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Abstract

The stress behavior of AIN/TiN superlattice film has been studied by means of a crystal-chemical atomic dynamics simulation based
on first-principles calculations. The size-effects on stress behavior are demonstrated and discussed in detail. Stress behavior depends not
only on AIN thickness but also on structural relaxation and strain distribution in the film. When the AIN thickness exceeds a critical one,
the superlattice film is metastable. Stress behavior can be traced to the AIN/TiN interface structure and its variation with strain relax-
ation, which may reflect the main strain characteristics caused by AIN structural transformation in this film.
© 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The epitaxial stabilization of nonequilibrium structures
has been widely studied due to the promising mechanical
and chemical properties of multilayer thin films [1-8].
The stabilization of epitaxial metastable film is determined
by its composition, crystallographic structure and interface
structure, which are closely related to the properties of
superlattices used in device technology [9-10]. AIN/TiN
films are of theoretical and experimental interest because
their physical properties are important for applications in
microelectronic devices, protective coatings of cutting tools
and other mechanical components. At ambient tempera-
ture and pressure, AIN has a wurtzite structure (w-AlN).
However, cubic AIN (BI-AIN) can be synthesized under
high pressures of more than 22.9 GPa [11] or epitaxially
stabilized in a superlattice film [2-8]. In Ref. [12], we have
simulated the stability of such cubic B1-AIN using a AIN/
TiN(001) superlattice model and reported that the cubic
BI-AIN will be transformed to hexagonal w-AIN once
the AIN thickness is beyond a critical one (~1.95 nm), later
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Ref. [13] provided further experimental support for this
finding. In fact, the growth of thin or superlattice film is
of great relevance to its specific physical and chemical
properties. For example, once the AIN layer in AIN/TiN
film exceeds a critical thickness, the strain in cubic AIN is
relieved by the formation of hexagonal AIN. Therefore,
its physical and chemical properties might be changed
due to the strain relaxation caused by the AIN structural
transformation. As we know, a superlattice is a compli-
cated system with multiple degrees of freedom, including
the number of layers, the number of dimensions and the
individual layer strain within it. Although many studies
[14-19] have revealed that strain plays a fundamental role
in determining structural properties of superlattice film,
how the strain is relaxed and then distributed in a superlat-
tice film remains unclear. In addition, Sander et al. [20,21]
have observed that the surface stress varies in an oscillatory
way during the epitaxial growth of Co and FeMn on
Cu(001). However, to the best of our knowledge, no
reports exist about the epitaxial growth behavior of super-
lattice. In this paper, we have demonstrated the size-effects
on the stress behavior of the AIN/TiIN superlattice and
then evaluated the new strain distribution in the superlat-
tice caused by AIN structural transformation using
crystal-chemical atomic dynamics simulation based on
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first-principles calculations. This study provides some use-
ful fundamental information on establishing the relation-
ship between physical (and chemical) property and the
size-effect of low-dimensional nanomaterials.

2. Radial distribution function

As shown in Fig. 1 (Fig. 2 in Ref. [12]), an initial
B1-AIN/TiN(001) superlattice cell was constructed based
on the first-principles results [22]. To simulate the pseudo-
morphic growth and structural transformation, the BI-
AIN layers were confined in the TiN(001) substrate in
which the coherent interface is kept. The simulation of
the BI-AIN/TiN(001) superlattice cell was implemented
by means of the Aix-la-Chapelle’s crystal-chemical atomic
dynamics (aixCCAD) method [23-25], which can give a
direct access to the atomic trajectories and details of AIN
structural information on an atomic level. In the calcula-
tions, the number of AIN layers was variable in the AIN/
TiN superlattice cell. All simulations were performed for
the case of an NVT ensemble, whereby the number of par-
ticles N, the volume V and the temperature T can be set to
desired values. The interatomic forces for determining the
relaxed atomic positions were calculated by the velocity
Verlet algorithm [26]. The summation over the Coulomb
interactions was done using the Ewald summation tech-
nique [27]. The convergence parameter was set to 0 and
the largest reciprocal space vector kpmax to 4.5 A~ A cut-
off radius of 6.0 A turned out to be appropriate with
respect to both speed and accuracy. To ensure a full relax-
ation for each mode with the H2 regions of 3, 7 and 11
monolayers (MLs), the time step chosen was 0.001 ps and
the total simulation time was up to 300,000 time steps.

