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Abstract— Clogging problems from the aggregation of dispersed solutes have hindered the successful application of inkjet
printing for patterning ferromagnetic materials. Native ferromagnetic ink with complete solubility and proper surface tension
for inkjet printing has been lacking. Here, we report a metal-organic molecule with absolute solubility in dimethylformamide
(DMF) solvent, which can be successfully patterned using state-of-art inkjet printing technologies. The jetting parameters
for this ferromagnetic ink were systemically optimized and a series of patterns were successfully made on a variety of
substrates. These patterned ferromagnetic 2.5-dimensional structures showed ferromagnetic properties as experimentally

verified.

Index Terms—Magnetochemistry, additive manufacturing, metal-organic, 2.5-dimensional structures.

[. INTRODUCTION

Inkjet printing of magnetic materials with three-dimensional (3D)
structures has attracted wide attention in recent years [Li 2014, Wu
2010]. Due to its low cost and ambient processing features, inkjet
printing is one of the most attractive additive manufacturing methods
for fabricating flexible and miniaturized 3D microdevices [Sirring-
haus 2000, de Gans 2004, Kang 2010, 2012, Lee 2010]. Nanopar-
ticle ink was successfully adopted in drop-on-demand inkjet print-
ing, and various applications were achieved via this economical
plus easy-to-operate technique. However, it still suffers from clog-
ging problems with materials agglomeration during printing [Yung
2009]. Dispersion ink tends to aggregate due to its insolubility and
the dynamic viscosity changes as time passes and temperature in-
creases, causing materials to aggregate and subsequently clog the
nozzle. To address these challenges, metal-organic ink was developed
to enhance stability and dispersity by reducing the particle—particle
interaction, thereby decreasing the aggregation risk [Jahn 2008,
Elgammal 2016]. Metal-organic ink contains dissolved molecules
which are completely dissolved into solution rather than in suspen-
sion. Such ink does not undergo sedimentation in the inkjet noz-
zle, thereby improving printability. In addition, synthesized chemi-
cal precursors should possess solubility in regular solvents, excellent
adhesion to various substrates, and uniformity as multilayer films
[Mei 2005]. Surface tension of the inks should be between 30~ 70
mN/m, which should be sufficient to remain in the nozzle without
dripping and spread over the substrate surface to form continuous
films [ Yun 2009]. At the same time, the coffee-ring effect would influ-
ence the accuracy of the desired patterns [Wu 2015]. Therefore, it is
important to optimize the distance between each droplet. Determining
the optimized spacing length between each droplet has been widely
studied [Stringer 2009, 2010]. Substrate properties, solution adhesion
and other parameters are critical factors in the determination of the
droplet space.
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Promising magnetic materials and relative applications formed by
inkjet printing have been comprehensively studied. As soft mag-
netic material, NiZn-ferrite was developed to form the integration of
radio-frequency passive components with inkjet printing [Bissanna-
gari 2015]; a microelectromechanical system component was built
with superparamagnetic SU-8 [Jacot-Descombes 2014]; ferromag-
netic materials were also used to fabricate various types of microscale
devices by inkjet printing technology [Lee 2013]. Besides, magnetic
materials built by this additive manufacturing for numerous applica-
tions in wide fields have been reported, such as the radio-frequency
identification resonators [Marjanovic 2014], and electromagnetically
driven actuators that generated magnetic fields to stimulate the beam
[Ando 2016]. In biomedical applications, photonic crystal microchips
for detection of fluorescence analytes [Hou 2014] and circulating
tumor cells with sufficient magnetic force [Chen 2016] were also
obtained in this non-contact and mask-less printing technology. Fer-
romagnetic ring structure, also defined as ring-shape ferromagnetic
elements, contributed to manifold potential applications, including
cell culture arrays for biomedical research [Huang 2015], diluted
magnetic semiconductors [Nkosi 2013], and domain-wall conduits
[Donolato 2010].

As one of the most important transition metals with ferromagnetic
properties, cobalt-based materials have aroused much interest in struc-
turing magnetic components. Cobalt-based thin films based on inkjet
printing have been comprehensively studied [Lee 2013, Fittschen
2006, Shen 2006]. Thus, the development of 3D structural thin film
magnetic components for cobalt-organic molecular nanoparticles in
inkjet printing technology has become a priority. Unfortunately, there
is no report on inkjet printing of fully dispersed cobalt-based ferro-
magnetic ink to our knowledge.

