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The Cu+Ag mixed nanoparticles were prepared based on the chemical reduction method. The polymer coated on the Cu+Ag mixed
nanoparticles can protect Cu nanoparticles from oxidation. The metal­metal joint of silver plated Cu bulks was investigated with the use of
Cu+Ag mixed nanoparticles. The bonding experiments show that joint with shear strength about 20MPa was formed at the bonding temperature
above 250°C under 5MPa using Cu+Ag mixed nanoparticles. The strength of bonding using Cu+Ag mixed nanoparticles is lower than that of
bonding using pure Ag nanoparticles. This may be due to the fact that the sintering between the Cu nanoparticles and Ag nanoparticles is more
difficult than the sintering between Ag nanoparticles. [doi:10.2320/matertrans.MD201222]
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1. Introduction

Tin-lead solders have been widely used as bonding
materials in the electronics industry for many years.
However, since the lead contained in the solders do harm
to natural resources and human health, legislation has
proposed to limit the use of lead in solders in many
countries.1) This situation has stimulated substantial research
and development efforts to discover alternative lead-free
solder alloys, including Sn­Zn, Sn­Cu, Sn­Bi, Sn­Ag
systems.2,3) There are still some drawbacks that limit
extensive applications of lead-free solders, such as high
melting temperatures, poor wettability and poor solderability.
Especially, there are no suitable lead-free high temperature
solders. The high temperature solders containing 90­
95mass% Pb are still widely used in various applications.4)

Recently, there has been an increasing focus on low
temperature interconnect technologies with metal nano-
particles (Ag nanoparticles, Cu nanoparticles. etc.) as an
alternative technique for the soldering with lead.5­8) The
interconnect technologies have potential application for
flexible electronics, including flat-panel display, organic
electronics, and low-cost disposable microelectronics devices
on plastic substrate;7­9) Furthermore, metal nanoparticles
provide a promising lead-free, high temperature bonding
material alternative.6,10,11) Cu+Ag mixed nanoparticles have
some advantages such as lower cost and good resistance
to electrical migration.12) In this study, the metal to metal
bonding process using Cu+Ag mixed nanoparticles was
studied. The polymer coated on the Cu+Ag mixed nano-
particles can protect them from oxidation. The effects of
bonding temperatures and Cu content in the mixed nano-
particles on the bondability were discussed.

2. Experimental

Ag nanoparticles was prepared by the polyol method and
the following centrifugation as reported previously.13,14) The
Cu nanoparticles was prepared in ambient atmosphere based

on the polyol method.8) Cu+Ag mixed nanoparticles with
different molar fractions (Cu/Ag molar ratio: Cu, Cu4/Ag1,
Cu1Ag1, Cu1Ag4 and Ag) were prepared by mechanical
mixing of Cu nanoparticles and Ag nanoparticles.

The silver plated Cu bulks were bonded using Cu+Ag
mixed nanoparticles at 250°C in air under bonding pressure
of 5MPa and held for 5min. The silver plated copper
discs were made by firstly plating a layer of nickel (about
2 µm) on the pure copper discs. Then silver plating (about
4 µm) was applied over the nickel plating. Figure 1 shows
the schematic illustration of the bonding specimens. The
nanoparticles were applied on the faying surfaces of ¯

6mm Cu bulk, which was set on the ¯ 10mm Cu bulk.
Afterwards, these prepared bonding specimens were heated
up to bonding temperature in a resistance furnace in air under
5MPa.

3. Result and Discussion

3.1 Characteristics of nanoparticles
Figure 2 shows scanning electron microscopy (SEM)

and transmission electron microscopy (TEM) images of Ag
nanoparticles and Cu nanoparticles, which were synthesized
by chemical reduction method, respectively. Most of Cu
nanoparticles and Ag nanoparticles reveal spherically shaped
particles. The polymer coated on the surface of metal
nanoparticles can be detected on the TEM images, as shown
in Fig. 2.12) It is assumed that the thin layer polymer

Fig. 1 Schematic illustration of the bonding specimens using Cu+Ag
mixed nanoparticles.
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consisted of polyvinylpyrrolidone can protect Cu nano-
particles from oxidation when heated in air.8)

The reduction mechanism of Ag nanoparticles by ethylene
glycol probably involves the following chemical reactions:

