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A Sn3.5Ag0.5Cu-0.5nano-TiO, composite lead-free solder was prepared by adding 20nm TiO, to
Sn3.5Ag0.5Cu (wt.%) solder. This study investigates the morphology of the intermetallic compounds
(IMCs) formed during the soldering reactions between Sn3.5Ag0.5Cu-0.5nano-TiO; solder and Cu sub-
strates at various temperatures ranging from 250 to 325°C. The CugSns grains formed in all soldering
below 300 °C were scallop-type, while those formed at both 300 °Cand 325 °C were prism-type in the early
stage of soldering (less than 30 min). Also, CugSns grains that formed at both 300°C and 325 °C changed

ﬁ;y\gv:rds: from prism-type to scallop-type with increasing soldering time. It is quite interesting that the morphology
Sn; 5Ag0.5Cu of CugSns grains affects absorption by nano-AgsSn particles. Especially, the scallop-type CugSns grains
CugSns formed by the ripening process are likely to be “captured” by the large amount of nano-AgsSn particles.

These nanoparticles apparently decrease the surface energy and hinder the growth of the CugSns IMC
layer. In addition, the grain size of the nano-Ags;Sn compounds increased with increasing soldering tem-
perature and time. All these results indicate that Gibbs absorption theory can be used to explain the

formation of these nanoparticles and their effects on the surface energy of the IMCs.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Sn-Ag-Cu (SAC) solder is one of the earliest commercially avail-
able lead-free solders and also the most attractive candidate for
surface mount technologies, as it provides better mechanical prop-
erties than do eutectic Sn-Pb solders [1,2]. However, precipitate
bulk intermetallic compounds (IMCs) such as Ag3Sn and CugSns,
which is dispersed in the solder matrix, will seriously weaken the
mechanical performance of a solder joint, even leading to failure
under stressed conditions in actual service [3]. Kim et al. suggested
that the formation of bulk IMCs could be prohibited effectively by
increasing the cooling rate of solders or lowering the Ag concen-
tration in these alloys [4].

Recently, numerous studies have revealed that additions of
nano-TiO, particles to lead-free solders provide marked improve-
ments in microstructure and mechanical properties, and such
composite solders have attracted considerable attention. Lin et al.
[5,6] demonstrated that a small amount of nano-TiO, addition
has the ability to reduce undercooling efficiently and suppress
the formation of massive primary AgsSn plates. Tsao and Chuag
[7] reported that the addition of TiO, nanopowders into a
Sn3.5Ag0.25Cu solder reduced the average size and spacing of
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AgsSn particles significantly. Additionally, many studies have tried
to strengthen the novel lead-free solders by the addition of Al, ZrO,,
SiC, and SWCNT nanopowders, respectively [8-14].

It is well known that the reliability of the solder joint is affected
by the growth of IMCs at the solder/metallization interface during
soldering and aging/service, which weakens the solder joints due
to the brittle nature of the IMCs. Recently, it has been shown that
during Ag-containing solder/Cu substrate soldering, Ag3Sn parti-
cles can be found on the surface of interfacial IMCs [15,16]. These
particles decrease the interfacial energy and suppress the growth
of the IMCs layer. Shen and Chan reported that the ZrO, nanopar-
ticles absorbed Zn atoms on their surfaces, thereby impeding them
from gathering on the surfaces of the Ni-Zn IMC layers and giving
excessive growth, which improved the reliability of solder joints
significantly [17]. Recently, we found that a great number of nano-
Ag3Sn particles form on the CugSns IMCs when the solders contain
Ag3Sn precipitate phase after a lead-free Sn3.5Ag0.5Cu (SAC) com-
posite solder/Cu substrate interface reaction. Based on this finding,
the present work studies the evolution of nano-AgsSn particles
on Cu-Sn IMCs at different soldering temperatures and soldering
times.

