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Fast response time of micropixels with in-plane switching of positive liquid
crystals using crossed patterned electrodes
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ABSTRACT
Demonstrated herein is a fast in-plane switching (IPS) cell with positive dielectric anisotropy liquid
crystals using crossed patterned electrodes in three different conditions. The ineffectiveness of one
of these three structures due to the ‘Faraday cage’ effect was shown. With another structure, a fast
response timewas also shown to be impossible to achieve due to several contrast issues. In the third
structure, a fast response time was achieved due to a combination of high-driving and crossed pat-
terned electrodes allowing fast turn-off. Two of the three structures wasmanufactured.With the first
one, an experiment confirmed the ‘Faraday cage’ effect. In the second structure, a response time four
to eight times faster than the conventional IPS mode was experimentally demonstrated using two
different kinds of liquid crystal.
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1. Introduction

1.1. Context

Liquid crystal (LC) microdisplays are liquid crystal dis-
plays (LCDs) with micron-scaled pixels (<10 μm). They
are used in a wide range of applications, such as near-to-
the-eyes applications or projectors [1]. Nowadays, liquid
crystal on silicon (LCOS) microdisplays with extremely
small pixels, a high fill factor (pixel aperture ratio),
and a low fabrication cost are being created [2]. The
recent relevant research has proven, however, that all
the improvements offered by the complementary metal-
oxide semiconductor (CMOS) process can be applied to
transmissive microdisplays by transferring the integrated
circuit processed on silicon onto a glass wafer [3]. More-
over, transmissive microdisplays are more compact than
the reflective ones.

With all these improvements, several LC modes, such
as twisted nematic, vertical alignment, and in-plane
switching (IPS), still compete against each other in the
LCD market [4–6]. Among all these modes, the IPS
mode, with all its advantages, such as excellent viewing
angle characteristics and good contrast, make it a good
candidate for microdisplays [7,8]. Moreover, due to the
intrinsic properties of such mode, a small pixel pitch
allows for the reduction of the driving voltage. A com-
bination of a low driving voltage and a fast response time
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can open new fields of applications. In the IPS mode, the
slow response time, especially the relaxing time of the
LC molecules, remains a critical issue that needs to be
addressed.

A normally black micron-scaled IPS display can be
suited for a field sequential color (FSC) application. The
main advantage of a normally black IPS cell is a good
black state (high contrast). Then, if the cell is in a white
state, a common electrode is usedwith an external voltage
to reset the cell very quickly by accelerating the relax-
ation of the molecules so as to switch back to the black
state. With such a configuration, the voltage limitation
by the CMOS is removed, and a high voltage can be used
to have a fast relaxation time. An FSC screen works by
sending one color after another. If, after the first color
has been set, the entire screen is switched back to a black
state fast enough (respecting the refresh frequency), the
second color can be sent by switching on the screen.
Such configurations can combine the FSC behavior and
the advantage of a transmissive microscreen with the
IPS technology.

Several paths have been taken to reduce the response
time of an IPS cell. All of them concern the cell’s struc-
ture. First of all, an LC cell with a transparent electrode
has been used to achieve a fast relaxation time by apply-
ing a vertical electric field on the LC [9–11]. This method
allows for a very fast response time, but it has some
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limits. The main issue is the loss of the IPS’s high con-
trast and the viewing angle with the vertical orientation
of the LCmolecules. A pixellated upper electrode can also
absorb a part of the light and create parasitic reflections.
A second method consists of using crossed patterned
electrodes. The effective operation of this architecture
has already been proven for a bigger pixel pitch and a
negative LCmixture [12]. The performance of this archi-
tecture with a positive LC, however, has not yet been
proven. In most cases, positive LCs possess a higher
|�ε| than their negative counterpart [13]. Also, for pos-
itive and negative LCs, a crossed patterned architecture
does not change the viewing angle or the contrast of the
IPS mode.

