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We propose a new electrode design for polarization-independent cylindrical lens using a polymer-
stabilized blue phase liquid crystal (BPLC). The top electrode is coated with a transparent and resistive
film to generate linearly varying electric potential from center to edge; while the bottom iridium tin oxide
electrode has a constant potential. Therefore, the vertical electric field across the BPLC layer varies lin-
early over the lens aperture and a desired parabolic phase profile is obtained automatically according to
the Kerr effect. Simulation results show that this simple device is polarization independent and it has
parabolic-like phase profile in a large tuning range. © 2012 Optical Society of America
OCIS codes: 110.1080, 230.3720.

1. Introduction

The focal length of an adaptive liquid crystal (LC)
lens [1–14] can be tuned continually by an external
voltage without any mechanical moving part. Sev-
eral methods have been developed to control the
phase profile across the lens aperture. Among them,
hole-patterned structure [8–10] with a dielectric
layer on the inner surface of the substrate could
generate a smooth phase profile, but the shielding
from the dielectric layer increases the operating vol-
tage noticeably. Multi-electrode structure [11,12]
could generate the desired phase profile by individu-
ally addressing the pixelated electrodes, but the
driving is complicated. Moreover, to have a smoother
phase profile, more electrodes and closer spacing
are needed. As a result, diffraction may become
severe. Another method called modal LC lens
[13,14], with a planar high resistant electrode, can
realize a smooth phase profile without pixelated elec-
trodes. Most adaptive lenses using nematic LCs are
polarization dependent and have a relatively slow

response time, especially when a thick LC layer is
involved.

Recently, polymer-stabilized blue-phase liquid
crystal (BPLC) [15–21] has found useful applications
in photonic devices because of its submillisecond
gray-level response time [22,23]. A hole-patterned
[24] microlens using a polymer-stabilized BPLC
was demonstrated experimentally with a fast re-
sponse time and polarization insensitivity. The de-
vice structure is fairly simple, but the phase
profile is not ideal and consequently, its image qual-
ity is compromised. Polarization independent blue-
phase lens using a curved iridium tin oxide (ITO)
electrode was proposed [25], but the fabrication of
such structures seems complicated. Another BPLC
gradient-index lens with planar multi-electrodes
[26] was proposed to realize parabolic phase profile
at different focal lengths by addressing the pixelated
electrodes individually, but it requires a high dielec-
tric constant layer to overcome the polarization
effect.

In this paper, we propose a new cylindrical micro-
lens using a polymer-stabilized BPLC. The BPLC is
sandwiched between a planar resistive electrode and
a planar ITO electrode. A parabolic phase profile is
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obtained in the low field region due to the linear Kerr
effect in the BPLC layer with only one data addres-
sing. Our design has a larger optical power compared
to those shown in [25,26] at the same voltage, be-
cause there is no shielding effect from any dielectric
layer. Simulation results show that this simple de-
vice is polarization independent and it has para-
bolic-like phase profile in a large tuning range.

2. Device Configuration and Working Principle

Figure 1 shows the side view of our proposed cylind-
rical BPLC lens. On the inner surface of top sub-
strate, there is a center ITO electrode strip at the
center of the lens, and two ITO electrode strips on
the two edges, respectively. The aperture of the
lens is further coated with a thin transparent
high-resistive film. On the inner surface of the bot-
tom substrate, a planar ITO electrode is coated.
The radius of aperture is R, and the cell gap of BPLC
layer is dLC.

In our design, we ground the center ITO electrode
(x ≈ 0) and bottom ITO electrode, but vary the voltage
(V0) on the edge electrodes (x ≈ R). When V0 � 0,
there is no electric field and the BPLC remains opti-
cally isotropic. For the normally incident light, both
the optical waves (here wave 1 is defined as the wave
polarized in y direction, and wave 2 polarized in x
direction) experience niso at any radius. Thus, there
is no optical power.

When V0 > 0, we could obtain a differential equa-
tion for the potential distribution on the resistive
film [27,28]:

∇2V � ρRωε0j
dRdLC

V � ρRωε00
dRdLC

V; (1)

where ρR is the resistivity of the resistive film, dR and
dLC are the thicknesses of the resistive film and LC,
respectively, ω is the AC frequency, and ε0 and ε00 are
the real and imaginary parts of LC dielectric con-
stants. Since the aperture dimension is much larger
than the resistive film thickness, and it is a cylind-
rical lens, the electric field in x direction is much

larger than those in other two directions within
the resistive film. Combining the boundary condition
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where a is a positive real constant, c � ρRωjε�j
dRdLC

,
ε� � ε0 − ε00j � jε�j exp�−jθ�, and θ the phase delay
between ε00 an ε0.

