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The intermetallic compounds formed at the interfaces between In-49Sn solder
balls and Auw/Ni/Cu pads during the reflow of In-49Sn solder, ball-grid array
(BGA) packages are investigated. Various temperature profiles with peak tem-
peratures ranging from 140°C to 220°C and melting times ranging from 45 sec
to 170 sec are plotted for the reflow processes. At peak temperatures below
170°C, a continuous double layer of intermetallics can be observed, showing a
composition of Au(In,Ni)y/Au(In,Ni). Through selective etching of the In-49Sn
solders, the intermetallic layer is made up of irregular coarse grains. In con-
trast, a number of cubic-shaped Auln, intermetallic compounds appear at the
interfaces and migrate toward the upper domes of In-49Sn solder balls after
reflow at peak temperatures above 200°C for longer melting times. The up-
ward floating of the Auln, cubes can be explained by a thermomigration effect
caused by the temperature gradient present in the liquid solder ball. The in-
termetallic compounds formed under various reflow conditions in this study
exhibit different types of morphology, yet the ball shear strengths of the solder
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joints in the In-49Sn BGA packages remain unaffected.
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INTRODUCTION

Gold thin films are widely used in electronic pack-
aging to prevent oxidation and promote the wettabil-
ity of Cu pads or Ni reaction layers. However, Au can
be easily dissolved in Sn-based solders to form AuSn,
precipitates, which can lead to the embrittlement of
solder joints.! It has been reported that such a gold
embrittlement failure in advanced packaging can be
inhibited in In-Sn solders because of the lower solubil-
ity of Au in In-Sn.2 Shohji et al. studied the solid/solid
reaction between Au and In-49Sn solder and showed
that an Auln, layer and a y-phase layer were formed
at the Au/In-49Sn interface.? The activation energy
for the formation of Auln, was 42.8 kJ/mol, equivalent
to the activation energy for the diffusion of Au in
Auln,. Such a continuous interfacial Aulny layer was
believed to act as a barrier to the dissolution of Au in
In-based solders.*

The Au/Ni/Cu is a popular pad structure of ball-
grid array (BGA) packages. Owing to the merits of
greater ductility, longer fatigue life, and lower
melting point than the more traditional Pb-Sn sol-
ders,>® the eutectic In-49Sn alloy is considered a
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Pb-free solder-ball material for BGA packages. This
study is concerned with the characterization of in-
termetallic compounds formed at the interfaces be-
tween liquid In-49Sn solders and Au/Ni/Cu pads
during the reflow of BGA packages under various
conditions.

EXPERIMENTAL

The geometry of BGA specimens used in this study
is shown in Fig. 1. A silicon die of size of 4.5 mm X
4.5 mm X 0.25 mm was attached to a bismaleimide
triazine (BT) resin substrate and encapsulated in a
molding compound. Each package was fitted with 49
Cu pads electroplated with 5-pm-thick Ni and 0.5-
pm-thick Au. The In-49 (wt.%) Sn solder balls of 0.4
mm in diameter were dipped in rosin, mildly acti-
vated flux, placed on the Au/Ni/Cu pads, and then re-
flowed in an infrared furnace. The reflow furnace
had five heating zones with a typical temperature
profile, as shown in Fig. 2. The reflow process was
performed at various peak temperatures (T,,.y)
ranging from 140°C to 220°C for various melting
time periods (At). As the temperature rose above the
eutectic point of the In-49Sn solder (Te = 120°C), lig-
uid/solid reactions took place at the interfaces be-
tween In-49Sn solder balls and Au/Ni/Cu pads.

195



196

7.00

4
y

49X @ 0.40

1

+ 7 C
OO OOO&%
D O O00 @ SO D
l OO P ¢
o 1
218 O R S S e S S &
o |
& S > S R O e o
- OO DD
T OO0
Y
6X0.80
B
a
@ encapsulant
s | & & L
- | o| o D Si die
] _.
v :5—2:51)_( 1 =4 )_Ls—z:s—‘ | BTsubstrate
T T U solder ball
D-D cross section (mm)
b

Fig. 1. Geometry of BGA specimens used in this study: (a) solder ball
distribution and (b) package cross section.

