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We report a light waveguide liquid crystal display (LCD) based on the flexoelectric effect. The display consists of
two parallel flat substrates with a layer of flexoelectric liquid crystal sandwiched between them. A light-emitting
diode (LED) is installed on the edge of the display and the produced light is coupled into the display. When no
voltage is applied, the liquid crystal is uniformly aligned and is transparent. The incident light propagates through
the display by total internal reflection at the interface between the substrate and air, and no light comes out of the
viewing side of the display. The display appears transparent. When a voltage is applied, the liquid crystal is
switched to a micrometer-sized polydomain state due to flexoelectric interaction and becomes scattering. The
incident light is deflected from the waveguide mode and comes out of the viewing side of the display. We achieved
thin-film-transistor active matrix compatible driving voltage by doping liquid crystal dimers with large flexoelec-
tric coefficients. The light waveguide LCD does not use polarizers as in conventional LCDs. It has an ultrahigh
transmittance near 90% in the voltage-off state. It is very suitable for transparent display, which can be used for
head-up display and augmented reality display. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.426780

1. INTRODUCTION

Transparent displays [1–7] have emerged as a class of next-
generation optoelectronics with the development of smart de-
vices and the Internet of Things (IoT) [8,9], such as smart win-
dows [10–13], augmented reality (AR) displays [14–16], and
head-up displays (HUDs) [17–19]. As a powerful medium,
transparent display, showing visual information on transparent
screens without affecting their original appearance and func-
tionality, offers new opportunities to visually communicate.
A number of different display technologies have developed
to meet the growing demands of transparent displays, including
the conventional liquid crystal display (LCD) [20–25], poly-
mer network liquid crystal (PNLC) [26–28]/polymer dispersed
liquid crystal display (PDLC) [29–32], organic light-emitting
display (OLED) [33–36], mini/micro light-emitting display
(mini/micro-LED) [37–39], and electrochromic display (EC)
[40–42]. Among the types of displays, LCDs are still the lead-
ing technology in flat panel displays and are widely used in
many applications due to their advantages such as high resolu-
tion, light weight, low manufacturing cost, and long lifespan. In
a conventional LCD, light is produced by a backlight (or edge-
light) source, which is usually light-emitting diodes (LEDs).
The brightness of the pixels (display unit) of the display is con-
trolled by the liquid crystal layer through the help of polarizers.

Color images are displayed through the use of color filters. The
polarizers and color filters absorb more than 90% of the light
produced by the backlight, and therefore the energy efficiency
of conventional LCDs is very low. When a conventional LCD
with an edgelight is used for transparent display, the transmit-
tance of the transparent state is less than 10%, which is
undesirable.

An emerging liquid crystal display technology is the light
waveguide liquid crystal display [43–47]. It consists of two par-
allel flat substrates with a layer of polymer stabilized liquid crys-
tal sandwiched between them. The polymer stabilized liquid
crystal is a composite of a liquid crystal and an anisotropic pol-
ymer network. An LED is installed on the edge of the display,
and the produced light is coupled into the flat display system.
When no voltage is applied, the liquid crystal is uniformly
aligned and is transparent. The incident light bounces back
and forth from the substrate–air interface due to total internal
reflection (TIR), and it propagates through the display. No
light comes out of the viewing side of the display. When a volt-
age is applied, the liquid crystal is switched into a micrometer-
sized polydomain state due to the competition between the
aligning effect of the applied voltage under dielectric interaction
and the aligning effect of the dispersed polymer network. The
liquid crystal becomes optically scattering. The incident light is
scattered out of the waveguide propagation mode and comes
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out of the viewing side of the display. The operation of this
display does not need polarizers. Furthermore, it has an ultra-
fast submillisecond switching time, making it possible to show
colored images by using a color sequential scheme. The trans-
mittance of the transparent state (voltage-off state) is very high,
near 90%, making it an excellent candidate for transparent dis-
play. There is, however, a problem with the polymer stabilized
liquid crystal that it exhibits some residual light scattering due
to the following two issues. First, it is difficult to perfectly
match the refractive indices of the liquid crystal and polymer
network. Second, once the liquid crystal is switched to the pol-
ydomain state under an applied voltage, it may not be able to
relax to the initial orientation, even if the applied voltage is re-
moved. The residual scattering does not much affect the trans-
mittance of the voltage-off state, but it has a significant impact
on the contrast ratio (CR) of the display, namely, the ratio be-
tween the brightness of the bright state (voltage-on state) and
dark state (voltage-off state). The contrast ratio of light wave-
guide LCDs is usually less than 50:1.

