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Abstract

Chemical reduction methods were used to synthesize
tin/silver/copper (SnAgCu) alloy nanoparticles with various
sizes. The thermal properties of the SnAgCu alloy
nanoparticles were studied by differential scanning
calorimetry. Both the particle size dependent melting
temperature and latent heat of fusion have been observed. The
as-synthesized SnAgCu alloy nanoparticles were dispersed
into an acidic type flux to form the nano solder pastes. Their
wetting properties on the cleaned copper surface were
studied. It was found that the nanoparticle pastes completely
melted and wetted on the copper surface and the tin and
copper intermetallic compounds formed. These low melting
point SnAgCu alloy nanoparticles could be used for low
temperature lead-free interconnect applications.

Introduction

Tin/lead (Sn/Pb) solders have long been used as
interconnect materials in  microelectronic  packaging.
However, due to the toxicity of Pb to human beings and harm
to environments, the investigation of an alternative lead-free
solder is imperative. Tin/silver/copper (96.5Sn3.0Ag0.5Cu) is
one of the promising alternatives for Sn/Pb solders [1].
However, the melting point (7},) of 96.5Sn3.0Ag0.5Cu alloy
(217 °C) is more than 30 °C higher than that of the eutectic
Sn/Pb solder (183 °C) and this higher T, requires a higher
reflow temperature in the electronics manufacturing process.
The high processing temperature for lead-free solders has
adverse effects on not only energy consumption, but also the
substrate warpage, thermal stress and popcorn cracking in
epoxy molded components, resulting in poor reliability of the
assembled devices. Therefore, studies on lowering the
processing temperature of the lead-free metals are needed.

It is well known that the melting point of nano materials
can be dramatically decreased with the decreasing of particle
size [2]. The size dependent melting behavior has been found
both theoretically and experimentally [3-8]. The high surface
area to volume ratio of fine particles has been known as one
of the driving forces for the size dependent melting point
depression.

Duh et al. has synthesized Sn-3.5Ag-xCu (x = 0.2, 0.5,
1.0) nanoparticles by chemical precipitation with NaBH, for
lead-free solder applications [9]. Differential scanning
calorimetry (DSC) characterizations showed that the melting
point of their synthesized SnAgCu alloy nanoparticles was
around 216 °C. No obvious melting point depression was
observed, which might be due to the surface oxidation or
heavy agglomeration of their synthesized nanoparticles.
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Our group has successfully synthesized nano sized SnAg
(96.5Sn3.5Ag) binary alloy particles for low melting point
lead-free solder applications [10]. The SnAg alloy
nanoparticles were protected from oxidation by an organic
surfactant. The surfactants could cover the particle surface
and prevent the diffusion of oxygen to the nanoparticles. The
melting point of the SnAg alloy nanoparticles could be
achieved to as low as 194 °C with an average diameter of
around 10 nm. The synthesized SnAg alloy nanoparticles
pastes completely melted and wetted on the cleaned copper
substrate surface.

In this study, different sized 96.5Sn3.0Ag0.5Cu alloy
nanoparticles were synthesized by the chemical reduction
method because the SnAgCu materials are generally
recognized as the first choice for lead-free solders. The small
amounts of Cu could improve some of the properties of the
solders, such as wetting properties, etc. Due to the easy
oxidation of Sn alloy nanoparticles, surfactants/capping
agents were used to prevent the agglomeration and oxidation
of the synthesized nanoparticles [10,11]. The crystal
structures and compositions of the alloy nanoparticles were
studied by X-ray diffraction (XRD). Differential scanning
calorimetry (DSC) was used to study the melting point
depression of the synthesized nanoparticles. At the same time,
the fluxes for the 96.5Sn3.0Ag0.5Cu alloy nanoparticles were
formulated. The wetting properties of the alloy nanoparticle
pastes on the copper surfaces were studied.

Experimental

Materials. Tin (II) 2-ethylhexanoate, silver nitrate, copper
nitrate, sodium borohydride, and anhydrous methanol were
used as precursors, reducing agents and solvents, respectively.
These chemicals were all purchased from Aldrich and used
without further purifications.

Synthesis. In a typical experiment, 7.4 x 10™ mol tin (IT)
2-ethylhexanoate, 5.4 x 10” mol silver nitrate, 8.3 x 10 mol
copper nitrate (weight ratio of Sn/Ag/Cu = 96.5/3.0/0.5) and
5.6 x10* mol surfactants [12] were mixed into a 60 ml
anhydrous methanol. The solution was stirred and nitrogen
purged for 2 hours. Thereafter, 5.0 x10° mol sodium
borohydride was added to the solution and the reaction
continued for 1 hour at 0 °C. The as-prepared nanoparticles in
solution were centrifuged at 4000 rpm for 15 mins, then
washed with methanol for three times and dried in vacuum
oven for 24 hours at room temperature. After drying, the
powders were stored in a nitrogen box.

