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(Receiued June 3, 1980) 

We present novel measurements and correlations between the electric field-induced change of 
capacitance, optical appearance and material parameters of nematic as well as cholesteric 
guest-host layers. New guest-host mixtures comprising various dichroic dyes with transition 
moments parallel (L-dyes) and perpendicular (T-dyes) to the nematic director exhibiting large 
dichroic ratios and UV-stability were used. The material parameters determining the capacitive 
as well as the electro-optical characteristics, including all elastic constants, were measured. 
Good agreement was found between measureci and numerically calculated characteristics when 
using the experimentally determined material parameters in the formalism derived to calculate 
the transmission characteristics of homogeneous nematic guest-host displays. It is shown that the 
field-induced dielectric changes occurring in cholesteric guest-host layers with parallel and 
homeotropic wall alignment respectively differ considerably from their electro-optical charac- 
teristics in reflective displays. The phase-change calculations used so far are shown to be in- 
adequate to explain the experimental findings. 

I NTR 0 D U CTI 0 N 

Most investigations into liquid crystal display phenomena have concentrated 
on the electro-optical properties of the devices and on those of the effects 
on which they are based. Because of the complexity of most quantitative 
electro-optical calculations as well as the experimental difficulties faced when 
attempting to determine some crucial liquid crystal material properties 
such as the elastic constants, only a few studies have been reported in which 
complete sets of experimentally determined liquid crystal parameters were 
related to their actual electro-optical behaviour in displays. Even fewer 
attempts have been made to measure and relate electric field-induced di- 
electric changes with electro-optical properties of liquid crystal layers. 
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242 M. SCHADT A N D  P. GERBER 

To our knowledge there has been only one attempt so far in which the 
field-induced dielectric changes occurring in guest-host layers were cor- 
related with their electro-optical characteristics and the properties of the 
liquid crystal material.' In the present study we continue our previous 
work.' Apart from homogeneously (parallel) aligned nematic guest-host 
displays we investigate cholesteric-nematic phase change displays2 with 
homogeneous and homeotropic boundaries respectively. It will be shown 
that the electro-optical characteristics of reflective phase-change displays 
differ strongly from the field-induced capacitance changes; the differences 
being due to the liquid crystal- and dichroic-dye properties, as well as to the 
mechanisms governing the phase transitions. The elastic and dielectric 
constants of new high contrast and UV-stable nematic guest-host mixtures 
are determined and related to the voltage dependence of numerically cal- 
culated as well as measured transmission characteristics. Homogeneous 
nematic3 as well as colour changing displays of the L/T-type' are studied. 

MEASURING METHODS 

The schematic in Figure 1 shows the measuring principle used to determine 
the capacitance changes AC( V)/AC,,, occurring in an initially parallel 

L 
' T  d 

w 
X 

/ 
\ 

PSD I(6) 

FIGURE 1 Schematic of the apparatus used to measure the voltage-induced capacitance 
changes of liquid crystal layers. As an example a homogeneously aligned nematic cell is shown 
where 4 is the angle between the nematic director h(V, z )  and the x-direction. 
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PROPERTIES OF GUEST-HOST DISPLAYS 243 

aligned liquid crystal layer of thickness d upon application of an electric 
field; (AC( V )  = [C( V )  - C( V = O)], AC,,, = [C( V -+ m) - C( V = O)]. 
The voltage V, = 20 mV and the swept voltage V, = 0-50 volts with the 
respective frequenciesf, # f 2  are the capacitance-detecting and the aligning 
voltage. The total deformation of the positive dielectric layer for voltages 
V2 > V , ,  V ,  = threshold voltage, induces a change of the capacitive current 
I ( h ,  Vl(fl)] which is measured by the phase sensitive detector PSD. The 
angle 4 denotes the deflection of the nematic director h(z) from the x- 
direction (Figure 1). To perform the field-induced measurements in a quasi 
stationary state the amplitude of the aligning voltage can be swept as slowly 
as 1 volt/2 hours. V,(max) = 50 volts was found to be sufficiently large to 
induce complete homeotropic alignment in initially homogeneously aligned 
20 pm cells. The dielectric constants tL(V2 = 0 volts) and q ( V 2  = 50 volts) 
determined with the apparatus shown in Figure 1 agree within 0.5% with 
those from measurements made in magnetic-field aligned samples using 
1 mm electrode spacing. A detailed description of the measuring principle 
similar to  the one in Figure 1 was published earlier.4 

The spectra, the voltage dependence of the optical transmission of guest- 
host displays at a given wavelength, the dichroic ratios and order parameters 
S of dichroic dyes dissolved in nematic hosts were measured with a modified 
dual beam model 200 Perkin-Elmer photospectrometer incorporating a 
Glenn-Thompson polarizing prism. The influence of the nematic host on 
the measurements was eliminated by mounting identical homogeneously 
aligned cells in both reference and sample beam. The reference cell was 
filled with the nematic host only, whereas the sample cell contained the 
guest-host mixture. The same instrument was used to determine the spacing 
of the empty display by measuring the wavelength dependence of the trans- 
mission interference pattern. 

