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Chemical routes to materials

Antioxidative copper sinter bonding under thermal 
aging utilizing reduction of cuprous oxide 
nanoparticles by polyethylene glycol
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ABSTRACT
Durability of sintered Cu joints under thermal aging in the air was investigated 
for the reduction of  Cu2O using  Cu2O/polyethylene glycol (PEG) mixture. Ther-
mal analysis of the  Cu2O/PEG paste showed that the molecular weight of PEG 
influences the redox reaction and the subsequent bonding related to the combus-
tion of the reducing organic solvent. Sintered Cu joints using PEG 400 exhibited 
high joint strength (above 30 MPa) in shear tests, even for the bonding tempera-
ture of 280 °C. The sintered Cu joints exhibited slightly increased strength during 
thermal aging at 250 °C in air, which was also confirmed by the microscale tensile 
test used for evaluating the fracture behavior of the sintered Cu structure. Micro-
structural analysis, including the evaluation of the crystal orientation, revealed 
a small change in the microstructure of sintered joints during aging. Transmis-
sion electron microscopy revealed the presence of organic membranes on slightly 
oxidized sintered Cu grains before thermal aging, and additional oxidation was 
observed after thermal aging. The progress of sintering during thermal aging in 
vacuum was different than that in air. It was considered that the formation of a 
thin  Cu2O layer, controlled by the presence of organic membranes, contributed 
to the suppression of Cu sintering.

Received: 7 June 2023 
Accepted: 20 September 2023 
Published online: 
19 October 2023 

© The Author(s), 2023

Handling Editor: N. Ravishankar.

Address correspondence to E-mail: t-matsu@mapse.eng.osaka-u.ac.jp

http://orcid.org/0000-0002-3978-0118
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-023-08976-5&domain=pdf


 J Mater Sci (2023) 58:15617–15633

GRAPHICAL ABSTRACT 

Introduction

Sinter bonding using metal particles has attracted 
growing attention as a promising technology for 
manufacturing power modules using semiconduc-
tors that operate at temperatures above 150 °C [1]. 
As sinter materials, Ag and Cu are widely used in 
various morphologies, such as sizes ranging from 
nanoscale to microscale [2–4], shapes (e.g., particles 
and flakes) [4–6], and composites (e.g., mixture and 
core–shell structures) [7, 8]. Cu sinter bonding has 
been recently studied to obtain sintered joints with 
high thermal and migration resistivities compared 
to Ag sinter bonding [9–11]. In particular, changes in 
the mechanical, electrical, and thermal properties of 
sintered joints during thermal aging are important, 
as the power modules are subjected to such high-
temperature environments.

There are many reports on changes in the micro-
structure and properties of sintered Cu joints dur-
ing thermal aging [9, 12, 13]. It is noteworthy that 
the oxidation of sintered Cu during thermal aging 
generally occurs in a high-temperature environment. 
Gao et al. [14] reported that the strength of sintered 
Cu joints was improved by the progress of Cu sin-
tering during the thermal aging, whereas the joints 
exhibited increased resistivity and insulation with 
the formation of Cu oxides. Furthermore, the thermal 
conductivity of the Cu oxides was lower than that of 

Cu. Although the mechanical properties of joints are 
maintained, the oxidation of Cu thus degrades the 
thermal and electrical properties which are required 
in power modules, forcing the sintering process 
under an inert gas or reducing gas atmospheres [9, 
10, 15–17]. Therefore, it is important to form sintered 
joints with oxidation resistance for sintering in air.

