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For the immiscible Cu-Ta system, a Finnis-Sinclair potential is constructed and proven to be realistic in
reproducing some static properties of the system. Applying the potential, molecular dynamics simulations
reveal that among the nine Cu/Ta interfaces stacked by possible combinations of the(100), (110), and(111)
atomic planes, the Ta(110) plane could remain stable up to a temperature of 600 °C, while the Cu(111) plane
could remain unchanged only if combined with the Ta(100) and(110) planes. Simulations also show that for
the other Cu/Ta interfaces, the interface energy serves as the driving force for interdiffusion of the Cu and Ta
atoms across the interface, resulting in solid-state amorphization. Interestingly, it is calculated that the amor-
phization energy of Cu is smaller than that of Ta, thus resulting in an asymmetric growth behavior of the
amorphous interlayer, i.e., amorphization of the Cu lattice is easier and faster than that of the Ta lattice. In
general, the agreement between the simulation results and experimental observations is fairly good.
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I. INTRODUCTION

Since the first discovery of solid-state amorphization
(SSA) in the Au-La system in 1983,1 significant progress has
been achieved in both experimental studies and theoretical
modeling.2 For the binary metal systems characterized by
negative heats of formationsDHfd,3 molecular dynamics
(MD) simulations have been employed to reveal the atomis-
tic mechanism of the interfacial reaction and resultant SSA
between the miscible metals.4 For the equilibrium immis-
cible systems characterized by positiveDHf, a number of
experimental studies have demonstrated the possibility of the
interfacial reaction as well as SSA, and thermodynamic cal-
culations have confirmed the decisive role of the interface
energy in driving the interfacial reaction as well as SSA.5,6

Nonetheless, a clear understanding of the interfacial reaction
and SSA between the immiscible metals at an atomistic scale
is still lacking. Consequently, the scientific issue of interface
stability is of general interest and requires further studies.
The present work is dedicated to develop an atomistic model
for the thermal stability of the interfaces in the equilibrium
immiscible systems by choosing the Cu-Ta system as a rep-
resentative one based on following considerations. The
Cu-Ta system is characterized with a positiveDHf of
+3 kJ/mol and has drawn special attention due to its hi-tech
application, i.e., a thin Ta layer has been used as a diffusion
barrier to prevent Cu from diffusing into Si and GaAs under-
neath in ultralarge scale integration devices and field-effect
transistors, respectively.7,8 The questions related to the Cu-Ta
system are therefore first, whether or not interfacial reaction
at the Cu/Ta interface can take place and second, what is the
controlling factor that would enhance or suppress the reac-
tion, which, if it takes place, would certainly degrade the
device performance. In addition, there has been a contro-
versy concerning the behaviors of Cu/Ta interfaces observed
in experiments by different researchers, e.g., some research-
ers showed that SSA took place at the Cu/Ta interfaces upon

annealing within a temperature range of 400–600 °C,9–11

whereas some researchers claimed that the Cu/Ta interfaces
could be thermally stable up to a temperature of
600 °C.7,12,13Such a controversy also requires a relevant ato-
mistic model for clarifying the interface stability of the
Cu-Ta system. The present study is dedicated to investigate
the above issues in detail through MD simulation on the
basis of a very recent work by the authors’ group.14

To perform MD simulation in a binary metal system, a
realistic potential of the system is necessary and should first
be constructed. Previously, there have been two embedded-
atom Cu-Ta potentials reported in the literature,15,16however,
the potentials were derived for studying some other issues
and did not show the capability of revealing the solid-state
reaction at the Cu/Ta interfaces. Very recently, another
n-body Cu-Ta potential under the Finnis-Sinclair(FS) for-
malism was constructed in a Letter by the present authors.14

In this paper, we further present the detailed construction
process as well as the validation of this Cu-Ta potential.
Appling the potential, MD simulations are then performed
with nine sandwich models and a bilayer model to reveal the
effect of interfacial texture on solid-state reaction and the
detailed kinetics of amorphization upon isothermal annealing
at medium temperatures ranging from 200 to 600 °C.

II. CONSTUCTION OF AN N-BODY POTENTIAL

In 1984, Finnis and Sinclair(FS) proposed a simple em-
pirical n-body potential based on the second-moment ap-
proximation and successfully constructed the potentials for
some bcc transition metals.17 Later, the so-called FS formal-
ism has been employed to study the physical properties of
some bcc and fcc metals as well as alloys in a satisfactory
way.4,18–23 In construction of the Cu-Ta potential under the
FS formalism,17 the total energy of a system is given by
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where the first term is a normal pairwise energy consisting of
a repulsive part, the second term is then-body term taking a
sum form over all atoms for a “cohesive function,” andA is
a positive constant to be fitted. In Eq.(1), Vsr ijd is the pair
potential between atomi and j taking the quartic polynomial
and fsr ijd is the cohesive potential between atomi and j
taking the parabolic form, as follows:

Vsrd = Hsr − cd2sc0 + c1r + c2r
2d, r ø c,

0, r . c,
J s2d

fsrd = Hsr − dd2, r ø d,

0, r . d,
J s3d

wherec andd are two disposable parameters assumed to be
between the second- and third-neighbor distances, andc0, c1,
andc2 are three parameters to be fitted.

