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The effects of Ni and Pd addition on the mechanical, thermodynamic, and
electronic properties of AuSn4-based intermetallic compounds (IMCs) have
been investigated by first-principles calculations to reveal the essence of Au
embrittlement. Three kinds of doped (namely Ni-doped, Pd-doped, and Ni/Pd-
codoped) IMCs are considered in this work. The polycrystalline elastic prop-
erties are deduced from single-crystal elastic constants. It is found that the
doped systems together with nondoped AuSny are all ductile phases. For Ni-
doped AuSny, the modulus, hardness, brittleness, Debye temperature, and
minimum thermal conductivity increase with the Ni fraction, but this is not
the case for the Pd-doped material, since Aug 75Pdg255n4 is the more brittle
phase. For AugsPdg25Nig255ny, the mechanical, thermodynamic, and elec-
tronic properties are similar to those of Aug sPdg 5Sn,.
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INTRODUCTION

In electronics packaging, intermetallic com-
pounds (IMCs) produced between solder and solder
pads critically affect the reliability of surface-
mounted assemblies.’® Due in part to the
microstructural mismatch of the IMCs with the
solder and substrate, a thick layer of IMCs often
causes the interface of the solder joint to become
more sensitive to stress. Another important factor
influencing solder joint reliability is the board finish
selected for solder application. In ball grid array
packaging, the contact pads for solder balls usually
have AwNi surface finish.®>* The surface layer of
Au, which is always 0.2 yum to 1.0 um thick, pre-
vents oxidation of the Ni layer and retains good
wettability, while the surface layer of Ni, which is
about 5 um to 10 um thick, is used as a diffusion
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barrier to prevent the otherwise rapid reaction
between the solder and the Cu substrate. During
the reflow process, the Au layer disappears from the
interface, leaving the Ni layer exposed to solder; the
entire Au layer is converted to AuSn,. However,
AuSn, is not a pure binary compound, since Ni
atoms can enter the AuSn, lattice to substitute for
Au atoms. An appreciable amount of Ni dissolves in
the AuSny, forming (Au,Ni)Sny ternary compounds
that make the interface susceptible to fracture.
Electroless nickel electroless palladium immersion
gold (ENEPIG), a trilayer structure composed of
electroless Ni, electroless Pd, and immersion Au,
has nowadays become the most popular surface
finish for Cu substrate and is widely used in three-
dimensional integrated-circuit interconnects®® and
high-end electronics applications.” In such packag-
ing, the Au layer always has thickness of 0.1 um,
the Pd layer is 0.2 um thicker than the Au, and the
Ni layer is usually 7 yum thick.® The Pd layer
between the Au and Ni layers is also used as a
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diffusion barrier to protect the Ni layer from
corrosion and prevent its diffusion into the Au
surface. During the reflow process, dissolved Au and
Pd atoms enter the molten solder and subsequently
precipitate out as (Au,Pd)Sn, particles. Further-
more, such (Au,Pd)Sn, particles migrate to the Ni
surface to form a continuous (Au,Pd,Ni)Sn, layer,
which also results in inferior mechanical stability.”

A number of studies have focused on the crystal
structure and phase stability of Au—Ni—Sn ternary
IMCs. For example, Alexandra et al. examined the
Au-Ni-Sn phase relations using experimental
methods such as powder x-ray diffraction analysis,
metallography, and electron microprobe analysis
obtaining evidence for the existence of AuNiySny.
Ho et al. discovered the Au,Ni;_,Sn, phase between
eutectic Pb-Sn solder and solder ball pads with Au/
Ni surface finish and indicated a value of x between
0.99 and 0.75.% According to Zavalij’s work, approx-
imitaly 50% of the Au atoms can be substituted by
Ni atoms in the AuSny lattice.'® Yoon et al. exper-
imentally evaluated the mechanical reliability of
Au-Sn/Ni flip-chip solder bumps and found the
existence of the (Ni,Au);sSn, phase.'’ Recently,
Dong calculated the Au—Ni—Sn ternary solubility
using the Calphad method based on available
experimental results for the Au-Sn and Ni-Sn
systems, deriving that Ni can dissolve in AuSny to
alevel of about 10.4 at.%.'? The Ni content in AuSn,
varies according to the location of the intermetallics,
ranging from 5% to 10.5%, as reported in different
experimental works.'® However, the (Au,Ni)Sny
layer is extremely brittle and fragile, which might
significantly deteriorate the mechanical proyerties
of solder joints and lower their reliability.'® Simi-
larly, (Au,Pd)Sny together with (Au,Pd,Ni)Sny4 also
show the same problem of inferior mechanical
performance as (Au,Ni)Sn,. This phenomenon is
often called Au embrittlement. Many research
groups have devoted themselves to elimination of
such Au embrittlement by circumventing the con-
tinuous layer of (Au,Ni)Sny4 at the solder interface. A
sufficient approach is to add a relatively large
amount of Cu into the microjoints, so that the Cu
pillar is in direct contact with the solder, avoiding
formation of the compounds responsible for embrit-
tlement.” Another successful approach used in past
decades was to limit the Au and Pd concentration to
typically 0.1 wt.% to avoid brittle compounds.”

