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A B S T R A C T   

Considering the recent interests in device miniaturization prompted by developments in nanotechnology, study 
of changes in physical properties of electronic materials upon downscaling to lower dimensions has become more 
important. This study is aimed at investigating the structural and electronic properties of the tantalum oxides 
(TaO, TaO2, Ta2O3, TaO3) in the bulk and lower dimensions of slab, chains and clusters. The predictions pointed 
out that TaO, TaO2 and Ta2O3 prefer to crystallize in bulk whereas TaO3 stabilizes in form of clusters. The bulk, 
slab, chains and clusters of TaO exhibit metallic character due to d-electrons at Fermi level. The bulk, slab and 
clusters of TaO2 offers the metallic character due to the presence of major contribution of Ta-d states at Fermi 
level, while the chains appeared as narrow-gap semiconductor which points to a transition from metallic to 
semiconducting character on downscaling. The bulk and chains of TaO3 exhibited metallic behavior due to 
presence of p-states on Fermi level, while the clusters are semiconductors having band gap 2.6 eV. Ta2O3 in bulk, 
slab and chains show metallic character due to presence of d-states of Ta at Fermi level, while the clusters possess 
the semiconducting nature. In general, the transition from metallic to semiconducting character is observed upon 
the downscaling. This study gives the valuable predictions for the future usage of these materials in several 
electronic applications and devices.   

1. Introduction 

The exploration of new materials exhibiting required physical 
properties for application in future devices is currently a hot research 
topic. Nanotechnology, an emerging multidisciplinary field of science, 
offers nanoscale materials for utilization in several devices and daily life 
applications [1,2]. The electronic materials, when down scaled to about 
one billionth of a meter, exhibits completely different properties that are 
not present in their bulk analogue. The experimental understanding and 
description of the scientific behavior associated with nanomaterial 
needs out-of-the-box approach. Quantum physics is helpful to under
stand the behavior of these materials owing to atypical aspects associ
ated with the magnetism, energetics, transport, and structural evolution, 
reactivity with the external world and the interaction with light. The 
reported literature has been very helpful to shed light on properties of 
known functional nanomaterials that has opened access to several ap
plications but still more work is needed in this regard. 

The nanomaterials are down scaled version of the bulk materials. In 
general, band gap and surface-to-volume ratio of materials increases 
upon downscalling which opens gateway to variety of new applications 

in electronics, solar cells, batteries, sensors, medicine, communication, 
biotechnology etc. The nanomaterials are classified into four classes on 
the basis of their dimensionality that is 3D, 2D, 1D and OD. In 3D ma
terials, the motion of particles are not confined/quantized in any of the 
direction and they are free to move within the material [3]. The 2D 
materials including thin films, nano-slabs [4,5] nano-plates, nanosheets 
and nanocomposites [6] etc. have shown shape-dependent characteris
tics and thus have grasped considerable attention [7]. The applications 
of 2D materials in optoelectronics [8,9], Photodetectors [10] spintronics 
[11], catalysts [12,13], photocatalysis [14,15]as well in devices like FET 
[12,16–18], LED’s, gas-sensing [12,16], and energy storage devices 
have been established [19]. In addition to this, owing to the periodic 
configuration and low dimensionality, the two-dimensional (2D) mate
rials exhibit the electron transmission and large surface area due to 
which these materials offer excellent adsorption and high elasticity. The 
2D materials in high crystal quality are now synthesized through several 
methods like CVD [20], vacuum arc deposition [21], microwave assisted 
chemistry approaches and cathodic magnetron sputtering etc. The 1D 
materials involve confinement of the holes as well as electrons along a 
line and thus exhibit diverse electronic as well as optical properties. The 
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decrease in size of bulk materials close to their Bohr radius produces 0D 
materials like clusters, quantum dots and spheres in which motion of the 
carriers are completely confined [22,23]. Such quantized energy levels 
in these materials are primarily associated with molecules unlike the 
bulk counterparts. The clusters are the superfine 0D particles which 
exhibit several peculiar physical as well as chemical properties [24,25]. 

Transition metal (TM) oxides are fascinating classes of materials 
when characteristics as well as applications are taken into account [26, 
27]. Because of their intriguing structural, electronic, magnetic, pho
tonic [18], florescences [28] and biological properties as well as utili
zation in several energy storage and conversion applications such as 
super-capacitors, optoelectronics [29], lithium-ion-batteries and elec
trolysis, these TM oxides are of great interest [30]. The exceptional 
properties of said materials owe to metals-oxygen bonds which may 
change from ionic to highly metallic or covalent character. The nature of 
TM valence d-electrons is vital to describe the electronic and magnetic 
configuration of these materials. 

