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In this article, we derive a two-dimensional nonlocal diffusion model utilising finite difference time domain
method, which describes the dynamics of how multiple holographic gratings are formed in a polymer-dispersed
liquid crystal film for peristrophic multiplexing storage. This model takes into account the diffusion processes of
both the free monomer and the liquid crystal molecules, and the polymerisation kinetics in the overlapped regions
of multiple holographic gratings. We have experimentally found out that there exists a bounce in the diffraction
efficiency for multiplexed gratings at relatively low-exposure intensities, which is undesirable for recording the
equal-strength holograms. Instead, the equal-strength holograms can be stored under relatively high-exposure
intensities. To predict the occurrence of bounce, the temporal evolutions of the refractive index modulation are
estimated and then verified by the experimental results. The appropriate holographic exposure intensity for

recording the equal-strength hologram is suggested.
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1. Introduction

Polymer-dispersed  liquid crystal (PDLC) has
received considerable interests as a holographic
recording material over two decades. This material
can be used to fabricate volume Bragg gratings,
Fresnel lenses, high-resolution optical storage, etc.,
due to its unique and attractive optical properties.[1—
8] There have been extensive studies on holographic
polymer-dispersed liquid crystal (HPDLC) and
demonstrations of some functional prototypes. The
characteristics of one dimensional (1D) holographic
grating formation have been examined in several
studies. Rhee et al. experimentally studied the tem-
poral properties of holographic formation in DuPont
photopolymers.[9] Zhao and Mouroulis proposed a
1D reaction-diffusion model to describe the process
of holographic photopolymerisation in photocurable
monomer molecules.[10] Liu et al. developed an ana-
lytical method based on conventional reaction-diffu-
sion model.[8§] A number of 1D models describing
the formation dynamics of the volume Bragg grat-
ings have either been proposed or revised.[11-17]
However, most of these established models are lim-
ited to 1D holographic grating and optically isotro-
pic media.

Kloosterboer et al. proposed the thermody-
namic models for phase separation induced by the
increase of network elasticity and polymerisation
on the formation of PDLCs, and measured by

simultaneous photo DSC/turbidity.[18-20]
Sutherland et al. developed a 1D phenomenological
model of hologram formation, and incorporated
the photophysics and photochemistry, but they
were not applicable to describe the dynamics and
performance of multiplexed HPDLC gratings, and
the nonlocal response of polymer chains were
ignored.[21-23] Kyu et al. explored LC phase
separation and two-dimensional (2D) photonic
structures in an LC-polymer mixture through
numerically solving the coupled time-dependent
Ginzburg-Landau equations with sinusoidal photo-
polymerisation.[24-28] Their studies are useful for
modelling the development of PDLC and HPDLC,
but both of them are incapable of modelling the
real-time diffraction properties.

During the peristrophic multiplexing storage, a
following grating is formed on the previous one. The
spatial diffusion caused by the gradient of the free
monomer concentration can affect the refractive
index of the existing holographic gratings during the
multiplexing processes. Furthermore, the multiplexing
processes make the formation kinetics of the multiple
holographic gratings more complicated than that of
single holographic grating. In order to describe the
diffusion behaviours for multiplexed 2D gratings, i.e.,
the diffusions along both x and y directions, it is
necessary to extend the 1D model to a 2D diffusion
model.
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In this article, a 2D nonlocal diffusion model
utilising finite difference time domain (FDTD) tech-
nique is proposed. The dynamic behaviours of the
formation of multiple holographic gratings in PDLC
cell are numerically simulated and experimentally
studied using real-time diffraction-monitoring techni-
que under the relatively high- and relatively low-expo-
sure intensities, respectively. In this study, it is found
out that our model is able to predict and explain the
occurrence of a bounce in diffraction efficiency under
the low-intensity exposure condition. In the presence
of bounce, the obtained results suggest that it is
impossible to balance diffraction efficiencies for all
multiplexed gratings. Based on the proposed model,
the equal diffraction efficiencies of the multiple grat-
ings can be realised by the optimised time under the
high-intensity exposure conditions. The proposed 2D
nonlocal diffusion model utilising FDTD technique is
useful to extract estimates of key material parameters
from experimentally obtained results. This work is
particularly important for high-capacity holographic
storage with equal-strength holograms.

