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POLARIZATION HOLOGRAPHIC GRATING BASED

ON AZO-DYE-DOPE POLYMER-BALL-TYPE

POLYMER-DISPERSED LIQUID CRYSTALS

Andy Ying-Guey Fuh,� Chia-Rong Lee, and Ting-Shan Mo

Department of Physics, National Cheng Kung University, Tainan,

Taiwan 701, Republic of China

A polarization grating (PG) written in an azo-dye-doped film of polymer-ball-

type polymer dispersed liquid crystals (PBT-PDLCs) was investigated. The

writing beams were two mutually orthogonal (s- and p-polarized) polarized

beams. The PG resulted from the LC molecular reorientation due to their inter-

action with the dye molecules adsorbed on the surface of the polymer balls.

Polarization properties of the diffracted beams and the grating pattern were

studied under a polarizing optical microscope with a crossed analyzer. The

results indicate that the PG diffracts the linearly polarized incident light into

beams with different polarizations. Accordingly, the grating can be employed

as an un-polarized or polarized beam splitter depending on the polarization

of the incident light. The simulation based on the Jones matrix method is

developed and the results correspond well with the experimental results.

Keywords: adsorption; Jones matrix; PDLC; polarization grating

INTRODUCTION

Polymer dispersed liquid crystals have recently received increasing interest
due to their significant potential for use in displays and light modulators.
PDLCs exist the so-called LC-droplet-type [1] and polymer-ball-type [2]
(PBT) PDLC films. The former contains micro-sized LC droplets in a poly-
mer matrix, and the latter involves polymer balls in the LC matrix. In
addition to scattering light and appearing opaque in the off-state, they
can be switched electrically into a transparent-state. These two types differ
mainly in the intrinsic memory (hysteresis) effect in the transmission
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versus applied voltage curve. The memory is highly pronounced only in the
PBT-PDLC films. It originates from the interaction at the boundary of poly-
mer and LCs and can be erased if the sample is heated to the isotropic
phase, and then cooled down back to room temperature [2].

Holographic grating recordings in photo-polymerizable polymer=LCs
composite films is particularly interesting since such gratings can be
formed in a single-step process rapidly. Furthermore, the grating is electri-
cally and=or optically switchable [3–5]. Most holographic gratings are inten-
sity gratings, and are recorded without polarization modulation. However,
the polarization, rather than the intensity, of polarization holographic grat-
ings (PGs) is modulated. Only a few polarization-sensitive materials have
so far been extensively investigated, including photorefractive crystals
[6], guest-host systems [7–10], azopolymers [11,12], and PDLCs [13].

Cipparrone et al. [13] demonstrated a polarization holographic grating
based on the polymer=LCs composites recently. The inferred mechanism
is molecular photo-alignment during the formation of PDLCs in photo-
polymerization phase separation. In this paper, we report an alternative
method of recording a PG in azo-dye-doped PBT-PDLCs. Our previous
work showed that the formation of such a PG is attributable to the aniso-
tropic adsorption of dyes on the surface of polymer balls, inducing the
reorientation of LCs [14]. Polarization analyses show that the PG diffracts
incident linearly polarized light into beams with various polarizations.
The Jones matrix method [9,15–17], is employed to develop a model which
effectively explains the experimental results.

EXPERIMENTAL

The liquid crystal, monomer, crosslinking agent, and diazo dye used in the
experiment were E7 (Merck), di-pentaerythritol pentaacrylate (DPPA;
Polysciences), 1-vinyl-2-pyrrolidinone (NVP; Aldrich), and G206 (Nippon
Kankoh-Shikiso Kenkyusho), respectively [14]. The mixing ratio of the
above components was 70wt.% of E7, 25wt.% of DPPA, 5wt.% of NVP,
and 0.5wt.% of G206. The absorption spectrum of G206 was given in
Ref. 5. The homogeneously mixed compounds were sandwiched between
two indium-tin-oxide (ITO) coated glass slides separated by a 38-mm-thick
plastic spacer to form a sample. The sample was polymerized over around
30 minutes using a strong UV light at an intensity of �0.2W=cm2 to form a
translucent PBT-PDLC film [14].

