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(57) ABSTRACT 
A liquid crystal display device having a pair of substrates 
and a liquid crystal layer interposed between the pair of 
substrates. One of the pair of substrates includes a plurality 
of scanning electrodes, a plurality of signal electrodes, a 
plurality of thin ?lm transistors arranged in the vicinity of 
crossing points of the scanning electrodes and the signal 
electrodes, a plurality of common electrodes, and a plurality 
of pixel electrodes arranged between each of the common 
electrodes. The other of the pair of substrates has color 
?lters, an insulating ?lm for ?attening the color ?lters 
directly arranged on the color ?lters, and an orientation 
control ?lm arranged on the insulating ?lm. 
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LIQUID CRYSTAL DISPLAY DEVICE 

CROSS REFERENCE TO RELATED 
APPLICATION 

[0001] This is a continuation of US. application Ser. No. 
10/046,825, ?led Jan. 17, 2002, Which is a continuation of 
US. application Ser. No. 09/543,337, ?led Apr. 5, 2000, now 
US. Pat. No. 6,341,003, Which is a continuation of US. 
application Ser. No. 08/908,184, ?led Aug. 7, 1997, now 
US. Pat. No. 6,124,915, Which is a continuation of US. 
application Ser. No. 08/744,451, ?led Nov. 6, 1996, now 
US. Pat. No. 5,737,051, Which is a continuation of US. 
application Ser. No. 08/123,472, ?led Sep. 20, 1993, now 
US. Pat. No. 5,598,285, the subject matter of Which is 
incorporated by reference herein. 

BACKGROUND OF THE INVENTION 

[0002] The present invention relates to a liquid crystal 
display device having at least one, and preferably a plurality 
of pixel elements. 

[0003] In a standard liquid crystal display device, the pixel 
element is formed in a liquid crystal layer (normally com 
mon to the pixel elements) extending in a plane, and there 
is at least one polariZing arrangement parallel to the plane of 
the liquid crystal layer. By applying electrical signals to the 
liquid crystal layer using suitable electrodes, it is possible to 
vary the angle of polariZation of polariZed light passing 
through the liquid crystal layer, and thereby to vary the 
optical transmissivity of a liquid crystal display device With 
the change in polariZation relative to the polariZing arrange 
ment. Normally, in such a liquid crystal display device, the 
polariZing arrangement is formed by tWo polariZing plates, 
one on each side of the liquid crystal layer, but it is also 
possible to provide an arrangement With a single polariZing 
plate on one side of the liquid crystal layer and a re?ective 
element on the other side of the liquid crystal element. 

[0004] In standard liquid crystal display devices, electrical 
?elds are generated by electrodes arranged perpendicular to 
the plane of the liquid crystal layer. Therefore, if the change 
in the liquid crystal layer due to the electric ?elds is to be 
visible, the siZe of those electrodes needs to be large; and, 
therefore, it is necessary to use transparent electrodes. 
Furthermore, at least tWo layers are normally needed 
betWeen the transparent electrodes on each side of the liquid 
crystal layer and the liquid crystal layer itself. One such 
layer forms an orientation layer for the liquid crystal layer, 
but a further insulating layer is then needed betWeen the 
orientation layer and the transparent electrode. 

[0005] In International Patent Application No. PCT 
WO91/10936, a liquid crystal display device Was disclosed 
in Which electrical signals Were applied to the liquid crystal 
layer so as to generate electric ?elds having components in 
a direction parallel to the plane of the liquid crystal layer. 
Such parallel ?eld components cause reorientation of the 
molecules of the liquid crystal layer, thereby varying the 
optical transmissivity of the liquid crystal display device. 

[0006] In PCT WO91/10936, it Was proposed that the 
electrodes for applying such ?eld Were, for each pixel 
element, in the form of combs, the teeth of the comb formed 
by one electrode extending into the spaces betWeen the teeth 
of the comb formed by the other electrode. The teeth of each 
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electrode Were electrically connected in common, and a 
voltage Was applied betWeen the electrodes. 