O S Bt S

B1-AIN The thickness of H2
Pseudo- =— in layers is variable
morphic in the calculation.
Zone
|
TiN
................ . [001]
Substrate | [010]
- Ead 100
L o [100]

Fig. 1. Scheme of the B1-AIN/TiN(001) superlattice cell (Fig. 2 in Ref.
[12])). Each H1 zone has 6-monolayer (ML) TiN in which 3-ML is
designated bulk-like (H1 I) for TiN substrate and all atoms in it are fixed;
another three MLs are close to the interface (HI II) in which the atoms
can be relaxed. The H2 + H2 zone of B1-AIN with a variable number of
layers is confined by the two HI. The size of the initial supercell is
L x L x (2H1 + 2H2) A°.

10

(a) — 3MLs

a(r)

— 11 MLs

Fig. 2. Radial distribution functions (g(r)) of AIN in the AIN/TiN(001)
superlattice cell for 3, 7 and 11 ML AIN, respectively. The interatomic
separation, r, is in A.

For ionic crystals, the long-range interaction can be
described in terms of the Coulomb interaction potential,
while the short-range interaction is expressed by the Pauli
repulsive potential. The potential function is given in Refs.
[23-25]. In the calculation, the bond length—bond strength
parameter ry was respectively taken as 1.786 A for w-AIN
[25] and 1.856 A for TiN [12]. To describe the AIN atomic
arrangement and structural information for variational
AIN layers, the radial distribution functions (RDFs) were
calculated for AIN in the AIN/TIN cell. More details of
the simulation method and the parameters of the potentials
chosen can be found elsewhere [12].

In Fig. 2, we show the RDF results of AIN in the
BI-AIN/TiN(001) superlattice cell when AIN layer
includes 3, 7, or 11 MLs, respectively. In Fig. 2a, for 3-
ML AIN, it is clearly shown that there are three peaks in
the RDF, reflecting the fact that the AIN region maintains
the characteristics of the cubic structure. In Fig. 2b, for 7-
ML AIN, one RDF peak is split and other two peaks are
slightly broadened, which indicates that there is a small
deformation in the cubic AIN region. In Fig. 2c, for
11-ML AIN, the RDF peaks are very different from
Fig. 2a and b: they are split into several conjunctive and
widened ones. In this case, the crystallinity of the cubic
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structure has completely deteriorated and the hexagonal
structure has been formed in the AIN region.

In the cubic AIN region of the AIN/TiN cell, each Al
atom has an octahedral environment with 6 N atoms. In
the hexagonal AIN, each Al atom has 4 N nearest-neighbor
atoms. After the AIN structural transformation, the coor-
dination number in the AIN region will be changed from
6 to 4. For 3-ML and 7-ML AIN, as plotted in Fig. 2a
and b, the cubic structure is the characteristic of AIN
region. Once the AIN thickness is increased to 11-ML
beyond its critical one, ~1.95nm (~9.5 MLs) [12], the
RDF in Fig. 2c¢ quite like wurtzite w-AIN in Refs.
[28,29], suggesting that the hexagonal structure is dominant
in the AIN region. Fig. 2 shows that strain exists in the
AIN/TIN superlattice cell in the structural transformation
from cubic to hexagonal AIN.

3. Results and discussion
3.1. Stress oscillation

To reveal the size-effects on the stress behavior of
AIN/TiN superlattice and to understand more deeply
the relationship between the strain distribution and the
formation of hexagonal AIN, one approach is to simu-
late the structural variation with stress relaxation at dif-
ferent AIN thicknesses, as we have done for 3, 7 and 11
ML AIN layers.

Fig. 3 shows the time evolutions of (total atomic level)
stress for a 3-ML AIN layer along the [100], [010] and
[001] directions, respectively. At a certain time step, the
stress of each direction is defined as the summation of
the force acting on every atom along this direction in the
AIN/TiN cell.

