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Dopant Effects on Electro-Thermo-Optical 
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Smectic-A Liquid Crystal Displays 
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Electron Device Engineering Laboratory, Toshiba Corporation, 8, Shinsugita-cho, lsogo-ku, 
Yokohama, 235 Japan 

(Received December 9, 1992; in final form February 26, 1993) 

Liquid crystal (LC) materials doped with non-mesomorphic or chiral substances are used for the matrix- 
addressed LC displays based on electro-thermo-optical effect. The influence of phase-transition tem- 
perature on driving condition and contrast ratio is investigated. 

Non-mesomorphic dopants which decrease greatly the thermal stability of LC phase expands the 
allowance of the driving condition and increases the contrast ratio. The chiral dopants also cause similar 
effects. However, the effects are not caused by the decrease of the thermal stability but by the twist 
force of chiral dopants. 

The minimum signal voltage to make a transparent state is not changed by non-mesomorphic dopanf, 
whereas it increases with increasing the concentration of the chiral dopant. 

On the basis of our investigation, LC blends with the non-mesomorphic or chiral dopants have been 
developed. They have not only a wide allowance of driving condition and a high contrast ratio but also 
a high writing speed. 

Keywords: electro-thermo-optical effect, smectic-A, matrix addressing, dopant 

1. INTRODUCTION 

Electro-thermo-optical effect matrix-addressed liquid crystal displays (LCDs) have 
a capability to display a large information content. These displays show no cross- 
talk effect even under a highly multiplexing drive, since two different activating 
forces, i.e., thermal energy and signal voltage, are used for the row and column 
electrodes during driving. 

In order to improve the display performance of an LCD, it is important to 
improve the LC material as well as to optimize cell configuration and driving 
conditions. In the case of laser-addressed LCDS,*,~ it is known that doping the LC 
material with some dopants improves the contrast ratio. In this paper, the influence 
of the phase transition temperature change on the driving condition and the contrast 
ratio is investigated when LC materials doped with non-mesomorphic or chiral 
substances are used for the electro-thermo-optical effect matrix-addressed LCD. 
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2 H. HATOH 

2. OPERATION PRINCIPLE 

A liquid crystal material used in an electro-thermo-optical effect LCD shows a 
smectic-A (S,) phase at room temperature. At a higher temperature, it changes 
to the nematic (N) phase. The temperature range for the nematic phase is relatively 
narrow, and further increasing the temperature, changes it to the isotropic (I) 
phase. Two substrates of a cell have heater electrodes and signal electrodes with 
a homeotropic alignment layer, respectively. 

The LCD is operated by a combination of a heat pulse and a signal pulse as 
shown in Figure 1. A heat pulse is applied to the heater electrode so that the 
temperature of a liquid crystal is increased to the isotropic phase. The temperature 
begins to decrease after the removal of the heat pulse. When no signal voltage is 
applied to the cell during the nematic phase in the cooling process, a random 
molecular orientation of the isotropic phase is frozen in the SA phase. Consequently, 
a forcal-conic orientation is generated and a scattering state is obtained. When a 
signal voltage is applied during the nematic phase as shown in Figure 1, LC mol- 
ecules orient perpendicular to the substrates and a transparent state is obtained. 
Thus, by properly choosing the driving conditions, a scattering or transparent state 
can be obtained. The scattering or transparent state so obtained is not altered by 
application of the signal voltage as long as the LC material is in the S, phase. 

Display performance of the LCD is greatly influenced by the phase-transition 
temperature of the LC material. In the case of an LC material with a relatively 
high phase-transition temperature, a high thermal energy is required to heat the 
LC material to its isotropic phase. This means that the LCD needs a high heating 
power. If the heating power is restricted, the writing speed of the LCD is reduced. 
However, an LC material with a high phase-transition temperature has an advan- 
tage of high contrast ratio, because the temperature decrease from the isotropic 
phase is rapid and the random molecular orientation is effectively frozen. In the 
case of an LC material with a low phase-transition temperature, the required heating 
power is relatively low and the writing speed may be high, but its contrast ratio is 
low and the allowance of the driving condition is narrow. 

TH 

Heat pulse . .  

