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The interfacial reactions between Sn-3Ag-0.5Cu solder and Cu substrate at 250°C and 300°C from 30s
up to 1800s were investigated. The average size of the Ags;Sn nano-particles adsorbed on the CugSns
intermetallic compounds as a function of soldering temperature and time were studied. The results
show that the adsorption of Ag3Sn particles occurs during solidification process and the number of Ag3Sn
particles increases with the morphology changing of CugSns intermetallic compounds. When soldering

at a fixed temperature, the average sizes of the Ags;Sn nano-particles are almost the same with the
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different soldering durations. However, the Ag;Sn nano-particles observed on intermetallic compounds
are smaller at 300 °C than those at 250 °C. The Ag;Sn particles arrange in line in the same plane and the
arrangements of AgsSn lines order two perpendicular orientations, but there are no relationship with the
CugSn;s surface orientations.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Currently there is an increasing trend to use lead-free solders in
microelectronic devices due to environmental issues [1]. In order
to meet the required mechanical properties, adequate wettabili-
ties as well as the comparable melting temperature, eutectic Sn-Ag
and Sn-Ag-Cu lead-free solders have been considered to replace
lead-tin ones [2-4]. The microstructures of these lead-free sol-
ders are different from that of eutectic Sn-Pb. Some dispersion
phases, such as AgsSn and CugSns, distribute uniformly in the sol-
der matrix. A survey of the literature showed that three types of
AgzSn compounds during solidification at different cooling rates
were found to be particle-like, needle-like and plate-like [5]. Dif-
ferent cooling rates and Ag contents resulted in different types
of AgsSn. Especially, plate-like Ag3Sn has been widely studied
in recent investigations. The plate-like AgzSn could influence the
growth and morphology of CugSns IMC and the stability of the sol-
der joint [6-8]. Large AgsSn plates could adversely affect the plastic
deformation properties of the solder [9] and caused plastic-strain
localization at the boundary between the AgsSn plates and the
bounding [3-Sn phase [10]. In practice, many researchers believed
that large AgsSn platelets exhibited a mixture of both ductile and
brittle fractures [9,11], while fine Ag3Sn particles formed in the
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solder would strengthen the solder matrix [12,13]. Besides these
bulk Ag3zSn compounds, researchers also found some nano-sized
AgsSn particles adsorbed on Sn—-Ag-Cu/Cu or Ni interface after sol-
dering and aging. Yu et al. [14] has reported that nano-sized AgsSn
particles were present on the surface of IMCs when Ni and Cu sub-
strates were dipped into the molten Sn-3.5Ag-0.7Cu and Sn-3.5Ag
solders. The existence of these particles would decrease the inter-
facial energy and suppress the growth of the IMC layer. Wu and
Huang [15] have found that tiny Ag3Sn particles were embedded
in the Ni3Sng or CugSns grains during aging. Qi et al. [16] have
investigated the different formation mechanisms of AgzSn both in
the solder and near the interface under thermal shearing cycling
condition. They found that the AgsSn particles formed first on n-
CugSns substrate and the coarsening of AgzSn would inhibit the
further growth of CugSns in thermal cycling. So the shape and dis-
tribution of Ag3Sn phase in the solder joints are critical issues for
the reliability of solder joints. However, the formation mechanism
and influencing factors for nano-sized Ag;Sn particles are unclear.
According to this issue, the adsorption of Ag;Sn nano-particles on
Cu-Sn IMCs at different soldering temperatures, soldering time and
cooling rate are studied in the present work.

2. Experimental procedures

Commercial Sn-3Ag-0.5Cu powders with the size of 30-45 wm were mixed
with RMA (Rosin Mildly Active) flux to form solder paste. For the substrate, 99.9%
pure polycrystalline Cu with the size of 8 mm x 8 mm x 0.1 mm and single crystal
Cu disk of @8 mm x 0.1 mm were used. After polishing, the coupons were degreased
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Fig. 1. Temperature profiles for a solder bump during reflow. The cooling rate is
about 4Ks-1.

in a 10 vol.% water solution of HNOs, followed by cleaning in ethanol and drying in
air. Patches of solder paste, with a diameter of 5mm and a height of 1 mm, were
laid on the Cu substrates, put into the oven with the soldering profile shown in
Fig. 1 and then cooled in air. The soldering temperatures were 250°C and 300°C.

