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Abstract Electromigration (EM) in solder joints has
recently been recognized as a serious reliability issue in
the field of car electronics. EM in power modules is also
of concern for next-generation environmentally-friendly
vehicles. The current density of 10 kA/cm? is well-known
as the threshold for EM failure. Few researches have stud-
ied the EM behavior of solders at realistic current densities
lower than 10 kA/cm?. In the present study, EM in a Cu/
Ni plating/Sn—0.7Cu joint was investigated at low current
densities of 2.5 and 5.0 kA/cm?. It was found that even at a
low current density of 2.5 kA/cm?, severe EM damage can
be induced depending on Sn crystallographic orientation.
When the c-axis of Sn crystals was parallel to the direction
of electron flow, the solder detached at the cathode of the
joint operated at 2.5 kA/cm? for 2520 h. Conversely, when
the c-axis of Sn crystals was perpendicular to the direction
of electron flow, the solder did not detach in the joint until
after a much longer time of 8200 h. Thus, it was clarified
that the EM lifetime in a Cu/Ni plating/Sn—0.7Cu joint
when the c-axis of Sn crystals was parallel to the direction
of electron flow at a low current density of 2.5 kA/cm? was
about one-third that of the perpendicular orientation.
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1 Introduction

Electromigration (EM) in solder joints has been recognized
as a reliability issue in electronics. In the field of semicon-
ductors, EM has been studied extensively for decades to
understand and control it in metallization. EM is the move-
ment of metal atoms in the direction of electron flow, which
is termed “electron wind”, and results from momentum
transfer between conducting electrons and diffusing metal
atoms. The mean time to failure shortens as the tempera-
ture or current density increases, which is expressed well
by Black’s equation [1-4]. The current density of 10 kA/
cm? is a well-known threshold for solder EM failure [4].

In the future, logic devices such as microprocessor units
and graphic processing units will need to contain more than
10,000 input/output terminals to achieve the next level of
performance. Therefore, solder joints of flip chips will soon
need to be smaller than 50 pm in diameter, which will result
in high electric current density in the solder joints [5].

In environmentally-friendly vehicles, including hybrid
electric vehicles (HEVs), power modules with insulated
gate bipolar transistors (IGBTs) and diodes operate alter-
nating motors at currents above 200 A. Power modules are
usually mounted in engine compartments, where the tem-
perature is very high [6, 7]. Thus, power modules for HEVs
are exposed to an environment where EM readily occurs.
However, the current density of power semiconductors with
solder in double-sided cooling power modules varies from
0.24 to 0.4 kA/cm? [8-10]. Tt is therefore believed that the
influence of solder EM is minimal in this operating envi-
ronment because the current density is less than 10 kA/cm?.

To make sufficient space for the driver and passengers,
power modules for HEVs will be required to provide good
fuel efficiency and high power density simultaneously [11,
12]. Power modules can be miniaturized by integrating
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Fig. 1 Schematic of the 2-in-1
power module for HEV. a Over
view, b Cross-section of A-A
line

(a) Power terminal
/—%

Signal terminal

2-in-1 or 6-inl circuit compositions into one package. Fig-
ure la, b show schematic over view and cross-section of
2-in-1 power module for HEV where an emitter electrode
in the upper arm IGBT is joined to a collector electrode in
the lower arm IGBT with the solder [13, 14]. This lead-
frame joint with solder is smaller than power semiconduc-
tors. The current density of the lead-frame joint becomes
from 2.1 to 4.2 kA/cm? which displays approximately ten
times higher than that of power semiconductors.

Extension of EM lifetime is a major research topic
because it is well-understood that the complete suppression
of EM is not practical. Previous researches have revealed
that joints with under bump metallurgy, using materials
such as Ni and Ni/Ti, enhance the EM reliability of Sn—Cu,
Sn—Ag, and Sn—Pb solders at current densities higher than
10 kA/cm? [15-26]. However, few researches have studied
the EM behavior of solders and Ni plating at realistic cur-
rent densities lower than 10 kA/cm?. Therefore, here we
investigated solder EM and Ni diffusion in Cu/Ni plating/
Sn—0.7Cu joint at current densities lower than 10 kA/cm?.