In this paper we report a light waveguide LCD based on the
flexoelectric effect. In this new display, there is no dispersed
polymer. The light scattering polydomain state is produced
by the flexoelectric effect. There is no residual scattering,
and therefore the display has ultrahigh transmittance and high
contrast ratio.

2. DISPLAY DESIGN AND OPERATION
PRINCIPLE

The flexoelectric-based waveguide LCD is schematically shown
in Fig. 1. It consists of two parallel glass substrates with a layer
of liquid crystal (LC) sandwiched between them. On the inner
surface of the substrate there is an indium-tin-oxide (ITO)
coating, which serves as the transparent electrode. On top of
the ITO there is a homogeneous alignment layer, which con-
trols the orientation of the liquid crystal in the voltage-off state.
The rubbing directions of the top and bottom alignment layer
are antiparallel in the x direction. An LED is installed on the
edge of the display where the top and bottom substrates are
aligned. The driving circuitry is the other edge, which is
orthogonal to the edge where the LED is installed.

When no voltage is applied, the LC is uniformly aligned
along the rubbing direction—the x direction—of the align-
ment layer as shown in Fig. 1(a). The LC is transparent.
The incident light propagates through the display under wave-
guide mode. No light comes out of the viewing side of the
display.

When a voltage is applied across the cell in the z direction,
there are two interactions between the LC and the applied elec-
tric field. The first one is the dielectric interaction, whose in-
teraction energy is described by

f dielectric � −
1

2
Δε�~E · ~n�2, (1)

where ~E is the applied electric field, ~n is the LC director (a unit
vector along the average direction of the long molecular axis of
the LCmolecule), andΔε is the dielectric anisotropy of the LC.
The dielectric interaction is not sensitive to the polarity of
the applied voltage; specifically, when the voltage switches

its polarity from positive to negative, its aligning effect on
the LC is the same. If the constituent LC molecules have non-
uniaxial cylindrical shape and a dipole; when the LC director is
nonuniform spatially, namely, ~n varies in space, all the dipoles
will point in a common direction. A net electric polarization is
spontaneously produced, which is described by

~Pflexoelectric � es�~n∇ · ~n� � eb�~n × ∇ × ~n�, (2)

where es and eb are the splay flexoelectric and bend flexoelectric
coefficients, respectively. ∇ · ~n describes the splay deformation,
and ~n × ∇ × ~n describes the bend deformation of the LC direc-
tor in space. Usually es is large when the LC molecule has a
“pear” shape and has a permanent dipole parallel to the long
molecular axis; eb is large when the LC molecule has a “banana”
shape and has a permanent dipole perpendicular to the long
molecular axis. The polarization interacts with the applied
electric field, called flexoelectric interaction, and the interaction
energy is described by

f flexoelectric � −~E · ~Pflexoelectric

� −�es�~n∇ · ~n� � eb�~n × ∇ × ~n�� · ~E: (3)

When the flexoelectric undulation occurs, on the one hand,
the electric energy of the system is decreased. On the other
hand, the elastic energy of the system is increased, which is de-
scribed by

f elastic �
1

2
K 11�∇ · ~n�2 � 1

2
K 33�~n × ∇ × ~n�2: (4)

For the LC used in our experiment, the dielectric anisotropy
is small and the dielectric interaction is negligible. We consider
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Fig. 1. Schematic diagram of the light waveguide LCD based on the
flexoelectric effect. (a) Homogeneous state, (b) striped state, and
(c) random polydomain state.
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the reorientation of the LC under the flexoelectric interaction.
As an approximation we also neglect the variation of the LC
director in the z direction. In the absence of an applied voltage,
the LC uniformly orients along the x direction, and the LC
director is given by

