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The effects of reducing solvents on the bonding process using silver oxide paste
in a copper joint were investigated. Three solvent types were tested: diethyl-
ene glycol (DEG), triethylene glycol (TEG), and polyethylene glycol (PEG). The
strength of the joints was assessed by fracturing, which occurred at the
interface of the copper oxide layer and the copper substrate in DEG and TEG
samples and at the bonded interface in the PEG sample. Analysis of the
samples revealed that, in the DEG and TEG samples, the copper substrate
was oxidized during the bonding process, which compromised the shear
strength of the joints. In contrast, the PEG sample exhibited nonuniform
sintering of the silver layer while retaining good shear strength. It was found
that the combination of DEG and PEG produced optimum shear strength in
the copper joint, as PEG suppressed the growth of copper oxide and DEG
promoted the formation of a dense sintered silver layer. The bonding strength
achieved was higher than that of the gold-to-gold joint made using standard
Pb-5Sn solder.
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INTRODUCTION

Public concern regarding the environmental
impact of heavy metals has grown significantly in
recent decades. In 2006, the Restriction of Hazard-
ous Substances (RoHS) directive came into effect,
regulating the use of detrimental substances includ-
ing heavy metals (Pb, Hg, Cd, etc.) commonly used
to manufacture electronic products.’ As a result, the
electronics industry has developed lead-free solder
for joining together metal components, such as Sn-
80Au.?® However, the use of a noble metal makes
this solder rather costly, and alternatives to Pb-5Sn
and Pb-10Sn high-temperature solders have not yet
been established.

Simultaneously, improvement of energy efficiency
has become a top priority, and much attention is
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focused on developing semiconductor devices for
power conversion in hybrid cars and bullet trains as
a strategy for reducing energy usage. Silicon carbide
(SiC) has emerged as an attractive power device
material, as it possesses the characteristics of low
loss, high withstand voltage, and high heat resis-
tance, which permit the reduction of the volume of
the semiconductor without decreasing the power. It
is expected to be widely applied in hybrid and bat-
tery-powered cars because of its excellent perfor-
mance at high temperatures.*® Unfortunately, at
operating temperatures over 200°C,° solders expe-
rience thermal degradation and remelting causes
deterioration in strength. Therefore, there is a
critical demand for new packaging materials that
are lead-free and exhibit improved thermal reli-
ability.

To address these issues, we previously proposed a
bonding process using silver metallo-organic nano-
particles.!®13 Each particle is covered with organic
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shells composed of higher alcohols, which serve to
prevent agglomeration of the silver nanoparticles.
During the bonding process, decomposition and
discharge of the organic shells occur through heat
and pressure, and a dense sintered silver layer is
formed by autoagglutination of the silver nanopar-
ticles as their active surfaces are exposed. The
process produces a bonding layer made of bulk sil-
ver that exhibits high heat and radiation resistance.
We confirmed that direct bonding between silver
and copper is achieved by the decomposition of
copper oxide, which occurs at the same time as the
decomposition of the protective organic shells.
However, these silver metallo-organic nanoparticles
are costly to produce, and cost must be reduced if
they are to come into wider use.

As a lower-cost alternative, we have proposed the
use of silver oxide particles in the bonding pro-
cess. 17 Silver oxide particles are reduced by a
hydroxyl group of solvent, and produce silver
nanoparticles, aldehyde, carbon dioxide, and water
steam. Then, almost all aldehyde is burned to car-
bon dioxide and water steam during heating.'”
These in situ generated nanoparticles offer the
advantage of low-temperature sinterability and
form a dense sintered silver layer. This bonding
process is lower in cost because of the use of silver
oxide rather than pure silver, and actually provides
a higher bonding strength in gold-to-gold and silver-
to-silver joints than Pb-5Sn solder. However, we
have not yet achieved adequate strength in a cop-
per-to-copper joint using silver oxide particles as a
soldering material.

In this study, our objective is to improve the
strength of the copper-to-copper joint soldered with
silver oxide particles, focusing on optimizing the
reducing solvent used in the bonding process. Smaller
particles are expected to form a dense sintered silver
layer based on reports that reducing solvent affects
particle size.'®'® Residual organics are thought to
reduce the copper oxide to pure copper, and when
silver comes into contact with the pure copper it
behaves like silver metallo-organic nanoparticles.
Therefore, proper selection of the reducing solvent can
significantly improve the bonding strength. In this
study, we used reducing solvents with different carbon
chain lengths and investigated their influence on
bondability by observing cross-section and fracture
surfaces of each joint.