I '  
I I  

Scattering I ' Light 
Intensity Transparent 1 

FIGURE 1 Waveforms of heat pulse and signal pulse applied to an electro-thermo-optical effect 
matrix-addressed LCD and its operation principle. 
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DOPANT EFFECT IN SMECTIC-A LCD 3 

CH3(CHz)aCH3 
n-Decane 

CM-20 

C I H 5 - ~ H - C H I - ~ - ~ - F O - ~ - c , H l l  
CHi  0 

i t  
CB-15 CzH~-FH-CHz-O-Q-&-CN 

CHi 

The aim of this study is to increase the contrast ratio and the allowance of the 
driving condition of an LCD without compromising its writing speed or without 
increasing the heating power. To achieve this goal, we have examined the effect 
of doping an LC material having a low phase-transition temperature with various 
non-mesomorphic and chiral dopants. 

-30 0. 210 0. 189 0. 021 0.6 31 

128 -0.231 -0.262 0. 031 1. 5 46 

4 0. 115 0. 115 0 1.8 35 

3. EXPERIMENTAL 

An LC material termed CB-1, which is a mixture of 4-cyano-4'-n-decylbiphenyl 
(10 CB) and 4-cyano-4'-n-octylbiphenyl (8 CB) with molar proportions of 4258, 
was used as the host material. It has a relatively low phase-transition temperature, 
S, -42.1"C - N - 46.6"C - I. The CB-I was doped with various dopants shown in 
Table I at various mole fractions x .  The dopants from AAMS to n - D  in Table I 

% : Pn=4OW, X=0.02 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
13

 1
8 

Fe
br

ua
ry

 2
01

3 



4 H. HATOH 

Al 

FIGURE 2 An LC cell used in a measurement of electro-thermo-optical characteristics. 

are non-mesomorphic materials. The dopants CM-20 (obtained from Chisso Corp.) 
and CB-15 (obtained from E. Merck) are chiral liquid crystals. The phase-transition 
temperatures of mixtures were measured using a polarizing microscope to observe 
the phase transition during heating. The heating rate during these measurements 
was maintained at l.O"C/min using a Metler's thermal analysis system. 

Figure 2 shows a schematic drawing of the plane view of the cell used in the 
measurements of the electro-thermo-optical characteristics. An aluminum heater 
electrode and an I T 0  signal electrode were patterned on separate substrates as 
shown in the figure. The thickness of the aluminum electrode was about 150 nm. 
A mono-carboxylatochromium complex4 was used as a homeotropic alignment 
layer. The cell thickness was controlled from 7.8 to 8.2 km by mixing a glass fiber 
spacer in sealing resin. The electric resistance of the heater electrode was about 
50 R. 

The heat and signal pulses shown in Figure 1 were applied to the cells. At first, 
a heat pulse width t, (ms), which can make a scattering state, was measured for 
each heat power P H ( W )  without applying the signal pulse. Secondly, the contrast 
ratio CR was measured for each heat power P,. The contrast ratio CR was defined 
as the ratio of luminances in the scattering state to that in the transparent state 
when the LC panel was illuminated by a halogen lamp light at an angle of 45" to 
the normal to the LC panel. 

Once the scattering state was obtained using the heat pulse, a signal pulse of 
height V,( V )  was applied to obtain a transparent state. The minimum signal pulse 
width tsl (ms) to obtain a transparent state for various voltage V,  was measured 
keeping PH and fH constant. Similarly minimum voltage V,, to obtain a transparent 
state was measured by a given width t, (ms) keeping PH and tH constant. 

4. RESULTS AND DISCUSSION 

4.1. Phase-transition Temperature 

Figure 3(a) shows a phase diagram for the Brn - CB-1 system. The increasing Brn 
concentration decreases the smectic-nematic phase-transition temperature TSN, as 
well as the nematic-isotropic phase-transition temperature TNI. In addition, the 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
13

 1
8 

Fe
br

ua
ry

 2
01

3 



DOPANT EFFECT IN SMECTIC-A LCD 5 

50- 

1 
0 1 2 3 4 5  

I I I 

N+I 

45 

I S A  

Mole Fraction X ( X ~ O - ~ )  Mole Fraction X ( ~ 1 0 . ~ )  

(a)  Brn ( b )  CM-20 
Phase diagrams of CB-1 doped with Bm (a) and CM-20 (b). FIGURE 3 

doping expands the temperature range in which the nematic and the isotropic phases 
coexist. This means that the Brn doping to CB-1 decreases the thermal stability of 
LC phase, and leads to a reduction of the nematic order. Doping of CB-1 with 
other non-mesomorphic materials shown in Table I also showed a similar effect to 
the Brn doping, though the degree of the effect depends on the kind of dopant 
materials. In the case of the CB-1 doped with chiral materials, such as CM-20 and 
CB-15, there was no effect on the thermal stability of LC phase. For example, 
Figure 3(b) shows a phase diagram for the CB-1 doped with CM-20. Considering 
that the clearing point of CM-20 is 128"C, the CB-1 doped with CM-20 seems to 
be an ordinary mixing between liquid crystals. 

