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Several new transmittive bistable twisted nematic liquid display (BTN-LCD) modes are developed. Unlike previous ver-
sions, these BTN modes do not require cross polarizers. Experiments confirmed that these modes have high contrast ratio and
reasonably high transmittance. The dispersion characteristics of some of these modes are comparable to ordinary waveguiding
TN modes. That is, they afford true black/white operations without any need for further color compensation.
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1. Introduction

Bistable twisted nematic (BTN) liquid crystal display
(LCD) that can be switched between two metastable twist
states were first discovered by Berreman and Heffner in
1981.1) A 0 to 2π bistable twist configuration was reported.
Heuristically, this bistability is due to a mismatch in nematic
liquid crystal natural pitchp and the LC cell alignment con-
ditions for a given cell thicknessd. This mismatch is de-
liberately increased to produce alignment bistability. It has
been shown theoretically that bistability occurs for a particu-
lar range ofd/p ratio.2,3) Recently, many studies have been
devoted to this BTN-LCD, including reflective mode BTN
(RBTN).4) Tanakaet al.5) developed a passive-matrix BTN
display that can be driven like an active matrix display.

In most of the reported BTN studies, the display switches
between the 0 and 2π twist states. Xieet al.6) present the BTN
device switch between the−π/2 and 3π/2 twist states and
between theπ/2 and 5π/2 twist states. They also found that
(−π/2, 3π/2), (π/2, 5π/2) and (0, 2π ) twist states exhausted
all possibilities of transmittive BTNswhen cross polarizers
were used. However, such cross or parallel polarizer geome-
try may not be necessary in general. Recently, Tang etal made
use of the 4× 4 Mueller matrix to derive many general trans-
mittive and reflective BTN modes.7) While that approach is
elegant and is able to search for good optical modes, we shall
show in this paper, that it is possible to search for these modes
where the input/output polarizers are not necessarily perpen-
dicular or parallel to each other by using the 2× 2 Jones ma-
trix. The good optical properties of these new BTNs are ex-
perimentally confirmed. It will be shown that these BTNs can
be made quite easily in the laboratory.

The BTNs discussed in this paper are the twisted ne-
matic type. There are several other kinds of bistable nematic
displays that are different from the normal BTN discussed
here. Dozovet al.8) proposed a new fast BTN display us-
ing monostabe surface-anchoring. Bryan-Brownet al.9) pre-
sented a grating aligned BTN LCD that can be switched by
sub-millisecond pulses. These displays operate on a differ-
ent principle from the BTN reported in refs. 1–7. For the
bistable twist states, their physics based on a backflow mech-
anism have been theoretically studied.2,3)

In the following sections, we shall first discuss the gen-
eral BTN mode using the 2D parameter space diagram ap-
proach.10) Their optimization will then be described, followed
by a presentation of the experimental verification. It is be-

φ1+ 2π ). Experimentally, it was found that it was very diffi-
cult to obtain bistable states when the twist angle was higher
than 2π . A dynamical modeling also failed to model the (π/2,
5π/2) BTN, though the case was obtained in experiment with
very criticald/p ratio.2–4) So we shall restrict ourselves toφ1

values smaller thanπ/2.
Another reason to restrictφ1 to smaller thanπ/2 is that

for high twist states, it has been pointed out that an unwanted
striped texture often appears.11) This has been studied thor-
oughly for the case of supertwisted nematic (STN) cells with
high twist angles and is related to domain formation due to the
high twist.12) These striped textures will undoubtedly degrade
display performance. From the two reasons given above, we
shall limit our choice of twist angle being no more than 5π/2
in any state, i.e. the (π/2, 5π/2) mode. Naturally, it is much
better if one state has a left-handed twist angle and another
has a right-handed twist angle, so that both bistable twist
states are of small angles, such as the (−π/2, 3π/2) BTN.4)

The next parameter that should have a natural limit is the
retardationd1n. It is found that ifd1n is larger than 1.1µm,
the dispersion is large. This large dispersion is especially bad
for the dark state since it affects the contrast ratio of the BTN
LCD. Hence larged1n is not desirable. Additionally, ifd1n
is smaller than 0.2µm, although the dispersion is small, the
cell thickness is also small and cannot be easily put into prac-
tice. Therefore, we shall restrictd1n to values be between
0.2 and 1.1µm.

