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whatsoever or howsoever caused arising directly or indirectly in connection
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Liquid Crystal Color 
Devices with Phase 

Display 
Transition 

T. UCHIDA, C. SHlSHlDO and M. WADA 
Department of Electronic Engineering, Faculty of Engineering, Tohoku University, 
Sendai, Japan 980 

(Receioed M a y  27, 1976; in final form October 26, 1976) 

The liquid crystal cell used a cholesteric-nematic mixture with positive dielectric anisotropy 
(CN cell) has a cholesteric phase at the off-state when molecules of liquid crystals near the 
electrode surfaces were aligned perpendicular to them by using surface treatment. 

The cholesteric phase at  the off state has rotatory dispersion, characteristic of the cholesteric 
phase. Then, by putting the CN cell between two polarizers, transmitted light is colored. On the 
othef hand, the C N  cell is clear (and optically inactive) at the on-state. 

Thus, by stacking the CN cell and the usual twisted nematic cell, a combination of the on- 
and the off-state of two cells can display two colors, black and white. This paper describes the 
experimental results of the new devices, 

1 INTRODUCTION 

As is generally known, liquid crystal cells with the cholesteric-nematic 
phase transition (hereinafter abbreviated as CN cell) change their own 
states corresponding to the applied voltage Vl below or V,, above the 
threshold voltage as shown in Figure 1. 

When the electrode surfaces of liquid crystal cells are previously treated 
so as to obtain parallel or perpendicular molecular alignment (abbreviated 

( 1  1 focal-conic tex tu re(opaqure1 

( 2 )  f ingerpr in t  
texture (opaque)  tex tu re  ( c lea r )  

FIGURE 1 State changes of the former phase-transition-type cell. 
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128 T. UCHIDA, C. SHISHIDO A N D  M .  WADA 

( I )  f o c a l - c o n i c  t e x t u r e  ( o p a q u r e )  

t e x t u r e , ( c l e a r  

V (  : on  

( 4 )  p l a n a r  t e x t u r e  ( c l e a r )  

FIGURE 2 State changes of the parallel treatment cell. 

V , :  A voltage below the threshold voltage 

V,#:  A voltage above the threshold voltage 
for phase transition 

for phase transition 

( 1 )  f o c a l - c o n i c  t e x t u r e ( o p a q u r e )  

t e x t u r e  ( c l e a r  1 

i V1 :an 

( 4 )  d e f o r m e d  s t r i p e d  t e x t u r e  ( c l e a r )  

FIGURE 3 State changes of the perpendicular treatment cell. 

Y , :  A voltage below the threshold voltage 
for phase transition 

V,,: A voltage above the threshold voltage 
for phase transition 
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LIQUID CRYSTAL COLOR DISPLAY DEVICES 129 

as parallel-treatment cell and perpendicular-treatment cell, respectively), 
these liquid crystal cells have four states as shown in Figures 2 and 3.l.’ In 
the state (4) in Figure 3, a vortical domain pattern can be seen, and the 
molecular alignment near the electrode surfaces seems to be a deformation 
of the striped texture reported by Cladis and Kleman.3 Therefore, we call 
this state deformed striped texture. 

As described in the previous papers,’.’ both cells show two states, (1) 
and (4), are stable at the off-state. State (1) is opaque and state (4) is clear. 
Thus the change of the states is applicable to a memory-type display device. 
But after the applied voltage V,, is removed in state (3) in both cells, they 
switch over to state (4) through an opaque state. The switching time from 
state (3) to state (4) in the parallel-treatment cell is several tens times longer 
than that in the perpendicular-treatment cell. 

Then in this paper a new color display device is proposed by using exis- 
tence of optical activity in the clear states (3) and (4) in the perpendicular- 
treatment cell. 

2 OPERATION PRINCIPLE 

In the CN cell containing a cholesteric-nematic mixture with positive 
dielectric anisotropy, the state (4) shown in Figure 3 has an optical activity 
which is characteristic of the cholesteric phase, and its rotation angle is 
dependent on the wavelength of incident light as shown in Figure 4. 

I 1 

Wavelength 

FIGURE 4 Wavelength dependence of rotation angle in the CN cell. 

When this CN cell is inserted between two polarizers PI and P, as shown 
in Figure 5, the transmittance changes oscillatorily with the wavelength of 
incident light. The maximum and the minimum of the transmittance appear 
at the wavelengths given by the following relations: 

~(1) = 0 + nn for maximum, (1) 
~(1) = 0 + (n  + +)n for minimum, (2) 
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I30 T. UCHIDA, C. SHISHIDO AND M. WADA 

C N  cell 

( P, ,P2 : polarizer ) 

F I G U R E  5 Arrangement of CN cell and polarizers. 

where ~ ( 2 )  is the rotation angle at the wavelength I., H is the angle between the 
directions of polarization of the two polarizers and n is an integer. 

These relations suggest feasibility of a color display device and its dis- 
played color depends upon the angle 8. Multicolor display is possible by 
combining a CN cell and a TN cell which can effectively switch the angle H 
by applying voltage. 

