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ABSTRACT: This paper presents an economic method,
based on electrically templated dewetting of a UV-curable
prepolymer, for fabricating a concave microlens array (MLA)
of high quality and high density. In our strategy, a voltage is
applied to an electrode pair consisting of a conductive
substrate coated with a UV-curable prepolymer film and a
microhole-arrayed silicon template, sandwiching an air gap, to
dewet the prepolymer film into a curved air−liquid interface.
At or beyond a critical voltage, the curved prepolymer can be
pulled quickly into contact with the protrusive underside of the
silicon template. Contact of the prepolymer with the template
can be detected by monitoring the leaky current in the polymer, followed by a UV curing of the prepolymer. Finally, by
separating the mold from the solidified polymer, a concave MLA is obtained. The curvature of the MLA can be well-defined
simply by changing the air gap between the mold and prepolymer film. Besides, the dewetting strategy results in a much smaller
adhesion area between the mold and solidified polymer structures, which allows for easy separation of the mold from the MLA in
a large-area operation.
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1. INTRODUCTION

Microlenses or microlens arrays (MLAs) have been widely used
in microelectromechanical systems, semiconductor solar cells,
light-emitting diodes (LEDs), and sensors. For example, the use
of MLAs1−8 had been implemented in both III-Nitride LEDs
and organic LEDs, which had been shown to be crucial in
improving light extraction and engineering far-field pattern
radiation. Obviously, process economy, well-controlled curva-
ture, and smooth surface are quite desirable in the fabrication of
MLAs for commercial applications. Laser ablation, ion-beam
milling, and other material microremoving processes can
produce optics structures with well-controlled shapes9,10 but
may not be suitable for mass application because of the poor
cost effectiveness or the poor surface smoothness that results
from cascaded material removal. The use of a colloidal-based
method or a colloidal lithography technique, based on the
assembly or deposition of polystyrene or SiO2 spheres with
micro/nanometer size, had been shown to effectively form the
convex-shaped MLAs over a large area.1−6 The importance of
refractive indices,5,6 dimensions,2,5 and aspect ratios1 of such
MLAs has proven to be very important in determining the
optimized light extraction and far-field patterns in device
configurations. In addition, the imprinting method, using the
colloidal spheres as a template, had also been used to fabricate
concave MLAs in LEDs7 and organic LEDs.8 However, it is

difficult to precisely control the assembly or deposition of
colloidal spheres for generation of a discretionary array of
microlens.11 Thermal reflow techniques12−14 and a hot
embossing method,15,16 based on interfacial-tension-induced
deformation of the photoresist, sol−gel glass, or other
thermoplastic polymers, have been used to fabricate MLAs of
high surface smoothness economically. However, these thermal
approaches are faced with the difficulty of gaining a consistency
in the lens surface geometry or focal length. Recently, the
formation of adaptive or tunable focal liquid lenses, based on
electrowetting actuation,17,18 liquid dielectrophoresis,19 or
thermal response of liquid microdroplets,20 has shown good
controllability in the curvature or focal length of a lens by
electric field or heating. However, it can be very difficult (if
possible) for these processes to form arrayed microlenses with a
high fill factor and a stable curvature over a large area because
of the nature of droplet-wise manipulation, which often causes a
merging of the neighboring droplets, and because of electro-
thermally induced liquid evaporation, which tends to cause a
volumetric shrinkage of the droplets during a long-time
operation.
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More recently, a pattern-modulated electric field was also
used to fabricate solid MLAs by a number of researches.21−23

On the basis of the electrohydrodynamic instability (EHDI) of
a liquid film under a spatially modulated electric field, an
approach for generating MLAs was proposed, starting with
formation of an array of liquid bridges between a pair of
electrodes.21 Upon separation of the micropatterned electrode
from the substrate electrode, the liquid bridges were broken
and a microdroplet array was formed on the substrate, which
were then cured to form a solidified MLA. The process was
more like a strategy to quickly generate a microdroplet array
from a liquid film via EHDI. Obviously, the geometry of the
generated droplets could not be reshaped anymore, and it was
also difficult to achieve a high fill factor (less than 40% in their
experiments) because of the difficulty of obtaining a high
density of liquid bridges by EHDI. In order to form solidified
MLAs with well-controllable curvature, improved alternatives
were proposed, in which a droplet array of polymer (such as
SU-8) was premeditatedly generated onto an indium−tin oxide
(ITO)/glass substrate,22,23 and then a voltage was applied
between the substrate and an upper planar electrode to
electrically pull droplets into desired shapes. However, the
droplets can be electrohydrodynamically deformed in such a
way as to reach the upper electrode once the electric field is
higher than a critical level, resulting in a microlenses with a flat
top or even an undesirable merging of neighboring droplets
because of their instability under a strong electric field.21

