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Growth Behavior of Intermetallic Compounds
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The growth behavior of reaction-formed intermetallic compounds (IMCs) at Sn3.5Ag0.5Cu/Ni and Cu
interfaces under thermal-shear cycling conditions was investigated. The results show that the morphology
of (Cu,Ni;_,)¢Sns and CugSns IMCs formed both at Sn3.5Ag0.5Cu/Ni and Cu interfaces gradually changed
from scallop-like to chunk-like, and different IMC thicknesses developed with increasing thermal-shear
cycling time. Furthermore, CusSns IMC growth rate at the Sn3.5Ag0.5Cu/Cu interface was higher than
that of (Cu,Ni;_,)¢Sns IMC under thermal-shear cycling. Compared to isothermal aging, thermal-shear
cycling led to only one CugSns layer at the interface between SnAgCu solder and Cu substrate after 720
cycles. Moreover, Ag;Sn IMC was dispersed uniformly in the solder after reflow. The planar Ag;Sn formed
near the interface changed remarkably and merged together to large platelets with increasing cycles. The
mechanism of formation of CugSns, (Cu,Ni;_,)6Sns and Ag;Sn IMCs during thermal-shear cycling process

was investigated.

Keywords Ags;Sn, growth behavior, intermetallic compound
(IMC), Sn3.5Ag0.5Cu solder, thermal-shear cycling

1. Introduction

The Sn-Pb eutectic solder is one of the best solders due to its
wettability and low melting point. But Pb is prohibited in the
electronic production because of its deleterious effect on the
environment and human health. In order to replace the Pb in
Sn-Pb solder, SnAgCu solders were considered as promising
because their microstructure is denser and IMC growth rate is
lower than that of Sn-Zn, Sn-Cu, and Sn-Ag systems (Ref 1-4).
At present, microstructure transformation in IMCs and growth
behavior at both SnAgCu/Cu and SnAgCu/Ni interfaces have
been researched for different reflow temperatures and isother-
mal aging times (Ref 1, 5, 6). It has been shown that IMC
thickness formed at the two interfaces increases with isothermal
aging (Ref 7, 8). In fact, the solder joints will experience the
thermal and shear stress-strain cycling in service due to high
cyclic stress generated by the mismatch of the coefficients of
thermal expansion (CTE) between printed circuit board (PCB)
and chip. Furthermore, because of low-melting point and low-
recrystallization temperature of Sn-base solder, the stress-strain
behavior has an effect on IMC growth at the interface.
However, there has been little research on growth behavior of
IMCs under thermal-shear cycling conditions. Specifically, the
present paper has investigated the IMC growth behavior and
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formation mechanism at both Sn3.5Ag0.5Cu/Cu and Ni
interfaces under thermal-shear cycling at 25-125 °C and
isothermal aging at 125 °C conditions.

2. Experimental

A special specimen was designed to study the interfacial
microstructure and the IMC growth in solder joints during
thermal-shear cycling. The chip was taken to be a tungsten bar
because of a similar thermal expansion coefficient (4.6 x 10~%/
°C), and copper bar replaced the PCB. Due to the poor
wettability of SnAgCu solder on tungsten, nickel foils were
selected to joint the two ends of tungsten through BNi2 brazing
alloy, and has good weldability with SnAgCu solder. On the
other hand, copper and tungsten bars are rigid bodies, and the
low melting solder SnAgCu is a viscoelastic material (Ref 9).
The deformation caused by copper and tungsten bars was
mainly absorbed by the SnAgCu solder during experimental
process. In the sample, a tungsten bar was first brazed with the
nickel foils at both ends with BNi2 brazing alloy at 1120 °C for
20 min under a vacuum of 1.6 x 10~ Pa and then soldered
with a copper bar using Sn3.5Ag0.5Cu eutectic alloy, as shown
in Fig. 1. The experimental process is as follows: the samples
were put into the TSA-71S-A cold & hot blow test box, heated
up from 25 to 125 °C in 5 min and preserved for 25 min at
125 °C, and then cooled down from 125 to 25 °C in 5 min and
preserved for 25 min at 25 °C. This represented a cycle. The
samples were subjected to 24, 200, 400 and 720 cycles,
respectively. The solder joints at both ends of the samples will
experience the thermal-shear cycling during the experiment due
to CTE mismatch between copper and tungsten bars. The strain
rate of the solder joints is 9.93 x 10™*/s. The samples for
isothermal aging test were put into a constant temperature box
at 125 °C for 12, 100, 200, 360, and 720 h, respectively. The
test specimens were prepared by cutting into small pieces
(5 x5 x 2 mm). The specimens were first cold mounted in
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Fig. 1 Schematic of thermal-shear cycling test: (a) half-sample and (b) amplificatory picture of joint
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Fig. 2 SEM pictures of IMCs after thermal-shear cycling 24 cycles at (a) Sn3.5Ag0.5Cu/Cu and (b) Sn3.5Ag0.5Cu/Ni interface

