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Abstract 

We report on the first principles calculation of the electronic, structural and optical 

properties of BaTaO2N, using density functional theory (DFT) and Finite Difference Time 

Domain (FDTD) methods. Band structure calculations were performed to calculate the direct 

and indirect bandgaps of the material. Density of states and Mulliken charge analysis as well 

as the electronic contour maps were established to determine the type of bonding and 

hybridization between the various electronic states. The dielectric constant, reflectivity, 

absorption, optical conductivity and energy-loss function were also calculated. Moreover, 

FDTD was used to investigate the optical properties of a larger and more reliable structure for 

BaTaO2N powder with a good agreement with the reported experimental parameters. The 

calculated electronic, structural and optical properties showed the potential of BaTaO2N for 

solar energy conversion and optoelectronic applications. 
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Introduction 

     Perovskites have the general formula ABO3, where the A atoms are placed at the 

corners of the cubic crystal lattice, the B atoms are placed at the center, and the oxygen atoms 

are positioned at the center of the faces 
1
. Perovskites have very interesting properties 

including their superconductivity, high dielectric properties, and excellent electronic transport 

features 
2,3

. However, most of the perovskites are wide bandgap materials due to the 

fundamental characteristics of the metal–oxygen (A–O and B–O) bonds. The excitation 

across the bandgap is essentially a charge transfer from the oxygen O 2p states at the valence 

band maximum to the transition-metal d states at the conduction band minimum. Owing to 

the large difference in electronegativity between the oxygen and transition-metal atoms, the 

bandgap is quite large (3–5 eV) 
4
. This wide bandgap limits their use as photoactive 

materials, especially in solar energy conversion devices. 

     Following the bandgap-engineering strategy explored in semiconductor materials 
5,6

. 

doping perovskites with nitrogen to form the corresponding oxynitrides seems to be of 

potential interest. Oxynitrides are expected to have lower bandgap compared to the oxide 

counterparts owing to the higher N 2p orbital energy than that of the O 2p orbitals.
 
Moreover, 

the comparable size and charge between O and N give unusual bonding preference 
7
,
 
resulting 

in better performance of the oxynitrides over the pure metal-oxide or pure-nitride 

counterparts, making perovskite oxynitrides suitable candidates for solar energy conversion 
8
.  

Barium tantalum oxynitride (BaTaO2N) has a perovskite-like structure
9-12

, with band gap 

energy of 1.8 eV, making it a suitable choice as an active material in solar energy conversion 

devices. For solar water splitting, Higashi et al. 
13

 ,
 
were able to achieve an IPCE value of 

10% (at 1.2 VRHE) using BaTaO2N photoanodes co-loaded with CoOx and RhOx 

nanoparticles, which is among the highest photoanode materials with band gap smaller than 2 

eV. On the other hand, BaTaO2N has a high and temperature-independent dielectric constant 
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both in polycrystalline and thin film forms, giving it a dielectric property that is suitable for 

designing miniaturized and elegant devices 
14 

related the unusual dielectric properties of 

cubic perovskite BaTaO2N to the local polarizations induced by the geometry relaxations, 

which stem from the local atomic displacements
15,16

 

Once the relationship between atomic compositions, structural and material properties is 

well defined, new materials which improve upon the existing technology can be designed. To 

this end, quantum mechanical simulations and accurate molecular dynamics models are 

essential to understand in more details the electronic, structural and optical properties of 

BaTaO2N. Herein, we coupled the density functional theory (DFT) calculations with the 

finite difference time domain (FDTD) simulations to unravel the correlated electronic and 

optical properties of perovskite BaTaO2N. To the best of our knowledge, this is the first 

investigation on the use of first principles calculation to study the optical properties of 

BaTaO2N. 

 

Computational Details 

 The calculations were performed in the framework of the density functional theory 

(DFT) as implemented in CASTEP code
17

. The calculations were carried out for the structure 

including the crystal periodicity in the DFT code. Normconserving pseudopotential with 

plane wave basis sets has been used with the exchange correlation energy term approximated 

using generalized gradient approximation (GGA) according to Perdew-Burke-Ernzerhof 
18,19

, 

which includes the gradient in the charge density throughout the crystal. The structure is 

geometry optimized with cut-off energy of 750 eV, and 3  3  3 k-point grid is used. The 

energy tolerance between successive iterations was    Х       eV/atom, the maximum force 

between atoms was set to 0.003 eV/Å, where the maximum displacement tolerance was      

      Å, and the maximum stress was 0.05 GPa. The band structure and density of states are 
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calculated using the same functional. Population analysis is performed using the Mulliken 

formalism 
20

. The FDTD is used to investigate the material from a larger scale point of view. 

