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Alignment Effects on the Dynamic 
Scattering Characteristics of an 
Ester Liquid Crystal? 
M .  J. LITTLE, H. S. LIM and J. D. M A R G E R U M  
Hughes Research Laboratories. Malibu, California 90265 

(Received October 19, 1976) 

The effects of surface alignment are studied on the a c  dynamic scattering characteristics of a 
phenyl benzoate nematic liquid crystal. Seven different alignment modes are used with identical 
liquid crystal samples by pretreating the conductive glass surfaces to obtain the desired align- 
ments. We find that the threshold voltage (V, , )  increases with increasing initial average tilt 
angle (8) between the liquid crystal director and the two electrode surfaces. The V , ,  increases 
linearly as the cos 0 decreases. The surface-perpendicular alignment (0 = 90") has almost 
twice the V , ,  of the surface-parallel alignment. The dynamic scattering decay times are con- 
siderably shorter when 0 = 0" than when 0 > 0". The scattering versus voltage curves and the 
microscopic domain patterns are highly dependent upon the initial alignment, even at 1.S to 
2.0 times V, ,  . 

INTRODUCTION 

The dynamic scattering' of nematic liquid crystals has been studied exten- 
sively because of applications in electro-optic displays for electronic calcula- 
tors, watches, message boards, and even flat panel television.' The display 
characteristics of the dynamic scattering are known to depend on the 
properties of liquid crystals such as v i s~os i ty ,~ -~  c o n d ~ c t i v i t y , ~ ~ ~ * ~ ~ *  con- 
ductivity anisotropy,' and dopants."' 2-' The dynamic scattering also 
depends on the electrode spacing16 and on the surface alignment of the 
liquid crystals at the electrode. The effect of the alignment on the threshold 
voltage of domain formation has been predicted from theoretical calcula- 
tions for two surface orientation  condition^.'^-'^ Although the importance 
of surface alignment has been recognized, systematic studies on the effect of 

t Presented at the Sixth International Liquid Crystal Conference, Kent, Ohio, August 1976. 
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various alignments have been lacking. In this report we compare the effects 
of seven different surface alignment modes on the ac dynamic scattering 
characteristics of a phenyl benzoate liquid crystal which contains conducti- 
vity dopants but has no surface alignment dopants. 

EXPERIMENTAL 

The nematic liquid crystal used in this study is a four -~omponent '~* '~  
mixture of phenyl benzoates (designated as HRL-2N10) which has a nematic 
range of about 20" to 55", and a negative dielectric anisotropy of Ae = 
(5.14 - 5.26) = -0.12 (25", 500 Hz). It has a resistivity 10" ohm-cm before 
adding the conductivity dopants, which were either tetrabutytammonium 
trifluoromethanesulfonate (TBATMS), or a 1 : 1 (by weight) mixture of di-n- 
butylferrocene (DBF) and (2,4,7-trinitro-9-fluorenylidene)malononitrile 
(TFM). TBATMS is a salt prepared2' by reaction of trifluoromethanesul- 
fonic acid and tetrabutylammonium bromide. It is purified by recrystalliza- 
tion from water and drying. DBF and TFM are a redox dopant 
in which DBF is an electron donor and TFM is an electron acceptor. Com- 
mercial DBF and TFM were purified by vacuum distillation and recrystal- 
lization from acetonitrile, respectively. The liquid crystal is doped with 
0.1 % TBATMS (pI z 2.0 x lo8 ohm-cm and r q , / ~ ~  1.23) or with 0.5% 
each of DBF and TFM (pI z 1.8 x lo9 and ol,/crI z 1.34), giving roughly 
comparable ranges of threshold voltage for the two samples. 

Prior to alignment treatments, the indium tin oxide (ITO) conductive 
glass electrodes (PPG Industries) were cleaned by a sequence of scrubbing, 
degreasing and chromic acid etch followed by rinsing and drying. Surface- 
parallel alignment was obtained either by rubbing the electrode surface with 
Kimwipes or by a 30" angle deposit of about 100 A of SiO on the electrode 
surface.2' A tilted parallel alignment (36" off the surface) was obtained by a 
5" angle SiO deposit.22 The liquid crystal tilt angle (8) was measured by a 
technique similar to one reported re~ent ly , '~  in which we used a differential 
capacitance measurement. The perpendicular alignment was made by 
bonding long alkyl chains onto an electrode surface coated with a thin layer 
of SiO,. Various alignment modes in test cells (see Figure 1) were obtained 
by combinations of electrodes with these three basic alignment. The average 
tilt angle (8) in these cells is assumed to be the average of the two surface 
angles measured independently in the basic alignment configurations. The 
electrode spacing of the cells was nominally 13 pm. 

