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Abstract: An electrically tunable-focusing liquid crystal (LC) microlens array exhibiting a wide-range
tunable focal length is proposed. The lower substrate has strip indium tin oxide (ITO) electrodes,
the upper substrate has periodic ITO electrodes with a certain gap coated on the inner surface., and an
LC microlens is generated between the two strip electrodes. For each LC microlens, the gap between
the top planar electrodes is directly above the center of the microlens. Unlike the conventional LC
lens, the individual LC microlens is not coated with ITO electrodes on the central part of its upper
and lower substrates, which helps to maintain the LC’s horizontal orientation. In the voltage-off

state, the focal length of the microlens array is infinity because of the homogeneous LC alignment.
At a given operating voltage, an ideal gradient refractive index distribution is induced over the
homogeneous LC layer, which leads to the focusing effect. The simulation result shows that the focal
length of the LC microlens could be gradually drawn to 0.381 mm with a change of voltage.

Keywords: liquid crystal; simple electrode; microlens array; wide focusing range

1. Introduction

A microlens array is a key part for optical information processing, optical interconnection, optic
fiber switches [1–4], ophthalmic application [5], three-dimensional display systems [6–13], and so on.
A tunable LC microlens array has been investigated for 40 years. For an LC microlens, in order to
adjust the focal length, a spatial axisymmetric distribution of the refractive index in the LC bulk can be
generated and varied by an external electric field. As there is no mechanical motion, this will facilitate
a well-knit system.

To obtain a LC lens, various devices such as a multi-strip or hole-patterned electrode [8,14–17], LC
lens with switchable positive and negative focal lengths [18], optically hidden dielectric structure [19,20],
and polymer-stabilized blue phase LC [21–25] have been studied in recent years. Among these attempts,
the multi-strip electrode structure could generate a spherical phase profile, but the driving mode is
very complicated by individually addressing the pixelated electrodes. The hole-patterned electrode
could obtain a large aperture LC lens to achieve good focusing spot, however, the LC layer must
be very thick, which will greatly increase the response time since the response time depends on the
square of the thickness of the LC layer [26–28]. In addition, the middle part of the phase profile of the
hole-patterned electrode structure is relatively flat. The LC lens with switchable positive and negative
focal lengths is suitable for myopia-presbyopia, and multiple LC layers are adopted to increase the
phase. However, using multiple LC layers will cause a certain degree of light scattering and reduce
the image quality [26–28]; moreover, the operating voltage will be increased. The optically hidden
dielectric structure enables finer phase control for generating a nearly ideal parabolic phase profile,
however, it has Fresnel reflections between dielectric layers, which will also affect the image quality.
A polarization-independent microlens array using polymer-stabilized blue phase LC has a fast response
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time because of the orientation of the local LC directors in the unit lattice instead of the transition
between two nematic orientations of the LC directors with higher order parameters [25]. However,
the focus range of this lens is very small because the maximum refractive index difference in the BPLC
lens is only one-third of the birefringence to the same LC, according to the Kerr model. Therefore,
one challenging task is to develop high performance tunable microlens arrays with a simple electrode,
simple driving scheme, simple fabrication process, uniform LC cell gap, low operating voltage, and
wide-range tunable focal length.

In this paper, we propose a LC microlens array with a simple electrode structure that behaves as a
cylindrical lens. In the center of each microlens, a certain gap between the indium tin oxide electrodes
on the upper glass substrate is used to control the stability of the LC director in the center of the lens.
A strip ITO electrode is at the end of the microlens. For individual microlens, when there is no electric
field, there is no focusing effect because of the homogeneous LC alignment. When a voltage is applied
to the strip electrodes, an axisymmetric refractive index distribution will generate within the LC bulk
which, in turn, results in a focusing effect. The axisymmetric refractive index distribution across the LC
lens can be obtained in a relatively low voltage (4.8Vrms) with only one data addressing. Furthermore,
the proposed model with the planar and relatively thin cell gap exhibits a uniform and relatively fast
dynamic response time.

2. Device Structure and Principle

Figure 1 depicts the side view of the proposed LC microlens array in the voltage-off and voltage-on
states. The upper substrate has periodically planar electrodes as common electrodes. Then, the upper
glass substrate is coated with an alignment material to align the nematic LC director. The lower
substrate is coated with periodically strip electrodes as pixel electrodes. Likewise, the lower substrate
also has a thin polyimide alignment layer and rubs in the opposite parallel direction relative to the
upper substrate. As a result, an LC layer with a uniform arrangement is shaped. For each LC microlens,
two adjacent strip electrodes on the lower substrate act as two border electrodes. For the center of each
microlens, there is an electrode clearance on the top substrate directly above the center of the two strip
electrodes on the lower substrate. As depicted in Figure 1, dLC is the thickness of the nematic LC bulk,
w is the width of the pixel electrodes, g is the clearance between common electrodes, l is the space
between the pixel electrodes, s is the distance from the border of individual microlens to the adjacent
pixel electrode, O is the central point of the microlens, and R is the radius of the individual microlens.Crystals 2019, 9, x FOR PEER REVIEW 3 of 9 
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Figure 1. The configuration of the proposed liquid crystal microlens array (the area of the individual
microlens is marked by a black dotted frame).