The electro-optical transmission and reflection measurements with 
white light were made with a Leitz Orthoplan Pol microscope. A diffuse 
reflecting barium sulfate coating was painted on the back plate of the cell 
when measuring in reflection. Homogeneous wall alignment with bias tilt 
angles <0.3" was achieved by angular evaporation of SiO,; whereas the glass 
plates were dipped in an 0.3 % lethitin/aethanol solution to obtain homeo- 
tropic wall alignment. All experiments were performed at 22°C. 

LC-MATERIALS AND DYES 

Unless otherwise stated all LC-materials and dyes used are from F. Hoff- 
mann-La Roche. The positive dielectric mixtures RO-TN-605 and RO- 
TN-655 were used as hosts for the experiments. Both exhibit large meso- 
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244 M. SCHADT AND P. GERBER 

morphic ranges, high nematic-isotropic transition temperatures T,  and- 
despite their large positive dielectric anisotropy A& = (&,, - El)-a low 
bulk viscosity q. The mixtures contain essentially liquid crystal components 
belonging to the classes of aromatic and hydrogenated esters, pyrimidines 
and to the recently described hydrogenated terpyrimidines.' Besides, 
RO-TN-655 contains about 40 phenyldioxanes 

a new LC-class with low optical anisotropy combined with a relatively 
large positive dielectric anisotropy. Both mixtures induce a high degree of 
order in dichroic dyes. The UV-stability of dyes in RO-TN-605 is exception- 
ally good. Table I shows some data of the two hosts. 

TABLE I 

Mesomorphic, viscoi~s. dielectric and optical material properties of nematic host 
mixtures. Measurement\ made at 22'C 

RO-TN-605 < -20 96 49.4 5.28 + 13.08 1.5M) 0.172 
RO TN-655 < -20 100 57.6 6.22 + 15.75 1.491 0.142 
R 0 -- T N -605 
+ 5 T-dye - 103 ~ 5.06 +13.32 1.500 0.174 

Two principally different types of dichroic dyes were used in the experi- 
ments, namely T-dyes' with transition moments perpendicular to their long 
molecular axis, i.e. perpendicular ii and L-dyes with transition moments 
parallel ii. A liquid crystalline tetrazine dye T served as a T-dye.'*6 Whereas 
a new blue anthraquinone L-dye B with improved order parameter and 

NH2 0 O H  

solubility was used. Besides, a new red and yellow dye denominated R and 
Y with UV-stability, solubility ( > 2 %) and degree of order comparable to 
that of the blue dye B were used. 
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PROPERTIES OF GUEST-HOST DISPLAYS 245 

Figure 2 shows the absorption spectra of dyes B and T in the homogene- 
ously aligned host RO-TN-605. Both spectra were recorded with light 

I I I I I I - 

1 I I I I 1 1 
400 500 600 700 

Wavelength [nm] 
FIGURE 2 Absorption spectra of the red T-dye and the blue L-dye €3 recorded in parallel 
aligned RO-TN-605 with light polarized perpendicular (Pl) and parallel (Pll)  to the nematic 
director respectively. 

polarized along the respective directions of maximum dye absorption; 
i.e. P I A for the T-dye and P 11 iZ for the L-dye, P being the direction of 
polarization. Because of the weak n - 7 ~ *  transition, causing the red colour 
of tetrazines, a rather large T-dye concentration of 5 was used to obtain 
sufficiently strong extinction in 20 pm layers. This concentration was - 10 
times larger than that used for dyes B, R and Y. At such a large guest concen- 
tration the material parameters of the host do not necessarily remain un- 
changed. We therefore measured the dielectric and elastic constants, de- 
termining the static electro-optical properties of guest-host displays of mix- 
ture RO-TN-605 incorporating 5 % T-dyes separately. 

A high contrast, black-white guest-host mixture denominated B11 was 
made by combining the three L-dyes B, R and Y in RO-TN-605. Figure 3 
shows the individual spectra of the three dyes recorded with polarized light 
P 11 A(Pll) and P I ii(PI). From the measurements in Figure 3 follow di- 
chroic ratios Y = ccll/aL > 8.8 for B11 over the whole visible range. 

Table I1 shows measurements of the individual dye order parameters 
S determined in RO-TN-605 using equations derived earlier.' Also de- 
picted in Table I1 are the isotropic molar extinction coefficients a. measured 
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246 M. SCHADT AND P. GERBER 

I 

300 400 500 600 700 
Wavelength (nml  

FIGURE 3 Absorption spectra of the yellow (Y). red (R)  and blue (B) L-dye components 
used in BI I .  The spectra BI are those of the black white mixture recorded with light polarized 
parallel (Pll) and perpendicular (Pi) to A respectively. 