Organic substances or carbon can provide sig-
nificant resistance against the oxidation of metals 
[18–20]. Cu nanowires, which require oxidation 
resistance to lower electrical resistance, are gener-
ally used with organic substances to prevent thermal 
oxidation [21–23]. This can also be explained by the 
catalytic activity of Cu in the oxidation of organic 
substances [24]. Furthermore, some researchers have 
utilized acid treatment on Cu particles for the sin-
tering process. Liu et al. [25] reported that the for-
mic acid treatment of Cu nanoparticles resulted in 
a highly sintered body by eliminating surface oxi-
dation. Gao et al. [26] reported that ascorbic acid 
treatment of Cu particles provides them with self-
reduction and self-protection characteristics during 
sintering. Thus, organic substances play a significant 
role in achieving robust sintered Cu joints by pre-
venting the oxidation of Cu during thermal aging.

In this study, we evaluate the robustness of sin-
tered Cu joints bonded using  Cu2O nanoparticles 
and polyethylene glycol (PEG) during thermal aging 
under ambient air. The reduction of oxide particles 
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by reducing agents generates metal nanoparticles, 
which can be utilized for the sinter bonding process 
(hereafter referred to as reduction sinter bonding) 
because of their high sinterability [27–32]. Several 
studies on sinter bonding using the reduction of 
Cu oxide [31–33], including the in-situ formation of 
oxides [16], have been reported. Some organic sol-
vents, such as alcohols, can act as reducing agents 
in oxidation–reduction (redox) reactions, that is, the 
polyol process. After the redox reaction, the organic 
solvents can remain as either unreacting solvent or 
product of redox reaction. As for the reduction of 
 CuxO (with particle size in nanometers), it has been 
reported that Cu can be produced after the reduction 
of CuO to  Cu2O [31, 34].  Cu2O particles are more 
suitable than CuO particles for reduction sinter 
bonding to avoid aggregation of produced particles. 
Therefore, the reduction sinter bonding using  Cu2O 
and PEG may suppress the oxidation of sintered Cu 
joints owing to the existence of organic matters after 
the bonding process.

Experimental procedure

Commercial  Cu2O nanoparticles (Furukawa Chemi-
cals Co., Ltd.) were used as sintering materials. Fig-
ure 1 shows the field-emission scanning electron 
microscopy (FE-SEM) image of  Cu2O nanoparticles. 
PEGs  (C2nH4n+2On+1) with different average molecular 
weights of 200, 400, and 1000 were used as reducing 
organic solvents. To evaluate the behavior of pastes 
during heating, simultaneous thermogravimetry and 
differential thermal analysis measurements (TG–DTA) 
(Rigaku, TG8120) were performed at a heating rate of 
60 °C/min in air and  N2 atmospheres. For the TG–DTA 

measurements, a sufficient amount of PEG was mixed 
with  Cu2O to investigate its behavior.

Figure 2 shows the schematic illustrations of bond-
ing specimen and evaluation of strength. For the 
bonding experiments, bare Cu disks of sizes 5 mm 
φ × 2 mmt and 10 mm φ × 2 mmt were used as the 
upper and lower bonding substrates as shown in 
Fig. 2a. The  Cu2O paste for bonding was prepared 
by mixing  Cu2O particles, 330 μL/g PEG 400, and 
280 μL/g terpineol as a viscosity modifier. The  Cu2O 
paste was applied to the surface of the lower Cu 
substrate with a thickness of 50 μm, and the upper 
substrate was placed on the paste. The samples were 
heated to the bonding temperature of 260–300 °C at 
a rate of 1 °C/s in an infrared heating furnace under 
an air atmosphere and held for 30 min at a pressure 
of 5 MPa. The samples were cooled using forced air. 
Thermal aging was performed through a thermal stor-
age test at 250 °C in ambient air for 0–1000 h and in a 
vacuum for 0–500 h.

The strength of the Cu joints was measured using 
a shear test with a displacement rate of 0.5 mm/s 
as shown in Fig. 2b. The joint microstructure was 
observed using FE-SEM (Hitachi, S-4800). The crystal 
orientation of the microstructure was analyzed using 

Figure 1  FE-SEM image of  Cu2O nanoparticles.

