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ABSTRACT: Oxides of tantalum (common examples includ-
ing TaO, TaO2, and Ta2O5) are key oxide materials for
modern electronic devices, such as dynamic random-access
memory and field effect transistors. Of late, new forms of
stable tantalum oxides have been proposed as two-dimensional
nanosheet structures with a nonconventional stoichiometry of
TaO3 via soft-chemical delamination of RbTaO3. However, not
much is known about the elusive nanosheet-structured TaO3,
unlike other closely related common trioxides of W and Mo. In
this work, using first-principles density functional theory
calculations, we have studied various TaO3 structures as inspired from previous theoretical and experimental studies and discuss
their properties with respect to the more conventional oxide of tantalum, Ta2O5. We have calculated their thermodynamics and
lattice properties and have found a new stable-layered β-TaO3 and its exfoliated monolayer phase (β′). By further analyzing their
electronic structures, we discuss the mixed iono-covalent bonding characteristics in the TaO3 phases, challenging the
conventional formal oxidation state model for metal oxides. Finally, we propose how these new TaO3 oxide materials may be
potentially useful in photodevice applications.

1. INTRODUCTION
Transition metal oxides (TMO) are well-known for their ability
to adopt multiple metal oxidation states (i.e., partial filling of
the d states), depending primarily on their bonding environ-
ment and compound stoichiometry. This multivalency governs
the overall functionality of the oxide material, e.g., in its wide
use in clean energy technologies and advanced (opto)-
electronics.1

The recent advances in the ability to modify and control the
dimensionality of bulk oxides (e.g., via chemical exfoliation)
have led to a new class of low-dimensional oxide nanomaterials
which show very distinct structural and electronic properties
from their parent bulk oxide materials.2,3

These new low-dimensional oxide nanomaterials may then
be stacked with other known layered nanomaterials, such as
transition metal dichalcogenide monolayers (TMDC), gra-
phene, and hexagonal boron nitride (h-BN), to make two-
dimensional (2D) heterostructures for various key techno-
logical applications, for example, for photoconducting cells, p−
n junctions, and field effect transistors.4

Despite the existence of these so-called low-dimensional
“nanosheet oxides” (e.g., in few-atom-layered Ti, Nb, Mn, and
Mo oxides), the design and discovery of new nanosheet oxides
must be accelerated to meet their ever increasing demand as
novel nano building blocks for miniaturized complex devices.5

Bulk oxides of tantalum (common examples including TaO,
TaO2, and Ta2O5)

6 are known for their niche applications in
modern nanoelectronics.7−9 For instance, various polymorphic
phases of Ta2O5 have been used in capacitors for dynamic

random-access memory (DRAM), field effect transistors, and
coating materials.7

Aside from the more common valencies listed above, a less
common and elusive oxide of tantalum (with the chemical
stoichiometry of TaO3) was synthesized by the group of T.
Sasaki and co-workers,10,11 where low-dimensional structures of
TaO3 were proposed and showed great promise as excellent
electrolyte coating materials for solid battery applications.
Unfortunately, insufficient structural information on this two-
dimensional TaO3 was reported in their work. Unlike for the
case of Ta2O5

12 and other closely related trioxides of W13,14

and Mo,15 polymorphic expressions in this metastable TaO3

have not yet been explored.
In a more recent theoretical work by Ravi and co-workers,16

inspired by the cubic ReO3-type structure of TaO2F,
17 they

attempted to study this hypothetical geometry of TaO3 with
density functional theory (DFT) calculations within the
semilocal approximation to the exchange-correlation (xc)
functional. There, they found that this hypothetical structure
of TaO3 is both energetically and dynamically (and elastically)
stable and presents self-doped p-type conductivity (according
to the Zaanen−Sawatzky−Allen scheme). Here, we question
the propriety and accuracy of this work, given that neither the
spin state of this metastable oxide nor the underestimation due
to the semilocal xc functional used was discussed.16
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In this work, we analyze the thermodynamics and lattice
properties of this less common oxide of tantalum, TaO3, using
first-principles spin-polarized DFT calculations, and we discuss
these structures with respect to the more common oxide of
tantalum, Ta2O5. We then report the electronic properties of
these new TaO3 polymorphs (as calculated using the more
accurate hybrid DFT xc functional) with their potential use in
polymer solar cells (PSCs) in mind.

2. METHODOLOGY
Spin-polarized DFT calculations in this work are performed using
periodic boundary conditions, employing the projector augmented-
wave (PAW)18,19 method as implemented in the Vienna Ab initio
Simulation Package (VASP) code.20,21 The Kohn−Sham orbitals are
expanded using a plane-wave basis set with a kinetic cutoff energy of
500 eV.
A Γ-centered k-point mesh with a spacing of 0.2 Å−1 is used to

sample the Brillouin zone, which corresponds to 8 × 8 × 8, 4 × 4 × 6,
and 4 × 4 × 1 k-point grids for the α, β, and β′ phases of TaO3,
respectively. The corresponding k-point grid used for β-Ta2O5 is 9 × 9
× 5.
When addressing the energetics and lattice properties of various

tantalum oxide structures, we tested a few semilocal approximations to
the xc functional, namely, the Perdew, Burke, and Ernzerhof (PBE)22