Figure 1(a) shows the experimental setup for writing a polarization
holographic grating in this study. The two writing beams, E1 and E2, of
an Arþ laser (kw ¼ 514.5 nm) are s- and p-polarized, respectively, and
intersect at an angle h �0.9�. They were unfocused, and each had a power

580=[2716] A. Y.-G. Fuh et al.
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of �150mW with a beam diameter of �3.8mm. A polarization-
modulated interference pattern with linear, elliptical, and circular polariza-
tions, was created in the intersecting region, where the sample was placed,
as shown in Figure 1(b), since the beams were coherent with mutually
perpendicular polarization. The resultant optical field can be written as
follows (for small h) [10].

Effi½E1expðid=2ÞiþE2cosðh=2Þexpð�id=2Þj�expfi½ð2p=kwÞzcosðh=2Þ�xt�g;
ð1Þ

FIGURE 1 (a) Schematic diagram of the experimental setup; (b) configuration of

the spatially modulated polarization set up by s- and p-polarized interfering fields.

Polarization grating based PBT-PDLCs 581=[2717]
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where kw is the wavelength of the writing beams in the vacuum, and
d¼ (4p=kw) y sin(h=2) is the phase shift between E1 and E2 at z¼0. After
the PG was formed, the writing beams were switched off and an unpolar-
ized He-Ne probe laser (k0¼632.8 nm) was normally (along z-axis) inci-
dent onto the excited region of the sample through a polarizer. An
analyzer was placed behind the PG, and then we measured the intensities
and the polarization states of the diffracted beams with respect to various
polarization of the incident probe beam.

RESULTS AND DISCUSSION

In our recent work, we examined the features of the intensity grating (IG)
using two writing beams with the same polarization (s- or p-polarization) in
the composite films considered here. The details were presented in Ref. 14.
Briefly, the experimental results indicated that the grating had a memory of
the polarization of the writing beams. We concluded that the mechanism by
which IG is formed in an azo-dye-doped PBT-PDLC film, is the reorien-
tation of the LCs due to their interaction with the anisotropic adsorption
of the dye molecules on the surface of the polymer balls. The adsorbed
dyes were oriented loosely in the direction perpendicular to both the polari-
zation and propagation directions of the linearly polarized writing beams.
The adsorbed dyes then induced the LC molecules to reorient to the same
direction as the dye molecules. In this paper, we further studied the PG
grating based on similar composite film.

The diffraction efficiencies of the PG written using the setup depicted in
Figure 1, probed by a linearly polarized He-Ne laser beam, were measured.
The writing time was �60 seconds. We show the results in Figure 2. The
direction of the stripes in the PG was parallel to the x-axis, and a(b) was
the angle between the transmission axis of the polarizer (analyzer) and
the x-axis. Figures 2(a)–2(d) clearly show that the beams diffracted
from the formed PGs exhibit various polarization states if the polarization
direction of the probe beam varies with respect to the direction of the
stripes. Because the third-order (�3) diffracted beams were much weaker
than the beams of the other orders (0,�1,�2), they were neglected. When
probed by an s-polarized beam, for which a ¼ 0� (Fig. 2(a)), the grating
yields even-order diffracted beams with the same polarization as the probe
beam, and odd-order beams with a polarization perpendicular to that of the
probe beam. Similar results were obtained for the p-polarized probe beam,
for which a ¼ 90� (Fig. 2(b)). When the probe beam was polarized at
a ¼ 45� and �45� (Fig. 2(c) and 2(d), respectively), the intensities of all
the diffracted beams peaked at b ¼ 45� and �45�, and vanished at
b ¼ �45� and 45�. Figure 3 presents the images of PGs under a polarizing

582=[2718] A. Y.-G. Fuh et al.
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FIGURE 2 Measured diffraction efficiencies of the probe beam with various

polarizations as a function of angle, b. (a) a ¼ 0�, ( b) a ¼ 90�, (c) a ¼ 45�, and
(d) a ¼ �45�. a ( b) is the angle between the transmission axis of the polarizer

(analyzer) and the direction of the stripes (x-axis; refer to Fig. 1). The magnitude

of the second order diffracted beam intensity is magnified by ten times.