2. Theory: 2D nonlocal diffusion model

PDLC is made from a homogenous mixture of pre-
polymer and LC. As the free monomers in the pre-
polymer are polymerised, the LC molecules separate
as a distinct micro-droplet phase.[29,30] The poly-
merised monomers are ‘locked in’ a periodic structure
of alternating LC-rich and polymer-rich layers. The
LC rich regions contain randomly oriented micro-
droplets. The symmetry axes of the LC droplets orien-
tate randomly, and the refractive index mismatches
between the LC droplets and the polymer chains. As a
result, it creates a refractive index difference and
coherent scattering condition.[29] According to the
1D reaction-diffusion model proposed by Zhao and
Mouroulis,[10] when a layer of PDLC mixture is
exposed to a holographic optical field, polymer net-
works are primarily formed in locations under the
bright regions, attracting monomer molecules to dif-
fuse from the dark regions due to concentration gra-
dient. In the meantime, the LC molecules diffuse with
a greater diffusivity due to the significantly lower
molecular weight than the free monomer molecules,
thus aggregating in the dark regions to preserve
volume conservation.[29-31] This process results in a
refractive index modulation (RIM) in the exposed
region of the PDLC cell, forming a volume Bragg
grating which diffracts the light that passes through.
It was shown that the HPDLC acted as an isotropic
volume grating once the free monomer concentration
was higher than 24%, where the conventional

Kogelnik’s diffraction theory for isotropic holo-
graphic gratings could be applied.[32-34]

For a holographic exposure where two coherent
light beams intersect at a certain angle, alternative
bright and dark interference fringes of the transverse
light are formed. The light intensity can be expressed
by I(x) = I [1 + Vcos (K- x)] where Iy = I} + I, is the
sum of the intensities of the two interfering beams, /;
and I, and V is a constant of the visibility of the
fringes. K is the grating vector with amplitude
K = 27/4, and 4 is the grating period. For the mate-
rial system, TMPTA is a multi-functional acrylate
monomer, whose reaction behaviours are different
than the mono-functional monomers. However,
liquid-liquid phase separation accompanied with dif-
fusion still holds for the multi-functional acrylate
monomer when mixed with LC during the
holographic exposure.[24,26] Moreover, the reaction-
diffusion in the multi-dimensional multiplexed grat-
ings is way more complex than that in single expo-
sure. For the sake of simplifying our model, we resort
to the classical reaction-diffusion equation.[10-
12,15-17]

We then propose the use of Equation (1) to govern
the 2D polymerisation process based on the 1D reac-
tion-diffusion model.[10,12,13] Then, the 2D nonlocal
diffusion equation describing the free monomer diffu-
sion as well as depletion during the exposure can be
written as [12]

&DM(%% l) o 5} 8¢M(x7y7 t)
o o |PErD T4
+ 2 {D(x,)h 7) 78%5;’% t)]

dy
- JG(x, Xy, y)-F(X,))-Du(x,y, t)dx'dy,

()

where @y(x,y,1) is the free monomer concentration,
D(x,y,t) is the diffusion coefficients, F(x',)’) is the
polymerisation rate constant, and G(x,x’;y,)') is the
nonlocal response function representing the effect of
the free monomer concentration at the location (x',)’)
on the amount of monomer polymerised at location
(x,»).[11,12] The key feature of the nonlocal model is
to take into account the formation of growing poly-
mer chains, which extend in space rather than reside
at a local point, and they would affect the quality of
the interference pattern during the growth.

The relation between the polymerisation rate con-
stant F(x, y) and the exposure intensity I(x, y) is
expressed in Equation (2), and the relation between
the diffusion coefficient D(x, y, ¢) and the concentration
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of the polymerised monomer, ie., Pp(x,y,t) are
expressed in Equation (3), respectively.

v

F(x,y) = &Iy |1+ Veos(K -7)| , ©)

D(xayv [) :Doexp[faqﬁp(x?y, t)]v (3)

where x is a proportionality coefficient, v is the expo-
nent of the relationship between the polymerisation
rate constant and exposure intensity I;, and in the
range 0.82-0.94 in the most of the multifunctional
monomer systems,[27] « is the decay parameter of
the diffusion coefficient, Dy represents the initial dif-
fusion constant, and 7 is the direction vector.