Figure  2  Schematic illustrations of bonding specimen and 
mechanical test. a Bonding specimen. b Shear test. c Microscale 
tensile test for the evaluation of sintered layer.
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electron backscatter diffraction (EBSD) (EDAX). The 
joint cross-section was prepared by Ar ion milling 
(Hitachi, IM4000, and JEOL, SM-09010). The detailed 
microstructure of the cross-section of the joint was 
observed using transmission electron microscopy 
(TEM) (Thermo Fisher Scientific, Talos F200i). The 
TEM specimens were prepared using focused ion 
beam scanning electron microscopy (FIB-SEM, Thermo 
Fisher Scientific, Scios 2 DualBeam).

The strength of the sintered layer before and after 
thermal aging was measured using an in-situ uniaxial 
microscale tensile test [35, 36]. Dog-bone-shaped speci-
mens were fabricated using FIB-SEM, and microscale 
tensile tests were performed on the specimens using 
a nanoindenter (FemtoTools, FT-NMT04) under FE-
SEM observation as shown in Fig. 2c. The tensile tests 
were performed in displacement-controlled mode at 
a displacement rate of 1 nm/s.

Figure 3  TG–DTA results 
of a the  Cu2O nanoparticles 
and the  Cu2O paste pre-
pared using, b PEG 200, c 
PEG 400, and d PEG 1000 
performed in the air and  N2 
atmospheres.

15620



J Mater Sci (2023) 58:15617–15633 

Results and discussion

Cu2O reduction sinter bonding

Figure 3 shows the results of the TG–DTA analysis 
of the  Cu2O nanoparticles and the  Cu2O/PEG mixed 
paste. The TG–DTA results for the  Cu2O particles in 
air exhibited a large exothermic peak at approximately 
190 °C with a weight loss of approximately 3%. The 
exothermic peak is considered to correspond to a com-
bustion reaction of the organic film adhering to the 
surface of the  Cu2O nanoparticles. After the weight 
loss, a weight increase of approximately 6% was 
observed in the temperature range before and after the 
exothermic peak. Thereafter, an exothermic peak with 
a weight increase of approximately 3% was observed 
at 310 °C, and the weight remained almost constant in 
the temperature range above 310 °C.

Assuming that  Cu2O was oxidized to CuO during 
the temperature rise, the mass increased by approxi-
mately 11.2% according to the chemical reaction 
 2Cu2O +  O2 → 4CuO. In the TG–DTA results for the 
 Cu2O particles, assuming that the paste after organic 
film removal at 190 °C was comprised of  Cu2O, the 
particles showed a weight increase of approximately 
9.3% during the temperature increase. The weight 
increase could be justified by considering that the par-
ticles after organic film removal were partially CuO.

In other words, the two exothermic reactions accom-
panying the weight gain observed during the tempera-
ture increase of the  Cu2O powder can be attributed 
to the heat of oxidation of  Cu2O. In particular, the 

reaction at approximately 200 °C is considered to be 
due to the oxidation of  Cu2O by the heat of combus-
tion of organic matter, while the reaction at approxi-
mately 310 °C is considered to be due to the oxidation 
of  Cu2O powder during the temperature increase.

Figure 3b–d show the results of TG–DTA measure-
ments performed in  N2 and air atmospheres on the 
 Cu2O pastes prepared using PEG solvents with dif-
ferent numbers of main chains. The TG–DTA results 
in the  N2 atmosphere indicated that the redox reaction 
between the  Cu2O particles and PEG was accompa-
nied by an exothermic reaction. Moreover, the redox 
reaction between the  Cu2O particles and the organic 
solvent occurred in the  N2 atmosphere. The TG–DTA 
results in the air indicated that the reaction is differ-
ent from that in the  N2 atmosphere, depending on the 
solvent species. In the case of PEG 200, which has a 
short main chain, an exothermic reaction with a steep 
weight loss was observed at lower temperatures than 
in  N2, and a further increase in the reaction tempera-
ture increased the weight increase. These results sug-
gest that PEG 200 burned at 280 °C in the paste, and 
Cu or  Cu2O was oxidized by the air atmosphere. In 
contrast, PEG 400 and PEG 1000, which have longer 
main chains, showed a reduction reaction similar 
to that in a  N2 atmosphere, and combustion of the 
organic solvent after the reduction reaction was also 
observed. The two pastes showed different combus-
tion behaviors of the residual solvent; that is, in the 
case of PEG 400, the combustion reaction occurred 
with a reduction reaction, whereas in the case of PEG 
1000, the combustion reaction occurred above 350 °C. 
Residual organic solvents inhibit particle-to-particle 
and particle-to-substrate sintering. Therefore, the 
use of PEG 400 is considered effective in reducing 
the reduction behavior and residual solvent in  Cu2O 
reduction sintering bonding.

