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Abstract

Cu sinter bonding has emerged as a promising technology for highly reliable electronic packaging due to its low
cost and excellent electrical and thermal conductivity. However, Cu particles are prone to oxidation, and their
sinterability decreases significantly at lower temperatures, requiring high-pressure or controlled atmospheric
conditions at elevated temperatures. This study investigated reducing the bonding temperature of Cu sinter
bonding under low bonding pressure in ambient air by utilizing the in-situ oxidation and subsequent reduction of
the Cu surface, leading to the formation of Cu nanoparticles. Slightly oxidized Cu particles were prepared through
a plasma flash evaporation process under an Ar-H; plasma, followed by vacuum refrigeration. These particles
were used to facilitate surface reactions with polyethylene glycol (PEG400) during the bonding process. We
found that the prepared particles contributed to lowering the reduction temperature through the temporary
formation of Cu,O nanoparticles. These nanoparticles, precipitating above 160 °C from Cu complexed with
PEG400, were subsequently reduced to Cu nanoparticles. The generated Cu nanoparticles acted as bridges among
Cu fine particles, enhancing sinterability. Consequently, Cu-Cu sinter bonding was achieved at 220 °C under 0.3
MPa in ambient air, forming a sufficiently sintered Cu layer. This approach offers a pathway for low-temperature,
low-pressure bonding suitable for industrial-scale applications.

Keywords: Cu sinter bonding; Plasma flash evaporation (PFE); In-situ oxidation and reduction; Cuprous oxide;
Polyethylene glycol (PEG400)



1.Introduction

Die bonding materials used in electronic packaging for power modules are required to operate reliably at
temperatures above 200 °C [1-4]. While Sn-Pb solders have conventionally been used for high temperature die-
bonding, restrictions on the use of Pb have been implemented due to the growing environmental concerns [5—7].
Sinter bonding with metallic fine particles has emerged as a promising alternative to Sn-Pb solders, offering low-
temperature bondability and superior heat resistance [8—10]. Among sinter materials, Ag and Cu have been widely
studied because of their high electrical and thermal conductivity [11,12]. In particular, Cu particles exhibit
advantages such as lower cost and superior thermal durability compared to Ag particles, although their sensitivity
to oxidation in air remains a notable challenge [12,13]. Since the oxide layer formed on the Cu surface hinders
the sintering, high bonding pressure (=5 MPa) [14—17] or controlled atmosphere [ 18—20] are employed to prevent
Cu oxidation during the bonding process. Moreover, bonding temperatures typically exceed 250 °C to ensure
sufficient bonding strength as the driving force for Cu sintering diminishes at lower temperatures or lower
pressure [19,21]. However, bonding under low-pressure in ambient air is highly desirable for mass industrial
production, as high-pressure or atmosphere-controlled process increase complexity and the risk of chip damage
[12,21]. Furthermore, lower bonding temperature are preferred to minimize structural damage to the substrate
[18,22].

To address the challenges associated with bonding conditions, we leverage existing knowledge for bonding
under low pressure and ambient atmosphere, while proposing the use of Cu particles with controlled size and
oxidation, combined with a reducing organic solvent, as a novel approach to achieve bonding at lower
temperatures. In low-pressure bonding, Cu particles with surface oxide have been used as bonding materials,
where Cu nanoparticles generated through the reduction of surface oxide contribute directly to sintering [ 19,23].
During the bonding process, Cu nanoparticles are widely formed on the surface of submicron Cu particles,
acting as a driving force to form bridges among the particles. The sintered layer becomes dense through the
incorporation of generated nanoparticles into submicron particles. For bonding in ambient air, reducing organic
solvents are utilized not only to induce the reduction of Cu oxide but also to provide oxidation resistance during
bonding [16,21,24]. These approaches have enabled low-pressure bonding in air; however, achieving bonding
at low temperatures (< 250 °C) remains a technical limitation. In the sintering process utilizing the surface
oxide of Cu particles, previous studies have reported that the reduction of Cu,O begins at approximately 220 °C,
indicating its applicability for low-temperature bonding. However, complete reduction requires higher
temperatures due to the prolonged reduction time, even in oxygen-free atmospheres [19]. This suggests that
limiting the amount of oxide could effectively shorten the reduction time and lower the temperature required
for complete reduction. Therefore, for low-pressure bonding, we focus on producing nano- to submicron-sized
particles with suppressed surface oxidation.

