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ABSTRACT

A polarisation grating (PG) based on the hybrid photo-aligned double-frequency liquid crystal has
been demonstrated and fabricated in this paper. The single-order diffraction efficiency is above
95% for circular polarisation incident light. The PG can be driven by 2.5 V/um electric field with
alternating frequency and has no Freedericksz transition threshold. In response time, the rise time
and decay time are 650 us and 950 us, respectively; the sub-millisecond can be achieved under a

low driving voltage.
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1. Introduction

Liquid crystal (LC) is widely used in optical devices such as
information display [1], spatial light modulator [2], beam
shaping [3], laser beam steering and diffracted gratings [4-
6] for the properties of optical anisotropy and electrically
tenability. Recently, among the devices liquid crystal polar-
isation grating (LCPG) has attracted much attention [7].
The LCPG is thin, lightweight and can be fabricated easily.
What’s more, there are many excellent optical properties
for LCPG such as perfect polarisation tenability, electro-
optical tenability, large diffraction angles and extremely
high single-order diffraction efficiency. So the LCPG is a
promising element and has been applied in optical switch
[8], laser beam steering [9], optical filters [10], polarisation
imaging [11], displays [12] and so on. In structure, the
LCPG features spatially varying, in-plane, linear birefrin-
gence. It employs the Pancharatnam-Berry phase principle
and operates on circular eigen-polarisations [13-15].
Especially, it can diffract the incident light into the first

orders with nearly 100% efficiency for circular polarisation
incident light when cell thickness matches the half-wave
phase retardation condition. LCPG was first realised by
crowd in 2005 by polarisation holography with LC photo-
alignment, but the diffraction efficiency is not high due to
the LC molecules alignment default [15]. Then, with the
development of fabrication technology, the diffraction effi-
ciency is greatly improved approaching to 100% as
described by theory. Subsequently the bandwidth of
LCPG is improved to 4* ~56% by Oh with phase com-
pensation [16]. Moreover operating voltage and response
time are also important parameters for the performance of
LCPG. For common nematic LCPG with cell thickness of
4 pm, the operating voltage is usually 20 Vpgys, and the
response time is about tens of milliseconds that are mainly
contributed by the time of LC molecules recovering to the
initial state [17]. These disadvantages limit the application
of LCPG. So LCPG with low operating voltage and fast
response is in high demand. Hybrid-aligned nematic
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(HAN) cell structure is composed of two substrates with
one substrate vertically aligned (VA) and the other paral-
lelly aligned (PA). Due to the special structure HAN LC cell
has no Freedericksz transition threshold and can works at a
low operated voltage [18]. However, the phase retardation
of HAN LC cell is only about the half of homogenous LC
cell. To overcome this weakness, double-frequency liquid
crystal (DFLC) is used. For the DFLC molecules, a low-
frequency electric field makes them align perpendicularly
to the substrates, but a high-frequency electric field makes
them align parallelly to the substrates, so HAN cell can
achieve the same phase retardation with homogenous cell
for the same cell thickness. What’s more, in both rise and
decay processes, the electric field with alternating frequency
drives the DFLC molecules to the equilibrium state;
therefore, the LCPG with DFLC has the advantage of fast
time response. All in all, the HAN cell LCPG with DFLC
can work with low operating voltage and fast time
response.

In this paper, we present the polarisation grating with
HAN cell structure and DFLC material. This LCPG is
fabricated with photo-alignment technology by polarisa-
tion holography. One of the substrates has spatially varying
PA generated by polarisation holography photo-alignment
technology, while the other is uniformly VA. We observe
the far field diffraction of the HAN DFLC PG. Moreover,
the electro-optical properties and response time are also
measured. The HAN DFLC PG not only has extremely
high single-order diffraction efficiency and polarisation
tenability but also can work with low operating voltage
and fast time response. Furthermore, HAN DFLC PG has
no Freedericksz transition threshold.

