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study Cu/TiN and Ti/TiN interfaces.

• The model was parameterized to high-
fidelity γ-surfaces of the interfacial slip
planes using a newly developed genetic
parameterization scheme.

• Stable Cu/TiN and Ti/TiN interfaces with
misfit dislocation networks were de-
tected with the model.
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model for Ti/TiN and Cu/TiN agree well
with the experimental results.
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Amodified embedded atommethod interatomic potential was developed to study semi-coherentmetal/ceramic
interfaces involving Cu, Ti and N. A genetic algorithmwas used to fit the model parameters to the physical prop-
erties of the materials. To accurately describe interfacial interactions and shear, two-dimensional generalized
stacking fault energy profiles for relevant slip systemswere selected as one of themajor parameterization targets
for the models. The models were applied to study semi-coherent Ti(0001)/TiN(111) and Cu(111)/TiN(111) sys-
tems. Ti/TiNwas stablewithmisfits accommodated away from the interface. Cu/TiN, in contrast, wasmore stable
with misfits at the interface. A spiral pattern in the misfit dislocation networks was observed away from the Cu/
TiN interface, similar to themetal/metal (111) semi-coherent interfaces. The theoretical shear strength calculated
for Ti/TiN when the misfits were several layers away from the interface and for Cu/TiN with the misfit at the
chemical interface, had reasonable agreement with experiment.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Many technological applications use engineered components and
systems that contain metal/ceramic interfaces to enhance their
. This is an open access article under
applicability [1]. Examples of such applications and materials are me-
chanical parts in automobiles, aero-engines, gas turbines, fuel cells, cut-
ting and machining tools; components of micro and optoelectronic
circuits used in sensors and actuators etc. [2–7]. In many of these
cases, proper functioning of components over long time periods
requires strong adhesion and high mechanical strength of these metal/
ceramic interfaces. It is essential to understand the energetics and
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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mechanical properties of these interfaces in relation to the interfacial
structures such as misfit dislocations and orientation relations so that
interfaces that meet required engineering specifications can be de-
signed based on sound physics andmaterials science principles, instead
of the traditional trial-and-error approach.

A diverse array of metal/ceramic interfaces have been studied by
both experimental and computational researchers over the last two
decades [6,8–17]. TiN, in particular, is often the coating of choice in
environments involving high temperatures and pressures due to its
high hardness and low thermal conductivity [18,19]. Thin metal in-
terlayers such as Ti are often sandwiched between TiN and the sub-
strate to improve the overall adhesion of the coating [20–24].
However, Ti/TiN is characterized by weak interactions near the inter-
face that leads to unstable shear-off [25]. For Cu/TiN interfaces,
which are commonly found in the metallization of microelectronic
circuits, promoting strong interfacial adhesion remains a challenge
[26,27].

The experimental procedures to quantify interfacial interactions
and mechanical response of metal/ceramic interfaces often involve
some form of disruption or deformation to the interface being exam-
ined [28,29]. With increases in the availability of modern high-
performance computing resources, computational approaches are be-
coming a popular tool for investigating metal/ceramic interfaces [30].
In that regard, quantum mechanical calculations, such as density
functional theory (DFT), can be highly accurate, but lack in scalability
due to their high computational cost. To observe the impact of inter-
facial structures, such as misfit dislocation network geometries and
orientation relationships, on interfacial mechanical properties, a
much larger size is required than what is feasible with DFT. Molecular
dynamics (MD) simulations with interaction potentials can be ap-
plied to systems large enough to capture amoderate range of physical
phenomenon key to understanding these interfaces [31–34]. The
challenge in these simulations is the limited availability of reliable in-
teratomic potential models.

While there are reports of interatomic potentials for several unary
and binary systems of Cu, Ti and N [35–39], to the best of our knowl-
edge, there is no interatomic potential model available for all three to-
gether. To describe the interactions between these elements with a
common mathematical formalism is a challenging task because of
their widely varying physical characteristics, manifested in the differ-
ences in crystal structure and phases formed. The modified embedded
atom method (MEAM), originally developed by Baskes et al. [40–42],
is a semi-empirical interatomic potential that improves upon the older
embedded atom model [43] by incorporating the angular dependency
to the host electron density. In a later modification to theMEAM, the in-
teraction between atoms were extended to the second nearest neigh-
bors for a better description of BCC metals [44–46]. These potentials
have been used to describe a variety of unary, binary, and ternary alloys,
alongwith TiN interactions [36,37,44,45,47]. The lack of interatomic po-
tential for CuTiN can be addressed by building new MEAM potentials
that closely follow the relevant physical properties of the constituent el-
ements and their alloys.

In this work, MEAM potentials for pure Cu and Ti, along with CuTi,
TiN, CuN, and CuTiN systemswere developed with a focus onmetal/ce-
ramic interfaces. The new model was then applied to energy calcula-
tions and shear loading simulations on Ti/TiN and Cu/TiN bilayer
systemswith approximately 10 nm thickness in different interfacial co-
herency and misfit scenarios.

2. Methodology

2.1. MEAM formalism

The mathematical details for the MEAM formalism are well
established and not within the scope of this text [41]. Briefly, the total
energy of a system is given as,
Etotal ¼ ∑
i

Fi ρið Þ þ 1
2
∑
i≠j

Sijφij Rij
� �" #

, ð1Þ

where Fi is the embedding function, and φij is the pair potential for
atoms i and j, separated by a distance, Rij. Sij is themany-body screening
function and is limited by theCmin and Cmax parameters. The background
electron density ρi is composed of s, p, d and f partial electron density
contributions combined by adjustable weighting factors (ti(h),h = 0–3)
[47]. The atomic electron density associated with each partial electron
density have the following form,

ρa hð Þ ¼ ρ0 exp −β hð Þ R=re−1ð Þ
h i

, ð2Þ

where ρ0 is the atomic electron density scaling factor,β(h) are adjustable
decay lengths and re is the nearest-neighbor distance in the reference
structure. The functional form of embedding function is given by,

F ρið Þ ¼ AEC ρ=ρ0
� �

ln ρ=ρ0
� �

, ð3Þ

where A is an adjustable parameter, EC is the cohesive energy, and ρ0 is
the background electron density of the reference structure. The pair po-
tential is not assigned a functional form, but is obtained from the known
values of total energy per atom and the embedding energy of the refer-
ence structure. The total energy per atom as a function of nearest neigh-
bor distance, R, is calculated using Rose's universal equation of state
given by [48],

Eμ Rð Þ ¼ EC 1þ a∗ þ da∗3
� �

e−a∗ , ð4Þ

where a ∗=α(R/re− 1) andα=(9BΩ/EC)1/2, B is the bulkmodulus,Ω is
equilibrium atomic volume, and d is an adjustable parameter.

