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Abstract

A cost-effective fabrication method for high quality and high fill-factor aspheric microlens arrays (MLAs) is developed. In
this method, the complex shape of aspheric microlens is pre-modeled via dose modulation in a digital micromirror device
(DMD) based maskless projection lithography system. Digital masks for several bottom layers are replaced from circle to
hexagon for the purpose of enhancing the fill-factor of MLAs, then a low temperature thermal reflow process is conducted,
after which the average surface roughness of microlens is improved to ~ 0.427 nm while the pre-modeled profile keeps
unchanged. Experimental results show that the fabricated aspheric MLAs have almost 100% fill-factor, high shape
accuracy and high surface quality. The presented method may provide a promising approach for rapidly fabricating high
quality and high fill-factor aspheric microlens in a simple and low-cost way.

1 Introduction

Recently, microlens arrays (MLAs) have attracted intensive
attention and have been widely used in optical applications,
such as fiber coupling (Hahn et al. 2010), optical loss
reduction (Chen et al. 2015), optical sensors (Vekshin et al.
2010), imaging (Li and Allen 2012) and light diffusers (Wu
et al. 2008), etc. For those optical systems, profile is one of
the critical parameters that influence the MLAs perfor-
mance. MLAs of aspheric profile have several benefits
compared to MLAS of spherical profile, such as making the
optical system much smaller, lighter, lower cost and better
performance (Wu et al. 2009). The other critical parameter
affecting the ML As performance is the fill-factor, which is
defined as the percentage of lens area to the total area (Yang
et al. 2004). To make full use of the light, the fill-factor
should be as close to 100% as possible. However, it is very
difficult to achieve such a high fill-factor. Normally for
round microlenses in an orthogonally arranged array, the
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maximum fill factor (assuming there are no gap between the
lenses) is 78%. While in a hexagonally arranged array, the
fill-factor can be larger (about 90%) (Lin et al. 2003).
Various techniques have been put forward for the fab-
rication of MLAs, including femtosecond laser micro-
nanofabrication (Wu et al. 2009), the ultra-precision dia-
mond cutting (Zhu et al. 2015), thermal reflow (Chung and
Hong 2007) and DMD-based maskless lithography (Huang
et al. 2018), etc. Among all these methods, DMD-based
maskless lithography has its unique advantages for its real-
time, maskless and cost-effective process. In our previous
work, a single scan strategy based on the spatial distribu-
tion of exposure dose for 3D microstructures was devel-
oped to fabricate ML As via equal-arc-mean slicing method
(Huang et al. 2017). This dose-modulate method can fab-
ricate 3D microstructures layer by layer and the exposure
dose of each layer is determined by it’s height. With this
strategy, complex microstructures such as microlenses of
ellipsoid profile or parabolic profile could be generated
with high profile accuracy. However, the surface quality of
MLAs is severely limited because the stairs between
adjacent layers will form a discontinuous and unsmooth
profile. In addition, the fill-factor of MLAs is hard to reach
100% through DMD-based maskless lithography. Tradi-
tional thermal reflow (Lin et al. 2003) is usually used to
improve the surface quality of MLAs or increase the fill-
factor of MLAs. However, when the fill-factor of MLASs is
approaching 100% traditional thermal reflow may result in
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merging of lenses by experiment result. Moreover, the
diameter and height of microlens will change during the
traditional thermal reflow process, which may make the
profile of microlens difficult to control (Park et al. 2014).

In this work a cost-effective method is introduced com-
bining dose-modulated DMD based lithography, digital
masks replacement and low temperature thermal reflow to
fabricate high quality aspheric MLAs of 100% fill-factor.
Firstly, digital masks are calculated by equal-arc-mean
slicing method. Secondly, the digital masks of several bot-
tom layers are replaced with hexagonal array to increase fill-
factor of MLAs (Zhong et al. 2017). Thirdly, a low tem-
perature thermal reflow process is conducted under a tem-
perature which is relatively lower than the glass transition
temperature (Tg) to obtain accurate microlens profile with
smooth surface and avoid the merging of lenses. Results
show that the digital masks replacement can enhance the fill-
factor to almost 100%. In addition, low temperature thermal
reflow can avoid merging of lenses, keep the profile of
microlens unchanged and improve the surface quality. In the
previous work of our lab, the average surface roughness (Ra)
of microlens’s top surface is ~ 38.4 nm before reflow
(Huang et al. 2018). The Ra is measured at the microlens top
surface after low temperature thermal reflow, which is
improved to ~ 0.427 nm. The surface quality of MLAs is
improved significantly after reflow.

