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We reported the reliability of Sn0.3Ag0.7Cu (SAC0307) solder joints under
electrical and thermal coupling fields, where the c-axes of Sn grains were all
nearly parallel to the direction of current and thermal flows. In these studies,
individual electromigration (EM), individual thermomigration (TM), and
thermoelectric coupling migration behaviors were investigated by applying a
current density of 10* A/em?, and a temperature gradient of 10%°C/cm at Cu/
SACO0307/Cu solder joints, respectively. The SEM and EBSD were utilized to
characterize the morphologies and crystal orientations of each solder joint.
The results indicated that the Cu atoms tended to migrate to the anode side
under EM. The thickness of an interfacial intermetallic (IMC) layer at the
anode increased 3.93 um. In addition, the Cu atoms diffused toward the lower
temperature side under TM, and the thickness of the IMC layer at cold side
increased 1.72 ym. When the solder joints were experiencing the coupling
fields with the same directions of current and thermal flows, the thickness of
IMC layer at anode side (cold side) could increase up to 7.67 um. The results
showed that the effect of thermal flow could assist to accumulate the IMC at
the anode side, and accelerate the migration of Cu atoms. This research could
help to further understand the reliability behaviors of SAC0307 solders under
the service environment.
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INTRODUCTION

The arrival of the information age leads to the
rapid development of electronic packaging technol-
ogy.! The development of integrated circuit tech-
nology makes the function in the package slowly
change. The attention of users is often not the
quality of the chip, but the reliability of the whole
package which is connected by chips and package
material.? The electronic connection technology may
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be directly related to the performance of the chip,
which is essential to the reliability of electronic
components. So the reliability of solder joints has
been the most concerned issue for the whole elec-
tronic packaging industry.®* The EM of solder
joints under high current stressing has been
regarded as the main reliability concern in micro-
electronic devices due to the miniaturization and
the requirements for enhanced performance of
devices.”™ The size of solder joints continuously
decreases, resulting in the extremely increased
current density.*® Under EM, voids, phase separa-
tion, crystal whisker growth, and cracks propaga-
tion would emerge and thereby accelerate the
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failure of solder joints.®® In addition, heat gener-
ated due to joule heating during EM, might cause a
temperature gradient in solder joints. Previous
studies theoretically deduced that when the thermal
gradient is large enough, it can be the dominant
driving force.'®'> TM is a mass migration of
compound material caused by a temperature gradi-
ent.’® Rimbey et al. indicated that the electronic
contribution to the driving force for TM in metals is
considered within the linear- response formal-
ism.1*® In addition, there are two additional
contributions to TM. One of these is the phonon
contribution, which arises from the stream of
phonons that is generated by the temperature
gradient and is subsequently scattered by the
impurity. There is also the so-called intrinsic con-
tribution, which arises from the effects of a temper-
ature gradient on the diffusion d}énamics rather
than on the electronic carriers.*'"'®* And Jones
et al. has used general linear response theory to
provide a set of correlation functions for determin-
ing the electronic contribution to the driving force
on an ion in a thermal gradient.'? Gillian et al. has
used a molecular dynamics simulation to evaluate
Green—Kubo relations for the TM of hydrogen in
palladium, obtaining qualitative agreement with
experiment.

Recently, the TM of solder joints has been
reported to accompany EM in flip chip solder joints.
What is more, an FE simulation result supports the
existence of the temperature gradient.*'® TM might
assist or counter EM depending on the direction of
the temperature gradient and electric field.?! Ye
et al. was the first to show that TM forces under
high current density can be larger than EM in flip
chip solder joints.* A temperature difference of 15°C
across a 100 yum diameter solder joint would pro-
duce a temperature gradient of 1500°C/cm, which
would cause TM in solder joints.??"?* Huang et al.
observed a migration of the Sn-rich phase owing to
EM and TM in tin-lead composite solder joints.?®
However, the increasingly severe environment
problems lead to the widely used Sn-based lead-free
solder. Therefore, the reliability issues related to
lead-free solder have attracted significant attention
in the microelectronics industry.?®?’ Guo et al.
studied that elevated temperature and sufficient
temperature gradient were the two major factors
that caused TM.?® Previous studies found that the
Bi atoms migrated to the lower temgerature side
driven by the temperature gradient.”?° However,
the phase separation in Sn58Bi solder joint is the
important problem to solve in EM and TM.3%3!
SAC0307 has become one of the most highly poten-
tial solders due to the better properties and lower
price than other solder.?? Both of EM And TM are
the main factors leading to the failure of solder
joints. In this paper, the individual EM and TM
behaviors in SAC0307 solder joints are investigated
systematically. In addition, the thermoelectric

coupling behavior is also discussed with different
relations between EM and TM.

