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Abstract: The AuSn20/Ni joints were prepared by the reflow soldering technology and then annealed at solid-state temperature to
form diffusion couples. The interfacial reactions and the growth kinetics of the intermetallic compounds (IMC) at the AuSn20/Ni
soldering interface were investigated by scanning electron microscopy (SEM) and electron probe microanalysis (EPMA). The results
show that, the (Ni,Au);Sn, phases are formed at the AuSn20/Ni interface after soldering at 583 K. The thickness / of the IMC layer
monotonically increases with increasing annealing time ¢ according to the relationship /=k(#/#,)", where the exponent n is 0.527, 0.476
and 0.471 for 393, 433 and 473 K annealing, respectively. This indicates that the volume diffusion contributes to the growth of the
IMC layer at the AuSn20/Ni interface at solid-sate temperature. The pre-exponential factor K¢=1.23x10"" m%/s and the activation
enthalpy Ox=81.8 kJ/mol are obtained from the results of the parabolic coefficient K by a least-squares method.
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1 Introduction

The AuSn20 (mass fraction, %) alloy is broadly
used in the bonding applications in microelectronic and
optoelectronic packages, i.e., chip attach, ceramic
insulators in metal packages and high power
semiconductor laser chip, because of its advantages in
high strength, low elastic modulus, high thermal
conductivity, excellent fatigue and creep resistance, good
corrosion resistance and weld ability [1—4]. Furthermore,
the AuSn20 solder can be applied through a fluxless
bonding process [5]. Copper is widely used in the under
bump metallurgy and substrate metallization for flip-chip
and ball grid array (BGA) applications. However, at the
Cu/solder interface, Sn reacts rapidly with Cu and forms
Cu—Sn intermetallic compounds (IMC), which weakens
the solder joints due to the brittle nature of the IMC [6].
Consequently, Ni is commonly used to provide a
diffusion barrier between Cu components and Sn or
Sn-based solder alloys to prevent, or at least suppress,
the formation of Cu—Sn intermetallic compounds.
Besides, Ni has good wetting characteristics with Sn. It is

an effective additive with stable phases, formed in the
Ni—Sn binary system, whose growth rate is slower than
those of Cu intermetallic compounds [7]. Further study
on the reactive interface between the Au—Sn solder and
Ni is required for electronic packaging applications.

The solid-state reactive diffusion of Au—Ni—Sn
ternary system was experimentally observed sandwich
diffusion couples by a diffusion bonding technique in
previous studies [8,9]. For the Au—Ni/Sn system [8],
sandwich Sn/Au—Ni/Sn diffusion couples with various
Ni contents were isothermally annealed at 7=433, 453
and 473 K for different time. Here, the notation (A—B)/C
means that reactive diffusion occurs between a binary
A-B alloy and a pure C metal at appropriate annealing
temperatures. At the Au—20Ni/Sn interface Au; sNigsSng
and AuNi,Sny compound layers are found, and the
exponent n of the power function for the IMC layer is
close to 0.5 at 7=453-473 K, and is 0.7 at 7=433 K,
while at the Au—10Ni/Sn interface, Au; ;Niy3;Sng, AuSn,
and AugNiySnys compound layers are dispersed and fine
particles of AuNi,Sn, are observed, n is smaller than 0.5
at T=453-473 K, but close to 0.5 at 7=433 K. This
claims that the growth behavior of the IMC layer in the
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Au—Ni/Sn system depends on the alloyed types and
components in the diffusion couples. On the other hand,
the solid-state reactive diffusion in the ternary Sn—Ni/Au
system was experimentally observed using Sn—Ni/Au/
Sn—Ni diffusion couples by MITA [9]. In that experiment,
binary Sn—Ni alloys containing 1%, 3% and 5% of Ni
were used to prepare the diffusion couples by diffusion
bonding technique. The diffusion couples were
isothermally annealed at 433—473 K. During annealing,
AuNiSng, AuSny, AuSn, and AuSn layers are formed at
the Sn—Ni/Au interface, and the values of n are smaller
than 0.5. This indicates that both grain boundary
diffusion and volume diffusion contribute to the
rate-controlling growth processes of the compound
layers and the grains in the compound layers.

So far, the AuSn20 solder has been widely used in
the electronic packaging, but the growth behavior of the
IMC layers between Au—Sn alloy and Ni is still unclear
enough. To investigate the kinetic features of the
interfacial reaction, solid-state reactive diffusion in the
ternary Au—Sn/Ni system was studied in the present
work. AuSn20/Ni soldering joints diffusion couples were
prepared from metalized-Ni layer and binary Au—Sn
alloyed solder by soldering technique and diffusion
bonding, and then isothermally annealed at 393—-473 K
for various time. The growth behavior of IMC layers was
observed metallographically. The rate-controlling
process for the growth of the IMC layers was further
discussed.

