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LIQUID CRYSTAL DISPLAY DEVICE
HAVING DIELECTRIC FILM OVER AND IN
CONTACT WITH WALL-LIKE STRUCTURES

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a liquid crystal display
device and a method for manufacturing the liquid crystal
display device.

2. Description of the Related Art

As display devices which are thin and lightweight (so-
called flat panel displays), liquid crystal display devices
including liquid crystal elements, light-emitting devices
including self light-emitting elements, field emission dis-
plays (FEDs), and the like have been competitively devel-
oped.

In liquid crystal display devices, response speed of liquid
crystal molecules is required to be increased. Among various
kinds of display modes of liquid crystal, a ferroelectric liquid
crystal (FLC) mode, an optical compensated birefringence
(OCB) mode, and a mode using a liquid crystal exhibiting a
blue phase can be given as liquid crystal modes by which
high-speed response is possible.

When the mode using liquid crystal exhibiting a blue phase
1s employed, an alignment film is not needed and the viewing
angle can be widened; therefore, further research thereon has
been particularly carried out for practical use (for example,
see Patent Document 1). Patent Document 1 is a report that
polymer stabilization treatment is performed on liquid crystal
to widen a temperature range in which a blue phase appears.
[Reference]

[Patent Document 1] PCT International Publication No.

05/090520

SUMMARY OF THE INVENTION

In order to achieve high contrast in a liquid crystal display
device, white transmittance (light transmittance in white dis-
play) needs to be high. In the case of liquid crystal exhibiting
a blue phase, degradation is caused by application of a high
voltage; thus, in order to enable operation with a low driving
voltage, it is necessary to apply an even electric field to reduce
a load on a liquid crystal layer.

In view of the above situations, an object is to provide a
liquid crystal display device a driving voltage of which is
reduced and which has a more reliable liquid crystal layer
exhibiting a blue phase. Further, an object is to provide a
liquid crystal display device having a higher contrast and
including a liquid crystal layer exhibiting a blue phase. Fur-
thermore, an object is to provide a liquid crystal display
device including a liquid crystal layer exhibiting a blue phase
with the productivity and the yield increased and the manu-
facturing cost reduced.

Each of a pixel electrode layer and a common electrode
layer which are formed over a first substrate (also referred to
as an element substrate) and a second substrate (also referred
to as a counter substrate) are firmly attached to each other by
a sealant with a liquid crystal layer provided between the
second substrate and the electrode layers. In a liquid crystal
display device which includes a liquid crystal layer exhibiting
ablue phase, amethod in which the gray level is controlled by
generation of an electric field generally parallel (i.e., in the
lateral direction) to a substrate to move liquid crystal mol-
ecules in a plane parallel to the substrate can be used. In such
amethod, an electrode structure used in an in-plane switching
(IPS) mode can be employed.

[
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In a lateral electric field mode such as an IPS mode, a first
electrode layer (e.g., a pixel electrode layer with which a
voltage is controlled in each pixel) and a second electrode
layer (e.g., a common electrode layer with which a common
voltage is applied to all pixels), which have an opening pat-
tern, are located below a liquid crystal layer. The first elec-
trode layer and the second electrode layer have not plane
shapes but various opening patterns including a bent portion
or a branching comb-like portion. The first electrode layer
and the second electrode layer do not overlap with each other
but may have the same shape, in order to generate an electric
field therebetween.

By applying an electric field between the pixel electrode
layer and the common electrode layer, the liquid crystal mol-
ecules can be controlled. The liquid crystal molecules can be
controlled in the direction parallel to the substrate, whereby a
wide viewing angle is obtained.

A liquid crystal display device disclosed in this specifica-
tion has the following structure. A first substrate (element
substrate) provided with a first electrode layer and a second
electrode layer and a second substrate (counter substrate) are
firmly attached to each other by a sealant with a liquid crystal
layer provided therebetween. A first wall-like structure body
is provided over a first electrode layer (pixel electrode layer),
a second wall-like structure body is provided over a second
electrode layer (common electrode layer), and a dielectric
film covers the first electrode layer and the first wall-like
structure body provided over the first electrode layer, and the
second electrode layer and the second wall-like structure
body provided over the second electrode layer. The dielectric
film is an insulating film having a higher dielectric constant
than liquid crystal materials used for the first wall-like struc-
ture body, the second wall-like structure body, and the liquid
crystal layer.

By providing, in a liquid crystal layer, a structure where a
first wall-like structure body with a low dielectric constant is
formed over a first electrode layer and a dielectric film with a
high dielectric constant covers them, and a structure where a
second wall-like structure body with a low dielectric constant
is formed over a second electrode layer and a dielectric film
with ahigh dielectric constant covers them, when a voltage is
applied between the first electrode layer and the second elec-
trode layer, an electric field can be generated more widely
between the structure bodies.

In a liquid crystal layer exhibiting a blue phase, the align-
ment of liquid crystal molecules can be changed only in a
local area in which an electric field is generated; however,
when a structure body including a material with a low dielec-
tric constant is covered with a dielectric film including a
material with a high dielectric constant, an electric field can
be generated more widely in the liquid crystal layer, so that
the alignment of the liquid crystal molecules can be changed
in the wide area where an electric field is generated. Thus, the
white transmittance can be increased, which leads to higher
contrast in a liquid crystal display device including the liquid
crystal layer exhibiting a blue phase.

Further, the liquid crystal layer exhibiting a blue phase,
which is likely to be influenced by local concentration of an
electric field, can be driven with a load on the liquid crystal
layer reduced; therefore, reliability of the liquid crystal layer
exhibiting a blue phase can be increased and the driving
voltage can be reduced.

The height of the structure body can be easily controlled;
thus, the productivity and the yield can be increased and the
manufacturing cost can be reduced.

Note that in the case where a coloring layer functioning as
a color filter, a light-blocking layer functioning as a black
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matrix, an insulating layer, or the like is formed between the
second substrate and the liquid crystal layer, the dielectric
film and a layer which is on the second substrate and is in
contact with the liquid crystal layer are in contact with each
other.

The first wall-like structure body, the second wall-like
structure body, and the dielectric film can each be formed
using an insulator including an insulating material (an
organic material and/or an inorganic material). Typically, a
visible light curable resin, an ultraviolet curable resin, a ther-
mosetting resin, or a thermoplastic resin is preferably used.
For example, an acrylic resin, an epoxy resin, an amine resin,
apullulan derivative, or the like may be used. Alternatively, an
organic-inorganic composite material of an inorganic mate-
rial and an organic material may be used, and for example, an
organic-inorganic composite material of barium titanate and
an organic resin or the like can be used. The dielectric film is
formed using a material having a higher dielectric constant
than the first wall-like structure body, the second wall-like
structure body, and aliquid crystal material used for the liquid
crystal layer. A material with a dielectric constant of 12 or
more is preferably used. Further, a material with a dielectric
constant of 20 or more is particularly preferable.

Note that the first wall-like structure body and the second
wall-like structure body may have a columnar shape, a coni-
cal or pyramidal shape with a plane top surface and a trap-
ezoidal cross section, a conical or pyramidal shape with a
rounded top surface, or the like. Note that the first wall-like
structure body and the second wall-like structure body may
reflect the shapes of the first electrode layer and the second
electrode layer, respectively, to have shapes similar to the
shapes thereof. In order to fill a space between the first sub-
strate and the second substrate with the liquid crystal layer,
the structure bodies are formed to have shapes by which an air
gap is not formed in a pixel region. As for the shape of the
dielectric film, there may be a difference between the thick-
nesses of the dielectric film. The distance between the first
electrode layer and the second electrode layer is preferably
0.2 um to 10 um (more preferably, 0.2 um to 2 pm), and
typically, the distance is preferably 0.8 pm to 2 um.

The thickness (cell gap) of the liquid crystal layer is pref-
erably about 5 pm to 20 um. The heights (thicknesses) of the
first wall-like structure body and the second wall-like struc-
ture body are each preferably approximately greater than or
equal to 1.0 pm and smaller than or equal to the thickness (cell
gap) of the liquid crystal layer. Note that when the height
(thickness) of the dielectric film is greater than or equal to 100
pm, an adequate effect can be achieved.

In the case where the dielectric film is provided in contact
with the second substrate, the structure bodies and the dielec-
tric film can function as spacers. In that case, the sum of the
height of the first wall-like structure body and the height of
the dielectric film covering the structure body (the sum of the
thicknesses thereof) and the sum of the height of the second
wall-like structure body and the height of the dielectric film
covering the structure body (the sum of the thicknesses
thereof) each roughly correspond to the thickness of the lig-
uid crystal layer. The dielectric film may have a layered
structure. In the case where the second substrate is provided
with a first wall-like structure body, a second wall-like struc-
ture body, and a dielectric film, the first substrate and the
second substrate may be attached to each other so that the
dielectric films are in contact with each other to have alayered
structure. Note that in the case where a coloring layer func-
tioning as a color filter, a light-blocking layer functioning as
a black matrix, an insulating layer, or the like is formed
between the second substrate and the liquid crystal layer, the
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dielectric film and a film which is on the second substrate and
is in contact with the liquid crystal layer are in contact with
each other.

The first wall-like structure body covered with the dielec-
tric film and the second wall-like structure body covered with
the dielectric film may be selectively provided over the first
electrode layer and the second electrode layer, respectively.
Forexample, in the case where the first electrode layer and the
second electrode layer have complicated shapes, the first
wall-like structure body and the second wall-like structure
body are selectively provided; thus, injection of the liquid
crystal material and the filling with the liquid crystal material
are facilitated, and process time can be shortened. Note that
the dielectric film may cover the first electrode layer over
which the first wall-like structure body is not provided and the
second electrode layer over which the second wall-like struc-
ture body is not provided.

The first wall-like structure body and the second wall-like
structure body can be formed in such a manner that an insu-
lating film is formed so as to cover the first electrode layer and
the second electrode layer, and the insulating film is selec-
tively etched. In this etching step, the insulating film between
the first electrode layer and the second electrode layer may
partially remain instead of being removed completely (a
remaining portion is also referred to as a third wall-like struc-
ture body). The dielectric film is formed using an insulating
film covering surfaces of the first wall-like structure body
over the first electrode layer and the second wall-like struc-
ture body over the second electrode layer, and the insulating
film between the first electrode layer and the second electrode
layer may be etched to be completely removed.

In this specification, the first electrode layer (pixel elec-
trode layer) and the second electrode layer (common elec-
trode layer) each have a comb-like pattern which does not
have a closed space. The first electrode layer and the second
electrode layer are not in contact with each other, and they are
provided on the same insulating surface (e.g., the same sub-
strate or the same insulating film) such that their comb-like
patterns engage with each other.

In this specification, a substrate over which a thin film
transistor, a first electrode layer (pixel electrode layer), a
second electrode layer (common electrode layer), and an
interlayer film are formed is referred to as an element sub-
strate (first substrate), and a substrate which faces the element
substrate with a liquid crystal layer provided therebetween is
referred to as a counter substrate (second substrate).

A liquid crystal material exhibiting a blue phase is used for
the liquid crystal layer. The liquid crystal material exhibiting
a blue phase has a short response time of | msec or less and
enables high-speed response, whereby higher performance of
the liquid crystal display device can be achieved.

The liquid crystal material exhibiting a blue phase includes
liquid crystal and a chiral agent. The chiral agent is employed
to align theliquid crystal in a helical structure and to make the
liquid crystal exhibit a blue phase. For example, a liquid
crystal material into which a chiral agent is mixed at several
weight percent or more may be used for the liquid crystal
layer.

As the liquid crystal, thermotropic liquid crystal, low-mo-
lecular liquid crystal, high-molecular liquid crystal, ferro-
electric liquid crystal, anti-ferroelectric liquid crystal, or the
like is used.

As the chiral agent, a material having high compatibility
with liquid crystal and strong twisting power is used. Either
an R-enantiomer or an S-enantiomer is used, and a racemic
mixture in which an R-enantiomer and an S-enantiomer are
mixed at 50:50 is not used.
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The above liquid crystal material exhibits a cholesteric
phase, a cholesteric blue phase, a smectic phase, a smectic
blue phase, a cubic phase, a chiral nematic phase, an isotropic
phase, or the like depending on a condition.

A cholesteric blue phase and a smectic blue phase, which
are blue phases, are seen in a liquid crystal material having a
cholesteric phase or a smectic phase with a relatively short
helical pitch of less than or equal to 500 nm. The alignment of
the liquid crystal material has a double twist structure. An
optical modulation action occurs through a change in align-
ment by voltage application. A blue phase is optically isotro-
pic and thus has no viewing angle dependence. That is why an
alignment film is not necessarily formed; therefore, display
image quality can be improved and the cost can be reduced.

The blue phase appears only within a narrow temperature
range; therefore, it is preferable that a photocurable resin and
a photopolymerization initiator be added to a liquid crystal
material and polymer stabilization treatment be performed in
order to widen the temperature range. The polymer stabiliza-
tion treatment is performed in such a manner that a liquid
crystal material including liquid crystal, a chiral agent, a
photocurable resin, and a photopolymerization initiator is
irradiated with light having a wavelength with which the
photocurable resin and the photopolymerization initiator
react. This polymer stabilization treatment may be performed
by irradiating a liquid crystal material exhibiting an isotropic
phase with light or by irradiating a liquid crystal material
exhibiting a blue phase under the control of the temperature
with light.

According to one embodiment of a structure of the inven-
tion disclosed in this specification, included are a first sub-
strate and a second substrate between which a liquid crystal
layer including a liquid crystal material exhibiting a blue
phase is sandwiched, a first electrode layer and a second
electrode layer which are formed over the first substrate and
have opening patterns, a first wall-like structure body pro-
vided over the first electrode layer, a second wall-like struc-
ture body provided over the second electrode layer, and a
dielectric film covering the first wall-like structure body and
the second wall-like structure body. The dielectric constant of
the dielectric film is higher than those of the first wall-like
structure body, the second wall-like structure body, and the
liquid crystal layer.

According to one embodiment of a structure of the inven-
tion disclosed in this specification, included are a first sub-
strate and a second substrate between which a liquid crystal
layer including a liquid crystal material exhibiting a blue
phase is sandwiched, a first electrode layer and a second
electrode layer which are formed over the first substrate and
have opening patterns, a first wall-like structure body pro-
vided over the first electrode layer, a second wall-like struc-
ture body provided over the second electrode layer, and a
dielectric film covering the first wall-like structure body and
the second wall-like structure body. The dielectric film cov-
ering the first electrode layer, the second electrode layer, the
first wall-like structure body, and the second wall-like struc-
ture body is in contact with the second substrate. The dielec-
tric constant of the dielectric film is higher than those of the
first wall-like structure body, the second wall-like structure
body, and the liquid crystal layer.

Since the liquid crystal layer exhibiting a blue phase is
used, it is not necessary to form an alignment film. Thus, a
pixel electrode layer (first electrode layer) is in contact with
the liquid crystal layer, and acommon electrode layer (second
electrode layer) is also in contact with the liquid crystal layer.

Note that the ordinal numbers such as “first”, “second”,
and “third” are used for convenience and do not denote the
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order of steps and the stacking order of layers. In addition, the
ordinal numbers in this specification do not denote particular
names which specify the present invention.

In this specification, a semiconductor device means every
device which can function by utilizing semiconductor char-
acteristics, and an electrooptic device, a semiconductor cir-
cuit, and an electronic device are all semiconductor devices.

