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A Highly Accurate Measurement of Liquid
Crystal Material and Device Parameters

TAKAHIRO ISHINABE AND TATSUO UCHIDA

Department of Electronics, Graduate School of Engineering, Tohoku
University, Aramaki, Aoba-ku, Sendai, Japan

A highly accurate measurement method for the refractive indices of liquid crystal
materials, the alignment distribution and the surface polar anchoring strength was
devised by considering the multiple reflections and the interferences in the LC cell.
Based on the accurate evaluation of LC devices, we developed the high-quality field
sequential color liquid crystal display with a wide viewing angle and high contrast
ratio.

Keywords Alignment distribution; field sequential color LCD; liquid crystal;
OCB-mode; polar anchoring strength; refractive indices

1. Introduction

With improvements in quality and performance, the liquid crystal display (LCD) has
spread into a wide variety of applications, including personal computers, cellular
phones and televisions. Since the LCDs use the optical anisotropy of LC, its optical
performance depends on the refractive indices, the alignment distribution of LC, and
the thickness of the LC cell. With the recent advances in the viewing angle and the
contrast ratio of LCDs, it has become important to measure these parameters with
high accuracy. In addition, the evaluation of the surface anchoring strength also has
become important in the optical design of liquid crystal displays because it controls
the alignment distribution of LCs.

On the other hand, optically compensated bend (OCB) mode [1] is a promising
technology as the future high quality display devices due to its wide viewing angle
without gray scale inversion and color shift, fast response speed, high contrast ratio
in both still and moving images, and wide temperature range [2]. For the purpose of
improving the optical performance of OCB-mode LCD, it is necessary to compen-
sate the viewing angle dependence of bend-alignment LC cell, and the optical com-
pensation using the polymerized discotic material (PDM) compensation film has
been considered as one of the most effective method to improve the optical perform-
ance of OCB-mode LCD [3,4]. The PDM compensation film is composed of a biaxial
film substrate and a PDM-layer. However, it was difficult to accurately evaluate the
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alignment distribution of the PDM-layer, and thus the optical optimization of the
OCB mode LC-cell has depended mainly on try and error. As a result, there is still
room for improvement in terms of the contrast ratio and the viewing angle of the
OCB mode, compared with the in-plane switching (IPS) and vertically aligned (VA)
modes.

In the present work, we aimed to realize a high-precision measurement of the
refractive indices of LC materials, the cell thickness, the alignment distribution of
LC, and the polar anchoring strength. In addition, we discuss the evaluation of
the PDM compensation film and the development of the OCB mode LCD with
high contrast ratio and wide viewing angle range based on the highly accurate
measurement methods.

2. Measurement of the Refractive Indices of LC Material
and the Cell Thickness

2.1. A Highly Accurate Method for Measuring the Refiractive Indices

In general, the LC cell thickness is obtained from a measurement of the phase retar-
dation of LC cell and the refractive indices of LC materials, and therefore the
measurement accuracy of the cell thickness depends on that of the refractive indices.
The refractive indices of LC materials have been measured by an Abbe refrac-
tometer, however this method has a problem in accuracy because it is difficult to
control the alignment distribution of a LC homogeneously. As a result, measurement
accuracy decreases also in the measurement of the LC cell thickness. In this section,
we aimed to establish a highly accurate measurement procedure for the ordinary and
extraordinary refractive indices of LC materials and the cell thickness.

A measurement method for the refractive indices using multiple interferences in
the LC cell has been previously proposed [5,6]. In this method, an alignment layer
material of polyvinyl alcohol which has a refractive index near that of glass substrate
is used, and the wavelength dependences of the amplitude ratio W and phase differ-
ence A (or phase retardation 0) at the normal incidence are measured and the refrac-
tive indices of LC material were determined from the numerical fitting between the
measured and theoretical values by considering the multiple reflections and the
multiple interferences in the LC cell.

However, we found that this method has multiple solutions in the combination
of the refractive indices and the cell thickness and it is difficult to obtain the correct
value of the refractive indices. As an example, Figure 1 shows the calculated result of
an optical characteristic at the normal incidence for two LCs: LC1 and LC2 that
have the refractive index shown in Figure 2. In this figure, the optical characteristics
of both LCs are almost identical in the wavelength dependences of W and § (or A),
and therefore it is found that the only solution of the refractive indices and the cell
thickness cannot be obtained from this fitting method. The measure result of refrac-
tive indices for several LC-cells with different cell gaps is shown in Figure 3.