The source used for the simulation was Gaussian source with central frequency of 753.45 

THz. The dielectric function obtained from the DFT calculations is approximated to drude-

lorentizian model to be used for the time domain modeling. The BaTaO2N powder is 

modeled by a set of identical spheres with diameter of 200 nm each, deposited over ITO 

substrate. The dielectric function for ITO is obtained from the experimental results 
21

. The 

geometry cell used in the simulation is surrounded with a perfect matched layer (PML) that 

acts as a perfect absorber against the wave scattering. The structure is designed to model the 

real case, where the light is incident on the ITO substrate then propagate through the 

BaTaO2N powder. 

 

Results and Discussion 

BaTaO2N is one of the compounds that belong to the BaTiO3 perovskite group 

structures 
22

, where one O
2−

 ion is replaced by one N
3−

 ion, such that the anionic charge is 

balanced by exchanging Ti
4+

 against Ta
5+

. BaTaO2N has cubic perovskite structure with 

(pm  m) space group 
15

, as shown in Figure 1a. The BaTaO2N optimized structure is obtained 

by full relaxation of the unit cell with its lattice parameters. Table I compares the parameters 

of the optimized structure with those reported experimentally 
11

. Ta is bonded to four oxygen 

atoms and two nitrogen atoms in a N-Ta-N straight line (180°) 
11, 23

. This structure gives the 

most approximate optical properties compared to those reported experimentally. Note that 

Fang et al
23

 reported small differences in the electronic structures of the ordered and 

randomly distributed O/N structures of BaTaO2N. 

The use of plane wave basis sets gives a delocalized nature for the energy state 

without any information about the localization of electrons inside the crystal, lacking the 

Page 4 of 23Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



ability to estimate the electronic properties such as bond population, atomic charge etc. 

However, a technique illustrated by Sanchez et al. 
24

 showed the projection of the delocalized 

basis sets onto a localized basis, by which a reliable population analysis can be made using 

the resulted projected states as that performed using Mulliken formalism 
20

. This method is 

widely used for investigating the electronic structure and the atomic orbitals based on the 

linear combination of atomic orbitals method. The results of the obtained Mulliken charge 

and population is listed in Table II. The charge localized around the O1, O2 and N atoms are 

-0.77, -0.76, and -0.88, respectively. Therefore, the N atom has the largest electron affinity 

inside the structure, while Ta has the most positive value (1.26). This is in agreement with the 

population analysis, which shows a covalent bond behavior along the N-Ta bond (0.72) as 

well as O1-Ta (0.47) and O2-Ta (0.48) bonds. Moreover, there is a week bonding between 

O1-Ba, O2-Ba and N-Ba atoms (0.08, 0.09 and 0.18, respectively). In addition, the N-O bond 

shows negative overlapping populations (-0.14), which indicates the presence of anti-bonding 

molecular orbitals between these two atoms. These results are further confirmed by 

calculating the bond length along the pairs of atoms. The O1-Ta bond length is 2.32061Å 

indicating its covalent bonding behavior, while the N-Ba bond length is 2.73465 Å indicating 

a week bonding between N and B atoms. However, in the anti-bonding case, N-O bond 

length has the largest value of 2.85941 Å.    

Figure 1b shows the obtained band structure of BaTaO2N, which shows an indirect band 

gap of 1.53 eV, where the conduction band minimum (CBM) is located at the highest 

symmetry point gamma (G), and the valence band maximum (VBM) is located along the 

symmetry line Z G near the gamma point. The direct band gap is 1.6 eV, which is very close 

to the reported experimental bandgap of 1.8 eV 
15

. Note that our calculation method for 

BaTaO2N pm  m structure reduces the error in the bandgap estimation from 72 % 
23

, and 61% 
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25
 to only 15%. This is expected to help more investigations into the electronic and structural 

properties of the material, especially if modified with foreign atoms.  

