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Influence of interfacial texture on solid-state amorphization and associated asymmetric growth
in immiscible Cu-Ta multilayers
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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(b®@he110), and(111)
atomic planes, the T@10) plane could remain stable up to a temperature of 600 °C, while theg Tl plane
could remain unchanged only if combined with the(T&0) 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 annealing within a temperature range of 400—600°°¢&,
) ] ) ) ~ whereas some researchers claimed that the Cu/Ta interfaces
Since the first discovery of solid-state amorphization,q,id pe thermally stable up to a temperature of
(SSA) in the Au-La system in 1983significant progress has g °c7.12.135ch a controversy also requires a relevant ato-
been ‘T"Ch;e"e" n bo_th experimental studies and th_eoret'cﬂllistic model for clarifying the interface stability of the
mode!mg. For the binary _metal S%' stems characterlze_d byCu-Ta system. The present study is dedicated to investigate
negative heats of formatiogAH,),” molecular dynamics the above issues in detail through MD simulation on the

(_MD) S|mul_at|ons have_ been e_:mploye_d to reveal the atomlsbasis of a very recent work by the authors’ grdéip.
tic mechanism of the interfacial reaction and resultant SSA . - .
To perform MD simulation in a binary metal system, a

between the miscible metdlsFor the equilibrium immis- o . . )
9 realistic potential of the system is necessary and should first

cible systems characterized by positix¢i;, a number of d. Previouslv. th h b bedded
experimental studies have demonstrated the possibility of thg€ constructed. Previously, there have been tE\;/vo embedded-
atom Cu-Ta potentials reported in the literattitéShowever,

interfacial reaction as well as SSA, and thermodynamic cal § - X .
culations have confirmed the decisive role of the interfacdh® potentials were derived for studying some other issues
energy in driving the interfacial reaction as well as SSA. and c_ild not show the capablhty of revealing the solid-state
Nonetheless, a clear understanding of the interfacial reactiof¢action at the Cu/Ta interfaces. Very recently, another
and SSA between the immiscible metals at an atomistic scal@Pody Cu-Ta potential under the Finnis-SinclakS) for-

is still lacking. Consequently, the scientific issue of interfaceMalism was constructed in a Letter by the present autHors.
stability is of general interest and requires further studies!n this paper, we further present the detailed construction
The present work is dedicated to develop an atomistic moddirocess as well as the validation of this Cu-Ta potential.
for the thermal stability of the interfaces in the equilibrium APPIling the potential, MD simulations are then performed
immiscible systems by choosing the Cu-Ta system as a redylth nine _sandwu_:h models and a pllayer model to reveal the
resentative one based on following considerations. Théffect of interfacial texture on solid-state reaction and the
Cu-Ta system is characterized with a positiveH; of detallec_i kinetics of amorphlzat.lon upon isothermal annealing
+3 kJ/mol and has drawn special attention due to its hi-tect medium temperatures ranging from 200 to 600 °C.
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  Il. CONSTUCTION OF AN N-BODY POTENTIAL
transistors, respectively? The questions related to the Cu-Ta

system are therefore first, whether or not interfacial reaction In 1984, Finnis and SinclaifFS) proposed a simple em-

at the Cu/Ta interface can take place and second, what is thgrical n-body potential based on the second-moment ap-
controlling factor that would enhance or suppress the reagroximation and successfully constructed the potentials for
tion, which, if it takes place, would certainly degrade thesome bcc transition metal$ Later, the so-called FS formal-
device performance. In addition, there has been a contrasm has been employed to study the physical properties of
versy concerning the behaviors of Cu/Ta interfaces observesome bcc and fcc metals as well as alloys in a satisfactory
in experiments by different researchers, e.g., some researcivay*'®-23In construction of the Cu-Ta potential under the
ers showed that SSA took place at the Cu/Ta interfaces updRS formalismt’ the total energy of a system is given by
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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 @A) 3.62 4.15 5.06
cA) 3.75 3.6 4.49
Co 3.47785160 1.52167356 0.58981438
cy -2.37546941 0.28773159 -0.19540066
c, 0.42773951 -0.14981772 0.0

the CuTa compound in B2 structure has the lowest energy
among the four calculated structures. Meanwhile, similar cal-
culations indicate that the Glia compound in &1, struc-
ture shows a lower energy, comparing with other possible

FIG. 1. Theab initio calculated total energy versus average structuregcalculated curves not showrAs a result, the co-

atomic volume for the CuTa compound in different structures.