The ordinary and the extraordinary refractive indices changed according to LC
cell thicknesses and we confirmed that accurate values cannot be obtained by the
conventional multiple interferences method using normal incidence.

In this study, we found that this problem can be solved by using the phase retar-
dation characteristic at oblique incidences. Figure 4 shows the calculated result of
the A—¢ characteristics at an oblique incidence of the two LCs: LC1 and LC2.



Downloaded by [University of Haifa Library] at 14:06 08 August 2012

Measurement of Liquid Crystal Material and Device Parameters 213

11005 " T " T T T

1000

T
1

LC1,LC2
/

900+ =

Retardation (nm)

1 1 1 L Il L ]
800 400 500 600 700

Wavelength (nm)

Figure 1. Wavelength-Phase retardation characteristics of the LC-cell 1 and 2 at normal
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Figure 2. Refractive indices of the LC 1 and 2.
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Figure 3. Measured results of n, (/1) and n;, (1) of various cell thicknesses using the conven-
tional method.
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Figure 4. Calculated result of phase retardation characteristics at oblique incidence.

We found that A—0 characteristics are not corresponding in the oblique incidence
even if these LCs have the same property in the normal incidence as shown in
Figure 1.

As a result, we clarified that the refractive indices and the LC cell thickness can
be measured with high accuracy by the following procedure. The homogeneous cell
is made by using the alignment layer material that has a refractive index greatly dif-
ferent from that of the glass substrate. The wavelength dependences of the amplitude
ratio and the phase retardation at normal and oblique incidences are measured. The
refractive indices and the LC cell thickness are decided from the numerical fitting
between the measured values and the theoretical values in which the multiple reflec-
tions and the multiple interferences in the liquid crystal cell are considered. To
accomplish this measurement method, theoretical values must be calculated con-
sidering the multiple reflections and the multiple interferences in the multilayer
media. Therefore, we extended the Jones matrix method to consider the multiple
reflections and the multiple interferences.

2.2. New Extended Jones Matrix Method Considering the Multiple Interferences

In the conventional Jones matrix method [7,8], the transmitted light Jones vector
(Apouts Asour) s calculated by multiplying the Jones matrix X; of the media by the
incident light Jones vector (Apin, Asin), as follows:

Apout A in

=X;| . 1
|:Asout :| ' |:Asin :l ( )
The Jones matrix X; of one layer of the medium is derived from Eq. (2):

X; =T ,® 1@ 'Ty, (2),

where T;; is the transmittance matrix between layers i and j, ®; is the transformation
matrix of layer i, and T is the propagation matrix. In general, the Jones matrix
method does not consider the multiple reflections and the multiple interferences.
As shown in Eq. (3), however a Jones matrix that includes the multiple reflections
and the multiple interferences for one layer of medium can be derived by defining
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the interference matrix G; and calculating the superposition of transmitted light,
including that transmitted after it reflects within the layer:

X; =Ti2(E+ Gy +Gf +L)ATy;, G =MR MRy, M; =@ &' (3)

where R; is the reflection matrix between layers i and j. A Jones matrix that consid-
ers the multiple reflections and the multiple interferences of N layers of media can be
derived by extending Eq. (3) to N layers of media and calculating the transmitted and
the reflected light between all layers. We confirmed that the good agreement was
obtained on comparing this technique to the 4 x 4 matrix method [9], and a Jones
matrix method that considers the multiple reflections and the multiple interferences
for calculations involving multilayer media was established.

2.3. Measurement of the Refiractive Indices of LC Materials

We measured the refractive indices by using the procedure devised in this study. We
used SE7992 (Nissan Chemical Industry) as an alignment layer material. First, we
measured the thickness, refractive index, and absorption coefficient of the glass sub-
strate and the alignment layer material by using our new Extended Jones Matrix
Method. Next, we made a LC cell using the LC material of TD1016XX (Chisso),
and then the wavelength dependence of the amplitude ratio and the phase retar-
dation at normal and oblique incident angles were measured by an Ellipsometer
M-2000 (J. A. Woollam). We determined the refractive indices and the LC cell thick-
ness by the numerical fitting between the measurements and theoretical values con-
sidering the multiple reflections and the multiple interferences. The fitting results and
derived refractive indices are shown in Figures 5 and 6, respectively. The measure-
ments were found to correspond well to the calculated values for all angles of inci-
dences, as shown in the figure.

