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We report a novel polymer stabilized liquid crystal based light waveguide display whose performance is

significantly improved by using patterned photo-polymerization or an electrode. The waveguide display

is edge-lit and operates on the light scattering of the polymer stabilized liquid crystal. When no voltage is

applied, the liquid crystal is uniformly aligned and is transparent. The incident light is waveguided

through the display by total internal reflection and no light comes out of the viewing side of the display.

When a voltage is applied, the liquid crystal is switched to a micron-sized poly-domain structure and

becomes scattering. The incident light is scattered out of the viewing side of the display. We

demonstrated that by using patterned photo-polymerization or an ITO electrode, the scattering

efficiency of the liquid crystal in the voltage-on state is significantly enhanced. We have achieved high

brightness, low driving voltage, sub-millisecond switching time and high contrast ratio. This new display

is suitable for transparent and augmented display applications.
1. Introduction

Thanks to their merits of high resolution, high brightness, at
panels, and low manufacturing cost, liquid crystal displays
(LCDs) are the leading technology for information displays and
are widely used in many applications from small-size devices,
such as smartphones, to large screen devices such as TVs.1–4 In
regular LCDs, such as twisted nematic (TN) LCDs,5 in-plane-
switching (IPS) LCDs,6–9 vertical alignment (VA) LCDs,10–12 and
fringe eld switch (FFS) LCDs,13,14 the liquid crystal does not
emit light, instead, it modulates the intensity of the light
produced by backlight or edgelight through the help of polar-
izers, and displays colored images through the help of color
lters. Thus the energy efficiency of LCDs is low due to the
employment of the polarizers and color lters which absorb
more than 90% of the light produced by the backlight or
edgelight. Furthermore they are not suitable for new applica-
tions such as transparent displays,15,16 head-up vehicle
displays,17–20 augmented displays21–25 and smart windows.26

An emerging display technology is the light waveguide liquid
crystal display.27–31 It is based on the light waveguide effect and
scattering effect of liquid crystal/polymer composites [either
polymer stabilized liquid crystals (PSLCs) or polymer dispersed
liquid crystals (PDLCs)].32–35 PSLCs consist of a liquid crystal
with a concentration larger than 90% and an anisotropic poly-
mer network with a concentration less than 10%; while PDLCs
consist of a liquid crystal with a concentration around 50% and
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an isotropic polymer with a concentration around 50%. For
example, we consider the waveguide display based on PSLC.36–38

The PSLC is sandwiched between two parallel substrates (either
glass plate or plastic lm) with transparent electrode. Light
emitting diodes (LEDs) are installed on the edge of the display.
The light emitted by the LEDs is coupled into the display. The
refractive indices of the substrate and the liquid crystal are
about 1.5, larger than that of the surrounding air (about 1.0).
When no voltage is applied, the liquid crystal and polymer
network are uniformly aligned in one direction and they do not
scatter light. The incident light is waveguided through the
display by total internal reection at the substrate–air inter-
face.39,40 No light comes out of the viewing side of the display.
When a voltage is applied across the PSLC, the liquid crystal
reorients and is switched to a micron-sized poly-domain struc-
ture due to the aligning effect of the polymer network. Some of
the incident light is scattered and hits the substrate–air inter-
face with small incident angles, and thus comes out of the
viewing side of the display. The waveguide display does not
need polarizers. Thus it has a high light efficiency. Furthermore
it has a high transmittance (>90%) for ambient light incident on
the viewing side, and is suitable for transparent display
applications.

In our previous report, the randomness of the liquid crystal
is achieved by using the polymer network.38,41 In this paper, we
report two new methods that can enhance the performance of
the light waveguide display. The rst method is to use patterned
electrode. The second method is to use patterned UV photo-
polymerization. Both methods produce more random struc-
tures of the liquid crystal, and therefore signicantly increase
the scattering of the voltage-on state.
RSC Adv., 2020, 10, 41693–41702 | 41693

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra07016e&domain=pdf&date_stamp=2020-11-13
http://orcid.org/0000-0002-5851-7462
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra07016e
https://rsc.66557.net/en/journals/journal/RA
https://rsc.66557.net/en/journals/journal/RA?issueid=RA010068