1.2. Study presentation

In this work, a theoretical study of three variations of
crossed patterned electrode architectures was conducted,
and various results were shown. The fast relaxation time
of homogeneously aligned LCs was also theoretically
and experimentally demonstrated. An in-plane field was
applied using crossed patterned electrodes for one spe-
cific structure using two commercially available positive
LC mixtures. The patterned electrodes on each sub-
strate were positioned 90° in relation to each other. A
normally black LC cell (black state at the initial state)
was created. To obtain a bright state, an in-plane elec-
tric field to the LCs was applied using the bottom pat-
terned electrodes (‘driving electrodes’), whereas another
set of patterned electrodes (‘return electrodes’) was used
to obtain the dark state. For a normally black cell, the
turn-off time is the same as the relaxation time. In
this case, the turn-off time can be accelerated by apply-
ing an in-plane electric field to use the top patterned
electrodes.

2. Configuration and principle of operation

The operation of a conventional IPS cell is based on the
in-plane rotation of the homogeneously aligned LCs. The
LCs are rotated by applying an in-plane electric field
using patterned electrodes on the bottom substrate for
the bright state. The LCs then relax to the dark state,
resulting in slow turn-off switching.

Figure 1 shows the operational principle of a homo-
geneously aligned positive LC cell with crossed patterned
electrodes. Initially, the LCs are homogeneously aligned
along one of the transmission axes of the crossed polariz-
ers with a very small pretwist (3°), so that the cell is in the
dark state. By applying an in-plane electric field to the LCs
using the bottompatterned electrodes, due to the pretwist
angle, the LCs are rotated in the counterclockwise direc-
tion, allowing the cell to show the bright state. A strong
in-plane electric field is applied to the LCs using the sec-
ond set of patterned electrodes to accelerate the turn-off
switching. The in-plane electric field rotates the LCs in
the clockwise direction until they reach the black state.

The turn-off switching triggered by this method is
much faster than that in the conventional IPS cell, which
relies only on the mechanical relaxation of the LCs.

In this work, to verify the electro-optical characteris-
tics of an LC cell using crossed patterned electrodes, one
pixel with three variations of the crossed patterned elec-
trodes’ architectures was first simulated. The first struc-
ture (structure 1) consisted of two levels of electrodes on
the same substrate, separated by a transparent insulator
(Figure 2).

The second structure (‘structure 2’) consisted of one
range of electrodes, all on the same level (Figure 3).

The third structure (structure 3) consisted of one level
of electrodes on the bottom substrate for turning on the
cell. The turn-off electrodes dedicated to decreasing the
fall time were located on the upper electrodes (Figure 3).

Figure 1. Operating principle of an LC device with crossed patterned electrodes [12].
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Figure 2. First pixel structure with two levels of electrodes on the same substrate (‘structure 1’). (a) View of the 2nd-level electrodes for
LC addressing. (b) Cross-section along A, 1st-level electrodes for electrical relaxation. (c) Complete view of the pixel structure. (d) Top
view of the pixel structure. The 1st-level electrodes below the insulator are in dashed lines.
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Figure 3. Second simulatedpixel structurewith all the electrodes
on the same substrate (‘structure 2’).

A simulation was done for the three configurations,
and two of themwere manufactured (structures 1 and 3),
assembled, and tested experimentally.

The simulations were performed with the commer-
cially available package LCDMaster 3D (Shintech). In
the simulations, 20-μm-thick HLC2-5618 was used as a
polarizer. For the experimental characterization, the cell
was put under crossed linear polarizers, and a green laser
(λ = 532 nm) was used. The data were collected with a
photodiode linked to an oscilloscope. All the following
characteristics were similar for the three structures. For
the electrodes on the top of the insulator set that served
as driving electrodes, the width (w) was 0.4 μm, and the
gap was 2.1 μm, resulting in a 2.5 μm pitch (P) (Figure
4(a)). This configuration created two subpixels with a
2.5 μm pitch. The electrodes located underneath were the
electrodes that would allow for a fast turn-off. The elec-
trode had a 0.4 μm width and a 4.6 μm gap, resulting in a
5 μm pitch (Figure 4(b)). They were made of aluminium.
The cells were fabricated with the microelectronics pro-
cesses. Processes like photolithography and etching allow
the creation of patterns of electrodes with a very small
width (0.4 μm).

