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(57) ABSTRACT 

The present invention provides a liquid crystal display 
device comprising a liquid crystal layer sandwiched betWeen 
an upper substrate and a loWer substrate having a tWist angle 
in the range of about 40 to 65 degrees and a light diffusive 
re?ective electrode having recesses and projections pro 
vided on the loWer substrate Wherein a product of the height 
of the recesses and projections and a birefringence of the 
liquid crystal layer is in the range of about 10 to 53 nm at 
the tWist angle of about 40 degrees and about 10 to 64 nm 
at the tWist angle of about 65 degrees, respectively. 
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FIG. 7 
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FIG. 1 1 (a) 
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FIG. 14 
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LIQUID CRYSTAL DISPLAY DEVICE 

FIELD OF THE INVENTION 

[0001] The present invention relates to liquid crystal dis 
play devices, and particularly, to a re?ection type liquid 
crystal display device. 

DISCUSSION OF THE RELATED ART 

[0002] Conventionally, in a re?ection type liquid crystal 
display device, a light diffusing means such as a diffusive 
type re?ective electrode is used, Which prevents mirroring of 
ambient scene and mirror re?ection, While external light is 
effectively utiliZed to increase light re?ectance. As a result, 
the light re?ected in the normal direction contains incident 
light coming from a Wide range of vieWing angles including 
from oblique directions. Therefore, the phase difference 
given to the incident light must be set to a quarter of 
Wavelength in a one-Way optical path length distributed over 
a Wide range of vieWing angles. HoWever, in the knoWn 
re?ection type liquid crystal display devices using a single 
polariZing plate type display mode, the dependency of phase 
difference on the vieWing angle is not reduced su?iciently, 
and the phase difference given to the transmitted light can 
vary greatly from a quarter of Wavelength in oblique direc 
tions. 

[0003] Also, the diffusive type re?ective electrode used in 
the re?ection type liquid crystal display device has a rnul 
tiplicity of minute recesses and projections and is disposed 
adjacent to the liquid crystal layer, affecting the thickness of 
the liquid crystal layer. As a consequence, the optical 
parameters for achieving a phase difference of a quarter 
Wavelength to the incident light are not provided. As a result, 
the light re?ected at top and bottom portions of the multi 
plicity of recesses and projections cannot be su?iciently 
absorbed and a high contrast ratio cannot be obtained. 

SUMMARY OF THE INVENTION 

[0004] The present invention provides a re?ection type 
liquid crystal display device having a high contrast ratio by 
optimizing the phase difference variations due to vieWing 
angle variations and the thickness of the liquid crystal layer. 

[0005] In an object of the present invention a liquid crystal 
display is provided comprising an upper substrate and a 
loWer substrate disposed in a mutually facing relation, a 
liquid crystal layer sandWiched betWeen the upper substrate 
and the loWer substrate having a tWist angle in the range of 
about 40 to 65 degrees and a light diffusive re?ective 
electrode having recesses and projections provided on the 
loWer substrate. The invention further provides a phase plate 
on an outer surface of the upper substrate and a polariZing 
plate provided on an outer surface of the phase plate Wherein 
a product of the height of the recesses and projections and 
a birefringence of the liquid crystal layer is in the range of 
about 10 to 53 nrn at the tWist angle of about 40 degrees and 
about 10 to 64 nrn at the tWist angle of about 65 degrees, 
respectively. 
[0006] In another object of the present invention a liquid 
crystal display device is provided comprising an upper 
substrate and a loWer substrate disposed in a mutually facing 
relation, a liquid crystal layer sandWiched betWeen the upper 
substrate and the loWer substrate having a tWist angle in the 
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range of about 75 to 120 degrees and a light diffusive 
re?ective electrode having recesses and projections pro 
vided on the loWer substrate. The invention further provides 
a phase plate provided on an outer surface of the upper 
substrate and polariZing plate provided on an outer surface 
of the phase plate Wherein a product of the height of the 
recesses and projections and a birefringence of the liquid 
crystal layer is in the range of about 10 to 74 nrn at the tWist 
angle of about 75 degrees and about 10 to 101 nrn at the tWist 
angle of about 120 degrees, respectively. 

[0007] In yet another object of the present invention a 
liquid crystal display device is provided comprising an 
upper substrate and a loWer substrate disposed in a mutually 
facing relation, a liquid crystal layer sandWiched betWeen 
the upper substrate and the loWer substrate having a tWist 
angle in the range of about 0 to 30 degrees and a light 
diffusive re?ective electrode having recesses and projections 
provided on the loWer substrate. The invention further 
provides a phase plate provided on an outer surface of the 
upper substrate and a polariZing plate provided on an outer 
surface of the phase plate Wherein a product of the height of 
the recesses and projections and a birefringence of the liquid 
crystal layer is in the range of about 10 to 32 nrn at the tWist 
angle of about 0 degrees and about 10 to 47 nrn at the tWist 
angle of about 30 degrees, respectively. 