Utot:%Z V() - 2 [E A2¢(rij)]l/2, (1)
ij

i Lj#

where the first term is a normal pairwise energy consisting o

a repulsive part, the second term is tikbody term taking a
sum form over all atoms for a “cohesive function,” aAds
a positive constant to be fitted. In EQ), V(r;;) is the pair
potential between atoinandj taking the quartic polynomial
and ¢(rj;) is the cohesive potential between atonand j
taking the parabolic form, as follows:

vir) = {(r —0)%(cp+cir+crd), r<c,

hesive energies of the nonequilibriuB2 CuTa andL1,
CuzTa compounds are 5.604 and 4.325 eV, respectively, and
their lattice constants are 3.11 and 3.82 A, respectively.
These computed data are then applied in fitting the Cu-Ta
cross potential. After the fitting procedure and optimization
f the potential parameters, Table | lists the fitted parameters
or the Cu-Cu, Ta-Ta, and Cu-Ta potenti&tsiable Il shows
the comparison between some physical properties repro-
duced by the constructed potentials and the experimabtal/
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 andTaucom-
pounds in the system.

(2) We now turn to testify the relevance of the constructed
0, r=c, Cu-Ta potential. We first calculate some physical properties
of the CuTa compound in aLl, structure fromab initio
(r-d)?, r=d, calculation and from the Cu-Ta potential, respectively. Table
b(r) :{ 0, r>d, 3 Il lists the calculated results for thel, CuTg compound.

One sees clearly from the table that the lattice constants de-
wherec andd are two disposable parameters assumed to baved from ab initio calculation and the Cu-Ta potential
between the second- and third-neighbor distancescgru, match well with each other, as the difference between them
andc, are three parameters to be fitted. is only about 3.2%. Moreover, the cohesive energy of the
The Cu-Cu and Ta-Ta potentials are fitted to some experiL1, CuTa compound deduced from the potential is 6.97 eV,
mental data of Cu and Ta, such as the cohesive energiewhich is in good agreement with the value of 6.80 eV pre-
lattice constants, and shear elastic constants. It should liicted by ab initio calculation, as their difference is only
pointed out that in the equilibrium immiscible Cu-Ta system,about 2.5%. It should be emphasized that the related proper-
there is no any equilibrium compound and therefore no inties of theL1, CuTg compound obtained bgb initio calcu-
dispensable data available for fitting the Cu-Ta cross potenation have not been used in fitting the Cu-Ta cross potential.
tial. In this respect, the first-principles calculation based orConsequently, such a good agreement could lend firm sup-
guantum mechanics is a reliable way for acquiring someport to the relevance of the newly constructed Cu-Ta poten-
physical properties of the equilibrium as well as nonequilib-tial. In addition, MD simulation is conducted to calculate the
rium alloy phase$??®> We, therefore, performed the first- heats of formationAH;) of the metastable fcc/bcc Cu-Ta
principles calculations, based on the well-established Vienngolid solutions over the entire composition range upon an-
ab initio simulation packagévasp),?® to obtain the cohesive nealing at 0 K. Regarding the detailed settings of the fcc/bee
energies and lattice constants of nonequilibrium CuTa andolid solution models, the readers are referred to our recent
CuTa compounds for fitting the Cu-Ta cross potential. Con-published papet The calculation results show that théd;
cerning the details o&b initio calculation, the readers are of the metastable fcc/bcc Cu-Ta solid solutions over the en-
referred to the authors’ recent pap&Accordingly, the cal- tire composition range are all positive, e.g., thel; of the
culated total energy versus the average atomic volume foicc and bcc CuTa solid solutions are 8.46 and 2.64 kJ/mol,
the nonequilibrium CuTa compound in several possiblerespectively. It should be pointed out that such a positive
structures, respectively, is shown in Fig. 1. It can be seen thatH; derived from the present Cu-Ta potential is compatible
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TABLE II. Comparison between calculated values and experimentaladaitaitio results of the cohesive
energyE, (eV), lattice constana (A), and elastic constantdbar) in the Cu-Ta system. The values of the
L1, CuTa are used to testify the relevance of the Cu-Ta potential.