2HOCH2 � CH2OH ! 2CH3CHOþ 2H2O ð1Þ
2CH3CHOþ 2AgNO3

! CH3CO� COCH3 þ 2Agþ 2HNO3 ð2Þ
During the synthesis of Cu NPs, the polyvinylpyrrolidone
was used as a protecting agent. Sodium hypophosphite
monohydrate (NaH2PO2·H2O) was used to reduce copper
sulfate pentahydrate (CuSO4·5H2O). The copper ions may
be reduced by atomic hydrogen evolving from the reaction
of hypophosphite with water, as the following chemical
reaction:

H2PO
�
2 þ H2O ! H2PO

�
3 þ 2H ð3Þ

Cu2þ þ 2H2PO
�
2 þ 2H2O

! Cuþ 2H2PO
�
3 þ 2Hþ þ H2 ð4Þ

3.2 Effect of bonding temperature on bondability
Figure 3 exhibits the shear strength of joint bonded using

Cu+Ag mixed nanoparticles (molar ratio 1 : 1) as a function
of bonding temperatures. When the bonding temperature is
160°C, the shear strength of the joint is low (about 2MPa).
As the bonding temperature increased to 200°C, the shear
strength is increased obviously (about 12MPa). When the
bonding temperature increased to 250­350°C, the strength is
about 20MPa. The small reduction of the joint strength may
be related with slight oxidation of Cu nanoparticles, which
need further study.

The fracture surfaces of the joints bonded using Cu+Ag
mixed nanoparticles (molar ratio 1 : 1) at different temper-
atures are shown in Fig. 4. Different fracture microstructures

are seen for the joints bonded at different temperatures. At the
bonding temperature of 160°C, the Cu+Ag mixed nano-
particles are still encapsulated by polymers. No obvious
sintering occurs, which lead to the low bonding strength. As
the temperature is increased to 200­350°C, fracture surfaces
show obvious ductile tearing of microstructure between the
sintered nanoparticles, which is corresponded to the improve-
ment of the joint strength.15) This result seems to show that
strong joint is got when the nanoparticles are sintered
together. It is reasonable to deduce that the interparticle bond
between the sintered adjacent particles has a significant
influence on the joint strength.

The X-ray diffraction (XRD) patterns of fracture micro-
structure of the joints bonded using mixed Cu+Ag nano-
particles at different temperatures are shown in Fig. 5. Peaks
attributed to those of metallic Cu and Ag are detected. No

Fig. 2 SEM images of (a) Ag nanoparticles, (b) Cu nanoparticles and TEM images of (c) Ag nanoparticles and (d) Cu nanoparticles.

Fig. 3 Shear strength of joint bonded with Cu+Ag mixed nanoparticles
(molar ratio 1 : 1) at different temperatures.
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obvious oxidation peak appears, which indicates that the
polymer can protect most of the Cu nanoparticles from
oxidation. It should be note that prevention of the oxidation
of copper is important for the improvement the joint quality.8)

3.3 Effect of Cu content on bondability
Figure 6 shows the shear strength of the joint bonded

using Cu+Ag mixed nanoparticles with different Cu/Ag
molar ratio at 250°C under 5MPa. Strong joint is got using
Ag nanoparticles, which has shear strength about 55MPa.
However, with the increase of Cu content in the Cu+Ag
mixed nanoparticles, the joint strength decreased to about
20MPa. This result is obvious different from that sintering
bonding process of copper wire and copper pad, in which the
bondability is improved with the increasing of Cu content in
Cu+Ag mixed nanoparticles.12) The difference is probably
due to the difference of the base metal. Here, the base metal is
the silver plated Cu bulks instead of oxygen free copper wires

and foils. The strength bonded using Cu+Ag mixed nano-
particles is lower than that bonded using pure Ag nano-
particles. Figure 7 shows the corresponding fracture surfaces
of the joint using Cu+Ag mixed nanoparticles with different
Cu content. When using pure Cu nanoparticles as the
bonding materials, few tearing of microstructure between
the sintered nanoparticles are seen. The joint has a strength of
15MPa. With the increase of the Ag content, more tearing of
microstructure can be seen. When using pure Ag nano-
particles as the bonding materials, the tearing microstructures
are obvious. This indicates that the addition of Cu nano-
particles has an adverse effect on the sintering of nano-
particles.

Figure 8 shows the representative cross sectional image
and the element mapping map of the joint boned using
Cu+Ag mixed nanoparticles (molar ratio 1 : 1) at 250°C
under 5MPa for 5min. Cu nanoparticles which is mixed in
the Ag nanoparticles can be detected. Many voids can be seen

Fig. 4 SEM images of the fracture surface bonded with Cu+Ag mixed nanoparticles (molar ratio 1 : 1) at different temperatures.
(a) 160°C. (b) 200°C. (c) 250°C. (d) 300°C. (e) 350°C. (Arrows show tearing of microstructure between the sintered nanoparticles.)

