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Abstract

The growth kinetics and interfacial morphologies of intermetallic compounds (IMCs) and tensile properties of single crystal Ag/Sn-3.8Ag—0.7Cu
(SAC) solder joint were investigated by solid-state aging at 170 °C and liquid-state aging at 250 °C. It is found that the growth kinetics of IMCs
under both solid- and liquid-state aging conditions follow parabola relationship. Accordingly, the diffusion coefficients under the two conditions
were calculated to be about 2.50 x 1077 m?s~! and 1.60 x 10~'* m?s~!, respectively. With increasing aging time, the scallop-like morphology of
the IMC gradually evolved into planar type after solid-state aging; but it became rougher after liquid-state aging. Meanwhile, the average grain
size of IMC also increases with increasing aging time. The tensile strength of the Sn—Ag—Cu/Ag single crystal joints did not decrease seriously
with increasing aging time and the corresponding tensile fracture mechanism was discussed.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

A series of Sn—Pb solders have been widely used in elec-
tronic packaging field because of their excellent electronic
conductivity, good wettability, low cost, low melting point,
good mechanical properties and good thermal conductivity [1,2].
There are many investigations on the Sn—Pb solders, including
growth kinetics of intermetallic compounds (IMCs), wettabil-
ity, mechanical properties and so on [3-8]. However, due to
the environmental concerns arising from the toxicity of Pb, in
recent years, Sn—Pb solders had been prohibited in electronic
packaging field in USA, Europe and Japan. Therefore, more and
more researchers and electronic packaging manufacturers grad-
ually pay much attention to lead-free solders. Nowadays many
lead-free solders with copper and nickel substrates have been
intensively investigated, including Sn—Ag, Sn—Bi, Sn—Cu, Sn-In
and Sn—Zn alloys [1,9-20]. The corresponding investigations
involve many fields, including wettability and its mechanism,
tensile and shear strengths, isothermal aging on solid-state and
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liquid-state and so on. Some reports indicate that shear and ten-
sile strengths intensely drop with increasing aging time and shear
strength often increases at higher shear rate [21]. During aging,
IMCs are always formed between the solder and the substrate,
and often play an important role in the properties of various
lead-free solder joints. Normally, it will cause a negative effect
on the interfacial strength when an IMC grows thicker under
high work temperature condition. In order to retard the interfa-
cial reaction and the growth of IMCs or improve the mechanical
properties of the solder joints, electro-plating nickel film on the
copper substrate or changing the compositions of the solders
(e.g. adding ZrO3, Ni, In into the solder) has been used in the
electronic packaging field industry [2,9,10,12,19,22].

On the other hand, it is well known that silver is a good
substrate due to its good wettability, anti-oxidation, good elec-
tronic and thermal conductivity [23,24]. Silver films have been
widely used in the electronic packaging thick-film hybrid inte-
grated circuits (HIC), resistors, ceramic capacitors, multi-layer
chip inductors [23]. For example, in the flip chip process, sil-
ver film is commonly employed as one of the wetting layers.
Among the lead-free solders, Sn—Ag—Cu solder alloy is one of
the most promising lead-free solders for its relatively low melt-
ing point, low cost, good solderability and excellent mechanical
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properties [1,25-27]. But there are few reports on the mechan-
ical properties of the joints between lead-free solders with
silver substrate [3,20,23,24,28], especially for the joint between
Sn-3.8Ag—0.7Cu (SAC) solder and silver substrate. It is sig-
nificantly important to carry out some researches on the joint
properties between silver substrate and SAC solder. The main
objective of the current study is concerned with the morphol-
ogy and growth kinetics of IMCs formed in Ag/SAC solder
joint after solid- and liquid-state aging. In particular, in order
to get the fundamental data and avoid the possible effects of
grain boundary and crystallographic orientation, Ag single crys-
tal was employed as substrate to reveal the growth kinetics and
morphology of the interfacial IMCs after solid- and liquid-state
aging. Finally, the tensile strength and fracture mode of the
Sn—Ag—Cu/Ag single crystal joints after solid-liquid aging were
investigated.

