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The mechanical properties of intermetallic compounds in the Au—Sn system were
investigated by nanoindentation. Measurements of hardness and elastic modulus were
obtained for all of the confirmed room-temperature intermetallics in this system as
well as the (3 phase (8 at.% Sn) and AuSn,. Overall, it was found that the Au—Sn
compounds have lower hardness and stiffness than common Cu—Sn compounds
found in solder joints. This finding is in contrast to common knowledge of “Au
embrittlement” due to the formation of either AuSn, or (Au,Ni)Sn, intermetallic
compounds. This difference in understanding of mechanical properties of these phases
and the resulting joint strength is discussed in terms of reliability and possible failure
mechanisms related to interface strength or microstructural effects. Indentation creep
measurements performed on AusSn, Au—Sn eutectic (29 at.% Sn) and AuSn indicate
that these alloys are significantly more creep resistant than common soft solders, in
keeping with typical observations of actual joint performance.

. INTRODUCTION

Intermetallic compounds in the Au—Sn system have
been of interest in joining applications for many dec-
ades.'” During the advent of the microelectronics indus-
try, eutectic Au—Sn solder (29 at.% Sn), with a melting
point of 280 °C, was developed as a high temperature
“first-attach” solder. This eutectic consists of two inter-
metallic compounds—AusSn (') and AuSn (8)—and is
considered a relatively hard solder with superior creep
resistance. Thus today, this solder is popular for opto-
electonics applications where dimensional stability is
critical.® In addition to their presence in Au—Sn eutectic
solder, Au-Sn intermetallics also form with other Sn
bearing solders (e.g., Pb—Sn and Sn—Ag—Cu) when Au is
used as a finishing metal. In these cases, the formation of
intermetallic compounds, primarily AuSn,, has been tied
to embrittlement and decreased reliability.>*® The most
recent example of this phenomenon is the soldering of
Pb-Sn to Au/Ni surface finishes.®®'*'" In the work of
Zribi et al.,'"'? as-soldered joints were found to have
acceptable strength. However, with solid state aging, a
(Au,Ni)Sn, compound formed at the solder/Ni,Sn, inter-
face. The growth of this phase, observed even for sub-
micron coatings of Au, was correlated to a decrease in
joint strength and brittle failures.
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Figure 1 is the equilibrium phase diagram for the Au-Sn
system.'>'* At room temperature, there are three con-
firmed stable intermetallic compounds: {’ (AusSn), &
(AuSn), and € (AuSn,); there are also three others for
which there is convincing experimental evidence of sta-
bility: # (8 at.% Sn), { (=10 at.% Sn), and m (AuSn,).
Despite claims of various mechanical benefits or draw-
backs associated with the presence of Au in soldering,
surprisingly few studies of the mechanical properties of
Au-Sn compounds themselves exist in the literature.'>™'®
Ghosh recently measured the elastic and plastic proper-
ties of AuSn, with resonance techniques and microhard-
ness.'® Vicenzo et al. performed nanoindentation on elec-
trodeposited Au—Sn thick films. Most of their results are
for metastable alloys, with a single measurement for
crystalline AuSn (8)."® Yost et al."> measured the elastic
properties of the AusSn and AuSn intermetallics by reso-
nance techniques, in addition to making measurements of
coefficients of thermal expansion. Plastic properties of
many of the Au-rich alloys were measured by Ciulik and
Notis by microhardness.'” Thus, among these four stud-
ies, there exist some mechanical-property data for most
of the equilibrium intermetallic compounds, but no com-
plete database of quasi-static behavior for alloys in the
Au-Sn system, no consistency of experimental approach,
and no creep data for individual phases. This limits the
understanding of the role each intermetallic may play in
determining solder joint performance and therefore limits
the ability to efficiently design solder alloys, pad metal-
lizations, and processes for maximum reliability.

The lack of mechanical-property data for Au—Sn
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FIG. 1. Au-Sn phase diagram, adapted from Ciulik and Notis.
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compounds is partly due to the requirement for a bulk
specimen for traditional mechanical testing techniques,
such as compression/tension testing or resonance tech-
niques. Preparation of large quantities of single phase
alloys either requires specialized techniques'® or long-
term annealing of cast specimens.'® These approaches
are somewhat difficult to implement and may not yield
specimens that are chemically and structurally represen-
tative of all possible intermetallics found in joints made
using a certain solder alloy system. However, using na-
noindentation, one can reliably measure the mechanical
properties of intermetallic compounds common to sol-
dering applications in diffusion couples aged for moder-
ate times. This is due to the rapid interstitial diffusion for
many noble metal species in Sn.”>*' For example, in our
recent study,”” ageing of Cu/Sn and Ag/Sn diffusion
couples for a few hundred hours at 200 °C produced
intermetallic layers of 5 wm of more in thickness, suffi-
cient for nanoindentation testing of Cu;Sn, Cu,Sns, and
Ag;Sn. More recently, two independent research groups,
Deng et al.?>?* and Jang et al.,>> conducted similar nano-
indentation experiments on Cu-Sn compounds and
all observed good agreement for elastic modulus and
hardness. Based on these studies, nanoindentation has
been shown to be a quick, reliable technique for meas-
uring the mechanical properties of intermetallic com-
pounds at length scales similar to real solder joints.
Measurements of the elastic (e.g., Young’s modulus) and
plastic properties of intermetallic compounds are neces-
sary for finite element modeling of solder joints at a
microstructural level,>® where the nanoindentation hard-
ness may be equated to a yield strength via Tabor’s re-
lation.?’