For pure elements, the MEAM formalism has 15 adjustable parame-
ters. As evident from Eq. (4), four of these parameters (EC, re, α and d)
are associated with the universal equation of state. There are eight pa-
rameters for electron density which are the exponential decay lengths
β(h), (h=0–3) and the weight factors ti(0), ti(1), ti(2)and ti

(3). The embed-
ding function has one parameter, A, and themany-body screening func-
tion has two parameters, Cmin and Cmax.

For binary alloys, 13 independent model parameters must be de-
fined in addition to the ones for the pure elements [35,49]. Like the
pure elements, there are four parameters (EC, re, α and d) related to
the universal equation of states applied to the binary reference struc-
ture. When determining the many-body screening factors, Sij, up to
three different atom types need to be taken into account. As a conse-
quence, multiple Cmin and Cmax parameters are considered. These in-
clude four of each (eight total) for binary interactions and an
additional three of each (six total) for ternary interactions [47,50]. The
other parameter is the atomic electron density factor, ρ0.

2.2. Algorithm for parameter fitting

In order to fit the MEAM parameters to a set of properties obtained
either from experimental results or DFT (in the case of the unavailability
of the former), an in-house python code was developed as outlined in
Fig. 1. The array of parameters {Θ} were optimized using a simple min-
imization procedure in conjunction with a genetic algorithm. At the
start of each minimization cycle, a specific MEAM parameter, Θi, was
chosen randomly. There was a pre-set maximum displacement δi for
each parameter, Θi, typically up to 10% of its absolute value. Four trials
were created for the randomly selected parameter by choosing five
equidistant values spanning from (Θi - δi) to (Θi + δi). The properties
were calculated for each trial, ρjtrial, and compared with their target
values obtained from DFT/experiment, ρjtarget. Then, the mean squared
objective function, Jtrial(Θi), in Eq. (5) was calculated for each of the
four trials,



Fig. 1. Minimization procedure used for a given parameter set.
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Jtrial Θið Þ ¼ ∑jωj � ρtrialj −ρtargetj

� �2
, ð5Þ

whereωj is an arbitrary weight assigned to each property, ρj. This func-
tion is summed over all the properties, and the trial with the minimum
value of Jtrial(Θi) was accepted.When a trial was accepted, the δi for that
parameter was increased. If none of the four produced a smaller Jtrial

than the original value, no changes occurred, and the δi for that param-
eter was decreased.
Fig. 2. Genetic Algorithm used to fin
Theminimization schemediscussed above converges quickly for any
given parameter set. However, it is prone to stagnation in local minima
for the parameters. To address this, a genetic algorithmwas used in con-
junctionwith theminimization scheme that allows for a search through
a broader spectrum of parameter space. Fig. 2 outlines the genetic algo-
rithm used for this work. Six parameter sets, denoted by S1, S2, S3, S4, S5
and S6, were simultaneously optimized as described in Fig. 1 for 50 cy-
cles each. Parameter sets from existing models as well as sets that
were randomly generated made up the initial six sets. After 50 minimi-
zation cycles, the parameter setwith the smallest value of Jwas selected
as Smin. Sets having J values larger than 10 × Jmin (cost function of Smin)
were destroyed. Also, parameter sets that were close to the parameters
of Smin, (their mean squared difference being within a cut-off of 0.1)
were also destroyed.

The destroyed sets were substituted by new sets created either by
mating or mutating surviving sets. Two sets were mated by taking the
average of theirΘ parameters, while mutations were done by randomly
modifying Smin up to ±20% to create new sets of parameters. For in-
stance, if three sets survived, two new sets were created by mating,
and one created by mutation. At least 20 such genetic algorithm cycles
(1000 total minimization cycles) were run and the parameter sets
often converged to very small values of J.
2.3. Parameter optimization for this work

For the present work, the parameter set for pure N were taken from
Lee et al. without modification [35]. Parameters for pure Ti and Cuwere
taken from existing literature as initial values [37,38] alongwithfive ad-
ditional sets, each randomly modified, to start the fitting procedure
outlined in Section 2.2. Among the fifteen parameters discussed above
for pure elements, cohesive energy (EC) and nearest-neighbor distance
(re) of the reference structure were taken from available experimental
values, d is fixed to zero for a simpler version of Rose equation [48],
d the optimum parameter set.
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ti
(0) is set to unity at equilibrium without loss of generality. Eleven pa-
rameters (α, β(0), β(1), β(2), β(3), ti(1), ti(2), ti(3), A, Cmin and Cmax) were fit
to several physical properties of the pure elements (more on these
physical properties in Section 2.4).

Once thepure elementswere parameterizedwith satisfactory repro-
duction of the physical properties, those parameters were used for
modeling the binary alloys. Eleven binary parameters (four Cmin and
four Cmax, α, EC, re) were adjusted in this work for each binary combina-
tion. For TiN and CuN binary alloys, NaCl-type reference structureswere
considered, while for CuTi a B2-type structure was taken as reference,
and the parameters associated with the reference structures (α, EC, re)
were fit as well. For CuTiN ternary systems, three additional Cmin and
Cmax parameters were fit to the physical properties of Cu/TiN metal/ce-
ramic systems.