Ec a Cu Ci2 Cas
Phase Structure Method (eV) A (Mbar) (Mbar) (Mbar)
Cu FCC Exp. 3.54 3.61% 1.7¢ 1.2258 0.758
This work 3.54 3.615 1.70 1.222 0.759
Ta BCC Exp. 8.089 3.302¢ 2.66 1.5¢ 0.87
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
CwTa L1, Ab initio 4.325 3.82
Fitted 4.308 3.74
CuTa L1, Ab initio 6.80 4.05
Potential 6.97 4.18
Difference 2.5% 3.2%

aReference 27.
bReference 28.
‘Reference 29.

with that deduced from the thermodynamics of sofids)d  free boundary condition is adopted to avoid the otherwise
may also validate the newly constructed Cu-Ta potential. 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
IIl. SIMULATION MODELS and the periodic conditions along theandy directions will
A. Bilayer model result in at most a 1% decreasing of Ta density in the models.
_ _ ) In this regard, as pointed out by Mued al3! such a minor
To study the detailed process of SSA in the Cu-Ta interyeqyction in density has no considerable influence on the
face, a bilayer model dB8Cu(110)/8Ta100)] is constructed  gjmuylation results.
by sequentially stacking eight fcc GU10) planes(Nos. 1-8 To have the bilayer model with a starting configuration
and eight bee Tal100 planes(Nos. 9-16 along thez direc-  gimjjar to a real situation such as that observed in experi-
tion. The[110] direction of the Cu lattice and thd0Q] di-  ments, i.e., an amorphous interlayer was formed during the
rection of the Ta lattice are arranged to be parallel toxhe deposition of the thin film&1°32an initially disordered in-
direction, respectively, while botf010] direction of the Cu  terlayer was introduced by randomly exchanging an equal
and Ta lattices is parallel to the axis. In other words, an  nymber of Cu and Ta atoms in the interlayer. To characterize
interface is thus created in they plane by approaching a Ta guantitatively the amount of disordering created by exchang-
lattice to a Cu lattice. . ing atoms, the concept of long-range or@eRO) parameter
The sizes of the lattices, in they plane, are chosen to gyiginally proposed to describe the ordering in crystalline
have a mismatch at the Cu-Ta interface as close as poss&%@qoysp was employed in the present study. The LRO param-
to the real ratio of their crystal lattices. It is known that the gter is defined a$)=(p-v)/(1-7), wherep and y are the
lattice constants of the Cu and Ta crystals are 3.615 a”ﬂrobability of the presence of ahtype atom(A=Cu or T3
3.3026 A, respectively, and the ratios of atomic distances iRy jts own lattice site and the molar ratio Afatoms, respec-
Cu(110/Ta(100 are approximately 0.774 and 1.095 inthe iyely hoth in the initial interlayer. Values=0 and 1 corre-
and y directions, respectively. Considering a manageabl&pond, respectively, to a completely chemical disordering or
scale of the computation in the present study, the numbers 4 an entirely ordered crystalline state. Such a disordered

be 10<12x1=120 for the Ta(100) plane and 1X11X1  anq one Ta planes next to each other.

=143 for the Cu(110) plane, corresponding to the ratios of

10/13=0.769 and 12/11=1.091 in theandy direction, ,

respectively, which are quite close to the real situation. In the B. Sandwich models

bilayer model, there are altogether 2104 atoms, i.e., 143 To study the effect of interfacial texture on solid-state
X 8=1144 Cu atoms and 1208=960 Ta atoms. For the reaction, Ta-Cu-Ta sandwich models with different crystal-
boundary conditions, in the andy directions, both periodic line orientations of the Cu and Ta lattices are constructed for
conditions are imposed with a larger dimension of the Cusimulation. Nine Ta-Cu-Ta sandwich models with possible
and Ta lattices, respectively, i.e., the Ci10 and (010 in combinations of the C@l100), (110), and(111) planes with
thex andy direction, respectively. While in thedirection, a  the Ta (100, (110, and (111) planes are constructed by
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stacking a specific number of Cu and Ta atomic planes along The process of the interfacial reaction and SSA in the
the z axis and are abbreviated by the following symbols:Cu-Ta bilayer and sandwich models is monitored by the pro-
[4Ta(100/6Cu(100/4Ta(100], [4Ta(110/6Cu(100/ jections of the atomic positions, the planar structure factor
4Ta(110], [6Ta(111)/8Cu(100/6Ta(111)], [6Ta(100/ S(k), the pair-correlation functiog(r), as well as the density
8Cu(110/4Ta(100], [4Ta(110/8Cu(110/4Ta(110], profiles of each species along thelirectionp,(z). The pla-
[6Ta(111)/8Cu(110/6Ta(111)], [6Ta(100/9Cu(111)/  nar structure factoSk) is a Fourier transformation of the
6Ta(100], [4Ta(110/9Cu(111)/4Ta(110], and density to characterize the long-range order in the direction
[6Ta(111)/6Cu(111)/6Ta(111)]. To each Cu-Ta sandwich of any vectork, which is a vector of the reciprocal space
model, two interfaces between Cu and Ta lattices are introlattice. Accordingly, the planar structure fac®r 1 refers to
duced as follows. When a Cu lattice and a Ta lattice apan entirely ordered crystal, whil8=0 is for a completely
proach each other along tizedirection, an interface is cre- disordered stat& In the present study, we chooSkk,z), as
ated in thex-y plane and another interface is introduced bya specific representative &(k), to reflect the structural
approaching another Cu lattice to the same Ta lattice fronphase transition in each crystallographic plane parallel to the
the other direction. x-y plane. As one of the main criteria to determine an amor-
Similar to the setting of th¢8Cu (110/8Ta(100] bi-  phous structureg(r) is commonly used to identify the struc-
layer model, the sizes of the lattices, in the/ plane, are ture of a block material by sampling the atoms involved in
chosen to have a mismatch at the Cu-Ta interface as close tite block3® p (2) is calculated to define the position of a
possible to the real ratio of their crystal lattices. The size ofsingle atomic layer, indicating the local structural and com-
the corresponding computational block in thelirection is  positional properties of the models.
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 V. RESULTS AND DISCUSSION
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 thec and y direction, the ~ Applying the constructed Cu-Ta potential, MD simulation
larger one of the Cu and Ta lattice dimensions is adopted t first conducted to study the thermal stability of the Cu/Ta
set the periodic boundary conditions. Consequently, the coninterfaces through annealing all nine sandwich models at
putational block of a sandwich model is a representative uni®00 °C. For all the models, a disordered interlayer is preset
of compositionally modulated multilayers and simulation of @t the interfaces and the LRO parametgis set to be the

