 6 used in Example 6 was
mixed with 0.3% by mass of 3-fluorobiphenyl-4,4'-diyl
bismethacrylate to obtain Liquid Crystal Composition 17.
Liquid Crystal Composition 17 was injected into an FFS cell
and was polymerized by exposing the liquid crystal com-
position to ultraviolet radiation for 600 seconds (3.0 I/cm?)
while applying a drive voltage across the electrodes to
obtain a liquid crystal display device of Example 17. The
resulting liquid crystal display device was tested for VHR
and ID and was evaluated for image-sticking. The results are
summarized in the following table.

TABLE 16
Example 17
Liquid crystal composition Liquid crystal composition 17
VHR 99.6
D 15
Image-sticking A

The liquid crystal display device of Example 17 had a
high VHR and a low ID. This liquid crystal display device
also exhibited no or only slight and acceptable image-
sticking.

Examples 18 and 19

Liquid Crystal Compositions 18 and 19 shown in the
following tables were injected as in Example 1 to obtain
liquid crystal display devices of Examples 18 and 19. The
resulting liquid crystal display devices were tested for VHR
and ID and were evaluated for image-sticking. The results
are summarized in the following tables.

TABLE 17

Liquid crystal composition 18 Liquid crystal composition 19

Content Content
Compound name (%)  Compound name (%)
4-Cy-Cy-1d0 15 2-Cy-Cy-1d0 32
0d1-Cy-Cy-Ph-1 4 0d1-Cy-Cy-Ph-1 4
0d3-Cy-Cy-Ph-1 14 2-Ph—Ph1—Ph-3 10
3-Cy-Ph—Ph-Cy-3 3 2-Ph—Ph1—FPh-5 11
3-Cy-Ph—Phl-Cy-3 4 3-Ph—Ph1—Ph-5 7
1-Cy-Cy-Ph3—F 9 2-Cy-Cy-Ph—F 6
2-Cy-Cy-Ph3—F 10 3-Cy-Cy-Ph—F 21
3-Cy-Cy-Ph3—F 10 5-Cy-Ph—Ph—F 7
5-Cy-Cy-Ph3—F 5 3-Cy-Ph—Ph3—F 2
3-Cy-Ph1—Ph3—F 8 Tni/® C. 77.2
5-Cy-Ph1—Ph3—F 7 An 0.135
3-Ph—Ph1—Ph3—F 3 AE 4.5
3-Cy-Cy-Ph1—Ph3—F 8 yl/mPa - s 57
Tni/® C. 101.0 w/mPa-s 10.5
An 0,095
AE 6.2
yl/mPa - s 115
n/mPa - s 23.6

TABLE 18

Example 18 Example 19

Liquid crystal
composition

Liquid crystal
composition 18

Liquid crystal
composition 19



TABLE 18-continued
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resulting liquid crystal display devices were tested for VHR