The 2D TM oxides has been proved to be a better candidate for 
several applications specifically the surface dependent properties such 
as catalysis, optoelectronics [31], thermo-electronics, magneto-
electronics, gas sensing and photo-catalysis due to their larger surface 
area as large number of atoms are readily available at surfaces [32]. 
Besides these, the fascinating physical characteristics as well as attrac
tive applications in Nanoelectronics, the semiconductors based on 2D 
materials are of great fascination for researchers [17]. The 2D semi
conductors are better candidates for channel materials because of 
upgraded carrier transport linked with the unavailable dangling bonds 
as well as decreased scattering at the smooth surfaces. In contrast to 
other 2D materials, 2D TM oxides exhibit distinct electronic properties, 
catalytic performance, thermal stability as well as mechanical strength. 

The exploration of new materials is hot research topic in material 
science when applications are taken into account. However, in order to 
use them in the application, the detailed analysis of properties of the 
materials is required. The structural and electronic properties of new 
structures have been carried in order to gather the necessary informa
tion for utilization and synthesis of the material. The electronic prop
erties extracted via density of states and band structure calculations 
strongly depend upon valence shell configuration and hence shed light 
on bonding, chemical reactivity and transport phenomenon of the ma
terial. In case of transition metal (TM) oxides, the TM atoms employ d- 
states while oxygen offers p-states as valence shell configuration. Hence, 
in majority of TMOs, the valence band (VB) is formed via O-2p states 
while the conduction band (CB) is formed by the TM-3d states when 
major contributions are taken into account. The metallic and semi
conducting conductivity of the materials is decided on the basis of po
sition of Fermi level and overlap of CB and VB. The conductivity trends 
in case of TMO’s NiO, VO2, NbO2, Ta2O5 has been comprehensively 
investigated [33–37]. 

Tantalum, a well-known 5d transition element, is famous for the 
formation of various compounds having a number of applications. 
Tantalum and its oxides (i.e. TaO, TaO2, TaO3 and Ta2O5) have exten
sively been investigated for several applications such as dielectric ma
terials for the electronic devices and state of art ballistic materials for 
their utilization in defense industry [38]. Tantalum shows great affinity 
towards oxygen and as a result forms a strong surface oxide films, which 
makes it a potential candidate for catalytic applications. For instance, 
the stable phase of tantalum oxide i.e. monoclinic Ta2O5 has been uti
lized as a catalytic material for the removal of NOx at commercial-scale 
applications. Nevertheless, tantalum leads to the formation of greater 
than 25 metastable oxides that are, in most of the cases, in contest with 
the stable Ta2O5 specifically in thin films as incorporated by means of 
non-equilibrium processing approaches [39]. The metastable tantalum 
oxides are formed on extensive range of the content of oxygen and hence 
maintain a greater number of the oxidation states. This creation of 
metastable oxides could take place at ambient as well as elevated tem
peratures and also in the grain boundaries and several other regions of 

higher lattice strain. This is specifically of greater interest in nano
crystalline materials because of their intrinsically larger grain boundary 
volume fraction. In addition to all the facts, considering tendency to 
quickly evolve by several unstable structures prior to establishing an 
equilibrium states, the separation as well as the characterization of these 
metastable phases is very difficult. 

TaO2 is found in different structural phases especially rutile class of 
structure having a tetragonal configuration [40–43]. The different 
phases of binary structure of Ta–O compounds change as a function of 
temperature due to which its synthesis is difficult. These oxides have 
been found suitable for photo-catalytic as well as photoelectrochemical 
(PEC) water splitting for hydrogen generation [44,45]. It has been found 
that the application of these oxides strongly depends upon choice of 
phases, structural polytypes, dimensionality, and layeredness due to 
which the current state of knowledge needs updating [46]. This study is 
of first of its kind which reports detailed investigations on Ta oxides in 
3D, 2D, 1D and OD. A brief comparison of structural and electronic 
properties is also given, that shed light on the effects of downscaling on 
the properties of tantalum oxides materials. 

2. Computational details 

The work reported here comprises of density functional theory (DFT) 
based computations of structural and electronic properties predicted by 
solving the Kohn-sham equations for the cubic lattice unit cell of TaO, 
Tetragonal unitcell of TaO2, hexagonal structure of TaO3 and monoclinic 
structure of Ta2O3 [47–49]. The periodicity as bulk, slab, chains, and 
clusters were used to investigate the 3D, 2D, 1D and 0D structures of the 
mentioned materials, respectively. The entire calculations were per
formed using DFT based ADF-BAND code which employs linear com
bination of atomic orbitals to study the periodic systems [50–53]. First 
of all, the geometries of all the structures were fully relaxed in geometry 
optimization runs after which computation of the electronic properties 
via single point calculations were carried out. 