2. Theory

Figure 1 illustrates the configuration of the HAN
LCPG. The azimuthal angles of LC directors follow
the equation: a(x) = Z¥, where A is the optical grating
period. The ideal diffraction efficiency at normal inci-
dence can be derived with Jones matrix as follows [19]:

(1)

r
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where 7,, is the diffraction efficiency of the m diffraction
order, and there are only three diffraction orders: =+ 1st

)

orders and Oth order, and S, is the normalised stokes
parameter corresponding to the ellipticity of the incident
light polarisation, for left and right circular polarisation,
S, =+1 and — 1 respectively. T is the birefringence
phase retardation of the LC layer. It can be seen that the
intensity distribution among the three orders depends on
the polarisation of incident light and phase retardation of
the LC cell. When the phase retardation T is chosen as
half-wave retardation, all of the light will be diffracted to
the 1st order, and if the incidence light is left or right
circular polarisation all of the light will be diffracted to the
—1st or +1st order, respectively.

In this patterned HAN cell, the initial tilt angle of LC
could be obtained as 8y(z) = nz/2d, and d is the thick-
ness of the LC cell. When an external electric field E is
applied, the tilt angle of LC director can be given by [20]
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The corresponding phase retardation I of LC layer can
be expressed as
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where n, and n, are the ordinary and extraordinary
refractive indices, respectively. Through applying an
external electric voltage, we can modulate the intensity
between the 1st order and Oth order. For a LC cell with
appropriate thickness, the light can be totally diffracted
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Figure 1. Schematic illustration of the HAN cell PG.



to the first orders. When a saturated high voltage is
applied, LC molecules would be uniformly vertical
alignment and all of the light would be diffracted to
Oth order. Here, the saturated voltage is defined as one
that the efficiency of the Oth order is up to 90%. For
ordinary LCPG with homogenous cell, there is remark-
able residual phase retardation even at a high driving
voltage, because LC molecules may not be realigned
due to surface anchoring. The residual phase retarda-
tion will lead to that the light of the Oth order leaks into
the 1st orders. HAN cell structure can effectively
reduce this effect. Figure 2 describes the curves of
phase retardation versus voltages for the HAN cell
and homogenous cell which is calculated according to
the elastic continuum theory of the LCPG [21]. In the
calculation, the wavelength is 633 nm and the fre-
quency of voltage is 1 kHz; in addition, the parameters
of material are the same as MOI16 (from DIC,
Dainippon Inks And Chemicals Incorporated).
Obviously, the HAN cell has less residual phase retar-
dation than the homogenous cell. Consequently, the
LCPG with HAN cell has a lower driving voltage than
the homogenous cell for the same extinction ratio. In
this manner, an LCPG with a lower driving voltage and
without decreasing the extinction ratio can be realised.

Besides the operation voltage, response time is also an
important parameter for LCPG. The rise and decay times
are defined as the duration time which the efficiency of
the Oth order changes from 10% to 90% and from 90% to
10%, respectively. For common nematic LCs, the rise
time of the LC cell can be greatly improved by applying
a high voltage. However, the delay time that LC director
recovers to the initial orientation is determined by the
elastic and viscosity properties of the LC material
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Figure 2. (Colour online) The phase retardation changes of two
4 um cells in different alignments.
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Therefore, the response time for the common nematic
LCPG is limited to the level of tens of milliseconds. DFLC
is a mixture that consists of LCs with opposite dielectric
anisotropy [22,23]. It exhibits a positive dielectric aniso-
tropy (Ae>0) at a low-frequency (f<f.) voltage, and turns
to a negative dielectric anisotropy at a high-frequency
voltage, where f. is the crossover frequency. When a
low-frequency (f<f.) saturated voltage is applied, LC
molecules tend to be VA, nearly all of incident light is
diffracted into the Oth order. And when a high-frequency
(f>f.) saturated voltage is applied, LC molecules tend to
be PA, and all of the light is diffracted into the 1st order
for the PG with an appropriate cell thickness. In both the
rise and delay processes, electric field is present to impel
the LC molecules to the equilibrium state. So response
time can be improved greatly with DFLC. What’s more,
the DFLC can overcome the shortcoming that the HAN
cell has only the half-phase retardation related to the
homogeneous cell. So the HAN DFLC PG has a fast
response time relative to the ordinary LCPG. It would
be very important for the application of PG in every field.

However, there is a challenge for DFLC devices. When
applied with a high-frequency electric field, DFLC will
absorb the electric field energy and generate heat, which
in turn causes the crossover frequency drifting [24,25].
The DFLC with low crossover frequency would decrease
the dielectric heating effect and reduce the electric field
energy consumption for driving [26,27]. Therefore the
DFLC MO16 (from DIC) with crossover frequency 8 kHz
is chosen in this paper. In addition, DFLC is quite sensi-
tive to the environmental temperature. Precisely con-
trolled operation temperature can make them work well.

