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Antiferroelectric liquid crystals may be used for preparing high definition pass-
tvely multiplexed video rate displays. Nevertheless, driving schemes employed in
these applications customarily require the use of high voltage (~40V) addressing
signals that produce side effects such as ion currents. The generation and distri-
bution of ions affect liquid crystal behavior under external applied voltage. Pre-
vious studies found dependence between surface density of adsorbed positive
ions and sample thickness. Regarding electrooptical response, ion accumulation
interferes with molecular reorganization upon driving, and their slow diffusion
Jeopardizes gray level stability. As a consequence, several display inconveniences,
like permanent image trailing contribute to decrease image quality. This problem
becomes particularly serious in the case of antiferroelectric cells with asymmetric
alignment, where hysteresis shift allows the use of biasless driving schemes. The
manufacturing protocol employed in our laboratory for asymmetric cells includes
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the use of non-stoichiometric silicon monoxide on one of the display glass plates
and an aligning buffed polymer on the other plate. Electrooptical response was
analyzed under two new ways of driving, all of them with a biasless stabilization
period, and based on relaxation strategies. Main changes were introduced in the
way of erasing memory. One of them decreases response time whereas the other
reduces dynamic range and saturation voltage. Best results are obtained when
ion control is reinforced by the use of SiOs barrier layers between the glass coated
electrodes and the SiO, and polymer alignment layers. Finally, a full waveform
reversal has been proposed with the aim of decrease dynamic range even more
although a 5% of the darkest graylevels is lost.

Keywords: antiferroelectric; driving scheme; ions; liquid crystal; relaxation; waveform

INTRODUCTION

Nematic liquid crystals are nowadays the usual choice for preparing a
wide variety of devices from simple LCDs to highly sophisticated
large-area video-rate displays. Advances in research and industrial
manufacturing processes overcome difficulties related to resolution,
size, and working temperature range [1-5]. Yet smectic antiferro-
electric liquid crystals (AFLCs) may provide alternative solutions in
specific areas such as microdisplays, where their hysteresis, fast
response time and wide viewing angle can be exploited [6-11]. Hyster-
esis of these materials leads to multistability and so the possibility of
using passively multiplexed driving schemes at video rate, yielding
competitive cost/quality ratios as compared to nematic active matrix
TFTs.

However, AFLC dynamic properties are seriously affected by align-
ment layers. AFLCs usually lack a nematic phase within their phase
sequence; as a consequence most commercial polyimides are useless
as alignment layers. Polyamides such as Nylon 6 [10] seem to be a bet-
ter choice, although long term stability has not been fully achieved yet,
and contrast ratio is an issue. Nylon coated AFLC cells have been suc-
cessfully multiplexed with 55us selection slots [12] (i.e., the slot time
required for multiplexing an SVGA display at 60 Hz video rate in dou-
ble scan mode) and 36 ps slots (SXGA displays at video rate) with selec-
tion amplitudes of about 35V. However, the pretransitional effect
limits the dynamic contrast of these displays to about 30:1.

One way to alleviate pretransitional effect is to induce a permanent
shift in the hysteresis curve; this can be achieved by using dissimilar
alignment layers on either glass plate [13-15]. Electrooptical studies
of asymmetric AFLCs were carried out using Nylon 6 on one side
and non-stoichiometric SiOy on the other side. Remarkable contrast
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improvements were found, along with a 1-2V shift in the hysteresis
cycle. Moreover, asymmetric responses allow the use of relatively sim-
ple multiplexed driving schemes that deploy full analogue grayscales
with no holding (bias) voltage [14,15].

Asymmetric responses have been reported by other authors as well
[16-19], using nematic liquid crystals in different configurations,
many of them based on WOj; layers. Asymmetry on switching is
explained through different surface charge densities over LC inter-
faces being enhanced for positive polarization while inhibited for nega-
tive one. These differences are qualitatively explained in terms of
drains and sources of protons and other positive ions through reac-
tions of hydrolysis and tungsten bronze formation inside the tungsten
trioxide layer. The concentration of positive charge can vary when the
polarity of external voltage changes, whereas the concentration of
negative ions OH ™ is constant and not mobile. This asymmetric
charge distribution for both polarities affects in different way the elec-
tric field within the liquid crystal so that it changes the cell threshold
voltage for negative and positive polarizations.