TABLE 11 

Wavelength ,I,,,, of maximum isotropic extinction 
r O ;  order parameter S and lifetime r 7 0  measured 
in RO-TN-605 at 22°C of L- and T-dichroic dyes 

B, R, Y and T rcspcctivcly 

L, 7 0  

Dyc [nmj  ro x 10" S [hours] 

B 64 1 3.02 0.72 >700 

R 489 3.59 0.74 700 
Y 38 1 2.39 0.72 >500 
T 553 0.05 0.75 

599 2.50 

at the wavelength of maximum extinction A,,,, as well as the lifetimes t7,, 
of the dyes when exposed to intense white (UV) light in unprotected re- 
flecting 10 pm displays. t ,O is the exposure time after which the display 
extinction diminishes to 70 of its initial value. The UV-tests were made by 
exposing the displays to a 1.1 kW Xenon lamp at a distance of 22 cm in a 
Hallau Sun-Test apparatus. 

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
 0

3:
27

 2
3 

Fe
br

ua
ry

 2
01

3 



PROPERTIES OF GUEST-HOST DISPLAYS 247 

HOMOGENEOUS N EMATlC GUEST- H OST DISPLAYS 

A Calculation of the transmission characteristics 

It was shown earlier' that the electro-optical transmission of homogeneously 
aligned nematic guest-host displays containing L- or T-dyes can be des- 
cribed by analytical expressions for small angles of deformation. For volt- 
ages V exceeding the threshold voltage V, considerably the small angle 
approximation no longer holds and the electro-optical transmission charac- 
teristics have to be determined numerically. In the following we are going to 
derive approximate equations governing the electro-optical transmission 
of homogeneous L/T-guest-host displays for any electric field-induced 
deformation. The anisotropy of the refractive index will be neglected except 
for its absorptive part which is taken into account in leading order. 

The total extinction a of a thin layer of L-dyes at the distance z from the 
bottom electrode of a homogeneous nematic guest-host display (Figure 1)  
is given by' 

a[4(z)] = all - Aa sin2 4 = a, + 2Aa/3 - Aa sin2 4 ;  (1) 

ai = isotropic molar extinction coefficient, A a  = (a , ,  - a,) = molar ex- 
tinction anisotropy. From equation ( I )  follows for the optical density D of 
the display 

a[4(z)]  dz = cli + (2) 3 

2Aa 
3 

= ai + ~ - Aa(sin2 4) .  

The mean value (sin2 4 )  depends on the applied voltage; in particular 

The threshold voltage is given by 

where k l l  is the splay elastic constant of the nematic 
integration variable 4 in 

(3) 

host. Changing to the D
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one obtains 

M .  SCHADT AND P. GERBER 

K sin’ 4)(1 + y sin’ 4) 
sin2 $,,, - sin’ I$ 

/ ~ ~ + m [ “  + u sin2 4x1 + y sin2 4) 

(sin2 4 )  = Jo4msin2 4p1 + 

sin2 4,,, - sin2 4 

where K = (k33/k11 - I), k 3 3  = bend elastic constant; y = ( A E / E ~ ) .  The 
angle 4 of the nematic director A varies between 4(z  = 0) = 0 and 4(z  = d/2)  
= +,,, when moving from the bottom display boundary to the middle of the 
layer (Figure 1). The Jacobian 

( 5 )  
(1 + K sin2 4)(1 + y sin2 4)  

(sin’ 4m - sin’ 4) x constant I dz/d+ = 

follows directly from the torque-balance equation of the electric-field- 
induced deformation of a nematic layer.’ The maximum angle of deforma- 
tion 4,,,(z = d/2)  is given by’ 

We determined the functional dependence 

numerically by calculating the integrals in Eqs. (4) and (6) for different 
values of c # ~ ~  using the measured values for the elastic and the dielectric 
constants. 

In the limit of small angles of deformation; i.e. 0 5 (V - V,)/V, < 1, 
Eq. (4) reduces to 

Equation (7) is identical with the small angle approximation of the voltage 
dependence of the change of capacitance of a homogeneous nematic layer 
in the case where the alignment is purely field-ind~ced;~,’ i.e. 
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PROPERTIES OF GUEST-HOST DISPLAYS 249 

B 

The measurements of the capacitance changes AC( V)/AC,,, depicted in 
Figure 4 were made with d = 20 pm homogeneously aligned cells. The 
recordings a and c were made over the respective voltage ranges 0-50 and 
0-10 volts using RO-TN-655. Graph d is a recording using RO-TN-605; 
whereas the dashed graph b shows AC(V)/AC,,, of a 90" twist cell containing 

Transmission characteristics and LC-parameters; results 

RO-TN-655. 

