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Motivated by the high solubility of In in (mC44) 5’-CugSns compound as well
as the occurrence of an In-doped #’-intermetallic in the microstructure of Cu/
In-Sn/Cu solder joints, a theoretical study has been carried out to investigate
the various physical effects of incorporating In at Sn Wyckoff sites of the
binary #5’-phase. Systematic ab initio calculations using the projected aug-
mented wave method and Vienna Ab initio Simulation Package were used to
determine the composition dependence of the structural and cohesive prop-
erties of #’-Cug(Sn,In)s compounds, compared with those expected from the
binary end-member compounds CugSns and Cuglns. The molar volume shows
significant deviations from Vegard’s law. The predicted composition depen-
dence of the cohesive properties is discussed using two complementary ap-
proaches, viz. a valence-electron density approach as well as a bond-number
approach, both accounting for the roughly linear dependence of the cohesive
energy on the In content. A microscopic interpretation for this general trend is
given in terms of the key contributions to chemical bonding in this class of
compounds, namely Cu d-electron overlap and hybridization of Cu d-states
with In and Sn p-electron states. Moreover, a crystallographic site approach is
developed to accurately establish the phase-stabilizing effect of incorporating
In at specific Wyckoff positions of the (m(C44) 1’-CugSns structure.

Key words: Lead-free soldering alloys, ab initio calculations, cohesive
properties, phase stability, electronic structure, Cu—In—-Sn
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INTRODUCTION

Traditionally, Pb—Sn solders have been used as
the most important materials for modern electronic
components and devices. More recently, emerging
environmental regulations, in particular in Europe
and Japan, have targeted elimination of Pb usage
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due to its toxicity. This has encouraged extensive
research on Pb-free solders for electronic packaging
applications.’ Most candidate lead-free solders are
based on Sn with two or more major alloying
elements. Among them, In-48 at.%Sn eutectic alloy
has long been considered a very attractive alterna-
tive, since it has low melting point (120°C), high
ductility, long fatigue life, and excellent
wettability.?
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For all solder technologies, the chemical interac-
tion between the solder and the metal substrate is of
great importance. During soldering, some of the
base metal with which the joint is formed is
dissolved into the molten solder. As a result, the
solder becomes supersaturated with the dissolved
metal and an intermetallic compound (IMC) layer
precipitates on the metal surface.? Consequently, in
any solder joint, a layer of at least one intermetallic
compound (IMC) is present between the solder and
substrate. The presence of a thin, continuous,
uniform IMC layer between the solder and conduc-
tor metals is an indication of good metallurgical
bonding. However, due to their inherently brittle
nature and tendency to generate structural defects,
a thick IMC layer may degrade solder joint reliabil-
ity.* In some cases, the intermetallic layer may
consist of two IMCs, with compositions depending
upon the combination of metal substrate and solder
used. From the metallurgical viewpoint, knowledge
of solder/substrate chemical interactions and phase
evolution is important for understanding and con-
trolling interconnection reliability.®

Since Cu is the most commonly used contact
material, there has long been fundamental and
technological interest in study of the IMCs formed
by the reaction between Sn-based solder and Cu
substrate. Extensive experimental work reported in
recent decades®”™® indicates that such reaction
forms, in the first place, a compound with formula
CuGSn5.

CugSns IMC originates in the Cu—Sn system,
where it occurs with two structures: monoclinic
(mC44) phase, usually denoted as #’-CugSns,
stable at temperatures lower than about 186°C,'°
and hexagonal (P63/mmc) n-CugSns phase, stable at
higher temperatures.'” Both 5 and i’ are reported to
be nonstoichiometric, and their stability range
might enable crystal structure variations.'® The
high-temperature n-phase field has been systemat-
ically studied by Larsson et al.,'® and two super-
structures have been found, namely 5 and #°. In
fact, recent work refers to up to five crystal struc-
tures, whose occurrence seems to depend upon
compositional variations and the processing route
applied.®

Various features of the behavior of #- and #’-IMCs
and their transformation, which are of technological
importance, are reviewed below in the framework of
the motivations for the present work.

First, the 5-to-y” phase transition is accompanied
by an increase in volume of about 2%.2° Under
service conditions, such a volume change would
produce an important stress concentration and
possibly cause solder interconnect failure. The time
available during soldering and subsequent cooling is
insufficient for the n’-to-n transformation, thus the
high-temperature n-CugSns phase might remain as
a metastable phase.® If the service temperature is
near room temperature, such transformation does
not occur within a reasonable time, because of

kinetic constraints. However, at temperatures
around 150°C, which might be reached, e.g.,
because of local heating caused by use of power
components, this transformation occurs in relatively
short times.?