In a liquid crystal display device including a liquid crystal
layer exhibiting a blue phase, a driving voltage can be reduced
and reliability of the liquid crystal layer exhibiting a blue
phase can be increased. Further, the productivity and the yield
ofthe liquid crystal display device including the liquid crystal
layer exhibiting a blue phase can be increased and the manu-
facturing cost can be reduced. Furthermore, the contrast ratio
ofthe liquid crystal display device including the liquid crystal
layer exhibiting a blue phase can be increased.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:

FIGS. 1A to 1C illustrate a liquid crystal display device;

FIGS. 2A and 2B illustrate a liquid crystal display device;

FIGS. 3A and 3B illustrate a liquid crystal display device;

FIGS. 4A to 4C illustrate a liquid crystal display device;

FIGS. 5A to 5D illustrate a liquid crystal display device;

FIGS. 6A and 6B illustrate a liquid crystal display device;

FIGS. 7A and 7B are graphs each showing calculation
results of an electric field mode of a liquid crystal display
device;

FIGS. 8A and 8B are graphs each showing calculation
results of an electric field mode of the liquid crystal display
device;

FIGS. 9A to 9C illustrate a liquid crystal display device;

FIGS. 10A and 10B illustrate a liquid crystal display
device;

FIGS. 11A to 11D illustrate a method for manufacturing a
liquid crystal display device;

FIGS. 12A1,12A2, and 12B each illustrate a liquid crystal
display device;

FIG. 13 illustrates a liquid crystal display module;

FIGS. 14A to 14D illustrate a method for manufacturing a
liquid crystal display device;

FIG. 15A is an external view of an example of a television
setand FIG. 15B is an external view of an example of a digital
photo frame;

FIGS. 16A and 16B are external views of examples of
amusement machines;

FIGS. 17A and 17B are external views of examples of
mobile phones; and

FIG. 18 illustrates a liquid crystal display device.

DETAILED DESCRIPTION OF THE INVENTION

Embodiments will be described with reference to draw-
ings. Note that the present invention is not limited to the
following description, and it will be easily understood by
those skilled in the art that the modes and details of the present
invention can be modified in various ways without departing
from the spirit and scope of the disclosed invention. There-
fore, the disclosed invention should not be construed as being
limited to the following description of the embodiments. In
the structures to be described below, the same portions or
portions having similar functions are denoted by the same
reference numerals in different drawings, and explanation
thereof will not be repeated.



US 8,928,846 B2

7

(Embodiment 1)

Liquid crystal display devices will be described with ref-
erence to FIGS. 1A to 1C to FIGS. 9A to 9C.

FIGS. 1A to 1C, FIGS. 2A and 2B, and FIGS. 4A to 4C are
cross-sectional views of the liquid crystal display devices.

FIG. 1A illustrates a liquid crystal display device in which
a first substrate 200 and a second substrate 201 are arranged
so as to face each other with a liquid crystal layer 208, which
includes a liquid crystal material exhibiting a blue phase,
provided therebetween. Between the first substrate 200 and
the liquid crystal layer 208, first electrode layers 230a and
2305 which are pixel electrode layers and with which a volt-
age is controlled for each pixel, first wall-like structure bodies
233a and 2335, second electrode layers 232a,232b, and 232¢
which are common electrode layers and with which a com-
mon voltage is applied to all pixels, second wall-like structure
bodies 234a, 2345, and 234c, and a dielectric film 235 cov-
ering them are provided. A structure where the first wall-like
structure bodies 233a and 2335 are formed over the first
electrode layers 230a and 2305, respectively. and the dielec-
tric film 235 covers them and a structure where the second
wall-like structure bodies 234a, 2345, and 234¢ are formed
over the second electrode layers 232a, 2325, and 232c,
respectively, and the dielectric film 235 covers them are pro-
vided in the liquid crystal layer 208.

The first electrode layers 230a and 2305 and the second
electrode layers 232a, 2325, and 232¢ do not have plane-like
shapes but have shapes with opening patterns; therefore, the
first electrode layers 2304 and 2304 and the second electrode
layers 232a, 232b, and 232¢ are illustrated as a plurality of
divided electrode layers in the cross-sectional views of FIGS.
1A to 1C.

In aliquid crystal display device which includes the liquid
crystal layer 208 exhibiting a blue phase, an electrode struc-
ture used in an IPS mode can be applied.

In alateral electric field mode such as an IPS mode, the first
electrode layers 230a and 23056 and the second electrode
layers 232a, 2325, and 232¢, which have opening patterns,
are located below the liquid crystal layer 208. The first elec-
trode layers 230a and 2305 and the second electrode layers
232a, 2325, and 232¢ do not have plane shapes but have
various opening patterns including a bent portion or a branch-
ing comb-like portion. The first electrode layers 230a and
2304 and the second electrode layers 2324, 2325, and 232¢ do
not overlap with each other but may have the same shape, in
order to generate an electric field between the electrode lay-
ers.

The first electrode layers 230a and 2305 and the second
electrode layers 232a, 2326, and 232¢ have comb-like pat-
terns which do not form closed spaces. The first electrode
layers 230a and 2304 and the second electrode layers 2324,
232b, and 232c¢ are not in contact with each other, and are
provided on the same insulating surface (e.g., the same sub-
strate or the same insulating film) such that the teeth of their
comb-like patterns are engaged with each other.

By application of an electric field between the first elec-
trode layer 230e and the second electrode layer 232a,
between the first electrode layer 230a and the second elec-
trode layer 2325, between the first electrode layer 2305 and
the second electrode layer 2325, and between the first elec-
trode layer 2305 and the second electrode layer 232¢, liquid
crystal molecules can be controlled. The liquid crystal mol-
ecules can be controlled in the direction parallel to the first
substrate 200 and the second substrate 201; therefore, the
viewing angle can be widened.

The dielectric film 235 is an insulator having a higher
dielectric constant than the first wall-like structure bodies
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233q and 2335, the second wall-like structure bodies 234a,
234b, and 234¢, and the liquid crystal layer 208. Note that the
first wall-like structure bodies 2334 and 2335 and the second
wall-like structure bodies 234a, 2345, and 234¢ may be insu-
lators each having a lower dielectric constant than the liquid
crystal material used for the liquid crystal layer 208.

By providing, in the liquid crystal layer 208, a structure
where the first wall-like structure bodies 233a and 2335 with
a low dielectric constant are formed over the first electrode
layers 230a and 2305, respectively, and the dielectric film 235
with a high dielectric constant covers them and a structure
where the second wall-like structure bodies 234a, 2345, and
234c¢ with a low dielectric constant are formed over the sec-
ond electrode layers 2324, 2325b, and 232¢, respectively, and
the dielectric film 235 with a high dielectric constant covers
them, an electric field can be generated more widely between
the structure bodies when a voltage is applied between the
first electrode layer 230 and the second electrode layer 2324,
between the first electrode layer 230a and the second elec-
trode layer 2325, between the first electrode layer 2305 and
the second electrode layer 2325, and between the first elec-
trode layer 2305 and the second electrode layer 232¢.

In the case where the dielectric film is formed using a
material with a high dielectric constant, it may be difficult to
form the dielectric film to have a high height (large thickness).
However, the first wall-like structure bodies 2334 and 233b
and the second wall-like structure bodies 234a, 2345, and
234c¢ are formed with the use of a material having a lower
dielectric constant so that they have desired heights and the
structure bodies are covered with the dielectric film 235
formed with a higher dielectric constant as in the present
invention, whereby the height of the dielectric film can be
increased to the extent that is difficult to realize only with a
material having a high dielectric constant. Even if the height
(thickness) of the dielectric film 235 covering them is low
(small), an effect close to that obtained when the structure
bodies are formed only with a material having a high dielec-
tric constant can be achieved.

In the liquid crystal layer 208 exhibiting a blue phase, the
alignment of liquid crystal molecules can be changed only in
the local area where an electric field is generated. However,
when the structure bodies formed with a material having alow
dielectric constant are covered with the dielectric film having
a high dielectric constant, an electric field can be generated
more widely in the liquid crystal layer 208, so that the align-
ment of the liquid crystal molecules can be changed in the
wide area where the electric field is generated. Thus, the white
transmittance can be increased, whichleads to higher contrast
in the liquid crystal display device including the liquid crystal
layer exhibiting a blue phase.

Further, the liquid crystal layer exhibiting a blue phase,
which is likely to be influenced by local concentration of an
electric field, can be driven with a load on the liquid crystal
layer reduced; therefore, reliability of the liquid crystal layer
exhibiting a blue phase can be increased and the driving
voltage can be reduced.

The heights of the structure bodies can be easily controlled;
thus, the productivity and the yield can be increased and the
manufacturing cost can be reduced.

Further, the first wall-like structure bodies 233a and 233b
with a low dielectric constant are formed over the first elec-
trode layers 230a and 2305, respectively, and they are covered
with the dielectric film 235 with a high dielectric constant,
and similarly, the second wall-like structure bodies 234a,
23454, and 234c¢ with a low dielectric constant are formed over
the second electrode layers 232a, 2325, and 232c¢, respec-
tively, and they are also covered with the dielectric film 235
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with a high dielectric constant. Thus, lines of electric force
from the first electrode layers 230a and 2305 into the second
electrode layers 2324, 2325, and 232¢ can be refracted at the
interfaces between the dielectric film 235 having a higher
dielectric constant and the first wall-like structure bodies
233a and 233b with a low dielectric constant and the second
wall-like structure bodies 234a, 23454, and 234¢ with a low
dielectric constant.

FIG. 2A illustrates lines of electric force 300 generated
when a voltage is applied between the first electrode layer
230¢ and the second electrode layer 2324, and FIG. 2B illus-
trates lines of electric force 301 generated when a voltage is
applied between the first electrode layer 2304 and the second
electrode layer 2324 in the case where a structure where the
first wall-like structure body 233a with a low dielectric con-
stant is formed over the first electrode layer 230a and the
dielectric film 235 with a high dielectric constant covers them
and a structure where the second wall-like structure body
234a with a low dielectric constant is formed over the second
electrode layer 232a and the dielectric film 235 with a high
dielectric constant covers them are provided in the liquid
crystal layer 208.

As illustrated in FIG. 2A, the lines of electric force 300
from the first electrode layer 230aq into the second electrode
layer 232a arch.

As illustrated in FIG. 2B, the lines of electric force 301
from the first electrode layer 2304 into the second electrode
layer 232a are refracted at the interface between the first
wall-like structure body 233a with a low dielectric constant
and the dielectric film 235 with a high dielectric constant and
at the interface between the dielectric film 235 with a high
dielectric constant and the second wall-like structure body
234a with a low dielectric constant, and is extended in the
direction perpendicular to the substrate, in the dielectric film
235. Further, the strength of an electric field (the density of the
lines of electric force) in the dielectric film 235 with a high
dielectric constant is lower than that in the first wall-like
structure body 233a with a low dielectric constant and that in
the second wall-like structure body 234a with a low dielectric
constant. Thus, a change in potential in the dielectric film 235
is small and the potential difference between A and B and the
potential difference between A' and B' are small, which sup-
presses variation in electric field applied to a region sand-
wiched between the structure bodies. Further, since the
dielectric constantof the dielectric film 235 is higher than that
of the liquid crystal layer 208, the lines of electric force 301
are refracted in the direction parallel to the substrate at the
interface between the liquid crystal layer 208 and the dielec-
tric film 235, and thus have flatter arch shape than the lines of
electric force 300.

The lines of electric force 301 in the liquid crystal layer 208
have flatter arch shapes, so that the density of the lines of
electric force 301 is increased in the region between the
structure bodies and the lines of electric force 301 can be
effectively converged. Thus, a higher electric field can be
generated. Moreover, the proportion of a horizontal compo-
nent of the lines of electric force 301 is increased in the
vicinity of the first electrode layer 230a and the second elec-
trode layer 232a; therefore, reduced is a difference between
the strength of an electric field which acts in the vicinity of the
first electrode layer 230a and the second electrode layer 2324
and the strength of an electric field which acts in the vicinity
of a central line C-D between the first electrode layer 2304
and the second electrode layer 232a. Since variation in elec-
tric field decreases, a more even electric field can be gener-
ated.
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Therefore, in FIG. 2B. an even and strong electric field can
be generated between the dielectric film 235 covering the first
electrode layer 230a and the first wall-like structure body
233a and the dielectric film 235 covering the second electrode
layer 232a and the second wall-like structure body 234a when
avoltage is applied between the first electrode layer 230a and
the second electrode layer 232a, as compared to the case of
FIG. 2A.

As illustrated in FIG. 1B, the dielectric film 235 may be
provided in contact with the second substrate 201 facing the
first substrate 200. As in the liquid crystal display device of
FIG. 1B, the dielectric film 235 covering the first electrode
layers 230a and 2305, the first wall-like structure bodies 233a
and 2335, the second electrode layers 2324, 2325, and 232¢,
and the second wall-like structure bodies 234a, 2345, and
234c is provided in contact with the second substrate 201
facing the first substrate 200, whereby an electric field can be
generated in the whole liquid crystal layer 208. The dielectric
film 235 is preferably formed using a material having a higher
dielectric constant. When a material preferably having a
dielectric constant of 12 or more or more preferably having a
dielectric constant of 20 or more is used, a more even and
stronger electric field can be generated between the structure
bodies. Note that the first wall-like structure bodies 233a and
23354 and the second wall-like structure bodies 234a, 2345,
and 234¢ may be insulators whose dielectric constant is lower
than that of the liquid crystal layer 208 exhibiting a blue
phase.

When a strong electric field can be generated more evenly
in the liquid crystal layer 208 exhibiting a blue phase, a
driving voltage of the liquid crystal display device can be
reduced. Further, a load is not easily applied to the liquid
crystal layer 208 exhibiting a blue phase which is likely to be
influenced by local concentration of an electric field, so that
the liquid crystal layer 208 exhibiting a blue phase can have
higher reliability.

When the alignment of the liquid crystal molecules in the
liquid crystal layer 208 exhibiting a blue phase can be
changed in a wider area, white transmittance can be increased
and thus contrast in the liquid crystal display device including
the liquid crystal layer 208 exhibiting a blue phase can be
improved.

The heights of the structure bodies can be easily controlled,
so that the productivity and the yield can be increased and the
manufacturing cost can be reduced.

The first wall-like structure bodies 233a and 2335, the
second wall-like structure bodies 234a, 2345, and 234¢, and
the dielectric film 235 can be formed using an insulator
including an insulating material (an organic material and/or
an inorganic material). Typically, a visible light curable resin,
an ultraviolet curable resin, a thermosetting resin, or a ther-
moplastic resin is preferably used. For example, an acrylic
resin, an epoxy resin, an amine resin, a pullulan derivative, or
the like may be used. Alternatively, an organic material such
as a titanium oxide or an organic-inorganic composite mate-
rial of an inorganic material and an organic material may be
used, and for example, an organic-inorganic composite mate-
rial of barium titanate and an organic resin or the like can be
used. The dielectric film 235 is formed using a material hav-
ing a higher dielectric constant than materials used for the first
wall-like structure bodies 233a and 2335 and the second
wall-like structure bodies 234a, 234b, and 234c, and the
liquid crystal material used for the liquid crystal layer 208. A
material with a dielectric constant of 12 or more is preferably
used. Further, a material with a dielectric constant of 20 or
more is particularly preferable. Note that the first wall-like
structure bodies 233a and 2335 and the second wall-like
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structure bodies 234a, 2345, and 234¢ may be formed using a
material having a lower dielectric constant than the liquid
crystal material used for the liquid crystal layer 208.

