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Abstract
The reduction behavior of the surface oxide on Cu particles under a reducing gas atmosphere was investigated for a pres-
sureless sinter joining. We conducted x-ray thermodiffraction analysis and simultaneous thermogravimetry, differential 
thermal analysis, and mass spectroscopy (TG–DTA–MS) under a reducing atmosphere to investigate the reduction and 
subsequent sintering behaviors of copper particles at different oxygen concentrations. The shear strength of the pressureless 
sinter joint decreased with increasing oxygen concentration. The thermodiffraction results revealed that the reduction onset 
of  Cu2O started at the same temperature (220°C), whereas the reaction markedly persisted at higher oxygen concentrations. 
Cu sintering progressed significantly after the reduction due to generation of Cu nanoparticles. The TG–DTA–MS results 
indicated that  H2O formation temperature associated with the reduction depends on the oxygen concentration, consistent 
with the thermodiffraction results. The surface oxides were found to play an important role in pressureless sinter joining 
via nanoparticle formation, while the presence of a large amount of oxide delayed the reduction and subsequent sintering.
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Introduction

The high sinterability and thermostability of metal nanopar-
ticles facilitate the implementation of the sinter joining pro-
cess for the fabrication of power devices.1–4 Nanoparticles 
exhibit low-temperature sinterability because of an apparent 
melting point depression,5,6 which is attributed to their high 
surface-to-volume ratio.7,8 Nanoscale sintering processes 
have been studied using nanoparticles and in situ-generated 
nanoparticles derived from metal precursors for Ag and Cu 
 [9–12 (silver oxide, Cu oxide)13,14 (Ag salt)]. In particular, 
in situ-generated nanoparticles can help obtain a superior 
joint between materials and substrates. Hirose et al. reported 

in situ production of Ag nanoparticles during the joining 
process for metal substrates using a mixture of  Ag2O and a 
reducing solvent,9 which led to the development of metal-
lization-free direct joining of semiconductor materials and 
 ceramics15–18 and the utilization of Cu oxide particles.10,11 
Furthermore, the sintering behavior owing to nanoparticle 
generation facilitated the use of metal precursors and metal 
particles as starting materials; Ag nanoparticles can be gen-
erated during heating in the joining process using Ag micro-
particles, which promotes the sintering of Ag particles.19,20

The sintering of microscale Cu particles is generally 
more difficult than Ag sintering although Cu has desirable 
characteristics, such as thermostability, low migration, and 
electrical conductivity, allowing the successful  joining21 and 
writing processes for the fabrication of printed electronics. 
Therefore, Cu nanoparticles are typically considered for 
joining and related processes.22,23 In contrast, the temporary 
oxidation on the surface of Cu particles and the subsequent 
reduction by a reducing atmosphere involving hydrogen or 
formic acid can facilitate the joining of microscale Cu parti-
cles.24–26 The bonding process through the oxidation–reduc-
tion reaction results from the formation of  Cu2O nanopar-
ticles during the oxidation and subsequent formation of Cu 
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nanoparticles, which is similar to the reduction process of 
Cu oxide particles reported by Yao et al.10

As it is important to induce the reduction of the oxidized 
layer in this type of joining process, the initially surface-oxi-
dized Cu particles are expected to be ideal joining material 
candidates. A reducing atmosphere, such as  H2, including 
forming gas and formic acid, can support the sintering of Cu 
particles at elevated temperatures by inducing the reduction 
of Cu oxide,26,27 thus realizing pressureless or low-pressure 
sinter joining. We demonstrated pressureless sinter joining 
under a forming gas atmosphere using surface-oxidized 
Cu particles. It was found that the sintering of Cu particles 
can be promoted by the in situ-generated Cu nanoparticles 
derived from oxides, similar to the bonding via the oxida-
tion–reduction process. However, the mechanism of and 
conditions for the initial oxidation of Cu particles suitable 
for the joining process have not been extensively investi-
gated. Evaluating the reduction behavior of the initially oxi-
dized Cu particles can contribute to the design of joining 
materials and processes. In this study, we investigated the 
reduction behavior of initially oxidized Cu particles in terms 
of its influence on the bonding ability in pressureless sinter 
joining by performing in situ thermodiffraction and thermal 
analyses under a reducing atmosphere.