EXPERIMENTS

SACO0307 lead-free solder paste was used in this
study. The copper strips with the dimension of
0.5 mm x 0.3 mm x 5 mm were used to fabricate
the linear butt weld solder joints. Figure 1 showed
the schematic diagram of the specimen. After
grounding the cross section of the copper strips,
acetone and 30% nitric acid solution were used to
clean the copper strips for 10 min. The SAC0307
solder was filled in the predesigned soldering seam
between two copper strips, and the soldering seam
was about 100-120 um. The specimens were placed
in a reflow furnace for 4 min and the peak temper-
ature was 245°C. And then the solder joints were
cooled in the air. After removing the excessive
solder, the solder joints were mounted on the
10 mm x 10 mm x 1.5 mm printed circuit boards
(PCB) by epoxy resin. The observed surfaces of the
solder joints were with the dimension of 500 ym x

100 yum. All of the joints were subjected to a
metallographic grinding and polishing process with
0.05 ym Al;O3 supensions for characterization
before EM and TM experiments. A constant current
density of 10* A/em? was continously applied to the
solder joints at room temperature. At the same time,
heat was applied at one of the end of the solder joint,
and a heat sink was applied at another end. Thus,
the solder joints were subjected to a temperature
gradient of 10%°C/cm for TM. The schematic draw-
ing of EM and TM test is shown in Fig. 2. The
microstructure evolution of the solder joints was
characterized by scanning electron microscopy
(SEM) equipped with an electron back-scattered
diffraction (EBSD) by the in situ observation. The
composition of the solder joints were studied by an
Energy Dispersive Spectrometer (EDS). The thick-
ness of IMC layer at the interface was measured by
Photoshop® software.

RESULTS AND DISCUSSION
Eletromigration Behavior

Figure 3a and b show the initial EBSD orienta-
tion map and pole figures of Sn grains in SAC0307
solder joint, S1. The tetragonal frame represented
the unit cell of Sn grain. For the EBSD maps, red

Solder joint

’ 5 mm |

Fig. 1. A schematic drawing of line-type solder joints.
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lines represent high-angle grain boundaries (larger
than 15°) and blue and green lines represent the
low-angle subgrain boundaries (larger than 2°
but < 15°). The electron flow direction is from left
side to right side, as shown by the white arrow. The
angle between c-axis direction and the electron flow
direction is nearly 7.8°. Moreover, the pole fig-
ures also are consistent with EBSD results. Thus,
the c-axis direction of Sn grain could be considered
nearly parallel to the direction of electron flow.
Figure 4 shows the interfacial microstructures of
S1 at the anode and the cathode after high current
stressing for 0 day, 3 days, and 6 days. After reflow,

Anode Thermocouple

@) Cathode

(b)
Copper strip

Solder joint

Fig. 2. The schematic drawing of thermoelectric coupling
experimental platform (a) top view, (b) side view.
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a little primary phase of CugSnj particles generated
at the solder matrix, and dispersed randomly. In
addition, the discontinuous scallop-shaped Cu-Sn
IMC layers were formed between the Cu strips and
the SAC0307 solder matrix. Figure 5 indicates the
evolution columnar of the average thickness of IMC
layers with different EM times. The average thick-
ness of IMC layers at anode and cathode were
measured as 3.96 um and 3.93 um, respectively.
After current stressing for 3 days, the average
thickness of an anode IMC layer was 5.73 um, and
the average thickness of a cathode IMC layer
increased slightly. With the increasing of EM time,
the average thicknesses of anode and cathoder IMC
layers were 7.89 ym and 3.88 um, respectively. The
thickness of anode IMC layer continuously
increased. The morphology of IMC layers trans-
formed from discontinous to continuous irregular-
shaped. During EM, the concentration gradient
between Cu strip and solder matrix provide the Cu
atoms flux form Cu strip to the solder matrix, which
lead to the slight increase of the thickness of the
cathode IMC layer. Moreover, due to the Cu atoms
preferred migration along the c-axis, the Cu atoms
moved from cathode to anode easily and quickly.
Under the effect of high current stressing, the
driving force by the electron is stronger than the
driving force induced by concentration gradient.
And the Jgy is larger than J¢.