3. Experimental details

The method of the fabrication process of the LCPG in this
paper is similar to that used by Oh and Escuti. It involves
writing a polarisation holography into photo-alignment
materials [28]. Polarisation holography records the polar-
isation distribution of the interference of two beams,
rather than the intensity fringes. Two coherent beams
with orthogonal circular polarisation are superimposed
with a small angle, which creates a spatially varying linear
polarisation distribution. Photo-alignment material
makes LC molecules align following the linear polarisa-
tion distribution. The fabrication set-up is described
schematically as Figure 3. The 325-nm laser is coupled
into the hole by the micro-objective, and then collimated
by lens. The collimated beam is divided into two beams
with the same intensity by the BS. The two beams are
reflected by mirrors and pass through the quarter-wave-
plants which fast axes are perpendicular to each other
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Figure 3. (Colour online) The schematic of the optical set-up for fabrication. BS: beam splitter; QWP: quarter-wave plate.

respectively, and are superimposed on the sample creat-
ing a spatially varying linear polarisation distribution.

The HAN cell consists of two indium-tin-oxide glass
substrates. One of the indium-tin-oxide glass substrates
is spin coated with vertical alignment layer, and the
other is spin coated with photo-alignment layer. For
the vertical alignment layer, we employ the polyimide
(PI-5661, Nissan, Japan) layer. It makes the LC mole-
cules align vertically along the surface of the substrate.
For the photo-alignment layer, we use the photo-sen-
sitive polymer called linear photo-polymerisable poly-
mer (LPP, rolic-103) layer [29]. The two substrates are
assembled together separated by 4-pum spacers. The
measured cell gap is 4.0 & 0.1pm. Then the assembled
cell is exposed with orthogonal circular polarisation
beams from HeCd (325 nm) laser and the dose of
exposure is 5 J/cm?®. Next, the DFLC MO16 (from
DIC) is infiltrated into the cell. The birefringence of
MO16 is 0.235. So the cell with thickness 4 pm can
meet the half-wave condition (And :%A) for wave-
length 633 nm. Polarisation holograph establishes a
spatially varying alignment condition in the LPP that
follows the local linear polarisation direction distribu-
tion of the light. And the LC molecules align along the
LPP profile to achieve the desired optical axis orienta-
tion. Now, the HAN DFLC PG is accomplished. As a
contrast, we also fabricate a homogenous cell DFLC PG
with the same cell thickness by the same way. All the
fabrication process and experiment measures were
done under the room temperature about 20°C.

4, Results and discussions

Figure 4 shows the micrographs of the HAN DFLC PG
observed under a polarised optical microscope. The

I

Figure 4. (Colour online) The micrograph of HAN DFLC PG
observed under a polarised optical microscope. The scale bar
in the figure is 25 pm.

space-variant directors of LC are exhibited by the con-
tinuous change of the brightness under the polarised
optical microscope. For the regions that the LC direc-
tors are around 45 with respect to the polariser or
analyser, we can see the bright domains, and for the
regions that the LC directors are nearly parallel to the
polariser or analyser, we can see the dark domains.
Therefore, the bright-to-dark domains alternate twice
along with the LC directors turning through 7 under
the polarised optical microscope. When rotating the
analyser, the bright and dark domains interconvert
gradually, confirming the continuous varying of the
director. This reveals that the designed director distri-
bution is accurately transferred into the HAN cell. The
far-field diffraction of the PG is verified by He-Ne laser
(633 nm). When the linearly polarised light passes
through the HAN PG and the high-frequency saturated
voltage is applied, the diffracted pattern is captured by
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Figure 5. (Colour online) The far field diffraction of the HAN
DFLC PG. (a) Diffraction pattern of linearly polarised incident
light at high-frequency saturated voltage (20 kHz, 10 Vgys). (b)
Diffraction pattern of left circular polarised incident light at
high-frequency saturated voltage. (c) Diffraction pattern of
right circular polarised incident light at high frequency satu-
rated voltage. (d) Diffraction pattern of HAN DFLC PG at low
frequency saturated voltage (1 kHz, 10 Vgus).

the camera. As shown in Figure 5(a), there are only the
Ist order and the Oth order is highly suppressed, indi-
cating that the phase retardation matches the half-wave
condition, and if the incident light is left circular polar-
isation, only the —1st order exists as shown in Figure 5
(b), for the right circular polarisation, there is only the
+1st order as shown in Figure 5(c). For the circular
polarisation incident light, the first-order diffraction
efficiencies are both up to 95%. Figure 5(d) shows the
far-field diffraction pattern of the HAN DFLC PG at
the low-frequency saturated voltage, only the Oth order
exists.