Experimental Details

Three types of Cu particles with diameters D50 of 0.53 μm 
(A), 0.61 μm (B), and 0.95 μm (C) were prepared for joining 
a material through oxidation in an alkaline solution under 
various treatment times of (A) 1 h, (B) 12 h, and (C) 48 h. 
The diameter of particles was measured by laser diffrac-
tion particle sizing (Malvern Panalytical, Mastersizer 3000). 
The carbon and oxygen concentrations in submicron cop-
per particles after alkaline treatment were measured to be 
0.46%C and 1.1%O for Cu particles-A, 0.6%C and 1.3%O 
for Cu particles-B, and 0.73%C and 2.5%O for Cu particles-
C, which were analyzed by the infrared absorption method 
(LECO, TC600). Figure 1 shows the field-emission scanning 
electron microscopy (FE-SEM; Hitachi, S-4800), transmis-
sion electron microscopy and dark-field scanning transmis-
sion electron microscopy (TEM/STEM; Thermo Fisher Sci-
entific, Talos F200i) images of Cu particles-A–C, wherein 
the oxide layer present on the Cu particles becomes thick 
depending on the alkaline solution treatment. Fast Fourier 
transform (FFT) images shown in Fig. 1e represent  Cu2O on 
the surface of Cu particles. Moreover, STEM images show 
that the oxide layer thickness of Cu particles-A (Fig. 1d) was 
on the order of several nanometers and that of Cu particles-
C (Fig. 1f) was >10 nm. Small particles were formed and 

Fig. 1  FE-SEM and DF-STEM/TEM images of Cu particles (a), (d, e) A, (b) B, and (c), (f) C used for joining materials. FFT images in (e) show 
the presence of  Cu2O on the surface of Cu.
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aggregated on the surface of the Cu particles for longer alka-
line treatment times, which led to an increase in the median 
diameter. Submicron Cu particle pastes (samples A–C) were 
prepared by mixing Cu particles-A–C with dihydroterpineol 
and thermoplastic resin after surface treatment using a non-
ionic surfactant.

For the pressureless sinter joining experiments, bare Cu 
discs (5 (φ) × 2 mm (t) and 10 (φ) × 5 mm (t)) were used 
as the joining specimens. These specimens were subjected 
to 10 min of ultrasonic cleaning in an acetone bath prior to 
joining. Pastes A–C were applied to a thickness of 50 μm 
on the lower Cu disc and preheated in an atmospheric fur-
nace to evaporate any excess organic solvent. The joining 
experiments were performed under  N2–3%H2 (forming gas) 
atmospheric conditions using a vacuum reflow solder system 
(UNITEM, RSS-350-210); the joining specimen was heated 
after vacuuming at room temperature. The temperature rise 
rate, joining temperature, and holding time were 60°C/min, 
300°C, and 30 min, respectively. Subsequently, the sample 
was cooled under forced air. The joint strength was measured 
as the average value of three joints by conducting shear tests 
at a crosshead speed of 0.5 mm/s.

FE-SEM observations were performed on samples A–C 
to investigate the microstructural changes in the Cu parti-
cles with the oxygen concentration through heating under 
 N2–3%H2 atmospheric conditions. Further, X-ray thermodif-
fraction analysis under He–4%H2 and simultaneous thermo-
gravimetry, differential thermal analysis, and mass spectros-
copy (TG–DTA–MS) measurements under  N2–3%H2 were 
performed to evaluate the crystal structure changes during 
the reduction behavior of Cu particles and the corresponding 
thermal change in the paste, respectively. X-ray diffraction 
(XRD) measurement under elevated temperature (thermodif-
fraction analysis) was performed using a Reactor X system 
equipped in SmartLab (Rigaku) at a heating rate of 10°C/
min from room temperature to 350°C under a He–4%H2 
atmosphere.28 XRD analysis was performed in reflection 
geometry under point-focused radiation of Cu Kα (1.5406 Å) 
using a 2D detector (Rigaku SmartLab with HyPix-3000). 
TG–DTA (Rigaku, Thermo plus TG8120) combined with 
quadrupole mass spectrometry (Canon Anelva, M-100QA-
M) was performed at a heating rate of 60°C/min from room 
temperature to 350°C under a  N2–3%H2 atmosphere.

