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We have developed new bistable twisted nem¢i€N) displays that operate between ther/2

and 3/2 twist states and between thé2 and 57/2 twist states. Together with t{8,27r) BTN, this

forms a set of all possible transmittive BTNs. Experimentally, it was confirmed that several
switching wave forms could be used to switch the BTN from one state to another. Voltages below
10 V are sufficient to reset and switch these BTNs. The effect ofitly ratio on the bistable
switching characteristics is also investigated. 1898 American Institute of Physics.
[S0021-897€98)09013-9

I. INTRODUCTION lection. They also found theoretically the conditions that
both bistable twist states can become stable rather than

Bistable twisted nemati¢BTN) liquid crystal displays quasistablé® Bryan-Brown et all’ proposed a grating
(LCD) that could be switched between two quasistable twistligned BTN LCD that can also be switched by submillisec-
states electrically were discovered by Berreman and Heffnesnd pulses, which has been recently modeled by Newton
in 1981! Heuristically, this bistability is due to a mismatch et al!? Finally Martinot-Lagardeet al*® developed a novel
in the nematic liquid crystal natural pitdPy and the LC cell fast BTN LCD that was controlled by simple monostable
alignment conditions for a given cell thickneds For su-  anchoring and obtained very fast switching times.
pertwisted nematiSTN) LCDs, this mismatch generally In all previous reports, the BTN switches between the 0
leads to a switching hysteresis and has to be avdidaca  and 27 twist states. Miyamat al* reported a field-induced
BTN however, this mismatch is deliberately increased taransition between the-#/2 and 3r/2 twist states in a
produce alignment bistability. It has been shown that bistawedged cell but that study dealt mainly with tdéP, de-
bility occurs for a particular range af/ P, ratios® Recently, pendence of the stability of the two states in the presence of
Tanakaet al* successfully made use of this bistability to a field. Bistability of these states and the dynamics of switch-
produce a BTN display with surprisingly good qualities. ing between them were not examined. In our previous

The optical properties of BTN are better than ordinarypublication® we reported the switching dynamics of the
passive matrix driven STN displays. The contrast ratios aré— 7/2, 37/2) BTN. In this paper, we wish to report a further
generally much better than STN displays since there is ndetailed study of thif—#/2, 37/2) BTN. We shall show
requirement for a steep transmission-voltage curve anymoré¢hat for this(— /2, 37/2) BTN, bistability can be obtained
Because of this bistability, the BTN can also be passive mafor a wide d/P, range, and that switching can be achieved
trix driven without cross talk problems. Another unexpectedwith many different kinds of electrical pulse shapes. The
benefit is that the view angle of a BTN is better than a STNoptical properties of this— #/2, 3w/2) BTN is actually
display because of the fact that both bistable states are twistightly better than thg0,27) BTN because of a slightly
states. In a STN display, the select state has a higher voltadegher contrast and brightness.
and a near homeotropic alignment. Thus for the select state, We shall also report in this paper a novet/2, 57/2)
the brightness is strongly viewing angle dependent. In &TN. This (7/2, 57/2) BTN has never been observed be-
BTN, this does not occur. Both bistable twist states havedore. We shall show that the switching dynamics of this BTN
in-plane alignment. Therefore, the viewing angle of a BTN isis similar to the other cases. However, &, range re-
very wide® quired is very narrow. Its practical use is therefore quite

There have been quite a few studies recently on undetimited. This(7/2, 57/2) BTN, together with th€0,27) and
standing and improving the BTN display. Kimet al® and (- /2, 37/2) BTNs should exhaust all possibilities of trans-
Qian et al®” successfully modeled the dynamical switching mittive BTN at present. All other combinations of twist
behavior between the bistable twist states. It is shown thaangles are either not desirable optically, or too difficult to
this switching is based on the backflow dynamics of the LCmake in practice. The relative merits of th8,27) and
director® More recently, Hokeetal® investigated the (— /2, 37/2) BTNs will be compared in the last section.
switching of this BTN LCD and reported submillisecond se-

Il. OPTICS OF BTN
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TABLE I. Theoretical and experimental values afP,. are the same. Hence, the parameter space should be sym-
metrical about¢y= — . Second, given this symmetry, it
can be seen that BTNs with good contrasts are given by

Experimental

b0 Heuristic value value Dynamical modeling )
¢o=—ml2, 0, w2, and 7. Actually, there are BTNs with
—ml2 0.25 0.285-0.305 0.425 larger values ofp,, but they are difficult, if not impossible
0 0.5 0.55-07 0.85 to produce experimentall
w2 0.75 0.9 unstable P P y-