As is well known, the structure of the TN cell is such that without the 
applied voltage, the surface layers of the liquid crystal are homogeneously 
aligned, but there is a twist angle of 90" between the two surfaces, as shown 
in Figure 6(a). Then, polarization of incident light is rotated by 90" by 
transmitting through the TN cell. An applied voltage above the threshold 
voltage causes the nematic directors to be untwisted and to align parallel to 
the applied field as shown in Figure 6(b). Thus the incident light can transmit 
through the TN cell without rotation of its polarization. 

Therefore, we can obtain a two color display device because the on-state 
and the off-state effectively correspond to 0 = 0" and 6' = 90", respectively. 
When the CN cell is in the state (3) shown in Figure 3 under the applied field, 
it has no optical activity and so black-and-white display can be obtained 
similar to that given by the T N  cell only. 

Multicolor displays can also be realized by combining a CN cell and TN 
cells with different twist angles. 

(a) V = O  ( b )  V > V t h  

FIGURE 6 Schematic view of twisted nematic effect. 
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LIQUID CRYSTAL COLOR DISPLAY DEVICES 131  

3 EXPERIMENTAL RESULTS AND DISCUSSION 

3.1 CN cell 

The following mixture of liquid crystals was used in the C N  cell: 

p-methoxy benzylidene-p'-n-but ylaniline 45.0 wt o/, 
p-ethoxybenzylidene-p'-n-butylaniline 31.5 wt 7; 
p-ethoxybenzylidene-p'-aminobenzonitrile 13.5 wt % 
cholesteryl oleyl carbonate 10.0 wt % 

The electrode surfaces of the cell were coated with lecithin to obtain per- 
pendicular alignment. The cell was of sandwich-type with the spacer of 
mylar 12 pm thick. The threshold voltage was about 30 volts for the choles- 
teric--nematic phase transition. 

The wavelength dependence of the rotation angle measured in this cell is 
shown in Figure 7. When this cell was inserted between 

600 - 
ul 
aJ 

0 
E 
400 

u 

aJ 
ctl 
c 
CI 

0 

a 
0 
[L 

- 
c 200 
.- 
c 

L 

0 

\ 

two polarizers 

, 

400 500 600 700 800 
Wavelength ( nm 1 

FIGURE 7 The experimental result of wavelength dependence of rotation angle 

P, and P ,  as shown in Figure 5, the relation between transmittance and 
wavelength was measured for several parameters of 0 as shown in Figure 8. 
Figures 7 and 8 support Eqs. (1) and (2). Displayed colors for each value of 
19 are summarized in Table I. 

3.2 

A composite system of a CN cell and a TN cell with 90O-twist angle (abbrevi- 
ated as TN,, cell) shown in Figure 9 gives a characteristic shown in Figure 10 
when white light was applied to it. In this figure, the solid lines 1 and 2 are at 

Color display characteristics of the composite cell 
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132 T. UCHIDA, C. SHISHIDO AND M. WADA 

20 r 

400 500 600 700 
Wavelength ( nm ) 

FIGURE 8 Wavelength dependence of transmittance. 

TABLE I 

Relation between f l  and displayed 
color. 

n Displayed color 

0" greenish blue 
45" pink 
90" yellowish orange 

135" yellowish green 

the off-state of the CN cell and correspond to the characteristic lines 6 = 0" 
and 0 = 90" in Figure 8. 

For an example of multicolor display devices, Figure 1 1 shows a composite 
system consisting of a CN cell and two TN cells with 45O-twist and 9W-twist 
angles. The TN cell with 45O-twist angle is denoted by the TN4, cell. In the 
composite system the TN cells must be carefully arranged, because they can 

TN cel l  CN cell P2 

FIGURE 9 A combined system composed of a CN cell and a TN cell 
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LIQUID CRYSTAL COLOR DISPLAY DEVICES 

b 
?, ' 

% - \ . --- --- 
1 1 1 '+ 

133 

A 

I 

1 ./.-.--- 

400 500 600 700 
Wavelength ( nm 

FIGURE 10 Spectral transmittance of the combined system with TN,, cell. 

Curve C N  cell T N  cell Displayed color 

1 Off off yellowish orange 
2 Off on greenish blue 
3 on off black 
A nn nn white 

"I. ".. ......- 

rotate the polarization plane of the incident light as much as their twist 
annlec nnlv w h e n  t h e  rl;rect;nn nf nn1ar;vatinn i c  nirallel nr nPrnPnclirllbr tn 

the molecular alignment on the substrate at the incident side. 
This composite system effectively has four values of 0 as shown in Table 11. 

Figure 12 shows spectral transmittance characteristics of this composite 
system. Four characteristic curves 1 ,  2, 3 and 4 correspond to those 135", 
90", 45" and 0" in Figure 8, respectively. Little fluctuations can be seen in 
Figure 12, which seem to be due to birefringence. In this composite system, 
black-and-white display can also be obtained by applying a voltage to the 
CN cell. 
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134 T. UCHIDA, C. SHlSHIDO AND M. WADA 

TABLE I1 

Total twist angle of incident polarized light at on- and 
off-states of TN cells. 