As a method for synthesizing particles, chemical synthesis is widely used as it allows the production of
nanoparticles from metal precursors using reducing agents [25-28]. However, the synthesized nanoparticles
are typically stabilized with a capping agent to minimize oxidation and control crystal growth [28]. In this
respect, a gas-phase nanoparticle formation method, plasma flash evaporation (PFE), can be a choice for
production of nanoparticle with controlled morphology without using organic agents (Fig. 1). In this process,
the raw powders injected are instantaneously vaporized in a thermal plasma jet and nanoparticles form via

nucleation and growth of these high temperature vapors during subsequent rapid quenching [29-31]. The Ar-



H; reducing plasma environment and the vacuum or oxygen-less atmosphere during cooling down to the room
temperature after nanoparticle formation are expected to permit slow oxidation to minimize the oxides on
nanoparticles effectively. In this study, we aim to achieve low-temperature and low-pressure Cu sinter bonding

in ambient air by producing slightly oxidized Cu particles using the PFE method.
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Fig. 1 Schematic and details of the Cu particle production process using the plasma flash evaporation (PFE)
method.

2. Experimental procedure

2.1 Plasma flash evaporation

Commercial Cu powders (Fukuda Metal Foil & Powder Co., Ltd.) were used as raw materials of PFE process.
Fig. 2 shows a field-emission scanning electron microscopy (FE-SEM, Hitachi, S-4800) image of the Cu
powders, with an average particle size of approximately 20 um. Considering the implementations of plasma,
previous studies indicated that oxygen atoms attributed to the raw material are effectively removed as the gas
phase out of the reactor under an Ar-H, reducing plasma in the PFE process [32]. Hence, the use of plasma
containing H, is expected to prevent internal oxidation of particles. Inductively coupled plasma (ICP) is
suitable for using H» gas as it operates without electrodes and can be operated under oxidizing, reducing or
other reactive atmospheres [33]. Based on these characteristics, a commercial Radio frequency (RF)-ICP
system (JEOL, TP-40020NPS) was used for the production of Cu particles. In the RF-ICP torch, ICP is
generated by coupling the electromagnetic field induced by the coil into the cylindrical discharge cavity, as
shown in Fig. 1. A mixed Ar-H; plasma was used to suppress surface oxidation of the particle. The ICP is
generated under the conditions listed in Table 1. The injected powders are expected to vaporize in the ICP
torch and are rapidly quenched to form submicron particles within the water-cooled vertical chamber
underneath the torch. Optical emission spectroscopy (OES) was performed to evaluate the excited Cu in the

gas plasma using spectrometer (Ocean Optics, USB2000+). After plasma processing, the chamber was cooled



under vacuum for 30 min and then filled with Ar to the atmospheric pressure to prevent abrupt oxidation. This
controlled cooling process is expected to minimize natural surface oxidation of the produced particles.

The morphology of the produced particles was analyzed by transmission electron microscopy (TEM, Thermo
Fisher Scientific, Talos F200i) and X-ray diffraction (XRD, Bruker, D2 PHASER) measurements (CuKa
radiation) in two-theta/theta method. Particle size distribution was measured through the observation using

FE-SEM observations after cross-sectional milling of the particles.

Fig. 2 FE-SEM image of Cu raw material.

Table 1 Conditions of the ICP process.

