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Reaction characteristics of the In-15Pb-5Ag (wt.%) solder with a Au/Ni/Cu pad
during reflow soldering and aging treatment were examined. Interfacial reac-
tion during reflow resulted in either an Auln, or Niygln,, layer, depending on
reflow time. The Auln, layer became thinner and disappeared from the inter-
face, and only the NiygIn,, layer grew with the progress of aging treatment at
130°C. Based on those observations, the dissolution rate of the Au top layer
was estimated, and the behavior of the Auln, layer during reflow and aging
treatment was discussed. In addition, peak shear load and fracture energy of
the solder bump were measured as a function of reflow time and aging treat-
ment. The results were compared with those measured with the Sn-37Pb

solder bump.
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INTRODUCTION

Traditionally, Au/Ni/Cu under bump metallurgy
(UBM) is frequently used in microelectronic pack-
ages for its excellent solderability and reliability.
The Au top layer is to prevent oxidation and corro-
sion of the UBM, and the Ni layer limits extensive
reaction between the solder and UBM layers.!?
Use of a thick Au layer for Sn-37Pb solder joints,
however, has resulted in a dramatic reduction in
ductility of the solder interconnection, causing so-
called Au embrittlement.?>” In the interconnection,
rapid redeposition of the Au-containing ternary
intermetallic layer at the solder/UBM interface
during aging treatment was observed.”*? The inher-
ent lattice strain and volume change upon the
formation of the ternary compound layer have been
identified as the main causes of the embrittle-
ment.'? This type of embrittlement was observed
to occur when Au content in the solder exceeds its
solubility limit, 0.3 wt.%."%1%12 The embrittlement
was abated significantly by alloying the solder with
Cu or Ni."11:14
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Recently, In-based solders are being used for sol-
der interconnections in microwave devices.!®> Among
In-based solders, In-15Pb-5Ag (wt.%) solder is pre-
ferred because it has a higher strength than pure
indium and a smaller thermal expansion coefficient,
~10 X 107%/°C. In this study, the possibility of Au
embrittlement of In-15Pb-5Ag solder interconnec-
tions with the AwNi UBM layer was examined. The
effects of reflow and aging time on the microstruc-
ture at the solder/UBM interface and mechanical
properties of the solder bump on the UBM were
studied. These characteristics were compared with
those of the Sn-37Pb solder.

EXPERIMENTAL PROCEDURES

Solder balls of In-15Pb-5Ag (Indium Corporation
of America, Utica, NY) and Sn-37Pb (Alpha Metals,
New Jersey, USA) compositions were placed manu-
ally onto UBM pads formed on a substrate of
bismaleimide-triazine (BT) resin. The UBM pad
consisted of Au (0.5 um)/Ni (5 um)/Cu layers. The di-
ameter of the solder balls used was 760 um and that
of the pads was 600 um. For reflow soldering, the
solder balls and pads were coated with rosin mildly
activated flux and heated on a hot plate 40°C higher
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than its liquidus temperature. The liquidus temper-
ature of In-15Pb-5Ag solder is 154°C and that of Sn-
37Pb is 183°C. The reflow time for the In-15Pb-5Ag
solder was varied from 1 min to 5 min. For the Sn-
37Pb solder, the reflow time was fixed to 1 min. After
the reflow soldering, the samples were aged at
130°C up to 500 h.

Mechanical properties of the solder bump were
evaluated using a ball-shear tester (multifunction
bond tester, model: DAGE-4000, Dage Precision In-
dustries, Fremont, CA). In the test, the peak shear
load was measured, and fracture energy of the solder
bump was calculated by integrating the load-displace-
ment curve. For each condition, five samples were
tested, and their values were averaged. Microstruc-
tures and fractured surfaces of solder bumps after the
ball-shear test were examined using a scanning elec-
tron microscope (SEM)/backscattered electron image
(BEI). Chemical compositions of the phases formed at
the solder/UBM interface were evaluated using a
SEM/energy dispersive spectroscope (EDS).

