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ABSTRACT

Holographic polymer dispersed liquid crystal devices (H-PDLC) are involved in many applications, e.g. diffraction
lenses, optical data storage, and image capture devices. H-PDLC is based on a light-sensitive monomer and liquid
crystal (LC) mixture exposed to an interference pattern. The monomer concentration rises in the illuminated
area, whereas in the dark zones, the LC is concentrated, setting up LC droplets of fewer nanometers. Accurate
knowledge of the elastic behaviour of the LC director distribution and the influence of the boundaries with the
polymer matrix can help to optimise the diffraction efficiency or the angular selectivity of these devices, keeping
the driving voltage low. Here, a review of the latest analysis for accurately estimating the director distribution in
LC-based devices is shown. This analysis is carried on in three steps. Firstly, an accurate model based on creating
a considerably high number of droplets surrounding the polymer matrix fringes is performed. In this step, the
user can modify the ratio between the areas filled with LC and polymer and the size and aspect ratio of the
droplets. This packing step can be very demanding depending on the thickness of the grating and the domain
dimensions considered for the analysis (2D or 3D). Secondly, a formulation based on estimating the director
distribution is performed to derive the permittivity tensor from the LC director. Thirdly and last, from the
information obtained in the previous step, a Finite-Difference Time-Domain simulation is performed to estimate
the electromagnetic field distribution inside the domain considered accurately. The diffraction efficiencies and
many indirect parameters can be computed from this rigorous analysis.
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1. INTRODUCTION

The properties of optical and dielectric anisotropy, joint with the non-linear behaviour of LC material to the
applied electric field, has become liquid crystals (LC) the focus of many researchers for novel applications [1],
i.e. displays, spatial light modulators, tunable lenses; etc. The combination of LC with a high molecular weight
polymer matrix sets up what is known as polymer-dispersed liquid crystal (PDLC) devices. In holographic PDLC
films, the polymer concentration is high, around 60-70 wt%, the LC droplet size is much smaller than the visible
wavelength, and these characteristic forces the application of higher switching voltages. Even the size of the
droplets is theoretically small; some LC can have dimensions that induces light scattering. HPDLC alternate
polymer-rich and LC-rich regions. This setup is defined by the exposition of the mixture (LC, monomer and
photoinitiator (Phl)) with an interference pattern. This interference pattern is produced by the interference of
two or multiple coherent laser beams that induce dark (diffusion of LC from bright to dark region) and bright
fringes (diffusion of monomer from dart to bright region). These fringes trigger the polymerisation and the phase
separation process, thus creating a Bragg grating. The polymer’s refractive index is usually chosen to match with
the ordinary refractive index of the LC. Hence, HPDLC becomes optically transparent with the application of an
electric field. In this case, the LC director is aligned with the field, and there is no grating (OFF state). When
the electric field is removed, the orientation of the LC droplets returns to its initial random state, setting up the
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Figure 1. Representation of the initial random LC director through some slices of the H-PDCLC sample generated, here
the anchoring strength is Wo=10"'2 J/m? and ® = 0 V:(a) xz plane at y = 0.5064 ym. (b) Zoom in of a region in the
xz plane at y = 0.5064 pum. (c) Zoom in of a region in the yz plane at x = 0.5064 pm. This plane is represented by a
vertical dashed line in (b).

Bragg grating in ON state. Many researchers have focused their efforts on improving the diffraction efficiency or
the angular selectivity with lower driving voltages. To achieve this goal, analytical and numerical approaches have
been developed to analyse H-PDLC structures, e. g., the application of Montemezzani’s [2] coupled waves theory
for gratings to shaped-droplets [3], models of droplet axis reorientation [4], and the effective medium theory [5]
applied to the analysis of reflective H-PDLC. It is worth noting the contributions of Kubitskiy et al. [6] in the
field of numerical analysis through the finite-difference time-domain (FDTD) method of H-PDLC. Regarding the
estimation of the LC director inside each LC droplet, it is defined as a unit vector pointing into the (average)
direction of the long molecule axis n [7]. There are different alternatives for estimating LC director distribution,
such as statistically approaches [8] by means of the Monte-Carlo method, or more accurate by minimising the
electric and elastic-free energies [7]. In [9] the author considered a two-dimensional split-field (SF) FDTD method
for analysing ellipsoidal droplets in H-PDLC gratings with random properties. SF-FDTD is a specified version of
the standard FDTD method for analysing electromagnetic waves with an oblique angle of incidence along with
periodic media. Readers can find more information about this method in [10, 11, 12]. In [9], the Monte-Carlo
method was applied to random ellipsoidal droplets for obtaining the LC director distribution. Many parameters
related to the physical packing of the droplets were considered, e.g., the density packing, grating period, upper
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and lower limits of the ellipsoid size and initial LC director state. Regarding the random generation of particles
and their packing, it is worth mentioning that it is not a straightforward issue. There are many studies that focus
on this challenge that affects different disciplines, e.g., biology, engineering [13, 14], and astronomy [15] amongst
others. The packing limit for spheres has been well established at a density of  ~ 0.64 [14, 16]. However,
in this work, lower limits are considered to be closer to non-homogeneous H-PDLC droplets configurations,
thus triggering light scattering. In [17] the author extended the work previously mentioned [9] by including a
full tensorial three-dimensional numerical analysis carried out using SF-FDTD and estimating the LC director
through the minimisation of the total free energy [7, 18]. This process takes into account the contributions of the
deformation, surface and electric field [19], i.e., the solution considers the influence of Ky, Koo, K33, Koy elastic
constants, anchoring strength, and external field. The influence of the saddle splay constant K54 has also been
considered since it has a direct influence on the droplet structure, even in the limit of the zero anchoring strength
for H-PDLC devices [20, 21] when the surface-to-volume ratio is high [18]. The influence of the K;3 parameter
has been neglected in this work since it has been demonstrated that its anchoring strength at the LC interface
is negligible [20].

