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Using the density functional methods, we study electronic and structural properties of stoichiometric
phases of tantalum mononitride (TaN). The ¢ phase is found to be most stable, closely followed by the
60 phase. Interestingly, we find that the cubic ¢ phase of the stoichiometric TaN undergoes a spontaneous
distortion into a tetragonal structure. This is attributed to a Jahn-Teller type distortion that lifts degen-
eracy at the Fermi level. The electronic structures indicate that the largest carrier density is expected for
§-TaN while 0-TaN is close to a quasi-one-dimensional conductor.
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1. Introduction

Tantalum mononitride (TaN), a representative refractory ni-
tride, is widely used in many technological applications owing to
its outstanding mechanical and chemical stability [1]. For example,
TaN is used as hard coating materials or diffusion barriers in micro-
electronic devices. The electrical property of TaN can vary between
the metal and insulator depending on the N, pressure in the
growth condition. Recently, additional interest in TaN has been
spurred by the high-density electronic devices that employ TaN
as a metal gate to be compatible with high-dielectric constant
insulators such as HfO, [2]. Thermal stability of TaN prevents the
performance degradation after post-deposition annealing.

TaN is also known for its variety in compositions and metasta-
ble phases. The substoichiometric 5-TaN, with cubic symmetry has
been studied most extensively to date. This cubic phase can sup-
port a large density of vacancies up to 20%. On the other hand,
three stable phases have been known for TaN close to the 1:1 stoi-
chiometry. At ambient conditions, the hexagonal ¢ phase with the
space group of P62m is known to be stable [3]. This structure is
close to the more symmetric CoSn (P6/mmm) type. (Some litera-
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ture indicates the CoSn structure as the ¢ phase [1,4].) The ¢ phase
transforms to the hexagonal 0 phase (space group of P6m2, WC-
type) at high pressure conditions [5], or to the cubic é phase (space
group of Fm3m) with the rocksalt structure at high temperatures
[6]. These structures are displayed in Fig. 1(a)-(c). Compared to
the cubic § phase [4,7-10], ¢ and 0 phases have not been studied
much and there is no first-principles calculation on their electronic
structures as far as we are aware. (A theoretical analysis based on
empirical methods is available for the 0 phase [5].) Motivated by
this lack of basic information, we perform in this work first-princi-
ples calculation on stoichiometric phases of TaN. The atomic and
electronic structures are compared and analyzed in detail.

2. Computational methods

All numerical results including total energies, density of states
(DOS), and band structures are obtained by the density functional
methods. We use a computational code of Vienna ab initio simula-
tion package (VASP) [11]. The generalized gradient approximation
with a functional form suggested in Ref. [12] is used to describe the
exchange and correlation energies of electrons. For Ta atoms, we
use a pseudopotential that considers semicore levels as frozen,
i.e., 5d36s? as valence configurations. The energy cut-off for the
plane-wave expansion is set to 500 eV. The energy levels are
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Fig. 1. Unit cells of various phases of tantalum mononitride (TaN). Ta and N atoms are shown as pale and dark balls, respectively. (a) ¢ Phase, (b) 0 phase, (c) 6 phase
(conventional cell), and (d) tetragonal structure (§'-TaN, see text for explanation). The arrows in (d) show a corrugation pattern by which the ¢ phase is distorted into the

tetragonal symmetry.

broadened based on the second-order Methfessel-Paxton scheme
[13] with a width of 0.2 eV. For the k-point integration within
the first Brillouin zone, regular meshes of 6 x 6 x 10, 8 x 8 x 8,
8 x 8 x 8 and 7 x 7 x 4 are used for primitive cells of ¢, 0, §, and
&'phases, respectively. (See below for the explanation of &-TaN.)
By increasing the energy cut-off and k-point density for the 6 phase
up to 900 eV and 14 x 14 x 14, respectively, it was confirmed that
the selected computational parameters attain the convergence of
the total energy (<10 meV/atom), Hellmann-Feynman forces on
each atom (<0.02 eV/A), and stress tensors (<5 kbar) to desired
levels.

