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First-principles calculations of the electronic, optical properties and lattice dynamics of tantalum oxynitride are
performed with the density functional theory plane-wave pseudopotential method. The analysis of the electronic
structure shows a covalent nature in Ta—N bonds and Ta—O bonds. The hybridization of anion 2p and Ta 5d states
results in enhanced dispersion of the valence band, raising the top of the valence band and leading to the visible-light
response in TaON. It has a high dielectric constant, and the anisotropy is displayed obviously in the lower energy
region. Our calculation indicated that TaON has excellent dielectric properties along [010] direction. Various optical
properties, including the reflectivity, absorption coefficient, refractive index, and the energy-loss spectrum are derived
from the complex dielectric function. We also present phonon dispersion relation, zone-center optical mode frequency,
density of phonon states, and some thermodynamic properties. The experimental IR modes (B, at 808 cm ™" and A,
at 863 cm™ ") are reproduced well and assigned to a combination of stretching and bending vibrations for the Ta—N
bond and Ta—0 bond. The thermodynamic properties of TaON, such as heat capacity and Debye temperature, which
were important parameters for the measurement of crystal physical properties, were first given for reference. Our

investigations provide useful information for the potential application of this material.

1. Introduction

Modern materials science aims at the development of
multifunctional materials designed for application in dif-
ferent industrial branches. This challenging task could be
reached by the combination of many desirable properties in
one material. Transition metal oxynitrides (TM—O—N) are
considered promising multifunctional materials. A variety of
the potential applications anticipated for metal oxynitrides
(electrochromic coatings, biocompatible coatings, nanocrys-
talline solar cells and catalysts, and selective solar absorbers! %)
is a result of the wide range of chemical compositions of
TM—O—N determining their physical, chemical, and func-
tional properties. Recently, it was shown that TM—O—N
(TM = Ti, Zr, Hf, Ta) films exhibit improved optical pro-
perties compared to pure oxides.” In particular, tantalum
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oxy-nitride (TaON) is a uniquely versatile material with a
large number of technological applications, e.g., as decora-
tive coatings,’® as charge capacitors in dynamic random access
memory devices, as gate oxides in microelectronic devices,*®
and as visible-light responsive photocatalysts.'’~"* The most
prominent characteristic of TaON is the high dielectric con-
stant. The high dielectric constant gate oxide can replace the
conventional SiO, gate oxide, which would allow the gate
oxide to increase its capacitance without having to reduce its
thickness.

Tantalum oxynitride has also been the subject of several
theoretical investigations. Up to now, most of the works are
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devoted to the electronic structure, high-pressure phases,
structure, and stability of its polymorphs.'* 2 However,
in contrast to the extensive optical experimental measure-
ments,>>?' there is no corresponding theoretical report
concerning the optical properties of crystalline TaON. The
optical properties, such as the absorption spectrum and the
dielectric function, can be used to determine the optical band
gap and electronic dielectric constants, which are fundamen-
tal in the modeling of the conduction band offsets, leakage
current, and dielectric breakdown.

In addition, the knowledge of lattice dynamic properties
plays a key role in understanding the structural, phase
transition, infrared (IR)/Raman vibration, optical, and
thermodynamic properties. Raman and infrared data have
become powerful and effective tools for resolving the struc-
ture of the local arrangements by comparison with analogous
crystalline compounds. However, theoretical studies of the
lattice dynamic and thermodynamic properties of TaON,
such as heat capacity and Debye temperature, have rarely
been referenced. Systemic studies on lattice dynamics and
thermodynamics of TaON are of great importance and in
demand.

In this paper, we present a series of first-principles calcula-
tions on the electronic, optical, and lattice dynamics proper-
ties of tantalum oxynitride. The electronic structures are then
calculated from the perspective of the optical properties and
are found to depend on both the interband and intraband
transitions determined by the energy bands. The optical pro-
perties, such as the dielectric function, reflectivity, absorp-
tion, refractive index, and electron energy-loss function are
discussed. We also discussed the vibrational properties in
detail. Finally, some thermodynamic properties such as
constant volume heat capacity and Debye temperature are
given.