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 4

/5
/2

02
5 

2:
22

:5
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2. Experiment and results
2.1 Design

Our previously reported light wave guide liquid crystal display is
based on light scattering which is caused by random variation
of the refractive index of a polymer stabilized liquid crystal. The
material is a mixture of a liquid crystal and a photo-
polymerizable mesogenic monomer. The material is lled into
a display cell made from two parallel substrates with trans-
parent indium-tin-oxide (ITO) electrode on the inner surface of
the substrates. On top of ITO a homogeneous alignment layer is
coated, baked and rubbed, which generates a uniform align-
ment in the y direction of the liquid crystal and monomer, as
shown in Fig. 1(a). Then the cell is irradiated by UV light to
polymerize the monomer. When the monomer molecules are
polymerized, they phase separate from the liquid crystal and
form a polymer network consisting of brils, as shown in Fig. 1.
The polymer brils are long, anisotropic and in the same
direction as the liquid crystal. The lateral size of the brils is on
the order of sub-micron and the distance between the brils is
on the order of micron. The brils have an aligning effect on the
liquid crystal, which try to retain the liquid crystal in the y
direction. The locations of the brils are random throughout
the cell. The refractive indices of the liquid crystal and the brils
are close to each other, and the volume fraction of the brils is
low (<10%). Therefore, in the absence of an applied voltage, the
material is a uniform optical medium and does not scatter
light.42

In the waveguide display LEDs are installed on the edge of
the display. The produced light is coupled into the display.
When no voltage is applied, the incident light is waveguided
through the cell by total internal reection at the substrate–air
Fig. 1 (a) The regular waveguide display in the voltage-off state. (b) Th
electrode waveguide display in the voltage-on state. (d) The patterned p

41694 | RSC Adv., 2020, 10, 41693–41702
interface. No light comes out of the viewing side of the display,
as shown Fig. 1(a). When a voltage is applied across the cell in
the vertical direction (the z direction), the electric eld tries to
align the liquid crystal (with a positive dielectric anisotropy) in
the vertical direction, while the polymer brils try to retain the
liquid crystal in the y direction. The direction of the liquid
crystal depends on the competition between the aligning effects
of the electric eld and polymer brils. The locations of the
brils are random. The distance between two neighboring
brils varied in the micron regime. The reorientation of the
liquid crystal between two polymer brils depends on the
distance between the brils.43,44 Under a given voltage, if the
distance between two brils is large, the liquid crystal tilts
more; otherwise; if the distance between two brils is small, the
liquid crystal tilts less. The random locations of the polymer
brils produce a random poly-domain structure of the liquid
crystal with a length scale comparable to the wavelength of light
as shown in Fig. 1(b). The effective refractive index of the liquid
crystal depends on its orientation. The incident light encoun-
ters different refractive indices in different liquid crystal
domains. Therefore it is scattered by the liquid crystal. Some of
the scattered light hits on the substrate–air interface with
a small incident angle (with respect to the substrate normal),
and therefore comes out of the viewing side of the display, as
shown in Fig. 1(b).

