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When a voltage i s  applied to a twisted nematic cell (A€ > 0) containing a positive 
dichroic dye, and the cell is illuminated by light with its polarisation plane perpendicular 
to the director of the front electrode, a decrease in light transmission is observed (i.e. 
positive contrast). 

In this paper we investigate the influence of different liquid crystal twist cell param- 
eters such as the twist angle +,, the azimuthal angle y between the polarization plane 
of the incident light and the director at the front substrate, the Andlh value, the dye 
order parameter S and the temperature 7 on the transmission-voltage characteristics 
and the value of the positive contrast. The maximum positive contrast is found to 
correspond to y and 6, values close to d 2 ,  maximum dye order parameter, minimum 
temperature, and finally, Andlh = 2.1 2 0.1. 

INTRODUCTION 

Several different positive contrast colour liquid crystal “guest-host’’ 
displays making are known’ using both positive and negative dichroic 
dyes. In the first case the positive image is obtained when using cells 
with an initial homeotropic LC orientation and a negative dielectric 
anisotropy (i.e. AE < 0). In the field on state the LC configuration 
is then nematic or cholesteric.’.* Use of negative dichroic dyes give 
a positive image in the “guest-host’’ effect, only if the initial director 
orientation is either planar or twisted and A€ > 0.1,3 

tPaper presented at the 10th International Liquid Crystal Conference, York, 15th- 
21st July 1984. 
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210 V. G .  RUMYANTSEV et al. 

We have recently reported a further possibility of achieving positive 
contrast in a “twist-cell” (T-cell), using both a positive dichroic dye 
and a positive LC (i.e. AE > 0) if the incident light is polarized 
perpendicularly to the director at the front e l e c t r ~ d e . ~ , ~  After apply- 
ing the voltage to the electrode the light transmission of such a cell 
firstly goes to a minimum value, then increases with increasing voltage 
achieving a maximum value for homeotropic LC director orientation, 
Figure 1. The effect takes place due to the violation of the Mauguin 
conditions in the process of the reorientation of the director induced 
by an electric field. One may therefore expect, for such a cell, that 
its electro optical characteristics will depend on those of a twisted 
cell without  dye^,^-^ as well as the degree of orientation of the dyes 
in the liquid crystal host. 

This paper investigates the influence of different liquid crystal twist 
cell and dye parameters (the value of M = And/A, where An = nll 
- n, is the  LC birefringence in zero field, d-cell thickness, A-light 
wavelength; the cell twist angle &; azimuthal angle y between the 
polarization plane of the incident light and the director on the front 
substrate; the dye order parameter and the temperature T) on the 
value of the positive contrast and the transmission-voltage charac- 
teristics of the “guest-host’’ effect in a “T-cell” using one polariser. 

EXPERIMENTAL 

We used in our experiment the liquid crystal ZLI-1646, produced by 
Merck Corp. Its optical, dielectric and elastic constants are well known 
at 27°C i.e. nl, (589 nm) = 1.55, n,  = 1.478, ell = 10.6, = 4.5, 
K,, = 0.77 . K,, = 1.22 . K Z 2  = 0.4 . CGSE units.6 

To avoid the areas of reverse twist in the T-cell the LC was doped 
with 0.1 % wt/wt of cholesteryl nonanoate. We also used as a dichroic 
dye KD-4, the anthraquinone derivative, having S = 0.68 at A,,, = 
600 nm in ZLI-1646. The surface orientation was obtained using 
polyvinyl alcohol films, coated on the electrodes and rubbed in one 
direction. 

The transmission-voltage characteristics were investigated in a wedge- 
shaped T-cell for various LC layer thicknesses d. The cell possessed 
a spacing, slightly different from the wedge-shape due to nonuniform 
deformations of the glass substrates. To find the real distribution of 
the d values, w e  filled the  T-cell with a pure LC and placed it between 
two parallel polaroids. When scanning by the laser beam with A = 
0.63 p,m over the wedge thickness, the transmission intensity oscil- 
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TWISTED GUEST-HOST CELL 211 