Results and Discussion

Figure 2a shows the results of shear tensile tests for the joint 
bonded using submicron Cu particles with the oxide con-
centration in the range of 1.2–3.8%. Although Cu particles 
with a thin oxide layer showed a high joint strength above 
20 MPa, the joint strength decreased with an increase in 
the oxide layer thickness. Figure 2b–d shows the FE-SEM 

images of the sintering particles at 250°C and 300°C for 
30 min. Nanoparticles were formed on the surface of low-
oxygen submicron copper particles even at 250°C (Fig. 2b), 
and the sintering and necking of the Cu particles progressed 
at 300°C (Fig. 2c). In contrast, the sintering did not progress 
as markedly even at 300°C under higher oxygen concentra-
tions (Fig. 2d, e). Notably, some of the nanoparticles were 
not sintered (Fig. 2d, e) and an oxide layer was formed on 
the high-concentration oxygen particles (Fig. 2e). As Cu 
particles without an oxide layer has difficulty in yielding a 
 joint29, the in situ formation of Cu nanoparticles is believed 
to have supported the sintering of submicron Cu particles 
for pressureless joining, similar to that in Ag nano-sintering. 
Furthermore, these results indicate that pressureless sinter-
ing and subsequent joining behaviors are significantly influ-
enced by the reduction behavior of the copper oxide layer. 
To clarify the influence of the reduction behavior of the 
oxide layer on the sintering and joining processes under the 
 N2–H2 atmosphere, we performed XRD and TG–DTA–MS 
measurements under the identical  N2–H2 atmosphere.

Figure 3 shows the thermodiffraction data for each sam-
ple upon heating under the He–4%H2 atmosphere, where 
Fig. 3a shows the raw data obtained from the 2D detector. 
Figure 3b shows the relationship between the temperature 
dependence of the diffraction profile calculated from the raw 
2D diffraction results. The diffraction peak at approximately 
47° corresponds to the (111) plane of Al, which was used 
as the sample mount jig. As each paste showed Cu (111) 
and (200) peaks and  Cu2O (111) and (200) peaks at room 
temperature before heating,  Cu2O was present on the cop-
per particles, as shown in Fig. 2.  Cu2O peaks disappeared at 
approximately 250°C during heating, revealing the reduction 
of  Cu2O owing to the He–4%H2 atmosphere. Although it has 
been reported that the reduction of  Cu2O particles occurs at 
approximately 300°C under the  H2  atmosphere27 and glycol 
 solvent10, the thin oxide layer under the He–4%H2 atmos-
phere can be reduced at lower temperatures. The  Cu2O (111) 
and Cu (200) peaks were analyzed to compare the reduction 
of  Cu2O and the sintering behavior of Cu for each paste.

Figure 3c–f show the analyzed data for the  Cu2O (111) 
and Cu (200) peaks during heating for each submicron 
copper paste. The temperature-dependent evolution of the 
normalized intensity for  Cu2O (111) shows that  Cu2O dis-
appears at higher temperatures under a high oxygen con-
centration: 300°C for sample A to 350°C for sample C. On 
the other hand, there is little difference in the onset tem-
perature of reduction at 220°C (Fig. 3c). To evaluate the Cu 
(200) peak, the diffraction angle, full width at half maxi-
mum (FWHM), and area intensity were estimated by fitting 
the diffraction profile using the Voigt function to compare 
the microstructural evolution of Cu; the diffraction angle 
was converted to d-spacing using Bragg’s law. As shown 
in Fig. 3d–f, the d-spacing value generally increases with 
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increasing temperature owing to the expansion of the lattice 
during heating. Furthermore, FWHM, which is related to 
the crystallite size as expressed by Scherrer's  equation30, 
gradually decreases with increasing temperature owing to 
the progress of crystallization or particle sintering. However, 
the gradient of d-spacing and FWHM temporarily decreased 
above 200°C. At this time, the area intensity reached its 
maximum value. The onset temperature for the increase in 
the intensity was approximately consistent with that of  Cu2O 
reduction, as shown in Fig. 3c. These results indicate that 
the reduction of  Cu2O generates new copper nanoparticles. 

The diffraction profile was due to the sum of the existing 
copper particles, and the gradient of the d-spacing should 
be changed. Furthermore, the high rate of decrease in the 
FWHM can be attributed to the progress of Cu particle sin-
tering driven by the reduction of  Cu2O for the following 
reasons: (i) formation of Cu nanoparticles, which assists the 
sintering of submicron Cu particles as a bridging effect, and 
(ii) full exposure of the submicron copper surface.

Figure 4 shows the simultaneous TG–DTA–MS analyses 
under a  N2–H2 atmosphere for submicron copper paste. The 
TG results show a major weight decrease up to 150°C and 

Fig. 2  Pressureless sinter joining results using submicron copper 
paste in  N2–H2 atmosphere. (a) Shear strength of copper joints using 
each copper particle with different oxygen concentrations. FE-SEM 

images of the sintering behavior of copper particles after holding for 
30 min at (b) 250°C for sample A and 300°C for (c) sample A, (d) 
sample B, and (e) sample C.
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a subsequent minor weight decrease from 200°C to 300°C 
for every paste (Fig. 4a). An endothermic reaction occurs 
at approximately 120°C, in accordance with the weight 
decrease (Fig. 4b), whereas there is little change in the 
MS measurement for  H2O (m/z = 18) and  CO2 (m/z = 44) 
(Fig. 4c). These results indicate that the weight decrease at 
100°C corresponds to the evaporation of the organic sol-
vent (i.e., dihydroterpineol), which does not involve redox 
or decomposition reactions.

