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Abstract: Liquid crystal displays are the leading technology for flat panel displays. Their
energy efficiency is low, however, due to the light absorption caused by polarizers and color
filters and power consumption by driving circuitries. In displaying static images, their energy
efficiency can be improved if a low driving frequency is used. As the driving frequency is
decreased, the transmittance of the displays may change with time, a phenomenon known as
image flickering. In this research we demonstrated that polymer stabilization can significantly
reduce the flickering in fringe field switching (FFS) liquid crystal display. Under the polymer
stabilization, the driving voltage remains low and the response time becomes shorter.
Through simulation study, we find that the polymer stabilization smooths the spatial variation
of the liquid crystal orientation in the display, and thus reduce the flexoelectric effect which is
responsible for image flickering. The polymer stabilization can be implemented in the current
main stream manufacturing to produce displays that can show static images under low power
consumption.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Liquid crystal displays (LCDs) are the leading technology for flat panel displays and are
widely used in many applications from small-size devices, such as smartphones, to large-
screen devices such as TVs [1-3]. The most common display modes are twist nematic (TN)
[4], vertical alignment (VA) [5-7], in-plane-switch (IPS) [8-11], fringe field switch (FFS)
and ADvanced Super Dimension Switch (ADS) [12,13]. Their energy efficiency is, however,
low due to light absorption caused by polarizers and color filters and power consumption by
the driving circuitry. LCDs are addressed frame by frame. The voltage applied changes
polarity from one frame to the next frame in order to avoid liquid crystal degradation caused
by electrochemical reactions under DC voltage in prolonged time. The time interval of a
frame is the frame time. The inversion of the frame time is the driving frequency. The power
consumption of the driving circuitry is proportional to the driving frequency. One way to
improve the energy efficiency is to use low driving frequency. In many applications, such as
Ebook and electronic sign board, the displayed images are changed slowly or static, and thus
low driving frequencies can be used to save energy. As the driving frequency is decreased,
however the transmittance of the display (and thus the brightness of the image) may change
with time, a phenomenon known as image flickering [14-23]. There are two factors
responsible for the flickering. One of the factors is the low resistivity of the LC material,
which makes the voltage across the LC decrease during each frame. The other factor is the
flexoelectric effect of the LC [3,24-32], whose aligning effect on the LC is sensitive to the
polarity of the applied voltage. When the polarity of the applied voltage is changed from one
frame to the next frame, the orientation of the LC changes, which results in a change of the
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transmittance of the display, even though the amplitudes of the voltage in the two frames are
the same.

There have been many efforts to reduce the flickering. For example, Kim et al. doped
bent-core materials into nematic LC hosts to reduce the flexoelectric coefficient [19]. Oh et
al. applied a bipolar voltage, instead of a unipolar voltage, to reduce the flexoelectric effect
[20]. They also suggested to use electrode spacing to control the flickering [21]. In this paper
we report a different approach where polymer stabilization is used to reduce the flickering
caused by the flexoelectric effect. A small amount of polymer network is dispersed in the LC,
which smooths the LC director configuration under externally applied electric fields. It
significantly reduces the flexoelectric effect.

2. Experiment and results

The liquid crystal display mode under study is the fringe field switch (FFS) mode which has a
superior performance and is widely used for TVs and smartphones such as Apple Iphones.
The structure of the FFS mode is schematically shown in Fig. 1. The rubbing direction of the
alignment layer makes the angle of 11° with respect to the pixel stripe electrode. The
electrode width and gap are 3 pm and 5 um, respectively, and the cell thickness is 4.5 um.

In the voltage-off state, the LC is uniformly aligned parallel to the alignment layer
rubbing direction which is parallel to the transmission axis of the bottom polarizer as shown
in Fig. 1(a). When the incident light propagates through the LC layer, its polarization remains
unchanged; it is then absorbed by the top polarizer whose transmission axis is orthogonal to
that of the bottom polarizer. In the voltage-on state, the LC molecule is reoriented by the
electric field as shown in Fig. 1(b). When the incident light propagates through the LC layer,
its polarization changes; and then passes the top polarizer.