To achieve a homogeneous alignment in the LC
cell, polyimide (Nissan 7480) was spin-coated on each
substrate and baked at 180°C for 15min. The rub-
bing direction was set to 3° with respect to the bot-
tom electrodes. Next, the cell was assembled using
2-μm-diameter silica spacers. Finally, the LCs were
injected into the cell. The most important parameters
of MLC-2062 were k2 = 10.3 pN,�ε = 6.3,�n = 0.21,
and γ 1 = 0.22 Pa s, and those of MLC-2139 were
k2 = 10.3 pN, �ε = 48, �n = 0.16, and
γ 1 = 0.395 Pa s.

3. Simulations results

3.1. Performances of structure 1

In this section, the performed simulation of structure
1 corresponding to Figure 2 is described. The driv-
ing electrodes (2nd-level electrodes in Figure 2(a)) were
addressed while the turn-off electrodes (1st-level elec-
trode/buried electrodes in Figure 2(b)) were kept in
a floating state. The voltage transmittance (also called
‘static regime’) curves were ploted to check the cell’s
electro-optical characteristics (Figure 5).

Several square signals, from 0 to 16V, were simulated
and tested at 100Hz. In Figure 5(a), a maximum trans-
mittance can be seen at around 0.18 for a 5V voltage. This
behavior indicates a standard behavior of the cell when
the driving electrodes are addressed and no interference
is observed. This standard behavior is also confirmed in
the dynamic mode (time-transmittance curve in Figure
5(b)). The curve with a square signal at 5V (100Hz) for
20ms was plotted, and the LC went back mechanically to
the dark state.

The main objective is to optimize the response
time = rise time+ fall time. The rise time can be eas-
ily reduced by increasing the addressing voltage. The fall
time can be reduced by driving the turn-off electrodes.
If the buried electrodes are addressed, however, and the
2nd-level electrodes are left in a floating state, no effect on
the fall time will be observed. According to the electronic
convention, for a normally black configuration, the rise
time/turn-on time is defined as the transient time for the
transmittance to rise from 10% to 90% of the maximum
value, and vice versa for the fall time/turn-off time.

Several voltages were tested at the terminals of the
electrodes, from 5 to 20V (peak-to-peak), by 5V steps.
Figure 6 shows the simulated evolution of the fall time
with andwithout optimization. The state at 0ms in Figure
6 corresponds to the state at 20ms in Figure 5(b).

In Figure 6, no reduction in the fall time is observed
despite the high voltage at the terminals of the buried
electrodes (turn-off electrodes). The thickness of the
insulator was first suspected to be the cause of this, but
the same effect was observed even with a very thin layer
of SiO2 (0.05 μm). Increasing the addressing voltage does
not produce any improvement either. To understand this
effect, the behavior of the equipotential lines must be
looked into again.

Figure 7 shows two distributions of the equipotentials
inside the simulated LC cell. The view in Figure 7 is the
same as the scheme in Figure 2(b). In Figure 7, the red
area is the 5V (a)/20V (b) area, and the green area is
the 0V area. The color gradient represents the variation
of the potential inside the cell. In Figure 7, several solid
lines corresponding to the equipotential lines can be seen.
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Figure 4. Pixel structure of the simulated and fabricated LC cells with the return electrodes on the upper substrate (a) and the driving
electrodes on the bottom substrate (b) (structure 3). (c) Top view of structure 3.

The dashed lines correspond to the orientation of the LC
molecules.

It can be seen in these two figures that the equipo-
tential lines seem to be confined close to the buried
electrodes, with almost no effect on the LC molecules.
It is also the same for the color variation, because the
majority of the green and the red areas are confined close

to the electrodes. Only a slight motion of the molecules
above the electrodes can be seen in Figure 7(a), and
nothing in the center. All these observations, especially
the absence of motion of the LC molecules, are linked
to the absence of fall time reduction. To conclude this
section, the behavior obtained in Figure 7 was compared
with the standard behavior of the equipotential lines for
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Figure 5. (a) Voltage-transmittance curve of the simulated cell
for MLC-2062. (b) Time-transmittance curve of the simulated cell
for MLC-2062.

Figure 6. Evolution of the fall time with and without electrical
turn-off.

the resulting behavior of Figure 5(b) at t = 20ms. This
standard behavior is summarized in Figure 8.

