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The effects of high-temperature aging on a novel hybrid bonding layerwere investigated. The hybrid layer, which
consisted of Cu nanoparticles and a eutectic Bi-Sn solder powder, was formed by a sintering reaction of the solid-
phase Cu nanoparticles and a chemical reaction involving the liquid-phase Bi and Sn in combination. The layer
was used to bond a SiC chip to a direct bonded aluminum substrate. A conventional Cu nanoparticle-based bond-
ing layer was also prepared as a reference. Samples with these bonding layers were evaluated using the thermal
aging test (225 or 250 °C, 100 h). Bonding strength and synchrotron radiation computed laminography (SRCL)
measurements were performed both before and after the thermal aging test. It was observed that thermal
aging greatly decreased the bonding strength of the conventional layer. In contrast, the bonding strength of
the hybrid layerwas reduced only slightly by the thermal aging treatment. SRCL images showed that the conven-
tional layer exhibited numerous cracks, which acted as passages for oxidation. On the other hand, in the hybrid
layer, the liquid-phase Bi and Sn densified the Cu sintering phase through the formation of an alloyed Cu-Sn
phase. As a result, the hybrid layer contained fewer passages for oxidation as compared to the conventional
layer andmaintained its bonding strength even against thermal aging. Therefore, thehybrid layer,which is highly
stable against thermal aging, will be useful for the high-temperature operation of intelligent power modules.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Electric vehicles, hybrid electric vehicles, and fuel cell vehicles are
attracting a lot of attention because of their low emission and high
fuel efficiency [1–3]. Intelligent power modules (IPMs) are used in
these vehicles to convert DC electric power into AC power. SiC devices
enable operation at higher frequencies and temperatures than conven-
tional semiconductor devices. Thus, by using SiC devices, higher output
power densities can be realized in IPMs [4–6]. However, to be able to
use IPMs at high temperatures, their packaging materials should show
high heat resistance. Therefore, significant efforts are being devoted to
the development of high-temperature bonding techniques, such as Bi
or Zn soldering [7–8], transient liquid-phase bonding [9], and
nanoparticle-based bonding. Of these, Ag nanoparticle-based bonding
has received greater attention owing to the low sintering temperature
and high electrical and thermal conductivities of these nanoparticles
[10–15]. On the other hand, Cu nanoparticle-based bonding is cheaper
and the bonds are more tolerant to electromigration as compared to
those formed using Ag nanoparticles. Thus, Cu nanoparticles are highly
attractive as a cost-effective heat-resistant material [16–23]. Recently,
we proposed a hybrid bonding technique that involves the sintering of
nc., 41-1, Yokomichi, Nagakute,
Cu nanoparticles with a Bi-Sn solder powder [24]. This technique results
in improved bonding strength at elevated temperatures because of the
chemical reaction that occurs during the sintering process [25]. Several
methods are available for testing the reliability of the bonding in power
modules, such as the thermal cycling test and the power cycling test.
Among them, the high-temperature stability test is the most basic one
for evaluating the performance of high-temperaturemodules. However,
the thermal stability of hybrid bonding layers has not been studied
widely. Thus, in this study, the thermal aging test was performed on
the proposed hybrid bonding layer, and its performance was compared
to that of a Cu nanoparticle-based bonding layer.

2. Materials and methods

2.1. Sample preparation

A SiC chip (5 × 5mm2) and a ceramic substrate (20 × 20mm2)were
bonded together using Cu nanoparticles, as shown in Fig. 1. To be able to
study the effects of only thermal aging on a bonding layer, the thermal
strain should be low. This strain is usually caused by the temperature
differences during the thermal aging. Accordingly, we chose direct-
bonded aluminum (DBA, Al/AlN/Al) substrates, in which the thermal
strain induced is smaller than that in direct-bonded copper (Cu/SiN/
Cu) substrates [26]. The SiC chip was a Schottky barrier diode from
Cree, Inc. (CPW5-1200-Z050B). Table 1 lists the sintering material

http://crossmark.crossref.org/dialog/?doi=10.1016/j.microrel.2017.07.096&domain=pdf
http://dx.doi.org/10.1016/j.microrel.2017.07.096
mailto:m-usui@mosk.tytlabs.co.jp
Journal logo
http://dx.doi.org/10.1016/j.microrel.2017.07.096
Unlabelled image
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/microrel


Fig. 1. Diagram illustrating layered structure of tested samples.