0.2 

0.9 

0 
F 0 f.5 2.0 2.5 vu ,  

FIGURE 1 Normalised transmission-voltage characteristics of the T-cell with a di- 
chroic dye (solid lines-theoretical calculations, symbols x, 0.0, .-experimental data, 
and d = 32.2 Fm); curves 1 and 2 correspond to the light polarized parallel (a = 0") 
and perpendicular (a = 90") to the front surface cell director and 3, 4 to a = T45" 
respectively. The insertion shows the same transmission-voltage characteristics on an 
expanded voltage scale, UT--is the twist deformation threshold. 

lations were recorded and the intensity minima are related to the 
thicknesses as follows:' 

2And 
where u = - A VFG? = 2 , 4 , 6 , .  . . 2 k ,  
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212 V .  G .  RUMYANTSEV er al. 

Here we had to fix an approximate thickness at least at one wedge 
point, for instance, in the vicinity of the spacer. We also changed the 
value of M ,  taking various LC birefringence differences An. Since we 
could vary An only by temperature changes or by taking another LC 
we were unable to provide fixed values of the elastic and dielectric 
LC parameters in our experiment. In view of this, we carried out a 
computer simulation of the problem, using the method of Montgom- 
ery,8 extended to the case of the complex refractive LC indices n,,,, 

light. The values of ni.l were calculated in the following way:4 
- - n/, l  + thus taking into account the dye absorption of the 

A,ce 
4nd 47F 

2.3 11.1 A D,,,, In 10 
4 . L  = 

where D,,,, = - fg l , , , l /To is the optical density of the homogeneously 
oriented LC with the dye for the light polarization parallel (11) and 
perpendicular (I) to the director, A,-wavelength of the maximum 
dye absorption, q,-- the corresponding extinction coefficients of 
the dye, c-molar concentration of the dye in the LC. In this way, 
we can see, that ni;,, depends on A,, c and the order parameter of 
the dye in the LC. In our calculations we use n;; = 0.0107, nl  = 
0.0014, ref 5.  

The computer method also allowed us to calculate the director 
distribution within the layer and, therefore, the dye-doped T-cell 
transmission-applied voltage characteristics. To verify the program 
we carried out a comparison between the calculated and experimental 
curves. Figure 1 shows the transmission-voltage characteristics using 
one polariser of the twist cell plus dye. One can see, that the calculated 
and experimental curves are in  good agreement over the whole range 
of the reduced voltages U/UT(UT-is the threshold voltage of the 
LC twist-cell deformation). 

The influence of the twist angle on the transmission-voltage char- 
acteristic was studied in the 15 pm cell by means of one glass cell 
substrate rotating with respect to the  other. 

RESULTS AND DISCUSSION 

Figure 1 shows the transmission-voltage characteristics of the “guest- 
host” effect for different azimuthal angles a between the polarization 
vector of the incident light and front substrate. The angle a is con- 
sidered to be positive, if it coincides with the rotation direction of 
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TWISTED GUEST-HOST CELL 213 

the helix. Figure 1 illustrates the characteristic changes in the trans- 
mission-voltage curves with the variation of cx between 0" and 90". 
The angle a = O", as expected, corresponds to increasing negative 
contrast of the T-cell with increasing applied voltage. If a = +45" 
or 90", then the transmission decreases, passes through a minimum 
(positive contrast) and then increases to a clear state again. The 
voltage, corresponding to the sharp decreasing of the transmission in 
this curve we regard as an "optical threshold" voltage (UOpt). When 
applying this voltage, the Mauguin light propagation condition is 
critically violated. We have found that the positive contrast achieves 
its maximum for cx = +90". For instance, if Q = 45", the contrast 
K, = TJT,,,,, = 1.53, while for a = +90", K ,  = 2.01 (To is the 
zero field cell transmission, T,,, is the minimum cell transmission). 
If a = -45" the positive contrast is not observed, Figure 1. 

Figure 2 shows the T-cell transmission-characteristics voltage for 
different LC-layer thicknesses d .  As it can be seen, the larger values 
of d shift the transmission minimum and "the optical threshold" to 
higher voltages. It is noteworthy that positive contrast can not be 
observed in thin T-cells (for instance, if d - 4pm). A possible ex- 
planation of this phenomenon will be given below. 

We should point out, that the increase of the parameter M, on 
account of the thickness d ,  is accompanied by the simultaneous in- 

FIGURE 2 
chroic dye, measured for different LC layer thicknesses d .  