In our design, the existence of the central clearance of common electrodes has a major effect on
maintaining the horizontal orientation of the LC director in the center of the microlens and the LC
director tilt distribution can be adjusted by setting its width. Here, only stationary states of nematic
LC cell were analyzed. In the voltage-off state, the nematic LC cell has a planar orientation with a
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homogeneous director perpendicular to the strip electrodes. When a voltage is applied to the strip
electrodes, the director field of the nematic LC cell is changed by voltage and anchoring. An incident
light that is linearly polarized in the rubbing direction of the cell undergoes a non-uniform phase
retardation and its propagation behavior behaves as a positive cylindrical lens, as shown in Figure 1.
For the proposed LC microlens, due to the planar LC layer, flat electrodes and flat substrates, the focal
length tuning range is relatively wide as it has almost no initial focusing ability. Unlike an LC lens
with flat glass substrates and a curved electrode [29,30], the thickness of the top and bottom substrates
of the proposed model cannot shield any voltage from the LC layer, so the operating voltage of this
microlens will be very low. In addition, the light scattering is very small in the process of focus change.

The incident light wave linearly polarizes along the x-axis and passes through different areas of
the LC microlens, which will undergo different optical paths. It is assumed that θ is the angle between
the LC director and the incident direction of polarized light, thus the effective refractive index of the
LC is given by the index ellipsoid equation:

neff(θ) =
none√

no2 sin2 θ+ ne2 cos2 θ
(1)

where no is the ordinary LC refractive index, and ne is the extraordinary LC refractive index. By using
the final average effective birefringence distribution, we can calculate the refractive index difference
between the border and center of the individual LC microlens. Then, the focal length can be expressed
using Fresnel’s approximation:

f =
R2

2dLCδn
(2)

where δn is the effective refractive index difference between the lens center and border.

3. Simulation Results and Discussion

To validate the design concept, we studied the optical properties of the proposed nematic LC
microlens array with a simple electrode structure and compared its performance with that of a
conventional thin lens. We used commercial simulation software Tech Wiz LCD 3D (Sanayi System
Company., Ltd., Korea) for the electro-optic simulations. For a LC microlens, in order to obtain a short
focal length for a given lens diameter and LC cell gap, we must maximize δn as much as possible,
thus we could select a LC material with a large saturation birefringence ∆n. Accordingly, in the whole
simulation process, we used a LC material with ∆n = 0.224, ne = 1.741, and no = 1.517 to λ = 550 nm.
The LC material parameter was the same as E7 (King Optronics Co. Ltd). The parameters related to
the configuration are as follows: R = 55 µm, l = 120 µm, g = 10 µm, w = 10 µm, s = 5 µm, dLC = 30 µm,
εLC = 11.4, and the thickness of the transparent ITO electrodes was 0.04 µm.

In the computer simulation process, we choose the anchoring energy force of the alignment
layer as “strong”. When the electric field intensity is stronger than the anchoring energy, the nematic
LC director will rotate. Therefore, the anchoring energy may influence the LC director distribution.
With the maturity of the alignment process, the thickness of the alignment layer can be as small as
0.1 µm [31,32], so the depth of the frictional micro-groove is very shallow. Basically, only the surface of
the alignment layer has a strong anchoring force. Furthermore, in our computer simulation, we used
an ultra-low viscosity LC material LC layer, so the anchoring energy had little effect on the distribution
of the nematic LC director and refractive index distribution.