2 Experimental

The Au—Sn solder was prepared by laminate-rolling
and alloy-annealing process in this work. Firstly,
polycrystalline pure Sn chips with dimensions of
10 mm x 5 mm x 0.1 mm were cut from a commercial
rectangular ingot with purity of 99.99%. Polycrystalline
pure Au chips with dimensions of 10 mm X 5 mm X
0.4 mm were cut from a commercial rectangular bar with
purity of 99.999%. After cleaning, the Au sheet
specimens were immediately folded with the freshly
prepared Sn plate specimens at the sequence of
Au/Sn/Au/Sn/Au/Sn/Au and then cold rolled to form a
mixed metal with thickness of 0.06 mm, further alloyed
annealing at 493 K for 12 h. Figure 1 presents the
cross-sectional scanning electron microscopy (SEM)
image of the rolled-state and alloyed AuSn20 solder used
in this work. The AuSn20 solder was cut into small
pieces with dimensions of 10 mm x 5 mm % 0.06 mm.

The Cu plates were metalized with Ni by the
electroplating in the NiSO, solution. The metalized Ni
layer is about 6 um. After chemical polishing, the sheet
AuSn20 solder was immediately used to form
AuSn20/Ni soldering joints with metalized Cu plates.

The schematic illustration of the configuration is shown
in Fig. 2. The soldering specimens were reflowed in a
reflow machine with a maximum temperature of 583 K
for 60 s, and then cooled to room temperature in oil.
Following the soldering process, some of the specimens
were retained in an as-solidified condition, while the
others were further thermally annealed at 393, 433 and
473 K for various time.

Fig. 1 Cross-sectional images of rolled (a) and alloyed (b)
AuSn20 solder

AlSn20 solder

Metallized-Ni layerl

Cu substrate

Fig. 2 Schematic illustration of soldering configuration

Common metallographic practices were used to
prepare the samples for cross-section images of the
reflowed and the annealed samples. The back-scattered
electron image (BEI) of the microstructure was observed
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by scanning electron microscope (SEM). Concentration
profiles of Au, Ni and Sn were measured on the
cross-section along the direction normal to the Au—Sn/Ni
interface by electron probe microanalysis (EPMA). The
thickness of the IMC layer was calculated by the
Image-pro plus (IPP) professional image analysis
software.

3 Results and discussion

3.1 Microstructure of as-solidified joint

The typical cross-sectional BEI image of the
as-solidified joint is shown in Fig. 3. The microstructure
of the solder matrix is composed of dark (Au,Ni)Sn and
bright (Au,Ni)sSn phases. These compounds have the
0-(AuSn) and {-(AusSn) crystal structures, respectively,
but have small amounts of Ni dissolved in the Au
sublattice. Only one irregular-shaped reaction product is
found between the Au—Sn solder and the Ni layer after
reflow. The composition of the reaction product is
15.42%Au—43.19%Ni—41.39%Sn (mole fraction)
according to the EPMA measurements. The mole ratio of
the (Au+Ni) to that of Sn is (15.42+43.19):(41.39),
which is close to 3:2. This suggests that the reaction
product is the (Au,Ni);Sn, IMC, with Ni;Sn, phase
crystal structure.
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Fig. 3 SEM image of as-solidified AuSn20/Ni joint

As to the Au—Ni—Sn system, the formation enthalpy
of NizSn,, AuSn and AusSn is —31.3, —15.4 and
—5.8 kJ/mol [10—12], respectively. This indicates that
Ni;Sn, phase is a stable phase formed during
solidification. On the other hand, some binary phases
such as AuSn, AusSn, Ni;Sn, and Ni3Sn, in the
Au—Ni—Sn system have a very high solubility of the
third element, due to the similarity in the chemical and
physical properties of Au and Ni [13]. It seems that Ni
enters into J-(AuSn) and {-(AusSn) lattice and substitutes
Au atoms, while the Au enters into the Ni;Sn, lattice and
substitutes Ni atoms. A ternary IMC often has a lower
Gibbs free energy than a binary compound of the same

structure from the entropy argument [14]. Therefore,
0-(AuSn), {-(AusSn) and Ni;Sn, have a natural tendency
to absorb Ni or Au to reach its saturated composition.
This finding is consistent with the results reported by
previous investigators [7,15,16].