2 Experimental procedure

Figure 2a, b show a photograph of the sample and sche-
matic cross-section of the cathode respectively. The elec-
trodes were made of oxygen-free copper (C1020) and had
a length of 1 mm and cross-section of 0.4x0.4 mm. The
soldering pad for the Cu electrode was finished with elec-
trolytic Ni/Au plating. The Ni plating was 7-13 pm thick.
Two electrodes were joined with a solder ball in a diameter
of 0.5 mm. The solder was M725 (Sn—0.7Cu-Ni-P, wt%;
Senjyu Metal Industry Co., Ltd.).

Figure 3 shows a scanning electron microscope (SEM)
image of the cross-section of a joint interface. The interme-
tallic compound (IMC) at the interface was about 4.5 pm
thick. Ni plating was ~9.0 pm thick after reflow. Energy-
dispersive X-ray spectroscopy (EDX) showed that the IMC
consisted of 34.4 at.% Ni—8.9 at.% Cu—56.7 at.% Sn. Thus,

(b) -
Lead-frame joint

Cu heat spreader with solder

Cu spacer

¢ Emitter Emitter

Epoxy resin

IGBT

Collector Collector

Solder Lower arm Upper arm Cu heat spreader
-~ 3
(@) Cu Solder Cu M

(b) e Electron flow

v

DINI

Cu Ni Solder

Fig. 2 a Photograph of the sample joint, b Schematic of the cathode
side. The arrow shows the electron flow direction

Fig. 3 Cross-sectional SEM image of the solder joint interface after
reflow
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the estimated IMC composition was (Ni,Cu);Sn,, confirm-
ing the sample composition in Fig. 2b.

We applied currents of 4.0 and 8.0 A to solder joints to
generate current densities of 2.5 and 5.0 kA/cm? respec-
tively. Each test sample was placed on a hot plate that
maintained the joint temperature at 150 °C when applying
direct current through the joint. The temperature profile of
the test sample was measured by a thermocouple. The ther-
mocouple was placed on one Cu electrode of the test sam-
ple. The change in resistance caused by EM was measured
by monitoring the voltage in the junction line between Cu/
solder/Cu joints. We defined the failure criterion as a 20%
increase in resistance from the initial value.

To study the EM behavior of solder joints, we ana-
lyzed them after applying a current density of 2.5 kA/
cm? at 150°C for 250, 750, and 1000 h. Cross-sections of
test samples were polished and studied using SEM, EDX,
and electron backscattered diffraction (EBSD) to measure
the Sn crystal orientation. Previous researches report the
control of the crystallographic orientation of Sn grains is
important after soldering [27, 28]. It is assumed that EM
will not affect the crystallographic orientation of Sn grains.
Therefore, the crystallographic orientation of Sn grains was
indexed after EM stress test. Figure 4 shows the relation-
ship between the cross-section of the solder and direction
of observation. The direction of observation is the normal
direction (ND) and electron flow is the transverse direction
(TD).

We checked for dissipation of the Ni plating in the test
sample with SEM. Ni plating dissipation A is defined as:

where d,, is the initial thickness of the Ni plating and d,
is the average thickness of the Ni plating after EM stress

test. The thickness of the Ni plating was measured at ten
locations.

e —
St N

RD
% TD
ND

Cu\_/Cu

Solder

Cross-section of the solder

TD : Electron flow direction
ND : Observation direction

Fig. 4 Observation and electron flow directions of Sn crystallo-
graphic orientation
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3 Results and discussion

3.1 Electromigration failure mode at low current
densities

Applying current densities of 5.0 and 2.5 kA/cm? to sam-
ples heated at 150 °C resulted in failure times of 950 and
2520 h respectively. Figure 5a, b show photographs of
failed samples after EM stress test. The solders detached
from the Cu cathode respectively. This trend agrees with
a previous research that reported the EM breakdown
mode in a Cu/Ni—P/Sn—-0.7Cu joint at a current density of
5.0 kA/cm? [29].

