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Abstract: Structuring SU-8 based superparamagnetic polymer composite (SPMPC)
containing Fe;O4 nanoparticles by photolithography is limited in thickness due to light
absorption by the nanoparticles. Hence, obtaining thicker structures requires alternative
processing techniques. This paper presents a method based on inkjet printing and thermal
curing for the fabrication of much thicker hemispherical microstructures of SPMPC. The



Micromachines 2014, 5 584

microstructures are fabricated by inkjet printing the nanoparticle-doped SU-8 onto flat
substrates functionalized to reduce the surface energy and thus the wetting. The thickness
and the aspect ratio of the printed structures are further increased by printing the composite
onto substrates with confinement pedestals. Fully crosslinked microstructures with a
thickness up to 88.8 um and edge angle of 112° &+ 4° are obtained. Manipulation of the
microstructures by an external field is enabled by creating lines of densely aggregated
nanoparticles inside the composite. To this end, the printed microstructures are placed
within an external magnetic field directly before crosslinking inducing the aggregation of
dense Fe;O4 nanoparticle lines with in-plane and out-of-plane directions.

Keywords: inkjet printing; polymer; superparamagnetic SU-8; hemispherical structures;
thermal curing; low topographical confinement; magnetic anisotropy

1. Introduction

In the last two decades, SU-8 has proven to be of great value for microelectromechanical systems
(MEMS) fabrication thanks to its Young’s modulus of 4.02 GPa, chemical and mechanical stability in
addition to its simple wafer-scale processing, relatively low cost, and capability to reach high aspect
ratio [1]. It has already been successfully used for a broad range of applications, such as among others,
micro cantilevers [2], micro-optics [3], for microcapsule fabrication [4], as master for PDMS-based
microfluidic setups [5], or as stamps for bio-medical purposes [6]. SU-8 and its derivatives can be
prototyped by several methods, such as UV photolithography [7], two-photon polymerization [8], laser
writing [9], inkjet printing (IJP) [10], or a combination of those technologies [11].

Furthermore, the possibility to remotely act on microsystems, such as by using external magnetic
fields, shows a growing interest in various applications, for instance in-vivo medical devices, drug
delivery or remote sensing [12]. The fabrication of magnetic microactuators by maskless photolithography
based on photopolymer containing superparamagnetic nanoparticles (NP) has been recently
demonstrated by Kim et al. [13]. Suter et al. have developed an SU-8-based superparamagnetic
composite (SPMPC) containing Fe;Os NP presented in [14] which enables actuation, shown by
Ergeneman et al [15], and compatible with both shadow-mask photolithography [16,17] and
two-photon polymerization as shown Peters ef al. [18].

Due to high absorption of the i-line radiation by the NP, the transmission of UV light inside the
SPMPC is low, implying that its compatibility with photolithography is limited by the NP
concentration and to layer thicknesses of few micrometers. This limit has been pushed further by
Peters et al., reaching slightly more than 10 um with 5 vol % of NP using another photo initiator [19].
Alternatively, two-photon polymerization is well suited for multi-scale single structure prototyping but
still time consuming for parallel large-scale manufacturing. As a solution, drop-on-demand (DOD) 1JP
of polymers as a fast prototyping method allows maskless fabrication of various shapes [20], among
which hemispherical structures with enhanced profile. Confining the ink either by adjusting the surface
energy or topographically by edge confinement enables targeting specific aspect ratios and high
thicknesses [21-23]. Technically, confining a liquid drop by pinning its contact line on a convex edge
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can be done with edges whose minimum heights are as low as the length range of the polymer
chain [24,25]. Yet the confinement of inkjet printed micro drops has been so far described only on
much higher pedestals, 5 um [26]. Confinement on lower edges may be useful for a lot of applications,
for example in micro-optics.

This paper presents the fabrication by DOD IJP of fully cured SU-8 based SPMPC microstructures
(with 2 and 4 vol % of NP) by thermal crosslinking with high aspect ratio and thickness up to 88.8 pum.
The microstructures are printed on flat glass substrates and on 1.0 = 0.1 um high pre-patterned
confinement pedestals enabling increasing their heights and aspect ratio. Additionally, the printed
structures are brought into an external magnetic field, before thermally crosslinking the composite,
leading to preferential magnetic directions composed of dense NP lines. As an outcome of this work,
these structures can be used after release from their substrates for instance for fluid-mediated
self-organization or for directed self-assembly in an external magnetic field [27].

