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(57) ABSTRACT

In a vertical alignment mode liquid crystal display device,
orientation control with an oblique electric field is stably
performed, and decrease in light transmittance is suppressed
without much increase in the number of production steps.

A liquid crystal display device according to the present inven-
tion includes a first substrate, a second substrate provided so
as to oppose the first substrate, and a vertical-alignment type
liquid crystal layer provided between the first substrate and
the second substrate, and has a plurality of pixels each includ-
ing: a switching element which is provided on the first sub-
strate and at least includes a semiconductor layer; a pixel
electrode electrically connected to the switching element; a
counter electrode opposing the pixel electrode; and the liquid
crystal layer interposed between the pixel electrode and the
counter electrode. The pixel electrode includes at least one
recessed portion (or aperture) formed at a predetermined
position in the pixel, and in each of the plurality of pixels,
when at least a predetermined voltage is applied across the
liquid crystal layer, a plurality of regions are created where
liquid crystal molecules tilt in respectively different azi-
muthal directions. The first substrate includes an auxiliary
electrode to which a different potential from that for the pixel
electrode is applied. The auxiliary electrode includes a por-
tion overlapping the recessed portion (or aperture) of the pixel
electrode, and is made of the same film as the semiconductor
layer of the switching element.
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LIQUID CRYSTAL DISPLAY

TECHNICAL FIELD

[0001] The present invention relates to a liquid crystal dis-
play device, and in particular to a liquid crystal display device
which is suitably used in mobile information terminals (e.g.,
PDAs), mobile phones, liquid crystal displays for vehicle
mounting, digital cameras, personal computers, amusement
devices, television sets, and the like.

BACKGROUND ART

[0002] In recent years, on the strength of being thin and
having a low power consumption, liquid crystal display
devices are broadly used in laptop-type personal computers,
mobile phones, information devices such as electronic orga-
nizers, camera-integrated VTRs having a liquid crystal moni-
tor, and the like.

[0003] As adisplay mode which can realize a high contrast
and a wide viewing angle, a vertical alignment mode utilizing
a vertical-alignment type liquid crystal layer is drawing atten-
tion. In general, a vertical-alignment type liquid crystal layer
is formed by using a liquid crystal material having negative
dielectric anisotropy and vertical alignment films.

[0004] For example, Patent Document 1 discloses a liquid
crystal display device whose viewing angle characteristics
are improved by allowing an oblique electric field to be gen-
erated near an aperture that is provided in a counter electrode,
and around a liquid crystal molecule within the aperture
which is in a vertical alignment state, allowing the surround-
ing liquid crystal molecules to take an inclined orientation.
[0005] However, with the construction described in Patent
Document 1, it is difficult to form an oblique electric field
across the entire region within the pixel. This leads to a
problem in that regions in which the liquid crystal molecules
have a slow response to voltage occur within the pixel, thus
causing an afterimage phenomenon.

[0006] In order to solve this problem, Patent Document 2
discloses a technique in which, regularly-arranged apertures
are provided in the pixel electrode or the counter electrode to
form a plurality of liquid crystal domains exhibiting axisym-
metric orientation within the pixel.

[0007] Furthermore, Patent Document 3 discloses a tech-
nique of providing an auxiliary electrode for stably perform-
ing orientation control with an oblique electric field on an
active matrix substrate. This auxiliary electrode is provided in
a position corresponding to a slit which is formed in a pixel
electrode. Moreover, this auxiliary electrode is formed inte-
grally with a storage capacitor electrode for constituting a
storage capacitor, and is formed concurrently with and from
the same metal film as the gate lines, in a step of forming the
gate lines.

[0008] [Patent Document 1] Japanese Laid-Open Patent
Publication No. 6-301036

[0009] [Patent Document 2] Japanese Laid-Open Patent
Publication No. 2000-47217

[0010] [Patent Document 3] Japanese Laid-Open Patent
Publication No. 2006-184334

DISCLOSURE OF INVENTION
Problems to be Solved by the Invention

[0011] However, since the auxiliary electrode disclosed in
Patent Document 3 is made of a metal film, it lowers the
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aperture ratio of the pixel and decreases light transmittance.
In order to solve this problem, it may be possible to compose
the auxiliary electrode from a transparent ITO film. In this
case, however, extra steps such as deposition and patterning
of an ITO film (which needs to be separately formed in
addition to the ITO film for composing the pixel electrode)
must be provided, thus resulting in an increased number of
steps.

[0012] The present invention has been made in view of the
above problems, and an objective thereof is to stably perform
orientation control with an oblique electric field in a liquid
crystal display device of the vertical alignment mode, and
suppress decrease in light transmittance without much
increase in the number of production steps.

Means for Solving the Problems

[0013] A liquid crystal display device according to the
presentinvention is a liquid crystal display device comprising
a first substrate, a second substrate provided so as to oppose
the first substrate, and a vertical-alignment type liquid crystal
layer provided between the first substrate and the second
substrate, the liquid crystal display device having a plurality
of pixels each including: a switching element which is pro-
vided on the first substrate and at least includes a semicon-
ductor layer; a pixel electrode electrically connected to the
switching element; a counter electrode opposing the pixel
electrode; and the liquid crystal layer interposed between the
pixel electrode and the counter electrode, the pixel electrode
including at least one aperture or recessed portion formed at
a predetermined position in the pixel, and in each of the
pixels, when at least a predetermined voltage is applied across
the liquid crystal layer, a plurality of regions being created
where liquid crystal molecules tilt in respectively different
azimuthal directions, wherein, the first substrate includes an
auxiliary electrode to which a different potential from that for
the pixel electrode is applied; and the auxiliary electrode
includes a portion overlapping at least one aperture or
recessed portion of the pixel electrode, and is made of a same
film as the semiconductor layer of the switching element.
[0014] In a preferred embodiment, the auxiliary electrode
further includes a portion located near an outer periphery of
the pixel electrode.

