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Abstract: Four types of submicron Ag-coated Cu particles with different Ag contents were prepared as sintering paste
fillers, and the Ag contents of the particles were measured to be 10, 20, 30, and 40 wt.%. Four types of particles (in
order of increasing Ag content: A10, A20, A30, and A40) were surface-modified with stearic acid, to suppress the Ag
shell dewetting and improve sinterability. The surface-modified particles were mixed with a polyol-based solvent to
fabricate a resin-free paste. Subsequently, the pastes were screen-printed onto a slide glass and sintered at 250 °C in a
nitrogen atmosphere for 1-10 min to form an electrode. The electrical resistivity of the sintered film as a function of
sintering time was measured using a four-point probe. All the four surface-modified Cu@Ag particles with different Ag
contents exhibited decreased electrical resistivity. Particularly, the largest difference in values after and before the
surface modification was observed for A40 with the highest Ag content; the electrical resistivities of the initial and
surface-modified particles were 1.51x107* and 6.67x107> Q-cm, respectively, after sintering for 10 min. The findings of
this study confirmed that the surface modification using stearic acid effectively suppressed the dewetting of the Ag shell
and improved the sinterability of the submicron Cu@Ag particles.

Key words: submicron Ag-coated Cu particle; sintering; dewetting; surface modification; stearic acid; electrical
resistivity

1 Introduction

In contrast to conventional lithography,
low-cost and eco-friendly additive methods such as
inkjets, screens, and roll-to-roll printing are widely
used to manufacture electrodes and conductive
films on flexible substrates [1—4]. Different
sintering processes, such as thermal sintering, laser
sintering, and intense pulsed light (IPL) sintering,
have been introduced as post-processing treatments

after printing [5-9]. Thermal sintering using
sintering paste is currently the most common
method because numerous samples can be
manufactured, and a large-area film can be formed
simultaneously, leading to high productivity [10,11].
Owing to their excellent electrical and thermal
conductivities, copper and silver are used as
representative fillers for sintering pastes [12,13]. Cu
is a low-cost material; however, it is easily oxidized
in air, and the oxidation is accelerated at high
temperatures [14,15]. By contrast, Ag has excellent
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oxidation resistance but is expensive [16,17].

Therefore, Ag-coated Cu (Cu@Ag) core—shell
particles, which exhibit excellent antioxidation
properties and are price competitive, have attracted
growing attention and are actively researched
worldwide [18-21]. Several researchers have
evaluated the electrical properties of conductive
films sintered using pastes and ink containing
Cu@Ag particles [22—24]. For example, YU et al [25]
manufactured a conductive ink containing Cu@Ag
nanoparticles and evaluated its electrical resistivity.
The electrical resistivity was measured to be
1.03x10*Q-cm when the film was sintered for
60 min at 250 °C in a reductive atmosphere [25].
However, Cu@Ag nanoparticles are expensive to
fabricate and store owing to their low yields and
interparticle aggregation, respectively [26—29]. In
addition, preparing a paste with uniformly dispersed
fillers using nanoparticles is difficult, limiting their
commercial use [30]. ZHANG et al [31] obtained
an excellent electrical resistivity of 6.39x10°Q-cm
when cured at 200 °C for 60 min using a resin-
based electrically conductive adhesive containing
micron Cu@Ag particles, but the value was
4.09x10%Q-cm when measured after curing for
30 min. Hence, resin-based pastes exhibit excellent
electrical conductivity but require long sintering
time, which reduces their productivity [32,33].

Contrary to expectations that Cu@Ag particles
would exhibit excellent oxidation resistance, core
Cu is oxidized by out-diffusion when heated in air,
and oxidation is further accelerated by dewetting of
the Ag shell due to lattice mismatch between Cu
and Ag at temperatures higher than 200 °C [34-36].
This significantly degrades the sinterability, and
countermeasures have not yet been adequately
studied.