For this investigation, the room-temperature elastic
modulus, hardness, and short-time creep behavior of Au—
Sn intermetallic compounds have been measured by
nanoindentation. Samples were prepared as diffusion
couples, with some bulk Au—-Sn and Au-Ni—Sn alloys

from other investigations also examined.'*'”*®* The
quasi-static mechanical properties for all of the con-
firmed room temperature intermetallics (', 8, €) are pre-
sented along with results for the 3 phase (8 at.% Sn),
mn (AuSn,), and (Au,Ni)Sn,. In addition, creep data
for phases of interest in soldering with Au—Sn eutectic
(29 at.% Sn) solder are also presented. The results are
discussed in the context of the current understanding of
the role of Au in soldering applications.

Il. EXPERIMENT

Most of the Au—Sn intermetallics were fabricated by
solid-state aging of diffusion couples. Due to the com-
plexity of the Au—Sn phase diagram (compare Fig. 1) and
the nature of competitive diffusion in the Au—Sn sys-
tem,”” it was necessary to prepare both an Au-rich and
Sn-rich diffusion couple. The Au-rich couple consisted
of a layer of pure Au (99.999+% purity) and a layer of
Au-Sn eutectic solder (29 at.% Sn), while the Sn-rich
couple was prepared with pure Au and pure Sn (99.985%
purity). The diffusion couples were annealed at 185 °C,
with anneal times of 48 h for the Sn-rich couple and
1 week for the Au-rich couple. These samples were then
mounted in cross section in low viscosity epoxy and
cured at room temperature. Standard metallographic
techniques were used to prepare the specimens for sub-
sequent microscopy and nanoindentation testing. The
polishing schedule consisted of grinding with SiC paper
down to a 15-pum-grit followed by polishing with 0.3-pm
alumina and finally 0.05-pm colloidal silica.

Electron probe microanalysis (EPMA) was performed
on the samples to identify specific phases and to measure
the composition of each growth layer formed during an-
nealing. A JEOL 733 probe (Tokyo, Japan) equipped
with wavelength dispersive spectroscopy (WDS) was
used for quantitative analysis. The accelerating voltage
was 20 kV, and the probe current was maintained at 40
nA, with a 40 s peak and 20 s background counts. Stan-
dards for calibration of the microprobe were high-purity
(99.999%) specimens of Au and Sn obtained from Geller
(Topstield, MA). The composition of each phase present
in the alloys was determined by spot analysis with at least
three analyses averaged for final quantitative values.

In addition to the diffusion couple samples prepared
specifically for this study, two specimens were available
from a previous study on the phase equilibria in the Au-
Sn system'>'” and a third specimen from a study on
Au-Ni-Sn alloys.?® The first specimen was a diffusion
couple of pure Au and a Au-rich alloy of composi-
tion 10.0 at.% Sn that was annealed at 300 °C for 800 h.
This diffusion couple sample was shown to contain
the B phase (8 at.% Sn). The second specimen was a
bulk single phase AuSn (8) alloy (50.5 at.% Sn) that was
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cast and annealed. The third specimen was a bulk
Au, sNi, sSn, alloy prepared by casting and annealing.

Nanoindentation testing was carried out using a
Triboscope 1D transducer (Hysitron, Minneapolis, MN)
mounted to a Multimode atomic force microscope with a
Nanoscope III controller (DI, Santa Barbara, CA). The
Berkovich diamond tip (~150 nm defect radius) served
both for indentation testing and as the atomic force mi-
croscope (AFM) tip during imaging. Pre-scanning of a
specimen allowed for identification of interfaces within
the diffusion couple samples. Based on these images
and both optical and scanning electron microscopy char-
acterization, the location of the tip with respect to the
various phases in the diffusion couple could be deter-
mined. Often, preliminary indents were carried out
within well-characterized materials such as pure Au or
Sn, to verify the tip location prior to testing in the inter-
metallic compounds of interest. The indentation test con-
sisted of three steps: a loading segment, at rates between
0.25 to 1.0 mN/s, to a maximum load between 0.7 and
9.5 mN, followed by a hold segment for 1-3 s, and fi-
nally, unloading at rates between 0.25 and 1.0 mN/s. The
loading rates and hold segments were kept in these
ranges whenever the hardness and elastic modulus were
measured. However, for the AuSn, intermetallic, these
rates were also varied from 0.01 to 2.0 mN/s to test for
rate-dependent elastic (i.e., anelastic) effects. Also, when
testing for creep behavior of AusSn ({’), Au—Sn eutectic
(29 at.% Sn) and AuSn (d), the hold segment was in-
creased to 5-10 s.