Figure 6a shows cross-sectional SEM (left) and
EBSD (right) images of the sample stressed at 5.0 kA/
cm? and 150°C for 950 h. In the EBSD image, the ori-
entation of large grains is shown by arrows in the unit
cell indicating the c-axes of Sn crystals. The c-axis of
Sn crystals for the TD was 44.1°. The c-axes of Sn crys-
tals was nearly parallel to the electron flow. Figure 6b
shows enlarged SEM image of the cathode. Ni plating
that remained after reflow disappeared. The Cu electrode
reacted with Sn to form Cu;Sn and (Cu,Ni),Sns IMCs.
Figure 6¢ shows an enlarged SEM image of the anode.
The layer of (Ni,Cu);Sn, IMC slightly grew thicker dur-
ing the EM stress test and was about 4.9 um. In addi-
tion, a (Cu,Ni)¢Sng IMC layer continuously formed on
(N1,Cu);Sn, until it was about 4.2 pm thick. Cu and Sn
atoms in the (Cu,Ni);Sns IMC at the cathode or in the
solder can be transferred by the electron flow.

Figure 7a shows cross-sectional SEM (left) and EBSD
(right) images of the sample stressed at 2.5 kA/cm? and

Solder

athode

e Electron flow
500 um

Fig. 5 Photographs of failed samples after operation at a 5.0 kA/cm?
and 150°C for 950 h and b 2.5 kA/ecm? and 150 °C for 2520 h
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Fig. 6 a Cross-sectional SEM (a)
(left) and EBSD (right) images
of a solder joint after 950 h

at 5.0 kA/cm® and 150°C. :
Enlarged SEM images of the b %

Cathode

cathode side and ¢ anode side.
In the EBSD image, the orienta-
tion of large grains is marked by
arrows in the unit cells indicat-
ing the c-axes of the Sn crystals

v

Solder

Fig. 7 a Cross-sectional SEM
(left) and EBSD (right) images
of a solder joint after 2520 h
at 2.5 kA/cm?* and 150°C.
Enlarged SEM images of the b
cathode side and ¢ anode side

Cathode

E

(b)

150°C for 2520 h. The c-axes of Sn crystals for the TD
were from 37.1° to 44.5°. The c-axes of Sn crystals were
nearly parallel to the electron flow. Figure 7b shows an
enlarged SEM image of the cathode. The breakdown

interface was in the solder and between the solder and
(Cugy 57Nig 43)¢Sns IMC. Sn atoms in the solder were
transferred by the electron flow, resulting in the formation
of voids at the cathode interface. Ni plating that remained
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after reflow disappeared or became thin (about 1.0 um
thick). The Cu electrode where Ni plating disappeared
reacted with Sn to form Cu;Sn and (Cug¢,Nijg)eSDs
IMCs. The (Ni,Cu);Sn, IMC remained on a thin Ni plat-
ing layer after EM stress test, and was about 7.5 um thick.
The layer of (Ni,Cu);Sn, IMC grew thicker after EM
stress test. Figure 7c shows an enlarged SEM image of
the anode. The layer of (Ni,Cu);Sn, IMC grew thicker
during EM stress test, and was about 6.2 um thick. In
addition, a (Cu,Ni)¢Sns IMC layer continuously formed
on (Ni,Cu);Sn, until it was about 5.7 pm thick. Cu and
Sn atoms in the (Cu,Ni);Sn, IMC at the cathode or in
the solder can be transferred by the electron flow. The Ni
plating was about 6.4 um thick, and became thinner com-
pared with that after reflow. These results agreed with
those at 5.0 kA/cm? and 150°C, as indicated in Fig. 6¢.

Ni atoms in the Ni plating at the cathode were trans-
ferred by EM and thermal diffusion. As a result, more Ni
plating disappeared at the cathode than at the anode. Thus,
EM accelerated the Ni diffusion in the Ni plating at the
cathode toward the solder.

