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A liquid crystal lens with spherical electrode is studied experimentally and
numerically. The power of the liquid crystal lens is dependent on the applied volt-
age. The measurements of the lens power are in agreement with the calculations.
The size of the liquid crystal lens is that of the spherical electrode, and therefore
can be changed arbitrarily.
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INTRODUCTION

Liquid crystal (LC) materials have large electrical and optical aniso-
tropies, and their optical properties can therefore be easily changed
by external electric fields. LC materials are widely used in making
electrooptic devices. Liquid crystal lenses are optical lenses made of
LC materials. The advantage of the LC lens is that its focal length
is tunable by an external electric field. Several types of LC lenses have
been proposed [1-7].

The earliest proposal of LC lens is a lens-shaped LC lens [1]. The
lens is fabricated by filling a nematic LLC into a chamber formed by
a glass lens and a glass substrate. The curved surfaces of the L.C layer
in the cell lead to some problems. Firstly, the response of the LC
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directors to the external electric field and the recovery of the directors
after the field is removed change with location in the LC layer owing to
the nonuniform thickness of the LC layer, and the response and recov-
ery of the cell are very slow. Secondly, the directors usually do not
rotate in one direction as an electric field is applied; in the rubbing
direction, the directors at the two sides of the cell center tend to tilt
up in opposite directions, and therefore a disclination line perpendicu-
lar to the rubbing direction is often observed [8,9]. The appearance of
the dislination line is not desired, for it deteriorates the quality of the
LC lens [10]. Thirdly, the alignment treatment on a curved surface is
difficult, so the fabrication of the cell is complicated.

An LC microlens [2] is an LC lens with a planar LC layer. Its lens
effect is produced by a nonuniform electric field. Hole-patterned elec-
trodes are employed to form an axially symmetric nonuniform electric
field in the LC layer. The LC microlens is demonstrated good lens
quality [11]. The problem associated to this kind of structure is that
the diameter of the lens is limited to only several hundreds of micro-
meters.

We have proposed an LC lens with a planar LC layer and a spheri-
cal electrode recently [12]. The lens size is equal to the size of the
spherical electrode, and it is therefore changeable arbitrarily. In this
paper, the LC lens is studied experimentally and numerically. The
LC director reorientation is calculated. The calculated lens power that
depends on the applied voltage is in agreement with the measure-
ments.

LENS STRUCTURE

The structure of the LC lens is shown in Figure 1. A planar LC cell
with homogenous alignment is used. The transparent electrodes are
represented by the dark lines in the figure.

In the absence of an applied voltage, the LC directors are homoge-
neously aligned parallel to the x-axis in the LC cell. The LC cell shows
no lens effects (Fig. 1(a)). When a voltage is applied across the two
transparent electrodes, a nonuniform molecular reorientation is gen-
erated by the axially symmetric nonuniform electric field formed in
the LC layer (Fig. 1(b)). A bell-like distribution of the refractive index
can be obtained. Thus, the LC cell may act as an optical lens. Since the
distribution of the tilt angles of the LC directors changes with the
applied voltage, the phase profile of the incident light wave polarized
in the x-axis, that is, an extraordinary wave, changes also with the
applied voltage. Hence, the focal length of the LC lens is voltage
dependent.
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FIGURE 1 Structure of LC lens.

NUMERICAL CALCULATION

When a voltage is applied across the electrodes, a nonuniform electric
field in the LC layer is generated since there is a thickness difference
between the electrodes. In the LC layer, the total free energy is the
minimum in the equilibrium state. The orientation of the L.C directors
n = (ny,ny,n,) and the electric potential V should obey the Euler-
Lagrange equation

of o | of
o ofs)

=0, (1)

where u denotes ny, n,, n;, or V, and § denotes x, y, or z. The electric
field E = —VV. The free-energy density f includes electric and elastic
ones, and can be expressed as [13]

1 1
K11(V - n)? + Kos(n-V x n)® + Kss(n x V x n)?) ~ g (e E)-E,

f =5
2)
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where K11, Koo and K33 are the splay, twist and bend elastic constants,
respectively, ¢ the dielectric constant tensor of the LC and is
&k = £10;, + (g) — eL)ning [14]. Here, ¢ and ¢, are the dielectric con-
stants of the LC parallel and perpendicular to the local L.C directors,
respectively. i, k£ denote x, y, or z. 0;;, is 1 if i equals %, and 0 otherwise.
Strong anchoring on the upper and bottom walls is assumed.

Putting n = (n,,n,,n,) and E = —VV into Eq. (2), and substituting
Eq. (2) into Eq. (1), the nonlinear differential equations for n,, n,, n,
and V in the LC layer are obtained. In the glass and air, the electric
potential obeys the equation V2V = 0. At the boundary of the liquid
crystal layer and glass substrate, and at the boundary of the glass sub-
strate and the air between the glass substrate and the glass lens, the
electric displacement vector satisfies DLC =D& and D& = Dar,
respectively [14], where D, is the component of the vector D =¢- E
along the outward normal to the surface. The finite difference method
is used in the calculation [9]. At each calculation loop, # is normalized
to maintain |n#| = 1 [15,16]. After solving #n, the local tilt angle 0 of the
LC directors can be obtained by the equation n= (n,,n,,n,)=
(cos fcos ¢, cos Osin ¢, sin 0), where ¢ is the azimuthal angle of the
LC directors.