The Cu-Cu and Ta-Ta potentials are fitted to some experi-
mental data of Cu and Ta, such as the cohesive energies,
lattice constants, and shear elastic constants. It should be
pointed out that in the equilibrium immiscible Cu-Ta system,
there is no any equilibrium compound and therefore no in-
dispensable data available for fitting the Cu-Ta cross poten-
tial. In this respect, the first-principles calculation based on
quantum mechanics is a reliable way for acquiring some
physical properties of the equilibrium as well as nonequilib-
rium alloy phases.24,25 We, therefore, performed the first-
principles calculations, based on the well-established Vienna
ab initio simulation package(VASP),26 to obtain the cohesive
energies and lattice constants of nonequilibrium CuTa and
Cu3Ta compounds for fitting the Cu-Ta cross potential. Con-
cerning the details ofab initio calculation, the readers are
referred to the authors’ recent paper.16 Accordingly, the cal-
culated total energy versus the average atomic volume for
the nonequilibrium CuTa compound in several possible
structures, respectively, is shown in Fig. 1. It can be seen that

the CuTa compound in aB2 structure has the lowest energy
among the four calculated structures. Meanwhile, similar cal-
culations indicate that the Cu3Ta compound in aL12 struc-
ture shows a lower energy, comparing with other possible
structures(calculated curves not shown). As a result, the co-
hesive energies of the nonequilibriumB2 CuTa andL12
Cu3Ta compounds are 5.604 and 4.325 eV, respectively, and
their lattice constants are 3.11 and 3.82 Å, respectively.
These computed data are then applied in fitting the Cu-Ta
cross potential. After the fitting procedure and optimization
of the potential parameters, Table I lists the fitted parameters
for the Cu-Cu, Ta-Ta, and Cu-Ta potentials.14 Table II shows
the comparison between some physical properties repro-
duced by the constructed potentials and the experimental/ab
initio values used initially for fitting the potentials. It can be
seen that the constructed Cu-Ta potentials work fairly well in
terms of reproducing some physical properties of the pure Cu
and Ta, as well as the nonequilibrium CuTa and Cu3Ta com-
pounds in the system.

We now turn to testify the relevance of the constructed
Cu-Ta potential. We first calculate some physical properties
of the CuTa3 compound in aL12 structure fromab initio
calculation and from the Cu-Ta potential, respectively. Table
II lists the calculated results for theL12 CuTa3 compound.
One sees clearly from the table that the lattice constants de-
rived from ab initio calculation and the Cu-Ta potential
match well with each other, as the difference between them
is only about 3.2%. Moreover, the cohesive energy of the
L12 CuTa3 compound deduced from the potential is 6.97 eV,
which is in good agreement with the value of 6.80 eV pre-
dicted by ab initio calculation, as their difference is only
about 2.5%. It should be emphasized that the related proper-
ties of theL12 CuTa3 compound obtained byab initio calcu-
lation have not been used in fitting the Cu-Ta cross potential.
Consequently, such a good agreement could lend firm sup-
port to the relevance of the newly constructed Cu-Ta poten-
tial. In addition, MD simulation is conducted to calculate the
heats of formationsDHfd of the metastable fcc/bcc Cu-Ta
solid solutions over the entire composition range upon an-
nealing at 0 K. Regarding the detailed settings of the fcc/bcc
solid solution models, the readers are referred to our recent
published paper.30 The calculation results show that theDHf
of the metastable fcc/bcc Cu-Ta solid solutions over the en-
tire composition range are all positive, e.g., theDHf of the
fcc and bcc CuTa solid solutions are 8.46 and 2.64 kJ/mol,
respectively. It should be pointed out that such a positive
DHf derived from the present Cu-Ta potential is compatible

FIG. 1. The ab initio calculated total energy versus average
atomic volume for the CuTa compound in different structures.

TABLE I. The fitted parameters for Cu-Cu, Ta-Ta, and Cu-Ta
potentials(Ref. 14).

Cu-Cu Ta-Ta Cu-Ta

A (eV) 1.43342334 2.54410095 0.74825821

d (Å) 3.62 4.15 5.06

c (Å) 3.75 3.6 4.49

c0 3.47785160 1.52167356 0.58981438

c1 −2.37546941 0.28773159 −0.19540066

c2 0.42773951 −0.14981772 0.0
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with that deduced from the thermodynamics of solids,3 and
may also validate the newly constructed Cu-Ta potential.