2.2 Jones matrix analysis
The optics of the twisted nematic layer can be described by

using the 2×2 Jones matrix method.10) In a recent paper, Tang
et al used the 4× 4 Mueller matrix to describe the optics of

lieved that these new BTN modes are much better than the
traditional (0, 2π ) mode and should find applications in prac-
tical devices.

2. Optics of the BTN Display

2.1 On the range of LC parameters
The major LC cell parameters, which determine the optical

properties of the display, are the input polarizer angleα, the
output polarizer angleγ , the twist angleφ, the LC cell thick-
nessd and the LC birefringence1n. The latter 2 parameters
always appear together asd1n/λ and therefore can be re-
garded as just one parameter. In this section, we shall discuss
the range of these parameters for practical BTN displays.

Let us first consider the twist angleφ. In our discus-
sions, we shall denote the 2 bistable twist angles asφ1 and
φ2 = φ1 + 2π . The BTN mode is therefore denoted by (φ1,



the BTN display.7) Many display modes can be obtained us-
ing that elegant approach, especially for the BTN where both
stable states are of uniform twists. In this paper, however, we
shall use the Jones matrix approach. This method is quite in-
tuitive and physical. Using the Jones matrix, it is very easy to
describe the optics of the two metastable twist states as both
have a uniform twist angle and a small tilt angle. For such
cases, defining thex-axis to the direction of the input direc-
tor, the Jones matrix is given by,10)

M =
(

A− i B −C − i D

C − i D A + i B

)
(1)

where

A = cosφ cosχ + φ
χ

sinφ sinχ (2)

B = δ

χ
cosφ sinχ (3)

C = sinφ cosχ − φ

χ
cosφ sinχ (4)

D = δ

χ
sinφ sinχ (5)

and

χ = (δ2 + φ2
)1/2

(6)

δ = πd1n/λ (7)

1n = ne(θ)− no (8)

Table I. Five conditions for good display performance forλ = 550 nm and
α = π/4. For such Case 1 solutions,φ1 corresponds to the dark state.

No. γ φ1 φ2 d1n

1 π/16 −11π/16 21π/16 0.3994

2 π/16 5π/16 27π/16 0.5225

3 13π/16 −31π/16 π/16 0.2728

4 π/16 −23π/16 9π/16 0.7648

5 5π/16 −7π/16 25π/16 1.0734
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In these equations,no is ordinary index,ne(θ) is extraordinary
index at an average director tilt angle ofθ and given by the
usual expression

1

n2
e(θ)
= cos2 θ

n2
e

+ sin2 θ

n2
o

. (9)

We shall assumeθ to be zero in this paper.
In a simple transmittive LCD, a liquid crystal cell is placed

between two polarizers. The input and output polarizer axes
are at an angle ofα andγ to the input director of the liquid
crystal cell, respectively. The transmittance of this optical
arrangement is given by

T(α, γ, φ, δ) =
∣∣
(cosγ sinγ ) · M ·

(
cosα

sinα

)∣∣2
. (10)

∣∣∣ ∣∣∣
It is straight-forward to show that eq. (10) gives

T(α, γ, φ, δ) =
[

cosχ cos(φ + α − γ )

+ φ
χ

sinχ sin(φ + α − γ )
]2

+ δ2

χ2
sin2 χ cos2(φ − α − γ ). (11)

We can denote the 2 bistable twist angles to beφ1 andφ2. In
the first case, we shall assume thatφ1 is the dark state andφ2

is the bright state with

φ2 = φ1+ 2π. (12)

In order to obtain the best display optical performance, the
conditions ofT(α, γ, φ1, δ) = 0 andT(α, γ, φ2, δ) = 1 are
required. This will guarantee a high contrast ratio and a high

.using the 2× 2 matrix. This is to be expected since the 4× 4
matrix is derived from the 2× 2 matrix in the first place.
2.2.2 Case 2

For every solution given in Table I, there is a correspond-
ing solution which can be obtained by reversing the dark and
bright states, and rotatingγ by π/2. Thus instead of eq. (14),
we have the condition

φ1 + α − γ = 0(modπ). (18)

transmittance in the bright state.
2.2.1 Case 1

χ1 = Nπ N = 0, 1, 2, . . . (13)

φ1+ α − γ = π

2
(modπ). (14)

It can be shown thatT(α, γ, φ2, δ) = 1 when the following
two conditions are met

χ2 = Nπ + π
2

(16)

α = Nπ ± π
4
. (17)

From eq. (17), we can use the valueα = π/4. It can be
verified that the−π/4 value ofα does not yield additional
new results. The values ofα, γ , φ1, φ2, d1n can then be
obtained by solving eqs. (12), (13), (14) and (16). Table I
shows five results of these BTN whered1n is smaller than
1.6µm forλ = 550 nm. They will be referred to as the Case 1
first mode, second mode etc. These results are essentially the
same as reported by Tanget al. except that they were derived

Equation (13) is known as integral waveplate condition.13)

When the liquid crystal layer fits this condition, it can be
treated as a polarization rotator with a rotation angle ofφ1.

