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Fabrication of Microlens Arrays with High Quality and High

Fill Factor by Inkjet Printing
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Microlens arrays (MLAs) have a variety of applications in, e.g., display sys-
tems, projection optics, and sensors. They can be manufactured by various
fabrication methods. Among all, inkjet printing stands out because it offers

a straightforward, versatile, and low-cost fabrication route. However, extra
manufacturing steps such as photolithography are so far involved to pre-
structure the substrate in order to improve the uniformity of the printed
MLAs and achieve a high fill factor (FF). In this study, the fabrication of MLAs
is reported on unstructured substrates by inkjet printing using an optimized
UV-curable ink on top of self-assembled monolayers (SAMs). The latter
allows for tuning the surface free energy and thus the aspect ratio of the
microlenses. The high uniformity of the printed MLAs is demonstrated by the
automatic quantitative evaluations, where the standard deviations of the radii
are below 2.5% and of the sag heights are less than 3.9%. An unprecedented

1. Introduction

A microlens array (MLA) is an essential
miniaturized component in micro-optical
systems due to its advantages of high
compactness and integration, small size,
and designable optical properties.!! With
the ability to shape, focus, and diffuse a
light beam, MLAs have been widely used
in various applications such as light-
emitting diodes (LEDs),!l sensors,’! solar
cells,™ light field cameras,P! anticounter-
feiting,l lithography,” and lasers.®l In
these devices and systems, MLAs with
a high fill factor (FF) are key to boosting
the light collection/extraction efficiency or

FF of 88% amongst all inkjet-printed MLAs on unstructured substrates is
achieved. Digitally controlled large area fabrication is demonstrated, both,
on rigid as well as on flexible substrates, opening a pathway for customized

microoptics by additive manufacturing.
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improving imaging resolution.’)

Different fabrication methods have
been developed to fabricate high-FF
MLAs. One approach is the thermal
reflow method, where an MLA is obtained
by applying heat to reshape a micro-
disc array previously fabricated by litho-
graphy!'”! and laser catapulting.'! Compared to the photolith-
ographic process, which involves multiple fabrication steps
and relies on the photomasks, laser catapulting is a technique
that allows for rapid and maskless manufacturing. However,
the thermal reflow process requires high temperatures, and
it is challenging to fabricate microlenses (MLs) with high
numerical apertures (NA).'2l Other approaches, including hot
embossing,¥! electrowetting, and soft lithography!™ have
been adopted to fabricate MLAs with a FF of nearly 100%. How-
ever, these approaches do not allow for additive manufacturing
on various substrates and fast prototyping of MLAs.

Alternatively, direct laser writing as an additive manufac-
turing technology enables the maskless fabrication of high-FF
MLAs with high precision.'®l However, the need for systems
with high complexity and ultrafast lasers leads to high costs,
and the sequential voxel-by-voxel method has limitations in the
throughput. In contrast, inkjet printing, which also allows for
maskless additive manufacturing of MLAs, offers a variety of
advantages.[2V] First, inkjet printing is a straightforward and
versatile process where the fabrication of MLAs is digitally con-
trolled in a real-time manner, which allows for fast prototyping
of MLAs. Second, only the material amount needed for the MLs
is used in printing, thereby preventing the material waste to a
large extent and improving the cost-effectiveness. In addition,
inkjet printing is a non-contact technique, and the printing
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process can be easily transferred to different substrates. Last
but not least, the inkjet printing process is capable of upscaling
by applying more nozzles or multiple printheads and therefore
enabling high throughput and mass production of MLAs.

However, obtaining MLAs with a high FF by inkjet printing
is very challenging. Usually, a slight deviation in the posi-
tioning of the ink droplets leads to the merging of adjacent
droplets, which impedes the quality of the MLAs. Besides, the
volume shrinkage of the MLs due to solvent evaporation and
curing results in a lower FF. It is possible to fabricate MLAs
on unstructured substrates by inkjet printing, but only low uni-
formity and low FF have been achieved.'¥! And the FF realized
so far is much below the upper limit of a square-aligned cir-
cular MLA of 78.5%. To improve the uniformity and the FF of
the inkjet-printed MLAs, substrates are usually required to be
pre-structured to confine the jetted droplets spatially.'”] How-
ever, introducing the pre-structuring process, for example,
via photolithography, significantly increases the complexity of
the whole fabrication process, and the drawbacks outweigh
the advantages of using inkjet printing. Until now, a suitable
ink and a reliable printing process were yet to be developed to
enable the fabrication of high-FF MLAs by inkjet printing.