2.4. Calculation of properties

The pure elements were fit to physical properties such as lattice
constants, elastic constants, monovacancy formation energy (Evac),
surface energies (ES), solid density at 298 K (ρ298K), energy ratio
of different phases (E/E0) with respect to the minimum energy
phase (E0), and generalized stacking fault energies (GSFEs) along
different planes. The binary and ternary parameters were also fit
to a range of properties, namely lattice constants and enthalpies
of mixing (ΔmixH) of different phases, surface energies (ES), elastic
constants, work of adhesion (WoA), and GSFEs of specific interfaces.
The experimentally available values for these properties were ob-
tained and set as target values for fitting. In cases where a property
value was not readily available from experiment, the DFT-calculated
values were used as target values for fitting. Evac were calculated by
removing one atom from a system. For surface energy calculations,
the box for bulk systems were elongated in the direction normal to
the surface of interest, creating two vacuum/solid interfaces. ES was
given by,

ES ¼ ESlab−EBulkð Þ= 2� Areað Þ, ð6Þ

where, ESlab and EBulk are the energies of the system with vacuum/solid
interface and the bulk system, respectively. TheΔmixH for binaries were
calculated as follows,

ΔmixH ¼ Etotal−nεa−mεbð Þ= nþmð Þ, ð7Þ

where, Etotal is the energy of a system with n number of a type atoms
and m number of b type atoms. εa and εb are the energy per atom for a
and b type atoms in their bulk structures. The WoA for metal/ceramic
interfaces were obtained using the following formula,

WoA ¼ Em þ Ec−Emcð Þ=area, ð8Þ

where Em, Ec and Emc are the optimized energies of the relaxedmetal, ce-
ramic and metal/ceramic combinations, respectively.

The GSFE for a particular glide plane (denoted P)wasmapped out by
moving all the atoms above the plane in concert in the X and/or Y direc-
tions, while fixing all the X and Y atomic positions below. Such move-
ments were carried out along X and Y in 10 steps, covering up to half
the cell length in both directions. The 10 × 10 points sampled inside a
quadrant of the surface area in this manner, were then replicated in X
and Y corresponding to the symmetry of the atomic positions at the
plane. For each of the 100 configurations, an energy minimization was
performed by allowing atomic positions to relax in Z while fixing their
X and Y positions. Interfaces that had more complex symmetry in
atomic positions required a different fraction of the area (than just a
quadrant) to be replicated to produce a full GSFE surface. Once the full
GSFE was mapped out, the minimum energy path was identified along
the X direction. Further details are in our previous work [51,52].
2.4.1. DFT calculations
DFT calculations were performed using the Vienna Ab-Initio Sim-

ulation Package (VASP) package using the Perdew, Burke and
Ernzerhof (PBE) generalized gradient approximation for the
exchange-correlation functional [53–55]. The Projector Augmented
Wave (PAW) pseudopotentials were used for core electrons
[54,55], and the valence electrons were expanded by a plane wave
basis set with a cutoff energy of 400 eV. The Monkhorst-Pack scheme
was used for sampling the k-point of the plane wave basis in the first
Brillouin zone [56]. ES, Evac, ΔmixH, E/E0, elastic constants, WoA, and
GSFEs were calculated using DFT. The values obtained from DFT
that were used for fitting are listed in the Section 3. The DFT systems
were generally limited to 200 atoms due to the large computational
cost associated with systems larger than that.

2.4.2. Details of calculations for MEAM potential fitting
The MD calculations with MEAM potentials were carried out using

the LAMMPS package [57]. Structural relaxation and energy minimiza-
tion were performed in evaluating ΔmixH, lattice and elastic constants,
Evac, ES, and WoA calculations. In order to facilitate a convenient com-
parison between the energies of different surfaces of a particular ele-
ment/alloy, the size of the systems was kept close to one another both
in terms of number of atoms and length of X and Y dimensions. For
solid density calculations of pure metals at 298 K, systems having
more than 250 atoms were used. We also carried out a calculation for
a larger system with 6500 atoms and no significant changes in the re-
sults were observed with systems larger than that. These calculations
were carried out for 20 ps with a 1 fs timestep, and performed in the
NPT ensemble with the temperature and pressure being controlled by
Nosè-Hoover thermostat and barostat [58,59]. In addition to the
model developed for this work, comparisons are made with existing
MEAMmodels for Ti developed by Lee et al. (denoted Lee model) [36],
Cu developed by Baskes et al. (denoted Baskes model) [37], and TiN
also developed by Kim et al. (denoted Kim model) [38]. To our knowl-
edge, nomodels for Cu/TiN currently exist in the literature sowe are un-
able to make direct comparisons with others.

2.4.3. Details for large scale MD simulations
Energetics and the shear strength for semi-coherent Ti/TiN and Cu/

TiN were evaluated using the newly developed models. As used in pre-
vious reports [25], two orientational relations considered for Ti/TiN are,

OR1 : X∥ 1120
h i

Ti
∥ 110
h i

TiN
;Y∥ 1100

h i
Ti
∥ 112
h i

TiN
and Z∥ 0001½ �Ti∥ 111½ �TiN,

ð9Þ

and

OR2 : X∥ 1120
h i

Ti
∥ 110
h i

TiN
; Y∥ 1100

h i
Ti
∥ 112
h i

TiN
and Z∥ 0001½ �Ti∥ 111½ �TiN

ð10Þ

For Cu/TiN, semi-coherent structureswith the following experimen-
tally observed [60–63] orientational relation was considered,

X∥ 110
h i

Cu
∥ 112
h i

TiN
;Y∥ 112

h i
Cu
∥ 110
h i

TiN
and Z∥ 111½ �Cu∥ 111½ �TiN ð11Þ

The lengths of the X and Y dimensions were chosen tominimize the
strain caused by latticemismatch between themetal and ceramic at the
interface. As such, the X and Y lengths were 16.1 nm and 27.9 nm, re-
spectively, for Ti/TiN, whereas for Cu/TiN, they were 17.1 nm and
29.6 nm. The total thickness of the metal/ceramic bilayers were around
8 nmwith approximately 5 nm thick metal placed on top of 3 nm thick
ceramic. The interfacial structures were relaxed in two steps: a finite
temperature (10K) relaxation for 50 ps at constant volume and an iter-
ative stress-relieve treatment to minimize the normal stress compo-
nents. During each relaxation step, the top and bottom two layers



Table 2
Comparison of the DFT calculated or experimental properties of Cu and Ti with values ob-
tained using existing models and the newly developed model in this work.

