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sintering technology for die attach in high-power electronics. The performance
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exclusive licence to Springer free solders. Although Cu NP paste is potentially a low-cost material, it faces the
Science+Business Media, LLC challenge of oxidation during sintering. This may result in a significant deteri-
part of Springer Nature 2021 oration of the mechanical, thermal, and electrical properties. Therefore, there are
limited studies on the in-air sintering of Cu NP pastes. The present study
demonstrated the in-air pressure-assisted low-temperature sintering of a com-
mercial Cu NP paste. Furthermore, the sintering was performed without using a
protective atmosphere, unlike that in most of the previously reported investi-
gations. The sintering behavior was investigated at three levels of temperatures
(200240 °C) and five levels of pressures (5-25 MPa). The joints that were sin-
tered at high temperatures and pressures exhibited condensed microstructures
and high bonding strengths. High sintering temperatures accelerated the dif-
fusion between Cu NPs, while high sintering pressure facilitated the removal of
evaporated organic compounds and the air between NPs. This not only facili-
tated sintering but also prevented the oxidation of Cu. The optimal sintering
conditions promoted the formation of 3D connections between the Cu NPs,
thereby increasing the shear strength of the sample. The samples that were
sintered at 240 °C and 10 MPa experiences the highest increase in the shear
strength, furthermore, the microstructures were optimized under this condition.
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The shear strength of 28.1 & 8.47 MPa was achieved under this condition, which
satisfied the requirements for die attach in high power electronics applications,
moreover, the sintering process was moderate and cost-effective. Therefore, the
optimal sintering temperature and pressure for the in-air sintering of the Cu NP
paste was concluded to be 240 °C and 10 MPa, respectively. The results indi-
cated that in-air sintering with pressure assistance can be applied for die attach
in the high-power electronics.

1 Introduction

The requirement for miniaturization and integration
drives the advancements in the power electronics
industry [1-3]. High power electronics are often
applied in harsh environments, such as aerospace,
energy production, and automotive applications. The
working temperatures of power electronics devices
that are based on wide-bandgap semiconductors,
such as gallium nitride (GaN) and silicon carbide
(Si0), often exceed 200 °C and, occasionally reach
350 °C. However, the presently available power
electronics components and packaging technologies
cannot satisfy such high-temperature requirements.
The conventional Pb-free die-attach materials, such as
SnAgCu (SAC) alloys, exhibit a reflow temperature of
220-260 °C [4, 5]. The operating temperature of AuSn
is higher than that of SAC alloys, however, the large-
scale production of AuSn is expensive. Therefore, the
novel die-attach materials must overcome the chal-
lenges during both packaging processes and appli-
cations, by achieving a compatible process
temperature and high operating temperatures, Fur-
thermore, they must possess excellent thermal and
electrical properties [6].

Metallic nanoparticles (NPs) are one of the most
promising candidates for die-attach or interconnec-
tion in high power electronics [7]. The investigation
into the size effect of metallic NPs revealed that
metallic NPs can be sintered to form bulk materials at
temperatures below 300 °C, which is compatible with
the current process flow [8]. Consequently, the
operating temperature of these materials can be
increased beyond that of SAC solders. Furthermore,
the growth of intermetallic compounds and Kirk-
endall voids can be avoided, via the use of one-type
sintered materials [9, 10]. These advantages have
encouraged the recent utilization of Ag NP paste as a
die-attach material in power electronics applications
[11-13]. The sintering parameters and materials were
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tuned to increase the mechanical strength of the sin-
tered joints [14-16]. There have also been studies on
the sintering mechanisms of Ag pastes [17-19].
However, Ag NP paste is susceptible to electromi-
gration, and this is a concerning issue in high-current
flow applications. There are reports on the migration-
related issues that are experienced by sintered silver
joints at high operation temperatures [16, 20, 21]. The
thermo-electrical properties of Cu are similar to those
of Ag, however, the resistance of Cu to electromi-
gration is higher than that of Ag. Therefore, Cu NP
paste has become an emerging die-attach material in
high power electronics. The experimental sintering
behavior of Cu NPs indicated that these particles can
be sintered below 300 °C [22]. The properties of the
sintered Cu NPs are similar to those of bulk Cu.
Therefore, it can withstand a higher operating tem-
perature than that of SAC alloy.