The standard behavior of the equipotentials in the LC
cell can be observed. If Figure 7 is compared with Figure
8, a difference in the equipotential repartition will be
noticed while looking at the black lines’ behavior. The
potential of the electrodes is more spread around the cell,
allowing for the LC molecules’ motion.

It was shown that electric turn-off is impossible with
two levels of crossed patterned electrodes, due to the con-
tainment of the equipotential by the 2nd-level electrodes.
In the next section, the origin of this containment will be
looked into.

3.2. Origin of the containment of the equipotentials

In this section, the origin of the equipotential contain-
ment is investigated. A simulation protocol was estab-
lished to check the influence of the driving electrodes’
grid.

To investigate the observed effect, it was decided that
the first structure introduced in Figure 2 be changed.The
LC molecules’ initial orientation and the entrance polar-
izer angle were set at 3° relative to the return electrodes.
By adding two floating electrodes in a floating state in the
2nd level (Figure 2(a)), the simulation can be made to
focus on the influence of these electrodes on the equipo-
tential and transmittance. Figure 9 can be separated into
two parts. The first part on the left of the central float-
ing electrode is free from any electrode. The second part
corresponds to a subpixel of the final structure (Figure 2).
The simulation consists of a comparison of the free area
and the area with two floating electrodes.

Figure 10 shows the top view of the two-dimensional
(2D) spatial repartition of the equipotential lines (black
lines) and the electric field (red arrows) of the LC cell with
two floating electrodes. Several particular behaviors can
be observed. At first gance, the electric field seems to be
heading towards the floating electrodes. Then two areas
where the equipotential lines are parallel (first and second
disclination lines) are indicated. The first disclination line
position corresponds to the area where the equipotential
lines are parallel and close to one another. The second
one on the right also corresponds to an area where the
equipotentials are parallel to one another. It is known that
the LCmolecules, according to their�ε, are aligned per-
pendicular to the equipotential lines. According to the
orientation of the LC molecules and polarizers, disclina-
tion lines are created. The influence of all the observed
effects on the transmittance was also checked.

Figure 11 is equivalent to Figure 10, and the nor-
malized grey-level transmittance was superimposed on
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Figure 7. Equipotential distribution in the studied LC cell with the buried electrodes at 5 V (red area) (a) and 20 V (red area) (b). The green
area is at 0 V.

Figure 8. Equipotential distribution in the studied LC cell with the 2nd-level electrodes at 5 V.

the top view of the LC cells. All the blue lines are iso-
transmittance lines. The red arrows representing the
electric field are shown again, and the LC molecules

are represented by black sticks. To come up with an
analysable figure and a non-zero transmittance between
the two floating electrodes, the ‘return +’ and ‘return −’
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Figure 9. Test structure for the ‘Faraday cage’ investigation.

Figure 10. Top view of the two-dimensional spatial repartition of the equipotentials, and electric field of the LC cell with two floating
electrodes.

electrodes with a square signal at 40V were addressed.
This high-voltage addressing shows a zero-transmittance
behavior for the CMOS order voltages.

The authors’ hypothesis regarding the disclination
lines was then verified because there was a zero-
transmittance area in the middle of the LC cell, especially
between the two floating electrodes, where the disclina-
tion line was bigger than the free area.

The explanation of this phenomenon is manifold.
Regarding the equipotential lines, when a floating-
state electrode is between two addressed electrodes,
the equipotentials around the addressed electrodes are
deviated and circle the floating electrode. With the con-
figuration herein, it is creating an effect similar to the
Faraday cage effect. (The choice of the name ‘Faraday
cage’ will be explained later.) Another correlated effect

is the behavior of the electric field. It was observed that
the electric field coming from the ‘+’ electrode was head-
ing towards a floating electrode. It seems that the floating
electrode is behaving like a ‘−’ electrode. According to
the floating electrodes theory, when a floating electrode
is located between the ‘+’ and ‘−’ voltage electrodes, the
potential of the floating electrode stabilizes itself at an
average potential [14,15] after a short period of time. This
hypothesis was also checked in the simulation, and it was
observed that the floating electrode potential stabilizes
itself at 0V when it is located between the +V and −V
electrodes.