Second, it has long been accepted that the forma-
tion of CugSns (and other IMCs) in solder joints
plays an important role in their long-term reliabil-
ity.?! CugSns phase is formed instantly by liquid-
state diffusion during the soldering process,
whereas subsequent exposure to thermal cycling
aging causes the IMC layer to grow by solid-state
diffusion.®>”® This is expected to degrade the
mechanical properties after exposure to thermal
cycling aging, in particular the residual shear and
fatigue strength.®?%?3 Moreover, formation of IMCs
is important in that these phases are generally
considered stiffer and more brittle than bulk solder,
which could make the solder joint brittle and
eventually lead to cracking even at lower loads
than expected.*

More recently, study of the effects of IMC forma-
tion on the microstructure and reliability of solder
joints of interest for development of microelectronic
devices, photovoltaic systems, and other advanced
applications has been facilitated by the introduction
of the synchrotron x-ray microdiffraction (uXRD)
technique,?*2° which allows characterization of a
crystalline material in small, localized volumes and
study of stress and microstructure evolution, e.g.,
during and after annealing or thermal cycling. This
technique can detect even trace amounts and iden-
tify the IMCs present in a solder joint. In particular,
application of uXRD for characterization of the
stress and microstructure evolution in solder joints
of crystalline Si solar cells indicates absence of
IMCs in fresh samples obtained from the solder
joint, and that CugSns forms after thermal cycling
due to activated interdiffusion of Cu and Sn.
Moreover, scanning electron microscopy observa-
tions on thermally cycled samples show that cracks
form in the bulk solder.?®

Third, the possible use of alloying to control the
volume change in the 5-to-” transformation (and
other undesirable effects) has motivated renewed
experimental and theoretical interest in the struc-
tural, mechanical, and phase stability properties of
ternary IMCs formed by incorporating a third
element into binary CugSns phase. Experimental
studies have shown, in particular, that dissolution
of Ni into the binary compound can suppress n-to-;’
transformation on cooling, leading to stabilization of
the hexagonal n’-phase to room temperature %3
Additions of other elements soluble in CugSns, such
as Zn, Au, and In, have also been shown experi-
mentally to prevent the hexagonal-to-monoclinic
transition.®’ In turn, these experimental findings
have stimulated very recent ab initio density func-
tional theory (DFT) studies of incorporation of
various elements into binary CugSns phase. In
particular, Gao et al.>? investigated the effects of
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adding Ni or Co atoms into the (mC44) CugSns;
compound. Using DFT calculations of the energy of
formation, they found that these dopants increased
the stability of the respective (Cu,Ni)¢Sns and
(Cu,Co)¢Sns phases with respect to the binary
compound, and determined the most favorable
occupancy sites for Ni and Co. Moreover, by ana-
lyzing the electronic density of states (DOS), they
concluded that hybridization between Ni d- (or Co d-
) and Sn p-states plays a dominant role in the
stability of these structures.®? Zhang et al.*® also
used DFT calculations to study the stability and
mechanical properties of ()-CugSns doped with Ni,
Au, Zn, and In. They found that the phase stability
and mechanical properties could be enhanced by
doping these elements, in particular Ni.

This literature review indicates that there is
abundant information on the properties of Cu—Sn—
X ternary high-temperature #-CugSns phases, but
considerably less work has been reported on the
effects of incorporating a third element into the low-
temperature 1’-CugSns phase. Such incorporation is
the theme of the present work. Specifically, the
current study focuses on the most general physical
effects of adding In into the binary 5’-CugSns phase.
This work has several motivations, which are
presented below.

The first motivation is the extensive solubility of
In in the CugSnjg phase, a feature already present in
the early Cu-Sn-In phase diagram® that has
recently been corroborated by neutron diffraction
experiments.®>*® The second motivation is the well-
documented occurrence of In-doped CugSns IMCs in
the microstructure of In-Sn/Cu solder joints. For
instance, Kim and Jung®’ reported that two IMCs
formed at the interface during aging at tempera-
tures between 70°C and 100°C, namely e&-
Cu(In,Sn),, adjacent to the solder, and Cug(Sn,In)s,
adjacent to the Cu substrate, which was the dom-
inant phase. Chuang et al.? reported that a planar
layer of Cus(Sn,In) at the Cu side and a scalloped
layer of Cug(Sn,In)s at the solder side were formed
at the eutectic In-Sn/Cu interface during reflow at
temperatures ranging from 150°C to 400°C. Som-
madossi and Fernandez Guillermet®® studied the
interconnection zone in CwIn-Sn/Cu diffusion-sol-
dering joints. In samples annealed at 220°C for
436 h, they found ternary n-phases with composi-
tions changing between those corresponding to the
ideal formulas Cug(Sn,In)s; and Cus(In,Sn).

The third motivation for the present work is the
fact that current DFT calculations suggest that
addition of In has a relatively small suppressive
effect on the #5-to-’ transformation.®® This fact
points to the importance of detailed characterization
of the i’-phase, which is the equilibrium structure
at low temperatures.