Therefore, authors have conducted a study on
surface modification of Cu@Ag particles using
three types of dicarboxylic acids to suppress Ag
dewetting and improve sinterability by reducing the
surface energy [37]. The pristine Ag shell tends to
dewet and transform into spherical particles on
the unstable interface with core Cu due to lattice
mismatch and so on [34-36], However, the
dewetting and agglomeration of Ag shell can be
suppressed with the reduced surface energy of Ag
shell by the surface modification even if the
interface instability is still identical [37]. It was
verified that Ag dewetting was suppressed by

formation of organometallic surface, and the
effectiveness varied depending on the type of
carboxylic acid used for surface modification.
However, the difference in the effectiveness of
surface modification and Ag dewetting suppression
depending on the Ag shell thickness of Cu@Ag
particles was not confirmed.

In this study, submicron-size Cu@Ag particles
that are easy to precisely control the Ag shell
thickness compared to micron-size particles were
used as the filler material in a binder-free
conductive paste to achieve both high packing
density and easy mixing during paste preparation.
The surface modification was performed using a
stearic acid, a fatty acid with large molecular
weight and long-chain structure different from those
of dicarboxylic acids, to verify the suppression
degree of Ag dewetting when using different acids
with one carboxyl group, and four types of Cu@Ag
particles with different Ag shell thicknesses were
evaluated to find differences in the suppression
behavior of Ag dewetting and sinterability
increment. Pastes containing the surface-modified
Cu@Ag particles were screen-printed onto a slide
glass to form films. After sintering in a nitrogen
atmosphere, the electrical resistivity of a sintered
film was measured to quantitatively compare the
sinterability.

2 Experimental

2.1 Ag coating and surface modification

The submicron Cu particles used for the Ag
coating were synthesized using a wet chemical
method, and their average diameter was ~350 nm.
After synthesis, the Cu particles dispersed in the
colloid were rinsed four times by centrifugation at
7000 r/min using ethanol and then dried for 6 h
in a vacuum chamber at 25 °C. The obtained Cu
powders were dispersed in 100 mL of deionized
(DI) water to prepare a Cu colloid, and then Ag
coating solutions with different amounts of the Ag
precursor were added drop wise at a rate of
5 mL/min to fabricate four types of particles with
Ag contents of 10, 20, 30, and 40 wt.% (A10, A20,
A30, and A40, respectively). The Ag coating
solution was prepared by sequentially dissolving
5 mol/L sodium hydroxide (NaOH, 98%, Samchun
Chemicals), 1.25mol/L EDTA (C10H16N8.208,
98.5%, Yakuri Pure Chemicals), and 0.16 mol/L
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silver nitrate (AgNO3, 99.99%, Hojeonable Inc.) in
DI water. The solution was stirred at 300 r/min for
30 min to form a uniform Ag shell via the galvanic
replacement reaction. Cu@Ag particles dispersed in
the colloid were rinsed by centrifugation using DI
water and ethanol and then dried for 6h in a
vacuum chamber at 25 °C.

Four types of Cu@Ag particles fabricated with
different Ag contents were surface-modified by
immersion in an acidic solution. The acidic solution
was prepared by dissolving 0.1 mol/L stearic acid
(Ci8H3602, 95%, Duksan Pure Chemicals), a type of
fatty acid having long alkyl chains, in 100 mL of
ethanol at room temperature (25 °C). The Cu@Ag
particles were then dispersed in the solution and
stirred for 1 min. Thereafter, the solution was
ultrasonicated for 30 min to facilitate the surface
modification. The surface-modified Cu@Ag
particles were rinsed and decanted thrice using
ethanol and then dried for 6 h in a vacuum chamber
at 25 °C. Figure 1 shows a schematic illustration of
the Ag coating fabrication and surface modification
process.

@ Ag
solution
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2.2 Paste preparation and film formation

The pastes were prepared by mixing each
of the four initial and surface-modified Cu@Ag
particles with a polyol-based solvent (EW10,
Epsilon Epowder) at a particle/solvent mass ratio of
75:25. The prepared pastes were screen-printed
onto a slide glass with a volume of 5 mm X 5 mm X
0.1 mm using a stencil mask and squeegee, and the
printed films were sintered at 250 °C for 1—10 min
in a nitrogen atmosphere. The samples placed in a
furnace were heated to 250 °C at an average heating
rate of 50 °C/min with nitrogen purge at a flow rate
of 100 mL/min. The sintering time was determined
by timing from when the temperature reached
250 °C. The samples were cooled in a furnace with
the continuously injected nitrogen at a flow rate of
200 mL/min after the sintering time elapsed and
taken out. Figure 2 shows a schematic diagram of
the paste preparation and sintering processes.