[0015] In a preferred embodiment, in each of the plurality
ofpixels, a plurality of liquid crystal domains each exhibiting
an axisymmetric orientation are created when at least a pre-
determined voltage is applied across the liquid crystal layer.
[0016] In a preferred embodiment, a potential which is
substantially the same as that for the counter electrode is
applied to the auxiliary electrode.

[0017] Inapreferred embodiment, the switching element is
a thin film transistor whose channel region is a portion of the
semiconductor layer.

[0018] Ina preferred embodiment, the semiconductor layer
and the auxiliary electrode are made of amorphous silicon or
crystalline silicon.

[0019] In a preferred embodiment, the auxiliary electrode
has a light transmittance of 60% or more.

[0020] In a preferred embodiment, the first substrate
includes a storage capacitor line; and the auxiliary electrode
is electrically connected to the storage capacitor line.

[0021] In a preferred embodiment, the first substrate
includes a connection electrode for electrically connecting
the auxiliary electrode and the storage capacitor line; and the
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connection electrode is provided outside a displaying region
which is defined by the plurality of pixels.

[0022] In a preferred embodiment, the first substrate
includes a connection electrode for electrically connecting
the auxiliary electrode and the storage capacitor line; the
connection electrode is provided in each of the plurality of
pixels; and the auxiliary electrode partially overlaps the stor-
age capacitor line.

[0023] In a preferred embodiment, the connection elec-
trode is disposed so that the entire connection electrode over-
laps the storage capacitor line.

[0024] In a preferred embodiment, the first substrate
includes a signal line; and the connection electrode is made of
a same film as the signal line.

Effects of the Invention

[0025] A liquid crystal display device according to the
present invention has an auxiliary electrode which includes a
portion overlapping an aperture or recessed portion of a pixel
electrode. By applying a different potential from that for the
pixel electrode to the auxiliary electrode, the intensity of an
orientation restriction force due to an oblique electric field
which is generated in the aperture or recessed portion can be
controlled. For example, an oblique electric field whose equi-
potential lines dip more steeply in the aperture or recessed
portion can be generated, whereby a strong orientation
restriction force can be obtained. As a result, it is possible to
stably perform orientation control with an oblique electric
field. Since the auxiliary electrode is made of the same film as
the semiconductor layer of the switching element, it is pos-
sible to suppress decrease in light transmittance without
much increase in the number of production steps.

BRIEF DESCRIPTION OF DRAWINGS

[0026] [FIG. 1] Anupper plan view schematically showing
a liquid crystal display device 100 according to a preferred
embodiment of the present invention.

[0027] [FIG. 2] A cross-sectional view schematically
showing a liquid crystal display device 100 according to a
preferred embodiment of the present invention, showing a
cross section along line 2A-2A" in FIG. 1.

[0028] [FIG. 3] A cross-sectional view schematically
showing the liquid crystal display device 100 according to a
preferred embodiment of the present invention, showing a
cross section along line 3A-3A" in FIG. 1.

[0029] [FIG. 4](a) to (¢) are diagrams schematically show-
ing orientations of liquid crystal molecules, where: (a) shows
an orientation in the absence of an applied voltage; (b) shows
an orientation immediately after voltage application; and (c)
shows an orientation when a sufficient time has elapsed since
voltage application.

[0030] [FIG. 5] A diagram showing, by using equipotential
lines, an electric field which is created when a voltage is
applied across a liquid crystal layer, illustrating a case where
no auxiliary electrode is provided.

[0031] [FIG. 6] A diagram showing, by using equipotential
lines, an electric field which is created when a voltage is
applied across a liquid crystal layer, illustrating a case where
substantially the same potential as that for a counter electrode
is applied to an auxiliary electrode.

[0032] [FIG. 7] A cross-sectional view schematically
showing a liquid crystal display device 100" according to a
preferred embodiment of the present invention.
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[0033] [FIG. 8] A cross-sectional view schematically
showing the liquid crystal display device 100" according to a
preferred embodiment of the present invention.

[0034] [FIG. 9] Anupper plan view schematically showing
a liquid crystal display device 100 according to a preferred
embodiment of the present invention.

[0035] [FIG. 10] An upper plan view schematically show-
ing a liquid crystal display device 200 according to a pre-
ferred embodiment of the present invention.

[0036] [FIG. 11] A cross-sectional view schematically
showing the liquid crystal display device 200 according to a
preferred embodiment of the present invention, showing a
cross section along line 11A-11A" in FIG. 10.

[0037] [FIG. 12] A cross-sectional view schematically
showing the liquid crystal display device 200 according to a
preferred embodiment of the present invention, showing a
cross section along line 12A-12A" in FIG. 10.

[0038] [FIG. 13] A diagram showing a manner of electrical
connection between auxiliary electrodes and storage capaci-
tor lines in the liquid crystal display device 200.

[0039] [FIG. 14](a) to (c) are step-by-step cross-sectional
views schematically showing steps of forming a connection
electrode in the liquid crystal display device 200.

[0040] [FIG. 15] A cross-sectional view schematically
showing a liquid crystal display device 200" according to a
preferred embodiment of the present invention.

[0041] [FIG. 16] A cross-sectional view schematically
showing the liquid crystal display device 200" according to a
preferred embodiment of the present invention.

[0042] [FIG.17](a)and (b) are cross-sectional views show-
ing exemplary constructions for establishing electrical con-
nection between an auxiliary electrode and a storage capaci-
tor line within a pixel.