The behavior shown in Figure 11 can be compared
to that shown in Figure 12. Figure 12 represents the
behavior of structure 1 (Figures 2, 5, and 8). Figure 12
shows the top view of the behavior of the LC molecules
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Figure 11. Top view of the grey-level transmittance, LC
molecules’ positions, and electric field for the Figure 9 structure.

with the transmittance inside the cell at t = 0 and 20ms
(Figure 5(b)). It can be seen that Figure 12 shows the same
characteristics as Figure 11.

If Figures 11 and 12 are compared, the perfect behavior
when the driving electrode was addressed can be con-
firmed because a perfect dark state preceded it (Figure
12(a)) and was followed by a perfect white state (Figure
12(b)). As observed in Figure 8, in Figure 12(b), the LC
molecules are perfectly oriented, and the electric field
(red arrows) is perfectly horizontal. Based on the ori-
entation of the polarizers, a perfect white state can be
achieved. This is another proof of the ineffectiveness of
the return electrodes for this structure.

In Figure 13, the transmittance of a complete pixel
(Figure 2) was plotted according to the LC molecules’
orientation in Figure 9. This figure confirms the authors’
hypothesis regarding the Faraday cage effect due to the
extremely low transmittance (0.05) for a wide voltage
range (up to 40V). A Faraday cage does not allow the
outside electric field to go inside the cage, and vice versa.
In the case herein, according to Figure 2, the electrode
grid (set in a floating state) above the 1st level allows
equipotential deflection. At the same time, the electric
field coming from the 1st-level grid is heading towards
the 2nd-level grid. It is shown in Figure 13 that the trans-
mittance is close to zero. With all these results, it can be
assumed that the 2nd-level electrode grid is blocking the
equipotentials and the electric field coming from the 1st-
level electrode grid, like a Faraday cage. These behaviors
explain the name choice for this effect.

According to the initial LC molecules’ orientation,
this configuration is ineffective in reducing the fall time

Figure 12. Top view of the grey-level transmittance, LC
molecules’ positions, and electric field for structure 1 for t = 0ms
(a)/t = 20ms (b).

because of the Faraday cage effect. To validate this effect,
experimental validation was performed.

3.3. Performances of structure 2

One configuration was eliminated for the fall time reduc-
tion investigation. The ‘one-level structure’ (Figure 3)
was also investigated. As with the previous structure, the
rise and fall times were analysed. For the last structure,
no improvement was seen due to the Faraday cage effect.
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Figure 13. Transmittance of a complete pixel for a high voltage.

Figure 14. Average transmittance of the ‘one-level structure’ for
a 7 V square signal and for the mechanical relaxation of the LC
molecules.

Figure 14 shows the nominal transmittance of the
structure shown in Figure 3. The choice of 7V was made
by analogy to Figure 5(a), where the maximum transmit-
tance is obtained. The rise time, however, is abnormally
long. The reason for this is linked to a disclination line
and will be discussed later.

In Figure 15(a), a disclination line is observed and
becomes less visible as time increases (Figure 15(b)).
This behavior explains the very long rise time due to
the non-homogeneous transmittance. The reason for this
inhomogeneity can be the LC molecules’ position. The
position of the LCmolecules was circled in red, and it was
noticed that the authors’ observations were correlated to
a previous observation made in Figure 11.

The reason for the disclination lines is linked to the
electric field. It can be seen in Figure 11 that the electric
field heads towards the floating electrodes because they
behave like a fixed potential electrode. If all the electrodes

Figure 15. Spatial repartition of the LC molecules and normal-
ized transmittance at 10ms (a) and 60ms (b).

are on the same level, an identical phenomenon is hap-
pening, and it creates disclination lines close to the
electrodes. According to the LC molecules’ and polariz-
ers’ orientation, they correspond to a zero-transmittance
area.

To reduce the rise time, an attempt was made to
increase the applied voltage, but the improvements were
not significant. On the other hand, it is possible to obtain
a reduction in the fall time with this configuration, but in
the case herein, contrast problems pose limitations.