A fourth, theoretical motivation for this study is
the long-standing interest in thermodynamic mod-
eling of nonstoichiometric multicomponent IMCs
characterized by various crystallographic

sublattices.?® Towards that aim, it is necessary to
know the most probable distribution of alloying
elements at available crystallographic sites. Such
information is usually not available from
experiments.?*3¢

The current work continues a line of research
aimed at characterizing a large family of IMCs
formed when soldering In-Sn alloy with Cu and Ni,
the commonest substrates. Motivated by the general
need for physicochemical information on these
technically relevant materials, the present authors
previously focused on theoretical predictions, sys-
tematization, and interpretation in microscopic
terms of properties of the IMCs which are
stable or metastable in the binary subsystems of
the quaternary (Cu,Ni)—(In,Sn) system. Specifically,
information on the lattice parameters and cell
volume, bulk modulus, and other equation-of-state
parameters, as well as the energy of formation from
the elements and the electronic structure of several
Cu-In,***! Cu-Sn,*’ Ni-In, and Ni-Sn*?*2 stoichio-
metric IMCs was obtained by ab initio projected
augmented wave (PAW) calculations***° usin§ the
Vienna Ab initio Simulation Package (VASP).*® By
extending this line of research, the general aim of
the present work is to perform a systematic study of
the structural, cohesive, and electronic structure
effects of incorporating various amounts of In into
the structure of the #’-CugSns (mC44) IMC. The
specific purposes of this work are listed below:

First, we aim to establish an energetically favor-
able way in which In atoms can replace Sn atoms
originally located at various crystallographic sub-
lattices of the binary (mC44) phase. This issue is
addressed by evaluating and comparing the energy
effects involved in progressive filling with In at
crystallographic sites originally occupied by Sn.
Second, we aim to study the effects of In addition
upon the lattice parameters, cell volume, and bulk
modulus of Cug(Sn,In)s phase. Third, we aim to
produce a unified picture of the cohesive behavior of
the Cug(Sn,In)s compounds, relying upon the corre-
lation procedures previously apglied to (Cu,Ni)-
(In,Sn) lead-free soldering IMCs.*” Once the cohe-
sive properties have been systematized, microscopic
interpretation of the theoretical trends will be
developed. Specifically, the composition dependence
of the electronic structure of the Cug(Sn,In)s com-
pounds will be discussed in the light of current
theories of chemical bonding for the present class of
IMCs.

PHASES, STRUCTURES, AND THEORETI-
CAL METHOD

The present theoretical method was described
elsewhere.*~*347:48 I the following, we summarize
only the points of relevance for the present study.
We performed total-energy DFT calculations using
the PAW method***” and VASP code.*® We used the
generalized gradient approximation (GGA) to
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evaluate the exchange—correlation energy, with the
functions given by Perdew and Wang (GGA-
PW91).*° The valence electrons involved in the
calculations are 11 for Cu (3d'%4s'), 3 for In
(5s%p1), and 4 for Sn (5s%p?). The cutoff energy for
the PAW potential is 314 eV, leading to total
energies and cohesive energies converged within
10 meV/atom and 2 meV/atom, respectively.

The Brillouin zone is mapped using the Mon-
khorst—-Pack method, with a k-point mesh®® of
5 x 7 x 5 found sufficient to achieve well-converged
energies (within 1 meV/atom). For occupation of the
electronic levels, the step function is replaced by a
smooth function more appropriate for a metallic
system. Here, we use the Methfessel-Paxton tech-
nique in which the step function is expanded in a
complete set of orthogonal functions, with electrons
at some finite temperature §iven through the
smearing factor ¢ = kgT = 0.1.°! The zeroth-order
Methfessel-Paxton function corresponds to simple,
Fermi-Dirac-like smearing. The lattice parameters
and ionic degrees of freedom were relaxed until the
forces on the ions were lower than 30 meV/A. The
cohesive energy and the energy of formation per
atom for each of the Cug(Sn,In)s IMCs studied were
calculated following the usual procedure.*®°? The
calculation of the cohesive energy involves evalua-
tion of the total energy of the isolated Cu, In, and Sn
atoms, whereas the calculation of the energy of
formation requires that of the elements in their
equilibrium phases, viz. fcc (Cu), tI2 (In), and tI4
(Sn).*°

The (mC44) n’-CugSns structure, presented in
Fig. 1, consists of four Cu sublattices with Wyckoff
symmetric positions 4a (Cul), 4e (Cu2), 8f (Cu3),
and 8f (Cu4) for Cu atoms, and 4e (Snl), 8f (Sn2),
and 8f (Sn3) for Sn atoms.*° The last two Sn-8f
sublattices will be referred to in the remainder of
the paper as 8f; and 8f5, respectively. These various
Wyckoff sites are indicated in Fig. 1.

To model the ternary Cug(In,Sn)s compounds, the
Sn atoms are progressively replaced by In atoms,
occupying the three Wyckoff positions of the Sn
atoms, and their combinations, to form the eight
hypothetical compounds listed in Table I and
labeled I to VIII. For each of these structures, we
established the cohesive energy, energy of forma-
tion, lattice parameters and internal coordinates,
equilibrium volume, bulk modulus, and electronic
density of states.