RESULTS AND DISCUSSION

The SEM/BEI micrographs of the In-15Pb-5Ag
solder/UBM interface at various reflow times are
shown in Fig. 1. With the sample reflowed for 1 min
(Fig. 1a and b), a continuous layer formed at the
solder/UBM interface. The EDS analysis of the layer
indicated that the contents of Au and In are similar
to each other. Observation of the layer at a higher
magnification (Fig. 1b) revealed that it consisted
of two different layers: an Au-rich layer (region A
in the figure) and an In-rich layer (region B in the
figure). A previous study'® reported that the layers
are the Au-In solid solution (A layer) and Auln,
phase (B layer). As the reflow time increased to
3 min, the thickness of the composite layer became
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thinner and discontinuous, as shown in Fig. 1c and
d. As noted in the micrographs, the discontinuous
layer consisted of a single phase. When the phase
was analyzed using SEM/EDS, the Au content was
31-36 at.%, and the In content was 64-69 at.%,
suggesting that it is the Auln, phase. At the regions
where the AuNi, layer was discontinuous to expose
the Ni layer to the molten solder, a thin layer of
In-Ni intermetallic formed, as shown in Fig. 1d.
As the reflow time increased further to 5 min, the
In-Ni intermetallic layer was observed to grow, and
the Auln, phase disappeared completely from the
solder/UBM interface (Fig. 1e and f).

The thickness of each reaction layer was measured
as a function of reflow time (Fig. 2). The thicknesses
of the Au-rich solid solution and Auln, layers were
noted to decrease with reflow time and could not be
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Fig. 2. Changes in type and thickness of the intermetallics formed
on the Ni pad with reflow time.
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Fig. 1. SEM/BEI micrographs of the In-15Pb-5Ag/Au/Ni pad interface after reflow for different times: (a) and (b) 1 min, (c) and (d) 3 min, and (e)

and (f) 5 min. The magnification of the right micrographs are larger that those on the left.



Reaction Characteristics of the In-15Pb-5Ag Solder with a
Au/Ni/Cu Pad and Their Effects on Mechanical Properties

observed from the interface after 4 min of reflow. The
fact that the Au-rich layer survived for 4 min of
reflow indicates a very slow dissolution rate of the Au
layer into the In-15Pb-5Ag solder compared to that
into the Sn-37Pb solder. In previous studies, the Au
layer was dissolved into molten Sn-37Pb solder
within 10 sec of reflow time.*'6 Based on this obser-
vation, the dissolution rate was estimated to be on
the order of 2 X 1073 um/sec, significantly slower
than that into Sn-37Pb solder, ~1.3 um/sec.*

The disappearance of the Auln, phase at extended
reflow times might be caused by several phenom-
ena. One is the slow dissolution rate of the Au top
layer into the solder. This slower dissolution rate of
the Au top layer into the In-15Pb-5Ag solder is ex-
pected to set up a temporary equilibrium!” between
the Au layer and molten solder, as long as the
Au-rich layer survives on the UBM layer. The Auln,
phase, therefore, is believed to be a metastable
phase formed by temporary equilibrium. As the Au
layer is consumed by the reaction as well as dissolu-
tion into the solder, the phase should become unsta-
ble. If the Au content in the solder is less than its
solubility, the phase should dissolve into the solder.
Assuming all the Au top UBM layer dissolved into
the solder, the Au content in the solder was
estimated to be ~0.15 wt.% (0.1 at.%), which is
much lower than its solubility in pure In, ~1 wt.%
(0.5 at.%), at the reflow temperature.!®

The other possibility of the Auln, phase disappear-
ance from the interface is gravity segregation of the
phase by density difference. In the Sn-37Pb solder
matrix, CugSns precipitates were observed to segre-
gate during reflow because of the density difference
between the matrix and the precipitate.’® The
density of Auln,, estimated from its lattice constant
and crystal structure, was 10.45 g/cm?2° and that of
In-15Pb-5Ag was 7.85 g/cm®.2! The heavier precipi-
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tates should segregate at the interface, rather than
disappearing from the interface as observed in ac-
tual experiments.

The In-Ni intermetallic layer, on the other hand,
started to form after 2 min of reflow and continued
to grow with reflow time. The time exponent of the
layer was estimated to be ~0.5. This result suggests
that the growth might be controlled by the diffusion
of reacting species through the product layer.