such a sandwich model is in fact to simulate the Cu-Ta mu'.Same value of 0.1. Accordingly, the simulation results for the
t”ayerS, which are usua”y emp'oyed in experiments fornine sandwich models are summarized and listed in Table

studying solid-state reaction and amorphization. .14 It can be seen that the interfacial texture has strong
To find out the role of interfacial disordered |ayer in SSA, inﬂuence on the thel’ma| Stablllty and SO|id-State I’eaCtion Of
we also art|f|c|a||y introduce a disordered |ayer by exchanglhe Cu/Ta interfaces, i.e., the Cu/Ta interface with different
ing an equal number of Cu and Ta atoms in the interfaces téextures may have quite different behaviors in interfacial re-
surpass the necessary stage of nucleation at the interfaces fftion upon the same annealing conditions. Briefly speaking,
growing an amorphous phase. In addition, the LRO paramthe Cu/Ta interfaces can be classified into three categories in
eter 7 is varied from 0 to 1 to find out the influence of the terms of their thermal stability, i.e., the stable
preset disordered layer on the SSA of the interfaces. Cu(111)/Ta(100 and Cu(111)/Ta (110 interfaces, the
partially stable Cy100)/Ta (110 and Cu(110)/Ta (110
interfaces, and the remaining unstable interfaces. Moreover,
IV. COMPUTATION AND CHARACTERIZATION the Cu and Ta atomic planes have different characteristics
concerning thermal stability. That is to say, the most stable
Based on the constructed Cu-Ta potential, MD simulatioratomic plane of the Ta lattice is th&10) plane which could
with the bilayer and sandwich models is carried out with aall remain stable with combinations of Gu00), (110), and
Parrinello-Rahman constant pressure scheme and the equyail) atomic planes, while the most stable plane of the Cu
tions of motion are solved using a fourth-order predictor-lattice is the(111) plane, which could remain unchanged
corrector algorithm of Gear with a time step @E5  only if combined with the T4100) and(110) planes.
% 10715 s34 The simulation starts by equilibrating the model It is of interest to compare the above simulation results
at room temperatur¢27 °C) for 5000 MD time steps to with some experimental observations. As presented in the
reach an equilibrium configuration as an initial state. Fromintroduction, a controversy appeared in the experimental re-
the initial state, the temperature of the models is raised, bgults reported so far in the literature, i.e., some reports
boosting the velocities of the atoms to the desired simulatioshowed that solid-state reaction took place at the Cu/Ta in-
temperature ranging from 200 to 600 °C, at which the mod+erfaces upon annealing at 400—600 *&, whereas some
els are then isothermally annealed. As the velocities of thether reports claimed that the Cu/Ta interfaces were stable
atoms will change during annealing, a time-to-time rescalingip to 600 °C’1213 Apparently, such an experimental dis-
of the velocities to the assigned temperature is executed atepancy could be clarified by the above simulation results,
every 100 MD time steps, if an average deviation from thewhich demonstrate that it is the different interfacial textures
assigned temperature is over 1 °C. of the Cu/Ta interfaces that result in the different behaviors

A. Influence of interfacial texture on solid-state reaction
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TABLE Il Interfacial texture on thermal stability of the Cu/Ta interfaces upon annealing at 600 °C. The
relative interface energiesAE!, calculated at 0 K are also listed and the interface energy of the
Cu(111)/Ta(110 interface is defined as the ground reference sRad. 14.