In order to evaluate the doping effect on the thermal stability of LC phase, we 
introduce the parameters PN, p' and Ap which are defined as f01lows.~ 

p" = [(l - T(x)/T(x = O))/X]N (1) 

p' = [(l - T(x)/T(x = 0)/x]' (2) 

(3) 4 3  = PN - 
where x is the mole fraction of a dopant and T ( x )  is the phase-transition temperature 
corresponding to mole fraction of a dopant x .  The superscription denotes the 
transition from the nematic phase to a coexisting nematic-isotropic phase, and the 
superscription I denotes the transition from a coexisting nematic-isotropic phase to 
an isotropic phase. Based on the above formula, the higher the value of p, the 
lower the stability of LC phase. The parameter Ap quantifies the expansion of the 
temperature range of the coexisting nematic-isotropic phase and reduction of the 
nematic order. 
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6 H. HATOH 

Calculated values of the parameters PN, p' and Ap for each dopant at x = 0.02 
are listed in Table I. The dopants EPEG, AAMS and APT show large PN, P' and 
Ap values. Thus, they have a large effect on the reduction of the nematic order of 
LC material. The other dopants, n-D and Bnz, were found to have small values 
of pN, (3' and A@. It is believed that the difference in the molecular shapes of a 
liquid crystal material and a dopant causes the reduction in the thermal stability 
of LC phase. 

4.2. Heat Power and Heat Pulse Width 

Figures 4(a)-(d) are microphotographs showing a creation of scattering states when 
heat pulse width tn is changed, while keeping PH = 40 W. The LC material was 
the CB-1 doped with Brn at x = 0.02. Figure 4(a) shows an initial transparent 

FIGURE 4 Creation of scattering states when heat pulse width t ,  is changed (heat power PH = 40 
W. Brn doping at x = 0.02): (a) an initial transparent state; (b) t ,  = 8.5 ms; ( c )  t ,  = 17 rns; (d) tH 
= 27 ms. 
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DOPANT EFFECT IN SMECTIC-A LCD 7 

state before an application of a heat pulse. The bright stripe in the figure is the 
heater electrode. Figure 4(b) shows the scattering or transparent state caused by 
a heat pulse width t ~ o f  8.5 ms. The dark region in the middle of the heater electrode 
is a scattering state with a forcal-conic LC orientation. A transparent state remains 
in a bright area near the edge of the dark region. In this case, the LC material 
only in the middle of the heater electrode is heated to the isotropic phase because 
the heat pulse width is smaller than its optimum value. Figure 4(c) corresponds to 
a heat pulse width of 17 ms. The whole heater region shows the scattering state. 
In this case, the heat pulse width is an adequate value. In Figure 4(d), which 
corresponds to a heat pulse of 27 ms, a bright region is observed in the middle of 
the heater electrode. In this case, the heat pulse width is so long that the temperature 
decreased slowly and the LC molecules aligned homeotropically in the nematic 
phase by the effect of the alignment layer of the substrate. 

Thus there is an optimum range of heat pulse width (fH1 - tH2)  to achieve a 
scattering state in the whole heater electrode region for a given heat power P,. 

The relationship between the heat power and the heat pulse width is shown in 
Figure 5 for Brn doping at x = 0.02. The open circles correspond to fH1 and the 
closed circles correspond to tH2.  Although it is natural to consider that tH1 is 
inversely proportional to P H ,  the measured tH1 was larger than the expected value. 
This may be due to heat loss by thermal conduction and diffusion in the cell. 

