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Abstract: Printed electronics are a set of additive manufacturing methods for creating future flexible
electronics on thin polymeric sheets. We proposed the toner-type, dry, page-printing of Ag-Ni
composite conductive particles on flexible plastic sheets without pre-treatment. No chemical solvents
are necessary to compose the inks of the electronic materials used for the toner-type printing, and no
chemical treatment is required for the plastic film substrate surface. In addition, multilayer printing
is simple when using toner printing because previously printed materials do not need to be resolved;
furthermore, composing the thick films of the electronic materials is relatively simple. In this study,
we fabricated an Ag-Ni composite toner to improve the fluidity of the toner particles compared
to bare Ag particles. We successfully printed IC peripheral circuits at a resolution of 0.20 mm and
demonstrated that the actual electrical circuit pattern can be formed using our method.

Keywords: printed electronics; flexible electronics; additive manufacturing; conductive nanoparticle

1. Introduction

Flexible and printed electronics are the next-generation technologies that will lead
to paper-like electronic devices, such as healthcare sensors, flexible handheld devices,
displays, and various wearable electronic devices. Printed electronics are also valuable
owing to the material savings resulting from their additive nature [1-28]. Conventional
semiconductor device technologies include subtractive technologies, such as etching, pho-
tolithography, and dicing. In contrast, various printed electronics methods are additive
and have material-saving properties, in addition to being disposable by using naturally
decomposed electronic materials for the inks [29-32]. Prototyping and the subsequent
manufacturing of a wide variety of products in small quantities is an advantage of the
on-demand printing technique. Ink-jet printing is an on-demand printing method that is
sufficiently developed globally. Electrophotographic printing is another on-demand print-
ing method that uses toner particles instead of inks [33,34]. The conductive toner particles
used in our electrophotographic printed electronics are almost entirely bare metal particles
that do not include chemical agents in the liquid inks and improve the solubility and
viscosity. Therefore, a high-temperature thermal treatment after printing was unnecessary.
Moreover, because our method uses metal particles instead of a solvent for creating the
inks, re-dissolution of the pre-printed pattern by the solvent of the next layer does not occur.
Namely, multilayer printing is easily achieved using this method. Chemical vapor does not
volatilize after printing; therefore, extra time is not required for the printed pattern to dry,
leading to a high throughput. In addition, the advantage of electrophotographic printing,
which contributes to the high throughput, is that this method is based on page-printing
and not dot-printing. Page-printing ensures the printing of electrical circuits with a high
throughput, in which mm to pm scale patterns coexist. Printing of the mm (PCB level) to
the um scale (intra-IC circuit pattern) with a coexisting pattern is necessary to enable future
electronics to be entirely printed.
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This study demonstrates that the IC peripheral pattern can be fabricated using elec-
trophotographic printing with Ag-Ni composite toner particles, which consist of Ag par-
ticles and Ni nanoparticles surrounding the Ag particles. Ni nanoparticles prevent the
natural aggregation of Ag particles and maintain the fluidity of the conductive toner par-
ticles. In addition, compressed Ag—Ni toner particles have been demonstrated to exhibit
a low electrical resistivity of 6.89-9.43 x 108 Q-m, which was approximately two times
higher than that of the compressed bare Ag particles, and were comparable to the electrical
resistivity of bulk Ni.

2. Materials and Methods

Ag micro-powder particles with a nominal diameter of 2-3.5 um (Sigma-Aldrich Co.
LLC, St. Louis, MO, USA) were used in this study. Ni nanopowder particles with a nominal
diameter of ~150 nm were used in the Ag-Ni composite toner (Sigma-Aldrich Co. LLC).
Several commercially purchased micro- and nanoparticles are naturally aggregated; as
a result, the actual diameter of these particles was generally larger than the reported
nominal diameters. Therefore, before use, the naturally aggregated Ni particles were ball-
milled to retain the original fine nanoparticles. Conversely, the Ag microparticles were
used as purchased and were not milled because Ag is significantly soft; thus, milling would
promote Ag aggregation. The Ag:Ni weight ratio in the Ag-Ni composite particles was
5:1. The volume ratio was Ag:Ni = 1:0.236. The role of the Ni particles is to prevent the
natural aggregation of the conductive toner. Therefore, this ratio satisfies the required Ni
composition and is not too sensitive to be used as a conductive toner. An excessive amount
of Ni would lead to an increase in the electrical resistivity of the conductive toner after
sintering. The Ag micro-powder and Ni nanopowder were gently mixed, obtaining Ag-Ni
composite toner particles.

