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7) ABSTRACT

The invention provides a liquid crystal display device hav-
ing a wide viewing angle for transmissive display and
reflective display. The liquid crystal display device accord-
ing to the invention can include a homeotropic liquid crystal
layer interposed between a pair of substrates. The liquid
crystal display device has a transmissive display area and a
reflective display area in each dot area. A liquid crystal layer
thickness-adjustment layer can be interposed between at
least the substrate of the pair of substrates and the liquid
crystal layer. The liquid crystal layer thickness-adjustment
layer reduces the liquid crystal layer thickness of the reflec-
tive display area in comparison with the liquid crystal layer
thickness of the transmissive display area. On the substrate
opposing the substrate with the liquid crystal layer thick-
ness-adjustment layer, protrusions protruding from the inner
surface of the substrate to the liquid crystal layer are formed.
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LIQUID CRYSTAL DISPLAY DEVICE AND
ELECTRONIC APPARATUS

BACKGROUND OF THE INVENTION
[0001]

[0002] The present invention relates to a liquid crystal
device and an electronic apparatus. More specifically, the
invention relates to a technology for obtaining a wider
viewing angle for the liquid crystal display device using
homeotropic liquid crystal.

[0003] 2. Description of Related Art

[0004] A liquid crystal device having a reflective mode
and a transmissive mode is known as a transreflective liquid
crystal device. Such a transreflective liquid crystal device
has a liquid crystal layer interposed between an upper
substrate and a lower substrate. A reflective film having a
window for transmitting light through the film, composed of
a metal plate, e.g., an aluminum plate, is disposed on the
inner surface of the lower substrate. The reflective film
functions as a transreflective plate. In such a case, in the
reflective mode, the light entering from the upper substrate
is transmitted through the liquid crystal layer and, then, is
reflected at the reflective film on the inner surface of the
lower substrate. The light passes through the liquid crystal
layer again and is emitted out from the upper substrate to be
used for displaying an image. In the transmissive mode, the
light from the backlight enters from the lower substrate and
passes through the window on the reflective film and then
through the liquid crystal layer. Subsequently, the light is
emitted to the outside from the upper substrate to be used for
displaying an image.

[0005] Consequently, the area on the reflective film where
the window is formed functions as a transmissive display
area and the other areas functions as a reflective display area.

1. Field of Invention

[0006] Known transreflective liquid crystal devices have a
problem in which the viewing angle is small in transmissive
display. This is because only one polarization plate disposed
on the viewer’s side can be used for reflective display
because a transreflective plate is disposed on the inner
surface of the liquid crystal cell to prevent parallax, causing
the flexibility in the optical design of the device to become
small. To solve this problem, Jisaki et al. proposed, in
“Development of transreflective LCD for high contrast and
wide viewing angle by using homeotropic alignment,” M.
Jisaki et al., Asia Display/IDW'01, p. 133-136 (2001), a new
liquid crystal display device using homeotropic liquid crys-
tal. This new liquid crystal display device has three charac-
teristics:

[0007] 1) operating in a vertical alignment mode
wherein liquid crystal molecules having negative
dielectric anisotropy are aligned vertically relative to
a substrate and, then, are tilted by applying a voltage;

[0008] 2) having a multi-gap structure wherein the
thickness of the liquid crystal layer (cell gap) in the
transmissive display area and in the reflective display
area differ (for example, refer to Japanese Unexam-
ined Patent Application Publication No. 11-242226);

[0009] 3) having a multi-domain structure wherein
the transmissive display area is shaped as a regular
octagon with a projection formed in the center of the
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regular octagon on the opposing substrate so that the
liquid crystal molecules tilt in eight different direc-
tions within the transmissive display area.

[0010] See also, generally, Japanese Unexamined Patent
Application Publication No. 2002-350853.

SUMMARY OF THE INVENTION

[0011] Incorporating a multi-gap structure described
above in a transreflective liquid crystal display device is
extremely effective for balancing the electro-optical charac-
teristics (transmittance-voltage characteristic and reflec-
tance-voltage characteristic) in the transmissive display area
and in the reflective display area. This is because, in the
transmissive display area, light passes through the liquid
crystal layer only once but, in the reflective display area,
light passes through the liquid crystal layer twice.

[0012] However, a great difference is created in the dis-
tance between the substrates of a liquid crystal display
device having a multi-gap structure and having projections
for controlling the direction of tilt of the liquid crystal
molecules. This is a problem because it is difficult to form
projections on the substrates where the distance between the
substrates differ and it is difficult to control the height of
these projections. Not being able to form the projections
with a predetermined height may cause a problem in that the
direction of tilt of liquid crystal molecules cannot be con-
trolled.

[0013] The object of the invention is to provide a liquid
crystal display device enabling display with a wide viewing
angle by solving the above-mentioned problems by provid-
ing a transreflective liquid crystal display device using
homeotropic liquid crystal in which the direction of tilt of
the liquid crystal molecules can be controlled easily and
accurately. Another object of the invention is to provide a
simply-structured transreflective liquid crystal display
device using homeotropic liquid crystal. In this way, the
manufacturing efficiency of the liquid crystal display device
is improved and the reliability is increased in that the
number of possible defects is reduced. Another object of the
invention is to provide a highly reliable electronic apparatus
including the liquid crystal display device.

[0014] In order to achieve the above-mentioned object, a
liquid crystal display device according to the invention can
include a liquid crystal layer interposed between an upper
and a lower substrate and a dot area including both a
transmissive display area and a reflective display area. The
liquid crystal layer is composed of liquid crystal that is
vertically aligned at an initial alignment state and has
negative dielectric anisotropy. Interposed between at least
the lower substrate and the liquid crystal layer is a liquid
crystal layer thickness-adjustment layer for reducing the
thickness of the liquid crystal layer in the reflective display
area in comparison with the thickness of the liquid crystal
layer in the transmissive display area. On the upper substrate
without the liquid crystal layer thickness-adjustment layer,
protrusions protruding from the inner surface of the sub-
strate to the liquid crystal layer are formed. In the invention,
the inner surface of the substrate refers to the surface of the
substrate adjacent to the liquid crystal layer. Moreover, the
protrusions protruding from the surface of the substrate
refers to protrusions protruding from the inner surface of the
liquid crystal layer thickness-adjustment layer when there is
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a liquid crystal layer thickness-adjustment layer formed on
the inner surface of the substrate.