To confirm the validity of this procedure, LC cells of various thicknesses were
made and the refractive indices were measured. The results are shown in Figure 7.
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Figure 5. Fitting results in the amplitude ratio and the phase retardation properties. (a) Fitting
result of the wavelength - amplitude ratios ¥ dependences; (b) Fitting results of the wave-
length - phase retardation 6 dependences.
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Figure 6. Measure result of refractive indices.

The refractive indices were shown to be constant with respect to cell thickness,
thereby confirming the validity of the new method.

3. Measurement of Alignment Distribution and Anchoring Strength of LC
3.1. Problems of the Conventional Measurement Method

Recently, several measurement methods for the alignment distribution and the polar
anchoring strength of LC have been proposed [10-17]. However, we found that these
methods have problems such as a difficulty of the high precision measurement, a
difficulty of the evaluation of the vertical alignment layer or a complication of the
measurement system. In addition, there has been little discussion on a validity of
the measure result of these methods, it is also a problem. Therefore, the establish-
ment of a simple and highly accurate measurement method for the alignment
distribution and the polar anchoring strength has become an important problem.
As a simple measurement method for the anchoring strength of parallel and ver-
tical alignment layer, Hung and the present authors proposed a method which used
the hybrid alignment nematic (HAN) liquid crystal cells [11-13]. In these methods,
the angular dependence of phase retardation was measured in the direction parallel
to the alignment plane of the HAN cell, and the polar anchoring strengths was
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Figure 7. Experimental results of the refractive indices for several cell thicknesses.
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Figure 8. Measured result of the polar anchoring strength by the conventional method.

calculated by determining the cell thickness and the pre-tilt angles of the parallel and
vertically aligned layers through the numerical fitting between the measured and the
theoretical values. Here, the elastic constant ratio x was previously measured and
treated as the known parameter in these methods.

However, we found that the value of the polar anchoring strength obtained by
these methods highly depends on a measurement accuracy of the elastic constant
ratio x, because the error of the elastic constant ratio x causes the measurement error
of the alignment distribution of HAN cell. In order to confirm the validity of the
conventional method, we measured the polar anchoring strength using LC-cells with
different cell thickness. Figure 8 shows the measured result of cell gap dependence of
polar anchoring strength measured by the conventional method. It is seen from this
figure that the obtained polar anchoring strength has cell gap dependence due to a
low accuracy of the elastic constant ratio x. Therefore, this method suffers from
the problem of difficulty in measuring the polar anchoring strength with a high
degree of precision. As a result, we found that the elastic constant ratio xk must be
measured in this fitting method as well as the pretilt angle 6, 0, and the cell thickness
d to realize a high-precision measurement for the polar anchoring strength.

In this section, we aimed to realize a high-precision measurement of the cell
thickness, the elastic constant ratio, and the polar anchoring strength based on the
investigation of the relation between the angular optical characteristics and the
alignment distribution of HAN cell.

3.2. Analysis of the Problems Inherent in the Previous Measurement Methods

In a hybrid alignment cell, the tilt angle from the interface of the parallel alignment
layer to the interface of the vertical alignment layer is distributed in such a way as
to satisfy Eq. (4).

(1 + ke sin® 0)(d0/dz)* = C? (4)

where 0 denotes the tilt angle for the liquid crystal molecule, C is the integration
constant, and k is a quantity defined by Eq. (5).

ks
A ©)
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where k;; and k33 are splay and bend elastic constants, respectively. Cell thickness d,
tilt angle 6, on the horizontal alignment layer side, and tilt angle 6, on the vertical
alignment layer side are determined by numerical fitting of the measurement data
with respect to the theoretical values. Using these values, the polar anchoring
strengths By and B, on the parallel and vertical alignment layer sides can be determ-
ined from Egs. (6) and (7), respectively.