Figure 1a,b demonstrate the repose angle estimation for Ag and Ag-Ni conductive
particles. The higher repose angle for the Ag particles (72-85°) shown in Figure 1a compared
to that of the Ag-Ni particles (54-75°) shown in Figure 1b indicates that the bare Ag particles
have lower fluidity compared to that of the Ag—Ni particles, owing to the higher natural
aggregation between bare Ag particles. Therefore, the Ni particles distributed on the surface
of the Ag particles inactivated the Ag-Ni surface and prevented the aggregation of the
conductive toner particles. As a result, the particle size distribution was apparently different
for the bare Ag and Ag-Ni particles, as shown in Figure 1c,d. Figure 1c,d demonstrate Ag
and Ag-Ni particle size distributions that were analyzed using an optical micrograph and
image processing software (Image] [35,36]), respectively. Figure 1c indicates that the Ag
particle size distribution has a peak diameter of approximately 7 um. Although the nominal
particle diameter reported by the manufacturer was 2-3.5 pm, the Ag particles became
larger, owing to the natural aggregation demonstrated. In contrast, the Ag-Ni composite
particles presented different size distributions, and a lower-side tail and sub-peak appeared
at approximately 3 um, which indicates that the addition of the Ni particles effectively
prevented the natural aggregation of the Ag particles.

Figure 2a presents an SEM image of a Ag-Ni conductive particle. Ag and Ni particles
are difficult to distinguish based on their appearance. However, the energy-dispersive X-ray
spectroscopy of this particle revealed the elemental distribution of the composite particles.
Figures 2b,c demonstrate the mapping of the Ag Ka X-ray detected points and that of
Ni-Kua, respectively. The Ag Ku distribution reflects the entire particle shape (~5 pm), as
shown in Figure 2a. In contrast, the Ni Ka signal distribution indicates that the Ni particles
are smaller (<1 um) and they stick to the surface of the larger Ag particles. If we carefully
examine the SEM image after Ag, Ni, and the superimposed EDX image in Figure 2d, it
is possible to distinguish Ni and Ag by the brightness in the SEM image. The dark gray
particles are the Ni particles that cover the entire surface, while Ag is the bright region
slightly observed among the Ni particles. The apparent difference in brightness in the
SEM images is due to the secondary electron emission probability between Ag and Ni. As
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a result, it was confirmed that the surfaces of the Ag particles were covered with
Ni particles.
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Figure 1. Photograph of the repose angle estimation for Ag toner particles (a) and Ag-Ni composite
particles (b). Histogram of the particle size distribution for the bare Ag particles (c) and Ag-Ni
composite particles (d), respectively.

In this study, we demonstrated the effectiveness of the Ag-Ni toner particles for
printed electronics, owing to their enhanced fluidity and comparable electrical resistivity
with bare Ag toner particles. A high fluidity is advantageous for high-resolution patterning.
The patterning performance is exhibited by the fabrication of an IC peripheral circuit
by using primitive toner printing equipment, as indicated later in Figure 5. To achieve
a high contrast and high-resolution printing, both attractive and repulsive electric fields
for the toner particles were applied during development. The 4-probe electrical resistivity
measurement was conducted to evaluate the resistivity of the compressed Ag—Ni test piece.
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Figure 2. (a) Scanning electron microscopy (SEM) image of a Ag-Ni composite toner particle.
(b) Energy dispersive X-ray spectroscopy (EDX) image of the Ag Ka X-ray emission distribution, EDX
image of the Ni Ko X-ray emission distribution (c), and superimposed EDX image of the Ag and Ni
EDX Ka emission(d).

3. Results

Figure 3 demonstrates an SEM image of the developer used for conductive toner
printing. Toner printing uses a developer, which is a mixture of the toner and carrier
particles. The small (<5 pum) and bright gray particles are the Ag—Ni conductive toner
particles, while the large (~40 um) and dark gray particles are the carrier particles. Toner
particles were distributed on the surface of the carrier particles. The conductive Ag-Ni
particles sufficiently adhere to the carrier particle surface, owing to an image force between
a charged Ag-Ni particle and carrier particle [34]. The toner and carrier weight ratio in the
developer was 1:40. The toner particles were transferred from the carrier particle surface
onto the plastic film substrate by applying an external electrostatic force during the printing
process. In contrast, carrier particles (P-02 standard carrier, distributed by the Imaging
Society of Japan, Tokyo, Japan) consist of a magnetic material and help the toner particles
disperse, remain stable in air, and form a magnetic brush structure (shown in Figure 5b
later), which are necessary for toner printing. Therefore, the carrier particles remain on the
developer and are not transferred to the plastic substrate film.