2.3 Characterization
The surface morphologies of the initial and
surface-modified submicron Cu@Ag particles and
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Fig. 1 Schematic diagrams of fabrication of Ag coating (a) and surface modification process (b) of submicron
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Fig. 2 Schematic diagram of sintering process using surface-modified submicron Ag-coated Cu particles
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changes in the microstructure of the sintered film
were observed using high-resolution field emission
scanning electron microscope (HRFE-SEM, SU8010,
Hitachi). Ag contents of the four types of Cu@Ag
particles were measured using inductively coupled
plasma optical emission spectroscopy (ICP-OES,
5100 SVDV, Agilent). Changes in the phase of
Cu@Ag particles before and after surface
modification were analyzed using X-ray diffraction
(XRD, SmartLab, Rigaku) with CuK, radiation
(A=1.54 A) at a scanning rate of 0.2 (°)/s in a 26
range of 10°-80°. Fourier transform infrared
spectroscopy (FT-IR, 670, Varian) and X-ray photo-
electron spectroscopy (XPS, Nexsa, ThermoFisher)
were performed to detect the carboxylate ligands on
the Ag shell surface and binding states of the
surface-modified Cu@Ag particles, respectively.
Thermogravimetry differential thermal analysis
(TG-DTA, DTG—60H, Shimadzu) was conducted
to confirm the thermal properties and Ag dewetting
behavior of the pastes containing surface-modified
Cu@Ag particles; the mass change and heat
input/output owing to the reaction were measured
by heating at a rate of 20 °C/min up to 350 °C in the
dynamic heating mode. In addition, the thermal
decomposition reaction of ligands was analyzed by
heating at a rate of 30 °C/min up to 250 °C, which
was followed by maintaining for 20 min in the

isothermal heating mode. The sinterability of the
surface-modified Cu@Ag particles was evaluated
by measuring the electrical resistivities of the
sintered films using a four-point probe connected to
a source meter (2400, Keithley). The resistivity
values were presented as the average and standard
deviation calculated from the results of ten
measurements.

3 Results and discussion

3.1 Characteristics of submicron Cu@Ag particles
Figure 3 shows the surface morphologies of
the submicron Cu@Ag particles fabricated with
different Ag contents. The average particle sizes
were maintained to be ~350 nm after Ag coating,
and the Ag contents were 10, 20, 30, and 40 wt.%
as measured using ICP-OES, which showed an
increase with increasing amounts of Ag precursor
added during Ag coating. Rough surfaces owing to
nodules with tens of nanometers in size were
observed as Ag shells were formed, which became
more pronounced with increasing Ag content. This
is due to the gradual growth of nodules formed on
the surface during the initial stage of the coating
reaction by the reduction of the Ag—EDTA
complexes. The average nodule sizes were 17,
22, 30, and 43 nm for A10, A20, A30, and A40,

Fig. 3 High- (inset) and low-magnification SEM images of pristine submicron Ag-coated Cu particles with different Ag

contents: (a) 10 wt.%; (b) 20 wt.%; (c) 30 wt.%; (d) 40 wt.%
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respectively, confirming that the size of the nodules
gradually increased with increasing Ag content. In
addition, no particle aggregation occurred during
the Ag-coating reaction or drying.