2. Experimental

TiO, nanoparticle-reinforced composite solders were prepared via mechanically
incorporating 0.5wt.% of about 20nm TiO;, particles (Nanostructured & Amor-
phous Materials, USA) into the Sn3.5Ag0.5Cu solder (SAC, Shenmao Technology,
Inc., Taiwan) paste with subsequent remelting in a vacuum furnace and casting into
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Fig. 1. The microstructure of the Sn3.5Ag0.5Cu composite solder.

a mold. The solder was melted in a crucible and chill cast in a water-cooled copper
mold to form square ingots of 8 mm x 10 mm x 20 mm. Then the solder was cold-
rolled and a disk-type specimen (6 mm in diameter, 0.9 g) punched out. The 1 mm
thick Cu substrate was polished with 1 wm and 0.3 wm Al, O3 powders, cleaned with
acetone and alcohol, and coated with rosin mildly activated (RMA) type flux. For
the study of interfacial reactions, the SAC-0.5nano-TiO, composite solder foil was
placed on the Cu substrate and heated in a furnace under a vacuum of 10-3 Torr.
Through a water cooling system installed within the furnace, the specimens were
quickly cooled to room temperature. Soldering reactions were conducted at tem-
peratures between 250 °C and 325 °C for various heating times ranging from 10 to
60 min.

In order to observe the morphologies of the IMCs, the unreacted solder covering
the scallops was removed by mechanical polishing, followed by selective chemical
etching. The selective etching solution was performed using 1 part nitric acid, 1 part
acetic acid, and 4 parts glycerol. The morphologies were studied using a scanning
electron microscope (SEM, s-3000H, Hitachi Co.) with a voltage of 20keV. X-ray
diffraction (XRD, D/max 2500 V/PC) and energy dispersive spectroscopy (EDS) were
used to analyze the composition. For Ag3Sn grain size analysis, the size of theAg;Sn
grains was calculated with the Image-Pro software and the average values calculated
based on these data.

3. Results and discussion

The microstructure of the as-cast Sn3.5Ag0.5Cu composite sol-
der is shown in Fig. 1; it contains dendritic 3-Sn with a size of
10.6 wm, a small particle of AgszSn, and a eutectic area where
the AgsSn phase is finely dispersed. The AgsSn grains averaged
0.72 pm long and 0.44 pm diameter. However, large particles
of Ag3Sn and CugSns were not observed in the rapidly cooled
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Fig. 2. The typical morphology of intermetallic compounds formed at Sn3.5Ag0.5Cu
composite solder/Cu interfaces after soldering reaction at 250 for 60 min.

lead-free Sn3.5Ag0.5Cu composite solder. Fig. 2 shows the typical
morphology of IMCs formed at Sn3.5Ag0.5Cu composite sol-
der/Cu interfaces after soldering reaction at 250°C for 60 min.
It can be seen that a discontinuous scallop-shaped CugSns layer
had formed at the Sn3.5Ag0.5Cu composite solder/Cu interface
after the soldering reaction. However, large particles of AgsSn
and CugSns were not observed in the Sn3.5Ag0.5Cu compos-
ite matrix. In addition, a large number of dot-shaped submicro
Ag3Sn precipitates can be observed around the eutectic network
structure. The XRD patterns of CugSns layer that formed at the
Sn3.5Ag0.5Cu composite solder/Cu interfaces reaction is shown in
Fig. 3. The composite lead-free solders on top of the joints have
been etched away with unreacted solder. The XRD pattern shows
peaks of CugSns, AgsSn and a low intensity of TiO,. It is clear
that the same crystalline CugSns was formed at the interfacial
layer between liquid Sn3.5Ag0.5Cu composite solders and Cu sub-
strates heated at 250°C for different soldering times. The crystal
structure of the low temperature phase m-CugSns is monoclinic
[18]. However, different crystalline structures were observed in
CugSns grains at the interface between liquid Sn3.5Ag0.5Cu com-
posite solders and Cu substrates soldered at 325°C for 10 min.
This indicates that the crystalline structure of the CugSns grains
was affected by the soldering temperature. In addition, a small
intensity of nano-TiO, particles was also found. This means that
aggregation of nano-TiO, particles may occur after reflowing.
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Fig. 3. XRD patterns of intermetallic compounds formed at Sn3.5Ag0.5Cu composite solders and Cu substrates soldering at different temperature: (a) 250°C; (b) 325°C.
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Fig. 4. The top views of CugSns IMCs formed after the sample was soldered for 250 °C at different soldering times, followed by the solder being etched away: (a) 15 min; (b)
(a) higher magnifications; (c) 30 min; (d) (¢) higher magnifications; (e) 45 min; (f) (e) higher magnifications; (g) 60 min; (h) (g) higher magnifications.