RESULTS

The calculated lattice parameters, equilibrium
volume per atom, bulk modulus, and cohesive
energy for the elements Cu, In, and Sn in their
known e%lilibrium structures were reported else-
where.*>*” These results compare very well with
the available experimental data®®? and with other
ab initio calculations.®® Such agreement adds to our
confidence in the present theoretical technique. In

Fig. 1. Structure of #’-CugSns phase. The different atomic sublattice
Wyckoff positions are indicated, on the basis of experimental infor-
mation given in Ref. 53.

the following, we present and discuss the results for
the #’-Cug(Sn,In)s compounds.

Table I presents the lattice parameters (a, b, and
¢), average volume per atom (Vy), bulk modulus (By),
energy of formation from the elements (EOF), and
cohesive energy (E.n) of the eight (mC44) y'-
Cug(Sn,In)s compounds considered. Each one of
these IMCs is represented by a formula (with 44
atoms) of type Cugy(Sn,In),(Sn,In)g(Sn,In)g, indicat-
ing that 24 Cu atoms are placed at 4a, 4e, and two 8f
Wyckoff sites, 4 (Sn or In) atoms at 4e sites, 8 (Sn or
In) atoms at 8f; sites, and 8 (Sn or In) atoms at 8f;
sites. We remark that the binary #’-Cuglns resulting
from complete replacement of Sn by In is not a
stable phase in the Cu-In phase diagram.?*®!
However, as we have discussed elsewhere,***7 its
properties are of great interest in connection with
CALPHAD-type®? thermodynamic modeling of the
nonstoichiometric Cug(Sn,In); phase of the Cu—In—
Sn phase diagram using, e.g., the compound energy
formalism.

Composition Dependence of Atomic Volume

The composition dependence of V| is presented in
Fig. 2. The symbols represent the V, values corre-
sponding to each of the eight compounds in Table I,
while the dashed line describes the values predicted
by a linear, Vegard’s law-type interpolation between
the binary CugSns and Cuglns phases, usually
referred to as end-member compounds (EMCs). At
each In atomic composition, when more than one
possibility of Sn sublattice replacement exists, the
empty symbols correspond to the compounds with
higher energies of formation. When passing from
CugSns to Cuglns, the average volume per atom
decreases. The V, versus at.% In plot shows nega-
tive deviations from Vegard’s law in the range
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Table I. Crystallographic site occupatlons, In content in the #’-Cug(Sn,In); compound, lattice parameters in
A, equilibrium volume (V,) in A%/atom, bulk modulus (B,) in GPa, cohesive energy (E.o5) in kd/mol-atom, and

energy of formation (EOF) in kJ/mol-atom

Crystallographic Site
Occupation

Formula 4a 4e 8f 8f 4e 8f; 8f; % In

I Cug4SnySngSng Cu Cu Cu Cu Sn Sn Sn 0

II CugyngSngSng Cu Cu Cu Cu In Sn Sn 20 11.130
III  CupsSnyIngSng Cu Cu Cu Cu Sn In Sn 40 11.142
IV CugsSnySnglng Cu Cu Cu Cu Sn Sn In 40 11.128
Vv CugyIngIngSng Cu Cu Cu Cu In In Sn 60 11.123
VI CugyIngSnglng Cu Cu Cu Cu In Sn In 60 11.141
VII CugsSnylnglng Cu Cu Cu Cu Sn In In 80 11.178

a, b, c Vo B, Econ EOF
A) B (A%atom) (GPa) (kJ/mol) (kJ/mol)
11.134 7.404 9.989 98.706 18.428 80.900 329.060 —3.350
(11.036 7.288 9.841 98.810 17.777)* 84.400"
11.138 7.403 9.995 98.650 18.512  79.600 —3.205°
(11.119 7.384 9.948 98.730 18.347  77.600 —3.780)¢
7.404 9.840 99.028 18.200 83.300 322.220 —3.445
7.388 9.868 99.163  18.226 314.209 —2.369
7.362 9.889 98.770 18.196 79.500 315.708 —3.868
7.369 9.857 99.413 18.114 307.171 —2.266
7.327 9.891 99.149 18.118 82.100 308.731 —3.826
7.279 9.954 99.463 18.155 79.700 299.538 —1.568
7.308 9.957 99.177  18.070 291.803 —0.778

VIII CugyInglnglng Cu Cu Cu Cu In In In 100 11.112

aExperimental data.*’Experimental data at 298 K.3*°Ab initio ultrasoft pseudopotential (US-PP) calculated values.>*?Ab initio PAW

calculated values.'®
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Fig. 2. Composition dependence of average volume per atom of
(mC44) n’-Cug(Sn,In)s compounds. At each In atomic composition,
when more than one possibility of Sn sublattice replacement exists,
the empty symbols correspond to the IMCs with higher energies of

formation.