While Fig. 1 is calculated for perpendicular polarizers
and a polarizer angle of 45°, similar parameter spaces can
also be obtained with parallel-parallel polarizer geometry,
will have minima for twist angles otho= 2N for integer and for a polarizer angle of 0°. These results also indicate
values ofN. In the absence of any pretilt, and if the natural that the best values are— w/2, 0, /2, andw. However,
twist of the LC director ispy+ 7, then the minima a$#y and  the dAn values are different and depend on the polarizer
¢o+ 27 will have equal deformation energies and bistability arrangements. Hence, theoretically, possible BTN can be
will occur. Therefore for any value ab, the bistable states made with bistable twist states &f #/2, 37/2), (0,2m),
are (¢g, ¢o+2m) with d/Py=0.5+ ¢p/27w. Hence for (w/2, 57/2), and (m,3m). Of course good optical properties
¢0=0, the bistable states ai®,2m) and thed/P, value and the actual stability of the BTN are two separate issues.
should be about 0.5. Fapy= — /2, the bistable states are The latter depends on th# P, ratio and other dynamical
(—#/2, 3w/2) and thed/P, ratio should be about 0.25. For factors. Experimentally, we have achieved the first three
¢o= /2, the bistable states afer/2, 57/2) and thed/P, types of BTN. The cases d¢f #/2, 3w/2) and (w/2, 57/2)
ratio should be about 0.75. Table | lists these heuridtle,  will be presented in the following sections. So far, the case
values together with the actual experimental and theoreticaidf (7,37) has not been possible.
values. The theoretical values are based on dynamical The optical properties of the BTN can actually be under-
calculations’ stood without the complete parameter space. For the case of

It is also possible to analyze the BTN from the opticalthe (—#/2, 37w/2) BTN, we chose the geometry of two
contrast point of view to determine the best valueghgland  crossed polarizers with the input polarizermd to the input
the best polarizer arrangemént® A general parameter director of the LC cell. In this situation, the transmittance of
space approach has to be usé@he contrast ratio is defined the system is given by the formdfa
as eitherT(¢g)/T(po+2m) or T(pg+2m)/T(hg), Which-
ever is largerT is the transmittance which can be calculated ~ T=cog(¢1+u?) (1)
using the standard Jones matrix of the LC ¢élFigure 1
shows the constant contrast contour curves as a function gfhere
dAn and ¢y. The contrast ratio in this case is calculated
assuming a cross polarizer geometry with the polarizers at u=adAn/$r )

450. to the input director of the liquid cr_ystal ce_II. TWO_ inter- for twist angles¢ that are odd multiples ofr/2. In Eq. (1),
estln_g facts can be observed from F_|g. 1'_ Flrs_t, LIS SYM-ppy s the optical birefringence, and is the wavelength of
metrical abom%:._w' T_he reason is quite simple. The the incident light. Accordingly, the transmittance of the sys-
(¢o, do+2m) BIN is equivalent to thé—¢o, —ho—27) o shows the minimum value of 0 fop=— /2 and
BTN. For example, thé—270°, 90}, (-90°, 270) BTNS  4xp_ 5)  The 3m/2 twist state corresponds to the bright
state withT=0.96 under the same conditions. This is in
agreement with Fig. 1 and provides the design parameters for
this (— #/2, 37/2) BTN.

For the(w/2, 57/2) BTN, we chose a geometry of par-
allel polarizers with the input director of the LC cell parallel
to the polarizers. Under this situation, it can be shown that
the transmittance of the LCD is given by

1
1+u?

T= sif(p\1+u?), 3

for ¢ that are odd multiples ofr/2. Therefore, it is obvious
thatT=0 for ¢==/2 if dAn/\=v3/2. The transmittance of
the bright 57/2 twist state will be 0.72 under the same con-
ditions. In principle, the contrast ratio of both BTNs will be
infinite. However, in the above calculations=0 for one
wavelength only. So if white light is used as the input, the
contrast will degrade considerably. Even if a single wave-
length light is used in the measurement, it is very difficult to