The formation mechanism and reason will be discussed further substrates soldered at 250 °C for different soldering times. It is clear
below. that scallop-type grains, CugSns grains with a size of 3.3 pm, formed

Fig. 4 shows the top surface morphology of the IMCs at the at the interface soldered for 15min (Figs. 4a and b). These scal-
interface between liquid Sn3.5Ag0.5Cu composite solders and Cu lops appear rounded, and deep channels are visible between them.
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Fig. 5. The average sizes of CugSns IMCs at different soldering temperatures.

The sizes of CugSns grains after interfacial reaction between liquid
Sn3.5Ag0.5Cu composite solder and Cu substrate at various tem-
peratures for different soldering times are given in Table 1 and
compared in Fig. 5. The CugSns grains layer grew with an increase
of reaction temperatures and time periods. In addition, the surfaces
of the CugSns grains at the Sn3.5Ag0.5Cu composite solder and Cu
substrate reaction interface were rough, and light-colored particles
were visible on the surface, as shown in Fig. 4a and b. According to
the EDS analysis (Fig. 6), the scallop-type grains contained Cu, Sn, Ti,
O and Ag. Since the solders used were SAC solder with nano-TiO,
particles intermixed, and the Cu-Sn layer was the only phase at
the interfacial between liquid Sn3.5Ag0.5Cu composite solders and
Cu substrates, it can be concluded that these particles were com-
posed of large amounts of nano-Ag3Sn phase and trace amounts of
TiO;, nanoparticles. According to a previous study [19], the critical
grain size at which the absorption behavior of Ag;Sn particles on a
CugSns surface happens is about 2 wm. From SEM and XRD analy-
sis, the lighted-colored nanoparticles were confirmed to be Ag;Sn,
which was adsorbed and filled in the surface of CugSns grains sol-
dered at 250 °C for different soldering times, as shown in Fig. 4. The
Ag3Sn nanoparticles with various sizes were visible on the surface
of CugSns IMCs. The reason is the unique properties of nano-TiO,
particles. As active elements, nano-TiO, particles will accumulate
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Fig. 6. EDS analysis to show the surface of the CugSns grains.

at the interface of AgzSn nanoparticles during both casting and
reflowing. The average size of the nanoparticles was about 48 nm
after heating at 250°C for 15 min. With increased soldering time,
the size of the nano-Ag3;Sn particles increased (Fig. 4c-h). It can
be seen that a low intensity of TiO, peaks appears on the surface
of CugSns grains at long soldering times. This explains why some
light-colored nanoparticles contain trace nano-TiO, particles.

