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A one-step polyol method was employed to synthesize bimodal Cu particles
with average diameters around 200 nm and 1000 nm, respectively. The bi-
modal Cu particles were mixed with a reductive solvent of polyethylene glycol
(PEG) to form a paste. The Cu paste was used as die bonding material to
prepare Cu joints under Ny or vacuum sintering atmosphere. The results
showed that the strength of the Cu joints in Ny atmosphere was always higher
than that in vacuum. The shear strength of a Cu joint processed at 350°C
under only 0.4 MPa bonding pressure in N, was above 40 MPa, which was far
higher than that obtained using single-sized nano-Cu particle paste. It is re-
lated to the dense packing of the bimodal Cu particles and slow decomposition
behavior of the reductive PEG solvent. The reductive PEG solvent in the Cu
paste, which effectively removed oxides on the surface of the Cu particles, was
necessary for easy-oxidized Cu pastes. These results suggested that Cu pastes
with suitable particle sizes, reducing solvent and sintering atmosphere could
be a proper candidate for low-temperature and low-pressure bonding process.
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INTRODUCTION

The application of wide band gap (WBG) semi-
conductor materials like silicon carbide (SiC) or
gallium nitride (GaN) in high-power devices is
considered to be a revolution of the traditional
semiconductor industry because these WBG semi-
conductors can withstand harsher environments
such as high temperature, high current density,
severe thermal shocks and high frequency.? How-
ever, traditional die bonding materials would break
down at high temperatures hindering the develop-
ment of WBG semiconductors. Thus, it is vital to
search for novel die-attach materials which can not
only bond SiC/GaN to substrates but also endure
high working temperatures and high-frequency
thermal shocks before WBG devices can enter the
market.>* Die-attach materials based on metallic
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nanoparticles have been proved to be promising
alternatives due to their low processing tempera-
ture and high working temperature. For example,
Ag joints formed with Ag nanoparticle (Ag-NPs)
paste have high electrical/thermal conductivity and
also show excellent stability of shear strength even
with high temperature and thermal shock tests.®™”
However, Ag is expensive and susceptible to elec-
tromigration, which will readily induce short cir-
cuits or open circuits between joints, especially in
mainstream fine-pitch packages.®

Cu paste is expected to be a potential substitute
for Ag paste because Cu is only 6% less conductive
than Ag, but 100 times less expensive.”!? In addi-
tion, Cu is more robust against electromigration.!®
Hence, Cu nanoparticle (Cu-NP) pastes as die-
attach materials have attracted increasing atten-
tion.'>!3 However, Cu is easily oxidized in air even
at room temperature, especially for Cu-NPs. The
bonding processing of Cu-NPs pastes becomes diffi-
cult and complicated in order to remove Cu oxides
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on the surface of Cu-NPs. The bonding procedure
using Cu-NP paste always refers to a reductive
atmosphere (such as in Hs,, formic acid) and high
temperature.'*!® Solvents used in the paste are an
important factor, which influence the sintering
process and the final quality of the bonding
joints.'®"'® Considering the oxidation issue of Cu
particles, a solvent with reducibility should be
suitable and helpful for the removal of Cu oxides.
For example, polyethylene glycol (PEG) was used to
remove the oxide layer on Cu chips to make direct
contact with the Az% paste under high pressure and
high temperature.”® Ogura et al. directly used CuO
and Ag>0 nanoparticle paste with PEG solvent to
make Cu-Cu joints at 300°C, during which both
Ag,0 and CuO were reduced to pure metal by PEG
even in air.?>?! These results suggested that PEG
was a suitable solvent to make Cu-NP paste without
a reductive atmosphere. Furthermore, the decom-
position process of PEG solvent would be affected by
the sintering atmosphere; unfortunately, studies
seldom focus on this point.