and its revised form for solids (PBEsol),23 as well as the self-consistent
van der Waals (vdW) corrected xc functional, optB88.24,25 The latter
(optB88) is found to provide the most balanced description for the
energetics and lattice properties of TaO3.
To overcome the well-known deficiencies in these semilocal xc

functionals when calculating the electronic band structure, the hybrid
DFT xc functional from Heyd, Scuseria, and Ernzerhof (HSE06)26,27 is
employed. Here, a reduced k-point grid is used to lower the
computational cost (i.e., 4 × 4 × 4 for α-TaO3, 2 × 2 × 3 for β-TaO3,
and 2 × 2 × 1 for β′-TaO3), while the 0.2 Å−1 spaced k-point grid is
kept when calculating the optical responses (as described in the
Supporting Information).
To assess the energetic stability of the various polymorphic phases

of TaO3 and β-Ta2O5, we calculate their formation energies (ΔHTaxOy

f ,
in eV/atom) with respect to the bulk bcc phase of Ta and the O2
molecule as follows
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mlc are the number of tantalum and
oxygen atoms, the total energy of bulk tantalum oxide, the total energy
of bulk tantalum, and the total energy of the oxygen molecule,
respectively.
Next, the Gibbs free energy of bulk formation as a function of the

chemical potential of oxygen, ΔGf, is then defined as
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Here, the change in the chemical potential of oxygen, ΔμO, is taken
as the chemical potential of oxygen (μO) calculated with respect to half
the total energy of the O2 molecule, i.e., μ μΔ = − EO O

1
2 O

mlc
2
. To

correct for the known large error in the calculated O2 binding energy
within the semilocal approximation to the xc functional, the
experimental binding energy of the O2 molecule without a zero-
point energy (5.22 eV) is used, following ref 28.
Lattice dynamics calculations have been performed to address the

dynamic stability of the α, β, and β′ phases of TaO3. Using a 2 × 2 × 2
supercell for α-TaO3 and β-TaO3 (and a 2 × 2 × 1 supercell for β′-
TaO3) and adopting the finite-difference approach (as implemented in
the VASP code), we calculate the force constants and compute the
phonon dispersion plots using those DFT-derived force constants with
the PHONOPY code.29 Details of this implementation of the

PHONOPY code can be found elsewhere.29 Likewise, the second-
order elastic constants, Cij, for each TaO3 structure are tested against
the Born(-Huang) elastic stability criteria, as detailed in ref 30.

To examine the chemical characteristics of the Ta−O bonds in
TaO3, we compute the electron localization function (ELF(r)),
difference charge density (Δρ(r)), and Bader charges using the hybrid
HSE06 xc functional. Formally, ELF(r) simply takes the form of
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where D(r) and Dh(r) are the measurement of the electron localization
for the system in question and that for the uniform electron gas,
respectively.31 Further, Δρ(r) is then taken as
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where ρTaO3

T (r) is the total electron charge density of a doubled unit
cell through the c-axis and ρTaO3

U (r) and ρTaO3

L (r) are those for the
upper and lower TaO3 layers in the doubled supercell, respectively.

To align the conduction (ϵCMB) and valence (ϵVMB) band edges of
various TaO3 polymorphic phases and β-Ta2O5, we first calculate the
O 1s core state for the different TaO3 structures and β-Ta2O5 using
the HSE06 xc functional. Next, to align the band edges to the absolute
vacuum level, we determine the vacuum level (Vvac) of the 2D β′-TaO3
nanosheet and use that as a reference. Considering the O 1s core state
of TaO3 and Ta2O5 and Vvac of β′-TaO3, we then determine the
ionization potential (IP) and electron affinity (EA) (as defined from
ϵCMB and ϵVMB). More details can be found in refs 32 and 33.

3. RESULTS AND DISCUSSION
3.1. Atomic Structures. The successful exfoliation of

layered oxide nanostructures with dissimilar charge states and
controllable physicochemical properties, such as in MnO2,
MoO3, and TiO2, has promoted further research and studies of
low-dimensional 2D nanosheet oxides.2,5 In 2007, the group of
T. Sasaki and co-workers prepared the over-stoichiometric
crystalline TaO3 nanosheet structure, possessing a layered
geometry unlike the conventional tantalum oxide phases (TaO,
TaO2, and Ta2O5) by chemically removing the intercalated Rb
cation from layered RbTaO3.

10 Three years later in 2010, the
same group then successfully synthesized multilayered TaO3 by
depositing successive TaO3 nanosheets on a polymeric
substrate.34

Inspired by the group of T. Sasaki, we investigate the
physiochemical properties of these less common layered TaO3
phases. First, to mimic the experiments, we build and construct
the TaO3 structure by removing the Rb cations from the
experimentally reported RbTaO3 structure.35 The optimized,
layered TaO3 geometry is shown in Figures 1(b) and 1(c),
denoted as the β-phase and with a monoclinic crystal structure
with the C2/m space group. The unit cell has 8 Ta and 24 O
atoms with two units of 4 edge-shared distorted TaO6
octahedrons which possess a severe off-centered distortion of
the central Ta atom in the TaO6 building component.
The unique stacking sequence of this layered β-TaO3 along

the c-axis brings about the formation of two porous channels,
the rectangular (denoted as A in Figure 1(b)) and the
parallelogrammatic (denoted as B in Figure 1(b)) channels.
These channels have been proposed as promising ionic
conducting channels for potential applications in solid state
lithium batteries.11