The average thickness of the (Au,Ni);Sn, IMC layer
formed at the interface is approximately 0.4 um. Above
the thin (Au,Ni);Sn, layer, some rod-shape (Au,Ni);Sn,
phases are found. The EPMA analysis location of the
rop-shape (Au,Ni);Sn, is denoted as red cross in Fig. 3,
and the composition is 17.11%Au—42.34%Ni—
40.55%Sn (mole fraction). The rod-shape (Au,Ni);Sn,
phase has a higher Au content, as compared to the
interfacial thin (Au,Ni);Sn, layer. Since Ni originates
from the substrate and Au from the solder, the interfacial
(Au,Ni);Sn, layer has higher Ni content.

3.2 Microstructure of annealed joint

Typical backscatter electron images for the
cross-sections of the annealed AuSn20/Ni diffusion
couples are shown in Fig. 4. The (Au,Ni)Sn and
(Au,Ni)sSn phases in the solder matrix grow remarkably
after 100 h annealing at 393 K (Fig. 4(a)), compared with
the as-solidified joints. The AuSn20/Ni joints are
quenched in water during solidification, and a higher
Gibbs free energy is generated. It provids a driving force
for the phase to grow during annealing. However, the
thickness of IMC layer at AuSn20/Ni interface keeps
almost invariant at the lower annealing temperature of
393 K. By increasing annealing temperature to 433 K,
the thickness of the IMC layer grows gradually, as
shown in Fig. 4(b). A layer consisting of bright and dark
compounds is formed along the AuSn20/Ni interface
after annealing at 473 K, as shown in Fig. 4(c).
According to the EPMA measurement, the bright layer
over the dark (Au,Ni);Sn, layer is (Au, Ni)Sn. The
0-AuSn phase in the eutectic structure decreases and the
thickness of IMC layer increases significantly with the
increasing aging time at 473 K, as shown in Fig. 4(d).
The driving force for this evolution is that the J-AuSn
phases in the solder matrix prefer to have Ni in the lattice,
resulting in the formation of (Au,Ni)Sn layer at the
interface.

According to the isothermal sections of the ternary
phase diagram at room temperature [17] (Fig. 5), Ni is
much less soluble in the (-phase than in the d-phase. The
maximum solubility of Ni in {-phase is about 1% (mole
fraction), while in d-phase it can be more than 20%. It
follows that Ni reacts primarily with the d-phase rather
than {-phase in solder joints. In a word, (Au,Ni)Sn is the
first compound formed during reflow, and (Ni,Au);Sn, is
present immediately after solidification. During the aging
treatment, (Ni,Au);Sn, generates from the solid state
reaction of Ni and (Au,Ni)Sn, and during the prolonged
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Fig. 4 Microstructures of AuSn20/Ni joints aging in various conditions: (a) 393 K, 100 h; (b) 433 °C, 100 h; (c) 473 °C, 300 h;

(d) 473 °C, 1000 h
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Fig. 5 Isothermal ternary phase diagram of Au—Ni—Sn at room
temperature [17]

annealing, the (Ni,Au);Sn, layer grows significantly
while (Au,Ni)Sn phase decreases in the solder matrix.
Furthermore, sprout-like  intermetallic
compound forms between the (Ni,Au);Sn, and Ni layer
after 1000 h annealing at 473 K, as shown in Fig. 4(d).
EPMA measurements show that the composition of the
reaction product is 12.11%Au—51.15%Ni—36.74%Sn
(mole fraction), which is inexistent in the Au—Ni—Sn
ternary phase accurately. According to SONG’s [18]

a new

study, with <10% Ni in Au—Sn solder, the ternary system
is equilibrium with {+Jd(Ni)+Ni;Sny(Au); with 20% Ni,
the equilibrium system is composed of ((Ni) and
Niz;Sn,(Au); and with 35% Ni, the equilibrium system is
(Au,Ni)Sn+Ni;Sn,(Au)+Ni;Sn(Au). This suggests that
the new compound in our system may be (Ni,Au);Sn
phase.

3.3 Growth kinetics of IMC layer

The morphological change and the increased
thickness of the IMC layer observed in the annealed
specimens indicate the interfacial reaction of the solder
with the Ni layer during the thermal annealing process.
The increased thickness / of the IMC layer during
annealing and the total thickness /; of the IMC layer can
be denoted as

=11, )

where /, is the as-solidified thickness of IMC layer,
which is about 0.4 um in this work.