The size of the Cu-NPs is another key factor in Cu
paste. Small Cu-NPs melted at lower temperature
were more easily oxidized compared with larger Cu
particles. To achieve balance, bimodal Cu paste
based on mixed Cu particles with different sizes
may be a promising solution by decreasing both the
content of the Cu oxides and the melting tempera-
ture of the Cu paste. Bimodal Ag pastes have been
proved to be successful to achieve metal joints with
high bonding strength,??%23 excellent electrical con-
ductivity and thermal stability.?* Based on this
inspiration, some bimodal Cu pastes have been
developed. Kim et al. used intense pulse light to
sinter a Cu paste composed of large particles of 2 yum
and small particles of 20-50 nm in diameter and
achieved a dense Cu pattern with a low resistivity of
80 uQ cm. The value was lower than that obtained
with mere Cu-NPs or mere micron Cu.?® They
suggested that the Cu-NPs played a nano-welder
role and enhanced the connection between the Cu
microparticles. Tam et al. also mixed 9.3-um Cu
flakes and 60.8-nm Cu particles to get a Cu pattern
with a low resistivity of 28 uQ c¢cm. The Cu-NPs first
melted and then fused during sintering which pro-
vided the interconnection among the Cu flakes and
improved the electrical conduction.?® These results
indicated that, besides the low content of oxides and
low melting temperature, the bimodal Cu paste also
showed superiority in obtaining dense bonding
joints, which is important to achieve high strength
and high reliability. These merits of the bimodal Cu
paste stimulated us to design suitable Cu pastes by
optimizing the size distribution of the Cu particles.

Here, bimodal Cu particles containing two sizes of
particles were synthesized by a simple, large-scale
polyol method, as set out in our previous paper.
The bimodal Cu particles were mixed with PEG
solvent to make pa aste for the die bonding process.
Cu joints were realized in both Ny and vacuum
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atmospheres. The thermal properties of the Cu
bimodal pastes were measured. The microstructure
and shear strength of the Cu joints were examined.
The detailed mechanism will be discussed in the
following sections.

EXPERIMENTAL
Synthesis of Bimodal Cu Particles

A modified polyol method was used to prepare
bimodal Cu particles,?” in which 1.5 g Polyvinyl
Pyrrolidone K90 (PVP) as capping agent and dis-
persant was first dissolved into 1,3-propanediol
(PDO). Then, 1.5 g copper hydroxide (Cu(OH)s)
was dissolved in the above solution at room tem-
perature. After that, the solution was immediately
heated to 190°C and reacted for about 90 min. Then,
the dark red precipitation was immediately cen-
trifuged and washed several times to get pure Cu
particles, and finally these particles were kept in
ethanol for further use.

Fabrication of Cu Joints

The as-synthesized bimodal Cu particles were
mixed with PEG (PEG300) with a mass ratio of
1:0.15 to form the Cu paste. The paste was screen-
printed on a Cu substrate by a stainless steel screen
(4mm x 4 mm x 0.1 mm), and then a Cu chip
(4 mm x 4 mm x 0.8 mm) was placed on the sur-
face of the paste layer. After drying in air for several
minutes, the joints were sintered in a vacuum
environment or a Ny atmosphere with a bonding
pressure of 0.4 MPa. The sintering process in the Ny
atmosphere was carried out in a solder re-flow
sintering system (RSS-210; UniTemp) with a Ny
flow rate of 1 L/min. The vacuum condition was
created by a fine vacuum system (YONEKURA). In
both conditions, the heating rate was 25°C/min.

Characterization and Properties

The phase of the Cu particles was checked by x-
ray diffraction (XRD; RINT 2500; Rigaku) and x-ray
photoelectron spectroscopy (XPS; JPS-9010MC;
JEOL). The morphology of the Cu particles and
the microstructure of the Cu joints were examined
by a field emission scanning electron microscope
(FE-SEM; SU8020; Hitachi). Thermogravimetry
differential thermal analysis (TG-DTA; STA449
F3; NETZSCH) was used to analyze the thermody-
namic behavior of the Cu paste and the reductive
solvent of PEG. Cross-section samples were fabri-
cated by an ion-milling process (IM4000; Hitachi).
The mechanical property of the metallic Cu joint
was evaluated by a shear test (XD7500; DAGE) with
a shear strain rate of 1 mm/min.