D _. .
JEm = CﬁZ epj, (1)

where D is the diffusion coefficient, K is the
Boltzmanns constant, 7' is the absolute tempera-
ture, Z* is the effective charges, e is the electron
charge, £ is the resistivity, and j is the current
density.>?

In addition, during the process of migration of Cu
atoms, the Cu atoms reacted with Sn atoms to form
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Fig. 3. The crystal orientation of reflowed S1 (a) EBSD orientation map; (b) (001) and (100) plane figures.
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Fig. 4. EM images of microstructure evolution of interfacial IMC layers after different EM time of S1 (a, d) 0 d; (b, ) 3 d; (c, f) 6 d.
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Fig. 5. The average thickness of interfacial IMC layers after different
EM times of S1.

IMCs in the solder matrix. So the IMCs in solder
matrix grew up, and the size of IMCs were lager
than the reflowed state in S1.

Thermomigration Behavior

Figure 6a shows the EBSD orientation map of Sn
grains in S2. The tetragonal frame represented the
unit cell of Sn grain in S2. Figure 6b shows the
different directions of pole figures in S2. The left
side is the hot side, and the right side is the cold
side, which indicates that the temperature gradient
is from left side to right side, as shown in Fig. 7. The
angle between c-axis direction and the temperature
gradient direction is calculated as 3.65°. Thus, the
relationship between the c-axis and the tempera-
ture gradient is nearly parallel to each other.

The interfacial microstructures of S2 at hot side
and cold side after suffering TM for 0 days, 3 days,
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Fig. 6. The crystal orientation of reflowed S2 (a) EBSD orientation map; (b) (001) and (100) plane figures.
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Fig. 7. EM images of microstructure evolution of interfacial IMC layers after different TM time of S2 (a, d) 0 d; (b, €) 3 d; (c, f) 6 d.
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and 6 days are shown in Fig. 7a, b, c, d, e, and f.
After reflow, the IMC layers formed at the inter-
faces between the solder matrix and copper stripes.
The average thicknesses of hot side and cold side
were 3.95 um and 3.96 um, respectively. What is
more, the IMCs dispersed randomly at the solder
matrix. With the increasing of TM time, the IMCs
near to the cold side grew up and gathered at the
cold side. In addition, the average thickness of the
hot side is 3.98 um, and the morphology of the IMC
layer becomes flattened. However, the IMC layer at
the cold side becomes more irregular, and the
average thickness increases sharply, as shown in
the evolution columnar of IMC layer thickness of
Fig. 8. The temperature gradient is from hot side to
cold side, the Cu atoms diffuse by the driving force
of TM from hot side to cold side. After TM for 6 days,
the average thickness of cold side IMC layer con-
tinuously increased to 5.68 um, and thickness of the
IMC layer at hot side decreased to 3.93 um. In
addition, the size of IMCs near to the cold side is
larger than that of before TM.

Hsiao reported that the homogeneous solid phase
could be changed into non-homogeneous phase
under TM.?>* And this process requires that the
direction of uphill diffusion is opposite to the
component concentration gradient. Thus, the direc-
tion of TM is opposite to the concentration gradient,
and the net atomic flux, J,.; can be expressed as:

Jnet =J¢ +Jm, (2)

dT
Jrm =D ——, (3)

where the d7'/dx is the temperature gradient. And
Jc > 0 due to the diffusion of Cu atoms is the uphill
diffusion. At the hot side, the Cu atoms migrated
from the Cu strip to the solder matrix, which leads
to the slight increase of the thickness of IMC layer
at the hot side. In addition, the initial IMC layer
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Fig. 8. The average thickness of interfacial IMC layers after different
TM times of S2.

formed during reflow was decomposed by the con-
centration gradient, so the Cu atoms migrated from
the hot side to the cold side. And the thickness of the
IMC layer at hot side would decrease with the
increasing of TM time. The results indicate that the
effect of the decomposition is stronger than the
effect of concentration gradient.