Polarization grating based PBT-PDLCs 583=[2719]
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optical microscope with a crossed analyzer. It shows that the grating
images (spacing �16 mm) appear and disappear, if the stripes make angles
0� or 90� and 45�, respectively, with the transmission axis (x-axis) of the
polarizer. As mentioned in the first paragraph of this section, we have
demonstrated that the azo dyes, after being photo-excited, were adsorbed
on the polymer wall with their long axes oriented in the direction perpen-
dicular to both the polarization and the propagation directions of the
linearly polarized writing beams [14]. The adsorbed dyes, in turn,
reoriented the orientation of the LCs. However, no anisotropic adsorption
of dyes occurred if the writing beam was circularly polarized. Accordingly,
the observed grating images, shown in Figure 3, can be clearly understood
by considering the spatially varying polarization pattern set up by the inter-
ference of s- and p-polarized writing beams (Fig. 1(b)) and the inference
that LC alignment is due to the adsorbed dyes. Placing the sample between
two crossed polarizers makes the grating image to disappear (Fig. 3(b))
when the stripes of the grating make an angle of 45� with the transmission
axis of the polarizer since the probe beam is then polarized along the prin-
ciple axes of the LCs in the sample. However, the image of the grating
whose stripes make an angle 0� or 90� appears as shown in Figure 3(a)
or 3(c).

As mentioned above, the PBT-PDLC considered here is optically aniso-
tropic only for a linearly polarized writing beam. Such an optical anisotropy
is due to light-scattering, but not light absorption. Hence, the birefringence
yields a phase grating in the amplitude grating background. The Jones

FIGURE 3 Grating patterns observed under a polarizing optical microscope with a

crossed analyzer, following the rotation of the stripes of the PG an angle a with the

polarizer axis; (a) a ¼ 0�, (b) a ¼ 45�, and (d) a ¼ 90�. The labeled angles are the

angles between the direction of the stripes and the polarizer. The grating spacing

is 16 mm.

584=[2720] A. Y.-G. Fuh et al.
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anisotropic matrices due to the phase and amplitude recordings in x0, y0, z0

systems as shown in Figure 1(b) are [9]

½TPðyÞ�x0�y0 ¼ expði/0Þ
expðiD/ cos dÞ 0

0 expð�iD/ cos dÞ

� �
; and ð2Þ

½TAðyÞ�x0�y0 ¼
T0 þ DT cos d 0

0 T0 � DT cos d

� �
; ð3Þ

where d ¼ ð4p=kwÞy sinðh=2Þ ¼ py=K is the phase shift at z ¼ 0 between
the interfering beams. kw is the wavelength of the writing beams in the
vacuum. Tk and T? are the sample amplitude transmissions probed by a
beam with its polarization parallel and perpendicular to that of the writing
beams, respectively; T0 � ðTk þ T?Þ=2, and DT � ðTk � T?Þ=2: /0 is equal
to 2pn0d=k0 and n0 is the refractive index of the sample before the
holographic recording. D/ ¼ 2pDnd=k0 is the phase shift due to the
photo-induced birefringence, Dn � ðnk � n?Þ=2 on the PBT-PDLCs; nk
and n? are effective indices of the sample that is probed by a probe beam
with its polarization parallel and perpendicular to that of the writing beams,
respectively. d is the film’s thickness, and k0 is the probe’s wavelength in
the vacuum.

The combined Jones matrix can be written as,

½TðyÞ�x0�y0 ¼ ½TPðyÞ�x0�y0 ½TAðyÞ�x0�y0 ¼ ½TAðyÞ�x0�y0 ½TPðyÞ�x0�y0 : ð4Þ

Transformation into the x–y coordinate system [15] yields,

½TðyÞ�x�y ¼ Sð�45�Þ½TðyÞ�x0�y0Sð45�Þ; ð5Þ

where S is the transformation matrix. Since Dn is usually small, that is
Dn << 1 in the PBT-PDLCs, Eq. (5) can be rewritten as,

½TðyÞ�x�y ¼
expði/0Þ

2
ðaþ bÞ ða� bÞ
ða� bÞ ðaþ bÞ

� �
;

ð6Þ

where a and b are the terms ðT0 � DT cos dÞð1� iD/ cos d� D/2 cos2 d=2Þ
with the signs, ‘‘þ ’’ and ‘‘� ’’, respectively.

The Jones vector of the probe beam that emerges from the PG, Et(y),
is [16]

EtðyÞ ¼ TðyÞEi; ð7Þ
where Ei is the Jones vector for the incident probe beam, and may be
expressed as,

Ei ¼ Ei0
cos a
sin a

� �
: ð8Þ

Polarization grating based PBT-PDLCs 585=[2721]
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The transmitted optical field can be expressed as a vectorial Fourier
expansion form as below, since diffraction via the PG is paraxial [16,17].
(Raman-Nath type; the third-order diffracted beam in the present case
makes an angle of �3.5� with respect to the zeroth order (z-axis)).