EXPERIMENTAL PROCEDURES

Silver oxide (Ag;O) particles of 2 ym to 3 ym
diameter were used. The particles were milled using
an alumina mortar, mixed with a reducing solvent
to concentration of 180 ul/g, and processed to paste
for bonding. The three types of reducing solvent
tested were diethylene glycol (DEG), triethylene
glycol (TEG), and polyethylene glycol (PEG), which
vary primarily in carbon chain length and molar
weight.
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A schematic illustration of the shear test sample
and method is shown in Fig. 1. A copper substrate
was used as the bonded material. The silver oxide
paste, prepared with DEG, TEG, or PEG, was
applied to the lower substrate using a 50-um-thick
mask and preheated at the optimized conditions in
order to remove excess reducing solvent (100°C/
5 min for DEG, 120°C/6 min for TEG, and 120°C/
10 min for PEG). Subsequently, the upper substrate
was placed onto the lower substrate, and the sam-
ples were heated to 300°C at a rate of 60°C/min
using an infrared heating furnace and held for
5 min at a pressure of 5 MPa. After bonding, the
samples were cooled using forced air. The shear
strength of the joints was measured using a strain
rate of 30 mm/min.

The thermal characteristics of each silver oxide
paste were measured with a combination of ther-
mogravimetric (TG) and differential thermal anal-
ysis (DTA) at a heating rate of 60°C/min in ambient
atmosphere.

The cross-section and fracture surface of each
joint was observed by scanning electron micros-
copy (SEM) and transmission electron microscopy
(TEM).

RESULTS AND DISCUSSION

Decomposition Behavior of Silver Oxide
Pastes

To investigate the influence of the reducing solvent
on the decomposition behavior of silver oxide, the
thermal reaction and weight loss upon reduction of
the silver oxide was evaluated using TG-DTA, the
results of which are shown in Fig. 2. The temperature
at which each paste exhibited an exothermal peak
accompanied by significant weight loss was different:
119°C for DEG, 140°C for TEG, and 157°C for PEG.
The positions of these peaks indicate the formation of
silver through the redox reaction between silver oxide
and reducing solvent. For the DEG and TEG pastes,
all the weight loss occurred during the redox reaction,
but for the PEG paste, weight loss continued until the
temperature reached 300°C. This weight loss after the
redox reaction was completed was likely caused by
combustion of residual PEG, which has higher evap-
oration and combustion temperatures than the other
solvents due to its longer carbon chain.
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Fig. 1. Schematic illustration of shear test sample and method.
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Fig. 2. TG-DTA traces on heating at 60°C/min of silver oxide paste
mixed with (a) DEG, (b) TEG, or (c) PEG.

Cross-Section and Interfacial Microstructure
of the Joints

SEM images of the cross-section of each joint are
shown in Fig. 3. It was found that the thickness and
density of the sintered silver layers were different in
each sample. The thickness of the silver layers in
the DEG and TEG samples was about 20 yum, but
that in the PEG sample was only about 5 um
(Fig. 3a, b). In addition, the sintered silver layer in

the PEG sample exhibited large voids and was
nonuniform (Fig. 3c-1, c¢-2). The reducing solvent
was sufficiently removed from the silver oxide
pastes made with DEG and TEG after preheating,
but the paste made with PEG contained too much
reducing solvent in spite of optimized preheating. If
PEG paste is preheated for longer time, the reduc-
tion reaction of silver oxide particles progresses
during preheating and the sintering performance is
degraded at the bonding process. This resulted in
the paste made with PEG being discharged outside
the bonded substrates by the applied pressure, and
as a result, a thinner and nonuniform layer of silver
was formed during bonding.