Measurements of the reduced modulus and hardness
were carried out on all samples using the Oliver and
Pharr method®® in the same manner as in a previous
report on Cu-Sn and Ag—Sn intermetallic compounds.**
The area function of the diamond indenter was calibrated
prior to testing by indenting a fused quartz reference
material. The reduced modulus of a test material was
calculated from a stiffness measurement obtained from
the unloading slope and the area function for the dia-
mond indenter. This reduced modulus E. is defined by
the elastic properties of both the sample and the indenter

1 -2 -
E. = ( ) . (D
indenter

r E
where E is Young’s modulus and v is Poisson’s ratio.
The properties of the diamond indenter are known
(E = 1140 GPa and v = 0.07) and can be used to
calculate an indentation modulus,

1 -

E

+

sample

E

ENI:l—v2

2
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Then, if Poisson’s ratio of the test material is known,
the Young’s modulus may be calculated. Often, for

common values of Poisson’s ratio (0.25-0.35), the meas-
ured reduced modulus is quite close to a calculated
Young’s modulus.

The hardness of the sample is calculated from the stan-
dard definition

Pmax
A(he)

Hy, = 3)

where P, is the maximum load of the test and A(h,) is
the projected contact area.

Room-temperature creep measurements were per-
formed on the AusSn, Au-Sn eutectic, and AuSn
samples. For measurements of creep during the constant
load segment of nanoindentation testing, the strain rate is
determined from

=

1
Thd X
where £ is the indenter depth.?'*> The hardness meas-
urement is used as the average stress ¢ during this test,
where the load is constant and the area changes as the
indenter creeps into the specimen. The equation for sec-
ondary creep is used to plot creep curves relating the
strain rate to the applied stress:

€=Co" , ®)

where C is a temperature dependent constant and 7 is the
creep exponent. As observed in previous studies on in-
dentation creep in solder type materials,?'* the use of
Eq. 5 tends to yield large creep exponents for both short
and long observation times, which may be due to an
effect of transient creep on indentation experiments that
is difficult to quantify.

For the bulk AuSn (3), Vickers microindentation was
also performed using a M-400FT hardness tester (LECO
Corporation, St. Joseph, MN). Vickers hardness was cal-
culated from the standard definition and then converted
to a hardness value based on a projected contact area.*”
This conversion is convenient for comparisons, due to
the fact that the Vickers and Berkovich indenter geom-
etriei Shave the same projected area versus depth relation-
ship.™

lll. RESULTS AND DISCUSSION
A. Sample characterization

The two diffusion couple samples prepared specifi-
cally for this study were examined by scanning electron
microscopy (SEM) and EPMA to identify the com-
pounds formed during annealing. Measurements of layer
thicknesses were also carried out to provide a guide dur-
ing nanoindentation testing. Figure 2 is a SEM image of
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FIG. 2. Scanning electron microscopy image of the Sn-rich diffusion
couple. Using electron probe microanalysis, the phases present in this
sample were determined to be (a) Au, (b) AusSn + AuSn, (c) AuSn,
(d) AuSn,, (e) AuSn,, and (f) AuSn, + Sn.

the Sn rich diffusion couple. Two growth layers of the
intermetallic compounds AuSn, and AuSn, were identi-
fied. Also, between the Au and AuSn,, two layers were
found: a very thin layer of AuSn next to the AuSn, and
a layer exhibiting the eutectic structure consisting of
AusSn and AuSn. Based on Fig. 2 and measurements in
this diffusion couple, the following materials were pres-
ent at sufficient length scales for nanoindentation testing:
Au, AuSn,, AuSn,, and Sn. Figure 3 is a SEM image of
the Au-rich diffusion couple. One layer of intermetallic
compound, AusSn ({'), formed between Au and the eu-
tectic solder (29 at.% Sn). The AusSn phase consisted of
a continuous layer and scallop-type growth extending
into the solder. For this sample, nanoindentation testing
was performed on Au, AusSn, and the eutectic (AuSn +
AusSn).

B. Quasistatic nanoindentation
1. Au-rich and Sn-rich diffusion couples

Pre-scanning of the two new diffusion couple sam-
ples with the atomic force microscope mode of the
TriboScope indenter allowed for identification of inter-
faces between various phases. Nanoindentation was then
carried out, typically starting either in pure Au or pure
Sn. These measurements on the pure elements were used
to verify the indenter tip location in the diffusion couple.
The tip was then moved across the interface between the
pure element and the respective intermetallic compound.
Post-scanning allowed for verification that the test was
performed in the correct phase and away from interfaces.
Similar to a previous study,? indents found to be less
than 2 pm from an interface were not used in the final
datasets. Although it has not been quantified, the inter-
action of the elastic-plastic strain field below the indenter
with a boundary or a secondary phase can affect the

FIG. 3. Scanning electron microscopy image of the Au-rich diffusion
couple. Using electron probe microanalysis, the phases present in this
sample were determined to be (a) Au, (b) AusSn, and the eutectic,
(c) AusSn + AuSn.

nanoindentation results. This is similar to concerns about
a substrate effect in thin films.>*>’ It was not rigorously
studied how proximity to a phase boundary would affect
our results, but based on the discarded data, there was no
indication that boundary effects are influencing the data
presented.