By \/1+;csin20dc

ku  sin20y (6)
Egzvﬁ+KﬁﬁwW‘@) .
kll sin 2(90 — 06)

where 6, denotes the alignment easy axis direction of the parallel alignment layer [18].

We examined the application of this fitting method to the measurement of the
elastic constant ratio k. We investigated the influence of the elastic constant ratio
K, cell thickness d, and pretilt angles 0, and 0, toward the incident angle dependence
of phase retardation of HAN call. As a result, we found that the multiple combina-
tions of d, k, 6y and 6,; which have the same phase retardation angle characteristics
exist. This result is explained as follows. In the direction parallel to the alignment
plane, the direction of the optical axis of the liquid crystal director becomes uniform.
As a result, the propagation of light becomes the Eigen-mode and the multiple com-
binations of alignment distribution have the same incident angle dependence of
phase retardation.

For example, we have derived the combination of the d, x, 8y and 0, having the
phase retardation angle characteristics same as the liquid crystal alignment calcu-
lated by using the parameters listed in Table 1. Table 2 shows the example of the
results of the derivation of alignment distribution. Similarly, Figure 9 shows the
angular characteristics of the phase retardation of the LC cell listed in Table 2. This
figure shows that the respective phase retardation angle characteristics become ident-
ical by choosing appropriate values of 6, and 0, for a given x. These results show
that the elastic constant ratio x cannot be obtained by this fitting method as well
as the d, 0y and 0, and this approach has a problem of low accuracy in the measure-
ment of the polar anchoring strength.

3.3. Proposal of the New Measurement Method with High Accuracy

This problem can be solved by introducing a twist distribution in the direction of the
optical axis of LC director and by shifting the propagation of light from the

Table 1. Alignment parameters of original HAN cell

d Sum
0o 2°

04 88°

K —0.15146
e 1.6664

e 1.5075
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Table 2. Values of d, k, 0, and 0, which have the same phase retardation
angle characteristics with that of Table 1

K 0o (°) 04 () d (um)
1 -2.39 83.59 5.00
0.5 —0.80 84.96 5.00
0 1.24 87.08 5.00
—0.15 1.99 87.99 5.00
—0.5 4.22 91.26 5.00

Eigen-mode. Generally, the distribution of the optical axis of the liquid crystal has
twist distribution with respect to the incident rays in the direction perpendicular
to the rubbing direction of the HAN cell as shown in Figure 10. Consequently, it
is conceivable that the d, k, 0y, and 0, can be derived with high precision by measur-
ing the angular characteristics in the direction perpendicular to the alignment plane
as shown Figure 11. In view of the fact that the alignment distribution of the liquid
crystal in the perpendicular direction has a twist distribution, it is not possible to
measure the phase retardation of the liquid crystal cell. Therefore, we studied the
parameters to be measured in the perpendicular direction. As a result, for the analy-
sis of characteristics in the direction perpendicular to the alignment plane of LCs, we
found that the amplitude ratios Wang, Waps, and Was, and the phase differences
AanEs Aaps, and Axg, must be employed due to the effective twist of LCs. The ampli-
tude ratios and the phase differences are defined as

tan W pe®anE = @, (7a)
pSS
iA Pps
tan Wapse ™M = —, (7b)
Ppp
iA Psp
tan ‘I’Aspe A = = (70)
Pss
LA L L AL L R L AL L R B L |
_700F .
E i = — ~
£ 6001 k=-05~1
“Q H J
o 500F _
.Q L ]
S 400} .
el
S L 4
© 300f .
a7 L ]
200F S ]
-60 -30 0 30 60

Incident angle (°)

Figure 9. Incident angle dependence of phase retardation of the HAN cell listed in Table 2.
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Figure 10. Twist distribution in the direction perpendicular to the alignment plane of
HAN cell. (a) The case which incident light enters into HAN cell from perpendicular azimuth
direction to the alignment plane; (b) Alignment distribution of HAN cell seen from the
incident light.

where ppp, pss, Pps> and p, are elements of the Jones matrix M of a HAN cell, and M
is shown as