Polymer stabilization has been used to stabilize LC states and improve the performance of
liquid crystal devices [34-38]. In this method a small amount of mesogenic monomer is
mixed with the LC. The mixture is filled into the LC cell and then photo-polymerized. The
cell is irradiated by UV light to photo-polymerize the monomer. When the monomer is
polymerized, it forms an anisotropic polymer network which mimics the structure of the LC
state. The polymer network has a strong aligning effect on the LC.
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Fig. 1. Schematic diagram of FFS mode, (a) Voltage-off state, (b) Voltage-on state

In our experiment, the LC host is MAT-11575 (Ae =5.5,An=0.1157, Merck). This
material has a very high resistivity, thus the ionic effect is negligible. The monomer is a
bifunctional mesogenic RM257 (Merck). The photo-initiator is Irgacure 651(Ciba), whose
concentration is about 5% of the monomer. The mixture is filled into the FFS cell under
capillary action in the isotropic phase at an elevated temperature. The transmittance of the
cells is defined as the ratio between the intensity of light passing the cells and the intensity of
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light passing two polarizers with parallel transmission axes. Then the cell is irradiated under
UV light (produced by a high pressure Mercury lamp) with the intensity of 6 mW/cm? for 30
m at room temperature and without applied voltage to polymerize the monomer. After
polymerization, the formed polymer network is parallel to the alignment layer rubbing
direction as shown in Fig. 1 and tends to keep the LC in this direction. The electro-optical
properties of the cell under the influence of the polymer network are measured. In the
measurement of the electro-optical response of the cells, a He-Ne green laser with wavelength
of 543 nm is used.

In order to study the effect of the polymer network, we prepare four mixtures with the
monomer concentrations of 0%, 1%, 2% and 3%, respectively. The mixtures are filled into
four FFS cells. The transmittance-voltage curves of the cells before the polymerization are
shown in Fig. 2(a). The frequency of the applied voltage is 1 kHz under which the flickering
is very small. The monomer has little effect on the electro-optical properties. The
transmittance-voltage curves of the cells are almost identical, independent of the monomer
concentration. The maximum transmittance 7T, of 42% is obtained at 7 V. We choose the
voltage 2.6 V, at which the transmittance is 20% of the maximum transmittance i, to study
the flickering. When a square wave voltage with the amplitude of 2.6 V and the frequency of
5 Hz is applied to the cells, their transmittance-time curves are measured. The results are
shown in Fig. 2(b). The flickering is large that the transmittance varies considerably with
time. The transmittance is sensitive to the polarity of the applied voltage. The transmittance is
high when the polarity of
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Fig. 2. Electro-optical properties before polymerization of the FFS cells with various polymer
concentrations. (a) Transmittance-voltage curves, (b) Transmittance-time curves.

the applied voltage is negative. In order to quantitatively discuss the flickering, we use the
flickering value which is defined by

F= (Th_]D , (D
(7, +T7) /2]
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Fig. 3. Electro-optical properties after polymerization of the FFS cells with various polymer
concentrations. (a) Transmittance-voltage curves, (b) Transmittance-time.

where 7, and 7, are the highest and lowest transmittance, respectively, under the applied
voltage wave. When the applied voltage is + 2.6 V, the highest transmittance is 7, =10.1% .
When the applied voltage is —2.6 V, the highest transmittance is 7, =8.0% . The flickering

value is 23%. Note that before the polymerization, the flickering is almost independent of the
monomer concentration.

The FFS cells are then irradiated by UV to polymerize the monomer. After
polymerization, the -electro-optical properties of the cell are measured again. The
transmittance-voltage curves of the cells are shown in Fig. 3(a). When the monomer
concentration is increased from 0 to 3%, the driving voltage (for the maximum transmittance)
increases from 7 V to 11 V and the maximum transmittance decreases slightly because of the
formed polymer which tends to keep the LC in voltage-off state. The increase of the driving
voltage is modest. The square wave voltage with the frequency of 5 Hz and the amplitude for
20% of the maximum transmittance is applied to the cells to study their flickering. The results
are shown in Fig. 3(b). The flickering is significantly reduced by the polymer network. When
the monomer concentration is increased from 0 to 3%, the flickering value under 5 Hz
decreases from 23% to 5%.
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Fig. 4. Flickering value of the cells after polymerization as a function of the frequency of the
applied voltage. The lines are guide to the eye.
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We also study the flickering of the cells after polymerization under voltages with various
frequencies. The results are shown in Fig. 4. For the cell without polymer, when the
frequency is decreased from 60 Hz to 1 Hz, the flickering value is increased from 10% to
40%. The flickering under all the frequencies is decreased for the cells with polymer
networks. For the cell with 3% monomer, when the frequency is decreased from 60 Hz to 1
Hz, the flickering value remains at 3% down to the frequency of 10 Hz, and then slightly
increases to 5% at 1 Hz. The reduction of the flickering is remarkable. When the flickering
value is 3%, the absolute transmittance is only changed by 0.2%, which is not observable for
human eye.

