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The light efficiency of the homogeneously aligned liquid crystal (LC) mode driven by fringe electric
fields depends on the magnitude of the dielectric anisotropy when using a LC with positive dielectric
anisotropy. However, this dependency is not observed when using a LC with negative dielectric
anisotropy. This difference is mainly associated with the molecular reorientation especially in the
tilt angle of the LC between the edges and the centers of the pixel electrodes in the voltage-on state.
This paper explores the dependence of the light efficiency of the device on the magnitude of the
dielectric anisotropy of the LC for both types of the LCs as functions of other cell parameters such
as the rubbing angle and the cell gap.
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I. INTRODUCTION

Nowdays, liquid crystal displays (LCDs) are major dis-
plays among all types of information displays. The im-
age quality of LCDs has been greatly improved in recent
years owing to the development of new LCD modes, such
as multi-domain vertical alignment (MVA) [1,2], in-plane
switching (IPS) [3–5], and fringe-field switching (FFS)
[6–10]. In general, light modulation of the LCDs oc-
curs either by phase retardation or a polarization rota-
tion effect using the LC layers. The light efficiency of
a LC cell mainly depends on the retardation of the LC
layer. In the MVA mode, only a LC with negative dielec-
tric anisotropy (-LC) is used while the IPS mode mainly
uses a LC with a positive dielectric anisotropy (+LC).
For both devices, the light efficiency does not depend on
the magnitude of the dielectric anisotropy at all.

The FFS mode is known to exhibit a wide viewing
angle and a high transmittance as compared to other
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devices. Until now, many reports on the switching prin-
ciples of the device and on improve made in electro-optic
characteristics of the FFS device have been made. The
light efficiency of the device is known to depend on the
rubbing direction [11], electrode structure [12,13], cell’s
retardation [14,15], cell gap [16,17], and the sign of the
dielectric anisotropy [18]. Recently, magnitude of the
dielectric anisotropy with +LC was reported to affects
light efficiency of the device [19].

In the FFS device, the light efficiency is associated
with other cell parameters, such as the rubbing angle and
the cell gap; furthermore, its behavior can be totally dif-
ferent when using -LC. Therefore, this paper investigates
how the light efficiency of the FFS mode is affected by
the magnitude of a dielectric anisotropy of LC for various
rubbing angles and cell gaps for both +LC and -LC.

II. SWITCHING PRINCIPLE OF THE FFS
MODE AND SIMULATION CONDITIONS
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Fig. 1. Schematic cell structure with molecular orientation
in the fringe-field switching mode; (a) off state and (b) on
state.

In the IPS mode in which the optic axis of the LC
coincides with one of the axes of the crossed polarizer;
the normalized light transmission of the device can be
determined by using the following equation;

T/T0 = sin2 2Ψ(V ) sin2(πd∆neff(V )/λ), (1)

where Ψ is the voltage-dependent angle between the
transmission axis of the crossed polarizer and the LC
director, ∆neff is a voltage-dependent effective birefrin-
gence, d is the cell gap, and λ is the wavelength of the
incident light. Before applying a bias voltage, the Ψ is
zero; thus, the cell appears black. With a bias voltage,
the optic axis of the LC starts to deviate from the po-
larizer axis; hence, transmittance starts to occur.

Figure 1 shows a side-view schematic of the cell struc-
ture and orientation of the LC in the off and the on
statesin the FFS cell, in which both the pixel and the
common electrodes exist on the bottom substrate with
a passivation layer between them. The pixel electrode is
patterned in the form of the slit. Here, both the common
and the pixel electrodes are made of transparent mate-
rials. In the device, the LCs are homogeneously aligned
in an initial state with the optic axis of the LC coin-
ciding with one of the axes of the crossed polarizes so
that the cell appears dark in the off state, as in the IPS
mode. When a voltage is applied between the pixel and
the common electrodes, fringe electric fields, which have
both horizontal (Ey) and vertical (Ez) field components
are generated, as indicated in Fig. 1. This field rotates
LC; thus, the LC director deviates from the polarizer’s
axis, giving rise to transmittance.