It should be indicated that most of the previous attempts
were made to generate MLAs with convex curvature, and
relatively fewer efforts24,25 were carried on for directly
fabricating concave MLAs, which have unique applications,
such as compound refractive lenses for focusing X-rays, DNA
chip carriers, diffusers in LEDs, and so forth.26−28

In previous research by the current authors,25 concave MLAs
were generated by electrowetting a dielectric UV-curable
prepolymer on the inner wall of microholes arrayed on a
conductive template. A prepolymer film coated on a conductive
substrate was trapped intentionally with air in the deep
microholes by mechanically pressing a microhole-arrayed
template against the substrate. The subsequent application of
a voltage between the template and substrate caused the top
surface of the incompletely filled prepolymer to be deformed
into a concave meniscus with a voltage-dependent curvature
due to an electrowetting of the liquid prepolymer on the
microhole wall. In the process, a large pressure would be
required to trap the prepolymer film with air into the
microholes, especially for fabrication of a large area MLA,
which may not be desirable for some brittle substrate.
Furthermore, owing to wetting of the prepolymer to the
microhole wall, the adhesion area between the solidified
polymer and microhole wall can also cause difficulty in
removing the template, especially for concave MLAs with
large curvature.
This paper presents a new approach for economically

fabricating concave MLA based on electrically templated
dewetting of a UV-curable liquid prepolymer film, by using a
microhole-arrayed template, which produces a spatially
modulated electric field on the initially flat prepolymer film.
Beyond a criticle voltage, the corresponding Maxwell pressure
on the prepolymer film surface (i.e., the air−liquid interface)
pulls the prepolymer into a final contact with the upper
protrusive underside of the template, leaving prepolymer valleys
under the holes of the template. The curvature of the formed

valleys is then independent of the voltage but can be well
tunned by simply varying the initial air gap between the
template and prepolymer film. Because the actual prepolymer−
template contact only happens on the template’s protrusion,
which makes up only a small portion of the template’s
projected area, the approach allows for easy removal of the
template from the solidified prepolymer valleys (i.e., MLA)
because of a reduced adhesion area. Also, because the template
is initially separated from the prepolymer surface by an air gap,
no large pressure is needed to preload the substrate, which is
desirable for fabricating a large-area concave MLA, especially on
a brittle substrate.

2. EXPERIMENTAL DETAILS
2.1. Method. Figure 1 illustrates the process of electrically

templated dewetting for generating a concave MLA. A UV-curable

prepolymer (mechanically in a state of liquid) with proper light
transmission and refraction is spin-coated into a film of proper
thickness on an ITO/glass substrate. A microhole-arrayed silicon
template, which is doped for a proper electric conductivity and
fabricated by conventional photolithography and plasma etching, is
placed over the prepolymer film with a proper air gap (Figure 1a). In
our practical experiment, the air gap was adjusted by properly
distributed glass spacers, which were sandwiched between the template
and substrate. When a sufficiently large voltage is applied between the
template and substrate, a nonuniformly distributed Maxwell pressure
due to the microhole-array-templated electric field tends to dewet the
initially flat prepolymer film so that the prepolymer below the
protrusive underside of the template rises upward (Figure 1b). A
global leaking current of the dielectric prepolymer is monitored and
used to judge a proper contact of the prepolymer with the template
underside. This detectable polymer−template contact is, in turn, used
to trigger a switch-off of the voltage and a switch-on of the UV

Figure 1. Illustration of the electrically templated dewetting process
for generation of concave MLAs: (a) a microhole-arrayed silicon
template is separated from the liquid prepolymer (with a thickness t)
by an air gap h; (b) a dc voltage is applied between the silicon template
and ITO/glass substrate to electrically dewet the initially flat
prepolymer film (with the arrows indicating the flowing directions
of the prepolymer), and the leaking current is monitored between the
substrate and template; (c) the prepolymer rises into a final contact
with the protrusive underside of the silicon template (a microampere
scale leaking current through the prepolymer, I, can then be detected)
and is cured by UV exposure; (d) removal of the template leads to a
solidified concave MLA. (e and f) Experimentally measured 3D
profiles of the template arrayed with cylindrical microholes and the
corresponding concave MLA, respectively (acquired by LSCM).
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exposure (Figure 1c). Finally, a concave MLA is obtained by removing
the template from the substrate (Figure 1d). In our experiment, the
silicon template was hexagonally arrayed with cylindrical microholes of
100 μm diameter, 150 μm depth, and 104 μm center distance of each
two neighboring microholes, as experimentally acquired by laser
scanning confocal microscopy (LSCM) and shown in Figure 1e. The
minimum thickness for the wall of microholes is 4 μm.
2.2. Materials and Equipment. The ITO layer on a glass