III. SIMULATION MODELS

A. Bilayer model

To study the detailed process of SSA in the Cu-Ta inter-
face, a bilayer model off8Cus110d /8Tas100dg is constructed
by sequentially stacking eight fcc Cu(110) planes(Nos. 1–8)
and eight bcc Ta(100) planes(Nos. 9–16) along thez direc-
tion. The [110] direction of the Cu lattice and the[100] di-
rection of the Ta lattice are arranged to be parallel to thex
direction, respectively, while both[010] direction of the Cu
and Ta lattices is parallel to they axis. In other words, an
interface is thus created in thex-y plane by approaching a Ta
lattice to a Cu lattice.

The sizes of the lattices, in thex-y plane, are chosen to
have a mismatch at the Cu-Ta interface as close as possible
to the real ratio of their crystal lattices. It is known that the
lattice constants of the Cu and Ta crystals are 3.615 and
3.3026 Å, respectively, and the ratios of atomic distances in
Cus110d /Tas100d are approximately 0.774 and 1.095 in thex
and y directions, respectively. Considering a manageable
scale of the computation in the present study, the numbers of
Cu and Ta unit cells in their respective planes are selected to
be 1031231=120 for the Ta(100) plane and 1331131
=143 for the Cu(110) plane, corresponding to the ratios of
10/13=0.769 and 12/11=1.091 in thex and y direction,
respectively, which are quite close to the real situation. In the
bilayer model, there are altogether 2104 atoms, i.e., 143
38=1144 Cu atoms and 12038=960 Ta atoms. For the
boundary conditions, in thex andy directions, both periodic
conditions are imposed with a larger dimension of the Cu
and Ta lattices, respectively, i.e., the Cu(110) and (010) in
thex andy direction, respectively. While in thez direction, a

free boundary condition is adopted to avoid the otherwise
influence on the process of SSA from having another inter-
face in the model. It is estimated that a misfit caused by a
difference between the dimensions of the Cu and Ta lattices
and the periodic conditions along thex andy directions will
result in at most a 1% decreasing of Ta density in the models.
In this regard, as pointed out by Muraet al.31 such a minor
reduction in density has no considerable influence on the
simulation results.

To have the bilayer model with a starting configuration
similar to a real situation such as that observed in experi-
ments, i.e., an amorphous interlayer was formed during the
deposition of the thin films,8,10,32 an initially disordered in-
terlayer was introduced by randomly exchanging an equal
number of Cu and Ta atoms in the interlayer. To characterize
quantitatively the amount of disordering created by exchang-
ing atoms, the concept of long-range order(LRO) parameter
originally proposed to describe the ordering in crystalline
alloys33 was employed in the present study. The LRO param-
eter is defined ash=sp−gd / s1−gd, wherep and g are the
probability of the presence of anA type atom(A=Cu or Ta)
on its own lattice site and the molar ratio ofA atoms, respec-
tively, both in the initial interlayer. Valuesh=0 and 1 corre-
spond, respectively, to a completely chemical disordering or
to an entirely ordered crystalline state. Such a disordered
interlayer is preset in two atomic planes consisting of one Cu
and one Ta planes next to each other.

B. Sandwich models

To study the effect of interfacial texture on solid-state
reaction, Ta-Cu-Ta sandwich models with different crystal-
line orientations of the Cu and Ta lattices are constructed for
simulation. Nine Ta-Cu-Ta sandwich models with possible
combinations of the Cu(100), (110), and (111) planes with
the Ta (100), (110), and (111) planes are constructed by

TABLE II. Comparison between calculated values and experimental data/ab initio results of the cohesive
energyEc (eV), lattice constanta (Å), and elastic constants(Mbar) in the Cu-Ta system. The values of the
L12 CuTa3 are used to testify the relevance of the Cu-Ta potential.

Phase Structure Method
Ec

(eV)
a

(Å)
C11

(Mbar)
C12

(Mbar)
C44

(Mbar)

Cu FCC Exp. 3.54a 3.615a 1.70a 1.225a 0.758a

This work 3.54 3.615 1.70 1.222 0.759

Ta BCC Exp. 8.089b 3.3026b 2.66c 1.58c 0.87c

This work 8.006 3.3026 2.69 1.60 0.87

CuTa B2 Ab initio 5.604 3.11

Fitted 5.600 3.13

Cu3Ta L12 Ab initio 4.325 3.82

Fitted 4.308 3.74

CuTa3 L12 Ab initio 6.80 4.05

Potential 6.97 4.18

Difference 2.5% 3.2%

aReference 27.
bReference 28.
cReference 29.
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stacking a specific number of Cu and Ta atomic planes along
the z axis and are abbreviated by the following symbols:
f4Ta s100d /6Cu s100d /4Ta s100dg, f4Ta s110d /6Cu s100d /
4Ta s110dg, f6Ta s111d /8Cu s100d /6Ta s111dg, f6Ta s100d /
8Cu s110d /4Ta s100dg, f4Ta s110d /8Cu s110d /4Ta s110dg,
f6Ta s111d /8Cu s110d /6Ta s111dg, f6Ta s100d /9Cu s111d /
6Ta s100dg, f4Ta s110d /9Cu s111d /4Ta s110dg, and
f6Ta s111d /6Cu s111d /6Ta s111dg. To each Cu-Ta sandwich
model, two interfaces between Cu and Ta lattices are intro-
duced as follows. When a Cu lattice and a Ta lattice ap-
proach each other along thez direction, an interface is cre-
ated in thex-y plane and another interface is introduced by
approaching another Cu lattice to the same Ta lattice from
the other direction.

