Appl. Phys. A 82, 671-674 (2006)

Applied Physics A

DOI: 10.1007/s00339-005-3452-5

D.Y. LEE!
E.S. HWANG!
T.U. YU?
y.J. Kim!
J. HWANG! >

Materials Science & Processing

Structuring of micro line conductor
using electro-hydrodynamic printing
of a silver nanoparticle suspension

1'School of Mechanical Engineering, Yonsei University, Seoul, 120-749, Korea
2 Manufacturing System Division, Korea Institute of Industrial Technology, 330-825, Korea

Received: 24 October 2005/Accepted: 27 October 2005
Published online: 17 December 2005  © Springer-Verlag 2005

ABSTRACT The generation of a fine pattern of metallic materials from suspensions
is gaining significant interest because it is the key in the fabrications of displays and
printed circuit boards. In our experiments, a silver nanoparticle suspension was first
deposited onto a Kapton® polyimide film by using an electro-hydrodynamic printing
system, including a guide ring and pin (nozzle)-to-pin (ground) electrodes. Then after
thermal curing of the particles deposited, a conductor line as fine as 32 wm in width
and 0.3 wm in thickness was obtained onto the film. The resistivity of the line was
about 13 u2 cm. The pin type ground electrode was helpful in the deposit of the sil-
ver nanoparticle suspension along a specific direction. The guide ring repressed the
chaotic motion of the jet and prevented the jet from digressing from the centerline.
With the electro-hydrodynamic printing method, a nozzle (inner diameter: 140 pm,

outer diameter: 320 um) much larger than an ink jet nozzle could be used.

PACS 73.61.At; 78.67.Bf; 85.40.Sz; 81.15.Pq; 73.90.+f

1 Introduction

The generation of a fine pat-
tern of inorganic and metallic materials
from precursor suspensions is the key
in the fabrication of electronic and sen-
sor devices as well as integrated power
sources. Direct write technologies are
the most recent and novel approaches
of forming a fine pattern whose line
width ranges from the meso to the nano
scale [1]. The term ‘direct write’ refers
to any technique or process capable of
depositing, dispensing, or processing
different types of materials over vari-
ous surfaces following a preset pattern
or layout. In a direct-write approach,
patterns or structures can be obtained
directly without the use of masks and
without the use of liquid for etching.
Direct write technologies, therefore, are
low cost, high-speed, non-contact, and
environmentally friendly processes [2].

As one of the direct write technolo-
gies, electro-hydrodynamic printing is
a pattern method using the cone-jet
mode of electrospray [3]. When a liquid
is supplied to a nozzle and the interface
between air and the liquid is charged
to a sufficiently high electrical poten-
tial (~ kV), the liquid meniscus takes
the form of a stable cone, whose summit
emits a microscopic jet. This is referred
to as the cone-jet mode in electrospray.

Deposition of nanoparticles by the
electro-hydrodynamic printing, where
the suspension flows through a nozzle
at a high voltage, offers some advan-
tages in fine patterning. First, by suit-
ably fixing the flow rate and applied
voltage and by optimizing the phys-
ical properties of the liquid, one can
apply electro-hydrodynamic printing
to produce a narrow distribution (ge-
ometrical standard deviation ~ 1.1) of
fine droplets (40 nm ~ 1.8 um) [4]. Sec-
ond, the diameter of the nozzle (above
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100 wm) used can be larger than that
(about 20 wm in diameter) of an ink-
jet printing. The use of a larger nozzle
prevents blockages and allows easier
processing of a viscous suspension con-
taining a high level (above 30 wt %) of
solid particles. Despite the use of much
larger nozzles, the droplet sizes gener-
ated are much finer.

Numerous studies have been at-
tempted to establish the principles of
the cone-jet mode of electrospray. De la
Mora and Loscertales [5], Ganan-Calvo
et al. [6], and Hartman et al. [7] showed
that liquid properties (electrical conduc-
tivity, viscosity, surface tension, relative
permittivity and density) and two pro-
cess parameters (applied voltage and
flow rate) play a crucial role in achieving
the cone-jet mode of electrospray. They
suggested equations for predicting the
jet diameter or droplet size from the li-
quid properties and flow rate. Recently,
Poon [3], Jayasinghe et al. [8] and Wang
et al. [9] proposed printing technologies
using the cone-jet mode of electrospray.
They tried to make patterns by deposi-
tion of ceramic suspensions. However,
few recent studies have investigated the
structuring of a micro-sized line con-
ductor using the cone-jet mode of the
electrospray.