Properties Ti Cu

Expt/DFT Lee
[36]

New
Model

Expt/DFT Baskes
[37]

New
Model

Evac (eV) 1.27a, 1.55a 1.75 1.57 1.03b, 1.19c 1.12 1.62
ES (001)
(J/m2)

2.10d, 1.92e 2.14 1.88 1.46⁎, 1.44f

1.44g
1.82 1.42

ES (110)
(J/m2)

1.54⁎, 1.55g 1.74 1.56

ES (111)
(J/m2)

1.27⁎, 1.30f,
1.29g

1.52 1.30

E1/E0 0.9570⁎

(E1 → BCC)
0.9956 0.954 0.9895⁎

(E1 → BCC)
1.0000 0.9968

E2/E0 0.9820⁎

(E2 → FCC)
0.9906 0.997 0.9938⁎

(E2 → HCP)
0.9964 0.9987

ρ298K
(g/cm3)

4.51h, j 4.48 4.48 8.96i, 8.93h 8.79 8.83

C11 (GPa) 162.4j,
176.1k

170.4 163.5 168.3l 172.5 157.8

C12 (GPa) 92.0j, 86.9k 80.4 68.0 122.1l 121.9 107.7
C13 (GPa) 69.0j, 68.3k 74.8 54.7
C33 (GPa) 180.7j,

190.5k
187.1 180.1

C44 (GPa) 46.7j, 50.8k 42.1 43.8 75.7l 76.1 100.1
C66 (GPa) 35.2j, 44.6k 44.8 47.8

⁎ DFT calculated in the present work.
a Reference [66].
b Reference [67].
c Reference [68].
d Reference [69].
e Reference [70].
f Reference [71].
g Reference [37].
h Reference [72].
i Reference [73].
j Reference [74].
k Reference [75].
l Reference [76].

Table 1
Parameter sets for pure elements. Units of EC and re are in eV and Å, respectively.

EC re α A β(0) β(1) β(2) β(3) ti(1) ti(2) ti(3) Cmin Cmax

N 4.88 1.10 5.96 1.80 2.75 4.00 4.00 4.00 0.05 1.00 0.00 2.00 2.80
Ti 4.87a 2.92a 4.41 1.19 1.58 0.08 2.89 0.0016 5.55 6.79 −2.05 0.89 2.85
Cu 3.54b 3.61b 4.82 0.91 3.68 4.30 5.75 0.12 2.32 6.94 6.00 0.51 1.92

a Reference [38].
b Reference [37].
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were fixed in the Z direction, but allowed to relax in X and Y. Once the
atomic positions were minimized, their respective dimensions (X, Y,
and Z) were adjusted to minimize the stress in their specific directions.
Similar relaxation procedure was used in previous studies [25,64]. The
normal stress components were less than 100 Pa after the relaxation.
The interfacial energy was calculated using the following formula,

γ ¼ 1=A Einterface−nEmetal−mETiNð Þ, ð12Þ

where Einterface is the energy of the total bilayer system, A is the area of
the interface calculated from the in-plane X and Y dimensions of the in-
terface. The values of n andm are the number of metal atoms (Ti or Cu)
and the number of TiN, respectively. Emetal, and ETiN are the cohesive en-
ergies of metal (Ti or Cu) and TiN, respectively.

To estimate the theoretical shear strength of the interfacial systems,
stress-controlled shear loading was quasi-statically applied in the X di-
rection. Incremental deformation gradients were applied for individual
metal and ceramic phases according to their elastic constants, followed
by constant volume relaxation at 5 K for 1 ps. Finally, energy minimiza-
tion was carried out with the conjugate gradient method. Theoretical
shear strength was estimated using similar methods in prior studies
[25,64,65].

3. Results and discussion

3.1. Pure elements

Asmentioned earlier, the parameter for pure Nwere taken from Lee
et al. without modification (See Table 1), where the reference structure
was a dimer [35]. The parameter values acquired after fitting for pure Ti
and pure Cu are given in Table 1. FCC and HCPwere the reference struc-
tures for Cu and Ti, respectively. EC and rewerefixed to the experimental
values for Cu and Ti.

For Ti and Cu, a comparison of the experimental/DFT-calculated
values and those derived from new and existing MEAM models are
given in Table 2. The phases denoted with E1 and E2 are identified
with the values given in the table for both the pure elements with re-
spect to the most stable phases for the individual metals (E0). All of
these properties were included in the new model's parameterization.
As is evident, generally good agreement was achievedwith the targeted
properties for both the existing and the newly developed MEAM
models.

Of particular interest for shear properties of metals is their GSFE,
the calculation of which is described in the previous section. The Ti

model was fit to the γ/GSFEs of basal (0001), prismatic 1010
� �

and

pyramidal 1011
� �

slip planes of HCP Ti. GSFEs calculated with DFT,

the Lee model [36], and our model are illustrated in Fig. 3(a-c) for
the basal plane, and in Fig. S1 in the supplementary material for the
prismatic and pyramidal planes. While both models reproduced the
low-energy stable regions fairly well, our model more closely
reproduced the entire GSFE surface, especially the high-energy re-
gions. The minimum energy path on these GSFEs plotted as a func-

tion of position in the 1120
h i

direction for all three cases is shown

in Fig. 3(c-e). For the basal plane, both models showed similar
amplitudes (barrier height) as with DFT, but the stacking fault at
around X = 1.5 Å was more stable with our model than DFT. Al-
though both models overestimated the prismatic slip barrier, the py-
ramidal slip barrier agreed well with the DFT.