For the accuracy of the DFT calculations, two parameters are of great 
importance that are exchange correlation functional and basis sets. 
These parameters are set on the basis of materials and the dimensions of 
the materials and it should be noted that one parameters that is best for 
one material may not be suitable for other materials but for the com
parison purposes similar computational details were used. The geometry 
of the above mentioned oxide materials were optimized at GGA-PBE 
level of theory which is well-known for estimation of structural trends 
and physical properties [54]. The Qausi-Newton method having BFGS 
such as Hessian update methodology was applied for the geometry 
optimization of periodic systems. For convergence during SCF cycles, 
the direct inversion of iterative subspaces (DIIS) methodology was uti
lized [53]. The electronic properties were calculated under single point 
(SP) calculations by using the GGA-PBE and TB-mBJ (Tran and Blaha 
modified Becke-Johnson potential) functional. The functional TB-mBJ 
calculates the electronic properties of the materials; specifically the 
metal oxides and transition metal oxides close to the experimental 
values and provides the significantly better description of electronic 
properties to provide valuable predictions [55–57]. The trend obtained 
in both of the cases (GGA-PBE & TB-mBJ) is similar though a minor 
impact on the values is observed. The DFT code uses basis functions 
having slater-type orbitals (STOs) that are well-known to estimate the 
behavior closer to the nucleus. For geometry optimization and for the 
single point calculations of bulk tantalum oxides, the triple zeta polar
ization (TZP) basis was used. In TZP, the TZ represent the atomic orbitals 
i.e. s, p etc. whereas “P” denotes the polarization factor and the angular 
momenta terms. The TZP basis set, includes a function having two 
greater moments as compared to the required by the occupied atomic 
orbitals. As the electronic configuration of Tantalum (Ta) is [Xe] 4f14,

5d3, 6s2 so the frozen-core approximation “large” was used which would 
freeze/isolate the core electrons and hence speed-up the calculations. In 
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ADF, the numerical quality is determined by k-point grid, density fitting 
and basis sets. For structural properties (geometry optimization) the 
numerical quality (normal) was used while for the single point calcu
lations, numerical quality ‘good’ was taken into account. In these cal
culations, the scalar relativistic effects were taken into account whereas 
few calculations were carried out to check the effects of spin-orbit 
coupling (SOC). For instance, the formation energy of 2D TaO2 with 
the GGA-PBE functional, scalar relativistic effect and TZP basis sets was 
− 2.63 eV/atom which was lowered to − 2.69 eV/atom when SOC was 
included. Therefore, owing to weak effects, the SOC were not consid
ered. The energy convergence, gradient convergence and step conver
gence were taken as 10− 6, 10− 3, 10− 3 eV/atom respectively for all 
calculations. The size of the clusters are computed by using the formula 
given in equation (1) [53,58]. 

d =

(
3a2c(2nTa + no

4π

)1 /

3

(1)  

Where ‘d’ represents the effective size of the clusters, ‘a’ and ‘c’ are the 
optimized lattice constants and nTa and nO are respectively the number 
of atoms of Ta and O in the structure of clusters. 

The formation energy was computed using relation EF = EProducts−

EReactant by equalizing the number of atoms in the reactants and prod
ucts. For example, the formation energy for TaO3 was computed by Ef =

E (Ta2O6) − 2E(Ta) − 3E(O2). The trimming of the 3D bulk material 
was carried out by introducing a missing axis along z-axis to produce 2D 
slab in xy-plan, two missing axes along x- and y-axis to produce 1D chain 
along z-axis and three missing axes to produce 0D clusters. The GUI 
“Graphical User Interface” in ADF-BAND ensures sufficient vacuum 
along the missing axis of zero, one and two dimensional materials. 

2.1. Description of crystallographic information files (CIF) 

In case of TaO, the unit cell formula is TaO, consists of 2 atoms, in 
which one is Ta and other is O as given in Fig. 1 (a). The lattice pa
rameters were a = 3.18713 Å, b = 3.18713 Å, c = 3.18713 Å where the 
angles were α = 60 0, β = 60 0, γ = 60 0. The crystal system was cubic 
with point group m3m. The volume of the unit cell was 22.8919 Å3. The 
size of super cell was 2 × 2 × 2 having (16 atoms) for bulk and 2× 2 
having (8 atoms) for the slab. The unit cell formula of TaO2 was Ta2O4 
(having two formula units) consisting of two atoms of Ta and 4 oxygen 
atoms, and hence total 6 atoms in a unitcell as shown in Fig. 1 (b). The 