To the best of our knowledge, we here demonstrate MLAs
with unprecedented quality and a high FF of 88%, which has
not been previously achieved by inkjet printing without surface
structuring steps. The developed UV-curable ink and printing
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process improved the position accuracy of the MLs in the array
to a large extent. Moreover, the printed MLAs showed a high
uniformity, where the standard deviation in ML radii was less
than 2.5% and in sag height, it was less than 3.9%. Different
NAs of MLAs were achieved by using different self-assembled
monolayers (SAMs), showing the possibility of a continuous
tuning of the NA. Closely-packed MLAs in a hexagonal layout
were printed, where the high FF of 88% was realized by the
extremely low shrinkage of our UV-curable ink and the instant
in situ UV curing. With the developed ink and printing process,
we show the possibility to vastly reduce the fabricating costs
and process complexity while maintaining the FF of MLA at a
high level.

2. Results and Discussion

2.1. Ink Formulation and Fabrication of the Tunable MLAs

The schematic of the MLA inkjet printing is shown in
Figure 1la. The drop-on-demand (DOD) inkjet printer ejects
droplets at specific spots on the substrate. The liquid droplets
form a spherical lens shape due to the surface tension, and an
MLA is fabricated in this way. SU-8 was chosen as the ink mate-
rial due to its high transmittance above 360 nm wavelength and
high chemical resistance.?% In order to adjust the viscosity of
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Figure 1. a) The schematic of the MLA inkjet printing process. b) The jettability window in Re—We coordinated system. Each solid line represents an ink
with different velocities. The white area indicates the printable window. c) The refractive indices (blue lines) and extinction coefficients (orange lines)
of thin films printed with Ink-20 and Ink-25, measured by ellipsometry. d) Left side: the fabrication process of printed MLAs. Right side: different CAs
of the ink on the substrates treated with different silanes. Orange dashed lines: top surfaces of the substrates.
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the ink to the suitable range for inkjet printing, diluents have
to be added to the ink. Here, a reactive diluent was added to
the ink to circumvent drying effects like the coffee-stain effect
caused by the solvent evaporation, as shown in Figure S1, Sup-
porting Information. The FF of an MLA is defined as the ratio
of the area covered by MLs to the total area of the array. In order
to achieve a high FF by inkjet printing, it is necessary to mini-
mize the shrinkage ratio of the MLs after UV curing and post-
exposure bake. Therefore, SU-8 2150, with the highest solid
concentration among all SU-8 products, was used as the main
component in ink. The reactive diluent Erisys GE-20, which
cross-links with SU-8 molecules under UV exposure, was used
to decrease the ink’s viscosity to achieve a suitable viscosity for
inkjet printing while maintaining a small volume shrinkage
ratio, as shown in Movie S1 and Figures S2 and S3, Supporting
Information. To obtain MLAs with uniform shapes, it is neces-
sary for the droplets ejected from the printer to have the desired
shape where no satellite droplets were formed. Here, the satel-
lite-free droplet formation was realized using the developed ink
and a customized waveform, and the side view of a droplet can
be seen in Figure S4, Supporting Information.

In order to find the optimal ratio between SU-8 and the
reactive diluent, inks with different SU-8 concentrations were
prepared. The rheological properties of these inks are listed in
Table 1. As can be seen from Table 1, when the concentration
of SU-8 increases from 10% to 35%, the viscosity increases
significantly from 13.96 (£0.16) mPa-s to 40.15 (+0.09) mPa-s
at 40 °C (maximum print head temperature). At the same
time, there is a very slight variation in the density and the
surface tension. In addition, an increase in the contact angle
(CA) of the ink droplet on the glass substrate was observed
with increasing viscosity, as shown in Figure S5, Supporting
Information.