[0007] JP-B-63-21907 (1988) also disclosed a liquid crys 
tal display device in Which electrical signals Were applied to 
the liquid crystal layer so as to generate electric ?elds having 
components in a direction parallel to the plane of the liquid 
crystal layer. As in PCT WO91/10936, the electrodes for 
applying such ?elds Were, for each pixel element, in the 
form of combs. Use of comb-shaped electrodes Was also 
disclosed in US. Pat. No. 4,345,249. 

[0008] In each of these knoWn arrangements, each pixel 
element has ?rst and second electrodes of comb shape, With 
the teeth of one comb extending betWeen the teeth of the 
other comb. Voltages are then applied to the electrodes by a 
suitable control circuit. It is important to note that the teeth 
of the comb-shaped electrodes are not electrically indepen 
dent, so that the siZe of the pixel is determined by the siZe 
of the comb-shaped electrode. 

[0009] The principles of operation of such devices, With 
comb shaped electrodes, is also discussed in an article 
entitled “Field Effects In Nematic Liquid Crystals Obtained 
With Interdigital Electrodes” by R. A. Soref in the Journal 
of Applied Physics, pages 5466 to 5468, vol. 45, no. 12 
(December 1974), and in an article entitled “Interdigital 
TWisted-Nematic-Displays” by R. A. Soref, published in the 
Proceedings of the IEEE, pages 1710 to 1711 (December 
1974). 

SUMMARY OF THE PRESENT INVENTION 

[0010] In the standard liquid crystal display devices dis 
cussed above, it is necessary to use transparent electrodes, 
Which are formed on facing surfaces of tWo substrates. 
HoWever, in order to form such transparent electrodes, it is 
necessary to use a vacuum manufacturing operation, such as 
sputtering, and thus the cost of manufacture of such standard 
liquid crystal display devices is high. Furthermore, it has 
been found that such transparent electrodes have vertical 
geometrical irregularities, of the order of several tens of 
nanometers, Which prevents precise manufacture of active 
devices, such as thin ?lm transistors needed to control the 
signals to the electrodes. Also, it has been found that parts 
of such transparent electrodes may become detached, to 
cause point or line defects. Thus, it has proved dif?cult to 
manufacture liquid crystal devices both reliably and cheaply. 

[0011] Such conventional liquid crystal display devices 
also have disadvantages in terms of picture quality. The 
problem of vertical geometrical irregularities in the trans 
parent electrodes has been mentioned above, but similar 
irregularities around the controlling transistors may result in 
orientation failure domains being formed, requiring a light 
shielding ?lm to cover such transistor devices, reducing the 
light utiliZation ef?ciency of the liquid crystal device. Also, 
such conventional liquid crystal display devices have the 
disadvantage that there is a signi?cant change in brightness 
When the visual angle is changed, and reversion of some 
gradation levels can occur in a half-term display, at some 
vieW angles. 

[0012] Although the use of comb shaped electrodes, such 
as previously discussed, involves the need for transparent 
electrodes, further problems have been found. While the use 
of such comb-shaped electrodes offers theoretical advan 
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tages, those are limited by practical consideration Which 
have to be taken into account When the comb-shaped elec 
trodes are used. If the teeth of such comb-shaped electrodes 
have a Width of 1 to 2 micrometers, satisfactory practical 
operation can be achieved. HoWever, it is extremely dif?cult 
to form such ?ne teeth over a large substrate Without defects. 
Thus, in practice, the aperture factor of the liquid crystal 
display device is reduced, because of the need to provide 
relatively Wide electrode teeth. There is thus a trade-off 
betWeen aperture factor and production yield, Which is 
undesirable. 

[0013] Therefore, the present invention seeks to provide a 
liquid crystal display device Which is more suitable for mass 
production than the knoWn liquid crystal display devices 
discussed above. The present invention has several aspects. 