In the calculation the following values for the physical and geometri-
cal parameters are used. The dielectric constant of the glass substrate
(Matsunami Micro Cover Glass 0100) is ¢ = 6.9. The dielectric con-
stants of the LC (Merck K15) are ¢, = 5.9 and ¢ = 18.2. The elastic con-
stants of the LC are K11 = 6.7 x 107 dyne, Kgs = 4.0 x 1077 dyne, and
K33 =8.0x 1077 dyne. The pretilt angle of the LC directors is
0o = 2.0°. The thicknesses of the LC layer #;,c = 300 um and the upper
glass substrate tyg = 300 um, respectively. The radius of curvature,
and the center thickness of the glass lens (Sigma Koki SLB-10-100N)
are 51.90 and 0.24 mm, respectively. The size of the glass lens is ¢
10.0mm. The voltage applied on the cell is normalized by V.=
2n(nK11/Ae)"?. According the parameters listed above, V, = 0.78 V.

At an applied voltage of Vy = 10V, the equipotential lines between
the two electrodes in the plane x = 0 before director rotation are shown
in Figure 2(a). In the figure the regions of z = 0-0.30 mm, 0.30-—
0.60mm, and 0.60-0.84mm represent the LC layer, the cover
substrate, and the glass lens, respectively. The electric field concen-
trates in the air region between the glass lens and the upper glass sub-
strate and distributes nonuniformly in the LC layer. In the LC the
gradient electric field inside the aperture is the weakest at the center
and the strongest around the edge. Figure 2(b) is the equipotential
lines in the LC layer in the plane z = ¢1,c/2. The electric field is nearly
centrosymmetric.
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FIGURE 2 Equipotential lines. (a) In the plane x =0. (b) In the plane
z= th/2.
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The orientations of the LC directors in the plane x = 0 at Vy = 10,
12, and 16V are depicted in Figure 3. The tilt angles of the short bars
in the figure represent that of the LC directors. The rotation of the L.C
directors near the edge is larger than that of the LC directors near the
center, and the gradient distribution of 0 changes with V.

The phase retardation ¢ experienced by an extraordinary wave
from a He-Ne laser is

2n /tLC NoMe
(p = — dZ. 3
A Jo  (n2sin®0 + n2cos? 0)'/? )

In the equation, / = 0.633 pm is the wavelength of the light wave, and
n, = 1.533 and n, = 1.707 the ordinary and extraordinary refractive
indices of the LC, respectively. ¢ at Vy = 10, 12 and 16V are shown
in Figure 4. ¢ changes with V. Figure 5 shows ¢ in the plane x =0
at different V. The triangles are calculations and the curves are fit-
tings using equations ¢ = @, — (21/1)y%/(2 x 396) (for Vo =10V),
® =@y — (2r/A)y?/(2 x 486) (for Vo =12V), and ¢ = ¢, — (21n/2)y?/
(2 x 557) (for Vo =16V), respectively, where ¢, depends on the
selection of the zero-phase position and the unit for length is milli-
meter. The equations take nearly the same form of the phase
® = —(21/2)y?/(2f) of a thin glass lens [17].

At Vo =10, 12, and 16V, the LC layer can therefore be regarded as
a lens of focal length of fi,c = 396, 436, and 557 mm, respectively. So
the LC layer behaves like an optical lens with an electrically tunable
focal length at a certain range of V.

EXPERIMENTAL

The LC lens with spherical electrode is realized experimentally. The
nematic LC is Merck K15. The substrate surfaces contacting the L.C
are covered with polyimide films (Optmer AL1254 of Japan Synthetic
Rubber Corporation) and rubbed in one direction. The LC directors are
then aligned homogeneously in one direction in the LC cell. A glass
lens of Sigma Koki SLB-10-100N is used and has the same geometry
as that used in the numerical calculation.

To evaluate the properties of the LC lens, the profile of the phase
retardation ¢ of the extraordinary wave is measured. The LC lens is
placed between two crossed polarizers with a n/4 angle between the
rubbing direction and the polarizers. The beam is from a He-Ne laser.
The ordinary and extraordinary rays interfere. As the thickness of the
LC layer is uniform, the ordinary wave retains its planar wave-front.
The interference fringes at the exiting surface then show the phase
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FIGURE 3 Reorientation of LC directors in the plane x = 0. (a) Vo = 10V. (b)
Vo =12V. (c) Vo = 16V.
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FIGURE 4 Phase profile. (a) Vo =10V. (b) Vo =12V. (¢c) Vo, =16 V.

profile of the extraordinary wave. There is a phase difference of 2n
between two neighboring fringes.

The phase retardations at different voltages are obtained and the
results are shown in Figure 6. The dots indicate measurements in
the plane of x =0 at Vy = 10, 12, and 16 V,,, and the solid curves
quadratic fittings. The profile of ¢ is close to a quadratic form and
changes with V. The measurements are in agreement with the calcu-
lations.

Figure 7 shows the power P = 1/f of the LC lens as a function of
Vy. The dots represent the experimental results and the curve the
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FIGURE 6 Measurements of phase profile in the plane x = 0.
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FIGURE 7 Power of LC lens changes with the applied voltage.

calculation. P first increases with V,. After reaching a maximum
value, it begins to decrease. The nonuniform director reorientation is
the origin of the focusing property of LC lenses. The reorientation of
the LC directors by the electric field near the edge is larger than that
of the directors near the center. The difference of the reorientations
increases with voltage when the voltage is small, and P increases.
As Vi becomes sufficiently high, the rotation of the directors near
the edge approaches saturation, while the directors near the center
continue to rotate with V), the spatial profile of reorientation flattens,
and P of the LC lens decreases.

CONCLUSIONS

The LC lens with spherical electrode is studied experimentally and
numerically. The reorientation of the L.C directors and the phase pro-
file of the incident light wave at different applied voltage are calcu-
lated. The property of the focus change is numerically simulated.
The LC lens is fabricated and its properties are measured. The power
of the LC lens is controllable by the applied voltage. The calculations
are in agreement with the measurements.
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