3.2 Effect of Sn crystallographic orientation on EM
behavior

Figure 8 shows cross-sectional SEM (left) and EBSD
(right) images of the solder joint after EM testing at

(a)250 h
S —

@4

c-axis || e

Void area

@
=]

Solder

100 ym

2.5 kA/em? and 150°C. No samples exceeded the failure
criterion of a 20% increase in resistance from the initial
value. The void area is indicated by a dashed line in SEM
images. A void was observed at the cathode after 250 and
1000 h, but no void was detected after 750 h. The c-axes
of Sn crystals in the sample after 250 h were parallel to
the direction of electron flow (c-axis || ™). Conversely, the
c-axes of Sn crystals after 750 h were perpendicular to the
direction of electron flow (c-axis L e7). Figure 8c reveals
that the c-axes of Sn crystals after 1000 h had regions both
perpendicular (c-axis L e7) and parallel (c-axis || ¢7) to the
direction of electron flow. The parallel region had a con-
tinuous void between the solder and Cu electrode, while
the perpendicular region had no void. The void formed in
the solder and between the (Ni,Cu);Sn, IMC and solder at
the cathode is shown in Fig. 8d. The void formation in the
solder resulted from EM of Sn atoms toward the solder at
the anode and thermal diffusion of Sn atoms toward the Ni
plating at the cathode.

Figure 9 shows cross-sectional SEM (left) and EBSD
(right) images of the solder joint at the cathode after
250 h at 5.0 kA/cm? and 150°C. This sample did not
exceed the failure criterion of a 20% increase in resist-
ance from the initial value. The c-axes of Sn crystals
were nearly parallel to the direction of electron flow. The
void formed in the solder and between (Ni,Cu);Sn, IMC
and the solder. This result agreed with that at 2.5 kA/

(b)750 h

Fig. 8 Cross-sectional SEM (left) and EBSD (righr) images of a solder joint operated at 2.5 kA/cm? and 150°C for a 250 h, b 750 h, and ¢

1000 h. d Enlarged SEM image of the cathode side for a 250 h
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Fig. 9 Cross-sectional SEM
(left) and EBSD (right) images
of a solder joint after 250 h at
5.0 kA/em? and 150°C

1SkU

cm?, as indicated in Fig. 8d. The Cu electrode where Ni

plating disappeared reacted with Sn to form Cu;Sn and
(Cu,Ni)¢Sns IMCs. The electron flow at higher current
density of 5.0 kA/cm? accelerated the Ni diffusion in the
Ni plating at the cathode toward the solder. Further the
void formed between (Cu,Ni);Sns IMC and the solder.
The void formation resulted from EM of Sn atoms toward
the anode and thermal diffusion of Sn atoms toward
the Cu electrode at the cathode after Ni plating disap-
peared. Thus, voids appeared in the regions parallel to the

Fig. 10 a Cross-sectional SEM (a)
(left) and EBSD (right) images
of a solder joint after 8200 h
operating at 2.5 kA/cm? and
150°C. Enlarged SEM images
of the b cathode side and ¢
anode side

X158 108mm

(b)

(Ni,Cu);Sn,
Solder

Void

(N1,Cu);Sn,

10 pm

direction of electron flow even at a lower current density
than 10 kA/cm?.

We also applied a current density of 2.5 kA/cm? to
another sample at 150 °C for 8200 h. This sample did not
exceed the failure criterion of a 20% increase in resist-
ance from the initial value. Cross-sectional SEM (left)
and EBSD (right) images of a solder joint after operat-
ing for 8200 h at 2.5 kA/cm? and 150°C are shown in
Fig. 10a. The solder did not detach from the Cu elec-
trode, although voids formed at the cathode side. The

(Cu,Ni)sSn, (Cu,Ni)¢Sns v
(Ni,Cu),;Sn,

Solder
Solder ¢

b
(Ni,Cu),Sn, —

5

Void

10 um

@ Springer



12636

J Mater Sci: Mater Electron (2017) 28:12630-12639

c-axes of Sn crystals for the TD were from 80.8° to 87.1°
and were nearly perpendicular to the electron flow. Fig-
ure 10b shows an enlarged SEM image of the cathode. A
void formed between the solder and (Ni,Cu);Sn, IMC. Ni
plating at the cathode reacted the solder, resulting in the
growth of a (Ni,Cu);Sn, IMC. The Cu electrode formed
Cu;Sn and (Cu,Ni)¢Sns IMCs because of the disappear-
ance of the Ni plating. An enlarged SEM of the anode
is shown in Fig. 10c. The layer of (Ni,Cu);Sn, IMC was
about 25 um thick, which was thicker compared with
that after operating for 2520 h, as indicated in Fig. 7c.
Ni plating at the anode remained about 2.8 um thick, and
became thinner compared with that after reflow.