[0014] In the liquid crystal display device according to the 
present invention there are features Which are common to all 
the aspects. The device has a liquid crystal layer, and at least 
one polarizing arrangement, Which is normally provided in 
the form of a pair of polariZing plates disposed on opposite 
sides of the liquid crystal layer. The device has at least one, 
and normally a plurality, of pixel elements and there are 
electrodes Which receive electrical signals for controlling the 
optical transmissivity of light through the device. As in eg 
JP-B-63-21907 (1988) discussed above, the electrical sig 
nals are applied such that electrical ?elds are generated in 
the liquid crystal layer With components parallel to the plane 
of the liquid crystal layer. The various aspects of the present 
invention, Which Will be discussed beloW, then relate to the 
electrode arrangement of a pixel element(s) and also to the 
materials and optical arrangements of the materials of the 
liquid crystal display device. 

[0015] In a ?rst aspect of the present invention, each pixel 
element has a pixel electrode extending in a ?rst direction 
Within the pixel, and there are also signal Wiring electrodes 
extending in the same direction over several of the pixel 
elements. There are also common electrodes extending in 
that ?rst direction over more than one of the pixel elements. 

[0016] There may be a pair of pixel electrodes for each 
pixel element, With the signal Wiring electrodes then extend 
ing betWeen a pair of pixel electrodes at each pixel element. 
There is then a pair of common electrodes, With the pair of 
pixel electrodes being disposed therebetWeen, so that elec 
trical ?elds are generated in opposite directions for each 
pixel element. 

[0017] Preferably, all the electrodes are on the same side 
of the liquid crystal layer. Arrangements are also possible, 
hoWever, in Which the common electrodes are on the oppo 
site side of the liquid crystal layer formed the other elec 
trodes. In either case, if there is insulating material betWeen 
the common electrode and the pixel electrode for each pixel 
element, a capacitive device may be formed therebetWeen. 

[0018] In practice, it is possible for the common electrodes 
to be provided in common for tWo adjacent pixel elements, 
by interacting With pixel electrodes on opposite sides of each 
common electrode. 

[0019] In a second aspect of the present invention, each 
pixel can be considered to have a elongate transistor element 
extending in a ?rst direction, that elongate transistor element 
having at least one elongate electrode. There is also at least 
one elongate common electrode extending in the same 
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direction as the elongate transistor element. In the second 
aspect, an insulating ?lm separates the at least one elongate 
electrode of the elongate transistor element and the at least 
one common electrode. 

[0020] In a third aspect of the present invention, each pixel 
has again an elongate transistor element extending in one 
direction, and at least one elongate common electrode 
extending in the same direction. The elongate transistor 
element has at least one elongate electrode, and there is an 
insulating ?lm extending over and in direct contact With that 
at least one elongate electrode. That insulating ?lm is also in 
direct contact With the liquid crystal layer. Preferably, that 
insulating ?lm is an organic polymer. 

[0021] In a fourth aspect of the present invention, each 
pixel can be considered to have a transistor element With a 
pair of ?rst electrodes (pixel electrodes), a signal electrode 
betWeen the ?rst electrodes, and a gate electrode. The ?rst 
and second electrodes extend in a common direction, as do 
a pair of common electrodes. A transistor element is then (in 
plan) disposed betWeen the pair of common electrodes. As 
has previously been mentioned, the common electrodes and 
the transistor element may be on the same side of the liquid 
crystal layer, or they may be on opposite sides. 

[0022] In a ?fth aspect, for any one pixel element, each 
one of said pairs of common electrodes thereof forms a 
corresponding one of said pair of common electrodes for 
pixel elements adjacent to said any one pixel element. 

[0023] The ?ve aspects of the present invention discussed 
above all relate to an electrode arrangement of the liquid 
crystal display device. The aspects of the invention to be 
discussed beloW relate to the optical arrangement and mate 
rials of the liquid crystal display device. 

[0024] In a sixth aspect of the present invention, the angles 
betWeen components of electric ?elds in a direction parallel 
to the plane of said liquid crystal layer and the direction of 
orientation of molecules at opposite surfaces of the liquid 
crystal layer are the same, and the product of the thickness 
of the liquid crystal layer and the refractive index anisotropy 
of the liquid crystal layer is betWeen 0.21 pm and 0.36 pm. 