EtðyÞ ¼
Xm¼1

m¼�1
Dm expði2pmy=KÞ; ð9Þ

where K( ¼ 16 mm) is the spacing of the grating, and m is an integer. The
polarization states of the mth-order diffracted beam is determined by the
Fourier components, Dm(a), of the transmitted field [16].

DmðaÞ ¼ ð1=KÞ
ZK

0

EtðyÞ expð�i2pmy=KÞdy; ð10Þ

where a is the angle made by the probe-beam’s polarization with the x-axis
(Fig. 1). Substituting Eqs. (6)–(9) into Eq. (10), yields a general
expression for the mth-order diffracted beams:

DmðaÞ ¼ Ei0 expði/0Þ
ða0dm;0 þ a2dm;�2Þ cos aþ ða1dm;�1 þ a3dm;�3Þ sin a
ða0dm;0 þ a2dm;�2Þ sin aþ ða1dm;�1 þ a3dm;�3Þ cos a

� �
;

ð11Þ
where dm,n ¼ 0 or 1 if m 6¼ n or m ¼ n, respectively. Therefore, the mth
components of the diffracted beam are,

D0 ¼ Ei0 expði/0Þa0
cos a

sin a

� �
;D�1 ¼ Ei0 expði/0Þa1

sin a

cos a

� �
;

D�2 ¼ Ei0 expði/0Þa2
cos a

sin a

� �
;D�3 ¼ Ei0 expði/0Þa3

sin a

cos a

� �
;

ð12Þ

where a0, a1, a2, and a3 are [T0(1� D/2=4)þ iDTD/=2], [DT
(1� 3D/2=8)=2þ iT0D/=2], [�T0D/

2=8þ iDTD/=4], and [�DTD/2=16],
respectively.

The diffracted fields through the analyzer can be specified as

Dmða; bÞ ¼ AðbÞDmðaÞ ¼ cos2 b sin b cos b
sin b cos b sin2 b

� �
DmðaÞ; ð13Þ

where A is a matrix that represents the analyzer whose transmission axis
makes an angle b with the x-axis. The diffraction efficiencies through the
analyzer are defined as,

gm � Dmða; bÞj j2= Eij j2: ð14Þ

586=[2722] A. Y.-G. Fuh et al.
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FIGURE 4 Simulated diffraction efficiencies of the sample, under the conditions

that yielded the results in Figure 2. The magnitude of the second order diffracted

beam intensity is magnified by ten times.

Polarization grating based PBT-PDLCs 587=[2723]
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An additional experiment was carried out to estimate the values of Tk
and T?. Five PBT-PDLC samples were excited identically by a single
s-polarized pump beam for �60 s and, then, the average amplitude
transmission of the probe beam with s- and p-polarization, Tk and T?, were
measured to be �0.62 and 0.36, respectively. Hence, DT (�(Tk � T?)=2)
and T0(�(TkþT?)=2) were 0.13 and 0.49, respectively. Based on the
measured results in Figure 2, the average value of a0

2 is calculated to be
�0.23. Substituting the above values of DT, T0 and a0

2 into a0
(¼ T0(1� D/2=4)þ iDTD/=2) defined in Eq. (12), we obtain an effective
birefringence value (Dn) to be � 8	 10�4. From Eq. (12), the other
amplitude of diffraction efficiencies, a1

2, and a2
2, were, therefore, deter-

mined to be 9.3	 10�3 and 1.25	 10�4, respectively. Substituting the
above values, ai ¼ 0 � 2, into Eq. (14) yields the simulated diffraction
efficiencies through the analyzer, as shown in Figures 4(a)–(d). These
results agree closely with the experimental results shown in Figure 2.

CONCLUSIONS

We used two mutually orthogonal and linearly polarized recording beams
(s- and p-polarized) to record a polarization grating in a PBT-PDLC film
doped with an azo-dye. The formation of the PG was attributable to the
interaction between the LCs and the photo-excited dye molecules
adsorbed on the surface of the polymer balls. Polarization analysis show
that the polarization of the diffracted beams depends on that of the
incident light. Therefore, a PG can be used as a polarized or unpolarized
beam splitter, depending on the polarization of incident light. The Jones
matrix method was used to explain the polarization characteristics of the
beams diffracted from the PG formed on the azo-dye-doped PBT-PDLCs.
A six-month old PG sample was tested, and showed no significant aging
effect. Thus, the memory time is long. Also, the result obtained recently
using similar material indicates that it is possible to write a more efficient
PG by increasing the concentration of azo-dye [18].
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