The vertical electric field (Ez) is well known to be
much stronger at position B (between the center and
the edge of the electrode) than at position A (electrode’s
edge) whereas the horizontal field intensity of Ey is much
stronger at position A than at position B; both Ez and
Ey are zero at the center of the electrode, i.e., at po-
sition C. Consequently, the tilt angle is largest at po-
sition B than at the other two positions because of Ez

whereas the dielectric torque to rotate the homogenously
aligned LC is largest at electrode position A compared

to the other two positions because of Ey; thus, the ro-
tated (twist) angle of the LC director due to the field
will be largest at position A. Further the electric field
continues to decreasing from the bottom to the top of
the LC layer. Thus, LC molecules are twisted from the
bottom to the top of the LC layer continuously, as in the
twisted nematic device [20,21]; thus, light modulation
occurs because of polarization rotation. As the electric
field is zero at the center of the electrode position C, the
orientation of the LC molecules at position C is due to
the elastic torque of its neighboring molecules. Further-
more, the LC molecules near the alignment layer do not
rotate as much as they do at the middle of the LC layer
because of the surface anchoring energy between the LC
molecules and the alignment layer. In other words the
LC molecules rotate more at the middle of the LC layer
than at the bottom and the top substrates, similar to the
IPS device [14]; hence, light modulation occurs because
of phase retardation.

Due to different LC orientations in the on state, the
light modulation can be different, depending upon the
electrode position; thus, the transmittance in Eq. (1)
can be modified as follows [16]:

T/T0 = α sin2 2Ψ sin2(βπd∆n/λ)

+γ(1 −
sin2(π/2

√
1 + (2δd∆n/λ)2)

1 + (2δd∆n/λ)2
) , (2)

where α, β, γ, and δ are fitting parameters related to the
transmittance and effective cell retardations. The first
term in Eq. (2) comes from Eq. (1), and the second term
is incorporated from Gooch and Terry’s transmittance
equation for the TN mode.

In order to calculate the potential and the distribution
of the LC director as a function of the voltage, we per-
formed a computer simulation by using the commercially
available software “LCD Master” (Shintech, Japan). In
the simulation, two different kinds of energy are consid-
ered, namely the elastic energy and the electric energy.
In the FFS mode, deformation of the LC director is as-
sociated with the splay k11, the twist k22, and the bend
k33 elastic constants; thus, the free energy Felastic per
unit volume with respect to changes of elasticity is given
by

Felastic =
1
2
k11(divn)+

1
2
k22(n·rotn)+

1
2
k33|n×rotn|2

(3)

with n being the unit vector of the director,

|n| = 1 (4)

In the presence of an electric field, the electrical energy
Felastic per unit volume due to the electric field is given
by
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Felastic =
1
2
εE · E. (5)

ε is the dielectric tensor of the LC, and E is the electric
field. Then, the total free energy per unit volume F
(Gibbs free energy) is given by

F = Felastic − Felectric. (6)

The LC director distribution is calculated by minimiz-
ing the Gibbs free energy.

To calculate the transmittance of the FFS cell as a
function of the LC orientation, we applied a 2 × 2 ex-
tended Jones matrix [22], assuming the transmittances of
the single and the parallel polarizers to be 41% and 35%,
respectively. In the computer simulations, the width of
the pixel electrode and the distance between them were
4 µm and 6 µm, respectively. The thickness of the in-
sulation layer between the electrodes was 6300 Å, and
the cell gap was 3.6 µm. Various types of LCs having
positive dielectric anisotropy (∆ε = 2, 5, 9.4, 13 at 1
kHz) and negative dielectric anisotropy (∆ε = -9.8, -7.5,
-5, -3.5, -2 at 1 kHz) were selected to characterize the
light efficiency of FFS devices with various cell gaps and
rubbing directions.

III. RESULTS AND DISCUSSION

Figure 2(a) shows voltage dependent transmittance
curves for different values of the positive dielectric
anisotropy (∆ε = 2, 5, 9.4, 13) while keeping the other
conditions such as the rubbing angle and the cell gap,
the same. The variations in the maximum transmittance
and the operating voltage with dielectric anisotropy are
illustrated in Fig. 2(b). The transmittance and the oper-
ating voltage gradually decrease with increasing ∆ε val-
ues. The transmittance for ∆ε = 5 (LC1) was found to
be about 7% higher than it was for ∆ε = 9.4 (LC2).