~n � ~no � x̂: (5)

When a voltage V is applied, the LC is switched to the
striped structure as shown in Fig. 1(b), where the LC director
is given by [48]

~n �
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − δ2

p
x̂ � δ sin�ky�ŷ � δ cos�ky�ẑ

� x̂ � δ sin�ky�ŷ � δ cos�ky�ẑ, (6)

where δ is the amplitude and k is the wave vector of the flexo-
electric undulation. Here, as an approximation, we consider the
case where the amplitude δ of the undulation is small and only
keep up to second-order terms of δ in the calculation of free
energy. The applied electric field ~E is in the z direction.
~E � Eẑ � �V ∕d �ẑ, where d is the cell thickness. The flexo-
electric interaction energy density is given by

f flexoelectric � −~E · ~Pflexoelectric

� −esδ2k cos2�ky�E − ebδ2k sin2�ky�E: (7)

If es > 0 and eb > 0, when the applied electric field is in the
�ẑ direction, k > 0 (the LC director rotates counterclockwise
for the viewer looking at the −x̂ direction) to minimize the
flexoelectric interaction energy; when the applied electric field
is in the −ẑ direction, k < 0 (the liquid crystal director rotates
clockwise for the viewer looking at the −x̂ direction). The elastic
energy density is given by

f elastic �
1

2
K 11�∇ · ~n�2 � 1

2
K 33�~n × ∇ · ~n�2

� 1

2
K 11�δk cos�ky��2: (8)

The average (averaged over one period in the y direction)
free energy density is

f̄ �< f elastic � f flexoelectric >

� −
1

2
�es � eb�δ2kE � 1

4
K 11δ

2k2: (9)

We minimize the average free energy density with respect to
the wave vector k:

∂f̄
∂k

� −
1

2
�es � eb�δ2E � 1

2
K 11δ

2k � 0:

We get

k � �es � eb�E
K 11

: (10)

The width of the stripe is

W � π

k
� πK 11

�es � eb�E
� πK 11d

�es � eb�V
: (11)

The width W of the flexoelectric stripe is inversely propor-
tional to the applied voltage V . It is difficult to accurately con-
trol the physical parameters K 11, es, and eb of the liquid crystal
in advance. However, once the liquid crystal is fixed, the cell

thickness and applied voltage can be accurately controlled to
obtain a desired stripe width.

The direction of the splay-bend deformation is sensitive to
the polarity of the applied voltage, which can be seen from
Eq. (3). When a low-frequency AC voltage is applied and
the applied voltage is low, the magnitude of the deformation
is small; the splay-bend deformation switches between the
up and down directions following the switch of the polarity
of the applied voltage changes. The LC is in the periodic striped
state as shown in Fig. 1(b) and becomes optically diffracting.
Some of the incident light is diffracted out of the waveguide
mode and comes out of the viewing side of the display.
When the applied voltage is high, the amplitude of the
splay-bend deformation becomes large and the direction of
the deformation cannot follow the polarity of the applied volt-
age changes, and then the LC is switched to a polydomain
structure as shown in Fig. 1(c). The LC becomes optically scat-
tering. The incident light is scattered out of the waveguide
mode and comes out of the viewing side of the display.

3. EXPERIMENT AND RESULTS

The display cell used in our experiment consists of two glass
substrates with ITO coating. The inner surfaces of the sub-
strates are coated with the alignment material PI2170
(Nissan Chemical Industries, Ltd.), which is baked and rubbed
for homogeneous alignment of the liquid crystals. The cell
thickness is controlled by 2 μm spacers.