2. Experimental procedure

In this study, silver single crystal (4N) was employed as substrate for
electronic packaging with Sn—Ag-Cu solder. The silver single crystal plate
with a dimension of 40 mm x 80 mm x 10 mm was grown by the Bridgman
method in a horizontal furnace. A lead-free solder alloy with the composition
of Sn—3.8Ag—0.7Cu (wt.%) was prepared by melting high purity (4N) tin, silver
and copper in vacuum (>10~! Pa) at 800 °C for 30 min. Firstly, a group of Ag
sticks with the size of 3 mm x 4 mm x 30 mm was spark-cut from the bulk sil-
ver single crystal plate. Secondly, the surface of the Ag single crystal substrate
used to solder was ground with 2000#SiC paper; then was carefully polished
with 2.5 wm, 1.5 wm, 0.5 wm polish paste, followed by washing in water and
ethanol. Thirdly, the polished surface was covered with some rosin flux and a
thin piece of solder, as illustrated in Fig. 1. Then the samples were soldered in
an oven at a constant temperature of 240 = 2 °C for several minutes to evaporate
the rosin flux, followed by cooling in air condition. For the samples used to
observe the morphology and grain size of IMCs, the plate dimension is about
2mm X 4 mm X 1 mm. After observing the cross-section of the as-reflowed sam-
ples, they were put into an oven at a constant temperature of 170 £2°C for
isothermal aging 1, 4, 9, 13 and 16 days, respectively. Then the growth kinet-
ics and morphologies of IMCs of the Sn—Ag—Cu/Ag interfaces after different
aging time were observed with a LEO super35 or a Cambridge S360 scanning
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Fig. 1. Schematic diagram of as-prepared SAC/Ag single crystal couple.

electron microscopy (SEM). All the tensile experiments were carried out on an
INSTON 8807 testing machine under a constant strain rate of about 5 x 10~#
at room temperature in air. After fracture, the deformation morphologies and
fractographies were observed with the SEM.

In order to observe the grain morphology of the IMCs aging for different
days, the soldered samples were immersed in a 10 wt% HNO3 + CH3 OH solution
for several hours to dissolve away the excess Sn—Ag—Cu solder and expose the
IMCs layer. Then the samples were washed in water and ethanol for a better
observation on the IMCs morphology with the high-resolution LEO super35
SEM.

3. Results and discussion

3.1. Morphology and growth kinetics of IMCs under
isothermal solid-state aging

Fig. 2 shows the interfacial morphologies of IMCs in the
Ag/SAC joints aged at 170 °C for different days. Some scallop-
like IMC layers were observed between the (SAC) solder and
silver single crystal substrate, as shown in Fig. 2(a)—(e). The dia-
gram of EDX indicates that the IMC is Ag3Sn phase; however,
Ags5Sn phase was not observed in all the as-reflowed samples.
With further aging at 170°C for different days, there is only
Ag3Sn phase, and AgsSn phase was still not found in all the
aged samples, which is well consistent with the most previous
observations [20,23,24], albeit there is an exception in the lit-
erature [28]. There might be two reasons for that: firstly, the

Fig. 2. The morphologies of the IMCs at the SAC/Ag interface on solid-state aging: (a) as-reflowed, aged at 170 °C for (b) 1 day, (c) 4 days and (d) 13 days.
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AgsSn layer may be too thin to be detected; secondly, the stan-
dard Gibbs function of molar reaction of AgsSn phase is much
higher than that of Ag3Sn phase. From the binary Ag—Sn phase
diagram, it is apparent that the melting point of AgsSn phase
is higher than that of Ag3Sn phase. Normally, the material with
higher melting point will have higher standard Gibbs function
of molar reaction. Besides, the scallop-like IMCs were found to
gradually change into planar ones with increasing aging time,
which is in accord with that observed in the case of Cu substrates
[29,30].

