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Abstract

To accomplish rapid chip attachment and produce a bondline between Cu finishes that provides both high-temperature
thermo-mechanical reliability and superior thermal conductance, compression-assisted sinter bonding at 300 C was per-
formed in air through the in situ formation of active Ag atoms by the decomposition of 200 nm Ag,O during a redox reaction
in the bonding paste. The remarkable sinterability of the generated Ag atoms and the effect of the reducing agent, which was
added to the paste to remove the oxide layer on the Cu finish, induced extremely rapid sinter bonding between Cu finishes.
Accordingly, the bonding under compression of 2 and 5 MPa resulted in a sufficient shear strength exceeding 27.0 MPa with
a dense bondline microstructure even after a significantly short bonding time of 30 s. Transmission electron microscopy
revealed that the bonding between the bondline and Cu finish was accomplished through the overlapping of Ag and Cu lat-
tices by inter-diffusion of Ag and Cu atoms without the formation of any compound. Therefore, high-speed chip attachment

was successfully achieved even for low-cost Cu finishes.
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1 Introduction

Some of the current common soldering processes used for
the production of joints that are thermo-mechanically sta-
ble at high temperatures (200-300 “C) and bondlines that
have remarkable thermal conductivity are being replaced
by sinter-bonding techniques using Ag particles, espe-
cially for those involving the attachment of wide-bandgap
semiconductor chips (SiC and GaN) during the fabrica-
tion of power modules for electronic vehicles, aircrafts,
space exploration, and underground well logging [1-10].
However, three limitation are still to be overcome: bond-
ing requires more time than soldering due to the involve-
ment of solid-state sintering, the nano-sized particles used
to enhance the sinterability are expensive and tend to
undergo severe aggregation, and Ag particles are generally
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compatible with bonding on an Ag finish, which induces
an additional fabrication cost when using an Ag coating
on a Cu finish [5].

As typical results of high-speed sinter bonding, Ide
et al. reported excellent shear strength approaching
40 MPa in a joint after 5 MPa compression bonding for
5 min at 300 °C using ~ 11 nm Ag nanoparticles [9]. Yan
et al. performed sinter bonding of an Ag-plated Cu disc
using a paste containing polyvinylpyrrolidone-absorbed
Ag nanoparticles and attained a strength exceeding
20 MPa with 5 min of bonding at 200 C after pre-drying
at 80 C [10].

To devise a sinter-bonding technique that can bond
competitive surface finishes with high productivity in an
air atmosphere without using nanoparticles, an attempt
was made to dramatically increase the attachment speed
of a Cu-finished chip under an appropriate compression
pressure using submicrometer Ag,0 particles. Since
Ag,0 decomposes at approximately 400 °C, adding a
solvent when preparing the bonding paste can induce
the generation of Ag nanoparticles through decompo-
sition at significantly low temperatures: the addition
of myristyl alcohol [11], polyethylene glycol [12-14],

@ Springer


http://orcid.org/0000-0002-3792-0404
http://crossmark.crossref.org/dialog/?doi=10.1007/s12540-022-01320-7&domain=pdf

1776

Metals and Materials International (2023) 29:1775-1785

triethylene glycol [12, 15], diethylene glycol [12, 14,
16-18], CELTOL-IA [19], and ethylene glycol [20, 21]
all decreased the decomposition temperature to between
110 and 160 °C. This significant drop provided excellent
sinter bonding between Ag finishes even at temperatures
below 200 °C [19, 20]. However, to bond Cu finishes in
air, their oxide layers should be eliminated and reoxida-
tion at high temperature should be suppressed using an
effective reducing agent in the paste [19]. Furthermore,
the bonding temperature should be elevated to 300 C
to enhance the speed of sinter bonding under a specific
compression [11], which may reduce the expected oxida-
tion by the fast densification of the used particles in the
bond line.