56

and ID and were evaluated for image-sticking. The results

Example 18 Example 19 are summarized in the following tables.
VHR 98.4 98.5
D 73 67 5 TABLE 21
Image-sticking B B
Liquid crystal composition 23
Although the liquid crystal display devices of Examples Content
18 and 19 had rather high IDs, they exhibited only slight and Compound name (%)
. _ . . 10
acceptable image-sticking. 3Cy-Cy-1d0 44
3-Cy-Cy-1d1 8
Examples 20 to 22 1-Ph—Ph-3d1 3
2-Ph—Phl—Ph3—F 4
Liquid Crystal Compositions 20 to 22 shown in the f'PY*P£*P£34FFO*P£3*F f
following tables were injected as in Example 1 to obtain 13 3-Py—Ph—Ph3—CFFO—Ph3—F -
liquid 1 display devi £ 1 h 0d1-Cy-Cy-Ph-1 15
iquid crystal display devices o Examp es 20 to 22. The 3-Cy-Ph—Ph-2 4
resulting liquid crystal display devices were tested for VHR 3-Ph—Phl—Ph-4 4
and ID and were evaluated for image-sticking. The results 3-Ph—Ph3—CFFO—Ph3—F 7
are summarized in the following tables.
TABLE 19
Liquid crystal composition 20 __ Liquid crystal composition 21 Liquid crystal composition 22
Content Content Content
Compound name (%) Compound name (%) Compound name (%)
4-Cy-Cy-1d0 18 4-Cy-Cy-1d0 18 4-Cy-Cy-1d0 17
3-Cy-Cy4 15 3-Cy-Cy-4 15 3-Cy-Cy-4 15
0d1-Cy-Cy-Ph-1 8 0d1-Cy-Cy-Ph-1 8 0d3-Cy-Cy-Ph-1 8
2-Ph—Ph1—Ph-3 10 2-Ph—Ph1—Ph-3 10 3-Cy-Ph—Ph-2 10
2-Ph—Ph1—Ph-§ 6 2-Ph—Ph1—Ph-§ 6 2-Ph—Ph1—Ph-5 7
3-Ph—Ph1—Ph-5 6 3-Ph—Ph1—Ph-5 5 3-Ph—Ph1—Ph-5 7
2-Cy-Cy-Ph—F 6  2-Cy-Cy-Ph—TF 6  2-Cy-Cy-Ph—F 6
3-Cy-Cy-Ph—F 10 3-Cy-Cy-Ph—F 5 3-Cy-Cy-Ph—F 5
5.Cy-Ph—Ph—F 7 5-Cy-Ph—Ph—F 7 5-Cy-Ph—Ph T 7
3-Cy-Ph—Ph3—F 14 3-Cy-Ph—Ph3—F 15 3-Cy-Ph—Ph3—F 14
Thi/° C. 735  3-Cy-Cy-Phl—Ph3—F 5 3-Cy-Cy-Phl—Ph3—F 4
An 0.126 Tni” C. 75.7 Tni/° C. 85.3
AE 49  An 0.125 An 0.128
yl/mPa - s 94 AE 55 A€ 4.8
n/mPa - s 16.9 yl/mPa-s 103 yl/mPa - s 107
n/mPa - s 184 m/mPa-s 19.0
TABLE 20 TABLE 21-continued
Example 20 Example 21 Example 22 Liquid crystal composition 23
P i, P - 45 Content
Liquid crystal Liquid crystal Liquid crystal ~ Liquid crystal
o " " . Compound name (%)
composition composition 20 composition 21  composition 22
VHR 98.3 8.4 98.5 Tyt C. 76.8
ID 78 72 65 An 0.102
Image-sticking B B B AE 4.9
50 n/mPa - s 15
yy/mPa - s 39
Although the liquid crystal display devices of Examples
20 to 22 had rather high IDs, they exhibited only slight and
acceptable image-sticking. TABLE 22
55
Liquid Crystal Composition 24
Content
Compound name (%)
60 3-Ph—Ph3—CFFO—Ph3—F 4
Examples 23 and 24 3-Cy-Cy-1d0 14
3-Cy-Cy-1d1 34
0d1-Cy-Cy-Ph-1 15
4-Ph—Ph1—Ph3—CFFO—Ph3—F 8
5-Ph—Ph1—Ph3—CFFO—Ph3—F 7
[ .. . 3-Py—Ph—Ph3—CFFO—Ph3—F 7
qul}ld Crystal Compqsmons 2% and 24 shown in t}}e 65 2-Py_Ph_Ph3CFFO_Ph3_F 4
following tables were injected as in Example 1 to obtain 3-Cy-Cy-Ph—OCFFF 6

liquid crystal display devices of Examples 23 and 24. The
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TABLE 22-continued

Liquid Crystal Composition 24

Content
Compound name (%)
0d3-Ph—Phl—Ph-2 1
Ty/° C. 76.8
An 0.102
AE 4.9
1/mPa - s 15
yy/mPa - s 39
TABLE 23
Example 23 Example 24

Liquid crystal
composition

Liquid crystal
composition 23

Liquid crystal
composition 24

TABLE 23-continued
Example 23 Example 24
VHR 98.3 99.6
5 D 75 69
Image-sticking B B

Comparative Examples 1
10
Comparative Liquid Crystal Composition 1 shown below
was injected into an IPS cell as used in Example 1 to obtain
a liquid crystal display device of Comparative Example 1.
The resulting liquid crystal display device was tested for
15 VHR, ID, and transmittance and was evaluated for image-
sticking. The following tables summarize the physical prop-
erties of the comparative liquid crystal composition and the
results for the VHR, 1D, and transmittance of the liquid
crystal display device.