After reflow, the specimens were cross sectioned
through a row of solder balls, ground with 1,500-grit
SiC paper, and polished with 0.3-pm Al,O3 powder.
The intermetallic compounds formed during reflow
were observed with a scanning electron microscope
(SEM) and analyzed using an electron probe micro-
analyzer (EPMA). The three-dimensional morphol-
ogy of the intermetallic compounds was also probed
through the selectively etched specimens. For this
purpose, an etching solution of 10-mL HF, 10-mL
H,0,, and 40-mL H,0O was employed to dissolve the
In-49Sn solder and retain the intermetallic com-
pounds at the solder/pad interfaces.

The bonding strengths of In-49Sn solder balls on
Au/Ni/Cu pads under various reflow conditions were
measured via ball shear tests. The measurements
were taken at a shear rate of 0.1 mm/sec and a shear
height of 80 um (about 1/4 the reflowed ball height).
The fractography of the solder joints after ball shear
tests was examined in the SEM.

RESULTS AND DISCUSSION

Figure 3 shows the typical morphology of inter-
metallic compounds formed at the interfaces be-
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Fig. 2. Typical temperature profile for the reflow of In-49Sn solder
BGA packages in this study (Tnax: peak temperature, At: melting
time period, and Te: eutectic point of In-49Sn).

tween In-49Sn solder balls and Au/Ni/Cu pads after
reflow at the peak temperature of 170°C for various
melting time periods. The intermetallic compounds
appear in the form of a continuous double layer at
this peak temperature even after a long melting
time. The EPMA analyses show that the composition
(at.%) of the outer layer is Au:In:Ni = 34.3:60.6:5.1,
corresponding to a Au(In,Ni), phase. However, the
inner layer of the intermetallic compounds achieves a
composition of Au:In:Ni = 51.2:41.5:7.3, which corre-
sponds to an Au(In,Ni) phase.

As the peak temperature is increased to 220°C, the
intermetallic compounds are found to change from
a continuous layer into a nearly square shape, as
shown in Fig. 4. Figure 5 shows the morphological
variation of the intermetallic compounds formed dur-
ing reflow at different peak temperatures for the BGA
In-49Sn solder. The continuous intermetallic layers
remain intact below 170°C, but at temperatures
above 200°C, the intermetallic compounds begin to
transform into a cubic shape. The cubic-shaped inter-
metallics can keep growing with the increase of
peak temperature and melting time to a size larger
than 10 pm, as shown in Figs. 4 and 5. To highlight
such an interesting observation of intermetallic
changes in morphology for the BGA In-49Sn solder
reflowed under various conditions, Fig. 6 offers a
clearer picture of the continuous Au(In,Ni)s/Au(In,Ni)
intermetallic double layer and the cubic-shaped
Auln, intermetallics formed, respectively, at the peak
temperatures of 170°C and 200°C. The EPMA analy-
ses indicate that the composition (at.%) of these cubic-
shaped intermetallics is Au:In = 33.5:66.5, which
matches the Auln, phase. After the formation of the
cubic Auln, intermetallics, the Au film disappears,
while the liquid In-49Sn solder continues to react
with the Ni layer.

With the In-49Sn solder selectively etched away
from the BGA specimen reflowed at the peak temper-
ature 170°C for a melting time of 70 sec, Fig. 7a
demonstrates that the continuous interfacial inter-
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Fig. 3. Morphology of intermetallic compounds formed at the interfaces between In-49Sn solders and Au/Ni/u pads after reflow at 170°C for var-

ious melting time periods: (a) 60 sec, (b) 100 sec, (c) 120 sec.
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Fig. 4. Morphology of intermetallic compounds formed at the interfaces between In-49Sn solders and Au/Ni/Cu pads after reflow at 220°C for

various melting time periods: (a) 105 sec, (b) 140 sec, and (c) 170 sec.
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Fig. 5. Morphology of intermetallic compounds formed at the interfaces between In-49Sn solders and Au/Ni/Cu pads after reflow at various peak
temperatures for various melting time periods: (a) 150°C, 125 sec; (b) 170°C, 140 sec; (c) 200°C, 160 sec; and (d) 220°C, 120 sec.

