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Abstract — A blue-phase liquid-crystal grating is proposed by applying a vertical electric field with
lateral periodic distribution. Simulation on electric-field distribution was also carried out, the results
of which suggest the alternation of isotropic and ordinary refractive indices in the lateral direction.
Through the electrode configuration design, both 1D and 2D gratings were demonstrated with high
transmittance of ca. 85%. The diffraction efficiency of the first order reached up to 38.7% and 17.8%
for the 1D and 2D cases, respectively. The field-induced fast phase modulation permits a rapid switching of diffraction orders down to the submillisecond scale.
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Introduction

The past half-century has witnessed the tremendous development and comprehensive applications of liquid-crystal
(LC) technologies. LC has now been widely used not only in
the display field1–4 but also as very important tunable passive
components5–10 because of their advantages of light weight,
low cost, no moving parts, and low power consumption. A
switchable phase grating is one type of such components.
Since Carroll first proposed the idea of LC diffraction grating,11 extensive work has been performed on this topic. To
form the grating profile, a periodical refractive-index
change of LC is required. There have been several strategies to realize such a profile, among which two ways are
most commonly used. The first is to form a periodical electric-field distribution by the design of the electrode configuration. Striped12,13 or interdigitated14 electrodes on one or
both substrates of the LC cells were proposed and demonstrated, generating a non-uniform electric field and thus
forming the grating profile. The second is to directly guide
the initial LC directors to realize periodicity in the refractive index. It can be divided into two aspects: one is to
form patterned alignment layers through either mechanical
contact methods15 or photoalignment techniques16,17; the
other is the holographic recording technologies on polymerdispersed liquid crystal (PDLC).18–20 However, in most
of these approaches, conventional nematic LC materials are
employed, but some problems such as low diffraction
efficiency and slow response time need to be further
improved.
In the previous 10 years, polymer-stabilized bluephase liquid crystal (PSBPLC)21 has become an emerging

promising candidate for either display22–25 or photonic
applications.26,27 The unique structure of this material permits two major desiring features: no need for alignment layers and a fast response time down to the submillisecond
range. Based on this attractive LC material, a high efficiency
and fast-response tunable phase grating has recently been
demonstrated by Yan et al. through the use of in-plane
switching (IPS).28 Most recently, a 1D/2D switchable BP
grating was demonstrated by Zhu et al. based on selective
IPS driving on both substrates.29
Herein, we proposed the use of a vertical field with
periodic lateral distribution to form a grating profile of
PSBPLC and demonstrated both 1D and 2D tunable gratings based on this idea. Besides the properties of high efficiency and fast switchability, our grating also possesses the
characteristic of polarization independency, attributed to
the vertical field. Simulation on the electric-field distribution was carried out that agreed well with the experimental
results.
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Principle and device configuration

BP I and II are the most commonly used phases of BPLCs,
with double-twist self-assembled LC cylinders stacked in
three dimensions forming cubic symmetry.30–32 The structural symmetry induces optical isotropy of BPs. Polymer stabilization is now commonly utilized to broaden the BP
temperature range.21 At the voltage-off state, the refractive
index of PSBPLC is defined as niso [Eq. (1)].33 When an
electric field is applied, birefringence is induced according
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to the Kerr equation.34 The refractive-index changes can be
expressed as Eqs. (2) and (3):
niso =

2no (E) + ne (E)
,
3

(1)

n (E) - no (E)
dno (E) = niso - no (E) = e
,
3
dne (E) = ne (E) - niso =

2ne (E) - 2no (E)
,
3

(2)
(3)

where no(E) and δno(E) are the field-dependent refractive
index and index change perpendicular to the electric field,
while ne(E) and δne(E) are those parallel to the electric
field. The dependence of induced birefringence δn(E) on
the external field could be obtained by using the extended
Kerr equation, which is an exponential-convergence-modelbased equation proposed by Yan et al:33
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dn(E) = ne (E) - no (E) = dnsat 1 - exp -

