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The microstructures of the eutectic Au20Sn (wt.%) solder that developed on
the Cu and Ni substrates were studied. The Sn/Auw/Ni sandwich structure
(2.5/3.75/2 pm) and the Sn/Au/Ni sandwich structure (1.83/2.74/5.8 pm) were
deposited on Si wafers first. The overall composition of the Au and the Sn
layers in these sandwich structures corresponded to the Au20Sn binary eutec-
tic. The microstructures of the Au20Sn solder on the Cu and Ni substrates
could be controlled by using different bonding conditions. When the bonding
condition was 290°C for 2 min, the microstructure of Au20Sn/Cu and Au20Sn/
Ni was a two-phase (Auz;Sn and AuSn) eutectic microstructure. When the
bonding condition was 240°C for 2 min, the AuSn/Au;Sn/Cu and AuSn/Au;Sn/
Ni layered microstructure formed. After bonding, the Au20Sn/Cu and Au20Sn/
Ni diffusion couples were subjected to aging at 240°C. The thermal stability of
Au20Sn/Ni was better than that of Au20Sn/Cu. Moreover, less Ni was con-
sumed compared to that of Cu. This indicates that Ni is a more effective

diffusion barrier material for the Au20Sn solder.
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INTRODUCTION

The 80Au20Sn (wt.%, Au20Sn) solder is an impor-
tant bonding material for the packaging of optoelec-
tronic devices because of its many attractive prop-
erties. First, this solder becomes molten at a
relatively low eutectic temperature of 278°C. Sec-
ond, its relatively high yield strength makes it more
resistant to creep. Consequently, Au20Sn is useful
for bonding devices that are sensitive to high pro-
cessing temperatures but need good creep resis-
tance. Such applications include the bonding of
GaAs'™® or large Si dies* on alumina. Moreover, the
bonding processes using Au20Sn can be fluxless due
to its high Au content. Last, the high thermal con-
ductivity of Au20Sn (57 W/m°C) makes it particu-
larly useful for bonding higher power devices that
demand good heat dissipation.

According to the Au-Sn binary phase diagram,®
the Au20Sn alloy at the solid state has Au;Sn and
AuSn as its constituents. The Au;Sn phase has two
stable forms, the low temperature ordered phase {’,
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which is a line compound at 16.0 at.% Sn, and the
high-temperature disordered phase {, which has a
homogeneity range of 9.1-17.6 at.% Sn. The AuSn
phase has the NiAs-type hexagonal structure with
a homogeneous range between 50.0 at.% and 50.5
at.% Sn, and melts congruently at 419.3°C.

In optoelectronic packaging applications, Ni and
Cu are two of the most common metals to be in direct
contact with the solders. They are often used as the
top surface finish metals on the soldering pads of the
devices or the substrates. The reactions of the sol-
ders and the surface finish metals are important be-
cause the interfaces often control the overall
strength of the solders joints. The reaction of the
Sn/Au/Ni sandwich structure has been studied be-
fore.® It was found that this reaction was quite com-
plicated but at the same time quite interesting. It
was shown that the microstructures of Au20Sn on
Ni could be controlled by different bonding condi-
tions.® When the bonding condition was 290°C for 2
min, the microstructure produced was a typical two-
phase (AuzSn and AuSn) eutectic microstructure
over Ni. In contrast, when the bonding condition was
240°C for 2 min, an AuSn/Au;Sn/Ni layered micro-
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structure was produced. When this AuSn/Au;Sn/Ni
layered structure was subjected to aging at 240°C,
the AuSn layer gradually exchanged its position
with the Au;Sn layer, and formed a Au;Sn/AuSn/Ni
layered structure in less than 9 h. The dominant
diffusing species in the AuSn and Au;Sn phases has
also been identified to be Au and Sn, respectively.
The objective of this study is to study the reaction of
the Au20Sn solder and the other common surface
finish metal Cu. The difference between the Sn/Au/
Ni reaction and the Sn/Au/Cu reaction will also be
compared with the eventual purpose of identifying a
better surface finish metal for the Au20Sn solder.

EXPERIMENTAL

The samples used in this study were formed by
depositing the Sn/Au/Ni or Sn/Au/Cu three-layer
sandwich structure onto Si wafers through evapora-
tion. For the Sn/Au/Ni samples, the thickness of Sn,
Au, and Ni was 2.5 pm, 3.75 pm, and 2.0 pm, re-
spectively. For the Sn/Au/Cu samples, the thickness
of Sn, Au, and Cu was 1.83 pm, 2.74 pm, and 5.8 pm,
respectively. The amounts of Au and Sn in these two
types of samples, if uniformly mixed, will produce an
alloy with the Au20Sn composition.