epoxy, and then polished and etched with 5% HCI + 95% H,0O
for observation of their microstructure and IMC growth
behavior by scanning electron microscopy (SEM) and energy
dispersion spectroscopy (EDS) and x-ray diffraction (XRD).

3. Results and Discussion

3.1 Intermetallic Morphology

Figure 2 presents the cross-section SEM image and EDS
analyses at both the Sn3.5Ag0.5Cu/Cu and Sn3.5Ag0.5Cu/Ni
interfaces after the thermal-shear cycling 24 times. At the
Sn3.5Ag0.5Cu/Cu interface, a continuous and smooth scallop-
like IMC layer is formed, the thickness of which is about
2.3 um. At the Sn3.5Ag0.5Cu/Ni interface, a coarse and
scattered IMC layer forms to an average thickness of 2.1 um.
The maximum thickness is about 4.5 pm, but the minimum
film is only 0.5 pm. According to the EDS analysis, the
components of IMC for Cu substrate are Cu 53.43 at.%, Sn
46.57 at.%, is CugSns. Similarly, the IMC for Ni substrate is
(Cu,Nij_,)6Sns, Cu 42.54 at.%, Ni 15.76 at.% and Sn 41.70
at.%, based on CugSns. Therefore, Ni atoms can take the place
of Cu atoms to form (Cu,Ni;_,)sSns IMC because of the same
crystal structure and nearly similar atomic numbers of Ni and
Cu. Furthermore, Cu in (Cu,Ni;_,)sSns IMC originates in the
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solder and Cu substrate, which illustrates that Cu atoms at
the substrate can diffuse through the solder to the Ni substrate
and react with Sn during the reflow process. Due to the
difference of diffusion channel and distance of every Cu atom,
the distribution morphology of IMC at the Ni substrate is
uneven and scattered in liquid state. The total average thickness
of (Cu,Ni;_)eSns at Ni substrate is less than that of CusSns at
Cu substrate. It is proved the Ni is more difficult to react with
Sn base solder than Cu.

With the cycle times increasing, IMC morphology at Cu
substrate changed gradually from scallop-like to planar-like and
IMC thickness increased significantly. For the Ni substrate, a
continuous (Cu,Ni; ,)sSns IMC layer formed after 200 cycles
due to dissolution and diffusion of Ni in the valley of two
scallops. In solid state, atomic diffusion is very slow, for
example, about 107% pm?/s at 125 °C and about 10~* pm?/s at
180 °C (Ref 10, 11). Hence, the diffusion distance of Cu and Ni
atoms from the valley of every two scallop-like phase to solder is
short and IMC thickness grows remarkably, as shown in Fig. 3.

After 720 thermal-shear cycles, there is only one layer of
CugSns compound at the Cu substrate, and the thickness of
planar-like CugSns IMC is about 4.97 pm, as shown in
Fig. 4(a). Therefore, the crystal lattice distortion generated by
co-functions of thermal cycling and shear stress promotes Cu
atom diffusion and CueSns IMC growth. The Cu atoms of
CugSns IMC are provided mainly by the Cu substrate and less

Journal of Materials Engineering and Performance



Date “31 Mar 2005
Signal A= OBSD 1o "noy

10um
|..—.i EHT=2000kY WD= 22mm

Date =31 Mar 2005
Signal A= 0BSD 1y g0

1
|—|M EHT=2000KY WD= 22mm

(a)

(b)

Fig. 3 SEM pictures after thermal-shear cycling 200 cycles at (a) Sn3.5Ag0.5Cu/Cu and (b) Sn3.5Ag0.5Cu/Ni interface
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Fig. 4 SEM picture of IMCs after thermal-shear cycling 720 cycles at (a) Sn3.5Ag0.5Cu/Cu and (b) Sn3.5Ag0.5Cu/Ni interfaces

by the solder. For Sn3.5Ag0.5Cu/Ni interface, in Fig. 4(b), the
average thickness of (Cu,Ni;_)¢Sns IMC develops slightly and
the IMC morphology hardly changes. Therefore, Ni-electro-
plate layer is applied to restrain the IMC growth on the PCB
because the diffusion rate of Ni is lower than that of Cu.
However, the scallop-like (Cu,Ni; ,)sSns IMC causes micro-
cracks first under the bottom of scallop-type IMC, which then
expand rapidly with an increase in the shear-strain such cracks
are harmful to the stability of solder joints.