Figure 3 shows the LC orientation at three different
electrode positions, A, B, and C, and the transmittance
along the y axis in the white state. As indicated in Fig.
3, the tilt angle at position B is larger than those at
the other two positions A and C. According to Eq. (5),
increasing ∆ε would also increase the Felectric, which in
turn reduces Gibbs free energy. Because of the decrease
in the Gibbs energy function, the molecules will be tilted
easily for higher value of ∆ε. Therefore, LC2 would have
a higher tilt angle at position B than LC1. The user
tilt angle of the LC at position B gives rise to a less
elastic torque on the LC at position C so that the twisted
angle of the LC at position C is smaller in the LC with
a higher tilt angle. Because of the lower elastic torque
due to the large ∆ε, the LC molecules at the center (at
C) would not be twisted as much by their neighboring

Fig. 2. (a) Voltage-dependent transmittance curves and
(b) maximum transmittance and operating voltage with +LC
as a fanction of the magnitude of ∆ε.

Fig. 3. LC orientations and transmittance according to
the electrode positions showing different tilts and twists angle
above the electrode, wheel depend on the magnitude of ∆ε in
the on-state: (a) ∆ε = 5.0 and (b) ∆ε = 9.4.

molecules as they would for low values of ∆ε. Hence, the
LC with ∆ε = 5 would have a lower tilt angle at position
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Fig. 4. (a) Voltage-dependent transmittance curves,
(b) transmittance and transmittance difference between two
+LCs as functions of the cell gap, and (c) electrode-position-
dependent transmittance between two +LCs for two different
cell gaps.

B, the LC molecules at position C would be twisted more
by their neighboring molecules than they would for ∆ε
= 9.4. As a result, the twist angle Ψ at position C,
for ∆ε = 9.4 would be lower than that for ∆ε = 5, as
depicted in Fig 3. In the case of position B, the higher
tilt angle decreases the effective d∆n. Hence, according
to Eq. (2) the transmittance at positions B and C would
be lower for higher value of ∆ε due to decreases in the
effective retardation (at B) and the twist angle (at C),
respectively. However, the transmittance at position A
is almost the same for both LCs, as shown in Fig. 3.
Consequently the resultant transmission is found to be
higher for lower values of ∆ε (see Fig. 2).

Figure 4(a) illustrates the voltage-dependent transmit-
tance curve for +LC as s function of the cell gap for LC1
and LC2. As shown in the Fig. 4(a), the transmittance

decreases with increasing ∆ε for the same values of the
cell gap, as explained above. However, the transmittance
increases with increasing in cell gap [16]. The transmit-
tance difference for LC1 and LC2 with increasing in cell
gap is shown in Fig. 4(b). As clearly illustrated, the
transmittance difference between LC1 and LC2 is 3.9%
when d = 2.6 µm, but it increases to 5.8% when the cell
gap increases to 4.6 µm. This indicates that the struc-
tures having larger cell gaps are more affected by the
magnitude of ∆ε. Further, as the observed transmission
in the case of LC2 is smaller than that of LC1, the in-
creasing rate of transmittance with increasing cell gap is
smaller in LC2 than it is in LC1. In order to investigate
the above-mentioned tendency of the transmittance, we
a lot the transmittance as a function of the electrode po-
sitions in Fig. 4(c). As clearly indicated in Fig. 4(c),
the transmittance difference mainly occurs at position
C and increases with increasing cell gap. Moreover, the
transmittance difference between two cells with d = 2.6
µm and d = 4.6 µm at position C is higher in LC1 than
in LC2.