lattice parameters were a = 5.00715 Å, b = 5.00715 Å and c = 2.87610 
Å while angles were α = 90 0, β = 90 0, γ = 90 0. The crystal system was 
tetragonal having point group 4/mmm and space group number 136. 
The volume of unit-cell was 72.1082 Å3. The size of super cell in bulk 
was 2 × 2 × 2 (48 atoms) and for slab, the size of super cell was 2 × 2 (24 
atoms). The unit cell of TaO3, as given in Fig. 1 (c), contains 2 Ta atoms 
and 6 O atoms and hence the unit cell formula was Ta2O6. The total 
number of atoms in a unit cell were 8. The crystal structure was hex
agonal having space group p63/mmc and space group number 194. The 
lattice parameters per CIF were a = 4.67565 Å, b = 4.67675 Å and c =
3.72424 Å where the angles in degree are as α = 90, β = 90, γ = 120 and 
unit cell volume was 70.510057 Å3. The respective size of super cell for 
bulk and slab were 2 × 2 × 2 and 2× 2. The unit cell formula for Ta2O3 
was Ta4O6 which comprises of 4 Ta atoms and 6 O atoms as given in 
Fig. 1 (d). The lattice parameters (as per CIF) were a = 11.92147 Å, b =
2.83789 Å and c = 7.59566 Å. The angles were α = 90 0, β = 113.83 0, 
γ = 90 0. The crystal system was monoclinic having space group C2/m 
and space group number 12. The unit cell volume was 235.062 Å3. The 
size of super cell in bulk was 2 × 2 × 2 (80 atoms) and for slab, the size of 
super cell was 2 × 2 (40 atoms). 

3. Results and discussion 

In this section, the calculated results on structural and electronic 
properties of the mentioned materials are described. For structural 
properties, bond lengths, bond angles, formation energy, charge anal
ysis, size of clusters and bonding were taken into account, while the 
electronic properties are discussed on the basis of density of states 
(partial and total) and band structure. 

3.1. Structural properties 

The calculated structural parameters including bond length, bond 
angles along with charge analyses are described in detail. The optimized 
structures of the said materials are given in Fig. 2 whereas the values of 
bond lengths of the entire materials studied herein are given in Table. 1. 
The results reveal that bond length and bond angles decrease in most of 
the cases as we move from the bulk to the lower dimensions which 
agrees with the relevant literature. However, in case of the TaO2, the 
clusters show deviations. The abnormal behavior in the said materials 
may be attributed to the effect of computational details specially for the 
functional. The size of the clusters found using equation (1) computed 

Figure-1. The crystal structure in bulk for (a) TaO (b) TaO2 (c) TaO3 (d) Ta2O3 where red balls represents the O atoms and others represent the Ta atoms.  
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for TaO, TaO2, TaO3 and Ta2O3 are 0.28 nm, 0.409 nm, 0.37 nm, and 
0.49 nm respectively. 

In general, Ta being transition metal exhibits the electropositive 
nature, while the oxygen exhibits the electronegative nature. The 
Hirshfeld charge analysis was carried out to understand the transfer of 
charge inside the materials and the computed values are in theTable. 2 
which shows that the charge is transferred from Ta atoms to the oxygen 
atoms. By observing the charge on individual atom, it was found that for 
bulk and slab periodicity, the amount of charge on every Ta and O atom 
is same, while for chains and cluster, the charge on different Ta atoms is 
different. Similar trend is observed in case of O atoms where charge on 
every O atom is different. In general, for slabs, chains and clusters, every 
Ta and O should represent distinct behavior and the differences are due 
to the breaking of periodicity and appearance of the dangling bonds. The 
slab is not showing this behavior because it is very thin. However, if the 
slab thickness is increased then it may exhibit behavior similar to the 
chains and clusters. 

The dipole moment is computed along the missing axis so it is rep
resented by all the periodicities except the bulk (3D) due to the presence 
of periodicities along each axis. The dipole moment calculated for 2D 
TaO is − 0.0087 Debye (along z-axis). While the dipole moment for 
chains are 2.0839 Debye and 1.4735 Debye along y- and z-axis. The 
dipole moment computed for TaO2 unitcell in slab periodicity is 0.0000 
Debye. 

In order to estimate the bonding between the Ta and O atoms, the 
electronegativity difference is an important parameter whose value is 
1.94 as per Pauling scaling, which indicates that the bonding between 
the Ta and O contains more than 50% ionic character. The analysis of 
computed formation energy is made to know least energy configuration 
in search of the stable structures. The value of formation energy for all 
the said materials as given in the Table. 3 was computed by using the 
formula EF = EProducts − EReactants. For example, for TaO3 having the unit 
cell formula Ta3O6, the formation energy was computed using EF =

ETa2O6 − 2ETa − 3EO2 . 
The majority of the materials appeared to have the negative forma

tion energy pointing to exothermic reactions and hence likelihood of 
their experimental growth. In case of TaO only bulk and slabs are 
feasible whereas the rest of the materials exhibited endothermic re
actions. The bulk of the material appeared as most stable configuration 
whereas a small difference between the formation energies of bulk and 
slab is found which points to probability of transformation of the bulk to 
the slab. The formation energy for the slab in super cell with size 2 × 2 is 
− 1.10 eV/atom whereas its value for super cell with size 2 × 2 × 2 is 
− 1.62 eV/atom. In case of TaO2, the formation energy for bulk is min
imum and for clusters it is maximum which indicates decrease in its 
stability when dimensions of TaO2 increases. Since, the energy is mini
mum for bulk TaO2 as compared to other dimensions, hence the material 
will be most stable in bulk. The difference of formation energy in bulk 

Figure-2. The optimized structure along z-axis and periodic view of TaO, TaO2, TaO3 and Ta2O3 in form of bulk, slab, chains and clusters. Orange and red colored 
spheres represent Ta and O atoms respectively. 