X E u 
? 
0 a 

1.0 

0.5 

0 

I 6 8 10 
(0) (10) ( 20) (30) (LO) (501 

Display Voltage Ivolts,,, 1 
FIGURE 4 Measured capacitance versus voltage dependence of parallel (solid lines) and 
twisted nematic (dashed graph) cells. Graphs a, b and c were recorded using RO-TN-655, 
whereas graph d is a recording of RO-TN-605. The voltages in brackets refer to graph a only. 
s, and s d  are the initial slopes of graphs c and d respectively. 

The recordings in Figure 4 show that for both hosts complete homeotropic 
alignment, i.e. AC/AC,,, = 1, occurs only at voltages V > 35 volts (graph a). 
Recording c of the stronger dielectric anisotropic RO-TN-655 exhibits a 
10% lower threshold voltage V,  and reaches 90% saturation of AC/AC,,, 
already at V,, = 7.5 volts compared with RO-TN-605 where V,, = 8.5 
volts (graphs d) .  Besides an initially steeper slope, recording b of the twist 
cell coincides with the one of the homogeneous cell (graph c). 

The measuring and evaluation methods to determine the splay ( k ,  ,), 
twist ( k 2 2 )  and bend ( k 3 3 )  elastic constants will be described in a separate 
article.* The results for RO-TN-605, RO-TN-655 and RO-TN-605 
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250 M. SCHADT AND P. GERBER 

doped with 5 % of the tetrazine T-dye are depicted in Table 111. Using these 
data we have numerically calculated the voltage dependences AC( V)/AC,,, 
and found good agreement with the measurements shown in Figure, 4. 
The determination of k , ,  from the initial slopes s, and sd (Figure 4) using 
the small angle approximation (c.f. Eq. 8) yields the values in brackets (Table 
111). Comparing the data in Table Ill shows that the small angle approxima- 
tion leads to values of k 3 3  that are up to 10% lower than those obtained 
from the numerical fit. The measurements also demonstrate that the large 
T-dye concentration in RO-TN-605 indeed changes the material properties 
of the host. k l  and k , ,  increase by - 10 % upon doping (Table 111) whereas 
Ac increases only by -2 % (Table I). The measuring accuracy for k l  and 
k z z  is + 3  %, whereas that of k 3 ,  is f 4 % .  

TABLE 111 

Freederickzs threshold voltage V, and elastic constants kii  measured at 22°C 

LC 
v, h11  k 2 2  h 3 J  

[volts] [ x 10-" N] [ x 10- l 2  N] [ x 10' '' N] 

RO-TN 605 1.02 12.3 6.90 20 2 
(19.3) 

R O  TN-655 0.91 11.9 6.47 19.1 

RO-TN-605 1.05 13.1 21 6 
+ 5 2, T-dyc 

( 1  7.4) 

Figure 5 shows the voltage-induced extinction changes that were mea- 
sured simultaneously with the capacitance changes (Figure 4). RO-TN-605 
was used as a host for the recordings a, b and T, whereas RO-TN-655 was 
the host in measurement c. The experiments a, b and c were made with 0.4 % 
of the guest L-dye B incorporated, where the T-dye guest concentration 
(graph T in Figure 5) was 5 %. All measurements were made at the respective 
wavelengths of maximum extinction (Table 11) using light polarized parallel 
ii( I/ = 0). In accordance with our previous findings' the optical and capaci- 
tive threshold voltages are identical and the shapes of Aa(V)/AamaX agree 
qualitatively with those of AC(V)/AC,,, (c.f. Figure 4, Figure 5). Graph T 
-which is due to the transverse transition moment of the T-dye the mirror 
image of the L-dye graphs-shows some voltage dependent interference 
pattern (Figure 5). This pattern is the result of the voltage dependence of the 
optical path differences in the nematic host which are not buried by the 
still small T-dye extinction despite the large dye concentration used. Analog- 
ously to the capacitive measurements in Figure 4 RO-TN-655 reaches 90 % 
of the total change of extinction at V,, = 4.6 volts, i.e. 1 volt lower than 
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I I I I I I I I I 

X 

E 
d 

d 
5! 
a 

- 
- 
- 

1 I I I I I I I I 

4 6 8 10 
(0) (101 (2 0) (30) (40) ( 50) 

C 
0 

0 
c 
X 

.- 
Y 

.- 
@ 

W 

0 vt 2 

Display Voltage [volt~, ,~l  
FIGURE 5 Mcasurements of the voltage dependence of the optical transmission of parallel 
aligned nematic guest-host layers containing the blue L-dye B (graphs a, b and c) and the red 
T-dye (graph T). Graphs b and T were recorded using RO-TN-605; for graphs a and c RO- 
T N -  655 was used. The recordings were made at the respective extinction maxima with light 
polarized parallel ri. The voltages in brackets refer to graph a only. 