As mentioned above, both Ni and Pd layers are
used as diffusion barriers, and both Ni and Pd
atoms can enter the AuSn, lattice, leading to
inferior stability. Although study of Au embrittle-
ment has attracted increasing attention from
researchers, systematic exploration of the
(Au,N1)Sny, (Au,Pd)Sn,, and (Au,Pd,Ni)Sn, com-
pounds has not been undertaken to date. However,
such research should continue because the essence
of Au embrittlement has still not been revealed. In
this work, to address this question, the structural,
elastic, thermodynamic, and electronic properties of

Au;_M,Sn, (M = Ni and Pd; x = 0, 0.25, 0.5) com-
pounds were studied by first-principles calculations
based on density functional theory with a view of
providing a more fundamental interpretation of the
origin of Au embrittlement.

CALCULATION DETAILS

AuSn, has been shown to have orthorhombic
PdSn, structure in noncentrosymmetric space
group Aba2 (no. 41).™* The ternary compound
(Au,Ni)Sny, has the same crystal structure as
AuSn,.'1% Moreover, it has been reported that
NiSn, (where all of the Au atoms in the AuSny
lattice are substituted by Ni atoms) formed during
solidification of Sn-Ni alloy has crystal struc-
ture isomorphous to PtSny.'” We know that PtSn,
has the same crystal prototype as AuSny. So, it is
rational to claim that Au; ,Ni.Sn, will retain a
crystallographic structure similar to AuSn,. The
crystal structure of AuSny (Fig. 1) consists of 20
atoms (4 Au and 16 Sn atoms). That is to say, AuSn,
in fact should be AusSn;s. When one Au atom is
replaced by a Ni atom, the cell becomes AusNiSnig
(namely Aug 75Nigo5Sny, corresponding to 5% Ni
solubility in the AuSn, lattice). When two Au atoms
are replaced by Ni atoms, it becomes AusNisSnqg
(namely AugsNigsSn,, corresponding to 10% Ni
solubility in the AuSny4 lattice). It has been reported
that substitution of approximately one-half of the
Au atoms with Ni corresponds to the solubility
limit.'® In addition, the reported experimental
product (Au,Ni)Sn, has two constituents, namely
Au0.75Nio.25Sn4 and Allo.5Ni0.5SIl4. SO, the gradient
of Ni in AuSny is only described by two compositions
of Au; ,Ni,Sny (x = 0.25, 0.5), and the models for
these compounds can be established based on the
conventional AuSny cell to achieve accurate results.
We could not find any literature reports on the
crystal structure of (Au,Pd)Sny or (Au,Pd,Ni)Sn4 in
the Inorganic Crystal Structure Database. How-
ever, PdSn,, where all of the Au atoms in AuSny4 are
replaced by Pd atoms, has the same crystal struc-
ture as AuSn,. Therefore, the (Au,Pd)Sn, and
(Au,Pd,Ni)Sn, structures are all established accord-
ing to the AuSn, structure. The experimental lattice
constantsa =6.51 A, 6 =652 A,andc = 11.71 A at
room pressure and temperature are used for AuSny.
The AuSny structure highlighting the four different
positions occupied by Au atoms is shown in Fig. 1.
For Au;_M,Sny (M =Ni and Pd; x =0.25, 0.5)
structures, the Ni and Pd atoms can replace Au
atoms in random fashion at these different
positions.!°

All calculations were performed using the Vienna
ab initio simulation package. The exchange-corre-
lation functional was treated with the Perdew-—
Burke-Ernzerhof generalized gradient approxima-
tion. Brillouin-zone integrations were performed
using 2 x 4 x 4 Monkhorst—Pack k-point meshes,
and electronic occupancies were determined
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according to the Methfessel-Paxton technique with
0.1-eV smearing. The valence atomic configurations
were 5d1%6s! for Au, 3d®4s? for Ni, 5s%5p® for Sn,
and 4d'° for Pd, and the cutoff energy was 360 eV.
The convergence threshold for the total energy was
set to less than 5 x 10~° eV/atom.

