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LIQUID CRYSTAL DISPLAY DEVICE AND
LIQUID CRYSTAL DISPLAY APPARATUS
USING LIQUID CRYSTAL DISPLAY DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based on and claims the benefit
of priority from the prior Japanese Patent Application No.
2006-349148 filed on Dec. 26, 2007, the entire contents of
which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] The present invention relates to a liquid crystal dis-
play device and a liquid crystal display apparatus using the
liquid crystal display device. Particularly, this invention
relates to a reflective liquid crystal display device and a liquid
crystal display apparatus using the reflective liquid crystal
display device.

[0003] Projection liquid crystal display apparatuses, such
as, a projector and a projection TV, are popular for displaying
images on a large screen at high definition.

[0004] Brightness of images is one of the major factors in
display performance in the projection liquid crystal display
apparatuses. Higher aperture and higher reflectivity of pixel
electrodes are a possible solution for brighter images in the
liquid crystal display device of the projection liquid crystal
display apparatuses.

[0005] The liquid crystal display device of the projection
liquid crystal display apparatus is generally classified into a
transparent type and a reflective type. The transparent type
allows read light incident at one side of the device to pass
through and emits the light at the other side, as display light.
The reflective type reflects read light incident at one side of
the device and emits the light at the same side, as display light.
The reflective type is advantageous over the transparent type
in brightness of images for its higher aperture than the latter
type.

[0006] Brighter images require the reflectivity of 90% or
higher for pixel electrodes. Such a high reflectivity is achiev-
able according to, for example, Japanese Un-examined Patent
Publication No. 2004-12670 (referred to as reference 1, here-
inafter). The reference 1 discloses a pixel electrode ofa multi-
layered structure having a layer including aluminum and
another layer including silver formed on the former layer, to
achieve higher reflectivity.

[0007] Disclosed in Japanese Un-examined Patent Publica-
tion No. 11-344726, corresponding to U.S. Pat. No. 6,493,
052, (referred to as reference 2, hereinafter) is another type of
a pixel electrode with a multi-layered structure to achieve
higher reflectivity. The multi-layered structure has a low
refractive film formed on the pixel electrode and a high refrac-
tive film formed on the former film. The low refractive film is
made of acrylic resin, polyimide, magnesium fluoride or sili-
con dioxide. The high refractive film is made of titanium
dioxide, zirconia, ITO (indium tin oxide), silicon nitride or
cerium dioxide.

[0008] The silver-made pixel electrode disclosed in the ref-
erence 1, however, raises a material cost for its expensive
material of silver which is also hard to process (etching, etc.),
thus improvements being required.

[0009] Experiments by the inventors of the present inven-
tion revealed the difficulty in production management in the
reference 2 due to dependency of an offset voltage to the
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material of a high refractive film formed in the uppermost
layer of the multi-layered structure, thus improvements being
required.

[0010] Further experiments by the inventors of the present
invention revealed disadvantages of the multi-layered struc-
ture disclosed in the reference 2: difficulty in achieving higher
reflectivity in specific frequency ranges, particularly, in a blue
wavelength range (for example, ranging from 430 nm to 460
nm) for the high refractive film discussed above, depending
on the film material, such as, silicon nitride (SiN); and varia-
tion in offset voltage to extended exposure to light, particu-
larly, of high energy emission in a blue wavelength range,
causing burning to the liquid crystal display device.

SUMMARY OF THE INVENTION

[0011] A purpose of the present invention is to provide a
liquid crystal display device and a liquid crystal display appa-
ratus equipped with this device, that can restrict variation in
offset voltages, particularly, in a blue-color wavelength range
with no increase in material cost and difficulty in process.
[0012] The present invention provides a liquid crystal dis-
play device comprising: a first substrate having a plurality of
pixel electrodes formed thereon in a matrix fashion; a second
substrate having a common electrode formed thereon as fac-
ing the pixel electrodes with a specific gap; a liquid crystal
filled in the gap; and a multi-layered optical film formed on
the pixel electrodes and including: a first optical film that
exhibits a first refractive index; a second optical film formed
on the first optical film, the second optical film exhibiting a
second refractive index higher than the first refractive index;
and a third optical film formed on the second optical film, the
third optical film exhibiting a specific resistance ranging from
x10” Qcm to 8x10'% Qcm.

[0013] Moreover, the present invention provides a liquid
crystal display device comprising: a first substrate having a
plurality of pixel electrodes formed thereon in a matrix fash-
ion; a second substrate having a common electrode formed
thereon as facing the pixel electrodes with a specific gap; a
liquid crystalfilled in the gap; and amulti-layered optical film
formed on the pixel electrodes and including: a first optical
film that exhibits a first refractive index; a second optical film
formed on the first optical film, the second optical film exhib-
iting a second refractive index higher than the first refractive
index: a third optical film formed on the second optical film,
the third optical film exhibiting a third refractive index lower
than the second refractive index; a fourth optical film formed
on the third optical film, the fourth optical film exhibiting a
fourth refractive index higher than the third refractive index;
and a fifth optical film formed on the fourth optical film, the
fifth optical film exhibiting a specific resistance ranging from
1x10° Qcm to 8x10'? Qem.

