This article was downloaded by: [University of Haifa Library]

On: 09 August 2012, At: 15:05

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals

Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl20

Numerical Modeling of Tunable
Liquid-Crystal-Polymer-
Network Lens

Svitlana L. Subota ? , Victor Yu. Reshetnyak % ,
Svitlana P. Pavliuchenko ® & Timothy J. Sluckin b

& physics Faculty, Kyiv National Taras Shevchenko
University, Kyiv, Ukraine

® School of Mathematics, University of Southampton,
Highfield, Southampton, United Kingdom

Version of record first published: 05 Apr 2011

To cite this article: Svitlana L. Subota, Victor Yu. Reshetnyak, Svitlana P.
Pavliuchenko & Timothy J. Sluckin (2008): Numerical Modeling of Tunable Liquid-
Crystal-Polymer-Network Lens, Molecular Crystals and Liquid Crystals, 489:1, 40/
[366]-53/[379]

To link to this article: http://dx.doi.org/10.1080/15421400802219866

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.



http://www.tandfonline.com/loi/gmcl20
http://dx.doi.org/10.1080/15421400802219866
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [University of Haifa Library] at 15:05 09 August 2012

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to

date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.




Downloaded by [University of Haifa Library] at 15:05 09 August 2012

Taylor & Francis

Taylor & Francis Group

Mol. Cryst. Lig. Cryst., Vol. 489, pp. 40/[366]-53/[379], 2008
Copyright © Taylor & Francis Group, LLC
ISSN: 1542-1406 print/1563-5287 online

DOI: 10.1080/15421400802219866

Numerical Modeling of Tunable Liquid-Crystal-
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A gradient polymer stabilized liquid crystal (G-PSLC) structure has recently been
proposed for a tunable-focus lens application. A homogeneously-oriented nematic
liquid crystal (NLC) cell, doped by a few percent of photopolymerizable monomer,
is initially illuminated by a laser beam with a Gaussian spatial intensity distri-
bution. This induces a spatially inhomogeneous polymer network in the cell. The
electro-optical response of this system to a uniform electric field exhibits an inho-
mogeneous circularly symmetric pattern. The radial distribution of the effective
refractive index possesses a maximum in the center of the beam. This cell acts as
a positive focal length lens on the extraordinary polarized light component passing
through it. The profile of the refractive index in the plane of the cell can be changed
by varying the voltage across the cell. Thus the focal length of the lens changes
with voltage. Here we present a numerical approach to our earlier theoretical
model. The model describes the dependence of the focal length of the G-PSLC lens
on applied voltage. The new feature of the model is that we have used several trial
functions for the form of the polymer profile. The director profile in the cell was
determined as a function of voltage. The model qualitatively agrees with the
experimental data. The results can be applied to develop G-PSLC lenses with no
moving parts and permit electro-optical zooming.

Keywords: adaptive optics; polymer-stabilized liquid crystal; tunable focus liquid
crystal lens; variable focus
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1. INTRODUCTION

Liquid crystals are used in a variety of optical devices and in many
applications, such as displays, deflectors, modulators and flaw detec-
tors. In recent years there has been much interest in active optical
elements, such as lenses with variable focal length [1-10]. Liquid crys-
tals are anisotropic media. The phase lag of the extraordinary wave
with respect to the ordinary wave depends on the angle between the
light propagation direction and the easy axes. Most tunable lenses
depend on director reorientation, leading to modified transmission
properties for extraordinary waves.

The key piece of physics is that the phase lag of the extraordinary
wave can be dependent on position in the plane of the cell. If liquid
crystal molecular reorientation changes with lateral position in the
cell, then the phase lag will not be constant within the cell plane. If
the functional dependence is suitable, the cell can acts as a lens.
One suitable condition occurs when the director reorientation charac-
teristics are radial symmetric. The lens is tunable because the degree
of phase shift can be altered by reorienting the liquid crystal using
electric or magnetic fields.