3. Results and discussion
3.1. Equilibrium structures

To obtain equilibrium lattice parameters for the three stoichi-
ometric phases of TaN, the ionic configurations and lattice vectors
were fully optimized. The equilibrium lattice parameters for each
structure are compiled in Table 1. The computed values agree with
experimental data within 0.7%. Compared to other phases, §-TaN
shows the largest discrepancy with the experiment and this is
likely to be caused by high defect densities inherent for the ¢
phase. The lattice parameter of §-TaN is calculated to be 4.41 A
which compares favorably with the all-electron result of 4.42 A
[7]. Interestingly, we find that the cubic structure with the strictly
1:1 composition is unstable; when the symmetry is lowered by a
slight deformation, the structure spontaneously changes to a
tetragonal shape with columns along the c-axis buckling alterna-
tively. This phase is tentatively named as &'-TaN. The equilibrium
lattice parameters of &-TaN in Table 1 indicate that the ab-plane
is compressed by 5% while the c-axis is elongated by as much as
15.5%. Fig. 1(d) shows the final structure obtained in this way, with
the arrows representing the buckling pattern. The observed insta-
bility of the cubic phase is in line with unstable phonon modes [14]
or negative defect formation energies [8]. The symmetry lowering

from the cubic to tetragonal shape is related to a Jahn-Teller dis-
tortion that lifts degeneracy at the Fermi level, as will be discussed
in the below section.

3.2. Relative stability and bonding properties

We compare the stability between different phases by calculat-
ing the heat of formation (AHy) as defined in the following:

AH¢ = Eyor(bcc — Ta)/nr, + Ewor(N2) /2 — Eror(TaN) /1y, (1)

where E, is the total energy of the system in the parenthesis and
ny (ng,) is the number of nitrogen (tantalum) atoms within the unit
cell. The computational results are shown in Table 1. It can be seen
from the table that the stability at zero temperature is in the se-
quence of ¢>0>¢ >, which is consistent with the fact that e-
TaN is the equilibrium phase at ambient conditions. We also con-
sider the symmetric CoSn structure for comparison purpose. The

Table 1
Space group, heat of formation (AHg), lattice parameters, distances between nearest-
neighbored atoms of four crystal structures of TaN studied in this work

Phase Space AHg Lattice Lattice parameters  dra-ta dra-N
group  (eV/ parameters (experiment, A) (A) (A)
fu.) (theory, A)
& P62m  2.39 a=5.226 a=5.196" 2.920 2.054
c=2.920 c=2911 3.017 2173
0 P6m2 2.36 a=2.946 a=2.936" 2.897 2234
c=2.897 c=2.885 2.946
3 Fm3m  1.75 a=4414 a=4385° 3.121  2.207
o P4/ 1.92 a=2.966 - 2966 2.167
nmm c=5.099 3.124 2.238
For comparison purposes, experimental data are also shown.
2 Ref. [3].
b Ref. [15].
¢ Ref. [16].
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calculated AHg is 1.49 eV, smallest among the structures studied in
this work.

The bond lengths of Ta-Ta and Ta-N pairs (dra_ta and dra_n,
respectively) are also shown in Table 1. The nearest-neighbor dis-
tance between Ta atoms in the crystalline bcc structure is calcu-
lated to be 2.865A based on the same computational setup.
There are two types of Ta atoms in &-TaN and they are denoted
as Ta(3) and Ta(6), with the numbers in parentheses indicating
the coordination number of neighboring nitrogen atoms. (See Fig.
1(a).) In &-TaN, the shortest dra_ta (2.920 A) is found for Ta(3)-
Ta(3) and Ta(6)-Ta(6) pairs along the c-axis. The next closest pair
is Ta(6)-Ta(6) along the middle plane with a separation of
3.027 A. On the other hand, the shortest Ta-Ta distances are
2.897 and 2.946 A in 0-TaN. These values are substantially smaller
than those in other phases and very close to that of the bulk bcc-Ta
crystal. This implies that the metallic bonding character is most en-
hanced in 6-TaN among the four phases. In contrast, the shortest
dra_n is found for e-TaN, suggesting that the covalent or ionic char-
acter is dominant in this phase. The small difference in AH¢ be-
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Fig. 2. Total and partial density of states (DOS) for stoichiometric phases of TaN.