In a recent study, Suh et al. [20] found that rooftop-type
CugSns grains that formed on (001) single crystal copper were
elongated along two preferred orientation directions. In addition,
Zou et al. [21] observed that regular prism-type CugSns grains
formedon (001)and (11 1) Cusingle crystal substrate. The elonga-
tions aligned in two perpendicular directions. Furthermore, CugSns
grains changed from prism-type CugSns grains to scallop-type after
long soldering. This is similar to the morphology of CugSns grains
formed on Sn0.7Cu/Cu single crystal [22]. Fig. 7 shows the top views
of CugSns grains formed after the sample was soldered at 325°C
for different soldering times, followed by the solder being etched
away. It is very interesting that the regular prism-type and scallop-
type CugSns grains formed at the interface between Sn3.5Ag0.5Cu
composite solders and Cu substrate soldered at 325°C for both
10-20 min and 30-40 min, respectively. This phenomenon was also
observed in the 300 °C interface reaction. Comparing Figs. 4 and 7,
the CugSns grains in all soldering at 250°C and 275 °C displayed
common scallop-type CugSns, while those formed at both 300°C
and 325°C displayed prism-type CugSns in the early stage of the
interfacial reaction (less than 30 min). From SEM and XRD analysis,
we determined that the CugSns grains that formed on Sn3.5Ag0.5Cu
composite solder/Cu changed from prism-type to scallop-type with
increasing soldering time. This formation of CugSns grains with dif-
ferent shapes at the interface is difficult to explain. It is well known
that more complex growth mechanisms govern the formation and
morphological evolution of interface layers in the liquid tin-solid
copper system, giving a scallop-type interface between the CugSns
and liquid tin. In the previous literature, Cui et al. observed that
a scallop-type CugSns layer formed on (00 1) single crystal Cu at
250°C, but that a prism-type layer was generated at 300°C [22].
Liu et al. reported that the compositions of IMC grains soldered for
different times were the same, while the morphology changed from
faceted to scallop-shaped [10]. Bian et al. [23] found that the pres-
ence of a medium-range order (MRO) structure in liquid metals is
related to the content of the alloy composition, and closely related
to the relevant phase structure in solid metals and temperature. In
contrast, Zhao et al. have proposed that in liquid Sn0.7Cu, there is
only a short-range order (SRO) structure, and its liquid structure is
similar to that of pure Sn, while in Sn2Cu solder can be found not
only SRO-CugSns but also MRO-CugSns. The MRO-CugSns clusters
will form in liquid Sn2Cu solder. The MRO in liquid solder quickens
the formation of interface IMCs in the very early stage of soldering
and also accelerates the ripening process of IMC grains at the inter-
face [19]. In our experiment, the Cu concentration of Sn3.5Ag0.5Cu
composite solder was lower than that of Sn0.7Cu solder, so there
may also have been SRO-CugSns phase in the SAC composite solder.
However, the Ag concentration of Sn3.5Ag0.5Cu composite solder
is similar to that of eutectic Sn3.5Ag solder, and due to the higher
affinity between Sn and Ag, there may be both SRO AgsSn clus-
ters and MRO AgsSn clusters in liquid solder. Furthermore, the
as-cast Sn3.5Ag0.5Cu composite solder had large amounts of nano-
Ag3Sn particles already. Thus, since the Cu concentration of the
Sn3.5Ag0.5Cu composite solder was enhanced, there may be, in
addition to SRO CugSns clusters, MRO CugSns clusters in liquid sol-
der. This indicates that the MRO-CugSns in liquid solder quickens
formation of the scallop-CugSns grains in the ripening process at
the interface. As the content of Cu in Sn3.5Ag0.5Cu composite sol-
der is lower than the solubility of Cu by about 2.65 wt.% at 300°C
[24], perhaps only prism-type CugSns grains can form. Suh etal. [25]
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Fig. 7. The top views of CugSns IMCs formed after the sample was soldered for 325 °C at different soldering times, followed by the solder being etched away: (a) 10 min; (b)
20 min; (c) 30 min; (d) 40 min. (a) 10 min; (b) (a) higher magnifications; (c) 20 min; (d) (c) higher magnifications; (e) 30 min; (f) (e) higher magnifications; (g) 40 min; (h) (g)
higher magnifications.

found that the morphology of CugSns was dependent on the com- As shown in Fig. 7 and Table 1, the morphology of CugSns grains
position of the solder. The scallop-type CugSns became prism-type formed on Sn3.5Ag0.5Cu composite solder/Cu changed from prism-
when the composition deviated further from the eutectic compo- type to scallop-type with increasing soldering time. As is well

sition. known, the CugSns grains first form during the interfacial reac-
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Table 1
Summary of observed scallop morphology and AgsSn average size.
Reaction CugSns AgsSn
Temperature (°C) Time (min) Morphology Capture quantity Grain size (pum) Grain size (nm)
250 15 Scallop-type Million 3.3 48
30 Scallop-type Million 49 75
45 Scallop-type Million 6.8 124
60 Scallop-type Million 10.6 250
275 10 Scallop-type Million 4.5 64
20 Scallop-type Million 6.5 114
30 Scallop-type Million 7.8 175
40 Scallop-type Million 10.6 330
300 10 Prism-type Thousand 7.2 172
20 Prism-type Thousand 7.8 243
30 Prism-type Thousand 9.8 312
40 Scallop-type Million 11.2 475
325 10 Prism-type Thousand 7.9 220
20 Prism-type Thousand 9.8 280
30 Scallop-type Million 11.2 350
40 Scallop-type Million 11.7 493

tion between Sn-base solder and Cu substrate, and then another
Cu3Sn IMCs forms between the CugSns layer and Cu substrate with
increasing soldering time [26,27]. In this condition, the Cu atoms
from the Cu substrate will react with the prism-type CugSns to
form the CuzSn layer with longer soldering times. As a result, the
nucleation of prism-type CugSns grains will decrease with increas-
ing soldering time, and the scallop-type grains will form [21]. This
indicates that the morphologies of the CugSns grains change with
differences in soldering temperature and time. The morphology of
CugSns grains transformed at about 300 °C at the interface between
Sn3.5Ag0.5Cu composite solders and Cu substrate soldering.