metallic layer from Fig. 3 is composed of irregular
coarse grains with an average size of about 3 pm.
Their typical chemical composition (at.%) as analyzed
at Location A is Au:In:Ni = 75.4:8.3:16.3 , which cor-
responds to an ordered €' phase. In Fig. 7a, a few re-
gions in the coarse-grained matrix are covered with
fine-grained clusters, which have a composition of
AwIn:Ni = 87.6:10.4:2.0, corresponding to the «;
phase. With the melting time increased to 140 sec at
the peak temperature of 170°C, it is found in the se-
lectively etched specimen that those irregular coarse
grains have grown further to an average size of about
6 pm. The composition as analyzed from Location C
is AwIn:Ni = 31.7:60.1:8.2, corresponding to the
Au(In,Ni), phase similar to that of the outer inter-
metallic layer in Fig. 3. Accompanying the grain
growth in the matrix, the fine-grained clusters in the
o, phase disappear, resulting in the exposure of a
number of small areas beneath the Au(In,Ni), inter-
metallic coarse grains, as shown in Location D. The
composition of these areas is Ni:In:Sn = 75.1:17.1:7.8,
corresponding to the Nis(In,Sn) phase. Although

NisIn and NisSn are listed in the Ni-In and Ni-Sn
phase diagrams, they have never been reported as
the products of soldering reactions between In (or
Sn, InSn) and Ni substrates.!’™'® During the interfa-
cial reactions between liquid In-49Sn solders and Ni
substrates at temperatures ranging from 150°C to
300°C, a NigzIn g55n,55 intermetallic compound
was observed, rather than the Nij(In,Sn) phase.!3
The NisSn intermetallic compound, was reported by
Bader et al. in their study on the intermetallic for-
mation during the interdiffusion between Ni and Sn
thin films, respectively, of 4.1 pm and 2.6 pm in
thickness.!* After heating at 400°C for 90 h, the Sn
film was exhausted, which spurred the reaction of
the formerly created NizSn, phase with the remain-
der of the Ni film to form a columnar-grained NizSn
intermetallic. In the present study, the appearance
of the Nis(In,Sn) phase is believed to also result
from insufficient In and Sn supply caused by the
barrier effect of the Au(In,Sn), layer wrought on the
In-49Sn solder. The limited amount of In and Sn
from the Au(In,Sn), layer reacts with the thicker Ni
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Fig. 6. Continuous double layer Au(In,Ni),/Au(In,Sn) and cubic shape
Auln, intermetallic compounds formed during the reflow of BGA
in-49Sn solder at (a) 170°C for 140 sec and (b) 200°C for 160 sec.

layer to form the Ni-rich Niz(In,Sn) intermetallics,
conducive also to the transformation of particle
Au(In,Sn), into Au(In,Sn) adjacent to the Nis(In,Sn)
phase.

Figure 8a shows a selectively etched specimen
whose three-dimensional morphology is given as ev-
idence of the Auln, intermetallic compounds of cubic
shape formed at peak temperatures above 200°C. It
has been reported that Auln, has a CaF, (C1)-type
structure.!® The appearance of cubic-shaped Auln,
intermetallic compounds (Fig. 8a) implies that the
surface energy of their (100) planes is quite low.
Figure 8b is a magnified view of the matrix from
Fig. 8a, which reveals a morphology of very fine
grains. The EPMA analysis identifies the composi-
tion of the fine-grained matrix as Ni:Sn:In =
43.4:39.2:17.4, which corresponds to the Nis(In,Sn),
phase. The Nis(In,Sn), intermetallic compound at
the interface of the In-49Sn solder BGA package is
consistent with the reaction product NisSn,, which
appeared during the soldering reactions between
liquid Sn and Ni substrates, contrasting that in the
literature to the formation of NisgsIng 5Snys 5 inter-
metallic at the In-49Sn;,/Ni, interface.'® The dis-
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Fig. 7. Selective etching of the In-49Sn solders showing that irregu-
lar granular interfacial intermetallic compounds are formed in BGA
specimens after reflow at 170°C for various melting time periods:
(a) 70 sec and (b) 140 sec.

crepancy can be attributed to the excessive con-
sumption of In from the In-49Sn during its reaction
with Au film, which results in an In-Sn alloy with
high Sn content adjacent to the Au/Ni/Cu pads to
react with the Ni layer.