Using eqs. (12) and (14), the transmittance of theφ2 state
can be written as

T(α, γ, φ2, δ) = sin2 χ2

(
1− δ2

χ2
2

cos2 2α

)
. (15)

These solutions can be called Case 2 solutions. Hence the
φ1 state will correspond to the bright state. They are quite dif-
ferent from Case 1 solutions in that the dark and bright states
are reversed and the dispersion properties are different. Fig. 1
illustrates the relationship between Case 1 and Case 2 solu-
tions. In that Figure, we plot the transmission spectra of the
bright and dark-states of the third mode in Table I. It can be
seen that for the Case 1 solution, the bright-state is slightly
dispersive while the dark-state is quite non-dispersive. The
Case 2 solution is just the reverse of the Case 1 solution. The
bright-state is non-dispersive and the dark-state is slightly dis-
persive.

It can easily be seen thatT(α, γ, φ1, δ) = 0 if



2.3 Comparison with previous BTN modes
In this section, we shall compare the optical properties of

the new modes found in this paper and those published previ-
ously. First, it should be mentioned that the modes found in
this paper are the same as those of Tanget al.,7) which were
obtained using the Mueller matrix approach. So the compari-
son will mainly be with earlier publications.

Reviewing the literature, most of the BTNs have bistable
0 and 2π twists. This (0, 2π ) mode was used in the original
Berreman paper,1) as well as the Tanaka paper.5) We shall re-
fer to this as the Tanaka mode, with(α, φ, φ + 2π, d1n) =
(45◦, 0, 2π, 0.275µm). There is another (0, 2π ) mode ob-
tained by Xieet al.6) That mode was optimized in terms of
maximizing the contrast using the 2D parameter space. Its
(α, φ, φ + 2π, d1n) values are (0, 0, 2π , 0.78µm) respec-
tively. This combination will be called the Xie mode. Exam-
ining Table I, it is seen that the closest mode that is nearest
to this (0, 2π ) mode is the third mode of (π/16,−31π/16).
This mode can also be referred to as the (−π/16, 31π/16)
mode by inverting the signs of all angles. This way, it looks
more like the (0, 2π ) mode. We shall refer to this as the Guo
mode. So we shall compare this Guo mode with the Xie mode
and the Tanaka mode since they all have similar bistable twist
angles.

Figure 2 shows the transmission spectra of the bright and
dark-states of the Tanaka mode, the Xie mode and the Guo
mode respectively. The parameters for the calculation are
summarized in Table II. It can be seen that the Xie mode
is bad in the bright state transmittance, but excellent in the
dark-state transmittance. As a matter of fact, the dark-state is
identically zero, independent of wavelength. This can be use-
ful in some applications where the contrast is important. The
bright-state transmittance of the Tanaka mode and the Guo
mode are very close to each other. However the dark-state
transmittance of the Guo mode is significantly better than that
of the Tanaka mode. All in all, it is seen that the Guo mode
represents a considerable improvement in the optical proper-
ties of the BTN. Note that this (−π/16, 31π/16) Guo mode is
only one of many modes discovered using the new optimiza-
tion scheme in this paper and that in Tang’s paper.7)
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Another BTN mode discussed in the literature is the
(−π/2, 3π/2) twist mode presented by Xieet al.6) Again,
that mode was optimized for maximum contrast, and the

Wavelength (nm)

350 400 450 500 550 600 650 700 750

T
ra

ns
m

itt
an

ce

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Fig. 1. Transmittance spectra of the Case 1 mode and the Case 2 mode.
Values in the number 3 mode in Table I are used.
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Fig. 2. Transmittance spectra of the Tanaka mode, the Xie mode and the
Guo mode (this paper), with similar bistable twist angles. Note that the
bright state transmittance of the Tanaka mode and the Guo mode are almost
identical.

Table II. Parameters used in calculating the transmittance spectra in Fig. 2.