After that, the electro-optical properties of the
HAN DFLC PG are measured. The voltage-efficiency
curves are tested at first. Here, efficiency is defined
as the intensity ratio of the objective order to the
total transmitted light (ignoring the reflection loss,
absorbing loss, scattering loss). In Figure 6, the red
line and the pink line respect the voltage—efficiency
curves of the Oth order of HAN cell DFLC PG while
the black line respects the voltage—efficiency curve of
the homogenous cell DFLC PG for circularly
polarised incident light. Therein, the red and blue
lines respect the voltage—efficiency curves of the
HAN DFLC PG at frequencies of 1 and 20 kHz,
respectively, and the black line respects the voltage-
efficiency curve of homogeneous cell PG at the fre-
quency of 1 kHz. It can be seen that for all the
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Figure 6. (Colour online) The voltage-efficiency curves of the
HAN cell PG and homogeneous cell PG by measure. The spots
are the data gotten by experimental measure, and the curves
are formed by the connection of the spots.

homogenous cell DFLC PG and the HAN DFLC
PG with the low-frequency voltage of 1 kHz, the
tilt angles of the LC directors gradually approach to
90" and the phase retardation ' decreases gradually
to zero with the increasing voltage, and the efficiency
of the Oth order reaches the maximum. And for the
HAN DFLC PG with the high-frequency voltage of
20 kHz, the tilt angles of the LC directors approach-
ing to 0" and the phase retardation T increases gra-
dually to maximum (the half-wave condition) with
increasing voltage, so the efficiency of the Oth order
reaches the minimum. Due to the cell gap is slightly
larger than the optimised one, the Oth-order light
which efficiency is below 2% exists. It can also be
seen that the voltage of HAN cell PG gets saturated
at 10 Vyys; however, the voltage of homogenous cell
PG requires a higher voltage. So the HAN cell PG
can work at a lower operating voltage. Furthermore
HAN cell PG has no Freedericksz transition thresh-
old. These are the main advantages of HAN
DFLC PG.

Then the response time of the HAN DFLC PG is
also measured. In one hand, the rise time is mea-
sured with an applied low-frequency (f = 1kHz)
saturated voltage, and in the other hand, the decay
time is measured with an applied high-frequency
(f =20kHz) saturated voltage. As illustrated in
Figure 7, a 10-Vpys signal voltage is utilised with
frequency alternating between 1 and 20 kHz, lasting
for 5 ms each. In the meantime, the 0™-order inten-
sity converts between the minimum and maximum.
However, the curve is not flat during the high-
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Figure 7. (Colour online) The response time of the HAN DFLC PG at the voltage of 10 Vgys.

frequency addressing; we speculate that it is due to
the flow effect, the phenomenon could be suppressed
by optimising the viscoelastic coefficient of DFLC
material. According to Figure 7, the rise time and
the decay time are 650 and 950 ps, respectively. The
HAN DFLC PG can achieve the sub-millisecond
scale response time at a low operating voltage. And
the response time can be further improved by
increasing the applied voltage or decreasing the cell
thickness.

5. Conclusion

In this paper, we proposed and demonstrated the LCPG
with HAN cell structure and DFLC material. This HAN
DFLC PG is realised by polarisation holography. The
HAN DFLC PG has extremely high single-order diftrac-
tion efficiency over 95% and polarisation tenability.
Moreover, the HAN DFLC PG can operate at a low
electric field of ~2.5Vrys/um and with no Freedericksz
transition threshold. The rise and decay time are 650 and
950 ps, respectively, when the HAN DFLC PG is driven
with alternating-frequency saturated voltage. The oper-
ating voltage and response time can be further improved
by decreasing the cell thickness. The PG described as
above has high single-order diffraction efficiency and can
work at a low electric field but has a sub-millisecond
scale response time. These excellent properties will make
LCPG be widely used in display, photonics and so on.
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