[0014] Furthermore, the present invention provides a liquid
crystal display apparatus for displaying images on a screen
comprising: a light source for emitting light; at least one
liquid crystal display device for modulating the light for
image displaying; and an optical component for directing the
light emitted from the light source to the liquid crystal display
device and the light modulated by the liquid crystal display
device to to the screen, wherein the liquid crystal display
device includes: a first substrate having a plurality of pixel
electrodes formed thereon in a matrix fashion; a second sub-
strate having a common electrode formed thereon as facing
the pixel electrodes with a specific gap; a liquid crystal filled
in the gap; and a multi-layered optical film formed on the
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pixel electrodes and including: a first optical film that exhibits
a first refractive index; a second optical film formed on the
first optical film, the second optical film exhibiting a second
refractive index higher than the first refractive index; and a
third optical film formed on the second optical film, the third
optical film exhibiting a specific resistance ranging from
1x10 Qcm to 8x10" Qcm.

[0015] Moreover, the present invention provides a liquid
crystal display apparatus for displaying images on a screen
comprising: a light source for emitting light; at least one
liquid crystal display device for modulating the light for
image displaying; and an optical component for directing the
light emitted from the light source to the liquid crystal display
device and the light modulated by the liquid crystal display
device to the screen, wherein the liquid crystal display device
includes: a first substrate having a plurality of pixel electrodes
formed thereon in a matrix fashion; a second substrate having
a common electrode formed thereon as facing the pixel elec-
trodes with a specific gap; a liquid crystal filled in the gap; and
a multi-layered optical film formed on the pixel electrodes
and including: a first optical film that exhibits a first refractive
index; a second optical film formed on the first optical film,
the second optical film exhibiting a second refractive index
higher than the first refractive index; a third optical film
formed on the second optical film, the third optical film exhib-
iting a third refractive index lower than the second refractive
index; a fourth optical film formed on the third optical film,
the fourth optical film exhibiting a fourth refractive index
higher than the third refractive index; and a fifth optical film
formed on the fourth optical film, the fifth optical film exhib-
iting a specific resistance ranging from 1x10° Qcm to 8x10"2
Qcm.

[0016] Still, furthermore, the present invention provides a
multi-layered optical film for use in a liquid crystal display
device having pixel electrodes arranged in a matrix fashion
with a specific gap therebetween, the multi-layered optical
film comprising: a first low refractive film that exhibits a first
refractive index; a first high refractive film formed on the first
refractive film, the first high refractive film exhibiting a sec-
ond refractive index higher than the first refractive index; and
a first dielectric film formed on the first high refractive film,
the first dielectric film exhibiting a specific resistance ranging
from 1x10° Qcm to 8x10"* Qcm, wherein the multi-layered
optical film is formed on the pixel electrodes to prevent light
to be incident below the pixel electrodes through the gap.

BRIEF DESCRIPTION OF DRAWINGS

[0017] FIG. 1 shows a schematic cross-sectional view of a
liquid crystal display device, applied to first to fourth embodi-
ments of the present invention;

[0018] FIG.2 shows anequivalent circuit representing each
pixel in the liquid crystal display device, applied to the first to
fourth embodiments of the present invention;

[0019] FIG. 3 shows a schematic cross-sectional view of a
multi-layered optical film (and the adjacent sections shown in
FIG. 1) of the liquid crystal display device in the first embodi-
ment of the present invention;

[0020] FIG. 4 shows a result of an experiment on dielectric-
film formation through the first to fourth embodiments of the
present invention;

[0021] FIG. 5 shows another result of an experiment on
dielectric-film formation through the first to fourth embodi-
ments of the present invention;
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[0022] FIG. 6 shows evaluation of the liquid crystal display
device in the first embodiment of the present invention,
depending on specific resistance of a dielectric film;

[0023] FIG. 7 shows a schematic cross-sectional view of a
multi-layered optical film (and the adjacent sections shown in
FIG. 1) of the liquid crystal display device in the second
embodiment of the present invention;

[0024] FIG. 8 shows a schematic cross-sectional view of a
multi-layered optical film (and the adjacent sections shown in
FIG. 1) of the liquid crystal display device in the third
embodiment of the present invention;

[0025] FIG. 9 shows a schematic cross-sectional view of a
multi-layered optical film (and the adjacent sections shown in
FIG. 1) of the liquid crystal display device in the fourth
embodiment of the present invention;

[0026] FIG. 10 shows evaluation of the liquid crystal dis-
play devices in the first to fourth embodiments of the present
invention;

[0027] FIG. 11 shows a schematic cross-sectional view of a
liquid crystal display apparatus in a fifth embodiment of the
present invention, equipped with the liquid crystal display
device in the first, second, third or fourth embodiment of the
present invention; and

[0028] FIG. 12 shows a schematic cross-sectional view ofa
liquid crystal display apparatus in a sixth embodiment of the
present invention, equipped with the liquid crystal display
device in the first, second, third or fourth embodiment of the
present invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0029] Embodiments of the present invention will be dis-
closed with reference to drawings.

First Embodiment

[0030] Shownin FIG. 1isa liquid crystal display device 50
that is a first embodiment of the present invention. FIG. 1 will
also be applied to liquid crystal display devices 70, 80 and 90
that are a second, a third and a fourth embodiment of the
present invention, respectively, which will be disclosed layer.
[0031] As shown in FIG. 1, the major components of the
liquid crystal display device 50 are: a liquid-crystal driver
substrate 20 made through specific semiconductor processes
on a first substrate 1 (a semiconductor substrate); a transpar-
ent second substrate 30 provided as facing the drive substrate
20 with a specific gap D50; and aliquid crystal 40 filled in the
gap D50. The gap D50 is referred to as a cell gap D50,
hereinafter.

[0032] Disclosed in detail first is the liquid-crystal driver
substrate 20. Formed on a surface la (facing the second
substrate 30) of the first substrate 1 are a source S, a drain D
and a capacitor lower electrode Ca, with an insulating layer 2
over the surface 1a.