A number of possible designs for liquid crystal cells are now avail-
able. They differ in the methods used to create the inhomogeneous
director distribution. For example, the inhomogeneous electric fields
inside the cell can be created by using electrodes with holes [1-4] or
by non-planar electrodes [5,6]. Such fields induce laterally inhomoge-
neous director reorientation and refractive index. However, this cell
configuration usually requires relatively high voltages and responds
only slowly on switch-on and switch-off. This design is suitable for
use as a microlens.

An alternative lens construction design employs Fresnel zones.
Monomers are polymerized by laser light, but during polymerization
process a photomask is introduced by odd-even Fresnel zones. The cell
involves a laterally inhomogeneous polymer concentration [7]. In an
electrical field the refractive index is also laterally inhomogeneous.
The resulting lens has working voltage range of 4-10V.

Another subsequent lens design is also based on Fresnel zones.
Several ring electrodes on a cell wall form Fresnel zones [8]. The
voltage across these electrodes changes slowly as a function of
position. This scheme has been proposed as a design for optical spec-
tacles. Advantages of the scheme are that only low voltages are
required, and optical strengths of several dioptres are in an appro-
priate range, but a disadvantage is that the resulting product is
quite bulky.
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In this paper we consider an alternative lens design. This is the
gradient polymer stabilized liquid crystal (G-PSLC) tunable lens
[9,10]. A mixture of planar oriented nematic liquid crystal (NLC)
and a few percent of photopolymerizable monomer is illuminated by
laser beam with a Gaussian spatial intensity distribution. This treat-
ment induces a spatially inhomogeneous polymer network. This
geometry preserves director reorientation when a constant electric
field is applied. The test light beam is refracted by the inhomogeneous
director. Thus a liquid crystal lens is created. Since the director reori-
entation angle depends on external field, the focal length can also be
tuned by changing the external voltage.

The advantages of this lens are low control voltage, large size and
simple production. In addition, only constant field is required, as
opposed to subtly changing field across field of view. Typical lens sizes
are ~2-3mm, and focal lengths in the range 0.5-4 m.

The purpose of this paper is to construct the basic theoretical
framework within which the behavior of this class of lenses can be
understood. A preliminary report of this work has appeared in
MCLC [11]. In this article we present further improvements of this
problem, involving numerical solutions.

The plan of this paper is as follows. In §2 we describe the model
problem. In §3 we discuss reorientation of the director in a constant
electric field in the presence of the induced polymer network. In §4
we examine the characteristics of the liquid crystal lens. Finally in
85 we draw some brief conclusions.

2. MODEL

Let us consider a NLC and monomer mixture placed in a cell with
thickness L with planar and uniform boundary conditions at each
wall. We assume there is strong director anchoring at the cell walls.
The cell is illuminated by UV laser beam:

I = Iyexp(—ap?), (1)

where we denote o =1/2w2%, and where @ is a half-width of the
Gaussian beam.

Polymerization then occurs, and after some time the polymerisation
process stabilizes. The resulting stationary polymer concentration
depends on radial coordinate. We assume that there is no significant
light absorption through the cell during polymerization process, as a
result of which the polymer concentration does not depend on distance
from the cell walls. The polymer retains a memory of the initial planar



Downloaded by [University of Haifa Library] at 15:05 09 August 2012

Numerical Modeling of Tunable LC Polymer Lens 43/[369]

[0
|

[0
i
[0
1]

e
7~

FIGURE 1 LC cell geometry. See text for explanation.

alignment. The anchoring between the liquid crystal director and the
locally quenched polymer orientation then differentially prevents
director reorientation in an applied voltage.

The geometry of the lens cell is shown in Figure 1. Axis Ox is direc-
ted along the initial director direction. Oz is perpendicular to the
cell walls, and an electric field is £ = (0,0,E(z)) is applied in this
direction. The field reorients the director, and it plausible to assume
that the director remains in the xz-plane only. The refractive index
profile varies as the field is applied. The profile induces lens-like beha-
vior, the focal length of which is also field-dependent.

