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Abstract: We proposed a half-wall structure in the in-plane switching (IPS) configuration of 
the nanoencapsulated liquid crystal (LC) display for reducing a driving voltage. The IPS 
electrodes were fabricated on top of the half-walls to enhance electric field strength through 
the whole LC layer. In addition, we demonstrated a self-masking process for the half-wall 
structure and the IPS electrodes without any additional mask-aligning process. 
© 2017 Optical Society of America 
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1. Introduction 
Liquid crystal displays (LCDs) have been extensively studied and used for a wide range of 
display applications including mobile phones, monitors, and televisions because of their high 
image qualities with low power consumption. However, LCDs have some intrinsic problems 
such as slow response time and narrow viewing angle characteristics. To overcome the 
viewing angle problem, multi-domain LC modes have been proposed such as in-plane 
switching (IPS) [1,2], fringe-field switching [3,4], optically-compensated bend [5,6], muti-
domain vertical alignment [7–9], patterned vertical alignment [10,11], and axially symmetric 
aligned microcell [12], polymer-stabilized blue phase LC modes [13–15]. The response time 
characteristics have been improved to a few milliseconds by employing an overdrive method 
as well as controlling the alignment surface properties. 

In our previous work, we reported nanoencapsulated LCDs with an IPS mode [16]. The 
droplets of nematic LCs within a nanoencapsulated LC layer have a size of about 300 nm, 
which is smaller than wavelength of visible light. Because the nanoencapsulated LC layer has 
optically isotropic properties, excellent electro-optical characteristics including the contrast 
ratio and viewing angle were realized. In addition, the nanoencapsulated LCD exhibited fast 
response time characteristics because the LCs were surrounded by the polymer shell with a 
strong anchoring energy. However, the high operating voltage was a burden on real display 
application. 

In this study, we fabricated a nanoencapsulated LCD in IPS configuration with a polymer 
half-wall structure, which resulted in low driving voltage. In a conventional IPS LCD, electric 
fields are weaker around the top substrate because the electrodes are located only at the 
bottom substrate. The polymer half-walls located in the electrode region make it possible to 
enhance electric field strength between the interdigit electrodes. As a result, we could reduce 
the driving voltage by about 28%. Also, we developed a self-masking process for polymer 
walls and electrodes. 

2. Experiments 
We used a conventional coacervation method for LC nanoencapsulation [17]. A nematic host 
LC (HTW-106700, ne = 1.745 and no = 1.504, Jiangsu Hecheng Display Technology Co.) was 
added to a mixture of nonionic polymer surfactants (polyethylene oxide–polypropylene 
oxide–polyethylene oxide block copolymers, Pluronic, BASF) and emulsifier (partially 
hydrolyzed polyvinyl alcohol, Aldrich) dissolved in an aqueous solution. The polymeric 
surfactant and emulsifier play important roles of reducing the surface tension and forming a 
shell material around the LC droplet, respectively. The resulting immiscible mixture was 
homogenized at room temperature using a magnetic stirring system, resulting in the formation 
of oil-in-water (O/W) nanoemulsions. Then, the mixture was heated up to the cloud point 
(about 50 °C) and kept at this temperature for several hours while being stirred, thereby 
allowing the PVA to become phase-separated around the nanoscale LC droplets and form a 
thin polymeric shell surrounding each droplet. The resulting nanoscale LC droplets encircled 
with thin polymeric membranes in the nanoemulsions were chemically crosslinked by the 
addition of crosslinking agents (glutaraldehyde, Sigma-Aldrich) to ensure that they were 
sufficiently strong to withstand external forces. 

To fabricate the polymer wall structure, we developed a self-masking process. Figure 1 
shows the schematic diagram of the fabrication process of the nanoencapsulated LCD. A 
positive-type photoresistor (PR) was spin coated on a glass substrate and baked on a hot plate 
at 100 °C for 10 min. The thickness was controlled by adjusting the spinning speed and was 
set to half of the cell gap. For the electrode, an aluminum (Al) layer was deposited on the PR 
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layer. Then, the second PR layer was coated on the Al layer. We exposed the structure to UV 
light through a photo-mask and developed the second PR layer. Because we used a positive-
type PR, the UV-exposed area was removed. Then, the Al layer was patterned through a wet 
etching process. The width and the interval of the Al electrode were 10 μm and 15 μm, 
respectively. Next, the structure was exposed to UV again to fabricate the wall structure 
without any photo mask because the patterned Al layer acted as a self-photo mask. After 
developing the first PR layer, the PR wall structure could be formed with the IPS electrodes 
on top of the walls. To form the nanoencapsulated LC layer, we used a bar coater without any 
alignment layer or process. Next, a drying step was conducted so that the solvent was 
evaporated from the coated nanoencapsulated LC layer. Using a cover glass, we fabricated 
the IPS LC cell with a wall structure. 

 

Fig. 1. Schematic diagram of the fabricated process. 

3. Results and discussion 
Figure 2(a) shows the typical particle size distribution of our LC nanocapsules obtained by 
the above-mentioned coacervation method. The mean diameter was about 200 nm, which is 
one third smaller than a wavelength of incident light (λ = 632 nm). Figure 2(b) shows a cross-
sectional scanning electron microscope (SEM) image of our nanoencapsulated LCD with 
patterned electrodes onto the half-wall structure. The height of the wall was about 1.4 μm, 
which is a half of the nanoencapsulated LC layer thickness (~2.9 μm). The Al electrode was 
located on the top of the wall and in the center of the LC layer. 