2. Experimental Section
2.1. Confinement Pedestals

The preparation of both substrates—flat and with the confinement pedestals—and their surface
treatment is schematized in Figure la. The fabrication of the substrates with confinement pedestals
starts with the cleaning and the surface activation of a purely amorphous SiO, wafer by a 4 min
oxygen plasma (TePla 300, PVA TePla, Kirchheim bei Miinchen, Germay), Figure 1a;. A 5 um-thick
layer of AZ9260 (from MicroChemicals) positive photoresist (PPR) is then spin-coated (EVG 150,
EVG (Electronic Visions Group), St.Florian am Inn, Austria), followed by a 200 mJ/cm® exposure
(Stiss MA/BAG6, SUSS MicroTec, Garching, Germany) and a development step (EVG 150). This
results in a mask composed of protective PPR disks of 100 um in diameter, Figure 1a,. The SiO; is
then etched for 8 min with reactive ion etching to pattern the substrate with the confining structures
(Alcatel 601, Alcatel, Paris, France). The PPR is finally removed in a commercially available remover
(SVC-14, Rohm and Haas, Philadelphia, PA, USA) and stripped by a 10-min oxygen plasma
(Tepla 300), Figure las. In contrast, the flat substrates are microscope glass slides whose surface are
also cleaned and activated by a 4-min oxygen plasma (Tepla 300), Figure la;. Both substrates are
finally silanized with Trichloro(1H,1H,2H,2H-perfluorooctyl)silanes (from Sigma Aldrich) in vapor
phase in order to reduce their surface energy, Figure 1aa.

The confinement pedestals, shown in Figure 1b, are fabricated by arrays of 10* on full 4” wafers.
One single wafer contains more than 10° 100 pm pedestals with a pitch of 200 pm. Part of a pedestal
array is shown by a scanning electron microscope (SEM) image in Figure 1b,c. The pedestal height has
been measured with a mechanical profilometer and shows an average value of 1.0 = 0.1 pm.
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Figure 1. Substrate preparation: (a) fabrication schemes and (b,c¢) results. (a;2) The
substrate is coated with a positive photoresist (PPR) mask by photolithography, then (a3)
etched and the PPR is stripped before (as) the application of an anti-sticking layer.
(b) Scanning electron microscope (SEM) side view image of a pedestal array and (c¢) zoom
onto one circular pedestal with a diameter of 100 um.
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2.2. Experimental Setup

The experimental setup, installed in a yellow-light lab, is composed of a Microdrop DOD IJP
station (Microdrop GmbH, Norderstedt, Germany) Newport motion stages (Newport Corporation,
Irvine, CA, USA), and a custom made Helmholtz coil setup, Figure 2. The DOD IJP tool, as described
in our previous work [23], makes use of a computer controlled piezo-actuated IJP head connected to
the ink reservoir. The substrate is mounted onto the stage composed of two linear axes allowing
printing onto defined locations. An additional rotational axis allows aligning the motions of the stage
with the two main perpendicular directions of pre-patterned arrays.

2.3. Fabrication Process

The printing of microstructures is schematically shown in Figure 2a. Prior to printing, the SPMPC
is diluted with gamma-Butyrolactone (GBL) and placed in ultrasonic bath for a minimum of 120 min
to disperse the NP. For stable SPMPC drop generation, the DOD IJP head is operated at a voltage of
120 V, with a pulse length of 40 pus and a frequency of 100 Hz. The substrate is moved by the stages
line by line producing a regular square array, Figure 2a. After the printing, the sample with
non-crosslinked polymer containing the magnetic NP is positioned inside the Helmholtz coil setup
where an external magnetic field of 8 mT is applied for 3 min. This allows aligning the NP into dense
magnetic lines, as shown in Figure 2b. Based on the thermally-initiated crosslinking of SU-8 at
temperatures > 137 °C and development not possible for soft-bake temperatures > 155 °C [28], a purely
thermally induced crosslinking without photo-activation is performed by a bake of 3 h at 160 °C. This
allows curing the structures and thus fixing the position and orientation of the magnetic lines within
the polymer matrix, Figure 2c. The structures are then ready to be released, depending on the targeted
application, as shown in Figure 2d.
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Figure 2. Fabrication process: (a) inkjet printing (IJP) of the SPMPC (b) exposure of
uncured superparamagnetic polymer composite (SPMPC) to an external magnetic field
provided by a Helmholtz coil setup (c) curing of the printed structures at 160 °C for 3 h in
the oven (d) final structures with programmed preferential magnetic directions.