The relationship between the temperature and shear 
strength of the joints prepared using the PEG 400 paste 
is shown in Fig. 4. The joint strength was lower than 
15 MPa at 260 °C, whereas the average joint strength 
was higher than 30 MPa at temperatures above 280 °C.

Figure 5 shows the cross-section of the joints at dif-
ferent bonding temperatures. For the joint prepared 
at 260 °C (Fig. 5a), many voids were observed in 
the sintered layer, particularly at the lower Cu sub-
strate/sintered layer interface, where defects were 
observed. The magnified image of the sintered layer 
reveals that the layer was constructed of both an 
aggregate of reduced Cu particles, which had grown 

Figure 4  Shear strength of the Cu joints bonded at 260–300 °C.
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to approximately 200 nm, and fine  Cu2O particles of 
several tens of nanometers in the unsintered state cov-
ering the surrounding area. For the joint prepared at 
280 °C (Fig. 5b), interfacial bonding with the substrate 
was achieved, and sintering between submicron parti-
cles progressed, accompanied by the disappearance of 
nanoparticles. For the joint prepared at 300 °C (Fig. 5c), 
the particles were further sintered, and the substrate 
and sintered layer were integrated at the interface.

Figure 6 shows the results of X-ray diffraction 
(XRD) measurements performed on the fracture 
surfaces of the joints after the shear tests at various 
temperatures. The fracture surfaces mainly con-
tained  Cu2O and Cu particles at 260 °C, whereas at 
280 °C and above, the diffraction peaks of  Cu2O dis-
appeared, and only those of CuO were present. The 
XRD profile of the  Cu2O nanoparticles shows only 
a peak of  Cu2O. These results indicate that  Cu2O 
remains in the sintered layer at the bonding temper-
ature of 260 °C for a holding time of 5 min because 

of the insufficient reduction reaction between  Cu2O 
particles and PEG 400, despite the reduction of  Cu2O 
to Cu.

The TG–DTA results in Fig. 3 show that the start-
ing temperature of the reduction reaction was 260 °C, 
indicating that the reduction and combustion reac-
tions occurred insufficiently at 260 °C. In this case, 
 Cu2O and the solvent tended to remain and form 
defects because they hindered the sintering of the 
reduced Cu particles during the bonding process. In 
contrast, the joint strength can be improved by Cu 
particle sintering through sufficient reduction and 
combustion reactions during the bonding process at 
temperatures above 260 °C.

Characterization of sintered Cu joints 
after thermal aging

Figure 7 shows the results of thermal aging of differ-
ent Cu joints at 250 °C in the air; the Cu joints used 

Figure 5  Cross-sectional 
FE-SEM images of Cu joints 
bonded at 260–300 °C before 
thermal aging.
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in this analysis were bonded at 280 and 300 °C. As 
shown in Fig. 7a, both joints exhibited a slight increase 
in strength with aging time, whereas the strength of 
the joint bonded at 300 °C was higher than that of the 
joint bonded at 280 °C. Typical fracture surfaces of Cu 
joints bonded at 300 °C before and after thermal aging 
are shown in Fig. 7b–d. Each fracture surface shows 
the ductility of the sintered Cu. In contrast to the joints 
before aging, the joints after aging exhibited progres-
sive sintering of Cu.