Here, we report an additive manufacturing method for constructing
2.5-dimensional (2.5D) structure multilayer patterns with ferromag-
netic properties. To solve the material agglomeration problem, syn-
thesized cobalt-based molecular materials and a low volatility organic
solvent was combined as metal-organic ink during inkjet printing.
Revealed by vibrating sample magnetometer (VSM), scanning elec-
tron microscope (SEM), atomic force microscopy (AFM), magnetic
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Fig. 1. Magnetization loop at room temperature for cobalt-based or- i oy

ganic compound, H. = 50 Oe.

force microscopy (MFM) and optical surface profiler, the microstruc-
tures, magnetic properties, and the optimum parameters of printed
patterns were systemically studied.

II. MATERIALS

Cobalt-based organic material was synthesized via chemical meth-
ods [Mann 2011] and identified as Co(tpy)Cl, - MeCN in formula. The
ferromagnetic properties of this material were characterized by VSM
at room temperature as shown in Fig. 1. The result shows that the parti-
cles behave ferromagnetically with magnetic moments at 0.24 emu/g.
The coercivity is approximately 50 Oe as shown in the inset image of
Fig. 1.

lll. EXPERIMENT

The 0.5 mmol Co(tpy)Cl,-MeCN was dissolved into 1.5 ml
dimethylformamide (DMF). After sonication for 30 minutes, the mix-
ture solution was filtered with a syringe filter (0.22 pwm). Two types of
substrates, glass slides and silicon wafers, were cleaned with sonica-
tion in acetone, water, and methanol in sequence. An inkjet printing
head (model Microdrop MD-K-130) with nozzle diameter at 30 um
was used after mounting on a homemade X-Y moving stage with CAD
controls [Yung 2016]. The distance from the nozzle to the substrate
was fixed at 0.4 mm. The step spacing was 0.15 pum. Printing period
and delay for the droplets were 9650 s and 704 us, respectively. The
speed for the moving stage was fixed at 500 mm/min. During printing,
the substrates were heated up to 100 °C with a hot plate.

IV. RESULTS AND ANALYSIS

A. Optimized Droplet Spacing on Different Substrates

Patterns generated by overlapping individual drops were demon-
strated for studying the optimized dropping distance with glass slides
as substrates. Fig. 2(a) shows the optical microscopy image of multi-
line shape patterns with 80 pm droplet spacing. For comparison, the
image of line shape pattern with 110 pum distance is examined in
Fig. 2(b). As shown in Fig. 2(a) and (b), the diameter of the droplet
on the substrate was approximately 240 um on average. The pattern
in Fig. 2(a) was printed in the direction as the label shown in the left

Fig. 2. (a) Optical microscopy image of multi-line shape pattern with
80 um spacing distance. (b) Optical microscopy image of line shape
pattern with 110 um spacing distance. (c) Optical microscopy image
of one-line pattern on the glass slide. (d) Optical microscopy image of
one-line pattern on the silicon wafer.

corner and printed in different directions in Fig. 2(b). To distinguish
the intersection for each drop, the distances for each line were varied
in Fig. 2(a) and (b). The coffee-ring effect [Denneulin 2011] was sig-
nificant, where crystal-like materials dispersed on the boundary with
distinct marks left due to the solution drying. Cobalt-based nanoparti-
cles primarily concentrated on the edge of each drop. The latter droplet
overlapped the former droplet’s circle shape and formed another circle
shape with intersection. Since the distance for each line was smaller
than the diameter of droplet, intensive intersections occurred. How-
ever, in comparison with the patterns in Fig. 2(b), over-intersection
of droplets seriously influenced the accuracy of patterns where many
partial-ring marks were generated. Furthermore, there was not any
critical effect in different printing directions. In addition, compared
to Fig. 2(a) and (b), due to the different droplet-spacing distances,
the printed pattern on the left revealed more distinct boundary marks
caused by solvent drying.