RESULTS AND DISCUSSION

Figure 1la shows the XRD pattern of the Cu
product. There are three main characteristic peaks
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Fig. 1. XRD pattern (a), XPS spectra (b) and FE-SEM micrograph (c) of as-synthesized Cu particles.

located at 20 = 43.3°, 50.4°, and 74.08°, which
correspond to the diffraction of the (111), (200),
and (220) planes of the face-centered cubic (fcc) Cu
crystal, respectively.?® No other impurity phases
such as CuO, Cuy0, or Cu(OH); were observed.
However, the XPS measurement indicated the
existence of Cu oxides, which might partly cover
the surface of the Cu particles (Fig. 1b). In the
spectrum of Cu 2ps», a peak at 934.3 eV corre-
sponds to the Cu oxides. The existence of Cu oxides
was due to the intrinsic easy oxidization of Cu even
in ambient atmosphere.? Since the melting tem-
perature of the Cu oxides was extremely high, their
existence would obstruct the connection of the Cu
particles. Figure 1c shows the SEM micrographs of
the as-synthesized Cu particles. It can be clearly
observed that the size of the Cu particles was
extremely non-uniform including small and large
particles, which had a wide size distribution from
nanoscale to microscale. While most small particles
had an average diameter of 200 nm, the large
particles had an average diameter of 1000 nm. In
addition, the morphology of the small and large
particles were different. The small particles tended
to be round-shaped and the large particles had a
rod-like irregular appearance. This indicated that
bimodal Cu particles were successfully prepared
using the simple, one-pot polyol method.

The bimodal Cu particles were mixed with PEG
and used to die-bond Cu chips under a low bonding
pressure of 0.4 MPa. To test the bonding strength of
the Cu paste, the shear strength was examined as
the bonding strength of the Cu joints. Figure 2
shows the shear strength of the Cu joints under Ny
and vacuum atmospheres compared with other
results. It is clear that the shear strength of these
Cu joints was always increased when the bonding
temperature increased in all the groups. In vacuum
condition, the shear strengths of the Cu joints were
10.1 MPa, 15.4 MPa and 21.6 MPa when the bond-
ing temperatures were 250°C, 300°C, and 350°C,
respectively. Higher strengths of 13.1 MPa,
22.4 MPa and 40.6 MPa were obtained in the same
conditions in the Ny atmosphere. The shear
strengths obtained by present bimodal particle
paste were much higher than those of the Cu-NPs
pastes. Nishikawa et al. bonded Cu chips by Cu-NP
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Fig. 2. Shear strength of Cu joints of the bimodal Cu paste. Exper-

imental condition: particle size: 10-20 nm, pressure: 15 MPa in
Ref. 12; particle size: 20—94.4 nm pressure: 5 MPa in Ref. 13.

(10-20 nm) paste in a glycol solvent under a pres-
sure of 5§ MPa at 360°C in a Ny atmosphere. The
shear strength of the as-prepared joint was only
20 MPa.'? Although a higher shear strength of
40 MPa was achieved at 350°C using Cu-NPs (20—
94.4 nm) paste, a complex two-step sintering pro-
cess in reductive Hy gas was necessary to remove
the oxide layer on the surface of the Cu-NPs.'?
These results proved that the bimodal Cu bimodal
paste presented in this work was a powerful alter-
native compared with those Cu-NPs pastes. On the
other hand, it should be noted that an obvious
discrimination in strength under different atmo-
spheres was observed, which might be related to the
decomposition behavior of PEG in the Cu paste.
This will be discussed later.