Image flickering also depends on the switching time of the display. If the viscosity
coefficient of the LC is large, the switching time is long and the flickering is small. In order to
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Fig. 5. Transmittance vs. time curves of the polymer stabilized FFS displays (after
polymerization). The percentages shown are the monomer concentrations. (a) Turn-on curve,
(b) Turn-off curve.

Table 1. Turn-on and turn-off times of the polymer stabilized FFS displays

Monomer concentration 0% 1% 2% 3%
Applied voltage (V) 2.6 2.6 3.6 4.7
Turn-on time (ms) 22 24 39 13
Turn-off time (ms) 28 25 22 11

see whether the switching time plays a role in the reduction of the flickering in the polymer
stabilized displays, we measure their switching time. The transmittance-time curves of the
polymer stabilized displays are shown in Fig. 5. The turn-on and turn-off times of the displays
(after polymerization) are listed in Table 1. In the measurement of the response times, the
applied voltage is the voltage which produces 20% of the maximum transmittance. The
applied voltages for the cells with different monomer concentrations are also listed in Table 1.
For the cells with 1% and 2% monomer, the turn-off time decreases slightly. For the cell with
3% monomer, the turn-off time decreases more. The decrease of the turn-off time would
increase the flickering value. Our experimental result shows the flickering decreases
monotonically with the monomer concentration. This result rules out the possibility that the
flickering is reduced by the switching time. The behavior of the turn-on time is abnormal: it
increases first and then decreases with the monomer concentration. The turn-on time depends
on both the polymer network and the applied voltage. On one hand when the monomer
concentration is increased, the aligning effect of the formed polymer network becomes
stronger, which tends to keep the LC in the dark (voltage-off) state, and thus increases the
turn-on time. On the other hand when the applied voltage is increased, the turn-on time
decreases. In the measurement, the applied voltage is different for cells with different
monomer concentrations. The state of the LC is different when different voltages and
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monomer concentrations are used. It is difficult to quantitatively describe the relation between
the monomer concentration and the response times.

We also study the aligning effect of the polymer stabilized FFS cells under a polarizing
optical microscope. The microphotographs of the cell with 2% monomer are shown in Fig. 6.
The texture of the cell at 0 V is shown in Fig. 6(a), where the polarizer is parallel to the
alignment layer rubbing direction. It is uniformly dark and no light leakage, indicating the LC
is uniformly aligned along the rubbing direction and the polymer network does not cause any
misalignment. When the cell is rotated 45°, the texture is shown in Fig. 6(b). It is still uniform
except becomes bright. When 3.6 V is applied, the texture is shown in Fig. 6(c), where the
polarizer is parallel to the alignment layer rubbing direction. The periodical brightness
variation is caused by the interdigitated electrodes. Furthermore, there are some non-
uniformities which is produced by the polymer network whose location is random.

(a) (b) (©)

Fig. 6. Microphotographs of the polymer stabilized FFS cells with 2% monomer. (a) at 0 V and
polarizer parallel to rubbing direction. (b) at 0 V and polarizer parallel making 45° to rubbing
direction. (c) at 3.6 V and polarizer parallel to rubbing direction.

3. Simulation and results

In order to understand the mechanism of how the flickering is reduced by the polymer
stabilization, we carry out a simulation study of the polymer stabilized FFS display. The LC
configuration is determined by the following factors. The first factor is the dielectric

interaction between the LC and the externally applied electric field E . Its contribution to the
free energy of the system is given by

P
f;ﬁelectric = _EEOAE(E : n)2 s (2)

where A¢ and 7 are the dielectric anisotropy and director of the LC, respectively. This
interaction is not sensitive to the polarity of the electric field. The applied electric field tends
to align the LC parallel or antiparallel to it.