RO-TN-605 (c.f. graphs c and b in Figure 5), whereas Act(V)/AamaX = 1 
was reached only for voltages V > 30 volts (a in Figure 5). 

Figure 6 shows the measured and calculated (dashed curves) voltage 
dependences Act( V)/Actmax made with the same displays as those used for the 
measurements depicted in Figures 4 and 5. The indices rn and c in Figure 6 
refer to “measured” and “calculated” respectively. Graphs b and T were 
made with RO-TN-605 as a host, whereas host RO-TN-655 belongs to 
graph a. The numerical calculations were made using the formalism derived 
above together with the material parameters measured for the respective 
hosts (Tables I and 111). Comparing the calculated with the measured 
characteristics in Figure 6 shows that the maximum deviation is better 
than 3 % for the two different L-dye guest-host mixtures a and b. The devia- 
tion is larger for graphs T in which case the measured graph shows a pro- 
nounced interference pattern. This larger discrepancy is due to the five- 
times lower T-display extinction in which case the electro-optical properties 
of the host seem no longer negligible. However, the agreement shown in 
Figure 6 stays within the expected uncertainties of the approximations used 
in Section A. 
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252 M. SCHADT AND P. GERBER 

X : 
d 
9 
d a 
c 
0 

0 c 
x 
w 

.- 
c. 

.- 
c. 

1 

0 

0 1 2 3 4 5 
Display Voltage [voltsrmsl 

FIGURE 6 Measured (solid lines, indices m) and numerically calculated (dashed lines, 
indices c) optical transmission characteristics of parallel aligned nematic guest-host displays. 
RO-TN-605 containing dyes B and T was used as a host for the recordings b and T respectively. 
RO-TN-655 was the host used for graphs a. 

The photograph in Figure 7 shows two homogeneously aligned nematic 
L/T-displays' containing RO-TN-605 as a host and the guest combinations 
B + T (blue-red transition) and Y + T (yellow-red transition) respectively. 
An impractically large T-dye concentration of 22% had to be used. The 
displays are operated in reflection at 4.5 volts. Because the contrast of 
L/T-displays is basically due to the field-induced colour change' such 
displays do not have to be operated at 100% saturation voltage (Figure 5 )  
to achieve a good contrast (Figure 7). 

PHASE-CHANGE GUEST-HOST DtSPLAYS WITH 
HOMOGENEOUS AND HOMEOTROPIC BOUNDARIES 

Alternative guest-host displays that can be operated without polarizers 
are those containing optically active additives in the nematic host. The 
electric field-induced cholesteric nematic phase transition which reorients 
the dichroic guest molecules leads to the electro-optical contrast of the 
display.' The cells can be operated with homeotropic or parallel (homogene- 
ous) wall alignment. To obtain insight into the complex field-induced 
realignment process of dichroic guest molecules during the phase-change 
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FlGURE 7 Reflective phase-change guest-host display operated at 5.5 volts containing 
black-white mixture G;  no polarizers used (first display from the top). Reflective nematic L/T- 
displays with parallel wall alignment operated at 4.5 volts containing RO-TN-605 as a host 
(second and third display from the top). One polarizer aligned parallel to the back wall alignment 
was used in front of the reflector of the L/T-displays. 
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254 M. SCHADT AND P. CERBER 

transition we measured the voltage dependence of the dielectric changes and 
related them to the voltage dependent dye absorption of the displays. Cells 
with homogeneous and homeotropic wall alignment were used respectively. 
The experiments were performed with 10 k 0.2 pm display spacing. The 
guest-host mixture G used consisted of the host RO-TN-605 containing 
3 % (weight) of the optically active biphenyl CBl5 from British Drug Houses 
and 1.5 % of the black dye mixture B11 (Figure 3). A pitch p = 4.15 pm was 
measured for mixture G at 22°C. The electro-optical measurements were 
made in reflection using white light. 

Figure 7 shows a photograph of a 7 pm phase-change guest-host display 
with homeotropic boundaries containing the large contrast black-white 
mixture G. The display is operated at 5.5 volts. 

A Homogeneous wall alignment 

The recordings shown in Figure 8 are quasi stationary measurements of 
the field-induced capacitance changes occurring during the cholesteric- 
nematic phase transition in guest-host displays with homogeneous wall 

1 

X z 
2l 2 .5 
a 

I I 1 I I I I 1 1 I - - 
- 
- 
- 
- 
- 
- 
- 
- 
- 

I homogeneous - 

0 2 4 6 8 10 
Display Voltage [volts rmsl 

FIGURE 8 
change layer. The voltages in brackets refer to measurements c only. Mixture G was used. 

