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An interatomic potential for the ternary Ag—Cu-Sn system, an important material system related to the
applications of lead-free solders, is developed on the basis of the second nearest-neighbor modified
embedded-atom-method formalism. Potential parameters for the ternary and related binary systems are
determined based on the recently improved unary description of pure Sn and the present improvements
to the unary descriptions of pure Ag and Cu. To ensure the sufficient performance of atomistic
simulations in various applications, the optimization of potential parameters is conducted based on

the force-matching method that utilizes density functional theory predictions of energies and forces on
various atomic configurations. We validate that the developed interatomic potential exhibits sufficient
accuracy and transferability to various physical properties of pure metals, intermetallic compounds,
solid solutions, and liquid solutions. The proposed interatomic potential can be straightforwardly used in
future studies to investigate atomic-scale phenomena in soldering applications.
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and ternary Sn-Ag-Cu (SAC) [1-6] alloys, have attracted great =

Soldering is an important technique that critically determines  attention as lead-free solders because they exhibit a particularly ’f;’
the reliability of electronic devices. Among various types of sol-  low melting point in a specific composition through the eutectic §
der materials, the most popular and traditional materials are  reaction. =
the Sn-Pb-based alloys. However, due to environmental and In the application of such lead-free solders, there have been §
toxicity concerns, the electronics industry has pursed the use of ~ efforts to derive proper alloying and processing conditions <
lead-free solders. Among alloy systems applicable for soldering ~ in response to several issues. The most critical issue to over- g
applications, Sn-based alloys, especially binary Sn-Ag (SA) [1]  come is the degradation of the solderability of alloys due to the g
E
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formation of intermetallic compounds and Kirkendall voids [7].
In practical electronic devices, the SA and SAC alloys are usu-
ally bonded to Cu. During the soldering process, interdiffusion
between the solder alloy and Cu occurs, which enables a strong
connection between them. However, such interdiffusion phe-
nomena often lead to the formation of intermetallic compounds
at the interface during possible reflows and/or aging processes.
In the SA and SAC alloys, two intermetallic compounds typically
formed at the interface are CuySn; on the solder side and Cu,Sn
on the Cu side [8, 9]. If the solder is the SA alloys, the Ag;Sn
compound may also be observed depending on the processing
conditions [7]. The formation of these intermetallic compounds
often accompanies the Kirkendall voids that appear around or
within those compounds [10]. This phenomenon critically dete-
riorates the mechanical reliability of electronic devices, but the
underlying mechanisms depending on specific alloying and pro-
cessing conditions are still questionable.

Moreover, there has been increasing attention on the prop-
erties of lead-free solders at small scales since the sizes of the
electrical devices steadily decreased. For example, the possible
melting point depression of nano-sized solder alloys is of inter-
est [11] because the melting point of the usual bulk SAC alloys
is ~ 34 K higher than that of the bulk Sn—Pb-based solder alloys
[4]. The wettability of small-sized solders on copper substrates
is also of particular interest because the synthesis of small-sized
solder particles with a binary or ternary alloy of uniform com-
position is much more difficult than that of monolithic particles
and larger solder balls [12, 13].

To obtain a detailed understanding of related phenomena
in SA and SAC alloys for soldering applications, simulations at
small scales are an effective complement to experimental charac-
terizations. A widely used simulation method at the small scale
is the first-principles density functional theory (DFT) calcula-
tion. This method has a significant advantage of being able to
easily access a variety of multi-component systems without the
need for developing individual databases. Several DFT studies
[14, 15] were already conducted on the structural and elastic
properties of related intermetallic compounds in the SA and
SAC alloy systems. However, there are several target phenom-
ena that cannot be solely covered by the DFT calculation due to
the size limitation. Alternatively, atomistic simulations such as
molecular dynamics (MD) and Monte Carlo (MC) simulations
can be properly utilized when relatively large-scale phenomena
are involved. However, such atomistic simulations require the
development of individual interatomic potentials of target sys-
tems, and the accuracy of predictions are critically determined
by the performance of interatomic potentials.

Although atomistic simulations on the SA and SAC alloys
on the soldering applications are highly desirable, relevant
interatomic potentials are currently not available. There were

two reported potentials for the Ag-Cu-Sn system based on
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the modified embedded-atom method (MEAM) model [16]
presented in the previous works by Sellers et al. [17] and Mot-
alab et al. [18]. For the constituent binary systems, there were
reported MEAM potentials for the Cu-Sn binary system sug-
gested by Aguilar et al. [19], Cheng et al. [20], and Liang et al.
[21]. A MEAM potential for the Ag-Sn binary system was
suggested by Dong et al. [22]. In previous works, the binary
and ternary MEAM potentials were developed based on the
MEAM potential for the unary Sn system proposed by Ravelo
and Baskes [23]. The reason that all the previous studies have
attempted to develop the interatomic potential based on the
MEAM model seems to be due to the difficulty of describing
the properties of pure Sn. This unary system exhibits an allo-
tropic phase transformation between two solid phases (diamond
(a) <> body-centered tetragonal ()), which is difficult to deal
with using simpler and more computationally efficient potential
models such as the embedded-atom method (EAM). Because
the MEAM model was originally devised to describe various
types of atomic bonds such as the metallic and covalent bonds
in a single formalism, it seems reasonable to apply this model
to Sn-based alloy systems.

However, the MEAM potential for pure Sn developed by
Ravelo and Baskes [23], which underlies the previous develop-
ment of alloy potentials [17-22], exhibits deficiencies in repro-
ducing properties of the -Sn phase that is stable at ambient
conditions [24]. Moreover, the previous MEAM potentials for
alloy systems [17-22] were not developed considering various
physical properties of binary and ternary alloy systems, and the
optimization of potential parameters was not systematically
performed. For example, the binary potential parameters were
determined by only focusing on selected properties (e.g., lattice
constant and bulk modulus) of hypothetical L1, compounds,
which are directly associated with the adjustable binary potential
parameters of the MEAM model. In previous studies [17-22],
the properties of various stable intermetallic compounds, solid
solutions, and liquid solutions were not considered at all during
either fitting or evaluation of potential parameters.

In the present study, we present a new interatomic poten-
tial for the Ag-Cu-Sn ternary system that enables atomistic
simulations of SA and SAC alloys for soldering applications.
The potential was developed based on the second nearest-
neighbor modified embedded-atom method (2NN MEAM)
model [25-29]. This is an improved model that overcomes sev-
eral shortcomings of the original MEAM approach [16] and
has been reported to exhibit good accuracy and transferability
for various alloy systems. The potential was developed based
on a relevant optimization process of potential parameters
to ensure sufficient reliability. Specifically, we used the force-
matching method proposed by Ercolessi and Adams [30] for
the optimization of potential parameters. According to this

method, forces and energies associated with various atomic
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configurations, including configurations at finite temperatures,
should first be obtained through DFT calculations. The optimi-
zation of potential parameters was then performed by minimiz-
ing the difference between expected forces and energies from
the potential parameters and the DFT calculations. It has been
reported that this method can significantly improve the overall
performance of developed interatomic potentials [31-33]. In
this study, we particularly extend our recent work [24] on the
development of an interatomic potential for pure Sn-based on
the force-matching method. We will present a detailed process
for the development of interatomic potential that realizes the
atomistic simulations of the Ag-Cu-Sn ternary system. The
performance of the developed potential will be presented by
comparing the prediction by the optimized potential parameters

with the experimental and DFT data.

Required parameters in the 2NN MEAM potential
model

In the 2NN MEAM potential formalism, 14 independent param-
eters are required to describe a pure element. There are four
parameters related to the universal equation of state, e.g., the
cohesive energy (E.), the equilibrium nearest-neighbor distance
(re), the bulk modulus (B) of the reference structure, and the
adjustable parameter d. Other 7 parameters are related to the
electron density, e.g., the decay lengths (8©, g, @, g3))
and the weighting factors (t(, t®), t®), Of the remaining three
parameters, the parameter A belongs to the embedding function
and the parameters Cin and Cpyax are responsible for the many-
body screening. For a binary alloy system, the 2NN MEAM
potential formalism requires 13 independent parameters in
addition to the parameters of constituent unary systems. There
are four parameters related to the universal equation of state,
e.g., Ec, e, B, and d. Another parameter, the atomic electron
density scaling factor pg, corresponds to the electron density.
The remaining eight parameters are responsible for the many-
body screening between two different types of atoms (four Cmin
and four Cpax). To describe a ternary alloy, additional 6 param-
eters are required in addition to the parameters for constituent
unary and binary systems. These parameters are responsible for
the many-body screening between three different types of atoms
(three Cpin and three Cp,x). Detailed descriptions of the 2NN
MEAM formalism are provided in the previous studies [25-29].