The samples were first bonded for 2 min either at
240°C or at 290°C. This short processing time at
240°C or 290°C was long enough for the Au layer
and the Sn layer to react to produce a Au20Sn alloy
over the Ni or Cu substrates, forming the Au20Sn/Ni
or the Au20Sn/Cu diffusion couples. Then, the
Au20Sn/Ni and Au20Sn/Cu diffusion couples were
aged at 240°C for up to 1000 h. Subsequently, the
samples were mounted in epoxy and metallurgically
polished in preparation for characterization. The re-
action zone for each sample was examined using a
scanning electron microscope (SEM). The composi-
tions of each phase were determined using a JEOL
JXA-8800M electron microprobe (Japan Electron
Optics Ltd., Tokyo), operated at 20 keV. In micro-
probe analysis, the concentration of each element
was measured independently, and the total weight
percentage of all elements was within 100 + 1% in
each case. The average value from at least three
measurements was then reported. For the x-ray dif-
fraction (XRD) analysis, the Cu K, radiation was
used.

RESULTS

In the following, the microstructure evolution dur-
ing bonding at 290°C or 240°C for two min to form
Au20Sn/Ni and Au20Sn/Cu is presented first. Then
the results from the aging of Au20Sn/Ni and
Au20Sn/Cu at 240°C are presented.

Bonding Reaction at 290°C or 240°C for 2 Min

As mentioned earlier, the microstructure of
Au20Sn on Ni could be controlled by the bonding
conditions of the Sn/Au/Ni sandwich. When the
bonding condition was at 290°C for 2 min, the mi-
crostructure of (Au, Ni);Sn and (Au, Ni)Sn was a
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(a) 290 °C, 2 min

Fig. 1. Microstructures of Sn/Au/Ni after bonding for 2 min at (a)
290°C and (b) 240°C. The reaction products were (Au, Ni)sSn and
(Au, Ni)Sn in both cases, but had different morphologies. An eutectic
microstructure formed at 290°C, and a layered microstructure
formed at 240°C.

eutectic type, as shown in Fig. 1a. When the bonding
condition was at 240°C for 2 min, both (Au, Ni);Sn
and (Au, Ni)Sn has a layered morphology, as shown
in Fig. 1b. The phase sequence was also different for
these two cases. At 290°C, (Au, Ni)Sn was next to
the Ni phase, while (Au, Ni);Sn was next to the Ni
phase at 240°C.

This sensitivity of the microstructure to the bond-
ing conditions also exists for the Sn/Au/Cu samples.
Figure 2a shows the microstructure of Sn/Au/Cu af-
ter bonding at 290°C for 2 min. The two reaction
products formed over Cu were (Au, Cu);Sn and (Au,
Cu)Sn, according to the electron-probe microanaly-
sis (EPMA) measurements. These two compounds
have Aus;Sn and AuSn crystal structures, respec-
tively, but have small amounts of Cu dissolved in the
Au sublattices. From the EPMA measurements, the
concentration of Cu was 2.5 at.% in (Au, Cu)Sn and
17 at.% in (Au, Cu)sSn. Consequently, these two
phases here can be labeled as (Aug ¢5Cuy o5)Sn and
(Aug goCug 90)59n, respectively. The (Au, Cu);Sn
phase was a continuous layer, but the (Au, Cu)Sn
phase was discontinuous. In contrast, bonding at
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(a) 290 °C, 2 min

(b) 240 C, 2 min

Fig. 2. Microstructures of Sn/Au/Cu after bonding for 2 min at (a)
290°C and (b) 240°C. The reaction products were (Au, Cu)sSn and
(Au, Cu)Sn in both cases, but had different morphologies. The (Au,
Cu)Sn phase was discontinuous at 290°C, but was a continuous
layer at 240°C.

240°C for 2 min produced two continuous layers,
(Au, Cu);Sn and (Au, Cu)Sn, as shown in Fig. 2b.
From the EPMA measurements, the concentration
of Cuwas 1.5 at.% in (Au, Cu)Sn and 4.3 at.% in (Au,
Cu)5Sn. Therefore, these two phases here can be la-
beled as (Aug o;Cug o3)Sn and (Aug o5Cug o5)55n, Te-
spectively. As expected, the Cu concentrations were
lower in (Au, Cu)Sn and (Au, Cu);Sn when the bond-
ing was done at a lower temperature. It should be
noted that here the phase sequence was the same for
the two conditions used. The phase (Au, Cu);Sn al-
ways formed next to Ni.