0 < at.% In < 80. It was also found that the occu-
pation by In of the 8f; sites in compound III (open
symbol) yields a larger volume compared with the
8f5 sites in compound IV. On the other hand, the
occupation of both the 4e and 8f; sites in com-
pound V (open symbol) leads to a slightly lower
volume than the 4e and 8f; sites in compound VI.
Comparison with previous results can only be
made for the CueSns compound. Table I indicates
that the present V, value (18.428 A%/atom) i is about
3.7% larger than the experimental value.'® Such
discrepancy is comparable to other results in liter-
ature obtained using the present theoretical
method. This is corroborated by the comparison
with the values reported by Ghosh et al.?

(18.512 A%/atom) or Zhang et al.®® (18.347 A%/atom).
The present result coincides almost exactly with the
average of the previous ones.

Composition Dependence of EOF and E_;,

The effects on the EOF of the #5’-Cug(Sn,In)s
compounds of progressively replacing the Sn atoms
at 4e, 8f;, 8fy, 4e + 8f;, and 4e + 8f, sites by In are
presented in Fig. 3a using symbols, whereas the
dashed line describes the usual thermodynamic
reference values corresponding to the linear inter-
polation between the EOF for the EMCs. The
resulting EOF versus at.% In relation shows, in
general, negative deviations from the reference line.
It is also found that addition of In makes the ternary
Cu—Sn—In compounds more stable than CugSns for
compositions up to 60 at.% In. The compounds with
the lowest EOF, i.e., the most stable ones with
respect to the EMCs, are compound VI (ie.,
CugyIngSnglng) and compound IV (i.e., CugySn,S-
nglng). In both cases, the Sn atoms occupy the 8f;
sites whereas the In atoms are placed at the
remaining sites (viz. the 4e sites, 8f; sites, or both).
The least stable phase with respect to the thermo-
dynamic reference line is compound III (i.e., CugsS-
nyIngSng), where the In atoms are placed at 8f;
sites. Other compounds with In atoms at the 8f;
sites also present low thermodynamic stability, viz.
compound V  (i.e., CugynyIngSng) and com-
pound VII (i.e., CussSnylnglng). In the following
we compare the present findings with previously
published results.

Ab initio EOF values for the -CugSn; phase were
reported by Ref. 60 (—3.205 kd/mol-atom) and
Ref. 33 (—3.780 kd/mol-atom). The present result
(—3.35 kd/mol-atom) falls in between.
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Fig. 3. (a) Composition dependence of energy of formation (EOF)
from the elements of the (mC44) 1’-Cug(Sn,In)s compounds, in kJ
per mole of atoms (symbols). The thermodynamic reference line,
corresponding to the linear interpolation between the EOF of the
EMCs, is also indicated (dashed line). (b) Difference between the
EOF of the ternary compounds and the EOF of the CugSns EMC
(symbols).

The only source of information on the EOF for #’-
Cug(Sn,In)s; compounds is the work by Zhang
et al.3? They studied the difference A(EOF) between
the EOF values for the ternary compounds and the
energy of formation of the binary #’-CugSns phase,
finding that A(EOF) is: (1) negative when the Sn
atoms at Wyckoff positions 4e and 8f, are replaced
by In atoms, but (2) positive when Sn atoms at 8f;
sites are replaced by In. Unfortunately, their EOF
values were not listed. The A(EOF) values obtained
in the present work, plotted using symbols in
Fig. 3b, are qualitatively consistent with the results
by Zhang et al.>® We remark that the energetic
effects of substitution of Sn by In are further
discussed in “Discussion” section.

The E ., versus at.% In values for the current »’-
Cug(Sn,In)s; IMCs are presented in Fig. 4a using
symbols. Two aspects of the current results can be
highlighted.

In the first place, when passing from #5’-CugSn;5 to
n’-Cuglns, the E., of the compounds decreases
smoothly, deviating very little from the dashed line,
which represents the values expected from a linear
interpolation between E.; for the EMCs. This
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Fig. 4. (a) Composition dependence of cohesive energy (Econ) of the
(mC44) 1’-Cug(Sn,In)s compounds. (b) Deviations of the current E.p,
versus at.% In values from the linear interpolation between E.,, for
the EMCs (symbols). The energy values are given in kJ per mole of
atoms.

general trend in the variation of E.,, between 5’-
CugSns and #’-Cuglns is discussed in “Discussion”
section in terms of the valence-electron density and
changes in the number of interatomic bonds.

In the second place, we focus on the deviations of
the current E., versus at.% In values from the
linear interpolation between E.,, for the EMCs, as
plotted in Fig. 4b using symbols. It is found that
compounds VI (i.e., CugyIngSnglng) and IV G.e.,
Cug4SnySnglng)—where the stabilizing effect upon
EOF of the replacement of Sn by In was largest
(Fig. 3b)—show positive deviations of the order of
2 kd/mol-atom from the dashed line. In “Discussion”
section, the effect upon E.,, of the various possible
substitutions of Sn by In is analyzed in a systematic
fashion. On these bases, the stabilizing effects upon
EOF will be discussed.

DISCUSSION

Effects of Electron Density and Interatomic
Bonding on Cohesive Properties

As a first step in the development of a microscopic
picture of the observed trends in the cohesive
properties, we analyze the general trends in E_.,
using two complementary accounts of the changes
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occurring when In is incorporated into the crystal
structure.