[0043] [FIG. 18](a) is an upper plan view showing an
exemplary construction for establishing electrical connection
between an auxiliary electrode and a storage capacitor line
within a pixel; and () is a cross-sectional view taken along
line 18B-18B' in (a).

[0044] [FIG. 19](a) is an upper plan view showing an
exemplary construction for establishing electrical connection
between an auxiliary electrode and a storage capacitor line
within a pixel; and () is a cross-sectional view taken along
line 19B-19B' in (a).

[0045] [FIG. 20](a) is an upper plan view showing an
exemplary construction for establishing electrical connection
between an auxiliary electrode and a storage capacitor line
within a pixel; and () is a cross-sectional view taken along
line 20B-20B' in (a).

[0046] [FIG. 21] An upper plan view schematically show-
ing a liquid crystal display device 300 according to a pre-
ferred embodiment of the present invention.

[0047] [FIG. 22] A cross-sectional view schematically
showing the liquid crystal display device 300 according to a
preferred embodiment of the present invention, showing a
cross section along line 22A-22A" in FIG. 21.

[0048] [FIG. 23] An upper plan view schematically show-
ing a liquid crystal display device 400 according to a pre-
ferred embodiment of the present invention.

[0049] [FIG. 24] A cross-sectional view schematically
showing the liquid crystal display device 400 according to a
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preferred embodiment of the present invention, showing a
cross section along line 24 A-24 A" in FIG. 23.

DESCRIPTION OF REFERENCE NUMERALS

[0050] 1, 1' thin film transistor (switching element)

[0051] 2 pixel electrode

[0052] 2a recessed portion

[0053] 2T transparent electrode

[0054] 2R reflection electrode

[0055] 3 counter electrode

[0056] 4 auxiliary electrode

[0057] d4a portion of auxiliary electrode (portion overlap-

ping recessed portion of pixel electrode)

[0058] d4b portion of auxiliary electrode (portion located
near outer periphery of pixel electrode)

[0059] 4c portion of auxiliary electrode (portion overlap-
ping electrically-conductive film of pixel electrode)

[0060] 4d portion of auxiliary electrode (portion connected
to auxiliary electrode of adjoining pixel)

[0061] 5 connection electrode

[0062] 6 protrusion

[0063] 10, 30 transparent substrate

[0064] 11 basecoat film

[0065] 12 semiconductor layer

[0066] 13 gate insulating film

[0067] 14 gate electrode

[0068] 15 scanning line

[0069] 16 storage capacitor line

[0070] 17 first interlayer insulating film
[0071] 18 source electrode

[0072] 19 drain electrode

[0073] 20 signal line

[0074] 21 second interlayer insulating film
[0075] 22, 33 vertical alignment film

[0076] 23, 34 polarizer

[0077] 31 color filter

[0078] 32 light shielding layer (black matrix)
[0079] 50 liquid crystal layer

[0080] 51 liquid crystal molecules

[0081] 60 active matrix substrate

[0082] 70 counter substrate (color filter substrate)
[0083] 100, 100", 200, 200" liquid crystal display device
[0084] 300, 400 liquid crystal display device

BEST MODE FOR CARRYING OUT THE
INVENTION

[0085] Hereinafter, with reference to the drawings,
embodiments of the present invention will be described. Note
that the present invention is not limited to the following
embodiments.

Embodiment 1

[0086] With reference to FIG. 1 to FIG. 3, the structure of a
liquid crystal display device 100 according to the present
embodiment will be described. FIG. 1 is an upper plan view
schematically showing a region corresponding to one pixel of
the liquid crystal display device 100. FIG. 2 and FIG. 3 are
cross-sectional views along lines 2A-2A" and 3A-3A' in FIG.
1, respectively.

[0087] The liquid crystal display device 100 includes an
active matrix substrate 60, a counter substrate (color filter
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substrate) 70 provided so as to oppose the active matrix sub-
strate 60, and a vertical-alignment type liquid crystal layer 50
provided therebetween.

[0088] Each of the plurality of pixels of the liquid crystal
display device 100 includes a thin film transistor (TFT) 1
provided on the active matrix substrate 60, a pixel electrode 2
electrically connected to the thin film transistor 1, a counter
electrode 3 opposing the pixel electrode 2, and a liquid crystal
layer 50 interposed between the pixel electrode 2 and the
counter electrode 3.

[0089] Hereinafter, the more specific structure of the active
matrix substrate 60 and the counter substrate 70 will be
described.

[0090] Theactive matrix substrate 60 includes a transparent
substrate (e.g., a glass substrate or a plastic substrate) 10
supporting its component elements. A basecoat film 11 is
formed on a surface of the transparent substrate 10 closer to
the liquid crystal layer 50, and a semiconductor layer 12 of
continuous grain silicon (CGS) is formed on the basecoat film
11. A portion of the semiconductor layer 12 functions as a
channel region of the thin film transistor 1, and other portions
function as a source region and a drain region.

[0091] A gateinsulating film 13 is formed so as to cover the
semiconductor layer 12. A gate electrode 14, a scanning line
15, and a storage capacitor line 16 are formed on the gate
insulating film 13, and a first interlayer insulating film 17 is
formed so as to cover them.

[0092] On the first interlayer insulating film 17, a source
electrode 18, a drain electrode 19, and a signal line 20 are
formed. In contact holes which are formed in the gate insu-
lating film 13 and the first interlayer insulating film 17, the
source electrode 18 and the drain electrode 19 are connected
to the semiconductor layer 12.

[0093] A second interlayer insulating film 21 is formed so
as to cover the source electrode 18, the drain electrode 19, and
the signal line 20, and a pixel electrode 2 is provided on the
second interlayer insulating film 21. The second interlayer
insulating film 21 is an organic insulating film made of an
acrylic type photosensitive resin or the like, for example. The
pixel electrode 2 is made of a transparent electrically conduc-
tive material (e.g. ITO). On a surface of the transparent sub-
strate 10 opposite from the liquid crystal layer 50, a polarizer
23 is provided.