RESULTS AND DISCUSSION
Structure and Phase Stability

For AuSn,, the optimized Ilattice constants
together with the available experimental data are
presented in Table I. The calculated values have
very small errors compared with the experimental
results, proving the rationality of the computational
method used in this work.

Fig. 1. Crystal structure of AuSn, (tin atoms are grey, gold atoms
are yellow) (Color figure online).

Tian, Zhou, and Wu

The energetically favorable sites for Ni atom
substitution in the Au;_,Ni.Sns (x =0.25, 0.5)
structures were analyzed based on the following
compositionally averaged energy of formation
(AH)':

1
AH = — [Epy, Nissn, — (Eni + (1 = 2)Eau + 4Egy)]

5
(1)

where Eay, nNisn, denotes the total energy of the
compound Au;_,Ni,Sny at the equilibrium lattice
constant, and Ea,, Eni, and Eg, are the energies per
atom of Au and Ni with face-centered cubic struc-
ture and f-Sn with tetragonal structure in solid
state, respectively.

To derive the most stable structure of the Ni-
doped IMCs, the energy of formation for a total of
ten different substitution sites (four for
Aug 75Nig 959n4 and six for AugsNig5Sny) including
AuSn, were considered in this work. The calculated
most stable structures are listed in Table I. For
AuSn,, the -calculated energy of formation is
—10.19 kd/mol atoms, which is very close to the
value of —9.71 kd/mol atoms from Yang’s first-prin-
ciples calculations,'® but represents a small devia-
tion from the experimental results quoted by Gosh;
For example, Misra et al. derived an energy of
formation of —7.744 £ 0.126 kd/mol atoms, while
Kleppa’s result was —6.902 £ 0.500 kd/mol a-
toms.'® In addition, Calphad results are different,
including —7.439 kd/mol atoms, —9.770 kd/mol a-
toms, and —7.117 kd/mol atoms. The experimental
and Calphad values are all room-temperature
results. The small differences between our first-
principles results and the experimental values
mean that the structure of AuSn, is reliable.
Considering the different occupation sites for the
Ni-doped IMCs, we found that the Aug ;5Nig25Sny
structure with the Ni atom at the Au2 site has the
largest negative energy of formation. For the
AugsNig5Sn, structure with the Ni solubility in
AuSn, increased to 10 at.%, the structure with Ni
atoms at the Aul + Au4 sites has the maximum
negative energy of formation, corresponding to the
most thermodynamic stable structure. In the next
section, we present first-principles calculations on
the two most stable structures of Aug 75Nig 05504 (Ni

Table I. Calculated lattice constants (A), volume (As), and energy of formation AH (kJ/mol atoms) for

nondoped and impurity-doped AuSn, IMCs

IMC Occupied site

AuSny -
Experiment -

Auyg 75Nig 25514 Auy
Auyg 5Nig 551, Au; + Auy
Aug 75Pdg 25514 Auy
Au0_5PdO_5Sn4 Alll + Au4
AU.()_5Pd0_25Ni0.25SIl4 Au1 + All4

Lattice constants Volume AH
6.67, 6.52, 12.00 521.51 -10.19
6.51, 6.52, 11.71 496.78 —7.74¢
6.55, 6.55, 11.82 507.46 —-11.38
6.49, 6.53, 11.65 493.43 -12.65
6.59, 6.57, 11.86 513.78 —29.85
6.54, 6.60, 11.75 506.66 —18.96
6.51, 6.56, 11.71 500.22 —-15.83
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atom occupying Au2 site) and AugsNigsSn, (Ni
atoms occupying Aul + Au4 sites) to reveal the
essence of Au embrittlement. It can be found that
the absolute energy of formation increases with the
Ni fraction, indicating that substitution leads to
more thermodynamically stable structures than
AuSny, and that the Aug 5Nip 5Sn,4 structure is more
stable than Aug75Nig9s5Snys. For the (Au,Pd)Sng
structure, we considered the same substitution site
for Pd as for Ni in the (Au,Ni)Sn, lattice, to simplify
the calculation procedure. For the quaternary
(Au,Pd,Ni)Sny structure, we specified the Aul site
for substitution by Ni and the Au4 site for occupa-
tion by Pd. The energies of formation for these
doped AuSn, IMCs are all summarized in Table I.
The result is that the structures of the Pd-doped
IMCs are more stable than the Ni-doped materials,
with Aug75Pdg255n4 being the most stable phase
among them.