The easy oxidation of Cu NPs in air is a barrier to
sintering. A reductive or protective sintering atmo-
sphere is necessary for sintering of Cu NP paste to
prevent the oxidation of the Cu NPs. Recently, there
have been multiple reports on the fabrication Cu NP
paste. The aim of these investigations was to analyze
and subsequently optimize the performance of the
sintered Cu NP paste as a die-attach material. Sin-
tering has been conducted under various atmo-
spheres, including formic acid gas [23], 5% H, + 95%
N, [24, 25], and Ar + H, [26], to reduce copper oxi-
des and prevent the additional oxidation of the Cu
NPs, with pressure assistance. A high shear strength
of 51.7 MPa was achieved using pressure-assisted
sintering with reductive treatments [23]. Here, the
samples were treated using formic acid treatment
under an external pressure of 10 MPa for 10 min at
260 °C to achieve a high adhesion strength. The
experiment included a dedicated wet chemical
treatment and a prolonged sintering process. How-
ever, the use of processing gas and complex wet



] Mater Sci: Mater Electron

chemical treatments, as in industrial applications, is
time consuming and expensive.

The external pressure, in addition to the atmo-
sphere, is another critical parameter. Although pres-
sureless sintering offers the advantage of process
simplicity, it requires strict process conditions and
complex pre-treatments. A 100% H, atmosphere is
required during pressureless sintering to achieve
high shear strengths [27, 28]. Furthermore, the posi-
tive effect of reductive additives and surface modi-
fications on the shear strength, without the
application of external sintering pressure during the
sintering, has been demonstrated [29]. Pressureless
sintering has also been performed under 5%
H,; +95% N, or inert gas atmospheres [30, 31].
However, the shear strength of the Cu NP joints that
are sintered in the absence of external pressure is
generally limited to less than 10 MPa. This may sat-
isfy the requirements of some applications, that do
not require high shear strengths. However, the
application of external pressure to increase the shear
strength of the sintered joints is necessary for appli-
cations such as die attachment in power electronics.
The shear strength of the sintered joints can be
increased to 20 MPa via pressure-assisted sintering in
air using a mixture of various particle sizes [32]. A
sintering time of between 20 min and 1 h, or even
longer is required to achieve a high shear strength,
and prolonged sintering decreases the production
throughput. The requirement of strict sintering
atmospheres and complex material treatments
increase the cost and complexity of the manufactur-
ing process. Consequently, the application of pres-
sure-assisted sintering under ambient atmospheres,
without any complexities of process conditions, to
achieve high-quality sintered Cu NP joints, has
becomes an essential topic of research.

In-air pressure-assisted sintering was proposed
and performed using a commercialized Cu NP paste
in the present study. The sintering behaviors and the
microstructures of the sintered Cu NP joints at vari-
ous pressures and temperatures were analyzed. The
mechanical properties of the sintered Cu NP joints
were investigated using shear tests. The corre-
sponding fracture modes and microstructures of the
fracture surfaces were characterized by using scan-
ning electron microscopy/focused ion beam (SEM/
FIB). Finally, a possible pressure-assisted sintering
mechanism of the Cu NP paste in air was proposed.

2 Material characterization and methods
2.1 Cu NP paste characterization

The Cu NP paste (43.6 mg) was subjected to ther-
mogravimetric analysis (TGA, STA 449, Netzsch-
Gerédtebau GmbH, Selb, Germany) from room tem-
perature (25 °C) to 500 °C with a ramping rate of
10 °C/min, under Ar and air atmospheres. The paste
exhibited mass loss with the increase in the temper-
ature under the selected atmospheres. The composi-
tion of and the phase changes in the Cu NP paste
were investigated via elevated-temperature X-ray
diffraction (XRD, D5005, Bruker Corporation, Mas-
sachusetts, USA) with a Cu Ko (1 = 1.54 A) X-ray
source, and the theta/theta scan method was applied.
To analyze the material changes at various tempera-
tures, the instrument was equipped with a Pt heating
strip to increase the sample temperature. A thin layer
of the Cu NP paste was dispensed on a 10 mm x
10 mm Si substrate. The Cu NP paste on the Si sub-
strate was initially dried in an N, oven at 80 °C for
30 min. Subsequently, it was placed on the Pt heating
strip of the XRD instrument. The temperature of the
sample was monitored using a thermocouple. The
sample was heated from 25 to 300 °C, at intervals of
50 °C. The XRD scan was conducted after the sample
was heated and soaked at each stabilized
temperature.