Thermoelectric Coupling Behavior

The direction of electron flow was from left side to
right side, named + Ep. Moreover, the hot side is the
left side, and the cold side is the right side. So, the
temperature gradient was from the hot side to cold
side, named + Tp.

+ED and + TD

Figure 9 shows the EBSD orientation of S3 that
was subjected to the thermoelectric coupling condi-
tions. The tetragonal frame represented the orien-
tation of different Sn grains. The angle between c-
axis and electron flow was 4.05°. Therefore, the c-
axis of Sn was nearly parallel to the electron flow.

Figure 10 shows the anode and the cathode
interfacial microstructure evolution of S3 for differ-
ent thermoelectric coupling times. And the initial
thickness of IMC layers at the anode and the
cathode side were measured to have an average
thickness of 3.89 um and 3.88 um, respectively.
After thermoelectric coupling for 3 days, the thick-
ness of the IMC layer at anode and cold side was
7.86 um. With the increasing of thermoelectric
coupling time until 6 days, the thickness of IMC
layer at anode and cold side increased up to
11.56 yum. Moreover, the morphology of the IMC
layer at anode and cold side transformed to a planar
layered structure. However, the copper strip at
cathode and hot side had been consumed under the
effect of EM and TM, and the interface between the
copper strip and solder matrix migrated to the
copper strip at the cathode and hot side from the
original position after reflow. So the thickness of the
IMC layer could not be measured. The IMC layer
morphology also became more uneven. Figure 11
indicates that the evolution columnar of IMC layer
thickness with various periods of thermoelectric
coupling times. What is more, the surface morphol-
ogy of the solder joint became more irregular. There
were some CugSns protruding form the solder
matrix closed to the anode and cold side. And there
were the same cracks formed near the cathode and
hot side.

The electron wind force and temperature gradient
were the main driving forces which lead to the
polarization effect under thermoelectric coupling
conditions. On the one hand, when the c-axis is
parallel to the electron flow, the metal atoms have
the largest diffusion. The IMC layer at the cathode
was consumed and Cu atoms migrated to the anode
under the effect of electron wind force. As a result,
the IMC layer thickness increased fast at the anode.
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Fig. 9. The crystal orientation of reflowed S3 (a) EBSD orientation map; (b) (001) and (100) plane figures.
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Fig. 10. EM images of microstructure evolution of interfacial IMC layers after different EM coupling TM time of S3 (a, d) 0 d; (b, ) 3 d; (c, f) 6 d.
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During the process of migration, Cu and Sn atoms
reacted and formed CugSns in a solder matrix. In
addition, the protrusion of CugSns at the solder
matrix could release the stress of the solder matrix,
and decreased the surface energy. On the other
hand, the temperature gradient accelerated the
diffusion of Cu atoms from hot side to cold side,
which promoted the formation of IMC at the
interface between the cold side and solder matrix.
Due to the direction of electron flow and the
direction of temperature gradient having the same
directions, the atomic migration flux caused by
electron wind force (Jgy) and temperature gradient
(Jtm) could promote each other, which could be
expressed as the following formulas:

I =I5 + I (4)

anode and cold end

12.0 ' ' ' ' ' i
] Ml Anode & cold end

10.5- Il Cathode & hot end

IMC thickness/pm

0 3 6
Current stressing time/d

Fig. 11. The average thickness of interfacial IMC layers after
different EM coupling TM time of S3.

Cu _ Cu Cu
Jcathode andhotend — _JEM - JTM' (5)

Combined with the formulas, it indicated that the
thickness of the IMC layer at anode and cold side
became more and more thicker. Because the diffu-
sive fluxes of Cu atoms from cathode and hot side to
the anode and cold side were Jgy and Jry. As a
result, the Cu atoms accumulated at the anode and
cold side, leading to formation of planar layered
structure of the IMC layer at the interface. How-
ever, the IMC layer at the cathode and hot side was
consumed with the increase of thermoelectric cou-
pling times. At the cathode and hot side, the Cu
atoms migrated to anode and cold side, leading to
the lack of Cu atoms. The copper strip provided the
limitless supplement of Cu atoms for the EM and
TM, so the position of the IMC layer at the cathode
and hot side had changed. Hence, under the double
effects of electron wind force and temperature
gradient, the polarization effect becomes more seri-
ous than the single effect of EM or TM when the
direction of electron flow is parallel to c-axis
direction.