In order to achieve low driving voltages, the liquid crystal
should have large flexoelectric coefficients. As discussed in
the previous section, LC molecules with a “pear” shape and
a permanent dipole parallel to the long molecular axis usually
have large splay flexoelectric coefficients, and LC molecules
with a “banana” shape and a permanent dipole perpendicular
to the long molecular axis have large bend flexoelectric coeffi-
cients. In the construction of the LC for the display, three im-
portant physical properties must be considered. First, the LC
must have large flexoelectric coefficients. Second, the LC
should have a small dielectric anisotropy, such that the flexo-
electric interaction is dominant. Third, the LCmust be in nem-
atic phase at room temperature. In our experiment we used
liquid crystal dimers CB7CB and CB9CB, whose chemical
structure is shown in Fig. 2. They consist of two mesogenic
groups at the two ends and a flexible hydrocarbon chain in
the middle. Because the number of carbons in the hydrocarbon
chain is odd, they have a bent shape. Furthermore, the meso-
genic groups have a cyano group that has a permanent dipole.

Fig. 2. Chemical structure of liquid crystal dimers CB7CB and
CB9CB.
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These dimers have large flexoelectric coefficients. The flexoelec-
tric coefficient of CB7CB is −31 pC=m [49,50]. The flexoelec-
tric coefficient of CB9CB is expected to be about the same.
CB7CB transforms from isotropic phase to nematic phase at
114°C and from nematic phase to twist-bend nematic phase
at 101°C [51]. CB9CB transforms from isotropic phase to
nematic phase at 121°C and from nematic phase to twist-bend
nematic phase at 105°C [52]. For display applications, the LC
must be in nematic phase at room temperature. In order to
decrease the transition temperature, we used regular nematic
liquid crystals MAT978 and ZLI4330 (both from Merck).
When only CB7CB (or CB9CB) is used, its phase separates
from the regular LCs at a low concentration, which limits
the maximum concentration of the dimer and thus limits
the flexoelectric coefficient. Therefore, we used the two LC
dimers to achieve a large flexoelectric coefficient. The dielectric
anisotropies of CB7CB and CB9CB are about �2 [51]. The
dielectric anisotropy of MAT978 is −4.0. The dielectric
anisotropy of ZLI is −1.9. These two nematic LCs not only
decrease the transition temperature but also keep the dielectric
anisotropy small. Based on the above considerations, we devel-
oped an LC mixture consisting of 10% (mass fraction) nematic
liquid crystal MAT 978, 50% nematic liquid crystal ZLI 4330,
25% liquid crystal dimer CB7CB, and 15% liquid crystal
dimer CB9CB, which has the desired physical properties.
The isotropic-nematic phase transition temperature of the
LC (mixture) is 84°C. It was filled into the cell by capillary
action in the isotropic phase at an elevated temperature. It is
in the nematic phase at room temperature (around 22°C).
All the measurements were performed at room temperature.

The response of the sample to applied voltages was studied
under a Nikon polarizing optical microscope. The results are
shown in Fig. 3. When the applied voltage is below 5.2 V
(the threshold voltage), the LC remains in the homogeneous
state. The polarizer is parallel to the alignment layer rubbing
direction. The polarization of the incident light is parallel to
the LC. When it propagates through the LC, its polarization
remains unchanged. It is then absorbed by the analyzer. The
sample appears black as shown in Fig. 3(a). When the applied
voltage is increased above the threshold voltage, the splay-bend
stripes start to form. At 8 V, the amplitude of the undulation is
small, and the stripes are barely observable as shown in
Fig. 3(b). As the applied voltage is increased more, the ampli-
tude of the undulation increases. At 10 V, the stripes can be
clearly observed as shown in Fig. 3(c). When the applied volt-
age is increased further, the width of the stripes becomes nar-
rower and the stripes start to wiggle as shown in Fig. 3(d) where
the applied voltage is 11 V. When the applied voltage is in-
creased to 15 V, the stripes are broken into multiple domains
as shown in Fig. 3(e).