Table 1
Sintering material used, structure of adhesive layer, and bonding layer thickness.

Sample name Cu nanoparticle diameter
[nm]

Mixing ratio: Bi-Sn/(Bi-Sn+Cu)
[weight %]

Adhesive layer [μm] Bonding layer thickness
[μm]

SiC side DBA side

Ni/Ag Plated Ni/Ti/Ni/Ag

Cu bonding 135 0 0.6/1.2 5/0/0.2/0.1 35
Cu-Bi-Sn bonding 230 30 0.6/1.2 0/0.1/0.2/0.1 23
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used and the surface treatments performed on two types of samples
tested (labeled as Cu bonding and Cu-Bi-Sn bonding). The sinteringma-
terial for Cu bonding was synthesized by reducing Cu carbonate
(CuCO3·Cu(OH)2·H2O) using ethylene glycol (HO(CH2)2OH) with do-
decanoic acid (C11H23COOH) and dodecyl amine (C12H25NH2). The av-
erage diameter of the Cu nanoparticles was 135 ± 29 nm [16]. These
Cu nanoparticles were selected to ensure high bonding strength at
sintering temperatures lower than 350 °C [16]. The paste for Cu bonding
was formed by mixing the Cu nanoparticles, α-terpineol (C10H17OH),
and decanol (C10H21OH). The sintering material for Cu-Bi-Sn bonding
was synthesized by reducing Cu carbonate using ethylene glycol with
decanoic acid (C9H19COOH) anddecylamine (C10H21NH2). Thediameter
of the Cu nanoparticles for Cu-Bi-Sn bondingwas 231±78nm [16]. The
Cu nanoparticles and a eutectic Sn-43 wt% Bi (eutectic temperature of
137 °C) powder were mixed in the ratio of 7:3, and α-terpineol was
added to the mixture to turn it into a paste. The diameter of the Sn-Bi
particles was smaller than 38 μm. The above-described mixing condi-
tionswere used, as it has been previously reported that they are suitable
for ensuring good bonding strength [24].

A Ni/Ag filmwas formed on the bonding surface of the SiC chip as an
adhesive layer. A Ni/Ag film was also sputtered on the Ni-plated DBA
substrate for Cu bonding [21,23]. A Ti/Ni/Ag film was sputtered on the
DBA substrate for Cu-Bi-Sn bonding [24]. A Ti layer was used to ensure
adherence between the Al and Ag/Ni layers. The thicknesses of the ad-
hesive layers are listed in Table 1.
Fig. 2. Experimental setup used for SRCL observations.
The sampleswere sintered using following process. The SiC chipwas
mounted on the DBA substrate after applying a 100-μm thick-layer of
the nanoparticle paste on it using the bar-coating method. Next, two-
step sintering (first sintering step: heating at 200 °C for 10 min; second
sintering step: heating at 350 °C for 5 min) was performed on the sam-
ples in a H2 atmosphere while applying a pressure of 0.5 MPa. The
sintered samples were subjected to thermal aging in air at 1 atm. The
aging treatment involved heating at 225 or 250 °C for 100 h. The thick-
nesses of the bonding layers are also listed in Table 1.

2.2. Characterization

Bonding strength and synchrotron radiation computed
laminography (SRCL) measurements [23,27–31] were performed be-
fore and after the thermal stability test. The bonding strength test was
carried out by applying a shear stress on the SiC chip at room tempera-
ture: the distance from the DBA substrate was 50 μm, and the shear rate
was 50 μm/s. The average and standard deviation of the bonding
strength were calculated based on the values obtained for four speci-
mens. The fracture surfaceswere observed by scanning electronmicros-
copy (SEM).

The SRCL measurements were performed at the BL33XU Toyota
beamline [32] of the SPring-8 synchrotron radiation facility. SR is
characterized by high flux density, small angular divergence, and a
Fig. 3. Effects of thermal aging on bonding strength.