3.2 Intermetallic Growth Behavior

Intermetallic layer growth behavior at the SnAgCu/Cu and
SnAgCu/Ni interfaces can be described by one-dimensional
growth parameter, ¥, which is related to the square root of the
cycle time (Ref 12):

Y = Yo + (Dt)

D = Dy exp (—%)

where D is the diffusion coefficient given by an Arrhenius
expression, Y, is the IMC thickness after reflow process, Dy

(Eq 1)

(Eq 2)

Journal of Materials Engineering and Performance

is the diffusion constant, O the activation energy, R the Boltz-
mann constant, and 7 is the absolute temperature.

The measured intermetallic growth data at SnAgCu/Cu and
SnAgCu/Ni interfaces after thermal-shear cycling and isother-
mal aging at 125 °C are given in Fig. 5. The IMC growth
behavior can be fitted to ¥, which is related to the square root of
the thermal cycle time. Compared with the aging results, the
IMC growth rate under thermal-shear cycling is larger than that
under isothermal aging. On the one hand, thermal effect
promotes atomic diffusion and IMC growth, and this is also
identified by Pang (Ref 13); on the other hand, the shear stress-
strain further accelerates atomic diffusion resulting in crystal
lattice distortion. According to Fig. 5, the growth rate of CugSns
compound at the SnAgCu/Cu interface is larger than that of
(Cu,Ni;_,)6Sns compound at the SnAgCu/Ni interface, which
indicates that Ni atoms dissolve into the solder and react with Sn.
So electroplated-Ni is often used as a barrier layer on the PCB.

To further analyze the function of the shear stress-strain
behavior on diffusion and IMC growth, the relationship of IMC
growth and the square root of time can be investigated under
the thermal-shear cycling condition according to Eq 1:

Y _ e Drt

7 (Eq 3)
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Fig. 5 Comparison of IMCs growth at SnAgCu/Cu and SnAgCu/

Ni interfaces under different two conditions

Table 1 Cu atoms diffusion coefficient under
the thermal-shearing cycling condition (um?/s)

Thermal-shearing Thermal-shearing

Isothermal cycling for cycling for
Condition aging Cu substrate Ni substrate
Diffusion 1.89 x 10°° 425x107° 225x107°
coefficient
a b
Y = / K+/Dot dt + / KVD't 2t
0 (Eq 4)

= yo + /Doty + D'ty

=30+ (Doto + D'2N dYtrampV)

[

where y, is the thickness of the IMC after reflow, N is a ki-
netic constant representing strain-enhanced aging, fmp is the
up or down ramp time during one cycle, ¢ is the ratio of plas-
tic strain to total strain imposed during the ramp, 7 is the shear
strain rate imposed on the joint and v is the number of cycles.
Dutta et al. (Ref 14) presented the equation of coarsening
kinetics of Ag;Sn particles under isothermal aging and ther-
mal-mechanical cycling (TMC). But the former is suitable for
the precipitation and growth of particles in the solder, while
the IMC growth at the interface is mainly controlled by the
atomic diffusion. So the latter equation may be more appropri-
ate, because it relates the strain rate and IMC thickness.

In order to reduce measurement errors, the fitted trendlines
were selected to investigate the relationship between the
thickness of IMC and square root of thermal-shear cycling
time. The diffusion coefficient D" of Cu under thermal-shear
cycling condition is about 107> um?/s, which is one-digit
growth higher than that under the isothermal aging condition,
as shown in Table 1. The results indicate that shear stress-strain
is useful to atomic diffusion and IMC growth.

3.3 Ags;Sn Growth

It is found that Ag;Sn IMCs, Ag 75.24 at.% and Sn 24.76
at.%, exist in the form of uniform particles or large branches
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during the initial reflow process and after thermal-shear
cycling in the body of solder, as shown in Fig. 2 and 4. It is
reported that large branch-like Ag;Sn structures grow rapidly in
liquid phase, during cooling and before the final solidification
of solder joints, when the content of Ag is more than 3.5 wt.%
in the lead-free solder (Ref 15-17). As verified in this paper,
there are planar-type AgzSn IMCs near the interfaces and
the particles in the solder after the reflow process. In the
shear-cyclic dependent regime, the thickness of CugSns and
(Cu,Ni;_,)¢Sns IMCs grows remarkably. At the same time, with
the IMC thickness growth and Cu and Sn depletion, the
numbers of Ag increase at the surface between (Cu,Ni; ,)¢Sns
and CugSns IMCs and the solder. Therefore, Ag;Sn IMC is
easy to shape and congregate into platelets surrounding the
(Cu,Ni;_,)6Sns and CueSns compounds, as in Fig. 2-4.

