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Abstract: Recently, intensive research on microlens array (MLA) was undertaken, which
involved intertwining with the light-field imaging in order to obtain four-dimensional
information. Although several fabrication approaches for MLA attempted to achieve high
density and precision geometry, further progress is necessary. In this study, we present a cost-
effective fabrication strategy for geometrically tunable polymer MLA with extremely low sag
height (~3 um) through improved MEMS wet etching process. Additionally, we assemble a
hand-crafted light-field camera by integrating the elaborately customized MLA with a
commercial digital camera. Finally, we demonstrate representative light-field imaging
features including refocusing and all-in focusing image from a single exposure.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Light-field imaging is also known as plenoptic imaging. It offers powerful capability
involving the collection of the four-dimensional light information of a target object via a
single exposure through sophisticated digital processing techniques that are tightly merged
with exceptional optical designs such as camera arrays, moving cameras, and microlens
arrays (MLAs) [1]. In contrast to existing imaging devices that only record two-dimensional
position data, unconventional optical designs simultaneously obtain spatial and direction
domain information. Digitally processed light-field data acquired from the unusual optics
allows the intriguing imaging features to outperform the outcomes of the conventional
imaging techniques such as multi-view imaging, digital refocusing, expansion of depth of
focus, depth estimation, and holographic reconstruction. Recently, the aforementioned
advantages significantly motivated the application of light-field imaging to various
application fields such as human face/iris recognition [2], computer-generated hologram [3],
morphology analyses [4], 3D telemedicine system [5], reconstruction of 3-dimensional
temperature field [6], and multispectral light-field imaging [7]. Specifically, among
unconventional optical designs, the MLAs are the most promising apparatus since the overall
imaging devices are the most compact and correspond to a simple configuration that can be
built in a commercial camera while the camera arrays or moving cameras are inevitably
accompanied with bulky, large, and complicated configurations of light-field imaging devices
[1,8]. In the light-field system, the MLA is located in the focal plane of the main lens (i.e., the
lens of the commercial camera) and is at a distance from the image sensor that corresponds to
the focal distance of the MLA (Fig. 1(a)). The imaging performance of MLA is a key point to
obtain three-dimensional information since each microlens unit captures the object from
different view angles at a given position [9,10]. Thus, the overall performance of the light-
field camera is determined by geometrical parameters (i.e., radius of curvature (RoC), fill
factor, diameter, and lattice of the array) of the MLA as follows.
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First, the RoC of microlens controls its focal length and coverage area in the active area of
image sensor (Fig. 1(b)). Typically, MLAs exhibit short focal lengths (i.e., small RoC) and
high spherical aberration due to their high curvatures. It is difficult to integrate these types of
MLAs that form the focal plane at a short distance with an image sensor in a camera.
Additionally, the coverage area of MLA that is adjusted by the focal length influences the
angular information from the object. Hence, MLAs with controllable focal length are
necessary. Second, the fill factor and diameter of MLA affect the spatial resolution of the
light-field camera. With respect to the diameter, increases in the diameter of the microlens
lead to more angular domain information although the resolution of the image decreases.
Although the decrease in image resolution due to the diameter of MLA is inevitable, the
closely packed MLA (i.e, maximum fill factor) is evidently effective for high image
resolution since a high fill factor can minimize the number of wasted pixels in the image
sensor. Additionally, even with a full filled MLA, when the F-number of the main lens
exceeds that of MLA, the discarded pixels exist and result in low image resolution (Fig. 1(c)).
In the opposite case, the coverage arecas of MLA overlap lead to degradation of angular
information acquisition. Well matched F-number between the main lens and MLA reveal the
formation of maximized coverage areas of MLA on the image sensor without overlapping.
Therefore, the light-field cameras require geometrically controllable MLAs to enhance the
quality of processed images. To date, several extant studies reported various approaches to
fabricate the MLA such as direct fabrication methods (thermal reflow [11], microplastic
embossing [12], and microdroplet jetting [13]) and indirect methods that require a mold
(MEMS-based and ultraprecision machining methods [14,15]). However, direct fabrication
methods struggle to control the RoC of MLA and implement a highly-packed MLA. In
indirect methods, it is difficult for the standard MEMS-based method to diversely vary the
RoC of mold, and it is expensive to manufacture the metallic mold produced via the
ultraprecision machining method.