Figure 3 shows the voltage-transmittance and response time characteristics of the 
nanoencapsulated LC cell. The driving voltage for the nanoencapsulated LC cell with IPS 
electrodes on the substrate without the wall structure was 27.2 V while that for the 
nanoencapsulated LC cell with IPS electrodes on top of the wall structure (1.4 μm) was 19.5 
V. By adopting the electrode on top of the half-wall structure, the driving voltage was 
significantly reduced. At 19.5 V, the total response time and contrast ratio was 2.2 ms and 
2000:1, respectively. 

To evaluate the effect of the location of the electrodes within the LC cell, we calculated 
the director of the LC molecules using a commercial simulator (TechWiz, Sanayi System, 
Korea). In the calculation, we assume nematic LC with very low elastic constants (0.1 pN) 
instead of nanocapsulated LCs since the encapsulated LC molecules were surrounded by 
polymer shell and the interaction between LC molecules in each droplet is very low. The 

                                                                                 Vol. 25, No. 1 | 9 Jan 2017 | OPTICS EXPRESS 411 



width of electrode and interval between electrodes are 10 μm and 15 μm, respectively. The 
cell gap was 3 μm. 

 

Fig. 2. (a) Particle size distribution of the LC nanocapsules prepared by coacervation method 
and (b) cross-sectional SEM image of the nanoencapsulated LC cell with the half-wall 
structure. 

 

Fig. 3. (a) Voltage-transmittance characteristics of the nanocapsulated LC cells with/without a 
polymer wall (1.4 μm) and (b) response time characteristics of the nanocapsulated LC cell with 
the polymer half-wall. The inset boxes show the microscopic images under crossed polarizers 
for the cell with polymer half-wall. 

In the conventional IPS cell, the electrodes are located on the bottom substrate. When we 
applied a voltage to the cell, the electric fields were weaker near the top substrate than around 
the bottom substrate. Namely, the lateral field strength which governs the optical anisotropy 
of the nanoencapsulated LC is significantly reduced along the direction of cell thickness. 
Therefore, the optical anisotropy of the LC droplets is not sufficiently switched as further 
away from the bottom substrate, as shown in Fig. 4(a). However, in our proposed structure, 
the electrodes are located in the middle of the LC layer. The distances from the electrodes to 
the top and bottom substrates are smaller than those in the conventional IPS cell. When we 
applied the same voltage as the conventional IPS cell, the optical anisotropy of the LC 
droplets was relatively uniform over the entire pixel regions, as shown in Fig. 4(b). Thus, the 
driving voltage could be reduced in our structure. However, the optical anisotropy of the LC 
droplets near the side of the wall did not sufficiently switch since the dielectric constant of the 
polymer wall is smaller than that of the nanoencapsulated LC layer (dashed regions in Fig. 
4(b)). Therefore, the maximum transmittance of our proposed nanoencapsulated LC cell was 
reduced as shown in Fig. 3(a). We calculated the equipotential lines based on the simple 
electrostatics to verify an effect of the dielectric constant of the polymer wall on the potential 
distribution near the half-wall. Figures 4(c) and 4(d) show the equipotential lines near the 
electrode without/with wall structure, respectively. For calculation, the dielectric constant of 
the PR was assumed to be 4.2 which was smaller than the average dielectric constant of the 
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nanoencapsulated LC. As shown in Fig. 4(d), the lateral field strength was reduced but the 
vertical field strength was enhanced near polymer wall. It should be noted that the lateral field 
strength directly governs the optical anisotropy and the corresponding transmittance. Thus, 
the maximum transmittance in our cell would be reduced. 

 

Fig. 4. LC director distributions of the LC cells (a) without and (b) with the wall structure, and 
equipotential lines (c) without and (d) with the wall structure in a simple electrostatic model. 

Figure 5 shows the voltage-transmittance characteristics of the nanoencapsulated LC cells 
with/without the half-wall calculated from Fig. 4. Here, the relative voltage was scaled by the 
voltage exhibiting the maximum transmittance of the conventional IPS configuration. As 
mentioned above, the operating voltage with the maximum transmittance decreased in our 
proposed IPS configuration with the half-wall. 

 

Fig. 5. Calculation results of the voltage-transmittance characteristics of the nanoencapsulated 
LC cells with/without the half-wall structure. 

We also investigated an effect of the wall height on the operating voltage and the 
maximum transmittance. As shown in Fig. 6(a), the operating voltage with maximum 
transmittance was gradually decreased with increasing height of the wall. Noted that the 
operating voltage would be increased again after exceeding half of the thickness of the LC 
layer. The maximum transmittance was initially reduced by introducing the wall structure and 
increased until around 1.4 μm and again reduced as shown in Fig. 6(b). As mentioned in Fig. 
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4, the optical anisotropy of the LC droplets near the side of the wall did not sufficiently 
switch and thus transmittance would be reduced since the smaller dielectric constant of the 
polymer wall. However, the enhancement of the electric strength in the region upper wall 
electrode resulted in increase of the transmittance. Such competition gave rise to the variation 
of the maximum transmittance as shown in Fig. 6(b). In our experiment, the driving voltage 
decreased by 28%, and the transmittance decreased by 14% in the wall structure with 1.4 μm. 
If a wall material with higher dielectric constant than that of the encapsulated LC is used, the 
operating voltage is reduced but the maximum transmittance is not degraded. 

 

Fig. 6. (a) Operating voltage and (b) transmittance characteristics as functions of the height of 
the polymer wall. 

4. Conclusion 
We demonstrated the nanoencapsulated LCD with low operating voltage by introducing the 
half-wall structure with IPS electrodes on top of the half-wall. To reduce the operating 
voltage, the IPS electrodes were formed on top of the polymer wall by self-masking process. 
The polymer wall was fabricated by using the patterned IPS electrode on the positive-type PR 
layer as a photomask for photolithography. The height of the polymer wall was optimized at 
around half of the nanoencapsulated LC layer. Also, the maximum transmittance was 
investigated and discussed according to the height of the polymer wall. 
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