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The Cu pillar is a thick underbump metallurgy (UBM) structure developed to
alleviate current crowding in a flip-chip solder joint under operating condi-
tions. We present in this work an examination of the electromigration reli-
ability and morphologies of Cu pillar flip-chip solder joints formed by joining
Ti/Cu/Ni UBM with largely elongated ~62 yum Cu onto Cu substrate pad
metallization using the Sn-3Ag-0.5Cu solder alloy. Three test conditions that
controlled average current densities in solder joints and ambient tempera-
tures were considered: 10 kA/cm? at 150°C, 10 kA/cm? at 160°C, and 15 kA/cm?
at 125°C. Electromigration reliability of this particular solder joint turns out
to be greatly enhanced compared to a conventional solder joint with a thin-
film-stack UBM. Cross-sectional examinations of solder joints upon failure
indicate that cracks formed in (Cu,Ni)gSns or CugSns intermetallic compounds
(IMCs) near the cathode side of the solder joint. Moreover, the ~52-um-thick
Sn-Ag-Cu solder after long-term current stressing has turned into a combi-
nation of ~80% Cu-Ni-Sn IMC and ~20% Sn-rich phases, which appeared in
the form of large aggregates that in general were distributed on the cathode
side of the solder joint.
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INTRODUCTION

The implementation of Pb-free solder alloys in a
flip-chip package has recently become a topic of
interest in the electronic packaging industry, for
which the durability of these solder joints under
high-current stressing represents one of the major
reliability concerns.' Favorable Pb-free solder alloys
fall into two categories, namely, the Sn-Ag and Sn-
Ag-Cu families. Both show the advantages of good
processability and high reliability. The Sn-Ag-Cu
family in particular has become the most favored as
a substitute for conventional Sn-Pb solders in recent
years.

Several studies have addressed the electromigra-
tion issue of Sn-Ag-Cu flip-chip solder joints (e.g.,
Refs. 2-7). Similar to Sn-Pb solder joints, the high
current density induced by current crowding (e.g.,
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Refs. 8-11) around the thin-film-stack underbump
metallurgy (UBM) at the chip side has been identi-
fied as a crucial driving force responsible for the
failure of these solder joints.”” In response to this
critical and general electromigration-induced fail-
ure in flip-chip solder joints, the thick Cu pillar
UBM has been proposed to alleviate current
crowding and consumption of UBM as well.'*!? The
Cu pillar UBM structure also allows fine-pitch and
high-density input/outputs (I/Os); nevertheless, the
thermomechanical and mechanical reliability of
solder joints with this particular UBM structure
still remains an open issue.

In this work, we present electromigration reli-
ability and morphologies of flip-chip solder joints
formed by joining Ti/Cu/Ni UBM with largely elon-
gated ~62 ym Cu onto Cu substrate pad metalliza-
tion using the Sn-3Ag-0.5Cu solder alloy. Three
test conditions that controlled average current
densities in solder joints and ambient temperatures
were considered: 10 kA/cm? at 150°C, 10 kA/cm? at
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Al/Ti

Fig. 1. Schematic of a Cu pillar solder joint.

160°C, and 15 kA/cm? at 125°C. Energy-dispersive
x-ray spectroscopy (EDS) was employed to identify
microstructural compositions on cross-sectioned
solder joints upon failure.

ELECTROMIGRATION EXPERIMENTS

The test vehicle employed in electromigration
experiments was a 27 mm x 27 mm x 1.39 mm
flip-chip package, which involves a 7.62 mm x
7.62 mm x 0.73 mm silicon chip interconnected to a
0.56-mm-thick substrate with 720 solder joints in
the soldermask-defined configuration. The pitch
between adjacent solder joints is 270 um. In the
present case, the Cu pillar UBM is a Ti/Cuw/Ni tri-
layer metallization stack with a largely elongated
Cu layer. As shown schematically in Fig. 1, the
diameter and passivation opening of the Cu pillar
UBM were 105 um and 90 um, respectively. The tip
of the ~62-um-thick plated Cu pillar was coated
subsequently with a ~4-um-thick Ni layer and the
Sn-3Ag-0.5Cu solder alloy, which was then reflowed
to form a solder bump. The solder joint was formed
by joining the Cu pillar UBM along with the solder
bump onto a ~25-um-thick Cu substrate pad met-
allization with a soldermask opening of ~110 um.
The substrate pad metallization features the solder
on pad (SOP) surface treatment, i.e., with printed
Sn-3Ag-0.5Cu presolder on the pad surface. The
Sn-Ag-Cu solder in the Cu pillar solder joint was
~52 um thick.