For a given exposure time ¢, the concentration of
polymer, @p(x,y,t) at the location (x, y) is given by
Equation (4) [10,11]

Dp(x,,

~

)
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Furthermore, a Gaussian probability distribution
function G(x,x';y,)’) to describe the non-local mate-
rial spatial response can be expressed as [13-17]

1 [_(X - )

G /. /! _
(x7x7yay) zn_o_exp 20

- yﬂ
where /o represents the nonlocal-response length
normalised with respect to the grating period, A4.[13—
17] G(x,x';y,)) represents the effect of chain initia-
tion at location (x,y) on the amount of the polymer
at location (¥';)/).[13-17] /o is an important para-
meter when considering the data storage capacity
or recording resolution within a photopolymer
material.

The holographic recording material applied in this
work is a TMPTA-based PDLC. If the polymerisa-
tion of monomers is subject to a holographic exposure
consisting of alternating bright and dark interference
fringes, there will exist different monomer concentra-
tion gradients across these regions, which would in
turn drive monomer molecules to diffuse from the
low-depleted regions to highly depleted regions.
However, the free radical molecules are at the much
excited states (after the electron transfer), and they
tend to interact with free monomers to mediate poly-
merisation. Since the above processes take place for a
very short period of time, it is unlikely for those
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radicals to diffuse even at a tiny distance. Moreover,
the molecular weight of radicals is usually heavier
than that of free monomers, hence less mobility.
[15,16,25,26] For the above reasons, we treat the
diffusion of monomer with reaction-diffusion equa-
tions and that of radicals as negligible.

The volume shrinkage or contraction is also trea-
ted to be negligible, therefore the mass conservation
holds in the sample cell throughout the process of
holographic exposure. Applying the Lorentz-Lorenz
relation,[15-17,35-37] the variation of the refractive
index of the PDLC can be estimated. In order to do
so, the volume fractions and refractive indices of the
individual components of PDLC must be specified.
The volume fraction of each component can be
expressed as ¢; = x;v;/ > x;v;, where x; is the mole

fraction and v; is the molar volume of the i compo-
nent. In this case, we assume that the total volume
fraction is conserved, then

¢M(x7y7 t) + ¢P(x7y7 t) + ¢LC(x7y7 t) = 17 (6)

where ¢M(x7yat)a (bP(xvyat)n ¢LC(x?y7t) denote the
volume fractions for the free monomer, polymer,

and LC, respectively. The average refractive index
(ARI), n, of a given material layer of PDLC can be
written as [37]

n—1 n3y nLC—l
n2+2_¢Mn (er (l’)LC 2C+27

0

where ny = 1.487 and np = 1.522 refer to the refrac-
tive indices of the free monomer and polymer, respec-

tively, and nyc ~ 4/ (an + ng)/3 =1.592 (n, = 1.706,
ne = 1.532, at 2 = 632.8 nm) is the ARI of LC.[3,8,38]
RIM for each grating can be thus defined as

An = |ﬁBright - ﬁDark’; (8)

where 7iprgne and sipuk are the average refractive
indices of the bright and dark regions formed under
the holographic exposure, respectively. The average
diffraction efficiency of the first holographic grating
can be expressed [2,32,39,40] as

_ o (md(1 —r)An
7= s ( Jcosé ’ ©)

where d is the thickness of PDLC film, 6 is the Bragg
angle, and Az is the RIM in Equation (8). r is the erasing
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coefficient in the process of peristropic multiplexing,
and r = 0 for the single holographic grating.[2]

3. Dynamics of peristrophic multiplex based on two
holographic gratings

To illustrate the dynamics of 2D holographic grating
formation for peristrophic multiplexed storage,
Equations (1)—(5) are solved using FDTD method
with initial experimental conditions of the free mono-
mer concentration @y = 1.79 mmol cm >, the LC
concentration @ ¢ = 1.942 mmol cm >, grating per-
iod 4 = 1.03 pm, respectively. The parameters are
assigned to be V' = 0.95, v = 0.9, a = 2.7,[28] and
the time increment Az = 0.01 s.