We only researched the central 110 µm (from −55 µm to +55 µm) of the proposed model. Figure 2
shows the simulated electric potential distribution at Von = 2.4 Vrms, Von = 4.8 Vrms, Von = 7.2 Vrms,
respectively. The electric potential distribution area of individual LC microlens is framed by a dotted
frame, as shown in Figure 2a. From Figure 2, we can see that the electric potential lines become denser
from the center to the border of the LC microlens, so the electric field intensity becomes stronger,
which means that the inclination angle of the LC director at the lens border is larger than that at
the center. More significantly, the electric potential distribution is axisymmetric in space. However,
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for Von = 2.4 Vrms, this voltage is too small for the LC director at the edge of the microlens to have a
large tilt angle, resulting in a small refractive index difference and a relatively long focal length. Hence,
we increased the voltage to Von = 4.8 Vrms in order to make the LC director on the microlens edge have
a larger inclination angle. When Von = 4.8 Vrms, we can see that the electric potential lines at the edge
of the lens become denser than Von = 2.4 Vrms, and the electric potential lines become smoother, which
indicates that the gradient of the electric field distribution becomes better. But the operating voltage
cannot be increased blindly. If we continue to increase the voltage to Von = 7.2 Vrms, we can see from
Figure 2c that the gradient of the electric potential distribution in the microlens center becomes worse
than that of Von = 4.8 Vrms, which implies that the phase profile at the microlens center will be flatter.
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Figure 2. Simulated electric potential distribution within the LC bulk of the proposed model at (a) Von

= 2.4 Vrms, (b) Von = 4.8 Vrms, (c) Von = 7.2 Vrms, respectively (the area of individual LC microlens is
framed by a red dotted frame in Figure 2a).

Figure 3 shows the tilt angle distribution of the LC director of the proposed model at Von = 4.8
Vrms. From Figure 3a, we can see that the LC director in the LC bulk is rotated, while the LC director in
the microlens center still remains horizontally aligned due to the existence of the central clearance
between the common electrodes on the upper substrate and the gap between the strip electrodes.
Due to the electric-field-induced LC director reorientation, the inclined angle distribution of the LC
director changes gradually and is spatially symmetrical, as shown in Figure 3, which helps to generate
an axisymmetric gradient refractive index distribution over the LC microlens aperture. In order to
further study the LC orientation distribution within the nematic LC layer, we derived the top view of
the LC director at Von = 4.8 Vrms, as shown in Figure 3b. We could clearly see that the inclination angle
of the LC director at the microlens border was larger than that at the center, which is very useful for
obtaining a larger refractive index difference between the microlens center and border. It is noteworthy
that the shortest focal length will be achieved when the LC director in the microlens border is almost
completely aligned by the external electric field, while the LC director in the center is not yet reoriented
due to the weaker electric field intensity. However, because of the anchoring energy force on the
surface of the upper and lower substrates, it is not easy for the LC director at the microlens border to
completely reorient.
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Figure 3. Simulated (a) cross section and (b) top view of the LC director across the nematic LC microlens
at Von = 4.8 Vrms.

Figure 4 shows the simulated effective refractive index curve across the nematic LC microlens
at Von = 4.8 Vrms. As shown in Figure 4, the effective refractive index curve of the incident linearly
polarized wave is axisymmetric. The maximum effective refractive index was 1.7234 and the minimum
effective refractive index was 1.5861. Therefore, the effective refractive index difference between the LC
microlens border and center was 0.1371. Given the relatively large effective refractive index difference
across the LC layer, the focal length of this microlens will be very short.
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Figure 4. Simulated effective refractive index distribution curve across the LC microlens at
Von = 4.8 Vrms.

Figure 5a–d show the simulated refractive index distribution along the x axis for the extraordinary
ray of the proposed model at Von = 3 Vrms, Von = 4 Vrms, Von = 5 Vrms, and Von = 6 Vrms, respectively.
The refractive index distributions were axisymmetric under different operating voltages because of
the symmetrical structure of the proposed LC microlens. When the operating voltage was 4 Vrms,
the gradient of the refractive index distribution was better. When the operating voltage was 6 Vrms,
however, the refractive index distribution at both ends of the lens had almost no gradient change.
Therefore, this part of the microlens has no focusing effect on the extraordinary ray, which means that
the effective diameter of the microlens will become shorter.
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axis for the extraordinary ray with different operating voltages.