Voltage dependence of the capacitance of a parallel aligned guest-host phase- 
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PROPERTIES OF GUEST-HOST DISPLAYS 255 

alignment using mixture G. The arrows indicate the sweeping direction 
of the cell voltage. Graph c was recorded using voltages up to 35 volts. It 
shows that virtually complete homeotropic alignment occurs only at 
voltages far above the actual cholesteric-nematic transition. 

Graphs a and b in Figure 8 were recorded with a sweeping rate of 1 
volt/lO minutes. Besides a pronounced hysteresis the measurements show a 
stepwise increase of AC( V)/AC,,, with increasing voltage. The steps in 
Figure 8 are well defined by the threshold voltages V, - V4 and V’, - V i  
respectively. Except for the hysteresis, graphs a and b in Figure 8 exhibit the 
same voltage dependence. This finding indicates that analogous intermediate 
phases occur for increasing and decreasing fields respectively. The threshold 
voltages separate five distinct regions in the phase-change transition. In the 
first region where V < V, (graph a in Figure 8) the measured dielectric 
constant of the layer was found to correspond to E(V < V,) = E~ which is 
in agreement with the planar helical structure (Grandjean state) existing 
in the off-state. The pronounced capacitance increase measured in region 
2 where V, < V < V, indicates that the Grandjean state becomes increasingly 
distorted in such a way that a considerable proportion of long nematic 
axes tend to align perpendicular to the electrode boundaries. This trend 
continues in a less pronounced manner in region 3, where V, < V < V,, 
and becomes very pronounced again in region 4 where V, < V < V, (Figure 
8). At the saturation voltage V, the transition from the cholesteric off- 
state into the homeotropic nematic on-state is essentially completed. How- 
ever, voltages I/ b V4 are necessary to sufficiently reduce the remaining 
homogeneous boundary layers at V = V4 (c.f. graph c in Figure 8). Kashnow 
et uL9 who made dielectric measurements of phase-change transitions 
using increasing electric fields only, reported a behaviour similar to that 
exhibited by graph a in Figure 8. However, their experiments did not re- 
solve the transition regions 0 < V < v,, V, < V < V, and V > V4 respec- 
tively. 

Figure 9 shows reflection measurements of the voltage dependent black 
to white contrast change governed by the field-induced realignment of the 
dichroic guest dyes during the phase-change. The measurements were made 
with the same cell as those in Figure 8. Contrary to the dielectric measure- 
ments (Figure 8) only small electro-optical changes < 10% were found for 
voltages V < V, and V < V ;  respectively (Figure 9). The measurements 
show that the voltage V, is the major optical threshold. The optical changes 
occurring at V, and V’ (Figure 9) are hardly visible to the eye. This finding is 
surprising considering the pronounced homeotropic aligning tendencies of 
the long nematic- and consequently also the dye-axes shown by the dielectric 
measurements in this voltage range (Figure 8). The threshold voltage I/; 
corresponding to V, could not be detected (c.f. graph b in Figure 9). Table IV 
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x 
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0 2 4 6 8 10 
Display Voltage [voltsrms] 

FIGURE 9 
phase-change display with parallel wall alignment containing the black-white mixture G. 

Measured voltage dependuncc of the (dye) extinction of a reflcctive guest-host 

TABLE I V  

Capacitive and optical threshold voltages of homogeneously and homeo- 
tropically aligned phase-change guest-host displays respectively contain- 
ing mixture G. The top two lines refer to homogeneous boundaries and 

the bottom two lines to homeotropic ones. 

v,; v; v,; v'z v,; v; v,; v; 
(volts) (volts) (volts) (volts) 

Capacitive 
threshold 3.3; 1.4 3.8; 2.2 4.8; 4.2 -5.8; - 5.2 
Optical 
threshold -3.3: - 1.4 -3.8; ~ -4.8; 4.2 -6.0; -5.0 
Capacitive 
threshold 2.2; - 2.8; - 3.4; - -3.9; -3.2 
Optical 
threshold 2.4; - 2.8; - -3 .5 ;  - 4.4; -3.4 

shows good agreement between the dielectric and optical threshold voltages 
resulting from the measurements of Figures 8 and 9. 

To obtain further insight into the field-induced distortion of the cholesteric 
phase and its influence on the optical appearance of guest-host displays we 
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PROPERTIES OF GUEST-HOST DISPLAYS 251 

investigated the microscopic textures of the cells in transmission with a 
polarizing microscope. In region 1 where V < V, (Figures 8 and 9) the 
eliptically polarized uniformly bright Grandjean state was observed with the 
axis of the right-handed planar helix aligned perpendicular to the boundaries. 
At voltages V, 5 V < V, a uniform fingerprint texture started to grow. 
Most fingerprints were aligned parallel to the direction of wall alignment. 
Fingerprints tending to grow in other directions were forced into meandering 
structures aligning parallel to the wall alignment. The top photograph in 
Figure 10 shows the two different fingerprint patterns developing into the 
uniformly bright Grandjean state. At V = V, a uniform parallel fingerprint 
pattern was established. The fingerprint structure indicates that the initially 
vertically aligned helical axis rotates in the voltage range V, < V < V, 
into a position parallel to the boundaries and perpendicular to the direction 
of wall alignment. This finding is in agreement with the corresponding 
increase of the capacity (Figure 8). 