In the study, we present a fabrication scheme that affords a pathway for obtaining a highly
dense transparent polymeric (i.e., polydimethylsiloxane; PDMS) MLAs with excellent
geometrical tunability. Consecutive semiconductor fabrication processes on Poly-Si deposited
quartz wafer, such as photolithography, dry etching, and isotropic wet etching process, can
generate a concave spherical shape on quartz mold in a large-area and with low-cost.
Additionally, the curvature and sag height of quartz mold are well manipulated by modifying
the time to remove hard mask (i.e., Poly-Si) on quartz mold, and thus it provides a wide
tuning range of RoC in MLA with a low sag height. In the fabricated PDMS MLA, the sag
height of convex shape is extremely low (approximately 3 pum) although the lenses exhibit
large curvature (RoC 139 pum). In addition to the fabrication of MLA, we produce a hand-
crafted light-field camera to validate the applicability of our engineered MLA for light-field
imaging, by integrating the fabricated MLA with a commercial digital camera. We finally
demonstrate a refocused image that corresponds to the adjustment of the focusing point in a
one shot image through a post image process.
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Fig. 1. Description of a light field camera based on microlens array (MLA). (a) Schematic of a
light-field camera based on MLA. (b) Difference in the focusing ability of MLA based on the
radius of curvature (RoC). (c) Plot of an active fill factor with different F-numbers of the main
lens. The F-number of the MLA is 4. This indicates that F-number matching between the main
lens and MLA is imperative in terms of minimizing discarded pixels.
2. Geometrically controllable MLA fabrication method
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Fig. 2. (a) Schematic illustration of the overall MLA fabrication procedure. (b) Schematic of
formation of a hemispherical shape of quartz mold via the HF solution depicted in (iv) of Fig.
2a.

Figure 2a shows the overall procedure of MLA fabrication. The MLA fabrication steps are as
follows: (i) Poly-Si is used as a hard mask in hydrofluoric acid (HF) wet etching process and
is deposited on both sides of the quartz substrate. The thickness of Poly-Si is approximately
700 nm. (ii) Photoresist (PR) patterning on a side of the Poly-Si is conducted via
photolithography. (iii) The patterned sample is dry-etched by using SF gas via an inductive-
coupled plasma reactive ion etcher (ICP-RIE). The ICP-RIE conditions are as follows: SFg
flow / chamber pressure / RF power / ICP power / etching time = 50 sccm / 4 mTorr / 50 W /
100 W / 2 min. (iv) The patterned sample is immersed in an HF bath, and the HF solution
hemispherically etches the quartz substrate through the hole pattern (Fig. 2b). Because of tiny
via hole (~2 um), the etching amount of Quartz mold is isotropic in hemispherically from the
center of each via hole. Therefore, the isotropic etching of HF creates almost the same radius,
R, and sag height, H, which are controlled by the etching time. Subsequently, Poly-Si is
removed by using potassium hydroxide (KOH) at a temperature of 150 °C for 30 min. (v)
PDMS replica molding is performed by using the etched quartz substrate to form a concave
lens array as a master mold. An anti-adhesive is sprayed on the mold prior to pouring PDMS
on the mold. The fluorocarbon mold release agent is used as the anti-adhesive spray
(DAIFREE GA-7550, DAIKIN, Japan). The spraying time is ~3 s, and the spraying distance
between the mold is ~20 cm. In order to prevent thermal deformation of the PDMS during
curing time, PDMS poured on quartz mold is cured at room temperature for approximately 4
d. Additionally, the slanted top surface of PDMS MLA hinders clear formation of the object
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image. Thus, curing of the PDMS MLA is performed on a leveled optical table. (vi) After
complete solidification of the polymer, the MLA is gently detached with a tweezer. Although
the aforementioned procedure is sufficient to fabricate a quartz mold with the hemispherical
shape, it is not suitable to form a uniform MLA with an R value that exceeds the H value
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Fig. 3. (a) Schematic illustrations of non-uniform quartz etching. (b) Scanning electron
microscope (SEM) image of the non-uniformly formed quartz mold. Red points denote the
center of circles. Solid and dashed lines denote half and edge of circles. (c) Schematic
illustration of the wet etching procedure for the uniform mold with low sag height and high
RoC.