The light intensity of the display depends on the light scat-
tering of the medium, which in turn depends on the random-
ness of the liquid crystal domain. In the voltage-off state (dark
state) the orientation of the liquid crystal should be as uniform
as possible to minimize the scattering. In the voltage-on state
(bright state), the orientation of the liquid crystal should be as
random as possible to maximize the scattering. Keeping these
e regular waveguide display in the voltage-on state. (c) The patterned
hoto-polymerization waveguide display.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The outgoing light intensity vs. applied voltage curve of the
double side patterned electrode waveguide LCDs.
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two criteria in mind, one way to enhance the scattering in the
voltage-on state is to use a patterned ITO electrode, as shown in
Fig. 1(c). The electrode is patterned into stripes. In the voltage-
off state, there is no electric eld anywhere inside the cell.
Therefore the patterning does not change the orientation of the
liquid crystal, and thus the optical property remains the same.
In the voltage-on state, in the region, where there is ITO coating
and thus there is an electric eld, the liquid crystal will reorient
under the electric eld in the same way as before, while in the
region, where there is no ITO coating and thus there is no
electric eld, the liquid crystal does not reorient. Hopefully this
will increase the randomness of the liquid crystal and thus
enhance the scattering. Another way to enhance of the scat-
tering in the voltage-on state is to use patterned photo-
polymerization, as shown in Fig. 1(d). The photo-mask
consists of alternating black and transparent stripes. When
the cell is placed under UV light to photo-polymerize the
monomer molecules, the photo-mask is put on top of the
display facing the UV light. In the region of the cell under the
back stripe, the UV light is blocked, and thus no polymer
network forms, while in the region of the cell under the trans-
parent stripe, the monomer molecules are polymerized to form
a polymer network. Aer the polymerization, in the voltage-off
state, the liquid crystal is uniformly aligned in the aligning
rubbing direction, and thus the optical property remains the
same. In the voltage-on state, in the region where there is
polymer network, the liquid crystal will reorient under the
electric eld in the same way as before, while in the region
where there is no polymer network, the liquid crystal tilts more
under the electric eld. Therefore, the patterned photo-
polymerization will increase the randomness of the liquid
crystal and thus enhances the scattering.
2.2 Material formulation, display cell parameter,
polymerization condition and measurement

The polymer stabilized liquid crystal is made from 94.5 wt% of
nematic liquid crystal BOE-5 (from BOE), which has a positive
dielectric anisotropy (D3 > 0), 5 wt% of bifunctional reactive
mesogenic monomer RM-257 (fromMerck), and 0.5 wt% photo-
initiator BME (from PolyScience). The display cell is made from
two parallel glass plates with ITO coating. A homogeneous
alignment layer polyimide SE 2170 (from Nissan Chemical
Industries, Ltd.) is spin coated on top of the ITO, pre-baked at
80 �C, hard baked at 200 �C, and thenmechanically rubbed. The
cell gap is controlled by 2 mm polymer sphere spacers. The
liquid crystal/mixture is lled into the cell by capillary action on
a hot plate.

When the cell is placed under an LED UV light (365 nm) to
photo-polymerize the monomer, the mixture is in nematic
phase. The UV light intensity is 7 mW cm�2. The UV irradiation
time is 30 m.

A white LED is installed on the edge of the display. The
produced light is coupled into the display cell. In most of the
experiment, the pattern used for the photolithography of the
electrode and photo-polymerization is parallel stripes unless
otherwise specied. The LED is installed on the edge of the
This journal is © The Royal Society of Chemistry 2020
display parallel to the stripe. Thus the incident light propaga-
tion direction is perpendicular to the stripe. A photo-diode
detector is used to measure the light intensity coming out of
the viewing side of the display, as shown by the inset in Fig. 2.
The applied voltage is an AC voltage with 1 kHz frequency.
2.3 Patterned electrode waveguide display

Patterned electrode is the rst method to enhance the
randomness of the liquid crystal. To investigate the effects of
patterned electrode on the performance of the waveguide
display, we fabricated display cells with a variety of stripe
patterned electrodes. We rst make display cells with double
side (both top and bottom) patterned electrodes. In display D1,
the widths of the ITO electrode and the gap between two adja-
cent electrodes are all 5 mm, denoted as 5 mm� 5 mm. In display
D2, the widths of the ITO electrode and the gap between elec-
trodes are all 20 mm, denoted as 20 mm � 20 mm. In display D3,
the width of the ITO electrode is 250 mm and the gap between
electrodes is 25 mm, denoted as 250 mm � 25 mm. In display D4
(the reference display), the electrode is not patterned. The
electrodes on the top and bottom plates are parallel but not
aligned. The intensities of the light coming out of the displays
are measured under the same condition, as specied previously.
The light intensity as a function of applied voltage of the
displays is shown in Fig. 2. The performance of displays D1 and
D2, with narrow electrode widths and gaps, are worse than that
of display D4, without patterned electrode: higher driving
voltage and low maximum light intensity. For display D3, with
large electrode width, the maximum light intensity is higher,
but its driving voltage is higher. The driving voltages, maximum
light intensities and contrast ratios of the displays are listed in
Table 1. In the displays with double side patterned electrodes,
the top and bottom electrode are not aligned, and thus under
a given voltage, the produced electric eld is smaller and
furthermore is not in the cell normal direction (the z direction).
The decrease of the electric eld probably causes the reduction
of the performance of the displays.