Total twist Effectivc 
TN9,, cell TN,, cell angle 8 

Off Off 45" 135" 
O f f  on 90" 90" 
on Off 135" 45" 
on on 0" 0" 

400 500 600 700 
Wavelength ( nm ) 

FIGURE 12 Spectral transmittance of the combined system with two T N  cells. (CNcell: off). 

Curve TN,, cell TN45 cell Displayed color 

I Off Off yellowish green 
2 Off on yellowish orange 
3 on Off pinc 
4 on on greenish blue 

3.3 

As described above, the spectral characteristics of the rotation angle have 
one to one correspondence to spectral transmittance of the cell. Then the 
viewing angle dependence of displayed colors can be understood by measur- 
ing the viewing angle dependence of the rotation angle. The results obtained 
are shown in Figure 13. The feature that the viewing angle is wider than that 
in the DAP-type color display can be seen in this figure, because no 
remarkable change of the characteristics is observable at the angle of 
inclination of the CN cell up to 20 - 30". 

Viewing angle dependence of displayed colors 
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LIQUID CRYSTAL COLOR DISPLAY DEVICES 135 

PI CN cel l  P2 

( a )  D e f i n i t i o n  of viewing angle 9 

500 - 
UI 

400 
0 
U - 300 
9, 

171 
- 
5 200 
C 
0 .- 
L 

!2 100 
0 
[L 

0 @ =  00, 10" 

1 I I 0 
400 500 600 700 E 

Wavelength ( nm)  

( b )  Rota t i on  ang le  vs. wavelength 
a t  va r ious  va lues  of @ 

FIGURE 13 The effect of viewing angle to rotation angle. 

3.4 

The temperature dependences of rotation angle are shown in Figure 14. 
In the figure (b), the arrow expresses the liquid crystalline-isotropic phase 
transition temperature TL-I. The remarkable changes can be seen as the 
temperature is near TL.., . Therefore, less temperature dependence of dis- 
played colors at about room temperature can be obtained by using a mixture 
of liquid crystals with high TL-I, 

Temperature dependence of the rotation angle 

3.5 Response and recovery characteristics 

Figure 15 shows the response and recovery characteristics, in which the 
applied voltage is 50 V and square wave of 50 Hz. 

In the recovery characteristic shown in Figure 15(b), transmittance 
decreased just after removing the applied voltage, but the deformed striped 
texture is observable after several seconds, which has high transmittance and 
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Wavelength ( nm ) Temperature ( "C ) TL-I 

( a )  Parameter : temperature ( b )  Parameter: wavelength 

FIGURE 14 Effect o f  temperature to rotation angle. 

3 

is shown in Figure 3-(4).2 This is because the opaque state of the focal-conic 
texture appears just after removing the applied voltage. 

When the proper composition of the mixed liquid crystals with less 
cholesteric liquid crystal, that is, 

p-methoxybenzylidene-p'-n-buty laniline 77.6 wt 06 
p-hexyloxybenzylidene-p'-aminobenzonitrile 19.4 wt o/, 
cholesteryl propionate 

C 

2 
c 

3.0 wt 7; 

50 Von 
I 

~ off - 

0 100 200 300 5 10 15 
O L  

Time ( msec Time ( sec ) 

(a )  Build up character ( b )  Recovery character 

FIGURE 15 Response characters of CN cell. 
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LIQUID CRYSTAL COLOR DISPLAY DEVICES 137 

is used in the cell with the surface treatment by using stearyltrichlor~silane~ 
the threshold voltage of the phase transition is about 9 volts and the response 
and the recovery characteristics are shown in Figure 16. This figure shows 
considerably fast recovery. But the deformed striped texture in this cell has a 
little transmittance. Further studies shall be reported in detail on this subject 
in the near future. 

100 
h 

f 
v 

0 
Time ( msec ) Time ( sec 

( a )  Bui ld  up chracter ( b )  Recovery character  

Response characters of the sample with less concentration of the cholesteric FIGURE 16 
material. 

4 CONCLUSION 

A new color display device was suggested by using optical activity in a 
liquid crystal cell with cholesteric-nematic phase transition, which was 
surface-treated for homeotropic alignment. 

This cell has the following features compared with a DAP cell. 

1) Viewing angle is wide. 
2. Surface treatment is easily compared with the DAP cell using a Nn- 

type nematic liquid crystal,"-6 in which voltage induced molecular alignment 
must not be random parallel." 

3) Black display is possible, different from the DAP cell with a Np-type 
nematic liquid crystal aligned homogene~us ly .~ .~  Such a DAP cell is 
difficult to display real black, because retardation does not reduce to zero, 
even if considerably high voltage is applied. 

A multicolor display device can be made by composing the C N  cell and the 
TN cell. Samples used in our studies have about 30 volts of threshold 
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138 T. UCHIDA, C. SHISHIDO AND M. WADA 

voltage and the recovery time is long. These defects can be removed to some 
extent by using a mixture of liquid crystals with less cholesteric liquid crystal 
and by surface-treating the electrode surface with silane. The spectral 
characteristics of optical activity depends upon the thickness of the liquid 
crystal layer, the kind of mixed liquid crystals and their content ratio. 
Displayed colors can be selected by controlling these parameters. 
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