The remainder of this paper is organized as follows. A brief
description of our computational method is given in section 2.
The results and discussion are examined in section 3, followed
by a summary of our conclusions in section 4.

2. Computational Details

The calculations were performed using the plane-wave
pseudopotential DFT method as implemented in the
CASTEP code,?? using norm-conserving pseudopotentials®
and a plane-wave expansion of the wave functions. We used
the local-density approximation (LDA) with the Ceperley-
Alder?® form to describe the exchange and correlation
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Figure 1. Crystal structure of TaON (light blue, red, and dark blue
colors represent Ta, O, and N atoms, respectively).

potential. The convergence criteria for structure optimization
and energy calculation were set to ultrafine quality with a
kinetic energy cutoff of 990 eV and k-point meshes of 6 x 6 x 6
for TaON. Geometry optimization was done before single
point energy calculation, and the self-consistent convergence
accuracy was set at 5.0 x 107° eV/atom. The convergence
criterion for the maximal force between atoms was0.01eV/ A.
The maximum displacement was 5.0 x 10~* A, and the stress
was 0.02 GPa. For the equilibrium structure, the Mulliken
populations were investigated using a projection of the plane-
wave states onto a linear combination of atomic orbital basis
sets,?>2® which is widely used to perform charge transfers and
population analyses. The electronic band structures, densities
of state (DOS) spectra, and optical properties are also derived
under the optimized structures. The phonon frequencies and
densities of phonon state were calculated from the response to
small atomic displacements.”’

3. Results and Discussion

3.1. Structural and Electronic Properties. TaON is
known to crystallize in the monoclinic baddeleyite struc-
ture with space group P2;/c. Powder neutron diffraction
experiments revealed that the oxygen and mtrogen atoms
of TaON have an ordered arrangement 8 As shown in
Figure 1, the tantalum atom experiences 7-fold coordina-
tion by three oxygen atoms and four nitrogen atoms. By
minimizing the crystal total energy, the equilibrium lattice
parameter has been computed, and the results are given in
Table 1 with the experimental values. The equilibrium
structural parameters are in very good agreement with
experimental values within deviations of 3.0% in the
lattice constants.

As for the complicated chemical bonding behavior in
TaON, we performed the corresponding Mulliken charge
and bond population to analyze the bonding character
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Table 1. Structure Parameters of TaON: Lattice Parameters and Atom Positions
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present experiment®®
lattice parameters a(A) b (A) c(A) B (deg) a(A) b (A) c(A) B (deg)
4.8194 4.9007 5.0580 99.97 4.9581 5.0267 5.1752 99.64
X y z X y z
atom positions Ta (4e) 0.2915 0.0508 0.2181 Ta (4e) 0.2920 0.0460 0.2130
O (4e) 0.0612 0.3251 0.3493 O (4e) 0.0640 0.3240 0.3450
N (4e) 0.4419 0.7555 0.4766 N (4e) 0.4449 0.7566 0.4810
Table 2. Mulliken Charge (le[) and Bond Population of TaON 10 =] s_g F——
species s p d total charge bonds population length (A) §§; ;\—
Ta 039 020 3.10 3.70 1.30 OI-Ta  0.59 2.033 s ~
02-Ta 034 2.165 NS s
1.83 477 000 660 —0.60 O3~Ta 040  2.092 = %§>%§\5
N1—Ta 0.54 2.072 =
1.69 4.01 0.00 5.70 —0.70 Eg— % 8-‘51(3) %gg T e e R e EECTE EEAL o
. . <
N4—Ta 04l 2,105 2 %\/ —
quantitatively. It is well-known that the absolute magni- 5L /\§ ;S
tudes of the atomic charges yielded by the population % ——
analysis have little physical meaning, since they are highly r =]
sensitive to the atomic basis set. But we still can find some 10
useful information by considering the relative values of z G Y A B D E c
Mulliken population. The results are given in Table 2. The . .
Mulliken Ehgrges transferred from T%l atoms to N atoms Figure 2. Electronic band structures of TaON.
and O atoms are 0.70 and 0.60e, respectively. From the
charge transfer, we can infer that the N atoms are more 12 p=a e Total
electron affinitive than O atoms. The overlap population 81 & A
between the N—Ta atoms is 0.54¢, 0.43¢, 0.50¢, and 0.41e, 4r /‘q
and the bonding shows the covalent nature. The O—Ta 0
bonding also shows the covalent nature whose overlap § 4+
population is 0.59¢, 0.34¢, and 0.40¢. It is indicated that the =2 L
covalency between Ta and N is greater than between Ta ° of
and O. This kind of difference could affect the band gap ‘E 10 -
positions of TaON. E "
The calculated band structure and density of states .
(DOS) spectra of TaON are shown in Figures 2 and 3, i :
respectively. Friom Figure 2, we can see t.hat itis anindirect , A —---N2g|
band gap semiconductor with an indirect band gap of ) iy v
1.92 eV along the G direction to the B point. The direct 1 RO SNCRSE ST T SR
-20 -10 0 10 20 30