Increasing the voltage into region 3, i.e. V, 5 V < V3, created an aesthetic- 
ally attractive “knitting pattern.” The fingerprint texture remained essen- 
tially the same as in region 2 but new instabilities occurred in some of the 
fingerprints leading to a substructure which is shown in the bottom photo- 
graph of Figure 10. The instabilities and the rather weak capacitance changes 
(Figure 8) observed in region 3 indicate that the fingerprint structure gets 
periodically compressed at those nodal points where the nematic directors 
are aligned parallel to the boundaries. In agreement with our measurements 
such a structural change should not lead to a strong capacitance change 
(Figure 8). Similar microscopic observations and interpretations of the 
texture in region 3 were reported by 

Both the fingerprint and the distorted fingerprint textures occurring in 
regions 2 and 3 are light scattering transition states. The propagation and 
polarization directions of light can therefore be assumed to be more or 
less randomly distributed in the cholesteric layer for voltages V, < V < V,. 
Consequently the amount of light absorbed by the guest dye molecules 
imbedded in the fingerprint structures is much larger than one would expect 
from the already partially homeotropically aligned dye axis in this voltage 
range (Figure 8) if no scattering would occur. As a consequence the absorp- 
tion of the reflective guest-host display remains virtually as low as in the off- 
state for voltages V < V, (Figure 9). Because scattering can only occur in 
optically anisotropic hosts the sharpness of the major optical threshold at 
V = V3 and the display extinction for V, < V < V3 are expected to depend 
on An of the host as well as on the quality of the reflector used. Both features 
should degrade with decreasing An. 

At voltages V> V3 the modulated focal conic texture enters its final un- 
winding state leading into the homeotropic nematic phase. This transition 
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258 M .  SCHADT AND P. GERBER 

FIGURE 10 Fingerprint textures developing in the respective voltage ranges Vl < V <  Vz 
(lop pliolograph) and Vz < V < V,,(bottom photograph) in fioinogeneously aligned phase- 
change structures using guest-host mixture G. 
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PROPERTIES OF GUEST-HOST DISPLAYS 259 

is accompanied by a strong capacitance increase (Figure 8) and a decreasing 
density of light-scattering disinclinations. As a consequence the major 
optical change, i.e. switching into the white on-state occurs (Figure 9). 
The sluggish approach of both AC(V)/ACmax + 1 and AZ(V)AZmax -+ 1 at 
voltages V > V, (Figures 8 and 9) is due to parallel aligned guest-host layers 
at the boundaries requiring rather large voltages to align homeotropically. 

B Homeotropic boundaries 

Figure 11 shows the voltage dependence of the reflected light intensity of a 
phase-change guest-host display with homeotropic wall alignment con- 
taining mixture G. The graphs are similar to those found for cells with parallel 
wall alignment (Figure 9) indicating that the mechanisms governing the 
phase-transition may be comparable too. Comparing Figure 11 with Figure 
9 shows that the threshold voltages in the homeotropic case are noticeably 
lower (Table IV). Furthermore, virtually the full contrast is obtained in the 
homeotropic case at the voltage V = V,. 

The measurements depicted in Figure 12 show the voltage dependence of 
the capacitance of homeotropically aligned cells. For increasing fields the 
dependence is analogous to the homogeneous case (Figure 8). However, 

1 

0 2 4 6 8 10 
Display Voltage Ivoltsrmsl 

FIGURE 1 I Measured voltage dependence of the (dye) extinction of a reflective guest-host 
phase-change display with homeotropic wall alignment containing the black-white mixture G .  
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FIGURE 12 
phase-change layer. Mixture G was used. 

Measured voltage dependence of the capacitance of a parallel aligned guest-host 

&(I/ = 0) was found to be about 20% larger than E~ of the nematic host. 
This is due to the distorted Grandjean structure which is not perfectly 
planar in the off-state. In accordance with the optical measurements (Figure 
11) AC(V = V,)/AC,,, 2: 1 was found (Figure 12). Thus, no residual non- 
homeotropic boundary layers have to be realigned by large electric fields 
as in the homogeneous case. Our measurements indicate that many aspects 
of the phase transition in displays with homeotropic boundaries are similar 
to those in cells with parallel wall alignment. This finding is in contrast to 
the mechanism described by Greubel who found a focal conic-nematic 
transition.' The discrepancy between our measurements and his are likely 
to be due to the different measuring conditions used. Our experiments were 
performed very slowly thus allowing every phase to reach a quasi stationary 
state, whereas Greubel changed his cell voltages at a rate" which is likely 
to exclude the establishment of the stationary transition phases described 
here. 