[0025] In a seventh aspect of the present invention, the 
absolute value of the difference betWeen the angles betWeen 
components of electric ?elds in a direction parallel to the 
plane of said liquid crystal layer and the direction of 
orientation of molecules at opposite surfaces of the liquid 
crystal layer is not less than 80° and not greater than 100°, 
and the product of the thickness of the liquid crystal layer 
and the refractive index anisotropy of the liquid crystal layer 
is betWeen 04pm and 06pm. 

[0026] In an eighth aspect of the present invention, the 
dielectric constant anisotropy of the liquid crystal layer is 
positive, and the absolute value of the angle betWeen com 
ponents of the electric ?elds in a direction parallel to the 
plane of said liquid crystal layer and the direction of 
orientation of molecules at the surface of the liquid crystal 
layer is less than 90°, but not less than 45°. 

[0027] In a ninth aspect of the present invention, the 
dielectric constant anisotropy of the liquid crystal layer is 
negative, and the absolute value of the angle betWeen 
components of the electric ?elds in a direction parallel to the 
plane of said liquid crystal layer and the direction of 
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orientation of molecules at the surface of the liquid crystal 
layer is greater than 0°, but not greater than 45°. 

[0028] In a tenth aspect of the present invention, the 
dielectric constant anisotropy of the liquid crystal layer is 
positive, and the value of the difference betWeen: i) the angle 
betWeen components of the electric ?elds in a direction 
parallel to the plane of said liquid crystal layer and the 
direction of orientation of molecules at the surface of the 
liquid crystal layer; and ii) the angle of the polariZation aXis 
of said at least one polariZing plate and said components of 
the electric ?elds in a direction parallel to the plane of said 
liquid crystal layer, is 3° to 15°. 

[0029] In an eleventh aspect of the present invention, the 
dielectric constant anisotropy of the liquid crystal layer is 
negative, and the value of the difference betWeen i) the angle 
of the polariZation aXis of said at least one polariZing plate 
and said components of the electric ?elds in a direction 
parallel to the plane of said liquid crystal layer, and ii) the 
angle betWeen components of the electric ?elds in a direc 
tion parallel to the plane of said liquid crystal layer and the 
direction of orientation of molecules at the surface of the 
liquid crystal layer, is 3° to 15°. 

[0030] In a tWelfth aspect of the present invention, the 
direction of orientation of molecules of said liquid crystal 
layer at a surface of said liquid crystal layer parallel to the 
plane of said liquid crystal layer and said surface is not more 
than 4°. 

[0031] Although various aspects of the present invention 
have been discussed above, a liquid crystal display device 
embodying the present invention may incorporate combina 
tions of such aspects. Depending on the resulting combina 
tion, the present invention provides advantages in the manu 
facture and/or operation of.a liquid crystal display device, 
and these advantages Will be discussed in more detail later. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0032] Embodiments of the present invention Will noW be 
described in detail, by Way of eXample, With reference to the 
accompanying draWings, in Which: 

[0033] FIGS. 1(a) to 1(a) are schematic diagrams illus 
trating the behavior of liquid crystal molecules in a liquid 
crystal display device according to the present invention; 

[0034] FIGS. 2(a) and 2(b) are plan and sectional vieWs, 
respectively, of an embodiment, shoWing the structure of a 
thin ?lm transistor, Which may be used in the present 
invention; 

[0035] FIGS. 3(a) and 3(b) are graphs illustrating electro 
optical characteristics (visual angle dependence), FIG. 3(a) 
corresponding to the present invention and FIG. 3(b) cor 
responding to a comparative example; 

[0036] FIG. 4 shoWs an embodiment of the present inven 
tion in Which the piXel electrode (source electrode), the 
common electrode, the scanning electrode, and the signal 
electrode (drain electrode) are all arranged on only one of 
the substrates of the device; 