The first approach, recently presented by the
current authors,*” makes use of a variable related to
the electron density in the material, which has its
roots in a semiemﬁpirical model presented long ago
by Miedema et al.®* in the work by Moruzzi et al.,®
Sigalas et al.,’® and Gilman.%” A thorough review of
these bases has been reported elsewhere.*” Here we
only 6%ive the main points: (1) following Gilman
et al.”’ we use the valence-electron density (nvgp)
parameter describing the number of valence elec-
trons per unit volume of the material; (2) nygp was
calculated by assuming for the elements the same
number of valence electrons considered in the PAW
calculations (viz. 11 valence electrons for Cu, 3 for
In, and 4 for Sn); (3) in addition to stable IMCs, the
results for metastable and nonstable (i.e., ideal or
hypothetical) ones are included. On these bases, two
linear correlations between combinations of the
quantities Vy, By, and E.;,, and the nygp parameter
were previously established for binary Cu—Sn and
Cu-In stoichiometric compounds.*’ These correla-
tions will now be used to analyze the current
results. The first correlation involves a linear
variation of the parameter (E..n)Y%/V, with nvgp,
and the second correlation involves a linear varia-
tion of the parameter (By/Vy)Y?, with nygp. These
are presented in Fig. 5a and b, respectively. In these
graphics, the previous results for the Cu—Sn and
Cu-In IMCs (empty symbols) and a linear fit to
them (solid line) are compared with the present
results (filled symbols). According to Fig. 5, the
general trends in the variations in the cohesive
properties of #’-Cug(Sn,In)s; IMCs caused by the
replacement of Sn by In, as shown in Fig. 4a, can be
accurately interpreted in terms of the change in the
concentration of valence electrons in this class of
compounds.

The second approach, related to the classical bond-
energy model, aims to describe the changes in the
cohesive properties in terms of the variation in the
number of interatomic bonds of type Cu—Cu, Cu—Sn,
Cu-In, In-In, Sn—In, and Sn—Sn. Such an approach
is applied in the following to the E.;, values of the r’-
Cug(Sn,In)s compounds. To this end, the number of
each kind of interatomic bond is represented by the
respective number of nearest-neighbor bonding pairs
(Nx_y) (with X, Y = Cu, Sn, In) per unit cell. The
results are plotted in Fig. 6. These plots suggest that
the observed decrease in E.; associated with the
replacement of Sn by In cannot be related to the
number of Cu—Cu bonds (Fig. 6¢), which remains
unchanged along compounds I to VII. Instead, such a
decrease correlates very well with: (1) the decrease in
the number of seemingly strong Cu—Sn (Fig. 6a) and
Sn—Sn (Fig. 6d) bonds, (2) the increase in the number
of seemingly weaker Cu-In (Fig. 6b) and In-In
(Fig. 6e) bonds, and (3) the increase first then the
decrease in the number of Sn—In bonds occurring

()
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Fig. 5. Cohesion-related properties: (a) (Eson) 2/ Vo and (b) (Bo/ Vo) 2,
of the 5"-Cug(Sn, In)s IMCs as a function of the valence-electron density
parameter (nyep)-

when passing from CugSns (compound I) to Cuglns;
(compound VIII) (Fig. 6f).

The picture of the general trends in the variation
of cohesive properties arrived at in the present
section will be further developed in the remainder of
this paper by considering two additional aspects,
namely the energy effects associated with the
incorporation of In at specific crystallographic sites
(“Effects of Crystallographic Site Occupation on
Cohesion and Phase Stability” section) and the
electron band structure interpretation of the bond-
ing trends (“Electron Band Structure Interpretation
of the Bonding Trends” section).

Effects of Crystallographic Site Occupation on
Cohesion and Phase Stability

Recent ab initio studies considered the energy
effects involved in placing atoms of a third element
at various Wyckoff sites of the 1’-CugSn; phase.?23% In
“Composition Dependence of EOF and E.;,” section, a
preliminary qualitative analysis was performed, by
referring to Figs. 3b and 4b. In the following, the
effects on E.;, of substituting the Sn atoms placed at
4e, 8f;, and 8f; sites by In will be further investigated.
To this end, various differences of the type AE:S.(i/k),
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AESE.(j/k), and AESZ (j/k) between the cohesive energy
of the compounds with j/& = I to VIII were calculated.
For instance, the difference AE~ (III), describing the
effect of full Sn-by-In substitution at 4e sites, was
obtained as [E ;,(CugyIn,SngSng) — E . n(CugssSnySng
Sng)], the difference AESLL(ITI/T) corresponding to the
8f; sites as [Ecoh(Cu24Sn4In§Sns) — E 1,(Cug4SnSng
Sng)], and the difference AES%(VI/I) involving the 8f,
sites as [E.n(CussSngSnglng) — E.o,(CussSnySng
Sng)]. These and the remaining AE.,(j/k) differences,
obtained by proceeding in an analogous way, are listed
in Table II and plotted in Fig. 7 using symbols.