During the solid-state aging, the distance between the solder
and silver substrate is different. The distance of the valley of
the scallop is closer to the solder than that of the peak region
of the scallop. Since the total (bulk) diffusion coefficients of Ag
and Sn through Ag3Sn are nearly the same, the required time
of Ag atoms reaching the solder or Sn atoms reaching the Ag
substrate should be shorter for the valley region of the scallop.
This indicates that the growth velocity in the valley region of
the scallop-like IMCs is higher than that in the peak region.
As a result, the whole interfacial layer of the IMCs will trend
to become planar with increasing aging time. Therefore, the
thickness of the IMCs becomes thicker and thicker, leading to
a gradually decreasing growth velocity of the IMCs. This is
because the time used to diffuse the atoms through the thicker
IMC layers is gradually increasing with the increase in thickness
of IMCs. As is well known, there is a parabola function between
the aging time and the thickness of the IMCs based on abundant
data available under the solid-state aging [20,23,29-31]. There
are many researches on Sn—Ag—Cu/Cu substrate [29,30,32,33],
however, there are few reports on Sn—Ag—Cu/Ag joint, espe-
cially on Sn—Ag—Cu/Ag single crystal joint. The morphologies
of the IMC layers for all the aged Sn—Ag—Cu/Ag joint sam-
ples were observed (see Fig. 2) and the thickness was measured
carefully. In this study, in order to decrease the error, both the
integral area and the length of the IMC layers were measured
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Fig. 3. Plot of the thickness of the Ag3Sn layer as a function of aging time
after solid-state aging at 170 °C. Method 1: the average of thicknesses of many
different places. Method 2: the value of the integral area to the width of the
IMCs.

using a special software. For example, the average thickness of
the IMCs can be calculated by using the following equation:

L
T=/Of(x)dx. (1)
0 Lo

Here Ly is the length of the measured region, f(x) is the con-
tour function of the IMCs and T is the average thickness of
the IMC layer. It is found that the thickness T of AgzSn IMC
layer follows a square root function with the aging time, as solid
dots (line) plotted in Fig. 3. Therefore, the diffusion coefficient
can be calculated according to the following empirical equation
[29,34]:

T =D"*{i+c, 2

Fig. 4. The morphologies of the IMCs at SAC solder/Ag interface after liquid-state aging: (a) as-reflowed, aging at 250 °C for (b) 30 min, (c) 90 min and (d) 150 min.



H. Zou et al. / Journal of Alloys and Compounds 461 (2008) 410-417 413

where T, t, D, c are the average thickness of the Ag3zSn layer,
the aging time, the diffusion coefficient and a constant, respec-
tively. Based on the data (solid dots) in Fig. 3, the value of
diffusion coefficient D was calculated as 2.50 x 10~!17 m?s~!
for the AgzSn layer. For comparison, the average thicknesses
of the IMC layer measured by SEM are also shown in Fig. 3
(see the data with error bar). In this case, the calculated dif-
fusion coefficient is about 2.50 x 1017 m? s~!, which is quite
close to the data measured by method one. Also, the current
results are smaller than the previous results of Sn—Ag—Cu/Cu
joint, for example, 7.24 x 10717 m?s~! aging at 170°C [29],
and slightly higher than the previous results of Sn—Ag—Cu/Ni
joint, for example, 1.2 x 1077 m2 g1 aging at 175°C [33]. It
implies that Ag might be a good substrate to decrease the growth
speed of IMCs during the isothermal solid-state aging except its
good wetting behavior. It should be pointed out that actually the
value of diffusion coefficient D is the inter-diffusion coefficient,
including Ag and Sn atoms diffuse through the Ag3Sn phase
because some researchers suggest that D is only the diffusion
coefficient of substrate atoms in the bulk substrate or bulk solder
[23].

