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1. Introduction

Transparent displays are favored as next-generation display devi-
ces with the characteristics of rendering images on the panel, and
the observers can see the scenery from both sides at the same
time!'. It is widely used in various scenes, such as smart win-
dows, head-up displays, near-eye displays, and advertising®~®!.
Transparent displays have been developed in various ways.
One type is active transparent display, such as transparent active
matrix organic light-emitting diode (AMOLED) displays'”*],
active-matrix transparent display using polymer dispersed
liquid crystal (PDLC) or electrochromic materials™>'%.
AMOLED transparent display usually has a light-emitting area
and a transparent area. The two areas are arranged to form a
periodic structure. The device appears transparent at a voltage-
off state. As voltage is applied to the pixel, the light-emitting area
displays images, and the other area maintains transparency.
Active PDLC or electrochromic displays utilize the electric field
to control the display mode of each pixel to convert between the
transparent state and display state. Another class is passive
transparent display, which requires a projection display to
project an image onto a specific screen. A transparent medium
embedded with nanoparticles can be used as the aforementioned
screen to selectively scatter light at the projected wavelength, and
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A patterned polymer dispersed liquid crystal transparent display using one-time UV exposure is demonstrated. The device is
fabricated by exposing the cell with a uniform UV light through a mask with selective attenuation of the UV light. The
voltage-transmittance response of the device is different for the corresponding regions. Thus, three different states
of total scattering, patterned transparent, and total transparent can be realized by controlling the applied voltages.
The proposed device used in shutter mode as smart windows and in projected display mode is demonstrated, which shows
great potential for smart windows with customized patterns or logos and has potential application in the field of projected

Keywords: polymer dispersed liquid crystal; transparent display.

the non-projected area maintains transparency''"). Electrically
switchable PDLC is also widely utilized as the projection screen
or smart windows with scattering and transparent states due to
its polarization independence, simple fabrication, and low cost
for large-area displays''**'.. Wu’s group used the principle
where PDLC film is highly transparent for a wide range of inci-
dent angles in the air but strongly scattering at large oblique
angles in the high refractive index medium to realize a dual-
plane see-through near-to-eye display!'?. Kim et al. developed
PDLC-based large-area flexible smart windows using roll-to-roll
slot die coating with Ag nanowire electrodes'**!. Besides, PDLC
used to define the projected image shape in a see-through pro-
jected display device was proposed by Su et al.'**!. Last but not
least, Wang’s group proposed an integral imaging-based 2D/3D
convertible display system by using holographic optical ele-
ments and PDLC film!**),

In this Letter, we propose a patterned PDLC transparent dis-
play using one-time UV exposure. The device is fabricated by
exposing the cell with a uniform UV light through a patterned
mask, which selectively attenuates the UV light. The patterned
UV light causes patterned polymer concentration of the PDLC,
resulting in different voltage-transmittance responses of the
device for different regions. Thus, three different states of total
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scattering, patterned transparent, and total transparent can be
realized by applying proper driving voltages, respectively.

2. Fabrication and Working Principle

Figure 1 illustrates the fabrication process of a patterned PDLC
transparent display. The PDLC employed in this Letter is a mix-
ture composed of 60% (mass fraction) liquid crystal E7 (HCCH)
and 40% (mass fraction) monomer NOA65 (Norland). The
precursor in the isotropic state (~60°C) is injected into a
20 pm cell made with two indium tin oxide (ITO) substrates.
A 4mm X 4 mm mask with 82.5% UV attenuation is attached
on the top substrate of the cell, as shown in Fig. 1(a). The cell
was cured by a uniform UV lamp (365 nm, JZ40, Suzhou
Jingzhen Photoelectric Technology Co., Ltd.) for 30 min, as
Fig. 1(b) shows. Thus, a patterned UV exposure dosage distri-
bution is obtained through the mask. The UV light intensities
for region A and region B are 1.45 mW /cm? and 8.3 mW /cm?,
respectively. After UV curing, the attached mask is peeled off,
and the patterned PDLC transparent display is obtained.