In order to avoid the alignment problem of double side
patterned electrode, we made display cells with single side (only
RSC Adv., 2020, 10, 41693–41702 | 41695
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Table 1 Performance of the waveguide displays with double side patterned electrodes

Display D1,
5 mm � 5 mm

Display D2,
20 mm � 20 mm

Display D3,
250 mm � 25 mm

Display D4,
not patterned

Driving voltage (V) 20 20 16 12
Maximum light intensity (a.u.) 39 52 72 63
Contrast ratio 30 30 41 43

Fig. 3 The outgoing light intensity vs. applied voltage curve of the
single side patterned electrode waveguide LCDs.
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bottom) patterned electrode. In display S1, the width of the ITO
electrode is 5 mmand the gap between two adjacent electrodes is
5 mm, denoted as 5 mm � 5 mm. In display S2, the width of the
ITO electrode is 20 mm and the gap between electrodes is 20 mm,
denoted as 20 mm � 20 mm. In display S3, the width of the ITO
electrode is 250 mm and the gap between electrodes is 25 mm,
denoted as 250 mm � 25 mm. In display S4 (the reference
display), the electrode is not patterned. The intensities of the
light coming out of the displays are measured under the same
condition, as specied previously. The light intensity as a func-
tion of applied voltage of the displays is shown in Fig. 3. The
driving voltages, maximum light intensities and contrast ratios
of the displays are listed in Table 2. The maximum light
intensity of all the displays with patterned electrode is better
than that of the display without patterned electrode. This effect
can be explained by that the patterned electrodes increase the
randomness of the liquid crystal domain, which results in an
increase of the light scattering. The driving voltages of displays
S1 and S2 are higher than that of display S4; while the driving
voltages of display S3 is almost the same as that of display S4. It
Table 2 Performance of the waveguide displays with single side pattern

Display S1,
5 mm � 5 mm

Di
20

Driving voltage (V) 20 20
Maximum light intensity (a.u.) 71 74
Contrast ratio 44 39

41696 | RSC Adv., 2020, 10, 41693–41702
seems that under a given voltage, the produced electric eld in
the displays with narrow electrodes is smaller, and thus the
driving voltage is increased. The performance of display S3 with
wide electrode is improved.

We measured the dynamic response of display S3. In the
measurement, a voltage pulse with 15 V amplitude and 500 ms
width is applied, the outgoing light intensity as a function of
time is shown in Fig. 4(a). The turn-on time and turn-off time
are 0.22 ms and 1.1 ms, respectively, which are superfast and
adequate for color sequence operation.

We studied the switching of the liquid crystal in the displays
with single side patterned electrode under a polarizing optical
microscope with crossed polarizers. The display is illuminated
by a white light which is incident perpendicularly on the
display.

As an example, the textures of display S2 under various
voltages are shown in Fig. 5. When no voltage is applied, the
display appears uniform and has a brownish color, as shown in
Fig. 5(a). Note that the dim stripe pattern is probably caused by
the different refractive indices between glass and ITO. When 3 V
is applied, the appearance of the ITO region changes to orange,
as shown in Fig. 5(b), because the liquid crystal is tilted toward
the cell normal direction and the optical retardation value is
decreased. As the applied voltage is increased, the color of the
ITO region shis to shorter wavelength, and the poly-domain
structure of the liquid crystal becomes more obvious. Note
that the brightness and color of a spot on the photograph
reects the local effective birefringence at the spot, and does not
necessarily indicate the scattered light intensity under LED
edgelighting.
2.4 Patterned photo-polymerization waveguide display

Patterned photo-polymerization is the second method to
enhance the randomness of the liquid crystal. We employed
patterned photo-polymerization to make the waveguide
displays. The photo-masks have patterned stripes consisting of
alternating transparent and black stripes. In the
ed electrodes

splay S2,
mm � 20 mm

Display S3,
250 mm � 25 mm

Display S4,
not patterned

13 12
85 63
53 43

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra07016e


Fig. 4 Outgoing light intensity vs. time curves of the waveguide LCDs. (a) Single side patterned electrode waveguide LCD S3. (b) Patterned
photo-polymerized waveguide LCD P2.