From the experiment, it is obvious that a small amount of nano-
Ag3Sn particles also formed, were adsorbed, and reticulated on the
surface of prism-type CugSns grains soldered at temperatures of
both 300°C and 325°C for 10-20 min. However, it is quite clear
that the great majority of the nano-Ag3Sn particles were adsorbed
and filled in the surface of CugSns grains soldered at 300°C and
325°C for long times. This phenomenon is similar to the results
of all soldering times at both 250°C and 275 °C. However, this has
not been observed in the recent literature [15,16]. This indicates
that the morphology of CugSns grains has a strong effect on nano-
AgsSn particle adsorption at the Sn3.5Ag0.5Cu composite solder/Cu
interface after soldering. In these Sn-base solders, Sn, the main
element, reacts with the substrate to form Sn-Cu or Sn-Ag IMCs
layers. In addition, polycrystalline Cu substrate is currently widely
used in electronics, and the scallop-type CugSns grains grow larger
but fewer with time, indicating that a ripening reaction occurs in
Sn-base solder/Cu [19]. Meanwhile, the growth of the scallop-type
CugSns grain is supplied by two fluxes [21], the flux of the interfa-
cial reaction and the flux of the ripening reaction, which indicates
that the formation of CugSns grains is accelerated by the higher Cu
content in the liquid solder. The content of Cuin Sn3.5Ag0.5Cu com-
posite solder is lower than the solubility of Cu in Sn, about 2.65 wt.%
at 300°C and 1.6 wt.% at 250°C [25]. In the soldering reaction, Cu
substrate was dissolved fast into the molten solder. The experi-
mental data show that the ripening flux is dominant, about one
order of magnitude greater than the interfacial reaction flux [19]. It
is known that the greater the surface tension, the faster the plane
growth, and the higher the adsorption quantity of surface-active
materials [24]. Furthermore, it is reasonable to suppose that (1)
the ripening process of the scallop-type CugSns may be driving the
nano-AgsSn particle shifting near the IMCs; and (2) both the former
nanoparticles and the new nano-Ags;Sn precipitate are likely to be

“captured” by the IMCs, which will decrease the surface energy of
the scallop-type CugSns grains and retard the growth of the whole
IMC layer. However, the growth of the prism-type CugSns grains is
only supplied by the flux of the interfacial reaction. It is obvious that
these nano-AgsSn particles on the IMC surfaces are formed with a
network (Fig. 7a-d). This indicates that these nano-Ags;Sn parti-
cles were absorbed on the surface of prism-type IMCs, which takes
place in the solidification process [15]. From SEM and XRD analysis,
we know that the CugSns grain morphology gradually transformed
from a regular prism-type into a scallop-type at the longest solder-
ing time, 30 min (Figs. 7e-h). The scallop-type CugSns grains will
quicken the absorption of a larger amount of active materials and
decrease the interfacial energy. The above results indicate that the
morphology of CugSns IMCs greatly influences the absorption of
nano-AgsSn particles during the liquid-state interfacial reaction.

Liu et al. [16] reported that the effects of soldering time and
temperature on the average size of AgzSn particles are quite intri-
cate. When soldering at the same temperature, the average sizes of
nano-AgsSn particles are almost the same with different soldering
times. However, the nano-Ag3Sn particles observed on IMCs were
smaller at 300°C than those at 250°C, and those cooled in water
were also smaller than those cooled in air. Yu et al. reported that
the soldering time has little affect on the size of nano-Ag3Sn parti-
cles [15]. They reported the formation of nano-Ag;Sn particles and
small amounts of Ag;Sn particles on the surface of CugSns grains in
the solidification process. The average sizes of nano-Ag3Sn particles
on the surface of the CugSns at different soldering temperatures and
times are shown in Fig. 8 and Table 1. Itis obvious that the grain size
of nano-AgsSn particles increased with increasing soldering tem-
perature and times. This result is different from previous studies
[15,16].