In Fig. 3, all the stress curves can be divided into three
stages according to their oscillation properties, which are
sensitive to the new strain distribution after the AIN/TiN
cell is relaxed at different time steps. Arrows (1) and (2)
point to the positions from which the oscillation trends
of stress begin to change noticeably. In the first stage, from
0 to position (1) (12,000 time steps), the stress curve along
the [001] direction oscillates around the abscissa, but the
ones along the [100] and [010] directions barely oscillate.
In the second stage, from position (1) to position (2)
(100,000 time steps), oscillations along the [100] and
[010] directions have become obvious, and their average
values are approximately 0. In the last stage, from position
(2) to the end of the simulation (300,000 time steps), the
oscillation modes are different: although the curves along
the [010], [001] and [001] directions oscillate around their
respective average oscillation values, the value is negative
(compressive) for [010] but positive (tensile) for [001]
and [100], and the average value is larger along the [001]
direction than along the [100] direction.

For a 7-ML AIN layer (Fig. 4), the curves are also sep-
arated into three stages. In stage 1, from 0 to position (1)
(19,000 time steps), each curve is similar to that in Fig. 3.
In stage 2, from position (1) to position (2) (100,000 time
steps), the stress along the [001] direction has a positive
average oscillation value, but those along the [100] and
[010] directions have negative values. In the last stage,
from position (2) to the end of the simulation, it is notice-
able that the average oscillation value along the [100]
direction tends to negative, but is positive at the same stage
shown in Fig. 3.

Fig. 5 shows the stress curves for a 11-ML AIN layer, in
which the AIN thickness has exceeded its critical value
(~9.5MLs) [12]. In this case, the stress oscillation
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Fig. 3. Time evolutions of stress for a 3-ML AIN layer along the [100], [010] and [00 1] directions.
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Fig. 4. Time evolutions of stress for a 7-ML AIN layer along the [100], [010] and [00 1] directions.

6.000

4.000

2.000

Stress (unitless)

®)

@ @
-2.000 :

T
0 100.000

200.000 300.000

Numbers of time step (unitless)

Fig. 5. Time evolutions of stress for a 11-ML AIN layer along the [100], [010] and [00 1] directions.

amplitudes along the [100] and [010] directions become
much smaller than that along the [00 1] direction. As shown
in the inset of Fig. 5, they almost overlap and their average
oscillation values are both negative.

Compared with Figs. 3 and 4, there is a significant stress
change along the [00 1] direction in Fig. 5, i.e. a strain bar-
rier caused by AIN structural transformation appears
along the [001] direction.

In summary, we mark five positions (1)—(5) in Fig. 5.
From 0 to position (1) (8000 time steps), the stress curve
goes down to the first negative minimum at position (1),
at this point the AIN region still maintains the cubic struc-
ture but has a small deformation. In this case, the only

stress at the interface is compressive. From position (1)
to position (2) (41,000 time steps), most of the AIN layer
is in the compressive stress due to insufficient compensation
of strain energy in the AIN/TiN superlattice by the bulk
energy of cubic AIN. At position (2), the curve comes to
its second negative minimum, lower than the first one. At
this time, most of the AIN layer has been deformed. From
position (2) to position (3) (61,000 time steps), the curve is
approximately a plateau. Position (3) is at the end of this
plateau with the third negative minimum. This indicates
that the AIN structural transformation has been completed
under the compressive stress before the end of the plateau.
Then, the curve goes rapidly up and crosses the zero level at
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position (4) (70,000 time steps). The curve variation from
(1) to (4) indicates that the AIN structural transformation
is caused by compressive stress.

From position (4) to position (5) (100,000 time steps),
the average oscillation value is positive but decreases with
time. At position (4), the hexagonal structure is dominant
in the AIN region, and most of atomic kinetic energy has
been already converted into potential energy of the AIN/
TiN superlattice cell. The tensile stress is produced with
the formation of hexagonal AIN in the AIN/TiN cell. At
position (5), the AIN structural transformation has
finished.

In the last stage, from position (5) to the end of the sim-
ulation, the average oscillation value tends to zero. This
characteristic is mainly due to the formation of hexagonal
AIN structure, since there is only a very small total energy
difference (less than 1.3%) between the 100,000 and 300,000
time steps. This demonstrates that the hexagonal AIN
structure would be stable in this stage.

In Fig. 5, there are three basic stages during the whole
evolution of stress. (a) From 0 to position (4), the AIN
structural transformation proceeds since the compressive
strain energy in the AIN/TiN superlattice is larger and dif-
ficult for the bulk energy of cubic AIN to compensated for.
(b) From position (4) to position (5), the tensile stress is
dominant owing to the formation of hexagonal AIN struc-
ture. (c) From position (5) to the end of the simulation, the
stress varies periodically and its average value is approxi-
mately equal to zero. The complete formation of stable
hexagonal AIN means that the chosen 300,000 time-step
is long enough to simulate AIN structural transformation.