For decreasing fields the capacitance measurements in homeotropic 
cells differ from those made in homogeneous displays. After an initial steep 
decrease of AC(V)/AC,,, (graph b in Figure 12) a state with very slowly 
disappearing disordered fingerprint textures was reached causing the capacit- 
ance to decay extremely slowly (- 10 hours) to the stationary off-state. The 
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PROPERTIES OF GUEST-HOST DISPLAYS 26 1 

slow decay is indicated by the dashed line in Figure 12. For reasons dis- 
cussed above the macroscopic extinction properties of the guest dye mole- 
cules (Figure 11) were not influenced by this slow decay. As our measuring 
apparatus did not allow to perform quasi stationary capacitance measure- 
ments in the dashed region of graph b in Figure 12 we could not determine 
whether or not the shape of the decay is analogous to graph a. 

CONCLUSIONS 

We have shown how the voltage-induced changes of the capacitance of 
nematic and cholesteric guest-host displays are correlated with their electro- 
optical appearance and the material properties of liquid crystals. Transmis- 
sion characteristics of parallel aligned nematic guest-host cells comprising 
dichroic dyes with transition moments parallel (L-dyes) and perpendicular 
(T-dyes) to the nematic director were investigated. Taking into account the 
field-induced spatial distribution of the long molecular dye axis in the 
display, equations were derived describing the static electro-optical behaviour 
for any cell voltage. Good agreement was found between measured and 
numerically calculated characteristics for different nematic hosts con- 
taining L and T-dyes. The new guest-host mixtures used exhibit large contrast 
ratios and good UV-stability. Colour-changing nematic L/T-guest-host 
cells as well as phase-change guest-host displays switching from a black off- 
to a white on-state were investigated. Measurements of the dielectric and 
elastic constants of pure nematic hosts and of hosts comprising dichroic 
dyes showed that the host properties may change noticeably when doping 
them with large dye concentrations (5 %). 

We also made measurements of the electric field-induced change of 
capacitance occurring in phase-change guest-host displays having homog- 
eneous and homeotropic wall alignment respectively. The experiments 
show that the phase change from the cholesteric into the nematic state 
when using homeotropic boundaries may be more complex than suggested 
by Greubel.” Our experiments indicate that for both types of wall alignment 
an essentially planar helical structure exists in the off-state with the helical 
axis aligned perpendicular to the boundaries. At a first threshold field, 
which is optically hardly visible but which was found to be very pronounced 
in the dielectric measurements, the helical axis rotates into a position 
parallel to the boundaries thus giving rise to a fingerprint texture. Further 
increasing the field leads to a modulation of this texture and finally into the 
homeotropic nematic state. The major visible change of the appearance of 
reflective displays due to the field-induced alignment of the dye molecules 
in the host was shown to occur during this final transition phase. Our 
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262 M. SCHADT AND P. GERBER 

measurements indicate that the sharp optical transition which is of practical 
importance is due to the voltage dependent scattering phenomena occurring 
during the phase-transition. Thus, we suspect that the sharpness depends on 
the optical anisotropy of the host material as well as on the mechanisms 
governing the phase-transition. The various transition phases occurring for 
increasing and decreasing field were found to be most likely identical when 
measured in a quasi stationary manner. 

The discrepancy between the phase-transition phenomena suggested by 
our quasi stationary experiments and the mechanism proposed by Greubel 
for homeotropic boundaries and non-stationary experimental conditions 
can also be demonstrated by applying his equations to our measurements. 
The electro-optical threshold voltages denoted V ,  and V1 by Greubel 
should correspond to the respective voltages V3 and Vk in our measurements 
(Figure 11); where Vr and V1 are'' 

and 

Equation (9) is identical with the threshold voltage derived by de Gennes" 
for the case when effects due to wall alignment can be neglected. From the 
measured material constants (Tables I, 111) of RO-TN-605 and Eqs. (9) 
and (10) one obtains the disagreeing values VT = 5.8 volts # V3 = 3.4 
volts and V1 = 1.74 volts # Vi = 3.2 volts respectively. Thus, further 
studies will have to be made to describe the quasi stationary phase transition 
and its dependence on material parameters quantitatively. 

Finally the dielectric and optical measurements have shown that homo- 
geneous wall alignment in nematic as well as phase-change guest-host dis- 
plays necessitates high driving voltages to achieve maximum contrast 
ratios. An exception are homogeneously aligned L/T-guest-host displays 
which-due to the colour change-do not require a perfectly homeotropic 
on-state. 
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