For the doped AuSn, IMCs, the calculated lattice
constants and cell volume are also listed in Table 1.
The lattice constants a and ¢ all decreased while the
constant b increased on doping with impurities. For
the Ni-doped system, the cell volume shrank with
increasing Ni concentration due to the smaller
atomic radius of Ni compared with Au. Such
decrease of the cell volume would decrease the
distance between the different atoms and further
enhance the atomic interaction. For the Pd-doped
system, the atomic radius of Pd is 1.79 A, exactly
equal to that of Au, but the cell volume also
decreases with increasing Pd concentration, with
both compounds having lower values compared with
the parent AuSn,. This implies that strong bonding
exists in Au;_,Pd,Sny.

Elastic Properties

The elastic constants such as the bulk modulus,
Young’s modulus, and Poisson’s ratio are very
important indicators of the mechanical properties
for industrial applications of a material. To estimate
the mechanical properties of the doped AuSn, IMCs,
a stress—strain approach for the optimized structure
was used to calculate the elastic stiffness.?2
Strain of 6 < 2% in steps of 0.005 was applied to
the equilibrium lattice to determine the change in
total energy. The second-order elastic constants
were deduced from a polynomial fit to the strain

energy for specific deformation to the cell of
orthorhombic Au;_,M,Sn, (M = Ni, Pd; x = 0, 0.25,
0.5). The nine independent elastic constants for
single crystals are Cyy, Cag, C3s, Cu4, Css5, Ces, Ciz,
Ci3, and Csys, the values of which are all summa-
rized in Table II. The mechanical stability criteria
for the orthorhombic crystal system are given by the
following expressions:

Cii>0(i=1-6), C11+ Co2>2Cg,
Co2 + C33>2Ca3, Ci1+ Cs3>2C13, (2)
C11 + Cog + C33 + 2C19 + 2C13 + 2C53 > 0.

As shown in Table II, the calculated values of the
elastic constants meet the mechanical stability
criteria in Eq. 2, confirming that the structures of
the doped AuSn, IMCs together with the parent
phase are elastically stable. Based on the elastic
stiffness constants, the polycrystalline elastic prop-
erties such as the bulk modulus K, shear modulus
G, Young’s modulus E, and Poisson’s ratio v can be
estimated according to the following Voigt—Reuss—
Hill (VRH) approximation.?° For the orthorhombic
system, the upper (Voigt) and lower (Reuss) bounds
of the polycrystalline elastic modulus are:

1
Ky = 9 [(C11+ C22 + Cs3) + 2(C12 + C13 + Ca3)], (3)
Kg = [S11+ S22 + S35 + 2(S12 + S13 + S23)] ", (4)

1
Gv =15 [Ci1 + Ca2 + C33 — (C12 + C13 + Ca3)
+3(Cuq + Cs5 + Cgp)],

(5)

Gr =15[4(S11 + S22 + S33) — 4(S12 + S13 + Sa3)
+3(S44 + Ss5 + Ses)] .
(6)

Here, the subscripts “V” and “R” indicate the
upper (Voigt) and lower (Reuss) bounds of the
polycrystalline elastic modulus. The S;; are the
elastic compliance constants, forming the inverse
matrix of the elastic constants C;;. The arithmetic
average of the Voigt and Reuss results given by the

Table II. Calculated elastic stiffness (C;;) of nondoped and impurity-doped AuSn, IMCs (units of GPa)

IMC Cu Cas Css
AuSny 79.5 84.4 70.5
Au0_75Ni0.25Sn4 96.3 93.6 79.7
Aug 5Nig 5504 105.6 106.5 95.3
Au0A75Pd0425Sn4 103.1 92.3 94.2
AUQ'5PdQ'5SIl4 94.6 101.4 85.4

Au0_5Pd0,25Ni0425Sn4 93.0 103.5 83.9

Cuq Css Ces Ci2 Ci3 Ca3

9.2 2.3 31.9 29.1 43.2 58.7
12.7 6.4 42.0 31.2 34.5 51.3
23.8 14.6 31.9 39.8 23.3 38.2
18.5 18.7 35.9 424 254 42.8
21.8 15.0 26.8 43.4 32.5 42.5
21.2 15.5 254 424 35.5 44.1
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VRH approximation is often used to estimate the
theoretical polycrystalline elastic modulus,?! the
expression for which is written in the following
form:

g K tKe )
2
G:—GV;GR. 8)