The dynamic scattering was measured in transmission, using unpolarized 
green light (centered at 525 nm) at normal incidence and a silicon photo- 
diode detector with a 2" field of view. The scattering versus voltage curves 
are from slow-scan measurements with 100 Hz (sinusoidal) signals. Repeti- 
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CODE SURFACE ALIGNMENT TILT 
(NAME) D IAGRAM ALIGNMENT TECHNIQUE ANGLES 8 

- --- - _ -  - --  / I  RUBBING 

(PARALLEL) Z-=Z-- I /  RUBBING 

/ I  30" - SiO 

(PARALLEL) 7-L - - -- - I /  30" - SiO 

- _  . - . - -. . 90" / I  RUBBING 

(TWISTED PARALLEL) I C 5 Z 5 -  I /  RUBBING 

___I 

O 0  \ 00 

O 0  1 
oo 1 0" 
O 0  I 
O" I 00 

oo 1 

- -  - -  A 
- - 

- - _ _ -  _ _  - -  - _ -  - -  B 
- -  - - _ _ - _  C - --__ 

O" 1 0" 
O 0  1 

90' I /  30" - SiO 

I /  30' - SiO 

.. . ... - .. _ _ _  _ .  . D 

(TWISTED PAR A L LEL) ;-<-:-= ' 
TILTED S o  - SiO 36' 1 

TILTED ---- TILTED 5' - SiO 36' 1 
5 - - -  _ _ -  - -  --- - - - - -  36' - E 

>;;!,;,;?>;; 90" TWIST-TILTED 5"  - SiO 3 6 O  
36' 

F 
(TWISTED TILTED) -------: TILTED 5' - SiO 36" 1 

G v m *  I CHEMICAL 90" 1 4 5 ~  

o 0  I ?$/j@,!) 
(SPLAY) ______ / I  30" - SiO 

I CHEMICAL 90" I 
TILTED 5" - SiO 36" 1 63" 

H 

I CHEMICAL 90' 

I CHEMICAL 90' 
90' 

I 

FlGURE 1 Alignment modes of the liquid crystal in the test cells. 

tive electrical pulses of two seconds on and ten seconds off were used to 
measure response times, which are defined as follows: delay time is the time 
between the application of signal and 10% scattering; rise time is the time to 
go from 10% to 90% scattering; decay time is the time between removal of 
this signal and return to 10% scattering. The microscopic pictures of the 
scattering were taken using a Zeiss standard WL polarizing microscope with 
one polarizer. The polarization direction was adjusted to be parallel to the 
direction of the surface-parallel component of liquid crystal alignment at 
the incident electrode surface. 

RESULTS AND DISCUSSION 

Scattering versus voltage curves 

Light transmission as a function of applied voltage (100 HZ) was obtained 
for cells with each of the nine alignment configurations illustrated in Figure 
1. Typical scattering curves (where % scattering = 100 - % transmission) 
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are shown in Figure 2 for the TBATMS salt dopant and in Figure 3 for the 
DBF/TFM redox dopant system. The dynamic scattering threshold voltage (v,,) is obtained by extrapolating the steep rise in scattering back to zero. 
It agrees, within experimental error, with the threshold voltages observed 
with the microscope for formation of hydrodynamic domains. The threshold 
is strongly dependent on the initial surface alignment and V,, increases 
sharply as the average surface tilt angle (8) increases, as discussed below. 
There appears to be no substantial effect of the 90" twist on the Y h  values. 
The scattering curves for parallel or tilted alignment, without a twist, (curves 
A, B, and E) show a wide voltage range in which the scattering increases 
steadily with applied voltage above the initial rise near y,,. In a display 
device this type of response can be used to obtain a good gray scale range of 
scattering intensity. The scattering curves with large average tilt angles 
such as the surface-perpendicular or  splay alignments (curves G, H, and I) 
show a field realignment effect24 below the scattering threshold. They go to 
high scattering levels just above threshold and have a much narrower range 
of increased scattering at higher voltages. This shows that cells with large 

1 0 0  I I I I I I I I I I I I 

0 
6 10 M 

APPLIED VOLTAGE, Vrmr (100 Hz) 

30 

FIGURE 2 Scattering vs voltage curves with various alignments. Dopant: 0. I % TBATMS 
Resistivity: - 2  x 10' Q-cm. 13 pm thick cells. 
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ALIGNMENT EFFECTS [569] / 211 

100  I I I I I I I I I I I I 1 

0 

- 

----_ 
C : (TWIST) (RUB1 
D [:/(TWIST) 
E TILT:TICT 
F TILT : TILT (TWIST) 
G I:[ 
H I: TILT 

.................. 
- . - . - . - . - 
-_-- - 
-_--- 
--------- - 
--- 

- 

- 

6 10 20 30 

APPLIED VOLTAGE, Vrms (100 Hd 

FIGURE 3 
DBF and TFM. Resistivity: - 1.8 x lo9 Q-cm. 13 pm thick cells. 