From the rheological properties, a set of dimensionless con-
stants, including Reynolds (Re), Weber (We), and inverse Ohne-
sorge (Z) numbers can be calculated and are used to determine
the ink jettability:2122

pvl
Re=— 1
. ()
2
We pvl )
Y
7oL _ Re il
Oh JWe n (3)

Table 1. Rheological parameters of SU-8 inks in different concentrations.
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where 7 1, and p are the surface tension, dynamic viscosity,
and density of the ink, respectively. v is the droplet velocity.
is the characteristic length (i.e., nozzle orifice size of 21.5 um),
and Oh is the Ohnesorge number. The Z number has been
identified as a key parameter. Low Z values indicate that the
ink viscosity is too high to be ejected by the nozzle, while high
Z values indicate a nonsufficient ink viscosity which leads to
many satellite droplets.?)l A range of 1< Z < 10 was proposed
to be suitable for jetting.?! Moreover, two additional constraints
have to be considered. The first is a minimum We value of 4 to
ensure sufficient energy for droplet ejection.?!! The other con-
straint, Wel/2 Re/* > 50, is the threshold for the onset of droplet
splashing upon ejecting on the substrate.? With all the afore-
mentioned constraints, a map in the We—Re space can be con-
structed, as shown in Figure 1b. The white region in the middle
indicates the printable region. In addition, the SU-8 inks listed
in Table 1 are plotted in this map, where each solid line rep-
resents the jettability of one ink at different ejection velocities.
It can be seen that Ink-30 and Ink-35 are too viscous and thus
are outside of the printable region, whereas all other inks are
within the printable region. The printability of the inks was fur-
ther validated experimentally. Stable droplet ejection was pos-
sible with Ink-10, Ink-15, Ink-20, and Ink-25. In contrast, the
droplet ejection was not stable with Ink-30 and there was no
droplet ejection with Ink-35, as can be seen in Movie S2, Sup-
porting Information. Therefore, an upper limit of the SU-8 con-
centration of below 30% was defined to ensure stable droplet
ejection.

The lower limit of the SU-8 concentration is constrained
by the UV-curing process. With the increasing concentration
of the reactive diluent, a higher UV-exposure dose is needed.
Using the methods described in Experimental Section, it was
found that Ink-10 and Ink-15 are not curable with 385 nm due
to the low amount of SU-8. As for the other two printable inks,
Ink-25 needs much less UV exposure time (3 min) than Ink-20
(10 min). In addition, the ink materials’ refractive indices
and extinction coefficients in the wavelength range of 400 to
1200 nm were measured as a thin film by spectroscopic ellip-
sometry, and the results are shown in Figure 1lc. The refractive
indices decrease with increasing wavelength and become more
similar to the glass’s refractive index. Besides, the extinction
coefficients of light above 400 nm are minimal and thus lead
to low optical losses. The Ink-25 film shows a slightly higher
refractive index than Ink-20, and at the same time, lower light
loss occurs with Ink-25 film. Therefore, the further study in
this work was carried out with Ink-25, and the term “ink” in the
following texts refers to Ink-25.

Ink SU-8 wt.% Density [g cm™] Surface tension [MN m™] Viscosity @ 40 °C [mPa-s] Ink validity
Ink-10 10% 1.0850 £ 0.0017 35.99+£0.18 13.96 £0.16 Not curable
Ink-15 15% 1.0893 +0.0058 35.48 £0.21 14.69 £ 0.07 Not curable
Ink-20 20% 1.0907 + 0.0012 35.06 +£0.12 16.61+0.05 Printable, curable
Ink-25 25% 1.0963 £ 0.0085 34.51+0.16 23.35+0.06 Printable, curable
Ink-30 30% 1.0997 + 0.0039 34.65+0.35 30.34+£0.08 Not printable
Ink-35 35% 1.1101 + 0.0073 35.50+0.22 40.15+0.09 Not printable
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The fabrication process of MLAs with different NAs is illus-
trated in Figure 1d. First, a SAM film is formed on the glass
substrate by spin coating. In this work, four different types
of silanes, that is, 3-aminopropyltriethoxysilane (APTES), tri-
ethoxyphenylsilane (TEPS), trimethoxy-(3,3,3-trifluorpropyl)-
silane (TTFPS), and triethoxyoctylsilane (TEOS), were used for
demonstration. Those molecules were chosen due to the large
variety of their surface-free energy (SFE). As the right side of
Figure 1d shows, each silane consists of three anchor groups
and one customizable side chain, which can be modified to
adjust the resulting SFE of the substrate.?l The different SFEs
then lead to different static CAs of the ink droplet on the treated
substrate, where the CA rises from 13.0° on APTES to 40.4°
on TEOS. It is worth mentioning that there are more silanes
that can be used to decrease the SFE to even lower values than
TEOS, and thus the aspect ratio of the lenses can be potentially
tuned even further. After the SAM deposition, the MLs are
printed directly on the surface. This is followed by UV curing
and a post-exposure baking process.