3. DIRECTOR REORIENTATION

In order to investigate the director reorientation in electrical field we
numerically minimize the free energy:

F :% {Kn /(V.n)2dV+K22 /(n -V xn)’dV + Kas /(n x V xn)*dV
5 [ Mmerav—; [(D-Efav. @)

The first three terms in (2) are the usual elastic contribution to the LC
total free energy. In the final term, D is the electric displacement
vector, which depends on E through the director n; this term is essen-
tially the usual anisotropy energy of a nematic.
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The key term for this theory is the fourth term in (2). Here N, is the
density of the polymer network, W is the anchoring energy between
polymer and liquid crystal orientations, and e is an unperturbed direc-
tor orientation. The effect of this term is the existence of an extra
torque on the liquid crystal due to the presence of the polymer network
created by the non-uniform UV beam. An investigation of the spatial
dependence N, (r) is a rather complicated task and requires a separate
study. We need to solve the set of rate equations [11-13]. The main
difficulty is to find rate constants, which can depend on temperature,
solution concentration and stage of polymerization. So in this paper we
consider different trial forms for the polymer profile.

Although neither N, nor W are known experimentally, it is
convenient to introduce a new parameter w = WN,, the local effective
bulk anchoring energy per unit volume. The magnitude of the para-
meter w can be directly determined from a measurement of the
Frederiks transition threshold shift in a pure cell illuminated by a
uniform UV beam.

By radial symmetry, the director field is given by

n = (cos 0(p,2), 0, sin 0(p, )) (3)

The Maxwell equations for the LC cell in electric field are:
vV.D= 6Dz+10<‘;"/’ =0 4
{ VxE= r “

The electric field in the z direction varies on a length scale L ~ 10u. By
contrast, the scale of the inhomogeneity in the cell plane ~1mm. The
0/0p derivatives in Eq. (4) can therefore be neglected in comparison
with 9/0z derivatives. The rather complicated partial differential
equations reduce to an easily solved set of ordinary differential equa-
tions in which the radial coordinate p can be regarded as a parameter.

Equation (4a) thus yields to good approximation D, = F(p). Solving
Eq. (4b) yields E =(0,0,E(p,z)). Noting the standard result
D, =¢,E, = (e +¢ sin? 0(z))E, = e Ey = F(p) we derive the following
relation for the voltage U across the nematic cell:

L L
U :/ Edz :DZ/ (61 + & sin? 0(z, p)) dz. (5)
0 Jo
The free energy functional (2) per unit area can now be simplified:
Fe —K / [(0))2 + (0,)%]dV — g / N, (r) cos® 00V

- / D2(c, + eqsin?0) 1 dV. 6)
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For simplicity we suppose the one elastic constant approximation:
K, = Ky, = K3 = K. By minimizing the functional (6) we obtain the
following Euler-Lagrange equation in terms of D,:

2 .
Ka—g—w(p) sin0c050+D§%_coie2:0. (7)
0z (61 + & sin” 0)

In this equation we neglect the 9/0p derivatives as they are small
comparing to 9/0z derivatives; this assumption has been confirmed
by numerical calculation in particular cases. We also assume strong
anchoring at the cell walls:

H'z:O = 0|z:L =0. (8)

It is convenient to re-write Eq. (7) in non-dimensional parameters:
in 0 cos 0
0!, — b(v) sin O cos 0+ d2———"__ _, 9)
(1+2sin”0)

where u = z/L, v = p/L, w(v) = w(v)L2/K and d? = D2L%¢, /K (¢, )*.
The boundary conditions for this Eq. (9) take the form:

0(v,0) = 0(v,1) = 0(0,u) = 0/(co,u) = 0 (10)

In the absence of polymer diffusion during the polymerization
process, we may expect the UV light intensity profile and the polymer
profile to be of the same form. We thus use a Gaussian as an initial
trial polymer concentration profile:

w(v) = wo exp(—pL*?). (11)

Here we have two parameters. In our previous theoretical work [11]
we estimated a value of wy~ 11 using experimental data [10].
Here we will study how the lens characteristics depend on the non-
dimensionalized LC- polymer anchoring interaction wg. The parameter
B governs the width of the polymer profile. As discussed in [11], we
investigate the range 0.50 < f# < 1.50.

