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The influence of oxygen defects upon the electronic properties of Nb-doped TiO, has been studied by using the
general gradient approximation (GGA)+U method. Four independent models (i.e., an undoped anatase cell, an anatase cell
with a Nb dopant at Ti site (Nbr;), an anatase cell with a Nb-dopant and an oxygen vacancy (Nbp;+V(), and an anatase
cell with a Nb-dopant and an interstitial oxygen (Nbr;+0O;)) were considered. The density of states, effective mass, Bader
charge, charge density, and electron localization function were calculated. The results show that in the Nbr;+Vq cell both eg
and fp¢ levels of Ti 3d orbits make contributions to the electronic conductivity, and the oxygen vacancies (Vo) collaborate
with Nb-dopants to favor the high electrical conductivity by inducing the Nb-dopants to release more excess charges. In
Nb;+0;j, an unoccupied impurity level appears in the band gap, which served as an acceptor level and suppressed the
electronic conductivity. The results qualitatively coincide with experimental results and possibly provide insights into the

preparation of TCOs with desirable conductivity.
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1. Introduction

Recently, the discovery of a new transparent conducting
oxide (TCO), anatase Nb:TiO, (TNO) films synthetized by the
pulsed laser deposition (PLD) technique, has been reported by
Furubayashi et al.!'l The resistivity of films can reach as low
as 2x1074-3x10~* Q-cm at room temperature (RT) and the
internal transmittance of films is about 90% in the visible light
region, showing desirable optoelectronic properties that are
comparable to indium tin oxide (ITO). TNO has advantages
over ITO, such as high refractive index, high transmittance in
the infrared region, and high chemical stability. Additionally,
Ti, a major constituent of TNO, is much more abundant in the
Earth’s crust than In.[?! Therefore, TNO is regarded as one of
the most promising candidates for TCO, and this has motivated
large amounts of experimental research.[!*~15] Some consen-
suses on TNO have been reached; for instance, anatase TNO
films exhibit intrinsic transparent metallic behaviors whether
it grows on LaAlOs3 substrate epitaxially or on glass substrate
polycrystallinely. [>!! Contrarily, rutile Nb:TiO; films exhibit
insulating behaviors with 2-3 orders higher room tempera-
ture electrical resistivity.!!*! Kafizas et al. also demonstrated
that low oxygen pressure (Po, ) favors metallic-like TNO films,
whereas higher Fo, hampers the conductivity and results in a
n-type semiconductor.[*! Notably, conductive TNO is changed
into insulating films with p > 10® Q-cm under post-annealing
treatment in air.!”)

TNO is a new TCO material and there have been inten-
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sive experimental studies of its potential application in elec-
tronics, optoelectronics, and photovoltaics, most of which rely
on the control of free carrier generation, transport, and recom-
bination. Theoretical studies of the electronic properties in
TNO are, therefore, of great importance, but the lack of a cor-
rect description has hampered the useful contribution of the-
ory. First-principles calculations in the frame work of den-
sity function theory (DFT) using local density approximation

(LDA),!'®! or general gradient approximation (GGA),!17-20]

21221 which means that no

are known as the standard DFT,!
corrections have been employed to deal with the strong, lo-
calized valence orbits. They usually suffer from the self-
interaction error (SIE)!?*! and lead to unphysical delocaliza-
tion of the electronic states. To remedy this problem, two
methodologies are widely used: hybrid functionals!>*->"! and
GGA+U functionals.”®! The GGA+U uses the addition of the
Hubbard+U term, which has the effect of dragging the occu-
pation number of a state to either 1 or 0. A close relation be-
tween the U and HF terms can be shown mathematically.>’!
Thus, the addition of a +U term can also reduce the SIE.[30]

31,32]

The use of hybrid functionals! is computationally quite

d33-401 s more

intensive and consequently the GGA+U metho
widely adopted. In the application of the GGA+U method,
the +U parameter is usually prepared using a linear response
approach,*! or by referring the first and second ionization

[42

energies (or several excitation energies) of an atom,*?! or by

fitting the calculated bandgap to the experimental value.>¥]
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Several theoretical studies have been published for TiO, and
related materials using this method. By using the GGA+U
method, Morgan et al. calculated the electronic structures of
Nb-doped anatase and rutile TiO,, finding strongly localized
small polarons in Ti sublattice for both phases.'*>! Therefore,
they proposed that the metallic conduction behaviors in thin-
film Nb-doped anatase results from some alternative causes
(such as additional defects, sample morphology, and synthesis
history) instead of the intrinsic properties of the anatase lattice.
However, their analysis failed to reproduce the qualitative dif-
ferences between the two polymorphs.