To investigate the substrate influence, the Co(tpy)Cl,-MeCN
nanoparticles were inkjet printed onto glass and silicon wafers us-
ing identical parameters. The contact angles of the ink were measured
to be 17.6° for glass and 16.2° for silicon wafer. According to the
spreading ratio equation [Lim 2009a], the spreading ratio B was cal-
culated as 2.576 for glass and 2.650 for silicon wafer. As revealed
from the optical microscopy results in Fig. 2(c) and (d), the width of
the printed pattern in line shape was around 513 pm on the glass slides
and 804 um on the silicon wafer. The printed pattern in Fig. 2(c) re-
vealed higher contrast compared with that in Fig. 2(d). With identical
surface cleaning, the glass substrate exhibited unavoidable darkness
while the silicon wafer showed distinct brightness, which was due to
poor polishing of the glass slide [Dusza 2005]. In addition, higher
spreading ratio resulted in less evaporation time, so the printing con-
trast was enhanced significantly. The evaporation time is deduced from
the time evolution of the contact angle and shows an exponential de-
caying behavior with increasing substrate temperature [Girard 2006].
When the substrate temperature is moderately high, the drying time



IEEE MAGNETICS LETTERS, Volume 8 (2017)

2104405

Fig. 3.

(a) SEM image of particle on the glass slide. (b) SEM image of
particle on the silicon wafer. (c) SEM image of one-line pattern at the
edge in one-time printing. Inset is enlarged image. (d) SEM image of
one-line pattern at the edge in ten-time printing. Inset is enlarged image.
(e) SEM image of multi-line pattern in a 15° angle view in macroscopic
aspect. (f) Magnified SEM image of multi-line pattern in a 15° angle
view.

will be short enough to sustain growth of longer 3D structures. The
ideal substrate temperature would be higher than the critical floccula-
tion temperature [van den Berg 2007] but lower than the Leidenfrost
temperature [Ko 2010]. Meanwhile, the reason evaporation leads to
such a marked difference between the two substrates is the different
thermal conductivity [Lim 2009b]. At the same time, the microstruc-
tures of the printed patterns were analyzed with SEM characterization.
Fig. 3(a) and (b) present the printed patterns in the same condition
on glass and on silicon wafer. Cuboid structures were observed on
the substrate with typical length ranging from 300 nm to 3 pum at
the long sides. Materials were distributed in ladder shape, decreasing
from edge to center, which is consistent with the coffee-ring effects in
Fig. 2. Accompanying crystallization, however, small spot-type marks
were generated. These unexpected marks distributed more intensively
and clearly in Fig. 3(a) than in Fig. 3(b). Lower spreading ratio and
poor quality of surface resulted in these characters. It demonstrated
that glass is not an appropriate substrate compared to silicon wafer.
Thus, we used silicon wafer as the substrate for building the 2.5D
printed pattern.

B. Microstructure of 2.5D Printed Patterns on Silicon
Wafer

The SEM image of a straight-line pattern on silicon wafer af-
ter printing 10 times is shown in Fig. 3(d)]. For comparison, the
image after one-time printing is presented in Fig. 3(c). As men-
tioned in Section IV-A, the Co(tpy)Cl,- MeCN molecules were dis-
persed from boundary to center with a decreased profile, due to
the coffee-ring effect where the concentration is low. In Fig. 3(c),
these cuboid structures recrystallized near the edge incompactly, and
the morphology of the magnified image inset exhibited mild aggre-
gation. After printing 10 times, crystals were superimposed verti-
cally to form 3D morphologies, shown in Fig. 3(d). The printed
area was strewn with concentrated nanoparticles, and the edge part
showed critical superimposition. In the enlarged image [inset in
Fig. 3(d)], recrystallized nanoparticles mixed together and started to
form irregular shapes resulting from substantial accumulation.

A 2.5D structural printed pattern was observed by SEM from macro-
scopic aspectin a 15° incident angle view, as shown in Fig. 3(e). A dis-

134 pm -

Fig. 4. (a) Optical surface profile image for multi-drop pattern.
(b) Optical surface profile image for multi-line pattern.

Fig. 5.

(a) AFM image of the printed crystals. (b) Corresponding MFM
image. (c) Corresponding AFM height profile. (d) 3D view of AFM image.

tinct line with certain height was constructed by Co(tpy)Cl, - MeCN
with 200 times printing. The line type sample was generated with
materials accumulation and crystal growth. Irregular crystal grew in
rapid drying with heating to compose three-dimension microstruc-
tures. The magnified image for this area was shown in Fig. 3(f).
Three-dimensional structures presented more explicitly and the height
increased to approximately 10 um. Large irregular crystals agglom-
erated vertically while apertures and holes were pitted in the sample.

