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a  b  s  t  r  a  c  t

The  growth  kinetics  of  intermetallic  compounds  (IMCs)  (Cu6Sn5 and  Cu3Sn)  in eutectic  Sn58  wt.%Bi/Cu
joints  were  studied,  after  they  were  aged  at 85, 100  and  120 ◦C for different  times  in  0,  12 Tesla  (T)
magnetic  fields,  respectively.  The  Cu  is  believed  to be dominant  species,  when  Cu  and  Sn  inter-diffuse
to  form  IMCs  in  the interconnect.  When  the solder  joints  were  aged in the  magnetic  field,  magnetic

field  direction  (denoted  by magnetic  flux  density
→
B) was  arranged  to be parallel  and  anti-parallel  as  well
eywords:
iffusion
inetics

nterconnect
agnetic field

as perpendicular  to that of  Cu  diffusion.  The  results  indicated  that chemical  compositions  of  the  IMCs
formed  in  magnetic  fields  were  the same  as those  formed  without  magnetic  field. The  IMC growth  rate  in
magnetic field  was  higher  than  that  without  magnetic  field.  And  the  activation  energy  for  IMC  growth  in
12 T magnetic  field  was  43.29  kJ/mol,  lower  than  84.45  kJ/mol  for IMC growth  without  magnetic  field.  The
accelerated  IMC growth  was  independent  of  magnetic  field  direction.  The  phenomenon  resulted  from

tion  b
ntermetallic compounds promoted  interfacial  reac

. Introduction

Lead-free solder eutectic SnBi alloy is of interest in electronic
ndustry because of its advantages including low melting point
139 ◦C), excellent wetting performance and superior mechanical
roperties. Previous studies, such as literatures [1–5], have indi-
ated that the IMC  Cu6Sn5 always forms (IMC Cu3Sn also forms,
owever it is too thin to be found), after Sn-based solder/Cu joint

s reflowed. The Cu6Sn5 develops and Cu3Sn can be found between
u6Sn5 and Cu substrate, when it is aged for long time. The mechan-

cal properties always drop greatly due to the excessive growth of
MC  layer [6,7]. So the interfacial reaction kinetics between sol-
er and Cu substrate is an important issue in reliability evaluation
f electronic device. Many studies indicated that the average IMC
hickness increased with the aging time, as described by Eq. (1).

 = h0 + A0

√
exp

(−Qa

RT

)
tn (1)
here h0 presents initial thickness of IMC  in the joint, after the joint
s reflowed; T, temperature; t, time; R, constant; H is the average
MC  thickness, after the interconnect is aged at T temperature for
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time t. For most interconnects, the total IMC  thickness values is a
linear function of the

√
t. So n value in equation is 1/2, Qa value

(activation energy) can be drawn from following Eq. (2):

− Qa

2R
= d[ln(dH/dt1/2)]

d(1/T)
(2)

With the development of new technology, many electronic
devices have to work in the more complicated electromagnetic
environment. Many papers [8–12] have showed that the high
magnetic field can influence the metallurgical processes and signifi-
cantly change the thermodynamic conditions of materials. Very few
researches have been reported about the effect of magnetic field
on the IMC  growth in eutectic SnBi/Cu joint applied in electronic
packaging. In this paper, a phenomenon of the IMC  growth behav-
ior in eutectic SnBi/Cu interconnect aged in high magnetic field is
reported. This will be helpful to the design and choices of lead-free
solder alloys for electronic devices in complicated electromagnetic
condition.

2. Experimental procedures

The Cu sheets used in the study were pure, highly conductive and oxygen free.
They were ground and polished with 0.5 �m diamond paste. The sandwich struc-
tured Cu/Solder/Cu joint was prepared by placing commercial eutectic SnBi solder

paste on one of two  Cu sheets. Several shims were placed on the Cu sheet to con-
trol  the thickness of solder paste. Then two Cu sheets were aligned and clamped
together. The reflow process was conducted at 170 ◦C for 5 min to reflow the sol-
der  paste. The sample in this stage was in as-reflowed condition. Then it was cut
into small pieces and aged in a special furnace. This furnace consists of a supercon-
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the intensity of the magnetic field (see Fig. 4).
Many studies [13–16] have revealed that Cu diffusion is domi-

nant in the Sn/Cu inter-diffusion couple during the aging process.