Aging Reaction at 240°C

The results from the Sn/Au/Cu samples that were
bonded at 290°C for 2 min, followed by aging at
240°C, are presented first. Figure 3a shows what
happened when the microstructure in Fig. 2a was
aged at 240°C for 1 h. The overall microstructure
and the phases present did not change, but the con-
centrations of Cu in (Au, Cu)Sn and (Au, Cu);Sn
increased. According to detailed EPMA, (Au, Cu)5Sn
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(a) 240 °'C, 1 hr

(b) 240 °C, 10 hrs
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Fig. 3. Backscattered electron micrographs showing the microstruc-
tures of Au20Sn/Cu that has been reacted at 290°C for 2 min, fol-
lowed by aging at 240°C for (a) 1 h, (b) 10 h, and (c) 25 h.

in fact has two distinct composition ranges,
(Au, ;,Cug 3)5Sn and (Au, ¢Cug 4)5Sn, as labeled in
Fig. 3a. This implies that the Au;Sn phase can dis-
solve a substantial amount of Cu at 240°C. Accord-
ing to the Au-Cu-Sn isotherm at 190°C (Fig. 4), de-
termined by Zakel,” Au;Sn indeed has a high Cu
solubility (19 at.% Cu) at 190°C. When the reaction
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Cu tion, there were an Au-Cu-Sn ternary compound, a

9 CuAu(Sn) phase, and a Cu;Au(Sn) phase. Again, the
exact compositions could not be determined accu-
rately.

As shown in Fig. 6, the aging behavior of those
Sn/Au/Cu samples that were bonded at 240°C for 2
min was very similar to those that were bonded at

(a) 240 °C,1 hr

, 0
Sn o i 20 30 40 .50, 60 70 8 9 100 AU
AuSn l&u5§n

Fig. 4. The Au-Cu-Sn ternary isotherm at 190°C. This isotherm was
determined by Zakel.”

time reached 10 h, the microstructure became very
complicated, as shown in Fig. 3b. The composition of
(Au, Cu)Sn remained (Au, o,Cug o6)Sn. In addition,
there were a CuyyAu,,Sn,y, phase, an Au-Cu-Sn ter-
nary compound with unknown composition, an
AuCu phase with a small amount of Sn dissolved,
and a CugAu phase with a small amount of Sn dis-
solved. The composition of the Au-Cu-Sn ternary
compound as well as the Sn contents in AuCu and
CusAu could not be measured accurately because
these phases were too small for accurate EPMA.
When the reaction time reached 25 h (Fig. 3c), the
composition of the outer layer was Au;;Cu,,Sn,g ac-
cording to the EPMA measurement. According to
the x-ray diffraction analysis shown in Fig. 5, this
compound was based on the Aug zCug ¢Sng g struc-

ture. This compound Aug sCug Sns g was not in the AuCu(Sn)
Au-Cu-Sn isotherm shown in Fig. 4, but has been
identified and indexed in the literature.® In addi-

W Aug Cu, Sny

Intensity {Arbitrary unit)
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Two theta (Degree)

Fig. 6. Backscattered electron micrographs showing the microstruc-
Fig. 5. X-ray diffraction pattern of the Aug sCug ¢Sn5 g phase. The Cu tures of Au20Sn/Cu that were reacted at 240°C for 2 min, followed by
Ka, radiation was used. aging at 240°C for (a) 1 h, (b) 10 h, and (c) 25 h.
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290°C. In other words, the initial difference induced
during bonding disappeared rather quickly.