[0008] In another object of the present invention a liquid 
crystal display device is provided comprising an upper 
substrate and a loWer substrate disposed in a mutually facing 
relation and a liquid crystal layer sandWiched betWeen the 
upper substrate and the loWer substrate having a tWist angle 
in the range of about 40 to 65 degrees and a light diffusive 
re?ective electrode having recesses and projections pro 
vided on the loWer substrate Wherein a product of the height 
of the recesses and projections and a birefringence of the 
liquid crystal layer is in the range of about 10 to 53 nrn at 
the tWist angle of about 40 degrees and about 10 to 64 nrn 
at the tWist angle of about 65 degrees, respectively. 

[0009] In yet another object of the present invention a 
liquid crystal display device is provided comprising an 
upper substrate and a loWer substrate disposed in a mutually 
facing relation and a liquid crystal layer sandWiched 
betWeen the upper substrate and the loWer substrate having 
a tWist angle in the range of about 75 to 120 degrees and a 
light diffusive re?ective electrode having recesses and pro 
jections provided on the loWer substrate Wherein a product 
of the height of the recesses and projections and a birefrin 
gence of the liquid crystal layer is in the range of about 10 
to 74 nrn at the tWist angle of about 75 degrees and about 10 
to 101 nrn at the tWist angle of about 120 degrees, respec 
tively. 

[0010] In another object of the present invention a liquid 
crystal display device is provided comprising an upper 
substrate and a loWer substrate disposed in a mutually facing 
relation and a liquid crystal layer sandWiched betWeen the 
upper substrate and the loWer substrate having a tWist angle 
in the range of about 0 to 30 degrees and a light diffusive 
re?ective electrode having recesses and projections pro 
vided on the loWer substrate Wherein a product of the height 
of the recesses and projections and a birefringence of the 
liquid crystal layer is in the range of about 10 to 32 nrn at 
the tWist angle of about 0 degrees and about 10 to 47 nrn at 
the tWist angle of about 30 degrees, respectively. 
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[0011] In yet another object of the present invention, 
methods of fabricating a liquid crystal display as described 
above are provided herein. In one embodiment, the inven 
tion comprises the steps of providing an upper substrate and 
a loWer substrate disposed in a mutually facing relation, 
providing a liquid crystal layer sandWiched betWeen the 
upper substrate and the loWer substrate having a tWist angle 
in the range of about 40 to 65 degrees and providing a light 
diffusive re?ective electrode having recesses and projections 
provided on the loWer substrate. The method further pro 
vides the steps of providing a phase plate on an outer surface 
of the upper substrate and providing a polariZing plate on an 
outer surface of the phase plate Wherein a product of the 
height of the recesses and projections and a birefringence of 
the liquid crystal layer is in the range of about 10 to 53 nm 
at the tWist angle of about 40 degrees and about 10 to 64 nm 
at the tWist angle of about 65 degrees, respectively. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] The above advantages and features of the invention 
Will be more clearly understood from the folloWing detailed 
description Which is provided in connection With the accom 
panying draWings. 
[0013] FIG. 1 illustrates a liquid crystal display device 
according to the present invention; 

[0014] FIG. 2 illustrates the relationship betWeen the tWist 
angle of a liquid crystal layer and the phase difference 
variation attendant on the variation of thickness of the liquid 
crystal layer; 
[0015] FIG. 3 illustrates the relationship betWeen a volt 
age applied to a liquid crystal layer, phase difference varia 
tion attendant on vieWing angle variation and phase differ 
ence variation attendant on variation of the thickness of the 
liquid crystal layer; 
[0016] FIG. 4 illustrates the relationship betWeen retarda 
tion and tWist angle of the liquid crystal layer; 

[0017] FIG. 5 illustrates the relationship betWeen retarda 
tion of a phase plate and tWist angle of the liquid crystal 
layer; 
[0018] FIG. 6 illustrates the relationship betWeen contrast 
ratio and the product of the height of recesses and projec 
tions of a light-diffusive re?ective electrode and birefrin 
gence of a liquid crystal material; 

[0019] FIG. 7 illustrates the relationship betWeen liquid 
crystal layer retardation and phase plate retardation in the 
solution of group C; 

[0020] FIG. 8 illustrates the relationship betWeen absorp 
tion aXis aZimuth of a polariZing plate and the sloW aXis 
aZimuth of the phase plate in the solution of group C; 

[0021] FIG. 9 illustrates the relationship betWeen a volt 
age applied to the liquid crystal layer and re?ectance; 

[0022] FIG. 10 illustrates the relationship betWeen con 
trast ratio and NZ coef?cient of the phase plate; 

[0023] FIG. 11 illustrates a combination of a liquid crystal 
layer having an NZ coef?cient of 1.0 and a phase plate 
having an NZ coef?cient of 0.0; 

[0024] FIG. 12 illustrates the relationship betWeen varia 
tion of vieWing angle (polar angle) and phase difference 
variation; 
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[0025] FIG. 13 illustrates the relationship betWeen varia 
tion of vieWing angle and phase difference variation; 

[0026] FIG. 14 illustrates the relationship betWeen liquid 
crystal layer retardation and phase plate retardation in the 
solution of group A; 