[Chem. 45]
Chemical structure

Content Abbreviation

CH,

o
o
S
@]
&

27% 4-Cy—VO—Ph-1

20% 5-Cy—VO—Ph-1
CsHy COo0 CH;
20% 5-Cy—VO—Ph-3
CsHyj C00 C3Hy
F F 8%  3-Ph—Ph3—CFFO—Ph3—F
C3H7HCFZOQ
F F
F 13% 3-Cy—Cy—CFFO—Ph3—F
C3H74<:>_<:>7CFZOQ
F
F F F 12%  3-Ph—Phl—Ph3—CFFO—Ph3—F
C3H7MCF20 '
F F
TABLE 24 TABLE 25
. 60
Tnd*® C. 69.3 Comparative Example 1
An 0.096
1.484
léo 55 Liquid crystal Comparative Liquid
Aé 4.8 composition Crystal Composition 1
n/mPa - s 30.3 65 VHR 98.2
D 162
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TABLE 25-continued

Comparative Example 1

Image-sticking D
Maximum transmittance 88.80%

The liquid crystal display device of Comparative Example
1 had a lower VHR and a higher ID than the liquid crystal
display devices according to the present invention and also
exhibited unacceptable image-sticking.

60

Comparative Examples 2 and 3

Comparative Liquid Crystal Compositions 2 and 3 shown
in the following tables were injected as in Example 1 to
obtain liquid crystal display devices of Comparative
Examples 2 and 3. The resulting liquid crystal display
devices were tested for VHR and ID and were evaluated for
image-sticking. The results are summarized in the following
tables.

TABLE 26

Comparative Liquid Crystal Compasition 2

Comparative Liquid Crystal Composition 3

Content Content
Compeund name %)  Compound name (%)
2-Cy-Cy-Ph3—F 12 2-Cy-Cy-Ph3—F 12
3-Cy-Cy-Ph3—F 10 3-Cy-Cy-Ph3—F 10
5-Cy-Cy-Ph3—F 6  2-Cy-Cy-Ph—OCFFF 8
2-Cy-Cy-Ph—OCFFF 9 3-Cy-Cy-Ph—OCFFF 8
3-Cy-Cy-Ph—OCFFF 8  4-Cy-Cy-Ph—OCFFF 7
4-Cy-Cy-Ph—OCFFF 7 5-Cy-Cy-Ph—OCFFF 4
2-Cy-Ph1—Ph3—F 12 2-Cy-Ph1—Ph3—F 12
3-Cy-Ph1—Ph3—F 10 3-Cy-Ph1—Ph3—F 4
2-Cy-Py-Cy-CFFO—Ph3—F 55  2-Cy-Cy-CFFO—Ph3—F 12
2-Ph—Phl—Ph3—F 5.5 2-Ph—Ph1—Ph3—F 8
0d1-Cy-Cy-CFFO—Ph3—F 15 0d1-Cy-Cy-CFFO—Ph3—F 15
Tni/° C. 757 Tni/° C. 75.0
An 0.093 An 0.093
yl/mPa - s 146 yl/mPa - s 139
30
TABLE 27
Comparative Example 2 Comparative Example 3
35 Liquid crystal Comparative Liquid Comparative Liquid
composition Crystal Composition 2 Crystal Composition 3
VHR 98.3 98.4
D 152 141
Image-sticking D C
40 The liquid crystal display devices of Comparative
Examples 2 and 3 had lower VHRs and higher IDs than the
liquid crystal display devices according to the present inven-
tion and also exhibited unacceptable image-sticking.
45 Comparative Examples 4 to 6
Comparative Liquid Crystal Compositions 4 to 6 shown
in the following tables were injected as in Example 1 to
obtain liquid crystal display devices of Comparative
5o Examples 4 to 6. The resulting liquid crystal display devices

were tested for VHR and 1D and were evaluated for image-
sticking. The results are summarized in the following tables.