[0033] Formed in the insulating layer 2 are a gate G, a
capacitor upper electrode Cb, a shading layer 3, wiring layers
4a, 4b and 4c, and vias 5a, 55, 5c, 5d and Se.

[0034] Formed in a matrix fashion on the insulating layer 2
are reflective pixel electrodes 6 with a specific gap D6. The
electrodes 6 can be made of aluminum (Al), an Al alloy, etc.
[0035] Formed over thepixel electrodes 6 is a multi-layered
optical film 100 (120, 140 or 160) covered with a first align-
ment film 7. The multi-layered optical films 120, 140 and 160
are used in the second, third and fourth embodiments of the
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present invention, respectively, which will be disclosed later.
The multi-layered optical film 100 (120, 140 or 160) may also
be referred to as an enhanced reflective film.

[0036] FIG. 1 illustrates one of the reflective pixel elec-
trodes 6 formed in a matrix fashion.

[0037] The source S is electrically connected to the wiring
layer 4a through the via Sa. The wiring layer 4a is electrically
connected to a signal line 62, as shown in FIG. 2, which will
be described later. The drain D is electrically connected to the
wiring layer 45 through the via 5b. The wiring layer 4b is
electrically connected to the wiring layer 4¢ through the via
5c. The wiring layer 4¢ is electrically connected to the pixel
electrode 6 through the via 5d. The gate G is electrically
connected to a gate line 61 shown in FIG. 2, which will be
described later.

[0038] The source S, the drain D and the gate G constitute
a switching transistor Tr that drives the liquid crystal 40, as
shown in FIG. 2.

[0039] Thecapacitor upper electrode Cb is electrically con-
nected to the wiring layer 45 through the via 5e. The capacitor
lower electrode Ca is grounded, as shown in FIG. 2.

[0040] The capacitor upper electrode Cb, the capacitor
lower electrode Ca, and the insulating layer 2 provided
between the electrodes Cb and Ca constitute a capacitor C.
[0041] The switching transistor Tr could be erroneously
turned on to operate when reading light L, that is incident to
the liquid crystal display device 50 from the transparent sec-
ond substrate 30 side, passes through the gap D6 and reaches
the transistor Tr.

[0042] In order to avoid such an erroneous operation, the
shading layer 3 is provided under the gap D6 so that the
reading light L passing through the gap D6 cannot reach the
switching transistor Tr.

[0043] Disclosed next in detail is the second substrate 30.
The substrate 30 is provided with a conductive and transpar-
ent common electrode 31 and a second transparent alignment
film 32. The electrode 31 and the film 32 are formed in order
on a transparent substrate 35 at a surface 35a that faces the
liquid-crystal driver substrate 20 via the gap D50. The sub-
strate 35 may be a glass substrate. The common electrode 31
and the second transparent alignment film 32 are provided in
the zone on the substrate 30 side corresponding to the zone on
the substrate 20 side where the pixel electrodes 6 are formed.
Also formed on the substrate 35 but at a light-incident surface
355 is a reflection-preventing film 33. The light-incident sur-
face 355 is situated on the opposite side of the substrate 35
with respect to the surface 35aq.

[0044] The liquid crystal display device 50 in this embodi-
ment has such a structure described above. This structure for
each pixel electrode 6 constitutes one pixel 51, as shown in
FIG. 2. The area in which the pixel electrodes 6 are formed in
a matrix fashion is an image displaying area.

[0045] Each pixel 51 is described with an equivalent circuit
shown in FIG. 2. FIG. 2 will also be applied to the second,
third and fourth embodiments. The elements in FIG. 2 that
correspond to the elements in FIG. 1 are given the same
reference numerals.

[0046] In each pixel 51, as shown in FIG. 2, the gate G, the
source S, and the drain D of the switching transistor Tr are
electrically connected to the gate line 61, the signal line 62 for
video signal transfer, and the pixel electrode 6 and the capaci-
tor upper electrode Cb, respectively. The capacitor lower
electrode Ca is grounded (GND). The common electrode 31
is connected to a voltage supply V.
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[0047] A video signal is transferred along the signal line 62
while the gate G is on through the gate line 61 so that the
pixels 51 are cyclically selected, thus the video signal being
charged into the capacitor C as electric charges. The electric
charges are supplied to the pixel electrode 6 for a specific
period while the gated G is off;, thus driving the liquid crystal
40 corresponding to this pixel electrode 6.

[0048] Disclosed next in detail is the multi-layered optical
film 100 of the liquid crystal display device 50, with reference
to FIG. 3 which illustrates the film 100 and the adjacent
sections in FIG. 1.

[0049] The multi-layered optical film 100 consists of a low
refractive film 102, a high refractive film 103, and a dielectric
film 104 formed in order on the pixel electrodes 6.

[0050] Thelow refractive film 102 exhibits a first refractive
index nl. The high refractive film 103 exhibits a second
refractive index n2 that is higher than the refractive index nl
(n1<n2). The dielectric film 104 exhibits a specific resistance
in the range from 1x10° Qem to 8x10*% Qcm. The low and
high refractive films and the dielectric film may be referred to
as an optical film, which is also be applied to the second to
fourth embodiments described later.

[0051] Formed on the multi-layered optical film 100 is the
first alignment film 7, as already described.

[0052] Recommendable materials for the low refractive
film 102, the high refractive film 103, and the dielectric film
104 are as follows:

[0053] the film 102 .. . silicon oxide (SiO,);

[0054] the film 103 . . . tantalum oxide (Ta,O;), titanium
oxide (T10,) or zirconium oxide (ZrO,); and

[0055] thefilm 104 ... niobium oxide (Nb,O;) or a mixture
of Nb,O5 and Ta,Os.