We first attempted to structure a line
conductor by using the electro-hydro-
dynamic printing and thermal curing
of silver nanoparticles deposited from
a suspension, which consisted of 30%
silver and about 70% toluene in weight
with very small amounts of surfactants
to prevent the agglomeration of sil-
ver nanoparticles. The average diam-
eter of the nanoparticles lay between
3 and 7 nm. Metal nanoparticles were
employed because of their remarkably
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lower melting temperature than that of
the bulk material. This low melting tem-
perature of metal nanoparticles has re-
ceived much theoretical attention. Buf-
fat and Borel [10] showed that nanopar-
ticles of Au, Pb and other metals have
a melting-point depression of up to as
much as 30% for particles of 2 ~ 3 nm
in diameter. This low melting tempera-
ture of metallic nanoparticles is due to
the large ratio of surface atoms to in-
ner atoms. This high portion of surface
atoms drastically decreases the melting
temperature, since smaller particles ex-
hibit reduced interaction between the
surface and the inner atoms [10].

2 Experimental setup
and conditions

The experimental set up con-
sisted of a liquid supply system, an
electrical system, and a moving stage
system. The liquid supply system in-
cluded a syringe pump (minimum flow
rate: 16.7 pl/min for 1 ml syringe) and
a stainless steel nozzle (inner diam-
eter: 140 wm, outer diameter: 320 pum).
A silver nanoparticle suspension was in-
jected downward from the nozzle. The
moving stage system consisted of an
X-Y moving stage and a digital con-
trol system, in which a programmable
motion-controller that communicates
directly with a PC controlled the mo-
tion of a substrate. The electrical sys-
tem consisted of a high voltage power
supply (~DC15kV) and three elec-
trodes. The nozzle used for the liquid
supply system was also used as anodes
as well as a guide ring (inner diameter:
3.2 mm, outer diameter: 5.2 mm), which
was located 0.26 mm below the nozzle.
A point-like electrode (1 wm in diam-
eter) located 3.1 mm below the nozzle
was used as the ground electrode.

The guide ring in the experimental
setup was used to restrain the chaotic
motion of a jet. In the cone-jet mode
of electrospray, the jet of solution will
erupt from the surface of the cone and
travel toward the nearest electrode of
opposite polarity, or electrical ground.
Although the details of charge motion
in the jet are not well understood, it
is believed that excess charge is essen-
tially static with respect to the mov-
ing coordinate system of the jet [11].
This means that the jet can be thought
of as a string of charge elements con-

nected by a viscoelastic medium, with
one end fixed at the point of origin
and the other end free. The free end
of the jet follows a chaotic path as it
travels toward the grounded collection
plate [11]. Melcher and Warren [12]
suggested a ring electrode to suppress
the jet’s chaotic motion, and they ob-
tained a millimeter-sized glycerol jet
having steady flow. Poon [3] suggested
a cylindrical wall electrode to form
a steady flow of the jet generated from
the liquid cone. Deitzel [13] demon-
strated the feasibility of dampening the
instability of a polymer fiber generated
from the liquid cone by using several
ring electrodes. Poon [3], Melcher and
Warren [12], and Deitzel [13] applied
ring electrodes to pin (nozzle)-to-plate
(electrode) type electrospinning sys-
tems. In our research, however, a pin-to-
plate type having a ring electrode was
inadequate to focus the jet onto the point
we wanted (refer to results and discus-
sion). To obtain a micro-sized conductor
line by using the cone-jet mode, we
used the pin-to-pin type electrospray of
having a guide ring electrode.

A substrate (30 mm width x 30 mm
length x 0.1 mm thickness) made of
Kapton® polyimide film was located
2.24 mm below the guide ring. The sur-
face of the substrate was pretreated by
RIE (reactive ion etching) process for
15 min. This process increased the sur-
face roughness of the substrate, which
was helpful for adhesion between the
silver nanoparticle suspension and the
surface of the Kapton® polyimide film.
For the silver nanoparticles suspension
described in the introduction, we were
able to obtain the cone-jet mode for
electro-hydrodynamic printing at var-
ious applied voltages when the liquid
flow rate was fixed at 0.5 pl/min. One-
dimensional patterns were printed by
using the jet of the cone-jet mode on
the polyimide film. After the silver lines
were deposited on the substrate, the
printed patterns were cured by heating
at 220 °C for 20 minutes in a convec-
tion oven. Thicknesses of the patterned
silver lines were measured by a confo-
cal laser scanning microscope (LSM 5
Pascal, Carl Zeiss). The specific electri-
cal resistivities, o, of the printed lines
were calculated by measuring the elec-
trical resistance, R, the length, /, and the
cross section, A, of the line, and by for-
mula, o = RA/I. The resistances of the

silver lines were measured by /-V me-
ter (4200 I-V characterization system,
Keithley) for various voltages.

Experiments were first performed
without using the guide ring. Then, ex-
periments were carried out with the
guide ring. All the experiments were
conducted in a Class 100 (for particles
larger than 0.5 pum) clean room. Numer-
ical calculations were also conducted
to expect the effects of the guide ring
on electric field distributions. A com-
mercial solver package (Maxwell 3D,
version 5) based on the finite element
method was used.