Figure 4 shows the cross-sectional backscattered
electron (BSE) images of the submicron Cu@Ag
particles fabricated with different Ag contents. The
Ag shells surround the core Cu, indicating a core—
shell structure, and are formed with uniform
thickness owing to the stable galvanic displacement
reaction. The thickness of Ag shells increased with
increasing Ag content; for A10, A20, A30, and
A40, the average thicknesses were 6.94, 14.70,
22.84, and 32.41 nm, respectively (Fig. 4(e)). The
growth mechanism of Ag shells is believed that
interdiffusion of Cu atoms outward and Ag atoms

inward makes the core Cu atoms penetrate the just
formed single-atomic-layer Ag shell and encounter
external Ag—EDTA complexes in the solution,
forming an additional Ag layer by another galvanic
reaction, which can be termed self-limiting shell
formation [38]. Accordingly, the sinterability of the
Cu@Ag particles is expected to vary depending on
the Ag content and thickness of the Ag shell.

3.2 Surface modification of Cu@Ag particles
Figure 5 shows the changes in the surface
morphology of the submicron Cu@Ag particles
surface-modified with stearic acid. The surfaces of
all four types of Cu@Ag particles with different Ag
contents became relatively smooth after surface
modification. This was owing to the neighboring

3241

22.84

30+
=
£
820}
< 14.70
2
=
10 6.94
0 . .
10 20

30 40

Ag content/wt.%

Fig. 4 Cross-sectional BSE images of submicron Ag-coated Cu particles with different Ag contents of 10 wt.% (a),
20 wt.% (b), 30 wt.% (c), and 40 wt.% (d), and thicknesses of Ag shells in submicron Ag-coated Cu particles with

different Ag contents (e)
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Fig. 5 High- (inset) and low-magnification SEM images of surface-modified submicron Ag-coated Cu particles with Ag
contents of 10 wt.% (a), 20 wt.% (b), 30 wt.% (c), and 40 wt.% (d)

nodules that fused together and coarsened because
an organometallic surface (COO—Ag) was formed
by carboxylate ligands (RCOQ"), as reported in our
previous research [37]. The decrease in the surface
roughness varied depending on the Ag content. For
A10, which had the thinnest Ag shell and smallest
nodules of ~17 nm in size among the four types of
particles, the nodules were removed entirely, and a
smooth surface was observed (Fig. 5(a)). However,
in the case of A40, which had the thickest Ag shell
and biggest nodules of ~43 nm in size, the nodules
were not completely coarsened and their shape
remained even after surface modification.

Figure 6 shows the XRD patterns of the initial
and surface-modified submicron Cu@Ag particles
with different Ag contents. For all the particles,
peaks corresponding to the (111), (200), and (220)
planes of Cu and (111), (200), (220), and (311)
planes of Ag were detected, and the intensity of the
peaks due to Ag increased with increasing Ag
content. No other phases, such as Cu oxides or
hydroxides, were formed for initial Cu@Ag
particles during the Ag coating process. Meanwhile,
no changes in the diffraction patterns were detected
after surface modification, indicating that no salts,
such as silver stearate, were formed. Therefore, the
carboxylates were bonded to Ag atoms in the form
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Fig. 6 XRD patterns of initial (a) and surface-modified
(b) submicron Ag-coated Cu particles with different Ag

contents
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of ligands. The intensities of the peaks attributed to
Cu and Ag also did not change after surface
modification, confirming that the particles remained
stable even during ultrasonic treatment.

Figure 7 shows the FT-IR spectra of pure
stearic acid and the initial and surface-modified
submicron Cu@Ag particles of A40. For the initial
Cu@Ag particles, no peaks were observed at any
wavenumber, and the upward peaks observed at
3200-3700 and 1600—1700 cm™ in all cases
originated from the H,O molecules adsorbed during
the pretreatment process of the sample for
measurement. In the case of pure stearic acid and
surface-modified Cu@Ag particles, peaks arising
from the symmetrical stretching vibration of the
carbonyl groups (C=0) present in the carboxylates
were detected at 1705 and 1585 cm™, respectively,
indicating that carboxylate ligands were formed on
the surface after surface modification [39,40]. In
addition, the negative shift of the peak attributed to
vs (C=0) is owing to the decrease in stretching
force constant caused by the coordination bond
formed between the O atoms of carboxylate ligands
and Ag atoms on the surface of the Ag shell [41,42].
For surface-modified particles, in addition to the
peak owing to vs (C=0), asymmetrical stretching
vibration of CHj;, asymmetrical and symmetrical
stretching vibration of CH», asymmetrical stretching
vibration of COO", bending vibration of CHo,
symmetrical stretching vibration of COO~, and
rocking vibration of CH, were detected at 2958,
2916, 2850, 1470, 1443, 1412, and 719 cm™’,
respectively [43,44]. All these peaks are attributed
to the functional groups present in the stearic acid
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Fig. 7 FT-IR spectra of pure stearic acid, and initial and