The soldering durations were 305, 60s, 120s, 300s, 600 s and 1800 s, respectively.
In order to observe the morphologies of IMCs, the bulk solder was removed by deep
etching in 10 vol.% HNOs disolution with ultrasonic wave. The morphologies of the
solder joints as well as the IMCs interface were studied using a scanning electron
microscope (SEM). Energy dispersive spectroscopy (EDS) and X-ray diffraction (XRD)
were also used to analyze the composition of selected area.

3. Results
3.1. The adsorption of Ag3Sn particles

The three-dimensional structure of the interfacial n-CugSns was
observed by selectively etching the bulk solder. Fig. 2 shows the
SEM top views of the IMCs on Sn-3Ag-0.5Cu/polycrystalline Cu
interface soldered for different times at 250°C. It is clear that
the scallop-shaped n-CugSns grains with the size of 1.5 wm were
formed at the interface soldered for 30 s (Fig. 2A). Meanwhile some
light-colored nano-particles which were estimated to be AgsSn
(shown in Fig. 3) with the size of 200 nm were found around the
IMCs. With the increasing soldering time, the bigger CugSns com-
pounds incorporated the smaller ones sideward to form bigger
scallop-shaped CugSns compounds in a ripening process and the

Fig. 2. The SEM images of the IMC of Sn-3Ag-0.5Cu/polycrystalline Cu soldering at 250°C: (A) 30s, (B) 60, (C) 120s, (D) 300s, (E) 600 s and (F) 1800s.
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Fig. 3. XRD patterns of interfacial IMC at Sn-3Ag-0.5Cu/polycrystalline Cu joints
reflowed at 250°C for 30s.

morphologies of CugSns compounds became flat. Compared with
the samples soldered for 30s, it can be seen that more AgsSn parti-
cles adsorbed on the surface of IMCs soldered for 5 min. However,
the AgsSn phases did not have obvious changes in size with the
increasing soldering time.

Fig. 4 shows the morphology of IMCs on Sn-3Ag-0.5Cu/
polycrystalline Cu interface soldered at 300°C for different times.
From SEM and XRD analysis, the compositions of IMC grains solder-
ing for different times were the same while the IMCs morphologies
changed from facet to stick-shape. The elongated stick-shaped IMCs
were found at the interface and the length of these IMCs was about
30 wm soldered for 30s (Fig. 4A). It is well known that in the liquid
tin-solid copper system, more complex growth mechanisms gov-
ern the formation and morphological evolution of the interfacial
layers, giving a scalloped interface between the m phase and lig-
uid tin. However, Gagliano and Fine [17] had reported that CugSns
whiskers were also observed in the solidified tin and noted to
emanate from the top of the m scallops. The same phenomenon
was also observed in the present work. After soldering for 5 min,
the longer CugSns column broke off or dissolved into the matrix
and CugSns grains tended to form the scallop-type morphologies.

Fig. 4. The SEM images of the IMC of Sn-3Ag-0.5Cu/polycrystalline Cu soldering at 300°C: (A) 30s, (B) 605, (C) 120s, (D) 300s, (E) 600 s and (F) 1800s.
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Fig.5. Data plots of average diameter vs. time in reaction at different temperatures:
(A) CugSns grains and (B) AgsSn nano-particles.

Compared with that soldering at 250 °C, the size of Ag3Sn particles
soldering at 300 °C was smaller and the number was increased. The
average sizes of CugSns and AgzSn compounds were shown in Fig. 5.

3.2. The effect of cooling rate on the size of Ag3Sn nano-particles

From the experiment, it is obvious that when soldering for dif-
ferent times at a fixed temperature, increasing soldering time had
only little effect on the size of the AgzSn particles. In order to verify
this conclusion, the different cooling rate was used in subsequent
experiment. The soldering process of Sn-Ag-Cu alloy had been
reported in Section 2 except that the solder was cooled in water
after melting in oven. The primary cooling rate was about 30°C/s,
and the melting temperature profile is the same as that shown in
Fig. 1. Fig. 6 shows the top images of CugSns grains and AgsSn par-
ticles adsorption at a rapid cooling rate. The size of Ag3Sn particles
was smaller than that cooled in air. It indicated that the forma-
tion of Ag;Sn particles took place in the solidification process. It
is well known that the undercooling increased with the cooling
rate. As a result, a high nucleation rate was obtained from a high
undercooling rate.