M= <ppp psp> (8)
pps Pss

M is calculated by the extended Jones matrix method as follows,
M = Tou NO'NINOND' N Do 1 Py L @0, T @ T . 9)

where T} i, Tou n are transmittance matrices, ®;, ®; are the transformation matrices of
layer i and I'; is the propagation matrix. Transmittance matrices T; i, Toy; are shown as

R tp out,N 0
Tout,l - ( 0 ts out.N ) (10)
L Iplin 0
Tl,m - ( 0 tsl,in ) (1 1)

Alignment plane
HAN cell

Light source . X
.......... e

»
-
¥

i

Incident angle (_/Z' . L
= Rotation direction

Figure 11. Experimental set-up for new measurement method which measures the angular
characteristics in the direction perpendicular to the rubbing direction of HAN cell.
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Figure 12. Calculated result of incident angle dependence of the amplitude ratios and the phase
differences the HAN cell listed in Table 2. (a) Amplitude ratio ¥ and (b) Phase difference A.

where #, t; represent the Fresnel transmission coefficient as shown in the following
expressions.

2n; cos b;
lhi;i = 12
P i cos 0 + nj cos 6; (12)
2n; cos 0;
s n; cos 0; (13)

n; cos 0; + njcos 0

Propagation matrix I'; is shown as

n-(% V) (14)

where I'; represent the phase difference between ordinary light and extraordinary light.

Transformation matrices ®;, ®; are the matrix which rotate P polarized compo-
nent and S polarized component of light toward ordinary and extraordinary direc-
tion, and the matrix which return these, and shown as

cosV sin¥
®; = (—sin‘l’ cos‘P) (13)
;_ [cos¥ —sin¥
®; = (sin‘I’ cos ¥ ) (16)

Figure 12 shows the angular characteristics of the amplitude ratios and phase differ-
ences of the LC cell listed in Table 2. This figure shows that the angular character-
istics of the amplitude ratios and phase differences become different between the
several LC cells and these parameters can distinguish the LC parameters including
the elastic constant ratio .

According to these results, we measured the elastic constant ratio k, polar
anchoring strength of vertical alignment layer B, and parallel alignment layer Bj.
We used liquid crystal of MLC-2038 (Merck Ltd.), vertical alignment layer of
RN1765 (Nissan Chemical Industries, Ltd) and parallel alignment layer of SE7992
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Figure 13. The fitting result between measured and calculated values. (a) Amplitude ratio W¥;
(b) Phase difference A.

(Nissan Chemical Industries, Ltd) and fabricated several LC cells with different
gaps. We used the same LC material and alignment layer materials, therefore, «,
By and B, should be constant to the change of cell gap. The fitting result is shown
in Figure 13. These figures show that good agreement is obtained between measured
and calculated values in both amplitude ratio and phase difference. The experimental
results for various cells are shown in Figures 14-16, respectively. The pretilt angle
changes with a change of cell thickness (see Fig. 14), though, the measured value
are constant to the cell thickness, and are x=-—0.10, By/k;; =9 X 107 and
By/ki1 =89 % 107 and we confirmed validity of our measurement method.

4. Optical Design of the OCB-mode LCD

For the purpose of improving the optical performance of OCB-mode LCD, the
optical compensation by using the PDM compensation film is indispensable. There-
fore, the evaluation of the alignment distribution of the PDM compensation film and
the bend alignment LC cell has become important. However, the quantitative

%0 ' W
_ 600 Vertical alignment 6
I
30r Parallel alignment & .
0 L AT A
0 2 4 6 8
Cell Gap d (um)

Figure 14. Measured result of cell thickness dependence of the pretilt angle 0, and 0,,.
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Figure 15. Measured result of cell thickness dependence of the elastic constant ratio «.

evaluation of LC layer has not been achieved due to the difficulty of the measure-
ment of device parameters of LC cell.