[0094] Ona surface of the transparent substrate 30 closer to
the liquid crystal layer 50, the counter substrate 70 includes a
color filter 31, a light shielding layer (also referred to as a
black matrix) 32, and the counter electrode in this order. The
counter electrode 3 is made of a transparent electrically con-
ductive material (e.g. ITO). On a surface of the transparent
substrate 30 opposite from the liquid crystal layer 50, a polar-
izer 34 is provided.

[0095] The liquid crystal layer 50 interposed between the
active matrix substrate 60 and the counter substrate 70 is
made of a nematic liquid crystal material having a negative
dielectric anisotropy, and contains a chiral agent as necessary.
On surfaces of the active matrix substrate 60 and the counter
substrate 70 that are in contact with the liquid crystal layer 50,
vertical alignment films 22 and 33 are provided. The vertical
alignment films 22 and 33 cause liquid crystal molecules 51 in
the liquid crystal layer 50 to be aligned substantially perpen-
dicular to their surfaces. The vertical alignment films 22 and
33 are made of polyimide resin, for example.

[0096] A pixel electrode 2 of the liquid crystal display
device 100 includes a plurality of recessed portions 2a formed
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at predetermined positions in the pixel. In the present embodi-
ment, four recessed portions 2a are provided in the pixel
electrode 2, and the pixel is divided into three regions by the
recessed portions 2a. The individual regions divided by the
recessed portions 2a are also referred to as subpixels.

[0097] When a predetermined potential difference is given
between the pixel electrode 2 and the counter electrode 3 (i.e.,
a predetermined voltage is applied across the liquid crystal
layer 50), an oblique electric field (a potential gradient which
is tilted with respect to the substrate surface) is generated near
the outer periphery of the pixel electrode 2 and at the recessed
portions 24, and this oblique electric field defines the direc-
tions in which the liquid crystal molecules 51 fall. Due to the
action ofthe oblique electric field, a plurality of (herein three)
liquid crystal domains are created each exhibiting an axisym-
metric orientation. In each liquid crystal domain, the liquid
crystal molecules 51 are orientated in almost all azimuthal
directions, and thus, when a voltage is applied across the
liquid crystal layer 50, a plurality of regions are formed in
which the liquid crystal molecules 51 are tilted in respectively
different azimuthal directions in the liquid crystal display
device 100.

[0098] With reference to FIG. 4, the mechanism by which
axisymmetric orientations are created will be described more
specifically. FIGS. 4(a) to (c¢) are diagrams schematically
showing orientations of the liquid crystal molecules 51,
where: FIG. 4(a) shows a state in the absence of an applied
voltage; FIG. 4(b) shows a state immediately after voltage
application; and FIG. 4(¢) shows a state when a sufficient time
has elapsed since voltage application.

[0099] As shown in FIG. 4(a), in the absence of an applied
voltage, the liquid crystal molecules 51 are orientated sub-
stantially perpendicularly to the substrate surface due to the
orientation restriction forces of the vertical alignment films
22 and 33.

[0100] Under an applied voltage, the liquid crystal mol-
ecules 51 having a negative dielectric anisotropy are tilted so
that their molecular major axes are perpendicular to the elec-
tric lines of force (i.e., parallel to the equipotential lines), and
therefore, the directions in which the liquid crystal molecules
51 fall are defined by an oblique electric field which is gen-
erated near the outer periphery of and at the recessed portions
2a of the pixel electrode 2. Therefore, as shown in FIG. 4(5),
the liquid crystal molecules 51 in the region where the oblique
electric field is generated (.e., the liquid crystal molecules 51
which directly receive the orientation restriction force due to
the oblique electric field) are the first to be tilted.

[0101] Thereafter, with lapse of time, the other liquid crys-
tal molecules 51 will be orientated in continuous manners (so
as to match the orientations of the liquid crystal molecules 51
that were the first to be tilted), whereby liquid crystal domains
as shown in FIG. 4(c¢) are formed. Since the liquid crystal
molecules 51 are orientated in almost all azimuthal directions
(all azimuthal directions within the substrate plane) in each
liquid crystal domain, the liquid crystal display device 100
has excellent viewing angle characteristics.

[0102] Herein, “axisymmetric orientation” is synonymous
with “radially-inclined orientation” in Patent Document 1.
Around the center axis of axisymmetric orientation, the liquid
crystal molecules 51 are continuously oriented without form-
ing disclination lines, and the major axes of the liquid crystal
molecules 51 are oriented in a radial, tangential, or spiral
manner. In either case, the major axes of the liquid crystal
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molecules 51 have components which are radially-inclined
from the center of orientation (components which are parallel
to the oblique electric field).

[0103] Note that it is not necessary that a plurality of
recessed portions 2a be provided as is exemplified herein; it
suffices if at least one recessed portion 2a is provided. For
example, in the case where a pixel is divided into two regions,
liquid crystal domains with axisymmetric orientations can be
created by providing only one oblong recessed portion 2a.
Moreover, an aperture may be provided instead of a recessed
portion 2a (or in addition to a recessed portion 2a). In the case
where an aperture is provided in the pixel electrode 2, as in the
case of a recessed portion 2a, an oblique electric field is
formed in any aperture surrounded by the electrically-con-
ductive film of the pixel electrode 2, thus defining the direc-
tions in which the liquid crystal molecules 51 are tilted due to
an electric field.

[0104] Next, the construction of the liquid crystal display
device 100 according to the present embodiment will be
described in more detail.