Thus, EM damage after 8200 h was smaller compared
with that after 2520 h, as indicated in Fig. 7a. The EM
damage depended on Sn crystallographic orientation. The
crystal anisotropy in Sn, which is a major component in
lead-free solder, is focused on here. Sn has a body-cen-
tered tetragonal crystal structure with lattice constants of
a=b=0.583 nm and ¢=0.318 nm, and displays highly
anisotropic diffusion with respect to the axis direction [30,
31]. For example, the diffusivity of Cu atoms along the
c-axis of Sn crystals is approximately forty times faster
than that along the a-axis at 160°C [32]. Thus, very fast
development of EM behavior has been observed along the
c-axis compared with that along the a and b-axes.

In the present study, the EM lifetime decreased by about
one-third even at a low current density of 2.5 kA/cm?
when the c-axis of Sn crystals was parallel to the direction
of electron flow. Thus, it was clarified that Sn orientation

Cathode

direction affected EM lifetime even at a current density
lower than 10 kA/cm?.

3.3 Dependence of Ni diffusion behavior in the Ni
plating on Sn crystallographic orientation

We investigated the Ni diffusion in the Ni plating toward
the solder at a current density of 2.5 kA/cm?. Figure 11a
shows a cross-sectional SEM image of the solder joint after
operating for 1000 h at 2.5 kA/cm? and 150 °C. Meanwhile,
Fig. 11b shows enlarged SEM (left) and EBSD (right)
images that reveal the c-axis of Sn crystals on the Ni plat-
ing was perpendicular to the electron flow. The Ni plat-
ing was about 5.9 um thick, which was thinner compared
with that after reflow. However, the Ni plating became
thin (about 3.6 um thick) and discontinuous, as shown in
Fig. 11c. The c-axis of Sn crystals on the Ni plating was
parallel to the electron flow. Thus, the c-axis of Sn crystals
appeared to affect not only the rate of Sn diffusion toward
the solder but also that of Ni diffusion.

Figure 12 shows the dissolution thickness of the Ni plat-
ing and the thickness of (Ni,Cu);Sn, IMC over different Sn
crystal orientations after operating for 1000 h at 2.5 kA/cm?
and 150°C. The dissolution thickness of Ni plating in the
perpendicular region at the cathode was 1.1 um, and was
nearly as the same as that of the anneal-only sample. How-
ever, the dissolution thickness in the parallel region at the
cathode was 3.4 um, which was about three times thicker
than that in the perpendicular region. The dissolution thick-
ness in the parallel region at the anode was 0.6 um, which

Fig. 11 a Cross-sectional SEM image of a solder joint after 1000 h operating at 2.5 kA/cm? and 150°C. b, ¢ Enlarged SEM (leff) and EBSD

(right) images of the solder
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Fig. 12 Dissolution thickness of the Ni plating and thickness of
(Ni,Cu);Sn, IMC over different Sn orientations after 1000 h operating
at 2.5 kA/cm® and 150°C

was as half that of the anneal-only sample. It has been
reported that the rate of Ni diffusion along Sn atoms in the
parallel region is seventy thousand times faster than that in
the perpendicular region [33], which is corroborated by the
trend in the present study. Thus, at the cathode, EM accel-
erated the Ni diffusion in the parallel region even at a cur-
rent density lower than 10 kA/cm?. At the anode, EM sup-
pressed Ni diffusion compared with that at the cathode and
for the anneal-only sample.

The thickness of (Ni,Cu);Sn, IMC in the perpendicular
region at the cathode was about 3.2 um and was nearly as
the same as that in the parallel region at the cathode. The
thickness of (Ni,Cu);Sn, IMC in the parallel region at the
anode was about 9.1 um and was thicker than that at the
cathode and of the anneal-only sample.

Although EM suppressed Ni dissolution at the anode,
the (Ni,Cu);Sn, IMC at the anode was thicker because of
the migration of Ni, Cu and Sn atoms from the cathode.
Meanwhile, although EM accelerated Ni dissolution in the
parallel region at the cathode, the thickness of (Ni,Cu);Sn,
IMC was as the same as that in the perpendicular region.
It was speculated that Ni of the Ni plating in the parallel
region at the cathode migrated toward the anode instead of
the growth of IMC at the cathode.