[0056] Silicon nitride (SiN) is not suitable for the high
refractive film 103 for its lower refractive index of about 2.05.
[0057] The low refractive film 102, the high refractive film
103, and the dielectric film 104 can be formed with a known
film forming process, such as, CVD (Chemical Vapor Depo-
sition) and sputtering.

[0058] Feasible enhanced reflection can be achieved with:
Yah forthe optical thickness ND102 of the low refractive film
102; and YA, for the total optical thickness ND105 of the
high refractive film 103 and the dielectric film 104, to the
center wavelength A, of the reading light L.

[0059] Discussed next in detail is the dielectric film 104,
especially, the specific resistance of the film 104 that is the
uppermost layer of the multi-layered optical film 100.
[0060] Experiments were conducted on the film forming
process with respect to the specific resistance of the dielectric
film 104.

[0061] The results are shown in FIGS. 4 and 5§ which will
also be applied to the second, third and fourth embodiments.
[0062] Several sample dielectric films 104 were formed by
sputtering with the target of niobium oxide (Nb,O,) using a
film-forming gas that is a mixture of oxygen (O,) gas and
argon (Ar) gas.

[0063] It was confirmed, as shown in FIG. 4, that a higher/
lower ratio of the oxygen gas to the argon gas in the film-
forming gas gives a higher/lower specific resistance to the
dielectric film 104.

[0064] Other sample dielectric films 104 were formed by
sputtering with the target of a mixture of niobium oxide
(Nb,0s) and tantalum oxide (Ta,0s), using a film-forming
gas, the mixture of oxygen (O,) gas and argon (Ar) gas at 10%
in ratio of O, in the film-forming gas.
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[0065] It was confirmed, as shown in FIG. 5, that a higher/
lower mol ratio of the tantalum oxide in the mixture gives a
higher/lower specific resistance to the dielectric film 104.
[0066] Several sample liquid crystal displaying devices 50
were then produced using the sample dielectric films 104
discussed above.

[0067] The sample liquid crystal displaying devices 50
were evaluated on variation in offset voltage, burning, image
blur, and also the reflectivity of the pixel electrodes having
each sample dielectric film 104, when exposed to the light of
a blue wavelength range from 430 nm to 460 nm.

[0068] The results of evaluation are shown in TABLE 1 of
FIG. 6. The results are classified into two ranks indicated by
terms “GOOD” and “NG” (No Good). For the variation in
offset voltage, burning, and image blur, the term “GOOD”
indicates there is almost no variation in offset voltage, burn-
ing or image blur whereas “NG”, there is a variation in offset
voltage, burning or image blur. For the reflectivity, the term
“GOOD” indicates 90% or higher whereas “NG”, lower than
90%.

[0069] TABLE 1 shows that the specific resistance in the
range from 1x10° Qcm to 8x10™* Qcm for the dielectric film
104 can avoid the variation in offset voltage, burning and
image blur.

[0070] A possible reason for the image blur at the specific
resistance of lower than 1x10° Qcm for the dielectric film 104
is that a lower specific resistance allows electric charges
stored on the surface of the dielectric film 104 to leak easily
from the surface which causes incomplete application of volt-
ages required to the pixel electrodes having the dielectric
films 104, resulting in difficulty in control of the tilt angle of
the liquid crystal.

[0071] A possible reason for the variation in offset voltage
and image blur at the specific resistance of higher than 8x 10"
Qcm for the dielectric film 104 is that a higher specific resis-
tance allows charge up, or more than necessary storage of
electric charges on the surface of the dielectric film 104.
[0072] Concerning the reflectivity, every sample exhibited
90% or higher to the light of a blue wavelength range from
430 nm to 460 nm. This is because that each sample had the
multi-layered optical film 100 with the low refractive film
102, the high refractive film 103, and the dielectric film 104,
but without involving silicon nitride (SiN) for the film 103.

Second Embodiment

[0073] Disclosed next is the liquid crystal display device 70
that is the second embodiment of the present invention. The
difference between the first and second embodiments is the
structure of the multi-layered optical films 100 (first embodi-
ment) and 120 (second embodiment). The other elements
shown in FIG. 1 are identical between the first and second
embodiments and hence not described in detail.

[0074] FIG. 7 shows the multi-layered optical film 120 of
the liquid crystal display device 70 and the adjacent sections
in FIG. 1.

[0075] The multi-layered optical film 120 consists of a first
low refractive film 122, a first high refractive film 123, a
second low refractive film 124, a second high refractive film
125, and a dielectric film 126 formed in order on the pixel
electrodes 6. Formed on the multi-layered optical film 120 is
the first alignment film 7.

[0076] The first low refractive film 122 exhibits a first
refractive index nl. The first high refractive film 123 exhibits
a second refractive index n2 that is higher than the refractive
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index n1 (n1<n2). The second low refractive film 124 exhibits
a third refractive index n3 that is lower than the refractive
index n2 (n2>n3). The second high refractive film 125 exhib-
its a fourth refractive index n4 that is higher than the refractive
index n3 (n3<nd). The refractive index n1 may be higher or
lower than the refractive index n3. Likewise, the refractive
index n2 may be higher or lower than the refractive index n4.
The dielectric film 126 exhibits a specific resistance in the
range from 1x10° Qcm to 8x10" Qcm.