[0037] FIGS. 5(a) and 5(b) are plan and sectional vieWs, 
respectively, of an embodiment of the present invention in 
Which the piXel electrode (source electrode) and the signal 
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electrode (drain electrode) are arranged at the center of the 
piXel to divide the piXel into tWo parts; 

[0038] FIG. 6 is a diagram illustrating the angles formed 
by the long aXis orientation direction of the liquid crystal 
molecules at the interface of the polariZing aXis of the 
polariZing plate, and the phase advance aXis of the phase 
difference plate, With respect to the direction of the electric 
?eld; 

[0039] FIG. 7 is a graph illustrating the electro-optical 
characteristics of various embodiments With different orien 
tation directions of the long aXis of the liquid crystal 
molecules at the interface When the dielectric constant 
anisotropy is positive; 

[0040] FIG. 8 illustrates schematically a liquid crystal 
display driving system Which may be used in the present 
invention; 
[0041] FIG. 9 illustrates an eXample of the present inven 
tion applied to a liquid crystal display transmission type 
optical system; 

[0042] FIG. 10 illustrates an eXample of the present 
invention applied to a liquid crystal display re?ection type 
optical system; 

[0043] FIG. 11 is a graph illustrating the electro-optical 
characteristics of various embodiments With different orien 
tation directions of the long aXis of the liquid crystal 
molecules at the interface When the dielectric constant 
anisotropy is negative; 

[0044] FIGS. 12(a) and 12(b) are graphs illustrating the 
electro-optical characteristics of various embodiments With 
different thicknesses d of the liquid crystal layer When the 
dielectric constant anisotropy is negative; 

[0045] FIGS. 13(a) and 13(b) are graphs illustrating the 
electro-optical characteristics of embodiments in Which 
polariZing plates are arranged so that the dark state can be 
obtained by applying a small non-Zero electric ?eld; 

[0046] FIG. 14 is a graph illustrating the characteristics of 
a normally open type device and the characteristics When its 
residual phase difference at the interface is compensated; 

[0047] FIG. 15(a) is a plan vieW and FIGS. 15(b) and 
15(c) are sectional vieWs of a fourth embodiment in Which 
a capacitive device is formed betWeen a common electrode 
and the piXel electrode on the respective facing interfaces of 
the substrates; 

[0048] FIG. 16 is a schematic plan vieW of a piXel When 
no electric ?eld is applied, for a ?fth embodiment of the 
present invention in Which the piXel electrode and the 
common electrode are arranged at different layers separated 
by an insulating layer; 

[0049] FIG. 17 is a schematic cross sectional vieW of a 
piXel When no electric ?eld is applied in the ?fth embodi 
ment in Which the piXel electrode and the common electrode 
are arranged at different layers separated by an insulating 
layer; 

[0050] FIG. 18 is a schematic plan vieW of a piXel When 
no electric ?eld is applied in a siXth embodiment of the 
present invention in Which the piXel electrode and the 
common electrode are arranged at different layers separated 
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by an insulating layer, the pixel electrode being a closed loop 
and the common electrode being cruciform; 

[0051] FIG. 19 is a schematic plan vieW of a pixel When 
no electric ?eld is applied in a seventh embodiment of the 
present invention in Which the pixel electrode and the 
common electrode are arranged at different layers separated 
by an insulating layer, the pixel electrode having the shape 
of the letter I and the common electrode being a closed loop; 

[0052] FIG. 20 is a schematic cross sectional vieW of part 
of a pixel When no electric ?eld is applied in an eighth 
embodiment of the present invention in Which the pixel 
electrode and the common electrode are arranged at different 
layers separated by an insulating layer, and there is an 
insulating layer betWeen the scanning electrode and the 
common electrode; 

[0053] FIG. 21 is a schematic cross sectional vieW of part 
of a pixel When no electric ?eld is applied in a ninth 
embodiment of the present invention in Which the pixel 
electrode and the common electrode are arranged at different 
layers separated by an insulating layer, and the common 
electrode is formed on the protection insulating ?lm; and 

[0054] FIG. 22 is a schematic cross sectional vieW of part 
of a pixel When no electric ?eld is applied in a tenth 
embodiment of the present invention in Which the pixel 
electrode and the common electrode are arranged at different 
layers separated by an insulating layer, and both the scan 
ning electrode and the common electrode are made from 
aluminum coated With self-oxidiZed ?lm. 