The evolutions of the volume fraction of each
component and the diffraction efficiencies for the
multiple gratings can be predicted by substituting
the obtained spatial concentrations @y(x,y,1),
@p(x,y,1), and @ c(x,y,t) into Equations (6-9). Two
holographic gratings are recorded at one single loca-
tion using the peristrophic multiplexing technique. In
details, the first grating stored with the grating vector
of 0° is called 0° grating. After 0° grating is com-
pleted, the second grating is stored upon the 0° grat-
ing with 45° rotation about the normal of sample
surface, which is therefore called 45° grating. The
schematic multiplexed gratings and overlapped
regions of the 0° and 45° are shown in Figure 1,
where each region is denoted by a Roman number.
In order to examine the diffusion dynamics under the
different intensities /y, a low intensity (2.5 mW cm_z)
and a high intensity (19.6 mW cm™?) are applied for
comparison. The entire process of each exposure con-
sists of two stages for peristrophic multiplexing sto-
rage, one is holographic exposure and the other is
postcuring while the exposing light is turned off. The
total exposure times 7y, for 2.5 and 19.6 mW cm 2
are 40.0 and 16.0 s, respectively. The exposure times
are denoted as 7, and t,, for the first and the second
exposure under each exposure intensity, respectively.
The postcuring time is therefore g, — , where i = 1
and 2. When I, = 2.5 mW cm 2, the exposure time is
£y =t = 20.0 s, and when I, = 19.6 mW cm >,
ty = t, = 2.55 s. It is necessary to note that the
exposure times are adjusted to ensure equal dosage
to be delivered to the material sample.

3.1 Diffusion dynamics under the low intensity

Figure 2 depicts the time evolution of the volume
fraction of each material component within the over-
lapped regions of 0° and 45° gratings during the
second exposure under I, = 2.5 mW cm 2. The over-
lapped regions are referred as I, II, III, and IV as

(@) (b)
y
N : \ 0° grating
N B —mko
\B\ “ : Do | = graﬁl;cgﬁ
X T |
Das I 'Bo |
N | |
gL "Dy !
. Bas I :
0° grating . v \I
~ I I[ .
\Dﬂ m \ AN
~ I ~
y N AN
L \ | I N
\ | v N
| l\ I N
1\ .
y 1 1
i -
M 1 |\ \\
\ !
x AN
| N
45° grating ! ®

Figure 1. (a) Schematic representation of the multiplexed
gratings for each corresponding exposure. Figure (b)
Schematic overlapped regions for the 0° and 45° gratings.
By and Dy are the corresponding bright and dark regions of
the 0° grating. B4s and Dys are the corresponding bright and
dark regions of the 45° grating. I, II, III, and IV are the
overlapped regions of By and Bys, Dy and Bys, By and Dys,
Dy and Dys, respectively.

illustrated in Figure 1(b). The time evolutions in the
overlapped regions are illustrated for the period of
t = 40.0~60.0 s, because most of the diffusion and
polymerisation reactions take place during the second
exposure time. In Figure 2(a), prior to the second
exposure, because some of the free monomers are
consumed in the first exposure, ¢y, in 1l and IV are
higher than those in I and III. At the beginning of the
second exposure, i.e., = 40.0~43.0 s, free monomers
in IT and IV have sufficient time and less difficulty to
diffuse into I and III to equalise concentration gradi-
ent as the polymerisation process is not intense
enough to block the travel of monomers. As a result,
¢y In 1 and 11T increases whereas ¢, in Il and IV
decreases. For the period of ¢ = 43.0~60.0 s, the
second exposure continues to take place, ¢y, in I, 1I,
IIT and IV decrease together since the free monomers
continue to diffuse and to be polymerised.
Furthermore, when 7 = 52.0~60.0 s, ¢,, in 1II and
IV are getting equal, so are ¢y in I and II. In
Figure 2(b), ¢p in I, II, III and IV increase mono-
tonically for the period of # = 40.0~60.0 s, and ¢ in I
and II rises much faster than those of III and IV,
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Figure 2. (colour online) Time evolution of the volume
fraction for (a) free monomer, (b) polymer, and (c) LC in
the overlapped regions of the 0° and 45° grating, when the
exposure intensity J, = 2.5 mW cm 2.

because more free monomers can be polymerised in
the bright regions (I & II) of the 45° grating than in
the dark regions (IIl & IV). In Figure 2(c), for the
early period of ¢ = 40.0~44.5 s, ¢ in I and III first
decrease because ¢, and ¢p increase. Meanwhile,
¢rc in II and 1V increase as the free monomers in 11
and IV will diffuse to I and III as above mentioned,
which makes the room for LC molecules to aggregate
into I and IV. For ¢ = 44.5~60.0, ¢, in I and II keep
decreasing because more and more free monomers
will be polymerised in these regions forcing LC

Liquid Crystals 677

molecules to aggregate into III and IV, thereby caus-
ing continuous increase of ¢, in these dark regions.
More interestingly, we should notice that rates of
change for I and IV and for II and III are equal in
value but opposite in sign. This would infer an impor-
tant conclusion that the diffusions of LCs are from I
to IV always and from III to II at the beginning and
then from II to III later on.