Whether the phase profile is a parabola is an important criterion for evaluating the performance
of a lens [33–36]. We plotted the profile of the relative phase difference across the LC microlens
in the ideal alignment to study the focusing effect of the extraordinary ray, as shown in Figure 6a.
The ideal parabolic shape was also plotted in this figure. The relative phase difference distribution
of the proposed model is represented by black curve with a red circle and the ideal parabolic shape
is represented by the blue solid line. Here, for convenience, the relative phase difference of the LC
microlens center was assumed to be zero. The form of the phase retardation for the proposed model
implies that the LC microlens is a positive lens. The phase retardation between the microlens center
and border for the proposed model was 14.978π. Compared to its relative phase difference profile with
an ideal thin lens, we were surprised to find that they almost coincided, which means that such a LC
microlens has almost no spherical aberration and can achieve great image quality. There are three
reasons why the gap between common electrodes does not cause a non-smooth phase profile that
affects image quality. First, the gap makes the central phase profile more ideal, which is designed to
improve the imaging quality; second, the gap is in the center of a single microlens, and the gap of the
left and right is a symmetrical structure; and finally, for each microlens, we only used one gap and two
strip electrodes to obtain a microlens compared with the multi-strip electrode structure. One of the
major challenges in fabricating this design is the alignment. Therefore, we also explored the relative
phase profiles under different misalignment conditions between the top and bottom substrates at
Von = 4.8 Vrms, as shown in Figure 6b. When the misalignment between the top and bottom substrates
was from 0 to 5 µm, the center of the LC lens was a little biased, but it did not change much; moreover,
the phase profile kept an ideal parabolic shape, which indicates that the proposed structure has great
tolerance ability.
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Figure 6. Simulated relative phase profiles of the LC microlens array (a) in an ideal alignment condition
and (b) under different misalignment conditions at Von = 4.8 Vrms.

To further discuss the optical characteristics of the proposed model with a simple electrode
structure, with the other parameters unchanged, we changed the operating voltages from 4.8 Vrms to
0.8 Vrms to obtain the form of the phase retardation. As the operating voltage decreases, the relative
phase profile across the LC microlens becomes flatter, which means that the focal length will increase,
as shown in Figure 7. When the operating voltages were 4.8 Vrms, 4.0 Vrms, 3.2 Vrms, 2.4 Vrms, 1.6 Vrms

and 0.8 Vrms, the phase retardations of the center and border for the proposed LC microlens were
14.978π, 13.047π, 6.927π, 1.789π, 0.218π, and ~0π, respectively.
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The simulated voltage-dependent focal length of the LC microlens array with a simple electrode
structure is shown in Figure 8a. From Figure 8a, we can see that the focal length of the LC microlens
decreased as the operating voltage increased. When the operating voltage was sufficiently high, the LC
director was reoriented along the electric field direction. Hence, it can be concluded from Equation
(1) that the effective refractive index is reduced at the microlens border while it remains unchanged
at the microlens center. From Equation (2), with the increase of δn, the focal length becomes shorter.
When the voltages were 1.6 Vrms, 2.4 Vrms, 4.0 Vrms and 4.8 Vrms, the focal lengths were 24.008 mm,
3.019 mm, 0.445 mm, and 0.381 mm, respectively. Figure 8b shows the simulated response time curve
for the LC microlens at Von = 4.8 Vrms. The dynamic response time study was conducted by placing
the LC cell between crossed polarizers with its rubbing direction 90◦ to it. The rise time was 209.83 ms
and the decay time was 128.87 ms. Such a dynamic response time is relatively fast during the focus
change because of the low rotational viscosity of the LC material and the relatively thin cell thickness.
This designed microlens array is mainly suitable for 2D/3D switching in high resolution displays. It is
close to the display screen and has little stray light, so the off-axis phenomenon will not be obvious.
If the LC microlens array is used for 2D/3D switching, the dynamic response time needs to be further
improved. In addition to adopting low viscosity LC materials, we can apply an overdriven and
undershoot driving scheme to improve the response time. Moreover, the proposed electrically tunable
LC microlenses is not polarization independent. To resolve this challenging issue, we can use two
homogeneous LC layers with orthogonal rubbing directions.
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4. Materials and Methods

The parameters of the E7-LC material used in the simulation are as follows: elastic constant
K11 = 11.7 pN, K22 = 8.8 pN, K33 = 19.5 pN, refractive index of o and e waves ne = 1.741, no = 1.517,
and dielectric anisotropy ∆ε = 11.4.

To validate the performance of the proposed LC microlens array, we carried out electro-optical
simulation using the commercial simulation software TechWiz LCD 3D (Sanayi System Co. Ltd.,
Incheon, Korea).

5. Conclusions

We proposed an electrically tunable-focusing LC microlens array with a simple electrode
structure. In the presented approach, a certain gap between the top common electrodes was designed.
This electrode gap between common electrodes is the distinguishing part of this structure when
compared with conventional LC lenses. When a voltage is applied in the center of the lens, an ideal
gradient electric field intensity is generated between the gap part and the lower substrate, which
helps maintain the LC horizontal orientation. Meanwhile, for each microlens, we only used two strip
electrodes to achieve a very perfect phase profile compared with the multi-strip electrode structure.
The optimized LC microlens array offers good performance including a wide focusing range, light
weight, low operating voltage, relatively thin cell thickness, and almost no color dispersion. Moreover,
this kind of lens is fairly easy to fabricate given its simple electrode structure. Its applications in
photonic microdevices are foreseeable.
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