[0105] As shown in FIG. 1 to FIG. 3, the active matrix
substrate 60 of the liquid crystal display device 100 includes
auxiliary electrodes 4 to which a different potential from that
for the pixel electrode 2 is applied. As shown in FIG. 3, an
auxiliary electrode 4 in the present embodiment is connected
to the storage capacitor line 16 through a contact hole which
is formed in the gate insulating film 13, whereby a potential
(e.g., the same potential as that for the counter electrode 3 as
will be described later) which is different from that for the
pixel electrode 2 can be applied to the auxiliary electrode 4.
[0106] As shown in FIG. 1, an auxiliary electrode 4
includes portions 4a which overlap the recessed portions 2a
of'the pixel electrode 2, and a portion 45 which is located near
the outer periphery of the pixel electrode 2. Moreover, the
auxiliary electrode 4 is made of the same film as the semi-
conductor layer 12 of the thin film transistor 1. In other words,
the auxiliary electrode 4 is formed concurrently with the
semiconductor layer 12 by patterning the semiconductor film
for forming the semiconductor layer 12 of the thin film tran-
sistor 1.

[0107] The liquid crystal display device 100 of the present
embodiment includes auxiliary electrodes 4 as described
above. By applying a different potential from that for the pixel
electrode 2 to each auxiliary electrode 4, it becomes possible
to control the intensity of the orientation restriction force due
to an oblique electric field. Hereinafter, this point will be
described in more detail.

[0108] FIG. 5 and FIG. 6 are diagrams showing, by using
equipotential lines EQ), electric fields which are created when
a voltage is applied across the liquid crystal layer 50. FIG. 5
illustrates a case where auxiliary electrodes 4 are not pro-
vided, whereas FIG. 6 illustrates a case where substantially
the same potential as that for the counter electrode 3 is applied
to an auxiliary electrode 4.

[0109] When a voltage is applied across the liquid crystal
layer 50, as shown in FIG. 5 and FIG. 6, a potential gradient
which is represented by equipotential lines (which are
orthogonal to electric lines of force) EQ is created. The equi-
potential lines EQ run parallel to the substrate surface in the
liquid crystal layer 50 which is interposed between the elec-
trically-conductive film of the pixel electrode 2 (i.e., the por-
tion excluding the recessed portions 2a) and the counter elec-
trode 3, and dip in any region corresponding to the
neighborhood of the outer periphery of and the recessed por-
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tions 2a of the pixel electrode 2. Therefore, in the liquid
crystal layer 50 in any region corresponding to the neighbor-
hood of the outer periphery of and the recessed portions 2a of
the pixel electrode 2, an oblique electric field which is repre-
sented by tilted equipotential lines EQ is created.

[0110] In the case where auxiliary electrodes 4 are not
provided, as shown in FIG. 5, equipotential lines EQ are
continuous between adjoining subpixels, so that the equipo-
tential lines EQ present continuous rises and falls. In other
words, a relatively gentle potential gradient is created.
[0111] On the other hand, in the case where an auxiliary
electrode 4 is provided and substantially the same potential as
that for the counter electrode 3 is applied to the auxiliary
electrode 4, as shown in FIG. 6, equipotential lines EQ are not
continuous between adjoining subpixels, but the equipoten-
tial lines EQ abruptly dip above the recessed portion 2a.
Therefore, a steep potential gradient is created in the recessed
portion 2a, thus resulting in a stronger oblique electric field
than that shown in FIG. 5. Therefore, a strong orientation
restriction force can be obtained.

[0112] As described above, since the liquid crystal display
device 100 in the present embodiment includes the auxiliary
electrodes 4, orientation control can be stably performed with
an oblique electric field. Moreover, since the auxiliary elec-
trodes 4 are made of the same film as the semiconductor layer
12 of the thin film transistor 1, a high light transmittance can
be provided. For example, an auxiliary electrode 4 which is
made of continuous grain silicon (CGS) can realize a light
transmittance of about 80% with a thickness of about 50 nm.
Furthermore, since the auxiliary electrodes 4 are made of the
same film as the semiconductor layer 12 of the thin film
transistor 1, hardly any new steps for providing the auxiliary
electrodes 4 are needed. Therefore, it is possible to suppress
decrease in light transmittance without much increase in the
number of production steps.

[0113] The present embodiment illustrates as a switching
element the thin film transistor 1 including the semiconductor
layer 12 which is made of continuous grain silicon; however,
the switching element is not limited thereto. The semicon-
ductor layer 12 may be made of crystalline silicon such as
continuous grain silicon or polycrystalline silicon, or made of
amorphous silicon.

[0114] FIG. 7 and FIG. 8 show a liquid crystal display
device 100" having thin film transistors 1' including a semi-
conductor layer 12 which is made of amorphous silicon. The
liquid crystal display device 100 shown in FIG. 2 and FIG. 3
has the top-gate type thin film transistors 1 including the
semiconductor layer 12 made of continuous grain silicon,
whereas the liquid crystal display device 100" shown in FIG.
7 and FIG. 8 has the bottom-gate type thin film transistors 1'
including the semiconductor layer 12 made of amorphous
silicon.

[0115] The liquid crystal display device 100" also includes
auxiliary electrodes 4 made of the same film as the semicon-
ductor layer 12 of the thin film transistor 1' (i.e., made of
amorphous silicon). Therefore, effects similar to those of the
liquid crystal display device 100 are obtained. The thickness
of the auxiliary electrode 4 made of amorphous silicon is
about 35 nm, for example.

