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Electromigration Study in SnAg3.8Cu0.7 Solder Joints on
Ti/Cr-Cu/Cu Under-Bump Metallization
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This paper investigates the electromigration-induced failures of SnAg3.8Cu0.7
flip-chip solder joints. An under-bump metallization (UBM) of a Ti/Cr-Cu/Cu
trilayer was deposited on the chip side, and a Cu/Ni(P)/Au pad was deposited
on the BT board side. Electromigration damages were observed in the bumps
under a current density of 2 � 104 A/cm2 and 1 � 104 A/cm2 at 100°C and
150°C. The failures were found to be at the cathode/chip side, and the current
crowding effect played an important role in the failures. Copper atoms were
found to move in the direction of the electron flow to form intermetallic com-
pounds (IMCs) at the interface of solder and pad metallization as a result of
current stressing.
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INTRODUCTION

Flip-chip technology is used widely in the modern
electronics industry because of the higher packaging
density (more inputs/outputs), better performances,
smaller device footprints, and lower packaging
profiles. As the number of input/output pin counts
increase for the flip-chip products in the near future,
the bump pitch and the diameter of under-bump
metallization (UBM) will decrease accordingly be-
cause of the small contact area of the solder bumps.
The size of solder bumps in flip-chip technology is
approaching 50 µm in diameter. If a solder bump
is to carry a 0.2-A electrical current, its current
density will reach 104 A/cm2. The current density is
large enough to cause electromigration damage.
Therefore, the electromigration in flip-chip solder
bumps needs to be investigated urgently.1–3

Recent studies on electromigration in solder mate-
rials mainly focus on electric current effects upon
interfacial reactions and the eutectic SnPb solder.4–11

Because of the heightened awareness of environmen-
tal concerns, Pb-containing solders will be replaced
by Pb-free solders. The SnAg3.8Cu0.7 solder will be
one of the most promising lead-free solders for the

microelectronic packaging industry. However, little
research has been done on the electromigration of
SnAg3.8Cu0.7 solder bonded to Ti/Cr-Cu/Cu thin-
film UBM.12–14

This study examines the electromigration damage
in flip-chip SnAg3.8Cu0.7 bumps on Ti/Cr-Cu/Cu
UBM under the current density of 2 � 104 A/cm2

and 1 � 104 A/cm2at 100°C and 150°C. Current
crowding15–19 and polarity effect are also investi-
gated, and the possible failure mechanism will be
discussed in this paper.

EXPERIMENTAL PROCEDURE

A UBM of a Ti/Cr-Cu/Cu trilayer was deposited on
the chip side, and a Cu/Ni(P)/Au pad was electroless
plated on the BT board side. The solder bumps on
the chip were formed by printing solder paste
through a metal stencil and were reflowed in a
furnace at 250°C. The chips were then flipped over,
aligned to BT substrates, and reflowed again. The
reflow profile of the solder bumps is presented in
Fig. 1. Afterward, the package was filled with un-
derfill. The solder bumps were electrically connected
by an Al line in the chip, while a Cu line was used in
the BT board side. A schematic illustration of the
structure is shown in Fig. 2a, which shows that the
contact window in the chip side was 85 µm and 150
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µm for board side. The pitch for the sample was
400 µm. Figure 2b is a three-dimensional schematic
diagram of the bump pairs subjected to electromi-
gration testing in which the routes for the electrical
current are depicted. Two sets of bump pairs, Pair A
and Pair B, were employed for electromigration
study. The current paths for bump Pair A and Pair B
are indicated by the arrows in Fig. 2b.

Cross-sectioned bumps and whole-bump samples
were prepared for the electromigration test. Cross-

sectioned bumps refer to those bumps that had been
cross-sectioned first and then stressed. To investi-
gate the current crowding effect, two different cross
sections, i.e., cross-section A and cross-section B,
were prepared, as shown schematically in Fig. 2c.
The samples were stressed at 100°C or 150°C on a
hot plate in ordinary atmospheric conditions. The
calculated current density was 2 � 104 A/cm2 for the
contact opening on the chip side and 6.6 � 103 A/cm2

for the contact opening on the board side. Resistance
change caused by electromigration was monitored
every 10 sec during the current stressing. Electro-
migration damage was examined using a scanning
electron microscope (SEM). Energy dispersive spec-
troscopy (EDS) was used to determine the composi-
tion of intermetallic compounds (IMCs) and the
distribution of metal atoms.

RESULTS

Composition and Microstructure of the
Intermetallic Compound before Current
Stressing

Figure 3a illustrates the cross-sectional SEM
image of the SnAgCu solder bump before current
stressing. In the bulk solder, the composition of the
IMC was identified to be Cu6Sn5 with dissolution of
2–4 at.% of Ni. The Ag3Sn particles were also found
in the solder bump. Figure 3b and c shows the

Fig. 1. The reflow profile for the solder bumps.