The present results indicate that replacement of
Sn atoms by In atoms involves a loss in E, of the
compound, which in magnitude is: (1) largest when
8 In atoms are placed at 8f; sites (viz. about
—16 kd/mol-atom), (2) somewhat lower when 8 In
atoms are placed at the 8fy sites (viz., about
—14 kdJ/mol-atom), and (3) lowest when 4 In atoms
are placed at the 4e sites (viz. about —7 kdJ/mol-
atom). On this basis, it is possible to develop a
qualitative interpretation of the key features of the
EOF versus at.% In relation presented in Fig. 3, as
follows: (a) the most stable compounds are those
without In at the 8f; sites; (b) progressive incorpo-
ration of In at the 4e sites (as in compound II), the
8fy sites (as in compound IV), or both (as in com-
pound VI) does not crucially affect their relative
stability; (c) incorporation of In at the 8f; sites (as in
compound IIT) or both the 4e and 8f; sites (as in

compound V) involves a significant decrease in
thermodynamic stability. We emphasize that the
trends in the stabilizing effects expressed by Zhang
et al.?® in terms of A(EOF), mentioned in “Compo-
sition Dependence of EOF and E..” section and
discussed by referring to Fig. 3b, can also be
understood with reference to the current systemat-
ics of AE.,n(j/k) differences.

Electron Band Structure Interpretation of the
Bonding Trends

To analyze how the In additions to the 1’-CugSns
phase influence the electronic properties, we plot in
Fig. 8a—e the total (DOS) and projected (PDOS)
electronic density of states for the CugSns (I) and
Cuglns (VIII) EMCs, and the compounds II, IV, and
VI, which are the most stable ones when In is
incorporated into the lattice. The total DOS of a
system describes the number of states per interval
of energy at each energy level available to be
occupied, while the PDOS is the decomposition of
the total DOS according to the different atomic (Cu,
In, and Sn) and angular momentum (s, p, and d)
contributions. As discussed in our previous works,
there are two main contributions to the electronic
structure for this class of compounds.*’ One is the
interaction between the Cu atoms through their
atomic d-electron orbitals, which determines the
main bonding band of the DOS and leads to the
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Table II. Decrease in cohesive energy associated with replacement of Sn atoms occupying 4e, 8f;, and 8f,

Wyckoff sites by In in 7-CugSn; phase

AE*(IU/T) AES I AES2(IV/T)
—6.840 —14.851 —13.352
AE*¢(V/III) AES (VIVIV) AES2(VIVIID)
—-7.038 —~16.170 -14.671
AE*(VI/IV) AE®™ (V/IT) AES(VI/ID)
—6.977 —15.049 —13.489
AE*¢(VIII/VII) AESY (VIII/VI) AES(VIII/V)
—7.734 -16.928 —15.368

The cohesive energy differences AEcoh(]/k) AEcoh(]/k) and AEcoh(]/k) (with j, k = I to VIII) between E,}, of the compounds in Table I are

defined in the text. The values are given in kJ/mol-atom.

18

161
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Fig. 7. Decrease in cohesive energy (in kJ/mol-atom) associated
with replacement of Sn atoms occupying 4e, 8f;, and 8f, Wyckoff
sites by In in 5"-CueSns phase The cohesive energy differences
AE'g‘oh(j/k) AESTL(/K), and AESZ(j/k) (with j, k=1 to VIII) between

Econ of the compounds are def|ned in the text, listed in Table I, and
plotted using s mbols Each type of symbol is used to represent the
AEE.(TK), A s LK), and A Coh(//k) values given in each row of
Table I. The solid lines are only guides to the eye. The dashed area
indicates the scatter band of the AE:S(/k), AESL(7/K), and AES (j/k)
(with j, k=1to VIII) values.

largest contribution to the cohesive energy. Figure 8
shows that the shape of the total DOS practically
coincides with the Cu-d PDOS. The second contri-
bution to cohesion in this type of compound comes
from covalent hybridization of the d-atomic states of
Cu with the In p- and Sn p-states. An additional
observation regarding the DOS for this type of
compound is that the lowest-energy occupied states
originate from s-states of In and Sn. These general
features are present in the DOS of the Cug(Sn,In)s
compounds studied here (Fig. 8).

The DOS for the CugSng EMC, reproduced here
from Ref. 40 (Fig. 8a), shows the main d bonding band
extending from approximately —5 eV to —2 eV;on its
left side, these d-states superpose with a minor
contribution of Sn p-states extending from around
—6 eV to —3 eV. At lower energies, and separated by
a pseudogap, the Sn s-states, extending from approx-
imately —11 eV to —6 eV, are the ones that mainly
determine the DOS. When In is added to the

compound, this general picture of the DOS remains
qualitatively unchanged (Fig. 8b—e). However, there
are some differences to be noted. As the In content in
the compound increases, the occupied bandwidth
decreases from 11 eV to 9.5 eV, for the CugSns and
Cuglns EMC, respectively. The Cu d-states, which
dominate the main contribution to the total DOS,
remain located within —5 eV to —2 eV, with their
bandwidths and locations practically unaffected by
increased addition of In. This observationis related to
the fact that the number of Cu—Cu bonds does not
change when increasing the In content in the ternary
IMCs, as discussed in “Effects of Electron Density
and Interatomic Bonding on Cohesive Properties”
section. This effect seems to be dominant in spite of
the fact that the overall volume reduction (Fig. 2)
would lead to an increase in the bandwidth.