Similar to the setting of thef8Cu s110d /8Ta s100dg bi-
layer model, the sizes of the lattices, in thex-y plane, are
chosen to have a mismatch at the Cu-Ta interface as close as
possible to the real ratio of their crystal lattices. The size of
the corresponding computational block in thez direction is
obtained by varying the distances between the Cu and Ta
lattices to an optimized value corresponding to a minimum
enthalpy for each model. For the boundary conditions, in the
z direction, a periodic condition is imposed, and two Ta lat-
tices in a sandwich model are therefore adhered together to
form a united lattice. While in thex and y direction, the
larger one of the Cu and Ta lattice dimensions is adopted to
set the periodic boundary conditions. Consequently, the com-
putational block of a sandwich model is a representative unit
of compositionally modulated multilayers and simulation of
such a sandwich model is in fact to simulate the Cu-Ta mul-
tilayers, which are usually employed in experiments for
studying solid-state reaction and amorphization.

To find out the role of interfacial disordered layer in SSA,
we also artificially introduce a disordered layer by exchang-
ing an equal number of Cu and Ta atoms in the interfaces to
surpass the necessary stage of nucleation at the interfaces for
growing an amorphous phase. In addition, the LRO param-
eter h is varied from 0 to 1 to find out the influence of the
preset disordered layer on the SSA of the interfaces.

IV. COMPUTATION AND CHARACTERIZATION

Based on the constructed Cu-Ta potential, MD simulation
with the bilayer and sandwich models is carried out with a
Parrinello-Rahman constant pressure scheme and the equa-
tions of motion are solved using a fourth-order predictor-
corrector algorithm of Gear with a time step oft=5
310−15 s.34 The simulation starts by equilibrating the model
at room temperatures27 °Cd for 5000 MD time steps to
reach an equilibrium configuration as an initial state. From
the initial state, the temperature of the models is raised, by
boosting the velocities of the atoms to the desired simulation
temperature ranging from 200 to 600 °C, at which the mod-
els are then isothermally annealed. As the velocities of the
atoms will change during annealing, a time-to-time rescaling
of the velocities to the assigned temperature is executed at
every 100 MD time steps, if an average deviation from the
assigned temperature is over 1 °C.

The process of the interfacial reaction and SSA in the
Cu-Ta bilayer and sandwich models is monitored by the pro-
jections of the atomic positions, the planar structure factor
Sskd, the pair-correlation functiongsrd, as well as the density
profiles of each species along thez directionraszd. The pla-
nar structure factorSskd is a Fourier transformation of the
density to characterize the long-range order in the direction
of any vectork, which is a vector of the reciprocal space
lattice. Accordingly, the planar structure factorS=1 refers to
an entirely ordered crystal, whileS=0 is for a completely
disordered state.35 In the present study, we chooseSsk ,zd, as
a specific representative ofSskd, to reflect the structural
phase transition in each crystallographic plane parallel to the
x-y plane. As one of the main criteria to determine an amor-
phous structure,gsrd is commonly used to identify the struc-
ture of a block material by sampling the atoms involved in
the block.36 raszd is calculated to define the position of a
single atomic layer, indicating the local structural and com-
positional properties of the models.37

V. RESULTS AND DISCUSSION

A. Influence of interfacial texture on solid-state reaction

Applying the constructed Cu-Ta potential, MD simulation
is first conducted to study the thermal stability of the Cu/Ta
interfaces through annealing all nine sandwich models at
600 °C. For all the models, a disordered interlayer is preset
at the interfaces and the LRO parameterh is set to be the
same value of 0.1. Accordingly, the simulation results for the
nine sandwich models are summarized and listed in Table
III. 14 It can be seen that the interfacial texture has strong
influence on the thermal stability and solid-state reaction of
the Cu/Ta interfaces, i.e., the Cu/Ta interface with different
textures may have quite different behaviors in interfacial re-
action upon the same annealing conditions. Briefly speaking,
the Cu/Ta interfaces can be classified into three categories in
terms of their thermal stability, i.e., the stable
Cu s111d /Ta s100d and Cus111d /Ta s110d interfaces, the
partially stable Cus100d /Ta s110d and Cus110d /Ta s110d
interfaces, and the remaining unstable interfaces. Moreover,
the Cu and Ta atomic planes have different characteristics
concerning thermal stability. That is to say, the most stable
atomic plane of the Ta lattice is the(110) plane which could
all remain stable with combinations of Cu(100), (110), and
(111) atomic planes, while the most stable plane of the Cu
lattice is the (111) plane, which could remain unchanged
only if combined with the Ta(100) and (110) planes.

