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We report a polymer-stabilized liquid crystal (LC) microlens array with a large dynamic range and fast response
time. The top substrate has a planar indium-tin oxide (ITO) electrode, while the bottom substrate has two patterned
ITO electrodes for generating a fringing field and uniform longitudinal field. The fringing field is utilized to create
the desired gradient refractive index profile in the LC/monomer layer, which is later stabilized by UV curing to form
polymer networks. To tune the focal length, we apply a longitudinal field to change the lens shape. This microlens
array offers several attractive features, such as large dynamic range, fast response time, and good mechanical
stability. © 2013 Optical Society of America
OCIS codes: (160.3710) Liquid crystals; (010.1080) Active or adaptive optics; (220.3630) Lenses.
http://dx.doi.org/10.1364/OL.38.003144

The liquid crystal (LC) microlens array is an essential
optical device that has widespread applications in image
processing [1–11], beam steering [12,13], wavefront cor-
rection [14], and switchable 2D/3D displays [15,16]. Vari-
ous approaches for fabricating a microlens array have
been proposed. The common one is to create a gradient
refractive index distribution among LC molecules either
by an inhomogeneous electric field [1,2,7–9,12,15,16] or
by an inhomogeneous LC morphology [3–6,10,11,13].
Hole-patterned electrodes have been commonly used
for making circular LC lenses, while polymer-stabilized
LC (PSLC) is preferred for obtaining an inhomogeneous
LC morphology. However, technical challenges of
these LC lenses remain. The focal length (f ) of an LC lens
is inversely proportional to the refractive index differ-
ence (nc − nb), where nc and nb are the effective refrac-
tive indices at the lens center and border, respectively. In
an LC lens with a hole-patterned electrode, the generated
fringing field can produce the largest refractive index
gradient at an optimal voltage. Therefore, nc − nb can ap-
proach the intrinsic birefringence (Δn) of the LC
material, leading to the shortest possible focal length.
However, due to the gradient of the fringing field, it is
difficult to further tune the focal length to infinity even
if the voltage keeps increasing. As a result, the lens’s dy-
namic range is rather limited [1,8]. Although a PSLC lens
can be actuated by a uniform electric field, its nc − nb is
usually much smaller than Δn, since a large gradient dis-
tribution of LC domains is not preferred in the PSLC
[3,5,13]. Otherwise, large LC domains would cause
light scattering, nonuniform response, and mechanical
instability.
In this Letter, we combine the unique advantages of

hole-patterned electrodes and PSLC to demonstrate a
microlens array using a ring-array-patterned electrode
in a homogeneous cell. The fringing field generates a
large gradient refractive index distribution in the LCs,
which is later stabilized by the polymer network. As a
result, the fabricated PSLC microlens can utilize the
maximum intrinsic birefringence of the LC material
and present the shortest possible focal length. The focal

length is tuned by a uniform longitudinal field. Since no
photomask is employed during the UV polymerization
process, the formed PSLC has a uniform morphology.
Adding 10 wt. % diacrylate monomer to the LC host,
our PSLC microlens array offers attractive features, such
as fast response time, good stability, and weak light
scattering in the visible spectral range.

Figure 1 depicts the microlens structure and fabrica-
tion procedures. The cell consists of two indium-tin oxide
(ITO) glass substrates, whose inner surfaces are coated
with a thin polyimide (PI) layer with antiparallel rubbing.
The top electrode is continuous. As Fig. 1(a) shows, the
bottom electrode is divided into two disconnected parts
by etching a circular ring (white color): electrode 1 (pur-
ple color) and electrode 2 (blue color). The filled nematic
LC and diacrylate monomer mixture has a homogeneous
alignment [Fig. 1(b)]. When a voltage (Vf ) is applied
between the top common electrode and bottom elec-
trode 1, a symmetric but inhomogeneous fringing field
is generated in the area above electrode 2. Hence, a

Fig. 1. Device structure and fabrication procedures of the pro-
posed microlens array. (a) Device structure, (b) homogeneous
alignment, (c) central-symmetrical gradient refractive index
distribution introduced by the inhomogeneous fringing field
and UV exposure, and (d) the formed PSLC microlens after
removing the voltage.
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gradient refractive index distribution is introduced there.
After UV photopolymerization, the gradient refractive
index distribution is fixed by the monomers [Fig. 1(c)].
Removing the voltage, such a distribution remains and
the formed PSLC (in the area above electrode 2) exhibits
a lens characteristic [Fig. 1(d)]. Its focal length can be
tuned by applying a voltage between the top common
electrode and bottom electrode 2. Since the generated
electric field is uniform, the focal length of the PSLC lens
can be tuned in a broad range.
In addition to a single lens, our approach also offers