DETAILED DESCRIPTION 

[0055] Before describing embodiments of the present 
invention, the general principles underlying the present 
invention Will be explained. 

[0056] First, suppose that the angle of a polariZed light 
transmission axis of the polariZed plate With respect to the 
direction of the electric ?eld is (p1,, the angle of the longi 
tudinal axis (optical axis) of liquid crystal molecules near 
the interface With respect to the electric ?eld is (PLC, and the 
angle of the phase advance axis of the phase difference plate 
inserted betWeen the pair of polariZing plates With respect to 
the electric ?eld is (PR, as shoWn in FIG. 6. Because there are 
normally pairs of polariZing plates and liquid crystal inter 
faces, i.e. upper and loWer plates and interfaces, these are 
represented as (pm, (pm, ¢Lc1 and (PLCZ. FIG. 6 corresponds 
to a top vieW of FIG. 1, to be described later. 

[0057] Next, the operation of embodiments of the present 
invention Will be described With reference to FIGS. 1(a) to 

[0058] FIGS. 1(a) and 1(b) are side cross sections shoWing 
the operation of a liquid crystal display device according to 
the present invention. FIGS. 1(c) and 1(a) are front vieWs of 
the liquid crystal display device. In FIGS. 1(a) to 1(a), the 
thin ?lm transistor device is omitted. In this invention, 
stripes of electrodes are used to form a plurality of pixels, 
but FIGS. 1(a) to 1(a) shoW the structure of only one pixel 
(one cell). The side cross section of the cell When no voltage 
is applied is shoWn in FIG. 1(a), and the top vieW is shoWn 
in FIG. 1(c). 

[0059] Linear electrodes 1, 2, are formed on the inner 
sides of paired transparent substrates 3, over Which an 
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orientation control ?lm 4 is applied and subjected to an 
orientation processing. A liquid crystal is held betWeen the 
paired substrates 3. Bar shaped liquid crystal molecules 5 of 
the liquid crystal are oriented so that they are at a slight angle 
to the longitudinal direction of the electrodes 1, 2, ie 45 
degrees§¢Lc<90 degrees, When no electric ?eld is applied. 
This discussion assumes that the orientation directions of the 
liquid crystal molecules on the upper and loWer interfaces 
are parallel to each other, ie ¢Lc1=¢Lc2. It is also assumed 
that the dielectric constant anisotropy of the liquid crystal is 
positive. 
[0060] When an electric ?eld 7 is applied, the liquid 
crystal molecules 5 change their directions and are aligned 
With the direction of the electric ?eld 7, as shoWn in FIGS. 
1(b) and By arranging the polariZing plates 6 at a 
speci?ed angle 9, it is possible to change the light transmis 
sion factor When the electric ?eld is applied. Thus, it is 
possible to provide a display having a contrast Without using 
transparent electrodes. 

[0061] In FIG. 1(b), the angle betWeen the substrate 
surface and the direction of the electric ?eld looks large and 
it seems not to be parallel to the substrates. In reality this is 
the result of magnifying the thickness direction in FIG. 1(b) 
to facilitate illustration, and the angle is actually less than 20 
degrees. 
[0062] In the folloWing description, the electric ?elds 
having an inclination of less than 20 degrees are generally 
referred to as lateral electric ?elds. FIGS. 1(a) and 1(b) shoW 
an arrangement in Which the electrodes 1, 2, are provided 
separately on the upper and loWer substrates, respectively. 
HoWever, it is possible to arrange them on one substrate and 
produce the same effect. Because the Wiring pattern is very 
?ne and may therefore deform due to heat and/or external 
forces, arranging the electrodes on a single substrate is 
preferable because it permits a more precise alignment. 