It is of interest to compare the above simulation results
with some experimental observations. As presented in the
Introduction, a controversy appeared in the experimental re-
sults reported so far in the literature, i.e., some reports
showed that solid-state reaction took place at the Cu/Ta in-
terfaces upon annealing at 400–600 °C,9–11 whereas some
other reports claimed that the Cu/Ta interfaces were stable
up to 600 °C.7,12,13 Apparently, such an experimental dis-
crepancy could be clarified by the above simulation results,
which demonstrate that it is the different interfacial textures
of the Cu/Ta interfaces that result in the different behaviors
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of the interfacial reactions.7,9–13 In addition, there are also
some direct experimental evidence regarding the effect of
interfacial texture on Cu/Ta interfacial reactions.38–40 For
instance, Kuhnet al. prepared a Cus111d /Ta s110d-like in-
terface and found that Cu and Ta did not react to form any
alloy.38 Hoogeveenet al. observed that the sputter-deposited
Cu/Ta multilayers favored the Cus111d /Ta s110d and
Cus111d /Ta s100d textures.39 Chin et al. also observed that
the Ta/Cu/Ta multilayers exhibited a highly Cu(111)-
preferred crystalline structure.40 It should be noted that the
above experimental observations are in good agreement with
the present MD simulation results, signifying that the
Cu s111d /Ta s100d and Cus111d /Ta s110d interfaces are
preferably formed and can remain stable upon annealing.
Such a good agreement provides further support to the vali-
dation of the constructed Cu-Ta potential, and also suggests
that only Cus111d /Ta s100d and Cus111d /Ta s110d inter-
faces could be considered as diffusion barrier couples to be
applied in the electronic devices up to a temperature of about
600 °C.

It should be emphasized that as described above, to simu-
late the experimentally observed amorphous interlayer ap-
pearing in the interfaces,8,10,32a disordered interlayer is pre-
set in the interfaces for all the sandwich models in the
present simulation. Under such a uniform condition, simula-
tion results displayed in Table III suggest that the interfacial
texture has strong influence on the thermal stability and
solid-state reaction of the Cu/Ta interfaces. That is to say,
the Cus111d /Ta s100d and Cus111d /Ta s110d interfaces
could remain stable upon annealing at 600 °C. These results
suggest that these two interfaces can serve as both nucleation
and growth barriers for solid-state reaction, which is in good
agreement with some experimental observations.7,12,13,38

While the other interfaces, such as Cus100d /Ta s100d, etc.,
are prone to solid-state reaction upon annealing, which is
also in agreement with some other experimental results.9–11

To find out the reason for the important effect of the in-
terfacial texture on solid-state reaction, the interface energy
EI of the nine Ta-Cu-Ta sandwich models is calculated by the
following formula:

EI =
Em − NCuECu

coh− NTaETa
coh

interfacial area
, s4d

whereEm is the energy of a sandwich model with no preset
disordered interlayer after relaxation at 0 K,NCu andNTa are
the numbers of Cu and Ta atoms in the sandwich model,
respectively, andECu

coh and ETa
coh are the cohesive energies of

Cu and Ta, respectively. As the calculated interface energy of
the sandwich modelf4Ta s110d /9Cu s111d /4Ta s110dg con-
structed by stacking both the close-packed atomic planes of
Cu and Ta has the lowest value, we define it as a ground
reference state and set its energy zero. Accordingly, the rela-
tive interface energies of other simulation models are there-
fore derived and also listed in Table III. One sees from the
table that for the partially stable and unstable Cu/Ta inter-
faces the interface energy could serve as the driving force for
the interfacial reaction. One also sees that generally speak-
ing, the thermal stability of the Cu/Ta interfaces is strongly
correlated with the interface energy, i.e., with the increase of
the interface energy the interface becomes from stable to
partially stable, and then from partially stable to unstable.
The only exception of the above statement is the stable
Cu s111d /Ta Tas100d interface, which has higher energy
than the partially stable Cus100d /Tas110d interface. This, to
the authors’ view, may imply that the critical energy for trig-
gering the interfacial reaction has something to do with the
interfacial texture, i.e., different atomic planes may need dif-
ferent critical energy to drive the interfacial reaction. Inter-
estingly, there is indeed some experimental evidence in the
literature regarding interfacial reaction of some immiscible
systems. For instance, Zhanget al. performed thermody-
namic calculations and found that the interface energy in the
Y-Mo and Ag-Mo multilayered films elevated the energetic
states of the films up to higher energy level than that of the
amorphous state, signifying the feasibility of forming amor-
phous alloys in the films simply by thermal annealing.41,42 It
should be emphasized that these experimental observations
match well with the present simulation results, i.e., a suffi-
ciently high interface energy could serve as the driving force

TABLE III. Interfacial texture on thermal stability of the Cu/Ta interfaces upon annealing at 600 °C. The
relative interface energies,DEI, calculated at 0 K are also listed and the interface energy of the
Cus111d /Tas110d interface is defined as the ground reference state(Ref. 14).