Note that the first wall-like structure bodies 2334 and 2335
and the second wall-like structure bodies 234a, 2345, and
234c¢ may each have a columnar shape, a conical or pyramidal
shape with a plane top surface and a trapezoidal cross section,
a conical or pyramidal shape with a rounded top surface, or
the like. Note that the first wall-like structure bodies 233a and
2334 and the second wall-like structure bodies 234a, 2345,
and 234¢ may reflect the shapes of the first electrode layers
230a and 2305 and the second electrode layers 232a, 2325,
and 232¢, respectively, to have shapes similar to the shapes
thereof. In order to fill a space between the first substrate and
the second substrate with the liquid crystal layer 208, the
structure bodies are formed to have shapes by which an air
gap is not formed in a pixel region. As for the shape of the
dielectric film 235, there may be variation in thickness of the
dielectric film 235 (see FIGS. 9A to 9C). The distances
between the first electrode layer 230a and the second elec-
trode layer 232a, between the first electrode layer 230a and
the second electrode layer 2325, between the first electrode
layer 2305 and the second electrode layer 2325, and between
the first electrode layer 2306 and the second electrode layer
232¢ are each preferably 0.2 um to 10 um (more preferably,
0.2 um to 2 pm), and typically, the distance is preferably 0.8
pm to 2 pum.

The thickness (cell gap) of the liquid crystal layer 208 is
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preferably about 5 um to 20 um. The heights (thicknesses) of 30

the first wall-like structure bodies 233a and 2335 and the
second wall-like structure bodies 234a, 2345, and 234c¢ are
each preferably approximately greater than or equal to 1.0 pm
and smaller than or equal to the thickness (cell gap) of the

liquid crystal layer. Note that when the height (thickness) of 35

the dielectric film is greater than 100 nm, an adequate effect
can be achieved.

As in FIG. 1B, in the case where the dielectric film 235
covering the first electrode layers 230a and 2304, the first
wall-like structure bodies 233« and 2335, the second elec-
trode layers 232a, 232b, and 232¢ and the second wall-like
structure bodies 234a, 2345, and 234c¢ is provided in contact
with the second substrate 201 facing the first substrate 200,
the structure bodies and the dielectric film can function as

40

spacers. In that case, the sum of the heights (thicknesses) of 45

the first wall-like structure body 2334 and the dielectric film
235 covering the structure body, the sum ofthe heights (thick-
nesses) of the first wall-like structure body 2335 and the
dielectric film 235 covering the structure body, the sum of the
heights (thicknesses) of the second wall-like structure body
234a and the dielectric film 235 covering the structure body,
the sum of the heights (thicknesses) of the second wall-like
structure body 2345 and the dielectric film 235 covering the
structure body, and the sum of the heights (thicknesses) of the
second wall-like structure body 234c¢ and the dielectric film
235 covering the structure body each roughly correspond to
the thickness of the liquid crystal layer 208 (a so-called cell
thickness). Owing to such a structure, an effect close to that
obtained from the structure where structure bodies are formed
using only a material with a high dielectric constant can be
achieved.

For example, as illustrated in FIGS. 4A to 4C, over the first
substrate 200, first wall-like structure bodies 233al and
233b1 are formed over the first electrode layers 230a and
230b, respectively, and they are covered with a dielectric film
235a, and similarly, second wall-like structure bodies 234a1,
234h1, and 234c1 are formed over the second electrode layers
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232a,232b, and 232¢, respectively, and they are covered with
the dielectric film 2354 (see FI1G. 4A).

On the other hand, over the second substrate 201, first
wall-like structure bodies 23342 and 23352 are formed at
positions corresponding to the first wall-like structure bodies
233al and 23351 (positions ovetlapping with the first wall-
like structure bodies 23341 and 23351 with the dielectric film
235b interposed therebetween when the first substrate 200
and the second substrate 201 face each other) and similarly,
second wall-like structure bodies 23442, 23452, and 234c2
are formed at positions corresponding to the second wall-like
structure bodies 23441, 23451, and 234¢1 (positions overlap-
ping with the second wall-like structure bodies 234al, 23451,
and 234c¢1 with the dielectric film 2355 interposed therebe-
tween when the first substrate 200 and the second substrate
201 face each other). The dielectric film 2355 is formed so as
to cover the first wall-like structure bodies 23342 and 23352
and the second wall-like structure bodies 23442, 23452, and
234¢2 (see FIG. 4B).

The first substrate 200 and the second substrate 201 are
provided so that they face each other, the first wall-like struc-
ture bodies 23341 and 23351 overlap with the first wall-like
structure bodies 23342 and 23352, respectively; the second
wall-like structure bodies 234a1, 23451, and 234c1 overlap
the second wall-like structure bodies 234a2, 23452, and
234¢2, respectively; and the dielectric film 235¢ and the
dielectric film 2354 are in contact with each other. The fol-
lowing stacks can be formed: a stack of the dielectric film
235a covering the first wall-like structure body 23341 and the
dielectric film 2355 covering the first wall-like structure body
233a2; a stack of the dielectric film 235a covering the first
wall-like structure body 23351 and the dielectric film 2355
covering the first wall-like structure body 23342; a stack of
the dielectric film 2354 covering the second wall-like struc-
ture body 23441 and the dielectric film 2355 covering the
second wall-like structure body 234a2; a stack of the dielec-
tric film 2354 covering the second wall-like structure body
2345b1 and the dielectric film 2355 covering the second wall-
like structure body 23462; and a stack of the dielectric film
235a covering the second wall-like structure body 234¢1 and
the dielectric film 2355 covering the second wall-like struc-
ture body 234¢2 (see FIG. 4C).

As illustrated in FIGS. 5A to 5D, the first wall-like struc-
ture body 233 and the second wall-like structure body 234
may be selectively formed over the first electrode layer 230
and the second electrode layer 232, respectively. FIG. 5Aisa
plan view of the first electrode layer 230 and the second
electrode layer 232. The first electrode layer 230 and the
second electrode layer 232 are comb-like electrode layers and
are provided such that the teeth of their comb-like patterns are
engaged with each other. FIG. 5B is a plan view in which the
first wall-like structure body 233 is selectively formed over
the first electrode layer 230 and the second wall-like structure
body 234 is selectively formed over the second electrode
layer 232. FIG. 5C is a cross-sectional view along W1-W?2 in
FIG. 5B. FIG. 5D is a cross-sectional view in which the
dielectric film 235 covers the first electrode layer 230, the
second electrode layer 232, the first wall-like structure body
233 formed selectively, and the second wall-like structure
body 233 formed selectively, which are in FIG. 5C. In the case
where the first electrode layer 230 and the second electrode
layer 232 have complicated shapes, the first wall-like struc-
ture body 233 and the second wall-like structure body 234 are
selectively provided; thus, injection of a liquid crystal mate-
rial and filling with the liquid crystal material are facilitated,
and process time can be shortened. Note that the first elec-
trode layer 230 over which the first wall-like structure body
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233 is not provided and the second electrode layer 232 over
which the second wall-like structure body 234 is not provided
may be covered with the dielectric film 235. An insulating
film between the first electrode layer 230 and the second
electrode layer 232 may partially remain as the dielectric film
235 instead of being removed completely.

As a method for forming the liquid crystal layer 208, a
dispenser method (dropping method) or an injecting method
by which liquid crystal is injected using a capillary phenom-
enon after the first substrate 200 and the second substrate 201
are bonded to each other can be used.

The first wall-like structure body and the second wall-like
structure body can be formed in such a manner that an insu-
lating film is formed so as to cover the first electrode layer and
the second electrode layer, and the insulating film is selec-
tively etched. In this etching step, as in the liquid crystal
display device of FIG. 1C, the insulating film between the first
electrode layer 230a and the second electrode layer 2324,
between the first electrode layer 230a and the second elec-
trode layer 2325, between the first electrode layer 2305 and
the second electrode layer 2325, and between the first elec-
trode layer 2305 and the second electrode layer 232¢ may
partially remain as third wall-like structure bodies 235a,
235b, 235¢, and 2354 instead of being removed completely.
As in the liquid crystal display devices in FIGS. 6A and 6B,
the dielectric film 235 is formed using an insulating film so as
to cover surfaces of the first wall-like structure bodies 233a
and 2335 provided over the first electrode layers 230a and
2304, respectively, and surfaces of the second wall-like struc-
ture bodies 234a, 2345, and 234¢ provided over the second
electrode layers 2324, 2325, and 232¢, respectively. The insu-
lating film between the first electrode layers 230a and the
second electrode layer 2324, between the first electrode lay-
ers 2304 and the second electrode layer 2325, between the
first electrode layers 2305 and the second electrode layer
232b, and between the first electrode layers 2305 and the
second electrode layer 232c¢ are etched to be completely
removed.

FIGS. 8A and 8B show results obtained by calculation of
states where electric fields are applied in the liquid crystal
display devices having the structures of FIGS. 7A and 7B.
FIGS. 7A and 7B each illustrate a structure of a liquid crystal
display device used for calculation. FIGS. 8A and 8B corre-
spond to the structures of the liquid crystal display devices of
FIGS. 7A and 7B, respectively. The calculation was per-
formed using LCD Master, 2s Bench manufactured by SHIN-
TECH, Inc.

In the liquid crystal display device of FIGS. 7A and 8A, a
structure body is not provided, and between a first substrate
800 and a liquid crystal layer 808, a first electrode layer 802
and second electrode layers 803a and 8035 are alternately
formed, and the liquid crystal display device is sealed with a
second substrate 801. In a cross section, the widths of the first
electrode layer 802 and the second electrode layers 803 and
8034 are each 2 um, and the thicknesses thereof are each 0.1
pm; the thickness of the liquid crystal layer is 4 um; and the
distance between the following in the direction parallel to the
substrate are each 3 pm: between the first electrode layer 802
and the second electrode layer 803a, and between the first
electrode layer 802 and the second electrode layer 8035. Note
that the voltage applied to the second electrode layers 803a
and 803b is set to 0V, and the voltage applied to the first
electrode layer 802 is set to 10 V. As for the dielectric constant
of the liquid crystal layer, a dielectric constant € of the liquid
crystal layer in the direction parallel to the major axis of the
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liquid crystal molecule is 8.3, and that in the direction pet-
pendicular to the major axis of the liquid crystal molecule is
3.1.

In theliquid crystal display device of F1G. 7B and FIG. 8B,
between the first substrate 200 and the liquid crystal layer
208, a first electrode layer 230 and second electrode layers
232a and 2325 are alternately formed, a structure where the
first wall-like structure body 233 is formed over the first
electrode layer 230 and they are covered with the dielectric
film 235 and a structure where the second wall-like structure
bodies 234a and 2345 are formed over the second electrode
layers 232a and 2325, respectively, and they are covered with
the dielectric film 235 are provided, and the liquid crystal
display device is sealed with the second substrate 201. An
insulator with a dielectric constant of 4 was used for the first
wall-like structure body 233 and the second wall-like struc-
ture bodies 234a and 234b, and an insulator with a dielectric
constant of 30 was used for the dielectric film 235. Moreover,
in a cross section, the widths of the first electrode layer 230
and the second electrode layers 2324 and 232b are each 2 pum,
and the thicknesses thereofare each 0.1 um; the widths of the
first wall-like structure body 233 and the second wall-like
structure bodies 234a and 2345 are each 2 pm, and the thick-
nesses thereof are each 1.9 pm; the thickness of the dielectric
film 235 is 0.2 um; the thickness of the liquid crystal layer is
4 pum; the distance between the first electrode layer 230 and
the second electrode layer 232¢ is 3 um; and the distance
between the first electrode layer 230 and the second electrode
layer 232bis 3 um. Note that the voltage applied to the second
electrode layers 232a and 2325 is set to 0V, and the voltage
applied to the first electrode layer 230 is set to 10'V. As for the
dielectric constant of the liquid crystal layer, a dielectric
constant € of the liquid crystal layer in the direction parallel to
the major axis of the liquid crystal molecule is 8.3, and that in
the direction perpendicular to the major axis of the liquid
crystal molecule is 3.1.

In FIG. 8A, solid lines show equipotential lines, and the
first electrode layer and the second electrode layer are
arranged over the first substrate 800. In FI1G. 8B, solid lines
show equipotential lines, and the first electrode layer and the
second electrode layer are arranged over the first substrate
200.

An electric field is generated perpendicularly to the equi-
potential lines; thus, it can be confirmed that an electric field
is applied in the lateral direction between the first electrode
layer 802 and the second electrode layers 803a and 8035 as
shown in FIG. 8A, and an electric field is applied in the lateral
direction between the dielectric film 235 covering the first
electrode layer 230 and the first wall-like structure body 233
formed thereover, and the dielectric film 235 covering the
second electrode layers 232a and 2325 and the second wall-
like structure bodies 234a and 234b formed thereover as
shown in FIG. §B.

As shown in FIG. 8A, equipotential lines are shown in the
liquid crystal layer 808 in the proximity of the first substrate
800 over which the first electrode layer 802 and the second
electrode layers 803a and 8035 are formed; however, equi-
potential lines are sparsely distributed as the equipotential
lines get closer to the second substrate 801. Further, an equi-
potential lineis not shown in the liquid crystal layer 808 in the
proximity of the second substrate 801, and it can be confirmed
that it is difficult to make all liquid crystal molecules in the
liquid crystal layer respond when the structure in FIG. 7A 1s
employed.

On the other hand, as shown in FIG. 8B, in the structure
where the dielectric film 235 covers the first electrode layer
230, the first wall-like structure body 233, the second elec-
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trode layers 232a and 2325, and the second wall-like structure
bodies 234a and 2345, equipotential lines have flatter arch
shapes and the proportion of a horizontal component
increases. It can also be confirmed that the equipotential lines
can be converged more effectively.

Therefore, by providing, in the liquid crystal layer, a struc-
ture where the dielectric film with a high dielectric constant
covers the first wall-like structure body with a low dielectric
constant formed over the first electrode layer and the dielec-
tric film with a high dielectric constant covers the second
wall-like structure body with alow dielectric constant formed
over the second electrode layer, when a voltage is applied
between the first electrode layer and the second electrode
layer, a strong electric field can be evenly generated more
widely between the structure bodies.

A liquid crystal material exhibiting a blue phase is used for
the liquid crystal layer 208. The liquid crystal material exhib-
iting a blue phase has a short response time of I msec or less
and enables high-speed response, whereby higher perfor-
mance of the liquid crystal display device can be achieved.

The liquid crystal material exhibiting a blue phase includes
liquid crystal and a chiral agent. The chiral agent is employed
to align the liquid crystal in a helical structure and to make the
liquid crystal exhibit a blue phase. For example, a liquid
crystal material into which a chiral agent is mixed at several
weight percent or more may be used for the liquid crystal
layer.

As the liquid crystal. thermotropic liquid crystal, low-mo-
lecular liquid crystal, high-molecular liquid crystal, ferro-
electric liquid crystal, anti-ferroelectric liquid crystal, or the
like is used.

As the chiral agent, a material having high compatibility
with liquid crystal and strong twisting power is used. Either
an R-enantiomer or an S-enantiomer is used, and a racemic
mixture in which an R-enantiomer and an S-enantiomer are
mixed at 50:50 is not used.