Image of Fig. 1
Image of Fig. 2
Image of Fig. 3


Fig. 4. Shear stress-displacement curves: (a) Cu bonding layer and (b) Cu-Bi-Sn bonding
layer.

Fig. 5. SEM images of fracture surfaces: (a) Cubonding before thermal aging, (b) Cubonding afte
thermal aging.
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quasi-monochromatic energy spectrum that enables high-resolution
analysis of various materials [33–36]. The SRCL measurement setup is
shown in Fig. 2. The SR energy was 29 keV; this value was selected so
that the SR beam would penetrate the samples. The rotational axis of
the samples was tilted at 30° with respect to the incident beam. The ex-
posure intervalwas equal to 0.1°, and the samplemeasurement time for
one360° rotationwas ~20min. The transmitted SR beamwas converted
into visible light by a scintillator, and the light was directed towards a
complementary metal oxide semiconductor camera (CMOS) thorough
a lens. The voxel sizewas 0.325 μm, and theobservation area of the sam-
ple corresponded to an area with a diameter of 0.65 mm in the X-Y
plane and was located at approximately the center of the bonding
layer. Reconstruction was carried out by the filtered back-projection
method while considering the tilt angle of the rotational axis [29]. Be-
cause of the streak artifact being parallel to the tilt angle, the quality
of the reconstructed image along the X-Y plane was better than those
of the images along the Y-Z and Z-X planes [29]. After the SRCL observa-
tions, the samples were mechanically polished and etched by Ar ion
sputtering for cross-sectional observations. The cross-sectional images
and elemental maps were obtained by SEM and energy dispersive X-
ray spectrometry (EDS).

3. Results and discussion

Fig. 3 shows the effect of the thermal aging treatment on the bond-
ing strength of the two types of specimens. Before the thermal aging
treatment, the strength of the Cu bonding was similar to that of
the Cu-Bi-Sn bonding. However, after the thermal aging at 225 °C and
250 °C, the strength of the Cu bonding decreased significantly, while
that of the Cu-Bi-Sn bonding reduced only slightly. This high strength
of the Cu-Bi-Sn bonding is consistent with our previous reports [24,
25]. Because the strength of the Cu bonding decreased significantly
even after aging at the lower temperature (225 °C), we focused on the
samples aged at 225 °C for the subsequent analyses.
r thermal aging, (c) Cu-Bi-Snbonding before thermal aging, and (d) Cu-Bi-Snbonding after

Image of Fig. 4
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Fig. 4 shows shear the stress-displacement curves of the Cu bonding
and Cu-Bi-Sn layers. In general, a decrease in the slope of the shear
stress-displacement curve before the fracture point indicates ductile
failure with plastic deformation [24,37,38]. All the curves in Fig. 4 con-
tain only a few signs of plastic deformation, implying that brittle frac-
ture occurred. In addition, thermal aging had little effect on the slope
of the curves.

Fig. 5 shows SEM images of the fracture surfaces on the DBA sub-
strate side. Fig. 5(a) indicates that the fracturing of the Cu bonding
layer before thermal aging occurred at the bonding interface with a
rough surface. Fig. 5 (b) shows that thermal aging caused the fracture
surface of the Cu bonding layer to become flat, implying that brittle ma-
terials were generated at the interface [39,40]. Fig. 5(c) and (d) show
that thermal aging had little effect on the flatness of the facture surface
of the Cu-Bi-Sn bonding layer and that the fracture occurred at the
bonding interface, where Bi was segregated [24].