band gap at the highly symmetric G pointis 2.25 eV, which
is slightly smaller than 2.4 eV from the measurements of
diffuse reflectance spectra.”” The band gap underestima-
tion of DFT always exists due to the well-known limita-
tion of predicting accurate conduction band properties.*
Figure 3 shows the total and partial density of states of
TaON. The lowest-lying states (—19.3 to —17.3 eV) stem
from the O 2s states with less contributions from the Ta
dsp-hybridized states, and the states in the higher energy
range (—15.2 to —12.6 ¢V) are essentially contributed
by the N 2s states with contributions from the Ta dsp-
hybridized states. The PDOSs in the region of —7.7 to
0 eV mainly come from the O 2p and N 2p orbitals with
contributions from Ta 5d orbitals, indicating the potential
covalent bonding character in the compound. We can sce
that the top of the valence band is dominated by N 2p states.

(29) Orhan, E.; Tessier, F.; Marchand, R. Solid State Sci. 2002, 4, 1071—
1076.

(30) Martin, R. M. Electronic Structure: Basic Theory and Practical
Methods; Cambridge University Press: Cambridge, England, 2004.
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Figure 3. Total and partial densities of states of TaON.

That is in agreement with the Mulliken analysis results;
that is, the stronger covalency between Ta and N could
affect the band gap positions of TaON. It is noted that
there is a large dispersion of the valence band by the
hybridization of O 2p and N 2p orbitals with Ta 5d
orbitals. The large dispersion of the valence band raises
the top of the valence band, which is responsible for the
visible-light response in TaON. The bottom of the con-
duction band is mainly composed of Ta 5d orbitals hy-
bridized with O 2p and N 2p orbitals. Due to the different
energies of Ta 5d, O 2p, and N 2p orbitals, the PDOS for
Ta 5d, O 2p and N 2p orbitals shows their asymmetric
distribution in the bonding and antibonding bands. The
bonding band has a larger O 2p and N 2p contribution, and
vice versa, the antibonding band has a larger Ta 5d
contribution.



6920 Inorganic Chemistry, Vol. 49, No. 15, 2010

Figure 4. Charge density contour maps for various electronic states of
TaON (light blue, red, and dark blue colors represent Ta, O, and N atoms,
respectively) corresponding to the selected energy range (a, b, ¢, d) marked
with ellipses in the DOS. The contour levels are uniformly spaced starting
at —0.12 ¢/A3, with a spacing of 0.002 ¢/A> between contours.