Figure 3a shows the situation when HF etching time is only adjusted to fabricate the MLA
with a short period and large RoC (i.e.,, R>H). In order to lower H, the walls between each
curvature in the mold should be collapsed by using HF over-etching. However, during the
over-etching process, the contact area of Poly-Si with the mold is significantly reduced, and
the Poly-Si layer is easily stripped off from the mold. The floating Poly-Si layer hinders
formation of the uniform curvature array. Figure 3b shows a scanning electron microscope
(SEM) image of non-uniformly formed quartz mold. The photography mask with the hole
width of 2 pm and period of 26.4 pm was used to fabricate regular tiny hole arrays on Poly-Si
layer. The diameters and centers of curvature are different for adjacent holes due to non-
uniform etching for the period of time removing the walls. The aforementioned types of
geometrical defects in MLAs degrade the imaging characteristics of a light-field camera.
Figure 3c shows the wet etching procedure to overcome the limitation. First, a quartz mold
with a hemispherical curvature is prepared with the method shown in Fig. 2(a). Subsequently,
the removal of Poly-Si layer is performed in KOH at 150 °C for 30 min. Following the
removal the hard mask, the quartz mold is re-immersed in a HF bath. In this step, the RoC
increases and the sag height decreases and is proportional to the etching time. Based on the
fabrication procedure, the quartz mold for PDMS MLA with high RoC and low sag height is
uniformly implemented at a large-scale.
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Fig. 4. (a,b) SEM images of quartz molds (a) with two different lattice patterns and (b) with
different etching times. (c) Graph of RoC versus HF etching time with respect to two different
Poly-Si removal times. (d) Optical image of bare PDMS (left) and fabricated PDMS MLA
(right). (¢) SEM image of PDMS MLA with a high RoC of 139 um and low sag height of 3
pm.

Figures 4a and 4b show the various quartz molds with different geometrical shapes. The
lattice pattern is formed differently in the photolithography step, and the RoC is controlled in
the HF and KOH etching steps by modifying the etching time. As previously explained, light-
field cameras require complex optical designs. Specifically, the MLA should satisfy F-
number matching with the main lens. Figure 4c shows the RoC MLAs manufactured by our
MLA fabrication method as a function of HF etching time with two Poly-Si removal time
(i.e., 40 and 50 min). The difference in the RoCs between two different Poly-Si removal times
indicates that removing the Poly-Si affects the RoC size. The fabricated PDMS MLA exhibits
haziness due to the microscale structure at the surface (Fig. 4(d); right) while the ‘GIST’ text
is clearly observed beneath the bare PDMS (Fig. 4(d); left). Figure 4e shows a uniformly
formed PDMS MLA in a large-area. The PDMS MLA exhibits a RoC of 139 pm. The inset
image also shows the cross-sectional view of PDMS MLA with an extremely low sag height
of approximately 3 um. The used mask patterns are different in Fig. 4(a,b), and 4(e). The size
and pitch of holes are 2 pm and 26.4 um, respectively, for Fig. 4(a) and 4(b). In Fig. 4(c), the
same size of hole was used as 2 um, but a pitch was changed as 60 um. All RoCs were
measured via laser confocal microscopy (Olympus, OLS 4000).
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3. Light-field camera demonstration
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Fig. 5. Description of a hand-crafted light-field camera with conventional camera. (a)
Schematic illustration of integration with a fabricated PDMS MLA and digital camera. (b)
Photograph of the measurement setup to validate the applicability of the light-field camera. (c)
Raw data obtained via the hand-crafted light-filed camera. (d) Processed sub-aperture image
showing the multi view point property of the light-field camera. (e) Principle of the multi-view
point property in the light-field camera. (f) View point difference between view point 1 and
view point 2.