Figure 4 provides AFM-type images of the {’ layer in
the Au-rich diffusion couple. A large scale image (50 x
50 wm) shows the contrast from the Au to the ¢’ layer to
eutectic structure (29 at.% Sn) [compare with Fig. 4(a)].
In Fig. 4(b), a smaller scan of the {' layer where nanoin-
dentation testing was conducted is shown. Images such
as those in Fig. 4 were used for both the Au-rich and
Sn-rich diffusion couples before and after nanoindenta-
tion testing. Overall, the phases tested in these two
samples were: Au, AusSn ({'), Au-Sn eutectic (29 at.%
Sn), AuSn, (€), AuSn, (n) and Sn. Table I lists the av-
erage and standard deviation for the collected measure-
ments of indentation modulus and hardness measured for
these materials by nanoindentation.
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2. B-phase diffusion couple

The previously prepared diffusion couple'* containing
the 3 phase (8 at.% Sn) was also tested by nanoindenta-
tion. Prior to tests on the 3 phase, indents were per-
formed in the pure Au and the Au rich alloy (10.0 at.%

AuSn ()8

2.8 um

(b)

FIG. 4. Atomic force microscopy type images of the Au-rich diffusion
couple generated by scanning with the nanoindenter tip. (a) For pre-
scanning, the contrast observed between the Au, AusSn, and the eu-
tectic was sufficient to identify the tip position with respect to the
various phases. (b) The indenter tip could then be placed at a specific
position for testing followed by a post scan to observe residual indents.

Butectic

-

Sn) to characterize the properties of these starting mate-
rials. The tip was then placed at the interface, determined
by sighting with an optical telescope. Testing for this
sample was conducted by rastering the tip across the
diffusion interface containing the 3 phase and indenting
at approximately every 5—10 pm. This procedure was
necessary as there was no obvious contrast indicating the
boundaries of the B phase when pre-scanning with the
AFM mode. Figure 5 presents the hardness measured for
two profiles across the 3 phase, where the position was
measured from AFM imaging of residual indents. The

TABLE 1. Indentation modulus and hardness values for the materials
tested by nanoindentation. The sample designation indicates the
sample from which data was obtained: (a) Au-rich diffusion couple,
(b) Sn-rich diffusion couple, (c) B phase diffusion couple, (d) AuSn
bulk specimen, and (e) (Au,Ni)Sn, bulk specimen.

Number of Indentation Hardness
Material Sample data points modulus (GPa) (GPa)
Au a, b, c 28 95+ 8 1.01 £0.09
Au c 11 9+ 7 1.05 £ 0.08
B (8 at.% Sn) c 8 9+ 9 1.24 £0.04
Au-rich alloy
(10.0 at.% Sn) c 9 86+ 8 1.7 £0.1
AusSn (L") a 19 91+ 5 25 +0.2
Eutectic ({' + d) a 6 88+ 6 1.3 £0.2
AuSn (3) d 19 108+ 9 14 +0.1
96 + 10* 1.1 £0.1*
AuSn, (€) b 19 108 = 12 29 +04
AuSn, () b 51 41+ 8 12 +£02
(Au,Ni)Sn, e 15 48+ 3 1.8 =0.1
Sn b 5 56+ 5 0.25 £0.07
“Value is corrected for pileup.
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FIG. 5. Hardness versus position for nanoindentation tests in the
3 phase diffusion couple. The horizontal lines mark the average hard-
ness values for Au and the Au-rich alloy tested far from the diffusion
interface. Two hardness profiles are shown where symbols designate
the materials tested: Au (square), 3 phase (circle), and Au-rich alloy
(triangle).
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measurements in the Au and Au-rich alloy corresponded
well to measurements performed far from the interface,
indicated by horizontal lines in Fig 5. A short plateau in
the hardness, with values between the measurements for
the other phases, exists in both profiles for a length of
approximately 10-20 wm. The leftmost edge of this pla-
teau is the zero point on the distance axis of the figure.
This length measurement, corresponding to a thickness
of the B phase, agrees well with what was measured
previously for this sample.'* The local trend of decreas-
ing Au hardness with increasing distance from the inter-
face is likely due to Sn dissolution in the Au, consistent
with the phase diagram (Fig. 1). Data points obtained for
the central region of the profiles in Fig. 5 were used to
determine an average and standard deviation for the in-
dentation modulus and hardness of the (3 phase. Table I
lists this value along with average and standard devia-
tions for the quasi-static mechanical properties measured
for Au and the Au rich alloy in this diffusion couple.

3. Bulk samples: (Au,Ni)Sn, and AuSn

A total of twenty indentations were performed on the
bulk AuSn (3, 50.5 at.% Sn) sample. The residual indents
in this alloy exhibited significant pileup, different from
all other intermetallic compounds tested. Figure 6 is an
AFM-type image of a residual indent in the AuSn
sample. The bright features near the edge of the indent
correspond to material pileup higher than the original
surface. Profiles of the surface height (calculated from
AFM data), along with traced images of the projected

FIG. 6. Atomic force microscopy type image of residual indent from
nanoindentation testing in the AuSn bulk sample.

2166

contact area were therefore used to determine the in-
crease in contact area due to pileup. For all loads used to
test this alloy (2.0-9.5 mN), the contact area corrected
for pileup was roughly 25% greater than that measured
from the tip area calibration on fused quartz. The average
and standard deviation for the indentation modulus and
hardness are presented in Table I for AuSn (3), both
as-measured and including the pileup correction. When
including this correction, it is necessary to assume that
the material pileup under maximum load is similar to the
unloaded pileup observed for the residual indent.