TABLE 28

Comparative Liquid Crystal
Composition 4

Comparative Liquid Crystal
Caomposition 6

Comparative Liquid Crystal
Composition 5

Content Content Content
Compound name (%) Compound name (%) Compound name (%)
2-Cy-Cy-Ph3—F 10 2-Cy-Cy-Ph3—F 10 2-Cy-Cy-Ph3—F 10
0d1-Cy-Cy-Phl1—F 8  0d1-Cy-Cy-Phl—F 8  (d1-Cy-Cy-Ph1—F 8
2-Ph—Ph3—CFFO—Ph3—F 4 2-Ph—Ph3—CFFO—Ph3—F 4 3-Cy-Cy-Ph3—F 10
3-Cy-Cy-Ph3—F 10 3-Cy-Cy-Ph3—F 10 2-Ph—Ph3—CFFO—Ph3—F 6
2-Ph—Ph3—CFFO—Ph3—T 6  2-Ph—Ph3—CFFO—Ph3—F 6  3-Cy-Cy-Phl—Ph3—F 8
3-Cy-Cy-Ph1—Ph3—TF 8  3-Cy-Cy-Phl—Ph3—F 8  5-Cy-Cy-Ph3—F 5
1-Cy-Cy-Ph3—F 9 1-Cy-Cy-Ph3—F 9 (0d3-Ph-T-Ph-3d0 10
5-Cy-Cy-Ph3—T 5 5-Cy-Cy-Ph3—F 5 3-Cy-Ph3-T-Pho-1 4
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TABLE 28-continued

Comparative Liquid Crystal Comparative Liquid Crystal Comparative Liquid Crystal

Composition 4 Composition 5

Composition 6

Content Content Content

Compound name (%) Compound name (%) Compound name (%)
0d3-Ph-T-Ph-3d0 15 0d3-Ph-T-Ph-3d0 10 3-Cy-Cy-CFFO—Ph3—F 4
3-Cy-Ph-T-Ph-2 14 3-Cy-Ph3-T-Ph9-1 4 4-Ph-T-Ph—02 4
0d3-Ph—N—Ph-3d0 4 4-Ph-T-Ph—O02 4 5-Cy-Cy-CFFO—Ph3—F 9
3-Ph—VO-Cy-VO—Ph-3 4 3-Cy-Ph-T-Ph-2 7 5-Cy-VO—Ph-1 5
3-Cy-Cy-VO—Ph-Cy-3 3 5Cy-VO—Phl 5 0d3-Ph—N—Ph-3d0 7
Tni/® C. 101.6  3-Ph—VO-Cy-VO—Ph-3 7 3-Ph—VO-Cy-VO—Ph-3 7
An 0.153 3-Cy-Cy-VO—Ph-Cy-3 3 3-Cy-Cy-VO—Ph-Cy-3 3
AE 9.2  Tni° C. 96.4  Tni/° C. 99.2
yl/mPa - s 101 An 0.137 An 0.136
n/mPa - s 237 A€ 88 A€ 7.8

yl/mPa - s 90 yl/mPa - s 105

n/mPa - s 259 wmPa-s 26.6

TABLE 29 20 TABLE 31
Comparative Comparative Comparative Comparative
Comparative Comparative Comparative Example 11 Example 12 Example 13 Example 14
Example 4 Example 5 Example 6 Liquid crystal Liquid Liquid Liquid Liquid
25 composition crystal com- crystal com- crystal com- crystal com-
Liquid crystal Comparative Comparative Comparative position 10 position 12 position 16 position 17
- o o o VHR 99.4 99.5 99.3 99.5
composition Liquid Crystal Liquid Crystal ~ Liquid Crystal D 25 15 15 17
Composition 4 ~ Composition 5 Composition 6 Image-sticking A A A A
VHR 98.3 985 98.4
30

b 11 129 4 The liquid crystal display devices of Comparative
Image-sticking b b S Examples 7 to 14 had VHRs and IDs similar to those of the

The liquid crystal display devices of Comparative
Examples 4 to 6 had lower VHRs and higher IDs than the
liquid crystal display devices according to the present inven-
tion and also exhibited unacceptable image-sticking.

Comparative Examples 7 to 14

The procedures of Examples 2, 4, 5, 7, 10, 12, 16, and 17
were repeated except that the In—Ga—Z7n oxide film was

35

40

replaced with an amorphous silicon film to obtain liquid 45

crystal display devices of Comparative Examples 7 to 14.
The resulting liquid crystal display devices were tested for
VHR and ID and were evaluated for image-sticking. The
liquid crystal display devices of Comparative Examples 7
and 8 were also tested for transmittance. The results are
summarized in the following tables.

TABLE 30

50

Examples and also exhibited no or only slight and accept-
able image-sticking. These liquid crystal display devices,
however, had lower transmittances than the liquid crystal
display devices of Examples 2 and 4, which had a thin-film
transistor layer including an In—Ga—7n oxide film.