The RoC of the microlens was designed considering the space of the image sensor and the
pixel size. We use ZEMAX ray tracing simulation to design focal spots of microlens smaller
than 4.26 um pixel pitch of Samsung NX1000 image sensor. When RoC is above 139 pm, the
focal spot becomes smaller than 4.26 pm. However, if RoC is larger than 139 pm, the focal
length becomes also longer, thus the space of the image sensor for integration is reduced.
Thus, we fabricated a MLA with a focal length and RoC of 240 and 139 um, respectively, for
hand-crafted light field camera. In order to verify the applicability of our engineered MLA, a
hand-crafted light-field camera is assembled by integrating the MLA with a commercial
digital camera (Samsung NX1000). The image sensor of NX1000 is located on microscale
thickness spacer to consider focal distance and alignment of PDMS MLA. Figure 5(a) shows
the schematic illustration of PDMS MLA integrated with an image sensor in a Samsung
NX1000 camera. With respect to the F-number matching between the main lens and
engineered MLA, the cover glass of the image sensor is removed. Following the removal, the
engineered MLA is located on a 240 pum spacer corresponding to the focal length of MLA.
The inset in Fig. 5(a) shows the photograph of the integrated image sensor that is reassembled
on an NX1000 camera. Figure 5(b) shows the light-field camera property wherein the multi-
view point property is observed via the MLA. In order to demonstrate the hand-craft light
field camera, the hand-crafted light-field camera is settled on an optical table, and targets are
located at different distances (i.e., 30, 90, 120, 150, 180, 210, and 240 cm). Figure 5(c) shows
the obtained raw data focused at 30 cm that exhibits a micro array pattern. Each microlens
unit separates the incoming light into different viewpoints. Sub-aperture images that are
essential in light-field imaging are easily obtained with a simple post-processing of the micro
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array pattern [16,17]. Initially, white micro light-field images are converted into a single
greyscale image to calibrate. Subsequently, the centroid algorithm is utilized to determine the
center of each microlens. Finally, the pixels are reordered to generate the sub-aperture images
(Fig. 5(d)). Each viewpoint image in sub-aperture image has 182 x 300 pixels resolution. The
sub-aperture image through the light-field camera based on MLA produces the same effect of
the image obtained by the camera array [18,19]. The insets in Fig. 5(d) show different
viewpoint images. The principle of the aforementioned type of multi-viewpoint imaging is
shown in Fig. 5(e). In order to confirm the difference in the viewpoints, two images are
converted into grayscale and subtracted from each other as shown in Fig. 5(f). The difference
due to the view point appears as significant in nearby objects, such as the 30 cm target, since
objects at long distances exhibit the effect of bringing virtual cameras closer to each other in
stereo vision triangulation [20,21].
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Fig. 6. Results of light-field image processing. (a) Image of light-field refocusing processing.
(b) Normalized sharpness graph of the refocused image at 30, 60, and 90 cm. (c¢) All-in-
focused image by using the focal stacking method.

In order to measure the distance of focus plane due to the light field re-focusing process,
the sharpness of fixed target was measured. Then, we compare the sharpness of each
generated target sharpness of refocus image. There are several methods to refocusing process
data in software by using a multi-view point that is used for triangulation. We use a basic
refocusing process through a simple software process [22,23]. The main lens of camera is
focused on the target at 60 cm. In order to digitally obtain the refocused images, we reordered
sub-aperture images. which is interpolated 9 times larger for image process [22]. Thus, each
refocused image has a resolution of 1638 x 2700 pixels. Figure 6(a) shows refocusing
processed images that exhibit a normalized high sharpness at 30 and 90 cm from the image
originally focused at 60 cm. The sharpness is measured for each target to evaluate the degree
of refocusing of the processed results. The normalized sharpness is calculated via local
gradient analysis [24]. The local gradient analysis aids in determining the focused plane by
evaluating the degree of the image blur in window. Figure 6(b) shows the graph of
normalized sharpness for the targets at 30, 60, and 90 cm. The black line of graph that is
refocused at 30 cm shows low sharpness at the part with the exception of that at 30 cm.
Details of the data on normalized sharpness are listed in Table 1.
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Table 1. Normalized sharpness of the refocused processed image