Fig. 5 XRD diffraction patterns of fracture surfaces of the joints boned
using mixed Cu+Ag nanoparticles at different temperatures (bonding
temperatures: 160­350°C).

Fig. 6 Shear strength of joints bonded using Cu+Ag mixed nanoparticles
with different Cu/Ag molar ratio (Cu, Cu4/Ag1, Cu1/Ag1, Cu1/Ag4,
Ag).
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around the Cu nanoparticles. As mentioned above, the Cu
content has an adverse effect on the joint strength and this
may due to the voids near the Cu nanoparticles. Figure 9 is
the SEM images of fracture surface of joint bonded using
Cu+Ag mixed nanoparticles. Based on the EDX spectra
result, it is known that point A is the sintered Ag nano-
particles and point B is consisted of sintered Cu nano-
aprticles. It is interesting that at the region consisted of Ag
nanoparticles the tearing microstructures are obvious. No
obvious tearing microstructures at the region consisted of Cu
nanoparticles were seen. These fracture morphologies may
indicate that the sintering between the Cu nanoparticles and

the Ag nanoparticles is more difficult than that between Ag
nanoparitlces. It is reasonable to assume that the fracture path
is along the Cu nanoparticles, where lots of voids existed.
Based on the above discussion, the possible schematics of
the sintering behaviors of Cu+Ag mixed nanoparticles and
possible crack path in the sintered Cu+Ag mixed nano-
particles are shown in Fig. 10. This illustrates that the Cu
nanoparticles is the weak position and the crack path extend
along the void around Cu nanoparticles. Due to these reasons,
it is reasonable to deduce that the addiction of Cu nano-
particles to Ag nanoparticles will reduce the joint strength,
which is consistent with the above experimental results.

Fig. 7 SEM images of the fracture surface bonded with Cu+Ag mixed NPs (different Cu/Ag molar ratio). (a) Cu. (b) Cu4/Ag1. (c) Cu1/
Ag1. (d) Cu1/Ag4. (e) Ag. (Arrows show tearing of microstructure between the sintered nanoparticles.)

Fig. 8 Representative SEM images cross sectional image of the joint and the element mapping map.
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4. Conclusions

In summary, we have succeeded in the bonding of silver
plated Cu bulks using Cu+Ag mixed nanoparticles. No
obvious oxidation of Cu nanoparticles was detected in the
fracture surfaces of the joint. The joints with shear strength
about 20MPa was formed at the bonding temperature above
250°C under 5MPa using Cu+Ag mixed nanoparticles.
The addition of Cu nanoparticles to Ag nanoparticles
reduces the joint strength. This may due to the addition
of Cu nanoparticles has an adverse effect on the sintering
of nanoparticles and many voids exists around the Cu
nanoparticles.
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Fig. 9 SEM images of fracture surface of joint made using Cu+Ag mixed nanoparticles and the EDX spectra at point A and at point B.

Fig. 10 Schematics of possible sintering behaviors and crack path in the
sintered Cu+Ag mixed nanoparticles.

Metal­Metal Bonding Process Using Cu+Ag Mixed Nanoparticles 883

http://dx.doi.org/10.1126/science.1110168
http://dx.doi.org/10.1016/S1359-0286(00)00036-X
http://dx.doi.org/10.1016/S0927-796X(00)00010-3
http://dx.doi.org/10.1007/s11664-010-1236-y
http://dx.doi.org/10.1007/s11664-010-1236-y
http://dx.doi.org/10.1016/j.actamat.2005.01.047
http://dx.doi.org/10.1016/j.actamat.2005.01.047
http://dx.doi.org/10.1063/1.3502604
http://dx.doi.org/10.1039/c1jm12108a
http://dx.doi.org/10.1039/c1jm12108a
http://dx.doi.org/10.1002/smll.200801551
http://dx.doi.org/10.1143/JJAP.47.6615
http://dx.doi.org/10.1143/JJAP.47.6615
http://dx.doi.org/10.1109/TDMR.2006.882196
http://dx.doi.org/10.1109/TDMR.2006.882196
http://dx.doi.org/10.1007/s11664-012-2008-7
http://dx.doi.org/10.1007/s11664-012-2008-7
http://dx.doi.org/10.1126/science.1077229
http://dx.doi.org/10.1016/j.scriptamat.2012.01.007
http://dx.doi.org/10.1016/j.scriptamat.2012.01.007
http://dx.doi.org/10.1126/science.1084284
http://dx.doi.org/10.1126/science.1084284