The above liquid crystal material exhibits a cholesteric
phase, a cholesteric blue phase, a smectic phase, a smectic
blue phase, a cubic phase, a chiral nematic phase, an isotropic
phase, or the like depending on a condition.

A cholesteric blue phase and a smectic blue phase, which
are blue phases, are seen in a liquid crystal material having a
cholesteric phase or a smectic phase with a relatively short
helical pitch of less than or equal to 500 nm. The alignment of
the liquid crystal material has a double twist structure. An
optical modulation action occurs through a change in align-
ment by voltage application. A blue phase is optically isotro-
pic and thus has no viewing angle dependence. That is why an
alignment film is not necessarily formed; therefore, display
image quality can be improved and the cost can be reduced.

The blue phase appears only within a narrow temperature
range; therefore, it is preferable that a photocurable resin and
a photopolymerization initiator be added to a liquid crystal
material and polymer stabilization treatment be performed in
order to widen the temperature range. The polymer stabiliza-
tion treatment is performed in such a manner that a liquid
crystal material including liquid crystal, a chiral agent, a
photocurable resin, and a photopolymerization initiator is
irradiated with light having a wavelength with which the
photocurable resin and the photopolymerization initiator
react. This polymer stabilization treatment may be performed
by irradiating a liquid crystal material exhibiting an isotropic
phase with light or by irradiating a liquid crystal material
exhibiting a blue phase under the control of the temperature
with light.

The photocurable resin may be a monofunctional mono-
mer such as acrylate or methacrylate; a polyfunctional mono-
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mer such as diacrylate, triacrylate, dimethacrylate, or tri-
methacrylate; or a mixture thereof. Further, the photocurable
resin may have liquid crystallinity, non-liquid crystallinity, or
both of them. A resin which is cured with light having a
wavelength with which the photopolymerization initiator to
be used reacts may be selected as the photocurable resin, and
an ultraviolet curable resin can be typically used.

As the photopolymerization initiator, a radical polymeriza-
tion initiator which generates radicals by light irradiation, an
acid generator which generates an acid by light irradiation, or
a base generator which generates a base by light irradiation
may be used.

Specifically, a mixture of JC-1041XX (produced by Chisso
Corporation) and 4-cyano-4'-pentylbiphenyl may be used as
the liquid crystal material. As the chiral agent, ZL.1-4572
(produced by Merck Ltd., Japan) may be used. As the photo-
curable resin, 2-ethylhexyl acrylate, RM257 (produced by
Merck Ltd., Japan), or trimethylolpropane triacrylate may be
used. As the photopolymerization initiator, 2,2-dimethoxy-2-
phenylacetophenone may be used.

Although not illustrated in FIGS. 1A to 1C, an optical film
such as a polarizing plate, a retardation plate, or an anti-
reflection film, or the like is provided as appropriate. For
example, circular polarization with the polarizing plate and
the retardation plate may be used. In addition, a backlight or
the like may be used as a light source.

In the case where, in this specification, the liquid crystal
display device is a transmissive liquid crystal display device
in which display is performed by transmission of light (or a
transflective liquid crystal display device), it is necessary to
transmit light at least in a pixel region. Therefore, the first
substrate, the second substrate, and thin films of an insulating
film, a conductive film, and the like which are present in the
pixel region through which light is transmitted all transmit
visible light.

It is preferable that the first electrode layer (pixel electrode
layer) and the second electrode layer (common electrode
layer) each have a light-transmitting property; however, since
they have opening patterns, a non-light-transmitting material
such as a metal film may be used.

The first electrode layer (pixel electrode layer) and the
second electrode layer (common electrode layer) may be
formed using one or more of the following: an indium tin
oxide (ITO), an indium zinc oxide (IZ0) in which a zinc oxide
(ZnO) is mixed into an indium oxide, a conductive material in
which a silicon oxide (Si0O,) is mixed into an indium oxide,
organoindium, organotin, an indium oxide containing a tung-
sten oxide, an indium zinc oxide containing a tungsten oxide,
an indium oxide containing a titanium oxide, and an indium
tin oxide containing a titanium oxide; metals such as tungsten
(W), molybdenum (Mo), zirconium (Zr), hafnium (Hf), vana-
dium (V), niobium (Nb), tantalum (Ta), chromium (Cr),
cobalt (Co), nickel (Ni), titanium (Ti), platinum (Pt), alumi-
num (Al), copper (Cu), and silver (Ag); an alloy thereof; and
a metal nitride thereof.

As the first substrate 200 and the second substrate 201, a
quartz substrate, a plastic substrate, or a glass substrate of
barium borosilicate glass, aluminoborosilicate glass, or the
like typified by 7059 glass, 1737 glass, or the like manufac-
tured by Corning, Inc. may be used.

With the above structure, the driving voltage of the liquid
crystal display device including the liquid crystal layer exhib-
iting a blue phase can be decreased. Further, the liquid crystal
layer exhibiting a blue phase can have higher reliability.



US 8,928,846 B2

17

The productivity and the yield of the liquid crystal display
device including the liquid crystal layer exhibiting a blue
phase can be increased and the manufacturing cost can be
reduced.

Furthermore, the contrast ratio of the liquid crystal display
device using the liquid crystal layer exhibiting a blue phase
can be increased.

(Embodiment 2)

In this embodiment, as one embodiment of the invention
disclosed in this specification, an example of an active matrix
liquid crystal display device will be described with reference
to FIGS. 10A and 10B and FIGS. 11A to 11D.

FIG. 10A is a plan view of a liquid crystal display device
and illustrates one pixel. FIG. 10B is a cross-sectional view
along X1-X2 in FIG. 10A.

In FIG. 10A, a plurality of source wiring layers (including
a wiring layer 4054a) are provided in parallel to each other
(extended in the vertical direction in the drawing) and apart
from each other. A plurality of gate wiring layers (including a
gate electrode layer 401) are provided to be extended in a
direction generally perpendicular to the source wiring layers
(the horizontal direction in the drawing) and apart from each
other. Capacitor wiring layers 408 are arranged to be adjacent
to the plurality of gate wiring layers and extended in a direc-
tion generally parallel to the gate wiring layers, that is, in a
direction generally perpendicular to the source wiring layers
(in the horizontal direction in the drawing). In a space sur-
rounded by the source wiring layers, the capacitor wiring
layers 408, and the gate wiring layers, a pixel electrode layer
and a common electrode layer of the liquid crystal display
device are arranged with the liquid crystal layer 444 inter-
posed therebetween (see FIG. 10B). A thin film transistor 420
for driving the pixel electrode layer is provided at the upper
left corner in the drawing. A plurality of pixel electrode layers
and thin film transistors are provided in matrix.

In the liquid crystal display device in FIGS. 10A and 10B,
a first electrode layer 447 which is electrically connected to
the thin film transistor 420 functions as the pixel electrode
layer, and a second electrode layer 448 functions as the com-
mon electrode layer. Note that a capacitor is formed by the
first electrode layer 447 and the capacitor wiring layer 408.

In the liquid crystal layer 444, the first wall-like structure
body 446 is formed over the first electrode layer 447 that is a
pixel electrode layer, and the dielectric film 450 is provided to
cover them, and similarly, the second wall-like structure body
449 is formed over the second electrode layer 448 that is a
common electrode layer, and the dielectric film 450 is pro-
vided to cover them.

The first electrode layer 447 which is the pixel electrode
layer and the second electrode layer 448 which is the common
electrode layer have opening patterns and are arranged below
the liquid crystal layer 444. The first electrode layer 447 and
the second electrode layer 448 are each formed to have a
comb-like pattern which does not form a closed space. In
order to generate an electric field between the first electrode
layer 447 and the second electrode layer 448, they are pro-
vided not in contact with each other and are provided on the
same insulating surface (a light-transmitting resin layer 417
in FIG. 10B) such that the teeth of their comb-like patterns are
engaged with each other.

The dielectric film 450 is an insulator having a higher
dielectric constant than liquid crystal materials used for the
first wall-like structure body 446, the second wall-like struc-
ture body 449, and the liquid crystal layer 444. Note that the
first wall-like structure body 446 and the second wall-like
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structure body 449 may be insulators each having a lower
dielectric constant than a liquid crystal material used for the
liquid crystal layer 444.

By providing, in the liquid crystal layer 444, a structure
where the first wall-like structure body 446 with a low dielec-
tric constant is formed over the first electrode layer 447, and
the dielectric film 450 with a high dielectric constant covers
them, and a structure where the second wall-like structure
body 449 with a low dielectric constant is formed over the
second electrode layer 448, and the dielectric film 450 with a
high dielectric constant covers them, when a voltage is
applied between the first electrode layer 447 and the second
electrode layer 448, an electric field can be generated more
widely between the structure bodies.

In the case where the dielectric film is formed using a
material with a high dielectric constant, it may be difficult to
form the dielectric film to have a high height (large thickness).
However, the first wall-like structure body 446 and the second
wall-like structure body 449 are formed with the use of a
material having a lower dielectric constant so that they have
desired heights and the structure bodies are covered with the
dielectric film 450 formed using a material with a higher
dielectric constant in the present invention, whereby the
height of the dielectric film can be increased to the extent that
is difficult to realize only with a material having a high dielec-
tric constant. Even if the height (thickness) of the dielectric
film 450 covering them is low (small), an effect close to that
obtained when the structure bodies are formed only with a
material having a high dielectric constant can be achieved.

In the liquid crystal layer 444 exhibiting a blue phase, the
alignment of liquid crystal molecules can be changed only in
the local area where an electric field is generated. However,
when the structure bodies formed with a material having a low
dielectric constant are covered with the dielectric film formed
using a material having a high dielectric constant, an electric
field can be generated more widely in the liquid crystal layer
444, so that the alignment of the liquid crystal molecules can
be changed in the wide area where the electric field is gener-
ated. Thus, the white transmittance can be increased, which
leads to higher contrast in the liquid crystal display device
including the liquid crystal layer exhibiting a blue phase.

Further, the liquid crystal layer exhibiting a blue phase,
which is likely to be influenced by local concentration of an
electric field, can be driven with a load on the liquid crystal
layer reduced; therefore, reliability of the liquid crystal layer
exhibiting a blue phase can be increased and the driving
voltage can be reduced.

The heights of the structure bodies can be easily controlled,
thus, the productivity and the yield can be increased and the
manufacturing cost can be reduced.

Further, when the first wall-like structure body 446 with a
low dielectric constant is formed over the first electrode layer
447 and they are covered with the dielectric film 450 with a
high dielectric constant, and the second wall-like structure
body 449 with a low dielectric constant is formed over the
second electrode layer 448 and they are also covered with the
dielectric film 450 with a high dielectric constant, lines of
electric force from the first electrode layer 447 into the second
electrode layer 448 can be refracted at the interface between
the dielectric film 450 having a high dielectric constant and
the first wall-like structure body 446 and the interface
between the dielectric film 450 having a high dielectric con-
stant and the second wall-like structure body 449. The lines of
electric force in the liquid crystal layer 444 have flatter arch
shapes when the dielectric film formed using a material hav-
ing a high dielectric constant covers the structure body
formed using a material having a low dielectric constant; thus,
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the lines of electric force which detour through the second
substrate 442 are brought back into the liquid crystal layer
444. Therefore, the density of the lines of electric force
increases in a region between the structure bodies and the
lines of electric force can be converged effectively, so that a
stronger electric field can be generated. Moreover, the pro-
portion of a horizontal component of the lines of electric force
increases in the vicinity of the first electrode layer 447 and the
second electrode layer 448; therefore, reduced is a difference
between the strength of an electric field which acts in the
vicinity of the first electrode layer 447 and the second elec-
trode layer 448 and the strength of an electric field which acts
in the vicinity of a central line between the first electrode layer
447 and the second electrode layer 448. Since variation in
electric field decreases, a more even electric field can be
generated.

Therefore, a strong electric field can be generated more
evenly between the dielectric film 450 covering the first elec-
trode layer 447 and the first wall-like structure body 446, and
the dielectric film 450 covering the second electrode layer
448 and the second wall-like structure body 449, when a
voltage is applied between the first electrode layer 447 and the
second electrode layer 448.

As in the liquid crystal display device in FIGS. 10A and
10B described in this embodiment, the dielectric film 450
may be provided in contact with the second substrate 442
facing a first substrate 441. As in this embodiment, the dielec-
tric film 450 covering the first electrode layer 447, the first
wall-like structure body 446, the second electrode layer 448,
and the second wall-like structure body 449 is provided in
contact with the second substrate 442 facing the first substrate
441, whereby an electric field can be generated in the whole
liquid crystal layer 444. The dielectric film 450 is formed
using a material having a higher dielectric constant than the
first wall-like structure body 446, the second wall-like struc-
ture body 449. and the liquid crystal layer 444. When a
material preferably having a dielectric constant of 12 or more
or more preferably having a dielectric constant of 20 or more
is used, a strong electric field can be generated more evenly
between the structure bodies. Note that the first wall-like
structure body 446 and the second wall-like structure body
449 may be insulators whose dielectric constant is lower than
that of the liquid crystal layer 444 exhibiting a blue phase.

Note that in the case where a coloring layer functioning as
a color filter, a light-blocking layer functioning as a black
matrix, an insulating layer, or the like is formed between the
second substrate 442 and the liquid crystal layer 444, the
dielectric film 450 and a film which is in contact with the
liquid crystal layer 444 and on the second substrate 442 are in
contact with each other.

When a strong electric field can be generated more evenly
in the liquid crystal layer 444, a driving voltage of the liquid
crystal display device can be reduced. Further, the liquid
crystal layer 444 exhibiting a blue phase which is likely to be
influenced by local concentration of an electric field is not
easily loaded, so that the liquid crystal layer 444 exhibiting a
blue phase can have higher reliability.

When the alignment of liquid crystal molecules in the
liquid crystal layer 444 exhibiting a blue phase can be
changed in a wider area, white transmittance can be increased
and thus contrast in the liquid crystal display device including
the liquid crystal layer 444 exhibiting a blue phase can be
improved.

The heights of the structure bodies can be easily controlled,
so that the productivity and the yield can be increased and the
manufacturing cost can be reduced.

10

15

25

30

35

40

45

50

55

60

65

20

The first waft-like structure body 446, the second wall-like
structure body 449, and the dielectric film 450 can each be
formed using aninsulator including an insulating material (an
organic material and/or an inorganic material). Typically, a
visible light curable resin, an ultraviolet curable resin, a ther-
mosetting resin, or a thermoplastic resin is preferably used.
For example, an acrylic resin, an epoxy resin, an amine resin,
apullulan derivative, or the like may be used. Alternatively, an
organic-inorganic composite material of an inorganic mate-
rial and an organic material may be used, and for example, an
organic-inorganic composite material of barium titanate and
an organic resinor the like can be used. The dielectric film 450
is formed using a material having a higher dielectric constant
than the first wall-like structure body 446, the second wall-
like structure body 449, and a liquid crystal material used. A
material with a dielectric constant of 12 or more is preferably
used. Further, a material with a dielectric constant of 20 or
more is particularly preferable. Note that the first wall-like
structure body 446 and the second wall-like structure body
449 may each be formed using a material having a lower
dielectric constant than the liquid crystal material used.

The methods for forming the first wall-like structure body
446, the second wall-like structure body 449, and the dielec-
tric film 450 are not particularly limited, and any of dry
methods such as evaporation, sputtering, and CVD and wet
methods such as spin coating, dip coating, spray coating, a
droplet discharging method (an inkjet method), nanoimprint-
ing, and various printing methods (screen printing or offset
printing) may be used depending on the material. As needed,
an etching method (dry etching or wet etching) may be
employed to form a desired pattern.