To generate the atomic geometry of the experimentally
suggested single TaO3 nanosheet, one monolayer (ML) layer
unit composed of 3 edge-shared TaO6 (denoted as β′-TaO3) in
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the vertical direction (c-axis) is exfoliated from stacked β-TaO3,
as shown in Figure 1(c). The optimized β′-TaO3 structure has
an outermost oxygen−oxygen interlayer vertical distance, dO−O′,
of 6.95 Å. When we compare this value to the experimental
value (0.66 nm or 6.6 Å) as measured by atomic force
microscopy,10 it shows a rather small difference (approximately
5%) which may have originated from the interaction between
TaO3 and the silicon substrate used in the experiments.10

Following a recent computational study,16 it has been
reported that the cubic ReO3-type TaO3 structure (here,
denoted as α-TaO3 and shown in Figure 1(a)) is deemed
thermodynamically stable. α-TaO3 yields a negative formation
energy as calculated using the GGA-PBE xc functional. In this
work, the α phase has been included to compare the
thermodynamic and lattice stability of nanosheet structures.
Our computed lattice parameter of α-TaO3 of 3.95 Å shows
good agreement with the previous study.16

3.2. Thermodynamics. Using eq 1, we calculated the
enthalpy of formation (ΔHf) for the various structures of TaO3
and list them in Table 1. In our calculation results, β-TaO3 is
found to have the lowest ΔHf at −2.85 eV/atom, which results
in it being slightly thermodynamically more stable than α-TaO3

(−2.81 eV/atom). Here, β′-TaO3 shows the highest ΔHf of
−2.59 eV/atom among TaO3 structures. We attribute this
difference of approximately 0.2 eV/atom, when compared to β-
TaO3, to the energy cost from structurally exfoliating β-TaO3 to
β′-TaO3. Further analysis from the viewpoint of electronic
structure for these structures will be discussed below.
To afford a thermodynamic assessment of the relative

stabilities among the various tantalum oxides of different
chemical stoichiometry, i.e., between β-TaO3 and other TaO,
TaO2, and Ta2O5, their Gibbs free energy of formation (ΔGf) is
calculated (cf. eq 2) and plotted in Figure 2(a) as a function of
the change of oxygen chemical potential (ΔμO).

Here, we choose the representative thermodynamic
structures for each Ta−O stoichiometry: TaO (in the rocksalt
structure), R-TaO2 (in the rutile structure), triclinic T-TaO2
and β-Ta2O5 (with a space group Pmmm).

12,36,37 Specifically for
the case of Ta2O5, the energetics and structural properties of its
polymorphs are still actively debated and researched.12,38 Given
the complex local atomic distortions between the Ta and O
atoms found in Ta2O5, it is still not conclusive which
polymorphic phase of Ta2O5 is the actual ground state
structure.
Thus, in this work where Ta2O5 is used only as a reference,

we have chosen the more well-studied β-Ta2O5 as a
representative polymorph for Ta2O5.

12 The atomic geometries
of the various tantalum oxides of different chemical
stoichiometry are shown in Figure S1, and their enthalpies of
formation are listed in Table S1. Referring to Figure 2(a),
under oxygen-lean conditions, T-TaO2 is most stable until ΔμO
= −2.48 eV. Under more oxidizing conditions, β-Ta2O5 is the
most favored phase when ΔμO is between −2.48 and −1.11 eV.
Beyond ΔμO = −1.11 eV, β-TaO3 is then the thermodynami-
cally most preferred phase. Within our considered range of
ΔμO, rocksalt TaO is only metastable.

Figure 1. Crystal structures and atomic geometries of (a) cubic α-
TaO3, layered β-TaO3 from its (b) top view and (c) side view, and (d)
nanosheet β′-TaO3. The O and Ta atoms are denoted by the red and
khaki colored spheres, respectively. The connecting polyhedrons are
shown in khaki, and the unit cells are depicted with yellow lines.

Table 1. Lattice Parameters,a Energetics,b and Spin Magnetic Momentsc for the Various TaO3 Polyphases
d

a b c α β γ dO−O′ space group ΔHf μs

α-TaO3 3.95 3.95 3.95 90 90 90 Pm3m −2.81 0.21
β-TaO3 9.72 8.91 5.13 90 94.3 90 6.91 C2/m −2.85
β′-TaO3 9.77 8.57 26.73 90 90 90 6.95 −2.59 0.20

aValues for a, b, c, and dO−O′ in angstroms (Å) and α, β, and γ in degrees (°). bΔHf in eV/atom. cμs in μB/atom.
dAll results presented here are

calculated using the optB88 xc functional.

