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Numerical and Experimental Studies of Liquid Crystal
Lens with Stacked Structure of Two Liquid Crystal Layers

Bin Wang, Mao Ye, Marenori Kawamura,
Rumiko Yamaguchi, Susumu Sato
Department of Electrical and Electronic Engineering, Akita University,
Akita, Japan

A liquid crystal lens with stacked structure of two liquid crystal layers is prepared
and its numerical and experimental studies are reported. The two liquid crystal
layers work together to form an optical lens. The electric field, the molecular
reorientation, and the phase retardation induced on an incident light wave are
calculated. Experimental results are compared with the calculations. The driving
method avoiding disclination occurring is discussed.
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INTRODUCTION

Liquid crystal (LC) lens attracts a lot of research interest, and various
kinds of lens structures have been proposed [1–10]. Recently, a two-
voltage-driving LC lens of much improved properties has been
reported [11]. Its focus is variable in a wide range, and over the entire
focus range the lens preserves its optical quality. By using the driving
method, an LC lens with a stacked structure of thin LC layers has
been fabricated successfully [12], and not only fast operation but also
wide focus range are realized. In this article, numerical and experi-
mental studies on the LC lens is reported. The electrical field, the
director reorientation, and the phase retardation induced on an
incident light wave are calculated. Experimental results are compared
with the calculation. The driving method avoiding disclination
occurring is discussed.
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MOLECULAR REORIENTATION

The structure of the LC lens is shown in Figure 1. There are two 20-mm
LC (Merck E44) layers in the cell. One (LC layer 1) is between glass
substrates 1 and 2, and the other (LC layer 2) between glass sub-
strates 2 and 3. The surfaces of the glass substrates confining the
LC layers are coated with polyimide (JSR Optmer AL 1254) films
and are rubbed with cloth and the LC directors initially align homoge-
neously. The LC directors in the two layers pre-tilt to opposite direc-
tions with a pre-tilt angle h0 of approximate 2.5�. The thicknesses of
substrates 2 and 3 influence the lens properties and are 70 and
500 mm, respectively. There are two transparent indium tin oxide
(ITO) electrodes sputtered on substrates 1 and 4, and one aluminum
electrode (Al) with a circular hole of 2.5-mm diameter in the center
coated on substrate 3, in the cell. The air gap between substrates 3
and 4 is 20-mm thickness. Two voltages of 1 kHz frequency Vo across
the Al electrode and Vc across the two ITO electrodes are applied.
Vo ¼ 150 Vrms acts as a biases voltage remaining unchanged, and Vc

varies from 40 to 90 Vrms to tune the lens properties.
Voltages Vo and Vc build up a spatially inhomogeneous electric field

E in the LC layers, resulting in a spatially nonuniform director reori-
entation. At the equilibrium state, the orientation of the LC directors
n ¼ ðnx;ny;nzÞ should obey the Euler equations �@f=@na þ @½@f=
@ð@na=@bÞ�=@b ¼ 0 so that the total free energy of the LC cell is the

FIGURE 1 Structure of LC lens.
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minimum [13]. In the equations, a and b denote the x, y, or, z compo-
nents, and f ¼ ð1=2Þ½K11ðr � nÞ2 þ K22ðn � r � nÞ2 þ K33ðn�r� nÞ2��
ð1=8pÞðeLC �EÞ � E is the free energy density [14], where K11, K22, and
K33 are, respectively, the splay, twist, and bend elastic constants of
the LC. The electric field E ¼ �rV, where V denotes the potential,
and the dielectric constant of the LC eab

LC ¼ e?dab þ ðejj � e?Þnanb, where
ejj and e? are the dielectric constants of the LC parallel and perpen-
dicular to the local LC directors, respectively. The electric field obeys
the Maxwell’s equation r � ðe � EÞ ¼ 0, where the dielectric constant e is
that of the glass eg in the glass, or that of the LC eLC in the LC. The

FIGURE 2 Equipotential lines in LC layers at Vc ¼ 40 Vrms: (a) in the planes
of y ¼ 0 and z ¼ 10 mm in LC layer 1, (b) in the planes of y ¼ 0 and z ¼ 100mm
in LC layer 2.
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equations for the LC directors n and the electric field E are integrated
numerically [15,16]. The physical parameters of E44 used in the
calculation are ejj ¼ 22:0; e? ¼ 5:2, K11 ¼ 15:5� 10�7 dyne, K22 ¼
13:0� 10�7 dyne, and K33 ¼ 28:0� 10�7 dyne. The dielectric constant
of glass substrate is 6.9. The origin of the coordinate system is located
in the center of the lower ITO electrode.