FIG. 1. Contrast parameter space for a BTN with twist angigsand ~ adjust thGZIAr_'I values to be exactly giV?n by Eq4) and(3)
¢o+2m. Each contour line represents an increase of 5 in contrast. so the experimental contrasts are typically less than 100:1.
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FIG. 2. Pulse wave forms used to switch thew/2, 37/2) BTN.
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Time ( sec)
. (—x/2, 37/2) BTN EXPERIMENTAL RESULTS
. . . . FIG. 4. Same as Fig. 3 with wave forth) as the switching pulse.
For investigating BTN with¢, of — 7/2, we made sev-

eral LC cells withd/ P, values near 0.25. The chiral additive,

S-811 was used to control thdP, value of the cells. A

commercial nematic liquid crystdMLC 6218 was used. — /2 twist state displays a deep purple color while the'3
The cell gap was varied around &m. The input polarizer twist state shows a yellowish color. Both thew/2 and the
was at 45° to the input director and perpendicular to the3w/2 states can stay for several seconds after the electric
output polarizer. This is the same configuration as discussefield is removed, after which time they will relax to the

above. stable 7/2 state. So indeed the bistablen/2 and 3m/2
Several wave forms were used in switching the BTN.states are metastable states.
They are shown in Fig. 2. For wave forfa), the 37/2 state Figure 4 shows the time-dependent transmission curve

can be obtained by turning the voltage pulse off suddenlyand the voltage pulses for the BTN LC cell driven by wave
while the — 77/2 state can be obtained by switching the pulseform (b). The pulse duration is 20 ms. It can be seen that the
slowly. For wave form(b), switching is accomplished by the — /2 twist state can be obtained by using a weakeV)
different pulse amplitudes. Driving wave forfo) consists of ~ pulse, and the 3/2 state can be obtained by using the stron-
a reset pulse to switch the LC to the near-homeotropic statger (10 V) pulse. The contrast ratio measured is also 30:1,
followed by a selection pulse to select one of the two metathe same as in Fig. 3.
stable states. This is the same as the wave form used by Figure 5 shows the time-dependent transmission curve
Tanakaet al**® The advantage is that the selection pulse carénd the voltage pulses for the BTN LC cell switched by
be much shorter than the pulses in wave fof@sand (b). wave form(c). For this measurement, the reset time is fixed
Figure 3 shows the time-dependent transmission curvét 20 ms with an amplitude fixed at 10 V. The selection time
and the voltage pulse for the BTN LC cell switched by waveis fixed at 4 ms. It can be seen that ther/2 twist state can
form (a). A 10 V pulse is used. It can be seen that the/2  be obtained by using a weaker selection pulse and i 3
twist state which corresponds to low transmission can bétate can be obtained by using a stronger selection pulse.
obtained by turning the voltage pulse off slowly, and theFigure 6 shows the switching dependence of the BTN on the
3m/2 state which corresponds to high transmission can b&election voltage amplitude. It can be seen clearly that there
obtained by turning the voltage pulse off suddenly. In bothis a finite voltage range of between 1.7 and 5.5 V for the

cases, an optical bounce effect can be obset{athe mea- selection of the—m/2 state. Beyond this range, ther2
sured contrast ratio in the normal direction is 30:1. TheState is obtained. The transition between the two selection
regions is very sharp. There is no intermediate state, which
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FIG. 3. Transmission of the LCHuppe) and the applied voltage pulses Time ( sec )

(lower) as a function of time. Wave forrta) in Fig. 2 is used. The- #/2
state has low transmission and the/2 state has high transmission. FIG. 5. Same as Fig. 3 with wave forfn) as the switching pulse.
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Fl?' 6 Deplenderlwe of the final state of then/2, 3n/2) BTN on the FIG. 8. Dependence of the minimum reset voltage as a function of the reset
selection pulse voltage. pulse duration for thé— /2, 37/2) BTN.

can make greyscaling for the BTN rather tricky. The mea-V. («/2, 57/2) BTN EXPERIMENTAL RESULTS

sured contrast ratio is also 30:1.

The effect ofd/P, on the range of the selection for the A Similar study was carried out witkpo=m/2. A com-
— /2 state is shown in Fig. 7. The upper and lower curve§nerCIaI liquid crystal(MLC 7500/000 was used. S-811 is

define the region of stability for the w/2 state. For small 29@in used to adjust tteP, ratio. The cell gap was near 4.6

d/P,, no selection is possible and the display is always in“™: For this measurement, a parallel polarizer geometry was
the — /2 state. For largel/P, values, the display will al- used. The input director of the cell is also parallel to the

ways be in the &/2 state. Thed/P, value should be within polarizers. It has been shown by optical calculation that it is

0.285-0.305 for bistability to occur. This is a reasonable€aSier 10 _observe bistability using this polarizer

range for manufacturing tolerance. arrangement® All other arrangements will have a sensitive

Finally, Fig. 8 shows the relationship between the resefléPendence odAn. Wave form(c) was used since it is the
pulse duration and the reset pulse width. In this measurdnost practical one for selecting the two bistable twist states.