Interface Simulation Stability of Stability of AE!
result Cu plane Ta plane (J/md)
Cu(111)/Ta(110 Stable Yes Yes 0
Cu(111)/Ta(100 Stable Yes Yes 0.3456
Cu(100/Ta(110 Partially stable No Yes 0.1429
Cu(110/Ta(110 Partially stable No Yes 0.2195
Cu(100/Ta(100 Unstable No No 0.4575
Cu(110/Ta(100 Unstable No No 0.5140
Cu(111)/Ta(111) Unstable No No 0.4816
Cu(100/Ta(111) Unstable No No 0.5440
Cu(110/Ta(111) Unstable No No 1.8256

of the interfacial reaction§?-13 In addition, there are also
some direct experimental evidence regarding the effect of
interfacial texture on Cu/Ta interfacial reactioiis?® For
instance, Kuhret al. prepared a Cyl11)/Ta (110)-like in-
terface and found that Cu and Ta did not react to form anyvhereE™ is the energy of a sandwich model with no preset
alloy.3® Hoogeveeret al. observed that the sputter-deposited disordered interlayer after relaxation at 0 Mg, andNy, are
Cu/Ta multilayers favored the QuU11)/Ta(110 and the numbers of Cu and Ta atoms in the sandwich model,
Cu(111)/Ta (100 textures’® Chin et al. also observed that respectively, anEX" and ES2" are the cohesive energies of
the Ta/Cu/Ta multilayers exhibited a highly Gd11)-  Cu and Ta, respectively. As the calculated interface energy of
preferred crystalline structufé.lt should be noted that the the sandwich moddléTa(110/9Cu(111)/4Ta(110] con-
above experimental observations are in good agreement witstructed by stacking both the close-packed atomic planes of
the present MD simulation results, signifying that theCu and Ta has the lowest value, we define it as a ground
Cu(111)/Ta (100 and Cu(111)/Ta (110 interfaces are reference state and set its energy zero. Accordingly, the rela-
preferably formed and can remain stable upon annealingive interface energies of other simulation models are there-
Such a good agreement provides further support to the valfore derived and also listed in Table Ill. One sees from the
dation of the constructed Cu-Ta potential, and also suggestable that for the partially stable and unstable Cu/Ta inter-
that only Cu(111)/Ta (100 and Cu(111)/Ta (110 inter- faces the interface energy could serve as the driving force for
faces could be considered as diffusion barrier couples to bthe interfacial reaction. One also sees that generally speak-
applied in the electronic devices up to a temperature of aboung, the thermal stability of the Cu/Ta interfaces is strongly
600 °C. correlated with the interface energy, i.e., with the increase of
It should be emphasized that as described above, to simtiRe interface energy the interface becomes from stable to
late the experimentally observed amorphous interlayer appartially stable, and then from partially stable to unstable.
pearing in the interfaces!?32a disordered interlayer is pre- The only exception of the above statement is the stable
set in the interfaces for all the sandwich models in theCu (111)/Ta Ta(100) interface, which has higher energy
present simulation. Under such a uniform condition, simulathan the partially stable QLu00)/Ta(110) interface. This, to
tion results displayed in Table Ill suggest that the interfaciathe authors’ view, may imply that the critical energy for trig-
texture has strong influence on the thermal stability andyering the interfacial reaction has something to do with the
solid-state reaction of the Cu/Ta interfaces. That is to sayinterfacial texture, i.e., different atomic planes may need dif-
the Cu(111)/Ta (100 and Cu(111)/Ta (110 interfaces ferent critical energy to drive the interfacial reaction. Inter-
could remain stable upon annealing at 600 °C. These resultstingly, there is indeed some experimental evidence in the
suggest that these two interfaces can serve as both nucleatititerature regarding interfacial reaction of some immiscible
and growth barriers for solid-state reaction, which is in goodsystems. For instance, Zhareg al. performed thermody-
agreement with some experimental observatfoiis33¢  namic calculations and found that the interface energy in the
While the other interfaces, such as Qi00)/Ta (100, etc., Y-Mo and Ag-Mo multilayered films elevated the energetic
are prone to solid-state reaction upon annealing, which istates of the films up to higher energy level than that of the
also in agreement with some other experimental re8ulits. amorphous state, signifying the feasibility of forming amor-
To find out the reason for the important effect of the in- phous alloys in the films simply by thermal annealfdg? It
terfacial texture on solid-state reaction, the interface energghould be emphasized that these experimental observations
E' of the nine Ta-Cu-Ta sandwich models is calculated by thenatch well with the present simulation results, i.e., a suffi-
following formula: ciently high interface energy could serve as the driving force