DOS is normalized by formula unit.

tween these two phases (0.03 eV/f.u.) suggests that the stability
is in a delicate balance between the two competing bonding nat-
ures. On the other hand, dr,_t, is largest in 5-TaN among the four
phases, which accounts for the smallest AH;. The deformation to
the tetragonal &-TaN reduces dr,_r, by as much as 0.155A in a
plane normal to the c-axis (ab-plane). By contrast, dr,_n changes
by only ~0.04 A. Therefore, the rearrangements in the bonding dis-
tribution lead to the enhanced Ta-Ta bonding in the ab-plane,
which significantly affects electronic structures as will be dis-
cussed in the below section. This would be a main driving force
to distort the symmetric structure of 5-TaN.

3.3. Electronic structures

Next we compare the electronic structure of each phase. The
computed DOS is shown in Fig. 2. The decomposition of the
bands indicates that the low lying states around -17 eV are
mixed characters of Ta-s and N-s orbitals, resulting in the ssc
bonding. The valence bands between -10 and -3 eV consist of
Ta-d and N-p orbitals (see Fig. 3), and therefore the bonding type
is dpo or dpm. The electronic states around the Fermi level are
dominated by Ta-d characters. This means that the metallic
bonding character prevails at these energy ranges. A dip at the
Fermi level is noticeable in DOS of all phases except for 5-TaN.
In particular, DOS of the 0 phase shows a structure close to the
semimetallic one. In contrast, DOS at the Fermi level is substan-
tially large for 6-TaN, implying the highest electronic conductiv-
ity. This is well correlated with its application as electronic
conductors.

The band structures of the four phases are shown in Fig. 3.
The band structure of 6-TaN in Fig. 3(c) is very similar to the
full-potential result in Ref. [7], assuring the accuracy of the
method employed in this work. For the 0 phase, there are few
bands crossing the Fermi level, and this is consistent with the
smallest DOS at this energy (see Fig. 2(b)). In addition, a large
dispersion is noticeable along the I'-A direction, which is due
to the shortest length between Ta atoms along the c-axis (see Ta-
ble 1). This means that 0-TaN behaves like one-dimensional con-
ductor with a highly anisotropic Fermi surface between ab- and
c-directions. On the other hand, it is notable that the Fermi level
of 6-TaN closely passes a degeneracy point near the W-point.
This degeneracy is found to be lifted in the band structure of
&'-TaN with a gap opening of 1.6 eV. (See an arrow in Fig. 3(d);
the A-point in the tetragonal cell of &-TaN corresponds to the
W-point in the face-centered-cubic structure of 5-TaN.) This
strongly supports that the degeneracy at the Fermi level is the
origin of structural instability and the distortion is a Jahn-Teller

type.
4. Conclusion

In summary, we have calculated on the various phases of TaN
with the stoichiometric composition. The stability is in the order
of ¢>60>¢ >6. It was found that the cubic §-TaN undergoes a
spontaneous distortion into a tetragonal structure caused by the
Jahn-Teller type distortion that lifts degeneracy at the Fermi le-
vel. The electronic structures were closely examined and it was
found that the largest carrier density is expected for 5-TaN while
0-TaN is close to a quasi-one-dimensional conductor.
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Fig. 3. The band structure of various phases of TaN. The first Brillouin zone is shown on the top.
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