For getting a further understanding about the bonding
character of the system, we have constructed the charge
density contour maps associated with the selected states
(a, b, ¢, d) marked with ellipses in the DOS of Figure 3, as
itis shown in Figure 4. We chose to construct contour plots
in the plane containing Ta, O1, O2, N1, and N2 atoms.
From these plots, we can see the character of ¢ bonding
states in the valence band and the corresponding o* anti-
bonding states in the conduction band. Figure 4a showed
that there is an obvious directional bonding between the
Ta atoms and O atoms. Combined with the DOS analysis,
it can be concluded that the o bonding states formed from
the O 2s states and Ta dsp-hybridized states in the region of
—19.3 to —17.3 eV. There is also a directional bonding
between the Ta atoms and N atoms in Figure 4b, which
showed that the o bonding states formed from the N 2s
states and Ta dsp-hybridized states in the region of —15.2
to —12.6 eV. In the energy states —7.7 to 0 eV close to the
top of the valence band, the o bonding states came from the
anion 2p states with somewhat less density associated with
the Ta dsp-hybridized states, as shown in Figure 4c. We
can see the corresponding o* antibonding states in the
region of 3.5—10.2 ¢V in Figure 4d, which are formed
from the Ta dsp-hybridized states with a small contribu-
tion from the anion 2p states in the conduction band. That
corresponds with the DOS analysis results, showing the
asymmetric distribution in the bonding and antibonding
bands. From the above information, we can infer that the
formation of a 7-fold coordination polyhedron around Ta
stems from the bonding between the Ta dsp-hybridized
states and three N 2p states, two O 2p states, one N 2s state,
and one O 2s state.

3.2. Optical Properties. The optical properties of
TaON are determined by the dielectric function &(w) =
e1(w) + ie>(w) that is mainly contributed from the electro-
nic structures. The imaginary part, &(w), of the dielectric
function &(w) is calculated from the momentum matrix
elements of transition between the occupied and unoccu-
pied electronic states and is given by

202w
&6 = ——

= o KwilirupPo(E; ~ B~ E) (1)

kyv,c

where Q is the unit cell volume, 1 is the vector defining the
polarization of the incident electric field, w is the light
frequency, e is the electronic charge, and yj and v, are the
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conduction and valence band wave functions at k, respec-
tively. Since the dielectric function describes the causal
response, the real and imaginary parts are linked using the
Kramers—Kronig transform. The real part &;(w) of the
dielectric function can be derived from the imaginary part
&(w) with the causal transform. All of the other optical
properties, such as the reflectivity R(w), the absorption
spectrum o(w), the real part of the refractive index n(w),
the imaginary part of the refractive index k(w), and the
electron energy-loss spectrum L(w) can be derived from
e1(w) and &x(w)

Rlw) - [VE@ o)~ 1
Ver@) jeao) + 1

2

(2)

=

a(w)—ﬁw[ s%<w>+e§<w>—el<w>} 3

k) = [ya) + 8w —a@)| V2 )

L(w) = ex(w)/[e}(0) + &3()] (6)

In the high dielectric constant materials, the large static
constant is mostly of vibrational origin. The value (0) =
Ep—e + E€u—o 1S dominated by the lattice vibrational
component &,— (typically upward of 10—15) over the
electronic contribution &, ., (typically 3—5). The lattice
part depends quadratically on the ratio of effective dyna-
mical charges (polarization change upon atomic motion)
to the frequency of infrared active modes®!*?

47re? Z3aZ),
Eaﬂ:() _ a<lf (7)
P

with the mode charge vector

iku gl

Zt, pSi, A

B = E — a7
B \/M,

the system volume €2, the effective charge tensor Z*, the
mass of the i atom M,, the eigenvector £ and eigenfre-
quency w of mode A, and Cartesian indexes o and /3.

The real part of the dielectric function &1(w) and the
imaginary part &-(w) are plotted in Figure 5; from the real
part &(w) of the dielectric function, we can obtain the
electronic contribution of the dielectric constants, which is
about 9.0 in our calculation, combining with the lattice
vibration contribution of 21.6 calculated from linear re-
sponses method within the density functional perturbation
theory (DFPT). The total static dielectric constant is 30.6,
which indicates that TaON is a high dielectric constant

(31) See, e.g.: Zhao, X.; Vanderbilt, D. Phys. Rev. B 2002, 65, 075105.
Zhao, X.; Vanderbilt, D. Phys. Rev. B 2002, 65, 233106.