The contributions of the In s- and p-states to the
DOS behave similarly to those of Sn in the CugSn;
compound. An important aspect to mention is that,
with incorporation of In into the lattice, the s- and p-
bands of both In and Sn shift to higher energies,
resulting in more efficient overlap with the Cu d-
states. This is expected to yield a stronger p—d
stabilizing hybridization effect. Indeed, this effect
could in principle explain the stabilizing effect upon
the EOF of the replacement of Sn by In, for In
contents lower than 60 at.%. However, due to the
decrease in the number of valence electrons from Sn
(4) to In (3), the net p-band contribution reduces in
intensity as the In content is increased. In turn, this
effect could explain the smooth decrease in E,, as
In atoms replace Sn atoms in the CugSns compound,
as well as the correlations discussed in “Effects of
Electron Density and Interatomic Bonding on Cohe-
sive Properties” section. The above-mentioned p—d
hybridization contribution effect to bonding can, at
the same time, be correlated with the positive
deviations of E.., from the values expected from a
linear interpolation between the values for the
EMCs, as shown in Fig. 4b. In summary, these
two opposite effects can explain the relative loss in
stability of the ternary IMCs at sufficiently high In
content, thus accounting for the general trends in
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thermodynamic stability when Sn atoms are
replaced by In atoms.

CONCLUSIONS
Current Work

The rapid development of low-melting, lead-free
soldering technology has motivated increased inter-
est in the structural, mechanical, and phase stabil-
ity properties of the intermetallic compounds
formed in Cu/In-Sn/Cu joints. A first-principles
characterization of the family of compounds formed
by progressively replacing all Sn atoms of the
(mC44) n’-CugSns phase by In atoms is reported
herein. The work involves ab initio calculations of

the composition dependence of the structural, ther-
modynamic, and cohesion-related properties of the
ternary 1’-Cug(Sn,In)s compounds.

The current results are discussed by combining
two approaches to the analysis of the thermo-
physics of intermetallic phases. The first approach
aims at correlating the main variations of the
cohesive properties with: (1) the valence-electron
density, (2) the number of Cu-Sn and Cu-In
bonding pairs, and (3) the variations in the inten-
sity of the d-electron bonding and p—d hybridiza-
tion effects. The second approach aims at
comparing the energy effects of incorporating In
atoms at specific Wyckoff sites of the (mC44) »'-
CugSnj structure.
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The key conceptual result of the paper is that, by
combining these two approaches, it is possible to
develop a rather complete picture of the overall
thermodynamic and bonding trends and the specific
effects of substituting Sn by In at relevant Wyckoff
positions.

Additional Theoretical and Experimental
Work

The results for the #-Cug(Sn,In)s compounds
reported herein add to the database of fundamental
information necessary to gain understanding of the
experimental trends in cohesion-related properties.
However, it is evident that further studies are
necessary to: (1) test the present predictions, and (2)
make even more direct contact with current
research issues, such as the reliability and perfor-
mance of solder joints, particularly in devices and
systems of interest in microelectronics and solar
photovoltaic technologies subjected to mechanical
loading.

Concerning item (1), it is suggested that mea-
surement of the volume per atom and the bulk
modulus of single-phase #’-CugSnj alloys with vary-
ing In contents would offer a direct way to corrob-
orate the predictions of the present study.

Concerning item (2), we consider that the signif-
icant advances currently being made in experimen-
tal elucidation of the following issues, should be
taken into account as a horizon and benchmark for
design of future experimental work: (a) the
microstructural evolution and damage mechanisms
affecting the reliability and performance in a vari-
ety of such systems;**° (b) the characterization of
technologically relevant cohesion, adhesion, and
debonding parameters;®**"° and (c) the study of
the small-scale mechanical properties of metallic
systems.”*"® In relation to such advances, charac-
terization of the brittleness and other properties
involved in crack formation and propagation in #’-
CugSn; compounds should be considered as highly
relevant experimental topics.

Finally, some issues emerge as key targets for
additional theoretical work on the #’-CugSns phases.
In particular, it seems necessary to establish the
composition dependence of: (I) the thermal expan-
sion coefficients and their effects upon the thermal
stresses, and (II) the engineering elastic constants
(shear modulus, elastic modulus, and Poisson’s
ratio). Moreover, the possible use of such constants
in developing system-specific correlations appropri-
ate for systematizing and predicting mechanical
behavior should also be explored. Additional work
along these lines is in progress in our research

group.
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