surface-modified submicron Ag-coated Cu particles of

A40

molecules, including carboxylates and alkyl chains;
thus, it was verified that the carboxylate ligands
were bonded to the Ag shell.

Figure 8 shows the XPS Ag 3d spectra of
the initial and surface-modified Cu@Ag particles.
For the initial Cu@Ag particles, an Ag’ peak
corresponding to the Ag shell was detected at
368.2eV. However, for the surface-modified
particles, the Ag’ peaks were detected at 368.7 eV
for all four particles, exhibiting a chemical shift of
0.5 eV. This is due to the decrease in the shielding
effect because the highly electronegative O atom of
the carboxylate ligands attracts electrons from the
Ag atom when forming coordination bonds with the
Ag shell [45,46]. Therefore, it was confirmed that
carboxylate ligands were formed after surface
modification, similar to the FT-IR analysis results
(Fig. 7). In addition, no differences in the chemical
shift with different Ag contents were observed, and
we concluded that the effectiveness of the surface
modification dose not vary depending on the
thickness of the Ag shell.

Ag3ds,
Ag3dy; Syrface-modified [\...s 3687 eV
\  Cu@Ag || e
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Fig. 8 XPS Ag 3d spectra of initial A40 and surface-

modified submicron Ag-coated Cu particles with

different Ag contents

3.3 Thermal properties of Cu@Ag pastes
Figure 9 shows the TG—DTA curves of the
pastes containing initial and surface-modified
submicron Cu@Ag particles with different Ag
contents during dynamic heating in air. For all
pastes, a mass loss of ~25% occurred in the
temperature range of 180—260 °C owing to the
evaporation of a solvent, which is approximately
the same as the mass of the solvent mixed with the
powder during paste preparation. Thereafter, the
mass remained constant until the temperature increased
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Fig. 9 TG—DTA curves of pastes containing initial and surface-modified submicron Ag-coated Cu particles with
different Ag contents of 10 wt.% (a), 20 wt.% (b), 30 wt.% (c), and 40 wt.% (d)

by 20—40 °C, and then gradually increased because
of the oxidation caused by the out-diffusion of core
Cu and dewetting of Ag shell. In the case of
initial particles, mass gains owing to oxidation
began when the temperature increased by ~20 °C
after solvent evaporation, but in the case of surface-
modified particles, the mass gains did not occur
until the temperature increased by ~40 °C. This is
owing to the decrease in surface energy and
concurrent suppression of Ag dewetting after
surface modification; thus, the out-diffusion and
exposure of the core Cu to air can be delayed. The
mass gain at 350 °C decreased with increasing Ag
content regardless of surface modification. The
mass gains were 6.91%, 6.55%, 5.21%, and 4.28%
for initial A10, A20, A30, and A40, respectively,
which is owing to not only an increase in time for
core Cu to diffuse out but also a delay in dewetting
of abundant Ag with increasing thickness of
Ag shell. Furthermore, for surface-modified A10,
A20, A30, and A40, the mass gains at 350 °C were
5.62%, 5.72%, 5.06%, and 4.12%, respectively.
These values were lower than those of the initial
particles because an organometallic surface with
relatively low energy effectively suppressed the Ag
dewetting and delayed oxidation of the core
Cu. This implies that the Ag shell maintains its

conformal thickness for a longer time, even at
relatively high temperatures, thereby reducing the
out-diffusion rate of the core Cu. In addition, the
difference in mass gain between the initial and
surface-modified Cu@Ag particles varied with the
Ag content, and the values were 1.29%, 0.83%,
0.15%, and 0.16% for A10, A20, A30, and A40,
respectively. Among these, A10 exhibited the
largest value, which was because the surface
modification was the most effective in suppressing
Ag dewetting in A10, which had the thinnest Ag
shell (Fig. 9(a)). For all the pastes, large exothermic
peaks accompanied by mass gain due to Cu
oxidation were observed, and their sizes decreased
with increasing Ag content and after surface
modification. These results indicated a decrease in
the relative degree of oxidation, which was
consistent with the trends observed in the mass
gain.