[0077] Recommendable materials for the first and second
low refractive films 122 and 124, the first and second high
refractive films 123 and 125, and the dielectric film 126 are as
follows:

[0078] the films 122 and 124 .. . silicon oxide (SiO,);
[0079] the films 123 and 125 . . . tantalum oxide (Ta,O;),
titanium oxide (Ti0,) or zirconium oxide (ZrO,); and
[0080] the film 126. .. niobium oxide (Nb,O;) or a mixture
of Nb,O5 and Ta,Os;

[0081] Silicon nitride (SiN) is not suitable for the first and
second high refractive films 123 and 125 for its lower refrac-
tive index of about 2.05.

[0082] The first and second low refractive films 122 and
124, the first and second high refractive films 123 and 125,
and the dielectric film 126 can be formed with a known film
forming process, such as, CVD and sputtering.

[0083] Feasible enhanced reflective can be achieved with:
Yah for theoptical thicknesses ND122, ND123 and ND124 of
the first low refractive film 122, the first high refractive film
123, and the second low refractive film 124, respectively; and
Vsl for the total optical thickness ND125 of the second high
refractive film 125 and the dielectric film 106, to the center
wavelength A, of the reading light L.

[0084] The liquid crystal display device 70 was also evalu-
ated on variation in offset voltage, burning, image blur, and
the reflectivity of the pixel electrodes, in the same manner as
shown in TABLE 1 of FIG. 6.

[0085] Like shown in TABLE 1, it was confirmed that the
specific resistance in the range from 1x10° Qem to 8x10*?
Qcm for the dielectric film 126 can avoid the variation in
offset voltage, burning and image blur.

[0086] Also confirmed was that the reflectivity of 90% or
higher is achieved to the light of a blue wavelength range from
430 nm to 460 nm, using the multi-layered optical film 120
without involving silicon nitride (SiN).

Third Embodiment

[0087] Disclosed next is the liquid crystal display device 80
that is the third embodiment of the present invention. The
difference between the first and third embodiments is the
structure of the multi-layered optical films 100 (first embodi-
ment) and 140 (third embodiment). The other elements
shown in FIG. 1 are identical between the first and third
embodiments and hence not described in detail.

[0088] FIG. 8 shows the multi-layered optical film 120 of
the liquid crystal display device 80 and the adjacent sections
in FIG. 1.

[0089] The multi-layered optical film 140 consists of a
multi-layered optical film 100, identical to the counterpart
100 shown in FIG. 3, and a dielectric film 141 formed in order
on the pixel electrodes 6. Formed on the multi-layered optical
film 140 is the first alignment film 7.

[0090] The dielectric film 141 can be formed with a known
film forming process, such as, CVD and spuitering.
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[0091] The dielectric film 141 in the third embodiment is
made of a single material of silicon oxide (SiO,) at 20 nm in
physical thickness. An option to the material of the film 141 is
a composite film including silicon oxide.

[0092] Also confirmed in the third embodiment was that a
higher reflectivity is achieved to the light of a blue wavelength
range from 430 nm to 460 nm, using the multi-layered optical
film 140 without involving silicon nitride (SiN).

Fourth Embodiment

[0093] Disclosed next is the liquid crystal display device 90
that is the fourth embodiment of the present invention. The
difference between the first and fourth embodiments is the
structure of the multi-layered optical films 100 (first embodi-
ment) and 160 (fourth embodiment). The other elements
shown in FIG. 1 are identical between the first and fourth
embodiments and hence not described in detail.

[0094] FIG. 9 shows the multi-layered optical film 160 of
the liquid crystal display device 90 and the adjacent sections
in FIG. 1.

[0095] The multi-layered optical film 160 consists of a
multi-layered optical film 120, identical to the counterpart
120 shown in FIG. 7, and a dielectric film 161 formed in order
on the pixel electrodes 6. Formed on the multi-layered optical
film 160 is the first alignment film 7.

[0096] The dielectric film 161 can be formed with a known
film forming process, such as, CVD and sputtering.

[0097] The dielectric film 161 is made of a single material
of silicon oxide (SiO,) at 20 nm in physical thickness. An
option to the material of the film 161 is a composite film
including silicon oxide.

[0098] Also confirmed in the fourth embodiment was that a
higher reflectivity is achieved to thelight of a blue wavelength
range from 430 nm to 460 nm, using the multi-layered optical
film 140 without involving silicon nitride (SiN).

[0099] Several kinds of electrical characteristics were
assessed for sample liquid crystal display devices 50, 70, 80
and 90 and sample known liquid crystal display devices with
an ordinary structure, as shown in TABLE 2 of FIG. 10.
[0100] The assessed electrical characteristics were: devia-
tion (8Vos) of a measured voltage from a reference offset
voltage; variation in offset voltage at exposure to the light of
a blue wavelength range from 430 nm to 460 nm; and varia-
tion in dVos among the sample devices.

[0101] In TABLE 2 of FIG. 10, for the variation in offset
voltage, the results are classified into two ranks indicated by
terms “GOOD” and “NG”. In detail, the term “GOOD” indi-
cates there is almost no variation in offset voltage whereas
“NG”, avariation in offset voltage, when exposed to the light
of the blue wavelength range.

[0102] Acceptable variation in dVos among the sample
devices is in the range from +10% to +30%, and more pref-
erably, lower than +10%, to the average of the variation, to
avoid burning.

[0103] For dVos, in TABLE 2, the results are classified into
three ranks indicated by terms “EXCELLENT”, “GOOD”
and “NG”. In detail, the terms “EXCELLENT”, “GOOD”
and “NG” indicate lower than £10%, from +10% to £30%,
and beyond +30%, respectively, to the average of the varia-
tion, among 20 samples in each of the sample devices.
[0104] The sample liquid crystal display devices 50, 70, 80
and 90 were produced according to the film-forming require-
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ments so that the dielectric films 100, 120, 140 and 160,
respectively, exhibited the specific resistance of 1x10° Qcm,
1x10" Qcm or 8x10'2 Qcm.

