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Abstract—A reflective projection display based on blue phase
liquid crystal (BPLC) is proposed. The fast response time of BPLC
enables color sequential projection display while suppressing color
breakup. Methods for reducing the operation voltage of BPLC are
also discussed.

Index Terms—Blue phase liquid crystal (BPLC), reflective
projection displays.

I. INTRODUCTION

C OLOR sequential projection displays with reflective
liquid-crystal-on-silicon (LCoS) require a fast response

time. Three operation modes have been commonly used for
reflective LCoS projectors: mixed-mode twisted nematic cell
[1], vertical alignment nematic (VAN) cell [2], and ferroelectric
LC cell [3]. Through thin cell gap approach [4], fast response
time can be achieved. However, it is fairly difficult to control
the cell gap uniformity when the cell gap is decreased to around
1 m.

Recently, polymer-stabilized blue phase liquid crystal
(BPLC) is emerging for direct-view [5]–[7] and projection [8]
displays because of its submillisecond gray-to-gray response
time [9], alignment layer free process, and cell gap insensitivity
when an in-plane switching (IPS) electrode is used [10], [11].

In this paper, we propose a reflective BPLC IPS cell for color
sequential projection displays. To lower the driving voltage, a
reflective BPLC cell with patterned electrodes is proposed. In
addition, the wavelength dispersion issue is also addressed.

II. 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. Without an electric field, the BPLC
medium appears optically isotropic. As the electric field in-
creases, the isotropic-to-anisotropic transition takes place. The
induced birefringence can be described by the following
extended Kerr effect model [12]:

(1)
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Fig. 1. Basic device structure of the reflective BPLC projection display.

where denotes the saturated induced birefringence of the
BPLC composite, is the electric field, and is the saturation
field. In the low field region, (1) can be expanded by Taylor
series and Kerr constant is expressed as .

Fig. 1 depicts the proposed reflective projection display with
a planar IPS BPLC cell. Here is the electrode width, is the
spacing between electrodes, and is the cell gap. Let us assume
the polarizing beam splitter (PBS) reflects s-wave and transmits
p-wave. In the voltage-off state, the incident s-wave traverses the
optically isotropic BPLC layer twice but experiences no phase
retardation. Thus, it is blocked by the PBS, leading to a dark
state. As the voltage increases, the horizontal fringe fields gen-
erated by the IPS electrodes introduce phase retardation to the
s-wave. To obtain maximum phase retardation, the polarization
of s-wave should be at 45 with respect to the horizontal electric
field. As a result, the reflected light from the bottom aluminum
(Al) reflector will transmit through the PBS and reach the pro-
jection screen. Grayscales can be easily obtained by the applied
voltage. However, the embedded Al reflector could distort the
horizontal electric fields. To minimize this effect, we added a
thin SiO passivation layer on top of the metal. Detail parame-
ters will be described later.

III. EXPERIMENT

In experiment, we prepared a BPLC IPS cell (IPS 10–10)
with electrode width m, electrode gap m,
and cell gap m. The BPLC material is JC-BP01M
[13]. At C, we measured the voltage-dependent trans-
mittance (VT) and voltage-dependent reflectance (VR) curves
with a He–Ne laser nm . The measured results are
shown as solid lines in Fig. 2. We used (1) to fit the VT curve
(dashed lines) and obtained Kerr constant nm V .
With the same Kerr constant, we calculated the VR curve and it
fits very well with the experimental data, as depicted in Fig. 2.
Compared to the transmissive mode, the reflective mode bares
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Fig. 2. VT and VR curves of the IPS BPLC cell with � � �� �m, � � ���m,
and � � ����m. Solid lines are experimental results and dashed lines are fitting
curves at � � ��� nm.

Fig. 3. Measured response time of the IPS 10–10 BPLC cell in reflective mode
(upper) and transmissive mode (lower).

a much lower driving voltage as the incident light accumulates
twice the phase retardation through double pass. However, with
an IPS 10–10 cell, the on-state voltage for the reflective
mode is 36 V, which is still too high for LCoS.