Plasma RF Pressure  Carrier Cooling
gas power (kPa) gas: Ar  atmosphere
(kW) (L/min)
Art+H; 6 30 2 Vacuum

2.2 Sinter bonding paste

The produced particles were mixed with polyethylene glycol 400 (PEG400) as a bonding paste. PEG400, a
highly secure solvent, is expected to reduce surface oxides of Cu and provide oxidation resistance by remaining
up to nearly 300 °C. Terpineol was added to the paste as a thickener. For the evaluation of the reduction
temperature of Cu oxidation, thermal analyses using thermogravimetry and differential thermal analysis
measurements (TG-DTA, Rigaku, TG8120) were performed at a heating rate of 10 °C/min in N>-21%0, and
N> atmospheres. In addition to raw solvents, the boding paste was analyzed by TG-DTA after preheating at
120 °C for 10 min for the evaporation of terpineol. To investigate the structural changes of the Cu particles
during the heating process, XRD measurements and TEM observations were performed on the bonding paste
at elevated temperatures. The paste was heated to 160, 180, 200, 220 °C at a heating rate of 1 °C/s and held for

1 min in air and N, atmospheres.

2.3 Bonding experiments

Bare Cu disks (upper substrate: @5 mm, t = 2 mm, lower substrate: @10 mm, t = 5 mm) were used as the
bonding substrates. These substrates were ultrasonically cleaned in an acetone bath for 10 min before the
bonding experiment. The bonding paste was applied to the surface of the lower Cu substrate with a thickness

of 50 um, and the upper substrate was placed on the paste as shown in Fig. 3. After preheating at 120 °C for



10 min, the samples were heated to the bonding temperature of 180, 200, 220, 240 °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 0.35 MPa. The joint
strength was measured by a shear test with a displacement rate of 0.5 mm/s using a bond tester (Nordson

DAGE, 4000Plus Bondtester). The microstructure of Cu sintered layer was observed using FE-SEM.

700 of Shear tool
@5 mm
o T2 Eﬁl 100 pmis
onding
paste ‘ |:>
5 mm g [ S
Cu Bonding Shear test

010 mm

Fig. 3 Schematic diagram of Cu-Cu sinter bonding experiment.

3. Results and discussion

3.1 Analyses of Cu particles produced with PFE method

Fig. 4 shows the result of OES calibrated based on hydrogen beta rays (486.11 nm), and listed transition level
of emission. NIST Atomic Spectra Database was used to evaluate the state of Cu during PFE [34]. High
intensities of Cu atomic spectra were detected. It was considered that raw Cu powders were sufficiently
vaporized by a thermal plasma jet, and and fine particles formed through condensation of these high
temperature Cu vapors.

Fig. 5 presents the characterization results of Cu particles produced by PFE method (PFE particles) under the
aforementioned conditions. The scanning TEM (STEM) images and particle size distributions reveal that the
PFE particles exhibited a spherical morphology, and ranged in size from several tens of nanometers to
submicron scales, significantly smaller than that of raw powders (Fig. 5(a), (b)). This suggests that the particles
were formed from vaporized raw powders. It is also presumed that any organic matter covering the raw
materials was eliminated during the process. Fig. 5(c) shows the nanobeam electron diffraction (NBD) patterns
obtained from the surface of a Cu particle. These patterns indicated the presence of slight CuO localized on
the surface of the particles with an approximately thickness of 2 nm. Similarly, XRD results (Fig. 5(d)) confirm
the presence of CuO in the PFE particles, with no detectable Cu,O. This absence of CuxO in the PFE particles
contrasts with previous studies, which reported its reduction to Cu nanoparticles during the bonding process
[19].

The formation of only a slight amount of CuO, with the absence of Cu,O, on the surface of PFE particles is
likely attributed to oxidation suppression achieved by using Ar-H, mixed-gas plasma and minimal oxidation
during the cooling process. Furthermore, the slight presence of CuO might contribute to suppressing the
excessive aggregation of the produced particles.