In a previous study on the sinter bonding of Cu fin-
ishes using Ag,0 paste at 300 C under 5 MPa compres-
sion, a bonding time of 5 min was required after preheat-
ing for 10 min at 120 C, to attain a shear strength of
approximately 29 MPa [12]. The interfacial bonding with
the Cu finish was supported by a mixture of diethylene
glycol and polyethylene glycol in the paste. Therefore,
the intent of this study was to significantly shorten the
bonding time under similar bonding conditions to a value
acceptable for industrial application despite the use of
low-cost Cu finishes. Furthermore, atomic-scale observa-
tion of the interface between the dissimilar metals (Ag
and Cu) was performed to elucidate the principle of the
interface bonding.

2 Experimental Procedure
2.1 Materials

The Ag,0 particles were synthesized by replacing the poly-
ethylene glycol used in a previously reported method [22]
with deionized (DI) water. The phase of the synthesized
particles was confirmed by X-ray diffraction (XRD; DE/DS
Advance, Bruker). The Ag,O particles were mixed with a
commercial solvent (EW-10, Epsilon Epowder) that demon-
strated excellent reducibility against copper oxide [23, 24]
in a particle-to-solvent weight ratio of 7:3, using a spatula
to prepare the paste.

2.2 Fabrication of Sintered Joints
The chip attachment was performed using a dummy

chip (3x3 mm?) and substrate (1 mm-thick Cu plate,
10 x 10 mm?). The surfaces to be bonded were scrubbed
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using a 2000 mesh sandpaper and then etched in an eth-
anol-based 10% sulfuric acid solution. After printing
the paste onto the substrate using a stencil mask with a
3%x3x0.1 mm? slit, the Cu chip was aligned onto the
printed pattern. The sandwich-structured sample was
transferred to a heating chuck, where it was rapidly
heated to 300 °C in air at a rate of approximately 30 C/s
while being simultaneously compressed with an external
pressure of 2 or 5 MPa during the heating; the compres-
sion was then maintained at 300 ‘C. The compression
pressure was controlled by a pneumatic system at the
first decimal place in the digital figure. Because the
counting of the bonding time began immediately after
the compression at the center region of a chip using a
14 mm-diameter collet, 30 s of bonding implied approxi-
mately 20 s at 300 ‘C. The chip attachment process by
high-speed sinter bonding and the heating profile are
schematically shown in Fig. 1.

2.3 Characterization

The thermal behavior of the paste was examined using
thermogravimetric and differential thermal analysis
(TG-DTA; DTG-60, Shimadzu) during heating at a
rate of 20 'C/min. Furthermore, XRD (DE/D8 Advance,
Bruker) and X-ray photoelectron spectroscopy (XPS,
K-Alpha+, Thermo Fisher Scientific) analyses were
conducted on the initial Ag,0 particles and particles that
remained after heating the paste to 300 °C to characterize
the chemical changes that occurred in the particles due
to heating.

The bonding strength of the attached chip was evalu-
ated by shearing using a micro-bond tester (Dage-4000,
Nordson DAGE). The height of the shearing tip was
200 pm from the substrate surface, and the strength was
defined as the maximum stress measured during shearing
at 200 pm/s.

The morphology of the Ag,O particles, cross-sectional
microstructures of the formed bondlines, and fracture micro-
structures formed after the shear test were examined using
high-resolution scanning electron microscopy (HR-SEM,
SU8010, Hitachi). To distinguish the Ag and Cu phases in
a micrograph, the microstructures were observed using the
back-scattered electron (BSE) mode. The interface between
the sintered Ag and bulk Cu was observed at an accelerating
voltage of 200 kV using transmission electron microscopy
(TEM; JEM-2010, JEOL).
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Fig.1 Schematic diagrams depicting the chip attachment process by high-speed sinter bonding and the heating profile
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Fig.2 a SEM image of synthesized Ag,O particles, b TG-DTA results for prepared Ag,O paste, and ¢ XRD results for initial Ag,O particles

and particles remaining after heating to 300 'C
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3 Results and Discussion
3.1 Characteristics of Used Materials

The morphologies of the synthesized Ag,0O particles are
shown in Fig. 2(a). Although the irregularly shaped par-
ticles were minuscule in size (161-253 nm), they did not
undergo severe agglomeration. Particles in this size range
can therefore be more suitable than nanoparticles for use as
filler material owing to their low material cost, freedom from
severe aggregation, and uniform dispersibility under simple
planetary mixing.

