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Reflective Display Associated with In-Plane Rotation of Nematic Liquid Crystal
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We have fabricated a novel reflective nematic liquid-crystal cell driven by a fringe field. In the absence of an electric field,
the liquid-crystal molecule is homogeneously aligned and when a fringe field induced by interdigital electrodes is applied,
liquid-crystal molecules rotate in plane in the entire whole area. A conventional in-plane switching (IPS) cell was impossible
for application to a reflective system due to its low aperture ratio. However, a newly designed fringe-field switching (FFS)
cell is possible due to its high transmittance. Furthermore it exhibits a wide viewing angle intrinsically owing to the in-plane
rotation of the liquid-crystal director. Several reflective systems with either two polarizers or one polarizer with a quarter-wave
retardation film are possible. In this study, we investigate the switching principle of each system and compare their electrooptic
characteristics by simulation and experiment.
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mission.14) The pretilt angle generated by rubbing was 2◦.
Two glass substrates were then assembled to realize a cell gap
of 4.0µm. Liquid crystal with negative dielectric anisotropy
(�n = 0.074 atλ = 589 nm,�ε = −3.8) from Merck Co.
was used.

For electrooptic measurement, a Halogen lamp was used
as the light source and a square wave, a 60-Hz-voltage source
from a function generator was applied to the sample cell. The
light reflected from the cell was detected to the photomul-
tiplier tube. For LCDs using the FFS mode, three different
types are considered in this study. The first is one with two
polarizers. In this case, normally white (NW) and normally
black (NB) modes can be achieved. Figure 2 shows the cell
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Fig. 1. Top and side views of the electrodes in bottom substrate.
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Fig. 2. Configuration of the reflective FFS modes and light passage using
two polarizers for (a) NW mode and (b) NB mode.

1. Introduction

The role of reflective liquid-crystal displays (R-LCDs) is
becoming important because they are considered to be suit-
able devices for mobile information tools (MITs).1,2) Re-
cently, several approaches, such as reflective-twisted ne-
matic (R-TN),3–5) reflective-optically compensated bend (R-
OCB),6) and stacked guest-host display,7) have been intro-
duced. However, in order for R-TN and R-OCB to exhibit
high image quality, the addition and optimization of optical
compensation films are necessary. The transmissive-type dis-
play, in-plane switching (IPS), has a wide viewing angle in-
trinsically owing to the in-plane rotation of the LC director.8)

However, it has problems such as low light transmittance. Re-
cently, we have developed the “fringe-field switching (FFS)”
mode to solve the low transmittance problem, i.e., it can now
exhibit both wide viewing angle and high transmittance.9–13)

Taking advantage of the in-plane rotation of the LC direc-
tor that allows realization of a wide viewing angle intrinsi-
cally, we apply the FFS mode to the reflective system. There
are several ways of designing reflective FFS displays. In this
study, we investigate the switching principle and discuss the
merits and demerits of the reflective FFS display in different
systems by simulation and experiment.

2. Experimental and Simulation Results

To fabricate a cell of the FFS mode, an indium-tin oxide
(ITO) layer with a thickness of 400̊A was deposited on the
bottom glass substrate and then a passivation layer, SiO2,
with a thickness of 1500̊A was coated by chemical vapor
deposition. Finally, a second ITO layer with a thickness
of 400Å was deposited and patterned as interdigital elec-
trodes, as shown in Fig. 1. The width (w) of the second
ITO electrode was 3µm and the distance (l) between elec-
trodes was 5µm. There was no electrode on the top glass
substrate. An alignment layer (Japan Synthetic Rubber Co.,
AL-1051) was coated on both substrates and rubbing was car-
ried out in antiparallel directions. The rubbing direction (α)
was 78◦, which is in the optimal range for maximum trans-
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cell, light undergoes a full change in birefringence before it is
reflected. The viewing angle characteristics of NW and NB
cells for five grey levels are calculated in the horizontal direc-
tion, and the results are shown in Fig. 4. Grey scale inversion
does not occur even at a polar angle of 70◦. These results
prove that the reflective FFS cell exhibits wide viewing angle
characteristics.

Another reflective system, the NB mode, uses a quarter-
wave retardation film with a single polarizer. Figure 5 shows
the cell structure and switching principle of the device. In the
off state, the linearly polarized light that passes through the
analyzer maintains its state of polarization as it propagates
through the cell because the optical axis of the LC director
is coincident with that of the analyzer. However, the slow
axis of the retardation film below the cell makes an angle of
45◦ with respect to the analyzer, so that the linearly polarized
light becomes circularly polarized light. Here, the retarda-
tion film is assumed to be a quarter-wave plate through the
entire visible wavelength region. Now, the reflected circu-
larly polarized light becomes linearly polarized after passing
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Fig. 4. Calculated viewing angle characteristics in horizontal direction using two polarizers for (a) NW mode and (b) NW mode, where
% indicates relative reflectance at normal direction.
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Fig. 3. Calculated voltage-dependent reflectivity curves in the NB and the
NW modes.