[0105] The sample liquid crystal display devices listed in
TABLE 2 of FIG. 10 are as follows:

[0106] (1) the sample liquid crystal display devices 50 (the
first embodiment) with: the pixel electrodes made of alumi-
num (Al); the low refractive film 102 of silicon oxide (Si0,);
the high refractive film 103 of tantalum oxide (Ta,0), tita-
nium oxide (Ti0,) or zirconium oxide (ZrQ,); and the dielec-
tric film 104 of niobium oxide (Nb,O5) or a mixture 0of Nb,O,
and Ta,0O formed as exhibiting the specific resistance as
listed,

[0107] (2) the sample liquid crystal display devices 70 (the
second embodiment) with: the pixel electrodes made of Al,
the low refractive film 122 of Si0,; the first high refractive
film 123 of Ta,0s, TiO, or ZrO,; the second low refractive
film 124 of Si0,; the second high refractive film 125 of
Ta, 0, TiO, or ZrO,; and the dielectric film 126 of Nb,O; or
amixture of Nb,O; and Ta,O; formed as exhibiting the spe-
cific resistance as listed,

[0108] (3) the sample liquid crystal display devices 80 (the
third embodiment) with: the dielectric film 141 made of SiO,,
in addition to the same requirements as the first embodiment,
[0109] (4) the sample liquid crystal display devices 90 (the
fourth embodiment) with: the dielectric film 161 made of
Si0,, in addition to the same requirements as the second
embodiment, and

[0110] (5) known liquid crystal display devices with: pixel
electrodes made of Al; a low refractive film of SiO,; and a first
high refractive film of Ta, O, TiO, or ZrO,; with or without a
second low refractive film of SiO, and a second high refrac-
tive film of Ta, O, TiO, or ZrO,, with no dielectric film like
those in the first to fourth embodiments.

[0111] TABLE 2 of FIG. 10 shows that the variation in
offset voltage is more restricted in the liquid crystal display
devices 50, 70, 80 and 90 of the present invention than the
known devices.

[0112] Disclosed next are a fifth and a sixth embodiment of
the present invention, which are liquid crystal display appa-
ratuses equipped with the liquid crystal display device 50, 70,
80 or 90.

Fifth Embodiment

[0113] A liquid crystal display apparatus 200 shown in
FIG. 11 is equipped at least with a light source 201, the liquid
crystal display device 50, 70, 80 or 90 (the first, the second,
the third or the fourth embodiment), a polarization beam
splitter (anoptical component) 202, and a projection lens 203.
[0114] The light source 201 emits reading light [ toward
the polarization beam splitter 202. The light L is reflected by
the splitter 202 so that it is polarized. The polarized light L is
directed to the liquid crystal display device 50, 70, 80 or 90
and is reflected as display light Lx after modulation. The
display light Lx passes through the splitter 202 and projected
onto an external screen 210 via the projection lens 203.
[0115] Thelight source 201 emits light carrying a red color
component (having a wavelength in the range, for example,
from 610 nm to 700 nm), a green color component (having a
wavelength in the range, for example, from 500 nm to 570
nm) or a blue color component (having a wavelength in the
range, for example, from 430 nm to 460 nm), or carrying all
of the three color components.
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[0116] When the light source 201 emits: light carrying the
red color component, it gives a red color image on the screen
210; the green color component, a green color image; and the
blue color component, a blue color image.

[0117] When the light source 201 emits light carrying all of
the three color components, it gives a full-color image on the
screen 210, with the liquid crystal display device 50, 70, 80 or
90 equipped with a color filter for each pixel 51.

[0118] The liquid crystal display apparatus 200 equipped
with the liquid crystal display device 50, 70, 80 or 90 can
produce a bright image on the screen 210 for higher reflec-
tivity of the device, as discussed through the first to fourth
embodiments, to each color component.

Sixth Embodiment

[0119] A liquid crystal display apparatus 300 shown in
FIG. 12 is equipped at least with a light source 301, an optical
component 310, a first liquid crystal display device 302, a
second liquid crystal display device 303, and a fourth liquid
crystal display device 304. The devices 302, 303 and 304
correspond to the liquid crystal display device 50, 70, 80 or 90
in the first, the second, the third or the fourth embodiment,
respectively.

[0120] The light source 301, for example, an extra-high
pressure mercury lamp, emits reading light L that carries: an
S-polarized red-color component Lr (having a wavelength in
the range, for example, from 610 nm to 700 nm); an S-polar-
ized green-color component Lg (having a wavelength in the
range, for example, from 500 nm to 570 nm); and an S-po-
larized blue-color component Lb (having a wavelength in the
range, for example, from 430 nm to 460 nm).

[0121] A operational principle of the liquid crystal display
apparatus 300 is as follows:

[0122] The reading light L carrying the color components
Lr, Lg and Lb is emitted to the optical component 310 and
undergoes color separation. The color-separated light com-
ponents Lr, Lg and Lb are directed to the liquid crystal display
devices 302, 303 and 304, respectively, and modulated into
display light Lxr, Lxg and Lxb, respectively. The display light
Lxr, Lxg and Lxb are reflected by the devices 302, 303 and
304, respectively, and directed to the optical component 310
and undergoes color combining. The color-combined display
light is emitted out from the liquid crystal display apparatus
300.

