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Optimal rubbing angle for reflective in-plane-switching liquid
crystal displays

Yubao Sun, Zhidong Zhang, and Hongmei Ma
Department of Applied Physics, Hebei University of Technology, Tianjin, 300130,
People’s Republic of China

Xinyu Zhu and Shin-Tson Wua)

School of Optics/CREOL, University of Central Florida, Orlando, Florida 32816

~Received 23 September 2002; accepted 31 October 2002!

Rubbing angle effects on the response time and optical threshold voltage of the reflective
in-plane-switching homogeneous liquid crystal displays were analyzed. As the rubbing angle
increases, the rise time decreases except that its operating voltage also increases. The optimal
rubbing angle is around 30°–40°. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1532534#
o
y.
e-
in
r

tiv
e

o
ld
e

e

ic
er
g
gl

PS
e
m

he
by

-

in
ye

i
ion

the

e

p

is
Reflective liquid crystal displays~LCDs!1 offer several
advantages over the transmissive ones in low power c
sumption, sunlight readability, and film-like image qualit
The in-plane switching~IPS! mode has been used for larg
screen transmissive LCDs because of its wide view
angle.2–4 Recently, the IPS mode has been extended to
flective liquid crystal displays.5–8As expected, wide viewing
angle and high contrast ratio are obtained for the reflec
IPS mode. However, the response time of the IPS mod
relatively slow as compared to other modes.9 In the IPS
mode, the LC response time depends on the cell gap, r
tional viscosity, twist elastic constant, applied electric fie
and the rubbing angle~F!.10 Among these parameters, th
rubbing angle effect has not been analyzed in detail du
the difficulty in defining the optical transition threshold.

In this letter, we derived the IPS LC director’s dynam
response by solving the Erickson–Leslie equation. This d
vation is also valid to the transmissive IPS mode, althou
our emphasis is for reflective displays. The rubbing an
effects are described quantitatively.

Figure 1 shows the electrode configuration of the I
mode under study. The comb-shaped electrodes are in th
substrate wherez50 in order to separate from the botto
reflector. The electrode gap is, ~;10 mm! and widthv ~;5
mm!. When backflow and inertial effects are ignored, t
dynamics of liquid crystal director rotation is described
the following Erickson–Leslie equation:4,9

g1

]f

]t
5K2

]2f

]z2 1«0uD«uE2 sinf cosf. ~1!

In Eq. ~1!, g1 is the rotational viscosity,K2 is the twist elas-
tic constant,D« is the dielectric anisotropy,E is the electric
field strength, andf is the LC rotation angle. The homoge
neous LC layers having cell gapd are along thez axis.

In our analysis, we assume the surface anchor
strength is strong so that the bottom and top boundary la
are fixed atf(0)5f(d)5F, whereF is the LC alignment
~or rubbing! angle with respect to the electrodes, as shown
Fig. 1. The middle layer has the maximum twist deformat
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angle f(d/2)5fm . Using these initial conditions, in a
steady state the electric field-induced twist anglef0 along
the z axis could be approximated as

f0~z!5F1~fm2F!sinS pz

d D . ~2!

First, let us consider the relaxation process. We assume
electric field is removed instantaneously at timet50. The
relaxation timet for returning from the activated state to th
initial state has the following exponential form:

f~z,t !5F1~fm2F!sinS pz

d Dexp~2t/t!. ~3!

Substituting Eq.~3! into Eq. ~1!, we derive the free relax-
ation time

2
g1

t
~fm2F!sin~pz/d!exp~2t/t!

52
K2p2

d2 ~fm2F!sin~pz/d!exp~2t/t!. ~4!

From Eq.~4!, the relaxation time can be solved easily

toff5
g1d2

p2K2
. ~5!

From Eq.~5!, the relaxation time is governed by the cell ga
~d! and the LC viscoelastic coefficient (g1 /K2), and is inde-
pendent of the rubbing angle.

FIG. 1. Device structure of the reflective IPS LCD. The rubbing direction
at an angleF with respect to the IPS electrodes.,5electrode gap andv
5electrode width.
7 © 2002 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



LC

th

-
ion

-

n:

s cell

4908 Appl. Phys. Lett., Vol. 81, No. 26, 23 December 2002 Sun et al.
Next, we analyzed the switching-on process. The
directors are described as11

f~z,t !5F1~fm2F!sinS pz

d Dexp@~ t2t!/t#. ~6!

Substituting Eq.~6! in to Eq. ~1!, we find

g1

t
~fm2F!sinS pz

d Dexp@~ t2t!/t#

52K2

p2

d2 ~fm2F!sinS pz

d Dexp@~ t2t!/t#

1«0uD«uE2 sin~F1x!cos~F1x!. ~7!

In Eq. ~7!, the parameterx is defined as

x5~fm2F!sinS pz

d Dexp@~ t2t!/t#. ~8!

Let x̄5*0
d/2xdz. At t5t, x̄52/p(fm2F) where (fm2F)

represents the twisted angle of the middle LC layer under
exerted electric filed. Using Eq.~8!, Eq. ~7! can be rewritten
as follows:

FIG. 2. Voltage-dependent reflectance of a reflective IPS homogeneou
cell at 10° and 30° rubbing angles.d53 mm, Dn50.06. ,510mm, and
l5550 nm.
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t
x̄52K2

p2

d2 x̄1
1

2
«0uD«uE2@sin~2F!cos~2x̄!