[0015] As described above, the liquid crystal display
device according to the invention is a transreflective liquid
crystal display using homeotropic liquid crystal. Further-
more, the liquid crystal display device has the liquid crystal
layer thickness-adjustment layer for substantially equalizing
the retardation in the reflective display area and the trans-
missive display area. In other words, the liquid crystal
display device has a multi-gap structure. In this way, the
alignment direction of the liquid crystal molecules is con-
trolled effectively.

[0016] More specifically, a homeotropic liquid crystal
display device tilts the liquid crystal molecules, which are
vertically aligned at an initial alignment state, with respect
to the substrate surface by applying an electrical field.
Without inducing a pre-tilt, the turning direction of the liquid
crystal molecules cannot be controlled. Thus, disarrange-
ment (disclination) of the alignment of the liquid crystal
molecules occurs, causing a failure in display such as
leakage of light. As a result, the quality of the display can be
reduced. Thus, in a homeotropic liquid crystal, it is impor-
tant to control the alignment direction of the liquid crystal
molecules when an electric field is applied.

[0017] Inthe liquid crystal display device according to the
invention, the protrusions protruding from the inner surface
of the substrate into the liquid crystal layer are formed to
control the alignment direction of the liquid crystal mol-
ecules. Due to this structure, the liquid crystal molecules are
vertically aligned at an initial alignment state and have a
pre-tilt according to the shape of the protrusions. As a result,
the direction of tilt of the liquid crystal molecules can be
restricted or controlled. In this way, disarrangement (discli-
nation) of the alignment of the liquid crystal molecules
hardly occur and failures of display such as leakage of light
can be prevented. Consequently, failures of display such as
residual images and smear-like unevenness are suppressed,
and a liquid crystal display device with a wide viewing angle
is provided.

[0018] Since in the liquid crystal display device according
to the invention has a multi-gap structure, the liquid crystal
layer thickness of the transmissive display area is greater
than that of the reflective display area. For this reason, the
electro-optical characteristics (transmittance-voltage char-
acteristic and reflectance-voltage characteristic) in the trans-
missive display area and the reflective display area are
balanced.

[0019] Since the protrusions are formed on the substrate
without the liquid crystal layer thickness-adjustment layer
for the multi-gap structure, the formation of the protrusions
and the setting of the height of the protrusions are easy. More
specifically, since the liquid crystal layer thickness-adjust-
ment layer on the substrate obviously causes a difference in
the distance between the substrates (which forms the multi-
gap structure), it is extremely difficult to form protrusions
where there is a difference in the distance between the
substrate. In other words, it is difficult to form the protru-
sions on the substrate where the distance between the
substrates is small. Also the height of the protrusions may
differ depending on whether they are formed on the substrate
where the distance between the substrate is large or small.
Contrarily, by adopting the structure of the invention, the
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protrusions can be formed on a relatively flat surface.
Accordingly, the above-mentioned problems do not occur
and the protrusions can be formed extremely easily. More-
over, the setting of the height of the protrusions is also
extremely easy.

[0020] The protrusions of the liquid crystal display device
according to the invention function as a device for control-
ling the alignment of the liquid crystal molecules. The
protrusions have inclined surfaces having a slope of a
predetermined angle with respect to the inner surface of the
substrate. The inclined surfaces of the protrusions enable
control of the direction of the liquid crystal molecules in
which they tilt along the inclined surface. The protrusions
can be formed on dot areas, which are display areas. The
protrusions are preferably formed on the transmissive dis-
play area instead of the reflective display area.

[0021] Electrodes for driving the liquid crystal are formed
on the inner surface of the upper and lower substrates. The
protrusions are formed on at least the electrodes on the inner
surface of the upper substrate. In this case, an alignment film
for vertically aligning the liquid crystal molecules is dis-
posed on the inner surfaces of the protrusions and/or the
electrodes. On each outer surface of the upper and lower
substrates, circular polarization plates for emitting circularly
polarized light into the liquid crystal layer may be disposed.
As the circular polarization plates, a combination of a
polarization layer and a retardation layer may be used.

[0022] The liquid crystal display device according to the
invention includes the upper substrate and the lower sub-
strate. On the outer surface of the lower substrate, a back-
light for transmissive display is disposed. On the inner
surface of the lower substrate, a reflective layer is disposed
selectively in the reflective display area. In this case, the
light from the backlight entering from the lower substrate is
used for the transmissive display, and the outside light such
as lighting or sunlight entering from the upper substrate is
reflected at the reflective layer and used for the reflective
display.

[0023] On the lower substrate with the liquid crystal layer
thickness-adjustment layer, a color filter layer may be dis-
posed. The color filter layer may be composed of a plurality
of color layers in which the color layers are stacked on the
areas between the dots. In this case, the stacked color layers
are capable of displaying the color black. Thus, the stacked
color layer can be used as a black matrix in the areas
between the dots. Accordingly, it is unnecessary to form
another black matrix, and the structure of the liquid crystal
display device becomes simple and the production efficiency
is improved.

[0024] On the inner surface of the color filter layer, the
liquid crystal layer thickness-adjustment layer is disposed so
that it covers the area with stacked color layers. The upper
substrate without the color filter layer and the liquid crystal
layer thickness-adjustment layer has second protrusions
protruding from the inner surface of the substrate to the
liquid crystal layer formed on at least the area opposing the
area with the stacked color layers. In this case, the second
protrusions function as substitutes of spaces or, in other
words, as substitutes of the device for controlling the thick-
ness of the liquid crystal layer (the distance between the
substrates, i.e., the cell gap). The area with the stacked color
layers protrudes into the liquid crystal layer more than the
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other areas by the thickness of the stack of color layers.
Therefore, when the second protrusions are formed at least
on the area opposing the stacked color layers, the thickness
of the liquid crystal layer is minimized in the area with the
second protrusions. Consequently, the second protrusions
can be used as the device for controlling the thickness of the
liquid crystal layer.