In this section, we measured the alignment distribution of the PDM layer
according to the above mentioned measurement method and optimized the bend
alignment LC cell. We prepared a sample of PDM compensation film composed
of the PDM layer and the biaxial substrate and measured a viewing angle depen-
dence of amplitude ratio W and phase difference A. The experiment set-up for the
measurement of alignment distribution of PDM compensation film is shown in
Figure 17. We used a spectroscopic ellipsometer M-2000 (J. A. Woollam Co.,
Inc.) for this measurement. The numerical fitting result is shown in Figure 18(a)
and (b), respectively. The dotted line is a measure result and the solid line is a
calculation result. These figures show that theoretical values and experimental values
are fit well. As a result, we successfully obtained the alignment distribution of PDM
layer and refractive indices of the biaxial substrate. This result showed that this
PDM layer has a hybrid alignment distribution as shown in Figure 19. Figure 20
shows the VT-curve and incident angle property of bend alignment cell. The
simulated result shows a good agreement with measure results, and the quantitative

T T
><107 m—l P'uallcl alignment b’(/k”

? AL

—
(e
0

By/ky; (m™)
3,
AN

‘ . Ver.tical Ialigqmen}t B(]/(cll
0 2 4 6 8
Cell Gap d (um)

Figure 16. Measured result of cell thickness dependence of the polar anchoring strength of
parallel alignment By/k;; and vertical alignment B,/ki;.
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Figure 17. Experimental set-up for measurement of alignment distribution of PDM layer.
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Figure 18. Numerical fitting results to the measurement value of ¥ and A. (a) Amplitude ratio
Y, (b) Phase difference A.
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Figure 19. Schematic of measurement result of alignment distribution of PDM layer.
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Figure 20. Comparison of the optical property of the Bend-cell between the measured and the
calculated results. (a) Voltage - Transmittance curves of Bend-cell; (b) Incident angle - Phase

retardation curves of the Bend-cell.
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Figure 21. Configuration of the OCB-mode LCD.
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Figure 22. Iso-contrast contour of OCB-mode LCD.
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Figure 23. The prototype of 6.5inch Full-HD field sequential color OCB-mode LCD.

evaluation of LC devices is established by the accurate measurement of LC
parameters.

According to the above mentioned measurement results, we optimized the
design condition of the OCB mode LCD. Figure 21 shows the configuration of
our OCB mode LCD. Our OCB mode LCD is composed of a Bend alignment liquid
crystal cell and Discotic LC compensators. Figure 22 shows calculated result of
Iso-contrast contour of our OCB mode LC cell. The An of LC material is 0.2, cell
gap is 3.5um and pretilt angle is 8.5deg. It is seen from this figure that a high
contrast ratio is obtained in a wide viewing-angle range.

We fabricated prototype 6.5-inch FSC-OCB mode LCD using our new OCB
mode LC cell and scanning LED backlight. We confirmed that our OCB mode
LC cell has a high contrast ratio of 1000:1, wide viewing angle over 170 deg (contrast
ratio >10:1) and no gray scale inversion in wide viewing-angle range. An additional
feature of this FSC-OCB mode LCD is application of an overdrive to suppress the
color-shift on FSC-LCDs. Figure 23 shows a photograph of our FSC-OCB mode
LCD. We confirmed that high quality FSC-LCD with extremely high contrast ratio
in wide viewing angle range, high brightness, and high moving image quality without
color break-up is realized.

5. Conclusion

We devised a highly accurate measurement method for the refractive indices of LC
materials and the cell thickness using a new extended Jones matrix method consider-
ing the multiple reflections and multiple interferences. In addition, we devised a new
simple measurement method for the alignment distribution and the surface polar
anchoring strength of the parallel and vertical layers using a hybrid alignment liquid
crystal cell. We successfully obtained these parameters from the numerical fitting
between the measured and the theoretical values of the angle dependency of the
phase difference and the amplitude ratio.

Based on these results, we established an evaluation method for a polymerized
discotic material compensation film, and clarified the alignment distribution of
PDM layer. This evaluation method achieved an accurate control of alignment
distribution of PDM layer, and we clarified the optimum conditions for a bend
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alignment LC cell and liquid crystal materials. As a result, we successfully obtained
OCB mode LCD with high contrast ratio and wide—viewing angle. We developed a
new field sequential color OCB mode TFT-LCD with high contrast ratio of 1000:1,
wide viewing angle over 170 deg, high quality moving-image capability without color
break-up and low power consumption. We confirmed that the accurate evaluation of
device parameters of LC can realize the high performance LCD and this FSC-LCD
is promising as a display for future high quality moving-image applications.
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