[0116] Note that, in each of the liquid crystal display
devices 100 and 100, the thickness of the auxiliary electrodes
4 is not limited to the exemplified value. However, in order to
sufficiently suppress decrease in the light transmittance of a
pixel, the auxiliary electrodes 4 are preferably formed with a
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thickness such that it has a light transmittance of 60% or
more, and more preferably 80% or more. An auxiliary elec-
trode 4 made of crystalline silicon can realize a light trans-
mittance of 80% or more with a thickness of 60 nm or less,
and a light transmittance of 60% or more with a thickness of
114 nm or less. Note that the semiconductor layer 12 of the
switching element and the auxiliary electrodes 4 do not need
to have the same thickness, and they may have respectively
different thicknesses. However, from the standpoint of sup-
pressing increase in the number of steps, it is preferable that
they have almost the same thickness.

[0117] FIG. 1to FIG. 3, FIG. 7, and FIG. 8 illustrate con-
structions where the electrically-conductive film of a pixel
electrode 2 and an auxiliary electrode 4 do not overlap each
other. However, as shown in FIG. 9, the auxiliary electrode 4
may include portions 4¢ which overlap the electrically-con-
ductive film of the pixel electrode 2, and the region where
each portion 4¢ overlaps the pixel electrode 2 may be used as
a portion of a storage capacitor.

Embodiment 2

[0118] Withreferenceto FIG.10to FIG. 12, the structure of
a liquid crystal display device 200 according to the present
embodiment will be described. FIG. 10 is an upper plan view
schematically showing a region corresponding to one pixel of
the liquid crystal display device 200. FIG. 11 and FIG. 12 are
cross-sectional views taken along line 11A-11A' and line
12A-12A" in FIG. 10, respectively.

[0119] As shown in FIG. 10 to FIG. 12, the liquid crystal
display device 200 includes auxiliary electrodes 4 which are
made of the same film as the semiconductor layer 12 of the
thin film transistors 1, and therefore is able to stably perform
orientation control with an oblique electric field, and suppress
decrease in light transmittance while suppressing increase in
the number of steps.

[0120] However, theliquid crystal display device 200 of the
present embodiment differs from the liquid crystal display
device 100 of Embodiment 1 in terms of the manner of elec-
trical connection between an auxiliary electrode 4 and a stor-
age capacitor line 16. In the liquid crystal display device 100,
as is also shown in FIG. 3, an auxiliary electrode 4 is con-
nected to a storage capacitor line 16 through a contact hole
which is provided in the gate insulating film 13, thus being
electrically connected to the storage capacitor line 16 within
each pixel.

[0121] On the other hand, in the liquid crystal display
device 200, as can also be seen from FIG. 12, the auxiliary
electrode 4 is not connected to the storage capacitor line 16
within the pixel. The auxiliary electrode 4 in the present
embodiment is electrically connected to the storage capacitor
line 16 outside a displaying region which is defined by a
plurality of pixels (also referred to as the peripheral region).
[0122] Specifically, as shown in FIG. 13, each auxiliary
electrode 4 includes a portion 4d which is connected to the
auxiliary electrode 4 of an adjoining pixel, and a plurality of
auxiliary electrodes 4 which are mutually connected via the
portions 44 are electrically connected to the storage capacitor
line 16 via a connection electrode 5 which is provided outside
the displaying region (peripheral region).

[0123] The connection electrode 5 in the present embodi-
ment is made of the same film as the signal line 20. The
connection electrode 5 is formed as shown in FIGS. 14(a) to
(¢). FIGS. 14(a) to (¢) are step-by-step cross-sectional views
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showing steps of forming the connection electrode 5, corre-
sponding to a cross section along 14A-14A" in FIG. 13.
[0124] FIG. 14(a) shows, in the steps of producing the
active matrix substrate 60, a state where the basecoat film 11,
the auxiliary electrodes 4, the gate insulating film 13, the
storage capacitor lines 16, and the first interlayer insulating
film 17 have been stacked on the transparent substrate 10.
[0125] After the first interlayer insulating film 17 is depos-
ited, the gate insulating film 13 and the first interlayer insu-
lating film 17 above the portions of the semiconductor layer
12 to become source regions and gate regions are removed,
whereby contact holes are formed. At this time, as shown in
FIG. 14(b), contact holes are also formed outside the display-
ing region. Specifically, outside the displaying region, two
contact holes are formed by removing the gate insulating film
13 and the first interlayer insulating film 17 above an auxiliary
electrode 4 and the first interlayer insulating film 17 above a
storage capacitor line 16.

[0126] Thereafter, by depositing an electrically-conductive
film on the first interlayer insulating film 17 and then pattern-
ing the electrically-conductive film, the source electrodes 18,
the drain electrodes 19, and the signal lines 20 are formed. At
this time, as shown in FIG. 14(c), the connection electrode 5
is also formed.

[0127] As shown in FIG. 3, in the case where the auxiliary
electrode 4 and the storage capacitor line 16 are connected
within the pixel through a contact hole which is formed in the
gate insulating film 13, a step of forming the contact hole in
the gate insulating film 13 is required. On the other hand, in
the case where the connection electrode 5 is formed in the
above-described manner, it is possible to electrically connect
the auxiliary electrodes 4 and the storage capacitor lines 16
without adding any steps. Moreover, since the connection
electrode 5 is provided outside the displaying region, the
connection electrode 5 will not deteriorate the light transmit-
tance of the pixels.

[0128] Also in the present embodiment, the thin film tran-
sistor 1 including the semiconductor layer 12 which is made
of continuous grain silicon is illustrated a switching element;
however, the switching element is not limited thereto. The
semiconductor layer 12 may be made of crystalline silicon
such as continuous grain silicon or polycrystalline silicon, or
made of amorphous silicon.