Optimization of potential parameters

We extended our previous optimization of the potential param-
eters for pure Sn [24] to obtain the potential parameters for

the ternary Ag-Cu-Sn. We determined remaining unary (Ag
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and Cu), binary (Ag-Cu, Ag-Sn, and Cu-Sn), and ternary
(Ag-Cu-Sn) parameters by fitting to the established DFT data-
base of energies and forces. The optimization was conducted by
comparing energies of target configurations and forces on each
atom as expected by the DFT calculation and those expected by
a candidate set of potential parameters. Fitting error, defined as
the difference between expectations of the DFT and MEAM,
was minimized using an in-house optimization code based on
a genetic algorithm for efficient searches in high-dimensional
spaces of potential parameters. An initial population of candi-
date solutions were randomly generated and evolved toward bet-
ter solutions for further iterations. The population size (36) was
greater than the required 2NN MEAM potential parameters for
pure (14), binary (13), and ternary (6) systems. The optimization
started by specifying a radial cutoff distance, reference structures
for target unary and binary systems, and fitting weights of each
atomic configuration. The radial cutoff distance of 5.0 A, which
was previously reported to be large enough to reproduce various
physical properties of pure Sn [24], was also used in this study.
The reference structures for unary (Ag and Cu) and binary sys-
tems (Ag-Cu, Ag-Sn, Cu-Sn) were determined to be fcc and
CsCl-type B2 structures, respectively. If the obtained temporary
set of potential parameters could not satisfactorily reproduce the
overall properties of the target alloy system, another optimiza-
tion process was considered using different fitting weights of
atomic configurations.

During the optimization process, we realized that a hierar-
chical force-matching process, i.e., the sequential and separate
fitting of parameters (unary — binary — ternary), is not very
successful for obtaining reliable interatomic potentials for the
target multi-component system. For example, if we conduct an
optimization of binary parameters after the decision of con-
stituent unary parameters, the performance of the potential
to reproduce the properties of binary systems was much lower
than expected compared to the performance of the potential to
reproduce the properties of unary systems. As reported in the
previous study [33], the alloy potential parameters presented
in the MEAM formalism do not provide full flexibility for the
force-matching process because the description of pair interac-
tions is determined from the universal equation of state without
involving a specific functional form.

We overcame this difficulty by a strategy of fitting unary
and binary parameters simultaneously. During the optimiza-
tion, we found that the potential model exhibits significantly
different performances of fittings for each unary system. For
example, we can obtain a number of relevant candidate param-
eter sets for pure Ag and Cu, but optimization of the potential
for pure Sn was a relatively difficult task. Therefore, we used a
previously determined potential parameter set for pure Sn [24],
which was obtained from a separate force-matching process

targeting a specific unary system. For pure Ag and Cu, we did
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not perform separate fitting for unary parameters. Instead, a
simultaneous optimization of the binary and unary parameters
was performed for the Ag-Sn and Cu-Sn systems. For example,
the binary potential parameters for the Ag-Sn system and con-
stituent unary parameters for pure Ag were obtained from one
optimization process. This process makes the reproducibility of
properties of constituent unary systems slightly worse compared
to the result of a fitting focusing only on the target unary system.
However, since this process provides more flexibility of fitting,
the reproducibility of properties of alloy systems can be further
improved. Based on this consideration, we can obtain reliable
interatomic potentials for relatively demanding binary systems
(Ag-Sn and Cu-Sn), which exhibit various stable intermetal-
lic compounds in the phase diagram [34]. For the remaining
binary (Ag-Cu) system without any stable intermetallic com-
pounds in the phase diagram [34] and the ternary (Ag-Cu-Sn)
system, subsequent force-matching processes were performed
separately to obtain optimum potential parameters.

Optimization of the potential parameters for unary Ag and
Cu systems was performed targeting various atomic configura-
tions of the fcc, bec, hep, and liquid phases. During the fitting, a
rescaling of the structural energies was performed to match the
experimental cohesive energy of the fcc Ag (2.85 eV [35]) and
fcc Cu (3.54 eV [35]). We confirmed that the rescaling only has
a marginal effect on the overall performance of fitting because it
involves an arbitrary selection of the reference state. After deriv-
ing the optimum set of potential parameters, the equilibrium
nearest-neighbor distance of the reference structure (fcc) was
also adjusted to match the experimental lattice constant.

The binary Ag-Sn phase diagram [34] exhibits a stable
intermetallic compound for the Ag,Sn composition. The binary
Ag-Cu phase diagram [34] exhibits only a eutectic reaction
without any stable intermetallic compound. The binary Cu-Sn
system exhibits a relatively complex characteristic of the phase
diagram through the presence of various intermetallic com-
pounds [34]. We particularly focused on the stable interme-
tallic compounds (e.g., Cu,,Sng, Cu;Sn, and CuySn;) for fitting
targets that can be expressed in a stoichiometric composition
without significant disordering at the sublattice sites. Cu;Sn and
Cu4Sng compounds are worth noting because these structures
were often observed at the interface between the solder alloy
and Cu [8,9].

Tables S1, S2, and S3 (Supplementary material) present
the finally determined potential parameter sets for the unary
(Ag and Cu), binary (Ag-Cu, Ag-Sn, and Cu-Sn), and ternary
(Ag-Cu-Sn) systems. After optimization of the potential param-
eters, we again confirmed that the radial cutoft distance of 5.0 A
was large enough to reproduce various properties of target alloy
systems. The simulation results in the following sections were

performed using this value.

©The Author(s) 2021

Fitting result: Statistical quality of energies and forces

In this section, the results of parameter optimization are dem-
onstrated by the statistical correlation between the energies
and forces from the DFT database and the present potential.
Figures Sla and b-d (Supplementary material) indicate scatter
plots for the statistical correlations of the energies and forces,
respectively. Table S4 also lists the corresponding root mean
square (RMS) errors of the energies and forces. These correla-
tions were obtained using configurations obtained directly from
the DFT calculation without additional atomic relaxations of
structural parameters and atomic positions. Because a well con-
verged atomic configuration at 0 K usually involves a force of
almost zero on each atom, the effective comparison of forces
can be obtained by utilizing the configurations at finite tem-
peratures. These configurations were already implemented in
the DFT database from the ab initio MD simulations at finite
temperatures.

As presented in Fig. S1 and Table S$4, the fitting quality of
binary and ternary alloy systems is comparable to that of unary
systems. The result demonstrates that the current strategy of
fitting unary and binary parameters simultaneously is indeed
effective for obtaining relevant potentials through the force-
matching process. Since we used unary parameters for adjust-
able variables during the fitting of binary Ag-Sn and Cu-Sn
potentials, the reproducibility in properties of unary systems
could be worse than the fitting results focusing only on the spe-
cific unary system. However, as expected from the statistical
correlations, the accuracy of fitting for unary Ag and Cu systems
appears to be sufficient to reproduce various physical properties.

In this section, all the configurations examining the statisti-
cal correlations were used explicitly in the optimization process,
and the comparisons were made without considering possible
relaxations of structural parameters and atomic positions. We
thus must further extend the evaluation of developed potentials
even considering MD simulations at finite temperatures, as will

be shown in the subsequent sections.

In this section, the performance of developed unary potentials
is examined by performing molecular statics simulations at 0 K
and MD simulations at finite temperatures. A wide variety of
physical properties were selected for the examination to clarify
the strengths and weaknesses of the developed potentials. All
validation simulations were performed using the LAMMPS code
[36]. By default, the results in this section were obtained from
molecular statics simulations, and cell dimensions and atomic
positions were fully relaxed under periodic boundary conditions
for all directions. Results based on other conditions, e.g., results
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TABLE 1: Calculated structural, elastic, and defect properties of the pure
Ag and Cu systems using the present 2NN MEAM potential, in compari-
son with experimental data, DFT data, and previous 2NN MEAM calcula-
tions by Lee et al. [27].