At interface I, the
→
B direction was  reverse to that of Cu diffusion.
ig. 1. The schematic diagram of sandwich structured samples in the magnetic field
s  reflowed (b); aged at 120 ◦C for 70 h, without magnetic field (c); aged at 120 ◦C fo
t  interface III (f).

ucting magnetic device (JMTD-12T 100, JASTEC, Japan) which can generates a high

agnetic field with maximum
→
B of 12 T, and a vacuum resistance furnace. The spec-

mens were aged at 85, 100 and 120 ◦C for 7, 38 and 70 h in 0 T and 12 T magnetic
elds, respectively. The specimens were also aged at 120 ◦C in 6 T magnetic field for
omparative purpose. When the specimens were aged in magnetic fields, they were

rranged with their solder/Cu interfaces (I, II, III) perpendicular and parallel to the
→
B

irection, as shown in Fig. 1(a). The interfacial structures of these specimens were
bserved under JEOL JSN-7001F Scanning Electron Microscope (SEM). The chem-
cal compositions of IMCs were analyzed by energy dispersive X-ray spectroscopy
EDS). The average thickness of the IMC  layer was  measured by using image analysis
oftware Image pro plus 6.0.

. Results and discussion

The interfacial structures of the eutectic SnBi/Cu joints in dif-
erent conditions can be found in Fig. 1(b)–(f). The IMC  layer in
s-reflowed condition, as shown in Fig. 1(b), was identified to be
u6Sn5 by EDS and previous studies [3,6]. And its thickness was
bout 1.31 �m.  The solder alloy in the joint appeared to be eutec-
ic lamella structure. Fig. 1(c) indicated the interfacial structure of
he joint aged at 120 ◦C for 70 h without magnetic field. The grain
ize of the eutectic solder alloy developed after it was aged, com-
ared with that of the solder in as-reflowed condition, as shown

n Fig. 1(b). The average thickness of Cu6Sn5 grew from 1.31 to
.76 �m,  and a new layer of Cu3Sn identified by EDS and previous
tudies appeared between Cu6Sn5 and Cu substrate. The interfacial
tructures of the interconnects aged at 120 ◦C for 70 h in 12 T mag-
etic field can be found in Fig. 1(d)–(f). The solder alloys aged in 12 T
agnetic field appeared the same structure as that aged without
agnetic field, as shown in Fig. 1(c). The IMC  layer was  composed of

wo sub-layers, Cu6Sn5 and Cu3Sn. The results demonstrated that
hemical compositions of IMCs formed in interconnects aged in
igh magnetic field were the same as those aged without mag-
etic field. The average thickness of IMC  layer at interface I was
.51 �m,  while it was 5.53 �m at interface II and 5.83 �m at inter-
ace III, respectively, when they were aged at 120 ◦C for 70 h in 12 T
igh magnetic field. The magnetic field directions do not signifi-
antly influence the IMC  thickness. The same situation occurred for
ll samples aged at 85 and 100 ◦C in 6 T and 12 T magnetic fields.
he relation curves between average thickness of the total IMC  at
hree interfaces aged at 85, 100 and 120 ◦C in 0 T and 12 T magnetic
elds and square root of aging time were presented in Fig. 2. We

an find that the average thickness of IMC  in eutectic SnBi/Cu joints
ged at 85, 100 and 120 ◦C in 0 T and 12 T magnetic fields increased
inearly with the square root of aging time. The slopes of curves
tand for the IMC  growth rates. For the interconnects aged at 85,
d the interfacial structures of eutectic SnBi/Cu interconnects in various conditions:
, at interface I (d); aged at 120 ◦C for 70 h, at interface II (e); aged at 120 ◦C for 70 h,

100 and 120 ◦C in 12 T magnetic field, the IMC growth rates were
0.275, 0.361 and 0.524 �m/h1/2, respectively. They were greater
than that of IMC  formed at 85, 100 and 120 ◦C in 0 T magnetic
field, which were 0.048, 0.083 and 0.164 �m/h1/2, respectively. The
growth rate for IMC  aged at 85 ◦C in 12 T was 0.275 �m/h1/2, greater
than 0.164 �m/h1/2, which was growth rate for IMC  aged at 120 ◦C
in 0 T. The activation energies for them can be derived from these
data by Eq. (2).  They are 43.29 kJ/mol and 84.45 kJ/mol, respectively.
These results demonstrated that the IMC  growth in joints aged in
12 T high magnetic field was  accelerated. A part of the Cu6Sn5 will
turn into Cu3Sn with Cu diffusion into Cu6Sn5, therefore the total
IMC  growth kinetics is the same as that of Cu6Sn5 in the solder joint.
The IMC  growth kinetics for the joints aged at 120 ◦C in 0, 6 and 12 T
magnetic fields was presented in Fig. 3. We can find that the IMC
growth rate increased with the magnetic intensity increasing. They
were 0.164, 0.255 and 0.524 �m/h1/2, for total IMC  aged at 120 ◦C
in 0, 6 and 12 T magnetic fields, while they were 0.071, 0.084 and
0.114 �m/h1/2 for IMC  Cu3Sn, which can be found in the inset of
Fig. 3. However, the IMC  growth rate was not linear dependence of
Fig. 2. The relation curves between average thickness of total IMC  and square root
of  aging time t1/2 for joints aged at different temperatures in 12 T and 0 T magnetic
fields.
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Fig. 3. The relation curves between average thickness of total IMC  and square root
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f  aging time t1/2 for joints aged at 120 ◦C in 0, 6 and 12 T magnetic fields. The inset
s  the kinetics for IMC Cu3Sn in the joints aged at 120 ◦C in 0, 6 and 12 T magnetic
elds.