The first wall-like structure body 446 and the second wall-
like structure body 449 may each have a columnar shape or a
conical or pyramidal shape with a plane top surface and a
trapezoidal cross section, a conical or pyramidal shape with a
rounded top surface, or the like. The first wall-like structure
body 446 and the second wall-like structure body 449 may
reflect the shapes of the first electrode layer 447 and the
second electrode layer 448, respectively, to have shapes simi-
lar to the respective shapes. In order to fill aspace between the
first substrate and the second substrate with the liquid crystal
layer 444, the structure bodies are formed to have shapes by
which a space is not formed in a pixel region. As for the shape
of the dielectric film 450, there may be a difference between
the thicknesses of the dielectric film 450. Note that it is
preferable that the distance between the first electrode layer
447 and the second electrode layer 448 be 0.2 pm to 10 pm
(more preferably, 0.2 pm to 2 um), and typically, the distance
is preferably 0.8 um to 2 um.

The thickness (cell gap) of the liquid crystal layer 444 is
preferably about 5 um to 20 um. The heights (thicknesses) of
the first wall-like structure body 446 and the second wall-like
structure body 449 are each preferably approximately greater
than or equal to 1.0 pm and smaller than or equal to the
thickness (cell gap) of the liquid crystal layer 444. Note that
when the height (thickness) of the dielectric film 450 is
greater than 100 nm, an adequate effect can be achieved.

In the case where the dielectric film 450 covering the first
electrode layer 447, the second electrode layer 448, the first
wall-like structure body 446, and the second wall-like struc-
ture body 449 is provided in contact with the second substrate
442 facing the first substrate 441, the structure bodies and the
dielectric film can function as spacers. In that case, the sum of
the heights (thicknesses) of the first wall-like structure body
446 and the dielectric film 450 covering the structure body
and the sum of the heights (thicknesses) of the second wall-
like structure body 449 and the dielectric film 450 covering
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the structure body each roughly correspond to the thickness
of the liquid crystal layer 444 (a so-called cell thickness).
Owing to such a structure, an effect similar to that obtained
from the structure where structure bodies are formed using
only a material with a high dielectric constant.

The first wall-like structure body 446 and the second wall-
like structure body 449 may be selectively provided over the
first electrode layer 447 and the second electrode layer 448,
respectively. For example, in the case where the first electrode
layer 447 and the second electrode layer 448 have compli-
cated shapes, the first wall-like structure body 446 and the
second wall-like structure body 449 are selectively provided,
thus, injection of the liquid crystal material and the filling
with the liquid crystal material are facilitated, and process
time can be shortened.

The first wall-like structure body 446 and the second wall-
like structure body 449 can be formed in such a manner that
an insulating film is formed so as to cover the first electrode
layer 447 and the second electrode layer 448, and the insu-
lating film is selectively etched. In this etching step, the
insulating film between the first electrode layer 447 and the
second electrode layer 448 may partially remain instead of
being removed completely (a remaining portion is also
referred to as a third wall-like structure body). The dielectric
film 450 is formed using an insulating film covering surfaces
of the first wall-like structure body 446 provided over the first
electrode layer 447 and the second wall-like structure body
449 provided over the second electrode layer 448, and the
insulating film between the first electrode layer 447 and the
second electrode layer 448 may be etched to be completely
removed.

The thin film transistor 420 is an inverted staggered thin
film transistor which includes, over the first substrate 441
having an insulating surface, the gate electrode layer 401, a
gate insulating layer 402, a semiconductor layer 403, n* lay-
ers 404a and 4045 serving as source and drainregions, and the
wiring layers 405a and 4055 serving as source and drain
electrode layers. The n* layers 404a and 4045 are semicon-
ductor layers having lower resistance than the semiconductor
layer 403.

An insulating film 407 is provided in contact with the
semiconductor layer 403 so as to cover the thin film transistor
420. An interlayer film 413 is provided over the insulating
film 407, the first electrode layer 447 is formed over the
interlayer film 413, and the second electrode layer 448 is
formed with the liquid crystal layer 444 and the dielectric film
450 interposed between the electrode layers.

The liquid crystal display device can be provided with a
color filter. The color filter may be provided on an outer side
of the first substrate 441 and the second substrate 442 (on a
side opposite to the liquid crystal layer 444) or on an inner
side of the first substrate 441 and the second substrate 442.

When full-color display is performed in the liquid crystal
display device, the color filter may be formed of materials
exhibiting red (R), green (G), and blue (B). When mono-
chrome display is performed, the coloring layer may be omit-
ted or formed of a material exhibiting at least one color. Note
that the color filter is not always provided in the case where
light-emitting diodes (LEDs) of RGB or the like are arranged
in a backlight unit and a successive additive color mixing
method (a field sequential method) is employed in which
color display is performed by time division.

FIGS.10A and 10B illustrate an example of a liquid crystal
display device in which a chromatic-color light-transmitting
resin layer 417 which functions as a color filter is used as the
interlayer film 413.
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In the case of providing a color filter on the counter sub-
strate side, precise positional alignment of a pixel region with
an element substrate over which a thin film transistor is
formed is difficult and accordingly, there is a possibility that
image quality is degraded. Here, since the interlayer film is
formed as the color filter directly on the element substrate
side, the formation region can be controlled more precisely
and this structure is adaptable to a pixel with a fine pattern. In
addition, one insulating layer can serve as both the interlayer
film and the color filter, whereby the process canbe simplified
and the liquid crystal display device can be manufactured at
low cost.

As the light-transmitting chromatic resin layer, a photosen-
sitive or non-photosensitive organic resin can be used. A
photosensitive organic resin is preferably used because the
number of resist masks can be reduced and thus the process
can be simplified. In addition, since a contact hole formed in
the interlayer film has an opening shape with a curvature,
coverage with a film such as an electrode layer formed in the
contact hole can be improved.

Chromatic colors are colors except achromatic colors such
as black, gray, and white. The coloring layer is formed of a
material which transmits only chromatic light in order to
function as the color filter. As chromatic color, red, green,
blue, or the like may be used. Alternatively, cyan, magenta,
yellow, or the like may be used. “Transmitting only the chro-
matic light” means that light transmitted through the coloring
layer has a peak at the wavelength of the chromatic light.

In order that the light-transmitting chromatic resin layer
417 may function as a coloring layer (color filter), the thick-
ness thereof is preferably adjusted as appropriate to be the
most suitable thickness in consideration of the relation
between the concentration of a coloring material to be con-
tained and light transmittance. In the case where the interlayer
film 413 is formed by stacking a plurality of thin films, at least
one layer thereof needs to be a light-transmitting chromatic
resin layer so that the interlayer film 413 can function as a
color filter.

In the case where the thickness of the light-transmitting
chromatic resin layer differs depending on the chromatic
colors or in the case where there is surface unevenness due to
the light-blocking layer or the thin film transistor, an insulat-
ing layer which transmits light in a visible wavelength range
(so-called colorless and transparent insulating layer) may be
stacked for planarization of the surface of the interlayer film.
Improvement in planarity of the interlayer film enables favor-
able coverage with the first electrode layer (pixel electrode
layer) or the second electrode layer (common electrode layer)
to be formed thereover and uniform gap (thickness) of the
liquid crystal layer, whereby the visibility of the liquid crystal
display device is increased and higher image quality can be
achieved.

The formation method of the interlayer film 413 (the light-
transmitting chromatic resin layer 417) is not particularly
limited, and the following method may be employed in accor-
dance with the material: spin coating, dip coating, spray coat-
ing, a droplet discharging method (e.g., an inkjet method,
screen printing, or offset printing), or with a tool (equipment)
such as a doctor knife, a roll coater, a curtain coater, or a knife
coater.

The first substrate 441 and the second substrate 442 are
light-transmitting substrates and are provided with a polariz-
ing plate 443a and a polarizing plate 4435, respectively, on
their outer sides (the sides opposite to the side where the
liquid crystal layer 444 is provided).

The process for manufacturing the liquid crystal display
device illustrated in FIGS. 10A and 10B will be described
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with reference to FIGS. 11A to 11D. FIGS. 11A to 11D are
cross-sectional views illustrating the manufacturing process
of the liquid crystal display device. Note that a first electrode
layer, a second electrode layer, a first wall-like structure body,
a second wall-like structure body, and a dielectric film are
omitted in FIGS. 11A to 11D. The structures of the first
electrode layer, the second electrode layer, the first wall-like
structure body, the second wall-like structure body, and the
dielectric film in FIGS. 10A and 10B can be used for the first
electrode layer, the second electrode layer, the first wall-like
structure body, the second wall-like structure body, and the
dielectric film illustrated in FIGS. 11A to 11D, and the mode
of alateral electric field applied to the first electrode layer, the
first wall-like structure body, the dielectric film covering the
first electrode layer and the first wall-like structure body, the
second electrode layer, the second wall-like structure body,
and the dielectric film covering the second electrode layer and
the second wall-like structure body, in the liquid crystal layer,
can be employed.

In FIG. 11A, an element layer 451 is formed over the first
substrate 441 which is an element substrate, and the interlayer
film 413 is formed over the element layer 451.

The interlayer film 413 includes light-transmitting chro-
matic resin layers 454a, 4545, and 454c¢ and light-blocking
layers 455a, 4555, 455¢, and 455d. The light-blocking layers
455a, 4555, 455¢, and 4554 and the light-transmitting chro-
matic resin layers 454a, 454b, and 454c are alternately
arranged such that the light-transmitting chromatic resin
layer is interposed between the light-blocking layers. Note
that the first electrode layer, the second electrode layer, the
first wall-like structure body, the second wall-like structure
body, and the dielectric film are omitted in FIGS. 11A to 11D.

As illustrated in FIG. 11B, the first substrate 441 and the
second substrate 442 which is a counter substrate are firmly
attached to each other with sealants 456a and 4565 with the
liquid crystal layer 458 interposed between the substrates.
The liquid crystal layer 458 may be formed by a dispenser
method (dropping method), or an injecting method by which
liquid crystal is injected using a capillary phenomenon after
the first substrate 441 and the second substrate 442 are bonded
to each other.

A liquid crystal material exhibiting a blue phase may be
used for the liquid crystal layer 458. The liquid crystal layer
458 is formed using a liquid crystal material including liquid
crystal, a chiral agent, a photocurable resin, and a photopo-
lymerization initiator.

As the sealants 456a and 4565, typically, a visible light
curable resin, an ultraviolet curable resin, or a thermosetting
resin is preferably used. Typically, an acrylic resin, an epoxy
resin, an amine resin, or the like may be used. Further, a
photopolymerization initiator (typically, an ultraviolet light
polymerization initiator), a thermosetting agent, a filler, or a
coupling agent may be included in the sealants 456a and
456b.

As illustrated in FIG. 11C, polymer stabilization treatment
is performed by irradiating the liquid crystal layer 458 with
light 457 so that the liquid crystal layer 444 is formed. The
light 457 is light having a wavelength with which the photo-
curable resin and the photopolymerization initiator included
in the liquid crystal layer 458 react. By this polymer stabili-
zation treatment with light irradiation, the temperature range
in which the liquid crystal layer 444 exhibits a blue phase can
be widened.

In the case where a photocurable resin such as an ultravio-
let curable resin is used as a sealant and a liquid crystal layer
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is formed by a dropping method, for example, the sealant may
be cured in the light irradiation step of the polymer stabiliza-
tion treatment.

As illustrated in FIGS. 11A to 11D, when the liquid crystal
display device has a structure in which the light-transmitting
chromatic resin layer and the light-blocking layer are formed
over the element substrate, light from the counter substrate
side is not absorbed or blocked by the light-transmitting chro-
matic resin layer and the light-blocking layer; accordingly,
the entire liquid crystal layer can be uniformly irradiated with
light. Thus, alignment disorder of liquid crystal due to non-
uniform photopolymerization, display unevenness due to the
alignment disorder, and the like can be prevented. Further, a
thin film transistor can also be shielded from light by the
light-blocking layer, whereby defects in electric characteris-
tics due to the light irradiation can be prevented.

As illustrated in FIG. 11D, the polarizing plate 443a is
provided on the outer side (on the side opposite to the liquid
crystal layer 444) of the first substrate 441, and the polarizing
plate 4435 is provided on the outer side (on the side opposite
to the liquid crystal layer 444) of the second substrate 442. In
addition to the polarizing plate, an optical film such as a
retardation plate or an anti-reflection film may be provided.
For example, circular polarization with the polarizing plate
and the retardation plate may be used. Through the above
process, the liquid crystal display device can be completed.

In the case of manufacturing a plurality of liquid crystal
display devices with the use of a large-sized substrate (a
so-called multiple panel method), at division step may be
performed before performing the polymer stabilization treat-
ment or before providing the polarizing plates. In consider-
ation of the influence of the division step on the liquid crystal
layer (such as alignment disorder due to force applied in the
division step), it is preferable that the division step be per-
formed after attaching the first substrate and the second sub-
strate and before performing the polymer stabilization treat-
ment.

Although not illustrated, a backlight, a sidelight, or the like
may be used as a light source. Light from the light source is
emitted from the side of the first substrate 441 which is an
element substrate so as to pass through the second substrate
442 on the viewing side.

The first electrode layer 447 and the second electrode layer
448 may be formed using a light-transmitting conductive
material such as an indium oxide containing a tungsten oxide,
an indium zinc oxide containing a tungsten oxide, an indium
oxide containing a titanium oxide, an indium tin oxide con-
taining a titanium oxide, an indium tin oxide (hereinafter
referred to as ITO), an indium zinc oxide, or an indium tin
oxide to which a silicon oxide is added.

The first electrode layer 447 and the second electrode layer
448 may be formed using one or more kinds of materials
selected from metals such as tungsten (W), molybdenum
(Mo), zirconium (Zr), hafnium (Hf), vanadium (V), niobium
(Nb), tantalum (Ta), chromium (Cr}), cobalt (Co), nickel (Ni),
titanium ('T1), platinum (Pt), aluminum (Al), copper (Cu), and
silver (Ag); an alloy thereof; and a nitride thereof.

A conductive composition containing a conductive macro-
molecule (also referred to as a conductive polymer) may be
used to form the first electrode layer 447 and the second
electrode layer 448. The pixel electrode formed using the
conductive composition preferably has a sheet resistance of
less than or equal to 10000 ohms per square and a transmit-
tance of greater than or equal to 70% at a wavelength of 550
nm. Further, the resistivity of the conductive macromolecule
included in the conductive composition is preferably less than
or equal to 0.1 Q-cm.
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As the conductive macromolecule, a so-called m-electron
conjugated conductive macromolecule may be used. For
example, polyaniline or a derivative thereof, polypyrrole or a
derivative thereof, polythiophene or a derivative thereof, and
acopolymer of two or more of aniline, pyrrole, and thiophene
or a derivative thereof can be given.

An insulating film which functions as a base film may be
provided between the substrate 441 and the gate electrode
layer 401. The base film has a function of preventing diffusion
of an impurity element from the first substrate 441, and may
be formed to have a single-layer or layered structure using
one or more of a silicon nitride film, a silicon oxide film, a
silicon nitride oxide film, and a silicon oxynitride film. The
gate electrode layer 401 may be formed to have a single-layer
or layered structure using any of metal materials such as
molybdenum, titanium, chromium, tantalum, tungsten, alu-
minum, copper, neodymium, and scandium, and an alloy
material which contains any of these materials as its main
component. By using a light-blocking conductive film as the
gate electrode layer 401, light from a backlight (light emitted
through the first substrate 441) can be prevented from enter-
ing the semiconductor layer 403.