In a previous study, with the addition of a small percentage
of nano-size particles to the eutectic solder, the more uniform
precipitation of a large amount of nano-AgzSn particles in the
Sn3.5Ag0.5Cu composite solder has been obtained [28,29]. This
phenomenon has also been found in this study. As effective
surface-active materials, nano-TiO, particles will accumulate at the
interface of nano-Ag3Sn particles. It is well known that adsorption
phenomena play an important role during solidification process of
solder alloys and will greatly affect the microstructure. In addition,
the absorption of nano-Ag;Sn particles on the surface of CugSns
IMCs is analyzed. Thus, the theory of adsorption of surface-active
materials can be used to explain its effect on the surface energy
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Fig. 8. The average sizes of nano-Ag3;Sn particles on the surface of the CugSns at
different soldering temperatures.

of Ag3Sn and CugSns IMCs, as nano-TiO, particles and nano-AgsSn
particles, respectively. Furthermore, this theory explains that the
surface energy of the CugSns grains decreased and suppressed the
growth of the whole of the scallop-type CugSns layer.

According to the Gibbs absorption equation [28-31], the adsorp-
tion amount of active material at the crystal plane K is

K C dy¥
=B dc (1)
where I'K is the adsorption of surface-active material at crystal
plane K, C is the total concentration of the active material, R is the
Plank constant, T is the absolute temperature, and yX is the surface
tension of the crystal plane K.
When crystal plane (CugSns grain) K adsorbs a layer of active
material (nano-AgsSn particles), its surface tension can be deduced
from the integral of the above equation (Eq. (1)).

¢ rx
yé‘:yngT/ —cdc (2)
0

where yg is the surface tension of CugSns grains K with adsorp-
tion of nano-AgzSn particles, and y(’f is the surface tension of the
CugSns grains K without adsorption of nano-AgsSn particles. Thus
the surface free energy of the CugSns grain is

c
r« .
ZVgAK = Z (yg —RT/0 CdC) Ax — min (3)
K

K

where A is the area of CugSns grain K. Given that the volume is
constant, the surface energy of the entire interface must be kept
to a minimum in the equilibrium state. Here, ZK yK A is assumed
to be constant because it is independent of the concentration of
nano-AgsSn particles. That is,

¢ K
E AK/ F—dC—>max (4)
c
K 0

The relation indicates that the CugSns grain with the maximum
I'% value is most active. Therefore, this entire interface would cap-
ture the nano-AgsSn particles preferentially; Gibbs tells us that
the surface energy is reduced, and this reduction will decrease
the growth velocity of this CugSns grain. Until now, it has been
quite difficult to calculate the surface energy in order to minimize

the free energy of the entire interface in Sn3.5Ag0.5Cu compos-
ite solder/Cu substrate. Hence, there is no doubt that this plane
will capture a large amount of the nano-Ag3Sn particles formed on
the scallop-type CugSns IMCs layer, or several AgzSn particles will
be embedded on the prism-type CugSns IMCs layer, which could
reduce the interfacial energy during solidification. Moreover, the
composite solder joints also were also effective in retarding the
growth of the CugSns IMC layer.

4. Conclusions

The reactions between Sn3.5Ag0.5Cu composite lead-free solder
and Cu substrate at temperatures of 250-325 °C were investigated.
The CugSns grains that formed in all soldering below 300 °C dis-
played a common scallop-type morphology, while those formed at
both 300°C and 325 °C displayed a prism-type morphology in the
early stage of soldering (less than 30 min). Furthermore, CugSns
grains that formed on Sn3.5Ag0.5Cu composite solder/Cu changed
from a prism-type to a scallop-type morphology with increasing
soldering time. Nano-Ag3Sn particles were found on the surfaces of
the CugSns grains during the soldering process. It was found that
the morphology of CugSns grains affects the absorbed nano-AgsSn
particles. Especially, the scallop-type CugSns grains that are formed
by the ripening reaction are likely to be “captured” by the large
amount of nano-Ag3Sn particles. These nanoparticles decrease the
surface energy and hinder the growth of the CugSns IMCs. The grain
size of the nano-Ag3Sn particles increased with increasing solder-
ing temperature and time. Absorption theory can be used to explain
the formation of these nano-Ag;Sn particles and their effects on the
surface energy of the CugSns IMCs.
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