The invention claimed is:

1. A liquid crystal display device comprising:

first and second opposing substrates;

a liquid crystal layer comprising a liquid crystal compo-
sition between the first and second substrates;

a plurality of gate lines and data lines arranged in a matrix
on the first substrate;

thin-film transistors disposed at intersections of the gate
lines and the data lines; and

pixel electrodes that are driven by the transistors and that
comprise a transparent conductive material,

each thin-film transistor comprising a gate electrode, an
oxide semiconductor layer disposed over the gate elec-

Comparative Comparative Comparative Comparative - trode with an insulating layer therebetween, and source
Example 7 Example 8 Example 9 Example 10 and drain electrodes electrically connected to the oxide
semiconductor layer,
Liquid C.I.ysml quuid Liquid Liquid qumd wherein formula (LC-I) is expressed as
composition crystal com- crystal com- crystal com- crystal com-
position 2 position 4 position 5 position 7 60
VHR 99.5 99.6 99.5 99.5
D 18 15 28 17 31_gn g3l 32 L33 34 @ch
Image-sticking A A A A e WM _(-CFZOWM -)”3_2M '
Maximum 86.10% 85.70%
transmittance 65

in which R3! is an alkyl group of 1 to 10 carbon atoms, an
alkoxy group of 1 to 10 carbon atoms, an alkenyl group of
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2 to 10 carbon atoms, or an alkenyloxy group of 2 to 10
carbon atoms,
each of M3 to M?? represents one of following structures,

M represents
X3 1
Y3 l;
X32

in which X*' and X>* are each independently hydrogen or
fluorine, and Y*! is fluorine, chlorine, cyano, —CF,,
—OCH,F, —OCHF,, or —QOCF;,

n*! and n** are each independently 0, 1, or 2, with the
proviso that n*'+n? is 0, 1, or 2, wherein each occur-
rence of M>" and M, if present, may be the same or
different, and n**is O or 1,

wherein the liquid crystal composition comprises:

at least one compound selected from the group consisting
of compounds represented by general formula (LC-1) in
which n*® is 1;

at least one compound selected from the group consisting
of compounds represented by general formula (LC-1) in
which n* is 0;

at least one compound selected from the group consisting
of compounds represented by general formula (II-b);
and

optionally at least one compound selected from the group
consisting of compounds represented by general for-
mulas (II-a) and (II-c) to (II-f):

(II-a)

(I-b)

RZ 1 RZZ

RIQO_QRZO

[

35

40

45

50

55

60

(=)

5

64

-continued

R23 R24

o)

(1I-d)

(Il-¢)

-5

wherein R'® to R*® are each independently an alkyl group of
1 to 10 carbon atoms, an alkoxy group of 1 to 10 carbon
atoms, or an alkenyl group of 2 to 10 carbon atoms; and X**
is hydrogen or fluorine,

wherein the compounds represented by general formulas

(II-a) to (I1-f) are included in an amount of 5% to 80%
by mass in the liquid crystal composition.

2. The liquid crystal display device according to claim 1,
wherein the oxide semiconductor layer comprises an oxide
containing at least one element selected from In, Ga, Zn, and
Sn.

3. The liquid crystal display device according to claim 1,
wherein the oxide semiconductor layer comprises an oxide
containing In, Ga, and Zn.

4. The liquid crystal display device according to claim 1,
wherein the liquid crystal layer further comprises a com-
pound represented by general formula (LC):

(Lc
RLC+ALC1_ZLC#ALC2_YLC )

wherein

R*€ is an alkyl group of 1 to 15 carbon atoms, wherein
one or more —CH,— groups in the alkyl group are
optionally replaced with —O—, —CH=CH—,
—CO—, —0CO—, —COO—, or —C=C— such that
no oxygen atoms are directly adjacent to each other,
and one or more hydrogen atoms in the alkyl group are
optionally replaced with halogen;

ALt and A? are each independently a group selected
from the group consisting of

(a) trans-1,4-cyclohexylene (wherein one or more non-
adjacent —CH,— groups present in the group are
optionally replaced with oxygen or sulfur),

(b) 1,4-phenylene (wherein one or more non-adjacent
—CH— groups present in the group are optionally
replaced with nitrogen), and