Figure 2. (a) Gibbs free energy of formation (ΔGf) for TaO, R-TaO2,
T-TaO2, β-Ta2O5, and β-TaO3 as a function of the change of oxygen
chemical potential (ΔμO). (b) Bulk phase diagram of Ta−O
compounds as a function of temperature and pressure of the oxygen
gas. Detailed atomic geometries and computed ΔHf values for the
oxides are depicted in Figure S1 and Tables S1 and S2 of the SI.
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Revisiting previous experiments mentioned above, the group
of T. Sasaki prepared TaO3 using a solution-based synthesis
method.10,11,34 However, there have been several recent reports
where vapor-based (i.e., gas phase reactions) preparation
methods for Ta2O5+x have yielded O/Ta ratios ranging from
2.8 to 3.3. They have further characterized their Ta2O5+x
samples via X-ray photoemission spectroscopy (XPS) and
have found the O 1s core levels at 529.7 eV as compared to that
of Ta2O5. More specifically, the measurements have been
conducted under 2.4 mTorr of oxygen pressure (until 473.15 K
was reached)9 as well as in a pure O2 environment at room
temperature using the physical vapor deposition of Ta.39

Using our calculated ΔGf(ΔμO) values and by assuming that
oxygen behaves as an ideal gas at the p (pressure) and T
(temperature) of interest, we present the theoretically derived
(p, T) phase diagram for the Ta−O system in Figure 2(b). The
(p, T) region where the experimentally observable over-
stoichiometric oxides of tantalum were reported9,39 is denoted
by gray markers and solid lines, and this nicely coincides with
the stability region of β-TaO3. We then argue that the
experimentally synthesized “Ta2O5+x” sample under 400 K and
oxygen-rich conditions could well be closely related to β-TaO3
based on our thermodynamics analysis. Notably, β-Ta2O5 is the
most dominant phase over the range of oxygen pressures and
temperatures, which is in good agreement with the previous
experimental Ta−O phase diagram.40

3.3. Structural Stability. To determine the elastic stability
for each TaO3 structure, we calculate the zero-pressure elastic
constants (Cij) and find that they all satisfy the Born stability
criteria30 and that they all are elastically stable. The Born
stability relations are detailed in the Supporting Information,
and our calculated Cij values for each TaO3 structure are listed
in Table S3. We further examine their dynamical stabilities by
computing their phonon dispersions via a finite-difference
supercell force constant method. The phonon band structures
and densities of state for α-, β-, and β′-TaO3 are shown in
Figure S2 (where the longitudinal optical−transverse optical
(LO−TO) splitting is explicitly included). We find α-TaO3 to
be dynamically stable with no imaginary (i.e., negative)
frequency modes, agreeing well with the overall phonon
dispersion plot in ref 16.
For β-TaO3, a very minute negative frequency mode (−0.37

THz or −1.53 meV) is found between the A and Γ points (see
Figure S2(b)). We attribute this negligible numerical noise to
the size of the supercell used and the choice of xc
functionals41,42 which can sensitively contribute to the
occurrence of unphysical negative modes. We have also further
cross-checked this with a density functional perturbation theory
(DFPT)43 calculation (as implemented in the Quantum
ESPRESSO package,44,45 see Figure S3) where no imaginary
frequency modes along the high symmetry points are found.
Thus, we reason that β-TaO3 is dynamically stable within the
accuracy of our calculations.
In the case of the nanosheet-structured β′-TaO3, we find a

marginally larger negative frequency mode at the Γ point (of
about −1.04 THz or −4.30 meV, see Figure S2(c)). Upon
closer inspection, this negative frequency mode originates from
an out-of-plane phonon instability that is rather commonly
observed in other 2D single-layered nanostructures.46,47 We
argue that though β′-TaO3 may be dynamically unstable as a
free-standing nanosheet, an appropriate choice of growth
supports and/or substrates (e.g., silicon10) can assist in the
stabilization of β′-TaO3.

3.4. Electronic Structure. Now, we turn our attention to
the fundamental electronic properties of TaO3. To obtain a
more accurate description of its electronic structure, spin
unrestricted HSE06-computed electronic band structures and
the corresponding projected densities of states (PDOS) are
plotted in Figure 3 for various TaO3 polyphases. As compared

to the closely related WO3 polymorphs,
13 the O 2p and Ta 5d

states in TaO3 polyphases are dominant at the valence and
conduction band edges, respectively. This is in contrast to yet
another closely related heavy metal trioxide, MoO3.

15

Unlike in ref 16, we find that α-TaO3 expresses a magnetic
spin moment of 0.21 μB/atom, and its spin-resolved band
structure and PDOS are plotted in Figure 3(a). For its up-spin
state, a large indirect band gap energy (Eg) of 4.95 eV (4.86 eV)
from M to Γ (R to Γ) k-point is found, whereas for the down-
spin case, partially filled O 2p states result in a semimetallic,
self-doped p-type conductivity that was previously suggested in
ref 16.
From Figure 3(b), it can be seen that β-TaO3 has no intrinsic

magnetic moment and exhibits an insulating character with a
large direct Eg of 3.78 eV at the Γ k-point. It is found that the
valence band edges are rather flat across all reciprocal space.
Similar to α-TaO3, the 2D nanosheet β′-TaO3 structure

shows a magnetic moment of 0.21 μB/atom; the indirect Eg is
found to be 5.31 eV for the up-spin states, while that for the
down-spin states is 4.86 eV (from Γ to R k-point), which is
somewhat larger than the Eg of β-TaO3. This opening of Eg for
the nanosheet of TaO3 follows the same trend as TiO2 where