2 Experimental setup

The schematic diagram of the system is shown in Fig. 1. A
mercury lamp (OmniCureTM S1500) is used as a light
source which is filtered at a wavelength of 365 nm. Then a

Fig. 1 Schematic diagram of
the DMD-based maskless

high power fiber light guide and an adjustable collimating
adapter are used to make the light homogenized and col-
limated. The DMD (Texas Instruments Co. America)
consisted of an array of 1024 x 768 micromirrors works as
a physical mask by generating a dynamic mask in real time.
Through the DMD, the illumination light can be modu-
lated, and then projected onto the 3D motorized linear
stage (Bocic Co., China) through the objective lens (CFI
Plan Flour x 4, Nikon Co. Japan). The tube lens helps to
correct the chromatic aberration of the illumination light
and improve the imaging quality. Defocus phenomenon
can be effectively avoid and large area exposure can be
realized through the 3D motorized linear stage.

The fabrication process of high quality MLAs is illus-
trated in Fig. 2. First, the AZ P4620 (a positive photoresist
from Clariant) is spin coated on a glass substrate at
3000 rpm, which can obtain a photoresist layer of about
10 um. Then the sample is prebaked on a hotplate at
100 °C for 6 min, as shown in Fig. 2a. Next, UV exposure
is conducted with the DMD-based maskless lithography
system, as shown in Fig. 2b. The intensity of UV light was
10 mW/cm?. Then the sample is developed in AZ 400 K
alkaline solution (AZ 400 K: DI water = 1:4) for 3 min
and finally rinsed in deionized water for a few seconds,
initial microlens can be obtained as shown in Fig. 2c. The
magnified image of a single microlens after development is
shown in Fig. 2f. To ensure the quality of surface profile of
microlens and keep the profile unchanged, a relative low
temperature is used in the thermal reflow process. The
sample is putted on a hotplate at 110 °C for 5 min which is
lower than the Tg of AZ P4620 (115 °C), as shown in
Fig. 2d and after reflow the surface quality of microlens
will be improved significantly, as shown in Fig. 2e.
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Fig. 2 Schematic diagram of the fabrication process of a high quality
MLA

In order to process aspheric MLAs, the equal-arc-mean
slicing method is applied as shown in Fig. 3. The design
profile of ellipsoid microlens is (x> + y*)/R*> + Z2/H* = 1.

Fig. 3 Schematic diagram of
equal-arc-mean slicing

In our DMD-based maskless lithography system, a pixel in
digital mask is approximately 1.84 pm on the image plane.
The parameter of R is set to 25 pixels in digital mask (about
46 pm in the image plane). The parameter of H is 9.5 pm
because the thickness of the photoresist is about 9.5 pm. So
the design profile is (x> + y*)/46* + z%/9.5* = 1. Accord-
ing to the equal-arc-mean slicing method, the design profile
with height H is divided into 16 segments, each of which
has an equal arc-length of AL. The radius of each layer 7;
and height of each layer h; are calculated, as shown in
Table 1.

The positive photoresist AZ P4620 is chosen in our
experiment. For AZ P4620, the development depth A(x, y)
of photoresist and the exposure dose E(x, y) are assumed to
be a logarithmic relationship: &(x, y)= Hy[In(E(x,
) —In(E;,)]. E;; and y are the exposure threshold and the
value of contrast, respectively, and H is the total height of
resulted profile. According to our lab’s previous work and

fi
- I
\-design profile

Table 1 The radius and height of i’th layer
i’th layer 1 2 3 4 5 6 7 8
r; (um) 3.01 6.02 9.03 12.02 15.03 18.03 21.03 24.02
h; (um) 0.02 0.06 0.10 0.15 0.19 0.24 0.29 0.35
i’th layer 9 10 11 12 13 14 15 16
r; (Wm) 27.0 29.98 32.95 35.88 38.79 41.63 4431 46
h; (um) 0.41 0.48 0.58 0.69 0.83 1.07 1.49 2.55

Fig. 4 a Digital masks before

replacement, b digital masks
after replacement
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our calculation, E,;, = 35.8845 mJ/cm? and y = 0.4884 can
be obtained (Huang et al. 2018). Then the exposure dose of
each layer can be determined according to the height of
each layer.

Fig. 5 Optical microscope image of part of fabricated microlens array

Fig. 6 a Profiles of cross

The digital masks of each layer are determined as illus-
trated in Fig. 4a. However, the radiuses of 14’th, 15°th and
16’th digital masks are beyond the designed hexagon
through calculation. So the digital masks of the 14’th, 15’th
and 16’th layers at the bottom of microlens should be
replaced. Figure 4b shows the digital masks after replace-
ment. The bases of microlenses are changed into hexagon
and the microlenses are hexagonally arranged, therefore the
fill-factor can be enhanced to 100% theoretically. According
to experimental results, a small gap is necessary between
microlenses when the thermal reflow process is conducted.
The gap is determined as 4 pm through experimental tests.