We have solved Eq. (9) with boundary conditions (10) numerically,
using a finite element method [14]. Our model calculations use a
cell thickness L = 10M and liquid crystal parameters for the liquid
crystal E7 [15]. The principal components of the low frequency dielec-
tric tensor are given by ¢ = 19,6, =5.2, the principal refractive
indices are given by /g =n, = 1.738, \/&, = n, = 1.518, and elastic
constant is given by K ~ 107N,
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4. RESULTS
4.1. Director Reorientation

The director deviation profile for different values of applied voltage
V =U/UY is shown in Figure 2. The scaling parameter U{ is the
Frederiks threshold voltage for pure LC. The effective Frederiks
transition is a local radially-dependent quantity. It is maximal where
the intensity of polymerizing beam intensity is maximal in the center
of the UV beam.

©

FIGURE 2 Inhomogeneous director reorientation angle at dimensionless
voltage (where wo = 11, f = 1.5-10°m2) (a) V= 1.3, (b) V = 1.45, (c) V = 2.0.
v corresponds to radial coordinate and & = zb/L is a coordinate in the test ray
transmission direction, here b = 200 is a scale coefficient, which was intro-
duced for better visualization.
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An alternative parameterization of the polymer concentration
profile is a parabolic form:

{g),(v)v?l;%(l —v?/rg), v <ro (12)

Director reorientation profiles have been calculated for the set of
parameters ro and wy. Some examples of director reorientation angle
in this case are shown on Figure 3. We find that in all cases the
director orientation profiles (shown in Fig. 3) follow very closely the
polymer network profiles (shown in Fig. 2).

4.2. Focal Length

We now discuss the optical properties of the complete inhomogeneous
liquid crystal slab. We may suppose that light passing through the sys-
tem is insufficiently intense to perturb the polymer network further. In
a conventional convex lens geometry requires that the component of a
test beam passing through the center of the lens is subject to a larger
phase lag than is the component passing near the edge of the lens. In
the system under consideration, a polarized test beam is similarly sub-
ject to a differential phase lag, although in this case the differential
phase lag is induced not by geometry but by spatial modulation of the
optical properties. Thus we may say that an optical lens is created in
the cell. Furthermore, because the differential phase lag is itself a func-
tion of external voltage, the lens properties are electrically controllable.

We confine our interest to the extraordinary wave. The ordinary
wave is subject to a phase lag. However, this phase lag is uniform
across the cell, and no lens is therefore induced. The phase lag profile
of the extraordinary wave is given by the following formula [16]:

L
o(p) = [ nlp.2)dz (13)

where

EHSL

(EH cos? ',0 +&5 sin2 lp)l/z

n(p,?) = (14)

is the refractive index for the extraordinary beam propagating in
the LC cell, y(p,2’) is the angle between the director (or equivalently
the optical axis) at (p,2') and the light beam wave vector, ¢ is the
dielectric tensor at optical frequency. In our case, y = /2 — 0, where
0 is the director deviation calculated in §3.
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FIGURE 3 Inhomogeneous director reorientation angle at dimensionless
voltage (where wo =11, =90)(a) V=1.3,(b) V=1.45,(c) V=2.0. vand
have the same meanings as in the previous figure.

To determine the effective focal length of the lens we fit (13) to a
parabola [17]:

2
o) =a —’;if, (15)

where a = ¢(0) is the phase shift at the center of the initial UV beam
and %k is the wave vector of the test beam. Then the focal length is
given by the best estimator to f.
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FIGURE 4 Approximation (dash line) of phase lag (solid line) at V =1.4,
wo =11, f=15-10m2.