[0123] For the operation discussed above, the optical com-
ponent 310 is equipped at least with a first polarizer 311, a
second polarizer 312, a third polarizer 313, and a fourth
polarizer 314, a first polarization beam splitter 321, a second
polarization beam splitter 322, a third polarization beam split-
ter 323, and a fourth polarization beam splitter 324.

[0124] A detailed operation of the liquid crystal display
apparatus 300 equipped with the optical component 310 for
displaying a full-color image is as follows:

[0125] The reading light that L. that carries the S-polarized
red-color component Lr, the S-polarized green-color compo-
nent Lg, and the S-polarized blue-color component Lb is
emitted from the light source 301 to the first polarizer 311.
[0126] The S-polarized red-color component Lr is allowed
to pass through the first polarizer 311 but is reflected by the
first polarization beam splitter 321 toward the second polar-
izer 312. The component Lr is polarized by the polarizer 312
so that the polarization plane of the component Lr is rotated
by 90°, thus converted into a P-polarized red-color compo-
nent Lr. The P-polarized component Lr is allowed to pass
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through the second polarization beam splitter 322 and is
modulated by the first liquid crystal display device 302 into an
S-polarized red-color display light xr.

[0127] TheS-polarized green-color component Lg is polar-
ized by the first polarizer 311 so that the polarization plane of
the component Lg is rotated by 90°, thus converted into a
P-polarized green-color component Lg. The P-polarized
component Lg is allowed to pass through the first and third
polarization beam splitters 321 and 323 and is modulated by
the second liquid crystal display device 303 into an S-polar-
ized green-color display light Lxg.

[0128] The S-polarized blue-color component Lb is
allowed to pass through the first polarizer 311 but is reflected
by the first polarization beam splitter 321 toward the second
polarizer 312. The S-polarized component Lb is allowed to
pass through the polarizer 312 but is reflected by the second
polarization beam splitter 322 toward the third liquid crystal
display device 304. The S-polarized component Lb is modu-
lated by the device 304 into a P-polarized blue-color display
light Lxb.

[0129] The S-polarized red-color display light Lxr modu-
lated by the first liquid crystal display device 302 is reflected
by the second polarization beam splitter 322 toward the third
polarizer 313. The light Lxr is polarized by the polarizer 313
so that the polarization plane of the light Lxr is rotated by 90°,
thus converted into a P-polarized red-color display light Lxr.
The P-polarized light Lxr is allowed to pass through the
fourth polarization beam splitter 324 and the fourth polarizer
314.

[0130] The S-polarized green-color display light Lxg
modulated by the second liquid crystal display device 303 is
reflected by the third polarization beam splitter 323 toward
the fourth polarization beam splitter 324. The S-polarized
light Lxg is further reflected by the splitter 324 toward the
fourth polarizer 314. The S-polarized light Lxg is polarized
by the polarizer 314 so that the polarization plane of the light
Lxgisrotated by 90°, thus converted into a P-polarized green-
color display light [xg and emitted therefrom.

[0131] The P-polarized blue-color display light Lxb modu-
lated by the third liquid crystal display device 304 is allowed
to pass through the second polarization beam splitter 322, the
fourth polarization beam splitter 324, and then the fourth
polarizer 314.

[0132] The P-polarized red- green- and blue-color display
light Lxr, Lxg and Lxb passing through the fourth polarizer
314 is projected onto a screen via a projection lens (both not
shown).

[0133] The liquid crystal display apparatus 300, equipped
with the liquid crystal display device 50, 70, 80 or 90 for each
of the liquid crystal display devices 302, 303 and 304, can
produce a bright image on a screen for higher reflectivity of
the display devices, as discussed through the first to fourth
embodiments, to each color component.

[0134] Itisunderstood by those skilled in the art that each
foregoing description is a preferred embodiment of the
present invention and that various changes and modifications
can be made in the invention without departing from the sprit
and scope thereof.

[0135] For example, in the first embodiment, several
sample dielectric films 104 were formed by sputtering with
the target of a mixture of niobium oxide (Nb,Os) and tanta-
lum oxide (Ta,0s), using a film-forming gas, the mixture of
oxygen (O,) gas and argon (Ar) gas at 10% inratio of O, to Ar.
Such film 104 may however be formed by sputtering with a
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target of niobium oxide and another target of tantalum oxide
(two-dimensional sputtering). A controlled ratio of electric
power supplied to the two targets gives a desired mol ratio to
tantalum oxide of the film 104.

[0136] Moreover, the dielectric films 141 and 161 in the
third and fourth embodiments, respectively, are made as hav-
ing 20 nm in physical thickness. It is however preferable to
form the films 141 and 161 in the range from 6 nm to 100 nm
to achieve feasible enhanced reflection and electrical charac-
teristics. Nevertheless, a thinner film facilitates efficient con-
trol of the liquid crystal 40, and hence the film thickness is
preferably determined within the range discussed above.
[0137] As disclosed above in detail, the present invention
achieves restriction on offset voltage variation, particularly,
in a blue-color wavelength range with no increase in material
cost and difficulty in process.

What is claimed is:

1. A liquid crystal display device comprising:

a first substrate having a plurality of pixel electrodes
formed thereon in a matrix fashion;

a second substrate having a common electrode formed
thereon as facing the pixel electrodes with a specific gap;

a liquid crystal filled in the gap; and

amulti-layered optical film formed on the pixel electrodes
and including:

a first optical film that exhibits a first refractive index;

a second optical film formed on the first optical film, the
second optical film exhibiting a second refractive index
higher than the first refractive index; and

a third optical film formed on the second optical film, the
third optical film exhibiting a specific resistance ranging
from 1 x10° Qcm to 8x10"* Qcm.