Normalised transmission-voltage characteristics of the T-cell with a di- 
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214 V.  G .  RUMYANTSEV er 01. 

crease of the layer optical density, thus complicating the voltage- 
transmission characteristic analysis. This complication is avoided, if 
one defines the contrast, as the ratio of the optical densities K ,  = 
D,,,/D,, where Do is the  optical density in zero field, D,,, is the 
maximum optical density in the field on state. Figure 3 shows the 
dependence of the contrast K ,  upon the layer thickness d. K ,  is seen 
to have its maximum value for d = 17 ? lFm,  thus leading to the 
value of M = 2.1 2 0.1. 

The influence of the LC zero field birefringence An on the shape 
of the transmission-voltage curves is illustrated in Figure 4. The larger 
An values correspond to the larger "optical thresholds" U,,,, and the 
transmission minimum is achieved for higher voltages. The contrast 
K ,  dependence on Art takes the form of a curve with a maximum 
near An - 0.042, so that M is equal to 2.14, i.e. practically the same 
as for the previous case, Figure 3. In view of this, applying both M 
variation methods we come to the conclusion, that there is an opti- 
mum value of M = 2.1 0.1, giving the maximum positive contrast. 
This feature distinguishes the given effect from the twist-effect in the 
cells without dyes, when the contrast has local maxima for the discrete 
set of M values M = G 1 2 ,  a 1 2 ,  a 1 2  etc.' 

0 

KZI 

1.4 

1.2 

x io2 0 2 4 6 8 f0 A h X i O 2  

4.0 I I 

116 20 4 pm 0 4 8 12 
FIGURE 3 
2 ) .  

T-cell contrast characteristic K, ,  vs. thickness d (curve 1 )  and An (curve 
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TWISTED GUEST-HOST CELL 215 

0.2 

0.f 5 

0. 

T 

l.0 2,o 
FIGURE 4 Normalised transmission-voltage characteristics of the T-cell (d = 32.2p.m 
calculated for the different An( = n,, - n,) values, corresponding to various numbers 
of ellipticity maxima and minima (see Figure 7) An = 0.092 (curve l), 0.06 (2) ,  0.038 
(3), 0.0268 (4), 0.017 (5) .  
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216 V. G .  RUMYANTSEV et al. 

Figure 5 shows the T-cell transmission-voltage characteristics for 
different cell twist angles 4, of the LC director. The depth of the 
transmission minimum is seen to become greater with increasing &, 
so that the positive contrast is improving up to the maximum at 
- 90". The large 4, angles lead to a shift of the transmission minimum 

T 

6.4 

0.3 

f.0 

\ \  

2.0 yi.4 * 
FIGURE 5 
twist angles 6,. d = 15+m. 6, = 30" (curve 1). 60" (2) .  90" ( 3 ) .  120" (4) .  

T-cell normalised transmission-voltage characteristics for the different 
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TWISTED GUEST-HOST CELL 217 

to lower voltages, increasing sharpness of the transmission-voltage 
curve and reducing the value of U,,,. 

To clarify the influence of the dye order parameter on the positive 
contrast value, we have compared its value for two dark blue dyes 
from the anthraquinones derivatives, having different order param- 
eters in ZLI-1646: i.e. S, = 0.33; S, = 0.68. The contrast ratio K 
for the first dye proves to be equal to @) = T,/T,,,, = 1.26, while 
for the second I((Tz) = 2.01, i.e. the positive contrast, as expected, 
improves with increasing dye order parameter (the initial transmission 
of the solution in zero field is fixed). 

Figure 6 illustrates the action of temperature 7 on the transmission- 
voltage characteristics. We should note, that increasing the temper- 
ature results in simultaneous alterations of the optical, dielectric and 
elastic LC properties as well as a reduction of the dye order param- 
eter. These alterations lead to a decrease of both the initial (zero 
field) light transmission and U,,, and a shifting of the transmission 
minimum to a lower voltage. Figure 6 shows the contrast improving 
with reducing temperature. 

't 

LO 2.0 3.0 u/U, 
FIGURE 6 
on temperature T : T = 20.4"C (curve 1). 32.5"C (2), 44°C (3), 54°C (4). 