Then, the polycrystalline Young’s modulus E,
Poisson’s ratio v, and hardness H of the doped
AuSn, IMCs together with nondoped AuSn, can be
calculated based on the following expressions®%:

9KG

T3+ G )
3K — 2G

"C3BRT G (10)
_(1-2v)E

H= 6(1+v) (11)

The derived elastic modulus is presented in
Table III. Since there are no available experimental
data for the bulk or shear modulus of these impurity-
doped materials, our calculation results cannot be
verified. However, the Young’s modulus from our
calculations can be compared with some reported
values. In our work, the Young’s modulus of AuSn, is
31.0 GPa. In Chromik’s work, it is 39 4+ 4 GPa, as
derived bg interfacial layer and nanoindentation
methods.?? Recently, Wang et al. reported a value of
35.6 GPa, also obtained by nanoindentation.?* How-
ever, in Gosh’s research, the Young’s modulus
obtained by bulk resonance was 71.1 GPa.?® The
large discrepancy between the experimental values
obtained by resonance versus nanoindentation may
be due to the significant anelasticity exhibited by
AuSny, because the unloading rate during nanoin-
dentation varied in the range from 0.01 mN/s to
2.0 mN/s, making the results sensitive to anelastic-
ity and resulting in lower modulus for lower unload-
ing rate.?® However, nanoindentation gave a
relatively minor difference with our calculation.

Tian, Zhou, and Wu

This small deviation may be because lattice defects
and anisotropy of AuSn, were not ruled out during
all the experimental measurements. Through these
comparisons, it can be said that our calculation
result for the Young’s modulus of AuSny is reliable.
For the (Au,Ni)Sng structure, Chromik et al.
obtained a Youngs modulus of 48 + 3 GPa by
nanoindentation.?* However, the exact composition
of (Au,Ni)Sn, was not known. In this work, we found
Young’s moduli of 56.61 GPa and 68.28 GPa for
Aug 75Nig 955n4 and Aug 5Nig 55n,4, respectively. So,
it can be deduced that the (Au,Ni)Sns compound in
Chromik’s work was probably Aug 75Nig 255n,4. Since
no experimental or theoretical data for the elastic
modulus of the Pd-doped compounds could be found
in literature, our calculations for the Pd-doped
AuSn, IMCs provide good support for future work.

The correlation between the elastic modulus and
the doping impurity fraction is depicted in Fig. 2a—c.
One can see that substitution of Au by Ni or Pd
leads to an obvious increase of the shear modulus
and Young’s modulus of AuSn,. However, the
increment of the bulk modulus is very small, only
1.51 GPa and 1.72 GPa for Aug75Nig95Sn, and
AugsNig5Sny, and 2.40 GPa and 2.95 GPa for
Aug 75Pdgos5Sn, and AugsPdgsSng, respectively.
The different variation trends of the elastic modulus
are due to the fact that the stress imposed in the
different directions of the lattice caused different
strain, indicating that the doped AuSn, IMCs are
anisotropic materials.

The Zener anisotropy factor, Ay, is widely used to
quantitatively analyze the degree of elastic aniso-
tropy of a crystal. For noncubic crystal systems, the
following expression is most popular among
researchers®®:

2C44

Ay =2
27 Ch—Cr

(12)

Az =1 means that the nanostructure of the
material is isotropic; otherwise, the material is
anisotropic, and a larger deviation from unity
indicates greater elastic anisotropy. According to
the results in Table III, the investigated compounds
are all anisotropic. However, Az becomes closer to
unity as the doped atom fraction increases, meaning
that these structures are very close to being

Table III. Polycrystalline elastic properties of nondoped and impurity-doped AuSn, IMCs; all units are GPa,

except for v and K/G (dimensionless)

IMC K G

AuSny 54.40 11.12
Auyg 75Nig 25514 55.91 21.26
Auyg 5Nig 55n,4 56.12 26.32
Aug 75Pdg 25504 56.80 25.40
Aug 5Pdy 5Sny 57.35 22.91
Aug 5Pdg 25Nig 255N, 57.86 22.46

E v Az K/G H
30.03 0.404 0.36 4.89 0.70
56.61 0.331 0.39 2.63 2.40
68.28 0.297 0.73 2.13 3.56
66.32 0.305 0.61 2.24 3.30
60.65 0.324 0.85 2.50 2.69
59.66 0.328 0.84 2.58 2.57
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Fig. 2. Variation of (a) bulk modulus (K), (b) shear modulus (G), (c) Young’s modulus (E), and (d) Poisson’s ratio (v, dimensionless) with the

doped impurity fraction for AuSns-based IMCs.