Figure 1c shows the obtained total and partial density of states of BaTaO2N. It shows a 

wide valence band (about – 20 eV) that is consisted of three sub bands. A low band (-19 eV 

to -17 eV) mainly formed by the O 2s states, which is weakly dsp-hybridized with Ta 6s, 6p 

and 5d states. A middle sub-band (-14 eV to -9 eV) formed by the hybridization of N 2s 

states with Ba 5p states with small contribution from the Ta 5d states. A maximum valence 

sub-band (-6 eV to 0 eV) formed by the hybridization of Ta 5d , N 2p and O 2p states. This 

hybridization shows strong covalence between Ta and O as well as N atoms, which is in 

agreement with the Mulliken charge analysis. It can be observed that the VBM strongly 

depends on the energy of the N 2p states, which has the main role in determining the position 

of the VBM in BaTaO2N. The conduction band extends from 2 eV to 14 eV, where the CBM 

is dominated by Ta 5d states. However, the hybridization takes place between Ta 5d, Ba 4d, 

N 2p and O 2p states from 3 eV to 11 eV, with small contributions from Ba 6s, Ta 6s, and Ta 

6p states. The highest unoccupied conduction band states are formed by Ta 6p and Ta 6s 

orbitals. From the partial density of states (PDOS), the bonding and anti-bonding states 

around the VBM and CBM energy levels show a symmetric distribution for Ta 5d, N 2p and 

O 2p states, which is related to the difference in the energies between these states, as 

indicated from the Mulliken analysis. We find also that Ba has no effect on the band gap 

positioning in BaTaO2N, and its effect appears only at the deep anti-bonding states. 

For further investigating the bonding and anti-bonding states, the projected contour maps 

for the electronic wave function on different three planes were obtained as shown in Figure 2. 

Note that the three pairs of slices are presented to show all the possible combinations between 

Ta, O, N, and Ba atoms. Figure 2a shows the charge density distribution for a slice containing 

Ta, O, and N. This slice shows the strong covalence between Ta-O and Ta-N pair of atoms, 
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which was previously verified from the electron affinity in the population analysis as well as 

the hybridization in the calculated PDOS at VBM between Ta 5d, N 2p, and N 2p states. We 

believe that this strong covalent bond plays the main role in determining the position of the 

VBM in BaTaO2N. Figure 2b shows the anti-bonding states at the same slice at the 

conduction band. Note that there is no bonding between these three atoms, where each atomic 

charge is uniformly distributed around its atom. Figure 2c shows the slice that reveal Ta, O 

and Ba, where covalence bonding between the Ta and O atoms through the hybridization 

between Ta 5d and O 2p states is clear. However, there is no interaction between both atoms 

and Ba. Figure 2e shows the slice that includes N and Ba atoms, where there is a very week 

bonding between N and Ba through the hybridization of N 2s and the deep Ba 5p states. 

Figure 2d,f shows the anti-bonding states in (Ta, O, Ba) and (N, Ba) slices, respectively, 

indicating also the anti-bonding properties in these hybridized states. 

Owing to its bandgap, BaTaO2N is considered as a potential material for optical and 

optoelectronic applications. Therefore, it is crucial to investigate its optical properties in more 

details. In this regard, the complex dielectric function ε(ω) can be described as: 
26

 

                    (1) 

where ε1 and ε2 are the real and imaginary parts of the dielectric constant, respectively. The 

calculation of the imaginary part of the dielectric function is estimated using the following 

relation: 
26,27

 

      
    

   
      

 
      

 
   

 
          

         
             (2) 

where   is the unit cell volume,    is the photon energy,    is the matrix element for the 

electromagnetic perturbation added to the normal Hamiltonian taken between the valence and 
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conduction band Bloch states at wave vector     , and the  -function is the energy conservation 

at    . 

In particular, the imaginary part is calculated first, from which the real part       can 

be obtained by the Kramers-Kronig transform, using the fact that the dielectric constant 

describes a causal response. The dielectric constant       is a function of the frequency ( ), 

classifying    into electronic contribution part (    ), and lattice vibrational contribution part 

(     ), or the optical and static molecular polarizability. Figure 3 shows the calculated real 

and imaginary parts of the diagonal components of the dielectric tensor;     ,      and     . 

Note that     and     are isotropic with the same value, whereas     reveal anisotropic 

behavior in the range 0-20 eV. The first optical components appear at 3.758 eV for      and 7 

eV for     and    . The electronic contribution for     is 9.647, which is much greater than 

that of the other two diagonal components (5.543). Therefore,      plays the major role in the 

electronic transition from VBM to CBM states 
28

. These results show that BaTaO2N has large 

dielectric constants in the [001] direction, which add promising dielectric property to the 

material, allowing its use as a highly dielectric material in many photonic applications. We 

observed also that the diagonal     component has a negative peak around 5 eV, where the 

structure gains a metallic property, making it capable to attract similar charges with unusual 

scattering to the incident electromagnetic waves in that direction [001] around this range of 

frequencies. 

