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ABSTRACT: This work reports a novel method for monolithic fabrication
of high numerical aperture polymer microlens arrays (high-NA MLAs) with
high packing density (PD) at wafer level. The close-packed high-NA MLAs
were fabricated by incorporating conformal deposition of ultrathin fluoro-
carbon nanofilm and melting the cylindrical polymer islands. The NA and
PD of hemispherical MLAs with a hexagonal arrangement increase up to
0.6 and 89%, respectively. The increase of NA enhances the lens trans-
mission securing the beam width down to 1.1 ym. The close-packed high-
NA MLAs enable high photon collection efficiency with signal-to-noise

ratio greater than 50:1.
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olymer microlens arrays (MLAs) are being widely utilized

for optical sensors," ™ 3D displays,** lighting devices,®””
4D light-feld cameras; microscopes,'®"> and photovoltaic
cells,"*'* as well as in optofluidic lab-on-a chip devices.'>'®
From a practical standpoint, increasing both numerical aperture
(NA) and packing density (PD) of MLAs spurs remarkable
augmentation of light collection or extraction efficiency.”'”"?
Consequently, the batch fabrication of such MLAs drives the
integrated optical systems in high photosensitivity at low cost.
For instance, monolithic polymer MLAs with high NA provide
substantial benefits for improving photon collection onto the
image sensor arrays (ISA) of charge-coupled device (CCD) or
complementary metal—oxide—semiconductor (CMOS). Fur-
thermore, polymer MLAs with high packing density ensure
high signal-to-noise ratio detection while increasing the pixel
density of ISA. Among many different methods for mono-
lithic integration of refractive polymer MLAs, a resist melting
method, ie, thermal reflow of cylindrical polymer micro-
patterns over the glass transition temperature (T,) to form the
lenslets by the surface energy minimization,'” has been widely
used in industrial applications owing to the facility of direct
inte%ration, large area fabrication, and precise alignment with
ISA."%Y In practice, however, technical realization of high-NA
MLASs simultaneously without sacrificing the packing density is
still challenging in using conventional resist melting methods.
The lenslet profile substantially depends on the surface energy
of a substrate, whose high surface energy hampers the mono-
lithic fabrication of close-packed high-NA MLAs due to the
union between adjacent micropatterns during the resist melt-
ing.”® As a result, conventional resist melting is still challenging
in forming close-packed high-NA MLAs. Although previous

-4 ACS Publications  © 2015 American Chemical Society

2160

29-31

methods using the hydrophobic effect can offer the direct
fabrication of high-NA MLAs on the hydrophilic domains with
multiple dipping of the patterned chip into the monomer
solution, NA is still limited below 0.42. In addition, the
technical difficulty in the precise control of monomer volume
hampers high-PD MLAs because of the coalescence of liquid
droplets in that the minimum gap between microlenses is
limited by the standard photolithographic resolution (4 = 365
nm). The fabrication of close-packed high-NA polymer MLAs
have been more recently demonstrated by employing soft-
lithographic replication of MLA templates resulting from two-
step UV lithography,> microsphere lithography,”” and laser
ablation-assisted wet etching®® or direct laser writing.** How-
ever, all the previous methods still have technical difficulties in
simple control of lens profiles, low-cost large-area fabrication,
and precise alignment with ISA at wafer level.

This work reports the simple and monolithic fabrication of
close-packed high-NA polymer MLAs at wafer level. The batch
nanofabrication was done by melting cylindrical polymer micro-
patterns covered with plasma-induced fluorocarbon nanofilm
(FC nanofilm) as illustrated in Figure la. A positive tone
photoresist (AZ 9260, AZ Electronic Materials) was initially
defined as cylindrical micropatterns on a 4-in borofloat glass
wafer by using conventional photolithography. The FC nano-
film was conformally deposited on both the surfaces of micro-
patterns and glass substrate in ambient condition by incorporating
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Figure 1. Monolithic polymer microlens arrays (MLAs) with high numerical aperture (NA) and high packing density (PD). (a) Nano- and
microfabrication procedures of close-packed high-NA polymer MLAs by incorporating conformal deposition of fluorocarbon nanofilm and thermal
reflow. The lens profiles (diameter: Dy and height: H; ) and packing density of MLAs can be precisely controlled by the geometrical parameters of
cylindrical micropatterns (diameter: D¢ and height: H¢) of close packing. (b) SEM images of close-packed high-NA MLAs (middle) with the
interstitial gap spacing of ~200 nm between microlenses (bottom) after thermal annealing of close-packed polymer micropatterns with high aspect

