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A recently developed new liquid crystal display, which operates in the fringe-field switching mode, is known to exhibit high
transmittance as well as a wide viewing angle unlike the conventional in-plane switching (IPS) mode display. The device shows
unique electro-optic behavior, nevertheless the liquid crystal director rotates almost in-plane as in the IPS mode. We found
that light efficiency decreases as the rubbing angle with respect to the horizontal component of the fringe field decreases for a
liquid crystal with positive dielectric anisotropy, whereas this is not observed for a device driven by the in-plane field. In this
paper, the switching mechanism and voltage-dependent transmittance characteristics with respect to rubbing directions have
been investigated.
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) and voltage-dependent transmittance characteristics depend-

1. Introduction ing on the rubbing direction compared with those of the IPS
Over the last four years, there have been great improveode have been examined by simulation and experiment.

ments made in the viewing angle characteristic of liquid crys- , ) )
tal displays (LCDs). Technologies based on the in-plare EXPerimental and Simulation Results
switching (IPS) modE® and fringe-field switching (FFS)  Figure 1 shows a cell structure of the FFS mode with
modé&-® in which the liquid crystal director rotates in-planefringe-field lines. The indium-tin-oxide (ITO) with a thick-
are used. The electro-optic characteristics of the IPS modess of 400 A was deposited on the bottom glass substrate at
have been studied intensively. The effects of the rubbing dirst and then the passivation layer, $i®ith 1500 A thick-
rection on the voltage-dependent transmission curve and reess was coated by chemical vapor deposition. Finally, the
sponse time have also been studied. Previous works sheacond ITO layer of 400 A thickness was deposited and pat-
that the transmittance of the IPS device is not dependesetrned as interdigital electrodes. The width of the second ITO
on the sign of dielectric anisotropy and rubbing directiorlectrodes was @m with a distance of m between elec-
within the optimized range because the horizontal field driveésodes. There is no electrode on the top glass substrate. In
the LC molecules; instead, the dynamic range and resporthés case, the first and second ITO layers perform the role
time are dependent on the rubbing directiof?) However, in  as common electrode and pixel electrode, respectively and
the FFS mode that discards the concept of interdigital elethere is no horizontal distance between the first and second
trodes between the pixel and counter one and the in-plahEO layers so that fringe field lines are generated instead of
field, the LC molecules are driven by the fringe field andhe in-plane field in the case of the conventional IPS mode
the light efficiency is strongly dependent on the sign of diwith a bias voltage. The alignment layer from Japan Syn-
electric anisotropy? Furthermore, we found that it is alsothetic Rubber Co. (AL-1051) was coated on both substrates
strongly dependent on the rubbing direction when the liquidnd the rubbing was performed in antiparallel directions. The
crystal with positive dielectric anisotropy is used. This resultubbing angle¢) was defined as the angle made with respect
is important to obtain a fast response time of the FFS mode the horizontal component of fringe field. The pretilt angle
with high light efficiency because at the present level, the rgenerated by the rubbing was. ZTwo glass substrates were
tational viscosity of the positive LC is much lower than thathen assembled to give a cell gagh) (of 4.0um. The lig-
of the negative one. In this study, the switching mechanismid crystals with negative dielectric anisotropyr{ = 0.074
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Fig. 1. Schematic diagrams of the cell structure with field lines in the FFS cell. (a) top view and (b) side view of electrodes.
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atA = 589nm, As = —3.8) and with positive dielectric
anisotropy (birefringenceAin = 0.074 atA = 589 nm, di-
electric anisotropyde = 8.0) from Merck Co., were used for

the experiments and simulations. The polarizers crossed each
other and one of them was parallel to the rubbing direction.
In this case, the normalized transmission of light is

T/ T, = sirf(2y) sirf(rdAn/A)

whereys is the angle between the polarizer and liquid crystal
director, andT, is the transmitted light through parallel polar-
izers. Therefore, the FFS mode is normally black mode, and
the transmission becomes maximal when the LC director ro-
tates by 45 with an applied voltage, given the birefringence
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of the LC medium.

Figure 2 shows calculated voltage-dependent transmittance
curves as a function of rubbing direction. For cells with neg-
ative LC, the transmission remains about the same though the (b)
rubbing angle increases to3MHowever, the transmission is
strongly dependent on the rubbing angle for cells with pos-
itive LC. The operating voltage at which the transmission
becomes maximal also increases as the angle between the
rubbing direction and field direction becomes large (smaller)
for negative (positive) LC. The relationship between voltage
and rubbing angle for a fringe-field-driven cell is the same as
that for an in-plane-driven IPS céll.Figure 3 shows exper-
imental results for both cases. The dependence of voltage-
dependent transmission on rubbing direction exactly agrees
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Fig. 2. The calculated result of voltage-dependent transmittance depend’%g
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Fig. 3. The experimental result of voltage-dependent transmittance de-
pending on rubbing direction in the FFS mode using (a) positive and (b)
negative LCs.