Figure 2(b) shows the TG-DTA results for the pre-
pared paste. Although Ag,O particles normally undergo
a decomposition reaction at approximately 400 “C that
causes a decrease in mass [11] along with the formation
of an endothermic peak, the paste containing both Ag,0O
particles and the EW-10 solvent exhibited the start of a
drastic loss of mass at 146 “C along with the formation
of a large exothermic peak, as shown in Fig. 2(b). The
exothermic peak formed due to the occurrence of a com-
plex redox reaction in the paste [11-21], leading to the
decomposition of Ag,0 and a consequent drastic decrease
in mass of approximately 20 wt% at a temperature imme-
diately below 150 “C. Immediately after the reaction, the
mass started decreasing at a completely different rate until
the temperature reached 245 “C owing to the vaporization
of the solvent, resulting in an additional loss of approxi-
mately 15 wt% of the paste. Lastly, another exothermic
peak appeared in the temperature range of 210-295 C
with a peak temperature of 253 °C, and the decrease in
mass stopped with the formation of this peak. This peak
was mainly attributed to the sintering behavior of the gen-
erated Ag. Based on the temperature at which the second
exothermic reaction ended, 300 ‘C was concluded as a
sufficiently high temperature for effective sinter bonding.
Figure 2(c) shows the XRD analysis results of the particles
remaining after the heating to 300 “C as well as the initial
Ag,0 particles. The initial Ag,0O particles disappeared
altogether after heating and only a pure Ag phase was
observed, indicating that the heating caused reduction of
Ag,0 into Ag.

Considering that Ag,0 decomposed at approximately
400 C when exposed to air, the reaction of Ag,0 in the
paste proceeding at a significantly low temperature can
be attributed to its interaction with the solvent. The car-
bon and hydrogen atoms in the solvent surrounding the
Ag,0 caused a thermodynamic reduction at the low tem-
perature, which is explained by an Ellingham diagram
[14, 25, 26]. When the Ag,0 reduced to Ag, the carbon
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and hydrogen atoms oxidized to form CO, and H,O by
combining with the released oxygen atoms and were then
outgassed.

Figure 3 exhibits the XPS results for the Ag,O parti-
cles before and after the redox reaction in the paste. For
the initial Ag,O particles before the reaction (Figs. 3(a)
and 3(b)), two relatively broad peaks at binding ener-
gies of 368.18 and 374.18 eV are present in the Ag 3d
spectra, while the Ag—O bond peak can also be observed
at 529.58 eV in the O 1 s spectra [27], which indicate
Ag™* ions, confirming the existence of Ag,0. Mean-
while, the XPS results for the particles remaining after
heating the paste to 300 C are shown in Figs. 3(c) and
3(d). The two peaks at 368.48 and 374.48 eV in the Ag
3d spectra are relatively sharp, and no Ag-related bond
peak is present in the O 1 s spectra [27]. These results
validate that Ag® metal remained after the decomposi-
tion of Ag,0.

3.2 Sinter-Bonding Properties

Sinter bonding was conducted at 300 C in air, and the
shear strength values after the bonding with respect to
the compression pressure and bonding time are shown in
Fig. 4. When the pressure was 2 MPa, the significantly
short bonding time of 30 s resulted in a sufficient shear
strength of 27.8 MPa. The strength was much higher than
that of a joint formed using a Pb-5Sn alloy, which is a rep-
resentative high-melting-point solder [28]. Upon increas-
ing the bonding time to 60 s, the strength increased to
37.4 MPa; however, this increase in the bonding time led
to an eventual slight decrease in strength within the stand-
ard deviation range. Meanwhile, the 30 s bonding under
5 MPa presented a sufficient shear strength of 27.3 MPa,
which consistently increased with increasing bonding
time. Consequently, the 30 s results in Fig. 4 demonstrate
never-before-reported fast sinter bonding between Cu fin-
ishes using a moderate pressure of 2 MP. The bonding
time was only one-tenth that of previously reported results
[12.13]. Moreover, it was found that at sufficient pressure
(5 MPa), the shear strength increased with increasing in
the bonding time.