[0063] Although the dielectric constant anisotropy of the 
liquid crystal is assumed to be positive, it may be negative. 
In that case, the initial orientation of the liquid crystal is set 
so that the liquid crystal molecules have a slight angle |¢Lc| 
(i.e. 0 degree<|¢Lc|§45 degrees) With respect to a direction 
perpendicular to the longitudinal direction of the electrodes 
1, 2, (the direction of the electric ?eld 7). 

[0064] Advantages Which may thus be achieved With the 
present invention Will noW be explained. (1) The ?rst 
advantage is that enhanced contrast may be achieved With 
out using transparent electrodes. 

[0065] There are tWo types of structure for producing 
contrast. The one utiliZes a mode in Which the orientations 
of the liquid crystal molecules 5 on the upper and loWer 
substrates 3 are almost parallel to each other (since color 
interface by birefringent phase difference is used, this mode 
is called a birefringent mode). The other structure has a 
mode in Which the orientations of the liquid crystal mol 
ecules S on the upper and loWer substrates 3 cross each 
other, tWisting the molecular orientation in the cell (since 
light spiraling produced by rotation of the polariZation plane 
in the liquid crystal composition layer is used, this mode is 
called a light spiraling mode). 

[0066] In the birefringent mode, When a voltage is applied, 
the molecular long axis 8 (optical axis) changes its direction 
in a plane almost parallel to the substrate interface, changing 
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its angle With respect to the axis of a polarized plate (not 
shown in FIGS. 1(a) and 1(b)) Which is set at a speci?ed 
angle. This results in a change in the light transmission 
factor. 

[0067] In the light spiraling mode, the application of a 
voltage similarly changes only the direction of the molecular 
long axis in the same plane. This mode, hoWever, utiliZes a 
change in the light spiraling as the spiral is unraveled. 

[0068] Next, a structure for making the display colorless 
and increasing the contrast ratio Will be explained beloW for 
tWo cases: one using the birefringent mode and the other 
using the light spiraling mode. II. Displaying in the bire 
fringent mode: generally, When a uniaxial birefringent 
medium is inserted betWeen tWo orthogonal polariZing 
plates, the light transmission factor, T/TO, is expressed as 
folloWs. 

[0069] In Equation 1, Xeg is the effective direction of the 
light axis of liquid crystal composition layer (an angle 
betWeen the light axis and the polariZed light transmission 
axis), deg, is the effective thickness of the liquid crystal 
composition layer having birefringence, An is the refractive 
index anisotropy or the birefringence of the liquid crystal 
layer, and 7» is the Wave length of the light. In an actual cell 
the liquid crystal molecules are ?xed at the interface and not 
all the liquid crystal molecules in the cell are parallel and 
uniformly oriented in one direction When an electric ?eld is 
applied. Instead, they are signi?cantly deformed particularly 
near the interface. It is therefore convenient to assume an 
apparent uniform state as the average of these states. In 
Equation 1, an effective value is used for the light axis 
direction of the liquid crystal composition layer. 

Equation (1) 

[0070] To obtain a normally closed characteristic in Which 
the display appears dark When a loW voltage VL is applied 
and bright When a high voltage VH is applied, the polariZing 
plates should be arranged so that the light transmission axis 
(or absorption axis) of one of the polariZing plates is almost 
parallel to the orientation direction of the liquid crystal 
molecules (rubbing axis), ie q>P2iq>Lc1iq>Lc2 The light 
transmission axis of the other light polariZing plate is 
perpendicular to the ?rst axis, ie ¢P2=¢P1+90°. When no 
electric ?eld is applied, since X65 in Equation 1 is Zero, the 
light transmission factor T/TO is also Zero. On the other hand, 
When an electric ?eld is applied, the value of X65 increases 
in dependence on the intensity of the electric ?eld and 
becomes maximum at 45 degrees. Then, if the light Wave 
length is assumed to be 0.555 pm, in order to make the light 
colorless and the light transmission factor maximum, the 
effective value of deg-An should be set to half of the 
Wavelength , ie 0.28 pm. Actually, hoWever, there is a 
margin in the value, and values betWeen 0.21 pm and 0.36 
pm are suitable, With the values betWeen 0.24 pm and 0.33 
pm being preferred. 