(c) 1l4-bicyclo(2.2.2)octylene, naphthalene-2,6-diyl,
decahydronaphthalene-2,6-diyl, 1,2,3,4-tetrahy-
dronaphthalene-2,6-diyl, and chromane-2,6-diyl,

wherein one or more hydrogen atoms present in groups (a),
(b), and (c) are each optionally replaced with fluorine,
chlorine, —CF;, or —OCF;;
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75 is a single bond, —CH=CH—, —CF—=CF—,
—CH,CH,—, —(CH,),— —OCH,—, —CH,0—,
—OCF,—, —CF,0—, —COO—, or —OCO—;
Y€ is hydrogen, fluorine, chlorine, cyano, or an alkyl
group of 1 to 15 carbon atoms, wherein one or more
—CH,— groups in the alkyl group are optionally
replaced with —O—, —CH=CH—, —CO—,
—0CO—, —COO0—, —CF,0—, or —OCF,— such
that no oxygen atoms are directly adjacent to each
other, and one or more hydrogen atoms in the alkyl
group are optionally replaced with halogen; and
a is an integer of 1 to 4, wherein if a is 2, 3, or 4, each
occurrence of A*“" may be the same or different, and
each occurrence of Z-“ may be the same or different,
with the proviso that compounds represented by general
formulas (LC1), (LC2), and (II-a) to (II-f) are excluded.
5. The liquid crystal display device according to claim 1,
wherein the liquid crystal layer further comprises a polymer
of a liquid crystal composition comprising at least one
polymerizable compound selected from the group consisting
of:
polymerizable compounds represented by general for-
mula (VI):

\ 0—Sp—V—W

X3 0

(VD

wherein X? is hydrogen or methyl; Sp? is a single bond, an
alkylene group of 1 to 8 carbon atoms, or —O—(CH,)—
(wherein t is an integer of 2 to 7, and the oxygen atom is
linked to the aromatic ring); V is a linear or branched
polyvalent alkylene group of 2 to 20 carbon atoms or a
polyvalent cyclic substituent of 5 to 30 carbon atoms,
wherein the alkylene group in the polyvalent alkylene group
is optionally substituted with oxygen such that no oxygen
atoms are adjacent to each other and is optionally substituted
with an alkyl group of 5 to 20 carbon atoms (wherein the
alkylene group in the group is optionally substituted with
oxygen such that no oxygen atoms are adjacent to each
other) or a cyclic substituent; and W is hydrogen, halogen,
or an alkylene group of 1 to 8 carbon atoms; and
polymerizable compounds represented by general for-
mula (V):

\Q O—Spl—U sz— //
X3 o] 0 X? A

wherein X' and X? are each independently hydrogen or
methyl; Sp' and Sp* are each independently a single bond,
an alkylene group of 1 to 8 carbon atoms, or —O—(CH,),—
(wherein s is an integer of 2 to 7, and the oxygen atom is
linked to the aromatic ring); U is a linear or branched
polyvalent alkylene group of 2 to 20 carbon atoms or a
polyvalent cyclic substituent of 5 to 30 carbon atoms,
wherein the alkylene group in the polyvalent alkylene group
is optionally substituted with oxygen such that no oxygen
atoms are adjacent to each other and is optionally substituted
with an alkyl group of 5 to 20 carbon atoms (wherein the
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alkylene group in the group is optionally substituted with
oxygen such that no oxygen atoms are adjacent to each
other) or a cyclic substituent; and k is an integer of 1 to 5.
6. The liquid crystal display device according to claim 1,
further comprising a common electrode comprising a trans-
parent conductive material on the second substrate,
wherein the liquid crystal layer is homogeneously aligned
when no voltage is applied.
7. The liquid crystal display device according to any claim
1, further comprising:
common electrodes disposed on the first or second sub-
strate and separated from the pixel electrodes; and
alignment layers that are disposed between the first and
second substrates and the liquid crystal layer and in
contact with the liquid crystal layer and that induce
homogeneous alignment to the liquid crystal composi-
tion, the first and second substrates being transparent
insulating substrates,
wherein the shortest path from the pixel electrodes to the
common electrodes located close to the pixel electrodes
comprises a component parallel to the first or second
substrate.
8. The liquid crystal display device according to claim 1,
farther comprising:
common electrodes disposed on the first substrate and
separated from the pixel electrodes; and
alignment layers that are disposed between the first and
second substrates and the liquid crystal layer and in
contact with the liquid crystal layer and that induce
homogeneous alignment to the liquid crystal composi-
tion,
wherein the shortest distance d between the common
electrodes and the pixel electrodes located close to each
other is shorter than the shortest distance G between the
alignment layers.
9. The liquid crystal display device according to claim 1,
wherein the liquid crystal composition consists of:
said at least one compound selected from the group
consisting of compounds represented by general for-
nula (LC-I) in which n** is 1;
said at least one compound selected from the group
consisting of compounds represented by general for-
mula (LC-T) in which n*? is 0;
said at least one compound selected from the group
consisting of compounds represented by general for-
mula (TI-b);
optionally said at least one compound selected from the
group consisting of compounds represented by general
formulas (II-a) and (II-c) to (II-f)}, optionally a com-
pound represented by general formula (LC):