[0025] The second protrusions are preferably formed in a
same process as the above-mentioned protrusions (which are
hereinafter referred to as the first protrusions) for controlling
the direction of tilt of the liquid crystal molecules in order
to improve the production efficiency. In this case, the first
and the second protrusions formed in the transmissive
display area and/or the reflective display area are composed
of the same material. Moreover, the second protrusions have
a substantially identical height as the first protrusions
formed in the transmissive display area and/or the reflective
display area. Since the first and the second protrusions in the
transmissive display area and/or the reflective display area
have a substantially identical height, the first protrusions are
prevented from contacting the opposing substrate. Thus, the
alignment of the liquid crystal molecules is sufficiently
controlled.

[0026] An electronic apparatus according to the invention
can include the above-mentioned liquid crystal display
device. Such an electronic apparatus has both a transmissive
mode and a reflective mode. The electronic apparatus has a
display capable of displaying images with a wide viewing
angle in both modes.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] The invention will be described with reference to
the accompanying drawings, wherein like numerals refer-
ence like elements, and wherein:

[0028] FIG. 1 is an equivalent circuit diagram of a liquid
crystal display device according to a first embodiment of the
present invention;

[0029] FIG. 2 is a plan view of electrodes of a liquid
crystal display device illustrated in FIG. 1,

[0030] FIG. 3 is an enlarged plan view and cross-sectional
view of main parts of the liquid crystal display device
illustrated in FIG. 1;

[0031] FIG. 4 is an enlarged plan view and cross-sectional
view of main parts of a variation of a liquid crystal display
device according to a first embodiment,

[0032] FIG. 5is an enlarged plan view and cross-sectional
view of main parts of a liquid crystal display device accord-
ing to a second embodiment;

[0033] FIG. 6 is an enlarged plan view and cross-sectional
view of main parts of a liquid crystal display device accord-
ing to a third embodiment;

[0034] FIG. 7 is an enlarged plan view and cross-sectional
view of main parts of a liquid crystal display device accord-
ing to a fourth embodiment;

[0035] FIG. 8 is a perspective view of an embodiment of
an electronic apparatus according to the present invention;
and
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[0036] FIG.9 is an enlarged plan view and cross-sectional
view of main parts of a liquid crystal display device accord-
ing to a fifth embodiment.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0037] Embodiments according to the invention are
described below by referring to drawings. The sizes of the
layers and parts depicted in the drawings do not represent the
actual proportions since the sizes are altered so that the
layers and parts are viewable in the drawings.

[0038] A liquid crystal display device according to this
embodiment described below is an embodiment of an active
matrix liquid crystal display device using a thin-film diode
(TED) as a switching element and, in particular, is a tran-
sreflective liquid crystal display device enabling reflective
display and transmissive display.

[0039] FIG. 1 is an equivalent circuit diagram of a liquid
crystal display device 100 according to this embodiment.
The liquid crystal display device 100 includes a scanning
signal driving circuit 110 and a data signal driving circuit
120. The liquid crystal display device 100 has signal lines,
1.., a plurality of scanning lines 13 and a plurality of data
lines 9 that intersect with the scanning lines 13. The scan-
ning lines 13 are driven by the scanning signal driving
circuit 110 and the data lines 9 are driven by the data signal
driving circuit 120. In each pixel area 150, a TFD element
40 and a liquid crystal display element 160 (liquid crystal
layer) is serially connected between a scanning line 13 and
adataline 9. In FIG. 1, the TFD element 40 is connected to
the scanning line 13 and the liquid crystal display element
160 is connected to the data line 9. Contrarily, the TFD
element 40 may be connected to the data line 9 and the liquid
crystal display element 160 may be connected to the scan-
ning line 13.

[0040] By referring to FIG. 2, the planar structure of
electrodes included in the liquid crystal display device
according to this embodiment is described. As shown in
FIG. 2, the liquid crystal display device according to this
embodiment has pixel electrodes 31, which are rectangular
in the plan view, arranged in a matrix and connected to the
scanning lines 13 via the TFD elements 40. Common
electrodes 9 are arranged in a stripe pattern perpendicular to
the pixel electrodes 31 and the vertical direction of the
drawing. The common electrodes 9 are composed of the data
lines arranged in a stripe pattern intersecting with the
scanning lines 13. In this embodiment, each area with a pixel
electrode 31 forms a dot area. Each of the dot areas arranged
in a matrix are activated.

[0041] The TFD element 40 is a switching element con-
necting the scanning line 13 and the pixel electrode 31. The
TFD element 40 has a MIM structure including a first
conductive film essentially composed of Ta, an insulating
film essentially composed of Ta203 and disposed on the
surface of the first conductive film, and a second conductive
film essentially composed of Cr and disposed on the surface
of the insulating film. The first conductive film of the TFD
element 40 is connected to the scanning line 13, and the
second conductive film is connected to the pixel electrode
31

[0042] The pixel structure of the liquid crystal display
device 100 according to this embodiment is described by
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referring to FIG. 3. FIG. 3(«) illustrates the pixel structure
of the liquid crystal display device 100. In particular, the
drawing illustrates the planar structure of the pixel elec-
trodes 31. FIG. 3(b) is a cross-sectional view taken along
line A-A' of FIG. 3(a). The liquid crystal display device 100
according to this embodiment has dot areas including pixel
electrodes 31 inside the area surrounded by the data lines 9
and the scanning lines 13, as shown in FIG. 2. As shown in
FIG. 3(a), each dot area has a color layer that corresponds
to one of the three primary colors. The three dot areas D1,
D2, and D3 each form a pixel including a blue color layer
22B, a green color layer 22G, and a red color layer 22R.

[0043] As shown in FIG. 3(b), the liquid crystal display
device 100 according to this embodiment can include a
liquid crystal layer 50 interposed between an upper substrate
(element substrate) 25 and a lower substrate (opposing
substrate) 10. The liquid crystal layer 50 is composed of
liquid crystal having molecules that are vertically aligned at
an initial alignment state and have negative dielectric anisot-
ropy.

[0044] A part of the lower substrate 10 includes an insu-
lating film 24 interposed between a substrate body 10A
composed of a transparent material, such as quartz or glass,
and a reflective film 20 composed of a metal, such as silver
with a high reflectance. The area with the reflective film 20
is a reflective display area R. The area without the reflective
film 20, i.e., the area where an opening 21 is formed on the
reflective film 20, is a transmissive display area T. The liquid
crystal display device 100 according to this embodiment is
a homeotropic liquid crystal display device having a homeo-
tropic liquid crystal layer 50. Moreover, it is a transreflective
liquid crystal display device capable of reflective display
and transmissive display.