[0027] FIG. 15 illustrates the relationship betWeen 
absorption aXis aZimuth of the polariZing plate and sloW aXis 
aZimuth of the phase plate in the solution of group A; 

[0028] FIG. 16 illustrates the relationship betWeen liquid 
crystal layer retardation and phase plate retardation in the 
solution of group B; 

[0029] FIG. 17 illustrates the relationship betWeen 
absorption aXis aZimuth of the polariZing plate and sloW aXis 
aZimuth of the phase plate in the solution of group B; 

[0030] FIG. 18 illustrates the relationship betWeen liquid 
crystal layer retardation and phase plate retardation in the 
solution of group D; 

[0031] FIG. 19 illustrates the relationship betWeen 
absorption aXis aZimuth of the polariZing plate and sloW aXis 
aZimuth of the phase plate in the solution of group D; 

[0032] FIG. 20 illustrates the relationship betWeen liquid 
crystal layer retardation and phase plate retardation in the 
solution of group E; 

[0033] FIG. 21 illustrates the relationship betWeen 
absorption aXis aZimuth of the polariZing plate and sloW aXis 
aZimuth of the phase plate in the solution of group E; 

[0034] FIG. 22 illustrates conditions of refractive indeX 
ellipsoids in a ?rst phase plate, a second phase plate and a 
liquid crystal layer; 

[0035] FIG. 23 illustrates the relationship betWeen the 
tWist angle and the product of the height of recesses and 
projection of a light-diffusive re?ective electrode and bire 
fringence of a liquid crystal material; and 

[0036] FIG. 24 illustrates the relationship betWeen the NZ 
coef?cient and the contrast ratio. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0037] Exemplary embodiments of the present invention 
Will be described beloW in connection With the draWings. 
Other embodiments may be utiliZed and structural or logical 
changes may be made Without departing from the spirit or 
scope of the present invention. Like items are referred to by 
like reference numerals throughout the draWings. 

[0038] Referring noW to the ?gures, in FIG. 1, numeral 1 
denotes an upper substrate, 2 a loWer substrate, 3 a liquid 
crystal layer, 4 a phase plate, 5 a polariZing plate, 6 a color 
?lter, 7 a black matriX, 8 a leveling layer, 9 a common 
electrode, 10 a ?rst orientation layer, 11 a ?rst insulation 
layer, 12 a second insulation layer, 13 a light-diffusive 
re?ective electrode, 14 a recess and projection forming 
layer, 15 a second orientation layer, 16 a thin ?lm transistor, 
and numeral 17 denotes a through-hole. 

[0039] The upper substrate 1 is provided on one side 
(upper side) thereof With the phase plate 4 and the polariZing 
plate 5 and is provided on the other side (loWer side) thereof 
With a combination portion of the color ?lter 6 and the black 
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matrix 7, the ?attening layer 8, the common electrode 9 and 
the ?rst orientation ?lm 10. The loWer substrate 2 is pro 
vided on one side (upper side) thereof With the ?rst insula 
tion layer 11, the second insulation layer 12, the recess and 
projection forming layer 14, the light-diffusive re?ective 
electrode 13 and the second orientation ?lm 15. The liquid 
crystal layer 3 is sandWiched betWeen the loWer side of the 
upper substrate 1 and the upper side of the loWer substrate 
2. The thin ?lm transistor 16 can be a reverse stagger type, 
and is disposed on the upper side of the loWer substrate 2, 
and electrodes of the thin ?lm transistor 16 are conductively 
connected respectively to a scanning line (not shoWn), a 
signal line (not shoWn) and the light-diffusive re?ective 
electrode 13. The scanning line and the signal line are 
members of a group of scanning lines and a group of signal 
lines Which are disposed in parallel respectively, and the 
scanning line group and the signal line group are disposed 
orthogonally to each other and insulated by the ?rst insula 
tion layer 11. The signal lines and the light-diffusive re?ec 
tive electrode 13 are insulated from each other by the second 
insulation layer 12, While the light-diffusive re?ective elec 
trode 13 and the electrode of the thin ?lm transistor 16 
corresponding to each other are conductively connected to 
each other by the through-hole 17. The recess and projection 
forming layer 14 is disposed on the second insulation layer 
12, to give a rugged pattern (recess-and-projection pattern) 
to the light-diffusive re?ective electrode 13 disposed on the 
recess and projection forming layer 14. The second orien 
tation layer 15 disposed on the light-diffusive re?ective 
electrode 13 de?nes a liquid crystal orientation direction of 
the liquid crystal layer 3. 

[0040] The upper substrate 1 is made, for example, of a 
borosilicate glass, and has a thickness of about 0.7 mm. The 
color ?lter 6 has a pattern of repeated stripes of red, green 
and blue transmission portions, and the black matrix 7 made 
of a resin is provided at portions corresponding to gaps 
betWeen the pixels. Recesses and projections formed at the 
combination portion of the color ?lter 6 and the black matrix 
7 are leveled by the leveling layer 8 made of a resin. The 
common electrode 9 is made, for example, of ITO (Indium 
Tin Oxide), and has a thickness of about 0.2 pm. The ?rst 
orientation ?lm 10 has a thickness of about 0.2 pm. 