The electro-optical property of PDLC film is determined by
the PDLC droplet size. Higher UV intensity results in smaller
droplets and higher threshold voltage, while lower UV intensity
leads to larger droplets and lower threshold voltage****!. Thus, a
patterned polymer concentration of PDLC film for transparent
displays or smart windows is obtained by the preparation proc-
ess above, and the pattern is determined by the customized mask
with selective attenuation of the UV light. The working principle
of the proposed device is shown in Fig. 2. The precursor in cen-
tral area A is cured by the lower intensity of UV light; thus,
the droplet size in region A is significantly larger than that in
region B. At the voltage-off state, the cured PDLC film in both
region A and region B scatters incident light because of the mis-
matched refractive indices of the liquid crystal and the polymer,
as Fig. 2(a) shows. In other words, the proposed device presents
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Fig. 1. Fabrication process of the patterned PDLC transparent display.
(a) Injecting the PDLC precursor. (b) UV exposure. (c) Peeling off the mask.
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Fig. 2. Working principle of the patterned PDLC transparent display.
(a) Voltage-off state. (b) Voltage-on state with . (c) Voltage-on state with
b and 1, > 1.

a total scattering state. When a low voltage V| is applied between
the ITO electrodes, a uniform electric field is applied to the
sample. The PDLC in region A becomes transparent, while the
PDLC in region B still stays in scattering mode because of its
higher threshold voltage due to smaller droplet size, achieving
the patterned transparent mode, as shown in Fig. 2(b). As the
applied voltage increases to V,, which is greater than the thresh-
old voltage of PDLC in region B, all liquid crystal molecules in
the device are aligned parallel to the electric field, all the incident
light will go through without scattering, and the total transpar-
ent mode is obtained, as shown in Fig. 2(c).

3. Results and Discussions

To investigate the electro-optical properties of the two regions,
we measure the voltage-transmittance curves (V-T curves) of
region A and region B. The device is driven by a square-wave
voltage signal of 1 kHz in frequency, and the transmitted light
intensity through the device is received by a photodetector
(New Focus 2031) and recorded by an oscilloscope (Tektronix
TBS1102X). The blue square dotted line represents the mea-
sured V-T curve of the PDLC in region A, while the red circle
dotted line indicates the measured data for region B in Fig. 3(a).
It is clearly shown that the cured PDLC in region A has a
lower threshold voltage of 16.04V; than that in region B
(21.26 V). The transmittance of region A dramatically
increases when the applied voltage rises beyond 16.04 V.,
while region B still stays in the scattering mode with low
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Fig. 3. (a) Measured V-Tcurves of region A and region B of the device. (b) The
variation of the transmittance ratio of region A and region B with applied volt-
age. Insets: the morphologies of the two regions with different applied
voltages under a microscope. (1) 0V, (1) 17.6Vims; (111) 40V .

transmittance. When the applied voltage increases above
21.26 V 6, region B starts to turn into the transmission mode,
but still has a much lower transmittance than region A, which is
almost totally transparent at that time. When the applied voltage
increases over 31.53 V., the transmittance of both region A
and region B is larger than 0.80, resulting in the total transparent
state for the proposed device.

The transmittance ratio of region A and region B (T, /Tg)
with applied voltage is calculated to quantitatively characterize
the electro-optical property of the patterned PDLC transparent
display at different driven voltages, as Fig. 3(b) shows. As the
voltage increases from 0 V,, the transmittance ratio stays close
to one, which indicates that both regions are in the scattering
state. As the voltage continues to rise over 11.62 V, there is
a sharp increase in the transmittance ratio, and a maximum
transmittance ratio of 14.26 is obtained at 17.63 V... After that,
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Fig. & SEM images of (a) region A and (b) region B. The droplet size distri-
butions of (c) region A and (d) region B.

the transmittance ratio decreases with the further increase of the
voltage, as the high electric field makes the liquid crystal mole-
cules in region B also reorient perpendicularly to the substrates,
resulting in the transparent state for both regions. The morphol-
ogies of the two regions in the device are directly observed
through a polarized optical microscope (Olympus BX-53) with
parallel polarizers under different applied voltages of 0V .,
17.6 Vs> and 40 V , as the insets show in Fig. 3(b). The boun-
dary between the two regions is clearly visible, and the droplet
morphology in region B is more compact and uniform. At the
total scattering or total transparent states, there is no obvious
contrast. A significant morphological difference is obtained at
17.6 V1. A large amount of light can pass through region A,
while region B remains low transmittance. Figures 4(a) and 4(b)
illustrate the SEM images of regions A and B. The average liquid
crystal droplet sizes for the corresponding area are 2.65 pm and
0.62 um, respectively. A lower UV light intensity results in a
larger droplet size, leading to a lower threshold voltage.