(@
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O 1 L 1 1 1 1 1 1 L
16.0 16.5 17.0 17.5 18.0 18.5
Time (s)
(c)
0.51 T T T T T T T T

0.505 -

Average ¢, ¢

/

0.5}

—
0495 —
16.0 16.5 17.0 17.5 18.0 18.5

Time (s)

Figure 3. (colour online) Time evolution of the volume
fraction for (a) free monomer, (b) polymer, and (c) LC in
the overlapped regions of the 0° and 45° grating, when the
exposure intensity Iy = 19.6 mW cm 2.
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3.2 Diffusion dynamics under the high intensity

Figure 3 depicts the time evolution of the volume
fraction of each material component within the over-
lapped regions of 0° and 45° gratings during the
second exposure under I, = 19.6 mW cm 2. The
overlapped regions are referred as I, II, III, and IV
as illustrated in Figure 1(b). The time evolutions in
the overlapped regions are illustrated for the period
of t = 16.0~18.5 s, because most of the diffusion and
polymerisation reactions take place during the sec-
ond exposure time. In Figure 3(a), before the second
exposure, because some of the free monomers are
consumed in the first exposure, ¢y, in Il and IV
are higher than those in I and III, which resembles
the case of I, = 2.5 mW cm 2. The high exposure
irradiance can cause relatively rapid polymerisation,
and only a few free monomers in the dark regions
can get sufficient time to diffuse into the bright
regions of the 0° grating, before the polymerisation
occurs. For the period of 1 = 16.0~18.5 s, ¢\, in I, II,
IIT and IV monotonously decreases. ¢, in the bright
regions of the 45° grating (I and II) decrease much
faster than that of dark regions (III and IV). In
Figure 3(b), ¢p in I, II, III and IV increase mono-
tonously. ¢p in the bright regions in the 45° grating
(I and II) increase much faster than that of dark
regions (III and IV). In Figure 3(c), for the period
of t = 16.0~18.5 s, ¢ in I decreases because some
of the free monomers are polymerised and the aver-
age ¢p then increases. ¢ in Il increases slowly
because a few free monomers can diffuse into I to
be polymerised, meanwhile, the LC molecules aggre-
gate into II. Only a few free monomers can diffuse
into III to be polymerised and the LC molecules
aggregate into II and IV, thus ¢, in III decreases
slowly. ¢ in IV increases faster than II because
some of the free monomers diffuse into the bright
regions of 45° grating (I and II) to be polymerised
and LC molecules aggregate into region IV.

3.3 Time evolutions of ARI and RIM

The time evolution of ARI and RIM for the 0°
grating under I, = 2.5 mW cm 2 during the second
exposure is shown in Figure 4(a). Prior to the second
exposure, the ARI in the bright regions (I&II) is
higher than that in the dark regions (III&IV). At
the beginning of the exposure, a large number of
the free monomers in the dark regions of the 0°
grating can diffuse into the bright regions before
the polymerisation reaction occurs. Meanwhile, the
LC molecules can aggregate into the dark regions of
the 0° grating from the bright regions, as shown in
Figure 2(c). As a result, the decrease of ARI in the

bright regions (dotted curve) along with the increase
of ARI in the dark regions (dashed curve) of the 0°
grating, will result in the decrease of RIM (solid
curve) for the period of r = 40.0~41.2 s. The ARI
of dark regions will then catches up with that of the
bright regions, at which RIM equals zero,
(t = 41.2 s). Subsequently, from ¢ > 41.2 s, the
ARI in the dark regions will exceed that in the
bright regions, and the RIM continues to grow,
even getting over the initial value at the beginning
of the exposure after ¢+ = 46.2 s. By way of analogy,
the above process can be described as a bounce, as
RIM sharply drops to zero and then rises
monotonically.