m coh coh
_ E"- NCuECu - NTaETa

E' , ;
interfacial area

(4)
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FIG. 2. The projections of
atomic positions on thg-z plane
of the bilayer model of
[8CU110/8Ta100] 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, andd) at
600 °C for 20 000 MD time steps.
Open circles: Cu. Filled triangles:
Ta.

for the interfacial reaction in the equilibrium immiscible sys- 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 g(r) for the bilayer model after annealing at

tems.

B. Atomic diffusion and interfacial amorphization

600 °C for 20 000 MD time steps are calculated and shown

To present some detailed process of interfacial amorphizan Fig. 3. It can be seen that the pair-correlation function
tion, we first show the simulation results obtained in thecurves apparently feature the shapes commonly known for

bilayer model

constructed in a
[8CU110/8TA100)] after isothermal annealing at 600 °C.

configuration

of an amorphous alloy.

From the above observations, it can be summarized that

Accordingly, the projections of atomic positions of the bi- the interdiffusion of the Cu and Ta atoms across the
layer model on they-z plane before annealing is shown in Cu(110/Ta(100) interface upon annealing gives rise to the

Fig. 2@). One observes vividly that eight CGW10) planes

and eight Ta4100) planes are sharply separated by the Cu/Ta

interface. The initial state of the bilayer model after anneal- 4
ing at 27 °C for 5000 MD time steps is displayed in Figh)2

by the projections of atomic positions on the 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, ¢
disordered layer is artificially introduced into the Cu/Ta in-
terface and the LRO parametgiis set, in the present bilayer
model, to be 0.1, which results in an exchange of 58§ Ty
atoms in the interface. From the initial state, the model is
then annealed at 600 °C. Figureg)?and 2d) are the pro-
jections of the atomic positions on tlyez 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(® indicates that the CiTa) 002 T

collapsing of the Cu and Ta lattices as well as the complete

atoms have diffused into the T@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  FiG. 3. Partial and total pair correlation functions of the bilayer
lattice, which results in a disordered state of the Cu latticémodel of [8Cu110/8Ta100)] after annealing at 600 °C for
while the Ta lattice remains its bcc structure. Figuel)2 20 000 MD time steps. The solid line is for toggir), dashed line is
shows that upon further annealing, more Cu atoms have diffor Cu-Cu partialg(r), dotted line is for Ta-Ta partiag(r), and
fused into the Ta lattice and consequently, the Ta lattice coleash-dotted line is for Cu-Ta partig(r).
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amorphization of the Cu/Ta interface, and that diffusion of A AAAAAAAAAAAAAAAAAAAZARZ

Ta atoms into Cu is faster than diffusion of Cu atoms into Ta. AAAAAAAAAAAAAAAAAAAAAAAL

Interestingly, Leeet al, by using high-resolution electron AAAAAAAAAAAAAAAAAALAAAAAS

microscopy(HREM) and nanoprobe energy-dispersive spec- Addddddsdasdddasassdsasasaa
. . . . 000000 OOOOOOOOOOOOLOOOO

troscopy(EDS), have directly observed the interdiffusion be- 0000000000000000000000
H H O00O0O0O0O00OOOO0OOOOOOOOOOO

tween Cu and Ta, which resulted in SSA near the Cu/Ta Nl C02cdccccooccaccaccacaa

interface, and found that diffusion of Ta into Cu was faster ©000000000000000000000

than diffusion of Cu into T4 Apparently, these experimen- AAAAAAAAAAAAAAAAAAAAAAAA

tal observations are in excellent agreement with the above AAAAAAAAAAAAAAAAAAAAAAAS

simulation results and provide firm support for the relevance Addssdsadssssddsnansddan

. AAAAAAAAAAAAAALAALAALAAALAALAAAALAD
of the newly constructed Cu-Ta potential as well as the aft
present simulation regarding the SSA of the Cu/Ta interface. Y
We now discuss a little further concerning the interdiffu-
sion of the Cu and Ta atoms across the Cu/Ta interface. It is $AMARSGNLLALALLAALL LALLM
i R A C p
well known that in the equilibrium immiscible Cu-Ta system, ‘A‘*OE“%{‘§ S

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® The question is thus raised: why the Cu and Ta
atoms could diffuse across the Cu/Ta interface? As shown in
Table Ill, 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 Ly ¥ 2s
some Cu/Ta interfaces. On the other hand, however, the in- (b)“g““““““““*“‘ 4

terface energy stored in the stable (Cld)/Ta(100 and Y
Cu(111)/Ta(110 interfaces is not high enough to trigger the
interdiffusion of Cu and Ta atoms and therefore interfacial
amorphization could not happen upon annealing.