15kV X650 20um

Fig. 2. Cross-sectional view of an as-assembled Cu pillar solder
joint.
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The cross-sectional view of an as-assembled Cu
pillar solder joint is shown in Fig. 2. Microstruc-
tures within the solder joint included (Cu,Ni)gSns
intermetallic compound (IMC), CugSns IMC, AgsSn
IMC, and the nearly pure Sn matrix. Due to the
presence of the Ni diffusion-barrier layer,
(Cu,Ni)gSns was formed on the interface between Ni
and the solder on the UBM side. Plate-type AgsSn
and scallop-type CugSns were observed near the
interface between the solder and Cu substrate pad
metallization. A few CugSns phases formed near the
brim of the Cu pillar in contact with the solder.
From the figure, it is apparent that the presence of
AgsSn depressed the formation of CugSns,'* and
therefore the structure of (Cu,Ni)gSns on the UBM
side was more compact than that of CugSns on the
substrate side, in particular at the location beneath
the AgsSn plate. Moreover, we have observed that
the AgsSn plate formed exclusively near the sub-
strate side whereas none was observed near the
UBM side. This may be attributed to the different
cooling rates around the UBM and substrate sides of
the solder joint upon solidification, but at present
we are unable to identify the cause with certainty.

Figure 3 shows the layout of circuits and joints on
the flip-chip test vehicle. Only a single daisy chain
at the edge of the chip on the encompassed region
shown in Fig. 3 was electrified with a constant
direct-current (DC) electric current. Figure 4 shows
the configuration of this particular electrified daisy
chain and the directions of DC current and electron
flow, which are opposite from each other. Note that
in V1+ and V2+ joints, electrons flow from the UBM
to the substrate while in V1— and V3— joints they
flow from the substrate to the UBM. The current
bypasses the V2—/V3+ joint on the chip side. Indi-
vidual electrical resistances on the three sections
labeled R{, Ry, and R3 were monitored in situ, and
the experiments were terminated once the resis-
tance of each of these three sections exceeded
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Fig. 3. Layout of circuits and joints.
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Fig. 4. Electrified daisy chain and directions of DC current and electron flow.

2 Q.5771%16 OQur experience shows that this failure
criterion refers to the open-circuit failure rather
than the failure corresponding to partial defects in
the solder joint system, formed during current
stressing.

Test vehicles were placed in a furnace to control the
ambient temperature. In this work, we consider three
test conditions with different average current densi-
ties in solder joints and ambient temperatures:
10 kA/em® at 150°C, 10 kA/cm? at 160°C, and 15 kA/em®
at 125°C. The average current densities were calcu-
lated using the passivation opening area as a refer-
ence. In the present case, 10 kA/cm? and 15 kA/cm?
refer to constant DC current stressing of 0.64 A and
0.96 A, respectively. For each of the three test con-
ditions, 22 samples were prepared.