For Cu, GSFEs of (001) and (111) were fit to the model. GSFEs of Cu
(001) and Cu(111) calculated with DFT, the Baskes model [37], and our
model are shown in Fig. 4. Clearly, the features attained in the DFT map
was accurately reproduced by the newmodel. For both the surfaces, the
barrier height from the new model shown in Fig. 4(d) agrees very well
with DFT, while the barrier height with the Baskes model is off by
around 0.2 J/m2 from DFT.

3.2. Binary alloys

Once the pure elements were parameterized, the binary parameters
for TiN, CuTi, and CuN were fit to their corresponding properties. The
values of the binary parameters reached after fitting are listed in
Table 3 for TiN, CuTi and CuN binary systems. The scaling parameter,
ρ0 was kept fixed for these calculations so that ρ0N/ρ0Ti = ρ0N/ρ0Cu = 18,
as had been done previously [38].



Fig. 3.GSFEs of the basal slip plane calculated using (a) DFT, (b) existing Leemodel [36] and (c) ourmodel. Minimumenergy paths extracted from the GSFEs plotted against theminimum
energy direction for (d) basal, (e) prismatic and (f) pyramidal slip planes.
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3.2.1. TiN binary systems
The phase diagram for TiN binary systems shows the NaCl-type TiN

phase being the most stable at room temperature, with a stable inter-
mediate phase of Ti2N [38,77]. Therefore, the experimental values of rel-
evant properties such as lattice constants, elastic constants, surface
energies for these phases were set as targets for the model. To facilitate
the transferability of the model to the metal/ceramic systems, DFT-
calculated features involving the Ti(0001)/TiN(111) interfacial systems,
such as work of adhesion and GSFEs, were also used in the fitting.
Table 4 lists the properties utilized in the fitting procedure, along with
the target and the reproduced values for those properties. In the same
table, the values are also compared with the ones obtained from Kim
et al. (Kim model) [38].

Lattice constants reproduced by both the newmodel and the Kim
model were in good conformity with experimental values for both
TiN and Ti2N phases, while the values reached for ΔmixH correctly in-
dicated that the NaCl-type TiN was the more stable phase of the two.
There was a general agreement to the elastic constants and the
surface energies experimentally calculated for the TiN phase.
Particularly, the order of the surfaces in terms of their stability,
(001) < (110) < (111), were suggested accurately by both models.
The Ti(0001)/TiN(111) system was created by putting a (2 × 1) Ti
system comprising of 64 atoms on top of a (2 × 1) TiN system of 48
atoms. To assure that only one interface between the metal and the
ceramic were being considered, at least 15 Å of vacuumwere present
inside the simulation box in the direction perpendicular to the inter-
face creating two solid/vacuum interfaces. DFT calculations of these
systems are described in our previous works [51,52]. With the new
model, the WoA at the chemical interface (where the Ti atomic
layer from Ti-phase comes in contact with the N layer from the TiN
phase) is in good agreement with the DFT value.
GSFEs were calculated between the Ti(0001) and TiN(111) inter-
faces, and the results for DFT, the Kimmodel [38], and the newmodel
are given in Fig. 5(a-c). As the GSFEs clearly reveal, the Kim model
gave much higher energy in the unstable region than our model
while the lower energy regions were reproduced well by both the
MEAM models. From this point forward, the atomic layers near the
interface will be denoted with M and the plane between the layers
with P. As illustrated in Fig. 5(d), the chemical interface where the
N layers from the ceramic meets with the first Ti atomic layer
(M = 1) from the Ti-phase is marked as P = 0. The next Ti atomic
layers, and the planes between them are marked with subsequent
numbers. The barrier height for P = 0 with the new model agrees
with the DFT value as shown in Fig. 5(e). However, the barrier height
with the Kim model was almost double that of DFT. For P = 1, the
stacking fault energy at X = 1.5 Å was accurately reproduced by
both the models [see Fig. 5(f)]. However, both models overestimated
the barrier height compared to DFT.

3.2.2. CuTi binary systems
Several CuTi intermetallic phases have been reported in the liter-

ature such as CuTi, Cu2Ti, Cu3Ti, Cu4Ti, CuTi2, Cu3Ti2, and Cu4Ti3
[82–91]. The reference structure chosen is a perfectly ordered hypo-
thetical B2-type system where the second nearest neighbor is of the
same type. To fit the binary parameters to the properties of CuTi al-
loys, four real phases were chosen from the phase diagram having
four different types of structures, namely γ-CuTi (D4h

7 P4/nmm) [39],
CuTi2 (D4h

1 I4/mmm) [92], Cu3Ti (D2h
13Pmmn) [85], β-Cu4Ti (D2h

16Pnma)
[89]. Among these four phases γ-CuTi is the most stable phase
followed by CuTi2 at 298 K [86]. Since these are equilibrium phases,
some of their properties such as lattice constants and enthalpy of for-
mation are available from experiments [83–87]. We obtained the



Fig. 4.GSFEs of Cu(001) andCu(111) calculated usingDFT (rowa), existingBaskesmodels [37] (rowb) and thenewmodel (row c). Theminimumenergy paths obtained from theGSFEs of
are compared in row d.
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elastic constants and the surface energies of the most stable γ-CuTi
phase from our DFT calculations.

Table 5 gives a comparison between the DFT/experiment and the
new model, along with a model from Kim et al. [39] (Kim model) for a
variety of CuTi properties. Lattice parameters calculated by the
optimized model conformed to the target values to a moderate degree.
The order of phase stability as suggested by our DFT results as well as
previous reports was correctly reproduced by the model as γ-CuTi >
CuTi2 [90]. For the most stable phase γ-CuTi, the stability of different
surfaces was reproduced in the same order as DFT (001> 111 > 110)



Table 3
Optimized parameters for binary systems. In any pair, the two elements are denoted by i
and j, respectively inCparameters such thatCmin(Ti−Ti−N) is denotedbyCmin(i− i− j)
for TiN.