FIG. 4. The projections of atomic positions on $& plane for
the sandwich model of4Ta110/6Cu100)/4Ta110)] after an-
nealing at 600 °C fofa) 0 MD time step andb) 100 000 MD time
steps. Open circles: Cu. Filled triangles: Ta.

C. Asymmetric growth of amorphous interlayer
. . . 100 000 MD time steps are calculated, respectively, and
It is found that during the SSA of the Cu/Ta interfaces, sown in Fig. 5. It can be seen that th) curves of the Cu

there appears an asymmetric growth behavior of the amofzyice exhibit the typical shapes for an amorphous state,
phous interlayer, ie. in the C00/Ta110 and \yhile the curves of the Ta lattice display the typical shapes
Cu(110/Ta(110) interfaces, SSA only takes place in the Cufor a crystalline state, corresponding to the asymmetric
lattice, but not in the Ta lattice, and in the @00)/Ta(100), growth behavior displayed in Fig ().
Cu(100)/Ta(111), Cu110/Ta(100, Cu110/Ta(111), and We now discuss a little more about the simulation results
Cu(11D)/Ta(11)) interfaces, the growing speed of the amor-for another typical sandwich model of
phous interlayer toward the Cu lattice is greater than thaf4T&a100/6Cu100)/4Ta100)] upon annealing at 350 °C.
toward the Ta lattice. In this sandwich model, both the Cu and Ta lattices could
As a typical example, we first show the simulation resultsbecome amorphous, while the growing speed of the amor-
of the sandwich model of4Ta110/6Cu100/4Ta110)] phous interlayer toward the Cu lattice is greater than that
after annealing at 600 °C. In the sandwich model, there aréoward the Ta one, signifying an asymmetric growth behav-
altogether 2532 atoms, i.e. 911X 6X2=1188 Cu atoms ior of the amorphous interlayer. As a result, the planar struc-
and 7X12xX8x2=1344 Ta atoms, and 14 atomic planesture factors of the 14 atomic planes in the sandwich model
stacking along the axis, i.e., four Ta(110) planes(Nos. are calculated at various MD time steps and are shown in
1-4), six Cu(100) planes(Nos. 5-10, and also four T#110)  Fig. 6. One sees that after annealing at 350 °C for 10 000
planes(Nos. 11-14. As mentioned before, a disordered layer MD time steps, theS(k,z) values of the Cu lattic¢Nos.
is artificially introduced into each of the two Cu/Ta inter- 5-10 are reduced from about 1.0 of the initial state to almost
faces and the LRO parametgiis set to be 0.1, which results 0, while theS(k,z) values of the Ta latticéNos. 1-4 and
in an exchange of 81 C(ra) atoms in each interface. Ac- 11-14 are still greater than 0.1, illustrating that the Cu lat-
cordingly, Fig. 4 displays two projections of the atomic po-tice has become amorphous, while the Ta lattice is still in a
sitions on they-z plane after annealing at 600 °C for 0 and crystalline state. One also sees that after annealing at 350 °C
100 000 MD time steps, respectively. From the projectionsfor 35 000 MD time steps, th8(k,z) values of the Ta lattice
one sees that after annealing at 600 °C, the Cu lattice is in are also reduced to almost 0, signifying that all the 14 atomic
completely disordered state, while the Ta lattice remains @lanes in the sandwich model have turned amorphous. To
crystalline structure, showing an asymmetric growth behaVexpress the asymmetric growth quantitatively, the detailed
ior of the amorphous interlayer. To give further evidence,growth kinetics of SSA are monitored and the calculation
four sets of partial and total pair-correlation functiog$)  results show that the growing speed of the amorphous inter-
for the Cu and Ta lattices after annealing at 600 °C forlayer toward the Cu lattice is 43.3810°° m/s, which is
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FIG. 6. The planar structure facto&k,z) for the sandwich
model of [4Ta100)/6Cu100/4Ta100)] after annealing(a) at
27 °C for 0 MD time step(b) at 27 °C for 5000 MD time step$c)
at 300 °C for 10 000 MD time steps, ad) at 350 °C for 35 000
MD time steps.

metric amorphization behavior observed experimentally in
the Cu-Ta systert?