Figure 10 shows the TG—DTA curve of the
surface-modified A40 during isothermal heating at
250 °C in a nitrogen atmosphere. The sample was
heated to 250 °C at a heating rate of 30 °C/min and
maintained for 20 min. The temperature reached
250 °C after heating for 8 min, where mass loss
began simultaneously, and the rate significantly
decreased after ~11 min. Subsequently, a slight
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mass loss proceeded slowly, and the final mass loss
after heating for 20 min was ~0.8%. The rapid mass
loss from the point where the temperature reached
250 °C is owing to the removal of carboxylate
ligands, and gaseous by-products such as H>O, CO»,
H,, C;H4, and CH4 are formed because of the
thermal decomposition of stearic acid in an inert
atmosphere [47—49]. Most ligands were removed
after ~5 min from the time when the temperature
reached 250 °C, and the subsequent slight mass loss
is due to the gradual removal of residual ligands
that were not completely removed. The small and
broad exothermic peak accompanied with the mass
loss was attributed to sintering between the particles
after pyrolysis of the carboxylate ligands.
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Fig. 10 TG—DTA curves of surface-modified A40 during
isothermal heating for 20 min to 250 °C in nitrogen
atmosphere

3.4 Sintering behavior using submicron Cu@Ag

pastes

Figure 11 shows the electrical resistivities of
films containing the initial and surface-modified
submicron Cu@Ag particles with different Ag
contents after sintering at 250 °C in a nitrogen
atmosphere as a function of the sintering time.
Electrical resistivity was calculated by multiplying
the measured resistance value by a correction factor
of 3.5098, which was determined by considering
the temperature during the measurement and
diameter of the film and then multiplying it by the
thickness of the sintered film [50]. Because the
out-diffusion of the core Cu barely occurs during
sintering in a nitrogen atmosphere, copper oxide,
which severely deteriorates sinterability, is not
formed. Therefore, the resistivities decreased with
increasing sintering time for all particles. When
the sintering time was <3 min, the resistivities of
the surface-modified Cu@Ag particles were higher

1072

Initial ~ Surface-modified

10—3 L

1074

Electrical resistivity/(2+cm)

L 1

o1 2 3 4 5 6 7 8 9 10

1 L L L 1 1 1

Sintering time/min
Fig. 11 Electrical resistivities of films containing initial
and surface-modified submicron Ag-coated Cu particles
with different Ag contents after sintering for 1-10 min at
250 °C in nitrogen atmosphere

than those of the initial particles, which was
contrary to expectations. Based on the results
shown in Fig. 10, this was probably because the
ligands on the surface were removed incompletely
when heated at 250 °C for 3 min, and they hindered
the sintering between particles. In particular, nearly
no trend or difference in the resistivity values was
observed with different Ag contents when sintered
for 1 min, such as A40, with the highest Ag content
exhibiting the highest value. This is because the Ag
content and thickness of the Ag shell are not
dominant factors affecting sinterability, which is
attributed to the residual ligands on the surface. For
the initial Cu@Ag particles, the resistivities
decreased with increasing Ag content, regardless of
the sintering time. However, when the sintering
time was 5 min, most ligands were removed and
sintering proceeded; thus, the electrical resistivity
values of the surface-modified particles were lower
than those of the initial particles. When the
sintering time was 10 min, the difference between
the resistivity values before and after surface
modification was larger than that after sintering for
5 min. This was owing to the suppression of Ag
dewetting by the organometallic surface. While the
Ag shell was maintained at a uniform thickness, the
interparticle sinterability rapidly increased owing to
the increase in the contact area of Ag. Therefore, in
the case of surface-modified particles, the thickness
of the Ag shell, that is, the absolute amount of
Ag, considerably affects sinterability. Thus, large
differences in resistivity values were observed with
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different Ag contents when sintered for 10 min. In
particular, while initial A40 exhibited the electrical
resistivity value of 1.51x107Q-cm, that of the
surface-modified A40 was 6.67x107° Q-cm, which
is less than half of that of initial particles. Therefore,
surface modification using stearic acid effectively
suppressed Ag dewetting and enhanced sinterability.

