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ARTICLE INFO ABSTRACT

Article history:

The growth kinetics of intermetallic compounds (IMCs) (CugSns and CusSn) 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
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field direction (denoted by magnetic flux density B) was arranged to be parallel and anti-parallel as well
as perpendicular to that of Cu diffusion. The results indicated that chemical compositions of the IMCs

g?’fg;gf' formed in magnetic fields were the same as those formed without magnetic field. The IMC growth rate in
Kinetics magnetic field was higher than that without magnetic field. And the activation energy for IMC growth in
Interconnect 12 T magnetic field was 43.29 kJ/mol, lower than 84.45 kJ/mol for IMC growth without magnetic field. The
Magnetic field accelerated IMC growth was independent of magnetic field direction. The phenomenon resulted from

Intermetallic compounds

promoted interfacial reaction by magnetic field.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Lead-free solder eutectic SnBi alloy is of interest in electronic
industry because of its advantages including low melting point
(139°C), excellent wetting performance and superior mechanical
properties. Previous studies, such as literatures [1-5], have indi-
cated that the IMC CugSns always forms (IMC CusSn also forms,
however it is too thin to be found), after Sn-based solder/Cu joint
is reflowed. The CugSns develops and Cu3Sn can be found between
CugSns and Cu substrate, when it is aged for long time. The mechan-
ical properties always drop greatly due to the excessive growth of
IMC layer [6,7]. So the interfacial reaction kinetics between sol-
der and Cu substrate is an important issue in reliability evaluation
of electronic device. Many studies indicated that the average IMC
thickness increased with the aging time, as described by Eq. (1).

H=ho+Ag4/exp (#)t" (1)

where hg presents initial thickness of IMC in the joint, after the joint

is reflowed; T, temperature; t, time; R, constant; H is the average
IMC thickness, after the interconnect is aged at T temperature for

* Corresponding author. Tel.: +86 24 89724198.
** Corresponding author. Tel.: +86 24 83682376.
E-mail addresses: chunzliu@yahoo.com (C.Z. Liu), wptong@mail.neu.edu.cn
(W.P. Tong).

0925-8388/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j,jallcom.2011.06.014

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

Q. _ d[In(dH/dt'/?)]
2R d(1/T)

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 caninfluence 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)

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 wm 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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Fig. 1. The schematic diagram of sandwich structured samples in the magnetic field (a); and the interfacial structures of eutectic SnBi/Cu interconnects in various conditions:
as reflowed (b); aged at 120°C for 70 h, without magnetic field (c); aged at 120°C for 70 h, at interface I (d); aged at 120°C for 70 h, at interface Il (e); aged at 120°C for 70 h,

at interface III (f).

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

magnetic field with maximum E of 12T, and a vacuum resistance furnace. The spec-
imens were aged at 85, 100 and 120°C for 7,38 and 70h in 0T and 12 T magnetic
fields, respectively. The specimens were also aged at 120°C in 6 T magnetic field for
comparative purpose. When the specimens were aged in magnetic fields, they were

arranged with their solder/Cu interfaces (I, II, IlI) perpendicular and parallel to the E
direction, as shown in Fig. 1(a). The interfacial structures of these specimens were
observed under JEOL JSN-7001F Scanning Electron Microscope (SEM). The chem-
ical 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
software Image pro plus 6.0.

3. Results and discussion

The interfacial structures of the eutectic SnBi/Cu joints in dif-
ferent conditions can be found in Fig. 1(b)-(f). The IMC layer in
as-reflowed condition, as shown in Fig. 1(b), was identified to be
CugSns by EDS and previous studies [3,6]. And its thickness was
about 1.31 wm. The solder alloy in the joint appeared to be eutec-
tic lamella structure. Fig. 1(c) indicated the interfacial structure of
the joint aged at 120°C for 70 h without magnetic field. The grain
size of the eutectic solder alloy developed after it was aged, com-
pared with that of the solder in as-reflowed condition, as shown
in Fig. 1(b). The average thickness of CugSns grew from 1.31 to
2.76 pm, and a new layer of CusSn identified by EDS and previous
studies appeared between CugSns and Cu substrate. The interfacial
structures of the interconnects aged at 120°C for 70 h in 12 T mag-
netic field can be found in Fig. 1(d)-(f). The solder alloys aged in 12 T
magnetic field appeared the same structure as that aged without
magnetic field, as shown in Fig. 1(c). The IMC layer was composed of
two sub-layers, CugSns and Cu3Sn. The results demonstrated that
chemical compositions of IMCs formed in interconnects aged in
high magnetic field were the same as those aged without mag-
netic field. The average thickness of IMC layer at interface I was
5.51 wm, while it was 5.53 um at interface Il and 5.83 pm at inter-
face III, respectively, when they were aged at 120°Cfor 70hin 12T
high magnetic field. The magnetic field directions do not signifi-
cantly influence the IMC thickness. The same situation occurred for
all samples aged at 85 and 100°C in 6 T and 12 T magnetic fields.
The relation curves between average thickness of the total IMC at
three interfaces aged at 85, 100 and 120°Cin 0T and 12 T magnetic
fields and square root of aging time were presented in Fig. 2. We
can find that the average thickness of IMC in eutectic SnBi/Cu joints
aged at 85,100 and 120°Cin 0T and 12 T magnetic fields increased
linearly with the square root of aging time. The slopes of curves
stand for the IMC growth rates. For the interconnects aged at 85,