Figure 5 demonstrates that the patterned PDLC transparent
display can be used in shutter mode as a smart window. The
photographs of the total scattering, patterned transparent, and
total transparent modes of the device for the scenery far away
and the graph nearby are shown in Figs. 5(a) and 5(b), respec-
tively. At the voltage-off state, neither the scenery nor the graph
can be seen through the device, due to the strong scattering of
the device. As a 17.6 V,,; voltage is applied to the device, the
scenery and the graph behind region A emerge, while behind
region B they are still scattered. On the other hand, the device
appears in the total transparent state when a larger voltage is
applied, all of the scenery and graph behind the device can be
seen clearly through the device. Thus, this proposed patterned
PDLC transparent display can be used as smart windows with
customizable patterns or logos, especially for translucent parti-
tion walls, public information displays, advertising, etc.

As the proposed device can operate in the scattering state or
transparent state by controlling the applied voltage, the device
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Fig. 5. Patterned PDLC transparent display is used in shutter mode as smart
windows. (a) The display performance for the scenery in the distance. (b) The
display performance for the graph nearby.

e .

working in partial scattering mode or total scattering mode can
also be used as a specific screen for the projected image. Figure 6
demonstrates the performance of the patterned transparent dis-
play in the projected display mode. A projector (LG PB63U)
projects an image containing colorful geometric patterns and
letters on the device and places a black card printed with a color
pattern or a phone screen displayed with letters behind it.
Although the projected image is more or less scattered, the
image information can be still distinguished at the voltage-off
state. The information behind the device cannot be seen in this
case. Then, when a voltage of 17.6 V¢ is applied to switch the
device to patterned transparent mode, the image behind region
A can be seen, and the projected image including a yellow sun,
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Fig. 6. Patterned PDLC transparent display is used in projected display mode.
(a) A black card printed with a color pattern behind the device. (b) A phone
screen displaying letters behind the device.
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Fig. 7. Response time of region A and region B for the operating voltage
of 40V, s

a half-green circle, and a half-red heart is projected to the back-
ground black card or the phone screen. Meanwhile, the other
half-green circle, the other half-red heart, and the blue letters
“NJUPT?” are still scattered. On the other hand, the phone screen
has a brighter light, so the information behind region B is
faintly visible, as Fig. 6(b) depicts. For the total transparent
mode, the images behind the device are seen clearly, and the
projected information is shown on the background image at
the same time.

The response time of the proposed device is also measured for
the different regions, as shown in Fig. 7. The blue triangle line
and red square dashed line represent the transmittance of
region A and region B, and the black line stands for the operating
voltage of 40 V.. The rise and decay times are those associated
with transmittance changes from 10% to 90% and from 90% to
10%, respectively. The rise time and decay time for region A are
4.96 ms and 15.62 ms, while those are 5.58 ms and 17.67 ms for
region B. This response speed meets the requirements of smart
windows and transparent displays. Moreover, the overdrive and
undershoot method can also be introduced to further improve
the response time!*”/,

4. Conclusion

In conclusion, a patterned PDLC transparent display using one-
time UV exposure is proposed. The patterned intensity distribu-
tion of UV light is achieved by exposing the device through an
attached mask with a selective attenuation pattern, leading to the
patterned polymer concentration of the PDLC. The voltage-
transmittance response of the device for region A and region B
is quite different in turn. Thus, three different states of total scat-
tering, patterned transparent, and total transparent can be real-
ized. The patterned PDLC transparent display used in shutter
mode as smart windows and in projected display mode is dem-
onstrated. This patterned PDLC transparent display can be opti-
mized for smart windows with customized patterns or logos and
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potential applications in the field of projected transparent 12.

displays.
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