2NN MEAM 2NN MEAM
System  Property  Experiment? DFT? (Lee?) (this work)
Pure Ag Ec 2.850 2491 2.850 2.850
a 4.073 4157 4.073 4.073
B 1.087 0.874 1.087 1.211
Cn 1.315 1.032 1.315 1.436
Ci2 0.973 0.814 0.973 1.080
Cas 0.511 0.263 0.511 0.474
AEtces bec 0.032 0.08 0.033
AEteeshep 0.005 0.005 0.002
E}/ac 1.1 0.760 0.94 1.083
Eyac 0.599 0.92 0.744
Quac 1.77 1.359 1.86 1.827
g(100) 1320¢ 810 983 912
surf
g110) 1320¢ 884 1010 969
surf
gD 1320¢ 738 842 783
surf
Pure Cu Ec 3.54 348 3.54 3.54
a 3613 3.634 3613 3.613
B 1.420 1.367 1.420 1.280
C1q 1.762 1.738 1.762 1.649
Cia 1.249 1374 1.249 1.097
Cag 0.818 0.490 0.818 0.848
AFfecsbec 0.039 0.08 0.036
AEtechep 0.010 0.007 0.007
Efvac 1.03,1.19, 1.13 1.1 1.276
1.30
Eyac 0.73 1.08 0.645
Quac 2.09 1.86 2.19 1.921
E(100) 1770°¢ 1452 1382 1410
surf
g(110) 1770¢ 1560 1451 1566
surf
E(”” 1770¢ 1330 1185 1342

surf

The following quantities are listed: the cohesive energy E. (eV/
atom), the lattice constant a (A), the bulk modulus B, the elas-
tic constants Ciy, Ciz, and Cas (10" dyne/cm?), the structural
energy differences AE (eV/atom), the vacancy formation energy
EY2© (eV), the vacancy migration energy Ey2< (eV), the activation
energy of vacancy diffusion Q> (eV), and the surface energies
Equr (erg/cm?) for the orientations indicated by the superscript.
The DFT and 2NN MEAM calculations were performed at 0 K,
while the experimental data were obtained at finite tempera-
tures.

Ref. [27] and references therein.

bPresent DFT calculation.

“The experimental value is an average surface energy for vari-
ous grains in the polycrystalline solid.

obtained from MD simulations, and results obtained using dif-
ferent boundary conditions, will be specifically designated. The
number of atoms in a simulation cell was at least 4000, ensur-
ing a marginal size effect on the calculated physical properties.
MD simulations were performed using a timestep of 2 fs, and

©The Author(s) 2021

temperature and pressure were controlled by the Nosé-~Hoover
thermostat and barostat [37, 38], respectively.

The physical properties calculated in this section can be
divided into two groups. The first group comprises properties
calculated at 0 K (“Structural, elastic and defect properties” sec-
tion) that are closely related to the atomic configurations used in
the parameter optimization. The comparison of these properties
indicates the accuracy of the fitting. The other group comprises
properties at finite temperatures (“Physical properties at finite
temperatures” section) that were not used directly in the param-
eter optimization process. The comparison of these properties

indicates the transferability of the developed potential.

Structural, elastic, and defect properties

The performance of the developed unary potentials was
first confirmed by comparing it with the physical properties
reported in the previous experiments and/or those obtained
through the preset DFT calculations. Table 1 lists the valida-
tion results on structural, elastic, and defect properties at 0 K.
The properties predicted by the optimized potential param-
eters are compared with experimental and DFT results. The
predictions by the new potentials are also compared with
those by the previous potentials [27] developed based on same
potential model (2NN MEAM) without the force-matching
process. Experimental values of the cohesive energy and the
lattice constant are exactly reproduced for both Ag and Cu
because we employed the rescaling procedure for the cohesive
energy and the equilibrium nearest-neighbor distance (“Opti-
mization of potential parameters” section). The reproducibility
of elastic properties appears to be somewhat inferior to the
previous potential [27] which exhibits an exact match with the
reported experimental values. However, the fitting of potential
parameters focusing too much on the elastic properties usu-
ally leads to worse fits of other important properties. In fact,
the reproducibility of elastic properties by the present poten-
tials is satisfactory considering the balance of reproducibility
of other properties and possible experimental deviations. The
present potentials also well reproduce the order in structural
energies of fcc, bec, and hep structures (Egec < Epep < Epec)-
For defect properties related to the vacancy configurations,
there is a significant discrepancy between the experimental and
DFT values, especially for pure Ag. Predictions by the present
unary potentials are in better agreement with the experimental
values of vacancy formation and activation energies. A devia-
tion between the experiments and DFT calculations is also
observed for the surface energy, while only average values for
various grains of a polycrystalline solid are available for the
experiment. Results from both the present and previous [27]
potentials better match the DFT predictions for individual fcc

crystalline surfaces.
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Figure 1: (a, b) Phonon spectra of fcc Ag and fcc Cu calculated using the present 2NN MEAM potential, in comparison with experimental data (Refs. [39,
40]). (c, d) Thermal expansion coefficients and (e, f) heat capacity of fcc Ag and fcc Cu calculated based on the quasiharmonic (QH) approximation, in
comparison with experimental data (Refs. [41-44]). The results are also compared with the present DFT results and the previous potential by Lee et al.
(Ref. [27]).

Overall, the performance of the present unary potentials
appears to be satisfactory in reproducing bulk, elastic, and defect

properties. However, compared to the performance of previous

©The Author(s) 2021

unary potentials [27] based on the same potential model, the
improvement by the force-matching process appears to be insig-

nificant. Refitting of unary potentials is thus not justified at this
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stage. The feasibility of new optimizations will be presented in
the next section, which focuses on the evaluation of properties
at finite temperatures.

Physical properties at finite temperatures

Now, we address a group of physical properties that are impor-
tant for applying the developed potentials for phenomena at
finite temperatures. We first examine the performance of devel-
oped unary potentials in reproducing phonon properties. Fig-
ures la and b show phonon dispersion curves of fcc Ag and
fcc Cu predicted by the present potentials as compared to the
experimental data [39, 40], present DFT calculations, and pre-
vious potential [27]. The predictions by the present potentials
are in contrast with those by the previous potential [27], which
significantly underestimate the frequencies at the high symme-
try points. For fcc Ag, the present potential reproduces the over-
all location of phonon branches by slightly overestimating the
experimental/ DFT frequencies. For fcc Cu, the overall location
of phonon branches is also better reproduced by the developed
potential as compared to the previous potential [27].

We further evaluated the performance of the present unary
potentials in reproducing physical properties at finite tem-
peratures associated with the phonon calculation. Validation
of the thermal expansion coefficient and the heat capacity of
fcc Ag and fcc Cu were performed based on the quasiharmonic
approximation (QHA). The calculation based on the QHA can
also be considered as an extension of the verification of pho-
non properties. The obtained thermal expansion coefficient and
heat capacity values are compared with the reported experimen-
tal data [41-44] and present DFT results in Fig. 1c-f. For the

TABLE 2: Calculated thermal properties of the pure Ag and Cu systems
using the present 2NN MEAM potential, in comparison with experimen-
tal data and previous calculations by Lee et al. [27].

2NN MEAM
Element Property Experiment® 2NN MEAM (Lee®)  (this work)
Ag (fcc)  (0-100 °C) 19.1 189 183
Cp(0-100 °C) 25.2 24.6 25.6
T 1235 1346 1272
AHm 11.3 17.8 125
AV /Veoiid 38 9.2 6.1
Cu (fcc)  €(0-100°C) 17.0 17.0 19.3
Cp(0-100 °C) 24.5 24.9 258
Tm 1358 1602 1270
AHm 133 18.6 11.9
AV /Veoiid 42 77 56

The listed quantities correspond to the thermal expansion coefficient &
(107%/K), the heat capacity at constant pressure Cp (J/mol K), the melting
temperature Tr, (K), the enthalpy of melting AHn, (kJ/mol), and the vol-
ume change upon melting AV /Violid (%).

2Ref. [27] and references therein.