3.2. Microstructure evolution of the IMCs under isothermal
liquid-state aging

Fig. 4 shows the morphology of the IMCs formed in the
Ag/Sn—Ag—Cu solder joints aging at 250 °C for different hours.
The morphologies and the growth kinetics of the IMC layer were
also analyzed. With the help of EDX, the IMC is found to be
still Ag3Sn phase, which is the same as the IMC after solid-state
aging, also indicating that there is no new IMC phase forma-
tion even at higher aging temperature. The morphologies of the
Ag3Sn layer did not change into the planar one with increas-
ing aging time. It can be seen that the thickness of the AgzSn
IMCs also obeys the square root function with reacting time,
as plotted in Fig. 5, which is similar to the diffusion behavior
under the solid-state aging. But there are still some differences
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Fig. 5. Plot of the thickness of AgzSn layer as a function of aging time after
liquid-state aging at 250 °C. Method one: the average of thicknesses of many
different places. Method two: the value of the integral area to the width of the
IMCs.
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Fig. 6. Schematic diagram illustrate concentration of different grain size of
IMCs.

in the growth speed and the morphology of the IMCs between
the solid-state and liquid-state aging. Firstly, the growth speed
of the AgzSn IMCs during the isothermal liquid-state aging is
much faster than that during the solid-state aging. Using the
empirical equation (1), the value D of the isothermal liquid-
state aging was calculated to be about 1.83 x 10~ m2s~!
(1.60 x 10~ m2s~! for method one), which is three orders
of magnitude higher than that during solid-state aging. This can
be explained by the Arrenhius equation, i.e. the higher is the
temperature, the more are the active atoms. On the other hand,
during the liquid-state aging some Ag atoms in solder or from Ag
substrate only require to diffuse through the liquid solder, while
Ag atoms have to diffuse through the solid Ag3zSn phase for
the solid-state aging. During the isothermal liquid-state aging,
the fluxes of Ag atoms consist of two fluxes, i.e. the flux of
the interfacial reaction and the flux of ripening [35]. But the
resource of the flux of Ag atoms on the isothermal solid-state
is only the interfacial flux. Therefore, the liquid-state aging has
higher diffusion coefficient D than the solid-state aging.

Compared with the morphology of the IMCs on the solid-
state aging, as shown in Fig. 2, it seems that the scallop-like
morphology of the IMCs cannot change into planar morphology
with increasing aging time. In contrast, the morphology of IMCs
often becomes rougher, which may be explained by the Ostwald
ripening theory, as illustrated in Fig. 6. The concentration of Ag
atoms in the molten Sn—Ag—Cu solder on the surface of the IMC
grains follows the Gibbs—Thomson equation [35]:

Calr) = Caloo) exp | 220m 3)

2(r) = Cy(00) ex

4 P\ RT

and

Calr) = Caloo) (14 220m 20V 1 @
= xXO

o) =L RTr )’ RTr :

where Cy(r) is the concentration of Ag atoms on the surface of
the IMC grains, Cy(00) is the equilibrium concentration of Ag
atoms in the Sn—Ag—Cu solder, o is the interfacial energy per unit
area between Ag3zSn and molten Sn—Ag—Cu solder, ris the radius
of the IMC grains, V}, is the molar volume of Ag3Sn, R is a gas
constant, and equal to 8.314]J mol~1 k!, and T is the absolute
temperature. From this equation, the value of Cy(r) would fall
with increasing the value of ‘7. Since the concentration of the
Ag atoms in the larger grain surface should be lower than that
in the smaller grain, as a result, there is a higher concentration
gradient between the larger grain and the melting solder. In other
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words, the flux of Ag atoms of the larger grain is higher than that
of the smaller grain, which further leads to rougher morphology
of the IMCs. With increasing aging time, the large grains grow
much larger while the smaller grains are gradually swallowed.
In conclusion, the scallop-like IMCs cannot change into planar
IMCs during the aging process. But for the solid-state aging, itis
not discussed in the same method because the Ag atoms coming
from the Ag substrate play a more important role than that of the
IMC of interface. Therefore, Ag atoms coming from the IMC
interface was ignored.