[0045] The insulating film 24 disposed on the substrate
body 10A has a bumpy surface 24a. Accordingly, the surface
of the reflective film 20 attached to the bumpy surface 24a
is also bumpy. The reflected light is dispersed by the bumpy
surface of the reflective film 20. In this way, light from
outside is prevented from forming reflections in the reflec-
tive display and a wide viewing angle is obtained.

[0046] A color filter 22 (the red color layer 22R in FIG.
3(b)) is disposed across the reflective film 20 in the reflective
display area R and on the substrate body 10A in the
transmissive display area T. The periphery of the red color
layer 22R is surrounded by a black matrix BM composed of
chromium metal. The black matrix BM forms the borders of
the dot areas D1, D2, and D3 (cf. FIG. 3(a)).

[0047] On the color filter 22, an insulating film 26 can be
formed on the position corresponding to the reflective dis-
play area R. More specifically, the insulating film 26 is
formed selectively above the reflective film 20 with the color
filter 22 interposed therebetween. Because of the insulating
film 26, the thickness of the liquid crystal layer 50 differs in
the reflective display area R and the transmissive display
area T. The insulating film 26 is composed of, for example,
an organic acrylic resin film with a thickness of about 0.5 to
2.5 mm. The insulating film 26 has an inclined surface, in
order that the film thickness gradually changes, on the
border of the reflective display area R and the transmissive
display area T. The thickness of the liquid crystal layer 50,
without any insulating film 26 is about 1 to 5§ mm. The
thickness of the liquid crystal layer 50 in the reflective
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display area R is about half the thickness of the liquid crystal
layer 50 in the transmissive display area T.

[0048] The insulating film 26 functions as a liquid crystal
layer thickness-adjustment layer (liquid crystal layer thick-
ness-controlling layer) for varying the thickness of the liquid
crystal layer 50 in the reflective display area R and the
transmissive display area T. In this embodiment, the edge of
the flat surface of the upper surface of the insulating film 26
and the edge of the reflective film 20 (reflective display area)
substantially match. Thus, the inclined surface is partly or
entirely included in the transmissive display area T.

[0049] On the surface of the lower substrate 10 including
the surface of the insulating film 26, common electrodes 9
composed of indium tin oxide (ITO) are disposed. On the
common electrodes 9, an alignment film 27 composed of
polyimide is disposed. The alignment film 27 functions as a
homeotropic alignment film for aligning the liquid crystal
molecules vertically relative to the film surface. Alignment
processing, such as rubbing is not performed on the align-
ment film 27. In FIG. 3, the common electrodes 9 are
formed in a stripe pattern in which the stripes extend in the
longitudinal direction of the drawing. Each of the common
electrodes 9 are used for each of the dot areas arranged in a
row in the longitudinal direction of the drawing. The com-
mon electrodes 9 have slits 91 formed by cutting off parts of
the common electrodes 9. In this embodiment, the reflective
film 20 and the common electrodes 9 are formed separately
before they are stacked. In the reflective display area R,
however, the reflective film composed of a metal film may
be used as part of the common electrodes.

[0050] In the upper substrate 25, a matrix of the pixel
electrodes 31 composed of an ITO transparent conductive
film is disposed on the inner surface (adjacent to the liquid
crystal layer) of the substrate body 25A composed of a
transparent material such as glass or quartz. On the pixel
electrodes 31, protrusions 28 and 29 composed of a diclec-
tric material are formed. More specifically, the protrusions
28 and 29 are formed on the inner surface (adjacent to the
liquid crystal layer) of the pixel electrodes 31 in the trans-
missive display area T and the reflective display area R,
respectively. Moreover, on the pixel electrodes 31 including
the protrusions 28 and 29, a homeotropic alignment film 33,
similar to the one on the lower substrate 10 composed of
polyimide, is disposed.

[0051] The outer surface (not adjacent to the liquid crystal
layer 50) of the lower substrate 10 has a retardation plate 18
and a polarization plate 19. Also, the outer surface of the
upper substrate 25 has a retardation plate 16 and a polar-
ization plate 17. In this way, circularly-polarized light enters
the inner surface (adjacent to the liquid crystal layer 50) of
the substrate. The combinations of the retardation plate 18
and the polarization plate 19, and the retardation plate 16
and the polarization plate 17 each function as a circularly-
polarization plate. The polarization plate 17 (19) transmits
only linearly-polarized light polarized in a predetermined
direction. The retardation plate 16 (18) can be a A/4 retar-
dation plate. On the outer surface of the polarization plate 19
on the lower substrate 10, a backlight 15 is formed as a light
source for transmissive display.

[0052] 1In the liquid crystal display device 100 according
to this embodiment, the protrusions 28 and 29 composed of
dielectric material can be formed on the inner surface
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(adjacent to the liquid crystal layer) of the electrode. The
protrusions 28 and 29 can control the alignment of the liquid
crystal molecules of the liquid crystal layer 50 or, in other
words, can control the direction of tilt of the liquid crystal
molecules vertically aligned at an initial alignment state
when a voltage is applied to the electrodes. In FIG. 3, on the
inner surface (adjacent to the liquid crystal layer) of the pixel
electrodes 31 disposed on the inner surface of the upper
substrate 25, the protrusions 28 and 29 are formed on the
transmissive display area T and the reflective display area R,
respectively.

[0053] Each protrusion 28 and 29 is a generally circular
cone or a polygonal pyramid protruding from the inner
surface of the upper substrate 25 (main surface of the
electrodes) to the inner part of the liquid crystal layer 50.
The protrusions 28 and 29 have an inclined surface (includ-
ing a mildly curved surface) having a slope of a predeter-
mined angle with respect to the inner surface of the substrate
(the main surface of the electrode) for controlling the
direction of tilt of the liquid crystal molecules L.C along the
inclined surface.

[0054] The common electrodes 9 disposed on the inner
surface of the lower substrate 10 have slits 91 formed by
cutting off parts of the common electrodes 9. These slits 91
generate a distorted electric field between the electrodes 9
and 31 in the area where the slits are formed. According to
the distorted electric field, the direction of tilt of the liquid
crystal molecules vertically aligned at an initial alignment
state when a voltage is applied is controlled. As shown in
FIG. 3(0), the slits 91 of the common electrodes 9 surround
the protrusions 28 and 29 formed on the pixel electrodes 31.
As a result, the direction of tilt of the liquid crystal mol-
ecules LC are controlled so that the liquid crystal molecules
are arranged in a radial pattern around the protrusions 28 and
29.