3.2. Strain distribution

In general, the stability of an interface configuration is
mainly determined by its energy. The smaller the interface
energy, the more stable the interface structure. It can be
expected that in AIN/TiN superlattice after structure trans-
formation, the interface energy and interface spacing
would be increased due to the larger lattice mismatch
between hexagonal AIN and cubic TiN. In experiments,
the interface energy is hardly accessible and might be
affected by deposition techniques, temperatures and pro-
cess conditions [2-8]. We use the first-principles plane-wave
pseudopotential (PWPP) method [30] to calculate the inter-
face energies of the initial AIN/TiN configuration (at 0 time
step) and the final AIN/TiN configuration (at the end of the
simulation) in Fig. 5 by calculating the total energy after
structural relaxation. The computational details and the
equations used to calculate the interface energy are given
in our previous work [22]. In this study, we find that the
calculated interface energy of the initial AIN/TiN configu-
ration is only 0.775J m 2, much smaller than that of the
final one (3.622 J m 2). We attribute this to the change in
interfacial atomic bonding between AIN and TiN caused
by the AIN structure transformation, i.e. with this transfor-
mation the interface energy of AIN/TiN becomes larger

and larger, and finally the interface energy of the final
AIN/TiN configuration is higher than that of the initial
one. In what follows, we will explain this phenomenon
qualitatively.

We define the bulk energy of cubic AIN as Ep;_ 4y, the
strain energy of the AIN layer caused by the B1-AIN/TiN
interface mismatch as Ej“7, ., and the interface energy as
Ejer. Thus, as mentioned in Section 3.1 of Ref. [12], the
following inequality describing the structure transforma-
tion from cubic to hexagonal AIN can be obtained:

strain
Egl.A[N + Elm‘er < Ew—A[N - EBI-AIN7 (1)

where E,,_, v is the bulk energy of hexagonal AIN. From
Eq. (1), when the sum of E5“"  and Ey,,,, becomes smaller
than a constant value of E,,_n— Eg;.4;y With the AIN
thickness exceeding its critical value, ~1.95nm (~9.5
MLs), the structural transformation will take place.

The E5“" of the initial AIN/TiN configuration is max-
imum and £, is minimum after relaxation. As hexagonal
AIN forms, Ej“" . is reduced but Ey,,,, increases. However,
after structural transformation, the £}/, of the final AIN/
TiN configuration will be minimum and Ej,,, maximum.
To evaluate the stability of the AIN/TiN superlattice cell,
we should consider not only the interface energy value itself
but also changes in the strain energy and interface energy
with structural transformation. The AIN/TiN cell with hex-
agonal AIN would be stable if it meets the energy criteria of
inequality (1). Although the results are from the AIN/TiN
system, we expect this energy criteria would also be appro-
priate for other superlattice systems.

In the whole evolution of relaxation, the inequality (1)
should be satisfied no matter how the AIN structure is
transformed in the AIN/TIN superlattice. However, the
rate of decrease of Ej“  should at least be larger than
the rate of increase of Ej,,,. Only in this case is the maxi-
mum reduction in Ej“ able to compensate the energy
consumed by the formation of AIN hexagonal structure.
Usually, it is very difficult to accurately describe the strain
distribution in the superlattice. However, from the above
qualitative analysis, we can evaluate the strain distribution
within the superlattice cell of the final AIN/TiN configura-
tion: the strains are not uniformly distributed and the
greatest strains are concentrated in the vicinity of the inter-
face. This is the main reason why a close relationship exists
between strain distribution and interface structure.

Fig. 6 shows the final atomic configuration of hexagonal
AIN on TiN substrate after 300,000 time steps. Fig. 6a is a
projection along the [010}yn direction and Fig. 6b is a
view along the [110],/[1210],, (Fig. 4e in Ref. [12]).
An observable deformation around the interface is attrib-
uted to a strain concentration around this interface.

