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The response mechanism of a vertical alignment mode, driven by a fringe field, is investigated in detail using small-
angle approximation. The flow effects can be ignored when using theoretical analysis. The period of the liquid
crystal (LC) deformation in the transversal direction, instead of the lognitudinal direction, shows the cell gap effect
on the response time in the LC layer’s thickness. The authors’ analytical results indicate that a liquid crystal display

(LCD) mode with a small transversal period could provide a new method that gives a fast response.
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1. Introduction

During the past 20 years, liquid crystal display (LCD)
modes with a fast response and a wide viewing angle
have been the topical research issue in the application
of LCDs (/) and many nematic LCD modes have been
proposed. In-plane switching (IPS) (2) and fringe-field
switching (FFS) (3) modes have a wide viewing angle,
but their response is slow for twist deformation.
Several vertical alignment (VA) modes, such as
multi-domain VA (4), patterned VA (5) and advanced
super-V (6), show fast responses because of their bend
deformation (7). The optically compensated bend
(OCB, or Pi cell) mode has the advantage of a very
fast response speed, but has a relatively narrow view-
ing angle compared with that of the other modes listed
above (8).

Several techniques are used to improve the
response speed, such as having a thinner cell gap,
using the overdrive and undershoot method, using
low-viscosity liquid crystal (LC) materials and operat-
ing in elevated temperatures (/). Among them, redu-
cing the cell gap is considered conventionally as the
major method for obtaining a faster response because
the response time is proportional to the cell gap’s
square. However, a thick cell, vertically aligned and
driven by dual FFS (FFS-VA) mode, was proposed
and takes the advantages of both the fast response and
wide viewing angle (9). In this mode, the thickness of
the LC layer is more than 10 wm, which is larger than
the conventional thickness, but its response time can
be reduced to less than 1 ms, which can be used in any
type of LCD application. The response times for this
mode are more than 16 times faster than that of

normal VA mode LCDs, but the fast response
mechanism has not been clear up to until now and it
cannot be explained obviously by the conventional
theory.

In this paper, we investigate the response mechan-
ism of this thick cell FFS-VA mode. Our theoretical
analysis shows that the backflow and flow effect of
LCs can be ignored. The potential distribution and the
LC deformation are periodic in the transversal direc-
tion. The transversal period of the LC director’s defor-
mation, instead of the lognitudinal LC layer thickness,
shows the cell gap’s effect on the response time. The
theoretical results are also confirmed by the numerical
simulation.

2. Model and theory

In the thick cell with dual FFS electrodes, the electric
field near the substrate is much stronger than that in
the middle of the LC cell, as shown in Figure 1(a).
Z1I-4792 LC material with positive dielectric aniso-
tropy (Ae > 0)is used in a numerical simulation with a
two-dimensional LC simulator (LCD Master devel-
oped by Shintech). The LC is perpendicular to the
substrate at the initial state, moving in the electric
field after the driven voltage is added. The width (1)
and gap (G) of the pixel electrodes inside the common
electrodes is equal to 2 pm (9). The driven voltage is
10V, the surface anchoringis 5 x 1074J m~2, and the
cell gap is 10 wm. From Figure 1(a), we see that the
LCs far from the substrates do not tilt, that is to say,
the bottom and top electrodes have no effect on each
other. Moreover, the LC molecules above the centre of
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Figure 1. (a) The potential and LC distributions of the thick cell dual FFS-VA mode driven by 10 V. (b) Device structure of the

FFS-VA mode in theoretical analysis.

the electrodes and the gap also do not tilt because of
the weak transverse electric field. In the ellipses near
the edges of the pixel electrodes, the LCs tilt down
oppositely and there is no downwards tilt in the LCs
aslightly further away from substrates. In this case, we
can assume that some LCs in these ellipses cannot tilt,
even though there is a strong transversal electric field.
Therefore, we can use the ideal structure model as
illustrated in Figure 1(b) to analyse the response
mechanism of the thick cell DFFS-VA mode. The

LC molecules without tilt deformation appear at the
edges and the centre of the pixel electrodes and the
centre of the gaps of the pixel electrodes. The periods
of the electric field and the LC deformation are Py =
(W + G)/2 (for the electric field) and P, = (W + G)/4
(for the LC deformation).

In the LC layer, the electric field distribution induced by
the FFS electrodes has been investigated as the comb-
on-plane switching mode (/0). The horizontal and
vertical components of the electric field for W= G are
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E. = —Ksinﬂcoshﬂ (cosx—7T + cosh ﬁ)
P, 2P, 2P, P, P,
(la)
E. = —Kcosx—wcoshz—7T <COSE+ coshzl>.
- P, 2P, 2P, P, P,
(1b)

Here, V' is the voltage applied to the pixel electrodes
and x = 0 and z = 0 correspond to the centre of the
electric gap and the bottom substrate surface, respec-
tively. In the LC layer, the x-component of the electric
field has a period (Pg = 2P,) and drives LC molecules
to the electric field direction, but the z-component
holds the vertical alignment. In a different spatial
position, the angle of the LC director and the electric
field direction is

0(x) = tan~! (Ex> _ T

=) = . 2
Ez 2Pd ( )