Figure 4a presents a schematic illustration of the electrostatic potential distribution
formed on the PET film surface. The PET film was back-coated with an Al thin film and
placed on the charging equipment; the gradation pattern of the electrostatic potential
on the PET surface was formed, as illustrated in Figure 4a. The arrangement of the
electrical potential on the positively charged PET film was 0, +100, +80, +60, +40, and
+20 V from left to right, and that on the negatively charged PET film was 0, —100, —80,
—60, —40, and —20 V. We developed the Ag—Ni toner particle on the PET film using
primitive electrophotographic printing equipment, which was the same as that depicted in
Figure 5. The results of the development of the positively charged PET surface are shown
in Figure 4b, which demonstrates that a thin Ag—Ni toner particle was distributed in the 0 V
region. However, fewer Ag-Ni particles were distributed in the positively charged region.
Moreover, the Ag-Ni particles were effectively repelled in the high-electrical-potential
region. Conversely, as shown in Figure 4c, dense Ag-Ni particles were distributed in the
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negatively charged region compared to the 0 V region, and the gradation of the Ag-Ni
particle density changed from the —20 V to —100 V region. Therefore, Ag—Ni particles were
effectively attracted to the lower electric potential region. These results clearly demonstrate
that Ag-Ni particles mixed and frictionally charged with the P-02 carrier particles have
anet positive charge. Therefore, it is possible to attract and repel conductive Ag-Ni particles
using the polarity of an applied external electric field.

AgNi Toner

Carrier
\ N\ s,

20 um

Figure 3. SEM image of the developer comprising a P-02 carrier particle and Ag-Ni composite
toner particles.

Figure 5a demonstrates the schematic of the primitive electrographic printing equip-
ment. The developer, comprised of the toner and carrier particles, is loaded into the
developer reservoir, which consists of a non-magnetic metal plate. The magnet row moving
in a reciprocating motion below the developer reservoir forms the magnetic brush of the
developer particle along the magnetic lines of the force, as shown in Figure 5b. An insu-
lator plate with a target electrode and counter electrode was placed above the developer
reservoir, and external development and counter electric fields were applied during devel-
opment. The attractive electric field was applied between the developer reservoir and target
electrode, thus the toner particle was attracted to the target electrode by an electrostatic
force when the magnetic brush of the developer passed just below the target electrode
pattern. During the development of the toner particles, the carrier particles remained on
the developer reservoir owing to the attractive magnetic force of the magnets. In contrast,
a repulsive electric field was applied between the counter electrode and magnetic brush to
inhibit the adhesion of the toner particle to the exterior of the target pattern. The strength
of the repulsive electric field was sufficiently weaker than that of the attractive electric field;
therefore, the repulsive electric field only inhibits the adhesion of stray toner particles.

Figure 6a demonstrates a photograph of the IC peripheral circuit pattern formed on
a polymer film surface using our toner printing method. The applied external voltage in
the target pattern was —100 V, and that in the counter electrode was +50 V. An external
voltage of —100 V was applied to attract the positively charged Ag-Ni toner particles. In
contrast, an external voltage of +50 V was applied to inhibit the adhesion of the stray Ag-Ni
particles. Using these two external electric fields, the high-contrast printing of the fine and
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complicated IC peripheral circuits was achieved. Ag-Ni conductive toner particles are
observed as a bright line pattern in this picture and form a circuit pattern with sufficient
density. The IC peripheral circuit has a 0.20 mm resolution line pattern. This resolution is
comparable to that of the current industrial electronics circuit board. Figure 6b presents
a magnified view of the Ag—Ni particle pattern, indicated by the broken white rectangle
in Figure 6a. The Ag-Ni particles are dispersed on the surface of the polymer film and
form circuit patterns by applying an external electrostatic force. The density of the Ag-Ni
toner particles in the line pattern varied by the strength of the external electrostatic force.As
shown in Figures 4 and 6, a thick deposition of the toner particles in a single development
is possible using this method, which is the advantage of the toner-type page printing. In
contrast, dot-printing methods require a significant amount of time to create thick patterns
in both the plane and thickness directions because several drops of ink are necessary for
filling a thick pattern. Toner-type printing enables a wide range of controllability of the
thickness in creating an electrical circuit, in which circuit patterns ranging from the um to
cm scale coexist.