For example, as a two-layer structure of the gate electrode
layer 401, the following structures are preferable: a two-layer
structure where a molybdenum layer is stacked over an alu-
minum layer, a two-layer structure where a molybdenum
layer is stacked over a copper layer, a two-layer structure
where a titanium nitride layer or a tantalum nitride layer is
stacked over a copper layer, and a two-layer structure of a
titanium nitride layer and a molybdenum layer. As a three-
layer structure, a stack of a tungsten layer or a tungsten nitride
layer, a layer of an alloy of aluminum and silicon or an alloy
of aluminum and titanium, and a titanium nitride layer or a
titanium layer is preferable.

The gate insulating layer 402 may be formed to have a
single-layer or layered structure using any of a silicon oxide
layer, a silicon nitride layer, a silicon oxynitride layer, and a
silicon nitride oxide layer by a plasma CVD method, a sput-
tering method, or the like. Alternatively, the gate insulating
layer 402 may be formed using a silicon oxide layer by aCvVD
method using an organosilane gas. As an organosilane gas, a
silicon-containing compound such as tetraethoxysilane
(TEOS) (chemical formula: Si(OC,Hy),), tetramethylsilane
(TMS) (chemical formula: Si(CHj,),), tetramethyleyclotet-
rasiloxane (TMCTS), octamethylcyclotetrasiloxane (OM-
CTS), hexamethyldisilazane (HMDS), triethoxysilane
(chemical formula: SiH(OC,H;),), or trisdimethylaminosi-
lane (chemical formula: SiH(N(CHj;),);) may be used.

In the manufacturing process of the semiconductor layer,
the n* layers, and the wiring layers, an etching step is used to
process thin films into desired shapes. Dry etching or wet
etching may be used for the etching step.

As an etching apparatus used for the dry etching, an etching
apparatus using a reactive ion etching method (RIE method),
or adry etching apparatus using a high-density plasma source
such as ECR (electron cyclotron resonance) or ICP (induc-
tively coupled plasma) may be used. As a dry etching appa-
ratus by which uniform electric discharge can be obtained
over a wider area as compared to an ICP etching apparatus,
there is an ECCP (enhanced capacitively coupled plasma)
mode apparatus in which an upper electrode is grounded, a
high-frequency power source at 13.56 MHz is connected to a
lower electrode, and further a low-frequency power source at
3.2 MHz is connected to the lower electrode. This ECCP
mode etching apparatus can be applied even when a substrate
of the tenth generation with a side of larger than 3 m is used as
the substrate, for example.
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In order to etch the films into desired shapes, the etching
condition (the amount of power applied to a coiled electrode,
the amount of power applied to an electrode on the substrate
side, the temperature of the electrode on the substrate side, or
the like) is adjusted as appropriate.

Further, the etching condition (etchant, etching time, tem-
perature, or the like) is adjusted as appropriate depending on
a material so that the films can be etched to have desired
shapes.

As a material of the wiring layers 405¢ and 4056, an
element selected from Al, Cr, Ta, Ti, Mo, and W, an alloy
containing any of the above elements as its component, an
alloy containing any of the above elements in combination,
and the like can be given. Further, in the case where heat
treatment is performed, the conductive film preferably has
heat resistance against the heat treatment. For example, since
use of aluminum alone brings disadvantages such as low heat
resistance and a tendency to corrosion, aluminum is used in
combination with a conductive material having heat resis-
tance. As the conductive material having heat resistance
which is used in combination with aluminum, any of the
following materials may be used: an element selected from
titanium (Ti), tantalum (Ta), tungsten (W), molybdenum
(Mo), chromium (Cr), neodymium (Nd), and scandium (Se),
an alloy containing any of the above elements as its compo-
nent, an alloy containing any of the above elements in com-
bination, and a nitride containing any of the above elements as
its component.

The gate insulating layer 402, the semiconductor layer 403,
the n* layers 4044 and 4045, and the wiring layers 405a and
405h may be formed in succession without being exposed to
the air. When the gate insulating layer 402, the semiconductor
layer 403, the n* layers 404a and 4045, and the wiring layers
405¢ and 4056 are formed in succession without being
exposed to the air, each interface of stacked layers can be
obtained, which is not contaminated by atmospheric compo-
nents or contaminating impurity elements floating in the air.
Therefore, variation in characteristics of the thin film transis-
tor can be reduced.

Note that part of the oxide semiconductor layer 403 is
etched to have a groove (depression).

The insulating film 407 covering the thin film transistor
420 can be formed using an inorganic insulating film or an
organic insulating film formed by a dry method or a wet
method. For example, the insulating film 407 may be formed
using a silicon nitride film, a silicon oxide film, a silicon
oxynitride film, an aluminum oxide film, a tantalum oxide
film, or the like by a CVD method, a sputtering method, or the
like. Alternatively, an organic material such as polyimide,
acrylic, benzocyclobutene, polyamide, or epoxy may be used.
Other than such organic materials, it is also possible to use a
low-dielectric constant material (a low-k material), a silox-
ane-based resin, PSG (phosphosilicate glass), BPSG (boro-
phosphosilicate glass), or the like.

Note that the siloxane-based resin corresponds to a resin
including a Si—O—3Si bond formed using a siloxane-based
material as a starting material. The siloxane-based resin may
include as a substituent an organic group (e.g., an alkyl group
or an aryl group) or a fluoro group. In addition, the organic
group may include a fluoro group. A siloxane-based resin is
applied by a coating method and baked; thus, the insulating
film 407 can be formed.

Alternatively, the insulating film 407 may be formed by
stacking plural insulating films formed using any of these
materials. For example, the insulating film 407 may have a
structure where an organic resin film is stacked over an inor-
ganic insulating film.
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Further, by use of a resist mask having regions with plural
thicknesses (typically, two different thicknesses) which is
formed using a multi-tone mask, the number of resist masks
can be reduced, resulting in simplified process and lower
Costs.

With the above structure, the driving voltage of the liquid
crystal display device including the liquid crystal layer exhib-
iting a blue phase can be decreased. Further, the liquid crystal
layer exhibiting a blue phase can have higher reliability.

The productivity and the yield of the liquid crystal display
device including the liquid crystal layer exhibiting a blue
phase can be increased and the manufacturing cost can be
reduced.

Furthermore, the contrast ratio of the liquid crystal display
device using the liquid crystal layer exhibiting a blue phase
can be increased.

(Embodiment 3)

FIGS. 3A and 3B illustrate an example which is different
from the structure of Embodiment 2 in that a color filter is
provided on an outer side of substrates between which aliquid
crystal layer is sandwiched. Note that components similar to
those in Embodiments 1 and 2 can be formed using the similar
materials and the similar manufacturing methods, and
detailed description of the same portions and portions which
have similar functions is omitted.

FIG.3Aisaplan view of a liquid crystal display device and
illustrates one pixel thereof. FIG. 3B is a cross-sectional view
along X1-X2 in FIG. 3A.

In the plan view of FIG. 3A, as in Embodiment 2, a plural-
ity of source wiring layers (including the wiring layer 405q)
are provided in parallel to each other (extended in the vertical
direction in the drawing) and apart from each other. A plural-
ity of gate wiring layers (including the gate electrode layer
401) are provided to be extended in a direction generally
perpendicular to the source wiring layers (the horizontal
direction in the drawing) and apart from each other. The
capacitor wiring layers 408 are arranged to be adjacent to the
plurality of gate wiring layers and extended in a direction
generally parallel to the gate wiring layers, that is, in a direc-
tion generally perpendicular to the source wiring layers (in
the horizontal direction in the drawing). In a space sur-
rounded by the source wiring layers, the capacitor wiring
layers 408, and the gate wiring layers, a pixel electrode layer
and a common electrode layer of the liquid crystal display
device are arranged. In the liquid crystal layer 444, the first
wall-like structure body 446 is formed over the first electrode
layer 447 that is a pixel electrode layer, and the dielectric film
450 1s provided to cover them, and similarly, the second
wall-like structure body 449 is formed over the second elec-
trode layer 448 that is a common electrode layer, and the
dielectric film 450 is provided to cover them. The thin film
transistor 420 for driving the pixel electrode layer is provided
at the upper left corner in the drawing. A plurality of pixel
electrode layers and thin film transistors are provided in
matrix.

FIGS. 3A and 313 illustrate an example in which the inter-
layer film 413 is formed so as to cover the thin film transistor
420 and a contact hole for connection to the thin film transis-
tor 420 is formed in the interlayer film 413. The first electrode
layer 447 which 1s a pixel electrode layer is continuously
formed to cover the structure body 449 and the contact hole
formed in the interlayer film 413.

In the liquid crystal display device illustrated in FIGS. 3A
and 3B, a color filter 490 is provided between the second
substrate 442 and the polarizing plate 4435. In such a manner,
the color filter 490 may be provided on an outer side of the
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first substrate 441 and the second substrate 442 between
which the liquid crystal layer 444 is sandwiched.

FIGS. 14 A to 14D illustrate a manufacturing process of the
liquid crystal display device in FIGS. 3A and 3B.

Note that in FIGS. 14A to 14D, the first electrode layer, the
second electrode layer, the first wall-like structure body, the
second wall-like structure body, and the dielectric film are
omitted. For example, the structures of the first electrode
layer, the second electrode layer, the first wall-like structure
body, the second wall-like structure body, and the dielectric
film in Embodiments 1 and 2 can be used for the first electrode
layer, the second electrode layer, the first wall-like structure
body, the second wall-like structure body, and the dielectric
film, and the mode of a lateral electric field applied to the first
electrode layer, the first wall-like structure body, the dielec-
tric film covering the first electrode layer and the first wall-
like structure body, the second electrode layer, the second
wall-like structure body, and the dielectric film covering the
second electrode layer and the second wall-like structure
body, in the liquid crystal layer, can be employed.

As illustrated in FIG. 14A, the first substrate 441 and the
second substrate 442 which is a counter substrate are firmly
attached to each other with sealants 456a and 4564 with the
liquid crystal layer 458 interposed between the substrates.
The liquid crystal layer 458 may be formed by a dispenser
method (dropping method), or an injecting method by which
liquid crystal is injected using a capillary phenomenon after
the first substrate 441 and the second substrate 442 are bonded
to each other.

A liquid crystal material exhibiting a blue phase is used for
the liquid crystal layer 458. The liquid crystal layer 458 is
formed using a liquid crystal material including liquid crystal,
a chiral agent, a photocurable resin, and a photopolymeriza-
tion initiator.

As illustrated in F1G. 14B, polymer stabilization treatment
is performed by irradiating the liquid crystal layer 458 with
light 457 so that the liquid crystal layer 444 is formed. The
light 457 is light having a wavelength with which the photo-
curable resin and the photopolymerization initiator included
in the liquid crystal layer 458 react. By this polymer stabili-
zation treatment with light irradiation, the temperature range
in which the liquid crystal layer 458 exhibits a blue phase can
be widened.

In the case where a photocurable resin such as an ultravio-
let curable resin is used as a sealant and a liquid crystal layer
is formed by a dropping method, for example, the sealant may
be cured in the light irradiation step of the polymer stabiliza-
tion treatment.

Next, as illustrated in FIG. 14C, the color filter 490 is
provided on the second substrate 442 side which is the view-
ing side. The color filter 490 includes the light-transmitting
chromatic resin layers 454a, 454b, and 454¢, and the light-
blocking layers 455a, 455b, 455¢, and 4554 functioning as
black matrices, between a pair of substrates 459a and 4595.
The light-blocking layers 455a, 4555, 455¢, and 455d and the
light-transmitting chromatic resin layers 454a, 4545, and
454e are arranged alternately such that the light-transmitting
chromatic resin layer is interposed between the light-block-
ing layers.

As illustrated in FIG. 14D, the polarizing plate 443a is
provided on the outer side (on the side opposite to the liquid
crystal layer 444) of the first substrate 441, and the polarizing
plate 4435 is provided on the outer side (on the side opposite
to the liquid crystal layer 444) of the color filter 490. In
addition to the polarizing plate, an optical film such as a
retardation plate or an anti-reflection film may be provided.
For example, circular polarization with the polarizing plate
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and the retardation plate may be used. Through the above
process, the liquid crystal display device can be completed.

In the case of manufacturing a plurality of liquid crystal
display devices with the use of a large-sized substrate (a
so-called multiple panel method), a division step may be
performed before performing the polymer stabilization treat-
ment or before providing the polarizing plates. In consider-
ation of the influence of the division step on the liquid crystal
layer (such as alignment disorder due to force applied in the
division step), it is preferable that the division step be pet-
formed after attaching the first substrate and the second sub-
strate and before performing the polymer stabilization treat-
ment.

Although not illustrated, a backlight, a sidelight, or the like
may be used as a light source. Light from the light source is
emitted from the side of the first substrate 441 which is an
element substrate so as to pass through the second substrate
442 on the viewing side.

By providing, in the liquid crystal layer, a structure where
a first wall-like structure body with a low dielectric constant
is formed over a first electrode layer and a dielectric film with
a high dielectric constant covers them, and a structure where
a second wall-like structure body with a low dielectric con-
stant is formed over a second electrode layer and a dielectric
film with a high dielectric constant covers them, when a
voltage is applied between the first electrode layer and the
second electrode layer, an electric field can be generated more
widely between the structure bodies.

In the case where the dielectric film is formed using a
material with a high dielectric constant, it may be difficult to
form the dielectric film to have a high height (large thickness).
However, the first wall-like structure body and the second
wall-like structure body are formed with the use of a material
having a lower dielectric constant so that they have desired
heights and the structure bodies are covered with the dielec-
tric film formed using a material with a higher dielectric
constant, whereby the height of the dielectric film can be
increased to the extent that is difficult to realize only with a
material having a high dielectric constant. Even if the height
(thickness) of the dielectric film covering them is low (small),
an effect close to that obtained when the structure bodies are
formed only with a material having a high dielectric constant
can be achieved.

In the liquid crystal layer exhibiting a blue phase, the
alignment of liquid crystal molecules can be changed only in
the local area where an electric field is generated. However,
when the structure bodies formed with a material having a low
dielectric constant are covered with the dielectric film having
a high dielectric constant, an electric field can be generated
more widely in the liquid crystal layer, so that the alignment
of the liquid crystal molecules can be changed in the wide
area where the electric field is generated. Thus, the white
transmittance can be increased, which leads to higher contrast
in the liquid crystal display device including the liquid crystal
layer exhibiting a blue phase.

Further, the liquid crystal layer exhibiting a blue phase,
which is likely to be influenced by local concentration of an
electric field, can be driven with a load on the liquid crystal
layer reduced; therefore, reliability of the liquid crystal layer
exhibiting a blue phase can be increased and the driving
voltage can be reduced.

The height of the structure body can be easily controlled,
thus, the productivity and the yield can be increased and the
manufacturing cost can be reduced.