Optical surface profiler (Zygo Nexview) was used to obtain the 3D
morphology of printed patterns. Fig. 4(a) presents the 2.5D structure of
multi-drop pattern which was fabricated via 1000 times overlapping.
The cross-section profile of the drop ring showed that the height of
the Co(tpy)Cl, - MeCN was around 20 pm. It indicated that the repet-
itive printing could give rise to 2.5D structure building, which was
consistent with the additive manufacturing mechanism. Similarly, the
multi-line pattern also revealed 2.5D structures as shown in Fig. 4(b),
where the sample was printed 100 times, and presented 12 pm heightin
cross-section. However, although these 2.5D structure could be built,
the relationship between printing times and height was nonlinear. The
100-times printing can construct 12 um height while 1000-times print-
ing can only contribute 20 xm. Larger thickness required more droplet
addition as the printed patterns grew. This nonlinear phenomenon was
ascribed to the sample’s lateral development. Accumulation in the
horizontal direction severely affected vertical 2.5D structure building.

C. Characterization of Functional Magnetic Printing Ink

The morphology and magnetic topography of the nanoparticles af-
ter one-time printing was studied via AFM and MFM. Fig. 5(a) shows
a topography image of cobalt-based ferromagnetic nanoparticles and
Fig. 5(b) represent corresponding magnetic phase image. Magnetic
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contrast appears in MFM phase image corresponding to the topo-
graphic bright and dark areas. The topography image shows the parti-
cles distributed with few overlapping. In this region, particles tended
to form circle shapes. Agglomerated circle-shaped samples revealed
extremely high brightness with almost 300 nm height. The subsequent
MFM image [Fig. 5(b)] detected a distinct “magnetic contrast” at the
same location. The magnetic contrast in the MFM image was almost
consistent with the morphology in the corresponding AFM image, in-
dicating the printed samples revealed strong magnetic signal and were
proportionally accumulated with the amount of materials. In other
words, the sample’s topography and magnetic property were homoge-
nous. The cross-section profile [white line in Fig. 5(a)] of the height
information is shown in Fig. 5(c). The irregular profile demonstrated
that the circle-shaped samples were aggregated by nanoparticles rather
than single crystals, since they showed cuboid shapes in SEM images.
The corresponding height profile showed that the average height of
samples was approximately 200 nm. The relevant 3D view of the AFM
image is shown in Fig. 5(d). Aggregated samples were presented on
the surface spatially. From the images of height profile and 3D view,
the patterns on the substrate should be identified as the accumula-
tion of several particles rather than single particles. This demonstrated
that the magnetic contrast was produced by multiparticles and it was
consistent with the morphology signal in AFM.

D. Summary

From the above results, it can be clearly seen that the printing resolu-
tion plays an important role in inkjet printing. Printing droplet spacing
and printing direction were investigated to reach optimum resolution.
Because of its spreading ratio caused by the surface tension, the type
of substrate was one of the determinative factors for optimum print-
ing resolution. Due to low concentration of the ink, printed patterns
suffered from the coffee-ring effect significantly, though increased
substrate temperature might reduce this effect. As silicon wafer acted
as the ideal substrate, 2.5D structural printed patterns were built.
Cobalt-based materials were proportionally accumulated vertically
with multiple printings. As shown in the magnetic property charac-
terization, printed samples presented coherent magnetic signals as the
Co(tpy)Cl;, - MeCN crystals accumulated.

V. CONCLUSION

Ferromagnetic Co(tpy)Cl, - MeCN with complete solubility in
DMF were synthesized and patterned with inkjet printing. The op-
timum droplet spacing for inkjet printing on silicon substrate was
110 pem. The 2.5D structured patterns were successfully built by inkjet
printing on the silicon wafer as revealed by an optical surface profiler.
Magnetic properties of Co(tpy)Cl, - MeCN after printing were char-
acterized and they were consistent with relevant morphology. Other
metal-organic inks with magnetic properties will be explored in the
future.
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