In the incipient surface oxidation process of Cu(111), it has been reported that Cu atoms at the gas-solid
interface react rapidly with O, with only a small thermodynamic resistance, thereby forming CuO nano-islands
[35]. As the oxidation progresses, these CuO nano-islands grow, and a Cu,O layer forms between the surface
CuO layer and interior Cu layer. When this finding can be applied to the present study, it is inferred that the
PFE particles exhibit a lower oxidation compared to the particles with a covered Cu;O layer. Consequently,

PFE method was found to successfully fabricate slightly oxidized Cu nano- to submicron-sized particles.
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Fig. 5 Characterization of Cu particles produced by PFE method. (a) Dark-field STEM image of Cu
particles. (b) Particle distribution.(c) Nanobeam electron diffraction patterns obtained from a Cu particle

surface. (d) XRD pattern.

3.2 Analyses of Cu bonding paste mixed with PEG400

Fig. 6 shows the TG-DTA results for PEG400 and terpineol in N»-21%0,, and Cu bonding paste in N2-21%0;
and N, atmospheres. Terpineol evaporated above 120 °C (Fig. 6(a)), while PEG400 evaporated above 200 °C,
and combusted above 250 °C (Fig. 6(b)). The bonding paste exhibited a slight weight loss at approximately
120 °C without any exothermic reaction and a gradual decrease in weight above 200 °C under both atmospheres
(Fig. 6(c), (d)). Furthermore, a marked change in weight loss behavior accompanied by an exothermic reaction
occurred at 220 °C. In N»-21%0,, a large exothermic reaction was also confirmed above 250 °C (Fig. 6(c)).

The weight loss at 120 °C and the gradual decrease in weight above 200 °C are attributed to the evaporation



of terpineol and PEG400, respectively. The large reaction above 250 °C in N>-21%0- corresponds to a
combustion reaction of PEG400. In N>, no exothermic reaction of the paste was observed above 250 °C due to
the absence of oxygen in atmosphere (Fig. 6(d)). However, since no exothermic reaction was observed at
approximately 220 °C in the solvents, it is inferred that the reaction at 220 °C is caused by the redox reaction

between Cu particles and PEG400.
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Fig. 6 TG-DTA traces at a heating rate of 10 °C/min: (a) terpineol and (b) PEG400 in N>-21%0,, and Cu bonding
paste (c) in N>-21%0; and (d) in N>.

XRD analyses and TEM observations of the heated paste were conducted to investigate microstructural change
of the particle surface caused by the reaction at around 220 °C. Fig. 7 shows XRD results of the paste heated
to the elevated temperature up to 220 °C. The intensity values were normalized by dividing by the intensity of
the Cu(111) peak. A broad Cu,O(111) peak started to appear above 160 °C under both atmospheric conditions,
and the intensity of Cu,O peak gradually increased with rising temperature. Further, intensity of the Cu,O peak
in the paste heated in air was larger than that heated in N,. The broad Cu,O peak indicated that morphology of
Cu,0 is amorphous or nanoparticles. However, the intensity of CuO peak, which was surface oxide of PFE
particles, remained constant regardless of the heating temperature.

Fig. 8 shows the results of TEM observation of the paste after preheating and subsequent heating to 180 °C
and 220 °C in air. Bright-field TEM images and selected area electron diffraction patterns obtained from the
surface of Cu particles heated to 180 °C revealed the presence of Cu,O nanoparticles in the remaining solvent
(Fig. 8(a), (c)). At a temperature of 220 °C, both Cu,O and Cu nanoparticles were observed in the remaining
solvent, indicating the progression of bridging between Cu particles.