α γ φ1 φ2 d1n (µm)

Tanakaet al. 45◦ −45◦ 0 2π 0.275

Xie et al. 0 90◦ 0 2π 0.78

This paper −45◦ 11π/16 −π/16 31π/16 0.2728

where f (λ) is the photopic response of the eye. The contrast
ratio is then calculated as the ratioT(φ2)/T(φ1) for Case 1

peak transmittance was not considered. Its optical properties,
therefore, will not be as good as those obtained here. From
Table I, it can be seen that the fourth (−9π/2, 23π/16) mode
and the fifth (−7π/16, 25π/16) mode are very close in the
values of the bistable twist angles, and can be treated as op-
timization of the (−π/2, 3π/2) mode. To reiterate, a major
difference between the optimization in Xie’s paper and the
present paper is that in Xie’s case, the contrast is optimized.
In here the overall transmittance of both the bright and dark
states are used for optimization.

2.4 Simulation results for real devices
While Table I in the above section gives all the operating

parameters for a perfect BTN withT = 1 for one twist state
andT = 0 for the other twist state, it is only perfect for one
wavelength. In this section, we shall perform simulation with
white light illumination taken into account. Moreover, in or-
der to make the simulation more realistic, we shall also apply
the actual commercial LC and polarizer parameters. That is,
the dispersion, the absorption properties of the LC as well as
the polarizers are taken into account. Achem AG1-105NT
type polarizers and Merck MLC5300-5400 LC are used here.
A 4× 4 matrix is used in this simulation calculations.14)

For each twist angleφ, we calculate the transmittance of
the on and off-states, withγ given by either eq. (14) or (18).
α is always 45◦. And d1n is allowed to vary freely. The
white light transmittance is given by

T =
∫ 700

400
T(α, γ, φ, δ) f (λ)dλ (19)



modes andT(φ1)/T(φ2) for Case 2 modes.
For each set of values (φ1, d1n), the transmittance of the

on state and the contrast is computed. Thus a 2D parameter
space can be plotted with the contour lines drawn for constant
transmittance and constant contrast. These results are shown
in Figs. 3 and 4. Figure 3 is for the Case 1 mode solutions
while Fig. 4 is for the Case 2 mode solutions. The difference
is in the values ofγ . These parameter spaces are similar to
those in reference 4, with the main difference being that in all
previous PS,α andγ are fixed. In here,α is fixed whileγ
changes asφ1 changes. From Figs. 3 and 4, it can be seen
that there are islands of good contrast, similar to the case in
reference 6. The peak transmittance is only 33%, which is
due to absorption of the polarizers and due to the photopic

response of the eye. It is comforting to see that the maximum
contrast regions also corresponds to maximum brightness.

Besides the parameter space, it is also possible to compute
the dependence ofd1n and contrast ratio as functions of the
twist angleφ1 for the best BTN modes. In this calculation,
we fix α to beπ/4 as before, and letγ be given either by
eq. (14) or (18) as a function ofφ1. Again, they correspond
to the Case 1 and Case 2 solutions. The value ofd1n is then
determined by lettingT = 0 atλ = 550 nm. This can be ob-
tained by solving eq. (13). These(α, γ, φ1, d1n) values are
then used to calculate the on and off state transmissions using
wavelength averaging in eq. (19). These transmittances are
then used to calculate the white light contrast. The resultant
curves are shown in Figs. 5 and 6 respectively. In principle,
the on-state transmittance can also be plotted together. But
it will make the Figures too crowded. The curves in Figs. 5
and 6 are easier to visualize than the contour maps in Figs. 3
and 4 in identifying the best operating conditions. It can be

Fig. 4. Same as Fig. 1 but withγ = φ1 + α.

Fig. 3. Contrast and transmittance parameter space for BTN withφ1 and
d1n as the independent parameters.α = π/4 andγ = φ1 + α − π/2.
Constant transmittance contours of the bright state are labeled. The other
curves are contours of constant contrast ratio, with each contour line rep-
resenting an increase of two in contrast.
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Fig. 6. Dependence of contrast andd1n onφ1 for Case 2 modes.
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Fig. 5. Dependence of contrast andd1n onφ1 for Case 1 modes.
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is the display period from one dark (or bright) state to next
dark (or bright) state. No attempt was made to minimize the
selection pulse durations or the voltages, as the emphasis here
is to examine the optical properties of these BTN modes.