The optimum heat pulse width for a given heat power changes with the concen- 
tration of dopants. Figures 6(a), (b), (c) and (d) show the Brn dopant concentration 
dependence of the heat pulse width for the heat powers of 30, 40, 50 and 60 W, 
respectively. The shaded region in the figures correspond to the range of the 
optimum heat pulse width. In the case of undoped CB-1 ( x  = 0 ) ,  the optimum 
heat pulse width has almost no allowance for all heat powers, as can be seen in 
the figures. The Brn doping to CB-1 expands the allowance of the driving condition. 
This is an advantage when a temperature distribution exists in the cell. 

pH (w) 
6 0 5 0 4 0  30 

I ,  I I 

30- Brn 

z 2 0 -  
E - 
I 

.c, 
10 

I I 

0 10 20 30 

1 / P H  (looo/w) 
FIGURE 5 Heat power P, vs. heat pulse width t,. 
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8 H. HATOH 

FIGURE 6 Adoping 
1 doped with Brn). 

40 

- 
E - 20 
I 
c, 

0 
0 5 0 

x (x10-2) x (xl0-2) 

( a )  ( b )  

PH = 50(W) 401 

0 5 
x (x10-2) 

( c )  
concentration dependence 

PH = 60(W) 40i 

0 5 

i 

x (x10-2) 

( d )  
of the optimum range of the heat pulse width (CB- 

3.01 

I 
c, 
a 

0.2 0.4 

FIGURE 7 Ap vs. AtH.  Triangles correspond to chiral dopants and circles correspond to non-meso- 
morphic dopants. 
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DOPANT EFFECT IN SMECTIC-A LCD 9 

60- 

K " 40 

20 

In order to quantify the allowance of the driving condition, we introduce a heating 
margin parameter Atn, defined as follows: 

/ Brn 

- X=0.05 

- - x=o.o2 // A 

- (CB-1) x=o/ 
I 

The calculated values of At, at x = 0.02 is plotted against A p  values for various 
dopants as shown in Figure 7. The heat powers were 40 and 60 W. The open circles 
corrrespond to non-mesomorphic dopants and the closed circles correspond to 
chiral dopants. In the case of non-mesomorphic dopants, At, increases with in- 
creasing Ap. We believe that the reduction of the nematic order on doping with 
non-mesomorphic dopants greatly contributes to the creation of the scattering state. 
In the case of chiral dopants, the relationship between At, and AP is not similar 
to that for non-mesomorphic dopants. In this case, the twist force of chiral dopants 
mainly contributes to the creation of the scattering state. 

4.3. Contrast Ratio CR 

The dependence of the contrast ratio (CR) on heat power is shown in Figure 8 for 
CB-1 doped with Brn. The applied heat pulse width was an average value of tH1 
and tH2 for each heat power. The contrast ratio increases with an increase in heat 
power. The similar results are obtained for other dopants as well. 

Figures 9(a), (b), (c) and (d) show a doping concentration dependence of the 
contrast ratio for heat power of 30, 40, 50, and 60 W, respectively. The solid lines 
correspond to Brn doping and the broken lines correspond to Bnz doping. In the 
case of Brn doping, the contrast ratio increases with increasing the dopant con- 
centration for every P H .  On the other hand, the Bnz doping does not have much 
effect on the contrast ratio. 

The increase in the contrast ratio upon increasing the doping concentration 
depends on the kind of dopant, i.e. a non-mesomorphic dopant or a chiral dopant. 
It was found that the contrast ratio is related to the A p  value. Figure 10 plots A p  

FIGURE 8 Heat power PH vs. contrast ratio CR. 
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40 
K 
0 

2 0 -  

H. HATOH 

- 

60 

E4O[ 20 

Pu=30W 

0 E 
0 

x (x10-2) 
0 5 

x (xl0-2) 

FIGURE 9 A dopant concentration dependence of contrast ratio CR for CB-1 doped with Brn and 
Bnz. 

60 t 

x=0.02 

0 L 0 0.2 O.r 

A P  
FIGURE 10 A p  vs. CR. Triangles correspond to chiral dopants and circles correspond to non-me- 
somorphic dopants. 

versus CR for each kind of dopant at x = 0.02. Closed symbols correspond to the 
non-mesomorphic dopants and open symbols correspond to the chiral dopants. In 
the case of the non-mesomorphic dopants, the contrast ratio increases with in- 
creasing Ap. It is easily recognized that a dopant which shows a low solubility in 
the nematic phase has a large effect on increasing the contrast ratio and on in- 
creasing the heating margin parameter, At,. 

The correlation between AP and CR for the chiral dopants does not agree with 
that for the non-mesomorphic dopants. This suggests that there is a difference in 
the creation mechanism of the scattering state between non-mesomorphic dopants 
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DOPANT EFFECT IN SMECTIC-A LCD 11 

and chiral dopants as was stated earlier. In the former case, the reduction of nematic 
order brings the scattering state, while, in the latter case, the twist force of chiral 
dopants brings the scattering state. 