The display was then studied under room light as shown in
Fig. 4(a). A black absorbing layer was placed beneath the dis-
play to increase the contrast. The frequency of the applied volt-
age is 30 Hz. When no voltage is applied, the LC is in the
homogeneous state. The sample does not reflect light and ap-
pears black as shown in Fig. 4(b). When the applied voltage is
10 V, the periodic splay-bend stripes are formed. The LC forms
a grating, due to the periodic variation of the refractive index,

which diffracts light. The sample becomes colorful as shown in
Fig. 4(c). When light is diffracted from different parts of the
sample, the diffraction angles are different. Therefore, different
parts of the sample exhibit different colors. When the applied
voltage is varied in the region between 10 and 13 V, the stripe
width decreases with increasing voltage, and the color of the
light diffracted from the sample changes as shown in Figs. 4(d)
and 4(e). When the applied voltage is increased to 15 V, the LC
is switched to the polydomain state and the periodicity is lost.

50 µµm 

(a) 5 V (b) 8 V 

(c) 10 V (d) 11 V

(e) 15 V

P

A Rubbing

Fig. 3. Polarizing optical microphotographs of the waveguide LCD
under various applied voltages. The frequency of the applied voltage is
30 Hz.

(e)(d)

(b) (c)

(f)

(a)

Fig. 4. Photographs of the waveguide LCD under various applied
voltages. The frequency of the applied voltage is 30 Hz.
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The LC scatters light, which is wavelength independent.
Therefore, the sample appears white as shown in Fig. 4(f ).

The electro-optical property was then measured. In the ex-
periment, a white LED was installed on the edge of the display
perpendicular to the alignment layer rubbing direction. The
incident light propagates in the direction parallel to the rubbing
direction. The light intensity coming out of the viewing side of
the display was measured as a function of applied voltage. The
result is shown in Fig. 5 (see Dataset 1, Ref. [53]). The out-
going light intensity depends on both the amplitude and fre-
quency of the applied voltage. We first consider the voltage
dependence. When the frequency of the applied voltage is
30 Hz, the light intensity versus voltage curve is shown by
the red line. When the applied voltage is below 5 V (the thresh-
old voltage), the light intensity is almost 0, indicating that the
LC is in the homogeneous state and does not diffract or scatter
light. When the applied voltage is increased above 5 V, the light
intensity increases with the voltage, where first the LC diffracts
light and then scatters light. When the voltage is 13 V, the
maximum light intensity is reached. Beyond that, the light
intensity decreases with the voltage. The decrease of the light
intensity at high voltages is probably caused by the aligning
effect of dielectric interaction on the LC. Because of the neg-
ative dielectric anisotropy of the LC, the dielectric interaction
tries to align the LC parallel to the cell substrate. As shown by
Eqs. (1) and (3), the dielectric interaction is proportional to the
square of the applied electric field, while the flexoelectric inter-
action is linearly proportional to the electric field. At low volt-
ages, the flexoelectric interaction is dominant; at high voltages,
the dielectric interaction is dominant.

Now we consider the frequency dependence. When the fre-
quency is low, the driving voltage is low, and the maximum
light intensity is also low. When the frequency is increased,
the maximum light intensity increases, and the driving voltage
also increases. The increase of the threshold voltage with the
frequency is not well understood at this moment. The increase
of the light intensity with the frequency is caused by the dy-
namic behavior of the reorientation of the liquid crystal, which

will be discussed in detail in the next paragraph. The optimum
frequency is about 50 Hz, where the maximum light intensity is
high. The contrast ratio between the outgoing light intensities
of the bright state and dark state is high, about 184:1. The
threshold voltage is 7 V, and the driving voltage (saturation
voltage) for the maximum light intensity is 15 V. The differ-
ence between the saturation voltage and threshold voltage is
8 V, which is suitable for thin-film-transistor active matrix driv-
ing. Furthermore, in LCD driving, the voltage is alternated be-
tween a positive voltage and a negative voltage with the same
amplitude in each picture frame. The picture frame time is usu-
ally in the range from 10 to 20 ms, corresponding to the
frequencies of 100 Hz and 50 Hz, respectively. When the fre-
quency of the applied voltage is 1 kHz, the outgoing light in-
tensity is 0 and does not change with the applied voltage, due to
the limited reorienting time of the LC. At this high frequency,
the LC cannot rotate to follow the temporal variation of the
voltage.