Figure 8 shows the cross-sections of the Cu joints 
bonded at 300 °C after thermal aging. Compared to the 

joints before thermal aging, as shown in Fig. 5, the Cu 
joints after thermal aging exhibited a slight change in 
the microstructure; that is, the sintering of Cu grains 
progressed slightly, while the porosity of the sintered 
layer was almost the same. These images show no 
boundary between the sintered Cu layer and the Cu 
substrate, revealing that the oxidation of Cu did not 
occur during the test. The Cu joints contained dark-
colored membranes on the surface of the Cu grains 
before aging, as shown in Fig. 5c.

Figure 9 shows the EBSD results in the form of 
inverse pole figure (IPF) and pole figure (PF) maps 
of the Cu the joints bonded at 300 °C before and after 
aging at 250 °C. Table 1 lists the average grain sizes 
and twining ratios estimated from the EBSD results. 
The morphology of the sintered layer slightly changed 
during aging, even though the dense region is com-
posed of fine grains. The pole figure maps reveal no 
anisotropy in the texture of the sintered layer.

A slight microstructural change in the sintered Cu 
layer was observed during thermal aging in the air. A 
microscale tensile test was performed on the sintered Cu 
layer to evaluate the change in the mechanical properties 
before and after aging at 250 °C for 500 h, and Fig. 10a 
shows the nominal stress–nominal strain curves of these 
joints. After aging, the strength and elongation of the 
Cu joints slightly increased and decreased, respectively, 
compared to those before aging. Figure 10b, c show the 
representative in-situ FE-SEM observation results of 

Figure  6  XRD patterns obtained from the fractured surface of 
Cu joints bonded at 260–300 °C. The XRD pattern of  Cu2O par-
ticles is also shown as a reference.

Figure 7  Thermal aging at 
250 °C in the air of sintered 
Cu joints bonded at 280 and 
300 °C using the  Cu2O/PEG 
400 paste. a Shear strength 
and fracture surface of the 
joints bonded at 300 °C after 
aging for b 0 h, c 250 h, and 
d 1000 h.
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the fracture behavior in the sintered Cu layer before 
and after aging, respectively. The fracture behavior in 
both layers was evaluated during the microscale ten-
sile test, before the tensile test, just after the maximum 
nominal stress, and during decreasing nominal stress. 
The porosities of the sintered layer thermally aged for 
0 and 500 h before the tensile test were 21.6% (Fig. 10b) 
and 21.2% (Fig. 10c), respectively. Although these sin-
tered layers were only elongated without fracture up 
to the maximum stress, fracture of the sintered layer 
started to occur through a decrease in stress. After that, 
the nominal stress decreased by the reduction of area 
owing to the progress of fracture. This was also con-
firmed through the images after the tensile test showing 
a narrow fracture region of a few micrometers for both 
joints. The fracture position differs depending on the 
joint; that is, the fracture position is at the center of the 
joint before aging and the root of the joint after aging, 
which would be due to the difference in the shape of 
the dog-bone specimen. The cross-sections of both joints 
after the tensile test revealed that fractures occurred 
inside the grains with ductility and at the sinter inter-
faces with little ductility. These results indicate that the 

sintered interfaces or Cu grains fracture because the sin-
tered Cu grains deform with elongation. The sintered 
Cu interface was found to be stiff, regardless of thermal 
aging. Such a stiff interface with little ductility was also 
observed in the sintered Ag structure, although it exhib-
ited ductility after thermal aging because of the sintering 
progress [37]. Thus, the microscale tensile test revealed 
no significant change in the mechanical properties of 
the sintered Cu layer before and after aging, which is 
consistent with the slight change in the microstructure.