The reaction between Au20Sn and Ni at 240°C
was less extensive compared to that between
Au20Sn and Cu presented above. As has been
pointed out in a previous study,® when the micro-
structure in Fig. 1b was aged at 240°C, (Au, Ni)Sn
and (Au, Ni);Sn exchanged their positions. Figure 7
is an example of (Au, Ni)Sn and (Au, Ni);Sn after
they have finished exchanging their positions. It
seemed that (Au, Ni)Sn preferred to have Ni as its
immediate neighbor. It should be noted that (Au,
Ni)Sn was next to Ni right after bonding when the
bonding was carried out at 290°C. The observation
that higher bonding temperature and longer aging
time both made (Au, Ni)Sn preferentially locate next
to Ni seems to suggest that the reason for this pref-
erence is thermodynamic in nature. In addition to
(Au, Ni)Sn and (Au, Ni);Sn, a thin intermetallic
compound layer between (Au, Ni)Sn and Ni formed
after 208 h of aging. According to EPMA measure-
ment, this compound was an Au-Ni-Sn ternary com-
pound, and was probably the NizSn, phase with a
large amount of Au dissolved.®

Figure 8 shows the microstructures of Au20Sn/Ni
and Au20Sn/Cu that were aged at 240°C for 1000 h.
It is clear that the microstructure of Au20Sn on Ni
was more thermally stable than on Cu. As shown in
Fig. 8a, the microstructure of Au20Sn/Ni remained
layered after aging at 240°C for 1000 h. The compo-
sition of the upper layer became Augg {Nij oSn;. Ac-
cording to the x-ray diffraction result shown in Fig.
9, this layer was still (Au, Ni);Sn. The (Au, Ni)Sn
layer, which still existed after 208 h of aging (Figure
7), disappeared. The thick layer under the (Au,
Ni);Sn layer has the composition AuysNigsSn,s,.
From the x-ray diffraction analysis shown in Fig. 10,
this compound was identified to be the NizSn, phase
with a large amount of Au dissolved. Between Ni
and (Nij, gAug 4)35n,, there was a darker Au-Ni-Sn
ternary compound, which remained unidentified.

240 °C, 208 hrs

Fig. 7. Backscattered electron micrographs showing the microstruc-
ture of Sn/Au/Ni that were bonded at 240°C for 2 min, followed by
aging at 240°C for 208 h.
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(a) 240 °C, 1000 hrs

~ (Au, Ni);Sn

Fig. 8. Backscattered electron micrographs showing the microstruc-
ture of (a) Au20Sn/Ni and (b) Au20Sn/Cu that has been aged at
240°C for 1000 h.
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Fig. 9. X-ray diffraction pattern for the upper layer of the sample
shown in Fig. 8a. The phase is identified to be (Au, Ni)s;Sn. The Cu
Ko, radiation was used.

Intensity (Arbitrary unit)

The consumed thickness of Ni after aging at 240°C
for 1000 h was 0.8 pm regardless of the bonding
condition.

Figure 8b shows the microstructures of Au20Sn/
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Fig. 10. X-ray diffraction pattern for the second layer of the sample
shown in Fig. 8a. Most of the upper layer has been removed by
etching. The Cu Ko, radiation was used.

Cu that was aged at 240°C for 1000 h. The upper
layer became Au,CugSn, according to the x-ray dif-
fraction analysis (Fig. 11). The Au,CugSn, phase
was not in the Au-Cu-Sn isotherm shown in Fig. 4,
but its existence and crystal structure have been
established in the literature.” The consumed thick-
ness of Cu now was 4.8 wm, much greater than that
of Ni.

DISCUSSION

There are several differences between the Sn/Au/
Ni or Sn/Au/Cu diffusion couples. During the bond-
ing, AusSn preferred to form next to Cu in both
bonding conditions, as shown in Fig. 2, and AuSn
preferred to form next to Ni, as shown in Fig. 1a. It
should be noted that, even though AusSn initially
formed next to Ni when the bonding temperature
was at 240°C, as shown in Fig. 1b, AusSn and AuSn
exchanged their positions during aging and the
AuSn phase eventually was next to Ni, as shown in
Fig. 7. In other words, before extensive interactions

w : Au,Cu,Sn,
4 :Cu,Au(Sn)

Intensity (Arbitrary unit)

20 25 30 35 40 45 50 55 60 65 70 75 80

Two theta (Degree)

Fig. 11. X-ray diffraction pattern for the sample in Fig. 8b. The Cu
Ka, radiation was used.
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between Au20Sn and Ni or Cu, the AuzSn phase in
Au20Sn has a tendency to be next to Cu, and the
AuSn phase has a tendency to be next to Ni. This
observation indicates that the selection of the con-
tact materials can influence the microstructures of
the Au20Sn. The reason that Cu and Ni have differ-
ent affinities toward Au;Sn and AuSn is not clear at
present. According to the Au-Cu-Sn isotherm shown
in Fig. 4, there are tie-lines between Au;Sn and the
Au-Cu solid solution, but there is no tie-line between
the AuSn and the Au-Cu phases. Therefore, the af-
finity between Au;Sn and Cu can be rationalized
with this thermodynamic argument. However, this
type of argument cannot be applied to explain the
affinity between AuSn and Ni, as neither AuSn nor
Au;Sn is in thermodynamic equilibrium with Ni ac-
cording to the Au-Ni-Sn isotherm shown in Fig. 12.
Consequently, for the Ni case we can only say that
the system simply chooses that particular diffusion
path.