ratio (top). Scale bar: 10 ym (top, middle, and inset panel).

plasma-induced polymerization of perfluorocyclobutane (C,Fy)
precursor under radiofrequency (RF) power of 150 W, helium
gas of 5 L/min, and C,Fs gas of 2 scem (IHP-1000, APP
Korea). Finally, the cylindrical polymer micropatterns were
melted and hardened by thermal cross-linking at 180 °C for
30 min in a convection oven. Note that the lens profile
(diameter: Dy and height: H; ) and the packing density (PD) of
MLAs are determined by the geometrical parameters of
cylindrical micropattern (diameter: D, and height: H_.). The
SEM images clearly demonstrate close-packed high-NA MLAs
successfully fabricated from close-packed cylindrical micro-
patterns with high aspect ratio without the union securing the
nanogap between polymer microlenses unlike conventional
resist reflow methods (Figure 1b).

The FC nanofilm plays a crucial role in the uniform forma-
tion of close-packed spherical MLAs during thermal reflow.”®
The surface contact angle of deionized water on a glass sub-
strate increases from 15 to 110° as the FC nanofilm increases
from 0 to 4 nm in thickness, which was measured by using a
spectroscopic ellipsometer (M2000D, Woollam). Moreover,
the FC nanofilm provides the substrate independent hydro-
phobicity. In particular, the FC nanofilm over 4 nm in thickness
effectively provides hydrophobic effect on the substrate without
regressing to the hydrophilic state due to high temporal stability
(see Figure S1 in the Supporting Information). The SEM
images show the normal lens surfaces (top), the planarized
surface after the lens union (middle), and the high-NA lens
surfaces (bottom) after melting the polymer cylinders with and
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without the presence of FC nanofilm, respectively (Figure 2).
The lens profiles extracted from the cross-sectional SEM
images by using ImageJ software clearly demonstrate that the
initial FC thickness of 4 nm effectively secures the spherical
profile of MLAs after thermal annealing without the union
between densely packed cylindrical micropatterns with a gap
spacing (i.e, Go/D¢) of 0.24 (Figure 2). Conventional poly-
mer micropatterns are transformed into normal microlenses
with 0.12 of the aspect ratio (AR), i.e., Ho/D¢, however, they
become directly merged due to the rapid increase of the initial
D as the AR slightly increases up to 0.21. High surface energy
of the substrates causes rapid spreading of D; with the small
increase in AR, thereby hindering both the precise control of
lens profile and the increase of PD. In contrast, this hydro-
phobic FC nanofilm offers the uniform formation of high-NA
MLAs without sacrificing the PD for cylindrical micropatterms
with high AR over 0.63 while securing excellent surface quality
with surface roughness of 2 + 0.1 nm (see Figure S2 in the
Supporting Information). Consequently, the FC nanofilm-
assisted thermal reflow (FC-reflow) further delivers great
advantages for high-NA and high-PD MLAs unlike conven-
tional methods.