Investigation of factors responsible 
for microstructural changes in sintered Cu 
joints

The above results demonstrate that the mechanical 
properties of the sintered Cu slightly increased with 
thermal aging in air, whereas there was little change in 
the microstructure of the sintered layer, as confirmed 
by FE-SEM observations. It has been reported that 
thermal aging enhances the mechanical properties of 
sintered Cu [14], where the sintered Cu layer is oxi-
dized through thermal aging in an air atmosphere. The 

Figure 8  Cross-sectional 
FE-SEM images of the Cu 
joints bonded at 300 °C after 
thermal aging in the air at 
250 °C for a 250 h, b 500 h, 
and c 1000 h.
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oxidation of Cu below 300 °C generally occurs with 
the formation of  Cu2O [38]. Oxidation induces densifi-
cation of the sintered layer and an increase in the joints 
owing to its volume change following the Pilling–Bed-
worth ratio, although it also involves an increase in 
resistivity. Thus,  Cu2O reduction sinter bonding can 
suppress the oxidation of sintered Cu. To elucidate the 
conditions of oxidation and suppression factor, TEM 
observations were performed on the joints before and 
after thermal aging in the air.

Figure 11 shows the cross-sectional TEM images of 
the joints before thermal aging. Consistent with the 
FE-SEM results, a porous structure was formed by sin-
tering of the reduced Cu particles. At the joint interface 
between the sintered Cu layer and the Cu substrate 
shown in Fig. 11b, the sintered Cu grains were bonded 
to the substrate without an obvious oxide layer. More-
over, the interface exhibited a disordered area, such 
as a grain boundary. Therefore, it was found that the 
interfacial bonding between the reduced Cu and the 
Cu substrate was established without the oxidation 
of the substrate owing to the reducing organic sol-
vent at the bonding temperature of 300 °C. Figure 11c 
shows the representative sintered Cu microstructure. 
Membrane areas, corresponding to that confirmed by 
FE-SEM observations, were present around the sin-
tered grains. Figure 11d shows the magnified view 
of the edge of sintered Cu grains. The amorphous 

Figure 9  IPF and PF maps 
of Cu joints thermally aged in 
the air at 250 °C for a 0 h, b 
250 h, and c 500 h.

Table 1  Grain sizes and twining ratios of Cu joints after thermal 
aging in air

Aging time (h) 0 250 500

Grain size (nm) 310 350 300
Twinning ratio (%) 41.4 47.7 41.9
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membrane covered the Cu grains, and different crys-
tal structures were observed at the surface of the Cu 
grains. Figure 11e, f show the electron diffraction pat-
terns obtained from regions e and f shown in Fig. 11d, 
representing the formation of a  Cu2O layer with thick-
ness below 10 nm on the surface of Cu grains. While 
the film regions shown in Fig. 11 were composed of a 
single phase, some regions were composed of a com-
posite phase. Figure 12 shows the results of the EDS 
analysis of the membrane composed of a composite 
phase. The membrane was composed of carbon-con-
taining Cu nanoparticles. This result indicates that the 
membrane corresponds to the organic residue formed 

during the bonding process after the redox reaction, 
and the reduced unsintered Cu nanoparticles were 
confined within the organic residue.

Figure 13 shows the cross-section of the joints after 
thermal aging at 250 °C for 500 h in air. No signifi-
cant aging-induced changes in the microstructure 
of the sintered layer were observed (Fig. 13a). The 
interface between the sintered Cu layer and the Cu 
substrate did not exhibit the formation of an inter-
facial layer, as shown in Fig. 13b, revealing that the 
substrate did not oxidize during aging. Figure 13c, 
d show the microstructure of the sintered Cu layer. 
The membrane area observed before aging remained 

Figure 10  Results of 
microscale tensile testing of 
Cu joints before and after 
thermal aging at 250 °C in 
air. a Stress–strain curves of 
both the Cu joints. FE-SEM 
images during a tensile test of 
the Cu joints b before aging 
and c after aging for 500 h.
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intact after aging. The electron diffraction patterns 
of regions e and f (Fig. 13e, f ) and fast Fourier-
transform patterns revealed that a  Cu2O layer was 
formed within 30 nm from the surface of the sin-
tered Cu grains. Therefore, sinter bonding through 

the reduction of  Cu2O using PEG 400 suppresses the 
oxidation of the sintered Cu layer.