+ED and — TD

Figure 12 shows the EBSD orientation of S4 that
the c-axis of Sn was nearly parallel to the electron
flow direction. And the angle between c-axis and
electron flow was calculated as 4.24°. Figure 13
shows the anode and cathode interfacial microstruc-
ture evolution of sample 3 for different thermoelec-
tric coupling times. The interfacial IMC layers
formed at the anode (hot side) and the cathode (cold
side) after reflow, and the original average thick-
ness of the IMC layer were 3.90 ym and 3.89 um,
respectively. Moreover, the eutectic primary phase
also formed and randomly distributed at the solder
matrix. The evolution columnar of IMC layer
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Fig. 12. The crystal orientation of reflowed S4 (a) EBSD orientation map; (b) (001) and (100) plane figures.
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Anode & Cold end
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Fig. 13. EM images of microstructure evolution of interfacial IMC layers after different EM coupling TM time of S4 (a, d) 0 d; (b, €) 3 d; (c, f) 6 d.

thickness is shown in Fig. 14. Under the effect of
electron wind force, the metal atoms migrated from
the cathode to the anode, which caused the increase
of IMC layer thickness at the anode, and the
decrease of the cathode IMC layer thickness. In
addition, the atoms migrated from the hot side to
the cold side by the driving force of TM under the
temperature gradient condition. As a result, the
IMC layer thickness at the cold side and at the hot
side slightly changed. Moreover, under the thermo-
electric coupling conditions, the atomic migration
flux could be expressed as:

Cu _ 7Cu Cu
Janode andhotend — JEM - JTM’ (6)
Cu _ Cu Cu
Jcathode andcoldend — _JEM + JTM’ (7)

thus, at the anode and hot side, the final atomic
migration flux was offset from each other by Jmm

6.0 T T T T T
Bl Anode & hot end
Bl Cathode & cold end

45 -

IMC thickness/um
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Current stressing time/d

Fig. 14. The average thickness of interfacial IMC layers after
different EM coupling TM times of S4.
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and Jy. As a result, the thickness of IMC layer at
anode and hot side increased for 0.2 um. However,
at the cathode and cold side, the IMC layer thick-
ness decreased for 0.3 um. In addition, the CugSns;
in solder matrix just grew up under coupling stress
without obvious migration and polarization effect.
Therefore, the polarization effect could be reduced
when the direction of electron flow and the direction
of temperature gradient were opposite.

CONCLUSIONS

In this paper, the EM and TM behaviors of in line
type of SAC0307 solder joints under thermoelectric
coupling conditions were investigated and com-
pared. The growth of IMC layer at the interfaces
was mainly discussed at Sn-based solder joints with
the c-axis nearly parallel to the current and thermal
flow directions. Under the effect of EM, the evolu-
tion of interfacial IMC layers showed an obvious
polarization effect in the solder joint. The thickness
of the IMC layer at the anode increased 3.93 um.
Moreover, the Cu atoms tend to migrate from the
hot side to the cold side. Thus, the thickness of the
IMC layer at the cold side increased 1.72 ym. Under
the thermoelectric coupling conditions, the migra-
tion direction of Cu atoms was influenced by the
relative directions between EM and TM. When the
EM and TM were in the same direction, namely
+ Ep and + T, the thickness of the IMC layer at the
anode side (cold side) increased up to 7.67 um,
which indicated that the effect of thermal flow could
assist to accumulate the IMC at the anode side, and
accelerate the migration of Cu atoms. Under the
condition of + Ep and — Tp, TM counteracted the
effect of EM. The thickness of the IMC layer at the
anode side just increased 0.2 um. This research
could help to further understand the reliability
behaviors of SAC0307 solders under the service
environment.
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