Figure 3 shows the SEM micrographs of the
fracture surface of the Cu joints. It can be seenthat
small Cu particles were filling the interspace
between the large Cu particles, and thus dense
packaging structures were achieved after the sin-
tering process. At the relatively low temperature of
250°C, the Cu particles almost kept the initial
morphology regardless of the sintering atmosphere
(Fig. 3a and d). When the bonding temperature rose
to 300°C, obvious necking growth arose to join the
small particles into larger particles. The grain size of
the joint formed in the N, atmosphere was almost
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twice that in vacuum (Fig. 3b and e), which resulted
in the high shear strength of the Cu joints in Ny, as
shown in Fig. 2. However, there were still many
isolated Cu particles. When the bonding tempera-
ture was increased to 350°C, a bulk-like Cu joint was
realized in Ny atmosphere without any individual
small Cu particles (Fig. 3f). On the other hand, in
the case of the vacuum atmosphere, individual Cu
particles still existed in the joint (Fig. 3c). It is
interesting to find that the isolated particles were
smaller than 200 nm. Generally, smaller particles
were easier to melt compared to the larger ones, but
here the opposite result was observed. This abnor-
mal behavior was possibly because the oxide layer on
the surface of the small Cu particles, which was
confirmed by the XPS results (Fig. 1b), hindered the
sintering of the small Cu particles.

Gao, Zhang, Li, Jiu, Nagao, Sugahara, and Suganuma

Figure 4 shows cross-section micrographs of Cu
joints in vacuum and N2 atmosphere. Dense
microstructures were obtained with increasing the
sintering temperature in both cases. At 250°C, a
close-packed structure was observed owing to the
matching effect of the bimodal Cu particles. How-
ever, these Cu particles existed individually with
clear boundaries between them. The interface
between the paste and substrates was also clearly
distinguishable (Fig. 4a and d). At 300°C, clear
neck-growth and network structure was observed.
The small particles were seen to connect to large
particles as bridges. However, there were still some
individual Cu particles in the voids of the Cu paste.
The interface of paste and substrate was also
different. It seemed that Cu particles fused into
the Cu substrate to make full contact between the

Fig. 4. FE-SEM micrographs of the cross-section of Cu joints under vacuum (a—c) and N, (d—f) bonded at different temperatures.
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paste and substrate in the Ny atmosphere (Fig. 4e).
In contrast, the clear distinction between the Cu
paste and substrate was still seen in vacuum
(Fig. 4b). As the bonding temperature rose to
350°C, the Cu paste was fully fused into the Cu
substrates without a clear interface line in either
case, which led to improved strength. Moreover, the
isolated particles in the joint completely disap-
peared in the case of the N, atmosphere (Fig. 4f),
but there were still some small particles in the joint
in the case of the vacuum (Fig. 4c). The existence of
these isolated small particles might cause defective
voids in the joint leading to lower strength com-
pared with that sintered in N,.

Thermal analysis is used to clarify the difference
in vacuum and Ny atmosphere. Figure 5 shows the
TG-DTA curves of related samples. An exothermic
peak around 250°C was observed with correspond-
ing weight-loss when the Cu pastes were sintered in
both vacuum and N, atmosphere (Fig. 5a and b).
Generally, an exothermic peak in paste is usually
related to the decomposition/combustion of organics.
However, no similar peak was detected when pure
PEG was heated in the same conditions (Fig. 5¢ and
d). Instead, a small endothermic valley in N, and a
large valley in vacuum was found with a significant
weight loss. The endothermic valley corresponded to
the evaporation of PEG. In order to pursue the
reason for the large exothermic peak in the pastes, a
CuO-PEG mixture with mass ratio of 1:0.15 was
heated in N, (Fig. 5e). Interestingly, a similar
exothermic peak was observed at around 240-
290°C with a very strong peak, which contributed
to the reduction of CuO into metal Cu by PEG.?" In
the present Cu paste, the existence of trace Cu
oxides on the surface of the bimodal Cu particles
was observed, as mentioned above. The PEG solvent
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must reduce these oxides into metal Cu during
sintering, which gave a clear exothermic peak. On
the other hand, comparing the weight-loss curves of
the paste in the two cases, a rapid weight loss was
observed at the related low-temperature range from
100 to 280°C in vacuum (Fig. 5b) while the weight-
loss temperature was extended to 380°C in the N,
atmosphere. Although PEG can reduce CuO to metal
Cu,?! the rapid and complete evaporation of PEG
might cause an insufficient reduction of oxides in
vacuum, which corresponded to the existence of
small particles even at high temperature (Fig. 3c).
In contrast, the slow and continuous release of PEG
in Ny up to 380°C ensured the totally removal of the
oxides and promoted the sintering. This suggested
that the decomposition behavior of the solvent in the
Cu paste played an important role in the sintering
process of the readily oxidized Cu particles.