[0041] The loWer substrate 2 is made of, for example, the 
same borosilicate glass as the upper substrate 1, and has a 
thickness of about 0.7 mm. The second orientation layer 15 
has a thickness of about 0.2 pm. The signal lines and the 
scanning lines are made, for example, of chromium (Cr), and 
the ?rst insulation layer 11 is made, for example, of silicon 
nitride (SiN). The second insulation layer 12 and the recess 
and projection forming layer 14 are made of organic mate 
rials. The recess and projection forming layer 14 are ?rst 
formed in cylindrical form by photolithography and then 
formed in projected form by thermal softening. The recess 
and projection forming layer 14 is arranged at random so as 
to eliminate coloration due to light interference. In the recess 
and projection forming layer 14, the height of projected 
portions is selected to be about 0.5 pm and the shape of 
bottom portions is a circle With a diameter of about 8 pm. 

[0042] Generally, in a re?ection type liquid crystal display 
device, the contrast ratio is represented by the ratio of 
re?ectance at the time of bright display and re?ectance at the 
time of dark display, and the contrast ratio is affected 
primarily by the re?ectance at the time of dark display. In 
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addition, as the display mode of the re?ection type liquid 
crystal display device, there is a normally open display mode 
in Which a dark display condition is obtained When a voltage 
not less than a threshold voltage is applied to a liquid crystal 
layer and a normally closed display mode in Which a dark 
display condition is obtained When a voltage not more than 
a threshold voltage is applied to the liquid crystal layer. 

[0043] Since the liquid crystal layer is varied in its 
molecular alignment according to an applied voltage, there 
exists a difference in the molecular alignment at the time of 
dark display betWeen the normally open display mode and 
the normally closed display mode. Hence, there exists a 
phase difference variation attendant on variation of the 
vieWing angle and phase difference variation attendant on 
variation in the thickness of the liquid crystal layer. 

[0044] As Will be described later, the phase difference 
variation attendant on variation in the thickness of the liquid 
crystal layer is maximum at the application of Zero voltage 
corresponding to a minimum tilt angle of the liquid crystal 
layer, and decreases as the applied voltage is gradually 
increased and the tilt angle is increased. HoWever, the phase 
difference variation attendant on variation in vieWing angle 
is minimum When the applied voltage is Zero. Here, the 
phase difference variation attendant on the vieWing angle 
variation is considerably greater in variation Width as com 
pared to the variation in the thickness of the liquid crystal 
layer and is the main cause of the variation. Therefore, the 
present invention adopts the normally closed display mode 
in Which a dark display condition is obtained When the 
applied voltage is Zero. 

[0045] MeanWhile, the re?ection type liquid crystal dis 
play device using the single polariZing plate type display 
mode has a constitution in Which a polariZing plate, a phase 
plate, a liquid crystal layer and a light-diffusive re?ective 
electrode are laminated from the display surface side. Opti 
cal characteristics in the normal direction of the liquid 
crystal layer at the time of non-application of voltage is 
described in Mol. Cryst. Liq. Cryst. Vol. 24 (1973), pp. 
201-211, by S. Chandrasekar, G. S. Ranganath, U. D. Kini, 
K. A. Suresh et al. Namely, in the re?ection type liquid 
crystal display device, it Was presumed that, at the time 
When the light re?ected by a light-diffusive re?ective elec 
trode is incident on a liquid crystal layer, the polariZed state 
of the light is circularly polariZed light, and the polariZed 
state of the light transmitted through the liquid crystal layer 
is calculated. Further, phase difference variation attendant 
on variation in the thickness of the liquid crystal layer at the 
time When no voltage is applied to the liquid crystal layer 
Was obtained from the results of the calculation. 

[0046] The knoWn re?ection type liquid crystal display 
devices disclosed in the Japanese Patent Laid-Open No. Hei 
6-75238 and No. Hei 10-154817 are designed by assessing 
the light scattering characteristics, the height of the recesses 
and projections, and the ratio of the height of the recesses 
and projections and a bottom side of the light-diffusive 
re?ective electrode. HoWever, in the case of a re?ection type 
liquid crystal display device using a combination of the 
light-diffusive re?ective electrode With a single polariZing 
plate type display mode, it is also necessary to assess the 
contrast ratio. In particular, in the case of a re?ection type 
liquid crystal display device adopting the normally closed 
display mode, When the height of the recesses and projec 
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tions of the light-diffusive re?ective electrode is set to be not 
more than the allowable value, the phase difference variation 
attendant on vieWing angle variation is brought to a good 
condition and, accordingly, a higher contrast ratio can be 
obtained. 