Target 30 60 90 120 150 180 210 240
Refocused plane (cm) Normalized sharpness

30 1 029 0.10 0.07 0.05 0.08 0.07 0.07

60 0.64 1 0.82 0.6 0.55 048  0.50 0.42

90 0.38  0.89 1 1 096  0.91 0.89 0.87

An all-in-focus image can be also generated by using the focal stacking method that
replaces the part where the sharpness is high with the part where the sharpness is low (Fig.
6(c)) [25,26]. In the generated refocused images at various distances, relatively high
sharpness area is masked at each refocused image via local gradient analysis through the
window. Subsequently, stacking parts with relatively high sharpness in each refocused image
can generate an all-in-focus image with high sharpness in the complete image area. Thus, the
results confirm the functionality of the hand-crafted light-field camera including the
refocusing process and all in focus process by using simple pixel reordering and focal
stacking methods.
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Fig. 7. Test of the light field camera for practical use. Two indoor tests include billiard and
tape measure object for general and zoomed-in objects. Outdoor test for a rich light intensity
object Refocusing process was performed for various distances with 3 different conditions.
(see Visualization 1, Visualization 2, Visualization 3).

The light-field camera is tested under indoor and outdoor conditions as shown in Fig. 7 for
a practical use demonstration. In order to compare each condition, the ISO sensitivity is
maintained as fixed. The indoor condition is confirmed by capturing a billiard ball and tape
measure. In the billiard raw data that is captured with a 35-mm main lens, the yellow ball is
blurred since the original focus is formed at the far red ball. However, a closely refocused
image shows an increase in the sharpness of the yellow ball. A far refocused image shows a
second red ball blurred relative to the original image. An indoor test with a tape measure
provides a refocus on the zoomed-in object. In order to provide a zoom effect, the main lens
is set to 45 mm, and the focal point is placed on number 5 in the tape measure. In a closely or
remotely refocused image, processed images show that each end of the tape measure are
relatively blurred. An outdoor test is also performed to confirm the characteristics of the
camera in places where the light intensity is high. The exposure time is reduced due to strong
light intensity. A nearly refocused image shows that the left tree of the image exhibits high
sharpness. However, the sharpness of the second tree is high at a distant refocused image. In
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summary, even in different ambient light and main lens conditions, the hand-crafted light-
field camera produced by our PDMS MLA functions poorly with primitive light-field
properties (Table 2).

Table 2. Detailed camera measurement parameters

Main lens focal

length Exposure time ISO film speed
Billiard 35 mm 1/320 1SO-800
Tape measure 45 mm 1/80 1SO-800
Tree landscape 45 mm 1/4000 1SO-800

4. Conclusions

In summary, we presented a cost-effective fabrication strategy for a geometrically engineered
polymeric microlens array (MLA) based on a replica molding process by using a quartz mold.
The quartz mold was easily fabricated via conventional semiconductor processes such as
deposition, photolithography, and dry/wet etching steps. Initially, 700-nm thick Poly-Si layers
were formed on both sides of a quartz substrate by chemical vapor deposition process.
Subsequently, photolithography and dry etching process were performed to determine the
lattice pattern and penetration via holes for the wet etching process. Subsequently, the dry-
etched quartz substrate was immersed in a hydrofluoric acid (HF) bath and potassium
hydroxide (KOH). In the wet etching step, the Poly-Si hard mask was removed via the KOH
solution, and thus a uniform quartz mold with a large radius of curvature (RoC) and low sag
height was implemented in a large-scale. The consecutive semiconductor processes provide a
structural wide tuning range (i.e., RoC, sag height, density, and lattice pattern) of the quartz
mold and lead to the fabrication of a highly dense and fine-tuned polymeric MLA. We used
the engineered polymer MLA to assemble a customized hand-crafted light-field camera based
on a commercial digital camera to demonstrate the applicability of our MLA as an
unconventional optics for light-field imaging. As a demonstration, we obtained a micro array
image via our light-field camera and digitally processed the raw image to convert it into a
refocused image. Given the set of refocused images, we finally generated an all-in focus
image that does not exhibit a blurred part in the image. Therefore, it is expected that the
proposed fabrication scheme for widely controllable MLAs will be applied to diverse
applications of micro optical devices including light-field imaging.
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