2.2 Cu NP paste sintering and joint
characterization

A 0.5 mm-thick Si wafer, that was sputtered with a
metal stacking layer comprising 500 nm-thick Al,
200 nm-thick Ni, and 300 nm-thick Cu (Sigma depo-
sition system, SPTS Technologies Ltd., Newport,
Wales, UK), was used in this experiment. A Cu seed
layer was applied to increase the adhesion between
the Si wafer to the Cu NP paste. The prepared Si
wafer with metal layers was sawn into 2 mm x 2 mm
dies for pressure-assisted sintering. Direct-bonded
copper (DBC) boards with a Cu plating layer were
used as substrates. The paste was dispensed from a
syringe on the DBC in an X shaped pattern. Dies were
placed on top of the dispensed pattern and paste was
squeezed out to fill the area underneath. The bond
line thickness was measured to be 10 pm. The drying
step was conducted to remove the low-organic solu-
tion and moisture from the paste. The drying step
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was performed at 80 °C for 30 min under an N,
atmosphere. Pressure-assisted sintering was con-
ducted in air using industrial equipment that was
supported by Besi Netherlands B.V., Duiven, The
Netherlands (Fig. 1b). Figure 1a shows a schematic of
the cross-section of the pressure-assisted sintering
setup. The top and bottom press plates (plates 1 and 2
in Fig. 1a) were initially preheated at the recom-
mended sintering temperature. Subsequently, the
DBC substrates with the attached Si dies were placed
between the two plates. These plates exerted the axial
force and acted as the temperature source, simulta-
neously. The temperature, pressure, and holding
time were precisely controlled using the equipment.
The holding time during the sintering was main-
tained at 3 min for all the sintering experiments.
Furthermore, no protective gases were used during
sintering. The sintering behavior of the Cu NP paste
was investigated under various sintering tempera-
tures and pressures. One batch of samples was sin-
tered and characterized under each sintering
condition. Each batch comprised 10-15 Si dies on the
DBC substrates.

The shear strengths of the samples after sintering
were measured using a ball shear/die-shear tester
(4000 Bondtester, Nordson Dage, Aylesbury, UK),
under various sintering conditions. The optical ima-
ges of the fractured surfaces of the sintered Cu joints
were obtained via digital microscopy (AMB3113T,
Dino-Lite Digital Microscope, AnMo Electronics
Corporation, Hsinchu, Taiwan). The microstructures
of the fractured surfaces of the sintered Cu joints
were characterized using a scanning electron micro-
scope (NovaNano, FEI Company (Thermo Fisher
Scientific), Oregon, USA). The cross-sections of the

(a)

Uniaxial force

Sputtered
Cu layer

sintered Cu joints were analyzed using a FIB and
energy-dispersive X-ray spectroscopy [EDS; Helios
G3-CX, FEI Company (Thermo Fisher Scientific),
Oregon, USA].

3 Results and discussion
3.1 Sintering temperature determination

The Cu NP paste is comprised of Cu NPs and mul-
tiple types of organic additives. Therefore, TGA and
the in situ XRD measurements were performed to
determine the appropriate sintering temperature
range. Figure 2 shows the TGA results of the mass
loss and thermal behavior of the Cu NP paste. The
mass loss from 50 to 400 °C, in three stages, under an
Ar atmosphere, was 12.2%. The mass loss in the first
stage from 50 to 110 °C was 0.5%, which was attrib-
uted possibly to the presence of moisture and low-
evaporation-temperature organic compounds. A
rapid mass loss of 8.9% was observed in the second
stage from 110 to 182.9 °C. The occurrence of the
maximum mass loss in this stage indicated that the
evaporation or decomposition of most of the solvents.
A slow mass loss of 2.8% was observed in the third
stage, from 182.9 to 400 °C. The diverse types of
organic additives in the conductive paste exhibited
various evaporation and decomposition
temperatures.