When
���
c

p jxj ≪ 1, using Taylor expansion, the
amplitude of potential distribution can be approxi-
mated as:

jV j ≈ 2a
���
c

p jxj; (3)

where ρR � 0.01 Ω · m (a typical value of
poly(3,4-ethylenedioxythiophene) resistive film), ω �
200π rad∕s, dR ∼ 30 nm, dLC ∼ 10 μm, ε0 � 53εo,
ε00 � 3.18εo, εo � 8.85 × 10−12F∕m, and jxj ≤ R �
100 μm. Then,

���
c

p jxj ≤ 0.0087 ≪ 1, and linear
potential distribution condition is fulfilled, and the
potential could be expressed as

jVj � jxj
R

V0: (4)

As a result, vertical electric fields with gradient inten-
sity are generated across the lens and so is induced
birefringence Δnind. For a normally incident light,
both waves 1 and 2 see an ordinary refractive index
n0 � niso −Δnind∕3 [21], which is also radius depen-
dent. Near the center of the lens, the electric fields
are weaker due to smaller voltage difference between
top and bottom electrodes; thus, the induced birefrin-
gence Δnind is smaller and no is larger. On the other
hand, near the edge of the lens, the induced birefrin-
gence is larger and no is smaller. Therefore, a phase
profile with positive lens is formed.

At the low field region, the induced birefringence
follows the Kerr effect [29]:

Δnind � λKE2; (5)

where λ is the wavelength andK is the Kerr constant.
At radius r, considering the linear potential distribu-
tion in Eq. (4), the induced birefringence could be
further expressed as:

Δnind � λKE2 � λK V2

d2
LC

� λK V2
o

d2
LCR

2 x
2: (6)

Equation (6) is a parabolic function with respect
to location x. Consequently, the phase Φ�x� �
2πdLCno∕λ � 2πdLC��niso −Δnind∕3��∕λ would also
have a parabolic shape. With such a simple struc-
ture, we could obtain parabolic phase profile easily.

Fig. 1. (Color online) Side view of the proposed cylindrical BPLC
lens.
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However, as the electric field further increases, the
induced birefringence would gradually saturate ac-
cording to the extended Kerr effect [30]:

Δnind � Δns�1 − exp�−�E∕Es�2�; (7)

where Δns is saturation induced birefringence of the
BPLC composite and Es is the saturation electric
field. Therefore, the phase profile would deviate from
the ideal parabolic shape in the high field region.

3. Simulation Results

In order to validate the device concept, we carried out
simulations using finite-difference frequency-
domain method. We use the linear gradient potential
on the resistive film as the boundary condition for
BPLC cell. We first calculated the electric field dis-
tribution in the LC layer, then got the induced bire-
fringence based on extended Kerr model as shown in
Eq. (7) and finally the phase for the waves 1 and 2.
The BPLC we used is Chisso JC-BP01M [31]. It has
Es ≈ 5.4 V∕μm and Δns ≈ 0.14 at λ � 633 nm and
used room temperature. For practical applications,
we are more interested in λ � 550 nm. Thus, we ex-
trapolated the Δns to λ � 550 nm based on the
wavelength dispersion model [32] and found Δns ≈

0.1487. Since Es does not depend on the wavelength,
it remains the same.

Figure 2 shows the simulated phase profiles of
the proposed lens structure with different cell gaps
at 50Vrms operating voltage and λ � 550 nm. The
widths of center and edge electrodes are both
2 μm, and the aperture radius is 100 μm. The black
solid curve and red dotted curve represent the phase
profiles of wave 1 and wave 2, respectively, in a struc-
ture with d � 8 μm; and the pink solid curve and
blue dotted curve represent the phase profiles of
wave 1 and 2, respectively, in a structure with
d � 25 μm. First of all, at the same applied voltage
50Vrms, the 8 μm structure has more than 1π phase
difference from center to edge, while the 25 μm struc-
ture has only ≈0.6π. Although the 25 μm LC layer
would potentially have much larger phase difference
at higher voltage, at this specific voltage, its phase is
smaller due to themuch weaker electric fields. Mean-
while, inside the 8 μm structure, electric fields are so

strong that the induced birefringence deviates from
the Kerr relation. As a result, the phase profile also
deviates from the ideal parabolic shape. In the 25 μm
lens cell, the deviation is much smaller so that phase
profile is nearly parabolic. For our BPLC lens struc-
ture, there is a critical electric field instead of critical
voltage, beyond which, the deviation from the Kerr
effect is so much that the phase profile could not
be regarded approximately as parabolic anymore.
This critical field is determined by the liquid crystal
material. Obviously, a larger cell-gap structure pro-
mises a better phase profile at the same voltage.