SEM images of the interface between the sintered
silver layer and the copper substrate in each joint
are shown in Fig. 4. The intermediate layer, which
is assumed to be copper oxide, was observed at the
interface in the joints in the DEG and TEG samples
(Fig. 4a, b). This layer was clearly observable using
TEM,; Fig. 5 shows the bonded interface of the joint
in the TEG sample. The energy-dispersive spec-
trometry (EDS) results are presented in Table I,
confirming that the intermediate layer was copper
oxide, most likely Cuy,0.?° This layer probably
results from a natural oxide film on the copper
substrate that grew during the bonding process. On
the other hand, we could not confirm the composi-
tion of the oxide layer in the joint in the PEG sample
(Fig. 4c). TG-DTA analysis indicated that some
PEG remained after the redox reaction was com-
pleted and combusted gradually until the sample
reached 300°C (Fig. 2¢). Therefore, the oxide film on
the copper substrate was reduced by the combustion
of PEG, and residual PEG suppressed the oxidation
of the copper substrate during bonding.

Shear Strength and the Fracture Surface
of the Joints

Figure 6 shows the shear strength measured for
the joints prepared with each type of silver oxide
paste. The strength increased with the molecular
weight of the reducing solvent. The fracture surface
after the shear test is shown in Fig. 7, and EDS
analysis of the fracture surface is presented in
Table II. The fractured surfaces of the joints in the
DEG and TEG samples contained black regions, a
color which is typically observed on the copper oxide
surface. EDS analysis also indicated that the frac-
tured surfaces of the joints in the DEG and TEG
samples contained higher amounts of copper and
oxygen as compared with the fractured surface of
the joint in the PEG sample. In the first two sam-
ples, it is possible that the joint is composed of sin-
tered silver under a copper oxide layer. These
results suggest that fracture mainly occurred at the
copper oxide layer/copper substrate interface in the
joints in the DEG and TEG samples, but in the joint
in the PEG sample the fracture occurred at the sil-
ver layer/copper substrate interface.



510

| 6%

, S.int'ére Ag !ay%

| e

Cu substrate
20 .0kV 12 Bram x3.00k SE(M) 20110208

(c-1) Porous layer.

Takata, Ogura, Ide, Morita, and Hirose

(c-2) Dense layer.

20.0kV 12 4mm x10.0k SEQM) 20110128

(c-3) Magnified image of (c-2).

(c) PEG.

Fig. 3. SEM images of the cross-section of copper-to-copper joints using silver oxide paste mixed with (a) DEG, (b) TEG, or (c) PEG bonded at

300°C for 5 min at pressure of 5 MPa.

Next, we marked off the fracture surface in a
reticular pattern and evaluated quantitatively the
fracture mode in each region. The area ratio of each
fracture mode and the shear strength of each joint
are shown in Fig. 8. A total of 73% of the area in the
DEG sample and 48% of the area in the TEG sample
was fractured between the copper substrate and

copper oxide layer. In contrast, the entire surface of
the joint in the PEG sample was fractured between
the sintered silver layer and the copper substrate.
The area ratio of fracture is closely related to the
shear strength. Consequently, these results indicate
that the joints in the DEG and TEG samples had
lower bondability because the copper substrate
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Fig. 4. SEM images of the copper/silver interface using silver oxide
paste mixed with (a) DEG, (b) TEG, or (c) PEG.

oxidized, and the fracture occurred because of the
growth of a copper oxide film; however, the joint
in the PEG sample exhibited higher bondability
because residual PEG suppressed the oxidation of
the copper substrate, and the fracture fully occurred
at the sintered silver/copper substrate interface.

Effect of DEG/PEG Mixed Solvent on the
Bondability of the Joint

These results suggested that PEG suppressed the
growth of the copper oxide film and gave rise to
higher shear strength of the joint. However, SEM
observation showed that PEG also caused nonuni-

Fig. 5. TEM images of copper/silver interface bonded using silver
oxide paste mixed with TEG.

Table I. EDS quantitative analysis at the cross
point of the TEM image

Chemical Composition (at.%)

—_
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Fig. 6. Shear strength of copper-to-copper joints using silver oxide
paste mixed with DEG, TEG, or PEG.

form sintering of the silver layer. On the other
hand, the paste made with DEG produced a denser
sintered silver layer in the joint. Based on these
observations, we decided to test the ability of a
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(a-3) PEG.
(a) Optical images.

(b) SEM images.