(4)

alternating regions are uniform as niso; therefore, no diffraction could be observed. When an AC signal is applied [ONstate, as shown in Fig. 1(b)], the LC refractive index changes
to no in the striped electrode covered regions, while that in
the electrode-gap regions remains approximately unchanged.
As a result, the incident light is diffracted.
2D gratings are fabricated by assembling a cell with
striped electrodes on both substrates orthogonally [Fig.
1(c)]. Their behavior is the same as 1D gratings at the OFFstate. After applied voltages, the refractive index of LC on
the crossed-electrode regions will change to no for normally
incident light, while that on other regions still remains
approximately as niso because the field intensity is much
smaller.
Here, the phase retardation is due to the refractive-index
difference between two regions (δno). According to Eqs. (2)
and (4), δno is only 1/3 of δn (the induced birefringence in
IPS mode). However, thanks to the vertically driven field, all
LC under an applied field in the longitudinal direction (cell
gap 12 µm) will contribute to δno instead of only a 3–5-µm
penetration depth in the IPS mode. The mechanism permits this type of gratings in order to achieve comparable
phase retardation as in the IPS mode.
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Here, δnsat represents the saturated birefringence and Es
the characteristic saturation field. The extended Kerr equation fits the experimental data very well in the entire field
region.
In this work, we present a PSBPLC switchable grating
with striped electrodes at least on one side. The electrodes
are employed to generate a vertical electric field with a lateral periodic field-intensity distribution. According to the
Kerr effect, a refractive-index change occurs cyclically on
each electrodes’ covered region, but does not occur at gap
domains. This indicates alternating ordinary and isotropic
refractive indices that are exhibited laterally, despite the
polarization of the incident light, providing a polarizationindependent phase-grating profile.
Through electrode-configuration design, both 1D and
2D gratings could be accomplished. In Fig. 1(a), a cell with
a 10-µm electrode width and 10-µm gap on one side and a
planar electrode on the other side was presented (cell gap is
12 µm). An achromatic light beam is normally incident to
the cell. At the OFF-state, LC refractive indices in the two

3

Simulation and experiment

We used a BP module of the commercial software Techwiz
LCD to simulate the electric-field distribution in both 1D
and 2D gratings. A 1-kHz rectangular signal is used in the
simulation, the same as in our experiment. And the voltage
is set to 50 Vrms. We define the x-direction perpendicular to
the striped electrodes in the plane of the substrate and z-direction perpendicular to this plane. Figures 2(a) and 2(b)
show the results of 1D cases in the x–z and x–y planes,
respectively, within two periods of electrodes. Figure 2(b)
shows the cross section in the middle of cell as the black line
labeled in (a). Only the electric field along the z-axis (Ez) is
exhibited, and its intensity is scaled by the color bar. We can
observe from (a) that the field intensity is strongest under
the striped electrodes and gradually decreases towards the
opposite planar electrode; while it is weakest at the elec-

FIGURE 1 — (a) and (b) are the schematic diagrams of the effective-optical-index ellipsoids of PSBPLC in the 1D grating structure at the
voltage-off and voltage-on state, respectively. (c) is the structure of the 2D grating with electrode directions on the two substrates
orthogonal. The electrode width d is 10 µm, gap width h is 10 µm, and cell gap D is 12 µm.
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FIGURE 2 — Simulation diagrams of the electric field at 50 Vrms for 1D (a)-(b) and 2D (c)-(d) gratings separately.
The unit of the color bar is V/µm.
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trode gaps and increases towards the opposite. Figure 2(b)
evidently reveals that the field distribution is coincident
with the electrode design. Figures 2(c) and 2(d) are the
simulation results in the 2D cases. Similar to those in the 1D
cases, the field intensity is strongest in the crossed-electrode regions and weakest in the areas with no electrodes,
while intermediate in single-electrode regions. Based on the
simulated field distribution and BP material parameters, a
theoretical prediction on the electro-optic properties is possible. Yan et al. have shown that the theoretical prediction
matches well with experimental results in a closely related
system.28 Besides, Ez, Ex, and Ey are simulated as well, the
intensity of which are negligible compared with Ez. As
explained by the Kerr effect, the refractive-index distribution is directly defined by that of the electric field intensity.
That is to say, a normally incident light beam only sees no(E)
in the cell, which is independent of polarization direction.