[0055] The liquid crystal display device 100 described
above have the advantages described below.

[0056] In general, when a voltage is applied to liquid
crystal molecules having negative dielectric anisotropy
aligned on an unrubbed homeotropic alignment film, since
the direction of the liquid crystal molecules is not controlled,
the liquid crystal molecules tilt in random directions and,
thus, the molecules fail to align. In this embodiment, how-
ever, the protrusions 28 and 29 are formed on the inner
surface of the pixel electrodes 31 and, in addition, the slits
91 are formed to planarly surround the common electrodes
9. In this way, the direction of tilt of the liquid crystal
molecules vertically arranged at an initial alignment state are
controlled by the inclined surface of the protrusions 28 and
29 and/or by the distorted electric field generated by the slits
91. Consequently, disclination due to alignment failure of
the liquid crystal molecules is prevented. In this way, a high
quality image, which does not have any residual images
caused by disclination and smear-like unevenness that
appear when viewed from an oblique direction, can be
obtained.

[0057] The liquid crystal display device 100 has a multi-
gap structure since the reflective display area R is formed on
the insulating film 26. More specifically, the thickness of the
liquid crystal layer 50 in the reflective display area R is
substantially half the thickness of the liquid crystal layer 50
in the transmissive display area T. In this way, the retardation
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of the reflective display is substantially equal to the retar-
dation of the transmissive display. As a result, the contrast of
the display can be improved.

[0058] Since the protrusions 28 and 29 are formed on the
upper substrate 25 and not on the lower substrate 10 having
the insulating film 26 making up the multi-gap structure,
forming the protrusions 28 and 29 and setting their height is
easy.

[0059] 1In other words, the surface of the lower substrate
10 adjacent to the liquid crystal layer 50 including the
insulating film 26 has a difference in thickness, which forms
the multi-gap structure. Forming the protrusions 28 and 29
on the portion where the thickness is small is extremely
difficult. This difference in thickness may cause a difference
in height of the protrusions 28 and 29, which are each
formed on a portion with different thicknesses. Contrarily, as
in this embodiment, by forming the protrusions 28 and 29 on
the substrate without the insulating film 26, the protrusions
28 and 29 can be formed on a relatively flat surface. In this
way, the above-mentioned problems concerning the forma-
tion of the protrusions 28 and 29 do not occur. Thus, the
protrusions 28 and 29 can be formed extremely easily and
their height can be set extremely easily.

[0060] The protrusion 28 on the transmissive display area
T can be formed so that the height is relatively larger than
the height of the protrusion 29. Since the thickness of the
liquid crystal layer of the transmissive display area T is
relatively larger than that of the reflective display area R due
to the multi-gap structure, in the transmissive display area T,
the alignment of the liquid crystal molecules must be
controlled with even greater force. Therefore, it is desirable
to set the height of the protrusions as described above.

[0061] A liquid crystal display device 200 according to a
second embodiment is described below by referring to a
drawing. FIG. 4 illustrates a liquid crystal display device
200 according to a second embodiment wherein FIG. 4(a)
is a plane view and FIG. 4(b) is cross-sectional view. FIG.
4 is equivalent to FIG. 3 illustrating the first embodiment.
The basic structure of the liquid crystal display device 200
according to the second embodiment is substantially the
same as the liquid crystal display device 100 illustrated in
FIG. 3 except that the structure of the color filter differs.
Therefore, for the parts in FIG. 4 that are indicated by the
same reference numerals that were used in FIG. 3 are the
same as those in FIG. 3 unless otherwise specified and their
descriptions are omitted.

[0062] The liquid crystal display device 200 according to
the second embodiment is an active matrix transreflective
liquid crystal display device including a TFD as a switching
element. The liquid crystal display device 200 includes a
liquid crystal layer 50 interposed between an upper substrate
(clement substrate) 25 and a lower substrate (opposing
substrate) 10. The liquid crystal layer 50 is composed of a
liquid crystal having molecules that are vertically aligned at
an initial alignment state and have negative dielectric anisot-

ropy.

[0063] Apartofthe lower substrate 10 includes a substrate
body 10A composed of a transparent material, such as quartz
or glass, and a reflective film 20 composed of a metal, such
as aluminum and silver, with a high reflectance. The reflec-
tive film 20 is formed in a predetermined pattern or, in other
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words, formed selectively on a reflective display area R. The
lower substrate 10 also has a bumpy surface similar to the
structure of the first embodiment formed of an insulating
film 24 interposed between the substrate body and the
reflective film.

[0064] On the reflective film 20 selectively formed on the
reflective display area R and on the substrate body 10A of
the transmissive display area T, a color filter 22 (22R, 22G,
and 22B) is disposed across the reflective display area R and
the transmissive display area T. The color filter 22 includes
color layers 22R, 22G, and 223B that are red, green, and blue,
respectively. The color layers 22R, 22G, and 22B make up
dot areas D1, D2, and D3, respectively (cf. FIG. 4(a)).

[0065] In this embodiment, a black matrix BM forming
the borders of the dot areas D1, D2, and D3 is not composed
of the generally-used chromium metal, but instead is com-
posed of a stack of the color layers 22R, 22G, and 22B. More
specifically, the color layers 22R, 22G, and 22B are stacked
in the areas between dots adjacent to the reflective display
area R. The stacked layers display a black color. As a result
of stacking the color layers, the thickness of the color filter
22 in the areas between dots becomes larger.

[0066] Covering the stacked color layers 22R, 22G, and
228 in the color filter 22 is an insulating film 26 functioning
as a liquid crystal layer thickness-adjustment layer disposed
across the reflective display area R. On the surface of the
lower substrate 10 including the surface of the insulating
film 26, common electrodes 9 composed of ITO are dis-
posed. On the common e¢lectrodes 9, a homeotropic align-
ment film 27 composed of polyimide is disposed. As a result
of stacking the color layers 22R, 22G, and 22B, as described
above, the color filter 22 protrudes into the liquid crystal
layer 50 by the thickness of the stack of color layers. The
insulating film 26 disposed on the color filter 22 also has
protrusions having the same shape as the color filter 22. The
common electrode 9 has slits 91 formed by cutting off
portions of the electrodes.