Fig. 7. (a) Optical and (b) SEM images of the fracture surface of copper-to-copper joint using silver oxide paste.
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Table II. EDS quantitative analysis of the fracture
surface of the joints using silver oxide paste mixed
with DEG, TEG, or PEG

Chemical Composition (at.%)

Point Cu (0] Ag
1 12.8 31.1 56.1
2 12.7 37.8 49.5
3 4.7 94 85.9

Il Fractured between copper oxide layer and copper substrate

[ Fractured between sintered silver layer and copper substrate
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Fig. 8. Area ratio of each fracture mode and shear strength of
copper-to-copper joints made with each type of silver oxide paste.
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Fig. 9. TG-DTA traces on heating at 60°C/min of DEG/PEG mixed
silver oxide paste.

DEG/PEG mixed reducing solvent to improve the
bondability of a copper-to-copper joint. In this study,
we mixed DEG and PEG in the ratio of 7:3, which
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Fig. 10. Shear strength of the copper-to-copper joint using various
silver oxide pastes.
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Fig. 11. SEM images of the coppet/silver interface using DEG/PEG
mixed silver oxide paste.

was optimized based on several experimental data
from our study. A TG—DTA trace of the mixed paste
is shown in Fig. 9. The redox reaction between sil-
ver oxide and reducing solvent occurred at the onset
temperature of DEG, and PEG still remained after
the exothermal peak until the temperature reached
300°C, which is the bonding temperature. The shear
strength of the joint in the DEG/PEG mixed sample
is shown in Fig. 10, reaching a value of 29 MPa.
This is higher than that found in gold-to-gold joints
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(a) Optical image.

(b-) Upper side.

(b-2) Lower side.

(b) SEM image.
Fig. 12. (a) Optical and (b) SEM images of the fracture surface of copper-to-copper joint using DEG/PEG mixed silver oxide paste.

Table III. EDS quantitative analysis of the fracture
surface of the joint using DEG/PEG mixed silver
oxide paste

Chemical Composition (at.%)

Point Cu (0] Ag
1 87.6 7.7 4.7
2 1.8 9.4 88.8

made with Pb-5Sn, which is the current industrial
standard for die-bonding (~18 MPa).'® This higher
strength is explained by the microstructural obser-
vations, as shown in Fig. 11. A dense sintered silver
layer was formed, and growth of the oxide film was
not confirmed. The fracture surface after the shear
test is shown in Fig. 12, and EDS analysis of the
fracture surface is presented in Table III. EDS
analysis showed that the amount of oxygen at the

fracture surface was almost equivalent to that of the
PEG sample, and fracture occurred at the dense
sintered silver layer/copper substrate interface.
This well supports the results of TG-DTA analysis
and SEM imaging; that is, the reduction of sil-
ver oxide was promoted by DEG, and the growth of
oxide film was suppressed by remained PEG.
Therefore, it could be concluded that using a mixed
reducing solvent containing DEG and PEG gave rise
to a copper-to-copper joint with higher strength
than that of the gold-to-gold joint made with Pb-5Sn
by both promoting the reduction of silver oxide and
suppressing the growth of copper oxide at the
bonding temperature. Based on these results, we
are optimistic that silver oxide paste could be of
great use in the bonding process.

CONCLUSIONS

1. Silver oxide particles decomposed to silver via a
redox reaction between silver oxide and the
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reducing solvent. The onset temperature was
different depending on the reducing solvent used.
It was found that residual PEG remained until
the bonding temperature was reached in the
bonding layer after the redox reaction was com-
pleted.

2. The copper substrates oxidized during the bond-
ing process in both the DEG and TEG samples,
but no copper oxide was found in the PEG
sample. Fracture mainly occurred by peeling of
the oxide films in DEG and TEG samples, but the
entire surface of the joint was fractured at the
bonded interface in the PEG sample.

3. The shear strength was improved by both pro-
moting the reduction of silver oxide and sup-
pressing the growth of copper oxide at the
bonding temperature by combining DEG and
PEG in a mixed paste.

4. The DEG/PEG mixed solvent gave rise to a
copper-to-copper joint with higher strength than
that of the gold-to-gold joint made with Pb-5Sn,
suggesting that silver oxide paste could be an
alternative to lead-free soldering.
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