Table-1 
The optimized bond lengths in angstroms b/w Ta–O of TaO, TaO2, TaO3 and 
Ta2O3 in bulk, slab, chains and clusters periodicities.   

TaO TaO2 TaO3 Ta2O3 

Bulk 3.90 2.05 2.24 2.29 
Slab 2.09 1.91 2.03 2.16 
Chains 1.74 1.79 1.96 2.13 
Clusters 1.7 2.09 1.74 1.74  

Table-2 
The Hirshfeld charges (in units ‘e’) of TaO, TaO2, TaO3 and Ta2O3 in bulk, slab, chains and clusters periodicities.   

TaO TaO2 TaO3 Ta2O3 

Ta O Ta O Ta O Ta O 

Bulk 0.226 − 0.266 1.11 − 1.11 1.224 − 1.224 1.452 - 1.454 
Slab 0.211 − 0.21 1 1.29 − 1.288 1.398 − 1.398 1.562 − 1.562 
Chains 0.242 − 0.242 1.211 − 1.211 1.5 − 1.495 1.604 − 1.604 
Clusters 0.287 − 0.287 1.338 − 1.339 1.63 − 1.629 2.047 − 2.047  

Table-3 
The formation energy per atom (eV/atom) of the materials under study in all 4 
periodicities.   

TaO TaO2 TaO3 Ta2O3 

Bulk − 1.56 − 3.08 − 1.90 − 2.73 
Slab − 1.16 − 2.63 − 1.60 − 2.35 
Chains 0.25 − 2.02 − 1.67 − 2.61 
Clusters 1.05 − 1.88 − 2.01 − 1.99  
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and slab is less as compared to the bulk and clusters so TaO2 can be 
converted into slab/surfaces upon exfoliation processes with low prob
ability of agglomeration. Similarly, the value of formation energy for the 
super-cell in bulk and slab having respective sizes 2× 2× 2 and 2× 2 was 
− 3.18 eV/atom and − 2.63 eV/atom respectively. The formation energy 
computed for the clusters of 48 atoms was − 2.85 eV/atom. In super cell 
of bulk and clusters, the number of atoms is same, but the energy of bulk 
is notably low which indicates low probability for this material to be 
agglomerated. 

The energy profiling of TaO3 in different periodicities indicates the 
stability order will be Clusters > bulk > chains > slabs. It means this 
material has a greater probability to exist as clusters as compared to the 
bulk. There is least probability for this material to exist in form of 2D 
slabs. The formation energy of super cell in bulk and slab having size of 
2 × 2 × 2 and 2 × 2 is about − 1.87 eV/atom and − 1.54 eV/atom for 
same number of atoms in the structures respectively. For Ta2O3 the 
stability order is found as bulk > chains > slabs > clusters which means 
that there is an easy transformation from bulk to chains as the minor 
energy difference as compared to others. There is least probability of 
agglomeration upon synthesis of this material. The formation energy for 
bulk and slab super cell having size of 2 × 2 × 2 and 2× 2 was − 2.88 eV/ 
atom and − 2.75 eV/atom respectively. 

3.2. Electronic properties 

This section sheds light on the electronic properties based on the 
density of states (DOS) and band structures. For all cases, the total DOS 
are represented by the black color, while the contribution of Ta and O 
atoms are represented by red and blue colors respectively. 

3.2.1. TaO 
The total density of states (TDOS) for bulk, slab, chains and clusters 

TaO are shown in Fig. 3. The partial DOS represents the contribution at 
Fermi level and in regions of bands close to the Fermi level. The partial 
DOS for bulk TaO are given in Fig. 3 (i) which indicates that the material 
shows the metallic behavior in bulk as the states pass through the Fermi 
level. At Fermi level, the major contribution is from the d-orbital of Ta- 
atom while p-orbital of oxygen atoms shows a minor contribution. The 
contribution of oxygen (at ~ − 5 eV) far from Fermi level is observed. 