3 Results and discussion
With the fabrication method mentioned above, experiments

and measurements are conducted. Firstly, the digital masks
of aspheric MLAs are calculated by the equal-arc-mean
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Fig. 7 The SEM images of the
fabricated microlens array:

a part of microlens array,

b enlarged view of microlenses
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Fig. 8 3D profile of microlenses measured by 3D optical profiler

Fig. 9 The AFM images of the
fabricated microlens after
reflow: a the top area, b the
middle area, ¢ the bottom area

(a)

slicing method. Secondly, the exposure of each layer is
determined and the digital masks of the bottom layers are
replaced through our calculation. Thirdly, the exposure
process is conducted, after which a low temperature ther-
mal reflow process for the sample is carried out.

The optical microscope image of part of aspheric
microlens array after reflow is shown in Fig. 5. The area of
microlens array is about 1.4 x 1.4 mm. It can be seen that
the microlenses are orderly arranged and have clear profile.
We can also learn that there is no merging between
microlenes through our method and the edges of micro-
lenses are fairly clear.
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The profiles are measured by the Bruker Stylus Profiler
(Dektak XT) as shown in Fig. 6. Figure 6a shows the
profiles of microlenses after low-temperature thermal
reflow. It can be seen that the profiles of microlenses are
quite smooth and there is no merging between microlenses.
Figure 6b shows the intersection of the adjacent micro-
lenses. The solid line is the microlens profile and the
dashed line is the elliptic curve that is fitted with the least
square method. It can be learned that the intersection of the
microlenses is also smooth and very approximate to the
elliptic profile, which indicates that almost 100% fill-factor
is successfully achieved. Figure 6¢c shows the measured
results of microlens profile before and after low-tempera-
ture thermal reflow, respectively. The red line is the profile
before reflow and the blue line is the profile after reflow. It
can be seen that these two profiles are very close and they
are both coincident with the design profile (the green line),
which means that the profile has a high fidelity and remains
unchanged after reflow.

Figure 7a shows the scanning electron microscope
(SEM) image of part of the microlens array. It can be seen
that the uniformity of microlenses is very good and the fill-
factor reaches 100%. Figure 7b is the enlarged view of the
microlenses, which shows that the microlens has a good
shape and high surface quality.

Figure 8 shows the 3D profile of the fabricated micro-
lens measured by 3D optical profiler (Wyko NT1100,
America). It can be seen that the microlens has smooth
surface and good aspheric profile, and the connection area
between microlenes 1s smooth too, which means that there
is no merging between microlenes and the fill-factor
reaches 100% actually.

The roughness of the surface is measured by the atomic
force microscope (AFM), as shown in Fig. 9. The average
surface roughness (Ra) is measured at a 5 by 5 pm mea-
surement area on the top area, middle area and bottom area
respectively. The average surface roughness (Ra) is ~

0.427 nm on the top area, ~ 0.535 nm on the middle area
and ~ 0.533 nm on the bottom area as shown in Fig. 9a—
c. It means that the entire surface of microlens is quite
smooth after reflow.

To investigate the focusing capability of the fabricated
microlens arrays, optical testing is conducted using an
optical testing system, as shown in Fig. 10a. In the
experiment, the fabricated microlens array is placed on a
linear translation stage, and a CCD camera is used to
monitor the light passing through the microlens array and
microscope system. An array of bright focal spots is
observed through the microscope system, as shown in
Fig. 10b. The focal spots are quite sharp and uniform.
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Fig. 10 Optical testing. a Optical testing system, b focal spot image
of the fabricated microlens array

4 Conclusions

A cost-effective method for fabricating high fill-factor
microlens array with high surface quality is proposed using
the DMD-based lithography and low temperature thermal
reflow. An improved slicing method called equal-arc-mean
method and digital mask replacement are employed to
obtain an accurate profile and enhance the fill-factor of
microlens array. Afterwards, a low temperature thermal
reflow process is conducted to smooth the surface of
microlenses. Experimental results show that 100% fill-
factor aspheric microlens array with good shape and high
surface quality with roughness of ~ 0.427 nm is achieved.
The proposed method may provide a promising way for the
fabrication of high fill-factor aspheric microlens array with
variable curvature or complex shape. It’s expected that the
method will find a broad range of potential applications of
different optical fields such as optical signal processing
system and optical communication system.
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