In our experiment, the PSBPLC precursor is a mixture
of 93-wt.% chiral nematic liquid crystal (N*LC) host and
7 wt.% monomers. The N*LC host is composed of eutectic
nematic LCs (75 wt.%, ∆n = 0.168, XH-07, Xianhua Chemicals, Ltd.) and chiral dopant R811 (25 wt.%, Merck). The
monomers contain two components: one is the common
2-ethylhexyl acrylate (2-EHA) and the other is PTPTPn
[4-(n-acryloyloxypropyloxy)-benzoic acid 2-methyl-1,4phenyleneester, mixed by PTPTP3 and PTPTP6 at a weight
ratio of 1:1]. The weight ratio between 2-EHA and PTPTPn
is 1:2. To promote the polymerization of monomers, a small
amount of photoinitiator, Irgacure 184 (0.5 wt.%, Ciba), is
added. The precursor is stirred above the clearing point for
about 30 minutes and then capillary filled into a cell. It was
kept at the isotropic phase for 15 minutes after filling to
suppress the flow orientation. No alignment layers are
settled in the cell. The phase-transition temperature of
PSBPLC precursor is ISO 34.3°C BP 29.5°C N* during the

FIGURE 3 — The LC textures of BP: (a) at the initial voltage-off state and (b) immediately after a 50 Vrms signal was turned
off and (c) the structure of 1D BP gratings as 50 Vrms is applied.
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FIGURE 4 — Diffraction patterns (insets) and efficiencies of (a) zeroth and first orders; (b) first order under different polarized
incident light.

cooling process at a cooling rate of 0.5 °C/min and is enantiotropic with a narrower temperature range on heating.
Then the precursor is UV-cured at an intensity of 8.3 mW/cm2
for 6 minutes. After polymer stabilization, its temperature
range is extended to over 73°C (38.2°C to below –35°C).
Figure 3 shows the textures of PSBPLC (a) at the
initial voltage-off state and (b) immediately after a 50-Vrms
signal was turned off. Micrographs were taken under a
polarizing microscope (Olympus BX-51) with orthogonal
polarizers. Corresponding to the selective Bragg reflections
of BP, color domains are observed in the images. The different colors in Fig. 3(a) are due to different orientations of the
cubic lattices, which are quite random at the voltage-off
state. When voltage is applied, molecules rotate to change
the lattices, making its orientation more uniform. This uniformity would still remain for some time after the voltage is
turned off. So the texture in (b) is less colorful than that in
(a). Except for the slight difference in colors, the feature
texture of BP after applying a voltage is almost unchanged.
The result proves good stabilization of PSBPLC against
applied voltages. Figure 3(c) reveals the structure of 1D BP
gratings as voltage is applied (herein 50 Vrms as an example),
which is coincident with the electrode design. It results
from the different distortion of lattice corresponding to the
periodic variations of vertical applied electric-field intensity.
Lower transmittance and smaller domain size compared to
the voltage-off state were observed as voltage was applied.
The uniform low transmittance suggests no phase retardation is generated. It indicates that the lateral field is
negligible, as expected, permitting a good polarization independency.
In our experiments, the LC cells were driven by a
1-kHz AC rectangular signal with a duty cycle of 50%. The
voltage-dependent diffraction properties were tested in the
below measurement setup. A light beam from a He–Ne
laser (632.8 nm) passed first through a polarizer and then
through a λ/4 wave plate (@633 nm). As the He–Ne laser is
elliptically polarized, this step is to change it to be circular
polarized. Afterwards it went through another polarizer and

finally normally through the sample and was collected by a
photodetector. Therefore, the polarization direction of incident light could be freely tuned just by rotating the second
polarizer without changing its intensity.
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Results and discussion