Parameters (i − j) pair

TiN CuTi CuN

EC 6.6139 4.4028 4.6872
re 2.1195 2.6585 1.9846α 4.7225 3.7617 9.8671
Cmin(i − i − j) 0.4263 0.3 0.7883
Cmin(j − j − i) 1.0733 1.034 0.9997
Cmin(i − j − i) 1.5 0.9125 0.2
Cmin(i − j − j) 1.5 1.1203 0.35
Cmax(i − i − j) 2.0328 3.925 1.4
Cmax(j − j − i) 1.7998 3.3078 1.44
Cmax(i − j − i) 2.4073 3.7191 2.8683
Cmax(i − j − j) 2.3557 1.6912 1.4ρ0(j)/ρ0(i) 18.00a 1.00 18.00

a Reference [38].
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by both the models whereas the elastic constants were somewhat
underpredicted by the new model in comparison with the Kim model.
The exact reproduction of these elastic constants was not the focus of
the new model, as there are multiple CuTi phases that grow under the
same growth conditions [88,93], and Cu/TiN interfacial properties
were given higher weight in the model fitting.
3.2.3. CuN binary systems
The properties of experimentally synthesized Cu3N (D09, the struc-

ture of anti-ReO3 (α), space group Pm3m) [94] as well as a hypothetical
B1-type (NaCl) CuN structure were considered for fitting the CuN
model. ΔmixH and ES were calculated using DFT. To the best of our
knowledge, there are no MEAM models available for CuN. The
reproduced properties are compared with the experimental/DFT target
values in Table 6.
Table 4
Values of the properties reproduced by the new TiN binary model after fitting, compared
with the experimental/DFT results and the values given by the Kim et al. [38] model.

Property System Expt/DFT Kim
et al.

This
work

Lattice constants (Å) TiN a 4.24a 4.24 4.24
Ti2N a

c
4.943a

3.036a
4.785
3.047

5.112
2.884

ΔmixH (eV/atom) TiN −1.74b −1.74 −1.74
Ti2N −1.38b −1.63 −1.15

Elastic Constants and
Moduli (GPa)

TiN C11
C12
C44
Young's (E)
Shear (G)
Bulk (B)

625c

165c

163c

463⁎, 469c, d

179d, e

292b, 233d

659.37
150.36
183.39
515.21
209.15
320.03

635.40
151.81
151.81
466.47
191.48
275.78

ES (J/m2) TiN (001)
(110)
(111)

1.38b, f

2.59–2.86b, g

3.32⁎,3.62b, f

1.2717
2.4268
3.6362

1.7725
2.6170
3.3128

WoA (J/m2) Ti/TiN 7.01⁎ 9.9 7.6697
Dimensions of the
Interfacial System
(Å)

Ti(0001)/
TiN(111)

X||[1120]
Y||[1100]

5.9716⁎

5.1591⁎
5.9527
5.1598

5.9303
5.1358

⁎ DFT calculated in the present work.
a Reference [77].
b Reference [38].
c Reference [78].
d Reference [49].
e Reference [79].
f Reference [80].
g Reference [81].
3.3. CuTiN ternary model

There are only six ternary interaction parameters for CuTiN, which
are given in Table 7. Along with the ternary parameters, the binary
CuN and CuTi parameters were all adjusted to reproduce the properties
of the CuTiN ternary systems, while maintaining reasonable agreement
for CuN and CuTi properties. The final ternary parameters are listed in
Table 7.

Themain CuTiN target systems have Cu in contact with the TiN in-
terface, which include three different surface combinations that
were found to be stable via DFT calculations. The stability of these in-
terfaces was compared by calculating the WoA for both coherent
(denoted type-1) and semi-coherent (type-2) interfaces. These in-
clude interfaces studied previously: type-1 Cu(001)/TiN(111)
and type-2 Cu(111)/TiN(111) [51]. Also, we studied a type-1 Cu
(001)/TiN(001) interface with an orientational relation as follows:

X∥ 110½ �Cu∥ 110½ �TiN; Y∥ 110
h i

Cu
∥ 110
h i

TiN
and Z ∥ [001]Cu ∥ [001]TiN

[96]. A comparison of the WoA between the MEAM model and DFT
for these surfaces is given in Table 8, and generally good agreement
is achieved between them.

The WoA calculated with the new MEAM model had good agree-
ment with DFT for type-1 coherent systems, while under-predicting
for type-2 semi-coherent system. However, the relative stability of
these interfaces in terms of the WoA values were well preserved by
themodel by reproducing the order correctly, predicting the type-2 sys-
tem to be the most stable and type-1 Cu(001)/TiN(001) to be the least
stable of the three systems.

We considered the two systems with the highest WoA, type-1 Cu
(001)/TiN(111) and type-2 Cu(111)/TiN(111), and parameterized
the MEAMmodel to the DFT derived GSFE between their chemical in-
terfaces (P = 0). A comparison of the MEAM and DFT results for the
2D GSFE of the type-1 Cu(001)/TiN(111) interface is given in Fig. 6
(a) and (b). The GSFE was somewhat different than the other systems
due to the mismatch between surfaces. TheMEAMmodel reproduced
this feature, but some modest differences between the MEAM and
DFT results can be observed. The type-2 Cu(111)/TiN(111) interface
has been studied experimentally [60–63]. Due to the fact that it is
larger and semi-coherent, its GSFE was calculated in one dimension.
A comparison between the MEAM model and DFT for the 1D GSFE
for type-2 Cu(111)/TiN(111) is given in Fig. 6(c). As can be observed,
there were two peaks in the GSFE between each minimum in energy.
The MEAM model reproduced one of the peaks fairly well, giving a
similar overall energy barrier for the GSFE, but overestimated the
smaller peak.