ELECTROMIGRATION RELIABILITY AND
MORPHOLOGIES

Weibull cumulative distributions for electromi-
gration reliability of Cu pillar flip-chip test vehicles
under the three test conditions are shown in Fig. 5.
Statistical characteristics are summarized in
Table I, in which ff stands for the stressing duration
until the first sample failed, # represents the char-
acteristic life from the Weibull cumulative distri-
bution, indicating that 63.2% of the population fails,
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Fig. 5. Weibull cumulative distributions for electromigration reliability
of Cu pillar solder joints.

and S refers to the Weibull slope. Though not
directly comparable with previously published reli-
ability characteristics of conventional solder joints
with thin-film-stack UBM® "'°"!7 because the test
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Table I. Electromigration Reliability

10 kA/cm? at 150°C

ff (h) 3428
n (h) 8591
b 4.57

10 kA/cm? at 160°C

15 kA/cm? at 125°C

1624 1736
4557 3387
3.14 4.26
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Fig. 6. Morphologies of current-stressed Cu pillar solder joints upon failure. Left to right: V1+, V1—, V2+, V2—/V3+, and V3— joints; arrows

indicate the flow directions of electrons.

conditions are different, Cu pillar solder joints in-
deed exhibit extraordinary resistance to current
stressing.

Figure 6 features morphologies of current-stres-
sed Cu pillar solder joints upon failure. Close-up
examination of individual solder joints in Fig. 6 are
shown in Figs. 7-11. It is clear from Fig. 6 that the
Cu pillar is quite intact without significant damage
or consumption after long-term current stressing,
except at its brim in contact with the solder. For the
two test conditions with an average current density
of 10 kA/ecm?, cracks were observed in (Cu,Ni)sSns
or CugSns near the cathode side of the solder joint,
as shown in Figs. 7b, 8b, and 9b. This is different
from the conventional solder joints with the thin-
film-stack UBM, in which the UBM itself tends to be
the weakest among the components under current
stressing.

Microstructural observations of IMCs indicate
that the AgsSn phase near the substrate side in the
as-assembled solder joint (Fig. 2) has decomposed

after current stressing. Furthermore, thick CuszSn
layers were present on the substrate side after long-
term current stressing. This indicates that the
consumption rate of the Cu substrate pad metalli-
zation is greater than that of the Cu pillar, on which
the Ni layer serves as a diffusion barrier. The Ni
layer itself has apparently been consumed in the
solder joints, where electrons flow from the UBM to
the substrate (V1+ and V2+ joints), as can be iden-
tified by the discontinuous Ni layer in Figs. 8b and
9b. On the other hand, in the solder joints where
electrons flow from the substrate to the UBM
(V1-— and V3— joints) and the one where electrons
bypass on the chip side (V2—/V3+ joint), the Ni layer
does not seem to be consumed. The different con-
sumption tendencies of Ni on the UBM side with
respect to the flow direction of electrons indicates
that Ni migrates along with the electrons.

It is particularly interesting to note from Fig. 8b
that CusSn phases closely attached to the Cu pillar,
(Cu,Ni)sSns, and Ni at the location where Ni was
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Fig. 7. (a) V3— joint under 10 kA/cm? at 150°C for 4898 h; (b) close-
up view of encompassed region in (a).
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Fig. 8. (a) V1+ joint under 10 kA/cm? at 150°C for 4898 h; (b) close-
up view of encompassed region in (a).

completely consumed. Upon penetration of the Ni
layer, (Cu,Ni)¢Sns would form first at the pene-
trated sites. Yu et al.'® proposed that (Cu,Ni)gSns
may share a monoclinic lattice structure similar to
that of CugSns, which is considered to be structur-
ally unstable compared to the face-centered cubic
(FCC) close-packed lattice structure of CusSn.' It is
well known that #-CugSns undergoes a transfor-
mation into &-CusSn by the requirement of thermo-
dynamic equilibrium in conventional Sn-Pb solder
systems. Although to the best of our knowledge,
theoretical calculations on the thermodynamics of
ternary Sn-Ag-Cu solder systems are currently
unavailable, similar formation kinetics may also
account for the observed CusSn in Fig. 8b. This is
also evidenced by the transformation of CugSns
(Fig. 2) into CusSn (Figs. 7a and 9b) on the brim of
the Cu pillar after long-term current stressing.
Furthermore, CuszSn is a long-period superlattice
(LPS) alloy with periodic antiphase domains similar
to CusAu. For the LPS, a definite relationship be-
tween the electron-atom ratio and the period of the
antiphase was obtained from various experi-
ments,?>?! and therefore the appearance of Ni in

the CusSn lattice structure is strongly disputable
from the microscopic point of view. Moreover, since
Ni migrates with the electrons, the CuzSn phase
located behind the Ni layer in Fig. 8b would have a
small tendency to incorporate Ni.