[0047] Ordinarily, a light emission type display device 
such as a cathode ray tube and a transmission type liquid 
crystal display device gives a contrast ratio in excess of 
100:1 When used in a dark room, but light re?ection occurs 
at the display surface under an environment exposed to 
illumination light or solar light. In this case, light re?ection 
is reduced by providing an anti-re?ection ?lm on the display 
surface, but a light re?ection of about 1.0% is still generated. 
Since the intensity of environmental light in a light room or 
in the exterior in a cloudy Weather is about 1000 cd/m2, a 
light re?ection of 10 cd/m2 occurs in this case. Therefore, 
even if the luminance of the display portion is 200 cd/m2, the 
in?uence of re?ected light reduces the contrast ratio to about 
20:1. Namely, Where special use conditions such as use in a 
dark room are not added, even the transmission type liquid 
crystal display device is accompanied by an upper limit of 
contrast ratio of about 20:1. Accordingly, the present inven 
tion sets a target contrast ratio at 20:1. 

[0048] In FIG. 2, the abscissa is the tWist angle of the 
liquid crystal layer expressed in degrees, While the ordinate 
is the phase difference variation attendant on variation of the 
thickness of the liquid crystal layer expressed in nm, and the 
phase difference variation When the thickness of the liquid 
crystal layer is varied by 10.5 pm Where the birefringence of 
the liquid crystal layer is 0.073 is shoWn. As shoWn in FIG. 
2, the phase difference variation attendant on variation of the 
thickness of the liquid crystal layer takes a maximum value 
of 37 nm When the tWist angle is 0 degrees, and gradually 
decreases as the tWist angle increases. This is based on the 
fact that, as the tWist angle increases, optical rotation occurs 
in the liquid crystal layer and the phase difference variation 
attendant on variation of the thickness of the liquid crystal 
layer becomes smaller than the variation of retardation. 

[0049] In FIG. 3, the abscissa is the voltage applied to the 
liquid crystal layer expressed in volts (V), While the ordinate 
is the phase difference variation attendant on vieWing angle 
variation and variation of the thickness of the liquid crystal 
layer expressed in nm, Where the polar angle is 40 degrees. 
In FIG. 3, the four characteristic curves represent the phase 
difference variation attendant on vieWing angle variation 
corresponding to aZimuth values of 0 degrees, 90 degrees, 
180 degrees and 270 degrees, respectively, and the phase 
difference variation attendant on variation of the thickness of 
the liquid crystal layer represents the phase difference varia 
tion When the thickness of the liquid crystal layer is varied 
by 10.5 pm. 

[0050] As shoWn in FIG. 3, the phase difference variation 
attendant on vieWing angle variation is minimum When the 
applied voltage is 0 V, irrespectively of the aZimuth, Whereas 
the phase difference variation attendant on variation of the 
thickness of the liquid crystal layer is maximum When the 
applied voltage is 0 V. When the phase difference variation 
attendant on the vieWing angle variation and the phase 
difference variation attendant on the variation of the thick 
ness of the liquid crystal layer are compared With each other 
in magnitude, the phase difference variation attendant on the 
vieWing angle variation is greater (double or more) even at 
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the time of an applied voltage of 0 V When the phase 
difference variation attendant on the liquid crystal layer 
thickness variation has a maximum value. Therefore, the 
present invention adopts the normally closed display mode 
in Which a dark display condition is obtained When no 
voltage is applied. 

[0051] MeanWhile, in a ?rst embodiment of the present 
invention, the solution of group C among the groups A to E 
shoWing the distribution regions of solutions for giving a 
high contrast shoWn in FIGS. 4 and 5 is selected. Again, in 
the characteristic diagram of FIG. 4, for the groups A to E 
shoWing the distribution regions of solution giving a high 
contrast, an alloWable quantity of the height of recesses and 
projections of a light-diffusive re?ective electrode is deter 
mined by paying attention to the minimum tWist angle 
contained in each of the groups, Whereby the entire portion 
of each of the groups satis?es the alloWable quantity. In this 
case, the minimum tWist angles of group A, group B, group 
C, group D and group E are respectively 0 degrees, 40 
degrees, 40 degrees, 75 degrees and 75 degrees. 

[0052] In FIG. 4, the abscissa is the tWist angle of the 
liquid crystal layer expressed in degrees, and the ordinate is 
the retardation of the liquid crystal layer expressed in nm. In 
FIG. 5, the abscissa is the tWist angle of the liquid crystal 
layer expressed in degrees, and the ordinate is the retardation 
of the phase plate expressed in nm. As shoWn in FIGS. 4 
and 5, distribution regions (hatched regions) of solutions to 
give a high contrast constitute a plurality of groups, Which 
are herein represented as group A, group B, group C, group 
D and group E. 

[0053] Further, the vibrating direction of polariZation (in 
this case, linear polariZation or elliptic polariZation close to 
linear polarization) of transmitted light transmitted through 
the phase plate Was determined, and the absorption axis of 
the polariZing plate Was set to be parallel in the vibrating 
direction. Hence, the light incident on the polariZing plate 
from the normal direction, transmitted through the phase 
plate and the liquid crystal layer, then re?ected by the 
light-diffusive re?ective electrode, again incident on the 
liquid crystal layer in the normal direction, and transmitted 
through the phase plate is absorbed suf?ciently by the 
polariZing plate. When the phase difference variation atten 
dant on vieWing angle variation is reduced in the above 
setting, a high contrast can be obtained even Where light is 
incident on the light-diffusive re?ective electrode from a 
Wide range of vieWing angle. Besides, When the phase 
difference variation attendant on variation of the thickness of 
the liquid crystal layer is also reduced, a high contrast can 
be obtained even Where the thickness of the liquid crystal 
layer is varied due to the presence of recesses and projec 
tions of the light-diffusive re?ective electrode and the phase 
difference variation is thereby induced. 