Fig. 5 Microphotographs of the single side patterned electrode waveguide display S2. under various voltages: (a) 0 V, (b) 3 V, (c) 7 V and (d) 10 V.
The Scale bar is 100 mm
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polymerization, the region under the transparent stripe is
irradiated by UV light. The photo-initiators are converted into
free radicals, which initiate the polymerization of the mono-
mers. The region under the black stripe is not irradiated by UV
light and no free radicals are produced there. Note, monomers
in the un-irradiated region migrate to the irradiated region and
are polymerized there. A small amount of free radicals produced
in the irradiated region migrate to the un-irradiated region, and
initiate the polymerization. In the irradiated region, there are
more free radicals and the polymerization is faster. Thus the
formed polymer network is denser (higher density of polymer
brils). In the un-irradiated region, there are less free radicals
and the polymerization is slower. Thus the formed polymer
network sparser. The time needed for the monomer and free
This journal is © The Royal Society of Chemistry 2020
radical to migrate 10 micron is on the order of second. The UV
irradiation time is 30 m. During this time, most of the mono-
mers in the un-irradiated region either have migrated to the
irradiated region and are polymerized there, or are polymerized
locally due to the free radicals coming from the irradiated
region. Therefore we expect the amount of residual monomers
is small and does not produce a signicant hysteresis and long
term instability problems. In the fabrication of display P1, the
widths of the black stripe and transparent stripe of the used
mask are all 5 mm, denoted as 5 mm� 5 mm. In the fabrication of
display P2, the widths of the black stripe and transparent stripe
of the used mask are all 10 mm, denoted as 10 mm � 10 mm. In
the fabrication of display P3, the widths of the black stripe and
transparent stripe of the used mask are all 20 mm, denoted as 20
RSC Adv., 2020, 10, 41693–41702 | 41697
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Fig. 6 The outgoing light intensity vs. applied voltage curve of the
patterned photo-polymerized waveguide LCDs.
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mm � 20 mm. In the fabrication of display P4, the widths of the
black stripe and transparent stripe of the used mask are 25 mm
and 250 mm, respectively, denoted as 25 mm � 250 mm. In the
fabrication of display P5 (the reference display), no mask is
Table 3 Performance of the waveguide displays with patterned photo-

Display P1,
5 mm � 5 mm

Display P2,
10 mm � 10 m

Driving voltage (V) 12 11
Maximum light intensity (a.u.) 88 91
Contrast ratio 53 60

Fig. 7 Themicrophotographs of the patterned photo-polymerized wave
(d) 9 V. The scale bar is 20 mm.

41698 | RSC Adv., 2020, 10, 41693–41702
used. The intensities of the light coming out of the displays are
measured under the same condition, as specied previously.
The light intensity as a function of applied voltage of the
displays is shown in Fig. 6. The displays made under patterned
photo-polymerization are all better than the one made under no
mask. The patterned photo-polymerization increases the
outgoing light intensity, but does not change the driving
voltage. Display P2, made under the 10 mm � 10 mm mask, has
the best performance. The driving voltages, maximum light
intensities and contrast ratios of the displays are listed in
Table 3. The patterned photo-polymerization does not affect the
orientation of the liquid crystal in the voltage-off state. There-
fore, the outgoing light intensity remains unchanged.
Compared with display P5 made under no mask, when a voltage
with a given amplitude is applied, the generated electric eld in
the displays made under masks is not affected by the patterned
photo-polymerization. In the region with denser polymer
network, the orientation of the liquid crystal changes less, while
in the region with sparser polymer network, the orientation of
the liquid crystal changes more. Thus the randomness of the
liquid crystal is enhanced and the outgoing light intensity is
polymerization

m
Display P3,
20 mm � 20 mm

Display P4,
25 mm � 250 mm

Display P5,
not patterned

11 12 12
74 73 63
42 44 43

guide LCD P2 under various applied voltages: (a) 0 V, (b) 5 V, (c) 7 V, and

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 The outgoing light intensity vs. applied voltage curve of the
stripe and square patterned photo-polymerized waveguide LCDs.