3.4. MDN structure and theoretical shear strength of semi-coherent
interfaces

The energetics and the shear response of interfacial systems have
been found to have strong links with the location and the structure of
misfit dislocation network (MDN) [25,64,65,97]. To this end, we eval-
uate the MDN structures present at the interfacial regions of Ti/TiN
and Cu/TiN systems, and investigate their impact on the shear re-
sponse of these systems using our new MEAM model. In semi-
coherent metal/ceramic interfaces, misfit dislocation networks form
due to the latticemismatch between themetal and the ceramic. To in-
vestigate the structure of theMDN and their impact on the energetics,
we accommodate the misfit dislocations at successive planes (P) in
the metal phase starting from the chemical interface (P = 0 as de-
fined in Fig. 5(d)). For misfit dislocations in P > 0 planes, the atomic
layers between the misfit dislocation and the interface are made to
be fully coherent with the ceramic. As an example, when misfit dislo-
cations are at the P = 2 plane, the metal atomic layers between that
plane and the ceramic [M = 1 and 2 in Fig. 5(d)] are stretched to be-
come coherent with the ceramic. As the misfit dislocations are placed



Fig. 5. GSFEs of the chemical interface (P = 0) of Ti/TiN as obtained from (a) DFT, (b) Kim model [38] and (c) our model. (d) Snapshot of Ti/TiN system near with interface with atomic
layers and the planes between the layers marked with M and P, respectively. Comparison of the 1-D GSFEs for (e) P = 0 and (f) P = 1 plane of the Ti/TiN interfacial system.

Table 5
Values of the properties reproduced by the new CuTi binarymodel after fitting, compared
with the experimental/DFT results and the values given by the Kim et al. [39] model.

Property System Expt/DFT Kim et al. This work

Lattice constants (Å) γ-CuTi a
c

3.107a

5.919
3.132
6.257

3.126
5.975

CuTi2 a
c

2.943a

10.784
3.29
9.14

2.90
11.04

Cu3Ti a
b
c

5.162c, 5.45b

4.347c, 4.307b

4.531c, 4.426b

5.96
4.33
4.47

5.34
4.34
4.61

β-Cu4Ti a
b
c

4.522b

4.344
12.897

4.75
4.11
14.45

4.59
4.32
13.15

ΔmixH (eV/atom) γ-CuTi −0.115d

−0.151⁎
−0.112 −0.156

CuTi2 −0.091e

−0.143⁎
−0.067 −0.147

Elastic Constants (GPa) γ-CuTi C11
C12
C13
C33
C44
C66

176.16⁎

93.64⁎

112.13⁎

175.59⁎

59.73⁎

66.37⁎

196.46
60.32
101.82
213.30
91.81
115.38

128.56
77.657
79.37
163.58
39.324
72.82

ES (J/m2) γ-CuTi (001)
(110)
(111)

2.51⁎

1.79⁎

2.05⁎

1.81
1.48
1.69

1.99
1.53
1.69

⁎ DFT-calculated in the present work.
a Reference [83].
b Reference [84].
c Reference [85].
d Reference [86].
e Reference [87].
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further away from the interface, more and more layers are made co-
herent with the ceramic.

3.4.1. Ti/TiN interfaces
In Fig. 7(a), the interfacial energy of Ti/TiN is plotted as a function of

the MDN location. The plot is normalized to the interfacial energy of a
completely coherent Ti/TiN structure. Interfacial energy is the highest
when a misfit dislocation is present at the interface, and lowest when
it is present one Ti layer away from the interface because of the low
stacking fault energy at that layer. This can be observed in DFT calcula-
tions of Ti/TiN interfaces [51,52]. As the MDN is moved away from the
interface, the elastic energy of the MDN decreases with its diminishing
stress field. In addition, the elastic energy of the coherent layers
sandwiched between the MDN and the chemical interface increases,
as more layers are strained to achieve coherency [25]. This results in a
Table 6
Comparison between the properties reproduced by the new model in this work and the
experimental/DFT target values.

Property System Expt/DFT This work

Lattice constants (Å) Cu3N a 3.819a 3.94
CuN a 4.1479⁎ 3.98

ΔmixH (eV/atom) Cu3N −3.646⁎ −3.652
CuN −4.529⁎ −4.428

ES (J/m2) Cu3N (001) 1.13⁎ 0.46
(111) 1.21⁎ 0.75

⁎ DFT-calculated in the present work.
a Reference [95].



Table 7
Ternary parameters for CuTiN after fitting.

Parameters Value

Cmin(Cu − N − Ti) 0.4617
Cmin(Cu − Ti − N) 1.3982
Cmin(Ti − N − Cu) 0.6637
Cmax(Cu − N − Ti) 2.4612
Cmax(Cu − Ti − N) 2.2499
Cmax(Ti − N − Cu) 1.6901

Table 8
Comparison ofWoA calculatedwith DFT and ourMEAMmodel
for Cu/TiN interfacial systems.

System DFT MEAM

Type-1 Cu(001)/TiN(111) 1.90 1.74
Type-1 Cu(001)/TiN(001) 0.62 0.65
Type-2 Cu(111)/TiN(111) 3.17 2.41
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steady but small (around 0.15 J/m2) increase in the interfacial energy as
the MDN is moved away from P = 1.

Interfacial strength calculated from our new model and the Lee
model is illustrated in Fig. 7(b) as a function of MDN location. Both
MEAM models predict low shear strength when MDN is one or two
layers away from the interface agreeing with Zhang et al. [25]. When
the MDN is in the first few layers, our model estimated lower shear
strength than the Lee model for both OR structures. At P = 0, the
GSFE barriers were much higher for the Lee model compared to both
DFT and our model [see Fig. 5(e)], whichmay have caused a larger esti-
mation of the shear strength. MDN structures at P = 1 obtained from
the Lee model and our model are shown in Fig. 7(c-d). Due to the
lower GSFE barriers with our model, which were fit to DFT [see Fig. 5
(e)], the nodes are larger than with the Lee model. These larger nodes
Fig. 6. P = 0 GSFE surfaces for type-1 Cu/TiN interfaces calculated with (a) DFT and (b)
offer little to no pinning to the dislocation glide for P = 1 and P = 2,
resulting in relatively unimpeded translation of MDN with shear load-
ing. The effect of this is manifested in the lower shear strength with
our model.