©The Author(s) 2021

thermal expansion coefficient of fcc Ag, DFT results predicted
by the QHA somewhat deviates from the experimental results.
The results of the present potential show better agreement with
the experimental trend. For the thermal expansion coefficient of
fcc Cu, the present potential well reproduces both experimental
and DFT trends, while a noticeable overestimation is observed
for the prediction of the previous potential [27]. For the heat
capacity of fcc Ag and fcc Cu, the present and previous [20]
potentials do not exhibit a clear difference in the reproducibility
of the experimental and DFT trends.

The performance of developed potentials in reproducing
additional thermal properties associated with the phase trans-
formation between the solid and liquid phases is also presented
in Table 2. All these results were obtained by MD simulations
using the NPT ensemble at zero external pressure. The melt-
ing point was calculated based on the interface method which
utilizes a simulation cell consisting of liquid and solid phases
in contact with each other. This method is suitable to calculate
the exact melting point, thus overcoming the overheating of
the solid phase and undercooling of the liquid phase that typi-
cally appears during MD simulations. The volume change upon
melting and the enthalpy of melting were obtained by compar-
ing the atomic volume and enthalpy values of solid and liquid
phases at the calculated melting point. As listed in Table 2, the
performances of the present and previous [27] potentials dif-
fer considerably in reproducing these properties. For example,
the present potential predicts only about a 3% overestimation
for pure Ag and a -7% underestimation for pure Cu compared
to the experimentally reported melting temperatures. For the
previous potential [27], the discrepancies are even more pro-
nounced (e.g., 9% and 18% overestimations for pure Ag and
Cu, respectively).

Overall, it has been shown that the developed unary poten-
tials successfully reproduce a wide range of fundamental proper-
ties of pure Ag and Cu. In particular, the results are satisfactory
considering that we performed simultaneous optimization of
unary (Ag or Cu) and binary parameters (Ag-Sn or Cu-Sn)
to better describe binary systems. The good performance of
the developed potentials in reproducing physical properties at
finite temperatures makes them applicable to practical examples

through relevant MD simulations.

In this section, we examine the performance of the developed
potential in describing the physical properties of the binary and
ternary alloy systems. The settings for molecular statics and
MD simulations (e.g., code, timestep, thermostat, barostat, and
cell size) described in the previous section (“Performance of
the developed unary potentials”) were used. By default, results
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were obtained from molecular statics simulations at 0 K unless
they are specifically designated as results from MD simulations.

The physical properties calculated in this section can be
divided into two groups. The first group comprises properties
for intermetallic compounds (“Physical properties of interme-
tallic compounds” section) that are closely related to the atomic
configurations used in the parameter optimization. The com-
parison of these properties indicates the accuracy of the fitting.
The other group comprises properties of solid and liquid solu-
tions (“Physical properties of solid solutions” and “Physical
properties of liquid solutions” sections), where most of them
were not used directly in the parameter optimization process.
The comparison of these properties indicates the transferability

of the developed alloy potentials.

Physical properties of intermetallic compounds

As explained above, each binary system exhibits significantly
different characteristics in the phase diagram. The binary Ag-Cu
phase diagram [34] is relatively simple and shows only a eutec-
tic reaction without any stable intermetallic compounds. The
binary Ag-Sn phase diagram [34] shows a stable intermetallic
compound phase at the Ag,Sn composition, and it also indi-
cates the hcp solid solution (~12-23 at.% Sn) in addition to
the fcc solid solution on the Ag-rich side. On the Sn-rich side,
there is a eutectic reaction (~4 at.%) associated with a minimum
melting point, and this is one reason why Ag is added to Sn for
soldering applications. The binary Cu-Sn system [34] shows a

quite complex characteristic of the phase diagram and exhib-
its several stoichiometric and non-stoichiometric intermetal-
lic compounds. In this system, the present work aims to derive
relevant potential parameters that reproduce the properties of
stable intermetallic compounds. We specifically focused on the
Ag,Sn, Cu,Sn, and Cu¢Sn; compounds that are often observed
at the interface between a solder alloy and Cu through the inter-
diffusion [7-9]. The binary potentials developed in the present
work are intended to adequately describe the stability of such
intermetallic compounds at finite temperatures. We also focused
on the properties related to solid solutions and liquid solutions
over a wide composition range.

Tables 3, 4, and 5 list the performances of the developed
alloy potentials in reproducing the physical properties of various
stable and hypothetical compounds for the Ag-Cu, Ag-Sn, and
Cu-Sn systems, respectively. Since the Ag—Cu system does not
exhibit any stable intermetallic compound, predictions by the
developed potential were thus compared with the present DFT
results on several selected hypothetical compounds. As listed
in Table 3, the properties of various compounds are reasonably
reproduced while the bulk modulus of C1-AgCu, and B1-AgCu
compounds could not be obtained due to the instability. For
the Ag-Sn system, the developed potential also well reproduces
the properties of intermetallic compounds as listed in Table 4.
In particular, properties of the experimentally reported sta-
ble D0,-Ag;Sn compound are reasonably reproduced, showing
an error of ~2.5% for lattice constants. However, a hypothetical

L1,-Ag;Sn compound is more stably maintained with the same

TABLE3: Calculated physical

properties of hypothetical Composition Structure (space group) Stability Property DFT? 2NN MEAM
;3;"5;“::?:;':;22:2;;‘;,\'{,'\‘”3’ AgCu, L1, (Pm3m) Hypothetical a 3.787 3.762
MEAM potential, in comparison AE¢ 0.0863 0.0595
with experimental and DFT data. B 1.207 1218
AgCu, C1 (Fm3m) Hypothetical a 5.935 5.931
AEf 0.5028 0.5317
B 0.796 Unstable
AgCu B1 (Fm3m) Hypothetical a 5.176 5.142
AEf 04429  0.4340
B 0.812 Unstable
B2 (Pm3m) Hypothetical a 3.112 3.086
AE¢ 0.1198 0.0793
B 1.062 1.170
Ag,Cu C1 (Fm3m) Hypothetical a 6.065 5.982
AE¢ 0.2906 0.3523
B 0.756 0.948
Ag;Cu L1, (Pm3m) Hypothetical a 4.051 3.990
AE¢ 0.0775 0.0539
B 0.977 1.184

The following quantities are listed: the lattice constant a (A), the enthalpy of formation AE¢ (eV/atom), and

the bulk modulus B (10" dyne/cm?).

2Present DFT calculation.

©The Author(s) 2021
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TABLE4: Calculated physical

properties of stable and Composition  Structure (space group) Stability Property  Experiment? DFT® 2NN MEAM
%’i‘s’;hsitr';ar;cg,';‘tzzquzg; ;”thhee AgSn, L1, (Pm3m) Hypothetical  a 4673 4609
present 2NN MEAM potential, in AE¢ 0.0656 0.0498
comparison with experimental and B 0.524 0.687
DFT data. AgSn, C1 (Fm3m) Hypothetical a 6.808 6.796
AEf 0.0092 0.0613
B 0.552 0.648
AgSn B1 (Fm3m) Hypothetical a 5.807 5730
AEf 0.1448 0.1687
B 0.528 0.686
B2 (Pm3m) Hypothetical a 3.569 3.533
AE¢ 0.0624 0.0260
B 0.616 0.801
Ag,Sn C1(Fm3m) Hypothetical a 6.553 6.535
AE¢ 0.1201 0.2026
0.565 0.667
Ag;Sn DO, (Pmmn) Stable 5.968 6.084 6.028
b 4.780 4.857 4.905
4 5.184 5.273 5.161
AEf —0.0350 —0.0208
B 0.768 0.980
L1, (Pm3m) Hypothetical a 4.280 4.249
AE¢ -0.0128 —0.0243
B 0.768 0.980

The following quantities are listed: the lattice constants a, b, and ¢ (A), the enthalpy of formation AE¢
(eV/atom), and the bulk modulus B (10'? dyne/cm?).