Figure 3 shows SEM/BEI micrographs of the sam-
ples aged for 300 h at 130°C. Reflow times for the
samples were 1 min and 5 min, respectively. With the
sample prepared by reflow for 1 min, a semicontinu-
ous layer of the Auln, phase was formed at the inter-
face. Some part of the Auln, layer became partially
spheroidized, and a thick Ni-In intermetallic layer
was formed between the Auln, and Ni layers by
the aging treatment. The thickness of the Ni-In
intermetallic layer was approximately 2 um, and its
chemical compositions determined using EDS was
closed to the NiygIn,, phase, as reported previously.??
The thickness of the NiggIn;, layers formed after the
aging treatment, however, was independent of the
reflow time. The thickness with the samples reflowed
for 3 min and 5 min were almost the same, ~2 um.
The growth of the NiygIn,y layer was not affected by
the presence of the Au-rich and Auln, layers. The dif-
fusivity of reacting species through the Auln, layer
must have been much faster than that through the
NiggIngs layer. Within the solder matrix, Agln, pre-
cipitates coarsened significantly with aging treat-
ment. Very fine precipitates of submicron size after
reflow coarsened to 5 um.

With the Sn-37Pb solder, a 0.4-um-thick NizSn,
layer formed after reflow soldering. The aging treat-
ment of the Sn-37Pb solder at 130°C for 300 h, on
the other hand, increased the thickness of the
Au-Ni-Sn ternary intermetallic layer to 2.4 pm and

Fig. 3. SEM/BEI micrographs of the In-15Pb-5Ag/Au/Ni pad after aging treatment for 300 h at 130°C: (a) reflowed for 1

(c) reflowed for 5 min.
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the NisSny layer to 0.7 um. The microstructure of
the layer was similar to that obtained with the sam-
ple aged at 150°C, but was thinner.” The formation
of the ternary intermetallic layer was attributed to
the decomposition of AuSn, in the solder matrix,
followed by formation of a more thermodynamically
stable ternary compound at the interface.512

As the aging time for the In-15Pb-5Ag solder
reflowed for 1 min increased to 500 h, the thickness
of the Niyglnyg layer increased to ~3 um, and the
Auln, layer almost disappeared from the interface
(Fig. 4a). The Au-containing phase disappeared from
the interface rather than redepositing at the inter-
face as found for the Sn-37Pb solder matrix during
the aging treatment. Gold atoms from the Auln,
phase might dissolve into the solder matrix or react
with the Niggln;s phase to form a ternary inter-
metallic compound at the interface. The EDS analy-
sis of the Ni-In (NiggIn;,) layer, however, revealed
only a trace amount of Au in the layer. In addition,
the thickness and microstructure of the interface
layer were similar to that reflowed for 5 min, fol-
lowed by 500 h of aging treatment (Fig. 4b). With the
sample reflowed for 5 min, only the NiygIn;, layer
formed after reflow soldering, and the layer was not
in contact with the Auln, phase. These results indi-
cate that the Auln, phase decomposes and dissolves
into the solder matrix during aging.

Figure 5 shows a load-displacement curve of the
ball-shear test of In-15Pb-5Ag and Sn-37Pb solder
bumps under the as-reflowed condition. The gap be-
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Fig. 5. Shear load-displacement curve of a solder bump in the as-
reflowed condition. The reflow time was 1 min: (a) In-15Pb-5Ag and
(b) Sn-37Pb solder bump.

tween the stylus tip and the pad was 10 um, and the
speed of the tip was 200 pm/sec. A detailed descrip-
tion of ball-shear testing can be found elsewhere.”
As noted in the figure, the maximum shear load
with the In-15Pb-5Ag solder is significantly smaller
than that of the Sn-37Pb solder. The lower tensile
strength of In-15Pb-5Ag, 17.6 MPa, than that of
Sn-37Pb solder, 51.7 MPa, should have contributed
to the difference.?! The fracture shear displacements
of both solders were similar to each other. The shear
displacement of the aged solder bumps, however,
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Fig. 4. SEM/BEI micrographs of the In-15Pb-5Ag/Au/Ni pad interface after aging treatment for 500 h at 130°C: (a) reflowed for 1 min and (b) and

(c) reflowed for 5 min.



Reaction Characteristics of the In-15Pb-5Ag Solder with a
Au/Ni/Cu Pad and Their Effects on Mechanical Properties

6 .