Figure 3. (Left) Spin-resolved electronic band structures and (right)
corresponding projected densities of state (PDOS) of Ta 5d and O 2p
states for (a) α-TaO3, (b) β-TaO3, and (c) β′-TaO3. The Fermi energy
(ϵVMB) is aligned to a zero value. The up-spin and down-spin states are
denoted by the up and down arrows, respectively.
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the nanosheet of TiO2 was also found to be approximately 0.6
eV larger than that for its parent bulk structure.48 This was
largely attributed to the quantum confinement effect commonly
seen for low-dimensional nanomaterials. When compared to
the experimentally determined optical Eg value of 5.3 eV,10 our
HSE06 Eg value agrees fairly well. We also note that for the
down-spin states, midgap states (around 1 to 3 eV) appear due
to the under-coordination of the outermost oxygens in β′-
TaO3.
3.5. Chemical Bonding. To understand the chemical

bonding properties in the various TaO3 polyphases, we
compute the ELFs (cf. eq 3) for them and present in Figures
4(a) and 4(b) the results for α-TaO3 and β-TaO3, respectively.

The ELF line profiles along the Ta−O bond for the TaO3
polyphases and β-Ta2O5 are shown in Figure S4(a). The
concept of the ELF is numerically simple and instructive.
Taking values from 0 to 1, a value of 0.5 (in green) will typically
suggest covalent-type bonding while a value of 1 (in red) will
imply complete localization. Likewise, a value of 0 (in blue) will
indicate complete delocalization of the electron density.
In Figure 4(a), we report an isotropic symmetric distribution

of the ELF for α-TaO3, with a minimum value of 0.34 at the
midpoint (approximately 1 Å) between the Ta and O atoms
(see Figure S4(a)). The ELF line profiles of the Ta−O bonds
in TaO3 polyphases and β-Ta2O5 reveal that, interestingly, α-
TaO3, β′-TaO3, and β-Ta2O5 share rather similar bonding
features while β-TaO3 offers an additional ELF line profile due
to additional Ta−O2 bonds (in spite of the Ta−O1 bonds
which are more similar to those of the other tantalum oxides,
see Figure 4(b)). The less common Ta−O2 bonds are due to
the Ta atom off-center displacement in the TaO6 octahedrals in
β-TaO3 which are not found in other Ta−O systems.
The ELF line profile is also calculated for the outermost

oxygen atoms (i.e., O1−O2) for β-TaO3 and is plotted in
Figure S4(b). Here, it is found that the ELF line profile varies

between 0.32 and 0.73, averaging about 0.5. This suggests that
some form of electron sharing may occur between the
outermost oxygens (i.e., O1 and O2) and, perhaps, not via
the weaker van der Waals-type bonding. This then explains why
the energy cost to delaminate β-TaO3 to form the nanosheet
β′-TaO3 is nontrivial. This is further supported from our
calculated Δρ(r) (cf. eq 4, shown in Figure 4(c)) where
electronic charge redistribution occurs via the depletion of
electrons from the outermost oxygens in β-TaO3.

3.6. Atomic Charges. As motivated by our ELF and Δρ
analyses, it is indeed timely to examine the actual charge state
of Ta and O in TaO3. Within the conventional “purely ionic”
model, it seems completely impossible for TaO3 to exist, as the
Ta6+ cation implies removing an additional electron completely
from the 5p shell after emptying the 5d shell to donate to the
O2− anion. This may seem true that Ta may not be further
oxidized beyond the +5 state if one considers only the formal
oxidation states.
However, of late, there has been a challenge to this well-

established concept of formal oxidation states, calling for a
reassessment of how one defines the absolute charge state in
atoms. Interesting discussions and debates have taken place
between Walsh and co-workers49 and Koch and co-work-
ers,50,51 representing opposite camps and schools of thought on
this subject matter, on elucidating the actual charge state of Ti
in the common yet technologically very important TiO2.
While Walsh and co-workers argue that simple electron

counting rules in valence chemistry should be observed, Koch
and co-workers challenged and critically questioned the validity
of this empirical rule.49−51 Koch and co-workers then conclude
that Ti may indeed have the so-called “unthinkable” +2.5 or +3
state, instead of the perceived +4 state from the “textbook”
electron counting rule. In our humble opinion, this debate
seems to be far from over.
Coming back to the case of TaO3, in light of this recent

discussion (or refuting) of formal oxidation states, we realize it
now does not seem so unlikely that TaO3 may actually exist! To
test and challenge the validity of the ionic model for Ta−O
systems, we calculate the Bader charges for all Ta−O systems
discussed in this work, i.e., α-TaO3, β-TaO3, β′-TaO3, R-TaO2,
and T-TaO2. The corresponding Bader charge values are
averaged and listed in Table 2. To further contrast our findings

with the formal oxidation state model, we plot the calculated
Bader charge values for Ta and O (labeled as qTa and qO,
respectively) in Figure 4(d). Here, it is clear that our calculated
qTa and qO values lie far from the expected ideal formal
oxidation charge states for TaO2, Ta2O5, and TaO3, i.e., Ta