3.3. The adsorption of Ag3Sn nano-particles on (00 1) Cu single
crystal

Zou et al. [18] had found that the regular prism-type CugSns
grains formed on (00 1) Cu single crystals were elongated either

Fig. 6. The morphology of IMC cooling at different rate: (A) cooled in air and (B)
cooled in water.

along two perpendicular directions. In order to make sure whether
there was a relationship between the orientation of CugSns com-
pounds and the arrangement of Ag3Sn nano-particles, the (00 1) Cu
single crystal was used as substrate. In the previous literature [19],
Cui had found that the scallop-type CugSns formed on (00 1) single
crystal Cuat 250 °C, but the prism-type CugSns generated at 300 °C.
So the temperature in the present work was 300°C. The SEM top
view images of CugSns compounds soldering at 300°C for 5min
were shown in Fig. 7. It is very interesting to see that the AgzSn
particles are arranged in a line. The plane of area 4 was parallel
to that of areas 1 and 2. The arrangement of Ag3Sn nano-particles
in area 2 was elongated along two perpendicular directions, but
it was not parallel to the arrangement in area 1. The arrangement
directions of AgzSn nano-particles in area 4 were parallel to that
in area 5. It indicated that the orientation of CugSns surface had no
effect on the arrangement of AgzSn nano-particles. From the above
experiments, it became obvious that the arrangement directions
of Ag3Sn nano-particles were not controlled by the orientation of
CugSns surface. The ordered structures of AgzSn had been formed
in liquid solder and the formation mechanism of orientation was
controlled by the growth orientation of Ag3Sn compounds in solder
matrix.

4. Discussion

In the Sn-3Ag-0.5Cu solder, precipitate Ag3;Sn phase existed.
Bian et al. [20] had investigated the liquid structure of Cu-Al, Al-Ni,
etc. and reported that if IMC formed in the alloys, there would exist
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Fig. 7. SEM top view images of CugSns compounds and Ags;Sn nano-particles on
(001) Cu single crystal substrate.

not only short-range order (SRO) structure but also medium-range
order (MRO) in the liquid metal under certain condition. Because
the higher affinity between Sn and Ag as well as the lower tem-
perature there maybe not only SRO Ag3;Sn groups but also MRO
Ag3Sn groups in the liquid solder, Ag atoms first react with Sn to
form Ag3Sn phase in liquid solder. During solidification process,
the AgszSn phase precipitate near the IMCs and are likely to be
“captured” by the IMCs.
The interface free energy of crystal G can be given by:

G=0A (1)

where o is the surface energy and equals to the surface tension
in numerical value; A is the surface area of the grain or the plane.
Due to the same surface tensions between CugSns grains and lig-
uid solder for these joints, based on Eq. (1), the larger CugSns grains
have higher interface free energies. So it is easy to absorb the Ag3Sn
nano-particles on the large and smooth CugSns grains. The adsorp-
tion will decrease the surface energy of the CugSns compounds and
retard the growth of the whole IMC layer [14].
The Gibbs absorption equation is expressed as [21]:

x (do

=z (%), 2
where [ is the differential concentration at unit interface between
the solute at surface and that inside the adjacent solution; x is the
gram-atom fraction; R is the general gas constant; T is the abso-
lute temperature and (do/dx)r gives the change of surface tension
with the concentration at a given temperature. If the solute reduces
the surface energy of the interface, its concentration at the inter-
face will be much higher than that inside the solution. In other
words, adsorption at the interface is likely to occur at this condi-
tion. Itis well known that the larger the surface tension is, the faster
the plane grow and the more the amount of surface-active mate-
rials adsorb [22]. The Ag3Sn nano-particles play the role of surface
energy reducer for the growth of interfacial CugSns grains during
the solidification.

The formation of Ag3Sn nano-particles and the theory of surface-
active material adsorption are used to explain the effect of the
surface energy decreasing of IMCs [14]. Although it is quite difficult
to calculate the interfacial energy, it is obvious that the adsorption
will decrease the surface energy of the compounds. Furthermore,
it is no doubt that the existence of them would restrain the growth
of the whole IMCs layer during aging process.