substrate was sputtered by a Denton Vacuum Explorer14 sputterer.
The UV-curable prepolymer was an acrylic-based compound liquid,
available from Micro Resist Technology GmbH (with a commercial
name OrmoComp), which has a viscosity of 0.41 Pa·s and a dielectric
constant of roughly 6.8 at room temperature. The direct-current (dc)
voltage were supplied by an arbitrary-waveform generator (AGILENT-
ER 33220A), which was bridged by an amplifier/controller (TREK
610E HV) to the template and ITO substrate. The leaking current in
the prepolymer is in site monitored using an oscillograph (Tektronix
DPO3034). The voltage supply/amperemeter on the AGILENTER
33220A and UV-light control were interface to a PC, which could
precisely sequence switching of the voltage and initiation of UV curing.
The silicon template are made of a n-type-doped silicon wafer, which
has an electric resistivity of ≈0.005−0.015 Ω·cm. For easy
detemplating, the silicon template was treated in a 1.0 wt % ethanol
s o l u t i o n o f ( h ep t a d e c afluo r od e c y l ) t r ime t ho x y s i l a n e
[CF3(CF2)7CH2CH2Si(OCH3)3, FAS] for 3 h and subsequently
baked at 150 °C for 10 h. The master of concave MLA (for duplicating
a convex MLA by a vacuum microtemplateing process) was coated
with an antiadhesive fluoropolymer in an ICP-CVD chamber (Oxford
ICP-180). The SEM images were obtained by using a Hitachi SU8010.
The cross section and 3D profiles of MLAs were obtained by LSCM
(Olympus OLS4000). The roughness of the sag surface of the
microlens was measured by a Veeco Innova atomic force microscope.
The imaging and focusing performances of MLA were tested by using
an optical microscope (KEYENCE VH-8000).

3. RESULTS AND DISCUSSION

3.1. Electrically Templated Dewetting. A structured
template, working as an electrode, can generate a spatially
modulated electric field, which leads to nonuniform Maxwell
tension on the surface of the initially flat prepolymer film. The
nonuniform Maxwell tension tends to destabilize the flat liquid
film under the template and allows for polymer deformation
into a shape depending on the spatial distribution of the electric
field. This electrically induced process has been widely
addressed as a patterning technique for generating various
functional micro/nanostructures.29−32 Figure 2 experimentally
shows 3D deformation of the prepolymer caused by electrically
templated dewetting of the prepolymer film under different
voltages, which all sustained for 10 s in our experiment. The
initially flat prepolymer film interfaced with air becomes
unstable under a nonuniformly distributed electric field, and the
prepolymer tends to collect preferably toward the protrusive
underside of the template, where the electric field has the
highest intensity,33−35 leading to dewetting of the prepolymer.
While the dewetting prepolymer rises toward the protrusive
underside of the template, the prepolymer below the underside
of each microhole tends to sink into a valley to maintain a
hydraulic continuity. The rising height of the dewetting
prepolymer is determined by the equilibrium between the
voltage-dependent Maxwell pressure and a resultant of the
curvature-dependent surface tension and the viscous resist-
ance.36 Therefore, the curvature for the arrayed valleys is
strongly dependent on the applied voltage, as shown in Figure
2a−c for the polymer surface profiles and in Figure 2e for the
profiles of a polymer cross section at different voltages.