Thus, at the cathode, EM suppressed the growth the
(Ni,Cu);Sn, IMC regardless of Sn crystallographic orien-
tation. At the anode, EM accelerated the growth of IMC
compared with that at the cathode and for the anneal-only
sample even at a current density lower than 10 kA/cm?.

3.4 Breakdown mechanism of the cathode during EM
stress testing

Figure 13 shows a schematic of the damage process with
respect to the axis direction of Sn crystals at the cathode

(a) & >
c-axis
@ c-axis || e
Cu Ni  |(Ni,Cu),Sn,| solder | After reflow
c-axis .
c-axis L e ]
solder
(b) Void formation,
R c-axis
. [72]
Ni| (Ni,Cu);Sn, |[; @ I
. ot
- Rt
Cu solder §
' ' c-axis )
Ni (Ni,Cu);Sn, B
solder
Breakdown
(C) ai
: -axis
Cu | CusSn | (Cu,Ni);Sns |1 @
1
I solder
c-axis
Cu [Ni| Ni.Cu),Sn, [.
: solder

Void formation

Fig. 13 Schematic of the damage process with respect to the axis
direction of Sn crystals at the cathode after EM stress. a after reflow,
b, ¢ void formation and breakdown mode

during EM stress test. A (Ni,Cu);Sn, IMC formed at the Ni
plating interface after reflow. When the c-axis of Sn crys-
tals was parallel to the electron flow, EM accelerated the
Ni diffusion in the Ni plating and the transfer of Sn atoms
from the solder, resulting in void formation. Furthermore,
EM stress caused the Ni plating to disappear and Sn reacted
with the Cu electrode to form Cu;Sn and (Cu,Ni)Sns.
Finally, breakdown occurred between the solder and
(Cu,Ni)¢Sns IMC. When the c-axis of Sn crystals was
perpendicular to the electron flow, the rate of Ni diffusion
under EM stress was as the same as that for the anneal-only
sample. The rate of void formation at the solder interface
was slow and the effect of EM was very small.

4 Conclusions

In the present study, to investigate the EM behavior of a
solder, current densities of 5.0 and 2.5 kA/cm? were applied
to a Cu/Ni plating/Sn—0.7Cu joint at 150°C. The failure
times for joints exposed to current densities of 5.0 and
2.5 kA/cm? were 950 and 2520 h respectively. The break-
down interface was in the solder or between the solder and
(Cu,Ni)¢Sns IMC at the cathode. Ni plating at the cathode
disappeared or became thinner compared with that after
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reflow. The Cu electrode reacted with Sn and formed Cu;Sn
and (Cu,Ni)¢Sns IMCs after the Ni plating disappeared. Ni
plating at the anode became slightly thinner compared with
that after reflow. The region where the c-axis of Sn crystals
was parallel to the direction of electron flow had a continu-
ous void between the solder and (Cu,Ni)¢Sns IMC. In con-
trast, the region where the c-axis of Sn crystals was perpen-
dicular to the direction of electron flow had no void after
EM stress testing for 1000 h. Thus, the sample containing
the latter region displayed a long lifetime of 8200 h in EM
tests. EM accelerated the rate of Ni diffusion in the Ni plat-
ing at the cathode region where the c-axis of Sn crystals
was parallel to the direction of electron flow. At the anode,
EM suppressed Ni diffusion compared with that observed
at the cathode and for the anneal-only sample at 150°C.
However, at the cathode, EM suppressed the growth the
(Ni,Cu);Sn, IMC regardless of Sn crystallographic orien-
tation. At the anode, EM accelerated the growth of IMC
compared with that at the cathode and for the anneal-only
sample. Thus, the relationship between the c-axis of Sn
crystals and the direction of electron flow affected the rate
of Ni diffusion in the Ni plating toward the solder at the
cathode. Overall, we clarified that the EM lifetime in a Cu/
Ni plating/Sn—0.7Cu joint became shorter at a current den-
sity lower than 10 kA/cm? when the c-axis of Sn crystals
was parallel to the direction of electron flow.
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