[0054] As described above, in order to minimiZe the phase 
difference variation attendant on vieWing angle variation, 
the present invention adopts the normally closed display 
mode in Which a dark display condition is obtained When no 
voltage is applied to the liquid crystal layer. In addition, an 
optimum combination of the characteristics of the liquid 
crystal layer and the characteristics of the phase plate is 
used, thereby further reducing the phase difference variation 
attendant on vieWing angle variation. At this time, the liquid 
crystal layer When, no voltage is applied, has an uniaxial 
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property (When the twist angle is 0 degrees), and NZ 
coef?cient representing a three-dimension distribution of 
re?ective index is 1.0. As described in SID’91 DIGEST 
(1991) pp. 739-742 by Yasuo Fujimura, Tatsuki Nagatsuka, 
Hiroyuki Yoshimi, Takefumi Simomura et al, the NZ coef 
?cient is de?ned by the following formula: 

[0055] Where nx and ny are in-plane re?ective indexes, nx 
is re?ective index in the sloW axis direction, While ny is 
re?ective index in the fast axis direction, and nZ is re?ective 
index in the thickness direction. 

[0056] In many cases, the liquid crystal layer of the single 
polariZing plate type display mode has a tWisted orientation, 
as shoWn in FIG. 11(a). Since the tWist angle can be not 
more than 90 degrees, the optical characteristics are close to 
those of an uniaxial medium having an NZ coefficient of 1.0. 
Therefore, by combining the liquid crystal layer having an 
NZ coef?cient of 1.0 With the phase plate having an NZ 
coef?cient of 0.0, the phase difference variation attendant on 
vieWing angle variation can be reduced. 

[0057] In FIG. 6, the abscissa is the product of the height 
of the recesses and projections expressed in nm and the 
birefringence (An) of the liquid crystal material, While the 
axis of ordinate is the contrast ratio, and the three charac 
teristic curves correspond to minimum tWist angles of the 
liquid crystal layer of 0 degrees, 40 degrees and 75 degrees 
respectively. As shoWn in FIG. 6, the contrast ratio 
decreases linearly as the product of the height of the recesses 
and projections and the birefringence of the liquid crystal 
material increases, and the ratio of the linear decrease is 
decreased as the minimum tWist angle increases. In other 
Words, the alloWable height of the recesses and projections 
of the light-diffusive re?ective electrode increases as the 
minimum tWist angle increases. In FIG. 6, the contrast ratio 
of 20:1 Which is a target adopted in the present invention is 
indicated by the broken line. Where the minimum tWist 
angles are 0 degrees, 40 degrees and 75 degrees, the contrast 
ratio of 20:1 is obtained When the products of the height of 
the recesses and projections and the birefringence of the 
liquid crystal material are not more than 32 nm, not more 
than 53 nm and not more than 74 nm, respectively. Accord 
ingly, in the cases of group A, group B, group C, group D 
and group E, the contrast ratio of 20:1 is obtained When the 
products of the height of the recesses and projections and the 
birefringence of the liquid crystal material are set to be not 
more than 32 nm, not more than 53 nm, not more than 53 
nm, not more than 74 nm, and not more than 74 nm, 
respectively. For example, Where the birefringence of the 
liquid crystal material is 0.073, the heights of the recesses 
and projections alloWable for group A, group B, group C, 
group D and group E are not more than 0.44 pm, not more 
than 0.73 pm, not more than 0.73 pm, not more than 1.0 pm, 
and not more than 1.0 pm, respectively. 

[0058] In the case of producing the light-diffusive re?ec 
tive electrode having such a height of recesses and projec 
tions as above, the actual machining precision for the 
recesses and projections has a limitation, so that the height 
of the recesses and projections has a loWer limit. Ordinarily, 
the recesses and projections of the light-diffusive re?ective 
electrode are formed by etching of an organic ?lm. Since the 
etching precision of the organic ?lm is about 3 pm and the 
ratio of the height of the recesses and projections and the 

Jul. 18, 2002 

bottom side for giving good light diffusing characteristics is 
in the range of 1:13 to 1:18, the loWer limit of the height of 
the recesses and projections of the light-diffusive re?ective 
electrode is about 0.17 pm. At present, the loWer limit of the 
birefringence of the liquid crystal material is 0.06, so that the 
loWer limit of the product of the height of the recesses and 
projections and the birefringence of the liquid crystal mate 
rial is 0.01 nm. 