Figure 12 shows BSE images of the cross-
sectional microstructure of films containing initial
and surface-modified submicron Cu@Ag particles
with different Ag contents after sintering at 250 °C
for 10 min in a nitrogen atmosphere. The ratio of
Ag which appears as a relatively bright region in
the microstructure, increased with increasing Ag
content. For the initial Cu@Ag particles, the
dewetted Ag and neighboring particles formed
sintered bodies earlier than the core Cu. The
sintered bodies have different shapes, such as Ag
filling up the spaces between three or more Cu
particles, agglomerated Ag with a large amount on
one side of the particle, and Ag bridges connecting
two Cu particles. Because Ag exhibits more
excellent sinterability even at relatively low
temperatures than Cu, it can be sintered at 250 °C,
but Cu undergoes rapid sintering only at
temperatures >300 °C, owing to its self-diffusion.
Therefore, structures where bare Cu particles were
connected by sintering because of Ag dewetting
were hardly observed, and the necks between
particles by sintering were mainly formed by
dewetted Ag. Consequently, it was confirmed that
the contact area between the particles decreased and
sinterability was reduced owing to the uneven
distribution of Ag attributed to the severely
agglomerated Ag particles, which was exacerbated

with increasing Ag content. By contrast, for the
surface-modified Cu@Ag particles, Ag dewetting
was effectively suppressed, and a uniform
distribution of Ag was maintained even after
sintering for 10 min. Accordingly, necks and
sintered body networks were more densely formed
through sufficient contact between the Ag shells.
The effectiveness of Ag dewetting suppression by
surface modification was most prominent in A10,
which is consistent with the TG—DTA results shown
in Fig. 9. However, no significant improvement was
observed in the electrical resistivity of A10 after
surface modification compared to that of A40, as
shown in Fig. 11, because the absolute amount of
Ag was low and insufficient to form dense sintered
bodies and networks. Considering these results, the
application of low-Ag-content Cu@Ag particles is
expected to expand through follow-up research.

4 Conclusions

(1) Changes in the surface morphology and
bonding states of the Cu@Ag particles after surface
modification were confirmed using SEM, FT-IR,
and XPS.

(2) The effect of surface modification on
suppressing Ag dewetting was confirmed by
TG—DTA results: A decrease in mass gain at
350 °C, the shrunk size of the exothermic peak, and
a delay in the onset temperature of mass gain by the
oxidation of core Cu. The effect was the greatest in
Al0.

(3) The electrical resistivities of the sintered
films containing surface-modified Cu@Ag particles
were lower than those of the initial Cu@Ag particles

Fig. 12 Cross-sectional BSE images of films containing initial (a—d) and surface-modified (e—h) submicron Cu@Ag
particles with different Ag contents of 10 wt.% (a, e), 20 wt.% (b, f), 30 wt.% (c, g), and 40 wt.% (d, h) after sintering at

250 °C for 10 min in nitrogen atmosphere
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when the sintering time was >5 min. In particular,
because the Ag content played a more dominant
role in the resistivity than the effectiveness of
surface modification, A40 showed the biggest
difference in resistivity values after surface
modification; surface-modified particles exhibited a
resistivity of 6.67x107°Q-cm when sintered for 10
min, which i1s less than half of that of initial
particles  (1.51x10%Q-cm).  Therefore, the
organometallic surface formed by stearic acid and
the Ag shell effectively suppressed Ag dewetting,
which increased the contact area between the Ag
shells and improved the sinterability.
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