Fig. 2. (a) The schematic cross-sectional view of a pair of solder bumps. (b) The schematic three-dimensional view of the position of conducting
lines related to the bumps: (1) Pair A and (2) Pair B. (c) The schematic three-dimensional view of a solder bump, defining cross-section plane A
and cross-section plane B used in this study.

a b c

Fig. 3. The cross-sectional SEM images of a solder bump before current stressing: (a) whole bump view, (b) enlarged image on the chip side,
and (c) enlarged image on the board side.
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enlarged SEM images of the chip side and the BT
board side, respectively. A layer of IMC with a thick-
ness of 0.7 µm was formed between the solder and
UBM interface at the chip side. On the BT board
side, the IMC of Cu6Sn5 with dissolution of 15–20
at.% of Ni was observed.

Electromigration in the Cross-Sectioned
Solder Bump

Figure 4a–d shows the microstructure evolution
in the cross-sectioned SnAgCu bump before and
after stressing by the current of 0.085 A for 20 h, 264
h, and 408 h at 100°C, respectively. The bump was
polished in cross-section plane A before stressing,
and the remaining cross-section area on the chip
side was measured by the cross-sectional UBM
length. Thus, the current density for the bump can
be obtained. The current density used to stress the
cross-sectioned bump is 2 � 104 A/cm2. The direction
of electron flow is from the chip side to the board
side, as shown in the left bump of Pair A in Fig. 2b.
Voids, formed at the solder and UBM interface after
reflow, can be seen in Fig. 4a. After stressing for
20 h, a hillock was observed at the chip side, as indi-
cated by the arrow in Fig. 4b. From EDS analysis,
this hillock contained both Sn and Al. As shown in
the left bump in Fig. 2b, the electrons enter the
bump from the back left corner of the UBM on the
chip side, migrating both Al and Sn atoms to form
the hillock. After stressing for 264 h, no further

damage was observed, as shown in Fig. 4c. However,
after 408 h of stressing, the solder bump failed. In
the upper left corner of the bump in Fig. 4d, a large
void was observed, which may be responsible for
the failure of the Pair A bump. Figure 5a shows the
enlarged SEM images of the rectangular area in
Fig. 4d. The surface of the void appears to be very
smooth; from which, it may be inferred that the
vicinity underwent a liquid state before failure oc-
curred. Furthermore, some tiny solder balls were
found on the surface near the void, which implies
that the local temperature in the void may surpass
the melting point of the solder at the moment of
failure. Figure 5b shows the corresponding x-ray
mapping for Al atoms. The migration of Al atoms
can be clearly seen in the figure.

To examine the polarity effect, the current direc-
tion was reversed for the other bump of Pair A, i.e.,
the direction of electron flow goes from board side to
chip side. Figure 6a–d shows the microstructure
evolution before and after current stressing for
20 h, 264 h, and 408 h at 100°C, respectively. The
Al was squeezed out at the chip/anode side after
stressing. Figure 7a and b shows the enlarged SEM
images of the damage and the corresponding x-ray
mapping for Al at the interfacial region. On the
board side, no obvious electromigration damage was
found for the preceding two bumps. This may be at-
tributed to the lower current density on the board
side.

Fig. 4. The cross-sectional SEM images of the solder bump stressed at 100°C for (a) 0 h, (b) 20 h, (c) 264 h, and (d) 408 h.

Fig. 5. (a) The enlarged SEM image of the rectangular area in Fig. 4d, and the corresponding x-ray mapping of (b) Al.
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Electromigration in Whole Bump

In the Pair B case, the set of whole bumps were
stressed at the current density of 1 � 104 A/cm2

until failure occurred. Afterwards, they were subject
to cross sectioning for failure analysis. Figure 8a
shows the cross-sectional SEM image of the solder
bump along cross-section plane A. The bump failed
after stressing for 140 h at 100°C and was then
ground, cut, and polished away approximately 1/3
volume of the solder bump. The Cu-Sn IMCs were
accumulated at the anode/board side, which implies
that the copper atoms on the chip side and in the
solder were caused to migrate by the electron flow to
the board side.

To examine the microstructure beneath the cross-
sectioned surface in Fig. 8a, further polishing was
performed. Figure 8b and c shows the microstruc-
tures after polishing away half the volume and two-
thirds the volume of the solder bump. Comparing
both figures, cracks appear to be larger as the bump
was polished down.

Figure 9 shows the cross-sectional SEM image of
the solder bump along cross-sectioned plane B. The
solder bump failed after 42 h of current stressing at
150°C. Because the test temperature was raised
to 150°C, the failure time decreased from 140 h at
100°C to 42 h. Obviously, the voids at the right are
much bigger than the ones on the left as the result
of the current crowding effect.