In the curves of the TGA results under compressed
air denoted the occurrence of mass loss in four stages.
A slow mass loss was observed in the first stage from
50 to 110 °C, similar to the observations in the first
stage under Ar. A rapid mass loss of 9.1% was

(b)

Fig. 1 a Schematic cross-section of the pressure-assisted sintering setup. b Pressure-assisted sintering equipment
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Fig. 2 TGA results of the Cu NP paste in a Ar and b compressed air

observed in the second stage of the process from 110
to 193.1 °C. The highest mass loss occurred during
this stage of the process owing to the evaporation and
decomposition of multiple organic compounds. The
upper limit of the temperature in the second stage
under compressed air (193.1 °C) was higher than that
in the second stage under Ar (182.9 °C). This varia-
tion was attributed to the difference in the atmo-
spheres. A slow mass loss of 0.8% was observed in
the third stage from 193.1 to 246.2 °C. A 1.6% increase
in the mass was observed in the final stage from 246.2
to 400 °C. The measurement under Ar indicated that
the sample underwent additional mass loss above
246.2 °C. The Cu NPs were highly susceptible to
oxidation above 193.1 °C, owing to the low solvent
protection. Therefore, the mass variation in the final
two stages probably comprised the increase in the
mass due to the oxidation of Cu as well as the
decrease in the mass owing to the evaporation of
organic compounds. The effect of the organic evap-
oration was stronger than that of the oxidation in the
third stage, thereby resulting in mass loss. The
increase in the mass owing to oxidation was higher
than the decrease in the mass owing to the evapora-
tion in the final stage. Consequently, there was an
increase in the mass above 246.2 °C. The results
indicated that the Cu NP paste possessed low organic
residuals and underwent moderate oxidation
between 193.1 and 246.2 °C. Therefore, the appro-
priate sintering temperature in air was determined to
be between 193.1 and 246.2 °C.

Elevated XRD analysis was performed in air to
elucidate the material composition and structural
changes during sintering. Figure 3 shows the XRD
patterns of Cu NP paste at various high tempera-
tures. The presence of three strong Cu peaks in the
XRD pattern from room temperature to 150 °C indi-
cated that Cu NPs were resistant to oxidation until
relatively high temperatures. When the temperature
was 200 °C, a weak Cu,O (111) peak appeared at
20 = 36.9° in the XRD pattern. However, the intensi-
ties of the Cu,O (111) and (220) peaks at 200 °C were
negligible. These observations indicated the initiation

A 300°C
"_‘ _F._/.\; E = 'I'\ il ___"_....-"4,,‘. TR S —
__.-/K——---"J L.,.k—-.—-—-/\- ok
= o
Z A o A 200 °C
T
£
w
g Jk A A 150°C
JL A A 100°c
J A At
—_Cu
= | s | & g = s —Cuo
=l K= |& B 12
30 35 40 45 50 55 60 65 70 75 80 85

20(%)

Fig. 3 X-ray diffraction scans of the Cu NPs paste at elevated
temperatures in air
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of oxidation, and the Cu NPs were slightly oxidized.
The oxidation resistance of the Cu NPs in the paste
before 200 °C was probably owing to the presence of
an organic protection layer till 193.1 °C, as indicated
by the TGA measurements (Fig. 2b). The Cu NPs
remained exposed to air without organic protection
at an elevated temperature of 250 °C. There was a
significant increase in the strength of the Cu,O (111)
peak and the other Cu,O peaks such as Cu,O (200)
and CuyO (220) appeared in the XRD pattern. The
continuous growth of the Cu,O peaks from 250 to
300 °C indicated the further oxidation of the Cu NPs.
The results of the XRD analysis were correlated with
those of TGA under the compressed air (Fig. 2b). It
was inferred that the oxidation of the Cu NPs above
250 °C was the primary contributor to the increase in
the mass above 246.2 °C. The results revealed that the
Cu NP paste was resistant to oxidation below 200 °C
in air, and it was partially oxidized between 200 and
250 °C.

The results of TGA measurements under Ar and
compressed air and elevated-temperature XRD anal-
ysis (in air) indicated that most of the organic addi-
tives in the Cu NP paste were removed above
193.1 °C. Furthermore, the oxidation level of the Cu
NP paste in air remained relatively low until 250 °C.
Therefore, the appropriate in-air sintering tempera-
ture for the Cu NP paste in the present study was
determined to be between 200 and 250 °C.