The electro-optical properties of a 1D PSBPLC grating were
tested. The two curves in Fig. 4(a) show ratios of the energy
collected from the zeroth and first orders divided by the
total transmittance at the OFF-state, respectively. As
expected, no threshold voltage is observed as the mechanism of field-induced birefringence. And the intensity variation of the zeroth-order and first-order mirrors each other
as a function of applied voltage. The phase retardation has
not reached one π, so that the intensity of zeroth or first
order does not exhibit an extremum. However, the diffraction
efficiency of the first order (defined as the ratio between the
intensity of the first order and total transmitted) still
reached 38.7% at 55 Vrms, comparable to that reported with
a phase retardation of π (40% at 160 Vrms).28 This indicates
that the diffraction intensity here is very close to a maximum. It is coincident with our assumption in principle that
the gratings receive contributions from LC molecules in the
entire vertical direction. The insets in Fig. 4(a) provide
some photos of diffraction patterns. The patterns follow the
curves very well and directly prove the tunability of the gratings. At the voltage-off state, weak diffraction patterns could
be observed due to the striped electrodes. Two comparatively strong dots appear, the reason of which is the orientation of LC molecules by the relief boundaries of electrodes,
forming a grating with half the period of the original striped
electrodes.
The polarization direction of incident light beams was
changed, and then transmittance curves of first order under
each circumstance are recorded. In Fig. 4(b), three typical
curves are presented. These curves are in good accordance
with each other that obviously reveals the grating’s good
polarization independency. The insets show the patterns
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The switching-on/off time, defined as 10–90% in
transmittance and reverse of the presented grating was
tested. Measured values were 380 and 860 µsec, respectively, calculated from Fig. 6. Both data are in the submillisecond range. The fast switching time permits the
proposed gratings to be applied to a wide field of tunable
optical elements and devices, such as optical interconnects,
beam-steering devices, and spatial light modulators.

5

FIGURE 5 — Diffraction patterns (insets) and efficiencies of zeroth and
first orders of 2D gratings.

taken at 40 Vrms, their highly similarity is coincident with
the above results.
The behavior of the 2D gratings were measured as
well. The voltage-dependent intensities of the zeroth and
first orders are shown in Fig. 5, with a diffraction efficiency
of the first order achieving 17.8% at 60 Vrms. The insets
exhibit diffraction patterns at different applied voltages.
There is one difference compared to the 1D case: The
zeroth-order intensity increases along the applied voltages
until 36 Vrms. The reason is considered to be the uniform
orientation of the BP cubic lattices driven by the electric
field, resulting in suppression of scattering and an increase
in total transmittance. This agrees with the color changes of
textures before and after applying a voltage as shown previously. However, a further increase in the applied voltages
induces the redistribution of energy into diffraction orders,
so the intensity decreases dramatically. Besides the mechanism of polarization independency described above, the
geometrical symmetry further facilities the independency.
Our results are in agreement.

Conclusion

We propose a widely adaptable approach to form a tunable
BPLC grating by applying a vertical electric field with lateral periodic distribution. Both 1D and 2D gratings with
high efficiency, fast response time, and polarization independency were demonstrated. The simulation results support the predicted field distribution of alternating isotropic
and ordinary refractive indices in the lateral direction. The
performances can be further improved by optimization
from both material and structure design aspects. This promising design brings potential wide applications in other fastresponse photonics devices besides gratings, such as
modulators, filters, attenuators, etc.
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FIGURE 6 — Switching-on/off time of 1D BPLC grating.
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