Ref. [47].
bPresent DFT calculation.

composition, although the energy difference between the stable
and hypothetical compounds is very small (~0.003 eV/atom).
Even in the case of the Cu-Sn system, the properties of vari-
ous compounds are reasonably reproduced by the present poten-
tial as listed in Table 5. In the CuSns composition, two phases
are presented in the phase diagram [34]: one phase with the
space group of C2/c is stable at relatively low temperatures, and
the other phase with the space group of B8; is stable at relatively
high temperatures. In fact, a disordering of Cu and Sn atoms in
the Sn-sublattice is expected because the exact stoichiometry
of the B8 structure is not Cu4Sn; but equiatomic CuSn. Due
to the size limitation of the DFT calculation in realizing atomic
disordering, we validated the performance of developed poten-
tials using the equiatomic B8;-CuSn compound. The low tem-
perature stable C2/c-CugSng compound is of particular impor-
tance since it usually appears during the soldering process. In
the Cu,;Sn composition, there are also two compounds in the
phase diagram [34]: one phase with a space group of Cmcm is
stable at relatively low temperatures and the DO, phase with a
space group of Fm3m is stable at relatively high temperatures.
In fact, the composition range of the D0, phase is not confined
to the Cu;Sn composition. This phase exhibits significant off-

stoichiometry (~16-28 at.% Sn) at high temperatures. The

©The Author(s) 2021

Cmcem-Cu,Sn compound is a complex structure with 80 atoms
in a unit cell. This structure is a kind of superstructure con-
sisting of multiple unit cells of orthorhombic Cu;Sn structure
with a space group of Pmmn. The formation of the Crmcm-Cu,Sn
structure requires multiples of a Pmmn-Cu;Sn unit cell with 8
atoms and additional atomic displacements. We also evaluated
the phase stability of a hypothetical L1, (Pm3m) compound in
the stoichiometric Cu;Sn composition and compared it to that
of the stable compounds. The order of formation enthalpy at 0 K
predicted by the DFT calculation, i.e., AEf(Cmcm-Cu,Sn) < AE¢
(Pmmn-Cu,Sn) < AEg(L1,-Cu;Sn) < AE¢(D05-Cu,Sn), is cor-
rectly reproduced by the developed potential.

As listed in Tables 4 and 5, the experimental reported stable
compounds are also stably maintained by the present potential
at 0 K, enabling the calculation of physical properties. However,
there is a slight reversal of phase stability between the stable and
hypothetical compounds (e.g., D0,-Ag;Sn vs. L1,-Ag;Sn), and
thus it is not clear whether such compounds are indeed stably
maintained at finite temperatures. Therefore, the examination
of the phase stability was extended to finite temperatures to
see the possibility of unwanted phase transformations to other
structures (i.e., to hypothetical compounds). The stability of

intermetallic compounds at finite temperatures was investigated
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TABLE5: Calculated physical

properties of stable and Composition  Structure (space group) Stability Property Experiment? DFT® 2NN MEAM
gﬁ?g;hgitr:;arllcglrgzgqugg;;ntthf;e CuSn, L1, (Pm3m) Hypothetical a 4.577  4.563
present 2NN MEAM potential, in AE¢ 0.1965 0.1686
comparison with experimental and B 0.553  0.492
DFT data. cusn, C1 (Fm3m) Hypothetical a 6505 6542
AE¢ —0.0038 -0.0103
B 0625 0.683
CuSn (B89 Stable (HighT) a 4.190 4.188 4.246
c 5.086 5.099 5.095
AE¢ —0.0440 - 0.0009
B 0.789  0.791
B1 (Fm3m) Hypothetical a 5451  5.446
AE¢ 0.1756 0.1131
B 0.657  Unstable
B2 (Pm3m) Hypothetical a 3373 3373
AE¢ 0.1766 0.0786
B 0.735 0.799
CugSng (C2/c) Stable (LowT.) a 9979 8.834
b 7.368  7.49775
c 11.12 11.1096
B 98.67 95.68
AE¢ -0.0367 -0.0130
B 0.810 0.801
Cu,Sn C1 (Fm3m) Hypothetical a 6.070  6.086
AE¢ 0.2170 0.1830
0.772  0.763
CusSn (Cmcm) Stable (LowT.) a 5.529 5564 5475
47.75 48.50 48.56
4 4323 4328 4489
AE¢ —0.0079 -0.0303
B 1.078 1.023
DO, (Fm3m) Stable (HighT) a 6.118 6.168  6.200
AE¢ 0.0500 —0.0098
1.058  0.993
(Pmmn) Hypothetical a 5534 5463
b 4.344 4.489
c 4.855 4.865
AE¢ —-0.0070 -0.0301
B 1.083 1.022
L1, (Pm3m) Hypothetical a 3.888 3.916
AE¢ 0.0338 -0.0278
B 1.074 1.018
Cu,oSNg (P65) Stable (HighT)  a 7330 7374 7381
c 7.864 7969  8.082
AE¢ -0.0015 -0.0218
B 1.098 1.062

The following quantities are listed: the lattice constants a, b, and ¢ (A), the enthalpy of formation AE¢
(eV/atom), and the bulk modulus B (10'? dyne/cm?).

2Ref. [45].
bPresent DFT calculation.

by performing NPT ensemble MD runs. Initial simulation cells
with the experimentally reported stable structures (D0,-Ag;Sn,
C2/c-CugSng, and Cmem-Cu,Sn) were gradually heated from at
0 K to 700 K and cooled again to 0 K with heating and cooling

©The Author(s) 2021

rates of +0.5 K/ps. As shown in Fig. S2 (supplementary mate-
rial), each intermetallic compound retains its original crystal
structure during the thermal process, confirming its stability at

finite temperatures.
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TABLE6: Calculated physical

properties of hypothetical C . . ZNN MEAM
Cu,MnAl-type ternary compounds omposition Structure (space group) Stability Property DFT® (this work)
;2231;2 i E)r:ecscfr:’;)?r\:?o,r\\/l%m Ag,CuSn L2, (Fm3m) Hypothetical a 6.624 6.570
experimental and DFT data. AE¢ 0.095 0.093
B 0.827 0.893
AgCu,Sn L2, (Fm3m) Hypothetical a 6.385 6.376
AE¢ 0.050 0.019
B 0.952 0.968
AgCuSn, L2, (Fm3m) Hypothetical a 6.955 6.933
AEs 0.142 0.073
B 0.669 0.747

The following quantities are listed: the lattice constants a A), the enthalpy of formation AE¢ (eV/atom), and

the bulk modulus B (10" dyne/cm?).

2Present DFT calculation.

For the ternary Ag-Cu-Sn system, there is a lack of detailed
experimental information on ternary properties such as the
presence or absence of ternary intermetallic compounds. We
thus considered hypothetical Cu,MnAl-type Heusler com-
pounds (Ag,CuSn, AgCu,Sn, and AgCuSn,) for the evaluation
of ternary properties. Table 6 lists the calculated lattice con-
stant, the enthalpy of formation, and the bulk modulus of those
hypothetical compounds. Overall trends in physical properties
expected by the present DFT calculation were properly repro-
duced by the established ternary potential.

Physical properties of solid solutions

In addition to the properties of intermetallic compounds, we
examined the performance of the developed potential in repro-
ducing physical properties related to solid solutions. Table S5
lists the examined properties of Ag-rich fcc, Cu-rich fcc, and
Sn-rich bcet (body-centered tetragonal) binary solid solutions.
Predictions by the developed potential and the present DFT
calculation were compared focusing on the heat of solution,
the vacancy-solute binding energy, the solute-solute binding
energy, and the solute migration energy of solid solutions. Here,
the binding energy is defined as the energy difference between
a situation where two defects or solute atoms are close to each
other and a situation where those defects or solute atoms are
separated and non-interacting.

As listed in Table S5, the performance in reproducing solu-
tion properties is different for each binary system. The properties
of fcc solid solutions are generally better reproduced compared
to those of Sn-rich bct solid solutions. In the Ag-Cu system,
the reproducibility of properties is fairly good for both Ag-rich
and Cu-rich fcc solid solutions. In the Ag-Sn and Cu-Sn sys-
tems, the properties of Ag-rich and Cu-rich fcc solid solutions
are also well reproduced except for the dilute heat of solution.
For the dilute heat of Sn in an Ag-rich fcc solution, the present

potential predicts a negative vale (- 0.151 eV), while the DFT

©The Author(s) 2021

calculation predicts a slight positive value (0.062 eV). Moreover,
there is a rather quantitative discrepancy in the dilute heat of
the Cu-rich fcc solid solution. Overall trends predicted by the
DFT calculation are well reproduced for the binding energies
for solute-vacancy and solute-solute interactions and the solute
migration energy in fcc solid solutions. To further support this
statement, we further examined the composition dependence
of the lattice constant in fcc solid solutions as shown in Fig. 2.
Previous experiments [45, 46] on Cu-rich fcc solid solutions
reported an increase in the lattice constant with increasing
amounts of Ag or Sn. The experimental data [46] on the Ag-
rich fcc solid solution exhibit a decrease in the lattice constant
with the increase in the amount of Cu. The composition depend-
ence of the lattice constant calculated by the developed potential
faithfully follows these experimental trends.