Scattering vs voltage curves with various alignments. Dopant: 0.5% each of 

tilt angles are more suitable for two-level displays, with a multiplexed input 
signal. The twisted nematic cells (curves C, D, and F) show unique type of 
scattering curve in which a maximum scattering level is reached prior to 
2 vh and then the scattering level decreases slightly with increasing applied 
voltage. On the basis of microscope pictures (discussed below), this appears 
to be related to the strong tendency of the twisted cells to maintain regular 
hydrodynamic flow patterns at high voltages instead of going into a more 
random dynamic scattering mode. 

Effect of tilt angle on threshold voltage 

Duplicate threshold measurements were made on each of two or more cells 
for each of the nine configurations and average v h  values were obtained for 
each dopant system. These values are given in Figure 4, in which it is shown 
that V,, increases linearly as cos 8 goes from 1.0 (surface-parallel) to zero 
(surface-perpendicular). The cos 0 is a factor that is proportional to the 
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5 (AVERAGE TILT ANGLE OFF SURFACES) 
0" 36" 45"  6 3  O 90 O 

I I I I l i  
15 

14 - 

13 - -  
N 
I 

8 12 
- 

7 

v) 
- 

1.0 .9 .8 .7 .6 .5 .4 .3 .2 .1 0 
cos 3 

FIGURE 4 

M: 0.5x,each of DBF and TFM, (uii/cL) = 1.34 

Effect of surface tilt angle on the threshold voltage of dynamic scattering. 
: 0.1 "/, TBATMS, ( U I ~ / C L )  = 1.23 

average surface-parallel component of length of a liquid crystal molecule, 
i.e., it is proportional to the projected length of the molecule on the cell 
surface. The straight line relationship between v,, and cos 0 is shown for 
each dopant in Figure 4. The DBF/TFM dopant system has lower v,, values 
due to its higher conductivity anisotropy in this liquid ~ r y s t a l . ~  We have 
observed, qualitatively, similar v,, vs cos 0 relationships for two other 
liquid crystals that have more negative values of dielectric anisotropy, but 
the effect on v h  is smaller in magnitude as their A& becomes more negative. 
In the present ester liquid crystal, where AE = -0.12, the ratio of thresholds 
for the surface-perpendicular and surface-parallel alignments, ( Vf;l/Vf;ll), 
is about 1.7. Another ester liquid crystal with Ae = -0.26 shows the thresh- 
old ratio of - 1.3. N-p-(Methoxybenzy1idene)-p-n-butylaniline (MBBA), 
whose Ae = -0.53, shows the threshold ratio of only - 1.1. Nevertheless, 
the F/;,, for dynamic scattering appears to be partially dependent upon the 
magnitude of the surface-parallel component of the initial liquid crystal 
alignment. Although field alignment of the liquid crystals in surface-perpen- 
dicular cells begins far below the scattering threshold, even MBBA is not 
fully realigned to a surface-parallel condition at the V,, for ~cattering. '~ 
Only the center part of the cell at q,, has an alignment that is nearly parallel 
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ALIGNMENT EFFECTS (5711 / 213 

to the surface, and there is a tilted alignment region between the center part 
of the cell and the perpendicular alignment at each surface. The increase of 
q,, with the initial surface tilt (8) is probably because the conductivity 
anisotropy is less effective in producing turbulence when the liquid crystal 
is partly tilted in the direction of the applied field, than when the liquid 
crystal is perpendicular to it. This is also consistent with observations that 
dynamic scattering in positive dielectric anisotropy materials occurs with 
surface-parallel but not with surface-perpendicular a l i g n m e r ~ t . ~ ~ ? ~ ~  