PET film with aluminum
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Figure 4. (a) Schematic illustration of the gradation electrostatic potential applied on the PET film.
(b) Photograph of the developed Ag—Ni toner pattern on the positive gradation-charged PET surface.
(c) Photograph of the developed Ag-Ni toner pattern on the negative gradation-charged PET surface.
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Figure 5. (a) Schematic illustration of the electrophotographic printing equipment. The developer
particle, comprised of the toner and carrier, forms a magnetic brush structure along the magnetic
lines of the force, and the magnets move in a reciprocating motion by a motorized mechanism.
(b) Photograph of the magnetic brush formed in the developer reservoir.

To evaluate the electrical resistance of the Ag-Ni composite circuit, we performed
a 4-probe electrical measurement on the compressed test piece. Figure 7a,b demonstrate
the Ag and Ag-Ni composite test pieces, respectively, which were molded using oil-
press equipment and cut, as shown in Figure 7a,b. Both powders were compressed and
exhibited a sufficient stiffness. The Ag-compressed test piece is bright gray and partly shows
a metallic luster. In contrast, the Ag-Ni composite test piece is dark gray, similar to the
original particle, as shown in Figure 1b. In the Ag-Ni composite particles, Ni nano-
powders on the Ag surface inhibit Ag—Ag aggregation. However, under compression, the
Ni particles, which are a minority of the volume, are incorporated between compressed
and deformed Ag particles. As a result, the Ag—Ni test piece has the same range of stiffness
as the Ag test piece. The electrical resistance measurements were obtained using a 4-probe
prober, as shown in Figure 7c. The obtained electrical resistivity of the Ag—Ni composite test
piece was 6.89-9.43 x 10~% (0-m. However, the electrical resistivity of the Ag test piece was
3.41-4.52 x 1078 Q-m. The estimated electrical resistivity of the Ag-Ni composite test piece
was approximately twice that of the Ag test piece. Furthermore, the electrical resistivities
of Ag and bulk Ni were 1.59 x 1078 O-m and 6.99 x 10~8 Q-m, respectively. Therefore, the
obtained resistivity of the Ag-Ni composite was comparable to that of the bulk Ni. Because
the volume ratio of Ag in the Ag—-Ni composite particles was approximately 80.9% and Ag is
a soft metal that can be easily deformed [37-46], compressed Ag—Ni particles formed direct
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Ag-Ag connection networks by being crushed and deformed under sufficient compression.
As a result, a relatively low electrical resistivity was achieved, even in only the compressed
Ag-Ni particles. This value is sufficiently low compared to other printing methods using
ink. Printed electronic circuits using inks present a higher electrical resistivity owing to
the residual chemical agents included. To remove the chemical components, the printed
pattern should be thermally annealed at a temperature range of near or over 200 °C, where
the plastic film substrates that endure this process are limited. Therefore, the Ag-Ni
composite toner is expected to be a conductive toner material with sufficient fluidity and
high conductivity for toner-type printing.

1 mm

Figure 6. (a) Photograph of the Ag—Ni toner pattern formed with our toner printing method. (b) Op-
tical micrograph of the Ag-Ni pattern indicated by the dashed rectangle in Figure 6a. The bright
particles are the Ag—Ni particles.
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Figure 7. (a) Photograph of the compressed test piece; Ag toner particle. (b) Photograph of the
compressed test piece; Ag-Ni toner particle. The electrical resistances were recorded using the
4-probe measurement, as shown in (c).

4. Conclusions

In this study, toner-type dry printing was proposed using Ag—-Ni composite conductive
toner particles, and the IC peripheral circuit was successfully patterned using the Ag-Ni
toner. In addition, we demonstrated that the electrical resistivity of the compressed Ag-Ni
piece was in the same range as that of bulk Ni. This value is sufficiently low for the electrical
resistivity of the compressed powder. Our results indicate that the printing resolution is
sufficient to create a printed circuit of current electronic products. Studies considering
printing with higher resolutions, up to several pm, are currently in progress.

5. Patents
Japanese patent JP2021-150252 was obtained as a result of this study.
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