Second, the 8 μm structure has a better overlap be-
tween waves 1 and 2. The thinner the cell gap is, the
stronger the vertical components of electric fields
are, and, relatively, the smaller the horizontal com-
ponents. As discussed in [25], horizontal electric field
components are the causes of polarization depen-
dency, since wave 1 would see a decreased refractive
index, while wave 2 sees an increased one. With a re-
latively smaller horizontal component, smaller cell
gap is more advantageous for polarization indepen-
dency. Similarly, a larger aperture would result in
a better overlap of the two waves.

So we have chosen an optimized structure with
d � 13 μm and R � 100 μm, to have a large optical
path length difference, good phase profile shape and
polarization independency at the same time. As
shown in Fig. 3, at 50Vrms a phase change ∼π is
achieved. Wave 1 (black solid curve) and wave 2
(red dotted curve) overlap with each other very well,
indicating the optimized structure is indeed polariza-
tion independent. Moreover, they fit with the ideal
parabolic shape (blue dashed curve) well. Thus, a
good image quality could be obtained. Obviously, the
lower the operating voltage, the more parabolic-like
shape it would form, as shown by the 30Vrms curves,
because the induced birefringence follows the Kerr
effect better in the low field region.

Figure 4 shows electric field distribution across the
BPLC lens where jEzj is much larger than jExj. That
is why the device is polarization independent [25]. To
further suppress the difference between the phase
profiles of the two polarizations, one could add a di-
electric layer beneath the resistive film to shield

Fig. 2. (Color online) Simulated phase profiles (λ � 550 nm)
across the lens for wave 1 (solid lines) and wave 2 (dotted curves)
atVo � 50Vrms. The upper curve is for d � 25 μm lens and the low-
er one is for d � 8 μm.

Fig. 3. (Color online) Simulated phase profiles (λ � 550 nm)
across the lens with a 13 μm cell gap at 30Vrms and 50Vrms. Black
solid curves are for wave 1, red dotted curves are for wave 2, and
blue dashed curves are ideal parabolic curves.
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those horizontal electric fields. From Fig. 4, we could
see electric fields are below the saturation electric
field Es. Therefore, it follows the Kerr model very
well, and consequently, the phase profile has a nice
parabolic shape.

Figure 5 shows the simulated voltage dependent
focal length for the abovementioned optimized struc-
ture. The focal length is calculated using the follow-
ing equation [25,26]:

f � R2∕2δn�E�dLC; (8)

where δn�E� is the refractive index difference be-
tween the lens center and edge. The black solid curve
is the focal length for wave 1, and the red dashed
curve is for wave 2. As shown in Fig. 5, the two waves
have the same focal length, which further proves
the lens is polarization independent. As voltage
increases, the focal length decreases. At 50Vrms,
the simulated focal length is about 18 mm.

A possible extension of present lens structure is to
have the edge electrode and bottom electrode
grounded, while varying the voltage on the center
electrode. Then a negative lens is formed, but the
shape of the lens will not be as good as the positive
lens.

4. Conclusion

We proposed a new polymer-stabilized blue-phase
lens using a resistive electrode. At low fields, when
the induced birefringence follows the Kerr effect, a
parabolic phase profile is formed without any pixe-
lated electrodes. For an optimized structure with cell
gap 13 μmand aperture radius100 μm, as the applied
voltage Vo is varied from 0 to 50Vrms, focal length
could be continuously tuned from ∞ to 18 mm.
Through the whole focal length range, the lens could
maintain polarization independent and parabolic
shape. Such a device, with only a single cell gap,
planar electrodes, and single data addressing, is
easy to fabricate and would be very attractive for a
wide range of applications that need miniaturized
autofocus.

The authors are indebted to Jin Yan and Su Xu for
useful discussion and financial support from Indus-
trial Technology Research Institute (Taiwan).
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