The oxidation of Cu in the air is generally depend-
ent on temperature. Choudhary et al. [38] reported 
that Cu oxidizes to  Cu2O below 300 °C and to CuO 

Figure 11  TEM images of 
the cross-section of the Cu 
sintered joint before thermal 
aging: a overview, b interface 
between the Cu substrate 
and the sintered Cu layer, 
c representative image of 
the sintered Cu layer, d the 
edge of a sintered Cu grain 
showing the presence of 
membrane on the surface. e, 
f Electron diffraction patterns 
of the surface of the sintered 
Cu layer.

Figure 12  EDS results of 
the membrane formed around 
the sintered Cu grains.
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above 330 °C. Hence, the formation and growth 
behaviors of the  Cu2O layer on the sintered Cu 
grains owing to the thermal aging at 250 °C in the 
present study are considered to follow the gen-
eral oxidation process of Cu. The small change in 
the sintered Cu structure during the thermal aging 
could be due to its delayed oxidation by the residue 
of the redox reaction and suppression of the sinter-
ing process. One of the products of polyalcohol in 
the polyol process is a carboxylic acid, which covers 
the surface of sintered grains or shows combustion. 
Covered organic matter sometimes suppresses the 
oxidation of metals [39–41]. Wang reported that lac-
tic acid treatment of Cu nanoparticles could prevent 
the oxidation of Cu by forming Cu salts [39]. Thus, it 
is hypothesized that the presence of both oxide and 
organic matter on the surface of the sintered grains 
enables robust sinter joints during thermal aging 
under an air atmosphere. The sintering behavior 
under a non-oxidizing atmosphere was evaluated 
to validate the effect of these factors on sintering 
suppression.

Figure 14 shows the results of the characterization 
of the sintered Cu joints after aging at 250 °C under 
vacuum. The joint strength increased to 60 MPa after 

aging in a vacuum, and it was higher than that in the 
air. Cross-sectional FE-SEM and IPF images of joints 
in a vacuum, shown in Fig. 14b, c, show that the poros-
ity of the joints decreased from 16.2 to 11.7%, and the 
grain size of the joints (340 nm) was almost the same 
as that of the joints aged in the air (350 nm). These 
results reveal that the densification of the sintered Cu 
layer preferentially occurred during thermal aging 
in a vacuum instead of grain growth, indicating that 
sintering during aging in a vacuum, which does not 
involve oxidation, should be attributed to the surface 
free energy of the sintered Cu grains or particles.

The sintering of particles is generally categorized 
as (a) grain growth involving the reduction of particle 
surfaces and (b) densification attributed to the change 
of particle surfaces to grain boundaries during neck-
ing. When the grain boundary energy is lower than 
the surface energy, the grain growth is not so preferen-
tial that particles become closer with increasing grain 
boundaries. Chen et al. [5] reported the grain growth 
of a sintered Ag layer during a thermal storage test 
at 250 °C. Kim et al. [42] reported an increase in twin 
density of Ag grains per length with grain growth for 
a sintered Ag layer during a thermal cycling test. In 
contrast, thermal aging in a vacuum did not result 

Figure 13  TEM and STEM 
images of the cross-section 
of Cu sintered joint after 
thermal aging at 250 °C for 
500 h in the air: a overview, 
b interface between the Cu 
substrate and the sintered Cu 
layer, c representative image 
of the sintered Cu layer, d 
magnified view of the edge 
of the sintered Cu. e and f 
Electron diffraction patterns 
of the surface of the sintered 
Cu layer.
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in grain growth but densification in the sintered Cu 
layer. Furthermore, there was a slight increase in the 
twinning ratio, which also revealed no tendency for 
grain growth. The results of Cu sintering in a vacuum 
for  Cu2O reduction bonding are different from the 
sintering behavior confirmed in the case of Ag; that 
is, Cu sintering proceeds with the formation of grain 
boundaries driven by the surface energy.

