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In the fringe-field switching �FFS� liquid crystal �LC� device, competition between two opposite
forces to twist LCs exists near the pixel edge. The authors proposed an advanced FFS structure with
the strong vertical field near the pixel edge which was induced between Cr black matrix �BM� and
pixel electrode due to electrical connection between the Cr BM and the common electrode. The
vertical field induces a tilt angle of LCs which increases with increasing field intensity. As a result,
the degree of twist in the reverse direction decreases with increasing the pixel voltage, and thus
voltage-dependent LC dynamics becomes very stable even at high applied voltages. © 2007
American Institute of Physics. �DOI: 10.1063/1.2715494�

Today, liquid crystal displays �LCDs� using a wide view-
ing technique have been greatly used in various applications
such as mobile phones and notebook personal computers.
Among several technologies, in-plane switching1,2 �IPS�
mode with wide viewing characteristics was the first one that
exhibited high image quality, although it showed intrinsically
low transmittance. On the other hand, the fringe-field switch-
ing �FFS� mode,3,4 which is driven by a fringe electric field,
is the representative one that showed high transmittance and
wide viewing characteristics at the same time. Actually, in
the FFS mode using the LC with positive dielectric aniso-
tropy, the horizontal field direction of the active region is
different from that near the edge of the pixel slit owing to the
patterned pixel edge shape. Moreover, the LC directors
placed at these locations differ in orientation from their
neighboring directors at applied voltages, i.e., an area with
reverse twist5 are formed causing disclination lines �DLs�.
Since LC dynamics in this area is very unstable, especially at
a high voltage, DLs easily extend into an adjacent pixel area,
resulting in low transmittance and dynamic instability.
Therefore, to achieve a high performance FFS device, it was
necessary to control the reverse twist region via optimal de-
sign of a pixel electrode and several approaches6–9 were
reported. Nevertheless, those approaches decrease the
transmittance.

To solve this problem, we suggested an advanced FFS
structure with a strong vertical field at the edge of the pixel,
which is generated between Cr black matrix �BM� and pixel
electrode. Here, the Cr BM is connected to the common elec-
trode on the bottom substrate so that the signal of the com-
mon voltage is applied. In this letter, we discuss how a ver-
tical field reduces the twist angle in the opposite direction,

thereby increasing transmittance and voltage-dependent dy-
namic stability of the LCs.

Figure 1 shows cross-sectional and top views near the
edge of a pixel in the conventional FFS mode. As can be
seen, the electrodes exist only on the bottom substrate. The
common electrode exists in the plane form and the pixel
electrode with patterned slits exists with a width w and a
distance l�. With this structure, the fringe electric field hav-
ing both horizontal and vertical components is generated
with a bias voltage. The slit angle is �, which is 7° in this
case. The rubbing direction is given to the horizontal direc-
tion so that the LC director makes an angle of 83° with
respect to the horizontal component of the fringe field. With
this pixel structure, the field direction of the horizontal com-
ponent in the active region is different from the direction
near the edge of the pixel slit due to the patterned pixel edge
shape, as shown in Fig. 1�b�. For a test, the w and l� are
designed to be 3 and 5 �m, respectively. The cell gap �d� is
4 �m. The thicknesses of the passivation and insulation
layers are 4000 and 2000 Å, respectively. The LC with
a positive dielectric anisotropy ��n=0.098 at �=589 nm,
��=8.2� is used.

In the FFS device where a uniaxial medium exists under
crossed polarizers with its optic axis coincident with the po-
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FIG. 1. Schematic cell structure near the pixel edge in the conventional FFS
mode: �a� cross-sectional and �b� top views.
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larizer axis, the normalized transmission of light can be de-
scribed by

T/T0 = sin2�2��V��sin2��d�n/�� ,

where � is the angle between the polarizer and the liquid
crystal director. Therefore, the FFS mode is a normally black
mode and the transmission becomes maximal when the LC
director is rotated by 45° by an applied voltage. Due to use
of positive dielectric anisotropy, the LC orients parallel to the
field direction. However, in this device, the twisting direction
of voltage dependent � in the active area is different from
that in the edge area, that is, opposite each other due to
different field directions, resulting in collision between LCs.
This causes generation of DLs.

First, we have performed a computer simulation to in-
vestigate voltage-dependent transmittance characteristics and
DLs near the pixel edge. For the simulation, we have used
the commercially available software TECHWIZ LCD �Sanayi
System, Korea�, where the motion of the LC director is cal-
culated based on the Eriksen-Leslie theory and 2�2 Jones
matrix10 is applied for optical transmittance calculation.