Since the d-orbital shows the major contributions at the Fermi level 
as per d-orbitals of Ta plotted in Fig. 3 (i). By observing the pDOS, it is 
clear that almost all the orbitals have an equal contribution. The p- 
orbital from O atom offers very minor contribution as compared to the d- 
orbital of Ta at Fermi level. By considering the pDOS of 2D TaO, the Ta- 
d shows the major contribution at Fermi level and at ~1 eV. The DOS 
plotted in Fig. 3 (ii) reveal that the slabs exhibit metallic behavior. 
Almost the entire d-orbitals have an equal contribution as given Fig. 3 
(ii). In bands at and above the Fermi level, the major contribution are 
found dominated by 5d-z2. The minor contribution is from p-orbitals of 
O whereas 2py, 2pz have almost an equal contribution. The pDOS of 1D 
(chains) TaO is depicted in Fig. 3 (iii) which reveal that the major 
contribution at Fermi level and above arises from Ta-atom. The contri
bution of oxygen is negligible at Fermi level and at ~ − 4 to − 5 eV 
whereas minor contribution of oxygen is observed. The d-states of the Ta 
has maximum contribution at Fermi level and almost all the orbitals 
have same contribution. The clusters exhibited metallic behavior due to 
contribution of d-orbitals of Ta atoms at Fermi level as shown in Fig. 3 
(iv). So, it can be concluded that the bulk, slab, chains and clusters show 
metallic character due to the presence of states from Ta at Fermi level. 
The sharpness of peaks is found reduced on moving to low dimensions 
due to confinement of electrons. 

The band structure gives a more detailed description of electronic 
properties by giving the interaction of s, p, d and f orbitals. Here, the 
band structure of 3D and 2D TaO are given. For the supercell of TaO, the 
band structure at high symmetry points is presented in Fig. 4 where d- 
states and p-states are indicated by arrow heads. The material possesses 

Figure-3. The total and partial Density of states of TaO, Where (i), (ii), (iii) & 
(iv) represent bulk, slab, chains and cluster periodicities respectively. 

Figure-4. The calculated band structure for 3D-TaO.  
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the metallic behavior. In case of the unit cell of the slab, the band 
structure along the high symmetry points γ, M,K is shown in Fig. 5. 
Furthermore, the results reveal that the 2D-TaO exhibits the metallic 
nature as Fermi level passes through Ta-d states as well as p-d hybrid 
states. In the band below the Fermi level, hybridization of the s and 
d orbital is observed while in deeper bands from − 3.5 eV to onward, a 
major contribution of the p-orbital is observed. 

In the band close to Fermi level, there is the major contribution of d- 
orbitals whereas in the above bands s-d hybridization and somehow s-p- 
d hybridization is observed. In case of chains, the computed band 
structure indicates the major contribution of d-orbital at Fermi level and 
closer bands. In the region above Fermi level, there is the p-d hybridi
zation whereas at further high energies s-p hybridization is noticed. 

3.2.2. TaO2 
The total and partial DOS for TaO2 in form of bulk, slab, chains and 

clusters are shown in Fig. 6. It seems that as the dimension decreases 
(from bulk towards clusters), the number of peaks in DOS increases and 
become sharper. In case of bulk, the atoms are surrounded by the other 
atoms in three dimensions and interact in all dimensions due to which 
their DOS appearing in the form of band as can be seen in this case for 
bulk TaO2. The number of surrounding atoms decrease as the dimension 
of the material decreases. Hence the levels are not properly split as for 
that of the bulk and appear as atomic level rather than a band. This is the 
reason that the peaks of TaO2 clusters are sharper in comparison to the 
bulk, slab or chains. In case of bulk, slab and clusters, the material shows 
the metallic behavior as the states Ta and O atoms are found at Fermi 
level, while in chains, the material behave as semi-conductor having 
band gap of about 0.2–0.3 eV. 

The change in dimensions of the materials from bulk to chains 
pointed to a transition from metallic to semiconducting nature as per 
quantum confinement effect. 

The pDOS of TaO2 in bulk is depicted in Fig. 6(i) which reveals 
metallic behavior due to the major contribution of Ta-d states at Fermi 
level where contribution of 5d-z2 is maximum, while a minor contri
bution of 5d-xy is also present. The pDOS of TaO2 in slab periodicity are 
shown in Fig. 6 (ii) that reveals that at Fermi level and at up to – 0.5 eV 
(i.e. region very close to the Fermi level), the Ta-d-orbital (specifically 
the 5dz2) has major impact. The bands in region deep below the Fermi 
level (i.e. − 4.1 eV to downwards) is formed by the 2py and 2pz states of 
oxygen. 

The chains of TaO2 exhibits semiconducting behavior with band gap 
of about 0.2–0.3 eV, having the major contribution from the d-orbitals of 

Ta in CBM (Conduction band minima) and the p-orbitals from O in VBM 
(valence band maxima) as depicted in Fig. 6 (iii). The 0D material of 
TaO2 i.e. in the form of cluster is a narrow band gap semiconductor with 
the band gap of ~0.1 eV, having the major contribution from Ta in CBM 
and O in VBM as shown in Fig. 6 (iv). 

The band structures of TaO2 for bulk, slab and chain periodicities 
were computed and the band structure for the bulk periodicity is shown 
in Fig. 7, which reveals the metallic behavior due to the presence of d- 
orbitals at Fermi level. The slab model of the material shows the metallic 
behavior due to d-states of Ta-atoms at Fermi level. 