3.3 Microstructures and Characteristics
of Bondlines

The cross-sectional bondline structures after the 2 MPa
bonding for different bonding times (30-300 s) are shown in
Fig. 5. The bondline that formed after the short bonding time
of 30 s exhibited a porous structure with many inter-particle
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Fig. 3 XPS results for a, b initial Ag,O particles and ¢, d particles remaining after heating the paste to 300 ‘C: a, ¢ Ag 3d spectraand b,d O 1 s
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Fig.4 Shear strengths measured after sinter bonding at 300 °C in air
with different compression pressures and bonding times

voids. Nevertheless, the sintering between reduced Ag par-
ticles was sufficient, and the Ag particles were sintered
to a similar degree with the upper and lower Cu finishes,
which explained the sufficient strength obtained. The Ag
atoms formed in situ by the redox reaction in the printed
paste preferentially and rapidly generated Ag nanoparticles,
which provided extraordinarily rapid sinterability during
consistent thermo-compression for 30 s because of their
active surface characteristics. Ag nanoparticles were also
able to immediately sinter bond the Cu finishes after remov-
ing the surface oxide on the finish by the efficient reduc-
ing agent in paste. The samples that sinter-bonded for 60 s
had a denser bondline structure. After 180 s and 300 s, the
bondlines indicated the formation of Cu oxide layers at the
upper and lower interfaces due to the penetration of oxygen
through the porous bondline structure. Note that the upper
and lower Cu oxide layers in the 180 s and 300 s bondlines
were distinguished with a slightly different color from the
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Fig.5 Cross-sectional BSE images (whole and at the upper and lower interfaces) of bondlines after 2 MPa sinter bonding at 300 °C for different
bonding times

Fig.6 Cross-sectional BSE images (whole and at the upper and lower interfaces) of bondlines after 5 MPa sinter bonding at 300 °C for different
bonding times
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Fig.7 High-resolution cross-
sectional TEM image and FFT
patterns at the Cu chip/Ag
bondline interface after 5 MPa
sinter bonding for 30 s

neighboring Cu. Energy dispersive spectroscopy (EDS) of
the layer revealed that the oxygen amount exceeded 30 at%,
confirming the formation of Cu,O [6, 23, 29]. Moreover, the
penetration of Ag into the Cu,O/Cu interface increased with
increasing bonding time [30]. The formation of oxide layers
might have been involved in the decrease or stagnation in
strength of the 2 MPa samples in Fig. 4.

Figure 6 shows cross-sectional BSE bondline images after
the 5 MPa bonding for different bonding time. Compared to
the structures observed in Fig. 5, the microstructural density
and sintering degree in the bondline after the short bond-
ing time of 30 s increased with the increase in compres-
sion pressure—a higher compression pressure accelerated
the sintering between reduced nanoparticles and enhanced
the bondline density after an identical bonding time. Thus,
bonding for 60 s produced a near-full density in the bond-
line. Since then, the structure underwent an additional but
minor improvement with a further increase in the bonding
time.

More details about the microstructure of the Ag/Cu inter-
face after 5 MPa bonding for 30 s are presented in Fig. 7.
The fast Fourier transform (FFT) result for the Ag bondline
region indicated the existence of (111), (200), and (220)
planes. Tight bonding between the bidirectionally existing
Ag and Cu at the interface was observed at the atomic scale.
The large discrepancy between the Ag (111) and Cu (111)

v(220)

d=2.08 [Cu (111)]
/ :

planes in the lattice parameter seemed to have been over-
come by the inter-diffusion of Ag and Cu atoms. Moreover,
layers with different lattice fringe spacings and directions
were partially generated at the interface, which were ana-
lyzed to be Moiré fringes that were formed by the overlap-
ping of the Ag and Cu lattices; furthermore, as observed
from the Ag—Cu binary phase diagram, the formation of
an intermetallic compound did not occur [31]. The micro-
structure implied that the Ag and Cu mutually diffused, with
the inter-diffusion and lattice overlap acting as the bonding
mechanisms between the Ag nanoparticles and Cu finish
[29].