On the other hand, exothermic reactions occurred in 
accordance with the weight decrease above 200°C. Fur-
thermore, the MS results showed an increase in  CO2 and 
subsequent  H2O above 200°C. There was correspondence 
regarding (i) weight decrease, first exothermic reaction, and 
increase in  CO2 MS, and the subsequent (ii) second exother-
mic reaction and increase in  H2O MS. Furthermore, both 
the combustion of the organic protective layer on the copper 
particles and the reduction of the copper oxide caused the 
exothermic  reaction10, involving the generation of  CO2 in the 
combustion and of  H2O in the general reduction process as 
follows:  Cu2O +  H2 → 2Cu +  H2O. Therefore, it is supposed 
that submicron copper paste undergoes (a) evaporation of 

dihydroterpineol as a paste material, (b) combustion of the 
organic protective layer, and (c) reduction of the copper 
oxide layer. Based on the results obtained for samples A–C, 
the behaviors above 200°C changed with the oxygen con-
centration. The submicron copper particles with low oxygen 
concentration resulted in earlier behaviors, particularly in 
terms of the reduction of copper oxide with the generation 
of  H2O, than that under higher oxygen concentrations, which 
is consistent with the  Cu2O annihilation and Cu generation 
behaviors observed in the thermodiffraction measurements 
(Fig. 3). This hypothesis is in good agreement with the 
report by LaGrow et al., which confirmed that the reduction 
of  Cu2O to Cu occurs preferentially at Cu/Cu2O  interface31.

As expected, it is considered that the surface oxide con-
tributes to pressureless sinter joining via the generation of 
Cu nanoparticles, which promotes the sintering of the ini-
tial particles owing to the bridging effect.16,19 In contrast, 
the excess oxide conversely delays the sinter joining in the 
 N2–3%H2 atmosphere because the reduction cannot be com-
pleted at low temperatures or short holding times, because of 
which the oxide remains and disturbs the sintering of the Cu 
particles. This is consistent with the results obtained by Kim 

Fig. 3  Thermodiffraction measurement for samples A–C heated from 
room temperature to 450°C under He–3%H2 reduction atmosphere. 
(a) Representative result of the 2D detector obtained at 200 and 
300°C. (b) Diffraction intensity change dependence on the elevated 

temperature. (c) Change in the relative intensity of  Cu2O (111) nor-
malized by the intensity at approximately 200°C. Variations in the 
d-spacing, FWHM, and area intensity of the Cu (200) profile fitted by 
the Voigt function for (d–f) samples A–C.
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et al., where  Cu2O powder starts to reduce at 300°C with 
an elevated temperature rate of 20°C/min under He–5%H2 
flow,27 which indicates that the full reduction of  Cu2O parti-
cles requires a higher temperature or a longer holding time. 
Therefore, the appropriate design of surface oxides relevant 
to the reducing atmosphere, such as the concentration and 
reducing ability of the substance, plays a significant role in 
pressureless sinter joining using submicron copper particles.

Conclusions

In summary, we investigated the reduction behavior of sur-
face oxide on submicron Cu particles in the pressureless 
sinter joining of a bare Cu substrate under a reducing gas 
atmosphere. Thermodiffraction and TG–DTA–MS analyses 
under a reducing atmosphere were performed to study cop-
per particles with different oxygen concentrations. The shear 
strength results showed a decreasing strength with increas-
ing oxygen content. Thermodiffraction results revealed that 
the reduction reaction persists in Cu particles with higher 
oxygen concentrations, whereas the onset of the reduction 
of  Cu2O starts at the same temperature of approximately 
220°C. The FWHM of Cu diffraction accelerated with a 
temporal delay of increasing lattice constant after the initial 
reduction behavior, which indicated that Cu sintering mark-
edly progresses after the onset of reduction, attributed to Cu 
nanoparticle generation. Furthermore, TG–DTA–MS results 
showed that the temperature for  H2O formation associated 
with the reduction depends on the oxygen concentration, in 
accordance with the thermodiffraction results. The surface 
oxide contributes to pressureless sinter joining via the gen-
eration of Cu nanoparticles, while the large amount of oxide 
formed delays the reduction and subsequent sintering.
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