In addition, the transmittance of the FFS mode also
depends on the rubbing angle, where is the angle be-
tween the LC director and the horizontal component of
the fringe electric field [11]. Figure 5(a) shows voltage-
dependent transmittance curves for LC1 and LC2 for
various rubbing angles. As indicated, the transmittance
increases whereas driving voltage decreases with increas-
ing rubbing angle in both cells. Due to the decreasing
driving voltage with increasing rubbing angle, the di-
electric torque will be decreased; hence, the tilt angle of
the LC molecules will be low, which, in turn, increases
the transmission of the FFS mode, as explained earlier.
To find the effect of a change in the rubbing angle on
the transmittance, we calculated the transmittance dif-
ference for LC1 and LC2 for various rubbing angles, as
shown in Fig. 5(b). From Fig. 5(b), the transmittance
differences between LC1 and LC2 drops with increasing
rubbing angle. As the driving voltage and the tilt angle
of LC molecules increases with decreasing rubbing angle,
LC2, which has a higher tilt angle due to its high ∆ε com-
pared to LC1, has much lee way with increasing rubbing
angle scope to tilt down until its saturation level. There-
fore, the degree of increase in the transmission in LC2
will be steeper than in LC1 with increasing rubbing an-
gle. Further, the transmission of LC2 is lower than that
of LC1, as already discussed. Consequently, the trans-
mittance differences between LC1 and LC2, 7.6% at a
rubbing angle of 74◦, drops to 3.8% with increasing rub-
bing angle to 86◦, as shown in Fig. 5(b). The electrode
position dependent transmittances for LC1 and LC2 for
two different rubbing angles are shown in Fig. 5(c). As
clearly illustrated in Fig. 5(c), with various rubbing an-
gle, the difference in the transmittance is mainly decided
by the pixel electrode position C, for which the twist an-
gle is determined by the elastic torque between neighbor-
ing molecules of position B. From the above results, one
can understand that such an electro-optic difference de-
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Fig. 5. (a) Voltage-dependent transmittance curves,
(b) transmittance and transmittance difference between two
+LCs as functions of the rubbing angle, and (c) electrode-
position-dependent transmittance between two +LCs for two
different rubbing angles.

pending on the magnitudes of the dielectric anisotropy,
the cell gap, and the rubbing angle mainly comes from
the molecular orientation around electrode position C,
whose orientation is determined by the correlation with
neighboring molecules.

The +LC will try to orient parallel to the field; how-
ever, the –LC orients perpendicular to the electric field.
In other words, the +LC will tilt upward highly along the
fringe field at electrode position B whereas the fringe
field at that position will generate much less tilt angle
with –LC that with +LC. Therefore, in order to under-
stand clearly how the observed electro-optic characteris-
tics with +LC might be changed with –LC, we performed
an investigations with –LC.

Fig. 6. Profiles of the tilt angles at three electrode posi-
tions for different to signs of the LC dielectric anisotropy: (a)
+LC with ∆ε = 5.0 and (b) –LC with ∆ε = –5.0.

First of all, the profiles of the tilt angle alongs the
LC layer at three electrode positions for +LC and –LC
in the white state ware studied. As clearly indicated
in Fig 6, +LC shows a higher tilt angle that –LC at
all electrode positions. To understand the difference in
detail, we calculated the average tilt angle. As a result,
+LC has a tilt angle of 9.7◦ (at A), 13.2◦ (at B), and 1.0◦
(at C) while –LC has a tilt angle of -5.4◦ (at A), -5.4◦
(at B), and –0.7◦ (at C) from the original tilt angle of
2◦ Here “–” indicates that the tilt deformation occurs in
a direction opposite to the initial tilt direction. Because
of the low tilt angle generated by the field, the FFS cell
with –LC shows a higher transmittance than the FFS
cell with +LC [6].

In order to confirm the tendency of the transmittance
as a function of the magnitude of ∆ε in –LC compared
to +LC, we calculated the transmittance as a function
of the magnitude of ∆ε for –LC, as shown in Fig. 7.
As indicated, the transmittance increases slightly with
decreasing magnitude of ∆ε, but the difference in trans-
mittance is not as strong as it is for +LC. This indicates
that for –LC in the FFS cell, the degree of tilt angle
at electrode position B does not depend much on the
magnitude of ∆ε. As a result, the cell gap and the rub-
bing angle is not as strong as it is for dependency of the
magnitude of ∆ε the +LC.
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Fig. 7. Maximum transmittance as a function of magni-
tude of the ∆ε for –LC.

IV. SUMMARY

In this research, we studied how the light efficiency of
the FFS mode depended on the magnitude of ∆ε for pos-
itive and negative dielectric anisotropy. The results show
that the transmittance can be greatly increased by us-
ing a low-dielectric anisotropy +LC and that the, trans-
mittance for different values of ∆ε is highly influenced
for the cell by a high cell gap and a low rubbing angle.
However, for –LC, the magnitude of ∆ε does not affect
the transmittance, such as the cell gap and the rubbing
angle, should be considered for the light efficiency and
for the proper operating voltage whereas when choosing
the magnitude of for –LC, the operating voltage should
mainly be considered. The results give new information
on understanding the electro-optic characteristics of the
FFS mode to maximize the light efficiency.
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