(LC)
RECA ALCl— 71C Y 12 yic
a

wherein

R*€ is an alkyl group of 1 to 15 carbon atoms, wherein
one or more —CH,— groups in the alkyl group are
optionally replaced with —O—, —CH—CH—,
—CO—, —0CO—, —COO—, or —C=C— such that
no oxygen atoms are directly adjacent to each other,
and one or more hydrogen atoms in the alkyl group are
optionally replaced with halogen;

ALY and AT? are each independently a group selected
from the group consisting of
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(a) trans-1,4-cyclohexylene (wherein one or more non-
adjacent —CH,— groups present in the group are
optionally replaced with oxygen or sulfur),

(b) 1,4-phenylene (wherein one or more non-adjacent
—CH— groups present in the group are optionally
replaced with nitrogen), and

(¢) l4-bicyclo(2.2.2)octylene, naphthalene-2,6-diyl,
decahydronaphthalene-2,6-diyl, 1,2,3,4-tetrahy-
dronaphthalene-2,6-diyl, and chromane-2,6-diyl,

wherein one or more hydrogen atoms present in groups (a),
(b), and (c) are each optionally replaced with fluorine,
chlorine, —CF;, or —OCF;;

7' is a single bond, —CH—CH—, —CF—CF—,
—CH,CH,—, —(CH,),—, —OCH,—, —CH,0—,
—OCF,—, —CF,0—, —CO0—, or —OCO—;

Y*¢ is hydrogen, fluorine, chlorine, cyano, or an alkyl
group of 1 to 15 carbon atoms, wherein one or more
—CH,— groups in the alkyl group are optionally
replaced with —O—, —CH—CH—, —CO—,
—0CO—, —COO—, —CF,0—, or —OCF,— such
that no oxygen atoms are directly adjacent to each
other, and one or more hydrogen atoms in the alkyl
group are optionally replaced with halogen; and

a is an integer of 1 to 4, wherein if a is 2, 3, or 4, each
occurrence of A¥“! may be the same or different, and
each occurrence of Z-“ may be the same or different,

with the proviso that compounds represented by general
formulas (LC-I) and (II-a) to (II-f) are excluded; and

optionally at least one polymerizable compound selected
from the group consisting of polymerizable compounds
represented by general formula (VI) and polymerizable
compounds represented by general formula (V):

N 0—Sp*—V—W

X3 0

(VD

wherein X is hydrogen or methyl; Sp is a single bond, an
alkylene group of 1 to 8 carbon atoms, or —O—(CH,)—
(wherein t is an integer of 2 to 7, and the oxygen atom is
linked to the aromatic ring); V is a linear or branched
polyvalent alkylene group of 2 to 20 carbon atoms or a
polyvalent cyclic substituent of 5 to 30 carbon atoms,
wherein the alkylene group in the polyvalent alkylene group
is optionally substituted with oxygen such that no oxygen
atoms are adjacent to each other and is optionally substituted
with an alkyl group of 5 to 20 carbon atoms (wherein the
alkylene group in the group is optionally substituted with
oxygen such that no oxygen atoms are adjacent to each
other) or a cyclic substituent; and W is hydrogen, halogen,
or an alkylene group of 1 to 8 carbon atoms; and