[0059] Where the minimum tWist angles are 30 degrees, 
65 degrees and 120 degrees, the contrast ratio of 20:1 is 
obtained When the products of the height of the recesses and 
projections and the birefringence of the liquid crystal mate 
rial are not more than 47 nm, not more than 64 nm and not 

more than 101 nm, respectively. Accordingly, in the cases of 
group A, group B, group C, group D and group E, the 
contrast ratio of 20:1 is obtained When the products of the 
height of the recesses and projections and the birefringence 
of the liquid crystal material are set to be not more than 47 
nm, not more than 64 nm, not more than 64 nm, not more 
than 101 nm, and not more than 101 nm, respectively. 

[0060] Incidentally, the values of birefringence of the 
phase plate and the liquid crystal material vary depending on 
the Wavelength of light. A helium-neon laser With a light 
Wavelength of 633 nm is often used in ordinary measure 
ments, and the above-mentioned values are de?ned by the 
values obtained using light With a Wavelength of 633 nm. 
Similarly, the retardation represented by the product of 
birefringence and thickness is also de?ned by the values 
obtained using light With a Wavelength of 633 nm. 

[0061] In FIG. 7, the abscissa is the liquid crystal layer 
retardation expressed in nm, and the ordinate is the phase 
plate retardation expressed in nm. In FIG. 8, the abscissa is 
the phase plate sloW axis aZimuth expressed in degrees, and 
the ordinate is the polariZing plate absorption axis aZimuth 
expressed in degrees. In the ?rst embodiment, a combination 
of characteristics is selected so as to ful?ll the conditions for 
the solution. Namely, as shoWn in FIG. 7, the retardation of 
the liquid crystal layer 3 is in the range of 200 to 350 nm, 
and the retardation of the phase plate 4 is in the range of 280 
to 470 nm. At the same time, as shoWn in FIG. 8, the sloW 
axis aZimuth of the phase plate 4 is in the range of 30 to 75 
degrees, and the absorption axis aZimuth of the polariZing 
plate 5 is in the range of 30 to 90 degrees. In this case, the 
aZimuth is de?ned counterclockWise by observing the liquid 
crystal display device from the normal direction of the upper 
substrate 1 and setting the orientation direction of the loWer 
substrate 2 to be 0 degrees. 

[0062] In the ?rst embodiment, since the solution of group 
C is selected, the optical parameters of the liquid crystal 
layer 3, the phase plate 4 and the polariZing plate 5 Were 
selected as folloWs. From the characteristic diagram of FIG. 
4, the product of the liquid crystal layer thickness and the 
birefringence of the liquid crystal material Was selected to be 
280 nm, and the tWist angle of the liquid crystal layer 3 is 
selected to be 50 degrees. From the characteristic diagram of 
FIG. 5, the retardation of the phase plate 4 Was selected to 
be 400 nm and from the characteristic diagram of FIG. 8, the 
sloW axis aZimuth of the phase plate 4 Was selected to be 50 
degrees, and the absorption axis aZimuth of the polariZing 
plate 5 Was selected to be 70 degrees. 

[0063] Furthermore, in the ?rst embodiment, the tWist 
angle of the liquid crystal layer 3 is selected to be 50 
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degrees, and, in the characteristic diagram of FIG. 6, the 
straight line corresponding to a tWist angle of 40 degrees Was 
studied. In the straight line, the product of the height of the 
recesses and projections and the birefringence of the liquid 
crystal material Which gives a contrast ratio of 20:1 is 
determined to be not more than 53 nm. Therefore, the 
product of the height of the recesses and projections and the 
birefringence of the liquid crystal layer Was set to be not 
more than 53 nm. In this case, When a liquid crystal material 
having a birefringence of 0.073 is used, the alloWable height 
of the recesses and projections is 0.73 pm alloWing adoption 
of therefore, a slightly loWer value of 0.5 pm. 

[0064] In the ?rst embodiment, as the liquid crystal layer 
3, a ?uorine-containing liquid crystal material having a 
birefringence of 0.073 and high resistance in Which true 
spherical polymer beads having a diameter of 4.0 pm are 
dispersed in a proportion of about 100 pieces per 1 mm2 is 
used. By using these parameters, the thickness of the liquid 
crystal layer is made to be 3.9 pm at an intermediate position 
of the recesses and projections over the entire part of the 
display portion. 
[0065] The ?rst orientation ?lm 10 and the second orien 
tation ?lm 15 used at interfaces With the liquid crystal layer 
3 are oriented by a rubbing method. In the orientation 
treatment, the speed of a rubbing roll is 3000 revolutions/ 
min, the Width of a contact portion of the rubbing roll With 
the substrate is 11 mm, and a pre-tilt angle of the liquid 
crystal layer 3 is about 5 degrees. The aZimuth of the 
orientation treatment is appropriately set so that the tWist 
angle of the liquid crystal layer 3 is 50 degrees When the 
liquid crystal material is poured into a gap portion betWeen 
the upper substrate 1 and the loWer substrate 2. As the phase 
plate 4, an NRZ ?lm With an NZ coefficient of 0.0 Was used. 