3.2 Optimization of the sintering
parameters and characterization
of the sintering joint

Three sintering temperatures, i.e., 200 °C, 220 °C to
240 °C, and five levels of external pressure, i.e., 5, 10,
15, 20, and 25 MPa, were selected for the experiment
based on the results of TGA and XRD. Each batch
was naturally cooled down to room temperature after
3 min of sintering. The sintered Cu NP joints were
subjected to the shear strength test to evaluate the
mechanical properties. Figure 4 shows the shear
strength of the sintered Cu NP joints that were pre-
pared at various sintering temperatures and
pressures.

The samples that were sintered at 200 °C under
5 MPa presented the lowest shear strength of
0.29 MPa. There was a slight increase in the shear
strength to 4.46 MPa with an increase in the sintering
pressure to 25 MPa. The samples that were sintered
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Fig. 4 Shear strength of sintered Cu NP joints at various
temperatures and pressures

at 220 °C under 5 MPa presented a low shear
strength of 0.61 MPa. There was a significant increase
in the shear strength to 15.09 MPa with the increase
in the pressure to 15 MPa, however, an additional
increase in the external pressure at 220 °C did not
induce any further increase in the shear strength. The
samples that were sintered at 240 °C under 5 MPa
presented a shear strength of 6.59 MPa. The shear
strength increased more than four times, from 6.59 to
28.1 MPa, which was the highest observed increase,
with the increase in the external pressure from 5 to
10 MPa. The shear strength continued to increase
with the increase in the external pressure from 10 to
25 MPa. However, the rate of increase in the shear
strength from 10 to 25 MPa was significantly lower
than the rate of increase in the shear strength from 5
to 10 MPa. The highest shear strength of
41.63 £ 4.35 MPa was achieved at 240 °C under
25 MPa. The samples that were sintered at 240 °C
under 10 MPa presented a shear strength of
28.1 + 8.47 MPa, which satisfied the requirements
for die attach in power electronics applications. Fur-
thermore, there is a risk of sample damage under
excessively high sintering pressures. Therefore, the
optimal sintering temperature and pressure were
determined to be 240 °C and, 10 MPa, respectively.
The surface morphologies of the macrofractures
and microfracture were analyzed after the shear
strength test. Thus, the fracture mode of the Cu NP
joints under various sintering conditions was deter-
mined. The optical images of the shear surfaces and
the fracture modes of representative samples under
each sintering condition are presented in Fig. 5a. Two
types of fracture modes, adhesive, and cohesive were
observed. The cohesive fracture occurred inside the
Cu joints (Fig. 5b). Only the Cu NPs were observed
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Fig. 5 a Sheared surfaces and fracture modes of the sintered Cu
NP joints at various temperatures and pressures. Areas presenting
the different fracture modes are labeled accordingly. Schematic

on most of the fracture surfaces. The adhesive frac-
ture (Fig. 5d) occurred primarily, at the interface
between the Cu NPs and the DBC substrate. It also
occurred at the interface between the sputtered Cu
and Ni layers. The Cu NPs were approximately vis-
ible on the fracture surfaces. Figure 5c showed the
simultaneous occurrence of the cohesive and adhe-
sive fractures, here, the Cu joint, DBC substrate, and
sputtered Cu layers were observed together. The
samples that were sintering at 200 °C under different
pressures presented mixed-fracture modes. The
samples that were sintered at 220 °C under
5-15 MPa, also exhibited the mixed-fracture modes.
However, the number of cohesive fractures was low
in the samples that were subjected to pressures
higher than 10 MPa. The occurrence of cohesive
fractures indicated that the Cu NPs did not form
strong and long-range connections. This resulted in
low shear strength (Fig. 4). The Cu NPs were sup-
plied with higher energy under high sintering pres-
sure; consequently, they were closely compacted to
form interparticle connections. This decrease the

description of the b cohesive, ¢ mixture of adhesive and cohesive,
and d adhesive fracture mode

occurrence of cohesive fractures, and there was a
significant increase in the shear strength with the
increase in the pressure from 5 to 10 MPa at 220 °C.
The fracture mode transferred from mixed to the
adhesive with the increase in sintering pressure to
20 MPa and above at 220 °C. This indicated the for-
mation of a highly condensed joint structure. The
mechanical strength of the sintered joints was higher
than that of the interfacial layers. The adhesive frac-
ture mode was dominant with the increase in the
sintering temperature to 240 °C, except under an
external pressure of 5 MPa. The adhesive fractures
occurred at two interfaces in the sample that were
sintering at 240 °C under 10 MPa. This indicated the
adhesive failure of the sputtered Cu seed layers and
the interface before the fracture of the Cu NP joints.
Consequently, the maximum increase of the shear
strength was observed.