Further, when the structure body including a material with
a low dielectric constant is covered with the dielectric film
including a material with a high dielectric constant, lines of
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electric force from the first electrode layer 447 into the second
electrode layer 448 can be refracted at the interface between
the dielectric film 450 having a higher dielectric constant and
the first wall-like structure body 446 having a lower dielectric
constant and the interface between the dielectric film 450
having a higher dielectric constant and the second wall-like
structure body 449 having a lower dielectric constant. The
lines of electric force in the liquid crystal layer 444 have
flatter arch shapes when the dielectric film formed using a
material having a high dielectric constant covers the structure
body formed using a material having a low dielectric con-
stant; thus, the lines of electric force which detour through the
second substrate 442 are brought back into the liquid crystal
layer 444. Therefore, the density of the lines of electric force
increases in a region between the structure bodies and the
lines of electric force can be converged effectively, so that a
stronger electric field can be generated, Moreover, the pro-
portion of a horizontal component of the lines of electric force
increases in the vicinity of the first electrode layer 447 and the
second electrode layer 448; therefore, reduced is a difference
between the strength of an electric field which acts in the
vicinity of the first electrode layer 447 and the second elec-
trode layer 448 and the strength of an electric field which acts
in the vicinity of a central line between the first electrode layer
447 and the second electrode layer 448. Since variation in
electric field decreases, a more even electric field can be
generated.

Therefore, a strong electric field can be generated more
evenly between the dielectric film 450 covering the first elec-
trode layer 447 and the first wall-like structure body 446, and
the dielectric film 450 covering the second electrode layer
448 and the second wall-like structure body 449, when a
voltage is applied between the first electrode layer 447 and the
second electrode layer 448.

When the dielectric film is formed in contact with the
second substrate facing the first substrate with the use of a
material having a higher dielectric constant as in the liquid
crystal display device in FIGS. 3A and 3B described in this
embodiment, an electric field can be generated in the whole
liquid crystal layer. The dielectric film is preferably formed
using a material having a higher dielectric constant. When a
material preferably having a dielectric constant of 12 or more
or more preferably having a dielectric constant of 20 or more
is used, a strong electric field can be generated more evenly
between the structure bodies. Note that the first wall-like
structure body and the second wall-like structure body may be
insulators whose dielectric constant is lower than that of the
liquid crystal layer 208 exhibiting a blue phase.

When a strong electric field can be generated more evenly
in the liquid crystal layer exhibiting a blue phase, a driving
voltage of the liquid crystal display device can be reduced.
Further, a load is not easily applied to the liquid crystal layer
exhibiting a blue phase which is likely to be influenced by
local concentration of an electric field, so that the liquid
crystal layer exhibiting a blue phase can have higher reliabil-
ity.

When the alignment of liquid crystal molecules in the
liquid crystal layer exhibiting a blue phase can be changed in
a wider area white transmittance can be increased and thus
contrast in the liquid crystal display device including the
liquid crystal layer exhibiting a blue phase can be improved.

Theheights of the structure bodies can be easily controlled,
so that the productivity and the yield can be increased and the
manufacturing cost can be reduced.

(Embodiment 4)

When thin film transistors are manufactured and used fora

pixel portion and a driver circuit, a liquid crystal display
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device having a display function can be manufactured. Fur-
ther, part or the whole of a driver circuit which includes a thin
film transistor can be formed over a substrate where a pixel
portion is formed, whereby a system-on-panel can be
obtained.

The liquid crystal display device includes a liquid crystal
element (also referred to as a liquid crystal display element)
as a display element.

In addition, the liquid crystal display device includes a
panel in which the display element is sealed, and a module in
which an IC or the like including a controller is mounted on
the panel. Furthermore, an embodiment of the present inven-
tion relates to an element substrate corresponding to one
embodiment at the time before the display element is com-
pleted in a manufacturing process of the display device. The
element substrate is provided with a means for supplying a
current to the display element in each of a plurality of pixels.
Specifically, the element substrate may be in a state in which
only a pixel electrode of the display element is formed, a state
in which a conductive film to be a pixel electrode has been
formed and has not yet been etched to form the pixel elec-
trode, or any other state.

Notethat aliquid crystal display device in this specification
refers to an image display device, a display device, or a light
source (including a lighting device). Further, the liquid crys-
tal display device includes the following modules in its cat-
egory: a module including a connector such as a flexible
printed circuit (FPC), a tape automated bonding (TAB) tape,
or a tape carrier package (TCP); a module having a TAB tape
or a TCP that is provided with a printed wiring board at the
end thereof; and a module having an integrated circuit (IC)
that is directly mounted on a display element by a chip on
glass (COG) method.

The appearance and a cross section of a liquid crystal
display panel, which is one embodiment of a semiconductor
device, will be described with reference to FIGS. 12A1,
12A2, and 12B and FIG. 18. FIGS. 12A1 and 12A2 are each
a top view of a panel in which thin film transistors 4010 and
4011 and aliquid crystal element 4013 which are formed over
the first substrate 4001 are sealed between the first substrate
4001 and a second substrate 4006 with a sealant 4005. FIG.
12B and FIG. 18 are each a cross-sectional view taken along
line M-N of FIGS. 12A1 and 12A2.

The sealant 4005 is provided so as to surround a pixel
portion 4002 and a scan line driver circuit 4004 which are
provided over the first substrate 4001. The second substrate
4006 is provided over the pixel portion 4002 and the scan line
driver circuit 4004. Consequently, the pixel portion 4002 and
the scan line driver circuit 4004 are sealed together with a
liquid crystal layer 4008, by the first substrate 4001, the
sealant 4005, and the second substrate 4006.

In FIG. 12A1, a signal line driver circuit 4003 that is
formed using a single crystal semiconductor film or a poly-
crystalline semiconductor film over a substrate separately
prepared is mounted in a region that is different from the
region surrounded by the sealant 4005 over the first substrate
4001. Note that FIG. 12A2 illustrates an example in which
part of the signal line driver circuit is formed using a thin film
transistor provided over the first substrate 4001. A signal line
driver circuit 40035 is formed over the first substrate 4001,
and a signal line driver circuit 4003a formed using a single
crystal semiconductor film or a polycrystalline semiconduc-
tor film is mounted over a substrate prepared separately.

Note that there is no particular limitation on the connection
method of the driver circuit which is separately formed. and a
COG method, a wire bonding method, a TAB method, or the
like can be used. FIG. 12A1 illustrates an example in which
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the signal line driver circuit 4003 is mounted by a COG
method. FIG. 12A2 illustrates an example in which signal line
driver circuit 4003« is mounted by a TAB method.

The pixel portion 4002 and the scan line driver circuit 4004
provided over the first substrate 4001 include a plurality of
thin film transistors. FIG. 12B and FIG. 18 each illustrate the
thin film transistor 4010 included in the pixel portion 4002
and the thin film transistor 4011 included in the scan line
driver circuit 4004, as an example. An insulating layer 4020
and an interlayer film 4021 are provided over the thin film
transistors 4010 and 4011.

The thin film transistor described in Embodiment 2 can be
used as the thin film transistors 4010 and 4011. The thin film
transistors 4010 and 4011 are n-channel thin film transistors.

FIG. 12B and FIG. 18 each illustrate an example in which
a first wall-like structure body 4037, a second wall-like struc-
ture body 4038, and a dielectric film 4040 are provided over
the pixel portion 4002. A pixel electrode layer 4030 electri-
cally connected to the thin film transistor 4010 is formed over
the first substrate 4001 and the interlayer film 4021, the first
wall-like structure body 4037 is formed over the pixel elec-
trode layer 4030, and they are covered with a dielectric film
4040a. Similarly, the common electrode layer 4036 is formed
over the interlayer film 4021, the second wall-like structure
body 4038 is formed over the common electrode layer 4036,
and they are covered with the dielectric film 40405. In FIG.
12B, the dielectric film 4040q and the dielectric film 40405
are provided in contact with the second substrate 4006. The
first wall-like structure body 4037, the second wall-like struc-
ture body 4038, the dielectric film 4040 covering the first
wall-like structure body 4037, and the dielectric film 4040
covering the second wall-like structure body 4038 also func-
tion as spacers and control the thickness (cell gap) of the
liquid crystal layer 4008. In the case where a spacer is addi-
tionally provided, a columnar spacer obtained by selective
etching of an insulating film or a spherical spacer may be
used.

In the liquid crystal display device including the liquid
crystal layer 4008, the thickness (cell gap) of theliquid crystal
layer 4008 is preferably about 5 um to 20 um. The heights
(thicknesses) of the first wall-like structure body 4037 and the
second wall-like structure body 4038 are each preferably
approximately greater than or equal to 1.0 um and smaller
than or equal to the thickness (cell gap) of the liquid crystal
layer 4008. Note that when the height (thickness) of the
dielectric film 4040 is greater than 100 nm, an adequate effect
can be achieved.

The liquid crystal element 4013 includes the pixel elec-
trode layer 4030, the common electrode layer 4036, and the
liquid crystal layer 4008. Note that a polarizing plate 4032
and a polarizing plate 4033 are provided on the outer sides of
the first substrate 4001 and the second substrate 4006, respec-
tively.

Note that as the first substrate 4001 and the second sub-
strate 4006, glass, plastic, or the like having a light-transmit-
ting property may be used. As plastic, a fiberglass-reinforced
plastics (FRP) plate, a polyvinyl fluoride (PVF) film, a poly-
ester film, or an acrylic resin film may be used. Alternatively,
a sheet with a structure in which an aluminum foil is sand-
wiched between PVF films or polyester films may be used.

Although FIGS. 12A1, 12A2, and 1213 and FIG. 18 illus-
trate examples of transmissive liquid crystal display devices,
an embodiment of the present invention can also be applied to
a transflective liquid crystal display device.

FIGS. 12A1, 12A2, and 12B and FIG. 18 illustrate
examples of liquid crystal display devices in each of which a
polarizing plate is provided on the outer side (the viewing
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side) of the substrate; however, the polarizing plate may be
provided on the inner side of the substrate. The position of the
polarizing plate may be determined as appropriate depending
on the material of the polarizing plate and conditions of the
manufacturing process. Furthermore, a light-blocking layer
serving as a black mattix may be provided.

The interlayer film 4021 is a light-transmitting chromatic
resin layer and functions as a color filter. A light-blocking
layer may be included in part of the interlayer film 4021. In
FIG. 12B and FIG. 18, alight-blocking layer 4034 is provided
on the second substrate 4006 so as to overlap with the thin film
transistors 4010 and 4011. By providing the light-blocking
layer 4034, improvement in contrast and stabilization of the
thin film transistors can be achieved.

The thin film transistor may be covered with the insulating
layer 4020 functioning as a protective film; however, an
embodiment of the present invention is not particularly lim-
ited thereto.

Note that the protective film is provided to prevent entry of
contaminating impurities such as organic substance, metal,
and moisture existing in the air and is preferably dense. The
protective film may be formed to have a single-layer or lay-
ered structure using any of a silicon oxide film, a silicon
nitride film, a silicon oxynitride film, a silicon nitride oxide
film, an aluminum oxide film, an aluminum nitride film, an
aluminum oxynitride film, and an aluminum nitride oxide
film by a sputtering method.

After the protective film is formed. the semiconductor
layer may be subjected to annealing (300° C. to 400° C.).

Further, in the case of further forming a light-transmitting
insulating layer as a planarization insulating film, the light-
transmitting insulating layer can be formed using an organic
material having heat resistance, such as polyimide, acrylic,
benzocyclobutene, polyamide, or epoxy. Other than such
organic materials, it is also possible to use a low-dielectric
constant material (a low-k material), a siloxane-based resin,
PSG (phosphosilicate glass), BPSG (borophosphosilicate
glass), or the like.

Note that the planarization insulating film may be formed
by stacking a plurality of insulating layers formed using any
of these materials.

There is no particular limitation on the formation method
of the insulating layer having a layered structure, and the
following method can be employed depending on the mate-
rial: a sputtering method, a CVD method, an SOG method,
spin coating, dip coating, spray coating, or a droplet discharg-
ing method (e.g., an inkjet method, screen printing, or offset
printing), or with a tool (equipment) such as a doctor knife, a
roll coater, a curtain coater, or a knife coater. In the case where
the insulating layer is formed using a material solution, the
semiconductor layer may be annealed (at 200° C. to 400° C.)
in a baking step. The baking step of the insulating layer also
serves as the annealing step of the semiconductor layer,
whereby a liquid crystal display device can be manufactured
efficiently.

The pixel electrode layer 4030 and the common electrode
layer 4036 can be formed using a light-transmitting conduc-
tive material such as an indium oxide containing a tungsten
oxide, an indium zinc oxide containing a tungsten oxide, an
indium oxide containing atitanium oxide, an indium tin oxide
containing a titanium oxide, an indium tin oxide (hereinafter
referred to as 1TQ), an indium zinc oxide, or an indium tin
oxide to which a silicon oxide is added.

The pixel electrode layer 4030 and the common electrode
layer 4036 can be formed using one kind or plural kinds
selected from metals such as tungsten (W), molybdenum
(Mo), zirconium (Zr), hafnium (Hf), vanadium (V), niobium
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(Nb), tantalum (Ta), chromium (Cr}), cobalt (Co), nickel (Ni),
titanium (T1), platinum (Pt), aluminum (Al), copper (Cu), and
silver (Ag); an alloy thereof; and a nitride thereof.

A conductive composition containing a conductive macro-
molecule (also referred to as a conductive polymer) can be
used for the pixel electrode layer 4030 and the common
electrode layer 4036.

Further, a variety of signals and potentials are supplied to
the signal line driver circuit 4003 which is formed separately,
the scan line driver circuit 4004, or the pixel portion 4002
from an FPC 4018.

Since a thin film transistor is likely to be broken due to
static electricity or the like, a protective circuit for protecting
the driver circuit is preferably provided over the same sub-
strate as a gate line or a source line. The protection circuit is
preferably formed using a nonlinear element.

In MS. 12A1, 12A2, and 12B, and FIG. 18, a connecting
terminal electrode 4015 is formed using the same conductive
film as that of the pixel electrode layer 4030, and a terminal
electrode 4016 is formed using the same conductive film as
that of source and drain electrode layers of the thin film
transistors 4010 and 4011.

The connection terminal electrode 4015 is electrically con-
nected to a terminal included in the FPC 4018 through an
anisotropic conductive film 4019.

Note that FIGS. 12A1, 12A2, and 1213 and FIG. 18 illus-
trate the example in which the signal line driver circuit 4003
is formed separately and mounted on the first substrate 4001,
however, an embodiment of the present invention is not lim-
ited to this structure. The scan line driver circuit may be
separately formed and then mounted, or only part of the signal
line driver circuit or part of the scan line driver circuit may be
separately formed and then mounted.

FIG. 13 illustrates an example of a liquid crystal display
module which is formed as a liquid crystal display device
disclosed in this specification.

FIG. 13 illustrates an example of a liquid crystal display
module in which an element substrate 2600 and a counter
substrate 2601 are firmly attached with a sealant 2602, and an
element layer 2603 including a TFT and the like, a display
element 2604 including a liquid crystal layer, and an inter-
layer film 2605 including a light-transmitting chromatic resin
layer functioning as a color filter are provided between the
element substrate 2600 and the counter substrate 2601. The
interlayer film 2605 including a light-transmitting chromatic
resin layer, which is included in a display region, is needed
when color display is performed, and in the case of an RGB
method, light-transmitting chromatic resin layers corre-
sponding to red, green, and blue are provided in each pixel.
Polarizing plates 2606 and 2607 and a diffuser plate 2613 are
provided on an outer side of the counter substrate 2601 and
the element substrate 2600. A light source includes a cold
cathode tube 2610 and a reflective plate 2611, and a circuit
substrate 2612 is connected to a wiring circuit portion 2608 of
the element substrate 2600 through a flexible wiring board
2609 and includes an external circuit such as a control circuit
or a power source circuit. As the light source, a white diode
may be used.