Fig. 6 shows the reconstructed two-dimensional (2D) internal cross-
sectional SRCL images of the Cu bonding layer before ((a), (c) and (e))
and after ((b), (d) and (f)) the thermal aging treatment. In these images,
the bright areas indicate the presence of a high-density or heavy mate-
rial, while the dark areas indicate the presence of a low-density or light
Fig. 6.Reconstructed 2D internal cross-sectional SRCL images inX−Y plane of Cubonding layer:
34.1 μm, (c) before thermal aging, obtained at Z = 17.6 μm, (d) after thermal aging, obtained
obtained at Z = 1.0 μm, and (g) after thermal aging, obtained in Y−Z plane at A-A cross-secti
material. Before the thermal aging process, three types ofmorphological
features (designated as (i), (ii), and (iii) in Fig. 6(c)) were observed.
Type (i) are voids with sizes of 40–100 μm. Such voids are generated
by the gas molecules escaping from the solvent or the capping agent
of the Cu nanoparticle paste during the sintering process. Type (ii) are
cracks with widths of 1–2 μm. These cracks were caused by thermal
strain arising because of the mismatch in the coefficients of thermal ex-
pansion of the SiC chip and theDBA substrate. Thewidth of the cracks at
Z = 1.0 (Fig. 6(e)) and 34.1 μm (Fig. 6(a)) is smaller than that of the
cracks at Z = 17.6 μm (Fig. 6(c)). The narrow cracks near the bonding
interfaces are probably attributable to the enhancement in sintering be-
cause of the large specific surface area at the interfaces. Type (iii) is a
high-density sintered phase of Cu with a size of 20–80 μm. The size of
this high-density phase at Z = 1.0 and 34.1 μm is smaller than that at
Z = 17.6 μm. The thermal aging process shrank the voids (type (i))
and the high-density phase (type (iii)) as well as the cracks (type (ii)).

Fig. 7 shows the reconstructed 2D internal cross-sectional images of
the Cu-Bi-Sn bonding layer before ((a), (c) and (e)) and after ((b),
(d) and (f)) thermal aging. The thickness of the Cu-Bi-Sn bonding
layer was smaller than that of the Cu bonding layer. Four types of mor-
phological features (designated as (I)–(IV))were observed in the Cu-Bi-
(a) Before thermal aging, obtained at Z=34.1 μm, (b) after thermal aging, obtained at Z=
at Z = 17.6 μm, (e) before thermal aging, obtained at Z = 1.0 μm, (f) after thermal aging,
on.

Image of Fig. 6


Fig. 7. Reconstructed 2D internal SRCL cross-sectional images inX−Y plane of Cu-Bi-Sn bonding layer: (a) Before thermal aging, obtained at Z=22.1 μm, (b) after thermal aging, obtained
at Z=22.1 μm, (c) before thermal aging, obtained at Z=11.7 μm, (d) after thermal aging, obtained at Z=11.7 μm, (e) before thermal aging, obtained at Z=1.0 μm, (f) after thermal aging,
obtained at Z = 1.0 μm, and (g) after thermal aging, obtained in Y−Z plane at A-A cross-section.

Fig. 8. Cross-sectional SEM images of A-A cross-section of bonding layer after thermal
aging: (a) Cu bonding layer and (b) Cu-Bi-Sn bonding layer.
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Sn bonding layer. Type (I) are voidswith sizes of 100–200 μm,which are
greater than those of the voids in the Cu bonding layer. Type (II) are
cracks with widths of 0.5–1 μm, which are smaller than those of the
cracks in the Cu bonding layer. The number of cracks in the Cu-Bi-Sn
bonding layer was much lower than the number of cracks in the Cu
bonding layer. Type (III) is a high-density phase and is assumed to be
a sintered Cu phase [24]. Type (IV) are voids with sizes of 10–30 μm
and are considered to contain traces of the Sn-Bi powder [24]. The ther-
mal aging treatment had little effect on the voids (type (I)), the sintered
Cu phase (type (III)), or the traces of the Sn-Bi powder (type IV). Fur-
ther, although the thermal aging treatment made the cracks (type II)
narrower, the decrease in the width of the cracks in the Cu-Bi-Sn bond-
ing layerwas smaller than that in thewidth of the cracks in theCubond-
ing layer. Finally, there was little change in the morphologies of both
bonding interfaces (SiC chip side and DBA substrate side) because of
the thermal aging treatment.

Fig. 8 shows cross-sectional SEM images of the A-A cross-section
after thermal aging. The SEM images are similar to the reconstructed in-
ternal images obtained by SRCL.