We also measured the response time of the reflective BPLC
cell. Results are shown in Fig. 3. The decay time is 1.3 ms. For
the same BPLC cell, if we measure it in the transmissive mode,
the decay time is 2.3 ms. The reason for the faster response time
in reflective mode is due to its lower on-state voltage. Response
time becomes slower if the applied electric field exceeds a crit-
ical field [14] in which lattice distortion or phase transition could
take place. If we raise the operating temperature to 30 C, the
response time is below 1 ms.

IV. SIMULATION RESULTS AND DISCUSSION

To lower the operating voltage, we could decrease the elec-
trode gap so that the electric field is stronger with the same

Fig. 4. Simulated VR curves of the reflective BPLC cell with IPS 2–4.

Fig. 5. (a) Reflectance profile and (b) electric field distribution in the reflective
IPS BPLCD. Cell: IPS 2–4, � � ��� nm, and � � ���	 � . 
�� passi-
vation layer thickness is 1 �m.

applied voltage. We calculated the reflective IPS BPLCD with
electrode width m and gap length m (IPS 2–4).
Depicted in Fig. 4 are the VR curves for red (650 nm), green
(550 nm) and blue (450 nm) colors. Compared to 36 V in Fig. 2,
the on-state voltage for red color in Fig. 4 is reduced to 26.4 V.
Due to wavelength dispersion [7], [15], the for 550 nm and
450 nm are 22 V and 18.2 V, respectively.

Fig. 5(a) and (b) depicts simulated reflectance and electric
field distributions in the reflective BPLCD (IPS 2–4) with

at nm. As expected, high transmittance
occurs in the electrode gap regions. The electric fields on top
of the electrodes are in vertical direction so that they do not
contribute to the transmittance.

From Fig. 5(b), the lateral fields between the common and
pixel electrodes are affected by the aluminum reflector which
could potentially decrease the optical efficiency. To reduce elec-
tric field distortion, we add a passivation layer, such as SiO
or acrylic layer, as Fig. 5(b) shows. A typical passivation layer
thickness is 0.5 m to 1.0 m, which is sufficient to reduce
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Fig. 6. Simulated VR curves of the reflective BPLC cell with protrusion elec-
trodes at the specified wavelengths. Inset is the structure of the reflective BPLCD
with protruded electrodes.

the electric field bending effect. From our simulation, the op-
tical efficiency with such a passivation layer is only lower
than that of the ideal case.

To further decrease the operating voltage, protruded
electrodes can be employed [16]. Fig. 6 shows the simu-
lated VR curves of the reflective BPLC cell with protrusion
electrodes at RGB wavelengths. Inset is the structure of the
protrusion electrodes. The dimension of the trapezoid electrode
structure is defined as follows: is the bottom width,
is the top width, is the height, and is the space between
the electrodes. In this simulation, m, m,

m, and m. With the protruded electrodes, the
electric field is stronger and it penetrates deeper into the BPLC
bulk region. Therefore, the on-state voltages for the RGB colors
are decreased to 13.8, 11.8, and 10 V, respectively.

From Figs. 4 and 6, we can see that the wavelength disper-
sion of the VR curves is quite different from that of a nematic
IPS cell, although we also use IPS electrodes for our BPLC. 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 de-
creases gradually from the bottom substrate (IPS electrodes) to
the top. As a result, double TN cells with reversed twists are
formed [17]. Due to polarization rotation effect, the TN cells are
inert to the wavelength [18]. However, in a BPLC cell, there is
no surface rubbing. And moreover, the Kerr constant of a BPLC
material is related to the wavelength as [7], [15]

(2)

here is the mean resonance wavelength and is a propor-
tionality constant. Therefore, the VT/VR curves of an IPS-based
BPLC are similar to those of a VAN cell.

Also noticed from Fig. 6, the peak reflectance of the BPLC
cell is only 72%. This is because of the dead zones above the
IPS electrodes, as Fig. 5(a) shows. However, in experiment the
transmittance could reach 85%–90% because of the dielectric
coupling effect [19]. This dielectric coupling effect helps to re-
orient the BPLC near the electrode edges so that the effective
aperture ratio is increased. A tradeoff is in the slightly higher
voltage. This optical efficiency is comparable to that of VAN
mode after having considered the fringing field effect [20].

V. 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 imple-
mented for LCD projector. The alignment-layer-free feature of
BPLC simplifies the fabrication process.
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