Interface Simulation
result

Stability of
Cu plane

Stability of
Ta plane

DEI

sJ/m2d

Cus111d /Tas110d Stable Yes Yes 0

Cus111d /Tas100d Stable Yes Yes 0.3456

Cus100d /Tas110d Partially stable No Yes 0.1429

Cus110d /Tas110d Partially stable No Yes 0.2195

Cus100d /Tas100d Unstable No No 0.4575

Cus110d /Tas100d Unstable No No 0.5140

Cus111d /Tas111d Unstable No No 0.4816

Cus100d /Tas111d Unstable No No 0.5440

Cus110d /Tas111d Unstable No No 1.8256
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for the interfacial reaction in the equilibrium immiscible sys-
tems.

B. Atomic diffusion and interfacial amorphization

To present some detailed process of interfacial amorphiza-
tion, we first show the simulation results obtained in the
bilayer model constructed in a configuration of
f8Cus110d /8Tas100dg after isothermal annealing at 600 °C.
Accordingly, the projections of atomic positions of the bi-
layer model on they-z plane before annealing is shown in
Fig. 2(a). One observes vividly that eight Cu(110) planes
and eight Ta(100) planes are sharply separated by the Cu/Ta
interface. The initial state of the bilayer model after anneal-
ing at 27 °C for 5000 MD time steps is displayed in Fig. 2(b)
by the projections of atomic positions on they-z plane, from
which the crystalline structures of the Cu and Ta lattices are
clearly discerned, although the thermal vibration causes
some minor movements of the atoms. As mentioned before, a
disordered layer is artificially introduced into the Cu/Ta in-
terface and the LRO parameterh is set, in the present bilayer
model, to be 0.1, which results in an exchange of 58 Cu(Ta)
atoms in the interface. From the initial state, the model is
then annealed at 600 °C. Figures 2(c) and 2(d) are the pro-
jections of the atomic positions on they-z plane after anneal-
ing the model for 5000 and 20 000 MD time steps, respec-
tively, and from the figures, the disordering process can
clearly be visualized. Figure 2(c) indicates that the Cu(Ta)
atoms have diffused into the Ta(Cu) lattice through the
Cu/Ta interface, and that the number of Ta atoms diffusing
into the Cu lattice is more than that of the Cu into the Ta
lattice, which results in a disordered state of the Cu lattice,
while the Ta lattice remains its bcc structure. Figure 2(d)
shows that upon further annealing, more Cu atoms have dif-
fused into the Ta lattice and consequently, the Ta lattice col-

lapses into a disordered state, resulting in a uniform amor-
phous structure of the bilayer model. To confirm the resultant
amorphous state, four sets of partial and total pair-correlation
functions gsrd for the bilayer model after annealing at
600 °C for 20 000 MD time steps are calculated and shown
in Fig. 3. It can be seen that the pair-correlation function
curves apparently feature the shapes commonly known for
an amorphous alloy.

From the above observations, it can be summarized that
the interdiffusion of the Cu and Ta atoms across the
Cus110d /Tas100d interface upon annealing gives rise to the
collapsing of the Cu and Ta lattices as well as the complete

FIG. 2. The projections of
atomic positions on they-z plane
of the bilayer model of
f8Cus110d /8Tas100dg after an-
nealing (a) at 27 °C for 0 MD
time step,(b) at 27 °C for 5000
MD time steps,(c) at 600 °C for
5000 MD time steps, and(d) at
600 °C for 20 000 MD time steps.
Open circles: Cu. Filled triangles:
Ta.

FIG. 3. Partial and total pair correlation functions of the bilayer
model of f8Cus110d /8Tas100dg after annealing at 600 °C for
20 000 MD time steps. The solid line is for totalgsrd, dashed line is
for Cu-Cu partialgsrd, dotted line is for Ta-Ta partialgsrd, and
dash-dotted line is for Cu-Ta partialgsrd.
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amorphization of the Cu/Ta interface, and that diffusion of
Ta atoms into Cu is faster than diffusion of Cu atoms into Ta.
Interestingly, Leeet al., by using high-resolution electron
microscopy(HREM) and nanoprobe energy-dispersive spec-
troscopy(EDS), have directly observed the interdiffusion be-
tween Cu and Ta, which resulted in SSA near the Cu/Ta
interface, and found that diffusion of Ta into Cu was faster
than diffusion of Cu into Ta.43 Apparently, these experimen-
tal observations are in excellent agreement with the above
simulation results and provide firm support for the relevance
of the newly constructed Cu-Ta potential as well as the
present simulation regarding the SSA of the Cu/Ta interface.