The lens size, ie., the diameter Dy and the height Hj, of
a spherical microlens can be simply determined by the initial
AR of a cylinder micropattern according to the contact angle
between a microlens and a substrate (Figure 3a and Figure S3
in the Supporting Information). The experimental results show
the relationship between the AR and the y/#, where y and 7
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Figure 2. Fluorocarbon nanofilm coated high-NA polymer MLAs without the union between cylindrical polymer micropatterns during thermal
reflow: Different lens profiles on the glass substrate after thermal reflow depending on the aspect ratio of polymer cylinders in close packing with the
Gc/Dc of 0.24 (left panel). The cross-sectional SEM images of normal lens surfaces (top), planarized surface (middle), and hemispherical lens
surfaces (bottom) with and without the presence of 4 nm thick FC nanofilm (right panel). Scale bar: 10 ym.
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Figure 3. Numerical aperture (NA) and packing density (PD) of polymer MLAs. (a) NAs and y/#, i.e,, ¥y = H /H¢ and = D /D¢, of conventional
and FC-reflow enabled MLAs depending on the aspect ratio (AR) of initial cylindrical micropatterns. (b) The design rule for controlling the
interstitial gap spacing between microcylinders (Gc/D¢) depending on the AR for closely packing of high-NA MLAs (depicted as check boxes in
red) and normal MLAs (depicted as blue) without the union between microlenses, where the blank circles and filled circles indicate the minimum
G¢/Dc for zero of Dy. (c) NA and PD of polymer MLAs by using FC-reflow depending on the aspect ratio (AR) from G¢/D¢ of 0.24. SEM images
of polymer MLAs with 0.594, 0.596, and 0.6 of NA resulting from 0.31, 0.47, 0.63 in AR for the initial cylindrical patterns, respectively.
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Figure 4. Photon collection enhancement of close-packed high-NA MLAs. (a, b) 3D optical sectioning of coupled light (4: 532 nm) and PSFs
through conventional and hemispherical MLAs depending on NA. (c) Intensity profiles along the line between the foci of high-NA MLAs depending

on PD.

correspond to a ratio of H; /H¢ and D, /D¢, respectively. For a
constant diameter of a microlens, the thicker the H the higher
the Hy, which results in increasing the NA of a spherical micro-
lens as long as Hj is smaller than half the D;. For instance,
a spherical microlens has the maximum NA at D; = 2H] as
shown in the below

D
NA = (n—1)—=
2R,

4H,D,
4H* + D’

oo

4(%)2(AR)2 +1

=(n-1)

=n-1)
(1)

where R is the radius of curvature, n is the refractive index
of lens polymer, and AR is the aspect ratio of the cylinder
micropattern, ie., Hc/Dc. However, a small contact angle
between the polymer melt and the conventional substrate
during thermal reflow still hampers the increase in NA because
the increase in 7 is relatively higher than the reduction in y for
high AR. For example, the NA slightly increases from 0.38 to
0.43 as the AR increases from 0.11 to 0.18, of which the
increase is limited by the contact angle of lens polymer in a
viscous flow state on the glass substrate. In contrast, the
experimental results successfully demonstrate that thermally
stable FC nanofilm substantially reduces the increase of 7 due
to the decrease of the substrate surface energy and therefore
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substantially increases the NA up to the theoretical maximum
of 0.6 (from the refractive index of lens polymer, n, 1.6).° In
addition, a ratio of the initial gap spacing (Gc) between
cylindrical micropatterns to the D, i.e,, Gc/Dy, is also a crucial
factor for increasing the PD of MLAs during thermal reflow.
Figure 3b presents a design rule for the monolithic fabrication
of close-packed high-NA MLAs as a function of AR. The blank
circles and filled circles were plotted by 1 — # according to
Gc + D¢ = Gy + nDc, assuming the G is O for the normal
reflow and the FC-reflow, respectively. For example, closely
packed high-NA MLAs with G¢/D¢ of 0.07 can be achieved
from the cylindrical micropatterns of 0.3 to 0.4 in AR (area
depicted as check boxes in red). However, the conventional
reflow method significantly hinders the increase of both NA
and PD due to the difficulty in the precise control of small AR
below 0.1 (area depicted as blue), resulting in the lens union for
over the AR of 0.1. Consequently, this experimental result
clearly indicates that the pixel density of ISA can be further
increased by virtue of the closely packed high-NA MLAs with
the minimum initial G¢. Herein, the critical dimension (CD) of
the G¢ can be decreased by using advanced photolithography
such as deep-ultraviolet (DUV) lithography. Furthermore, the
increase of AR simply enables the monolithic fabrication of
polymer MLAs both high NA and high PD. The experimental
results demonstrate the PD of MLAs with a hexagonal arrange-
ment linearly increases from 62 to 89% as the AR increases
from 0.31 to 0.63. It is because the Dy spreads from 21.4 to
25.8 pum while the lens gap (Gp) significantly reduces from
4.6 to 0.2 um (Figure 3c and Figure 1b). The lens pitch (Px)
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remains constant to 26 ym. Note that the hexagonal arrange-
ment of circular microlenses provides the maximum packing
density of 90.7%, assuming no gap between the lenses.”® The
experimental results also demonstrate that the NA increases up
to 0.6 from the AR of 0.63.