The detecting results for / are plotted as triangles,
open circles and squares for 393, 433, and 473 K in
Fig. 6, respectively. Here, the ordinate indicates the
logarithm of the thickness /, and the abscissa shows the
logarithm of the aging time z. As it can be seen, the
thickness / monotonically increases with increasing
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annealing time ¢ at the three annealing temperatures.
Furthermore, the plotted points for each thickness are
located well on a straight line. Therefore, [ is
mathematically described as a function of 7 by

I "[LJ )
%y

where ¢, is unit time, 1 s. It is adopted to make the ratio
t/ty dimensionless. The proportionality coefficient & has
the same dimension as the thickness /, but the exponent n
is dimensionless. The values of & and » in Eq. (2) are
simultaneously determined from the plotted points in
Fig. 6 by a least-squares method. Thickness / is
calculated for 393, 433, 473 K annealing and shown as
dashed, dotted and solid lines in Fig. 6, respectively. The
higher the annealing temperature 7 is, the larger the
thickness / is obtained at each annealing time. Thus, the
overall growth rate of the intermetallic layer increases
with the increasing annealing temperature.
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Fig. 6 Thickness / of IMC layer vs aging time ¢ for AuSn20/Ni

interface

The mean values of the exponent n for AuSn20/Ni
couples are plotted against the annealing temperature 7
in Fig. 7. Here, the ordinate and the abscissa show n and
T, respectively. The exponent n is equal to 0.471 at
473 K, and monotonically increases with decreasing
annealing temperature. At 433 and 393 K, #n is equal to
0.476 and 0.527, respectively. At the reactive diffusion
interface, the mean values of the exponent n demonstrate
the rate-controlling process of the diffusion couples.
When the reactive diffusion is controlled by the volume
diffusion of the constituent elements in each phase, n is
equal to 0.5. However, the grain boundary diffusion
across the intermetallic layer governs the reactive
diffusion at low temperatures where the volume diffusion
is practically frozen out. If the reactive diffusion is
purely controlled by the grain boundary diffusion and
grain growth occurs in the intermetallic layer according

to the parabolic law, the exponent takes a value of
n=0.25 [9]. According to the results in Fig. 7, the
exponents n for all temperatures are close to 0.5. This
indicates that the atomic diffusion of Ni and Sn through
the interface IMC layer was the main controlling factor
for the growth of the interface IMC during annealing.
However, the value of n decreased slightly with
increasing of annealing temperature. This suggests that
the growth of IMC layer is unlikely to be controlled by
just one mechanism. When the grain grows, the volume
fraction of the grain boundary monotonically decreases
with annealing time. Such decrease in the volume
fraction causes the decrement of the effective cross
section, and accelerates the grain boundary diffusion. As
a result, the exponent n in Eq. (2) takes values a little bit
less than 0.5.
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Fig. 7 Exponent n vs annealing temperature 7'

In the case of the reactive diffusion controlled by
the volume diffusion, the growth of the intermetallic
layer is expressed by the following equation [8]:

P=Kt (3)

Equation (3) is another formula of the parabolic
relationship, where K is the diffusion coefficient. As
mentioned above, the volume diffusion 1is the
rate-controlling process for AuSn20/Ni couple at
393-473 K. Thus, the values of K at 393, 433 and 473K
were evaluated from Eq. (3) using the results in Fig. 5 by
the least-squares method. The evaluation provides
K=1.099x10""%, 1.671x10""" and 1.134x107'® m%s for
393, 453 and 473 K, respectively. These values are
plotted against the annealing temperature 7 as
squares shown in Fig. 8. In this figure, the ordinate
indicates the logarithm of K, and the abscissa shows the
reciprocal of 7. The temperature dependence of K is
expressed by the following equation with certain
accuracy [19]:
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K=K, exp(%j 4)
where K, and Q are the pre-exponential factor and the
activation enthalpy, respectively. Determined from the
plotted points in Fig. 8 by a least-squares method, we
obtain K,=1.23x10"7 m%s and Ok =81.8 kJ/mol for the
IMC layer in AuSn20/Ni diffusion couple.
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Fig. 8 Parabolic coefficient K vs reciprocal of annealing
temperature 7 for AuSn20/Ni joints diffusion couple

4 Conclusions

1) Due to reflow soldering, the solder matrix is
compound of (Au,Ni)Sn and (Au,Ni)sSn, and the
(Ni,Au);Sn, layer is formed at AuSn20/Ni interface.

2) After annealing at 393, 433 and 473 K, a
compound IMC layer of (Au,Ni)Sn and (Au,Ni);Sn, is
formed at AuSn20/Ni interface, and it grows remarkably
with increasing annealing temperature and time. The

thickness / of the IMC layer grows following the formula:

I=k(t/ty)". The values of exponent n vale for the
composite IMC layer annealed at the three temperatures
are 0.527, 0.476 and 0.471, respectively.

3) In the case of the reactive diffusion controlled by
the volume diffusion for AuSn20/Ni diffusion couple,
the pre-exponential factor K,=1.23x10" m%s and the
activation enthalpy QOx=81.8 kJ/mol are obtained from
the results of the parabolic coefficient K by a
least-squares method.
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