[0129] FIG. 15 and FIG. 16 show a liquid crystal display
device 200' having a thin film transistor 1' including a semi-
conductor layer 12 which is made of amorphous silicon. The
liquid crystal display device 200 shown in FIG. 11 and FIG.
12 has the top-gate type thin film transistors 1 including the
semiconductor layer 12 made of continuous grain silicon,
whereas the liquid crystal display device 200' shown in FIG.
15 and FIG. 16 has the bottom-gate type thin film transistors
1' including the semiconductor layer 12 made of amorphous
silicon.

[0130] The liquid crystal display device 200" also includes
auxiliary electrodes 4 which are made of the same film as the
semiconductor layer 12 of the thin film transistors 1' (i.e.,
made of amorphous silicon). Therefore, it is possible to stably
perform orientation control with an oblique electric field, and
also suppress decrease in light transmittance.

[0131] Inthe liquid crystal display device 200, too, as can
also be seen from FIG. 16, the auxiliary electrode 4 is not
connected to a storage capacitor line 16 within the pixel, but
is electrically connected to the storage capacitor line 16 out-
side the displaying region (peripheral region). In the periph-
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eral region, the auxiliary electrode 4 is connected to a storage
capacitor line 16 through contact holes which are provided in
the gate insulating film 13, for example. In this case, a step of
forming contact holes in the gate insulating film 13 is
required. However, under specifications where a portion of
the gate insulating film 13 is meant to be removed because of
a certain requirement anyway, the auxiliary electrode 4 and
the storage capacitor line 16 can be electrically connected
without adding any steps, by utilizing the step of patterning
the gate insulating film 13 as an opportunity to form the
contact holes.

[0132] Note that, in the liquid crystal display device 100 of
Embodiment 1, as shown in FIG. 17(a), the auxiliary elec-
trode 4 and the storage capacitor line 16 are directly con-
nected through a contact hole which is provided in the gate
insulating film 13 within the pixel. FIG. 17(a) is a cross-
sectional view showing the neighborhood of the storage
capacitor line 16 in FIG. 3, corresponding to a cross section
along line 17A-17A' in FIG. 1. Instead of employing this
construction, as shown in FIG. 17(5), a connection electrode
5 which is made of the same film as the signal line 20 may be
provided within the pixel, and the auxiliary electrode 4 and
the storage capacitor line 16 may be electrically connected
with the connection electrode 5. By adopting such a construc-
tion, without adding any steps, the auxiliary electrode 4 and
the storage capacitor line 16 can be electrically connected.
[0133] However, in the case where a connection electrode 5
is provided within the pixel, the light transmittance of the
pixel may be lowered, depending on the relative positioning
of the auxiliary electrode 4 and the storage capacitor line 16.
For example, as shown in FIGS. 18(a) and (), if the connec-
tion electrode 5 is provided in the case where the auxiliary
electrode 4 and the storage capacitor line 16 do not overlap,
there will be a region that is shaded by the connection elec-
trode 5, and thus the light transmittance of the pixel will be
deteriorated.

[0134] On the other hand, in the case where the auxiliary
electrode 4 and the storage capacitor line 16 partially overlap,
as shown in FIGS. 19(a) and (b), the width of the shaded
region can be reduced, thus making it possible to suppress
decrease in light transmittance. Moreover, in the case where
the auxiliary electrode 4 and the storage capacitor line 16
partially overlap, as shown in FIGS. 20(a) and (), a contact
hole may be formed in the storage capacitor line 16, and the
connection electrode 5 may be disposed so that its entirety
overlaps the storage capacitor line 16; thus, there will be no
shaded region, and lowering of the light transmittance can be
prevented.

Embodiment 3

[0135] In Embodiments 1 and 2, the present invention has
been described by taking a transmission type liquid crystal
display device which presents display in the transmission
mode as an example. However, the present invention is also
suitably used for a transmission/reflection combination type
liquid crystal display device which is capable of presenting
display in both of the transmission mode and the reflection
mode.

[0136] FIG. 21 and FIG. 22 show a liquid crystal display
device 300 according to the present embodiment. FIG. 21 is
an upper plan view schematically showing a region corre-
sponding to one pixel of the liquid crystal display device 300.
FIG. 22 is a cross-sectional view along line 22A-22 A" in FIG.
21.
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[0137] Each pixel of the liquid crystal display device 300
includes a transmission region T which presents display in the
transmission mode and a reflection region R which presents
display in the reflection mode. A pixel electrode 2 of the liquid
crystal display device 300 includes a transparent electrode 2T
which is made of an electrically conductive material having a
high light transmittance (e.g. ITO) and a reflection electrode
2R which is made of an electrically conductive material hav-
ing a high light reflectance (e.g. aluminum). The transparent
electrode 2T is formed across both of the two subpixels,
whereas the reflection electrode 2R is selectively formed in
only one of the subpixels, so that the region where the reflec-
tion electrode 2R is formed functions as the reflection region
R.

[0138] Moreover, a transparent dielectric layer 35 is pro-
vided in the region of the counter substrate 70 corresponding
to the reflection region R, so that the thickness of the liquid
crystal layer 50 in the reflection region R is smaller than the
thickness of the liquid crystal layer 50 in the transmission
region T. The light which is utilized in the reflection mode
travels through the liquid crystal layer 50 twice, whereas the
light which is utilized in the transmission mode travels
through the liquid crystal layer 50 only once. However, as
mentioned above, the liquid crystal layer 50 in the reflection
region R is made thinner than the liquid crystal layer 50 in the
transmission region T, so that the optical path difference
between the reflection region R and the transmission region T
can be reduced. As a result, display can be suitably presented
in both of the reflection region R and the transmission region
T.

[0139] The liquid crystal display device 300 also includes
auxiliary electrodes 4 which are made of the same film as the
semiconductor layer 12 of the thin film transistor 1. There-
fore, it is possible to stably perform orientation control with
an oblique electric field and also suppress decrease in light
transmittance without much increase in the number of pro-
duction steps.