The time evolution of ARI and RIM for the 0°
grating under I, = 19.6 mW cm 2 is shown in Figure
4(b). Before the second exposure takes place, the ARI
in the bright regions is higher than that in the dark
regions, which resembles the cases I, = 2.5 mW cm ™.
However, when the second exposure continues to take
place, the free monomers in II and IV are difficult to
diffuse into I and III to equalise the free monomer
gradient concentration before the polymerisation reac-
tion occurs, because the high-exposure irradiance can
cause relatively rapid polymerisation process. Thus,
most of free monomers are locked within the bright
and dark regions to be polymerised later on, and only
a few LC molecules can aggregate into II and IV.
Therefore, the increase of ARI in the bright region
(dotted curve) along with the increase of ARI in the
dark region (dashed curve) of the 0° grating, results in
the decrease of RIM (solid curve) for the period of
t = 16.0~18.5 s. There are more free monomers being
polymerised in the dark regions than in the bright
regions. Since the ARI in the dark regions increases
faster than that in the bright regions, the RIM drops
monotonically in the absence of bounce.

As shown in Figure 4(b), during the first exposure,
RIM decreases monotonically because high-exposure
irradiance can cause rapid polymerisation kinetics.
Furthermore, free monomers are difficult to diffuse
from the dark regions into the bright regions of the 0°
grating during the second exposure, and the possible
explanations are given as the following reasons. (1) A
relatively high-viscosity is caused due to the high-
exposure intensity. During the conversion from
monomers to polymers, the time varying viscosity
effects due to densification and crosslinking, which
can hinder the LC and free monomer molecules
movement, will become more pronounced.[16,36] (2)
High-intensity exposure can also cause a rapid deple-
tion of dark regions. The high-exposure intensity not
only causes a more rapid consumption of the free
monomers, resulting in steep free monomer concen-
tration gradients in bright regions, but also increases
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Figure 4. (colour online) Time evolution of the ARI in the bright regions (dotted curve) and in the dark regions (dashed curve)
and RIM (solid curve) duri{lzg the second exposure for the 0° grating. (a) Exposure intensity /, = 2.5 mW cm 2, (b) Exposure

intensity 7y = 19.6 mW cm

the consumption of the free monomers on both bor-
ders of the dark regions.[10,30,36] Therefore, the
available amount of the free monomers for diffusion
is reduced under the high-exposure intensity during
the second exposure.

4. Experimental results

To validate the time evolution of RIM based 2D
model under the high and low intensities, 0°, 45°,
and 90° grating are stored on the PDLC cell base on
peristrophic multiplexing technique. In our experi-
ments, the optical setup is schematically depicted in
Figure 5. Both the reference beam and signal beam
are sourced from a neodymium-doped yttrium alumi-
nium garnet (Nd:YAG) laser (4 = 532 nm) with

exposure intensities of I, = 2.5 mW cm ™2 and 19.6
mW cm ™2, respectively, and the diameter of the expo-
sure region is D = 3.0 mm. A He-Ne laser beam
(A = 632.8 nm), with an intensity of 0.1 mW cm >
and D = 2.0 mm, is used to probe the writing region.
These beams are both set to p-polarisation. During
the experiments, each component of the PDLC mix-
ture is listed as in Table 1, with mass fraction being
specified. The cell is formed by attaching two glass
substrates, with the thickness controlled by a Mylar
spacer of 40.0 um. The uniform mixture then is filled
into the cell via the capillary action. In this experi-
ment, peristrophic multiplexing is carried out by the
rotation of the PDLC cell about the surface normal,
instead of rotating the reference and signal beams.
The holographic gratings are recorded under each
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Figure 5. (colour online) Experimental setup for holo-
graphic storage, M1-MS5: mirrors, BS: beam splitter, 6,:
incident angle for the recording holograms, 6, probe
angle, PD1-PD4: photodiode detectors.

Shutter

M2

Table 1. Parameters used in the experiments.

Component Mass fraction
TMPTA (Aldrich) 35.4 wt%
N-vinylpyrrollidone (Aldrich) 13.0 wt%
N-phenylglycine (Aldrich) 1.0 wt%
Rose Bengal (Aldrich) 0.6 wt%
LC (5CB, HCCH) 51.0 wt%

exposure at an incident angle of 15.0° corresponding
to a grating period 4 = 1.03 um. Then it is probed
using the He-Ne laser at the Bragg angle of 15.7°
through the photodiode detector PD4, and the trans-
mitted beam is monitored by photodiode detector
PDI1. The PDLC cell was heated to 40-45°C, which
is above the nematic-isotropic transition point of the
5CB. This is in order to prevent the appearance of a
nematic phase during the curing process.[41] During
the grating fabrication, the temporal variations of the
transmitted recording beams are monitored through
photodiode detectors PD2 and PD3. The diffraction
efficiency of the Bragg grating is defined as the radio
between the intensity of the diffracted light and the
sum of diffracted and transmitted light.