Another feature of interest in Fig. 6 is the asymmetric
nature of the pileup. This is due to plastic anisotropy
in this particular compound. The AuSn phase has a hex-
agonal crystal structure, which is expected to exhibit
anisotropic mechanical properties.*®*** In an effort to
understand the effects of anisotropy on the measured
nanoindentation results, Vickers microhardness tests
were performed on the AuSn sample. Figure 7 presents
optical micrographs of two residual indents for Vickers
testing, one for 1.96 N force [Fig 7(a)] and one for 9.8 N
force [Fig 7(b)]. In one case, there is pileup similar to that
observed in nanoindentation testing [Fig 7(b)], while in
another there is no pileup [Fig 7(a)]. If the pileup is
ignored in the calculation, the “deformed” Vickers indent
has a hardness of 1.4 GPa, while that of the symmetric
indent is 1.6 GPa. The nanoindentation hardness of
1.4 GPa, which is also uncorrected for pileup, matches
well with the “deformed” Vickers indent. Electron back-
scatter diffraction was used to determine the crystalline
orientation of the grains shown in Fig. 7. It was found
that the symmetric indent occurred for loading along the
¢ axis, while the asymmetric indent occurred for an ar-
bitrary orientation lying more or less in the a-b plane. It
appears that the nanoindentation testing was conducted
in a grain that has an orientation more like the a-b plane
than parallel to the ¢ axis. Further work has been carried
out on this alloy to quantify the plastic anisotropy in this
intermetallic compound, primarily using Knoop inden-
tation due to its enhanced sensitivity to crystalline
anisotropy.”*! This work will appear in a separate
publication.**

Nanoindentation was also performed on a bulk ingot
of Au, sNig sSn, alloy obtained from a previous study.*®
The sample was a single-phase alloy prepared by arc-
melting followed by annealing. A total of 15 indentations
were made on this specimen. The average and standard
deviation for these measurements are presented in Table 1.
Unlike the AuSn bulk specimen, the Au, sNi, sSn, alloy
was isotropic in response.

C. Nanoindentation creep

The room-temperature creep properties of Au—Sn eu-
tectic (29 at.% Sn) and the individual intermetallic
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(b)

FIG. 7. (a) Light optical microscopy image of a residual indent
from microindentation testing in the AuSn bulk sample. The load was
1.96 N. (b) Light optical microscopy image of residual indent from
microindentation testing in the bulk AuSn sample.The load was 9.8 N.

phases ({'~AusSn and 8—AuSn) that make this eutectic
were investigated using load-controlled indentation.
These experiments differ from the quasi-static indenta-
tion tests only in the length of the hold segments at
maximum load (5-10 s), which were long enough that
time-dependent relaxation could be explored. Strain rate
versus stress curves are presented in Fig. 8 for creep of
the three Au—Sn materials with a maximum indentation
load of 1.0 or 2.0 mN. Also plotted in Fig. 8 for com-
parison are creep measurements on a pure Sn sample,
In-Sn eutectic solder and a directionally solidified
Sn-3.82 wt% Ag-0.9 wt% Cu eutectic alloy.*>*® The
indentation tests on the In—Sn specimen were conducted
in the same manner outlined above. Creep measurements

J. Mater. Res., Vol. 20, No. 8, Aug 2005
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FIG. 8. A plot of strain rate versus hardness for Au—-Sn eutectic and
the constituent phases, AusSn and AuSn. Also plotted is a creep meas-
urements for Sn, In-Sn eutectic, and Sn—Ag—Cu eutectic.*®

presented for pure Sn and the Sn—-Ag-Cu eutectic
were conducted with a load of 5 mN and hold segments
of 30-60 s.

The length scale of indentations on the Au-Sn and
In—Sn eutectic specimens were large enough to span mul-
tiple phase boundaries and were therefore considered to
be measurements of the creep of the entire alloy rather
than its constituent phases. In the case of the AuSn (9),
AusSn ({'), and Sn measurements, these indents were
performed in single phases. Finally, for the Sn—-Ag—Cu
specimen, the indent size (~10 pm across) was compa-
rable to the scale of the microstructure.*> Thus, the re-
sults from six tests performed in random locations were
averaged to obtain an average creep behavior for this
sample.

Linear regression was performed on the data presented
in Fig. 8, where the slope corresponds to the creep ex-
ponent n [compare with Eq. (5)]. The fits for pure Sn
(n = 9), In-Sn eutectic (n = 11), Sn—Ag—Cu eutectic
(n = 18), and AuSn (n = 8) are shown in Fig. 8. These
creep exponents are comparable to other indentation
studies on solder and intermetallic compounds in solder
joints. For example, Lucas et al.>* measured n = 11 for
a Sn—Ag solder and n = 38 for a much harder Cu-Sn
intermetallic compound. Attempts to fit the results for the
Au-Sn eutectic and AusSn ({') yield even higher creep
exponents, n = 60 for the Au—Sn eutectic and n = 160
for AusSn. The physical meaning of these results would
seem to be that these are materials with high creep re-
sistance but also very high sensitivity to stress level.
However, further examination of the creep rates for these
two tests revealed that the rate of penetration of the in-
denter (~1 nm/s) was on the order of the drift rate of the
nanoindentation system (~0.3 nm/s). Thus, we consider
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our measurement of creep on these two materials as an
upper limit, where the strain rate at the measured stresses
may be even smaller, again indicating a very low creep
rate. For tests on all of the other materials, the rate of
penetration of the indenter was measured to be much
greater [e.g., > 10 nm/s for In—Sn eutectic and ~5 nm/s for
AuSn (9)].