2. The liquid crystal display device according to claim 1,
wherein the third optical film includes niobium oxide or a
mixture of niobium oxide and tantalum oxide.

3. The liquid crystal display device according to claim 1
further comprising a fourth optical film including oxide sili-
con and formed on the third optical film.

4. A liquid crystal display device comprising:

a first substrate having a plurality of pixel electrodes

formed thereon in a matrix fashion;

a second substrate having a common electrode formed
thereon as facing the pixel electrodes with a specific gap;

a liquid crystal filled in the gap; and

amulti-layered optical film formed on the pixel electrodes
and including:

a first optical film that exhibits a first refractive index;

a second optical film formed on the first optical film, the
second optical film exhibiting a second refractive index
higher than the first refractive index;

a third optical film formed on the second optical film, the
third optical film exhibiting a third refractive index
lower than the second refractive index;

a fourth optical film formed on the third optical film, the
fourth optical film exhibiting a fourth refractive index
higher than the third refractive index; and

a fifth optical film formed on the fourth optical film, the
fifth optical film exhibiting a specific resistance ranging
from 1 x10° Qcm to 8x10"* Qcm.

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

wherein the fifth optical film includes niobium oxide or a
mixture of niobium oxide and tantalum oxide.
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6. The liquid crystal display device according to claim 4
further comprising a sixth optical film including oxide silicon
and formed on the fifth optical film.

7. A liquid crystal display apparatus for displaying images
on a screen comprising:

a light source for emitting light;

at least one liquid crystal display device for modulating the
light for image displaying; and

an optical component for directing the light emitted from
the light source to the liquid crystal display device and
the light modulated by the liquid crystal display device
to the screen,

wherein the liquid crystal display device includes:

a first substrate having a plurality of pixel electrodes
formed thereon in a matrix fashion;

a second substrate having a common electrode formed
thereon as facing the pixel electrodes with a specific gap;

a liquid crystal filled in the gap; and

a multi-layered optical film formed on the pixel electrodes
and including:

a first optical film that exhibits a first refractive index;

a second optical film formed on the first optical film, the
second optical film exhibiting a second refractive index
higher than the first refractive index; and

a third optical film formed on the second optical film, the
third optical film exhibiting a specific resistance ranging
from 1 x10° Qcm to 8x10™* Qem.

8. The liquid crystal display apparatus according to claim

7, wherein the third optical film includes niobium oxide or a
mixture of niobium oxide and tantalum oxide.

9. The liquid crystal display apparatus according to claim 7
further comprising a fourth optical film including oxide sili-
con and formed on the third optical film.

10. A liquid crystal display apparatus for displaying images
on a screen comprising:

a light source for emitting light;

at least one liquid crystal display device for modulating the
light for image displaying; and

an optical component for directing the light emitted from
the light source to the liquid crystal display device and
the light. modulated by the liquid crystal display device
to the screen,

wherein the liquid crystal display device includes:

a first substrate having a plurality of pixel electrodes
formed thereon in a matrix fashion;

a second substrate having a common electrode formed
thereon as-facing the pixel electrodes with a specific
gap;

a liquid crystal filled in the gap; and

a multi-layered optical film formed on the pixel electrodes
and including:

a first optical film that exhibits a first refractive index;

a second optical film formed on the first optical film, the
second optical film exhibiting a second refractive index
higher than the first refractive index;

a third optical film formed on the second optical film, the
third optical film exhibiting a third refractive index
lower than the second refractive index;

a fourth optical film formed on the third optical film, the
fourth optical film exhibiting a fourth refractive index
higher than the third refractive index; and

a fifth optical film formed on the fourth optical film, the
fifth optical film exhibiting a specific resistance ranging
from 1 x10° Qcm to 8x10'* Qem,
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11. The liquid crystal display apparatus according to claim
10, wherein the fifth optical film includes niobium oxide or a
mixture of niobium oxide and tantalum oxide.

12. The liquid crystal display apparatus according to claim
10 further comprising a sixth optical film including oxide
silicon and formed on the fifth optical film.

13. A multi-layered optical film for use in a liquid crystal
display device having pixel electrodes arranged in a matrix
fashion with a specific gap therebetween, the multi-layered
optical film comprising:

a first low refractive film that exhibits a first refractive

index;
afirst high refractive film formed on the first refractive film,
the first high refractive film exhibiting a second refrac-
tive index higher than the first refractive index; and

afirstdielectric film formed on the first high refractive film,
the first dielectric film exhibiting a specific resistance
ranging from 1x10° Qcm to 8x10'* Qcm,

wherein the multi-layered optical film is formed on the

pixel electrodes to prevent light to be incident below the
pixel electrodes through the gap.
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14. The multi-layered optical film according to claim 13,
wherein the first dielectric film includes niobium oxide or a
mixture of niobium oxide and tantalum oxide.

15. The multi-layered optical film according to claim 13
further comprising a second dielectric film including oxide
silicon and formed on the first dielectric film.

16. The multi-layered optical film according to claim 13
further comprising a second low refractive film and a second
high refractive film provided between the first high refractive
film and the first dielectric film,

wherein the second low refractive film is formed on the first

high refractive film and exhibits a third refractive index
lower than the second refractive index, and

the second high refractive film is formed on the second low

refractive film and exhibits a fourth refractive index
higher than the third refractive index.

17. The multi-layered optical film according to claim 16
further comprising a second dielectric film including oxide
silicon and formed on the first dielectric film.
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