The suppression of sintering observed for thermal 
aging in the air could be due to factors unrelated to the 
sintering of the particles, as mentioned above. Focus-
ing on the microstructural changes during thermal 
aging in air and under vacuum, the difference in the 
sintering behavior between them is caused by the for-
mation of a  Cu2O layer on the surface of the Cu parti-
cles. The wettability of Cu generally increases with the 
oxidation as reported by many studies [43, 44]. These 
reports reveal that the oxidation of the Cu surface dur-
ing the thermal aging reduces the surface energy of 
Cu. It is known that lowering ratio of surface energy to 
grain boundary energy leads to the tendency to grain 
growth rather than densification in sintering [45–47]. 
This knowledge supports the robust sintered Cu joints 
during thermal aging in the air. On the other hand, 
the densification would progress in vacuum owing 

to a little oxidation, which corresponded to the prior 
studies [12, 14].

Figure 15 illustrates the formation process of the 
sintered Cu structure in reduction sinter bonding 
using  Cu2O/PEG during thermal aging in air.  Cu2O 
reduction sinter bonding forms a sintered Cu struc-
ture through necking among the grown Cu particles 
with sizes of several hundreds of nanometers after 
the formation of reduced Cu particles. The surfaces 
of the sintered Cu grains were slightly oxidized and 
covered by the organic product of the redox reaction. 
The oxidation of Cu grains was suppressed by the 
organic product, leading to slight growth of the  Cu2O 
layer on the sintered Cu grains, which consequently 
decreased the driving force for the densification of Cu 

Figure 14  Characterization 
of joints after thermal aging 
in vacuum for 250 h: a shear 
strength test results of the 
joints before and after aging. 
b Comparison between joint 
cross-sections after aging 
for 250 h in a vacuum, 250 h 
in the air (corresponding to 
Fig. 8a), and 0 h (correspond-
ing to Fig. 5c). c IPF map of 
the Cu joints after aging for 
500 h in a vacuum.

Figure  15  Schematic illustration of the oxidation process in 
 Cu2O sinter joints.
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grains. Hence, the microstructural changes attributed 
to both the volume change during oxidation and the 
progress of sintering became smaller, and long-time 
heat resistance was obtained in the  Cu2O reduction 
sinter bonding process. Consequently, the control 
of the surface morphology of sintered grains using 
oxidation and organic matter should be effective in 
forming anti-oxidative and robust Cu-sintered struc-
tures against thermal aging. Such structures play an 
important role in obtaining good thermal, electrical, 
and mechanical properties for power modules.

Conclusions

We analyzed the robustness of sintered Cu joints 
under thermal aging in the air using  Cu2O reduction 
sinter bonding. The main findings are summarized 
as follows:

(1) Cu2O reduction sinter bonding for high joint 
strength requires a reducing organic solvent that 
remains after the redox reaction is completed and 
that the excess organic residue of the redox reac-
tion does not remain during bonding.

(2) Thermal aging of sintered Cu joints in air exhib-
ited a slight change in their mechanical proper-
ties, including the macroscale shear strength and 
microscale tensile strength. The microstructure was 
evaluated by EBSD, and local fracture behavior was 
evaluated by microscale tensile tests. A small pro-
gress of sintering and a slight change in the micro-
structure were observed for the sintered Cu joints.

(3) The formation of organic matter on the surface of 
Cu in the  Cu2O reduction sinter bonding process, 
using a mixture of  Cu2O and PEG, suppresses Cu 
oxidation.

(4) The slight oxidation of the sintered Cu surface 
enhances the robustness of the sintered Cu struc-
ture owing to the small progress of sintering 
attributed to the lowering of surface energy.
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