(32) Bruesch, P. Phonon: Theory and Experiments-II; Springer: Berlin,
1986.
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Figure 5. Real &(w) and imaginary &;(w) parts of the dielectric function
&(w) of TaON.
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Figure 6. Real &(w) and imaginary &;(w) parts of the dielectric function
&(w) of TaON corresponding to different directions: £** (black line), &
(red line), and & (blue line). The inset shows off-diagonal element ¢**
(magenta line).

material, corresponding well with an experimental value
over 30.” The &(w) of TaON indicates an obvious peak
below zero at 10.9 eV, at which the material exhibits
metallic properties. In the imaginary part &(w), there are
two main peaks at around 4.1 and 8.8 eV, mainly from the
electron transitions between the Ta 5d and 2p orbitals of
the anion.

Due to the anisotropy of the monoclinic crystal, the
dielectric function &(w) of TaON has four nontrivial
components: £, &, ¢, and £, as it is shown in Figure 6.
The off-diagonal component &** is much smaller than the
diagonal components. The anisotropy in the diagonal
components £, ¢, and €~ occurs mainly in the energy
region 0—10 eV, and in the higher energy region, the
anisotropy is not displayed obviously. There are two peaks
at4.4and 9.3 eV for &,™, whereas &, peaks at 3.7 and 8.6
eV. Table 3 shows the optical-frequency (w—e0) and low-
frequency (w = 0) dielectric tensors of TaON. The static
dielectric tensor &(0) is calculated by adding the lattice
vibration contribution to the electronic dielectric tensor.
The component of £7(0) is 38.97, which is much bigger
than the other components. It is indicated that TaON has

Inorganic Chemistry, Vol. 49, No. 15,2010 6921

Table 3. Optical-Frequency (w — =) and Low-Frequency (o = 0) Dielectric
Tensors of TaON

W —> oo w =0
X v z X ¥ z
8.43 0 0.11 19.70 0 1.62
0 9.85 0 0 29.12 0

0.11 0 8.80 1.62 0 18.91
_04r
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z 02 _/\/_\,\
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Figure 7. Reflectivity R(w), absorption spectrum a(w), real part of the
refractive index n(w), imaginary part of the refractive index k(w), and
electron energy-loss spectrum L(w) of TaON.

excellent dielectric properties along the [010] direction,
which may provide an optical metrology for gate dielectric
films on silicon substrates.

Figure 7 shows the reflectivity R(w), absorption spec-
trum o(w), real part of the refractive index n(w), imaginary
part of the refractive index k(w), and electron energy-loss
spectrum L(w) of TaON. The reflectivity spectrum shows
two main peaks at 3.6 and 11.3 eV, which could be inter-
preted as the interband transitions and the electron transi-
tions from the valence to conduction bands, respectively.
The absorption coefficient indicates the fraction of energy
lost by the electromagnetic wave when it passes through a
unit thickness of the material, and it is proportional to the
rate of Joule heat produced in the sample. In our calcula-
tion, we only consider the eigen absorption, without con-
sidering the polarized absorption, which has a minor
influence on the spectrum. The steepest increase in the
absorption coefficient defines the optical band gap, and a
value of 2.3 eV is extracted from our calculation. The
absorption band of TaON is from 2.2 to 60 eV. Above
2.2 eV, the absorption increases continuously before reach-
ing a maximum. In the high-energy region (above 60 eV),
the crystal is transparent because it progressively becomes
more difficult for the electrons to respond. The refractive
index is displayed, and the static refractive index n(0) is
found to have a value of 3.0, which is similar to the
experimental results over 2.5 at 632.8 nm wavelength for
TaON films.’ TaON has a large refractive index and can be
used as a cladding layer. The electron energy-loss function
L(w) is an important optical parameter describing the
energy loss of a fast electron traversing in a certain mate-
rial. The peaks in the L(w) spectra represent the character-
istics associated with the plasma resonance, and the corre-
sponding frequency is the so-called plasma frequency,
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Figure 8. Dispersion curves of phonon and partial phonon density of states for TaON.
above which the material is a dielectric [¢;(w) > 0] and Table 4. Phonon Frequencies of TaON at G Point
below Which the material behaves likg a metallic com- phonon frequency
pound in some sense [e;(w) < 0]. In addition, the peaks of
L(w) point out the trailing edges in the reflection spectra; symmetry present reference’’
for instance, the peak at 19.1 eV corresponds to the abrupt
reduction of R(w). Unfortunately, the related spectro- Raman
scopic data, such as parallel electron energy loss spectros- A, 142
copy, are insufficient at present. B, 149
3.3. Lattice Dynamics. Dynamical properties were ob- Ag 156
tained by the use of linear response method, within density /}ig ég;
functional perturbation theory (DFPT).*”** DFPT is not A 260
only one of the most robust methods for the calculation ng 266
of dynamic properties but also a method that naturally B, 387
enables the calculation of the second-order derivatives of 23 3‘5‘2
the total energy with respect to atomic position, and thus ng 531
the properties of phonon modes to be evaluated directly. Ag 540
The long-range behavior of the Coulomb interaction gives B, S44
rise to macroscopic electric fields for longitudinal (LO) and /};g 22‘;
transverse (TO) optical phonons, and the coupling be- Bi 779
tween the phonon modes and the electric field leads to the A, 797
LO—TO splitting at the G point.*** The Born effective B, 872
tensor is a very important quantity, which determines the IR
well-known phenomenon of LO—TO splitting.** LO—TO A 17
splitting affects only infrared active modes near the gamma AE 208
point, raising the frequencies of LO modes above those of B.(TO) 262
TO modes. B.(LO) 288
Figure 8 shows dispersion curves and partial densities of g“ g;g
states of the phonon for TaON. The macroscopic electric B, 163
field splits the infrared active modes A, and B, to trans- AW(TO) 482
verse A, (TO) and B, (TO) and longitudinal 4, (LO) and B, 523
B, (LO) components for TaON. Meanwhile, the calculated gu(LO) ggg
phonon dispersion relations have no soft mode at any wave Ay 664
vectors, which indicates the stability of the phase. From the Ay 758
partial density of states of the phonon, we can see that the B, 808 782
contribution of Ta movements dominates at lower fre- Au 863 827