140 i
s 12 - .
E 10k .
i Sn-37Pb 1
v [ . i

al [ _In-15Pb-5Ag |

F ."I. ’/_,- ~ Tl
3 .
O / L L 1 L
0o 0.1 02 03 0.4 05

Displacemert (mmj

Fig. 6. Shear load-displacement curve of a solder bump after aging
for 500 h at 130°C: (a) In-15Pb-5Ag and (b) Sn-37Pb solder bump.

was affected significantly, depending on the solders
used (Fig. 6). The shear displacement of the In-
15Pb-5Ag solder bumps increased slightly from 0.35
mm to 0.45 mm with aging treatment. The displace-
ment with the aged Sn-37Pb solder, on the other
hand, decreased from 0.4 mm to less than 0.1 mm
with treatment.

The peak shear loads measured for each solder
bump are summarized in Fig. 7 as a function of aging
time. The peak load for the Sn-37Pb solder decreased
monotonically with aging time. The decrease in peak
load reflects the effects of coarsening of the solder
microstructure as well as the Au embrittlement of
the interface by the redeposition of Au-ternary inter-
metallics. The Sn-37Pb solder bump aged for 500 h
fractured in a brittle manner, indicating Au embrit-
tlement. The peak load with the In-15Pb-5Ag solder
bump remained constant with reflow and aging time.
All the samples fractured in a ductile manner within
the solder bump.

Fracture energies estimated for each solder bump
are shown in Fig. 8. The fracture energy of the solder
bump during the ball-shear test was estimated by in-
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Fig. 7. Peak shear load of solder bumps as a function of aging time.
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Fig. 8. Fracture energy of solder bumps as a function of aging time.

tegrating the area underneath the shear loaddis-
placement curve, as shown in Fig. 5. With Sn-37Pb
solder bumps, the energy decreased significantly with
aging treatment. The energy of the as-reflowed bump
was 0.0054 J, but that of the aged bump for 500 h at
130°C was reduced to 0.00036 J. The fracture energy
decreases by a factor of 7 by the aging treatment, re-
vealing characteristics of Au embrittlement.*” The
fracture energy of the In-15Pb-5Ag solder bump, how-
ever, remained constant even after aging treatment
for 500 h. The absence of the Au-containing ternary
compound at the solder/UBM interface and the
slower growth rate of NiygIn;s might have contributed
to the constant fracture energy of the solder bump.
Unlike the Sn-37Pb solder, the Au-containing com-
pound, the Auln, phase, disappeared from the inter-
face, effectively reducing the intermetallic layer
thickness.

Figure 9 shows SEM micrographs of the fractured
surface of the solder bump after ball-shear testing.
In both the In-15Pb-5Ag and Sn-37Pb solder-bump,
as-reflowed condition, the fracture occurred within
the solder, as shown in Fig. 9a. After aging for 500 h,
the fracture with the In-15Pb-5Ag solder occurred
within the solder (Fig. 9b). The fracture with the
Sn-37Pb solder bumps, however, occurred between
Au-Ni-Sn and the NisSn, layer in a brittle manner,
as shown in Fig. 9d. With the sample aged for 300 h,
brittle fracture between the layers and ductile frac-
ture within the solder were mixed (Fig. 9¢c).

CONCLUSIONS

In this study, microstructural development at the
In-15Pb-5Ag solder and Au/Ni/Cu UBM interface
during reflow and aging treatment was examined. At
short reflow times, such as 1 min, the reaction layer
consisted of the Au-rich and Auln, reaction layers. As
the reflow time increased to 5 min, the Au-rich layer
dissolved into the solder matrix, and a thin layer of
NiggIny, phase was formed. The dissolution rate of
the top Au layer into the molten In-15Pb-5Ag solder
was estimated to be ~2 X 1072 um/sec, 3 orders of
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icrographs of a fractured surface on the pad side: (a) as-reflowed In-15Ag-5Ag solder bump, (b) In-15Ag-5Ag solder bump after

Fig.9. SEM m
aging for 500 h, (c) Sn-37Pb solder bump after aging for 300 h, and (d) Sn-37Pb solder bump after aging for 500 h. The aging temperature was
130°C.
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