From the results presented in Fig. 8, it is apparent that
the three materials used for soldering applications (Au—
Sn, In-Sn and Sn—Ag—Cu eutectics) have distinctly dif-
ferent creep behavior. The Au—Sn eutectic and the con-
stituent phases, AuSn (8) and AusSn ({'), all have en-
hanced creep properties in comparison to In—Sn eutectic
and Sn—Ag—Cu eutectic. The stress needed to obtain a
given creep strain rate in the Au—Sn phases is high as
compared to the softer In-Sn and Sn—Ag—Cu solders;
alternatively, at a given stress at which the creep rate in
In—Sn or Sn—Ag—Cu is high, the creep rate in the Au—Sn
phases is negligible (by extrapolation). These results are
in apparent agreement with the melting points of these
alloys, In-Sn eutectic (118 °C), Sn—Ag—Cu eutectic
(=220 °C), and Au-Sn eutectic (280 °C), where the stress
required for a given creep rate increases with increasing
melting point. However, the creep rate of the Sn—Ag—Cu
eutectic is much closer to that of the In-Sn eutectic,
despite having a melting point closer to that of Au—-Sn
eutectic. The main difference between the Au—Sn eutec-
tic and the other solder alloys is that it is a eutectic
composed of two intermetallic phases, AuSn and AusSn,
which are both significantly harder than In or Sn. The
Sn—Ag—Cu eutectic contains both Ag;Sn and CugSns in-
termetallics but is primarily Sn (~95 wt%). These meas-
urements and comparisons support the common assertion
that the Au—Sn eutectic is a hard solder with enhanced
creep resistance in comparison to other common “soft”
solders and imply that this particular characteristic is an
inherent property of the materials rather than one of mi-
crostructure morphology. This implication is also sup-
ported by the fact that the creep behavior of the Au—Sn
eutectic falls between that of its constituent phases. It is
expected that a more traditional investigation of steady
state creep on these solder materials would reveal the
same differences in creep behavior observed here, but
also indicate microstructural mechanisms that could be
tied to long-term reliability.

D. Property and Literature Comparisons
1. Modulus

Comparisons of Young’s modulus values for Au—-Sn
compounds are presented in Table II. The values tabu-
lated for this work are determined from nanoindentation
measurements and Eq. (2), where Poisson’s ratio for a
given intermetallic was either taken from the literature or
assumed to be 0.33. For two of the phases studied here,
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TABLE II. Young’s modulus values for the Au—Sn intermetallics
studied here along with values found in the literature for comparison.

Young’s Poisson’s
Material modulus (GPa) ratio Specimen/technique
B (8 at.% Sn) 88 +8 0.33° This work
AusSn (') 716 +5 This work
62 0.4 Bulk, resonance'®
Eutectic 74 +5 This work
70 0.4 Bulk, resonance'®
AuSn () 87 +9* This work
71 0.3 Bulk, resonance'®
101 +9 Thick film, micro-
indentation'®
AuSn, (€) 103+9 0.33° This work
AuSn, (n) 39+4 This work
71 0.31 Bulk, resonance'®
(Au,Ni)Sn, 48 +3 0.33° This work

“Value is corrected for pileup.
®Value for Poisson’s ratio is assumed.

B (8 at.% Sn) and AuSn,, no measurements of Young’s
modulus were found in the literature. In the case of the
other intermetallic compounds studied, a number of pre-
vious investigations were found and are presented for
comparison in Table II. Yost et al. measured the elastic
modulus and Poisson’s ratio for {’, the eutectic (29 at.%
Sn), and 8 by resonance techniques.'”> Their measure-
ments for the eutectic composition agree well with the
values obtained here. However, for pure {' and 3, the
measurements of Yost et al. are consistently lower than
those measured here. Vicenzo et al. measured moduli for
electrodeposited Au-Sn compounds'® with a range in
composition (40-50 at.% Sn) over which they nominally
deposited & (50 at.% Sn). In the case of the & phase in
samples with 48-50 at.% Sn, they obtained a well-
defined value of 101 £ 9 GPa somewhat higher than our
value of 87 + 9 GPa.