t interface II, it was the same as Cu diffusion direction, while
t was perpendicular to the Cu diffusion direction at interface III.
he IMC  thickness at three interfaces was nearly the same, when
hey were aged at the same temperature for the same time in the

agnetic field. This indicated that the
→
B direction has no obvious

nfluence on the Cu diffusion. Diffusion and interfacial chemical
eaction are two processes for IMC  formation and growth in the
older/Cu joint. And these two processes will mutually affect each

ther. We  have known that
→
B direction has no influence on Cu dif-

usion. Then, we can confirm that the interfacial reactions occurred
t the interfaces in solder joints were enhanced by magnetic field.
uring aging process, at interface Cu3Sn/Cu, Cu3Sn/Cu6Sn5 and
u6Sn5/Solder, chemical reactions occur, respectively. The IMC  for-
ation process was discussed in detail in literature [13]. Chemical

eaction includes many processes, such as atoms activation process,
eta-stable mid-reaction, etc. The rates of reactions do not entirely

epend on the dynamic energy factors. They are also affected by the
rder of reaction system-entropy of the system [17]. According to

ewis collision theory, the chemical reaction can occur, only when
he atoms (or molecules) involving in reaction collide with each
ther in a proper direction. This kind of collision is effective. And
he reaction rates are dependent on the number of effective col-

ig. 4. The relation curve between total IMC  growth rate in SnBi/Cu joint aged at
20 ◦C and intensity of the magnetic field.

[
[
[
[
[
[
[
[
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lision between them. The high magnetic field can affect unpaired
electron spin of all the atoms (or molecule) involving in the reac-
tion. We  knew that Sn and Cu, which are main elements in the
reaction under investigation, are paramagnetic and diamagnetic,
respectively. When the joint was  aged in high intensity magnetic
field, the Cu and Sn atoms were forced to rotate to a direction and
in which more Cu and Sn atoms can collide in a proper relative
position to make the collision effective. So a part or all of chemi-
cal reaction rates at the interfaces were accelerated in the solder
joint by the magnetic field. And it was  external high magnetic field
that forced the Sn and Cu atoms involving in the reaction to rotate
and collide effectively. When magnetic field direction changed, Cu
and Sn atoms may  rotate to other direction. But their proper rel-
ative position in which they collide effectively was  not changed.
In other direction, they also can collide effectively. That is why
we can find IMC  growth rates at three interfaces were the same
and all enhanced. The magnetic field affected the atom activa-
tion process for chemical reaction. The accelerated reactions would
consume more Cu atoms and decrease the Cu concentrations at
interfaces, especially that at Cu6Sn5/solder interface. Then the Cu
concentration gradient increases in IMC  phases. The increased Cu
concentration gradient would accelerate the Cu atoms diffusion to
compensate the loss of Cu atoms due to more IMC formation. Con-
sequently, the total IMC  in high magnetic field grew faster than that
did without magnetic field.

4. Conclusions

In summary, the IMC  growth behavior in Sn58 wt.%Bi/solder
joint was  examined, after it was aged at 85, 100 and 120 ◦C in 0 T and
12 T high magnetic fields. From the present study high magnetic
fields can accelerate the growth rate of IMC  Cu6Sn5 and Cu3Sn by
promoting the interfacial reaction rates in the solder joint without
influencing the chemical compositions of these IMCs. The activa-
tion energy for IMC  growth in eutectic SnBi/Cu interconnect aged in
12 T magnetic field was 43.29 kJ/mol, while it was 84.45 kJ/mol for
the joints aged without magnetic field. The accelerated IMC  growth
was independent of the magnetic field direction.
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