2.2. Automated Evaluations of the Printed MLAs

The microscope image of a printed MLA in a square layout is
shown in Figure 2a. As can be seen, the MLA shows a very high
uniformity in shape and alignment. The transmittance spec-
trum of such an MLA can be found in Figure S6, Supporting
Information. Besides, the atomic force microscopy (AFM)
image of a small area on an ML can be found in Figure S7,
Supporting Information. The surface of the inkjet-printed MLs

©000000000000¢
000000000000¢ >
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is very smooth, which is indicated by the RMS roughness of
300 pm. Figure 2b shows the 3D surface profile of four MLs
measured by confocal microscopy.

To evaluate the MLAs quantitatively and with meaningful
statistics, the printed MLAs were then assessed with a custom-
developed automated evaluation process.?®! The sag height
information of the MLs can be extracted from the 3D optical
profile of MLAs, as can be seen in Figure 2c. The algorithm
estimated the tilt of the sample substrate surface caused by
the slight tilt of the microscope stage. The profile image was
then de-tilted and zero-leveled. The sag height values were
then calculated by measuring the local maxima. The radii of
the MLs were evaluated using the light microscope images. To
obtain a global estimation of the radii of the MLs, the edges
are detected using the Canny algorithm. The closed regions
of the MLs are subsequently filled using a morphological fill,
as shown in Figure 2d. Using 1D sections of the filled binary
image, a radius estimation is obtained. This estimation is then
used to bootstrap a subsequent multi-scale Hough transform
to determine the precise center and radius of each ML individ-
ually. The sag heights and radii of the MLs printed on differ-
ently treated surfaces are shown in Figure 2e. The SFE of the
substrate is adjusted by the choice of the SAM. When the SFE
decreases, the radius of the ML decreases from 40.50 (+1.02)
um to 26.72 (+0.51) um, while the sag height increases from
3.36 (+0.13) um to 8.80 (+0.08) um as the deposited ink volume
was kept constant. The standard deviations of the radii are
below 1.02 um, and of the sag heights are less than 0.13 um.
On APTES, MLs with the smallest aspect ratio (0.08), which
is defined as the ratio of the ML sag height over the radius,*’]

Sag height (um)
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Figure 2. a) The microscope image of an MLA arranged in a square layout. Scale bar: 200 um. b) The surface profile of four MLs measured by confocal
microscopy. The color bar on the right side indicates the sag height range of the MLs. c) First row: 3D optical profile images of an MLA. Second and
third rows: height profiles corresponding to the red and blue paths in the first-row images. Left: original image. Right: de-tilted and zero-leveled image.
d) Evaluation of the radii of the MLs. Lower: Filled binary image with maximum radius evaluation after edge detection via Canny algorithm. Upper:
Binary profile of the red line indicated in the lower image. €) Radii (blue) and sag heights (red) of the MLs printed on differently treated substrates.
The error bar represents the standard deviation for more than 100 MLs. Fine-tuning of the values is possible by mixing two silanes. f) The profiles of

the MLs printed on differently treated substrates.
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can be obtained, while a relatively high aspect ratio (0.33) was
achieved by using TEOS as SAM film. Considering that only
four silanes have been studied in this work and the wide variety
of other silanes can be used for SFE tuning, it is possible to
fabricate MLs with a specific aspect ratio by choosing an appro-
priate silane. Higher aspect ratios can be achieved using silanes
which lead to lower SFEs than TEOS. Furthermore, fine-tuning
the aspect ratio is also possible by mixing two silanes for the
SAM.?8 The fine-tuning of the SFE by using a binary mixture
of TTFPS and TEOS can be seen in Figure S8, Supporting
Information. The profiles of the printed MLs on differently
treated substrates are shown in Figure 2f. The profiles were
reconstructed from the 3D optical profile images.