Based on the calculated dielectric constants, the other optical properties can then be 

obtained using the following relations: 
29 

      
               

               
 
 

         (3) 
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       (4) 

         
       

           

 

 
          (5) 

         
       

           

 

 
          (6) 

              
       

             (7) 

Figure 4a-e shows the calculated refractive index     , extinction coefficient     , 

absorption coefficient     , reflectivity      and the energy-loss spectrum     , 

respectively. The reflectivity spectrum (Figure 4a) shows three sharp peaks at 5, 11 and 13 

eV. Another two closed peaks located at 23 and 25 eV, with higher intensities than those 

observed at low energy. The low frequency peaks arise mainly from the inter-band transitions 

of the hybridization between Ta 5d, N 2p and O 2p states. However, the higher frequency 

peaks arise from the transition between the VBM and the CBM states. The reflectivity 

vanishes at frequencies greater than 40 eV. The index of refraction, which determines the 

light bending or refracted from the BaTaO2N (Figure 4b), shows two distinct peaks at 5 and 9 

eV, with a static value of 3.5 at n(0). The extinction coefficient      (Figure 4c) indicates the 

amount of absorption loss when the electromagnetic wave propagates through BaTaO2N, 

which shows three peaks at 2.5, 10.5 and 19 eV. Moreover, with low photon energy (0-1.6 

eV),      has a value of zero, consistent with the size of the band gap. The absorption 

coefficient (Figure 4d) also reveals a large increase above the band gap value as an indication 

for electron-hole pair threshold energy, and the transition of electrons from the valence to 

conduction band. The optical conductivity with its real and imaginary parts is also shown in 

Figure 4e. The real part represents the in-phase current, that produces the resistive heating 

energy, while the imaginary part represents the ( /2) out-of-phase inductive current. The 
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examination of       and       as functions of the frequency shows that in the frequency 

region 0-19 eV ,               than      .That is, The electrons in this range reveal a 

resistive character. However, in the frequency region 20-40 eV,        is larger than      , 

at which, the electrons reveal  an inductive character. At this range there is no energy 

absorbed from the field, and no joule heat appears. The real part       also has three 

successive peaks at 5, 11 and 20 eV, respectively. The electron energy-loss function, 

representing the loss of energy of a fast moving electron inside the material, is shown in 

(Figure 4f). It has an obvious peak at 25 eV, which is known as the plasma frequency above 

which the material is considered a dielectric           , and below which the material 

behaves as a metallic material          . 

The optical properties discussed so far are related to the molecular scale for 

BaTaO2N. However, a difference usually exists between the molecular scale and the macro-

scale structures. In fact, the density functional theory cannot be easily used for the 

simulations of such large structures, because of the huge computational cost required. 

Therefore, it is more convenient to investigate the optical properties for this structure using 

another technique such as Finite Difference Time Domain (FDTD) 
30

. FDTD is a 

computational method that is used to model the optical properties of materials with various 

dimensions and shapes, through a wide spectral range. This method, based on time-dependent 

Maxwell’s equations, is one of the differential numerical time domain modeling methods, 

where the electric field is initially solved, by which the magnetic field is obtained, then the 

values of the electric and magnetic field is updated with the propagating time domain, 

through a mesh lattice grid, well-known as Yee’s lattice 
31

. Since FDTD periodically solve 

the electrical and magnetic field with time throughout the simulation domain, it can be also 

used to provide an animated display for the electromagnetic propagation inside the material. 
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This is of great interest that helps in understanding in more details how the material behaves 

with the incident electromagnetic wave. 

Figure 5a shows a schematic diagram for the simulated BaTaO2N powder. BaTaO2N 

powder is represented by spheres with diameters of 200 nm, with a total deposited layer 

thickness of 800 nm. This layer is assumed to be deposited on indium-doped tin oxide (ITO) 

substrate with a thickness of 400 nm. The transmission and reflection planes are placed to 

measure the transmitted and reflected electromagnetic waves out of the source through the 

material. The dielectric function for BaTaO2N used in the simulations is that obtained from 

the DFT calculations. This function is approximated to the Drude-lorentezian model in order 

to be used in the time domain modeling. The simulated transmittance, reflectance and 

absorbance are shown in Figure 5b. The absorbance curve shows the good absorbing 

properties of the material in the visible light region, near 600 nm. This result demonstrates 

the capability for BaTaO2N to harvest a large percentage of the visible light, and strengthen 

its use as a photoactive layer over other comparatives
15

. The reflectance is also significantly 

high, probably because of the dielectric mismatch between the ITO substrate, BaTaO2N 

powder and air. The transmittance is starting from 375 nm above which the absorbance inside 

the material is gradually decreased, resulting in a large transmitted field value. Figure 5b 

reveals the propagation of the electromagnetic wave through BaTaO2N at different time 

instants. The figure shows the variation in the EM wave strength throughout the simulation 

interval. The BaTaO2N powder is represented as small spheres inside the propagated field, at 

which the wave shows significant damping in its strength, as a result of the absorption at the 

wavelengths mentioned above. This should give a detailed prediction about the behavior of 

this material with the incident solar spectrum, Figure 5c. 
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Summary and Conclusions 