The spectral characteristics of the three devices are shown
in Table IV. The same LC cell can be operated either as Case
1 or Case 2 modes. Hence there are 6 possibilities in Table IV.
All the results were measured with a tungsten halogen light
source.Tr is the transmittance andCr is the contrast ratio. It
can be seen that reasonably good results can be obtained. In
particular, the−120◦ mode (the first mode) shows the best
transmittance and contrasts. It should be emphasized again
that the maximum transmittance is 0.33 due to polarizer ab-
sorption. So the peak transmittance of 0.22 implies actually a
transmittance of 66% for the LC alone.

As shown in Figs. 3–6, the contrast ratios of theφ1 =
−260◦ Case 1 mode, theφ1 = −120◦ Case 2 mode and the
φ1 = 60◦ Case 2 mode are larger than those of other modes.
The contrast ratio of theφ1 = −120◦ mode can almost reach
60 : 1. This mode is examined in more details. Figure 7
shows the time-dependent transmittance curve and voltage
pulse for the Case 2φ1 = −120◦ BTN-LCD. The period

bistable driving conditions for each of them are presented in
Table III. In that Table,Vr is the reset voltage pulse,Vs is
select voltage pulse,Tr is the duration of the reset voltage and
Ts is the duration of the select voltage applied to device.T

seen that in Fig. 5, all points except the 5th one in Table I
present a contrast ratio more than 15: 1. In Fig. 6, the con-
trast ratios are generally larger than those in Fig. 5.

From the above results, it is concluded that high quality
BTN-LCD with high contrast ratio and high transmittance
should be possible. The contrast ratio can be larger than
50 : 1 with white light illumination. Even taking into ac-
count dispersion and polarizer absorption, the transmittance
of the bright state can reach more than 0.33, which is very
good, considering that the transmittance is 0.33 for two par-
allel polarizers (AG1-105NT). We did not pick a particularly
good polarizer in our simulation.

The following observations can be made about the simula-
tion results:

1. For normal use, the 4th mode is a good choice. Its twist
angleφ1 range is from−270◦ to −240◦, d1n is about
0.8µm and the contrast ratio is more than 12: 1. It is
also easily made.

2. For higher contrast ratios, the 1st and 3rd modes can be
selected, though they have a slightly smallerd1n.

3. The 1st and 4th modes have bistable twist angles that are
nearest to−π or π .

4. Due to small contrast ratio, the 5th mode is not fit for
display.

From the Figures, we find that the operating conditions of
the BTN are not very sensitive to the twist angle andd1n.
For example, if we want a transmittance of bright state bigger
than 0.3 and a contrast ratio bigger than 30: 1 in 1st point
2nd mode case, the twist angle can be permitted to change by
∼10◦, andd1n can be permitted to change by∼0.04µm.

It should be noted that the results in Figs. 3–6 also include
the case of cross polarizers as discussed in ref. 6. In Figs. 3
and 5, (α, γ ) will correspond to cross polarizers ifφ1 = −2π ,
−π , or 0. In Figs. 4 and 6, cross polarizers cases are achieved
for φ1 = −3π/2,−π/2, orπ/2.

3. Experimental Results and Discussions

We made some BTN samples to confirm our simulated re-
sults. We made several LC cells according to the design pa-
rameters given in Table I. In particular, we fabricated cells
with φ1 = −260◦, d1n = 0.76µm (the 4th mode in Table I),
φ1 = −120◦, d1n = 0.40µm (the 1st mode) andφ1 = 60◦,
d1n = 0.54µm (the 2nd mode).

The LC cells were made using conventional procedure.
Commercial LC (MLC5300-5400 mixture and ZLI-6295)
were used to produce the necessaryd1n. They were doped
with an appropriate amount of chiral additive (S-811) to pro-
duce the appropriate pitch. Bistable states were achieved by
adjusting carefully thed/p ratio. Obviously, a lot of samples
had to be made.

The driving waveform is similar to previous studies.6) The
pulse train consists of a reset pulse to switch the LC to the
near-homeotropic state, followed by a selection pulse to select
one of the two metastable states. Figure 7 shows the timing
diagram of a typical BTN LCD. In general, bistability can
be obtained for all the three cells studied. We measured the
transmittance spectral characteristics of these devices. The
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BTN-LCD (upper curve) and the applied voltage pulses (lower curve) as a
function of time.

Table IV. Summary of measured spectral characteristics for some of the
new BTN modes.