[0071] On the other hand, in order to obtain normally open 
characteristics in Which the display appears bright When a 
loW voltage VL is applied and dark When a high voltage VH 
is applied, the polariZing plates should be arranged so that 
Xe? in Equation 1 is almost 45° When no electric ?eld is 
applied or an electric ?eld of loW intensity is applied. When 
an electric ?eld is applied, the value X65 decreases in 
dependence on the ?eld intensity as opposed to the case of 

Sep. 30, 2004 

the normally closed characteristic. HoWever, because there 
is a residual phase difference in the liquid crystal molecules 
?xed near the interface even When Xeg is minimum (i.e. 
Zero), a signi?cant amount of light Will leak under this 
condition. 

[0072] In an experiment conducted by the inventors of the 
present invention, in Which the value of d-An Was set 
betWeen 0.27 and 0.37 and an effective voltage of 3 to 10 
volts Was applied, the residual phase difference on the 
interface Was 0.02 to 0.06 pm. Hence, by inserting a phase 
difference plate having a birefringence phase difference of 
about 0.02 to 0.06 pm (this phase difference is represented 
as Rf) to compensate for the interface residual phase differ 
ence, the dark state becomes darker giving a high contrast 
ratio. The angle (PR of the phase advance axis of the phase 
difference plate is set parallel to the effective light axis X65 
of the liquid crystal composition layer When the voltage is 
applied. 
[0073] To make the dark state be as black as possible, the 
angle of the phase advance axis should be aligned precisely 
With the residual phase difference that occurred When a 
voltage for displaying a dark state is applied. Therefore, to 
make the dark state compatible With the increased level of 
the transmission factor and the lightness of the bright state, 
the folloWing relationship must be ful?lled 

0.21 ,um<(d'An—Rf)<0.36 [urn 

[0074] Or more preferably, 

0.23 ,um<(d'An—Rf)<0.33 [urn 

[0075] II. Displaying in the light spiraling mode: In a 
conventional tWisted nematic system, When the value 
of d~An is set to around 0.50 pm, a ?rst minimum condition, 
a high transmission factor and colorless light may be 
obtained. It has been found preferable to set the value in a 
range from 0.40 to 0.60 pm. The polariZing plates are 
arranged such that the transmission axis (or absorbing axis) 
of one of the polariZing plates is set almost parallel to the 
orientation direction (rubbing axis) of the liquid crystal 
molecules on the interface, i.e. ¢Lc1i¢Lc2 To realiZe a 
normally closed type device, the transmission axis of the 
other polariZing plate is set parallel to the orientation direc 
tion of the liquid crystal molecules; and, for a normally open 
type, the transmission axis of the polariZing plate is set 
perpendicular to the orientation direction. 

Equation (2) 

Equation (3) 

[0076] To eliminate light spiraling, it is necessary to set 
the orientation direction of the liquid crystal molecules near 
the upper and the loWer substrate interfaces so that they are 
almost parallel to each other. If a 90° TN mode is assumed, 
the liquid crystal molecules on one of the substrates must be 
turned nearly 90°. HoWever, in displaying in the birefrin 
gence mode, the liquid crystal molecules need only be 
turned about 45°. Furthermore, the birefringence mode has 
a loWer threshold value. (2) The second advantage is that the 
visual angle characteristics may be improved. 

[0077] In the display mode, the long axes of the liquid 
crystal molecules are almost parallel to the substrate at all 
times and do not become perpendicular to the substrate, so 
that there is only a small change in brightness When the 
visual angle is changed. This display mode provides a dark 
state, not by making the birefringence phase difference 
almost Zero by applying a voltage as in the case of a 
conventional display device, but by changing the angle 






