Performance of asymmetric AFLC displays in video-rate applica-
tions critically depends on the stability of the multiplexed grayscale,
which is determined by the generation, migration, and accumulation
of ions upon multiplexing. The waveform applied for developing this
grayscale plays a crucial role concerning dynamic properties control.
The aim of this work is to study electrooptical behavior under dynamic
(multiplexed) working conditions with three different waveforms, with
the eventual purpose of controlling (or even taking advantage of) ion
evolution to optimize the resulting contrast, response times, memory
performance and grayscale.

EXPERIMENTAL

Experiments were carried out in 1.5 um thick surface stabilized cells of
CS-4001 (Chisso) and the experimental mixture W-204A4 (Military
University of Warsaw). Test cells were made by spinning a commercial
polyamide (Nylon 6) on one glass plate and evaporating a 75 A layer of
Si0, (in some cases, WOj3) onto the other plate (Fig. 1).
Electrooptical characterization was done at two frequencies: 0.1 Hz
(triangular waveform, quasistatic) and 60 Hz (dynamic, using simu-
lated multiplexing schemes) at a working temperature of 35°C. The
basic biasless multiplexing waveform (single, Fig. 2a) is made of a
selection pulse, a 0V bias period over the frame and a reset section
consisting of a single well pulse that additionally performs DC-com-
pensation [12,15]. Note that only one hysteresis lobe is used in the
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FIGURE 1 Cell assembling with asymmetric alignment configuration. Nylon
6 was distributed by spinning in one layer, and a semiconductor (either SiO or
WOs3) by evaporation in the other layer. A SiOy barrier layer was optionally
included between the electrodes and the alignment layers. Cells were filled
with the AFLC CS4001 or the experimental mixture W-204A4.

driving scheme. The minimum slot duration (¢4, was 110 us in all
cases. Grayscale was generated by subtracting slot-wide data pulses
to selection and well pulses, and measured by integrating the result-
ing transmission curves over the whole frame.

Additionally, other waveform approaches were tested. A new reset
section has been introduced: double well (Fig. 2b). Double well relax-
ation is made up of two well pulses of different amplitudes, the first
being of higher voltage, and both pulses together DC-compensating
the selection. A second new reset strategy has been developed: ringlet
(Fig. 2¢), with the aim of improving memory response of asymmetric
cells. Ringlet consists of a sequence of high frequency AC pulses before
the common DC-compensating well. Finally, a change of polarity has
been introduced to decrease the dynamic range (DR) obtained with
all the waveforms previously described. Time resolved transmission
experiments have been done under multiplexing specifications, aiming
to reproduce actual working conditions and to detect possible drifts
arising from charge transport. Experiments were done as follows:
the driving waveform was applied to the cell rows simulating multi-
plexing at the required frame rate, and data for gray levels were
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FIGURE 2 a) Single well waveform for multiplexed passive addressing of
shifted AFLC cells. It is made up of a selection, a biasless period and a single
well to DC compensate the selection. b) Double well waveform is made up of a
selection, a biasless period and two wells for DC compensation. c¢) Ringlet
waveform is made up of a selection, a biasless period and a sequence of high
frequency AC pulses before a single well to DC-compensate the selection.

provided through the cell columns. Once any given gray level was
selected, transmission was immediately recorded. In a separate
measurement, the same gray levels were selected, and transmission
was recorded after 25s. The transmissions obtained in these two
batches were compared to check gray level stability. To further
account for memory effects, grayscales were generated in three differ-
ent ways:

e Up: from dark state to saturation.

e Down: from saturation to dark state.

e Up-Down: an alternating sequence of gray levels starting on the
clear and dark states and ending at the middle of the grayscale.