The electric field produced by the interdigitated electrodes in the FFS cell is not uniform.
Furthermore the direction of the LC director on the surfaces of the cell is anchored by the
alignment layers. The resulted LC director configuration is not uniform, but varies in space.
The deformation of the LC director costs energy, which is the second factor affecting the LC
configuration. The contribution to the free energy of the system is given by

1 1 1
felastic :EKII(V'ﬁ)Z +EK22(ﬁ'V'ﬁ)2 +EK33(ﬁXVXﬁ)25 (3)
This factor is against the reorientation induced by the electric field.
Because of the LC director deformation, the permanent dipoles of the LC molecules may
point in a certain direction, which results in a net electric polarization and is known as the



Research Article Vol. 26, No. 25 | 10 Dec 2018 | OPTICS EXPRESS 32646 I

Optics EXPRESS SN X

flexoelectric effect. The electric polarization will interact with the externally applied electric
field and its contribution to the free energy is given by [3,24]

Srow =-le, (iV -ii) +e, (i xVxii)]- E, 4)

where e, and e, are the splay and bend flexoelectric coefficients, respectively, of the LC.
This flexoelectric interaction is the third factor that affects the LC configuration. This
interaction is sensitive to the polarity of the applied electric field. When voltages with the
same amplitude but different polarities are applied to the electrodes, their effects on
orientation of the LC are different and produce the flickering.

The last factor is the interaction between the LC and the polymer network dispersed in the
LC. The polymer network is formed in the voltage-off state where the LC is uniformly
aligned parallel to the easy direction of the alignment layer. The polymer network tends to
maintain the LC in the voltage-off state. When the LC reorients under the influence of the
externally applied electric field, the interaction energy between the LC and the polymer
network increases and thus is against the reorientation. We can use an effective aligning field

E , to represent the aligning effect of the polymer network on the LC and the interaction

energy is given by [38]
1 =
fpolymcr = _ESOAS(E[; ' n)2 > (5)

Note that in the calculation of E ,» the dielectric anisotropy A¢ is included in such a way that

the interaction energy f, is independent of Ag . The free energy density of the system is

olymer

given by
f = f;ﬁclcctric + f‘clastic + fﬂcxo + f;)olymcr 2 (6)

The LC director configuration is calculated by minimizing the total free energy of the system.
In the simulation the following physical parameters are used: the elastic constants are
K, =118pN, K,, =6.1pN and K,; =12.4pN ; the dielectric anisotropy is Ae =5.5; the
cell thickness is 4.5 pm; electrode width is 3 pm; the gap between electrode is 5 pm; and the
rotational viscosity coefficient is 71mPa-s. The effective aligning field E , of the polymer

network, depending on the polymer concentration and morphology, is given by [38]

E, =(7mcK /2¢,Ae)"” | R, 7
where R is the radius of the fibril of the polymer network, ¢ is the concentration of the
polymer network and K is the average elastic constant. For example, when R=0.2um,

K=10""N and ¢=1%, then E, =0.2 V/um . The flexoelectric coefficients are unknown

and are treated as fitting parameters in our simulation. The best fit is obtained with
e,=6pC/m and e, =9pC/m [39].
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Fig. 7. Simulated electro-optical properties if the FFS displays under various polymer aligning
fields. (a) Transmittance-voltage curves, (b) Transmittance-time

We use computer simulation to study the effect of the polymer network aligning field on
the electro-optical properties of the polymer stabilized FFS display. We use lab-developed
simulation software coded in Matlab. The simulation region (8x5 pum?) is divided into a mess
consisting of 32x25 lattice sites. Relaxation method is used, where the sum of the elastic,
dielectric and flexoelectric torques is balanced by the rotational viscosity torque. Figure 7(a)
shows the simulated transmittance-voltage curves. As the polymer aligning field is increased,
the maximum transmittance decreases slightly and the driving voltage increases slightly,
agreeing with the experimental results. Figure 7(b) shows the simulated transmittance-time
curves under 5 Hz square wave voltage. The amplitude of the voltage wave is the
corresponding voltage for 20% of the maximum transmittance of the display. When the
polymer aligning field is increased, the maximum transmittance decreases and the voltage to
obtain 20% of the maximum transmittance increases. The flickering decreases with the
polymer aligning field. When the aligning field is £, =0.0 V/pm, the flickering value is

23%. When the aligning field is £, = 0.7 V/um , the flickering value decreases to 7%.