We now discuss a little further concerning the interdiffu-
sion of the Cu and Ta atoms across the Cu/Ta interface. It is
well known that in the equilibrium immiscible Cu-Ta system,
the Cu and Ta atoms are repulsive, and that the solid solu-
bilities, for both Cu in Ta and Ta in Cu, are almost
negligible.3 The question is thus raised: why the Cu and Ta
atoms could diffuse across the Cu/Ta interface? As shown in
Table III, the answer is revealed at an atomistic scale in the
present study, i.e., it is the high interface energy that serves
as the driving force for the interdiffusion of Cu and Ta across
some Cu/Ta interfaces. On the other hand, however, the in-
terface energy stored in the stable Cus111d /Tas100d and
Cus111d /Tas110d interfaces is not high enough to trigger the
interdiffusion of Cu and Ta atoms and therefore interfacial
amorphization could not happen upon annealing.

C. Asymmetric growth of amorphous interlayer

It is found that during the SSA of the Cu/Ta interfaces,
there appears an asymmetric growth behavior of the amor-
phous interlayer, i.e., in the Cus100d /Tas110d and
Cus110d /Tas110d interfaces, SSA only takes place in the Cu
lattice, but not in the Ta lattice, and in the Cus100d /Tas100d,
Cus100d /Tas111d, Cus110d /Tas100d, Cus110d /Tas111d, and
Cus111d /Tas111d interfaces, the growing speed of the amor-
phous interlayer toward the Cu lattice is greater than that
toward the Ta lattice.

As a typical example, we first show the simulation results
of the sandwich model off4Tas110d /6Cus100d /4Tas110dg
after annealing at 600 °C. In the sandwich model, there are
altogether 2532 atoms, i.e., 93113632=1188 Cu atoms
and 73123832=1344 Ta atoms, and 14 atomic planes
stacking along thez axis, i.e., four Ta(110) planes(Nos.
1–4), six Cu(100) planes(Nos. 5–10), and also four Ta(110)
planes(Nos. 11–14). As mentioned before, a disordered layer
is artificially introduced into each of the two Cu/Ta inter-
faces and the LRO parameterh is set to be 0.1, which results
in an exchange of 81 Cu(Ta) atoms in each interface. Ac-
cordingly, Fig. 4 displays two projections of the atomic po-
sitions on they-z plane after annealing at 600 °C for 0 and
100 000 MD time steps, respectively. From the projections,
one sees that after annealing at 600 °C, the Cu lattice is in a
completely disordered state, while the Ta lattice remains a
crystalline structure, showing an asymmetric growth behav-
ior of the amorphous interlayer. To give further evidence,
four sets of partial and total pair-correlation functionsgsrd
for the Cu and Ta lattices after annealing at 600 °C for

100 000 MD time steps are calculated, respectively, and
shown in Fig. 5. It can be seen that thegsrd curves of the Cu
lattice exhibit the typical shapes for an amorphous state,
while the curves of the Ta lattice display the typical shapes
for a crystalline state, corresponding to the asymmetric
growth behavior displayed in Fig. 4(b).

We now discuss a little more about the simulation results
for another typical sandwich model of
f4Tas100d /6Cus100d /4Tas100dg upon annealing at 350 °C.
In this sandwich model, both the Cu and Ta lattices could
become amorphous, while the growing speed of the amor-
phous interlayer toward the Cu lattice is greater than that
toward the Ta one, signifying an asymmetric growth behav-
ior of the amorphous interlayer. As a result, the planar struc-
ture factors of the 14 atomic planes in the sandwich model
are calculated at various MD time steps and are shown in
Fig. 6. One sees that after annealing at 350 °C for 10 000
MD time steps, theSsk ,zd values of the Cu lattice(Nos.
5–10) are reduced from about 1.0 of the initial state to almost
0, while theSsk ,zd values of the Ta lattice(Nos. 1–4 and
11–14) are still greater than 0.1, illustrating that the Cu lat-
tice has become amorphous, while the Ta lattice is still in a
crystalline state. One also sees that after annealing at 350 °C
for 35 000 MD time steps, theSsk ,zd values of the Ta lattice
are also reduced to almost 0, signifying that all the 14 atomic
planes in the sandwich model have turned amorphous. To
express the asymmetric growth quantitatively, the detailed
growth kinetics of SSA are monitored and the calculation
results show that the growing speed of the amorphous inter-
layer toward the Cu lattice is 43.38310−5 m/s, which is

FIG. 4. The projections of atomic positions on they-z plane for
the sandwich model off4Tas110d /6Cus100d /4Tas110dg after an-
nealing at 600 °C for(a) 0 MD time step and(b) 100 000 MD time
steps. Open circles: Cu. Filled triangles: Ta.
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about six times of 6.61310−5 m/s calculated for that toward
the Ta lattice. Moreover, as shown in Fig 6, the disordering
process of the Cu lattice is completely prior to that of the Ta
lattice, it is possible to calculate the amorphization energies
of the Cu and Ta separately. For the sandwich model of
f4Tas100d /6Cus100d /4Tas100dg upon annealing at 350 °C,
the amorphization energy of Cu is calculated to be
0.1123 eV/atom and the amorphization energy of Ta is fig-
ured out to be 0.3495 eV/atom. It should be noticed that the
amorphization energy of Cu is about one third of that of Ta.
Such a difference between the amorphization energies of Cu
and Ta suggests that Cu is far easier to become amorphous
than Ta, and could also bring about a reasonable explanation
to the asymmetric growth of SSA observed in the above MD
simulation.