Additionally, a memory test consisting of a saturating frame followed
by a number of dark level frames was performed on all the cells in order
to study transmission evolution within consecutive frame times.

Negative and positive signs have been referred to the polymer side
(nylon); therefore negative polarization is produced when a positive
voltage is applied to the semiconductor side, either SiO, or WOsg,
and vice versa. With this sign convention, hysteresis cycles always
shift towards negative voltages. In other words, the threshold voltage
of the positive hysteresis lobe is lower than the threshold of the nega-
tive lobe. Consequently, the positive lobe (near-lobe) shall be the one
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FIGURE 3 Near and far-lobe grayscales obtained with a single waveform of
the same pulse width and amplitude but opposite polarity. The near-lobe
grayscale has been completely developed whereas the far-lobe remains
unswitched. Inset: Hysteresis cycles obtained with 1 Hz triangular AC pulses
of different amplitudes.

used to generate the grayscale. The negative lobe (far-lobe) would
remain unswitched if the same waveform with reversed polarization
is applied (Fig. 3). As shown below, this feature can be employed to
reshape the grayscale curve.

RESULTS AND DISCUSSION
Electrooptical Characteristics

As mentioned above, dynamic electrooptical response at video fre-
quency of asymmetric cells shows a noticeable increase in contrast
at 60 Hz (50-60%) as compared to the same AFLC response in sym-
metric cells. A typical 60 Hz-video-frequency grayscale curve from an
asymmetric AFLC cell driven with single, double well and ringlet
waveforms is shown in Figure 4(a—c). As seen in these pictures, gray-
scales show negligible changes when measured up, down or alternating
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FIGURE 4 Grayscales developed from dark to bright, bright to dark and
alternating bright-dark levels in single (a), double well (b), and ringlet (c)
waveforms. No dependence on previous history of the pixel is found in either
case. The left graph of every group has been acquired immediately after select-
ing the gray levels (acquisition time ~2s). The right graphs have been
acquired in a separate set of measurements; each point is taken after 25s
delay. No significant variations are noticed between non-delayed and delayed

acquisitions.
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up-down modes. Therefore, gray levels do not depend on the previous his-
tory of the pixel. The dark state (i.e. the dynamic threshold voltage) is
similar in all three cases, while saturation is reached at different values.
When single waveform is used, reaching the bright state requires a
higher addressing voltage, thus widening the dynamic data range (DR)
of the grayscale. This may be an issue in practical applications, since
too wide a data range may preclude the use of standard CMOS electro-
nics in the column drivers that generate data pulses.

Testing New Waveforms

High DR and other issues can improve when the new waveforms are
employed. The most relevant electrooptic characteristics are shown
in Table 1.

Analysis of these data indicates that there is a clear improve in the
relaxation obtained when the double well is used. Rise and fall times
are minimized by applying this relaxation scheme. In addition, DR
decreases a 15% with respect to that obtained with single mode, while
static and dynamic contrasts remain substantially constant. When the
ringlet waveform is applied, DR is considerably reduced (38% of single
mode value), and fall time decreases as well. Nevertheless, the main
advantage of ringlet waveform concerns its memory behavior, as
shown below.

The improved DR response obtained with these two driving
schemes can be qualitatively related to ion shifts across the cell. It
can be assumed in all cases that ions inside the LC reach their equilib-
rium position during the long biasless period (16 ms). However, a sig-
nificant fraction of ions adsorbed onto the surface may still remain.
The first well pulse of the double well scheme is a high voltage, short
time pulse that contributes to the removal of such ions, bringing them
back to the LC ion pool. Removed ions no longer contribute to the built-
up internal field that opposes to switching. Note that the effect is
shown for the highest voltage grey levels, i.e., those in which ion
build-up is enhanced. This DR reduction is much more noticeable in
the ringlet driving scheme. It can be derived that high frequency AC
pulses are an efficient mechanism to remove adsorbed ions from the
alignment layer.