dation value of the cell is 0.3 µm, which is effective to the
half-wavelength. Figure 3 shows voltage-dependent reflectiv-
ity curves for both modes. The reflectivity of the NW cell
is 28.6%, which is slightly better than that of the NB cell
(22.9%), where the reflectivity of a single polarizer on the
reflector is assumed to be 36%. However, the dark state of
the NB cell is better than that of the NW cell. The calculated
contrast ratios for NW and NB cells are 105 and greater than
1000, respectively. That is, the NW cell is favored for bright-
ness, while the NB cell, for contrast ratio. For both cells,
the operating voltage is about 5 V, which is slightly higher
than that of the R-TN mode,4) because in the reflective FFS

configurations of both modes with a reflector under the bot-
tom glass substrate. For calculation, the transmittances for
the single and parallel polarizers were assumed to be 41%
and 36%, respectively. In the NW mode, the rubbing direc-
tion is coincident with the transmission axis of the polarizer
on the top plate. Then, the transmission axis of the analyzer
on the upper plate is parallel to the polarizer on the lower
plate. Therefore, when voltage is not applied, linearly polar-
ized incident light passing through the analyzer in the normal
direction is reflected without any loss of light intensity except
for that absorbed by the polarizers. As voltage is applied to
rotate the LC director by 45◦, the polarization of the incident
light is rotated by 90◦ through the LC layer, and the polar-
izer absorbs the light so that the cell appears black. In the
NB mode, the axis of the analyzer is orthogonal to the polar-
izer. As a result, the polarizer blocks the linearly polarized
light that passes through the LC layers and the cell appears
black. When voltage is applied, the optical axis of the LC
director deviates from that of the analyzer and the linearly
polarized light becomes elliptic such that some of the light
passes through the polarizer and is reflected by the reflector.

The electrooptic characteristics of the reflective FFS cell
are simulated based on the 2 × 2 extended Johns method
to simulate the voltage-dependent reflectivity in normal di-
rection and the viewing angle characteristics.15) The retar-
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through the retardation film, because the quarter-wave plate
transforms the circularly polarized light into the linearly po-
larized light. However, this linearly polarized light is rotated
by 90◦ compared with the incident light. Finally, the analyzer

Fig. 7. Simulated results of the viewing angle characteristics using the one polarizer with quarter-wave plate.
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Fig. 6. Maximum reflectivity and operation voltage as a function of the
retardation of the liquid crystal layer using one polarizer with quarter wave
plate.
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Fig. 5. Cell structure and light passage using one polarizer with quar-
ter-wave plate.

blocks the linearly polarized light so that the dark state is re-
alized. Therefore, in the off state, we need not consider the
retardation of the cell for perfect dark state. For the bright
state of the cell with a half-wave retardation, the optic axis
of the half-wave LC layer is rotated by 22.5◦ by applying
an appropriate voltage to the cell. Then, the linearly polar-
ized input light is rotated by 45◦ by passing through the LC
layer. Now, the polarization is parallel to the optical axis of
the quarter-wave retardation film. Therefore, the light main-
tains the polarization during the double passage through the
quarter-wave film. Then, the reflected light is rotated by −45◦
by propagating through the LC layer once more. Finally, the
reflected light is linearly polarized again, which is parallel to
the transmission axis of the polarizer. Thus, the bright state
is realized. Figure 6 shows the calculated results for driving
voltage and reflectivity as function of the retardation value of
the liquid crystal, where the cell gap is fixed at 4 µm. The data
show that the maximum reflectivity (Rmax) of the device has
been realized at the retardation value of 0.2 µm and the opera-
tion voltage (Vmax) is peaked at the retardation value 0.2 µm,
and rapidly decreases as the retardation value increases fur-
ther. From these results, we have chosen the retardation of
the cell to be 0.3 µm. Figure 7 shows the simulated viewing
angle characteristics. In the horizontal and vertical directions,
grey scale inversion of more than 100◦ occurs and the calcu-
lated reflectivity is 31.4%, which is relatively high compared
with that of the cells with two polarizers. Moreover, the op-
eration voltage is about one-half that of the cells with two
polarizers because the degree of rotation of the LC director is
about half that of those with two polarizers. Figure 8 shows
the measured voltage-dependent transmittance curve of the
cell where the light source is located at a polar angle of −30◦
and is detected at a polar angle of 10◦. The voltage showing
maximum transmittance is 3.5 V, which is lower than those
of previous cases although the dielectric anisotropy of the LC
is only −3.8. In conclusion, the device has such advantages
as high reflectance, wide viewing angle and low driving volt-
age. In addition, the NW mode of the device is also possible
even if the LC optical axis deviates by 22.5◦ of from the po-
larizer. An alternative reflective system is that with a single
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polarizer and a cell retardation value of (n/2 + 1/4)λ where
n is 0, 1, 2, . . . . However, the fabrication of a cell with a re-
tardation of λ/4 is rather difficult because of the low cell gap.

3. Conclusions

In summary, we proposed another reflective display using
the FFS mode. Due to in-plane orientation of the LC direc-
tor, the device has a wide viewing angle without occurrence

of grey scale inversion over a wide range of viewing angle,
irrespective of the number of polarizers. In particular, the de-
vice with one polarizer and quarter-wave plate has low driving
voltage, which is advantageous in terms of low power con-
sumption.
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Fig. 8. Voltage-dependent reflectivity curve using one polarizer with quar-
ter-wave plate.