From the bulk density of Ti, the number of Ti atoms in two atomic
layers can be estimated to be 2.66 × 1019 m−2 (See Sec. S1. in the sup-
plementary information). The difference in energy between the system
withMDN at P= 1 and the systemwithMDN several layers away is ap-
proximately 0.15 J/m2, which amounts to 35 meV per Ti atom. This is
close to the thermal energy at room temperature (26 meV, assuming
T = 300 K). Hence, small change in growth temperature may move
the location of the MDN further away from P = 1 causing the first few
interfacial layers to be coherent. If this is the case, the theoretical
shear strengths obtained from our model for MDN a few layers away
from the chemical interface would agree with the experimental shear
strength ranging between 1200 and 1800 MPa, measured with metal/
ceramic interfaces of a similar interfacial system, Ti/CrN [25].
3.4.2. Cu/TiN semi-coherent interfaces
Misfits accommodated at the chemical interface (P= 0) of Cu(111)/

TiN(111) results in small regions of coherency after relaxation. An anal-
ysis of the first Cu layer (M = 1) illustrated in Fig. 8(a), reveals large
core-widths of the dislocations (green regions) between small coherent
regions (blue regions). This is consistent with the small GSFE barrier at
the Cu/TiN interface. The atomic arrangement of the blue coherent
region in Fig. 8(a) are shown in Fig. 8(b). The MDN structure in the
P = 1 layer exhibits zigzag dislocation lines [see Fig. 8(c)] which may
correspond to the competition between the coherency stress and the
large elastic energy of the MDN (due to larger GSFE barrier in this
layer [51]) accommodated at the same single atomic layer M = 1. For
misfits placed further away from the interface in the Cu bulk, the spiral
pattern in its MDN structure becomes more prominent [see Fig. 8(d)].
Such spiral patterns for metal/metal semi-coherent (111) surfaces
have been reported in previous work [64,98,99]. Shown in Fig. 8(e),
our MEAMmodel. (c) Comparison between the P = 0 1-D GSFE's of type-2 Cu/TiN.



Fig. 7. Plots of (a) interfacial energy normalized to the energy of the coherent structure and (b) theoretical shear strength; both as a function of MDN location. MDN structure when the
misfit is at P = 1 (between M = 1 and 2) for OR1 with (c) Lee model and (d) our model. Green, red and white atoms are in local FCC, HCP and overlap environment, respectively. The
dislocation line senses are drawn in deep blue colour with the circles identifying the nodes. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 8. (a) Snapshot of the first Cu layer when themisfit is deposited at the chemical interface P=0. The colors from blue to green indicate the coherency of the atomwith blue being the
most coherent. (b) Atomic arrangement of the coherent region. MDN structures when the misfit is at the (c) P = 1 and (d) P = 4 planes. Green and red atoms are in local FCC and HCP
environments, respectively. Plots of (e) interfacial energy normalized to the coherent interfacial energy and (f) theoretical shear strength, both as a function ofMDN location at the Cu/TiN
interface. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the interfacial energy steadily rises as the MDNs are located further
away from the interface sincemore layers undergo strain to achieve co-
herency, approaching the energy of a fully coherent Cu phase (dashed
line). TheMDNstructures of other layers are shown in Fig. S2 in the sup-
plementary materials.

As discussed earlier, the low GSFE barriers at the interface lead to
larger core-width of the dislocations atM=1. SuchMDN structures re-
sult in a very small shear strength of around 1.65MPa, showing reason-
able agreement with the experimental peeling strength of thin PVD-Cu
(111) films from TiN/Polyimide (2.2 ± 0.3 MPa) [100]. The experimen-
tal ‘peeling’ suggested in Reference [100] is somewhat analogous to our
simulations since the Cu film breaks off TiNwith a loading parallel to the
interface. The shear strength calculated with the newmodel rapidly in-
creases as the MDN is moved to the next layer, likely due to the much
higher GSFE barrier height there [51]. As the MDNmoves farther away
from the interface, the shear strength oscillates up and down. In partic-
ular, the MDN at P = 4 causes a near perfect spiral pattern that may
have caused the shear strength to be the lowest among the systems
that have misfits away from the interface.

4. Conclusion

A second nearest neighbor modified embedded atommethod inter-
atomic potential was developed to study Ti/TiN and Cu/TiN interfaces. A
genetic algorithm scheme in combination with a minimization proce-
dure was utilized to fit MEAM potential parameters to an array of phys-
ical properties. First, pure Ti and Cu models were developed and after
satisfactory reproduction of their properties, several phases of CuTi,
TiN and CuN binary systems were parameterized. Finally, ternary pa-
rameters for CuTiNwere optimized for several Cu/TiN systemswith dif-
ferent interfacial orientation relations. To the best of our knowledge,
there are no previously developed MEAM potentials available for
CuTiN ternary systems.

The newly developed model was used to perform MD simulations
aimed at understanding the MDN structure and their effect on the
mechanical response of Ti(0001)/TiN(111) and Cu(111)/TiN(111) in-
terfacial systems. Stable Ti/TiN systemswere achievedwhen theMDN
was away from the interface. Very small fluctuations in energy, com-
parable to the thermal energy of atoms at room temperature, were
observed as the MDN was stationed further away into the Ti bulk.
Theoretical shear strength calculated with our model qualitatively
agrees with the experimental measurements on systems of similar
configuration [25], when the MDN are a few layers away from the in-
terface. For Cu/TiN, most stable system consisted of MDN at the inter-
face. Near the interface, the MDN structures were more jagged
whereas away from the interface, a spiral pattern, previously ob-
served in metal/metal (111) semi-coherent systems, was more dom-
inant. Upon shear loading, the strength of the most stable system had
reasonable agreement with experiment.
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