Memory Tests

We have designed a procedure to test the memory effect of a liquid
crystal embebed in a test cell with certain alignment layers. This
“memory test” consists of one saturating frame followed by at least
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TABLE 1 Waveforms Employed and Electrooptic Characteristics

(CS-4001 SiO,-Nylon

Electrooptical measurements Single Double well Ringlet
Selection [Voltage (V)/Width (us)] [39/110] [38/110] [35/110]
Bias [Voltage (V)/Length (ps)] [0/16000] [0/16000] [0/16000]
Ringlet [Voltage (V)/Length (us)] - - [-20/27] (4 pairs)
Well; [Voltage (V)/Length (ps)] - [-3/110] -
Well, [Voltage (V)/Length (ps)] [-1.8/2383] [-1.8/2120] [-1.6/2406]
D.Ri0_90% (V) Dynamic range 13 11 8
trise (US) 20 15 20
trau (1s) 280 170 184
Contrast ratio (0.1 Hz) 89 89 89
Contrast ratio (60 Hz) 51 50 48

10 low transmission frames. Ideally, the dark state should be reached
immediately after the first saturated frame. For applications using
spatial color (color matrix or monochrome displays) at video rate, the
cell is considered to pass the test, if no more than 4-5 frames are
required for dark state to be completely achieved (eye integration
smoothes the transition). On the contrary, sequential color driving
schemes working at 180 Hz with R, G, B are required to display a full
color picture at 60Hz video frequency. In these applications, the
desired gray level must be achieved in every frame, otherwise the
residual transmission contaminates the next color frame and color
saturation cannot be obtained. Sequential color provides higher resol-
ution for it uses all pixels for every color; its drawback is that a much
faster response is required.

Figure 5 shows the memory test obtained with single mode in CS-
4001 asymmetric cells. The evolution of the transmission requires only
two frames to be fully stabilized, being suitable for spatial — but not for
sequential — color driving. This memory test was also applied to double
well and ringlet waveforms; results with the main part of transmission
evolution are depicted in Figure 6. Double well exhibits the same leak-
age transmission as single mode in the first dark frame after satu-
ration. However, the ringlet waveform performs a nearly ideal
memory test, being a good candidate for video rate sequential color
applications.

Relaxation of gray levels to dark state is closely related to ion
adsorption. Indeed, the internal field induced by adsorbed ions effec-
tively acts as a bias voltage that stabilizes any gray level. The induced
voltage is lower than the required bias for the gray levels to be kept;
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FIGURE 5 Memory test for a CS-4001 SiO,-Nylon cell when the single
scheme of relaxation is applied. Two sequences of the basic waveform (upper),
data subtracted (medium) and transmission evolution (lower) are shown.

nevertheless, it contributes to slow down their relaxation. Again, the
efficiency of high frequency AC pulses in removing adsorbed ions is
demonstrated. Note that the time scale for gray level stabilization in
memory tests is the same as the frametime. This short-term stabiliza-
tion reached by ringlet schemes is crucial to lead asymmetric AFLC
displays to video-rate practical applications.

Waveform Reversal

Concerning DR reduction, a new approach has been designed, namely
waveform reversal. The shift introduced by asymmetric alignment in
hysteresis curve, leads to dissimilar grayscales on the hysteresis lobes.
The lobe closer to zero volts (near-lobe) is used to develop grayscales in
biasless modes. The other lobe (far-lobe) develops its grayscale at
higher voltage (Fig. 3). Therefore, if the polarity of a grayscale-gener-
ating waveform is inverted, the same driving scheme can be applied to
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FIGURE 6 Evolution of the transmission for the first dark frame after satu-
ration in single (a), double well (b), and ringlet (¢) waveforms. The leakage
transmission exhibited for single and double well precludes the possibility of
sequential color driving whereas it is enhanced when ringlet waveform is
applied.
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FIGURE 7 Waveform reversal carried out with single relaxation in W-204A4
asymmetric cells. The inversion point may be below 10% transmission (a) or
above this limit (b). The graphic in b) shows also the result of an increase
in voltage pulse for inverted waveform as an attempt of recovering the lost
fraction of the grayscale.

the far-lobe leading to dark states. Besides reductions in DR, the
advantage of this approach is that the effect on ion distribution is
dramatic, the dark state being achieved in one single frame with no
memory effect or trailing images.