4+,
Ta5+, and Ta6+, respectively, with O2−.
Somewhat supporting Koch’s argument, our calculated ELF,

Δρ, and Bader charge analyses point to the fact that the
chemical bonding nature between the Ta and O atoms in the
Ta−O systems is indeed not completely ionic, and thus, an
iono-covalent picture might be more appropriate. Interestingly,
the Ta−O compounds discussed in this work possess very large

Figure 4. Cross section of the electron localization function (ELF) for
(a) α-TaO3 and (b) β-TaO3. Gray and red spheres denote the Ta and
O atoms, respectively, and the colored ELF scale is included next to
(b). (c) The difference charge density plot for β-TaO3 with a 0.017 e/
Å3 isosurface value is shown; the electron charge depletion is colored
cyan, while the charge accumulation is shown in yellow. (d) Calculated
averaged net Bader charge of the oxygen anion (qO) versus the
averaged net Bader charge of the tantalum cation (qTa) in electrons (e)
for α-TaO3 (red circle), β-TaO3 (red triangle), β′-TaO3 (red inverse
triangle), β-Ta2O5 (yellow triangle), R-TaO2 (blue triangle), and T-
TaO2 (blue inverse triangle).

Table 2. Averaged Bader Charges for Each Atom in α-TaO3,
β-TaO3, β′-TaO3, R-TaO2, and T-TaO2 in Units of Electrons
(e)

α-TaO3 β-TaO3 β′-TaO3 β-Ta2O5 R-TaO2 T-TaO2

Ta +3.35 +3.03 +3.01 +3.21 +2.76 +2.53
O −1.12 −1.01 −1.00 −1.28 −1.38 −1.26
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Eg values, which again may give a false impression that these “d
metal oxides” are more ionic than covalent. Arguably, the
chemistry in these Ta−O compounds may, in fact, be more
similarto that of iono-covalent metal oxides with large Eg values,
e.g., ZrO2 and HfO2.
3.7. Band Edge Alignment and Potential Applications.

We now turn to the calculations of band offsets by aligning the
O 1s core levels for the various Ta−O compounds, in an
attempt to understand how these Ta-based oxides may perform
in photodevices, e.g., in polymer solar cells (PSCs). To improve
the performance of PSCs, band engineering of interfacial layers,
including electron transport layers (ETLs) and hole transport
layers (HTLs), is critical to promote charge carrier extraction or
separation by matching the electronic energy level with the
electrode (or active layer).53

Conventionally, polymers such as poly(3,4-ethylene-dioxy-
thiophene)/poly(styrene-sulfonate) (PEDOT/PSS) are used as
the HTLs. However, these HTL polymers are prone to acid
attack, which results in the degradation of the PSC. High work
function metal oxides (e.g., MoO3 and WO3), on the other
hand, are more resilient and are some of the most promising
candidates. A high work function is needed to ensure the
transference of the excited hole from the active layer to the
ϵCMB of the metal oxide.52

To investigate if these TaO3 polyphases and Ta2O5 can
match up as HTLs in PSCs, we perform band alignment
calculations using the computed IP and EA values of α-TaO3,
β-TaO3, β′-TaO3, and β-Ta2O5, with respect to the vacuum
level, as shown in Figure 5(a). Generally, the low IP values of

TaO3 are comparable with the previously reported value for the
hexagonal phase of MoO3.

15 The variation of the ϵVMB for the
various TaO3 polyphases is much larger than that of the ϵCMB. It
is notable that the ϵVMB of β-Ta2O5 matches well with the
experimental IP value, but the ϵCMB agrees less favorably (by

about 2.6 eV).54 Of all the TaO3 polyphases, β-TaO3 seems
most promising.
Now, to compare how the IP and EA of β-TaO3 line up with

the other components in a typical PSC, a schematic band
diagram is drawn in Figure 5(b) where the band edges of the
other components are taken from ref 55. The ϵCMB and ϵVMB of
β-TaO3 indeed align favorably, which indicate it is very suitable
as a HTL for extracting the hole to the anode (indium tin oxide
(ITO)) and preventing the reverse transport back to the active
layer. More specifically, the ϵCMB of β-TaO3 (−5.4 eV) is
positioned above the IP of active organic materials (−6 and
−5.5 eV, see Figure 5(b)) and below the work function value of
ITO (−4.7 eV). In addition, the ϵVMB of β-TaO3 (−9.3 eV) is
sufficiently low such that it can also prohibit back flow from
ITO to the HTL.52

4. CONCLUSION
In summary, using DFT calculations, we have examined the
lattice parameters, energetics, and electronic properties of three
TaO3 polyphases, namely, cubic α-TaO3, layered β-TaO3, and
nanosheet β′-TaO3. The most thermodynamically (as well as
elastically and dynamically) stable structure is the layered β-
TaO3. We have also investigated the chemical bonding in these
oxides and have found that they are indeed not completely
ionic and exhibit a more iono-covalent bonding. We calculated
the band offsets by aligning the O 1s core levels for β-TaO3 and
compared the band edge alignment to other components in the
polymer solar cell. The IP and EA of β-TaO3 are found to align
favorably, thus making it a very promising HTL material
candidate.
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Structure and energetics

Using the VASP code, we have tested various xc functionals to decide which one provides the

most accurate (or balanced) description of the structural parameters for TaO3. The GGA-

PBE, PBEsol and self-consistent nonlocal van der Waals force (vdW)-corrected optB88 xc

are used to perform the structural optimization for different structural configurations of

TaO3 structures. In the comparison of an optimized vertical distance between the levels of

upper and bottom oxygen atoms (dO−O′) of layered structure (Figure 1(c) of the main text)

with that value of experiment, PBEsol and optB88 xc show the most good agreement within

5.30% difference with respect to experimental value.1 The computed structural properties

of TaO3 with optB88 xc and with PBE and PBEsol xc are listed in Table S1.