We studied the dynamic response of the waveguide display.
In the study, an AC square voltage pulse is applied. The fre-
quency of the voltage is 50 Hz, and the amplitude of the voltage
is 15 V. The width of the pulse is 300 ms. The outgoing light
intensity as a function of time is shown in Fig. 6 (see Dataset 2,
Ref. [54]). When the voltage is turned on, the rising time is
3 ms. When the voltage is turned off, the falling time is
15 ms. During the pulse, the light intensity flickers with a fre-
quency of 100 Hz, twice the frequency of the voltage. When
the polarity of the applied voltage is switched, the light intensity
increases first, and then decreases, because the aligning effect on
the LC under the flexoelectric interaction is sensitive to the po-
larity of the voltage. When the polarity is switched, the splay-
bend deformation tries to change direction, and many defects
of the LC director are produced. The LC is in an irregular poly-
domain state, which scatters light strongly. Therefore, during
the first part of the subframe, the outgoing light increases with
time. The irregular polydomain state has a high elastic energy
and is unstable. The LC will relax to the regular periodic striped
state, which is less scattering. Therefore, during the second part
of the subframe, the outgoing light decreases with time. When
the frequency is in the region where the LC can follow the
polarity of the applied voltage, the higher the frequency, the

Fig. 5. Outgoing light intensity of the waveguide display versus
applied voltage with different frequencies.

Fig. 6. Outgoing light intensity of the waveguide display versus
time under 100 ms AC voltage pulse. The amplitude of voltage is
15 V, and the frequency of the voltage is 20 ms.
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percentage of time, when the liquid crystal is in the irregular
poly-domain state, is larger, and therefore the outgoing light
intensity is higher. When the frequency of the applied voltage
is higher than 30 Hz, flickering is not observable to the human
eye. Note that the light intensity reported in Fig. 5 is the time-
average light intensity.

The electro-optical property of the waveguide display also
depends on the incident light propagation direction with re-
spect to the direction of the flexoelectric stripe, which is con-
trolled by the rubbing direction of the alignment layer. The
flexoelectric stripe is parallel to the rubbing direction of the
alignment layer. In the measurement of the outgoing light in-
tensity presented in Figs. 5 and 6, the LED is installed on the
edge perpendicular to the alignment layer rubbing direction.
We made another display where the LED is installed on the
edge parallel to the rubbing direction. The result is shown
by curve (a) in Fig. 7. For comparison, the result for the display
where the LED is installed on the edge perpendicular to the
rubbing direction is shown by curve (b) in Fig. 7. For the dis-
play with the LED installed on the edge parallel to the rubbing
direction, the incident light propagates in directions more or
less perpendicular to the flexoelectric stripe. When the incident
light propagates through the LC, the encountered refractive in-
dex varies more, and therefore the maximum outgoing light
intensity is higher. The trade-off is that the minimum outgoing
light intensity in the voltage-off state is also higher, which
causes the contrast ratio to decrease to 44:1. For the display
with the LED installed on the edge perpendicular to the rub-
bing direction, the incident light propagates in directions more
or less parallel to the flexoelectric stripe. When the incident
light propagates through the LC, the encountered refractive
index varies less, and therefore the maximum outgoing light
intensity is lower. The minimum outgoing light intensity in
the voltage-off state is also lower, resulting in a contrast ratio
of 184:1.

We fabricated a flexoelectric waveguide display with
ITO electrode patterned to display the characters of “LCI.”