3 Results and discussion

We tried to print a line pattern
by using the cone-jet mode of electro-
spray and also by using a point-like (pin)
ground electrode. The latter method
deposited charged nanoparticles along
a specific direction. Figure 1 shows
the pre-patterns before thermal curing,
for both microdripping (V ~ 3 kV) and
cone-jet modes (V ~ 5kV), when the
guide ring was not used. In both modes,
the silver nanoparticle suspension was
intermittently deposited along the direc-
tion to be printed, resulting in a dotted
line pattern. A continuous line pattern
could not be formed even in the cone-jet
mode because of the chaotic motion of
the jet generated from the liquid cone.
As shown in Fig. 1, some of the patterns
from the jet were shaped like a “hook”
due to the chaotic motion of the jet. To
remove this problem, we decided to use
a guide ring electrode in the electro-
hydrodynamic printing system.

Before the guide ring was installed,
numerical calculations were carried out
to predict the effects of the guide ring

Microdripping mode

2 4. 0. 100um
FIGURE 1 Magnified picture of patterns when
a guide ring was not used
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on electric field strengths. The Poisson’s
equation, Ve (g0e;VV)=—p (o: vol-
ume charge density, V: electric poten-
tial, &: permittivity in vacuum, &;: rela-
tive permittivity), was solved. We as-
sumed that the nozzle above the sub-
strate was a stick (0.32 mm in diam-
eter and 5 mm in length) having no in-
ner space. Electric potentials at the pin,
nozzle, and guide ring were 0 kV, 3kV,
3 kV, respectively, which were used as
boundary conditions. Figure 2a shows
two-dimensional electric field distribu-
tions between the guide ring and the
substrate. The electric field vector is de-
finedas E = —VV. Asshownin Fig. 2a,
electric fields were concentrated inside
the ring due to the electric potential ap-
plied to the ring electrode. Figure 2b
shows electric fields along the A—B line
in Fig. 2a for cases with and without
the guide ring. When the ring electrode
was not used, the electric field strength
was reduced along the radial direction
from the centerline, which might cause
the charged jet to drift towards the radial
direction. However, when the ring elec-
trode was used, the radial motion of the

charged jet might be suppressed since
the high electric field near the ring elec-
trode was directed toward the centerline.
Moreover, the axial motion of the jet
toward the pin electrode along the cen-
terline was accelerated since the electric
field at the centerline in the presence of
the ring electrode was higher than thatin
the absence of the ring electrode. These
calculations indicate that the ring elec-
trode would repress the instability of the
jet generated from the liquid cone.
Figure 3 shows the final patterns
printed by the jet generated in the cone-
jet mode with the guide ring. Figure 3a
shows that the continuous line pat-
tern that was obtained for V ~ 5kV
after using the ring electrode. Figure 3b
shows the pattern after thermal cur-
ing. The line width and line thick-
ness were 165 um and 5 pm, respec-
tively. When a higher voltage was ap-
plied (V ~ 7kV), a much finer line pat-
tern was obtained, as shown in Fig. 3c.
The line width and line thickness were
32 pm and 0.3 pwm, respectively. The re-
sistivities of both printed lines in Figs.3b
and 3c were approximately 13 pu$2cm,
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field distributions with the
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without the guide ring

which was about eight times higher
than that (1.6 wS2 cm) of bulk silver. Al-
though a much larger nozzle (140 um)
than an ink jet nozzle (about 20 pwm in

100 um

L] 20 40 60 &0 100 110

C Distance (pm)

FIGURE 3 Geometries of silver lines after
printed onto a Kapton® polyimide film (a) Be-
fore thermal curing (V ~ 5kV), (b) After ther-
mal curing (V ~ 5kV), (¢) After thermal curing
(V~17kV)
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diameter) was used, our printing method
allowed structuring of metal lines of
several hundreds and tens of micrometer
in width onto a Kapton® polyimide film.

4 Conclusions

In our research, a silver nano-
particle suspension was first deposited
onto a Kapton® polyimide film by
using an electro-hydrodynamic print-
ing system, including a guide ring and
pin (nozzle)-to-pin (ground) electrodes.
Then after thermal curing of the printed
patterns, conductor lines as fine as 32 ~
165 wm in width and 0.3 ~ 5 pum in
thickness were obtained onto the film.
The resistivity of the lines was about
13 w2 cm. By using the pin type ground
electrode, the silver nanoparticle sus-

pension could be deposited along the
specific direction. The guide ring re-
pressed the chaotic motion of the jet
and prevented the jet from digress-
ing from the centerline. The electro-
hydrodynamic printing method allowed
us to use a much larger nozzle (in-
ner diameter: 140 um, outer diameter:
320 um) than an ink jet nozzle. In
the future, we plan to structure two-
dimensional line patterns onto a Kapton®
polyimide film by using this printing
method and analyze the electrical per-
formances of the patterns.
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