3.4 Fractography

Images of the fractures on the chip surfaces, formed by
shearing after the 2 MPa bonding, are displayed in relation
to the bonding time in Fig. 8. All the fractures occurred
in patches at both the chip/bondline and bondline/substrate
interfaces across the bondline. Therefore, the exposed Cu
finish (dark gray color) in the chip/bondline interface (region
2) was observed in all the samples. The fracture pattern in
the 60 s sample was more cluttered than that in the 30 s sam-
ple, which could have contributed to the enhanced bonding
strength. However, the trend for the decrease or stagnation in
strength for the 180 s bonding could be explained from the
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Fig.8 BSE images of the fracture surface formed on a chip by the shear test after 2 MPa sinter bonding at 300 °C for different bonding times

results of Fig. 9. Figure 9(a) is a cross-sectional micrograph
of the Cu chip/Ag bondline interface in a 180 s sample, and
the formation of a Cu oxide layer at the interface can be
seen in the micrograph. After confirming that the fracture
mode after shear testing of the 180 s sample was that shown
in the schematic of Fig. 9(b), the EDS result for the frac-
ture surface was provided as Fig. 9(c). Consequently, the
abnormally high oxygen content in the exposed Cu region
implied the formation of a Cu oxide layer, and a failure in
this layer lowered the shear strength by exhibiting brittle
fracture behavior, depending on the degree of growth of the
layer [12].

The fracture surfaces in the 5 MPa samples are exhibited
in Fig. 10. Although the fracture modes were similar for
all the bonding times tested, the size of the patch patterns
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reduced with increasing bonding time, making the fracture
surface image cluttered. In addition, the sheared cup and
cone fracture observed in a well-bonded metallic interface at
the Ag fracture surface (region 1) elongated with increasing
bonding time. The fracture trends agreed well with the meas-
ured strength results. The fracture surface at the chip/bond-
line interface (region 2) regularly included micro-regions of
sintered Ag because of the higher compression.

4 Conclusions

To rapidly and cost-effectively achieve a bondline with
long-term mechanical stability at high temperatures of
200-300 C and excellent thermal conductivity, Ag,0
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Fig.9 a Cross-sectional BSE image of Cu chip/Ag bondline interface in 180 s sample under 2 MPa and b schematic depicting fracture site in
sample. ¢ BSE image of the fracture surface formed on a chip in the 180 s sample and d EDS result at each region

particles sized ~200 nm were synthesized. Sinter bonding
was performed between Cu finishes using a paste containing
Ag,0 particles under moderate compression pressures of 2
and 5 MPa in an air atmosphere. Mixing the paste with the
used reducing agent induced early decomposition of Ag,O
particles and the formation of an exothermic peak at 146 C,
and the reduced Ag was rapidly sintered during the bonding
at 300 °C; XRD and XPS results confirmed the reduction of
Ag by decomposition after heating to 300 C. Consequently,
the paste provided a sufficient shear strength exceeding

27.0 MPa, inducing an effective and complete reduction
of the Cu oxide even with after a significantly short bond-
ing time of 30 s—the bonding time was only one-tenth that
of previously reported results. The ultrafast bonding result
was attributed to the radical sinterability of active Ag atoms
generated in situ through a redox reaction in the paste under
compression at 300 °C. The obtained strength and dense
bondline structure implied that this 30 s bonding method is
appropriate for industrial production and applications.
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Fig. 10 BSE images of the fracture surface formed on a chip by the shear test after 5 MPa sinter bonding at 300 °C for different bonding times
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