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

r(nm) Cu/Ta interface is speeded up with increasing the annealing
temperature and the minimum annealing temperatonset

FIG. 5. Partial and total pair correlation functions tey The Ta  temperaturgfor the amorphization of Cu is less than that for
lattice (Nos. 1-4 and (b) The Cu lattice(Nos. 5-10 of the sand-  the amorphization of Ta. To the CLL0)/Ta(111) interface
wich model of[4T&(110/6Cu100/4T&(110] after annealing at  \yith the highest interface energy among the nine Cu/Ta in-

600 °C fpr 100 000 MD time_steps, The s_o|id_|ine is for togéni),_ terfaces, the interfacial reaction and SSA could take place at
dashed line is for Cu-Cu partiglr), dotted line is for Ta-Ta partial room temperature (27 °C) suggesting  that the

9(r), and dash-dotted line is for Cu-Ta partgil). Cu(110/Ta(11)) interface is highly unstable. In addition,

about six times of 6.6% 10°° m/s calculated for that toward the chemical disordering artificially set in the Cu/Ta inter-
the Ta lattice. Moreover, as shown in Fig 6, the disordering{aCe may also have some effects on the SSA of the Cu/Ta

process of the Cu lattice is completely prior to that of the Tanterface. ~ First, for the — Qd11)/Ta100  and
lattice, it is possible to calculate the amorphization energieSU(111/Ta(110) interfaces, even when the LRO parameter
of the Cu and Ta separately. For the sandwich model of? IS Set to be Ocorresponding to a completely disordered
[4Ta100/6Cu100/4Ta100] upon annealing at 350 °C, state, the mterfamgl reaction and SSA are reluctant to take
the amorphization energy of Cu is calculated to pePlace upon annealing up to a temperature of 600 °C. Second,
0.1123 eV/atom and the amorphization energy of Ta is figlor the  CuU100/Ta110, Cul110/Ta(110, and
ured out to be 0.3495 eV/atom. It should be noticed that th&U(111)/Ta(11]) interfaces, the interfacial reaction and SSA
amorphization energy of Cu is about one third of that of Ta.2re also reluctant to take place upon annealing at 600 °C,
Such a difference between the amorphization energies of C{fhen 7 is set to be I(corresponding to an entirely ordered
and Ta suggests that Cu is far easier to become amorphoG¥ystalline state Third, for the C@100/Ta(100),
than Ta, and could also bring about a reasonable explanatidat(100/Ta(111), Cu(110/Ta(100, and Cy110/Ta(111)

to the asymmetric growth of SSA observed in the above MDnterfaces, the interfacial reaction and SSA can take place
simulation. even wheny equals 1.

Interestingly, based on the experimental studies, Kebn
al. reported that in the Cu-Ta interface, SSA proceeded pri-
marily in the Cu lattice® Obviously, Kwon's experimental
observation is in excellent agreement with the asymmetric (1) For the immiscible Cu-Ta system, the constructed
amorphization revealed by the present Cu-Ta potentialFinnis-Sinclair is proven to be realistic, i.e., the Cu-Ta po-
Moreover, the verdict revealed in the present MD simulationtential is not only able to reproduce some physical properties
i.e., the amorphization energy of Cu is greater than that obf some nonequilibrium Cu-Ta compounds, but also able to
Ta, could also provide a physical explanation to the asymreflect some characteristic features of the Cu-Ta multilayers.

VI. CONCLUSION
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(2) Applying the Cu-Ta potential, MD simulation reveals  (4) The amorphization energy of Cu is found to be less
that the interfacial texture plays an important role in influ- than that of Ta, resulting in an asymmetric growth behavior
encing the solid-state reaction as well as the resultant SSA @f SSA, i.e., in the C(1100)/Ta(110) and Cy{110)/Ta(110
the Cu/Ta interfaces. It is found that among the nine Cu/Tanterfaces, SSA only takes place in the Cu lattice, and in the
interfaces stacked by possible combinationg1df0), (110,  Ccy(100/Ta(100, Cu100/Ta(11l), Cu(110/Ta(100),
and(111) atomic planes, the TéL10) plane could all remain Cu(110)/Ta(111), and C111)/Ta(11]) interfaces, SSA to-

stable up to a temperature of 600 °C, while the @)
plane remain unchanged only if combined with the(T@0)
and(110) planes.

(3) MD simulation also reveals that the interdiffusion of

ward Cu is greater than that toward Ta.
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