For the intermetallic compound AuSn,, Ghosh meas-
ured a Young’s modulus using resonance techniques.'®
In the past, our nanoindentation measurements have been
found to be higher than those determined by resonance,**
including comparisons to Ghosh’s measurements on Cu—
Sn and Ag—Sn compounds. 16 However, the value meas-
ured by resonance for AuSn,, 71 GPa, is much higher
than that determined from our nanoindentation measure-
ments, 39 + 4 GPa. One possible reason for such a large
discrepancy would be if the AuSn, compound exhibited
significant anelasticity. Relaxation mechanisms with
small, but measurable time constants, may be sampled
during a nanoindentation test but would have a negligible
effect on a measurement using ultrasonic techniques. To
investigate this possibility, the unloading rate during
nanoindentation was varied between 0.01 and 2.0 mN/s.
This range of unloading rates has been seen to be sensi-
tive to anelasticity in pure Sn in the past,*’ resulting in a
lower modulus for slower unloading rates. For our tests
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on the AuSn, compound, however, no dependence of the
modulus on unloading rate was observed. A second pos-
sible reason for the difference in modulus between
Ghosh and this work could be related to a significant
anisotropy in the mechanical properties of the AuSn,
compound. However, even if this were true, sampling of
anisotropic effects via nanoindentation is generally
muted due to the non-uniaxial nature of the test.*®*°
Thus, the large difference between the measurement by
Ghosh and that determined here can only be ascribed to
differences in technique.

2. Hardness

The hardness values for the Au—Sn intermetallic com-
pounds are compared to literature values in Table III.
Comparisons are made for all of the alloys studied.
Ciulik and Notis reported values for Au—Sn intermetallic
compounds measured by Vickers microindentation using
a force of 0.49 N."” Vicenzo et al. also measured hard-
ness for the AuSn phase by large load nanoindentation,'®
finding a value of 2.1 GPa. This is much higher than the
hardness measured here and by Ciulik and Notis. It is
possible the small grain size in their electrodeposited
films resulted in some strengthening. The discrepancies
in the measurements in the AuSn phase could also be due
to anisotropy effects. For the 3 phase, our measurements
agree reasonably well with Cuilik and Notis, with our
numbers only slightly lower. In the case of the {’, 3, and
€ compounds, our measurements are higher than those
measured in their study. Given that the penetration depth
associated with nanoindentation is very small, it is pos-
sible that the AusSn and AuSn, intermetallics exhibit a
significant indentation size effect, similar to that seen in
the high-hardness CuSns intermetallic.>> Ghosh meas-
ured the hardness of AuSn, by microindentation to be
0.63 GPa.'® Compared to our 1.2 GPa measured with
smaller loads, it appears there may be an indentation size
effect for this compound as well. Ghosh typically ob-
served fracture when indenting this compound, an event

TABLE III. Hardness values for the Au—-Sn intermetallic compounds
studied here along with values from the literature for comparison.

Material Hardness (GPa) Specimen/technique
B (8 at.% Sn) 1.24 +0.04 This work
1.32 +0.04 Bulk, Vickers!”
AusSn (L) 25 0.2 This work
1.33 +0.05 Bulk, Vickers!”
AuSn () 1.1 +0.06* This work
1.54 +0.04 Bulk, Vickers'”
2.1 0.2 Thick film, micro-indentation'®
AuSn, (€) 29 =04 This work
2.18 £0.04 Bulk, Vickers!”
AuSn, (m) 12 0.2 This work
0.63 = 0.06 Bulk, Vickers'®

“Value is corrected for pileup.

we did not observe. This specific difference in behavior
between micro- and nanoindentation has been found in
the past to lead to an indentation size effect in interme-
tallic compounds.**

E. Role of Au in soldering applications

The use of Au in soldering is due to its good oxidation
and corrosion resistance. Thus, it is commonly used for
pad metallurgies to protect an underlying layer of Ni or
Cu. However, over the years it has been recognized that
solder joints with significant amounts of Au tend to be
mechanically weak after thermal aging or cycling. This is
often attributed to the formation of the AuSn, compound
that typically appears at the solder/metallization inter-
face.”'!" In the case of Ni/Au pad metallurgies, this
compound is actually an (Au,Ni)Sn, compound. Despite
significant effort to solve the problem of Au embrittle-
ment, little has been known about the mechanical prop-
erties of AuSn, and (Au,Ni)Sn,. However, it has been
hypothesized that these materials are inherently brittle.
Figure 9 is a comparison of the load versus displacement
curves measured by nanoindentation for the AuSn,,
(Au,Ni)Sn,, AuSn, intermetallics measured here and the
Cu,Sns and Cu,Sn intermetallics measured previously.*?
It can be seen that the AuSn, and (Au,Ni)Sn, compounds
deform more for a given load, have shallower unloading
slopes, and larger residual indentation depths. Thus, they
have a lower hardness, lower modulus, and are more
ductile than the Cu—Sn compounds commonly found in
reliable solder joints. In fact, even the hardest Au—Sn
compound in our study, AuSn,, is more ductile than the
Cu—Sn compounds (Fig. 9). Also, a recent report has also
demonstrated that the coefficients of thermal expansion
of AuSn, and (Au,Ni)Sn, are in a desirable range for

1'4 | N v M M 1 M v v v 1 v v v M 1 v v v v Ll
1.2L Cu,Sn, (Au,Ni)Sn, ]
[ and /
A AuSn
10L Cu,Sn usn 4 ]

Load (mN)
5> &

e ¢
a

0.2} ]
00 l 10 - PR PR
0 50 100 150 200
Depth (nm)

FIG. 9. Load versus displacement curves for nanoindentation testing
of Cu-Sn and Au-Sn intermetallic compounds.
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solder joint applications.’® Therefore, these Au-
containing intermetallic compounds have fundamental
properties similar to, or better than, other materials that
are found in reliable solder joints.