2.3. Fabrication of High-FF MLAs

In order to reach a higher FF, MLAs were printed in a hexagonal
layout, as presented in Figure 3a. To realize the minimal gaps
between MLs, the MLAs were printed in two runs. A scheme
of the printing paths can be found in Figure S9, Supporting
Information. First, the MLs in every other horizontal line were
printed and UV-cured in situ. Subsequently, the other half of the
MLA was printed following the same process. The UV-pinning
constrains the overflow of the first half MLA droplets, and there-
fore merging effects are much less prominent in the printing of
high-FF MLA. Figure 3D illustrates the geometry of a hexagonal
MLA, and the FF can be calculated following the equation:

Sag height (um)

www.advopticalmat.de

where r is the ML radius and P is the lateral pitch of the MLA,
that is, the distance between the centers of two neighboring
MLs. The radius r of the MLs on the glass substrate is 35.14
(£0.55) um. The minimum pitch P that we have reached was
71.35 pm with a printing resolution of 356 dpi. Accordingly, we
achieved a record FF of 88% of inkjet-printed MLAs in a fast
and straightforward way. Figure 3¢ shows the 3D surface profile
of multiple MLs in the hexagonal MLA. Figure 3d is the scan-
ning electron microscopy (SEM) image of the hexagonal MLA,
and the high uniformity of the peripheral regions of the array
can be seen.

2.4. Characterization of the Focal Lengths and Imaging
Capability of the Printed MLAs

The focal length is a crucial parameter of an ML. The sche-
matic of the setup for measuring the focal length is depicted
in Figure 4a. The measurement was carried out using a col-
limated light source. The MLAs were mounted on a motor-
ized precision linear stage driven with an accuracy of 1 um.
The convex side of the MLAs was facing towards the camera.
An objective lens and a CCD camera were used to magnify
and obtain the images. All components were aligned to the
same optical axis. During the measurement, the stage was
first moved to the position where the plane side of the MLA
was in focus. The MLA was then moved further away from
the camera to image the focal plane of the MLA. In the case
of a plano-convex thin lens, the relation between the focal
length and the radius of curvature is given by the following
equation:[?]

b

Figure 3. a) The microscope image of an MLA in a hexagonal layout. Scale bar: 200 um. b) The 2D geometrical model used for the calculation of
the FF with a hexagonal layout. P stands for the pitch between two neighboring MLs in the lateral direction, and r is the radius of the MLs. c) The 3D
surface profile of the printed MLA in a hexagonal layout. The color bar on the right side indicates the sag height range of the MLs. d) The SEM image
of a corner of a hexagonal MLA. Scale bar: 200 um.
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Figure 4. a) The focal length measurement system for the MLAs. b) The measured focal lengths (blue symbols with error bars) are compared to the
calculated focal lengths (red line) with respect to the radius of curvature of the MLs. The error bars represent the measurement errors. c) The image of
the focal plane. Scale bar: 100 um. d) The normalized intensity distribution of the light on the focal plane. e) The calculated tangential (T) (solid lines)
and sagittal (S) (dashed lines) on-axis MTFs of the MLAs on differently-treated substrates. The diffraction limit in the figure represents the theoretical
diffraction limit with the highest NA (0.38). f) The PTFs of the MLs on differently-treated substrates.