Fig. 8 The outgoing light intensity vs. applied voltage curve of the
patterned photo-polymerized waveguide display P2 under two
lighting conditions: light propagation direction parallel and perpen-
dicular to the stripe, respectively.
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increased. The turn-on and turn-off times of the displays
remain unchanged. As an example, the dynamic response of
display P2 to a voltage pulse is shown in Fig. 4(b). The ampli-
tude of the pulse is 15 V. The turn-on time is 0.23 ms and the
turn-off time is 1.2 ms.

We also studied the switching of the liquid crystal in the
patterned photo-polymerized displays under a polarizing optical
microscope. As an example, the textures of display P2 under
various voltages are shown in Fig. 7. When no voltage is applied,
the textures of the liquid crystal in the two regions aremore or less
the same and have a brownish color as shown in Fig. 7(a). When
5 V is applied, the textures of the liquid crystal in the two regions
becomes different. In the region with sparser polymer network,
the liquid crystal is tilted more toward the cell normal direction
and the optical retardation value is decreased, and thus appears
greener, as shown in Fig. 7(b). As the applied voltage is increased,
the contrast between the textures of the two regions increases, as
shown in Fig. 7(c) and (d). Note that the brightness and color of
a spot on the photograph reects the local effective birefringence
at the spot, and does not necessarily indicate the scattered light
intensity under LED edgelighting.

The performance of the patterned photo-polymerized
displays depends on the direction of the stripes with respect
to the incident light propagation direction. There are two
possible geometries. In the rst geometry, called perpendicular
geometry, the LED is installed on the edge of the display parallel
to the stripe, and thus the stripe is perpendicular to the incident
light propagation direction. In the experiments whose results
are reported in the previous paragraphs, this geometry is used.
In the second geometry, called parallel geometry, the LED is
installed on the edge of the display perpendicular to the stripe,
and thus the stripe is parallel to the incident light propagation
direction. The results of display P2 under these two geometries
are shown in Fig. 8. The outgoing light intensity is much higher
in the perpendicular geometry, because when light propagates
through the display, the encountered refractive index varies
more. The contrast ratio in the perpendicular geometry is 60,
while the contrast ratio in the parallel geometry is only 12.
This journal is © The Royal Society of Chemistry 2020
In addition, we fabricated a patterned photo-polymerized
waveguide display using a mask with 10 mm � 10 mm square
pattern and study its electro-optical properties. The outgoing
light intensity as a function of applied voltage of the display is
shown in Fig. 9. For the purpose of comparison, the light
intensity as a function of applied voltage of display P3 with
stripe is also shown in the gure. Their behaviors are almost the
same, except that at 0 V the light intensity of the display with
square pattern is a slightly high, due to higher randomness of
the liquid crystal in this display. The small difference has
a medium impact on the contrast ratio. The contrast ratio of the
display with the square pattern is 50, while the contrast ratio of
the display with stripe pattern is 60.

We also studied the wavelength dependence of the intensity
of the light coming out of display P2. We rst measured the
spectrum of the light directly from the white LED. The result is
shown by curve (a) in Fig. 10. It has two peaks: one around
450 nm and the other one around 550 nm. We then measured
the spectrum of the light coming out of the display. We calcu-
late the ratio by dividing the spectrum (b) by spectrum (a). The
ratio is the scattering efficiency of thematerial. It decreases with
increasing wavelength. This is caused by the decrease of the
birefringence of the liquid crystal with increasing wavelength.
In single scattering regime, the scattering efficiency is propor-
tional to the square of the birefringence. In the wavelength
region around 500 nm, the large uctuation of the ratio is
caused by electronic noise because of low light intensity.