If the applied voltage is below the Frederiks threshold value in
the middle of the cell the fit is poor, as can be seen in Figure 4.
In this case, the central part of the cell does not act as a lens,
but on the other hand the sides of the cell do nevertheless focus a
part of the light beam.

If the fit (15) is poor, then the lens will be subject to significant
spherical aberration. This effect can be mitigated by inserting a shield
with circular aperture with radius p, after the cell. The fit (15) is
better if only a small region around p < p, is included. Under these
circumstances, a sensible estimator for fis given by

B kp?
P = 50600) — olpo)) (16)

For example, in their experiments Presnyakov et al. [9] used a test
light beam with diameter 2p = 0.7 mm. In our estimation of the effec-
tive f, we have used values of p, of 0.25 and 0.5 mm, which are in the
experimental range.

In Figures 5 and 6 we plot the dependence of the focal length on the
applied voltage for different sets of parameters. We find, as we might
expect, that all other things being equal, small lenses provide the
highest lens power. This result seems robust. In addition, for the forms
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FIGURE 5 Dependence of lens power on applied dimensionless voltage,
assuming a Gaussian polymer network profile (11) in director reorientation
calculation: (a) wo=11, f=15-10°m2; (b) wo =44, f=2.26-10°m2;
(c) wo =33, f =0.76 - 10°m~2. Lens aperture diameters: (i) 2p, = 0.5mm and
(ii) 2p9 = 1 mm.

of lens we consider, the effective lens power is greater if a small aper-
ture is inserted. Equivalently, the spherical aberration acts to reduce
the effective lens power (and increase the focal length). The robustness
of this result is not at this stage clear.

The wo dependence of (a) the maximal lens power f,, and (b) the
voltage V,, at which this maximal lens power is attained, are shown
in Figure 7. These plots assume the Gaussian polymer profile (11).
For the parabolic polymer profile (12) analogous results can be
derived. The key result is that if the interaction between the liquid
crystal and the polymer is increased, so (unsurprisingly) does the
maximal optical strength of the lens. However, in order to achieve this
maximal strength, the operating voltage must also increase.
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FIGURE 6 Parabolic polymer network profile (12) in director reorientation
calculation; focal length dependence on the applied dimensionless voltage:
(a) wo = 11, ro = 80; (b) wo = 44, ro = 70, (¢) wo = 33, ro = 120. Lens aperture
diameters as in previous figure.

5. CONCLUSIONS

G-PSLC lenses have no moving parts and permit electro-optical
zooming, and therefore have significant potential for applications in
a variety of electro-photonic devices. We have presented a theoretical
model describing the dependence of the focal length of these lenses on
applied voltage. By minimizing the total free energy functional for the
liquid crystal in the complete cell, we find the director profile subject
to an externally applied electric field. The polymer network creates
an additional torque on the LC director. Gaussian and parabolic forms
for the polymer network profile have been investigated. The polymer
enables LC to preserve its planar orientation, despite an applied volt-
age which would otherwise be above the threshold voltage. The result is
an inhomogeneous refractive index. It is this tunable inhomogeneous
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FIGURE 7 Gaussian polymer network profile (11), f=1.5-10°m=2 with
aperture sizes 0.5 and 1 mm. w, dependence of: a) maximal lens power f,,; b)
voltage V,,,, at which maximal lens power is attained.

refractive index which gives rise to the lens effect. The focal length of
this LC-lens decreases with increasing voltage and then increases.
Increasing the interaction between the liquid crystal and the polymer
network increases the optical strength of the lens, but at the same
time also significantly increases the operating voltage. All other things
being equal, lenses with a restricted lateral dimension are more
powerful than those extending further in the cell plane. Our results
enable improved quantitative understanding of the G-PSLC lenses
and thus enable an improved design process for the device parameters.
In future work, we shall consider in more detail specific lens para-
meters, in particular concentrating on chromatic and spherical
aberration effects.
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