The molecular structure of the monomer is similar to that of the LC molecule. It is
unlikely that the monomer with such low concentrations significantly changes the
flexoelectric coefficients. We speculate that the polymer network reduces the LC director
deformation in the voltage-on state, because the polymer network favors the voltage-off state
where there is no deformation of the LC director. In order to confirm our speculation, we
calculate the LC director deformations in the polymer stabilized FFS display under various
polymer network aligning fields. The coordinate has its z axis perpendicular to the cell
substrate and the x axis perpendicular to the stripe electrode as shown in Fig. 1. When a
voltage is applied to the interdigitated electrodes, the generated electric field is on the xz
plane. The LC is rotated by the electric field through the dielectric interaction. Because of the
non-uniform electric field (whose strength and direction vary in space) and the anchoring
effect of the alignment layers on the cell surface, the LC director is not uniform but deformed
in space. The deformation of the LC director produces an electric polarization which interacts
with the applied electric field and causes the flickering. The flickering caused by the
flexoelectric effect only depends on the following deformation parameters:
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The results are shown in Fig. 8 and 9, where only the effects of the electric field through
the dielectric interaction and the polymer network are considered. Note that different scales
are used for the vertical axis in Fig. 8 and 9. The bend deformation is much larger than the
splay deformation [39]. The voltage used is the value corresponding to 20% of the maximum

transmittance. As the polymer aligning field is increased from 0.0V / um , the deformation

parameters, except S, , decrease monotonically. S, increases first and then decreases, which

is due to the increase of the applied voltage required to obtain the 20% of the maximum
transmittance. This result confirms our speculation that the polymer network suppresses the
LC director deformation, and thus reduces the flickering.
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4. Discussion and conclusion

We experimentally demonstrated that the image flickering in FFS display can be significantly
reduced by polymer stabilization. When 3% polymer is added to the LC host, the flickering
value under 5 Hz reduced from 23% to 5%. With this polymer concentration, the driving
voltage is still below 11 V, which is compatible with TFT technology. Furthermore the turn-
off time is reduced by a factor of 3. An ideal display should be able to show both fast video
rate images and static images. Fast response time is necessary for the display to show fast
video rate image under high driving frequencies, and low flickering value is required for the
display to show static images under low driving frequencies.

One important issue with polymer stabilized LC displays is light scattering. If the
refractive indices of the polymer network are not matched to those of the LC, the phase
separated polymer network may cause light scattering. In the dark state, the scattering
depolarizes the linearly polarized incident light and causes light leakage, and thus decreases
the contrast ratio of the display. In our experiment, the mesogenic monomer and LC are
carefully chosen and the polymerization condition is optimized to minimize the light
scattering [37]. We use the monomer RM257 with which high contrast ratio is achieved, as
shown in Fig. 3(a). In the selection of monomer, another important property should be
considered is its solubility in LC host, which may affect the electro-optical property of the
polymer stabilized LC display. If the monomer is in nematic phase at room temperature, its
solubility in the nematic host would be better. Furthermore the size of the formed polymer
network is more uniform and the driving voltage is lower [40].

There are some trade-off to use the polymer stabilization. Usually the driving voltage is
increased, which decreases the energy efficiency of the display. The maximum transmittance
is decreased slightly, which also decreases the energy efficiency of the display. Further
research is needed to minimize these effects.

In production, the polymer stabilization can be done by adding a small amount of
mesogenic monomer to the LC host and then irradiating the display panel at room
temperature in the absence of applied voltage under UV light [41]. Therefore, this method can
be implemented in the current main stream manufacturing.

We also used computer simulation to investigate the mechanism of how the polymer
stabilization reduces the image flickering. We found that the spatial variation of the liquid
crystal in the voltage-on state is decreased by the dispersed polymer network. Thus the
flexoeletric effect, which is responsible for the flickering, is significantly suppressed.
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