The optical performance of close-packed high-NA MLAs was
measured depending on NA and PD. First, the lens transmis-
sions of hemispherical MLAs and normal MLAs were char-
acterized with a modified confocal laser scanning microscope
(CLSM) by sequentially imaging the optical sections alon%
the focusing beam under a collimated laser beam at 532 nm.”
The CLSM (LSMS510, Carl Zeiss GmbH) images in x—y plane
indicate the excellent spatial uniformity of beam spots at foci of
spherical high-NA MLAs. The optical sections in x—z plane
also show the focal length (f) of MLAs decreases as the NA
increases (Figure 4a). The measured focal lengths were 32, 32,
and 21 ym for MLAs depending on the NA of 0.38, 0.40, and
0.60, respectively. The experimental results well match with the
calculated focal lengths of 31.3, 31.4, and 20.9 ym based on f =
D, /2NA. The point spread function (PSF) was then extracted
from the beam spots of individual microlenses. The PSFs
clearly demonstrate the light intensity increases by 60% as the
NA increases from 0.38 to 0.6 whereas high-NA MLAs (NA:
0.6) secure the beam spot diameter down to 1.1 ym (full width
at 1/e* maximum), which is the smallest size ever reported.
Figure 4b also clearly demonstrates that further dense packing
of high-NA MLAs enables high signal-to-noise ratio (SNR)
detection over 50:1 by maximizing the photon collection effici-
ency, i.e., the enhancement of light transmission through high-
NA microlens and the sharp cutoff of noise passing through the
microlens intervals at a subwavelength scale.

In summary, this work successfully demonstrates a simple
and effective method for monolithic polymer microlens arrays
with both high NA and high PD at wafer level by melting
the cylindrical polymer micropatterns after the conformal
deposition of plasma-induced FC nanofilm. The lens shape can
be precisely controlled by the FC nanofilms serving as a hydro-
phobic layer. Furthermore, the lens size and the PD for close-
packed high-NA MLAs were simply determined by the single
control variable of AR. The close-packed high-NA MLAs
exhibit high PD and NA up to 89% and 0.6, respectively.
The results clearly demonstrate that further close packing of
high-NA MLAs increase the SNR of 50:1 due to the significant
enhancement of photon collection efficiency. To the best of our
knowledge, this MLA offers the highest figures of merits among
the close-packed high-NA MLAs ever reported up to now,
considering NA, beam diameter, PD, and large-area fabrication
cost at wafer level. This simple method can provide great
potentials for diverse optical applications such as high resolu-
tion imaging and projection lithography systems, solid immersion
lenses (SIL), and more. Besides, close-packed hemispherical
MLAs and their replicas can be further extended toward
fully integrated micro total analysis systems (uTAS) for high-
throughput screening and highly sensitive detection.

B ASSOCIATED CONTENT
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The experimental results support ultrathin fluorocarbon nano-
films (FC nanofilms) provide hydrophobicity regardless of
what substrates are used (Figure S1). The experimental results
support FC nanofilms secure smooth surfaces of microlens
arrays (Figure S2). The numerical and experimental results
support the quantitative estimation of lens profiles by using an
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analytical model for resist melting (Figure S3). This material is
available free of charge via the Internet at http://pubs.acs.org/.
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