The critical frequencies (i.e., dynamic scattering cut-off frequency) of these 
liquid crystal samples are high enough so that theoretically28 our ac thresh- 
olds would be the same as dc thresholds in the TBATMS-doped samples 
and only slightly higher than dc values for the DBF/TFM samples. (Ex- 
perimentally, the dc dynamic scattering thresholds are in fact substantially 
lower due to  charge injection  effect^.'^.' 3, Theoretical ca l~ula t ions '~- '~  on 
the effect of the tilt angle (8) on the dc threshold voltage for hydrodynamic 
motion have been made considering only the surface-parallel (8 = 00) and 
the surface-perpendicular (8 = 900) cases. These calculations predict that 
the surface-perpendicular alignment has a lower V;, than the surface- 
parallel alignment for liquid crystals such as MBBA and p-azoxyanisole. 
Calculations'' using the Helfrich equations for MBBA predict that 
(Vf;L/Vf;lt) = 0.86. The two-dimensional model of Penz and Ford" 
predicts Vf; I' more accurately for MBBA, but not Yf;', resulting in a pre- 
dicted Vf;'/Vf;Il of less than 0.7. As noted above, we find that MBBA shows 
a (Vf;'/Vf;II) z 1.1. Our results regarding this ratio are similar to recent 
results of Barnik et al.,29 who report that a MBBA-like material has 
(Vf;'/Vf;It) z 1.4, and that the ratio increases with less negative values of 
Ac. It should also be noted that GrulerI8 used the Helfrich equations to 
predict that Vf;L/Vf;'l ratios > 1 for MBBA-like liquid crystals of small 
negative dielectric anisotropy, e.g., he calculated a ratio of - 1.4 for a liquid 
crystal with Ae = -0.12, while we find a ratio of - 1.7 for our ester. 

Response times 

Response time measurements were made on the same sets of duplicate cells 
used for the tilt angle measurements. The average values are shown in 
Figure 5 for the two dopant systems. Note that a logarithmic time scale 
is used to compress the data for a graphic format. The actual thickness 
of each cell was not measured and there are probably enough variations 
from the nominal 13 pm cell thickness to cause some inaccuracies in the 
relative response times, which are approximately proportional to the square 
of the thickness. The decay times are approximately the same for all the cells 
with surface-parallel alignment (0 = 0" in modes A, B, C, and D) with or 
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FIGURE 6 (continued on facing page) 
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ALIGNMENT EFFECTS [573] / 215 

FIGURE 6 Microscopic pictures of dynamic scattering patterns with various alignment 
modes. Dopant :  0.1 % TBATMS. (View is normal to  electrode surfaces, with incident light 
polarized parallel to the surface-parallel alignment direction.) 

without a twisted configuration. However, much longer decay times are 
shown for all other configurations in which 0 > 0 (0 between 36" and 90" 
for cells E, F, G, H, and I). This is in agreement with previous  observation^^^ 
that dynamic scattering from short pulses decayed faster in cells with surface- 
parallel compared to surface-perpendicular alignment. The delay and rise 
times are considerably longer when 0 = 90" than for other alignments, and 
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there appears to be some increase in delay and rise times in the 0 = 36" to 
63" range as compared to 0 = 0". These delay and rise time effects are prob- 
ably related to the fact that with a fixed applied signal of 30 V the Kpplied/l/;, 
ratio decreases as 0 increases. Alignment configuration F (twisted tilted) 
shows somewhat anomalous results of slow response times compared to the 
simple tilted alignment (E), although both F and E have 0 = 36" and have 
the same average & values. 

Microscopic flow patterns 

Microscope pictures of domains and dynamic scattering are shown in 
Figure 6,  with comparisons for the nine alignments at the same T/applied/l/;h 

ratios with the TBATMS-doped liquid crystal. The pictures are taken with 
polarized light parallel to the parallel alignment direction on the incident 
electrode. Similar results are observed (but not shown) for the same liquid 
crystal doped with the DBF/TFM mixture. At low voltages the hydrody- 
namic flow patterns correspond to Williams-type3 domains. The domain 
patterns for parallel3' and twisted alignments have been observed 
previously. Each alignment shows a characteristic type of low voltage 
pattern. The twisted nematic alignments (C, D, and F) show the most regular 
patterns, which persist at higher V / v h  values than patterns with other 
alignments. The persistence of these fairly regular domain patterns instead 
of a more random turbulence may be related to the lower levels of scattering 
in the C,  D, and F cells compared to other alignments in the 2Kh to 4V;, 
range, as shown in Figures 2 and 3. The splay (G, H) and particularly the 
perpendicular alignment (I) show the least regular patterns and they go into 
random turbulence at lower V/K,  values. The surface-perpendicular cells 
appear to have virtually no regular domain patterns just slightly above l / ;h.  
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