3.3. Tensile properties of SAC/Ag after solid-state aging

Fig. 7(a) shows one typical tensile stress—strain curve of
Sn—-Ag—Cu/Ag joint samples aged at 170°C for 1 day. The
tensile stress—strain curve demonsrates that the yielding, defor-
mation and fracture behavior of the solder joint sample is similar
to homogenous metallic materials. There are several stages in
the stress—strain curve, i.e. elastic deformation, plastic flow with
obvious strain-hardening and final fracture. For the other sam-
ples aging for different days, they also displayed the similar
deformation, plastic flow and fracture feature. Fig. 7(b) shows
the dependence of tensile strength of the Sn—Ag—Cu/Ag joint on
the aging time. It can be seen that with increasing aging time,
the tensile strength gradually decreases, but the decrease degree
is very small. However, when the substrate is copper, the tensile
strength of the Sn—Ag—Cu/Cu joint decreases dramatically [36].
The reason may be that the residual stress at the Sn—Ag—Cu/Cu
joint interface is higher than that of the Sn—Ag—Cu/Ag joint
interface. For the copper substrate, Lee et al. [37] observed
some cracks existing in the IMCs and the interface when the
aged samples were stored for several days at room tempera-
ture. But for the Ag substrate joint samples, there is no crack
in those regions under the same disposal in this study. Then
Lee et al. [37] have calculated the residual stress of the aged
samples and found that the residual stress is high enough to pro-
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Fig. 7. (a) The tensile—strain curve of the SAC/Ag single crystal joint aged at
170°C for 1 day and (b) dependence of the tension strength on the aging time
for SAC/Ag single crystal joint at 170 °C.

Fig. 8. Morphologies of IMCs exposed by erosion: (a) as-reflowed, aged at 170 °C for (b) 1 day, (c) 4 days and (d) 9 days.
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Fig. 9. Tensile fracture morphologies of SAC/Ag single crystal joint: (a) cross-section of step fracture, (b) cross-section of fracture, (c) the cross-section view of the
fracture, (d) the top view of fracture surface, (e) the dimple of the aging for 1 day and (f) the dimple of the aging for 9 days.

duce crack in the IMCs. After aging for 16 days, the thickness
of the IMCs in Sn—Ag—Cu/Cu joint approximately increases to
10 pm, while the thickness of the current IMCs is less than 6 pm
when the Sn—Ag—Cu/Ag joint was aged for 13 days. Therefore,
the Sn—Ag—Cu/Ag joint interface has a better mechanical prop-
erty than the Sn—Ag—Cu/Cu joint interface after aging due to a
relatively low growth speed of the IMCs.

Fig. 8 demonstrates the dependence of the average grain size
of the AgzSn IMCs on the aging time. The grains of the as-reflow
sample are very loose while the grains of the aged samples are
more closely. With increasing aging time, the grains of IMCs
grow gradually and become more and more closely. As a result,
the roughness of the IMCs or the contact area between the solder
and the IMCs decreases, which might be one of the reasons
why the tensile strength of the Ag/SAC joints gradually drop, as
shown in Fig. 7(b).

Fig. 9 shows the macroscopic and microscopic tensile defor-
mation and fracture morphologies of the Ag/SAC joints aging for
different days. Normally, there are two kinds of fracture modes
in the joint samples, i.e. step fracture and flat fracture [36], as
shown in Fig. 9(a) and (b). But in this study, it seems that there
is no a clear transition in the fracture mode from step fracture
to flat fracture with increasing aging time. Fig. 9(c) and (d) are
the cross-section and the top view of the fracture interface, the

fracture basically occurred along the Ag3zSn/SAC solder inter-
face at the edge of the joint sample. From Fig. 9(d), it can be
seen that on the Ag substrate side there are many IMC particles
at the edge of the sample, which were identified as AgzSn phase
by EDX. It indicates that the joint strength of SAC/Ag is strong
enough and the plastic strain near the interface is high for the
SAC solder. Fig. 9(e) and (f) shows the fracture surfaces of the
joint samples aging for 1 and 9 days and there are some differ-
ences in fracture modes in details. For samples aging for short
time, there is no or less IMC particles within the dimples, which
displays clear ductile feature (see Fig. 9(e)), indicating that the
fracture mainly occurred in a shear mode within the SAC solder.
For samples aging for long time, there exist many IMC parti-
cles nearly within every dimple, as shown in Fig. 9(f), and the
shear fracture mainly occurred in a combination mode within
both the SAC solder and the brittle IMC particles. The reason is
that there are many sources of dimples formed between the sol-
der and IMCs for some local brittle particles near the SAC/IMC
interface due to the growth of the IMC layer after aging for a
long time.