the ability to fabricate a PSLC microlens array in a rela-
tively easy way. To prepare a PSLC microlens array, the
bottom ITO electrode is patterned with a circular ring ar-
ray. The inner and outer radii of the ring are 50 and
70 μm, respectively. The distance between two adjacent
rings is 30 μm. The cell gap is ∼15 μm. To enhance the
polymer network stability and minimize light scattering,
the Merck LC host BL-009 (birefringence Δn � 0.281 and
ordinary refractive index no � 1.529 at λ � 589 nm and
20°C, dielectric anisotropy Δε � 15.5 at 1 kHz and 20°
C, viscosity η � 83 cS at 20°C) was doped with
∼10 wt:% RM257 (containing a small amount of photoi-
nitiator). RM257 has a rod-like structure and can be
easily aligned with the LCs. The mixture was thoroughly
stirred and filled into the cell by capillary flow.
To investigate the impact of the fringing field on the

gradient refractive index distribution of LCs, various
voltages were applied between the top electrode and
electrode 1, and the cell was observed by a polarizing
optical microscope. The cell was placed between two
crossed polarizers, with the rubbing direction 45° to
the optic axis of the front polarizer. At V � 0, the
LC/monomer presents a homogeneous alignment (under
green light illumination, λ ∼ 550 nm) [Fig. 2(a)]. When
the voltage exceeds 2.5 Vrms, interference rings begin
to arise at the border of the hole-shaped electrode 1.
As the voltage further increases, the interference rings
expand toward the hole center. At V � 4 Vrms, more than
four concentric circular rings are observed [Fig. 2(b)]. At
V � 6 Vrms, the interference rings touch the hole center
and more than six rings are observed, as shown in
Fig. 2(c); the inset is the magnified inference pattern of
one zone. At V � 7 Vrms, the interference rings becomes
asymmetrical, as shown in Fig. 2(d), and the inset is the

magnified inference pattern of one zone. The asymmetry
is mainly caused by the fringing field distribution in the
electrode 2 area. By optimizing the cell structure, such as
the ratio between the cell gap and the inner diameter of
electrode 2, the asymmetry can be minimized [17].

The LC/monomer mixture was then photopolymer-
ized at V � 6 Vrms, the UV exposure (λ ∼ 365 nm,
∼10 mW∕cm2) lasting for 20 min. Removing the voltage,
the observed interference pattern of the cell after UV
exposure [Fig. 3(a)] is almost the same as that before
UV exposure [Fig. 2(c)]. Such a result implies that the
formed polymer network stabilizes the gradient orienta-
tion of the LCmolecules well. When the rubbing direction
of the cell is oriented parallel to the optic axis of
the polarizer, a dark state is observed in each zone
[Fig. 3(b)], indicating that the PSLC is optically aniso-
tropic. Nevertheless, once the PSLC is formed, it is diffi-
cult to actuate by the fringing field. Instead, a uniform
longitudinal electric field is adopted by applying a voltage
(Vu) between the top electrode and bottom electrode 2
[Fig. 3(c)]. When a voltage of 120 Vrms is applied to the
cell, the interference rings cannot be observed [Fig. 3(d)].
To visually observe the influence of a uniform electric
field on the formed PSLC, a video (320 × 240) was re-
corded, which is provided in Fig. 3(d) (Media 1). In the
video, we first increase the voltage from 0 to 120 Vrms
gradually and then decrease it to 0. As the voltage ex-
ceeds 28 Vrms, the interference patterns begin to vanish.
The cell shows a clear interference pattern change when
the voltage increases from 28 Vrms to 90 Vrms. The num-
ber of interference rings decreases as the voltage in-
creases. At V > 115 Vrms, all the interference rings
vanish completely. Removing the voltage, the interfer-
ence rings return to their original state. Although the in-
terference pattern vanishes at V > 115 Vrms, the lens cell
is not completely dark due to the weak scattering of
PSLC in the visible region. With ∼ 10 wt:% diacrylate
monomer, the scattering is below 10% for the green light
and diminishes as the wavelength increases to the

Fig. 2. Interference patterns of the cell at different voltages:
(a) V � 0, (b) V � 4 Vrms, (c) V � 6 Vrms, and (d) V � 7 Vrms.