DISCUSSION

Current Crowding Effect on Bump Failure

In the case of the cross-sectioned bump, the solder
bump failed after 408 h of current stressing, as
shown in Fig. 4a–d. The corresponding schematic
picture of the bump is shown in the left bump of Pair
A in Fig. 2b, where the electrons crowded into the
bump from the upper left, back corner. At the early
stage of current stressing, it was speculated that
atoms around the corner migrated to the board/
anode side, and voids started to form at the point
where the current crowding occurred. As voids aggre-
gated to form cracks, the contact area on the chip side
decreased, forming a vicious cycle that deteriorated
the contact. As the cracks moved toward the cross-
sectioned surface, current density increased dramati-
cally, heating up the bump locally because of joule
heating. It is believed that the local temperature at
the failure site was ramped over the melting point
of the solder before failure because there were tiny
solder balls observed near the voids. Furthermore,
the surface morphology of the void has a smooth
appearance, which also implies that the solder may
have been in a molten state before the failure.

In Fig. 9, voids at the upper right corner are much
bigger than those at the upper left corner. This may
be the result of current crowding, where the elec-
trons crowded into the bump from the upper right

Fig. 6. The cross-sectional SEM images of the solder bump stressed at 100°C for (a) 0 h, (b) 20 h, (c) 264 h, and (d) 408 h.

Fig. 7. (a) The magnified SEM image of the rectangular area in Fig. 6d and (b) are the x-ray elemental mapping for Al at interfacial
region in (a).
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corner of the bump. At the board side in Fig. 9, the
Cu-Ni-Sn IMC grew thicker at the lower right cor-
ner, which was attributed to the current crowding
on the board side.

Temperature Effect on Failure and
Microstructure of the Bumps

The results for the measured resistance of the
stressing circuit as a function of stressing time is
shown in Fig. 10. Although the resistance included
both the resistance of the conduction lines and that
of the bump pair, it was still observed that the fail-
ure time depended on the dramatic increase of the
resistance. As expected, the bump failed within 42 h
of stressing time at 150°C and within 142 h at 100°C
because the diffusivity of metal atoms are larger at
high temperature. To examine the microstructure
changes caused by the thermal effect, reference
bumps were employed to undergo a similar thermal
history during current stressing. Figure 11 shows
the microstructure changes resulting from the ther-
mal effect only. The bump was kept at 150°C for 42 h,
and no obvious microstructure change was observed.

Interface Analysis after Current Stressing

An enlarged image of the chip side of the bump in
Fig. 8c is shown in Fig. 12. The crack was found at
the solder/IMC interface. Above the crack, the EDS

composition analysis at points 1 and 2 indicated
that there were Al, Ti, Cr, Cu, and Sn in this region.
It is believed that Al, Ti, and Cr atoms migrated by
the electron flow into the IMC. Because Cu atoms
were caused by the electron flow to migrate toward
the board side to form a Sn-Cu compound, the
analysis at points 3 and 4 revealed that only Sn and

Fig. 8. The cross-sectional SEM image of the solder bump stressed at 100°C for 140 h: (a) after polishing to one-third of the bump volume, (b)
after polishing half of the bump volume, and (c) after polishing two-thirds of the bump volume.

Fig. 9. The cross-sectional SEM image of the solder bump stressed
at 150°C for 42 h.

Fig. 10. The measured resistance of the stressing circuit as a func-
tion of stressing time.

Fig. 11. The cross-sectional SEM image of the reference bump. The
bump was kept at 150°C for 42 h.
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Ag atoms were detected at this region. The composi-
tion of these points in the solder is shown in Table I.

CONCLUSIONS

The electromigration-induced failures in SnAg3.8
Cu0.7 solder joints on Ti/Cr-Cu/Cu have been inves-
tigated under current density of 1 � 104 A/cm2 and
2 � 104 A/cm2 at 100°C and 150°C. The bumps failed
at the chip/cathode side. Cracks occurred along the
solder and UBM interface, which led to the open
failure of the bump. The current crowding effect
played an important role in the failure. However,
the electron flow does not cause apparent damage
at the board side because of a much lower current
density there than that in the chip side.
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Fig. 12. The enlarged SEM image of the chip side in Fig. 8c

Table I. The Composition of Solder at Points 1–4

Point 1 (at. %) Point 2 (at. %) Point 3 (at. %) Point 4 (at. %)

Al 11.66 9.04 not detected not detected
Ti 5.54 4.19 not detected not detected
Cr 14.41 16.47 not detected not detected
Cu 14.00 14.65 not detected not detected
Sn 54.39 55.74 98.39 98.15
Ag not detected not detected 1.61 1.85
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