with the simulation result and it is clear that the electro-optic
behavior of fringe-field driven cells clearly depends on the di-
electric anisotropy of LC, unlike in the case of conventional
in-plane driven cells. In addition, when the rubbing angle is
45°, the transmission is also decreased significantly because
the maximum rotation of the LC director by an applied volt-
age is only 45. However, in this case, the operational voltage
becomes too high. These different behaviors directly imply
that the distribution of the LC director with a bias voltage is
dependent on the sign of dielectric anisotropy and rubbing
direction. Therefore, we have investigated the light transmis-
sion along the horizontal axis of the FFS cell to understand
the origin of the decrease of transmittance with increasing
rubbing direction for cells with positive LC by simulation as
shown in Fig. 4. As reported in our previous wétkn the
FFS mode, the dielectric torque, initially, and then the elastic
force between neighboring molecules affect the switching of
the LC director. Therefore, the distribution of the LC direc-
tor along the horizontal axis is inhomogeneous, giving rise to
alternating transmittance. Similar behavior is also observed
in previous works, namely that homogeneously aligned LC
molecules assume a hybrid twisted nematic (TN) LC molec-
ular orientation by the electric field generated by the slit-
atterned electrode structure!® Figure 4(a) is a simulation

on rubbing direction in the FFS mode using (a) positive and (b) negat€Sult with resulting light transmission with applied operat-

LCs.

ing voltage where the rubbing angle is°80rhe light trans-
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Itis seen in Fig. 5 that the degree of rotation decreases as the
rubbing angle decreases, indicating that the light transmission
above the center of the electrodes decreases with decreasing
rubbing angle. Now we investigate the origin of the Igw
value in that region. As can be seen in Fig. 1(b), a strong
30 horizontal electric field exists near the bottom substrate be-
tween the region of the edge of the second ITO and first ITO,
40 A A A A A A that is, a strong di i i i
< / \ / \ / \ / \ / \ / \ , g dielectric torque in that region rotates the LC
~ molecules to be parallel to the field lines overcoming the ini-
,E 30 . . A . tial surface boundary condition. This indicates that for a cell
8 20 :"\ /'ﬁ\ / I‘\\ /."-\ / :'\\ /,"\ with a rubbing angle of 80 the LC molecules near the edge
g RAVIEREE AV AV of the second electrodes are twisted abouitf8ém the bot-
§ 10 N “ ' ‘ L NI i \ tom to top substrates. However, away from the edge of second
=~ R O R S electrodes the intensity of the horizontal field becomes weak
0 AW, v \S b ) and the vertical field becomes strong, and the LCs with pos-

itive dielectric anisotropy orient parallel to such field lines.
Consequently, the degree of rotation of the LC molecules is
Fig. 4. The simulational result of light transmission along the y axis in|§SS than 80away from the edge of the second electrodes,
cell when operating voltage is applied and the optic axis of crossed polaid also the LC molecules tilt up so that the transmission de-
izers @) is rotated to obtain the lowest transmission above the centergfagses away from that region. As a result, when the rubbing
electrodes for (ay = 80", and (b = 60°. angle decreases, the degree of twist of the LC molecules in
the edge region of the second ITO decreases and the elas-
mission is oscillating and low above the center of the first force required to rotate the neighboring LC molecules be-
and second electrodes. The positive LC orients along fring@mes weak, giving rise to decreased transmission. We have
field lines, that is, the LC molecules tilt up near the edge pérformed simulations to understand the LC molecular orien-
electrodes instead of rotating so that the elastic force causiatjon in that region. We have compared & 8Qisted TN cell
the LC above the center of electrodes to rotate is weak gwith the LC orientation of the FFS cell with a rubbing angle of
ing rise to a low transmission. This is the main reason wi¢X by rotating the optic axis of crossed polarizers up t&6 90
the positive LC shows lower transmission than the negatifer a cell of the same retardation. The trend of transmission
one. We have also rotated the optic axis of the crossed potdrange is in good agreement for both cases as shown in Fig. 6.
izers ) to check the degree of rotatiogy( above the cen- This supports the explanation that the LC molecules near the
ter of electrodes. As can be seen, when we rapalby 53°, edge of the electrodes are twisted &@®m the bottom to top
the transmission becomes lowest above the center of the etetstrates from the initial homogeneous alignment.
trodes, indicating that the director rotates only by Bvthat In conclusion, in the FFS mode, the switching occurs by
region. Now when the rubbing angle is°6@he peak trans- a dielectric torque and elastic force between neighboring
mission near the edge of the second electrodes is aboutrtiwecules. When the positive LC is used, the LC molecules
same as that for the cell with an 8flubbing angle as shownnear bottom substrates near the edge of electrodes orient par-
in Fig. 4(b). However, it decreases rapidly with increasingjlel to the horizontal component of the fringe-field such that
distance from the edge of electrodes and is lower than thatlvdy are twisted from bottom to top substrates from the initial
the 80 rubbed cell above the center of the electrodes. In thismogeneous alignment. Away from the edge of electrodes,
case, whewp is rotated to 45, the transmission becomes lowthe horizontal field becomes weak so that the LC molecules
est above the center of electrodes, indicating that the direditirup and the degree of twist becomes small, giving rise to
rotates only by 15in that region, which is about 2ess than decreased transmission. As a result, the degree of twist at the
that of the 80 rubbed cell. This explains the decrease of loedge of electrodes decreases as the rubbing angle decreases
transmission as the rubbing angle to the horizontal componant consequently, the degree of twist at the center of elec-
of fringe-field decreases. We have plotted the degree of rati@des becomes lower, giving rise to a decreased transmit-
tion above the center of electrodes against the rubbing anggace, as can be seen in Fig. 5. However, when the negative
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60 switching mode, the FFS cell shows that the light transmis-

50 —4— 60°TN 1 sion decreases as the rubbing angle to the horizontal compo-
© W/.\k —— FFS (o = 60°) nent of the fringe-field decreases for the positive LC. This
; 40 result arises from the unique electro-optic switching charac-
S / teristic of the FFS mode, that is, a strong dielectric torque near
2 30 the edge of electrodes and elastic force controlling degree of
§ 20 w twist above the center of the electrodes. This work is impor-
S tant for the design of fast-speed LCDs with high transmission.
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