Dependence of the T-cell normalised transmission-voltage characteristics 
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218 V. G .  RUMYANTSEV er al. 

As we have already mentioned, the positive contrast arises from 
the violation of the Mauguin regime and the appearance of elliptically 
polarized waves during the LC reorientation process. The ellipticity 
e, of the light in the T-cell output for different Andlh values is shown 
in Figure 7. According to the ellipticity curve, large values of the 
parameter M correspond to the number of the ellipticity maxima 
within the T-cell layer. In view of this, when the T-cell thickness is 
sufficiently large, the dye absorption of the light is very high. 

According to the above, we can give a qualitative explanation of 
the observed phenomena (Figures 1-6). For ease of description we 
consider Figure 4. In zero field and for M = 1 there exists only one 
large ellipticity maximum (N 1) within the whole T-cell thickness, 

0.7 

0.5 

0.3 

0.1 

FIGURE 7 Zero field ellipticity e, of the light (at the output of the LC twist cell 
between parallel polaroids) versus the parameter M (=  AndA).  a = 90"; An = 
n; - n: = 0.077, n'; = 0.0014, n; = 0.0107. The change of the parameter M was 
achieved by means of variation of d .  
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TWISTED GUEST-HOST CELL 219 

which is responsible for the strong dye absorption of the light. If M 
= 2 two ellipticity maxima of different amplitudes are present at the 
cell ( N  1, N 2) together with the ellipticity minimum, where no ab- 
sorption takes place. Thus, for M = 2 the light transmission increases, 
compared with M = 1. For M = 5 ,  for instance, five ellipticity maxima 
and four minima lead to a higher light transmission, than in the two 
previous cases. 

When the voltage increases, the effective birefringence An,,, de- 
creases, and, therefore, the number of ellipticity maxima within the 
layer becomes less, than in the initial state. If the value of M is large, 
then in this process the transmission at first slightly decreases. The 

eff more abrupt decrease of the transmission corresponds to the An 
value at which only one maximum of the ellipticity ( N  1) exists within 
the layer. The transmission minima on the curves 1, 2, 3 (Figure 4) 
correspond to the point A on the first ellipticity maximum (Figure 
7), the larger An and invariable AE and K ,  values require higher 
voltages to achieve the point A, where An,is fixed for all the curves, 
(Figure 4). 

The transmission at the minimum, i.e. at the point A, increases 
considerably with increasing An (Figure 4). This is due to the increase 
of the number of dye molecules with electrically induced homeotropic 
orientation. The further rise of the voltage lowers Aneffand e, to zero, 
thus giving the maximum cell transmission. Now we give a possible 
explanation of the disappearance of the positive contrast for the thin 
cells (d = 4pm, Figure 2). In this case the zero field ellipticity (M 
= 0,5) is close to the ellipticity at the point A (Figure 7), and, there- 
fore, even in the initial zero field state T-cell is in the vicinity of the 
transmission minimum. According to this, under the application of 
the external voltage we can obtain only the higher transmission of 
the cell, shown in Figure 2. 

The time response characteristics of the effect, described above, 
are slightly different from those of an ordinary “guest-host’’ effect 
with a negative contrast in the T-cell, although both the effects occur 
due to director reorientation. To make a comparison between them, 
we have measured the switching on and off times of the two effects 
in ZLI-1646 under a voltage of 3v. The rise time of our effect (taking 
into account the delay interval) proves to be equal to 1.68 sec, while 
the corresponding time of the negative contrast “guest-host” effect 
is equal to 1.22 sec under the same voltage. The decay times are 0.94 
sec and 1.4 sec respectively. In view of this, the switching on times, 
obtained by the transmission vs. voltage measurements, are longer 
in our effect than in an ordinary “guest-host’’ effect while the switch- 
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220 V. G. RUMYANTSEV er al. 

ing off (relaxation) times are shorter. However, in our opinion, the 
definition of these times from the shape of the “guest-host’’ effect 
transmission-voltage curves needs further clarification. 

Thus, the maximum positive contrast is obtained for a and d, angles 
close to 90°, the highest dye order parameter, the minimum LC layer 
temperature, and M = AndIX = 2.1 -+ 0.1. 
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