In the recent work of Alam et al. detailing a pad met-
allurgy for reduced Au embrittlement,” the thickness of
Ni was reduced in the Cu/Ni/Au metallization stack. This
resulted in the formation of a (Cu,Ni),Sns compound and
nodules of AuSn,. This changed a number of parameters
associated with the common interface composition of a
Ni/Au joint that results in brittle failure with aging [see
Fig 10(a)]. First, the (Au,Ni)Sn, compound changed to
AuSn, and became an incomplete, noduled layer rather
than a uniform growth layer. Second, a (Cu,Ni),Sns com-
pound grew at the interface instead of Ni;Sn,. Alam et al.
attributed the enhanced strength to the change in the
composition of the Au-containing intermetallic.” Specifi-
cally they indicated that the AuSn, phase is likely less
brittle than the (Au,Ni)Sn, phase. Our study agrees
with this hypothesis, indicating a reduction in hardness of
1.8 to 1.2 GPa in going from (Au,Ni)Sn, to AuSn,. How-
ever, if one considers the hardness of CusSns is on the
order of 6.0 GPa, both AuSn, and (Au,Ni)Sn, are quite
soft by comparison. In addition, one cannot neglect in-
stances in the literature of AuSn, growth layers resulting
in brittle failure.>** Thus, it does not seem likely that the
composition change is completely responsible for the im-
provement in strength observed by Alam et al., leading to
the consideration of other factors.’

A challenge in finding an explanation for the discrep-
ancy between the high reliability one would expect based
on the mechanical properties measured here and the re-
ality of Au embrittlement in actual joints is the lack of a
concrete determination of failure mechanisms in solder
joints containing Au. It is exceedingly difficult to trace a
solder joint failure to a specific root cause. In comparing
the strength of different solder joints, one must consider
the possibility that the behavior may be due not to the
intermetallic compositions and properties, but to the in-
terface morphology. In the work of Pratt et al.,’' it was
demonstrated that excessive growth of CusSns and
Cu;Sn compounds will also result in decreased strength
of solder joints and brittle failure at the interface. Thus,
in at least two instances, a single continuous layer, with
a scalloped or noduled layer proves reliable, but a mul-
tilayered interface proves unreliable. This is shown sche-
matically in Figs. 10(a) and 10(b). On the top, solder
joints with an interface consisting of two intermetallic
phases with one layer incomplete or scalloped proved
generally reliable. On the bottom, solder joints with a
multilayer of two intermetallics of considerable thickness
(>1 pm) prove weak, brittle, and unreliable.

From this discussion, it is clear that not only the prop-
erties of the phases, but also their morphologies, are im-
portant. Based on our measurement of the properties of

Solder  AuSny

Ni3Sny or (Cu.Ni)sSns

Solder

AuSn, or (Au.N1)Sn,
Ni3Sn4 or (Cu,Ni)5S1’l5

Solder  CugSns

Solder

Cu6$n5
CusSn

(b)
FIG. 10. Examples of interface microstructures for (a) Au containing
solder joints and (b) solder bonded to Cu. The scalloped or noduled
microstructures on the top half are generally reliable, resulting in
acceptable joint strength and lifetimes. The multilayered microstruc-
tures on the bottom are found to be unreliable with decreased joint
strength and lifetimes.

AuSn, and (Au,Ni)Sn, phases, it appears that the brittle-
ness of Au-containing joints is more likely to come from
a problem of interface strength and microstructural
effects rather than the mechanical properties of the
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intermetallic compounds themselves. The multilayered
structure of two intermetallics appears to be specifically
weak, regardless of the phases of interest. To clearly
identify the cause for failure, measurements of interface
strength between the intermetallics of interest would be
helpful. As solder joints become smaller, the understand-
ing of failure mechanisms at this level of detail is likely
to become more important.

IV. CONCLUSIONS

Quasi-static elastic and plastic properties have been
determined for all room temperature Au—Sn intermetal-
lics, the @ phase (8 at.% Sn), AuSn,, and (Au,Ni)Sn,
using a single experimental technique, nanoindentation.
Time-dependent behavior was explored by indentation
creep measurements for the Au—Sn eutectic (29 at.% Sn)
and its constituent phases. The elastic moduli and hard-
ness values of Au-Sn compounds are similar to, or
smaller than, those of Cu—Sn intermetallics common to
many solder joints. Thus, the Au—Sn intermetallics are
rather ductile by comparison. In particular, the AuSn,
and (Au,Ni)Sn, phases, commonly blamed for Au em-
brittlement of solder joints, were found to be relatively
soft with hardness values of 1.2 GPa and 1.8 GPa, re-
spectively. This result points to the likelihood of micro-
structural and interface strength effects as the root cause
for Au embrittlement, not the properties of the interme-
tallic compounds themselves. The AusSn (') and AuSn
(d) intermetallics were found to have hardness values
greater than those of typical soft solders, and higher
stress was required to induce similar creep rates to In-Sn
or Sn—Ag—Cu eutectic solders. Thus, the creep properties
of Au-Sn eutectic solder, which is comprised of these
two intermetallics, should be enhanced in comparison to
other solders as is commonly observed, and is therefore
an inherent property of the materials.
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