Characterization. Transmission electron microscopy
(TEM, JEOL 100C TEM) was used to observe the
morphologies of the synthesized nanoparticles. TEM
specimens were prepared by dispersing a few drops of the
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SnAgCu alloy nanoparticle solution onto a carbon film
supported by copper grids. X-ray diffraction (XRD, PW
1800) was used to study the crystal structure of SnAgCu alloy
nanoparticles. A thermogravimetric analyzer (TGA, 2050
from TA Instruments) was used to investigate the thermal
degradation of the surfactants anchoring on the SnAgCu
nanoparticle surface. The melting point of the SnAgCu alloy
nanoparticles was determined by a differential scanning
calorimeter (DSC, TA Instruments, model 2970). A sample of
approximately 5.0 mg was hermetically sealed into an
aluminum pan and placed in the DSC cell under a nitrogen
purge. Dynamic scans were made on the samples at a heating
rate of 5 °C/min, from room temperature to 250 °C.
Thereafter, the sample was cooled to room temperature at a
cooling rate of 5 °C/min. The cross-section of solders on a
copper foil surface after reflow was studied by scanning
electron microscopy (SEM) and energy dispersion
spectrometry (EDS) was used to study the composition of the
intermetallic compound (IMC). The SEM is a Hitachi S-800
equipped with a thermally assisted field emission gun
operating at 10 KeV)

Result and Discussion

1. Synthesis and thermal properties of SnAgCu alloy
nanoparticles

20 nm
Figure 1. The TEM image of ~20 nm SnAgCu alloy
nanoparticles

SnAgCu alloy nanoparticles were synthesized by the
chemical reduction method. Figure 1 shows the TEM image
of the as-synthesized SnAgCu alloy nanoparticles. It can be
calculated that the average diameter of the particles is around
20 nm.

The XRD patterns of the as-synthesized SnAgCu alloy
nanoparticles are shown in Figure 2. In addition to the peaks
indexed to a tetragonal cell of Sn with ¢ = 0.582 and ¢ =
0.317 nm, the AgzSn phase (39.6°) was found in the XRD
patterns, indicating the successful alloying of Sn and Ag after
the reduction process [9,10,13]. At the same time, CusSns was
formed which was due to the alloying of Sn and Cu [9]. No
prominent oxide peak was observed from the XRD patterns.
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This indicates that the surfactants could help to protect the
synthesized SnAgCu alloy nanoparticles from oxidation
[10,11]. Our HRTEM characterizations already showed that
the surfactants could cover the particle surfaces and formed a
core-shell structure. The core came from the crystalline metal
particles and the shell might come from the amorphous
surfactants. The amorphous surfactant shells on the particle
surface could prevent the SnAgCu alloy nanoparticles from
oxidation [10].
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Figure 2. The XRD patterns of SnAgCu alloy nanoparticles

Figure 3 shows the TGA curve of the as-synthesized dried
SnAgCu alloy nanoparticles in a nitrogen atmosphere. The
weight loss below 180 °C might be due to the evaporation or
decomposition of a small amount of absorbed moisture and
surfactants. Above 180 °C, the weight gain was observed,
which was attributed to thermal oxidation of the SnAgCu
alloy nanoparticles.
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Figure 3. The TGA curve of ~20 nm SnAgCu alloy
nanoparticles
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The thermal properties of the as-synthesized SnAgCu
alloy nanoparticles were studied by a differential scanning
calorimeter (Figure 4). In the first heating scan of the DSC
curve, an endothermic peak point at ~207 °C was obtained,
which is around 10-12 °C lower than the melting point of
micron sized SnAgCu (217 ~ 219 °C) alloy particles. This is
an obvious melting point depression. In the first cooling scan,
the super cooling of the nanoparticles with a crystallization
peak is at 113.3 °C was observed, lower than that of micron
sized SnAgCu alloy nanoparticles (145 °C). Such a
supercooling effect in the recrystallization of the melted Sn
and SnAg alloy nanoparticles has already been observed
[10,14], which can be explained by the critical-sized stable
grain that has to form for solidification to take place [15].
Solidification of the melted nanoparticles can only occur once
the temperature is low enough so that the critical-size
solidification grain can be accommodated in the small
volume.
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Figure 4. The DSC curves of ~20 nm SnAgCu alloy
nanoparticles

Figure 5 (a) shows the TEM image of 10-13 nm SnAgCu
alloy nanoparticles which were synthesized by a chemical
reduction method at different reaction temperatures. From
DSC studies (Figure 5 (b)), the peak melting temperature was
199 °C, which was around 20 °C lower than that of micron
sized 96.5Sn3.0Ag0.5Cu particles. The onset peak
temperature is 177 °C, a 37.5 °C lower than micron sized
particles (214.5 °C). The melting transition of this sample
took place over a temperature range of about 22 °C. This
phenomenon can be attributed to broadening of the phase
transition due to the finite size effect [16].
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Figure 5. the TEM image (a) and DSC curves (b) of 10-13 nm
SnAgCu alloy nanoparticles