Based on the experimental observations above, the tensile
facture processes of the SAC/Ag joint samples can be illustrated
as in Fig. 10. Firstly, the soft solder initially accommodated a
high local plastic strain, displaying a local necking near the sol-
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Fig. 10. Illustration of the damage fracture processes at the interface of SAC/Ag single crystal joint under the tensile stress: (a) load tensile stress, (b) elastic strain
in the solder, (c) crack nucleated at the edge of the sample, (d) crack grow along the SAC solder/Ag interface, (e) the perpendicular crack nuclear and (f) fracture in

the solder.

der/IMC interface (see Fig. 10(b)). Then there was a local shear
stress at the edge of the SAC solder/IMC interface, which is easy
to induce a small crack along the SAC solder/IMC interface of
the sample edge, as in Fig. 10(c). After that, the small crack
continued to propagate along the interface of solder/IMC under
the external tensile stress due to the plastic strain incompati-
bility near the interface, as illustrated in Fig. 10(d). When the
two interfacial cracks from two different directions propagated
certain distance away from the sample edge (see Fig. 10(e)), the
high shear stress easily connected the two cracks, forming the
final shear fracture through the solder, as illustrated in Fig. 10(f).
On the other hand, it can be seen that there are less IMC particles
in the dimples for the samples aging for short time and many
IMC particles in most dimples for the samples aging for long
time (Fig. 9(e) and (f)). The less IMC particles in the dimples
should be due to a relatively thin IMC layer, indicating a ductile
fracture feature of solder/IMC layer. However, the thick IMC
layer will make the interface brittle, bring residual stress and
cause many sources of the dimples, leaving many IMC particles
in most dimples and leading to a slight decrease in the fracture
strength when the SAC/Ag joint samples were aged for a long
time.

4. Conclusions

Based on the experimental results and analysis above, the
following conclusions can be drawn:

(1) Microstructure evolution of the IMCs between the
Sn—Ag—Cu solder and silver single crystal substrate was

(@)

3

observed during the solid-state aging. It is found that the
IMC phase only consists of AgzSn, however, AgsSn phase
was not observed in all the joint samples. During the
solid-state aging, the scallop-like Ag3Sn IMC layer was
gradually transformed into planar layer. The growth kinet-
ics of AgzSn IMC shows a diffusion-control mechanism
and the diffusion coefficient D was calculated to be about
2.50 x 10717 m? s~! for the solid-state aging. The grain size
of the IMCs grew with increasing aging time.

When Sn—Ag—Cu/Ag joint interface is under the liquid-state
aging, with increasing aging time, the morphology of IMCs
was not transformed into the planar type, but shows a higher
roughness. It was also observed that there was only AgzSn
phase between Ag/Sn—Ag—Cu solder interface. The thick-
ness of Ag3Sn IMCs had a linear relationship with the square
root of aging time, indicating that the growth kinetics of the
Ag3Sn layer is also diffusion-control and the diffusion coef-
ficient D was measured to be about 1.60 x 10~ 4 m?s~1,
The tensile strength of the SAC/Ag joint slightly decreased
with increasing aging time, indicating that aging did not
cause a serious deterioration for the Sn—Ag—Cu/Ag inter-
face. The tensile strength of the Ag/AgsSn interface is
higher than that of the SAC/Ag3Sn interface. The tensile
cracking firstly occurred along the SAC solder/AgzSn inter-
face at the brim of samples due to the local shear stress.
Then the crack propagated along the SAC solder/AgzSn
interface under the external tensile stress due to the plastic
strain incompatibility near the interface. Finally, the cracks
from the different directions will merge to along shear crack
through the solder.
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