Considering the cause of Cu,O generation above 160 °C, CuO which can be reduced to Cu,O seemed to be

unrelated to Cu;O generation since the intensity of CuO was constant regardless of the temperature as



mentioned in Fig. 7. The generation of Cu,O during heating in N, atmosphere, where oxygen is minimal,
suggests that CuyO does not stem from the oxidation of Cu particles. Previous studies have reported that
PEG400 is utilized as a solvent, complexed agent, and reducing agent in the wet chemical synthesis of Cu,O,
where it plays a key role in producing polycrystalline Cu>O [36,37]. Based on the prior knowledge, it is
hypothesized that Cu,O nanoparticles are produced through the precipitation from a Cu complex derived from
the reaction with PEG400, particularly at unoxidized areas or grain boundaries of surface oxide. It is also
postulated that the higher intensity of Cu;O in air could be due to the promoted reactions with PEG400,
compared to in N,. The generation of Cu nanoparticles at around 220 °C is likely attributed to the reduction of
Cu,0 nanoparticles, as XRD analysis demonstrated that the reduction of Cu,O was complete at 220 °C after a
holding time of 30 min in N, atmosphere as shown in Fig. 7(b). Accordingly, the generation of Cu,O

nanoparticles is expected to lower the reduction temperature of Cu oxide, thus lowering Cu sinter bonding

temperature.
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Fig. 7 XRD patterns of synthesized Cu bonding paste heating at 25, 160, 180, 200, and 220 °C.



(a) 180 °c | (b) 220 °C

Fig. 8 TEM observation results of the Cu bonding paste. (a), (b) Bright-field TEM images and (c), (d) selected
area electron diffraction patterns of the pastes heated to 180, 220 °C, respectively.

3.3 Cu-Cu sinter bonding results

Fig. 9 shows the shear strength of Cu sinter joints bonded in air and the density of the sintered layer, estimated
from cross-sectional analysis. Figs. 10 and 11 exhibit cross-section of Cu sintered joints and fractured surfaces
after shear testing. At a sintering temperature of 180 °C, Cu particles in the sintered layer showed no change
in morphology, remaining as nano- to submicron-sized spherical particles, whereas Cu,O nanoparticles formed
above 160 °C in the paste. It is inferred that the PEG400 does not combust to reduce Cu,O at the sintering
temperature as the weight loss of PEG400 is not confirmed below 200 °C (Fig. 6(b)). At sintering temperatures
of 200 °C or higher, necking of Cu particles occurred, leading to increases in both the shear strength and the
density of the sintered layer. At 220 °C, the shear strength reached approximately 20 MPa. As confirmed in
Fig. 7, the reduction of Cu,O nanoparticles to Cu nanoparticles is completed at 220 °C, suggesting that the
sinterability increases significantly from 200 to 220 °C due to the bridging of Cu nanoparticles. Neck formation
of the particles (Figs. 10, 11) revealed the presence of Cu on their outermost surface, although residual CuO,
the surface oxide of PFE particles, remained as confirmed by XRD analyses (Fig. 7). This suggests that initial
surface CuO is scattered and sintering proceeded with scattered surface CuO. At 240 °C, stereo micrographs
of the fracture surface showed oxidation at the edges, likely caused by the combustion of PEG400. However,
the sintering among PFE particles proceeded more rapidly compared to the layer bonded at 220 °C. Assuming
that only the Cu,O reduction process occurs at 220 °C or higher, the amount of generated Cu,O and Cu
nanoparticles would reach equilibrium at a certain temperature, limiting further sintering progress. Therefore,
the progress of sintering from 220 °C to 240 °C implies that the complexation of Cu with PEG400 and the

precipitation of Cu,O nanoparticles continued during the Cu>O reduction process.
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Fig. 11 Stereo micrographs and FE-SEM images of fracture surface of the Cu-Cu joints bonded at 180—
240 °C.



TEM observations were conducted to investigate the surface structure of the sintered Cu bonded at 220 °C as
shown in Fig. 12. A typical electron diffraction pattern obtained from the sintered layer exhibited the presence
of polycrystalline CuO in addition to Cu (Fig .12(b)). The detailed observation revealed that slight Cu,O
nanoparticles (Fig. 12(c)) and residual PEG400 (Fig. 12(d)) were present on the sintered surface. The small
quantity of Cu,O nanoparticles suggests that the reduction of Cu,O to Cu nanoparticles occurred preferentially
at 220°C, facilitating sufficient neck formation through the sintering of Cu nanoparticles. Additionally, the
presence of residual PEG400 would provide the layer with oxidation resistance in air.