We also examine the performance of developed potential
in reproducing the physical properties associated with ternary
solid solutions. Table S6 compares the predictions for the bind-
ing energies between different kinds of solute atoms. The attrac-
tive (+) and repulsive (-) binding tendencies between different
solute elements are successfully reproduced for the binding
energies defined in Ag-rich and Cu-rich fcc solid solutions. For
the binding energies in Sn-rich bct structures, the present poten-
tial does not reproduce the trend in DFT data. We therefore
stress that the present potential should be carefully utilized in
future simulations of Sn-rich bct solid solutions. In contrast,
the performance of the present potential is significantly better
in reproducing properties of fcc solid solutions on Ag-rich and

Cu-rich sides.

Physical properties of liquid solutions

Since the main application of the Ag-Cu-Sn alloy system is in
soldering, the reproducibility of liquid phase properties is par-
ticularly important. As a transferability test for such a purpose,

we first examined the composition dependence of the enthalpy
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Figure 2: Composition dependence of the lattice constant of fcc solid solutions calculated using the present 2NN MEAM potential, as compared to

experimental data (Ref. [45, 46]).

of mixing of the liquid phase. The examination was performed
by performing NPT ensemble MD runs on the liquid phase at
zero external pressure. An initial liquid structure of a certain
composition was prepared by randomly distributing atoms in a
simulation cell. After the relaxation of the prepared simulation
cell for 60 ps at the designated temperature, the enthalpy of a
system was obtained by averaging values for additional simula-
tion steps of 30 ps. The calculated mixing enthalpies of the liquid
solution for each binary system are shown in Fig. 3. There were
previous experimental works [45-47] on the enthalpy of mixing
over the full compositional space of all binary alloys. As shown
in Fig. 3, the Ag-Cu system exhibits a positive deviation from
the ideal mixing, while the Ag-Sn and Cu-Sn systems exhibits a
negative deviation. This is consistent with the characteristics of
binary phase diagrams, where the Ag—Cu system does not show
any intermetallic compound for the entire composition range

while the Ag-Sn and Cu-Sn systems show several intermetallic

©The Author(s) 2021

compounds. The present potential satisfactorily reproduces such
trends while absolute values for the Ag—Cu system deviate some-
what from the experimental values. In the Ag-Sn and Cu-Sn
systems, the experimental trend exhibits the minimum mixing
enthalpy at a composition of around 25% Sn. The developed
potential successfully reproduces this trend, demonstrating an
ability to investigate phenomena associated with the liquid solu-
tion over a wide composition range.

Finally, we further examined the diffusivity of liquid phase
considering a possible application of developed potential for the
soldering process. Meanwhile, this example provides additional
information about the transferability of development potential
because the diffusivity of the liquid phase was not directly con-
sidered as a fitting target during the optimization of potential
parameters. The diffusivities of different elements in the liquid
phase were examined by performing a series of MD simula-

tions. At the atomic scale, the diffusivity can be calculated from
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Figure 3: Enthalpy of mixing of the (a) Ag—Cu, (b) Ag-Sn, and (c) Cu-Sn binary liquid phase at 1500 K calculated using the present 2NN MEAM potential
in comparison with experimental data (Ref. [45-47]) and CALPHAD based modeling (Ref. [63]). Experimental data points represent the results

measured at various temperatures.

the time dependence of the mean square displacement (MSD),
which can be readily obtained by the MD simulation. The dif-
fusivity was calculated using the Einstein formula which relates
the MSD with the diftusivity (D):

_ < R%(t) >

6t )

where ¢ is the time, < R? (t) > is the MSD of atoms in a simula-
tion cell, and 6 is the dimensional factor. The MSD of atoms
in the liquid phase was obtained by performing NPT ensemble
MD runs at zero external pressure and designated temperatures.
First, an initial simulation cell with 16,224 atoms was main-
tained at a sufficiently high temperature (2000 K) for enough
time (40 ps) to obtain the liquid structure. For the simulation
on the diffusivity of alloying elements, we used a random distri-

bution of solutes in a simulation cell with a dilute composition

©The Author(s) 2021
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Figure 4: Diffusivities of elements in the liquid phase at different
temperatures calculated using the present 2NN MEAM potential in
comparison with experimental data (Refs. [48, 49]). For the calculation
of impurity diffusivities (Ag or Cu), the alloying element was randomly
distributed in each simulation cell with a concentration of 1 at.%.
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(1 at.%). Then, the temperature decreased to a target tempera-
ture using the rescaling of average velocity of atoms, and a relax-
ation at the designated temperature was conducted for 40 ps.
A final MD run was performed at the same temperature for a
long time (2000 ps) to obtain the time dependence of the MSD.

Figure 4 shows calculated diffusivities of atoms in the liquid
phase. The results at various temperatures (500-800 K) are pre-
sented in the Arrhenius plot and compared with the reported
experimental data [48, 49]. Despite deviations between different
experimental works [48, 49], the developed potential repro-
duces general trends in the activation energy of diffusion (i.e., a
slope of the Arrhenius curve fitting). The calculated self-diffu-
sivities of pure Sn-based on the developed potential are closer to
the experimental data by Careri et al. [48], although an underes-
timation at low temperatures is clearly presented. Compared to
the experimental data by Ma et al. [49], the developed potential
exhibits an overall underestimation of the self-diffusivity of Sn.
For the diffusivities of solute elements in Sn-based alloys, the
present potential correctly reproduces overall trends in the acti-
vation energy and the slightly enhanced diffusivities of solute
elements compared to the diffusivity of Sn in the liquid phase,
e.g> Dag > Dgsn and D¢y > Dsp.

We provide a robust interatomic potential for the ternary
Ag-Cu-Sn system on the basis of the 2NN MEAM formalism.
The potential parameters for related alloy systems are decided in
relation to the recently improved unary description for pure Sn.
We improved the unary descriptions for pure Ag and Cu, and
further extended the determined unary potentials to binary and
ternary alloy systems. To ensure sufficient performance in real-
izing atomistic simulations on various applications, the potential
parameters were optimized based on the force-matching method
using the DFT database of energies and forces. The developed
potential exhibits enough accuracy and transferability to the
physical properties of pure metals, intermetallic compounds,
solid solutions, and liquid solutions. As a possible example,
the diffusivities of alloying elements in the liquid solution were
examined by performing MD simulations. The proposed intera-
tomic potential can be further utilized in future studies to inves-
tigate various phenomena associated with soldering applications
at the atomic scale. The outlined strategy for obtaining a robust
interatomic potential for the present target alloy system can be

applied to other alloy systems in a straightforward manner.

A DFT database of atomic forces and energies related to various
atomic configurations was prepared before the optimization of

potential parameters. The established database includes a wide

©The Author(s) 2021

variety of configurations resulting from different atomic situa-
tions, e.g., configurations with defects, applied deformation, and
at finite temperatures to ensure sufficient transferability of the
development potential. Detailed information on the selection of
such atomic configurations is presented in a previous study [33].

The DFT calculations were performed using the Vienna
Ab initio Simulation Package (VASP) [50-52] and the pro-
jector augmented wave (PAW) method [53] within the Per-
dew-Burke-Ernzerhof generalized-gradient approximation
(GGA) [54] for the exchange-correlation functional. The rec-
ommended pseudopotentials from the VASP library (‘Ag, ‘Cu,
and ‘Sn_d’) were used for all calculations. A cutoff energy of
400 eV for the plane-wave basis set and the Methfessel-Paxton
smearing method with a width of 0.1 eV were used. A k-point
mesh of 21 x 21 x 21 was selected for the primitive unit cell with
a single atom, and the similar k-point density was employed for
supercells of other unary, binary, and ternary alloys.