R
f=4 ©)

where f1is the focal length, R is the radius of curvature, and n is
the refractive index of the lens. Assuming the ML has a shape
of a spherical cap solely caused by the substrate-ink interaction
due to the surface tension,?!l the radius of curvature can be cal-
culated as:

h
; (6)

TZ

—+
2h

where r is the radius of the microlens and h is the sag height
of the microlens. From the values obtained from the auto-
mated evaluation (see Figure 2), the theoretical values of the
focal length can therefore be calculated. The measured focal

lengths and the calculated values are plotted in Figure 4b.
Using the four different silanes, the focal lengths range from
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65.3 to 426.7 um. The NA can be calculated using the following
expression:?¥

NA =n, sin 8 =n, sin| arctan (%] (7)

where ng is the refractive index of the surrounding medium
and @ is the halfmaximum angle of light acceptance. The
results can be seen in Figure S10. Accordingly, an NA of approx-
imately 0.09 was achieved by printed MLAs on APTES and the
value increases to 0.38 on TEOS. Figure 4c shows the focal plane
image of the MLA, and the intensity distribution of the focused
light spots on this plane is presented in Figure 4d. It can be
seen that on the focal plane, the light spots are uniformly dis-
tributed in a hexagonal pattern. Moreover, the intensity peaks
have equal heights and are evenly distributed in space.

In order to quantitatively characterize the imaging per-
formance of the printed MLAs, the on-axis optical transfer
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functions (OTFs) were calculated based on the measured point
spread function.? The amplitude of the OTF, that is, the modu-
lation transfer function (MTF), in both tangential (T) and sagittal
(S) planes are shown in Figure 4e. To take the MLA on the glass
substrate as an example, the MTFs curves on the T and S planes
are very close to each other, which indicates very low aberrations
caused by asymmetry, such as astigmatism of the lenses. In
addition, using the calculated NA values of the MLs, a compar-
ison of the measured MTF and the theoretical MTF for the indi-
vidual microlenses can be found in Figure S11. As can be seen,
the MTFs of different MLAs are all beyond 0.5 until the spatial
frequency of 50 cycles/mm, indicating a high-performance
imaging quality of the MLAs. Moreover, the phase transfer func-
tion (PTF), which is the phase of the OTF, was also calculated
for different MLs, and the results are shown in Figure 4f. The
PTF presents the asymmetrical aberrations and poor centering
of elements.?’l For an ideal and aberration-free lens, the PTF
is zero for all spatial frequencies and in all directions. The
absolute PTF values of the microlenses are all below /4 until
50 cycles mm™L, which also indicates a good imaging quality.

To have a more intuitive impression of the imaging capa-
bility of the MLA, some letters and patterns were imaged
directly by the printed MLAs. A similar optical setup was used,
in which the collimated light source was replaced by an illu-
minated object, as shown in Figure 5a. When the object was
a word “MLA”, the real image containing an array of “MLA’s
was captured by the CCD camera, as can be seen in Figure 5b.
The excellent image quality and the uniform distribution of
the miniaturized ‘MLA’s again indicate the high quality of the
fabricated MLA. Furthermore, when a square grid replaced the
letters, as shown in Figure 5¢, a clear and uniform image can
still be obtained through the MLA. The undistorted grids on the
sensor further indicate that the printed MLA has outstanding
geometrical and optical properties.

a

www.advopticalmat.de

2.5. Fabrication of MLAs on Large and Flexible Substrates

A vital advantage of the inkjet printing approach is the capa-
bility for large-scale fabrication of MLAs. In addition, a custom-
ized large area fabrication by printing, either in the form of
letters or arbitrary patterns, is possible. Two logos were printed
on a 10 cm x 10 cm glass substrate, as shown in Figure 6a. The
printed MLAs clearly display the defined patterns. Further-
more, our approach can be transferred to flexible substrates. To
demonstrate the flexibility and feasibility of the inkjet-printed
MLAs, MLAs were directly printed on polydimethylsiloxane
(PDMS) substrates, as shown in Figure 6b,c. The microlenses
were printed on a 10 cm X 4 cm PDMS band, and the band can
be easily twisted and bent. The microscope image of the MLA
printed on pristine PDMS is shown in Figure S12, Supporting
Information.