elastically isotropic. Our finding of Az = 0.73 for
Aug 5Nig 55n, is in good agreement with Chromik’s
nanoindentation response for a bulk ingot of
Au0.5Ni0.5Sn4.23

In addition, the Poisson’s ratio v and Pugh’s
criteria are two different rules typically used to
estimate the brittle or ductile nature of materials. A
Poisson’s ratio v larger than 0.267?® indicates that
the material will behave in a ductile manner;
otherwise, it will be brittle. Also, the larger the
Poisson’s ratio, the greater the plasticity. Pugh’s
criterion®® roughly uses the ratio of the shear to
bulk modulus to predict the brittle and ductile
nature of a crystalline phase, with a high value of K/
G being associated with good ductility, while a low
value indicates brittle nature. The critical value is
1.75. From the results in Table III, one can see that
the Poisson’s ratio v values are all above 0.26, while
K/G is above 1.75, meaning that the doped systems

together with the parent phase are all ductile
materials. However, Ni doping causes the Poisson’s
ratio to decrease from 0.404 for AuSn4 to 0.331 for
All().75Ni().25SIl4 or 0.297 for Au0.5Ni0.5Sn4, while K/G
decreases from 4.89 for AuSn, to 2.63 for
Au0.75NiO_25Sn4 or 2.13 for Au0.5Ni0.5Sn4. This hints
that introduction of Ni into the AuSn, lattice
decreases the ductility but conversely increases
the brittleness. Here, we note that the Poisson’s
ratio value of 0.33 estimated by Chromik for
(Au,Ni)Sn,?? is well consistent with our calculated
result for Aug;s5Nigo5Sn4, again supporting our
aforementioned guess regarding this material. The
trend of the variation in the Poisson’s ratio with
impurity fraction is illustrated in Fig. 2d. From this,
one can see that the Aug 5Niy 5Sn, structure is more
brittle than Au0.75Ni0,25Sn4. For the Pd—doped sys-
tem, introduction of Pd into the AuSn, lattice also
resulted in Dbrittle nature. However, the
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Fig. 3. Total density of state (TDOS) and partial density of state (PDOS) of (a) AuSny, (b) Aug.75Nig 25SN4, () Aug sNig 5Sny, (d) Aug 75Pdg.25SN4,
(e) Aug sPdo sSny4, and (f) Aug.sPdo.2sNip 25Sn, (dashed lines at 0 eV denote the Fermi level Eg).

Aug 75Pdpo55n, structure is more brittle than
AllO.5Pd0_5SIl4.

According to the values of the Young’s modulus
and Poisson’s ratio, we also estimated the hardness

of the doped systems based on Eq. 11. The results

are also listed in Table III. Ghosh reported a
hardness value of 0.63 4 0.06 GPa for AuSn, mea-
sured by the Vickers method.?® Compared with our
first-principles calculation of 0.70 GPa, it appears
there is good agreement with this value. However, it
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has long been known that solder joints with a
significant amount of Au can cause serious mechan-
ical instability, especially for Ni/Au pad metal-
lurgies, which is attributed to formation of
(Au,Ni)Sny. Chromik found a hardness value for
(Au,Ni)Sny of 1.8 + 0.1 GPa. Unfortunately, the
exact composition of that compound was not shown
clearly. So, we estimated the hardness of (Au,Ni)Sn,
based on our calculated elastic modulus. It can be
seen that Ni doping increases the hardness of the
ternary (Au, Ni)Sn, system. For example, the
hardness is 2.40 GPa and 3.56 GPa for the
Au0.75NiO.25Sn4 and Au0_5Ni0_5Sn4 structures,
respectively. When excess IMCs form between the
solder and substrate, AugsNigsSny would be more
susceptible to fracture than Aug75Nigo5Sn, due to
its higher stiffness. Meanwhile, for the Pd-doped
system, the hardness of the Aug 75Pdg255n4 struc-
ture is greater than for the other materials, indi-
cating that mechanical instability would most likely
appear in the Aug75Pdgo5Sns layer. In fact, the
(Au,Ni)Sny compound layer formed between the
solder and pad consists of nanocrystals with many
fine pores arranged in a larger grain-like morphol-
ogy. Perhaps due to the temperature gradient along
the IMCs during the soldering process and its speed,
it is possible that there are polycrystalline regions
within the IMCs. This would also contribute to Au
embrittlement.