Figure 16(a) shows a reduction in the fall time
when the return electrodes are addressed while the pixel
electrodes are in a floating state. It shows a non-zero
transmittance, however, for all the voltage values. This
phenomenon is identical to that observed in Figure 15.
An interference was obtained between the addressed
and floating electrodes. This interference between the
electrodes is creating leakage light (Figure 16(b)) due to
the LC molecules’ positions.
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Figure 16. Evolution of the fall time with the mechanical relax-
ation and for different turn-off voltages (a)/spatial repartition of
the normalized transmittance and LC molecules 10ms after the
return electrodes’ activation at 30 V (b).

It can be concluded that the structure 2 configuration
cannot reduce the fall time because it is impossible to
obtain a good dark state with the return electrodes. In the
next section, the final structure will be focused on.

4. Simulation and experiment results for
structure 3

Structure 3 corresponds to the pixel electrodes on the
bottom substrate and the return electrodes on the upper
substrate. To evaluate the turn-off with a micropixel, the
structure was simulated (Figure 4). At the same time, the
simulation results will be compared to the experiment
results.

The voltage transmittance (also called ‘static regime’)
curves were plotted to check the electro-optical charac-
teristics of the LC cell for the two LCs (Figure 17).

Several square signals, from 0 to 16V, were simu-
lated and tested at 100Hz. Several experimental cells

Figure 17. Voltage-transmittance curve of the experimen-
tal cells vs. the simulation cells for MLC-2062 (a) and MLC-
2139 (b).

were also made. The experiment result is an average of
several cells. In Figure 17(a), a threshold voltage of 3V
and a voltage corresponding to the maximum transmit-
tance (‘nominal voltage’) of 6V can be observed. When
Figure 17(b) is observed, a lower value for these volt-
ages will be noticed. The threshold voltage is 1V, and the
nominal voltage is 2.5 V. This difference is linked to the
�ε of each LC mixture. The threshold voltage is 3V vs.
1 V, and the nominal voltage, 6.5 V vs. 2.5 V. This result
is predictable because the threshold voltage for an IPS
configuration [6] is proportional to

√
1

|�ε| . According
to the electronic convention, for a normally black con-
figuration, the rise time/turn-on time is defined as the
transient time for the transmittance to rise from 10% to
90% of the maximum value, and vice versa for the fall
time/turn-off time.



152 C. ABÉLARD ET AL.

Figure 18. Experimental switchingbehavior for thebest voltages
with and without overshoot/electric turn-off. Applied to MLC-
2062.

To reduce the response time, several voltages were
tested. For the rise time, the overshoot method was used.
This method is well known [11,12,16,17], and it consists
of using the pulse of a voltage higher than the nomi-
nal voltage for a short period of time, and then coming
back to the nominal voltage. A wide range of voltages
have been investigated, from 8 to 20V RMS (root mean
square). The best voltage was 14V for 0.5ms for MLC-
2062, allowing a rise time of 2ms, and 6V forMLC-2139,
allowing a rise time of 2.7ms. For the signal duration, the
upper electrodes were in floating potential.

To reduce the fall time, several peak-to-peak (PP)
voltages, from 5 to 28V, were tested for the return elec-
trodes. During these signals, the bottom electrodes were
floating (simulation and experiment). The best turn-off
times were obtained for 28V (PP). The average values
of 2.15ms (MLC-2062) and 1.35ms (MLC-2139) were
obtained, the statistic values from several cells.

Figure 18 presents the response time evolution with
and without a voltage on the upper electrodes with all the
best optimizations for MLC-2062.

To validate the simulations herein and to confirm the
fastest fall time, the response times were collected for five
experimental cells for different voltages, and the exper-
iment results were compared to the simulation results
(Figure 19).

Figure 19 shows the average fall time for several cells
and different voltage values, from 0V (mechanical relax-
ation) to 28V. All the signals are still square signals
at 100Hz. The associated error margin was also plot-
ted for both LCs. The same trend was observed in the
two figures, with a good fit between the simulation and
experiment results.

Figure 19. Average experimental vs. simulation fall times for
MLC-2062 (a) and MLC-2139 (b).

5. Discussion

Three different structures were simulated, and only one
significantly improved the response time (i.e. structure
3). The structure 1 architecture produced the Faraday
cage effect. Indeed, in this structure, the driving electrode
grid, (the 2nd-level electrodes in Figure 2(a)) deflected
the equipotentials coming from the buried electrodes
(the 1st-level electrodes in Figure 2(a)). Based on these
results, it can be assumed that a buried metal plane can-
not influence the driving electrode. In this case, a reflec-
tive IPS application may be possible because there will be
no interference between the buried plan and the driving
electrodes.