The overall exposure time for /, = 2.5 mW cm 2,
and 19.6 mW cm 2 is fem = 40.0 s, and 16.0 s,
respectively. The exposure times are denoted as 7,
t,, and 13 for the first, second and third exposure
under each exposure intensity, respectively. The post-
curing time is therefore g, — #;, where i = 1, 2, 3.
When I, = 2.5 mW cm % the exposure time is
ty =t = t3 = 20.0 s, When I, = 19.6 mW cm 2,
tp =255s,1b=22s,and 13 = 2.0 s.

In further details, as shown in Figure 6(a), for
low-exposure intensity (I, = 2.5 mW cm?), the dif-
fraction efficiency for the 0° grating rises slowly and
monotonically for the first holographic grating. The
reason is that the applied low-exposure irradiance can
cause slow polymerisation kinetics.[30] Then, at the
beginning of the second exposure, the diffraction effi-
ciency sharply drops to zero, and increases after-
wards, i.e., the bounce of diffraction -efficiency
appears when ¢t = 41.2 s, as shown in Figure 6(a).
The diffraction efficiency for the 0° grating then
further increases by more than 5% compared to the
initial value of the 0° grating during the second expo-
sure, i.e., around 7 = 60.0 s, 7 = 76%, and further-
more, we observed that around ¢ = 100.0 s, 7 = 77%.
During the third exposure in Figure 2(a), the diffrac-
tion efficiency for the 45° grating increases by 2%.

On the contrary, as shown in Figure 6(b), under the
relatively high-exposure intensity condition (I, = 19.6
mW cm ), it is obvious that for the first exposure the
diffraction efficiency rises much faster than that in the
cases of Iy = 2.5 mW cm 2, due to the reason that
high-exposure irradiance can cause relatively rapid
polymerisation.[30] The first holographic grating is
developed immediately during the first exposure.
During the second exposure, the diffraction efficiency
of the 0° grating starts to decrease from ¢ = 16.0 to
18.2 s. The diffraction efficiency of the 0° grating then
further decreases from ¢ = 32.0 to 34.0 s during the
third exposure. This tendency is opposite to the cases
of Iy = 2.5 mW cm™2. With I, = 19.6 mW cm 2, the
equal-strength holograms are successfully recorded in
the PDLC cell. To realise equal-strength holograms,
sufficiently high-exposure intensity is required.

When the exposure intensity increases from 2.5 to
19.6 mW cm ™2, the polymerisation rate increases due to
the highly increased photon absorption, hence the radi-
calisation. In details, the higher exposure intensity can
cause a more rapid conversion from monomers to poly-
mers. However, this behaviour also simultaneously
increases the likelihood of termination processes,
which can cause much more shortened polymer chains
to be formed.[35] Furthermore, when at the low-expo-
sure intensity for peristrophic multiplexed gratings, it is
relatively easier for the free monomers to diffuse into the
bright regions seeking further polymerisation, because
the available regions for monomer diffusion due to
concentration gradient are abundant.

Moreover, as can be observed that the simulation
results agree well with the experimental data in Figures
6(a)-(b), and there is no significant variation for the
value of D, extracted for the different exposure intensi-
ties, as given in Table 2. The average diffusion coeffi-
cient is estimated to be Dy = 7.95 x 10" em? s™!. The
main reason for the smaller value of the diffusion
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Figure 6. (colour online) Experimentally monitored diffraction efficiency with respect to exposure time for peristrophic
multiplexed PDLC cell under three exposure intensities Io: (a) I, = 2.5 mW cm 2 (b) I, = 19.6 mW cm 2, where black
squares, circles and triangles denote the experimental results for the 0°, 45° and 90° grating, respectively. The solid curves
denote simulation results for the 0°, 45° and 90° grating, respectively. 1st, 2nd and 3rd denote the first, second and third
exposure, respectively. I, II, and IIT denote the 0°, 45° and 90° grating, respectively. f,c1, fpeo and f,c3 denote the start time of

postcuring for the first, second and third exposure, respectively.

Table 2. Parameters values extracted from fittings to the
growth curve record at different exposure intensity.