It is interesting to see from Figure 2a−c that for each of the
voltages the prepolymer rises to the highest point below the
widest spots of the template’s protrusive underside. This can be
explained by the fact that the lowest surface tension of the air−
liquid interface (therefore, a low resistance against the
prepolymer’s rise) is produced under these widest spots of
the protrusive underside for any rising height. Therefore, the
electrodewetting process tends to produce arrayed valleys with
six horns hexagonally located around each valley if a template
arrayed hexagonally with microholes is used, as shown clearly in
Figure 2c.
However, if a sufficiently large voltage is applied, 140 V or

larger, for instance, the dewetting prepolymer can finally rise to
reach the protrusive underside of the template, leading to a
maximum curvature for the arrayed valleys (i.e., a concave MLA
with well-defined shape), as shown in Figure 2d. It should be
mentioned that, in our experiments, the voltage was switched
off according to the monitored current before UV exposure was
switched on, where the necessity will be explained in the
following. When the electric field vanishes, such a curvature of
the valleys can be expected to be sustained because the contact
between the prepolymer and the template’s protrusive
underside will be maintained by the liquid−solid adhesion.37,38

As a result, detection for the liquid−solid contact becomes
important to allow for generation of a concave MLA with well-
defined curvature.

3.2. Leaky Current through the Prepolymer. Many
liquid prepolymer compounds, such as the one used in our
experiment, are leaky dielectric, and a weak and transient
conductivity can be expected because of charge carriers, such as
free ions, spare electrons, and polarized charges, inherent in the
prepolymer,39−41 causing a leaking current (usually in a
microampere scale) under an externally applied electrical

Figure 2. Experimentally measured profiles of the deformed
prepolymer film at different voltages: (a−d) LSCM-acquired 3D
topographies of the deformed prepolymer film at voltages of 50, 80,
120, and 140 V, respectively (the color-coded height is in units of
micrometers); (e) profiles of a cross section of the deformed
prepolymer film for the corresponding voltages.
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field. This leaking current can jump to a maximum because of
an electrical conduction generated by the charge carrier when
the prepolymer rises into full contact with the template’s
protrusive underside. Therefore, in site monitoring of this
leaking current can be performed to identify the contacting
state of the prepolymer and template underside.
Figure 3a shows the leaking current experimentally

monitored during formation of a MLA at a dc voltage of 140

V, which was sustained without UV curing. It is interesting to
note that, once the leaking current jumps to a maximum
(because of full contact of the prepolymer with the conductive
template underside protrusions42), it is immediately followed
by a continuous decline to a nonzero constant. The declining
leaking current after a maximum can be attributed to electrical
conduction by the polarized charges, which vanish with time
during charging of the capacitor, which is made of the template
and substrate as an electrode pair. The nonzero constant
leaking current is due to conduction by the leaky charge in the
prepolymer compound. Most importantly, the initially sharp
decline in the leaking current, as a lucky coincidence, makes it
easy to spot a timing for the maximum from a noise-
contaminated current signal and therefore to identify a timing
for the prepolymer−template contact.
It is important to mention that, once the liquid prepolymer

rises into a proper contact with the template, a sustaining
voltage is not desirable. This is because the prepolymer already
in contact with the template’s protrusive underside may further
electrowet the inner wall of microholes when the large voltage
is sustaining, causing problems for subsequent removal of the
template from the UV-cured MLA. More importantly, because
the electric field at the valley surface is so strong and not
rotationally symmetrical that the valley shape tends to be
unstable and shows a nonrevolution surface, a poor surface
quality will be formed (see Supporting Information Figure S1).
In order to avoid such drawbacks caused by the electric field, a
time sequencing is proposed for switch-off of the voltage and
switch-on of UV exposure based on the leaking current, as
illustrated in Figure 3b. Once a sharp drop in the leaking
current is detected, it triggers a switch-off of the voltage and a
delayed switch-on of UV curing. The delay between the voltage
switch-off and UV-curing switch-on was taken as 100−300 ms
in our experiment, depending on the voltage applied. The
delayed initiation of UV curing allows for the voltage-
dependent Maxwell pressure on each prepolymer valley to
vanish and the electrohydrodynamically deformed prepolymer
surface to be restored to a shape predominantly determined by
the surface tension.

3.3. Curvature of the Prepolymer Valley. Figure 4 shows
the SEM images of concave MLAs generated at the different air
gap h and initial prepolymer thickness t. In order to produce a
Maxwell pressure large enough to pull the prepolymer safely

Figure 3. (a) Characteristics of the prepolymer’s leaking current
experimentally monitored in an electrically templated dewetting
process (for a microhole-arrayed silicon template squired at 25 mm
× 25 mm and a voltage of 140 V). Note that the leaking current starts
to declines within 1 s, as indicated in the inset. (b) Illustrative timing
for voltage switching off and UV-curing switching on, with I−III
representing the time zone of the prepolymer−template contact, UV
curing, and template removal, respectively. Uc is the critical voltage
that can produce a Maxwell pressure large enough to pull the
dewetting prepolymer to reach the protrusive underside of the
template, and Ic is the maximum leaking current.