Fig 1 shows a detail of a sample considered in this work, where a small bending of the interference fringes is
shown.

The bending model here considered is the same that the one caused by the pre-stress in photographic emul-
sions [22]. The LC droplets points are deviated from the standard fringes region using a polynomial of second

order.
G(2) = W(2)/As = ag + a1l + azl?, (1)

with [ = z/h, being h the thickness of the grating and A, the period of the grating. Here ap = a1 = 0 and the
bending will be mainly produced by the amplitude of ay. Fig. 2 shows the bending contour lines applied to the
position of the LC droplets inside the LC-rich region.

(a) ) (b)

(n.u)
2 (111.11)
=

z (n.u) x (n.u)

Figure 2. Representation of the bending profile for different parameters of the second. (a) No bending with a2=0. (b)
Bending with a2 = 0.3
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2. MODEL

The proposed model is based on a three-dimensional H-PDLC structure that is defined by a finite spatial grid.
This mesh is used for solving Maxwell’s equations using the SF-FDTD method. Here, light propagates along
% axis, forming an oblique angle of incidence 6 respect of & axis. The input light is TE (linear polarisation
along y-axis). The incidence plane #Z contains both the wavenumber k of the input light and the normal to
the H-PDLC sample. Periodic boundary conditions (PBC) are applied in both g and & axis. Perfectly matched
layers (PML) are considered at the upper and bottom boundaries in the 2 axis.

The workflow for this numerical analysis is the same that the one shown in [17]. Firstly, the H-PDLC
sample is generated through a set of random LC droplets with arbitrary characteristics (considering a set of
constraints) and allocated inside the grating following the input parameters provided (period, thickness, LC
refractive indices, etc.). Secondly, the estimation of the LC director for each droplet is performed. Each LC
droplet is composed of a set of subcells due to the spatial grid considered for the finite-difference scheme. Once
the LC orientation is estimated, the permittivity tensor is provided to the SF-FDTD method for computing
the light interaction inside the H-PDLC. Interested reader in SF-FDTD formulation can consult some essential
references in literature such as [10, 11, 12, 23, 24]. The authors have also contributed in the development of this
method in some works [25, 26, 27].

For obtaining the LC director distribution the total free energy is minimised through a relaxation procedure [7,
18, 20] taking into account the influence of the external electric field ®. Frank elastic free energy density is related
to the inhomogenous part of the nematic free energy density as:

1 1 1 1
fo(r) = §Kll(-n)2 + §K22(n -V x n)2 + §K33(n XV xn)? — §K24V ‘(m(V-n)+nxVxn), (2)

where
The interaction of the LC with the surrounding medium can be described as

W,

1) = (1 (n-e0) 20

where e, is the preferred anchoring direction on the droplet surface and Wy the anchoring strength [20]. The
vector R in Eq. (3) represents the points on the droplet surface. Here, the interaction with an external field is
described by [7]

o(r—R), (3)

fe(r) = —%GE ‘E, (4)

being E the electric field inside the LC. The dielectric tensor € of the LC material is related to the director n
by Eq. (3) in [7]. A complete solution of the electric field can be obtained using Maxwell equations while the
free energy is minimised. The minimisation of the total free energy is performed by solving the Euler-Lagrange
differential equations. This procedure is fully detailed in [7] in Eq. (7), where the electrostatic potential @, that
is related to the electric field E through Gauss’s law, are iteratively updated.

The packing algorithm creates random LC droplets of size between 25 and 50 nm inside the grating fringes.
This size is two times smaller than the results shown in [9]. Users can specify the length of the polymerised
area. Here, a grating with the 50% of the period along the z-axis has been considered. Regarding the y-axis, the
100% has been filled with droplets, whereas in [9] this value was 75%. The algorithm identifies the boundaries
of the LC droplet and introduces different rotations in order to randomise the sample. The parameters used for
the simulations are given in Table 1. LC properties have been extracted from [7] and the value of Ka4 has been
considered closer to K11 = Koy = K33 following the results given in [20].