[0140] Note that Embodiments 1, 2, and 3 described above
illustrate constructions where orientation restriction struc-
tures (recessed portions 2a of the pixel electrode 2) are pro-
vided only on the active matrix substrate 60. However, as
necessary, orientation restriction structures may be provided
also on the counter substrate 70.

[0141] FIG. 23 and FIG. 24 show a liquid crystal display
device 400 which has orientation restriction structures also on
the counter substrate 70. As shown in FIG. 23 and FI1G. 24, the
liquid crystal display device 400 differs from the liquid crys-
tal display device 100 of Embodiment 1 in that protrusions 6
are provided on the counter substrate 70.

[0142] Each protrusion 6 projecting toward the liquid crys-
tal layer 50 has a slanted side face, and an orientation restric-
tion force is exhibited due to an anchoring effect of the ver-
tical alignment film 33 on this side face. The orientation
restriction force due to the protrusion 6 acts to orient the
liquid crystal molecules 51 in the same directions as the
orientation restriction forces due to the recessed portions 2a
of the pixel electrode 2, so that the axisymmetric orientation
of the liquid crystal molecules 51 in the subpixel is further
stabilized. Moreover, since the axisymmetric orientation is
created around the protrusion 6 which is provided in the
substantial center of a subpixel (i.e., the protrusion 6 is pro-
vided in a region corresponding to the substantial center of a
liquid crystal domain), the center of the axisymmetric orien-
tation is fixed near the protrusion 6.
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[0143] Thus, the axisymmetric orientation can be stabilized
by: restricting the orientation directions, mainly, the liquid
crystal molecules 51 around the subpixel with the orientation
restriction structures provided on the one substrate (the
recessed portions 2a or apertures of the pixel electrode 2), and
restricting the orientations of the liquid crystal molecules 51
at the central portion of the subpixel with the orientation
restriction structure (protrusion 6) provided on the other sub-
strate. This makes it possible to shorten the response time in
gray-scale displaying, and the time in which a disturbance in
orientation resulting from pressing the panel surface is elimi-
nated.

[0144] Note that the orientation restriction structures to be
provided on the counter substrate 70 are not limited to the
protrusion 6 as illustrated. For example, apertures located at
the subpixel centers may be provided on the counter electrode
3.

INDUSTRIAL APPLICABILITY

[0145] According to the present invention, in a vertical
alignment mode liquid crystal display device, it is possible to
stably perform orientation control with an oblique electric
field, and also suppress decrease in light transmittance with-
out much increase in the number of production steps. The
present invention is suitably used for a transmission type or
transmission/reflection combination type liquid crystal dis-
play device which is active-matrix driven.

1. A liquid crystal display device comprising a first sub-
strate, a second substrate provided so as to oppose the first
substrate, and a vertical-alignment type liquid crystal layer
provided between the first substrate and the second substrate,
the liquid crystal display device having a plurality of pixels
each including: a switching element which is provided
on the first substrate and at least includes a semiconduc-
tor layer; a pixel electrode electrically connected to the
switching element; a counter electrode opposing the
pixel electrode; and the liquid crystal layer interposed
between the pixel electrode and the counter electrode,

the pixel electrode including at least one aperture or
recessed portion formed at a predetermined position in
the pixel, and
in each of the pixels, when at least a predetermined voltage
is applied across the liquid crystal layer, a plurality of
regions being created where liquid crystal molecules tilt
in respectively different azimuthal directions, wherein,

the first substrate includes an auxiliary electrode to which
a different potential from that for the pixel electrode is
applied; and

the auxiliary electrode includes a portion overlapping at

least one aperture or recessed portion of the pixel elec-
trode, and is made of a same film as the semiconductor
layer of the switching element.

2. The liquid crystal display device of claim 1, wherein the
auxiliary electrode further includes a portion located near an
outer periphery of the pixel electrode.

3. The liquid crystal display device of claim 1, wherein, in
each of the plurality of pixels, a plurality of liquid crystal
domains each exhibiting an axisymmetric orientation are cre-
ated when at least a predetermined voltage is applied across
the liquid crystal layer.

4. The liquid crystal display device of claim 1, wherein a
potential which is substantially the same as that for the
counter electrode is applied to the auxiliary electrode.
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5. The liquid crystal display device of claim 1, wherein the
switching element is a thin film transistor whose channel
region is a portion of the semiconductor layer.

6. The liquid crystal display device of claim 1, wherein the
semiconductor layer and the auxiliary electrode are made of
amorphous silicon or crystalline silicon.

7. The liquid crystal display device of claim 1, wherein the
auxiliary electrode has a light transmittance of 60% or more.
8. The liquid crystal display device of claim 1, wherein,
the first substrate includes a storage capacitor line; and
the auxiliary electrode is electrically connected to the stor-

age capacitor line.

9. The liquid crystal display device of claim 8, wherein,

the first substrate includes a connection electrode for elec-

trically connecting the auxiliary electrode and the stor-
age capacitor line; and

the connection electrode is provided outside a displaying

region which is defined by the plurality of pixels.
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10. The liquid crystal display device of claim 8, wherein,

the first substrate includes a connection electrode for elec-

trically connecting the auxiliary electrode and the stor-
age capacitor line;

the connection electrode is provided in each of the plurality

of pixels; and

the auxiliary electrode partially overlaps the storage

capacitor line.

11. The liquid crystal display device of claim 10, wherein
the connection electrode is disposed so that the entire con-
nection electrode overlaps the storage capacitor line.

12. The liquid crystal display device of claim 9, wherein,

the first substrate includes a signal line; and

the connection electrode is made of a same film as the

signal line.
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