Here, 6(x) is linearly dependent on x, but independent
of z. In our earlier paper (//), we analysed the response
mechanism of the OCB cell. In an OCB cell, the electric
field is perpendicular to the substrate surface and the
LCs’ tilt angles vary with z. Comparing the relationship
of the LC director and the electric field direction, we
can see that the LC deformation in the x-axis of this
mode is similar to that in the z-axis of OCB mode.
Now, we reconstruct the LC cell along the x-axis.
In the reconstructed LC cell (illustrated in Figure 2), in
which the cell gap is Pr = 2P,, the LCs are parallel to
the surface, and the arrows represent the electric field
directions and the length means the strength of the
electric field. The LC at the surface does not change
its angle because the electric field direction is parallel
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x=0 x=2Pd

Figure 2. The reconstructed LC cell in the x-axis and the
electric field distribution.
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to the LC direction. The LC in the middle layer also
does not change because the forces induced by the
upper and lower LC deformations cancel each other.
In the OCB cell, the backflow effect can be ignored
because of the same flow direction in the upper and
lower parts of LC layer, but flow effect must be con-
sidered because there is no period wall to cancel the
flow. In this reconstructed cell, the backflow effect can
be ignored because of the opposite tilt change in the
upper and lower parts and because there is no change
in the middle layer. The flow directions in the two
parts are the same and along the z-axis, and the flow
effects can be cancelled by the real substrate surfaces.
Moreover, the flows of the two parts in the x-axis are
opposite and equal to each other, which implies that
the flow effect can be ignored. Then, we have the
dynamic equation without the flow effect for this
mode (/1-13):

d¢ . 2 &¢
Vo = (K sin® ¢ + K33 cos” qb)ﬁ
do\* S|
+ [ (K33 — K1) e +e9AcE”| sin ¢ cos ¢,
3)

where K;; and K33 are the splay and bend elastic con-
stant, respectively, Ae is the dielectric anisotropy, ¢ is
the changed angle of the LC tilt angle, which changes
with time (7) and position (x) and ~ is the bulk rota-
tional viscosity. Using small-angle approximation, the
LC profile for the decay processes can be written as
(11, 14, 15)

. 27x
‘Pdecay(za t) = Om SlnP—EeXp(_l/Td)~ (4)

Here, ¢,, is the maximum deformation of the LC under
an electric field. To obtain the decay times, we can use
one elastic constant approximation (K;; = K33) and let
t = 7. Substituting Equation (4) into Equation (3), we
get the decay time for the cell switched from the on
state to the off state:

VPE

Td = 47T2K33 ' (5)

With the decay time (7o = vd*/(7*K33)) of the con-
ventional VA cell (15), the decay time of the FFS-VA

mode becomes
1 /P:\?
Td = Z <7) 70, (6)

which shows that the response speed of FFS-VA cell
1s four times faster than that of the conventional VA



14: 30 25 January 2011

Downl oaded At:

1002

H. Ma et al.

Table 1. Comparison of the theoretical and numerical optical decay times.

Cell 1(9) Cell IT (9) T part (16) R part (16)
Theoretical results 1.08 ms 0.33 ms 2.06 ms 0.81 ms
Numerical results 1.05 ms* 0.37 ms® 2.1 ms® 0.9 ms®

Notes: “From 1/8 grey level to dark. °From 1/2 grey level to dark.

cell, even if P = d. In fact, the cell gap of the con-
ventional VA cell is usually above 4 pm, and P is in
the range 2—-5 pm in the FFS mode because the width
and gap of electrodes are around 2-5 pm (see (9)). As
a result, the improvement of the response time
depends on the period of the LCs’ deformation or
the electric field; the response is improved more than
16 times if P is less than 2 pm using the FFS-VA
mode. For the rise time, the improvement is the same
as the decay time, because the rise time is propor-
tional to the decay time with a factor that includes the
driven electric field (75).

The response time of the LC director in the z-axis is
the same to that in the x-axis, and the response time of
the optical transmission has a direct relation with the
LC’s response time in the x-axis. Dr Wang gives the
ratio of the optical decay time and the LC director
decay time as about 0.62, derived from the numerical
calculation when the driven voltage is a little larger
than the threshold voltage (15). Now, we examine the
optical decay time in the thick cell dual FFS-VA mode
(9, 16) using our results. Substituting the parameters
of the LC and the pixel electrodes in Equation (5) and
the ratio (0.62), the calculated optical decay times
compared with the numerical optical decay times
(simulated by TechWiz 3D developed by Sanayi) are
shown in Table 1. We can see that the theoretical
analysis is well confirmed by the numerical results.

3. Conclusion

In summary, the response mechanism of the FFS-VA
cell was investigated. The backflow and flow effects
are neglected because of the opposite tilt change. The
period of the LC deformation in the transversal direc-
tion, instead of the thickness of the LC layer in the
lognitudinal direction, shows the cell gap effect in the
critical formula of the response times. The thin period
of the LC deformation shows an improvement of more
than sixteen times. The shortcoming of this thick cell
DFFS-VA mode with the positive LC material is the
rigorous contraposition of the top and bottom pixel
electrodes, which can be very difficult. This mode,
with negative dielectric anisotropic LC material,

should solve this problem (/7). The theoretical results
have a potential application in designing fast-response
LCDs in the future.
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