The ‘one-level structure’ (structure 2) may be of inter-
est for reducing the response time, but further research
needs to be done to improve the contrast. With these
authors’ investigation, further research could focus on
the best architecture: the structure with the return
electrodes on the upper substrate. Furthermore, various
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optimizations can be proposed to further reduce the
response time.

The first optimizations in this study were obtained by
using the overshoot method to reduce the rise time. The
process started from a nominal rise time of 7ms (MLC-
2062) and 10ms (MLC-2139) to achieve 2ms (MLC-
2062) and 2.7ms (MLC-2139) response times.

On the other hand, a huge reduction in the fall time
was observed, especially for MLC-2139, due to its high
|�ε|. There were 9.5ms (MLC-2062) and 23.5ms (MLC-
2139) mechanical relaxations, and a 28V (PP) electrical
turn-off could reduce the turn-off time to 3.2ms (MLC-
2062) and 1.2ms (MLC-2139). The higher response time
ofMLC-2139 can be explained by its higher viscosity (γ 1)
compared toMLC-2062.With these results, the response
times of 4.3ms (MLC-2062) and 4ms (MLC-2139) were
finally obtained. A reduction of the response time by a
factor of four was also obtained for MLC-2062, and by a
factor of eight for MLC-2139.

It was theoretically and experimentally confirmed that
structure 3 could be used to reduce the response time of a
micropixel of a homogeneously aligned positive LC cell.
This new micropixel can be an efficient solution for fast-
response LCmicrodisplays. Two specific applications can
be reached with this architecture. Due to the high volt-
age required for electrical turn-off, the first application
can be a fast-refreshing display with an external alimen-
tation linked to the ‘return electrodes.’ The second one
is an FSC display. If a 180Hz frequency is assumed, one
primary color must be sent to the observer in less than
(1/(3*180) s ≈ 1.85ms). In this work, it was shown that
the response time was close to but not exactly at the level
required for FSC displays.

When structure 3 was compared with the structures
in [9–11] with a turn-off obtained by a vertical field,
a full IPS structure with ‘in-plane’ LC molecules (the
molecules stay parallel to the substrate) was used. Due to
themolecules’ positions, the structure maintained a wide
field of view and the IPS’s good constrast. The response
time for both LCs with a positive structure 3 was close
to the results of [11] (4.3 and 4ms vs. 3.3ms). When
the turn-off times were compared, 1.2ms vs. 0.6ms were
obtained for [9] and [10].

Nevertheless, several optimization paths are possible
with the use of the proposed architectures. The first opti-
mization can concern the pitch of the upper electrodes
(‘return electrodes’). The pitch can be reduced to 2.5 μm.
A smaller pixel pitch can reduce the addressing voltage
and the response time because the threshold voltage is
proportional to the interlectrode gap [6]. Furthermore,
MLC-2139 is a very good candidate for the reduction of
the response time under 1ms, especially with this LC
mixture, as it is possible to have a fast response time

with a low voltage. The rise time can be slightly reduced
with the right (voltage/duration) set of overshoot respect-
ing a CMOSmaximal voltage. Finally, a non-commercial
and home-made LC with control of the most important
parameters, such as an LC with a lower viscosity, can be
used.

6. Conclusion

In conclusion, all the architectures with return electrodes
were reviewed to reduce the response time for in-plane
switching (IPS) micropixels. It was shown that only one
architecture is possible, and a new effect was highlighted:
the ‘Faraday cage’ effect between the buried and surface
electrodes. An IPS micropixel with a fast response time
was also demonstrated theoretically and experimentally
using crossed patterned electrodes. The response time
was reduced by the application of the overshoot method
to reduce the rise time and the return electrode on the
upper substrate associated with high peak-to-peak (PP)
voltages for reducing the fall times. Finally, 4 (MLC-2062)
and 8 (MLC-2139) reducing factors were obtained with
the right set of voltages.With this fast response time, a set
of possible applications was also proposed, especially the
field sequential color (FSC) application, which becomes
reachable with this technology.
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