Figure S1: Crystal structures and atomic geometries of (a) β-Ta2O5, (b) R-TaO2, (c) T -
TaO2, and (d) TaO. The O and Ta atoms are denoted by the red and khaki colored spheres,
respectively. The connecting polyhedrons are shown in khaki and the unit cells are depicted
with yellow lines.
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Table S1: Lattice properties (a, b, c, and dO−O′, in Å and α, β, γ, in ◦), space
group, and energetics (∆H f , in eV/atom) for various Ta-O compounds. Our the-
oretical values are calculated using the PBE, PBEsol and optB88 xc functionals
as implemented in the VASP code. Other theoretical and relevant experimental
values are also listed.

Structure a b c α β γ dO−O′ Space group ∆H f

PBE α-TaO3 3.95 3.95 3.95 90 90 90 - Pm3m −2.59
β-TaO3 9.80 8.92 5.37 90 98.3 90 6.94 C2/m −2.63

PBEsol α-TaO3 3.92 3.92 3.92 90 90 90 - Pm3m −2.81
β-TaO3 9.70 8.81 5.28 90 97.7 90 6.92 C2/m −2.87

optB88 TaO 4.50 4.50 4.50 90 90 90 - Fm-3m −1.35
R-TaO2 4.98 4.98 2.89 90 90 90 - P42/mnm −3.16
T -TaO2 4.69 5.20 5.72 90.1 87.2 95.7 - P -1 −3.20
β-Ta2O5 3.70 3.89 6.49 90 90 90 - Pmmm −3.10

ref. R-TaO2
2 4.71 4.71 3.07 90 90 90 - P42/mnm -

T -TaO2
2 4.70 5.20 5.72 90 87.3 95.7 - P -1 -

β-Ta2O5
3 3.67 3.86 6.43 90 90 90 - Pmmm -

α-TaO3
4 3.95 3.95 3.95 90 90 90 - Pm3m −2.77

exp. TaO5 4.43 4.43 4.43 90 90 90 - Fm-3m -
TaO2

5 4.71 4.71 3.07 90 90 90 - P42/mnm -
β-Ta2O5

6 3.68 3.90 6.22 90 90 90 - Pmmm -
TaO3

1 9.60 8.43 7.33 90 94.5 90 6.62 C2/m -
RbTaO3

7 9.85 8.51 8.14 90 94.9 90 6.62 C2/m -
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Table S2: Lattice properties (a, b, c, and dO−O′, in Å and α, β, γ, in ◦), space
group, and energetics (∆H f , in eV/atom) for various TaO3 polyphases. Our the-
oretical values are calculated using the PBE, PBEsol and optB88 xc functionals
as implemented in the Quantum-ESPRESSO package.

Structure a b c α β γ dO−O′ Space group ∆H f

PBE α-TaO3 3.94 3.94 3.94 90 90 90 - Pm3m −2.65
β-TaO3 9.77 8.96 5.27 90 97.1 90 6.94 C2/m −2.68

PBEsol α-TaO3 3.91 3.91 3.91 90 90 90 - Pm3m −2.96
β-TaO3 9.66 8.80 5.26 90 98.0 90 6.92 C2/m −3.01

optB88 α-TaO3 3.92 3.92 3.92 90 90 90 - Pm3m −3.45
β-TaO3 9.73 8.84 5.34 90 99.1 90 6.92 C2/m −3.49

For cross-checking, DFT calculations using periodic supercell model are also performed

with the Quantum-ESPRESSO package.8 Here, ultrasoft pseudopotentials were used with

the plane wave kinetic energy cutoff of 50Ry.9 A Γ-centered k-point mesh with a spacing of

0.2 Å−1 is used to sample the Brillouin-zone, which is same as our detail with VASP code (as

detailed in the main text). For the energetics of various tantalum oxide structures, we have

tested a few semi-local approximations to the xc functional – namely that due to Perdew,

Burke, and Ernzerhof (PBE)10 and its revised form for solids (PBEsol),11 as well as the

self-consistent van der Waals (vdW) corrected xc functional, optB88.12,13
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Elastic and dynamical stability

Table S3: Calculated elastic constants Cij (in GPa) for α-TaO3, β-TaO3 and β′-
TaO3 using the optB88 xc functional. Other theoretical values4 are included for
comparison.