The final AIN/TiN atomic configuration in Fig. 6 looks
at first sight like the interface structural models proposed
by Ma et al. (models III and IV in Ref. [31]). In fact, there
are two differences between them: (1) there is a deformation
around the interface in Fig. 6 but no deformation in the
Ref. [31] models; (2) models III and IV are distinguished
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Fig. 6. Schematic of the final AIN/TiN configuration: (a) is projected
along the [010]ry direction, and (b) is viewed along [110]5/[1210],
(Fig. 4e in Ref. [12]).

by N atoms of different sublayers in the unit cell of ideal w-
AIN in Ref. [31]. However, in Fig. 6b, if looking at the
atoms along the left zigzag line in the AIN region, the final
AIN/TiN configuration looks similar to model III; if look-
ing at the atoms along the right zigzag line, the final config-
uration resembles model IV. Therefore, strictly speaking,
the AIN structure shown in Fig. 6 is not an ideal wurtz-
ite-type crystallite, in which incomplete strains still exist.
After the AIN structural transformation, great strains
determine the atomic positions around the interface and
result in atomic deviations in the vicinity of the interface.
In this paper, the stress is defined as the total force on every
atomic position at a certain time step. Accordingly, the
stress behavior is closely related to the stress variation of
each atom in the AIN/TiN cell. Since strain concentration
exists in the vicinity of the interface, it can be expected that
the stress behavior should be mainly determined by the
interface structure and its variation in strain relaxation.
Although the stress behavior in AIN/TiN superlattice is
complicated, our results provide fundamental insights into
it. In the following, we compare the stress behaviors in the
last evolution stage shown in Figs. 3-5, which show that
these behaviors depend strongly on the AIN thickness in
the AIN/TiN cell. When it is 3-MLs, the AIN region retains
the characteristics of the cubic structure and the strain
around the interface is very small. The average oscillation
value for each curve in Fig. 3 is different but has the nearly
same oscillation amplitude. When the AIN is 7-MLs, a
small deformation will occur in the cubic AIN region. In
Fig. 4, the stresses along the [100] and [010] directions
are different, and the stress oscillation amplitude along
the [001] direction is relatively larger than those along
[100] and [010]. In these two cases, the AIN thickness is
below its critical one (~9.5 MLs [12]), and the superlattice

is metastable. When the AIN thickness reaches 11-MLs,
AIN structural transformation takes place, and the inter-
face energy and strain in the vicinity of the interface
increase greatly. As shown in Fig. 5, the stress oscillation
amplitude along the [001] direction is pronounced. The
atomic dynamics relaxation step in this study is an iterative
process in which the coordinates of atoms and possibly the
computational cell parameters are adjusted so that the total
energy of the structure is reduced to a minimum. Each
computational cell has been fully relaxed, not only in the
[001] direction but also with lateral flexibility of atoms
along the [100] and [010] directions. However, it can be
found that after relaxation the atomic movements are sig-
nificantly different in the three spatial directions. With
the AIN structure transforming, to stabilize the hexagonal
AIN structure the atomic movements along the [00 1] direc-
tion are much larger in magnitude than those along the
[100] and [010] directions, and atomic bonding would
change near the interface in the AIN/TiN cell. As a result,
it appears that the stress behavior of the AIN/TIN cell is
mainly determined by the stress along the [001] direction
and it would display a strong dependence on AIN thickness
and interface structure. Overall, the stress behavior is
traced to the AIN structure, interface structure and its
response to strain in the AIN/TiN superlattice cell. There-
fore, stress behavior depends not only on AIN thickness
but also on structural relaxation and strain distribution
in the AIN/TiN superlattice.

Recently, Sander et al. [20,21] have reported that the
oscillatory phenomenon of surface stress was observed dur-
ing epitaxial growth of Co and FeMn on Cu(001). Our
results indicate that it also exists in the formation of a
superlattice and its interface structure would be determined
by strain relaxation in the superlattice. This study is preli-
minary to gaining an understanding of the stress behavior
in the AIN/TiN superlattice.

4. Conclusions

We have studied the size-effects on stress behavior in the
AIN/TiN superlattice by applying a crystal-chemical
atomic dynamics simulation based on first-principles calcu-
lations. Stress behavior depends not only on AIN thickness
but also on structural relaxation and strain distribution.
When the AIN thickness exceeds a critical, the AIN struc-
tural transformation takes place. The strains in the super-
lattice are not uniformly distributed after relaxation and
the greatest strain is concentrated in the vicinity of the
interface. From the final stress evolution stage shown in
Fig. 5, we can conclude that the stress behavior is closely
connected with the interface structure and its variation
with strain relaxation in the AIN/TiN superlattice.
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