[0067] In the upper substrate 25, on the inner surface of
the substrate body 25A composed of a transparent material,
such as glass or quartz, a matrix pixel electrodes 31 com-
posed of transparent conductive film such as ITO and an
alignment film 33 composed of a material such as polyimide
having a homeotropic alignment as same as the lower
substrate 10 are disposed. Similar to the first embodiment,
the pixel electrodes 31 in the transmissive display area T has
protrusions 28 protruding from the inner surface of the
electrode to the liquid crystal layer 50. Also, in the area
between dots, protrusions 29g protrude from the inner
surface of the substrate body 25A to the liquid crystal layer
50 in the area corresponding to the area where the insulating
film 26 protrudes. The protrusions 29« are formed of the
same material as the protrusion 28 in the transmissive
display area T and have substantially the same height as the
protrusions 28.

[0068] In the liquid crystal display device 200 according
to the invention, the protrusions 29z protrude from the
substrate body 25A in the upper substrate 25 to the liquid
crystal layer 50 and oppose the area defined by disposing the
insulating film 26 on stacked color layers 22R, 22G, 22B in
the lower substrate 10. The protrusions 29a function to
control the thickness of the liquid crystal layer 50 (in place
of spacers). More specifically, the area with the stacked color

Feb. 10, 2005

layers 22R, 22G, 22B protrudes from the other areas to the
liquid crystal layer 50 by the thickness of the stack of color
layers. The insulating film 26 is disposed on the stacked
color layers. The thickness of the liquid crystal layer in the
area provided with the protrusions 29a is almost zero. As a
result, the protrusions 29a can define the thickness of the
liquid crystal layer. Thus, the thickness of the liquid crystal
layer can be maintained uniformly on the surface without
disposing spacers. The protrusions 29 are formed by the
same process as the protrusions 28 formed on the transmis-
sive display area T for improving the efficiency of produc-
tion. The protrusions 29a have the same height as the
protrusions 28.

[0069] In addition to the advantages of the liquid crystal
display device 100 according to the first embodiment, the
liquid crystal display device 200 described above has the
advantages of improved production efficiency and reduced
production costs since the black matrix BM is formed
without using chromium metal. Moreover, the problem of
environmental destruction caused by disposition of chro-
mium metal can be prevented. Furthermore, since the thick-
ness of the liquid crystal layer can be controlled without
using spacers, the production efficiency can be improved and
production costs can be reduced. In the lower substrate 10,
in addition to the insulating film 26, color layers 22R, 22G,
22B are stacked. Therefore, the difference in the thickness of
the lower substrate 10 becomes greater. By forming protru-
sions 28 and 29z on the upper substrate 25 such as described
in this embodiment the production efficiency and the setting
of the height of the protrusions becomes even easier.

[0070] The liquid crystal display device according to the
second embodiment was described above. Structures such as
the one illustrated in FIG. § may be added. More specifi-
cally, the embodiment described above only has the protru-
sions 28 in the transmissive display area T. In the liquid
crystal display device 300 illustrated in FIG. 5, however,
protrusions 295 are formed in a reflective display area R to
control the direction of tilt of the liquid crystal molecules.
The protrusions 295 formed in the reflective display area R
are preferably formed so that they have substantially the
same height as the protrusions 29¢ formed in the area
between dots. In this way, the problem of the protrusions 295
touching the inner surface of the opposite substrate can be
prevented. As a result, the alignment of the liquid crystal
molecules can be controlled accurately.

[0071] Aliquid crystal display device according to a third
embodiment is described by referring to a drawing. FIG. 6
illustrates a liquid crystal display device 400 according to a
third embodiment, wherein FIG. 6(a) is a plane view and
FIG. 6(b) is cross-sectional view. FIG. 6 is equivalent to
FIGS. 4 and 5 illustrating the second embodiment. The
basic structure of the liquid crystal display device 400
according to the third embodiment is substantially the same
as the liquid crystal display device 200 illustrated in FIG. 4
and the liquid crystal display device 300 illustrated in FIG.
5 except that, in comparison with the second embodiment, a
color filter 22 including color layers 22R, 22G, and 22B and
an insulating film 26 are disposed on an upper substrate 25
and protrusions 28, 29q, and 29 are formed on a lower
substrate 10. Therefore, for the parts in FIG. 6 that are
indicated by the same reference numerals that were used in
FIGS. 4 and 5 are the same as those in FIGS. 4 and 5 unless
otherwise specified and their descriptions are omitted.
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[0072] As shown in FIG. 6, the liquid crystal display
device 400 according to the third embodiment is an active
matrix transreflective liquid crystal display device including
a thin-film transistor (TFT) as a switching element. The
liquid crystal display device 400 includes a liquid crystal
layer 50 interposed between a lower substrate (element
substrate) 10 and an upper substrate (opposing substrate) 25.
The liquid crystal layer 50 is composed of a liquid crystal
having molecules that are vertically aligned at an initial
alignment state and have negative dielectric anisotropy.

[0073] Apartofthe lower substrate 10 includes a substrate
body 10A and a reflective film 20a composed of a metal,
such as aluminum or silver, with a high reflectance on the
substrate body 10A. The reflective film 20q is formed in a
predetermined pattern or, in other words, formed selectively
on a reflective display area R. In the area without the
reflective film 20aq, ie., a transmissive display area T,
transparent electrodes 9a are formed with a predetermined
pattern. The reflective film 20a and the transparent elec-
trodes 9a are combined to form a matrix of pixel electrodes.

[0074] On the reflective film 20a and the transparent
electrodes 9a forming the pixel electrodes, protrusions 28,
294, and 29b are formed in the transmissive display area T,
the reflective display area R, and the area between dots,
respectively. The protrusions 28, 29a, and 295 are structured
as same as the above-mentioned second embodiment. On the
reflective film 204 and the transparent electrodes 9« includ-
ing the protrusions 28, 294, and 295, a homeotropic align-
ment film 27 is disposed.

[0075] On the upper substrate 25, the color filter 22
including an area formed by stacking color layers 22R, 22G,
228 onto the surface of a substrate body 25Ais disposed. On
the color filter 22, an insulating film 26 functioning as a
liquid crystal layer thickness-adjustment layer and a com-
mon electrodes 31a covering the entire surface are disposed.
Slits 91 are formed on the common electrodes 31a by cutting
off portions of the electrodes to generate a distorted electric
field. On the common electrodes 31a, a homeotropic align-
ment film 33z is disposed.