The results of this study also show that the ther-
mal stability of Au20Sn/Ni was better than that of
Au20Sn/Cu when these diffusion couples were sub-
jected to long-term aging at 240°C. However, even
for the Au20Sn/Ni couple, the (Au, Ni)Sn/Ni inter-
face in Fig. 1 or 7 was not in thermodynamic equi-
librium according to the Au-Ni-Sn isotherm shown
in Fig. 12.° Considering a diffusion couple between
Ni and the (Au, Ni)Sn phase, there is no tie-line
connecting these two phases. Therefore, the (Au,
Ni)Sn/Ni interface was not in thermodynamic equi-
librium. It follows that there was a driving force for
a new phase to form at the (Au, Ni)Sn/Ni interface.
According to the isotherm, the (Ni, Au);Sn, phase
has a good chance to form at the interface because of
the fact that there is a tie-line between Ni and (Ni,
Au);Sn, as well as between (Ni, Au);Sn, and (Au,
Ni)Sn. For the Au20Sn/Ni diffusion couple, aging at
240°C for 1000 h made the (Au, Ni)Sn phase disap-
pear and induced the formation of (Ni, Au)3Sn, and

100

0
no 10 20 30 100 Au

40 o 50, 60 70 8
AuSn Aus n

Fig. 12. The Au-Ni-Sn ternary isotherm at room temperature. This
isotherm was determined by Anhéck et al.'®
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a ternary compound Au-Ni-Sn. Considering the ini-
tial thickness of the Au layer (3.75 pm), that of the
Sn layer (2.5 pm), and the consumed thickness of
the Ni layer (0.8 wm), one can calculate that the
overall composition is Aug; 3Ni;g gSngs o. This com-
position is in the AusSn + NigSn, two-phase field
according to the Au-Ni-Sn isotherm shown in Fig.
12. This explains the coexistence of these two phases
in the Au20Sn couple after 1000 h of aging. The new
Au-Ni-Sn ternary compound could be the NizSn
phase with a small amount of Au dissolved.

The evolution of the Au20Sn/Cu was much faster
and more complicated. It has been reported that Cu
was the most mobile species in the Au-Cu-Sn sys-
tem.!! Therefore, Cu could diffuse into Au20Sn sol-
der easily, and consequently, the Au-Sn compounds
were replaced by Au-Cu-Sn and Au-Cu compounds.
There were two compounds formed in the Au20Sn/
Cu couple, AuggAugSns g and Au,CugSn,, which
were not included in the Au-Cu-Sn 190°C phase dia-
gram.’ Nevertheless, the existence of these two com-
pounds has been reported in the literature.®° There-
fore, the Au-Cu-Sn phase diagram at 240°C needs to
be studied in more detail in the future.

CONCLUSIONS

The microstructures of the Au20Sn solder on Cu
and Ni substrates can be controlled by reacting Au
and Sn at different conditions. When the reaction
condition was 290°C for 2 min, the microstructure
was a eutectic type, which was a mixture of Au;Sn
and AuSn. The major difference between Au20Sn/Ni
and Au20Sn/Cu was that (Au, Ni)Sn preferred to
form next to Ni and (Au, Cu);Sn preferred to form
next to Cu. When the reaction condition was 240°C
for 2 min, the microstructure was the AuSn/Au;Sn/
Cu or AuSn/AuzSn/Ni layered structure.
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The thermal stability of eutectic Au20Sn/Ni was
better than that of Au20Sn/Cu when the samples
were subjected to aging at 240°C. The Au20Sn/Ni
could retain its microstructure at 240°C for more
than 200 h, but that of Au20Sn/Cu changed in less
than 10 h. Moreover, less Ni was consumed (0.8 pm)
compared to that of Cu (4.8 pm) after 1000 h of ag-
ing. This indicates that Ni is a more effective diffu-
sion barrier for the Au20Sn solder, and is a better
surface finish from the perspective of being a more
effective diffusion barrier.
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