2.6. Discussion

With the method proposed in this paper, we have successfully
fabricated MLAs with a high FF and high uniformity by direct
inkjet printing. The ink and the printing parameters have been
optimized so that the jetting process is very stable and free
of satellite droplets. Therefore, the uniformity of the printed
MLAs in terms of both the shape of each microlens and the
alignment of the array has been improved to a large extent.
Based on the quantitative evaluations of the printed MLAs, the
standard deviations of the radii were below 2.5%, and of the
sag heights were less than 3.9%. Besides, due to the very low
solvent concentration in the ink, there is only a small volume
shrinkage or drying effects of the microlenses after curing.
Hence, the spacings between microlenses can be reduced dras-
tically, and a high FF can be achieved. Furthermore, with the

Objective lens + CCD camera

C

Figure 5. a) The optical imaging system for the MLAs. b) The image of the word “MLA”. Scale bar: 100 pm. c) The image of a square grid. Scale bar:

100 um. The objects have a height of =5 cm.
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Figure 6. a) The image of the MLA printed on a large glass substrate. Size of the substrate: 10 cm x 10 cm. The MLA is printed in the pattern of the
logos of the institutes. b) The image of the MLA printed on a PDMS substrate. Size of the substrate: 10 cm x 4 cm. The substrate is flattened. c) The
image of the MLA printed on a PDMS band. The PDMS band is twisted and bent.

accurate positioning of microlenses and the instant in situ UV
curing process, closely-packed MLAs in a hexagonal layout have
been fabricated. Therefore, our approach provides a straightfor-
ward and fast method for fabricating uniform MLAs with FFs
of up to 88% without surface pre-structuring steps. Addition-
ally, the aspect ratio of the microlenses can be easily controlled
by utilizing different SAMs, which adjust the SFE of the sub-
strate.?? Due to the commercial availability of a wide range of
silanes, there are various options for tuning the aspect ratio
and thus the NA of the MLs. Furthermore, it can also lead to
the substrate-independent fabrication of MLAs,?’! and hence
the fabrication process can be easily transferred to various sub-
strates, for example, flexible foils. Moreover, larger lenses can
Dbe easily fabricated either by depositing multiple droplets for a
single ML, as shown in Figures S13 and S14, Supporting Infor-
mation, or by using print heads with a higher droplet volume.

3. Conclusion

We have demonstrated the fabrication of MLAs by inkjet
printing. The FF of the fabricated MLAs can reach 88% by
using a modified SU-8 ink and in situ UV-curing. Different
NAs of microlenses have been obtained by applying different
SAMs on the substrate. Using the four selected silanes, the NA
can be tuned from 0.09 to 0.38. The printed MLAs show out-
standing uniformity and excellent imaging performance. With
the developed ink and printing process, MLAs can be fabricated
in a simple, cost-effective, and flexible manner, allowing for
customized patterns, different sizes, and mass production. It
is also possible to print MLAs on both rigid and flexible sub-
strates or even directly on top of optoelectronic devices, for
example, photodiodes and light-emitting devices, thus opening
a wide range of integration possibilities and applications.

4. Experimental Section

Substrate Preparation: The 22 mm x 22 mm borosilicate glass
substrates (Carl Roth) and the 10 cm x 10 cm glass substrate were
cleaned in an ultrasonic bath with acetone and then with isopropyl
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alcohol for 10 min each. The substrates were dried with nitrogen after
each step. These substrates were used as untreated glass substrates
in this work. Furthermore, different SAM substrates were prepared
as described in the previous work.?l In this work, four different
SAM-treatments  were investigated:  3-aminopropyltriethoxysilane
(APTES) (Acros Organics 99%), triethoxyphenylsilane (TEPS) (Sigma-
Aldrich > 98%), trimethoxy-(3,3,3-trifluorpropyl)-silane (TTFPS) (Sigma-
Aldrich > 97.0%), and triethoxyoctylsilane (TEOS) (Sigma-Aldrich 98%).
The flexible PDMS substrate was prepared by first mixing a pre-polymer
base of PDMS Sylgard 184 silicone elastomer (Dow Corning) with its
cross-linking curing agent in a 10:1 mass ratio.*® The thoroughly stirred
mixture was degassed in a vacuum desiccator for 30 min. Subsequently,
the degassed mixture was poured onto a clean glass plate and cured on
a hotplate at 100 °C for 30 min. The PDMS substrate was then carefully
peeled from the glass plate.