The optimal sintering temperature and pressure
were determined to be 240 °C and, 10 MPa, respec-
tively. Therefore, the samples that were sintered at
240 °C under 5, 10, and 15 MPa, were selected for the

@ Springer
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microstructural observations (Fig. 6). When the
pressure was 5 MPa (Fig. 6a—c), the fracture surface,
corresponding to the cohesive model, exhibited a
porous structure with Cu NPs. Figure 6b shows the
region of slight plastic deformation that was intro-
duced by the fracture. The presence of a mixture of
Cu NPs was observed in this region at different sin-
tering stages. The presence of numerous spherical
particles was an indication of low-level sintering. A
few Cu NPs in the center of the upper surface of the
Cu joints were sintered with neck formations
(Fig. 6¢). The evaporated organic additives were not
completely eliminated, at a low pressure of 5 MPa.
Therefore, the Cu NPs were loosely packed together,
and neither large sintering necks nor long-range
connections were formed. This facilitated the initia-
tion and propagation of the cracks inside the Cu
joints, thereby lowering the mechanical strength.
When the sintering pressure was increased to
10 MPa (Fig. 6d), the presence of the DBC substrate,
sputtered Cu layer, and a small area of the sintered
Cu joint was observed in the fracture surface. The

5 MPa

= X 3
%pm\m-ll Cw laver

PEe.

plastic deformation of the sintered NPs was initiated
during failure (Fig. 6e). The formation of large sin-
tering necks, as well as continuous connections
between the neighboring Cu NPs, was observed
(Fig. 6f). Therefore, the porosities of the sintered
samples at 10 MPa were substantially lower than
those of the sintered sample at 5 MPa. Consequently,
the mechanical strengths of the sintered samples at
10 MPa were substantially higher than those of the
sintered sample at 5 MPa. The decrease in the
porosity of the Cu joints with the increase in the
pressure from 5 to 10 MPa resulted in the removal of,
most of the organic solvents in the pores. Conse-
quently, a highly compact sintered microstructure
was obtained. The crack propagation at the interfaces
was easier than that inside Cu joints during the shear
tests, and this results in the formation of typical
adhesive fracture surfaces. The optimal sintering
pressure was determined to be 10 MPa owing to the
aforementioned significant changes in this condition.
The sputtered Cu seed layer and DBC substrate and
some area of the upper surface of the Cu NP joints

& .\"iptlltci'rl.l Cu
{ layer

500 nm

500 nm ~
emote—n

Fig. 6 SEM images of fracture surfaces of Cu NP paste sintered at 240 °C at various pressures: a—¢ 5 MPa, d—f 10 MPa, and g-i 15 MPa
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b
500 nm

Fig. 7 a and b FIB/SEM images of the microstructure cross-section of the Cu NP joint sintered at 240 °C, 10 MPa. ¢ EDX detection area

on the cross-section of the Cu NP joint and d the spectrum

were significant observations on the adhesive frac-
ture surface (Fig. 6g) under a sintering pressure of
15 MPa. The highly much more steep fracture surface
in Fig. 6h shows the occurrence of plastic deforma-
tion. The morphology of the fracture surface at
16 MPa was similar to that of the fracture surface at
10 MPa. The integration of the Cu NPs and the low
porosity of the resulting structure were indications of
a high level of sintering (Fig. 6f). The vaporized
organic residues between the Cu NPs were pressed
out further than that at 10 MPa. The surfaces of
numerous Cu NPs were exposed to surface diffusion
and sintering neck formation. The condensed
microstructure at a sintering pressure of 15 MPa
resulted in high shear strength. There were certain
similarities between not only the microstructures but
also the fracture modes of the samples that were
sintered under 10 and 15 MPa. However, less
improvement in sintering progress was achieved
from 10 to 15 MPa. Therefore, the rate of increase in
shear strength was low.

Both the sintering temperature and pressure dur-
ing sintering exerted an essential effect on the
microstructure of the Cu NPs. The increase in the
pressure resulted in the formation of a highly dense
microstructure in the sintered Cu joints. This induced
a substantial increase in the mechanical strength of
the joints, despite the possible formation of surface
oxide, due to high process temperature in air.