Thermodynamic Properties

The Debye temperature is an important thermo-
dynamic parameter of a material, related to the
vibrational modes and heat capacity of the crystal
and the interatomic bonding. Higher Debye tem-
perature often indicates stronger interatomic bond-
ing, which would cause higher hardness of the
material. The Debye temperature can be calculated
based on the following expression®’:

1
N h 3I’LNA,0 3
HD —kB < AnM ) Um, (13)

where h, kg, and N, are three constants, namely
Planck’s constant, Boltzmann’s constant, and Avo-
gadro’s constant, respectively, and p is the material
density. M is the molar mass, n is the total number

of atoms in the molecular formula, and v, is the
averaged elastic wave velocity, defined as

_1

1/2 1 :
m= ==+ , 14
‘ [3(*)] )

where vy and v; are the transverse and longitudinal
elastic wave velocities, which can be derived from
the bulk modulus and shear modulus according to
the following expressions:

@

3K + 4G\?

The density, elastic wave velocities, and Debye
temperature for the impurity-doped AuSn, IMCs
together with the parent phase are presented in
Table IV. In general, the density, elastic wave
velocities, and Debye temperature increase after
doping. The longitudinal elastic wave velocities are
higher than the transverse ones, and the Debye
temperatures are below room temperature. How-
ever, for the Ni-doped system, the Debye tempera-
ture and sound velocity increase with the Ni
fraction. Meanwhile, for the Pd-doped system, the
Debye temperature and sound velocity of
Aug 75Pdg o55n, are higher than for AugsPdysSny
due to its higher shear modulus. For the Pd/Ni-
codoped AuSny, the Debye temperature is close to
that of AugsPdg 5Sn,. Based on the Debye temper-
ature, one can deduce that the hardness of the
impurity-doped AuSn, IMCs lies in the follow
il’lg order: AllO.5Ni0.5SI14 > Au0.75Pd0_25Sn4 > Au0.5
Pdo 55n4 > Aug 5Pdg 25Nip 255n4 > Aug 75Nig 2550y,
showing good consistency with our calculated hard-
ness results. As is well know, the higher the Debye
temperature, the better the thermal conductivity.
Therefore, it can be said that doping with Ni or Pd
can improve the thermal conductivity of AuSn,.
Among these materials, AugsNig55n, should exhi-
bit good thermal conductivity.

The thermal conductivity coefficient of a material
quantifies its ability to transfer heat. To clarify

Table IV. Density (kg/m?®), elastic wave velocity (m/s), Debye temperature (K), and minimum thermal
conductivity (W/m-K) at 0 K and 0 GPa for nondoped and impurity-doped AuSn, IMCs

IMC P U¢

AuSny 6049 1355
Auyg 75Nig 25514 8343 1596
AUQ_5Ni0'5SD4 8115 1801
Aug 75Pdg 25504 8395 1739
Aug 5Pd 55Sny 8215 1670

Au0A5PdOA25Ni0A25Sn4 8163 1659

U; Um HD kmin
3382 1535 137 0.306
3178 1790 181 0.410
3352 2011 206 0.456
3286 1944 196 0.432
3271 1871 190 0.427
3280 1860 189 0.429
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whether a material can be used as an intrinsic
thermal barrier coating or not, the thermal conduc-
tivity should be revealed. At high temperatures, the
thermal conductivity will decrease with increasing
temperature. Thus, it is important to determine the
minimum value at high temperatures in order to
explore the application of the material under
extreme conditions. The minimum thermal conduc-
tivity can be derived according to the criterion of
Cahill and Pohl?'33;

Fomin = Z%n’%(zut +uy), (17)
where kg, vt, and v; have the same meanings as in
Eqgs. 13, 15, and 16, and n’ is the number of atoms
per unit volume. From the results in Table IV, one
can see that the minimum thermal conductivity
increases after Ni or Pd addition, and Aug s5Nig5Sny
possesses the largest value of 0.46 W/m-K among
them, but they are still relatively small, lower than
0.5 W/m-K; That is to say, thin and continuous
(Au,M)Sny, (M =Ni, Pd) IMCs would assist the
reliability of solder with pad. However, during
aging treatment, ternary or quaternary compounds
would grow at a faster rate than AuSny4, and heat
could not be easily transfered from the solder to pad,
causing heat concentration, with most fractures
occurring at the interface.