The dimensions of the display are 2 inch × 1.5 inch. A white
LED is installed on the edge of the display. The display can
be operated in two display modes: transparent display and di-
rect view display. When the display is used as a transparent dis-
play, a picture of the Kent State University campus is placed
behind the display. When no voltage is applied, the LC
throughout the display is in the transparent homogeneous state,
the entire display is in the transparent state with a transmittance
close to 90%, and the picture can be clearly seen as shown in
Fig. 8(a). When 15 V is applied, the LC in the region covered
by the patterned ITO is switched to the scattering state, and
white “LCI” characters are displayed as shown in Fig. 8(b).
When it is used as a direct view display, a black absorbing layer
is placed behind the display to obtain a high contrast ratio.
When no voltage is applied, no light comes out of the viewing
side of the display, and the display appears black as shown in
Fig. 8(c). When 15 V is applied, bright white “LCI” characters
are displayed as shown in Fig. 8(d).

4. DISCUSSION AND CONCLUSION

Waveguide liquid crystal displays are based on light scattering
and do not need polarizers. They have very high transmittance
in the voltage-off state, which is a significant advantage over
conventional LCDs where polarizers are needed. They are very
suitable for transparent displays, which can be used for projec-
tion displays, AR displays, and HUDs for automobiles, trains,
and airplanes.

There are two types of waveguide liquid crystal displays. The
first type is based on polymer stabilized liquid crystal, where the
scattering polydomain structure is caused by the dispersed pol-
ymer network. The second type is based on the flexoelectric
effect reported in this paper. The first type has very fast switch-
ing time; both turn-on and turn-off times are in the submilli-
second range, with which a color-sequential scheme can be used
to display full color images. Its driving voltage is compatible
with the amorphous silicon-based active matrix (AM) driving

Fig. 7. Outgoing light intensity of the waveguide display versus
applied voltage with the LED installed on different edges. (a) LED
installed on the edge parallel to the stripe. (b) LED installed on
the edge perpendicular to the stripe.

Fig. 8. Photographs of the waveguide display. (a) Transparent state
in transparent display mode when applied voltage is 0. (b) Bright state
in transparent display mode when applied voltage is 15 V. (c) Dark
state in direct view display mode when applied voltage is 0. (d) Bright
state in direct view display mode when applied voltage is 15 V.
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method for multiplex pixel displays. However, it has a draw-
back that there is some residual scattering in the voltage-off
state, caused by slight refractive index mismatch between
the LC and the dispersed polymer network, which limits its
contrast ratio. The second type uses a homogeneous LC,
and there is almost no scattering in the voltage-off state, and
thus the display has a very high contrast ratio. Its driving volt-
age is about the same as that of the first type. The disadvantage
is its turn-off time, which is too slow for the color sequential
scheme. A main reason responsible for the slow turn-off time is
its viscosity. The dimers used to increase the flexoelectric co-
efficient are large molecules. Doping the dimers into the LC
significantly increases the viscosity.

The light scattering in the flexoelectric effect based wave-
guide display depends on the polydomains formed under flexo-
electric interaction. The scattering of one domain may change
with time. In displays, the volume of a pixel is typically about
50 μm × 50 μm × 10 μm. The domain size is typically about
5 μm × 5 μm × 5 μm. There are about 200 domains in one
pixel. The large number of domains in one pixel makes the
average outgoing light intensity repeatable and not change with
time.

There are other types of scattering liquid crystal technolo-
gies, such as dynamic scattering and polymer dispersed liquid
crystal (PDLC). The dynamic scattering is based on electro-
hydrodynamic instability, where a high ion density is required.
The ions decrease the resistivity and thus increase power con-
sumption. Furthermore, they also cause electro-chemical reac-
tions and thus cause a long-term instability problem. For
PDLC, it is impossible to switch the material to a state that
is transparent for the waveguided incident light by applying
a voltage across the top and bottom electrodes. Therefore, both
dynamic scattering and PDLC are not suitable for wave-
guide LCDs.

In summary, we developed a flexoelectric-effect-based liquid
waveguide LCD. It has a very high transmittance, near 90%, in
the voltage-off state. It also has a high contrast ratio. It is very
suitable for transparent display applications.
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