3.2.3. TaO3 
The total DOS and partial DOS showing contribution of Ta as well as 

O atoms for TaO3 are drawn in Fig. 8 (i) which reveals that bulk TaO3 
offers a metallic character as the O-p states are found at Fermi level. 
Similarly, the states at ~1.5 eV reveal major contribution from Ta atoms 
and minor contribution of O atoms. In the region close to the Fermi level 
the major contribution from 5dxy is noticed whereas in regions above 
Fermi level the contribution from 5dyz and 5dz2 is observed. 

The major contribution in region close to the Fermi level arises from 
O-2p [45]. Fig. 8 (ii) reveals that the slab periodicity of TaO3 exhibits the 
metallic nature due to major contribution from Ta-d orbitals at Fermi 
level. The contribution from 5d-z2 is maximum in region above Fermi 
level as shown in Fig. 8 (ii). The contribution of oxygen p-orbitals with 
major part of 2px and moderate role of 2py and 2pz is observed below 
Fermi level. The 1D of TaO3 offers the metallic behavior as the states Figure-5. The band structure as computed by TB-mBJ for the 2D-TaO. Where 

the Fermi level is shifted to 0 eV. 

Figure-6. The total and partial Density of states of TaO2, Where (i), (ii), (iii) & 
(iv) represent bulk, slab, chains and cluster periodicities respectively. 
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passes through the Fermi level as shown in Fig. 8 (iii). The pDOS reveals 
that at Fermi level the major contribution arises from p-orbitals of O 
atoms and d-orbitals of Ta atoms. In region above Fermi level, the major 
contribution arises from Ta 5d-z2, while the states below Fermi level 
comprise of almost equal contribution of O-p orbitals. At Fermi level, the 

minor contribution arises from the states 5d-z2 and major contribution 
arises from the states 2py, 2pz and 2px respectively. The sharpness of 
peaks is due to the quantum confinement as for chains the atoms are 
present in the line and hence the interaction is only along the 1D that 
results in the sharpness of peaks rather than the formation of bands. The 
clusters are semiconductor having band gap of about 2.6 eV. The d-or
bitals contributes from Ta atoms and hence major contribution in CB is 
from 5d-z2 as shown in Fig. 8 (iv). Similarly, the VB is formed by major 
contribution of 2py and minor contribution of 2pz. In all cases of TaO3, 
the band above Fermi level is mainly formed by Ta states whereas the 
bands below Fermi level got major contribution of O states. The results 
are in good agreement with the understanding that as the dimension 
decreases a transition from metallic to semiconducting character takes 
place due to quantum confinement. 

The band structure of TaO3, as computed for bulk, slab and chains 
and the band structure for bulk periodicity of said material is repre
sented in Fig. 9. The results showed that the Fermi level is covered with 
p-states which points to the metallic character. In bulk TaO3, there is no 
s-d hybridization in region above Fermi level in contrast to the slab and 
chains. The bands below the Fermi level are formed by O-p orbitals. The 
slab and chain periodicities TaO3 shows the metallic behavior. 

3.2.4. Ta2O3 
The total and partial DOS of bulk Ta2O3 are given in Fig. 10 (i), that 

reveals the bulk Ta2O3 is metallic as the states passes through the Fermi 
level. In region above the Fermi level, the Ta-d orbitals contribute 
mainly while O-p orbitals offer a minor contribution as shown in Fig. 10 
(i). Though Ta-d orbitals contribute but major contribution of O-p or
bitals is noticed in the region below the Fermi level. 

The total and partial DOS of Ta2O3 in slab periodicity are given in 
Fig. 10 (ii) which reveals metallic character similar to the bulk Ta2O3. 
The region above Fermi level is formed by Ta-d states with small 
contribution from s and p-orbitals of oxygen as shown in Fig. 10 (ii). At 
Fermi level the maximum contribution arises from the 5dxz orbitals, 
while the 5dyz also offers a considerable contribution above Fermi level. 
On the other hand, in case of the bands located below Fermi level, the 
2pz offers the maximum contribution with moderate role of 2px and 2py 
states. The 1D material of Ta2O3 also appeared metallic due to presence 
of Ta-d and O-p states at Fermi level as shown in Fig. 10 (iii). The 0D 
material of Ta2O3 in the form of clusters appeared a narrow gap semi
conductor with band gap of about 0.2 eV, having the major contribution 
from Ta-d states in CB and O-p states in VB as shown in Fig. 10 (iv). The 
bulk and slab periodicity of Ta2O3 possess metallic behavior as per band 

Figure-7. The computed band diagram of TaO2 in bulk periodicity. The Fermi 
level is shifted to 0 eV. 

Figure-8. The total and partial Density of states of TaO3, Where (i), (ii), (iii) & 
(iv) represents the respective DOS in bulk, slab, chains and cluster periodicities 
respectively. 