To further confirm the reducing capacity of PEG,
the bimodal Cu paste was deliberately aged in air
until a detectable oxides peak was observed by XRD.
Then, the paste was used to make bonded Cu chips.
The shear strengths of the joints bonded with the
aged Cu paste was compared with that of newly
prepared Cu paste as shown in Fig. 6a. The
strength of the Cu joints increased when the
sintering temperature was elevated. Moreover, the
strength of the joints using the aged Cu paste was
lower than that using fresh Cu paste when pro-
cessed at 250°C and 300°C. An almost equivalent
shear strength of an average 38.1 MPa was
obtained when the bonding temperature rose to
350°C for both pastes. Corresponding XRD patterns
are shown in Fig. 6b. The aged paste gave a clear
CuO peak, which disappeared after being sintered
at 350°C. This result confirmed that the PEG
effectively reduced Cu oxides on the surface of Cu
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Fig. 7. Sintering mechanism of bimodal Cu paste in different atmospheres.

particles and promoted the strength of Cu joints
sintered.in Ny atmosphere when the sintering tem-
perature is over 300°C. These results coincide with
those reports about the reduction of PEG.2! The
joints bonded with aged Cu paste had a lower
strength than that using fresh Cu paste at low
sintering temperatures, which implied that opti-
mizing the decomposition behavior of PEG in a
sintering atmosphere played a main role. A suit-
able reductive solvent with proper decomposition
behavior was a key factor for the sintering of easily
oxidized Cu paste. The intrinsic easy oxidization of
Cu determines the inevitable existence of oxides
during synthesis, washing, storage and subsequent
applications, and therefore a reductive solvent is
necessary for Cu paste.

A possible mechanism for sintering behavior in
different atmospheres is shown in Fig. 7. During
fabrication of the paste, the small particles in the
paste were partly oxidized to form a partial oxide
shell, and large particles remained without oxida-
tion. When the bimodal Cu paste was sintered, a
dense structure was formed due to the matching of
the bimodal particles. And then large particles were
fused together by neck growth to make a network
structure (Figs. 3 and 4). These small particles with
the oxide shell filled in the spaces of the large
particles. With the increase of sintering tempera-
ture, the PEG decomposed and reacted with the thin

oxide shell on the surface of these small Cu particles
and induced the neck growth for the formation of a
bulk-like structure. In vacuum, the PEG was
rapidly evaporated at low temperature and lost its
reducing ability, resulting in a microstructure
including isolated small Cu particles (Fig. 4). This
induced defects and voids in the joints and caused a
low strength. In the Ny atmosphere, the PEG was
slowly and continuously released to completely
remove those oxides on the surface of the small Cu
particles to make a dense Cu structure without
remnant isolated Cu particles (Fig. 4), which con-
tributes to the high bonding strength. This mecha-
nism suggests that the choice of solvent and Cu
particles with relative sintering atmosphere is
important for the sintering of Cu particles under
low temperature and low bonding pressure.

CONCLUSION

A one-step polyol method was developed to syn-
thesize bimodal Cu particles. The as-synthesized
bimodal Cu product included two sizes of particles
with average diameters around 200 nm and
1000 nm, respectively. The bimodal Cu particles
were utilized as die-attached materials to prepare
Cu joints with a dense packing structure. The
strength of the Cu joints depended on the sintering
atmosphere and temperature. A high shear strength
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of 40 MPa was obtained with a very low bonding
pressure of 0.4 MPa at 350°C in a N, atmosphere. A
vacuum atmosphere gave a strength of only
22.4 MPa in the same conditions. The reductive
solvent was also necessary to remove the oxides in
the Cu paste. The continuous decomposition behav-
ior of PEG in the Ny, atmosphere produced joining
between the Cu particles by removing oxides on
their surface. A bimodal Cu particle paste combin-
ing a suitable reductive solvent provides a new way
to produce high-performance Cu joints at a low cost.
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