1cos~2F!sin~2x̄!#. ~9!

When the rubbing angleF50, the LC directors are perpen
dicular to the electric field and the Freedericksz transit
exists. Under this circumstance, the turn-on time is

ton5
g1

«0uD«uE2
sin~2x̄!

2x̄
2

p2

d2 K2

. ~10!

In principle, Eq.~10! is not limited to the small signal re
gime. In the usual small angle approximation~i.e., the elec-
tric field is only slightly above threshold!, x̄!1 and the rise
time is reduced to the following commonly known equatio

ton5
g1

«0uD«uE22
p2

d2 K2

. ~11!

When the rubbing angleFÞ0, we can also obtainton as

LCFIG. 3. Rubbing angle dependent rise time of a reflective IPS LCD. LC
has homogeneous alignment and cell gapd53 mm, g150.1 Pa s andK2

57 pN.
ton5
g1

«0uD«uE2Fcos~2F!
sin~2x̄!

2x̄
1sin~2F!

cos~2x̄!

2x̄ G2
p2

d2 K2

. ~12!
r
nce
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For a given electric field,x̄ can be obtained fromfm which,
in turn, is calculated from the following elliptical equation:12

Ed

2
A«0uD«u

K2
sinfm5E

F

fm 1

A12~sinf/sinfm!2
df.

~13!

Strictly speaking, when the rubbing angleFÞ0 there
exists no Freedericksz transition threshold. However, i
normally black IPS mode, the reflectance is proportiona
the phase retardationd52(2pdDn/l) of the LC cell asR
;sin2(d/2). In the small voltage regime, the phase retar
a
o

-

tion is small andR exhibits a threshold-like transition. In ou
simulations, the rise time is defined based on the reflecta
change fromR0 to R90.

This optical threshold voltage (Vop) can be derived by
assuming that the rise time is approaching infinity atV
5Vop. Thus, the denominator in Eq.~12! should vanish

«0uD«uE2Fcos~2F!
sin~2x̄!

2x̄
1sin~2F!

cos~2x̄!

2x̄ G
2

p2

d2 K2→0. ~14!

From Eq.~14!, the optical threshold voltage is expressed
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Vop5E•,5
p, K2

. ~15!
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d A
«0uD«uFcos~2F!
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1sin~2F!

cos~2x̄!

2x̄ G
de
i-

ve
th
u
L

al
ac
cu

ll

e
g

he
e

e
s.

to

he
ing
ing
,
ge

out

m
e

ef-
tive
ise
off is
oc-
can

act

2th
2, p.

n,

. T.
van

nd
From Eq.~15!, whenF50 andx̄→0, the optical threshold is
reduced to the Freedericksz threshold.13 As the rubbing angle
is increased, the optical threshold voltage is gradually
creased. AtF545°, the optical threshold voltage has a min
mum.

In our calculations for a reflective IPS mode, we ha
placed the interdigitated indium tin oxide electrodes in
top substrate and an aluminum reflector in the bottom s
strate. A quarter-wave film is needed between the bottom
substrate and the reflector in order to obtain the norm
black mode. The TFT aperture ratio was not taken into
count. The following LC cell parameters are used for cal
lations: d53 mm, g150.1 Pa s,K257 pN, D«57.8, Dn
50.06, ,510mm, and v55 mm. Figure 2 plots the
voltage-dependent reflectance of the homogeneous LC ce
l5550 nm for two rubbing anglesF510° and 30°. AtF
510°, the optical threshold (R510%) is;2.1Vrms while at
F530° the threshold is reduced to;1.6Vrms. The on-state
voltage forF530° is slightly higher than that forF510°.

The major advantage for the increased rubbing angl
on the improved rise time. Figure 3 shows the rubbing an
dependent rise time at three gray levels:R510%, 50%, and
100%; hereR stands for the normalized reflectance. As t
rubbing angle increases, the rise time decreases. For
ample, the conventional IPS cell usesF;10°. Its rise time
for the R5100% curve is 35 ms. By merely changing th
rubbing angle toF530°, the rise time is reduced to 15 m

FIG. 4. Rubbing angle dependent optical threshold (R510%), gray level
(R550%) and on-state (R5100%) voltage. The fitting lines inR510%
curve are calculated using Eq.~15!.
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As discussed in Eq.~5!, the rubbing angle makes no effect
the decay time.

Although rubbing angle makes a significant effect on t
rise time, we have to evaluate its impact on the operat
voltage. Figure 4 plots the simulated results on the rubb
angle dependent operating voltage at three gray levelsR
510%, 50%, and 100%. The optical threshold volta
which corresponds toR10 decreases as the rubbing angleF
increases, reaches a minimum atF545° and then slowly
bounces back. The analytical results using Eq.~15! overlap
well with the square data points that are calculated with
any approximation. From Fig. 4, the on-state voltage~corre-
sponding toR5100%) increases noticeably asF.35°. If
the maximum voltage of the amorphous silicon thin fil
transistor is 5Vrms, then the optimal rubbing angle should b
set in the 30°–40° range for achieving faster rise time.

In conclusion, we have analyzed the rubbing angle
fects on the rise time and operating voltages of a reflec
in-plane-switching homogeneous cell. In general, the r
time decreases as the rubbing angle increases. The trade
its increased on-state voltage. The optimal rubbing angle
curs at around 30°–40°. The analyses developed here
also apply to the transmissive IPS LC cells.
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