Figure 2 shows the calculated results of the distribution of electric
field in the LC layers before the director reorientation. In both LC
layers 1 (Fig. 2(a)) and 2 (Fig. 2(b)), the electric field is nearly axially
symmetrical and decreases gradually from the boundary to the center.
The gradient of E is greater in LC layer 2 than in LC layer 1. And there
is a larger horizontal component of E in LC layer 2 than in LC layer 1.

The local LC directors are tilted up by the electric torque pro-
portional to E2 to align with the electric field until the electric torque
is balanced by the elastic one exerted by the surrounding LC directors.
Figure 3 shows the tilt angle h of the LC directors in the planes
z ¼ 10 mm (in the middle of LC layer 1) (Fig. 3(a)) and z ¼ 100 mm (in
the middle of LC layer 2) (Fig. 3(b)). As the local tilt angle h generally
increases with the local electric field E, it decreases gradually from the
boundary to the center. Due to the larger inclination of E in LC layer 2
as shown in Figure 2(b), the dissymmetrical property of h along the
rubbing direction (parallel with the x-axis) is more obvious in LC layer
2 than in LC layer 1.

FIGURE 3 Tilt angle of LC directors in: (a) z ¼ 10 mm and (b) z ¼ 100 mm
planes.
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OPTICAL PROPERTIES

An incident plane light wave polarized in the rubbing direction,
that is, an extraordinary wave, experiences a refractive index
neðhÞ ¼ none=ðn2

e sin2 hþ n2
o cos2 hÞ1=2, where no and ne are the ordinary

and extraordinary refractive indices of the LC, respectively. In the
experiment, a laser beam of 633 nm wavelength from a He-Ne laser
is used to investigate the lens properties. At room temperature of
approximately 25�C, the refractive indices are no ¼ 1.523 and
ne ¼ 1.775. ne(h) then takes a profile that is the largest at the center
and decreased gradually with distance from the center. The spatial
variance of the refractive index results in a spatially inhomogeneous

phase retardation / ¼ ð2p=kÞ
R t1

0 neðhÞdzþ
R t1þtg1þt2

t1þtg1
neðhÞdz

h i
, where

t1, tg1 and t2 are the thicknesses of LC layer 1, substrate 2 and LC
layer 2, respectively, and the wavefront of the incident light beam then
turns from plane to a bell-like profile.

The properties of the LC lens are measured by interference method.
Figure 4(a) shows the interference pattern at voltages Vo ¼ 150 Vrms

and Vc ¼ 40 Vrms. The phase difference between adjacent interference
fringes is 2p. Figure 4(b) shows the calculated result of the inter-
ference fringes. The circular fringes suggest the axially symmetry of
the lens properties. The slight dissymmetry of the fringes along the
rubbing direction can be seen. The phase retardation profiles mea-
sured along the x-axis (rubbing direction) and the y-axis are shown
in Figure 5. The dots represent measurements, the solid lines the
calculations, and the dashes lines quadratic fittings. It can be seen
that the phase profiles of the light wave are very close to the phase
transformation of a lens, and the LC cell acts as an optical lens; phase

FIGURE 4 Interference fringes at Vc ¼ 40 Vrms: (a) experiment, (b) calculation.
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retardation takes a lens-like shape of kq2=(2f), where q ¼ (x2þ y2)1=2 is
the radial position, k ¼ 2p=k the wave number of the light wave, and f
the focal length [17]. The lens power P ¼ 1=f [18] at various Vc is
shown in Figure 6, the dots represent measurements and the curve
the calculation. P decreases monotonically with Vc in a wide range.

DISCLINATION

If Vo and Vc are applied simultaneously on the cell, disclination lines
may occur in the LC layers, in particular in LC layer 2, due to the

FIGURE 5 Phase profile at Vc ¼ 40 Vrms measured along x-axis (a) and y-axis (b).

FIGURE 6 Lens power at various values of Vc.
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inclinations of the electric field. Figure 7(a) shows the observed discli-
nation line when Vo ¼ 150 Vrms and Vc ¼ 40 Vrms are applied directly
on the cell. The disclination is the boundary of the domains of reverse
tilt of the LC directors. To avoid the reverse tilt, the cell is driven by
applying voltages Vc ¼ Vo ¼ 150 Vrms on the cell at first, and then
switching Vc from 150 to the required value of 40 Vrms. In this way, dis-
clination line does not appear (Fig. 7(b)).

CONCLUSIONS

The electric field gradient is greater in LC layer 2 than in LC layer 1,
and there is larger horizontal component of the electric field in the LC
layer 2. Consequently, the dissymmetrical property along the rubbing
direction is more obvious in LC layer 2, and it is easier for disclination
to occur in LC layer 2. Numerical and experimental studies on the
lens are presented. The calculated properties are close to the
measurements.
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