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Abstract 
A projection display using blue-phase liquid crystal (BPLC) is 
proposed. The fast-response BPLC enables field sequential 
projection display with suppressed color breakup. Methods for 
reducing the operating voltage are also discussed. 
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1. Introduction 
Field sequential projection displays with reflective liquid-crystal-
on-silicon (LCoS) require a fast response time [1,2]. Nowadays, 
twisted-nematic cell [3], mixed-mode twisted-nematic cell [4], 
and vertical alignment nematic cell [5], have been commonly 
employed in the reflective LCoS projectors. With the thin cell gap 
approach [6], the response time can be largely reduced; however, 
it is fairly difficult to control the cell gap uniformity when the cell 
gap is decreased to around 1 µm. Moreover, the accurate control 
of the uniformity of the LC alignment layer is also needed for 
these approaches mentioned above.  
Recently, blue-phase liquid crystals (BPLCs) based on the Kerr 
effect is emerging for direct-view [7-9] and projection displays 
[10, 11] due to its submillisecond gray-to-gray response time, 
alignment-layer-free process, and cell gap insensitivity when an 
in-plane switching (IPS) electrode is used. 
In this paper, we present a field sequential projection display using 
reflective BPLC IPS cell. To lower the driving voltage, a 
reflective BPLC cell with patterned electrodes IPS structure is 
proposed. In addition, the wavelength dispersion issue is also 
discussed. 

2. Device Structure 
Kerr effect is a type of quadratic electro-optic effect caused by 
an electric-field-induced ordering of polar molecules in an 
optically isotropic medium. With no voltage applied, the BPLC 
medium appears optically isotropic; when an electric field is 
applied, it becomes optically anisotropic. The induced 
birefringence (Δn) is related to the electric field (E) as [8,9]: 

2KEnind λ=Δ ,                                  (1) 

where λ is the wavelength and K is the Kerr constant. However, 
the induced birefringence cannot exceed the maximum 
birefringence of the host LC composite. 
Figure 1 depicts the proposed field sequential reflective 
projection display with a traditional planar IPS BPLC cell. Here 
w is the electrode width, l is the spacing between the electrodes, 
and d is the cell gap. In this system, the light passes the 
polarization beam splitter (PBS) twice. After the unpolarized 
light enters the PBS, only the s-polarized light is reflected from 
the splitter coating and emerges from the bottom of the cube to 
illuminate the reflective BPLCD. The horizontal fringe fields 
generated from IPS electrodes introduce phase retardation to the 
s-polarized incident light. Thus, the s-polarized incident light is 
converted to the p-polarized light so that it can pass the PBS to 
the projection screen. In the reflective BPLCD cell, we use 

Aluminum as the metal reflector. To avoid the voltage shielding 
effect from the metal reflector, there is a passivation layer on top 
of the metal. 

 
Figure 1. Device structure of the reflective BPLC 
projection display. 

3. Experiment 
In the experiment, we have prepared a BPLC IPS cell (IPS 10-
10) with electrode width w=10 µm, gap length l=10 µm, and cell 
gap d=7.5 µm. The BPLC material is JC-BP01M [12]. At 
~25oC, we measured the voltage-dependent transmittance (VT) 
curve at the transmissive mode and the voltage-dependent 
reflectance (VR) curve at the reflective mode with a He-Ne laser 
(λ=633 nm). The measured results are shown with solid lines in 
Fig. 2. From the fitting to the transmittance curve, we obtained 
the Kerr constant K=10.82 nm/V2. With the same Kerr constant, 
we also calculated the VR curve and it fits very well with the 
experimental result. The dashed lines in Fig. 2 are the fitting 
results. Compared to the transmissive mode, the reflective mode 
bares a much lower driving voltage as the incident light 
accumulates twice the phase retardation through the double pass. 
However, with an IPS 10-10 cell, the on-state voltage (Von) for 
the reflective mode is still as high as 36 volts.  

 
Figure 2. VT & VR curves of the BPLC IPS cell, w=10 µm, 
l=10 µm, and d=7.5 µm cell at λ=633 nm. Solid lines are 
experimental results and dashed lines are fitting curves. 
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We have also measured the response time for the reflective 
mode IPS 10-10 BPLCD. The fall time is 1.3 ms. For the same 
LC cell, if we measure it in the transmissive mode, the fall time 
is 2.3 ms. The reason is that Von of the reflective mode is much 
lower. The response time becomes slower as the applied electric 
field exceeds a critical field (Ec) [13]. When E>Ec, 
electrostriction effect-induced lattice distortion would occur, 
which not only slow down the response time but also cause 
hysteresis [14, 15].  The critical field depends on the BPLC 
materials. Semi-empirically, the critical field is related to the 
Kerr constant of the BPLC material as [13]: 

1/ .cE K∝    (2) 

That means, a larger-K BPLC material would also have a lower 
critical field.  