In this study, first principle calculations were used to investigate the structural and 

optical properties of BaTaO2N. Our lattice parameters and atomic positions for the optimized 

structure show a good agreement with the reported experimental values. The calculated direct 

and indirect band gaps were 1.53 and 1.6 eV, respectively. Mulliken charge analysis is 

established to show the bond types and arrangements between the different atoms. The bond 

types are further illustrated through the contour maps for the electronic wave functions. The 

partial and total density of states described in more details how the bonding and the anti-

bonding states are formed and the hybridizations between the valence and conduction energy 

of states is also shown. The VBM was found to strongly depend on the energy of the N 2p 

states. The hybridization takes place between Ta 5d, Ba 4d, N 2p and O 2p states from 3 eV 

to 11 eV, with small contributions from Ba 6s, Ta 6s, and Ta 6p states. Ba was found to have 

no effect on the band gap positioning in BaTaO2N, and its effect appears only at the deep 

anti-bonding states. Moreover, the results show that BaTaO2N has large dielectric constants 

in the [001] direction. Finally, we investigated how the BaTaO2N powder behaves with the 

incident electromagnetic waves through the modeling of this macro-scale structure using 

FDTD, giving the overall transmittance, reflectance and absorbance. Our investigation gives 

detailed information about BaTaO2N structural and optical properties, showing its promising 

capability to be used as a photoactive material in solar energy conversion and optoelectronic 

devices. 
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Figure Captions: 

 

Figure 1: (a) The crystal structure and (b) the Band structure of BaTaO2N, with the two 

 nitrogen atoms in the N-Ta-N bond making straight angel (180°), and (c) Total 

 and partial Density of states of BaTaO2N.  

Figure 2: Projected contour maps for the electronic wave functions for BaTaO2N. (a, c 

 and e) represent the bonding states, and (b, d and e) represent the anti-bonding 

 states. 

Figure 3: (a) The real and (b) imaginary parts of the diagonal components of the 

 dielectric constants for BaTaO2N. 

Figure 4: The calculated (a) refractive index     , (b) extinction coefficient     , (c) 

  absorption coefficient     , (d) reflectivity       and (e) energy-loss  

  spectrum       for BaTaO2N. 

Figure 5: (a) Schematic diagram for the model used in the FDTD simulations, (b) The 

 simulated transmittance, reflectance and absorbance for BaTaO2N powder, 

 and (c) snapshots at certain time instances for the Electromagnetic wave 

 propagation inside the material. 
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Figure 2 
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Figure 3 

 













 

 


 

 

    










 

 


Energy (eV)

 

 

xx

yy

zz

xx

yy

zz

(b)

(a)

Page 19 of 23 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

Figure 4 
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Tables 

Table I: Lattice parameters and atomic positions for BaTaO2N 

 

 

Table II: Mulliken atomic populations and bond length for BaTaO2N 

Mulliken atomic populations and bond length 

Species s p d Total charge 

N 1.72 4.16 0 5.85 -0.88 

O1 1.85 4.92 0 6.77 -0.77 

O2 1.85 4.92 0 6.76 -0.76 

Ba 2.12 5.98 0.76 8.86 1.14 

Ta 0.29 0.31 3.14 3.74 1.26 

Bond  Population  Length (Å)  

O1-Ta  0.48  2.34701  

O2-Ta  0.47  2.32061  

N-Ta  0.72  2.00014  

O1-Ba  0.08  2.79707  

O2-Ba  0.09  2.79548  

N-Ba  0.18  2.73465  

N-O  -0.14  2.85941  

 

 

 

   present    experiment 

Lattice 

parameters 
a (Å) b(Å) C(Å) α β γ a (Å) b(Å) C(Å) α β γ 

   4.144 4.178 3.958 89.99° 89.99° 90.55° 4.113 4.113 4.113 90° 90° 90° 

 Atom 

positions 

  x  y  z  x  y  z 

 Ba -0.02  0.02  0.0 Ba 0.0  0.0  0.0 

   Ta 0.46  0.534  0.5 Ta 0.5  0.5  0.5 

   O1 0.02  0.491  0.499 O1 0.0  0.5  0.5 

   O2 0.51  -0.02  0.499 O2 0.5  0.0  0.5 

   N 0.52  0.48  0.0 N 0.5  0.5  0.0 
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