Fig. 3. (a) Observed interference pattern at V � 0, (b) dark
state when the rubbing direction of the cell is parallel to the
optical axis of polarizer at V � 0, (c) PSLC microlens array
actuation, and (d) dynamic tuning of PSLC microlens array
(Media 1).
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near-IR region [18]. To further suppress light scattering,
we could increase the polymer network density by in-
creasing the monomer concentration or UV exposure in-
tensity to reduce the LC domain size. In addition to
reducing scattering, a small domain size also improves
the response time. A trade-off is the increased operation
voltage. Another way to eliminate scattering is to operate
the device at a longer wavelength, e.g., near-IR or short-
wavelength IR.
Similar to other PSLC lenses, here each zone showing a

concentrically circular interference pattern exhibits a
lens characteristic [Fig. 3(a)]. By orienting the rubbing
direction of the PSLC cell parallel to the optic axis of
the polarizer and removing the analyzer, we observed
a 2D focus spot array through a microscope. The focus
spots are quite circular, and there is no obvious noise in
the dark background [Fig. 4(a)]. To investigate its
imaging capability, we printed a small letter “A” on a
transparency and placed it under the cell as an object.
By readjusting the distance between the cell and the ob-
ject, we observed a clear image of inverted “A” array
[Fig. 4(b)]. It appears that the PSLC microlens suffers
from astigmatism, which is caused by the birefringence
of the LC material. It can be reduced by using a thinner
LC layer [19] or minimized by selecting a specific shape
factor of the LC lens [20]. However, this shape factor is
significantly different from that for minimizing its spheri-
cal aberration and coma [20]. To balance all the possible
aberrations arising in an LC lens, a proper shape factor
should be chosen.
According to the dynamic video shown in Fig. 3(d), we

can see that the focal length of each microlens is electri-
cally tunable, evidenced from the fact that interference
patterns can be changed by the voltage. The focal length
is calculated based on the number of interference fringes,
as expressed by

f � r2

2Nλ
; (1)

where r is the radius of the lens aperture, λ is the wave-
length, and N is the number of the interference rings. The
focal length at various voltages is estimated in Fig. 5. At
V � 0, the shortest focal length is ∼378 μm at
λ ∼ 0.55 μm. As the voltage increases, the focal length
increases gradually. At V > 115 Vrms, the focal length
is too long to be estimated.
Due to the high monomer concentration in the mix-

ture, the formed polymer network is very rigid. Thus the
dynamic response of our PSLC microlens is fast. We
adopted a 633 nm laser (JDSU 1125P), photodiode

(Model 2031, New Focus), and oscilloscope (TDS
3032B, Tektronix) in our measurement. By focusing
and defocusing the laser beam, the photodiode receives
different light intensities. The intensity change with time
can be analyzed using the oscilloscope. Using 100 V
square voltage pulses to impact the cell, the τrise (from
focusing to nonfocusing) and τfall (from nonfocusing to
focusing) times were measured to be ∼3.6 and ∼0.9 ms,
respectively, as shown in Fig. 6. The cycle driving with
three periods shows that the PSLC microlens returns
to its original state quite well. After a hundred cycles
of continuous driving, the measured light intensity curve
does not change. Such a result implies that our PSLC has
good mechanical stability. The τrise and τfall under other
three square voltage pulses were also measured, as listed
in Table 1.

From Fig. 3(a), it can be seen that the interference
rings formed in each zone are not closed. This is because
the connecting electrode between the adjacent zones

Fig. 4. (a) 2D focus spot array and (b) image of inverted “A”
array.

Fig. 5. Focal length versus external voltage applied to the cell.

Fig. 6. Light intensity versus time. The amplitude of the volt-
age applied to the cell is a 100 V square pulse.

Table 1. Measured Response Time under

Various Square Voltage Pulses

Voltage (V) τrise �ms� τfall �ms�
60 5 0.79
80 4.1 0.83
100 3.6 0.9
120 2.9 1.28
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also affects the orientation of LC molecules. Such cross
talk distorts the interference patterns. Here the connect-
ing electrode is quite wide (30 μm), so the induced cross
talk greatly degrades the lens performance. Using a much
narrower (<4 μm) connecting electrode, the cross talk
can be significantly reduced.
In conclusion, we have demonstrated a novel PSLC mi-

crolens array in which the gradient refractive index dis-
tribution is controlled by a fringing field and the focal
length tuned by a uniform longitudinal field. The dynamic
range of each microlens is dependent on the fringing field
applied to the cell during UV exposure. Optimizing the
cell structure, such as the cell gap and the electrode 2
dimensions, our microlens can maximally utilize the in-
trinsic birefringence of the LC material and therefore
present the shortest possible focal length, which ap-
proaches the theoretical limit. The cross talk induced
by the connecting electrode can be significantly reduced
if the electrode width is narrow enough. In comparison
with a conventional LC microlens array, our PSLC micro-
lens array offers a large dynamic range, fast response
time, and good stability. It holds great potential for imag-
ing, display, and biomedical applications, such as camera
lenses, autostereoscopic 3D displays, pico projectors,
and endoscopes.
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