[0076] In this embodiment, the black matrix BM com-
posed of the stacked color layers 22R, 22G, 22B is disposed
in the area between dots of the color filter 22 between the
pixel electrodes. More specifically, in the areas between the
dots adjacent to the reflective display area R, the color layers
22R, 22G, and 22B are stacked. The stacked layers display
a black color. As a result of stacking the color layers, the
thickness of the color filter 22 in the areas between dots
becomes larger. The protrusions 29« function to control the
thickness of the liquid crystal layer, and the protrusions 28,
and 29 function to control the direction of tilt of the liquid
crystal molecules turn.

[0077] As described above, the liquid crystal display
device 400 according to the third embodiment having the
color filter 22 including the black matrix composed of the
stacked color layers 22R, 22G, 22B in the upper substrate 25
can also have the advantages of the liquid crystal display
device 100 according to the first embodiment and the liquid
crystal display devices 200 and 300 according to the second
embodiment.

[0078] A liquid crystal display device according to a
fourth embodiment is described below by referring to a
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drawing. FIG. 7 illustrates a liquid crystal display device
500 according to a fourth embodiment wherein FIG. 7(a) is
a plane view and FIG. 7(b) is cross-sectional view. FIG. 7
is equivalent to FIGS. 4 and § illustrating the second
embodiment. The basic structure of the liquid crystal display
device 500 according to the fourth embodiment is substan-
tially the same as the liquid crystal display devices 200 and
300 illustrated in FIGS. 4 and 5 except that the shape of the
protrusions formed for controlling the alignment of the
liquid crystal molecules differs. Therefore, for the parts in
FIG. 7 that are indicated by the same reference numerals
that were used in FIGS. 4 and 5 are the same as those in
FIGS. 4 and 5 unless otherwise specified, and their descrip-
tions are omitted.

[0079] As shown in FIG. 7, in the liquid crystal display
device 500 according to this embodiment, protrusions 28,
and 29b for controlling the alignment of the liquid crystal
molecules are formed linearly on dot areas, which are
display areas. More specifically, in the first to third embodi-
ments, the protrusions for controlling the direction of tilt of
the liquid crystal molecules were shaped as cones or polygo-
nal pyramids. In this embodiment, however, projections
extending linearly within each of the dots control the direc-
tion of tilt of the liquid crystal molecules. In this case, the
alignment of the liquid crystal molecules can be controlled
even more effectively.

[0080] A liquid crystal display device according to a fifth
embodiment is described below by referring to a drawing.
FIG. 9 illustrates a liquid crystal display device 600 accord-
ing to a fifth embodiment wherein FIG. 9(a) is a plane view
and FIG. 9(b) is cross-sectional view. FIG. 9 is equivalent
to FIG. 3 illustrating the first embodiment. The basic
structure of the liquid crystal display device 600 according
to the fifth embodiment is substantially the same as the
liquid crystal display device 100 illustrated in FIG. 3 except
that the structures of a switching element and a pixel
electrode differ. Therefore, for the parts in FIG. 9 that are
indicated by the same reference numerals that were used in
FIG. 3 are the same as those in FIG. 3 unless otherwise
specified and their descriptions are omitted.

[0081] The liquid crystal display device 600 according to
the fifth embodiment is an active matrix transreflective
liquid crystal display device including a thin-film transistor
(TET) as a switching element. The liquid crystal display
device 600 includes a liquid crystal layer 50 interposed
between a lower substrate (element substrate) 610 and an
upper substrate (opposing substrate) 625. The liquid crystal
layer 50 is composed of a liquid crystal having molecules
that are vertically aligned at an initial alignment state and
have negative dielectric anisotropy.

[0082] A lower substrate 610 includes a substrate body
10A composed of a transparent material, such as quartz or
glass. Also, similar to the first embodiment, an insulating
film (liquid crystal layer thickness-adjustment layer) 26 is
selectively disposed in the area corresponding to a reflective
display area R. In this way, the thickness of the liquid crystal
layer 50 differs in the reflective display area R and a
transmissive display area T. The inner surface of the insu-
lating film 26 has a bumpy surface 26q.

[0083] On the inner surface of the insulating film 26
having the bumpy surface 26a, a reflective film 620 is
selectively disposed. The area of the reflective film 620 is the
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reflective display area R, and the area without the reflective
film 620, i.c., the opening on the reflective film 620, is the
transmissive display area T. The reflective film 620 is
attached to the bumpy surface 26a of the reflective film 20
and, accordingly, has a bumpy surface. Consequently, light
from outside is prevented from forming reflections in the
reflective display and a wide viewing angle is obtained.

[0084] On the inner surface of the substrate body 10A in
the transmissive display area T, electrodes 609 composed of
indium tin oxide are formed. The electrodes 609 are selec-
tively formed in the transmissive display area T and are
electrically connected to the reflective films 620 in the
reflective display area R (ct. FIG. 9(a)). On the inner surface
of the lower substrate 610 of this embodiment, the electrodes
609 composed of indium tin oxide are disposed in the
transmissive display area T, and the reflective film 620
composed of a metal such as aluminum with a high reflec-
tance is disposed in the reflective display area R. The
electrodes 609 and the reflective film 620 form a matrix of
pixel electrodes. The pixel electrodes composed of the
electrodes 609 and the reflective film 620 have slits 91 on the
electrodes 609 in the transmissive display area T and on the
border of the electrodes 609 and the reflective film 620.

[0085] On the inner surface of the pixel electrodes 609
composed of the electrodes 609 and the reflective film 620,
an alignment film 27 composed of polyimide is disposed.
The alignment film 27 functions as a homeotropic alignment
film for vertically aligning the liquid crystal molecules with
respect to the film surface. Alignment processing such as
rubbing is not performed on the alignment film 27.

[0086] The upper substrate 625 has a substrate body 25A
composed of a transparent material such as quartz or glass.
On the inner surface of the substrate body 25A, a color filter
22 is disposed. Then, on the entire inner surface of the color
filter 22, common electrodes 631 are disposed. On the inner
surface of the common electrodes 631, an alignment film 33
composed of a material such as polyimide is disposed. The
alignment film 33 functions as a homeotropic alignment film
for vertically aligning the liquid crystal molecules relative to
the film surface. Alignment processing such as rubbing is not
performed on the alignment film 33.