N O0—Sp!'—U—Sp>— y
x! o] 0 X2 /

wherein X' and X* are each independently hydrogen or
methyl; Sp* and Sp? are each independently a single bond,
an alkylene group of 1 to 8 carbon atoms, or —O—(CH,,),—
(wherein s is an integer of 2 to 7, and the oxygen atom is
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linked to the aromatic ring); U is a linear or branched
polyvalent alkylene group of 2 to 20 carbon atoms or a
polyvalent cyclic substituent of 5 to 30 carbon atoms,
wherein the alkylene group in the polyvalent alkylene group
is optionally substituted with oxygen such that no oxygen
atoms are adjacent to each other and is optionally substituted
with an alkyl group of 5 to 20 carbon atoms (wherein the
alkylene group in the group is optionally substituted with
oxygen such that no oxygen atoms are adjacent to each
other) or a cyclic substituent; and k is an integer of 1 to 5.
10. The liquid crystal display device according to claim 1,
wherein the liquid crystal composition consists of:
said at least one compound selected from the group
consisting of compounds represented by general for-
mula (LC-1) in which n®? is 1;
said at least one compound selected from the group
consisting of compounds represented by general for-
mula (LC-I) in which n*® is 0;
said at least one compound selected from the group
consisting of compounds represented by general for-
mula (II-b);
optionally said at least one conpound selected from the
group consisting of compounds represented by general
formulas (II-a) and (II-c) to (I1-9),
optionally a compound represented by general formula
LC):

Lo
RLC+ ALCI— ZLC%_ ALC2_yIC

wherein

R%“ is an alkyl group of 1 to 15 carbon atoms, wherein
one or more —CH,— groups in the alkyl group are
optionally replaced with —O—, —CH—CH—,
—CO—, —0CO—, —COO—, or —C=C— such that
no oxygen atoms are directly adjacent to each other,
and one or more hydrogen atoms in the alkyl group are
optionally replaced with halogen;

ALY and A? are each independently a group selected
from the group consisting of

(a) trans-1,4-cyclohexylene (wherein one or more non-
adjacent —CH,— groups present in the group are
optionally replaced with oxygen or sulfur),

(b) 1,4-phenylene (wherein one or more non-adjacent
—CH— groups present in the group are optionally
replaced with nitrogen), and

(c) 1d-bicyclo(2.2.2)octylene, naphthalene-2,6-diyl,
decahydronaphthalene-2,6-diyl, 1,2,3,4-tetrahy-
dronaphthalene-2,6-diyl, and chromane-2,6-diyl,

wherein one or more hydrogen atoms present in groups (a),
(b), and (c) are each optionally replaced with fluorine,
chlorine, —CF,, or —OCF};

7" is a single bond, —CH—CH—, —CF—CF—,
—CH,CH,—, —(CH,),—, —OCH,—, —CH,0—,
—OCF,—, —CF,0—, —CO0—, or —0CO—;

Y*¢ is hydrogen, flucrine, chlorine, cyano, or an alkyl
group of 1 to 15 carbon atoms, wherein one or more
—CH,— groups in the alkyl group are optionally
replaced with —O— —CH—CH—, —CO—,
—0CO—, —COO0—, —CF,0—, or —OCF,— such
that no oxygen atoms are directly adjacent to each
other, and one or more hydrogen atoms in the alkyl
group are optionally replaced with halogen; and
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a is an integer of 1 to 4, wherein if a is 2, 3, or 4, each
occurrence of A““* may be the same or different, and
each occurrence of Z-“ may be the same or different,

with the proviso that compounds represented by general
formulas (LC-I) and (II-a) to (II-f) are excluded; and

optionally at least one polymerizable compound repre-
sented by general formula (VI):

\ O—Sp*—V—W

x3 0

(VD

wherein X is hydrogen or methyl; Sp® is a single bond, an
alkylene group of 1 to 8 carbon atoms, or —O—(CH,)—
(wherein t is an integer of 2 to 7, and the oxygen atom is
linked to the aromatic ring); V is a linear or branched
polyvalent alkylene group of 2 to 20 carbon atoms or a
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polyvalent cyclic substituent of 5 to 30 carbon atoms,
wherein the alkylene group in the polyvalent alkylene group
is optionally substituted with oxygen such that no oxygen
atoms are adjacent to each other and is optionally substituted
with an alkyl group of 5 to 20 carbon atoms (wherein the
alkylene group in the group is optionally substituted with
oxygen such that no oxygen atoms are adjacent to each
other) or a cyclic substituent; and W is hydrogen, halogen,
or an alkylene group of 1 to 8 carbon atoms.

11. The liquid crystal display device according to claim 1,
wherein assuming that a liquid crystal display device with-
out comprising the liquid crystal composition has a maxi-
mum transmittance of 100%, the liquid crystal display
device comprising the liquid crystal composition has a
maximum transmittance of 88.9% or more.

12. The liquid crystal display device according to claim
11, wherein the liquid crystal display device comprising the
liquid crystal composition has the maximum transmittance
from 88.9% to 89.0%.
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