Another interesting phenomenon can be observed
from Fig. 9, i.e., the Auln, intermetallic cubes float to-
ward the top of the In49-Sn solder ball. As the peak
reflow temperature increases, more Auln, cubes mi-
grate through the In-49Sn solder ball and settle on
its upper dome. Because Auln, is specifically much
denser than In-49Sn solder, it seems unreasonable
that the heavier Auln, is able to float upward in lig-
uid In-49Sn solder. An explanation is proposed based
on the thermomigration theory:'>!® the upper dome
of the solder ball is irradiated with infrared heat dur-
ing reflow, which gives rise to a temperature gradient
between the top and bottom of the solder ball. Be-
cause of this temperature gradient, the liquid In-
49Sn solder migrates downward, and the Auln, cubes
are squeezed upward instead to settle on the upper
side of the solder ball.

Fractography on all BGA specimens reflowed
under various conditions shows ductile failure char-
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Fig. 8. (a) Selective etching of the In-49Sn solder showing that the
cubic Auln, interfacial intermetallic compounds are formed in BGA
specimens after reflow at 220°C for 140 sec. (b) Magnified morpo-
hology of the matrix in Fig. 8a.

acteristics after ball shear testing (Fig. 10). Fracture
occurs to all the solder joints as cracks propagate
through the In-49Sn solder balls. The fracture be-
havior of such BGA In-49S5n is affected by neither
the continuous intermetallic layer formed below
170°C nor the cubic-shaped Auln, formed above
200°C. Independent of various reflow conditions, the
ball shear strengths of all In-49Sn BGA packages
used in this study are in the vicinity of 3 N, as listed
in Table I.

CONCLUSIONS

During the reflow of In-49Sn BGA packages, in-
terfacial reactions occur between the liquid In-49Sn
solder balls and Au/Ni/Cu pads. As the experimen-
tal results indicate, there are two types of inter-
metallic compounds formed after reflow under vari-
ous reflow conditions. At peak temperatures below
170°C, a continuous bilayered Au(In,Ni)y/Au(In,Ni)
intermetallic appears at the interface. However, a
cubic-shaped Auln, intermetallic can be observed
at peak temperatures above 200°C. By selectively
etching the In-49Sn solder balls, the remaining

Fig. 9. Migration of Auln, cubes toward the upper domes of In-49Sn
solder balls after reflow at high peak temperatures: (a) 200°C,
160sec, (b) 220°C, 140sec.

intermetallic compounds formed at the early stage
at 170°C show a composition of Aug;glnig4Snsy g,
which are later transformed into the double layer
Au(In,Ni)o/Au(In,Ni) phases. Underneath the gran-
ular Au(In,Ni),/Au(In,Ni) intermetallics, there also
exists an Niz(In,Sn) phase. Through selective etch-
ing of the specimens, the cubic-shaped Auln, inter-
metallics formed at 200°C are shown to grow in a
fine-grained Nis(In,Sn), matrix. The Auln, cubes
are observed to float toward the top of the In-49Sn
solder ball, which might be attributed to the ther-
momigration phenomenon resulting from the tem-
perature gradient between the top and bottom of
the solder ball. Ball shear tests on these BGA speci-
mens indicate that the strengths of In-49Sn solder
joint are unaffected by morphological differences in
the intermetallic compounds formed under various
reflow conditions.
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Fig. 10. Typical fractography of In-49Sn solder joints of the BGA packages used in this study after ball shear tests.

Table I. Ball Shear Strengths (Newtons) of the In-49Sn Solder Ball-Grid Array Packages in This Study

after Reflow at Various Peak Temperatures for Various Melting Time Periods

Melting Time Periods** (sec)

Peak

Temperature* (°C) 45 60
140 2.55 2.86
150 — 2.73
160 — 2.53
170 — 2.74
200 — —
220 — —

70

2.97
2.84
2.97
3.30

100 120 140 170
2.85 3.12 — —
2.94 2.96 3.20 —
3.00 2.94 2.98 —
3.22 3.10 3.19 —
— — 3.01 3.02
2.79 2.79 2.66 2.89

* Peak temperature: The maximum temperatures on the reflow temperature profiles.
** Melting time periods: The time periods in which the reflow temperatures are above the melting point of In-49Sn solder (120°C).
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