[0087] On the inner surface of the common electrode 631,
protrusions 28 protruding from the inner surface of the
electrodes to the liquid crystal layer 50 are formed in the
transmissive display area T. More specifically, as shown in
FIG. 9(a), the protrusions 28 are formed in the center of the
area surrounded by substantially rectangular slits 91. On the
inner surface of the substrate body 25A of the upper sub-
strate 625, spacers (not shown in the drawing) formed
together with the protrusions 28 are disposed outside the
pixel areas. In this embodiment, the height of the protrusions
28 and the spacers are substantially the same. Therefore,
both the protrusions 28 and the spacers can be formed from
protrusions composed of dielectric material, such as resin in
a single photo-process.

[0088] In this way, the protrusions 28 in the pixel areas
function to control the direction of tilt of the liquid crystal
molecules when an electrical voltage is applied so that the
molecules align along the inclined surface of the protru-
sions. The spacers disposed outside the pixel areas function
as means for controlling the liquid crystal layer thickness
(liquid crystal cell thickness). In this way, the generation of
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disclination and smear-like unevenness that appear when the
liquid crystal display device is viewed from an oblique
direction can be prevented or suppressed. In this embodi-
ment, a plurality of protrusions is formed on the substrate
opposing the substrate including the insulating film 26. The
protrusions in the pixel area are the protrusions 28 for
controlling the alignment of the liquid crystal molecules. On
the other hand, the protrusions in areas except the pixel areas
are spacers for controlling the thickness of the liquid crystal
layer. In this way, the production efficiency can be improved.
As described in the second embodiment, the protrusions 28
may be formed in the reflective display area R to control the
alignment of the liquid crystal molecules.

[0089] Subsequently, an embodiment of an electronic
apparatus having a liquid crystal display device of an
above-mentioned embodiment according to the invention is
described.

[0090] FIG. 8 is a perspective view of an embodiment of
a cellular phone. In FIG. 8, the reference numerals 1000 and
1001 indicate a cellular phone body and a display including
the liquid crystal display device, respectively. Such an
electronic apparatus has a display including the liquid crys-
tal display device according to an above-mentioned embodi-
ment. Therefore, an electronic apparatus including a liquid
crystal display with high brightness and contrast and with a
wide viewing angle, regardless of the environment, may be
produced.

[0091] Embodiments of the invention have been described
above. The technical scope of the invention, however, is not
limited to the above-mentioned embodiments and may be
modified in various ways to an extent that does not deviate
from the object of the present invention. For example, in the
above-mentioned embodiments, the retardation plate was
formed of a single plate. The retardation plate, however, may
be formed by layering a 1/2 wavelength plate and a 1/4
wavelength plate. The layered plates function as a wide-
range circular polarization plate for achromatizing the black
display. The shapes of the protrusions and the electrode slits
formed in the embodiments are not limited to the shapes of
the above-mentioned embodiments. Any type of protrusion
or slit may be acceptable providing that the direction of tilt
of the vertically aligned liquid crystal molecules can be
controlled.

[0092] As described above, while this invention has been
described in conjunction with specific embodiments thereof,
it is evident that many alternatives, modifications, and
variations will be apparent to those skilled in the art.
Accordingly, preferred embodiments of the invention as set
forth herein are intended to be illustrative, not limiting.
There are changes that may be made without departing from
the spirit and scope of the invention.

What is claimed is:
1. A liquid crystal display device, comprising:
a liquid crystal layer interposed between a first substrate
and a second substrate; and

a dot area including a transmissive display area and a
reflective display area,

the liquid crystal layer being composed of liquid crystal
vertically aligned at an initial alignment state and
having negative dielectric anisotropy,
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a liquid crystal layer thickness-adjustment layer being
disposed between at least the first substrate and the
liquid crystal layer that reduces a thickness of the liquid
crystal layer in the reflective display area in comparison
with a thickness of the liquid crystal layer in the
transmissive display area, and

the second substrate without the liquid crystal layer
thickness-adjustment layer having protrusions protrud-
ing from an inner surface of the second substrate to the
liquid crystal layer.

2. The liquid crystal display device according to claim 1,
the protrusions serving as an alignment controlling device
that controls an alignment of the liquid crystal molecules,
and the protrusions having inclined surfaces with a slope of
a predetermined angle with respect to the inner surface of the
second substrate.

3. The liquid crystal display device according to claim 1,
electrodes that drive liquid crystal molecules being disposed
on inner surface of the first and second substrates and the
protrusions being disposed on a surface, adjacent to the
liquid crystal layer, of at least the second electrodes.

4. The liquid crystal display device according to claim 3,
an alignment film that vertically aligns the liquid crystal
molecules being disposed adjacent to the liquid crystal layer
over inner surfaces of the protrusions and electrodes.

5. The liquid crystal display device according to claim 1,
circular polarization plates that emit circularly polarized
light into a liquid crystal layer being disposed on outer
surfaces of the first and second substrates.
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6. The liquid crystal display device according to claim 1,
the first and second substrates being a lower substrate and an
upper substrate, a backlight for transmissive display being
disposed on an outer surface of the lower substrate and a
reflective layer being selectively formed on an inner surface
of the lower substrate in the reflective display area.

7. The liquid crystal display device according to claim 1,
a color filter layer being disposed on the first substrate
surface with the liquid crystal layer thickness-adjustment
layer, the color filter including a plurality of color layers
stacked in arcas between dots.

8. The liquid crystal display device according to claim 7,
the liquid crystal layer thickness-adjustment layer being
disposed on an inner surface of the color filter layer on the
first substrate to cover an area formed by the stacked color
layers, and second protrusions protruding from the second
substrate to the liquid crystal layer, the second substrate
being the substrate without the color filter and the liquid
crystal layer thickness-adjustment layer in an area opposing
the area formed by the stacked color layers.

9. The liquid crystal display device according to claim 8,
the protrusions and second protrusions being composed of a
same material.

10. The liquid crystal display device according to claim 9,
the first protrusions and the second protrusions having a
substantially identical height.

11. An electronic apparatus comprising the liquid crystal
display device according to claim 1.
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