To show the improvement of patterned photo-polymerized
waveguide display over the un-patterned photo-polymerized
waveguide display, we fabricated a display with patterned ITO
with “LCI” characters. The display is polymerized under the
mask with the 10 mm� 10 mm stripe pattern. The display can be
operated in either transparent display mode,45–47 or direct view
display mode.48 To demonstrate the display in transparent
display mode, a picture of Kent State University is placed behind
them. When no voltage is applied, the display is very trans-
parent with a transmittance about 90%, and the picture behind
them can be seen clearly, as shown in Fig. 11(a). When 15 V is
applied, the ITO region with “LCI” characters becomes bright,
RSC Adv., 2020, 10, 41693–41702 | 41699
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Fig. 11 Photographs of the patterned photo-polymerized waveguide displays in transparent display mode (a) and (b): in transparent display
mode (c) and (d): in direct view display mode.

Fig. 10 (a) Spectrum of the white LED. (b) Spectrum of the light coming out of display P2. (c) Ratio between (b) and (a).
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while the region without ITO remains transparent, as shown in
Fig. 11(b). To demonstrate the display in direct view display
mode, a black absorbing layer is placed behind it. When no
voltage is applied, the display appears black, as shown in
Fig. 11(c). When 15 V is applied, the ITO region with “LCI”
characters becomes bright, while the region without ITO
remains dark, as shown in Fig. 11(d).

3. Discussion and conclusion

We developed patterned light waveguide liquid crystal displays.
We designed two patterning methods to improve the perfor-
mance of normal (un-patterned) waveguide liquid crystal
display. The rst method is patterning electrode. The second
method is patterning photo-polymerization. Both methods can
improve the brightness of the waveguide display, and as well
retain the merits of highly transparent voltage-off state, super-
fast response time and active matrix compatible driving voltage.
The patterning electrode method can enhance the randomness
of the liquid crystal, resulting in a higher brightness. However,
it has a drawback that the driving voltage is increased, because
under a given voltage, the electric eld is decreased. The
patterning photo-polymerization method can increase the
randomness of the liquid crystal and thus the brightness, and
contrast ratio of the waveguide display without the tradeoff of
higher driving voltage. Therefore it is better than the patterning
electrode method. Driving voltage is an important issue for
thin-lm-transistor active matrix liquid crystal display. As
shown in Fig. 6, for the patterned photo-polymerized waveguide
display, the light intensity begins to increase when the applied
voltage is increased above 3 V, which is the threshold voltage,
and saturates at 10 V, which is the saturation voltage. The
difference between these two voltages is 7 V, which is compat-
ible with TFT technology. The driving voltage can be decreased
by using thinner cell, lower polymer concentration and a liquid
crystal with a larger dielectric anisotropy.

It is not fully understood how the striped structure with scale
on the order of tens microscope contributes to the enhance-
ment of the scattering of light with wavelength around half
micron. There are two possible mechanisms that enhance the
light scattering. The rst mechanism is that the patterning
increases the randomness of the effective refractive index of the
material. In the region exposed to UV light, the formed polymer
network is denser, where the liquid crystal rotates less under
a given voltage; while in the region not exposed to UV light, the
formed polymer network is sparser, where the liquid crystal
rotates more under a given voltage. Furthermore, in the tran-
sitional region between the UV exposed and unexposed region,
the polymer network density changes gradually, which also
increases the randomness. The second mechanism is light
diffraction. Because of the periodic striped structure, there is
some kind of diffraction which produces a constructive inter-
ference between the scattered light from the stripes, which
increases the intensity of light coming of the display.

Light efficiency is an important issue in displays. Regular
liquid crystal displays have a very low light efficiency about 8%
because they use two polarizer and a color lters which absorb
This journal is © The Royal Society of Chemistry 2020
light. The waveguide display does not absorb light and thus in
principle have a higher light efficiency. However, it may have
a low light extraction efficiency if the unscattered light leaks out
of the display on the edges. In order to increase its light effi-
ciency, the unscattered light should be recycled by installing
reectors on the edges of the display. At this moment we do not
know the exact light efficiency because of the lack of the
necessary measurement equipment.

In summary, the patterned photo-polymerized waveguide
liquid crystal display does not use polarizers. Furthermore it
does not use color lter. It has superfast sub-millisecond
switching time. Color sequence can be used to generate full
color images. In the voltage-off state, it has a transmittance
close to 90%, much higher than the transmittance, about 8%, of
regular liquid crystal displays. It is very suitable for head-up
vehicle displays and augmented displays.
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