Figure-9. The computed Band structure as calculated by TB-mBJ in 3D for 
TaO3. Where the Fermi level is shifted to 0 eV. 
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structure of the bulk periodicity shown in Fig. 11. 

4. Comparison with experimental results 

The reported literature is deficient on experimental synthesis of 
tantalum oxides. TaO2 is one of the metastable compound in the Ta–O 
binary systems whose synthesis in single phase is challenging [43]. The 
TaO2 exists in several polymorphs but in majority of cases rutile phases 
in tetragonal structure has been obtained due to which this structure was 
taken in the current study. The synthesized TaO has been found stable in 
cubic structure which was taken as starting material in this study. The 
experimentally reported value of bond length in case of bulk TaO2 is 
1.99 Å which is close of the value obtained in this work i.e. 2.05 Å [59]. 
Similarly, the bond length Ta–O in nanowires (1D) of TaO2 is 2.06–1.85 
Å, while the bond length obtained in current study is about 2.05–1.79 Å 
which shows close agreement. The difference in the bond lengths may be 
attributed to the well-known underestimation of the lattice constants of 
the GGA-PBE functional and impact of the relativistic effects on Ta 
atoms [60]. The bond length Ta–O in structures related to TaO2 (i.e. 
TaON) ranges from the 2.03–2.15 Å [61] which is in great agreement 
with obtained in this work. Similarly, the lattice parameter as computed 
by GGA-PBE for the materials are a = 4.97 Å, b = 5.03 Å, c = 5.18 Å, α =
90, β = 99.7, γ = 90, while the experimental values are a = 4.97 Å, b =
5.04 Å, c = 5.18 Å, α = 90, β = 90, γ = 9059− 61. In a similar case of 
SmTaO4, the PBE calculated values of bond lengths are 1.986 Å, 2.04 Å 
which are in agreement with the experimental values 1.84 Å, 1.92 Å, and 
2.335 Å [62]. Likewise, the lattice parameters are also compared 
whereas the difference of 1.16% is observed. Moreover, the PBE calcu
lated value of band gap is 3.49 eV while the experimentally obtained 
band gap was 3.68 eV. The analysis of calculated electronic properties 
reveals that TaO is metallic which also agrees with the experimental 
literature [63]. 

5. Summary 

The computations on Ta oxides in all possible periodicities were 
carried out. The findings pointed out decrease in bond lengths and bond 
angles whereas increase in band gap when Ta oxides are downscaled 
from bulk to clusters although, for the TaO2 the abnormalities in 
structural and electronic properties are observed. The peaks in DOS 
becomes sharp with decrease in dimensionality of the studied materials 
which points to localization and confinement of the electrons. 

The formation energy of bulk TaO is least as compared to the slab, 
chains and clusters which indicates the stabilization of the material in 
bulk. There is minor energy difference of the formation energy between 
the bulk and slab, but the difference between the bulk and chains/ 
clusters is very large. This means that there is a possibility to grow TaO 
in 2D surfaces but there is low likelihood for accumulation or aggrega
tion in the form of clusters. The TaO in all periodicities has metallic 
character due to the presence of d-electrons at fermi level and the 
overlap of conduction and valence band. 

In case of TaO2, as we move towards lower dimensions, a decrease in 
bond length and bond angles is noticed. The electronic properties re
veals that the bulk, slab and clusters of TaO2 are metallic in nature due 
to presence of d-states of Ta, while the chains appeared semi-conductor 
having the band-gap of about 0.2–0.3 eV. It means as the dimension 
decreases, a transition from metallic to semiconducting character is 
observed except for the clusters which appeared to deviate from the 
trend. 

The formation energy of TaO3 per atom are − 1.90 eV/atom, − 1.60 
eV/atom, − 1.67 eV/atom and − 2.01 eV/atom for bulk, slab, chains and 
clusters respectively. It reveals that clusters are of greater stability as 
compared to bulk whereas slab was considered as the least stable. The 
electronic properties reveal that bulk, slab and chains are metallic 
because of major contribution of p-states of O-atoms at Fermi level while 
the clusters are semiconductor having band gap of about 2.6 eV. 

Figure-10. The total and partial Density of states of Ta2O3, Where (i), (ii), (iii) 
& (iv) represent bulk, slab, chains and cluster periodicities respectively. 

Figure-11. The computed Band structure in 3D for Ta2O3. The Fermi level is 
shifted to 0 eV. 
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The formation energy analyses of Ta2O3 reveals the stability of the 
material in bulk as compared to the other periodicities. The energy 
difference between the bulk and chains are less as compared to the 
difference between bulk and slabs/clusters which means that formation 
of chains is more feasible as compared to the slabs or clusters. The 
electronic properties reveals that all the periodicities i.e. bulk, slab and 
chains are metallic because of d-states and again the clusters appeared 
semiconductors with a very narrow band gap. 
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