The lattice constants and bulk modulus at 0 K were calcu-
lated by employing the Birch-Murnaghan equation of state [55,
56] fitted to the volume change of a supercell range from 0.99 to
1.01 V, where V|, is the equilibrium volume. The single-crystal
elastic constants were obtained by applying a particular strain
range from — 1 to + 1% to an obtained equilibrium supercell. The
obtained total energies as a function of strains were then fitted
to third-order polynomials to calculate corresponding elastic
constants. In the calculations of defect configurations, indi-
vidual atomic positions were relaxed at a constant volume and
cell shape, obtained from corresponding configurations without
defects. Ionic relaxations were performed using the conjugate
gradient algorithm with convergence criteria for energy and
forces set to 107° eV and 1072 eV/A, respectively. For the calcu-
lation of the migration energy of an atom to a nearby vacancy,
the nudged elastic band (NEB) method with the climbing-image
extension [57, 58] was employed to obtain a proper saddle-
point configuration. Phonon properties were obtained based on
the direct force constant approach [59] as implemented in the
‘Phonopy’ code [60-62]. To ensure the reliability of phonon
calculations, a larger supercell (256 atoms) and more precise
convergence criteria for energy (107 eV) and forces (107 eV/A)
were used.

For the preparation of atomic configurations at finite tem-
peratures, two-step ab initio MD simulations [50] were con-
ducted. In the first step, the ab initio MD simulations were
performed based on relatively less accurate DFT convergence
parameters (e.g., k-point density and cutoff energy) to ensure
an efficient sampling of the configuration space with a longer
simulation time. In this step, the MD runs were conducted for a
total of 2000 steps with a timestep of 1.5 fs using a single k-point
and the default cutoff energy of the PAW potential. In the sec-
ond step, uncorrelated atomic snapshots were extracted from the

previous step, and they were recalculated using a denser k-point
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mesh and higher cutoff energy to obtain accurate energies and
forces for the force-matching process.

This work was supported by the 2021 Research Fund of the
University of Ulsan.

The datasets generated during and/or analyzed during the
current study are available from the corresponding author on

reasonable request.

Conflict of interest On behalf of all authors, the corresponding
author states that there is no conflict of interest.

The online version contains supplementary material avail-
able at https://doi.org/10.1557/s43578-021-00395-z.

This article is licensed under a Creative Commons Attribu-
tion 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s)
and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third
party material in this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Crea-
tive Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder.
To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

1. H.Jiang, K.-S. Moon, C.P. Wong, Recent advances of nanolead-
free solder material for low processing temperature interconnect
applications. Microelectron. Reliab. 53(12), 1968 (2013)

2. C.Zou, Y. Gao, B. Yang, Q. Zhai, Melting and solidification
properties of the nanoparticles of Sn3.0Ag0.5Cu lead-free solder
alloy. Mater. Charact. 61(4), 474 (2010)

3. L.-Y. Hsiao, J.-G. Duh, Synthesis and characterization of lead-
free solders with Sn-3.5Ag-xCu (x=0.2, 0.5, 1.0) alloy nanopar-
ticles by the chemical reduction method. J. Electrochem. Soc.
152(9), J105 (2005)

©The Author(s) 2021

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

K.C. Yung, C.M.T. Law, C.P. Lee, B. Cheung, T.M. Yue, Size con-
trol and characterization of Sn-Ag-Cu lead-free nanosolders by a
chemical reduction process. J. Electron. Mater. 41(2), 313 (2012)
C. Zou, Y. Gao, B. Yang, Q. Zhai, Nanoparticles of Sn30Ag05Cu
alloy synthesized at room temperature with large melting tem-
perature depression. J. Mater. Sci. 23(1), 2 (2012)

Y. Gao, C. Zou, B. Yang, Q. Zhai, J. Liu, E. Zhuravlev, C. Schick,
Nanoparticles of SnAgCu lead-free solder alloy with an equiva-
lent melting temperature of SnPb solder alloy. J. Alloys Compd.
484(1), 777 (2009)

E Gao, J. Qu, Calculating the diffusivity of Cu and Sn in Cu3Sn
intermetallic by molecular dynamics simulations. Mater. Lett. 73,
92 (2012)

W.J. Boettinger, C.A. Handwerker, U.R. Kattner, EG. Yost, EM.
Hosking, D.R. Frear, The Mechanics of Solder Alloy Wetting and
Spreading (Springer, New York, 1993)

P.T. Vianco, K.L. Erickson, P.L. Hopkins, Solid state intermetal-
lic compound growth between copper and high temperature,
tin-rich solders—part I: experimental analysis. J. Electron. Mater.
23(8), 721 (1994)

Y.-S. Lai, Y.-T. Chiu, J. Chen, Electromigration reliability and
morphologies of Cu pillar flip-chip solder joints with Cu sub-
strate pad metallization. J. Electron. Mater. 37(10), 1624 (2008)
A. Roshanghias, J. Vrestal, A. Yakymovych, K.W. Richter, H.
Ipser, Sn—Ag-Cu nanosolders: Melting behavior and phase
diagram prediction in the Sn-rich corner of the ternary system.
Calphad 49, 101 (2015)

J.Y. Hsieh, J.L. Chen, C. Chen, H.C. Lin, S.S. Yang, C.C. Hwang,
Reactive wetting behaviors of Sn/Cu systems: a molecular
dynamics study. Nano-Micro Lett. 2(2), 60 (2010)

Y. Yang, Y. Liang, J. Bi, Y. Bai, S. He, B. Li, The wetting charac-
teristics of molten Ag—Cu-Au on Cu substrates: a molecular
dynamics study. Phys. Chem. Chem. Phys. 22(44), 25904 (2020)
N.T.S. Lee, V.B.C. Tan, K.M. Lim, Structural and mechanical
properties of Sn-based intermetallics from ab initio calculations.
Appl. Phys. Lett. 89(14), 141908 (2006)

X.Y. Pang, S.Q. Wang, L. Zhang, Z.Q. Liu, J.K. Shang, First prin-
ciples calculation of elastic and lattice constants of orthorhombic
Cu3Sn crystal. . Alloys Compd. 466(1), 517 (2008)

M.I. Baskes, Modified embedded-atom potentials for cubic mate-
rials and impurities. Phys. Rev. B 46(5), 2727 (1992)

M.S. Sellers, A.]. Schultz, C. Basaran, D.A. Kofke, Effect of Cu
and Ag solute segregation on fSn grain boundary diffusivity. J.
Appl. Phys. 110(1), 013528 (2011)

M. Motalab, R. Paul, S. Saha, S. Mojumder, T. Ahmed, ].C.
Suhling, Atomistic analysis of the thermomechanical properties
of Sn-Ag-Cu solder materials at the nanoscale with the MEAM
potential. J. Mol. Model. 25(3), 59 (2019)

J.E. Aguilar, R. Ravelo, M.I. Baskes, Morphology and dynamics of
2D Sn-Cu alloys on (100) and (111) Cu surfaces. Modell. Simul.
Mater. Sci. Eng. 8(3), 335 (2000)

www.mrs.org/jmr

January 2022

Issue 1

Volume 37

Journal of Materials Research

159


https://doi.org/10.1557/s43578-021-00395-z
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

%m

20.
21.
22.

23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.

35.