Figure 2 shows the transmittance with DLs near the
pixel edge. As already mentioned, the horizontal field direc-
tion near the pixel edge is different from that in the active
region, and thus the LC directors placed at the pixel edge
differ in orientation with neighboring directors, i.e., the LCs
rotate in anticlockwise direction in the active region while
the LCs rotate clockwise in the edge region. Because of the
existence of a reverse twist, the LC molecules existing at the
boundary cannot rotate in either direction, and thus LC re-
mains at the original state, giving rise to dark DLs. More-
over, the DLs extend into the active area at a high applied
voltage, and thus the transmittance in the panel is rapidly

decreased. Therefore, it is necessary to eliminate the reverse
twist region to achieve good electro-optic properties of the
FFS mode. This kind of the reverse twist was observed in
the IPS mode;11 however, the solution in the IPS mode can-
not be applied to the FFS mode due to difference in electrode
structures.

To solve the problem, we proposed the advanced FFS
structure with strong vertical field near the pixel edge. Here,
the vertical field is generated between Cr BM and the pixel
electrode by electrically connecting Cr BM to the common
electrode on the bottom substrate.

Figure 3 shows how the transmittance changes with in-
creasing the applied voltage to the pixel electrode from
3.5 to 5.5 V with respect to the common electrode 0 V at the
advanced structure. More clearly indicated in Fig. 3, even at
the voltage difference of 3.5 V, is that the level of darkness
in DLs becomes weak, i.e., more light is transmitted in the
advanced structure than in the conventional one. Besides, the
degree of DLs in terms of darkness and intrusion into the
active region reduces as the voltage difference between the
pixel and common electrode increases. From these, we can
understand that as the vertical field increases, the reverse
twist near the right bottom corner of the pixel edge disap-
pears, giving rise to improved transmittance.

To confirm the calculated results, we fabricated unit test
cells. Figure 4 shows an optical microscopy image of the
cells with two different structures when operating voltage is
applied to the each cell. As clearly indicated, the DLs in the
cell with strong vertical electric field in Fig. 4�a� are greatly
reduced compared with the one without vertical electric field
in Fig. 4�b� �compare DLs inside the dotted square box�. In
addition, DLs near the pixel edge barely extend into the ac-
tive region in the advanced structure.

To understand vertical field effects on reverse twist, the
field intensities of the vertical �Ez� and horizontal �Ey� elec-
tric fields near the pixel edge which cause reverse twist are
calculated at three different voltages, as shown in Fig. 5. At
this point, the field intensity of Ez is stronger than that of Ey

FIG. 2. Transmittance near a pixel edge of the conventional FFS structure in
a white state.

FIG. 3. Transmittance change near pixel edges with increasing the vertical
field in the advanced structure when the voltage differences between the
pixel and common electrodes are �a� 3.5 V, �b� 4.5 V, and �c� 5.5 V.

FIG. 4. �Color online� Optical microphotographs of the
test cells �a� with and �b� without the vertical field.
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at each vertical distance, which indicates that the LCs near
this region is more influenced by Ez than Ey, indicating that
the LCs experience tilt deformation rather than twist one. In
addition, the strong field intensity of Ey near the bottom sub-
strate decreases with increasing vertical distance.

Finally, we calculated the orientation of the LC director,
in a reverse twist region where the field competition exists,
to analyze an increase in transmittance. Figures 6�a� and 6�b�
show the twist and tilt angles of the LC along the vertical
axis while increasing applied pixel voltage from
3.5 to 5.5 V. As can be seen in Fig. 6�a�, the LCs are re-
versely twisted, i.e., negative twist angle when the top elec-

trode does not exist and the tilt angle is less than about 5°
along vertical distances. However, as the Cr BM on the top
substrate exists and the voltage difference between the pixel
and common electrodes is induced, the tilt angle in this re-
gion is generated and it becomes larger and larger with in-
creasing voltage. Consequently, the torque to rotate the LCs
in a reverse direction becomes weak except just near the
bottom substrate ��z /d=0.1� where a dielectric torque be-
tween strong Ey and low tilt LC causes reverse twist, and
thus most LC layers are twisted in anticlockwise direction,
resulting in disappearance of DLs. Especially, all LCs rotate
anticlockwise at the high voltage of 5.5 V, indicating that the
voltage-dependent LC dynamics becomes stable with in-
creasing voltage at the edge of the pixel.

In summary, we proposed an advanced FFS structure
having strong vertical field near the pixel edge. This structure
minimizes DLs near the pixel edge, thereby increasing trans-
mittance. Further, the device has the advantage of keeping
LC dynamics stable even at high applied voltage. We expect
that this pixel structure would accelerate the FFS-LCD ap-
plications for high resolution and pen-based tablet PC.
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FIG. 5. Distribution of the horizontal and vertical electric fields near the
reverse twist region at different voltages in the advanced structure.

FIG. 6. Voltage-dependent �a� twist and �b� tilt angles of LCs at two differ-
ent structures. Here S�1 and S�2 indicate conventional and advanced struc-
tures, respectively.
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