ment, the selection pulse width and pulse amplitude are ker;lfhe reset pulse amplitude and duration were 20 V and 22.5

constant. It can be seen that for pulses shorter than 20 ms,"3> rgspectwelﬁ/. he 1 o
higher voltage is needed to reset the BTN. There seems to he F19ure 9 shows the time dependent transmission wave

little dependence for durations longer than 20 ms. This id0™M Of this BTN. In this measurement, the selection pulse

probably due to the typical response time of nematic quuidalternates b_etween_ 0and 5V. For 0V, the high tr_an_smission
crystals. It takes typically 10-20 ms for the liquid crystal to 2™/2 State is obtained. For 5V, the low transmissinf2

achieve a homeotropigese} alignment after the high volt- state is obtained. As seen in Fig. 9, bistability is clearly
age reset pulse is applied. achieved for this twist angle.

It can also be seen that there is an increase in transmis-
sion when the cell switches from/2 to 5#/2 twist. This is
because at the intermediate twist condition, the transmission
is higher. As seen from the calculation in Sec. Il, the/3
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FIG. 7. Dependence of the selection voltage range omtRg value of the
(—=m/2, 3w/2) BTN cell. The upper and lower curves correspond to the FIG. 9. Transmission of ther/2, 57/2) BTN LCD (uppe) and the applied
voltage limits in Fig. 6V,=10V andT;=4 ms. voltage pulseglower) as a function of time.
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450 (—=/2, 3w/2) BTN is quite a bit brighter than the on-state of
S 400 the (0,27) BTN. As indicated in Sec. 2, the transmittance of
g 350 the on-state of thé— #/2, 3w/2) BTN is 0.96.
‘E 300 The (—#/2, 3w/2) BTN also has another interesting ad-
O 250 vantage over thg0,27) BTN. Since in any BTN, both
&a 200 bistable states are actually metastable, the twist state of the
‘€ 150 | LC cell will actually relax to thegy+ 7 state after a few
2 100 L seconds. For thé— w/2, 37w/2) BTN, the stable state is the
g 50 | /2 twist state, which is optically equivalent to thew/2
= 0 . Zx : D twist state. Hence the relaxation of ther/2 to thew/2 twist
0 2 4 6 8 should be unnoticeable. For ti@,27) BTN, the stable state
Vs(v) is the 7 twist state which has a very different appearance

from both the 0 and 2 twist states. Constant refreshing is
FIG. 10. Transmission of ther/2, 5m/2) BTN as a function of the selection therefore necessary. Since passive matrix driggdr) BTN
pulse voltage. has already been demonstrafeil,should be interesting to

show a passive matrix drivef- 7/2, 37w/2) BTN and com-

hiah . v h . £ 0.72 Pare their operating characteristics.
Igh transmittance state only has a transmittance of 0.72. It Finally, it is interesting to note that in all three cases of

also points to the fact that this BTN is very sensitive to thegy reported here, thel/P, ratio of the practical cell is

valugl OfdAf(') h he d q fth . always larger than the heuristic theoretical values. Table |
\gure 1U S ows t € dependence o t e transmittance Qg e variousd/ P, values. This effect has actually been

selection pulse_s were the same as that in Fig. 9. It can bff)r the — 7/2 case, the simplistic value should be 0.25. The
seen that the high and low transmittance states are very srigfactical value is 0.285-0.305. while the numerical

sitive to the selection pulse voltage. The selection pulse a Simulatior? gives a value of 0.425. It is noticed that dynami-

plitude between the two bistable states is less than 1 V. Unc':al modeling consistently overestimates tH®, value, and

Iike_Fig. 6 the high transmittance state qannot be selecteﬁl]at it fails to model ther/2, 5/2) case. Obviously some
again at h.'gh selegtlon pulse voltage. It points to th? fa,Ct th provement is necessary, even though that calculation can
the 7/2 twist state is more stable. The contrast of this d'Splaypredict the temporal switching behavior very well.

is measured to be about 36:1.

For this BTN, thed/P, value is very critical. So far we
have only been successful in observing bistability in
sample withd/Py=0.9. In view of this sensitivity ta/P, it
is unlikely that this display can be made into a practical
device.

In this paper, only transmittive BTNs are discussed. It is
also possible to fabricate reflective BTN where there is only
%one front polarizet® For such reflective displayss, will no
longer be— /2, 0, 7/2, etc. as shown in Fig. 1. Other values
are possible. In particular, we have shown that it is possible
to fabricate a good quality reflective BTN withy= —36°.

V. DISCUSSIONS AND CONCLUSIONS
APPENDIX
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