Table 1. The melting and recrysatllization points, heat of
fusion of different sized SnAgCu alloy nanoparticles

Size Melting AH Recrystalliza-
point /g) tion (°C)
€S

Micron 217 72.2 145

~28 nm 210.4 42.7 112.3

~20 nm 207.3 31.0 109.9

~ 18 nm 206.1 24.7 108.7
~10-13 nm 199 15.9 103.6

Table 1 shows the melting point, latent heat of fusion and
recrystallization temperature of different sized SnAgCu alloy
nanoparticles. Both the size dependent melting point
depression and latent heat of fusion have been observed.
These are due to the surface pre-melting of nanoparticles. It
has already been found that surface melting of small particles
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occurs in a continuous manner over a broad temperature
range, whereas the homogeneous melting of the solid core
occurs abruptly at the critical temperature T, [17]. For smaller
size metal nanoparticles, the surface melting is strongly
enhanced by curvature effects. Therefore, with the decreasing
of particle size, both the melting point and latent heat of
fusion will decrease too. Among all the synthesized particles
in Table 1, the 10-13 nm (average diameter) SnAgCu alloy
nanoparticles have a low melting point at ~199 °C, which will
be a good candidate for lead-free solders as it is compatible
with the reflow temperature of the conventional eutect micron
sized Sn/Pb alloy particles.
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Figure 6. The DSC curves of SnAgCu alloy nanoparticles
without surfactants.

SnAgCu alloy nanoparticles without any surfactants were
also synthesized and their thermal properties were studied by
DSC in a nitrogen atmosphere too. In the first set of heating
and cooling scan of DSC curves (Figure 6), no obvious
melting and re-crystallization peaks were observed, which
was due to the fully oxidation of the SnAgCu alloy
nanoparticles. No surfactants were coated on the particle
surfaces to prevent them from oxidation.

2. SnAgCu alloy nanoparticles pastes and their wetting
studies

Solder paste is a homogeneous and kinetically stable of
mixture of solder alloy powder, flux and vehicle, which is
capable of forming metallurgical bonds at a given soldering
conditions. There are three major components in the solder
pastes: solder alloy powder, vehicle system and flux system.
Solder alloys are usually tin/lead or lead-free solder powders
(SnAg, SnAgCu, etc.). The vehicle is a carrier for the solder
powder and provides a desirable rheology of the solder paste.
The major function of fluxes in solder paste is to chemically
clean the surfaces to be joined, the surface of solder powder,
and to maintain the cleanliness of both substrate surface and
solder powder surface during the reflow process, so that a

metallic continuity at the interface and a complete
coalescence of the solder powder during the reflow process.

In this study, nano lead-free solder pastes were formed by
dispersing the synthesized SnAgCu alloy nanoparticles into
the flux and vehicle system. A carboxylic acid was used as
the fluxing agent. The vehicle system mainly consists of a
tackifier, a surfactant, solvents, anti-oxidation agents, etc. The
tackifier is typically a medium-to-high viscosity, high surface
tension liquid serving to wet the printed circuit board and the
component, and retains the component in precious position
during handling and reflowing process. The surfactant is a
compound which enables better and more uniform spreading
of molten solder across the surface to be soldered. The anti-
oxidation agents were used to protect the molten solder from
re-oxidation.

A copper foil was cleaned by hydrochloric acid to get rid
of the oxide layer and then rinsed with DI water for 4 times.
Thereafter, the (~ 50 nm) SnAgCu alloy nanoparticle pastes
were placed on top of the copper foil, then it was placed in a
230 °C oven in an air atmosphere for 5 mins. The cross-
section of the sample after reflow is shown in Figure 7. It was
observed that the SnAgCu alloy nanoparticles completely
melted and wetted on the cleaned copper foil surface. The
copper and tin intermetallic compound (IMC) was observed,
which showed scallop-like morphologies in Figure 7. The
thickness of intermetallic compounds was approximately 10.0
pm. Further studies on the wetting properties of different
sized SnAgCu alloy nanoparticles at different reflow
temperatures are still on going.

Cu,Sn
Intermetallic

Cu substrate

Figure 7. SEM image of the cross-section of the wetted
SnAgCu alloy nanoparticles on copper foil

Conclusions

SnAgCu alloy nanoparticles with various sizes were
successfully synthesized for lead-free solder applications by
the chemical reduction method. Surfactants were used to
prevent the synthesized SnAgCu nanoparticles from
aggregation and oxidation. Both the size dependent melting
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point and latent heat of fusion were observed from the DSC
studies. The nano solder paste made of the as-synthesized (~
50 nm) SnAgCu alloy nanoparticles was spread and wet on
the Cu surface and the IMC was formed after the reflow
process. This study demonstrated the feasibility of the
SnAgCu alloy nanoparticles as a candidate for the low reflow
temperature lead-free solder alloy interconnect applications.
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