Journal of
MATERIALS RESEARCH

H.-C. Cheng, C.-E. Yu, W.-H. Chen, Strain- and strain-rate-
dependent mechanical properties and behaviors of Cu3Sn
compound using molecular dynamics simulation. J. Mater. Sci.
47(7), 3103 (2012)

L. Liang, J. Zhang, Y. Xu, Y. Zhang, W. Wang, J. Yang, The effect
of pressure and orientation on Cu-Cu3Sn interface reliability
under isothermal ageing and monotonic traction via molecular
dynamics investigation. Mater. Des. 149, 194 (2018)

H. Dong, L. Fan, K.-S. Moon, C.P. Wong, M.I. Baskes, MEAM
molecular dynamics study of lead free solder for electronic pack-
aging applications. Modell. Simul. Mater. Sci. Eng. 13(8), 1279
(2005)

R. Ravelo, M. Baskes, Equilibrium and thermodynamic proper-
ties of grey, white, and liquid tin. Phys. Rev. Lett. 79(13), 2482
(1997)

W.-S. Ko, D.-H. Kim, Y.-J. Kwon, M.H. Lee, Atomistic simula-
tions of pure tin based on a new modified embedded-atom
method interatomic potential. Metals. 8(11), 900 (2018)

B.-]. Lee, MLI. Baskes, Second nearest-neighbor modified
embedded-atom-method potential. Phys. Rev. B 62(13), 8564
(2000)

B.-J. Lee, M.I. Baskes, H. Kim, Y.K. Cho, Second nearest-neigh-
bor modified embedded atom method potentials for bec transi-
tion metals. Phys. Rev. B 64(18), 184102 (2001)

B.-]. Lee, J.-H. Shim, M.I. Baskes, Semiempirical atomic poten-
tials for the fcc metals Cu, Ag, Au, Ni, Pd, Pt, Al, and Pb based
on first and second nearest-neighbor modified embedded atom
method. Phys. Rev. B 68(14), 144112 (2003)

B.-J. Lee, A modified embedded-atom method interatomic
potential for the Fe-C system. Acta Mater. 54(3), 701 (2006)
B.-J. Lee, W.-S. Ko, H.-K. Kim, E.-H. Kim, The modified embed-
ded-atom method interatomic potentials and recent progress in
atomistic simulations. Calphad 34(4), 510 (2010)

E Ercolessi, ].B. Adams, Interatomic potentials from first-prin-
ciples calculations: the force-matching method. EPL (Europhys.
Lett.) 26(8), 583 (1994)

M.IL Mendeleyv, S. Han, D.]. Srolovitz, G.J. Ackland, D.Y. Sun, M.
Asta, Development of new interatomic potentials appropriate for
crystalline and liquid iron. Philos. Mag. 83(35), 3977 (2003)

P. Brommer, E Gibhler, Potfit: effective potentials fromab initio-
data. Modell. Simul. Mater. Sci. Eng. 15(3), 295 (2007)

W.-S. Ko, B. Grabowski, ]. Neugebauer, Development and
application of a Ni-Ti interatomic potential with high predictive
accuracy of the martensitic phase transition. Phys. Rev. B 92(13),
134107 (2015)

T.B. Massalski, H. Okamoto, P.R. Subramanian, L. Kacprzak,
Binary Alloy Phase Diagram (ASM International, Materials Park,
1990)

C. Kittel, Introduction to Solid State Physics, 8th edn. (Wiley, New
York, 2005)

©The Author(s) 2021

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

S. Plimpton, Fast parallel algorithms for short-range molecular
dynamics. J. Comput. Phys. 117(1), 1 (1995)

S. Nosé, A unified formulation of the constant temperature
molecular dynamics methods. J. Chem. Phys. 81(1), 511 (1984)
W.G. Hoover, Canonical dynamics: equilibrium phase-space
distributions. Phys. Rev. A 31(3), 1695 (1985)

W.A. Kamitakahara, B.N. Brockhouse, Crystal dynamics of silver.
Phys. Lett. A 29(10), 639 (1969)

E.C. Svensson, B.N. Brockhouse, ].M. Rowe, Crystal dynamics of
copper. Phys. Rev. 155(3), 619 (1967)

EC. Nix, D. MacNair, The thermal expansion of pure metals II:
molybdenum, palladium, silver, tantalum, tungsten, platinum,
and lead. Phys. Rev. 61(1-2), 74 (1942)

T. Rubin, H.-W. Altman, H.L. Johnston, Coefficients of thermal
expansion of solids at low temperatures. I. The thermal expan-
sion of copper from 15 to 300°K. J. Am. Chem. Soc. 76(21), 5289
(1954)

D.L. Martin, The specific heat of copper from 20° to 300°K. Can.
J. Phys. 38(1), 17 (1960)

Q. Bian, S.K. Bose, R.C. Shukla, Vibrational and thermodynamic
properties of metals from a model embedded-atom potential. .
Phys. Chem. Solids 69(1), 168 (2008)

N. Saunders, A.P. Miodownik, The Cu-Sn (Copper-Tin) system.
Bull. Alloy Phase Diagr. 11(3), 278 (1990)

PR. Subramanian, J.H. Perepezko, The ag-cu (silver-copper)
system. J. Phase Equilib. 14(1), 62 (1993)

1. Karakaya, W.T. Thompson, The Ag-Sn (Silver-Tin) system.
Bull. Alloy Phase Diagr. 8(4), 340 (1987)

G. Careri, A. Paoletti, M. Vicentini, Further experiments

on liquid Indium and Tin self-diffusion. Il Nuovo Cimento
(1955-1965) 10(6), 1088 (2008)

C.H. Ma, R.A. Swalin, A study of solute diffusion in liquid tin.
Acta Metall. 8(6), 388 (1960)

G. Kresse, J. Hafner, Ab initio molecular-dynamics simulation
of the liquid-metal-amorphous-semiconductor transition in
germanium. Phys. Rev. B 49(20), 14251 (1994)

G. Kresse, J. Furthmiiller, Efficiency of ab-initio total energy
calculations for metals and semiconductors using a plane-wave
basis set. Comput. Mater. Sci. 6(1), 15 (1996)

G. Kresse, J. Furthmiiller, Efficient iterative schemes for ab initio
total-energy calculations using a plane-wave basis set. Phys. Rev.
B 54(16), 11169 (1996)

PE. Bl6chl, Projector augmented-wave method. Phys. Rev. B
50(24), 17953 (1994)

J.P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient
approximation made simple. Phys. Rev. Lett. 77(18), 3865 (1996)
E Birch, Finite strain isotherm and velocities for single-crystal
and polycrystalline NaCl at high pressures and 300°K. J. Geo-
phys. Res. 83(B3), 1257 (1978)

www.mrs.org/jmr

January 2022

Issue 1

Volume 37

Journal of Materials Research

160



\\\\

56.

57.

58.

59.

60.

m

Journal of
MATERIALS RESEARCH

ED. Murnaghan, The compressibility of media under extreme
pressures. Proc. Natl. Acad. Sci. 30(9), 244 (1944)

G. Henkelman, B.P. Uberuaga, H. Jonsson, A climbing image
nudged elastic band method for finding saddle points and mini-
mum energy paths. J. Chem. Phys. 113(22), 9901 (2000)

G. Henkelman, H. Jénsson, Improved tangent estimate in the
nudged elastic band method for finding minimum energy paths
and saddle points. J. Chem. Phys. 113(22), 9978 (2000)

S. Wei, M.Y. Chou, Ab initio calculation of force constants and
full phonon dispersions. Phys. Rev. Lett. 69(19), 2799 (1992)

A. Togo, F. Oba, L. Tanaka, First-principles calculations of the
ferroelastic transition between rutile-type and CaCl,-typeSiO, at
high pressures. Phys. Rev.B 78(13), 134106 (2008)

©The Author(s) 2021

61.

62.

63.

A. Togo, I. Tanaka, Evolution of crystal structures in metallic
elements. Phys. Rev. B 87(18), 184104 (2013)

A. Togo, I. Tanaka, First principles phonon calculations in mate-
rials science. Scr. Mater. 108, 1 (2015)

C.W. Bale, E. Bélisle, P. Chartrand, S.A. Decterov, G. Eriksson,
A.E. Gheribi, K. Hack, I.H. Jung, Y.B. Kang, ]. Melangon, A.D.
Pelton, S. Petersen, C. Robelin, J. Sangster, P. Spencer, M.A.

Van Ende, FactSage thermochemical software and databases,
2010-2016. Calphad 54, 35 (2016)

www.mrs.org/jmr

January 2022

Issue 1

Volume 37

Journal of Materials Research

161



	Atomistic simulations of Ag–Cu–Sn alloys based on a new modified embedded-atom method interatomic potential
	Anchor 2
	Introduction
	Optimization of the interatomic potentials by fitting to a DFT database
	Required parameters in the 2NN MEAM potential model
	Optimization of potential parameters
	Fitting result: Statistical quality of energies and forces

	Performance of the developed unary potentials
	Structural, elastic, and defect properties
	Physical properties at finite temperatures

	Performance of the developed potential for the alloy systems
	Physical properties of intermetallic compounds
	Physical properties of solid solutions
	Physical properties of liquid solutions

	Conclusion
	Methods
	Acknowledgments 
	References