quencies, while that of O and N movements lies at higher
frequencies, since Ta is heavier than O and N.
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For TaON, the exact phonon frequencies occur at the
high symmetry points Z, G, Y, A, B, D, E, and C. Lattice
vibration at the G point can be closely investigated by
infrared (IR) and Raman spectra. The group symmetry
decomposition into irreducible representations of the P2 /c
point group at the G point yields a sum of A, + 2B, for
three acoustic modes and 9A, + 9B, + 8A, + 7B, for the
33 optical modes, which contain 18 Raman active modes
(9A, + 9B,) and 15 IR-active modes (8A,, + 7B,). Table 4
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shows the calculated frequencies at the G Point in compar-
ison with previous IR experimental data.’” In order to have
a clear picture of the vibrational patterns; we have illu-
strated the atom displacements for the modes at various
frequencies, as shown in the Supporting Information and
Figure 9. The low-frequency region (<200 cm™ ') contains
one IR mode at 172 cm™ ', and from the analysis of vibra-
tional patterns, we find that the Ta atoms along the
diagonal axes move in parallel in the same direction, while
they move against each other at 142, 149, 156, and 187
cm ' in the Raman modes. There are four modes in the
200—300 cm ™! region, the vibration motion is a mixing
of bending and stretching. The lower the energy of the
vibration, the less pronounced are the stretching modes.
The vibration contributions mainly come from the Ta and
O atoms, which are consistent with the contribution in the
phonon density of states. The A, mode at 314cm ™' and B,
mode at 387 cm ™! arise from the O atoms’ movement,
while the Ta and N atoms are nearly kept still. In the high-
frequency region (395—900 cm '), stretching modes also
occur together with bending modes. The O and N atoms
move, whereas the Ta atoms hold almost static. Figure 9
shows the atom displacements for the vibrational modes
of B,at808 cm ' and A, at 863 cm ™! of TaON, which are
verified in the IR experiment.®” Our calculations agree well
with the experimental data, while there seems to be a little
shift to the high energy region. As is well-known, the LDA
usually underestimates the volume. Therefore, we can
conclude that our calculated IR-active modes have a high-
er frequency than experimental ones by the underestima-
tion of volume with the LDA. The coordination polyhedra

(a)B,, 808cm"*

Figure 9. Atom displacements for the vibrational modes of B, at 808
em ' (a) and A, at 863 cm ™' (b) of TaON (light blue, red, and dark blue
colors represent Ta, O, and N atoms, respectively).
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around Ta are distorted by the N2 and N4 atoms moving in
parallel in the same direction, as well as the N1 and N3
atoms and O2 and O3 atoms. The A, and B, modes have
inversion symmetry and are thus Raman-active. In these
modes, the coordination polyhedra around Ta are dis-
torted by the relative motion of the N2 and N4 atoms, N1
and N3 atoms, and O2 and O3 atoms.