Through the above process, a highly reliable liquid crystal
display panel as a liquid crystal display device can be manu-
factured.

This embodiment can be implemented in appropriate com-
bination with any of the structures described in the other
embodiments.

(Embodiment 5)

A liquid crystal display device disclosed in this specifica-

tion can be applied to a variety of electronic appliances (in-
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cluding an amusement machine). Examples of electronic
appliances are a television set (also referred to as a television
or a television receiver), a monitor of a computer or the like,
acamera such as a digital camera or a digital video camera, a
digital photo frame, a mobile phone handset (also referred to
as a mobile phone or a mobile phone device), a portable game
machine, a portable information terminal, an audio reproduc-
ing device, a large-sized game machine such as a pachinko
machine, and the like.

FIG. 15A illustrates an example of a television set. In a
television set 9600, a display portion 9603 is incorporated in
a housing 9601. The display portion 9603 can display an
image. Further, the housing 9601 is supported by astand 9605
in this embodiment.

The television set 9600 can be operated by an operation
switch of the housing 9601 or a separate remote controller
9610. Channels and volume can be controlled by operation
keys 9609 of the remote controller 9610 so that an image
displayed on the display portion 9603 can be controlled.
Further, the remote controller 9610 may be provided with a
display portion 9607 for displaying data output from the
remote controller 9610.

Note that the television set 9600 is provided with a receiver,
amodem, and the like. With the receiver, a general television
broadcast can be received. Further. when the television set
9600 1s connected to a communication network by wired or
wireless connection via the modem, one-way (from a trans-
mitter to a receiver) or two-way (between a transmitter and a
receiver or between receivers) data communication can be
performed.

FIG. 15B illustrates an example of a digital photo frame.
For example, in a digital photo frame 9700, a display portion
9703 1s incorporated in a housing 9701. The display portion
9703 can display various images. For example, the display
portion 9703 can display data of an image shot by a digital
camera or the like to function as a normal photo frame.

Note that the digital photo frame 9700 is provided with an
operation portion, an external connection terminal (a USB
terminal, a terminal that can be connected to various cables
such as a USB cable, or the like), a recording medium inser-
tion portion, and the like. Although they may be provided on
the surface on which the display portion is provided, it is
preferable to provide them on the side surface or the back
surface for the design of the digital photo frame 9700. For
example, a memory storing data of an image shot by a digital
camera is inserted in the recording medium insertion portion
of the digital photo frame, whereby the image data can be
transferred and displayed on the display portion 9703.

The digital photo frame 9700 may transmit and receive
data wirelessly. The structure may be employed in which
desired image data is transferred wirelessly to be displayed.

FIG. 16A illustrates a portable game machine including a
housing 9881 and a housing 9891 which are jointed with a
connector 9893 so as to be able to open and close. A display
portion 9882 and a display portion 9883 are incorporated in
the housing 9881 and the housing 9891, respectively. The
portable game machine illustrated in FIG. 16A additionally
includes a speaker portion 9884, a storage medium inserting
portion 9886, an LED lamp 9890, an input means (operation
keys 9885, a connection terminal 9887, a sensor 9888 (includ-
ing a function of measuring force, displacement, position,
speed, acceleration, angular speed, the number of rotations,
distance, light, liquid, magnetism, temperature, chemical
substance, sound, time. hardness, electric field, current, volt-
age, electric power, radiation, flow rate, humidity, tilt angle,
vibration, smell, or infrared ray), a microphone 9889, and the
like). Needless to say. the structure of the portable game
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machine is not limited to the above, and may be any structure
as long as at least a liquid crystal display device disclosed in
this specification is provided. Moreover, another accessory
may be provided as appropriate. The portable game machine
illustrated in FIG. 16 A has a function of reading out a pro-
gram or data stored in a storage medium to display it on the
display portion, and a function of sharing information with
another portable game machine by wireless communication.
The portable game machine in FIG. 16A can have a variety of
functions other than those above.

FIG. 16B illustrates an example of a slot machine, which is
alarge game machine. A display portion 9903 is incorporated
in a housing 9901 of a slot machine 9900. The slot machine
9900 additionally includes an operation means such as a start
lever or a stop switch, a coin slot, a speaker, and the like.
Needless to say, the structure of the slot machine 9900 is not
limited to the above, and may be any structure as long as at
least a liquid crystal display device disclosed in this specifi-
cation is provided. Moreover, another accessory may be pro-
vided as appropriate.

FIG. 17 A illustrates an example of a mobile phone handset.
A mobile phone handset 1000 is provided with a display
portion 1002 incorporated in a housing 1001, operation but-
tons 1003, an external connection port 1004, a speaker 1005,
a microphone 1006, and the like.

When the display portion 1002 of the mobile phone hand-
set 1000 illustrated in FIG. 17 A is touched with a finger or the
like, data can be input into the mobile phone handset 1000.
Further, operations such as making calls and composing
mails can be performed by touching the display portion 1002
with a finger or the like.

There are mainly three screen modes of the display portion
1002. The first mode is a display mode mainly for displaying
an image. The second mode is an input mode mainly for
inputting data such as text. The third mode is a display-and-
input mode in which two modes of the display mode and the
input mode are combined.

For example, in the case of making a call or composing a
mail, a text input mode mainly for inputting text is selected for
the display portion 1002 so that text displayed on a screen can
be input. In this case, it is preferable to display a keyboard or
number buttons on almost all area of the screen of the display
portion 1002.

When a detection device including a sensor for detecting
inclination, such as a gyroscope or an acceleration sensor, is
provided inside the mobile phone handset 1000, display in the
screen of the display portion 1002 can be automatically
switched by determining the direction of the mobile phone
handset 1000 (whether the mobile phone handset 1000 is
placed horizontally or vertically).

The screen modes are switched by touching the display
portion 1002 or operating the operation button 1003 of the
housing 1001. Alternatively, the screen modes may be
switched depending on the kind of the image displayed on the
display portion 1002. For example, when a signal of an image
displayed on the display portion is the one of moving image
data, the screen mode is switched to the display mode. When
the signal is the one of text data, the screen mode is switched
to the input mode.

Further, in the input mode, when input by touching the
display portion 1002 is not performed for a certain period
while a signal detected by the optical sensor in the display
portion 1002 is detected, the screen mode may be controlled
so as to be switched from the input mode to the display mode.

The display portion 1002 may function as an image sensor.
Forexample, animage of the palm print, the fingerprint, or the
like is taken by touching the display portion 1002 with the
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palm or the finger, whereby personal authentication can be
performed. Further, by providing a backlight or sensing light
source emitting a near-infrared light for the display portion,
an image of a finger vein, a palm vein, or the like can be taken.

FIG. 17B also illustrates an example of a mobile phone.
The mobile phone in FIG. 17B has a display device 9410 in a
housing 9411, which includes a display portion 9412 and
operation buttons 9413, and a communication device 9400 in
a housing 9401, which includes operation buttons 9402, an
external input terminal 9403, a microphone 9404, a speaker
9405, and a light-emitting portion 9406 that emits light when
aphone call is received. The display device 9410 which has a
display function can be detached from or attached to the
communication device 9400 which has a phone function by
being moved in two directions indicated by the arrows. Thus,
the display device 9410 and the communication device 9400
can be attached to each other along their short sides or long
sides. In addition, when only the display function is needed,
the display device 9410 can be detached from the communi-
cation device 9400 and used alone. Images or input data can
be transmitted or received by wireless or wire communication
between the communication device 9400 and the display
device 9410, each of which has a rechargeable battery.

This application is based on Japanese Patent Application
Ser. No. 2010-116954 filed with the Japan Patent Office on
May 21, 2010, the entire contents of which are hereby incor-
porated by reference.

What is claimed is:

1. A liquid crystal display device comprising:

a first substrate;

an interlayer film over the first substrate;

a first electrode layer over the interlayer film;

a second electrode layer over the interlayer film;

afirst wall-like structure body over the first electrode layer;

asecond wall-like structure body over the second electrode
layer;

a dielectric film in direct contact with a side surface of the
first electrode layer, a side surface of the second elec-
trode layer, the first wall-like structure body, the second
wall-like structure body, and the interlayer film;

a liquid crystal layer over the dielectric film;

a second substrate over the liquid crystal layer; and

athin film transistor over the first substrate,

wherein a dielectric constant of the dielectric film is higher
than a dielectric constant of each of the first wall-like
structure body, the second wall-like structure body, and
the liquid crystal layer,

wherein the liquid crystal layer comprises a liquid crystal
material exhibiting a blue phase,

wherein the first electrode layer is over the thin film tran-
sistor,

wherein the first electrode layer is electrically connected to
the thin film transistor,

wherein the second electrode layer is a common electrode
layer and is over the thin film transistor, and

wherein the first electrode layer is a pixel electrode layer.

2. The liquid crystal display device according to claim 1,

wherein the dielectric constant of each of the first wall-like
structure body and the second wall-like structure body is
lower than the dielectric constant of the liquid crystal
layer.

3. The liquid crystal display device according to claim 1,

wherein each of the first electrode layer and the second
electrode layer has a comb-like shape.

4. The liquid crystal display device according to claim 1,

further comprising:

alight-transmitting chromatic resin layer over the thin film
transistor,

wherein the first electrode layer is over the light-transmit-
ting chromatic resin layer, and
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wherein the second electrode layer is over the light-trans-
mitting chromatic resin layer.

5. The liquid crystal display device according to claim 1,
wherein a thickness of the liquid crystal layer is greater than
or equal to 5 um and less than or equal to 20 pm,

wherein a thickness of the first wall-like structure body is
greater than or equal to 1.0 um,

wherein a thickness of the second wall-like structure body
is greater than or equal to 1.0 pm, and

wherein a thickness of the dielectric film is greater than or
equal to 100 nm.

6. The liquid crystal display device according to claim 1,

wherein the dielectric constant of the dielectric film is
higher than or equal to 12.

7. The liquid crystal display device according to claim 1,

wherein the liquid crystal layer comprises at least one of a
chiral agent, a photocurable resin, and a photopolymer-
ization initiator.

8. A liquid crystal display device comprising:

a first substrate;

an interlayer film over the first substrate;

a first electrode layer over the interlayer film;

a second electrode layer over the interlayer film;

a first wall-like structure body over the first electrode layer;

asecond wall-like structure body over the second electrode
layer;

a dielectric film in direct contact with a side surface of the
first electrode layer, a side surface of the second elec-
trode layer the first wall-like structure body, the second
wall-like structure body, and the interlayer film;

a liquid crystal layer over the dielectric film;

a second substrate over the liquid crystal layer; and

a thin film transistor over the first substrate,

wherein a dielectric constant of the dielectric film is higher
than a dielectric constant of each of the first wall-like
structure body, the second wall-like structure body, and
the liquid crystal layer,

wherein the first electrode layer is over the thin film tran-
sistor,

wherein the first electrode layer is electrically connected to
the thin film transistor,

wherein the second electrode layer is a common electrode
layer and is over the thin film transistor, and

wherein the first electrode layer is a pixel electrode layer.

9. The liquid crystal display device according to claim 8,

wherein the dielectric constant of each of the first wall-like
structure body and the second wall-like structure body is
lower than the dielectric constant of the liquid crystal
layer.

10. The liquid crystal display device according to claim 8,

wherein each of the first electrode layer and the second
electrode layer has a comb-like shape.

11. The liquid crystal display device according to claim 8,

further comprising:

a light-transmitting chromatic resin layer over the thin film
transistor,

wherein the first electrode layer is over the light-transmit-
ting chromatic resin layer, and

wherein the second electrode layer is over the light-trans-
mitting chromatic resin layer.

12. The liquid crystal display device according to claim 8,

wherein a thickness of the crystal layer is greater than or
equal to 5 um and less than or equal to 20 um,

wherein a thickness of the first wall-like structure body is
greater than or equal to 1.0 um,

wherein a thickness of the second wall-like structure body
is greater than or equal to 1.0 pm, and
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wherein a thickness of the dielectric film is greater than or
equal to 100 nm.

13. The liquid crystal display device according to claim 8,

further comprising:

a third wall-like structure body over the first substrate,

wherein the third wall-like structure body comprises a
same material as at least one of the first wall-like struc-
ture body and the second wall-like structure body, and

wherein the third wall-like structure body is adjacent to the
first electrode layer and the second electrode layer.

14. A liquid crystal display device comprising:

a first substrate:

an interlayer film over the first substrate;

a first electrode layer over the interlayer film;

a second electrode layer over the interlayer film;

afirst wall-like structure body over the first electrode layer;

asecond wall-like structure body over the second electrode
layer;

a dielectric film in direct contact with a side surface of the
first electrode laver, a side surface of the second elec-
trode layer, the first wall-like structure body, the second
wall-like structure body, and the interlayer film;

aliquid crystal layer over the dielectric film;

a second substrate over the liquid crystal layer; and

a thin film transistor over the first substrate,

wherein a dielectric constant of the dielectric film is higher
than a dielectric constant of each of the first wall-like
structure body, the second wall-like structure body, and
the liquid crystal layer,

10

40

wherein the dielectric film is in contact with the second
substrate,

wherein the first electrode layer is over the thin film tran-
sistor,

wherein the first electrode layer is electrically connected to
the thin film transistor,

wherein the second electrode layer is a common electrode
layer and is over the thin film transistor, and

wherein the first electrode layer is a pixel electrode layer.

15. The liquid crystal display device according to claim 14,

wherein the dielectric constant of each of the first wall-like
structure body and the second wall-like structure body is
lower than the dielectric constant of the liquid crystal
layer.

16. The liquid crystal display device according to claim 14,

wherein each of the first electrode layer and the second
electrode layer has a comb-like shape.

17. The liquid crystal display device according to claim 14,

20 further comprising:

a light-transmitting chromatic resin layer over the thin film
transistor,

wherein the first electrode layer is over the light-transmit-
ting chromatic resin layer, and

wherein the second electrode layer is over the light-trans-
mitting chromatic resin layer.
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It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In the Specification:

Column 20, line 1, “waft-like structure body” should read --wall-like structure body--;
Column 24, line 29, “at division step” should read --a division step--;

Column 26, line 24, “scandium (Se)” should read --scandium (Sc)--;

Column 27, line 57, “FIGS. 3A and 313" should read --FIGS. 3A and 3B--;

Column 28, line 57, “454¢” should read --454¢--;

Column 32, line 61, “1213 and FIG. 18” should read --12B and FIG. 18--;

Column 34, line 26, “1213 and FIG. 18" should read --12B and FIG. 18--;

In the Claims:

Column 38, lines 28-29, Claim 8, “second electrode layer the first wall-like” should read
--second electrode layer, the first wall-like--;

Column 38, line 62, Claim 12, “the crystal layer” should read --the liquid crystal layer--;
Column 39, line 12, Claim 14, “a first substrate:” should read --a first substrate;-- and

Column 39, line 19, Claim 14, “first electrode laver” should read --first electrode layer--.

Signed and Sealed this
Fifth Day of May, 2015

Twcbatle Z% Loa

Michelle K. Lee

Director of the United States Patent and Trademark Office
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