The samples generated have the same thickness d, and, for all samples, a filling factor of the LC droplets inside
the polymerised area has been set between 50-51%. The samples have no bending (as = 0) or a small bending
with a2=0.15 (see Fig. 1 and Fig. 2). Regarding the SF-FDTD, the wavelength is 633 nm, the spatial resolution
has been established by means of a grid density of N = 25. Thus the spatial resolution for the SF-FDTD are
half the values shown in 1. Regarding the time resolution, it is worth noting that this parameter depends on the
Courant stability factor[28], which also is influenced by the angle of incidence. For normal incidence (6y = 0°)
At ~ sAx/c = 2.11-10717 s. Here, at least 25.000 time-steps have been considered to ensure the steady-state
condition of the light inside the H-PDLC structure in all simulations carried on.
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Table 1. Parameter values used for numerical simulations.

Parameter description Symbol Value
Frank-Oseen elastic coefficients | K11, Koo, K33, Ko4 | 6.82 pN, 3.9 pN, 5.74 pN, 4.00 pN
refractive indices LC The, O 1.84, 1.54
refractive index of the polymer Npol 1.53
relative dielectric permittivity €], €L 14, 8.5
thickness of the grating d 8 pum
cell size Ax = Ay = Az 12.67 nm
maximum voltage D ax 200 V
Wavelength Ao 633 nm
3. RESULTS

0(°)

Figure 3. Difraction efficiency of the £1st-orders as a function of 6 (input light incidence angle) for different HPDLC
samples (a and b) and different external voltages: (a) ®=0V, (b) ® =25V, (¢) ® =100 V, and (d) ® = 200 V.

Fig. 3 shows the diffraction efficiency of the +1st orders as a function of the incidence angle 6 (outside the
grating) for different voltages and two H-PDLC samples with (upper index b) and without bending (upper index
a). The results are solid and demonstrate that the grating tends to vanish as the voltage rises. The results for
®= 0 V and ®=75 V almost remain the same, showing that high amplitude voltages are needed to induce an
LC director’s alignment in the different droplets.

The bending induced on sample b slightly changes the maximum peak position of the diffraction efficiency
orders illustrated. The samples’ random nature also causes non-symmetries in the curves, demonstrating the
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potential of this method to analyse this type of problem from a numerical perspective.
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Figure 4. (Video 1) R{E,} distribution of the b H-PDLC (with bending) for the zz plane at y=0.5 pm. The units of the
field are arbitrary. The ouputu H-PDLC plane is located at z = 8.1 um. The graphs (a) ®=0 V and 6inc = -18.8° (b)
=0V and Oime = 0.5°, (¢) =0 V and Oime = 18.8° (d) ®=200 V and Oine = -18.8°, () ®=2000 V and Oime = 0.5°, (f)
®=200 V and 6. = 18.8° (http://dx.doi.org/doi.number.goes.here)

Fig. 4 shows the E, field component as a function of space for the different samples here considered and
different voltages. More precisely, the output plane is represented where interference between 0th- and +1st-
orders can be seen. It is worth noting that considering the setup on Table 1, the maximum efficiency of the
+1st-orders will appear at +18.34° (Bragg angle defined outside the grating).

Fig. 4(a)-(c) shows the results for the null voltage for the b sample (with bending) and different incidence
angles of the input light. For this scenario, the interference between Oth-order and the +1st-orders can be
easily identified in Fig. 4(a) and (¢). In Fig. 4(b), close to normal incidence, the +1st-orders can barely be
identified since the Oth-order is more prominent here. In Fig. 4(d)-(f), the same setup is represented but with
the maximum external voltage applied. In this situation, the grating presence is minimal, and a small amplitude
of the +1st-orders can be identified in Fig. 4(d) and (f).

4. CONCLUSIONS

In this work, some results related to the analysis of H-PDLC structures using a numerical analysis workflow
are shown. More precisely, a set of random H-PDLC samples are created, allocating small LC droplets inside
the polymerised region. The LC director distribution is estimated, considering the elastic interactions and the
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external voltage applied. The light interaction with the structure is numerically calculated through the SF-
FDTD method. All the analyses previously mentioned are carried out in 3D, and the electromagnetic simulation
considers a complete tensorial formulation of the electrical permittivity. The size of the droplets has been reduced
from previous studies. The morphology of the three-dimensional grating has also been modified by introducing a
slight bending along the grating thickness direction. The results have shown similar curves between the H-PDLC
samples with and without bending for transmission gratings. The consequences of the bending effect on H-PDLC
can barely be identified as a slight curve displacement, and an asymmetry on the lobes of the +1st diffracted
orders. The results show the potential of this scheme that can be applied for characterising H-PDLC samples
with a high accuracy taking into account a considerable level of detail of the physical structure.
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