Figure 7a shows an example of polarity inversion carried out with
W-204A4 SiO, asymmetric cells with single waveform. Waveform
reversal effectively wipes out a fraction of the grayscale — the darkest
gray levels. The specific point within the grayscale where inversion is
applied is a tradeoff between the DR width and the grayscale integrity.
In this example, the inversion point has been chosen in the 5-10%
transmission levels. The grayscale was measured as usual from satu-
ration to dark state (down) till effective voltage applied to the cell was
in the final section of the near-lobe grayscale. Then, waveform and
data polarity were reversed and the transmission fell down to the
grayscale of the far-lobe region. As a consequence, the dark state is
reached immediately and 0-100% DR is consequently reduced. How-
ever, as there is no way of connecting near and far lobe sections, the
main drawback of this method is that the grayscale fraction between
direct and reverse polarity is lost. An attempt of recovering this frac-
tion was done in W-204A4 asymmetric cells by performing waveform
reversal over the lowest 10% of the grayscale, and increasing at the
same time the data voltage of the inverted selection pulse with the
aim of connecting near and far lobe grayscales (Fig. 7b). Results show
that full recovering is not possible, whereas reduction in 0-100% DR
is negligible. Similar results are obtained with waveform reversals in
the case of ringlet mode and CS-4001 liquid crystal (Fig. 8). Table 2
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FIGURE 8 Waveform reversal carried out with ringlet way of relaxation in
CS-4001 asymmetric cells under the 10% of the transmission. A decrease in
DR 0-100% can be obtained whereas a 5-6% of the full grayscale without
inversion is lost.

offers a summary of 10-90% and 0-100% DRs for all the cases studied
in Figures 7a, 7b, and 8. The percentage of grayscale lost in the rever-
sal is about 5-6% while DR reduction is about 20% in single-well and
ringlet cases. The evolution of DR values is depicted in Figure 9. When
waveform reversal is applied below the 10% transmission point, the
10-90% DR obviously remains constant, while the 0-100% DR
decreases substantially

TABLE 2 Comparison of Grayscales with and without Polarization Reversal

W-204A4
Single
AFLC attempt of CS-4001
Waveform recovering Single Ringlet
NO W. Reversal
DR10_90v (V) 7.4 7.4 8.0
DRo_100% (V) 15.9 15.9 14.0

Waveform Reversal

(at x% in the grayscale)
DRi10-90%(V)
DRo_100% (V)
% lost

7.1 (at 13.6%)
14.2 (at 13.6%)
6.6

7.4 (at 7.0%)
12.4 (at 7.0%)
5.4

8.0 (at 6.5%)
11.5 (at 6.5%)
5.3
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FIGURE 9 DR decrease when waveform reversal is applied to W-204A4 with
single waveform (left) and CS-4001 with ringlet waveform (right).

CONCLUSIONS

Three different addressing schemes have been tested to characterize
AFLC asymmetric cells: single, double well and ringlet. Electrooptical
responses obtained show that single provides the best contrast, double
well the lowest response times and ringlet decreases DR and satu-
ration voltage. Improvements are associated to removal of adsorbed
ions onto the alignment surface. A procedure to test memory behavior
under video rate conditions for display applications has been proposed
and applied to CS-4001 asymmetric cells with the three waveforms
previously described. Video rate spatial color conditions are fulfilled
by the three waveforms whereas only ringlet scheme has demon-
strated to be adequate for sequential color requirements.

A strategy based on a full change of polarity for the waveform used
has been applied at the beginning in the low part of the grayscale. As a
consequence, a 20% decrease in 0-100% DR can be obtained with the
drawback of losing about 5% of the darkest gray levels.
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