Fig. 9 shows the cross-sectional SEM-EDS maps of the Cu bonding
layer after thermal aging. The area with a high O signal intensity almost

Image of Fig. 7
Image of Fig. 8


Fig. 9. Cross-sectional images of Cu bonding layer after thermal aging: (a) SEM image and SEM-EDS maps of (b) O and (c) Cu.
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overlaps the area with a low Cu signal intensity. Accordingly, it is con-
sidered that the low-density Cu phase (mother phase and interfacial
phase) was oxidized to a high degree.

Fig. 10 shows the cross-sectional SEM-EDS images of the Cu-Bi-Sn
bonding layer after thermal aging. Four phases (A, B, C, and D) can be
observed in these images. Phases A and B are high- and low-density
phases of the sintered Cu mother phase. The low-density Cu with Bi
phase (phase B) is oxidized to a greater degree than is the high-
density Cu phase (phase A). The reason for the formation of the low-
density Cu with Bi phase (phase B) is probably the low solubility of Bi
in Cu [41]. Phase C mainly consists of Cu and Sn and, as per a previous
report, is a Cu-Sn intermetallic compound (IMC) [24]. The sintered Cu
(phases A, B) oxidized to a greater degree than did the Cu-Sn IMC
(phase C). Phase D is the Bi segregated at the bonding interfaces [24].
The extent of Bi segregation on the SiC chip side is higher than that on
the DBA substrate side, implying that the segregation of Bi is attribut-
able to the thickness of the Ni layer at the interface. The Cu-Sn IMC
(phase C) and the segregated Bi at the bonding interface (phase
D) exhibit lower-intensity O signals compared to those of phases A
and B.

It was confirmed that the addition of the Bi-Sn powder suppressed
the oxidation of the Cu nanoparticle bonding layer. The reason for this
improvement is as follows. Since Cu bonding is a solid-phase reaction,
the sintered Cu nanoparticles do not migrate readily during the
sintering-related shrinkage process, resulting in a large number of
cracks (Fig. 6). These cracks act as passages for oxidation. Oxidation
along these cracks causes the embrittlement of the bonding layer. In
contrast, Cu-Bi-Sn bonding not only involves a solid-phase reaction
but also a liquid-phase reaction. The liquid-phase Bi and Sn canmigrate
Fig. 10. Cross-sectional images of Cu-Bi-Sn bonding layer after thermal aging
along the cracks during the sintering-related shrinkage process,
resulting in the densification of the bonding layer, including the forma-
tion of a chemically stable alloyed Cu-Sn phase (C in Fig. 10 (a)) [9]. This
causes fewer cracks compared to those in the Cu bonding layer, thus
suppressing the oxidation of the bonding layer. As a result, the Cu-Bi-
Sn bonding layer maintains its bonding strength even thermal aging.

The oxidation of the Cu bonding layer diminishes not only the me-
chanical properties but also the electric and thermal conductivities
[42–45]. On the other hand, thermal stress has little effect on the prop-
erties of the Cu-Bi-Sn bonding layer. This advantage makes Cu-Bi-Sn
bonding suitable for use in high-temperature power modules that
need to exhibit long-term reliability.

4. Conclusions

A novel hybrid bonding layer, produced by the sintering of Cu nano-
particles with a Bi-Sn solder power, was evaluated through high-
temperature aging tests. Although thermal aging greatly decreased the
bonding strength of the Cu nanoparticle-based conventional bonding
layer, it had little effect on the bonding strength of the hybrid layer.
The SRCL results indicated that the conventional layer contained nu-
merous cracks. These cracks were oxidized during thermal aging,
resulting in a reduction in the bonding strength. In case of the hybrid
layer, the liquid-phase Bi and Sn resulted in the densification of the
layer. This suppressed crack generation and prevented the oxidation
of the hybrid layer. As a result, the hybrid layer maintained its bonding
strength even after thermal aging. These results indicated that the addi-
tion of the eutectic Bi-Sn powder improves the high-temperature stabil-
ity of conventional Cu nanoparticle-based bonds.
: (a) SEM image and SEM-EDS maps of (b) O, (c) Cu, (d) Sn, and (e) Bi.

Image of Fig. 9
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