φ1 Case Tr Cr

−260◦ 1 17% 11: 1
−260◦ 2 16% 4: 1
−120◦ 1 22% 11: 1
−120◦ 2 19% 57: 1

60◦ 1 20% 7: 1
60◦ 2 14% 13: 1

Table III. Bistable driving conditions for some of the modes in Table I.

φ1 Vr(V) Tr(ms) Vs(V) Ts(ms) T(s)

−260◦ 20 16 4 8 2.5

−120◦ 42 12 10.5 6 3.3

60◦ 22 20 5.5 10 2.0
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dark states are also close to the TN display. The devices of
φ1 = −260◦ andφ1 = 60◦ also show good performance. The
case ofφ1 = −260◦ can be made easily and its 11: 1 contrast
ratio is suitable for normal use. Its contrast ratio and transmit-
tance can be increased if the polarizers andd1n are chosen
carefully. The case ofφ1 = 60◦ can be made to have similar
performance as theφ1 = −120◦ case. From the point of sta-
bility, we would like to useφ1 = −120◦ instead ofφ1 = 60◦.
Also the 3rd mode in Table I should have very good perfor-
mance, though it is not easy to make because of its smalld1n.

4. Conclusions

In this paper, we have presented several new BTN-LCD
modes with non-crossed polarizers using the 2× 2 matrix.
The results are similar to those obtained using the more com-

of the driving wave pulse is two seconds. The reset pulse is
42 V. The−120◦ state, corresponding to bright state, can be
obtained by using a proper selection pulse and the 240◦ state,
corresponding to dark state, can be obtained by turning the
reset voltage abruptly to zero (zero select voltage). Figure 8
shows the measured spectral performance for this device in a
normally white arrangement.

From the experimental result, we notice that the contrast
ratio of the Case 1 mode is smaller than that of the Case 2
mode. Also the bright state transmittance of the Case 1 mode
is larger than that of the Case 2 mode. These results are iden-
tical to that presented in Figs. 3–6. The contrast ratio of the
Case 2 mode is approximately 60: 1, which fits the simula-
tion result very well. However, the bright state transmittance
is only 20%, which is smaller than that given by the simu-
lation (nearly 30%). We believe that one reason is that the
polarizer used in the experiment has a high absorption. The
transmittance of a pair of parallel polarizers is only 30%. An-
other reason is that the value ofd1n may be slightly different
from the desired value of 0.4µm.

We also compared the transmittance spectrum of this BTN
with that of a normally white TN-LCD with the same kind of
polarizers. It is well known that normal TN-LCD has high
measured transmittance and low dispersion due to its waveg-
uiding properties. The results are shown in Fig. 8 as well.
It can be seen that the bright state transmittance of the Case
1 mode is almost the same as that of TN LCD. This proves
that the BTN-LCD has high transmittive performance and the
transmittance can be increase with high transmittive polariz-
ers. It also means that this type of BTN-LCD has white-black
display performance.

Figure 9 shows some photographs of the BTN-LCD as
compared to the normally white TN-LCD. A piece of white
paper written ‘TN’ and ‘BTN’ written on it was placed below
the devices. A white light source was used as the illumina-
tion. The words could be seen clearly when the devices were
in the high transmittance bright state, and they could not be
seen in the dark state. The color of the bright state of the Case
1 mode is the same as the TN-LCD, and that of the Case 2
mode is also close to the TN display. The colors of BTN in
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Fig. 8. Transmittance spectra of theφ1 = −120◦ BTN-LCD and a 90◦
TN-LCD.
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Fig. 9. Images of the bright states (left) and dark states (right) for (a) con-
ventional TN, (b) BTN withφ1 = −120◦ Case 1 mode, and (c) BTN with
φ1 = −120◦ Case 2 mode.
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plicated 4×4 matrix. Most of these BTN modes present high
contrast ratio and high transmittance. Some of these displays
actually have optical performances that are as good as the TN-
LCD in terms of color non-dispersion. They can also be made
easily with non-critical cell thickness.

We have experimentally demonstrated a few of these
modes and found that they indeed performed as expected. A
measured white light contrast of nearly 60: 1 is possible in
the best case. Most of the other cases have white light con-
trasts of over 10: 1.

BTN can be driven in a passive matrix without cross talks.
Additionally, they have very good viewing angles because of
their in-plane switching properties. They are useful in many
applications where grayscales are not needed.
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