Figure 4. SEM images of concave MLAs fabricated with curvature depending on the air gap h and the prepolymer thickness t at a constant voltage of
300 V: (a) for h varying from 5 to 20 μm while t was fixed at 15 μm; (b) for t varying from 8 to 24 μm while h was fixed at 10 μm. Note that the sag
height H is not influenced by the prepolymer thickness t if t is large enough (b-IV shows that a further increase in the prepolymer thickness only
leads to a thick valley bottom). Scale bar: 50 μm.
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into a contact with the protrusive underside of the template for
all of the air gaps and prepolymer thicknesses, intentionally a
high voltage of 300 V was used throughout our experimental
fabrication of the MLAs shown.
As can be seen in Figure 4a, at a fixed prepolymer thickness

(t = 15 μm), the sag height of MLA varies from 12 μm for an
air gap of 5 μm (Figure 4a-I) to 23 μm for an air gap of 10 μm
(Figure 4a-II), meaning that the MLA curvature tends to
increase with the air gap. However, when the air gap increases
to 15 μm (Figure 4a-III), flat-bottom valleys are undesirably
generated because at this prepolymer thickness the central
portion of prepolymer in each valley has to be evacuated so that
the prepolymer below the protrusive underside of the template
can collect into a volume enough to reach the template. When
the air gap h increases further to 20 μm, the prepolymer
thickness comparatively becomes too small to provide a
sufficient amount of prepolymer to reach the template
underside, causing an undesirable merging of neighboring
flat-bottom valleys, as shown in Figure 4a-IV.
On the other hand, for a constant air gap (h = 10 μm), a

small prepolymer thickness, t = 8 μm, for instance, again leads
to flat-bottom valleys, as shown in Figure 4b-I. When the
prepolymer thickness becomes large enough, t = 16 μm, for
instance, the process produces adequate shape for the MLA,
with a sag height of 23 μm, as shown in Figure 4b-II,IV.
However, a further increase in the prepolymer thickness will
not increase the sag height of the MLA, as shown in Figure 4b-
III,IV.
These results suggest that an adequate shape for the concave

MLA can be generated only when the prepolymer thickness is
large enough to provide a sufficient prepolymer for reaching the
template underside.
The microlenes tend to be spherical according to a

geometrical fitting to the experimentally measured profiles
(see the Supporting Information Figure S2). This can be
explained by the force equilibrium and energy minimization.
During deformation of the prepolymer film, three kinds of
forces are involved, including the Maxwell tensor acting on the
polymer surface, surface tension, and gravity of the polymer.
Owing to the small size of the microlens, the gravity can be
ignored, and because the voltage is switched-off before UV
curing of the prepolymer, the Maxwell tensor has vanished. As a
result, the shapes of the microlenses depend only on the natural
surface tension and tend to be spherical to maintain
minimization of the surface energy. When shrinkage due to
UV polymerization is ignored, the sag height of concave MLA
(with spherical surface), H, can then be determined geometri-
cally by h, t, r, and w, based on a volumetric continuity of the
prepolymer shown in Figure 5. Because of the periodically
repetitive nature of MLA, only a hexagonal prepolymer film has
been taken into consideration. By assuming that the hexagonal
prepolymer film with a thickness t is continuously deformed
into a spherical bowl with an aperture radius r, which can be
taken as being equal to the microhole’s radius, a sag height H
can be determined by the following geometrical relationship:

π
+ = +⎜ ⎟

⎛
⎝

⎞
⎠H H r h r

w
( 3 )

12 3
2

2 2
2

(1)

It can be seen from eq 1 that the sag height H is only
determined by the air gap h for a given template. From Figure
5, it can also be seen that the thickness of the prepolymer at the
valley bottom is obtained by b = (h+ t) − H. In order to avoid a

flat-bottom valley, b should be greater than zero. Therefore, the
initial prepolymer thickness, t, should be determined in terms
of the air gap h by the inequality as t > H − h. For microlenses
of spheres with given apertures, the radius of curvature (R)
depends only on the sag height, i.e., R = (1/2)(H + r2/H). In
theory, the radius of curvature can range from R = 50 μm (for h
= 27.9 μm, and the initial polymer film is thick enough, i.e.,
larger than 22.1 μm, as in our experiment) to R→ +∞ (when h
→ 0).