d)
’g’

c)

i

3.1. Inkjet Printed Structures on Flat Substrates

3. Results and Discussions

The SPMPC has been first printed in the form of droplets onto the flat substrates, leading to
spherical cap shapes. This approach has still three limitations: (1) each specific surface treatment leads
to a specific spherical cap shape, which cannot be changed. An example of contact angle is shown in
Figure 3b with a drop printed on a silanized flat substrate having typical contact angle of 46.5° giving
an aspect ratio of 0.21. (2) The structure alignment within an array is mainly limited by the
reproducibility of the generated drop direction when ejected from the nozzle. An example of a
resulting misalignment is shown in the printed array of Figure 3¢ where structures of 130 um in
diameter deviate locally by few tens of micrometers. (3) The withdrawal of the printed drop—due to
the volume shrinkage—occurring during the solvent evaporation and the crosslinking is not controlled
leading to asymmetric structures and increasing the final misalignment. This withdrawal is nicely
shown by the 10 um-long NP agglomerates' traces left on the substrate after receding, Figure 3d.

Figure 3. Inkjet printed spherical structures onto silanized flat substrate (a) schematics and
(b) SEM side view of a printed drop with a typical contact angle after curing of 46.5°.
(¢) Top view optical images showing a printed array; their misalignment—resulting from
their random pinning line receding—is highlighted by the white straight lines, and the
crosses point out the misaligned structures. (d) Top view SEM images of the edge of one
printed structure and zoom showing traces of nanoparticle (NP) agglomerates (on silicon
substrate for imaging reasons with the same surface coating).

a) Flatsilanized
substrate
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3.2. High Aspect Ratio Structures on Confinement Pedestals

In order to increase the height of the crosslinked SPMPC structures by increasing and selecting their
final edge angle [23] and to overcome the three limitations discussed, the printing has been performed
onto pedestals. Indeed, the pre-patterned confinement pedestals are defining the final contour of the
structures controlling the evolution of edge angle and diameter during the volume loss, Figure 4a,b.
A complete study of these evolutions has been presented in our previous work [23] and by
Chen et al. [20,29]. Finally, the eventual misalignment within an array is solved by the self-centering
of the drops onto the pre-pattered pedestals (Figure 4c), so that the position accuracy of the structures
is given by the one of the pedestals. If large enough volume has been deposited, during curing the
volume reduction implies mainly a height reduction and negligible reduction of the diameter of the
spherical cap base. As a consequence, there is almost no recession for a drop covering the complete
pedestal, as shown with the three isolated microstructures in the SEM side view image of Figure 4d.
No recession implies preservation of the diameter and no traces left around the microstructures. The
structures shown in Figure 4 are confined on 1.0 = 0.1 um high and 100 pm in diameter glass
platforms. Aspect ratios up to 0.7 can be measured, with a height up to 88.8 um and a maximum
diameter of 125.6 um. As expected, the structures follow a hemispherical cap profile. The low height
of the confinement platforms is clearly demonstrated on the SEM image of Figure 4d, where a specific
case of a platform of 850 nm in height is shown.

Figure 4. Printed SPMPC spherical structures on confining pedestals (a) substrate scheme
and (b) side view SEM image showing edge angles of 112° + 4°. (¢) Top view optical
image of a 5 by 5 array printed on pedestals next to a 10-cents Swiss coin and inset of the
array, showing the well aligned microstructures. (d) SEM side view image showing three
isolated spherical structures and zoom into one confinement pedestal with the printed
structure; this specific example has a height of 850 nm, but the average height has been
measured at 1.0 £ 0.1 um.