The morphologies of the CugSns IMCs at different soldering
temperature are distinct from each other. The interfacial reac-
tions forming IMC layers are governed by release of free energy.

But in order to have the largest negative free energy change in a
short time, the rate of free energy change becomes more impor-
tant and the high rate of free energy change is favorable [23]. Tu
et al. has regarded that which reaction path can give the largest
rate of free energy change may depend on the morphology and
microstructure of the product phase. For example, the scallop-type
IMC had a high growth rate at the interface of Sn-Ag-Cu/Cu [24].
As shown in Figs. 2 and 4, the morphologies of the CugSns change
obviously.

The average sizes of the Ag;Sn particles on the surface of the
n-CugSns were the same when soldering from 30s to 1800s at a
certain temperature. The effects of soldering time and tempera-
ture on the average sizes of Ag3Sn particles are quite intricate. The
change of average size and number of the Ag;Sn nano-particles
is caused by a number of factors. First, it has been found that the
presence and the disappearance of the MRO structures in molten
metals were a function of temperature and was corresponded to
the tendency towards chemical compound formation [25]. If IMCs
were formed in the alloy, the distribution of the atoms was not ran-
dom in microstructure in liquid state. The IMC structure in liquid
state can be kept in the solid state if the liquid temperature has
not exceeded the melting temperature too much. When soldering
at 250°C, the soldering temperature is only 33 °C above the melt-
ing temperature and the affinity between Sn and Ag is higher. The
ordered groups are more dominant. This explains why soldering
at a fixed temperature, the size of adsorbed Ag3Sn particles are the
same. However, when the soldering temperature is 300 °C, which is
83 °Cabove the melting temperature, AgzSn structure in liquid state
is liberated and ordered AgsSn groups are less prevalent. Thus, the
sizes of adsorbed Ag3Sn particles are smaller than those at 250°C.

Secondly, the size of the CugSns IMCs plays an important role in
adsorbing the AgsSn particles. The bigger the CugSns IMC, the larger
the interfacial energy. So in order to decrease the surface energy of
the compound, more AgsSn particles are to be adsorbed on the sur-
face. Based on above analysis, the number of Ag;Sn nano-particles
increases with increasing soldering time. Due to the cooling rate for
the same substrate is nearly the same with the different soldering
time, the AgzSn phase will have the same size. This reason explains
why the soldering time had little effect on the Ag3Sn particle size.

From Fig. 2(E) and (F) and Fig. 4(E) and (F), it can be seen that the
AgsSn particles arranged in lines in the same plane and the arrange-
ment of AgzSn particles ordered two perpendicular orientations.
This phenomenon is difficult to explain. Zou et al. [26] has reported
the regular AgzSn compounds with parallel edges formed between
molten Sn and (001) Ag single crystals went along two perpen-
dicular directions. Moreover the three-dimensional morphology of
AgzSn compounds in solder matrix still has the same phenomenon
[5]. In the present study, the arrangement of Ag3Sn nano-particles
may have the relationship with the Ag3;Sn compounds in solder
matrix. They gather with the same growth orientation of AgsSn
compounds in liquid solder and are “captured” by IMCs during
cooling process.

5. Conclusions

The reactions between Sn-3Ag-0.5Cu/polycrystalline or (00 1)
single crystal Cu substrate at 250°C and 300 °C were investigated
in the present study. Adsorption of AgsSn particles was found
on the CugSns IMCs surface during the reflowing process. The
results showed that the morphologies of the CugSns IMCs were
changed with different soldering temperature and time. The sizes
of adsorbed AgsSn nano-particles were almost the same with the
different soldering durations, but the particles were smaller at high
temperature (300°C) than those at low temperature (250°C), and
they were also smaller when specimen were cooled in water com-
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pared to those cooled in air. The Ag3Sn particles are arranged in
line in the same plane and the arrangements of AgsSn lines order
two perpendicular orientations, but there are no relationship with
the CugSns surface orientation. The arrangement of Ag3Sn particles
may be affected by the growth orientation of Ag3Sn compounds
in liquid solder and the particles were “captured” by IMCs during
cooling process.
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