4.4. Signal Pulse Width and Height 

Figure 11 shows a plot of signal pulse height, V,  , versus the minimum signal pulse 
width, tsl ,  for Brn doping at x = 0.02 and PH = 40 W and 60 W. The minimum 
heat pulse width, f H 1 ,  corresponding to each heat power was chosen in this plot. 
There is no change in fsl even when the heat power or signal pulse height is changed. 
Similar results were obtained for other doping concentrations as well as other 
dopants. The minimum signal pulse width fsl is thought to be a time for the 
temperature of liquid crystals to pass the nematic range. The nematic range passing 
time is thought to be almost independent of P,,  as long as the minimum heat pulse 
width t,, is used for each heat power P,. So it is natural that f H 1  is independent 
of PH and V,. 

On the other hand, the minimum signal voltage V,, to make a transparent state 
depends on the kind of dopant as well as the doping concentration. Figure 12 shows 
doping Concentration dependence of V,, for Brn, CM-20 and CB-15 dopants. In 
the case of non-mesomorphic Brn, V,, is independent of the doping concentration. 
Similar results were obtained in the case of other non-mesomorphic dopants. On 
the other hand, in the cases of chiral dopants CM-20 and CB-15, V,, increases with 
increasing the dopant concentration. The difference in the doping concentration 
dependence of V,, between these two cases also implies that there is a difference 
in the mechanism of electro-thermo-optical effects between the non-mesomorphic 
dopants and the chiral dopants. 

2t 
0- 

0 5 10 1 

FIGURE 11 Signal pulse height V, vs. the minimum signal pulse width r,, (CB-1 doped with Brn at 
x = 0.02). 
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CB-12 
CB- l+CM-20  

CB-2 

H. HATOH 

0.02 43.8 46.3 46.6 10 1.5 46 3 4 

- 54.2 57.6 59.8 28 0.3 44 3 3 

10 

t 
5 

;; > 
( 

0 

0 CM-20 
0 Brn 

5 

x (xl0-2) 

5. PERFORMANCE OF DEVELOPED LC BLENDS 

On the basis of these investigations, liquid crystal blends CB-11 and CB-12 were 
developed. Their characteristics are listed in Table 11. The former contains EPEG 
which has the largest A@ value among the non-mesomorphic dopants. The latter 
consists of CB-1 and the chiral dopant CM-20. For a comparison, characteristics 
of CB-1 and another LC blend CB-2, which contains neither non-mesomorphic 
nor chiral dopant and has a high phase-transition temperature ( S ,  - 54.2"C - N - 
59.8"C - I), are also shown in Table 11. The LC blend CB-1 is not acceptable 
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DOPANT EFFECT IN SMECTIC-A LCD 13 

because its heating margin parameter At, is zero and its contrast ratio is too small. 
CB-2 has a larger contrast ratio than CB-1 but its writing time per line (tHl + tsl) 
is too long. The LC blends CB-11 and CB-12 have practically favorable features, 
such as wide allowance of the driving condition, high contrast ratio and high writing 
speed. 

6. SUMMARY 

A non-mesomorphic dopant which has a large effect on the expansion of the 
temperature range of coexisting nematic-isotropic phases, improves the allowance 
of the driving condition as well as increases the contrast ratio. The expansion of 
the above-mentioned temperature range reduces the thermal stability of the liquid 
crystal. The parameter A@, which quantifies the decrease in thermal stability of a 
liquid crystal, is shown to be useful to evaluate the effect to improve the allowance 
of the driving condition and the contrast ratio. Although chiral dopants improve 
the allowance of the driving condition and contrast ratio, the parameter A p  cannot 
be applied to them. In those cases, the twist force of chiral dopants has a large 
effect on the improvement. 

The minimum signal voltage to make a transparent state is not changed by doping 
in the case of non-mesomorphic dopants. On the other hand, in the case of chiral 
dopants, the signal voltage increases with increasing the doping concentration. This 
also implies that there is a difference in the mechanism of the electro-thermo- 
optical effect between these two cases. 

On the basis of the above-mentioned investigations, liquid crystal blends were 
developed. They have not only a wide allowance of the driving condition and high 
contrast ratio but also a high writing speed. 
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