100 and 120°C in 12T magnetic field, the IMC growth rates were
0.275, 0.361 and 0.524 wm/h'/2, respectively. They were greater
than that of IMC formed at 85, 100 and 120°C in OT magnetic
field, which were 0.048,0.083 and 0.164 Mm/hl/z, respectively. The
growth rate for IMC aged at 85°Cin 12 Twas 0.275 wm/h'/2, greater
than 0.164 wm/h'/2, which was growth rate for IMC aged at 120°C
in OT. The activation energies for them can be derived from these
databyEq.(2).They are 43.29 kJ/mol and 84.45 k]/mol, respectively.
These results demonstrated that the IMC growth in joints aged in
12T high magnetic field was accelerated. A part of the CugSns will
turn into Cu3Sn with Cu diffusion into CugSns, therefore the total
IMC growth kinetics is the same as that of CugSns in the solder joint.
The IMC growth kinetics for the joints aged at 120°Cin0,6and 12T
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 um/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 wm/h'/2 for IMC CuzSn, which can be found in the inset of
Fig. 3. However, the IMC growth rate was not linear dependence of
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.
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Fig. 2. The relation curves between average thickness of total IMC and square root
of aging time t'/2 for joints aged at different temperatures in 12T and O T magnetic
fields.
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Fig. 3. The relation curves between average thickness of total IMC and square root
of aging time t'/2 for joints aged at 120°C in 0, 6 and 12 T magnetic fields. The inset
is the kinetics for IMC CusSn in the joints aged at 120°C in 0, 6 and 12 T magnetic
fields.

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

magnetic field. This indicated that the E direction has no obvious
influence on the Cu diffusion. Diffusion and interfacial chemical
reaction are two processes for IMC formation and growth in the
solder/Cu joint. And these two processes will mutually affect each

other. We have known that E direction has no influence on Cu dif-
fusion. Then, we can confirm that the interfacial reactions occurred
at the interfaces in solder joints were enhanced by magnetic field.
During aging process, at interface CuzSn/Cu, Cu3zSn/CugSns and
CugSns/Solder, chemical reactions occur, respectively. The IMC for-
mation process was discussed in detail in literature [13]. Chemical
reaction includes many processes, such as atoms activation process,
meta-stable mid-reaction, etc. The rates of reactions do not entirely
depend on the dynamic energy factors. They are also affected by the
order of reaction system-entropy of the system [17]. According to
Lewis collision theory, the chemical reaction can occur, only when
the atoms (or molecules) involving in reaction collide with each
other in a proper direction. This kind of collision is effective. And
the reaction rates are dependent on the number of effective col-
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Fig. 4. The relation curve between total IMC growth rate in SnBi/Cu joint aged at
120°C and intensity of the magnetic field.

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 CugSns/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°Cin0 T and
12T high magnetic fields. From the present study high magnetic
fields can accelerate the growth rate of IMC CugSns 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.

Acknowledgments

This work is supported by the National Science Foundation of
China (50871026), the 111 Project (B07015), Foundation for the
Author of National Excellent Doctoral Dissertation of PR China
(200745), Program for New Century Excellent Talents in Univer-
sity (NCET-06-0288), and the Fundamental Research Funds for the
Central Universities (N090109001).

References

[1] K.N. Ty, K. Zeng, Mater. Sci. Eng., R 34 (2001) 1.
[2] Y.W. Wang, Y.W. Lin, C.R. Kao, ]. Alloys Compd. 493 (2010) 233.
[3] E.Hodilova, M. Palcut, E. Lechovit, B. Simekova, K. Ulrich, J. Alloys Compd. 509
(2011) 7052.
[4] J.W. Yoon, B.I. Noh, B.K. Kim, C.C. Shur, S.B. Jung, ]. Alloys Compd. 486 (2009)
142.
[5] C.C.Chang, Y.W. Lin, Y.W. Wang, C.R. Kao, J. Alloys Compd. 492 (2010) 99.
[6] C.Z.Liu, W. Zhang, M.L. Sui, J.K. Shang, Acta Metall. Sinica 41 (2005) 847.
[7] T.Y. Kang, Y.Y. Xiu, C.Z. Liu, L. Hui, ]J.J. Wang, W.P. Tong, J. Alloys Compd. 509
(2011) 1785.
[8] X.Li, Z.M. Ren, Y. Fautrelle, Y.D. Zhang, C. Esling, Mater. Lett. 64 (2010) 2597.
[9] CJ.Li, H. Yang, ZM. Ren, W.L. Ren, Y.Q. Wu, J. Alloys Compd. 505 (2010) 108.
[10] T. Liu, Q. Wang, A. Gao, H. Zhang, ].C. He, ]. Alloys Compd. 509 (2011) 5822.
[11] X.Li, Y. Fautrelle, Z.M. Ren, Y.D. Zhang, C. Esling, Acta Mater. 58 (2010) 2430.
[12] W.P. Tong, H. Zhang, J. Sun, J.C. He, ]. Mater. Res. 25 (2010) 11.
[13] K.N. Tu, R.D. Thompson, Acta Metall. 30 (1982) 947.
[14] C.Z.Liu, W. Zhang, ]. Mater. Sci. 44 (2009) 149.
[15] P.T. Vianco, K.L. Erickson, P.L. Hopkins, J. Electron. Mater. 23 (1994) 721.
[16] C.K. Chung, J.G. Duh, C.R. Kao, Scripta Mater. 63 (2010) 258.
[17] J. Benting, New Scientist 24 (1986) 30.



	Effect of high intensity magnetic field on intermetallic compounds growth in SnBi/Cu microelectronic interconnect
	1 Introduction
	2 Experimental procedures
	3 Results and discussion
	4 Conclusions
	Acknowledgments
	References