α-TaO3 β-TaO3 β′-TaO3 α-TaO3
4

C11 480.1 162.1 18.5 487.6
C22 - 115.2 19.3 -
C33 - 133.8 - -
C44 35.6 11.3 6.4 34.6
C55 - 42.6 - -
C66 - 20.8 - -
C12 47.3 43.5 4.9 52.7
C13 - 70.0 - -
C23 - 52.2 - -
C15 - −23.1 - -
C25 - −3.8 - -
C35 - −47.8 - -
C46 - 1.4 - -

For α-TaO3 or cubic system, the stability criteria is as follow,

C11 + 2C12 > 0, C44 > 0, C11 − C12 > 0 (1)

For β-TaO3 or monoclinic system,

C11, C22, C33, C44, C55, C66 > 0, (2)

[C11 + C22 + C33 + 2(C12 + C13 + C23)] > 0,

(C33C55 − C2
35) > 0, (C44C66 − C2

46) > 0,

(C22 + C33 − 2C23) > 0,

[C22(C33C55 − C2
35) + 2C23C25C35 − C2

23C55 − C2
25C33] > 0,
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2[C15C25(C33C12 − C13C23) + C15C35(C22C13 − C12C23) + C25C35(C11C23 − C12C13)]

−[C2
15(C22C33 − C2

23) + C2
25(C11C33 − C2

13) + C2
35(C11C22 − C2

12)] + gC55 > 0

(g = C11C22C33 − C11C
2
23 − C22C

2
13 − C33C

2
12 + 2C12C13C23)

For β′-TaO3 or 2D system,

C11C22 − C2
12 > 0, C11, C22, C44 > 0 (3)
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Figure S2: Phonon dispersion plots (as shown on the left panel) with the corresponding
projected phonon density-of-states (as shown on the right panel) for (a) α-TaO3, (b) β-
TaO3, and (c) β′-TaO3. These are calculated using the optB88 xc functional as implemented
in the VASP code.
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For cross-checking, density functional perturbation theory (DFPT) calculations using pe-

riodic supercell model with the Quantum-ESPRESSO package8 are also performed. For the

lattice dynamics with β-TaO3, phonon frequencies are calculated within the DFPT frame-

work. 2×2×3 q-point grids are used for the β-TaO3. We also consider the LO-TO splitting

in our final phonon dispersion plot as shown in Figure S3.

Figure S3: Phonon dispersion plot of β-TaO3 calculated using the optB88 xc functional as
implemented in the Quantum-ESPRESSO package.
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Chemical bonding analysis

Figure S4: Electron localization function (ELF) line profiles for α-TaO3 (red line), β-TaO3

(yellow line) to 2 different oxygen (namely O1 and O2 in Fig. 4), β′-TaO3 (green line) and
β-Ta2O5 (blue line), and (b) between O1 and O2 for β-TaO3. Dotted horizontal line located
at the 0.5 of ELF value indicates the covalent nature.

Optical responses

Using the independent-particle approximation (IPA) approach,14 we calculate the optical

responses for the polymorphs of TaO3 studied in this work. Despite of neglecting the excitonic

and local-field effects, the IPA approach seems rather successful in providing a qualitative

picture of the dielectric properties of many metal oxides.15–17

Briefly, for the interband transitions, the imaginary part of the dielectric function, ϵαβ2 (ω)

is obtained upon the summation over the empty states as follows,

ϵαβ2 (ω) =
4π2e2

Ω
limq→0

1

q2

!

c,v,k

2ωkδ(ϵck − ϵvk − ω)× ⟨uck+eαq|uvk⟩⟨uck+eβq|uvk⟩∗ , (4)

where Ω, q, c, v, α, and β are the volume of the unit cell, the Blöch vector of incident

wave, the states in the conduction bands, the states in the valence bands, and two Cartesian

factors, respectively. Also, the periodic part of the Kohn-Sham orbitals (ψk
i (r)) at the k-

point, k is represented as uck = e−ik·rψk
i (r). The real part of dielectric function, ϵαβ1 (ω) is
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Figure S5: HSE06 computed the real and imaginary part of the dielectric function (ϵ1, ϵ2)
with Drude-like corrections and the reflectance (R) with IPA for (a) α-TaO3, (b) β-TaO3

and (c) β′-TaO3.

then derived via the Kramers-Kronig transformation, yielding

ϵαβ1 (ω) = 1 +
2

π
P

! ∞

0

ϵαβ2 (ω′)ω′

ω′2 − ω2
dω′ . (5)

For the metallic intraband transitions, we add a Drude-like correction term to both the

imaginary and real parts of dielectric functions, following Reference 18,

ϵDrude
2 (ω) =

Γω2

ω(ω2 + Γ2)
, (6)

and

ϵDrude
1 (ω) = 1− ω2

ω(ω2 + Γ2)
, (7)

where Γ is taken as the lifetime broadening in the Drude model. Here, we adopt a lifetime

broadening value of 0.1 eV which is commonly used for most elemental metals.19

From the Drude-corrected total dielectric function, we compute and obtain the refractive
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index (n), the extinction coefficient (k) and finally, the reflectance (R) from,

n =

!
ϵ1 +

"
ϵ21 + ϵ22√
2

, (8)

k =

!
−ϵ1 +

"
ϵ21 + ϵ22√

2
, (9)

and

R =
(n− 1)2 + k2

(n+ 1)2 + k2
. (10)
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