Interestingly, based on the experimental studies, Kwonet
al. reported that in the Cu-Ta interface, SSA proceeded pri-
marily in the Cu lattice.10 Obviously, Kwon’s experimental
observation is in excellent agreement with the asymmetric
amorphization revealed by the present Cu-Ta potential.
Moreover, the verdict revealed in the present MD simulation,
i.e., the amorphization energy of Cu is greater than that of
Ta, could also provide a physical explanation to the asym-

metric amorphization behavior observed experimentally in
the Cu-Ta system.10

Finally, we discuss briefly the effect of annealing tem-
perature and chemical disordering on the SSA of the Cu/Ta
interface. Generally speaking, the amorphization of a specific
Cu/Ta interface is speeded up with increasing the annealing
temperature and the minimum annealing temperature(onset
temperature) for the amorphization of Cu is less than that for
the amorphization of Ta. To the Cus110d /Tas111d interface
with the highest interface energy among the nine Cu/Ta in-
terfaces, the interfacial reaction and SSA could take place at
room temperature s27 °Cd, suggesting that the
Cus110d /Tas111d interface is highly unstable. In addition,
the chemical disordering artificially set in the Cu/Ta inter-
face may also have some effects on the SSA of the Cu/Ta
interface. First, for the Cus111d /Tas100d and
Cus111d /Tas110d interfaces, even when the LRO parameter
h is set to be 0(corresponding to a completely disordered
state), the interfacial reaction and SSA are reluctant to take
place upon annealing up to a temperature of 600 °C. Second,
for the Cus100d /Tas110d, Cus110d /Tas110d, and
Cus111d /Tas111d interfaces, the interfacial reaction and SSA
are also reluctant to take place upon annealing at 600 °C,
whenh is set to be 1(corresponding to an entirely ordered
crystalline state). Third, for the Cus100d /Tas100d,
Cus100d /Tas111d, Cus110d /Tas100d, and Cus110d /Tas111d
interfaces, the interfacial reaction and SSA can take place
even whenh equals 1.

VI. CONCLUSION

(1) For the immiscible Cu-Ta system, the constructed
Finnis-Sinclair is proven to be realistic, i.e., the Cu-Ta po-
tential is not only able to reproduce some physical properties
of some nonequilibrium Cu-Ta compounds, but also able to
reflect some characteristic features of the Cu-Ta multilayers.

FIG. 5. Partial and total pair correlation functions for(a) The Ta
lattice (Nos. 1–4) and (b) The Cu lattice(Nos. 5–10) of the sand-
wich model of f4Tas110d /6Cus100d /4Tas110dg after annealing at
600 °C for 100 000 MD time steps. The solid line is for totalgsrd,
dashed line is for Cu-Cu partialgsrd, dotted line is for Ta-Ta partial
gsrd, and dash-dotted line is for Cu-Ta partialgsrd.

FIG. 6. The planar structure factorsSsk ,zd for the sandwich
model of f4Tas100d /6Cus100d /4Tas100dg after annealing(a) at
27 °C for 0 MD time step,(b) at 27 °C for 5000 MD time steps,(c)
at 300 °C for 10 000 MD time steps, and(d) at 350 °C for 35 000
MD time steps.
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(2) Applying the Cu-Ta potential, MD simulation reveals
that the interfacial texture plays an important role in influ-
encing the solid-state reaction as well as the resultant SSA at
the Cu/Ta interfaces. It is found that among the nine Cu/Ta
interfaces stacked by possible combinations of(100), (110),
and(111) atomic planes, the Ta(110) plane could all remain
stable up to a temperature of 600 °C, while the Cu(111)
plane remain unchanged only if combined with the Ta(100)
and (110) planes.

(3) MD simulation also reveals that the interdiffusion of
Cu and Ta atoms gives rise to the interfacial amorphization
of the Cu/Ta interface, and that the diffusion of Ta into Cu is
faster than the diffusion of Cu into Ta. The interface energy
is therefore regarded as a major driving force for the inter-
diffusion and the resultant SSA.

(4) The amorphization energy of Cu is found to be less
than that of Ta, resulting in an asymmetric growth behavior
of SSA, i.e., in the Cus100d /Tas110d and Cus110d /Tas110d
interfaces, SSA only takes place in the Cu lattice, and in the
Cus100d /Tas100d, Cus100d /Tas111d, Cus110d /Tas100d,
Cus110d /Tas111d, and Cus111d /Tas111d interfaces, SSA to-
ward Cu is greater than that toward Ta.
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