a)  Silanized substrate with
confinement pedestals

[

3.3. Induced Preferential Magnetic Directions

Dense magnetic lines are induced into the inkjet printed structures by introducing them into a
magnetic field (Figure 1b—d) directly after printing. The time frame for this transition is critical.
Indeed, the solvents evaporate increasing the viscosity and decreasing the mobility of the NP. In order
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to evaluate the time window, an array of 20 x 20 hemispheres with a time shift of 1.45 s between each
structure was printed. Figure 5 shows selected structures of this array. The structures are numbered in
the array following their position. Structure #1 is the last that was printed, thus having the shortest time
shift between printing and applying the magnetic field. The higher the number is, the longer the delay
between printing and exposure to field. The transfer from the inkjet station into the magnetic setup
took 30 s. It can be discerned from Figure 5 that after the structure #55 the magnetic field was not able
to align the NP in the SPMPC any longer. This corresponds to a maximum print time of 2 min before
applying the magnetic field. This time window can be controlled as presented below. This limits the
number of printed structures with magnetic lines.

The crosslinking of the structures is performed by a bake of 3 h at 160 °C. However, during the
baking before the composite starts crosslinking, the SPMPC reflows although the samples are brought
directly to 160 °C with no ramp. As a first consequence, a fraction of the particle alignment is lost but no
influence on the Fe;O4 NP properties is expected [30]. This particle alignment reduction is revealed by
the slight blurring of the lines visible in Figure 6a showing the same microstructure before (Figure 6a
upper image) and after curing (Figure 6a lower image). A possible setup improvement allowing
reducing this effect is described below. In addition, the thermal reflow also induces a 20% reduction of
the structure diameter, as well revealed in Figure 6a. The contour of the structure which is slightly
asymmetric before curing—resulting from the solvent evaporation and pinning on substrate—becomes
round again. Nevertheless, the shape of the printed structure can be well controlled, as presented above
and described in [23].

Based on this approach, microstructures with either in-plane or out-of-plane magnetic lines have
been fabricated. Figure 6b—d shows microstructures with diameters of 250 um without as reference
(Figure 6b), with in-plane (Figure 6¢) and with out-of-plane (Figure 6d) magnetic lines.

Figure 5. Optical micrographs of the central part of some individual microstructures in a
20 x 20 printed array. The positions of the structures within the array are given by the
numbers. The scale bar is 50 pm.
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Figure 6. (a) Optical top view images of a printed structure before (upper image) and after
(lower image) thermal curing at 160 °C. Schemes of the field application and associated
top view optical images of the central part of the structures (b) without, (¢) with in-plane
and (d) with out of plane magnetic lines. The scale bar is 50 um.

3.4. Further Discussions and Improvements

There are still two limitations, (1) the throughput of this fabrication approach and (2) the reduction
of preferential magnetic directions during the thermal curing. The throughput is mainly limited by the
short-time window allowing the rearrangement of the NP while applying the magnetic field. As a
possible improvement, we foresee a setup improvement where all components—the inkjet printing
station, the magnetic setup and a hotplate for the curing of the structures—are combined together.
Through this approach, the magnetic lines could be induced into the complete printed arrays and
maintained by the magnetic field during the thermal curing. The overall throughput of the proposed
method and the preferential magnetic directions would be enhanced.

4. Conclusions

The drop-on-demand inkjet printing of superparamagnetic polymer composite containing Fe;O4
nanoparticles has been demonstrated for the fabrication of spherical cap structures onto flat and
pre-patterned glass substrates. By successfully confining the structures onto 1 pm high and 100 pm
wide pedestals their aspect ratio was increased by up to more than 3 times as compared to its value on
flat substrates. Thicknesses up to 88.8 um of fully crosslinked structures were reached. The low UV
transmission prohibiting photo-curing such thick structures was solved by thermally curing the
printed structures.

In a second phase, the printed structures were brought into an external magnetic field prior to curing
in order to rearrange the Fe;O4 NP into dense magnetic lines. Between inkjet printing and application
of the magnetic field, a maximum time window of 2 min was determined. Structures with in-plane and
out-of-plane magnetic dense lines were fabricated, leading to an anisotropic magnetic behavior once
brought into external magnetic fields. A targeted application is the remote control by magnetic
actuation of the free floating microstructures—after release from their substrate—in view of their
controlled fluid-mediated self-assembly.
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