Iy (mWem2)  kemmW s~ Dy (x10 em?s™') /g (nm)
2.5 0.010 7.89 90.9
19.6 0.012 8.01 82.3

coefficient obtained than the one presented in Ref.[§] is
that the nonlocal effect has been taken into account. It is
important to note that the relative consistency of the
values obtained nonlocal response parameter. As has
been observed, this PDLC material suffers significantly
for nonlocal effect. The mean value presented in Table 2
for the nonlocal response parameter is determined to be

/o = 86.6 nm for 4 = 1.03 pm. In the case of I, = 2.5
mW cm 2, the erasing coefficient r;; = 0 is during the
first exposure. r»; = 0.3 and r,, = 0.28 are the erasing
coefficients for the 0° and 45° gratings during the second
exposure, respectively. r3; = 0.01, 3, = 0.11, and
r33 = 0.21 are the erasing coefficients for the 0°, 45°
and 90° gratings during the third exposure, respectively.
In the case of I, = 19.6 mW cm 2, ry; = 0 is the erasing
coefficient during the first exposure. r»; = 0.03 and
1y = 0.002 are the erasing coefficients for the 0° and
45°gratings during the second exposure, respectively.
rip = 0.01, r3, = 0.02, and r33 = 0.005 are the erasing
coefficients for the 0°, 45° and 90° gratings during the
third exposure, respectively.
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5. Elimination of bounce

In the practical application of multiplexing, DE
bounces are undesirable for recording the equal-
strength holograms. To eliminate such an effect, the
exposure intensities should be optimised. The total
exposure time as well as the occurrence time of the
bounce is presented against different intensities as in
Figure 7. The exposure time is adjusted to ensure
equal dosage (50.0 mJ cm ) to be delivered into the
PDLC film under the different intensities for the first
exposure. As shown in Figure 7(a), the curves denote
the DE:s for the 0° grating during the second exposure
under the different intensities, and the exposure time
1, =4.0s. Under I, = 2.0, 8.0, 15.0 mW cm 2, and the

=

bounces appear in the short period of time. However,
under I, = 20.0 and 30.0 mW cm 2, the bounce dis-
appears. As depicted in Figure 7(b), the solid curve
with circles denotes the exposure times for the 0°
grating during the second exposure under the intensi-
ties from 1.0 to 40.0 mW cm 2. The solid curve with
squares denotes the occurrences of bounce for the 0°
grating during the second exposure under the intensi-
ties from 1.0 to 18.0 mW cm 2. It is found that when
the exposure intensity increases up to I, = 18.0
mW cm 2, the bounce starts to disappear. This veri-
fies the results presented in Figure 6(b), where DEs
of the 0° grating continually decrease during the sec-
ond and third exposures. From this result, it is
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Figure 7. (colour online) (a) DEs for the 0° grating during the second exposure, and the exposure time #, = 4.0 s. when [ =
2.0, 8.0, 15.0, 20.0 and 30.0 mW cm 2 (green, orange, purple, blue and black curve, respectively), Figure (b). The exposure
times (solid curve with circles) and the bounce occurrence (solid curve with squares) for the exposure intensities from 1.0 to

40.0 mW cm ™ during the second exposure for the 0° grating.
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suggested that the exposure intensities for recording
equal-strength hologram should exceed [, = 18.0
mW cm 2 to the PDLC material in our experiment.
As discussed above, in order to realise the equal-
strength holograms, the relative high-exposure inten-
sities and relatively short exposure times are required
in order to deliver sufficient energy for initiating
appropriate polymerisation, instead of the relative
low-exposure intensities and relatively long exposure
times for each hologram to be recorded.

6. Conclusion

In this article, 2D nonlocal diffusion equations that
describe multiplexed holographic grating formations
in TMPTA-based PDLC cells are numerically solved
using FDTD method. The proposed model explains
the bounce of DE for multiple peristrophic multi-
plexed grating recording under the relatively low-
exposure intensities. The occurrence of bounce is
undesirable for recording equal-strength holograms,
because the DE gaps between first and second grat-
ings continuously enlarges. On the contrary, the DE
of the first grating decreases monotonically under the
high-exposure intensity, by which, the equal-strength
holograms are recorded. A good agreement exists
between the theoretically predicted and the experi-
mentally measured DEs of the peristrophic multi-
plexed holographic gratings. This work is useful in
realising equal-strength holograms for holographic
storage.
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