3.4. Thermodynamic Properties. Employing quasihar-
monic approximation,®® we evaluate thermodynamical
properties under finite temperatures. The vibrational den-
sity of states can be written as

Q ds Q 5
&) :(271)3/ |qu(9)|:(2ﬂ)3§q:(w—wq)2+52 ®)

where O is the adjustable width factor of Lorentzian
function. Heat capacity at a constant volume C, can
be calculated directly from the phonon DOS under the
harmonic approximation and then can be given by the
formula®

CV(T)—/ max . hw , exphw/kpT) i
0 ksT" [exp(hw/kpT) —1]

g(w) d(w)
9)

Heat capacity at constant volume under the Debye
approximation is expressed as follows:*’

0,/T
Cy = 9NAks(T/Op)’ / dv (hv/ksT)*W (hv/kgT)

0
(10)

where the weighting factor W(hv/kgT) = (hv/kgT)* exp-
(hv/kgT)/lexp(hv/kgT) — 17> and the Debye temperature
at a given temperature was determined by fitting the
theoretical C, to that from this formula.

In Figure 10, we present results on the heat capacity at
Constant volume (C,) and the temperature dependence of
the Debye temperature ©p, for TaON. From plot a, we can
see that the heat capacity increases rapidly below 400 K
and reaches a maximum of 68.5 J/(mol K) at about 900 K.
By fitting the theoretical C, with the Debye model, we
derive the temperature-dependent Debye temperature
Op(7), as it is shown in plot b. The Debye temperature
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Figure 10. Constant volume heat capacity C, (a) and temperature dependence of Debye temperature ®p, (b) for TaON.
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is about 920 K, which is an important parameter for the
measurement of crystal physical properties.

4. Conclusions

In the present study, first-principles calculations are used
to investigate the structure, electronic properties, optical
properties, lattice dynamics, and some thermodynamic pro-
perties of tantalum oxynitride. The Mulliken charge and bond
population further demonstrate covalent bonds between Ta
and O atoms and between Ta and N atoms. The hybridiza-
tion of anion 2p and Ta 5d states attributed to the covalent
nature in Ta—N bonds and Ta—O bonds results in enhanced
dispersion of the valence band, raising the top of the valence
band and leading to the visible-light response in TaON. The
analysis of the charge density contour maps shows that the
formation of a 7-fold coordination polyhedron around Ta
stem from the bonding between the Ta dsp-hybridized states
and three N 2p states, two O 2p states, one N 2s state, and one
O 2s state. TaON has a high dielectric constant and a high
refractive index, and the anisotropy in the optical proper-
ties is displayed obviously in the lower energy region. Our
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8920-8927.
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calculation indicated that TaON has excellent dielectric
properties along the [010] direction. The absorption spectrum
exhibits an optical band gap of 2.3 eV. Moreover, it has a
large refractive index. The calculated Raman and infrared
data provided powerful and effective tools for resolving the
structure from analogous crystalline compounds. The experi-
mental IR peaks (B, at 808 cm™ ' and A, at 863 cm™ ") are well
reproduced and assigned to the movements of N atoms and O
atoms with Ta atoms moving slightly. The coordination
polyhedra around Ta are distorted by the N2 and N4 atoms
moving in parallel in the same direction, as well as the N1
and N3 atoms, and O2 and O3 atoms. The thermodynamic
properties of TaON, such as heat capacity and Debye
temperature, which were important parameters for the mea-
surement of crystal physical properties, were first given for
reference. Our investigations provide useful information for
the potential application of this material.
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