3.4. Density of Cancave MLA and Its Duplicated
Convex MLA. The fill factor or density of the MLA is
determined by the density of microholes arrayed on the
template. A high density of microholes in a template, which
tends to result in a large electric field contrast in spatial
distribution, can be easily and precisely achieved by the
conventional silicon microfabricating process (i.e., photo-
lithography and dry etching on a silicon wafer) with a
minimized wall thickness. Figure 6 shows a MLA of a

hexagonal aperture fabricated by the electrically templated
dewetting process, which has a fill factor calculated as high as
up to 93%.25 However, in order to maintain the mechanical
strength of the microhole wall and to avoid the electric spark
that can be induced by a thin wall, the thickness of the wall
should be selected empirically as 0.5 μm and above. As a result,
the corresponding maximum fill factor is 98.8% for the
hexagonally arrayed microlenses with a hexagonal aperture
and 89.8% for the hexagonally arrayed microlenses with a

Figure 5. Sag height H versus air gap h: (a) hexagonal prepolymer area
under each of the cylindrical microholes hexagonally arrayed on the
template (the dotted circle represents the projection of a microhole);
(b) parameters of the valley.

Figure 6. SEM images of a concave MLA with a hexagonal aperture.
Scale bar: 50 μm.
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circular aperture, at the best, as estimated by an equation.25

Because the high density corresponds to a reduced global area
for the template’s protrusive underside contacting with the
prepolymer, an increase in the density is also desirable for
reducing the polymer−template adhesion for easier removal of
the template from the cured MLA.
In addition, the surface roughness of microlenses is also an

important parameter for optical applications. The roughness
was measured by atomic force microscopy over an area of 2 μm
× 2 μm as Ra = 0.2 nm, which is much smaller than that for a
surface fabricated by laser ablation or other material removal
process.43 The aspect ratio of a microlens, i.e., ratio of the sag

height to the aperture diameter, is also an important parameter
for MLAs. In order to achieve a higher aspect ratio, a properly
large air gap (h) is preferable between the template and initial
prepolymer film with a sufficient thickness (t), according to eq
1. In theory, the maximum aspect ratio can reach 0.5 when the
microlens surface turns into a complete semisphere.
The concave polymer MLA generated by the proposed

process either is optically functional or can be further used as a
master to produce a convex MLA by a vacuum micro-
templateing process.17 Figure 7 shows the convex MLAs with
circular (Figure 7a) and hexagonal (Figure 7b) apertures,
duplicated by using the concave MLAs.

Figure 7. SEM images of convex MLAs duplicated by using the concave MLAs shown in Figure 4a-II and Figure 6 as the masters: (a) convex MLA
with a circular aperture; (b) convex MLA with a hexagonal aperture. Scale bar: 50 μm.

Figure 8. Test for the optical properties of concave MLA: (a) diagram of the optical microscopic setup to evaluate imaging and focusing
performances of the MLA; (b) image of the authors’ school badge obtained by using a concave MLA with a sag height of ∼12 μm; (c) measured
light intensity profiles of a concave MLA with a sag height of ∼23 μm.
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3.5. Test of Optical Performances of MLAs. Figure 8
shows the optical performance of concave MLAs fabricated by
our strategy. Figure 8a illustrates the setup that we used for
testing the focusing and imaging properties of the MLAs. First,
a concave MLA was positioned horizontally on a motion stage
and moved relative to a CCD camera. The MLA was
illuminated with a white light from behind a mask with a
pattern of our school badge, which was fabricated by laser
ablation of a chromium film sputtered on a slide glass. On the
false image plane of the concave MLA, an array of bright false
and reduced images of the school badge could be clearly
observed on the CCD camera (Figure 8b). When a mask with
an optical aperture (3 mm in diameter) was used instead,
sharply focused spots on the false focal plane of the MLA could
be obtained, with the uniform light intensity shown in Figure
8c.

4. CONCLUSION
The approach described in this paper for generating concave
MLA has some desirable and unique features for industrial
application, including process cost effectiveness due to the ease
with which a microhole-arrayed silicon template can be
economically fabricated by the conventional microfabrication
technology, a high efficiency due to the capability of producing
large-area MLAs without the need for a large preload on the
substrate, and, most importantly, an exact controllability of the
curvature due to the fact that the curvature for a concave MLA
to be generated can be predetermined by its simple and
geometrical relationship to the air gap and prepolymer
thickness.
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