4. Simulation Results and Discussions 
To lower the operating voltage, we could decrease the electrode 
gap l so that the electric field would be stronger for a given 
applied voltage. We have calculated the VR curves of reflective 
IPS BPLCD with w=2 µm, l=4 µm (figure is not shown here). 
Compared to IPS-10/10 whose Von=36 volts [Fig. 2], the Von for 
IPS-2/4 at λ=650nm is reduced to 26.4 Vrms. Due to the 
wavelength dispersion of Kerr constant [16], Von for green 
(550nm) and blue (450nm) are reduced to 22 volts and 18.2 
volts.  

 
Figure 3. (a) Reflectance distribution and (b) electric field 
distribution in the reflective IPS BPLCD. Cell: IPS 2-4, 
wavelength: 650nm, applied voltage: 26.4 volts (Von).  
Figures 3(a) and 3(b) are the reflectance and electric field 
distribution in the reflective BPLCD (IPS 2-4) with an applied 
voltage of 26.4 volts (Von) at λ=650nm. The reflectance peaks at 
the gap area between the electrodes. The electric fields on top of 
the electrodes are in the vertical direction therefore the area on 
top of the electrodes does not contribute to the reflectance. From 
Fig. 3(b), the lateral fields are affected by the aluminum 
reflector which will potentially decrease the optical efficiency. 
A typical passivation layer thickness is 0.5µm to 1μm (SiO2), 
which is sufficient to reduce the electric field bending effect. 

From simulation, the optical efficiency with the passivation 
layer is only ~5% lower than the ideal case. 

To further decrease the operating voltage, various patterned 
electrodes [17-20] and vertical field switching [21-23] have been 
proposed. Figure 4 shows the simulated VR curves of the 
reflective BPLC cell with protrusion electrodes at different 
wavelengths. Inset is the structure of the protrusion electrodes. 
The dimension of the trapezoid electrode structure is defined as 
follows: w1 is the bottom width, w2 is the top width, h is the 
height, and l is the space between the electrodes. In this 
simulation, w1=2 µm, w2=1 µm, h=2 µm, and l=4 µm. With the 
patterned electrodes, the electric field is stronger and it 
penetrates deeper into the BPLC bulk region. Therefore, Von for 
red (650nm), blue (550nm) and green (450nm) colors are 
decreased to 13.8 volts, 11.8 volts and 10 volts, respectively. 

 
Figure 4. Simulated VR curves of the reflective BPLC cell 
with protrusion electrodes at different wavelengths. Inset is 
the structure of the reflective BPLCD with the protrusion 
electrodes. 
From Fig. 4, the wavelength dispersion of the VR curves is quite 
different from that of a nematic IPS cell. The reasons are 
explained as follows. In a nematic IPS cell, both top and bottom 
substrates have strong anchoring energy originated from 
rubbing. At a given voltage, the electric field strength decreases 
gradually from the bottom substrate (IPS electrodes) to the top. 
As a result, double TN cells with reversed twists are formed 
[24]. Due to polarization rotation effect, the TN cells are inert to 
the wavelength. However, in a BPLC cell, there is no surface 
rubbing. Moreover, the Kerr constant of a BPLC material is 
wavelength dependent as [9]: 

2 *2

2 *2 ,K G λ λλ
λ λ

=
−                                

(2) 

here λ* is the mean resonance wavelength and G is a 
proportionality constant. Therefore, the VT/VR curves of an 
IPS-based BPLC are similar to those of a VAN cell. Also 
noticed from Fig. 4, the peak reflectance of the BPLC cell is 
only 72%. This is because of the dead zones above the IPS 
electrodes, as Figs. 3(a) shows. However, in experiment the 
transmittance could reach 85%–90% because of the dielectric 
coupling effect [25]. This dielectric coupling effect helps to 
reorient the BPLC near the electrode edges so that the effective 
aperture ratio is increased. A tradeoff is in the slightly higher 
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voltage. This optical efficiency is comparable to that of VAN 
mode after having considered the fringing field effect. 

5. Conclusion 
We proposed a color-sequential projection display using 
reflective mode polymer-stabilized BPLCD. The fast response 
time of BPLC enables color-sequential technique to be 
implemented for LCoS projector. The alignment-layer-free 
feature of in BPLCD simplifies the fabrication process. Low 
voltage design and wavelength dispersion issue is also 
discussed. 
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