Furthermore, AgzSn IMC near CugSns IMC grows faster
than that surrounding the (Cu,Ni;_,)sSns IMC because growth
rate of CugSns IMC at Cu substrate is faster than that of
(Cu,Ni_,)¢Sns IMC and consumes large amounts of Cu and
Sn. During the cyclic process, with the thickness of CugSns
and (Cu,Ni; ,)¢Sns IMC further increasing, Ag-rich phase
gathers around the interfaces. It accelerates the planar Ag;Sn
growth, extending at grain boundary and merging together at
last. Figure 4(a) shows a typical micrograph of two large
Ag;Sn platelets merging together after 720 cycles at the Cu
substrate, which is parallel to the direction of shear stress and
it has less effect on the enhancement of the solder strength
(Ref 15).

Figure 6 shows the cross-section SEM image of AgzSn
IMC in the solder under isothermal aging and thermal-shear
cycling conditions. It can be observed that the Ags;Sn
morphology is nearly spherical and hardly changed after
isothermal aging and thermal-shear cycling. However, the
average Ag;Sn particles sizes increased under the two
conditions, and the particles coarsened more remarkably under
thermal-shear cycling than after isothermal aging. It suggested
that shear stress increased the crystal lattice distortion, which
promoted Ag and Sn diffusion. Because the Ag atom diffusion
velocity at relatively lower preservation temperature (25 °C) is
much lower than that at relatively higher preservation
temperature (125 °C), the Ag;Sn particles coarsened in the
solder and near the two interfaces were enriched mainly by the
Ag atoms at 125 °C. The particle sizes have been measured in
three different regions to get the average value in the solder
and near the interfaces. The relationships between average
sizes of AgszSn particles in the solder and cyclic time at
125 °C are presented in Fig. 7. The relationships between
AgzSn particle average radius and cyclic time at 125 °C are
presented in Fig. 8. It can be proved that the average size of
Ag3Sn increases with increasing cyclic time. The growth rate
of particles under thermal-shear cycling is higher than that
under isothermal aging, which suggested that crystal lattice
distortion generated by shear stress is useful to diffusion and
particle growth. The average radius of large platelets of Ag;Sn
IMC near the two interfaces is larger than that in the solder.
Therefore, (Cu,Ni; ,)sSns and CueSns IMCs growth remark-
ably promotes the development of AgiSn. The larger the
thickness of (Cu,Ni;_,)¢Sns and CueSns IMCs, the larger will
be the thickness of platelets of Ag;Sn IMC which are harmful
to the solder reliability. Therefore, the solder joints during the
thermal-shear cycling are more fragile than the joints under
isothermal aging.
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e ! < Fig. 8 The relationship between Ag;Sn particles sizes and aging
time in the Sn3.5Ag0.5Cu solder alloy under the two conditions

time at two interfaces

4. Conclusion to planar-like, and planar-like IMC that has lower surface
energy to the solid solder is stable in solid state.
1. There are only single CugSns and (Cu,Niy ,)sSns IMC 2. The IMC formation and growth at Sn3.5Ag0.5Cu/Ni or

layers formed at Sn3.5Ag0.5Cu/Cu and Sn3.5Ag0.5Cu/ Cu interfaces are controlled by the dissolution and diffu-
Ni interfaces after 720 cycles, respectively. The com- sion of Cu atoms after isothermal aging and thermal-
pound morphology changes gradually from scallop-like shear cycling. The combined effects of thermal treatment
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and shear-stress lead to crystal lattice distortion and pro-
mote growth of IMC. The equation of compound growth
was given, and the average diffusion coefficient of Cu in
IMCs is estimated to be about 107> um*s at the two
interfaces under thermal-shear cycling. This value is
higher than that under isothermal aging at 125 °C.

The AgzSn IMCs formed uniform particles in the solder
or large branches near the interfaces after reflow. The par-
ticles are easily congregated under thermal-shear cycling.
The congregation of the branch-type Ag;Sn is detrimen-
tal to the mechanical properties of the solder joints.
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