Consequently, Cu-Cu sinter bonding was successfully achieved at 220 °C due to the complete reduction of

Cu,0 nanoparticle and the high sinterability of the Cu nanoparticles formed.

Cu substrate

ganic residue

Fig. 12 TEM observation result of Cu sintered layer bonded at 220 °C. (a) Bright-filed TEM image of the
appearance of sintered layer and (b) typical diffraction pattern. (c), (d) Magnified views of the layer.

3.4 Sintering process using Cu particles produce by PFE method

Fig. 13 illustrates the sintering process of PFE particles. PFE particles contain scattered CuO in surface area
of approximately 2 nm. In the Cu bonding paste mixed with PEG400, Cu complexes with PEG400 through
unoxidized areas and grain boundaries within the surface oxide. When the temperature of the paste increased
to 160 °C or higher, Cu,O nanoparticles precipitate due to the reaction of hydroxyl groups in PEG400 with
dissolved Cu. At 220 °C, CuO nanoparticles are reduced to Cu nanoparticles due to the evaporation of PEG400
as a reducing solvent. It is assumed that the reduction of Cu,O occurs preferentially while the complexation of
Cu with PEG400 and the precipitation of Cu,O nanoparticles continued. The generated Cu nanoparticles form
a sintered Cu structure through necking with unoxidized areas of Cu particles. In this process, the reduction
temperature for Cu formation from Cu,O is lowered due to the morphology of the Cu,O nanoparticles and the
high sinterability of the Cu nanoparticles, contributing to a lower bonding temperature.
As a result, it was revealed that minimizing the surface oxide of particles enables the formation of CuO
nanoparticles at elevated temperatures, which facilitates their complete reduction to Cu nanoparticles at a lower

temperature. In this study, we adopted a gas phase method to prioritize producing particles without covering



agent to eliminate factors that inhibit sintering. Furthermore, the PFE method demonstrated the ability to

produce fine particles while effectively controlling the atmosphere during the gas-phase process. The PFE

method successfully minimized surface oxides in this study, enabling low-temperature and low-pressure

bonding in air through the in-situ formation and reduction of Cu>O nanoparticles, driven by the reaction
between the PFE-derived particles and PEG400. While the PFE method demonstrated successful bonding

results in this study, similar particles could likely be produced by other methods, leading to comparable

bonding results.

[PFE particle] [Bonding paste (PFE particles + PEG400)]

CuO=

Cu

Cu nanoparticle

Grain boundary

Q\:( Unoxidized area

Fig. 13 Schematic diagram of sintering process of PFE particles.

4. Conclusions

In this study, we successfully developed a low-temperature and low-pressure Cu-Cu sinter bonding process in

ambient air by utilizing nano- to submicron-sized Cu particles produced via the plasma flash evaporation (PFE)

method and polyethylene glycol 400 (PEG400) as a reducing agent. The primary findings of this work are

summarized as follows:

Submicron-sized Cu particles with a surface CuO of approximately 2 nm were produced using the
PFE method. Oxidation was effectively suppressed by the Ar-H, plasma during particle production,
with slight oxidation occurring during the cooling step under vacuum.

During heating of the Cu bonding paste, CuO nanoparticles were formed above 160 °C through
precipitation from a Cu complex derived from the reaction with PEG400. These Cu>O nanoparticles
were subsequently reduced to Cu nanoparticles at 220 °C due to the partial combustion of PEG400,
which acted as a reducing agent.

Cu-Cu sinter bonding was achieved at 220 °C under 0.35 MPa in ambient air. The in-situ generated
Cu nanoparticles acted as bridges between submicron Cu particles, facilitating sintering and forming
a dense, oxidation-resistant bonding layer.

The in-situ reactions of Cu particles and PEG400, involving temporary oxide formation and reduction,
demonstrated the potential to achieve low-temperature and low-pressure bonding in ambient air for

particles produced by other methods as well.
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