From the figures, it is noted that the Sn-Ag-Cu
solder in the Cu pillar solder joint after long-term
current stressing has turned into a combination of
~80% Cu-Ni-Sn IMC and ~20% Sn-rich phases. The
Sn-rich phases appeared in the form of large
aggregates that in general were distributed on the
cathode side of the solder joint. The continuous
formation of Cu-Ni-Sn IMC is clearly a result of
continuous Cu supply from the Cu substrate pad
metallization and Cu pillar, after the Ni has been
consumed. The preferable distribution of Sn-rich
phases on the cathode side may be attributed to the
back stress induced by electromigration,”??
whereas the formation of large aggregates of Sn-rich
phases should be a result of long-term current
stressing.

As depicted in Figs. 10 and 11, under 15 kA/cm?
at 125°C for 2354 h, the solder between the Cu pil-
lar and substrate pad metallization in certain solder
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Fig. 9. (a) V1+ joint under 10 kA/cm? at 160°C for 2361 h; (b) close-
up view of encompassed region in (a).
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Fig. 10. (a) V1+ joint under 15 kA/cm? at 125°C for 2354 h; (b)
close-up view of encompassed region in (a).

joints has shrunk or disappeared. Although this is
not a particularly uncommon phenomenon for flip-
chip solder joints subjected to a severe current
stressing condition,'®?*~?® the mechanism respon-
sible for the complete or partial disappearance of
the solder as well as where and how the solder mi-
grates within the solder joint system do require
further identification. As shown in Fig. 11b, in the
shrunken solder joint, the CusSn layer, within
which Kirkendall voids were observable, was on top
of the Cu substrate pad metallization. Moreover,
large voids and CugSns dendrites were seen to
spread in the nearly pure Sn matrix. These features
indicate that the solder has experienced extremely
severe reactions, which may involve melting of the
solder, under this particular current stressing con-
dition.

CONCLUSIONS

We present in this work electromigration reli-
ability and morphologies of Cu pillar flip-chip solder
joints formed by joining Ti/Cw/Ni UBM with largely
elongated ~62 ym Cu onto Cu substrate pad

metallization using the Sn-3Ag-0.5Cu solder alloy.
Three test conditions that controlled average cur-
rent densities in solder joints and ambient tempera-
tures were considered: 10 kA/em? at 150°C, 10 kA/cm?
at 160°C, and 15 kA/cm? at 125°C. Electromigration
reliability of this particular solder joint turns out to
be greatly enhanced compared with a conventional
solder joint with thin-film-stack UBM.

Cross-sectional examinations of solder joints upon
failure indicate that cracks formed in (Cu,Ni)gSns or
CugSns IMCs near the cathode side of the solder
joint. Moreover, the ~52-um-thick Sn-Ag-Cu solder
after long-term current stressing has turned into a
combination of ~80% Cu-Ni-Sn IMC and ~20%
Sn-rich phases, which appeared in the form of large
aggregates that in general were distributed on the
cathode side of the solder joint. The preferable dis-
tribution of Sn-rich phases on the cathode side may
be attributed to the back stress induced by electro-
migration, while the formation of large aggregates
of Sn-rich phases should be a result of long-term
current stressing.

Under the severe current stressing condition of
15 kA/em? at 125°C, the solder between the Cu
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Fig. 11. (a) V3— joint under 15 kA/cm? at 125°C for 2354 h; (b)
close-up view of encompassed region in (a).

pillar and substrate pad metallization in certain
solder joints has shrunk or disappeared. Large voids
and CugSns dendrites were seen to spread in the
nearly pure Sn matrix of the shrunken solder joints.
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