The cross-section microstructure of one represen-
tative sample under the optimum sintering condition
(240 °C, 10 MPa), was characterized, in Fig. 7a, b.
Compared to the sample processed at 240 °C, 5 MPa,
more sintering neck formation between particles and
lower porosity can be observed. Thus a tremendous
improvement in the shear strength of this sample was
obtained. Considering the possibility of oxidation at
sintering temperature in air, an SEM/EDX was taken
to evaluate the oxygen content within the Cu joint. As
shown in Fig. 7d, a small amount of oxygen element
(~ 0.5 wt%) was detected in the selected area. It
could possibly have originated from two sources:
surface oxidation of the Cu NPs, or organic residues
from evaporation during the process. The XRD pat-
tern of the Cu NP paste at 250 °C in the air also
depicts the Cu,O peak, which can be correlated here.
Due to the small amount of oxidation, it does not
have a strong negative effect on the sintering process.
Condensed sintered Cu NP joints can be achieved
under the appropriate sintering condition.

The increase in the sintering pressure lowers the
activation energy that is required to initiate sintering,
as demonstrated for the sintering of Ag NP paste [33].
Since Cu and Ag may possess similar metallic prop-
erties, the increase in the sintering pressure possibly
decreases the activation energy for the sintering of Cu
NPs. Figure 8 shows a schematic elaboration of the
effect of the pressure during in-air sintering. Prior to
the sintering, the Cu NPs in the paste were separated
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.~ Organic compounds inside the Cu paste ¢ Pressure

° Cu nanoparticle

Cu surface oxides

Fig. 8 Schematic of the effect of the pressure during sintering of the Cu NP paste. a Cu NP paste before sintering. b Cu NP paste that is

sintered under low pressure and ¢ high pressure

by complex organic additives, and the particle sur-
faces are covered to prevent oxidation and sintering.
The vaporized organic additives and the air are
partially removed with the assistance of low pres-
sure, thereby resulting in the exposure of the Cu NP
surfaces. This facilitated the diffusion of Cu atoms
between the particles, which induced the formation
of sintering necks [33-36]. Since the sintering was
performed at a relatively high temperature in air, the
surfaces of the Cu NPs underwent slight oxidation.
The presence of the organic residue induced the
formation of the voids, furthermore, possible oxida-
tion increased the distance between the particles. This
prevented the formation of long-range and continu-
ous connections under low pressure, thereby
decreasing the mechanical strength. Most of the
evaporated organic additives and air were eliminated
with the increase in the sintering pressure. This
resulted in the exposure of approximately all the Cu
NP surfaces and the subsequent close packing of the
particles. Thus, sintering was initiated. The presence
of a low volume of air during sintering also pre-
vented the occurrence of additional oxidation at the
process temperatures. Advanced levels of sintering,
which resulted in the formation of condensed
microstructures and 3D connection, was achieved
under high pressure. This resulted in a significant
increase in the shear strength of the sintered joints,
even without protective atmosphere. It was con-
cluded that the low-temperature sintered Cu NP

@ Springer

paste could be utilized for the die attach in power
electronics applications.

4 Conclusion

The in-air sintering behavior of a Cu NP paste under
various process conditions was investigated in this
study. The in-air sintering temperature range was
determined based on the results of the characteriza-
tion of the paste and multiple pressure-assisted sin-
tering experiments were performed in air. Highly
condensed structures with close-packed Cu NPs were
formed with the increase in the sintering temperature
and pressure. The increase in the sintering tempera-
ture and pressure accelerate the formation of sinter-
ing necks and interparticle connections inside the Cu
joints. A maximum  shear strength  of
41.63 £ 4.35 MPa was obtained at the sintering tem-
perature, pressure, and time of 240 °C, 25 MPa, and
3 min, respectively. Furthermore, the highest increase
in the shear strength was observed for the samples
that were sintered at 240 °C under 10 MPa. These
samples presented a high shear strength of
28.1 &+ 8.47 MPa, which satisfied the requirements
for die attach in power electronics applications. The
optimal sintering condition was determined to be
240 °C and 10 MPa, because the cost of production
and the risk of damage to the die are high at high
pressures. The experimental and characterization
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results revealed that a Cu NP paste that is subjected
to in-air sintering with pressure assistance can be

utilized for die-attach in power electronics
applications.
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