[0066] As to the re?ection type liquid crystal display 
device of the ?rst embodiment obtained as above, re?ec 
tance of incident light in the case of uniform incident light 
Within a solid angle range of 45 degrees relative to the 
normal direction Was measured, and display characteristics 
Were evaluated. 

[0067] FIG. 9 shoWs evaluation of the re?ection type 
liquid crystal display device according to the ?rst embodi 
ment, and, more speci?cally, is a characteristic diagram 
shoWing the relationship betWeen the voltage applied on the 
liquid crystal layer and re?ectance. In FIG. 9, the abscissa 
is the applied voltage expressed in bolts (V), and the axis of 
ordinate is re?ectance expressed in %. Also, as shoWn in 
FIG. 9, the re?ection type liquid crystal display device of 
the ?rst embodiment gave typical normally closed display 
characteristics such that the re?ectance is minimum at the 
time of non-application of voltage and is steeply increased 
When the applied voltage increases in excess of 1 V. In this 
case, the maximum of the re?ectance is obtained When the 
applied voltage is 2.7 V, the maximum re?ectance is 5.6% 
and contrast ratio is 31:1. 

[0068] Thus, according to the ?rst embodiment, by select 
ing the height of recesses and projections of the light 
diffusive re?ective electrode 13 to be not more than the 
alloWable value, it is possible to obtain a re?ection type 
liquid crystal display device of the normally closed display 
mode With excellent vieWing angle characteristics and a high 
contrast ratio. 

[0069] Incidentally, in the re?ection type liquid crystal 
display device of the ?rst embodiment, the alloWable value 
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of the height of recesses and projections of the light 
diffusive re?ective electrode 13 is not more than 0.73 pm, 
and, When display characteristics Were studied for cases 
Where the height of the recesses and projections have a value 
outside of the alloWable range, for example, Where the 
height of recesses and projections Was 1.0 pm, the contrast 
ratio Was as loW as 14:1. Thus, it is understood that a high 
contrast ratio cannot be obtained if the height of recesses and 
projections of the light-diffusive re?ective electrode 13 is 
not in the alloWable range. 

[0070] In the ?rst embodiment, the solution at the tWist 
angle of 50 degrees Was determined by using 40 degrees 
Which is the minimum tWist angle of solution contained in 
group C for the alloWable range of the height of recesses and 
projections. When the alloWable range of the height of 
recesses and projections is determined by using the tWist 
angle of 50 degrees, a Wider alloWable range can be obtained 
more accurately than using the tWist angle of 40 degrees. 

[0071] While the phase plate 4 With an NZ coef?cient of 
0.0 is used in the re?ection type liquid crystal display device 
according to the ?rst embodiment, When the NZ coef?cient 
of the phase plate 4 is varied, the contrast ratio also is varied 
accordingly. FIG. 10 is a characteristic diagram shoWing the 
relationship betWeen the contrast ratio and the NZ coef?cient 
of the phase plate 4 in the re?ection type liquid crystal 
display device of the ?rst embodiment. In FIG. 10, the 
abscissa is the NZ coef?cient, and the axis of ordinate is the 
contrast ratio. Also, as shoWn in FIG. 10, the maximum 
contrast ratio is obtained When the NZ coef?cient is 0.0, and 
the contrast ratio gradually decreases as the NZ coef?cient 
increases. The range of contrast ratio of 20:1 Which is a 
target value in the present invention can be obtained When 
the NZ coef?cient is not more than 0.5. Furthermore, as 
shoWn in FIG. 23, acceptable ranges of the NZ coef?cient 
include values less than Zero. For example, When the NZ 
coef?cient is —0.1, the contrast ration has a high value of 
33.1. 

[0072] As shoWn in FIG. 11(b), When the phase plate 4 
With an NZ coefficient of 0.0 and the liquid crystal layer 3 as 
an uniaxial medium With an NZ coef?cient of 1.0 are 
combined and disposed such that the sloW axis of the phase 
plate 4 and the orientation direction of the liquid crystal 
layer 3 are orthogonal as vieWed from the normal direction, 
the sloW axes of the phase plate 4 and the liquid crystal layer 
3 are orthogonal to each other in all vieWing angle direc 
tions, and the phase difference betWeen the phase plate 4 and 
the liquid crystal layer 3 is favorably compensated for. In 
fact, While the liquid crystal layer 3 in the single polariZing 
type display mode often has a tWisted orientation as shoWn 
in FIG. 11(a), since the tWist angle is not more than 90 
degrees, particularly, since the re?ection type liquid crystal 
display device of the ?rst embodiment has a small tWist 
angle of 50 degrees, the optical characteristics are similar to 
those of an uniaxial medium With an NZ coef?cient of 1.0. 

[0073] In the re?ection type liquid crystal display device 
of the ?rst embodiment, the sloW axis of the phase plate 4 
is set to be 55 degrees relative to the orientation direction of 
the loWer substrate 2. The setting conditions correspond to 
the setting at 105 degrees relative to the orientation direction 
of the upper substrate 1, and the setting at 80 degrees relative 
to the average orientation direction of the liquid crystal layer 
3 (orientation direction at the center of the liquid crystal 
