Ink Formulation and Inkjet Printing: The inks consist of SU-8 2150
(Kayaku Advanced Materials) diluted in reactive diluent Erisys GE-20
(Huntsman) with a concentration of 10, 15, 20, 25, 30, and 35 wt.%
for Ink-10, Ink-15, Ink-20, Ink-25, Ink-30, and Ink-35, respectively. The
reference ink Ink-Cyclopentanone (SU-8 with non-reactive diluent)
consists of SU-8 2150 (Kayaku Advanced Materials) diluted in
cyclopentanone (Sigma-Aldrich 299%) with a concentration of 25 wt.%.

Before printing, the ink was placed in an ultrasonic bath for degassing
for 10 min and then filtered using PTFE filters with a pore size of 0.2 um.
The inkjet printer (PixDro LP50) was equipped with a 10 pL cartridge
(Fujifilm Dimatix). The jetting frequency was kept at 1 kHz during
printing, and a customized jetting waveform was designed to obtain
satellite-free droplets at this frequency. During printing, one nozzle was
used for jetting. The print head temperature was set to 32 °C, and the
printing platform temperature was kept at 24 °C. After each printing run,
the MLA was exposed at 40 °C under a UV-LED (Hamamatsu) with a
central wavelength of 385 nm for 3 min. For the fabrication of high-FF
MLAs, the UV curing time was doubled to 6 min due to two printing
runs. The cross-linking process was completed with a subsequent post-
exposure bake at 95 °C on a hotplate for 10 min. The resolution of the
printing recipe determines the pitch between microlenses, and the
resolutions were 320 dpi x 320 dpi for the square layout of the MLA and
356 dpi x 278 dpi for the hexagonal layout. The entire fabrication process
was completed in a cleanroom, where the ambient temperature was at
21-22 °C, and the humidity was at 40-50%. The minimum exposure
time of the inks was determined using the UV-LED (Hamamatsu). After
printing, the MLAs were exposed at 40 °C under UV for different time
durations. Afterwards, the MLAs were post-exposure baked at 95 °C
for 3 min. Subsequently, the MLAs were rinsed in the SU-8 developer
(MicroChem) for 1 min. The MLAs were considered cured when the
structures were not washed after development. Besides, the MLAs were
considered as not curable if they were not cured after 1 h of UV exposure.
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Characterization: The complex refractive indices of the ink
materials were determined utilizing spectroscopic ellipsometry (VASE
ellipsometer, J.A. Woollam) and processed in the ellipsometric analysis
program WVASE (J.A. Woollam). The surface tension of the inks, the
static CAs of the ink on differently treated substrates, and the video
of the inks’ volume shrinkage in ambient conditions was measured or
recorded by a CA measuring system (OCA 50, DataPhysics Instruments)
under ambient conditions. The viscosity of the inks was measured by
a viscometer (m-VROC, RheoSense). The microscope images of the
MLAs were taken by a light microscope (Axioplan 2 imaging, Carl Zeiss)
equipped with a CCD camera (AxioCam I1Cc3, Carl Zeiss). The 3D optical
profiles of the MLAs in a square layout were obtained using a 3D optical
surface metrology system (Leica DCM8). The 3D optical profiles of the
MLAs in the hexagonal layout, the profiles of the printed thin films in the
coffee-stain effect comparison, and the profiles of the printed droplets in
the volume shrinkage study were measured by a 3D optical profilometer
(ContourGT-X, Bruker). The surface morphology was measured by
AFM (NanoWizard, Bruker Nano), and the surface RMS roughness
was analyzed with Gwyddion. The SEM images were taken by SUPRA
55 (Carl Zeiss) at 5 kV. The focal length measurement was completed
using a collimated LED light source at 530 nm (M530L4-C4, Thorlabs), a
precision linear stage (Owis), a 60x objective lens (NA 0.85), and a CCD
camera. And the 60X objective lens was replaced by a 40x objective lens
in the imaging test. The transmittance spectrum was measured with a
spectrophotometer (Lambda 1050+ UV/VIS/NIR, PerkinElmer) with an
integrating sphere module.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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