Electronic Structure

To further explore the bonding mechanisms on a
physical basis to investigate the stabilization effect,
the electronic properties of the impurity-doped
AuSn, IMCs were analyzed based on the total
density of states (TDOS) and partial density of
states (PDOS), presented in Fig. 3. All of the
compounds showed metallic character due to the
finite value of the Fermi level. It can be found that
the energy range from —11.0 eV to 4.0 eV for AuSn,
was shifted to a lower energy range of —11.0 eV to
2.5 eV after doping, indicating stability.** For the
Ni-doped system, two main bonding peaks appear at
the energy range from about —5.7 eV to —4.0 eV
and —4.0 eV to the Fermi energy, in which Ni d and
Sn p electrons are the main contributors to the
higher energy range, while Au d electrons are the
main contributor to that at lower energy. For the
Aug 5Nig 5Sny structure, the two peaks are close to
each other, indicating stronger atomic interaction.
For the Pd-doped system, the main bonding peak at
the energy range from about —5.8 eV to —4.0 eV for
Au0.75Pd0.25Sn4 is hlgher than for Au0,5Pd0_5Sn4,
with Au d electrons being the main contributor,
slightly hybridized with some Sn p electrons.
Hybridization causes more stable bonds between
Au and Sn atoms, which may be related to the
greater mechanical stability of Aug75Pdg255n4, as
indicated by the energy of formation results.

Tian, Zhou, and Wu

Meanwhile, Pd d and Sn p electrons are the main
contributors to the TDOS from about —4 eV to the
Fermi energy for these Pd-doped IMCs. For the Ni/
Pd-codoped system, the shape of the TDOS is
similar to that of AugsPdgsSng, probably as Ni
and Pd lie in the same group of the Periodic Table,
which is in agreement with their similar mechanical
character. Moreover, the calculated integrated den-
sity of state (DOS) at the Fermi level (Ngp) was
44.92 electrons/eV for AuSny, 37.02 electrons/eV for
Aug 75Nigo55ny, 36.59 electrons/eV for AugsNigs
Sny, 32.21 electrons/eV  for  Aug5PdgosSny,
32.28 electrons/eV for Aug sPdg 5Sny, and 32.67 elec-
trons/eV for AugsPdg 25Nig255n4. Lower Ng¢ corre-
sponds to a more stable phase.?**® We found
Nz to increase in the order: Aug 75Pdg 255n4 < Aug 5
Pd0,5Sn4 < Au0,5Pd0_25Nio.25Sn4 < Au0,5Nio.5Sn4 <
Aug 75Nig 25Sn4 < AuSny, in agreement with the
change in the energy of formation of the AuSny-
based IMCs. Therefore, Aug 75Pdg 255n4 is the most
stable phase among these IMCs.

CONCLUSIONS

The effects of substitution of Ni and Pd for Au in
AuSn, on the mechanical, thermodynamic, and
electronic properties were investigated based on
first-principles calculations. Doping with impurities
led to more stable structures than the parent phase.
For the Ni-doped system, AugsNipsSn, was more
stable than Aug75Nig255ny4. For the Pd-doped sys-
tem, Aug7sPdg2sSn, was more stable than
Aug 5Pdg 5Sn,. Based on the elastic modulus results,
doping with Ni or Pd increased the elastic modulus
and hardness, but decreased the Poisson’s ratio. The
doped AuSn, IMCs together with the parent AuSn,
were all ductile phases, but Ni addition led to
increased brittleness. The structure of Aug 5Nig 55n4
was more brittle than Aug 75Nig 255n4. For the Pd-
doped system, Aug 75Pdg 255n4 was more brittle than
Aug 5Pdg 5Sn4. With increasing doped impurity frac-
tion, the structures became closer to being elasti-
cally isotropic according to the Zener anisotropy
factor. The Debye temperature and minimum ther-
mal conductivity coefficient of all the doped AuSn,
IMCs were higher than for the parent phase and
exhibited the same variation trend, indicating the
good thermal conductivity of the doped systems.
Among them, AugsNig5Sny possessed the highest
minimum thermal conductivity value of 0.46 W/m-
K, indicating the best thermal conductivity. Fur-
thermore, the electronic density of states was
employed to analyze the stability of the AuSny-
based IMCs. The highest stability was found for
Aug 75Pdg05Sny, which can be attributed to its
highest electron density at the Fermi level. Thus,
the effects of doping with Ni or Pd on the brittleness
of AuSn, are clarified by this research work. These
findings provide a good reference for future appli-
cations of these materials.
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