Thus, accurate descriptions of the electronic properties of
TNO films are still flimsy. As is known, the conductivity in
TNO should be relevant to the nonstoichiometry!'#43! of the
system. The XPS measurements also demonstrated the coexis-
tence of Ti>™ and Nb** states in TNO films,®! which implies
that oxygen defects in the vicinity of the Nb dopants play an
essential role in electronic properties of TNO. In the present
study, in order to shed light on the roles of oxygen defects and
their interactions with Nb-dopants in anatase TNO, four inde-
pendent models, including an undoped anatase cell, an anatase
cell with a Nb dopant at Ti site cell (Nbr;), a Nb-dopant and
an oxygen vacancy co-doped cell (Nbp;+Vp), and a Nb-dopant
and an interstitial oxygen co-doped cell (Nbp;+0; ), were stud-
ied by using GGA+U. The rest of this article is arranged as
follows. The calculation method is described in Section 2. In
Section 3, we present the results and a discussion of our cal-
culations, which are related to the electronic properties. The
concluding remarks are given in Section 4, along with the sum-
mary of the study.

2. Computational details

All of the spin-polarized DFT calculations were per-
formed by using projector augmented wave (PAW) pseudopo-
tentials, as implemented in the Vienna ab initio simulation
package (VASP).[##] The exchange correlation effects were
treated within the generalized gradient approximation (GGA)
with the Perdew—Burke—Ernzerhof (PBE) function. Our calcu-
lations were all based on an anatase supercell with 48 atoms,
as a 2x2x1 repetition of the primitive anatase unit cell. The
atomic positions of the simulated structures were optimized
until all components of the residual forces were converged
to 1072 eV/A (1 A=107'" m). The convergence threshold
for the self-consistence-field iteration was set at 10~# eV. The
wave functions were expanded into a basis set of plane waves,
with a kinetic-energy cutoff of 500 eV for all calculations. The
Monkhorst—Pack (MP) mesh of 5x5x5 of k-points was used
to sample the integration in Brillouin zone in the relaxation
calculations while an improved mesh of 9x9x9 of k-points
was used for the electronic calculations. Actually, these pa-
rameters were tested to show enough convergence for the en-

ergies. The supercell may be rather small, but DFT calcula-
tions on larger systems with this basis are not yet possible for
us due to the excessive length of the computing time. The con-
centrations of Nb atoms (Nb/[Nb+Ti]) in the anatase Nbr; cell
and co-doped models are 6.25 at.%, which are comparable to
those of the experiments.!"?~!!! In the present GGA+U calcu-
lations, the effective U parameter U = 7.2 €V has been used
to correct the strong Coulomb interaction between 3d electrons
localized on Ti in anatase models. The calculated band gap of
undoped anatase TiO; is 3.20 eV, in good agreement with the
experimental values.

3. Results and discussion
3.1. Optimized structure

Figure 1 shows the crystal structures for the optimized
models. The undoped and Nbr; anatase TiO; structures can be
easily obtained by performing the structural optimization un-
der the symmetry constrains. However, for co-doped models,
it is a little more complicated. On the basis of the symme-
try analysis, there are 9 and 6 atomic structures for Nbrj+Vo
and Nbr+O; cells, respectively. The total energies of these
optimized cells are plotted in Fig. 2 as a function of the dis-
tance between Nbr; and Vo (r(Nb-Vg)) or O; (r(Nb-0y)).
For Nbrj+Vo models, the total energies decrease with the
increase of r(Nb-Vg), which is caused by the electrostatic
repulsion“gl between the Vo and Nb;. The lowest total en-
ergy of anatase Nbr+Vg cell corresponds to the r(Nb-Vg)
with a value of 6.2105 A. For Nbp;+0; models, the total ener-
gies approximately go up with the r(Nb-O;), which is caused
by the electrostatic attraction between the O; and Nbr;, except
for the structure with the smallest #(Nb—O;) whose short Nb—
O bonding raises the extra repulsion energy. The lowest total
energy of the anatase Nbri+O; cell corresponds to the r(Nb—
0;) with a value of 3.4073 A. These tendencies are in accor-
dance with the reports of Kamisaka.['®! The total energies of
the models are close to each other. We only focus on the in-
teractions between Nbr; dopant and a Vp/O;. The Nbrj+Vo
(Nbr+0;) cell with the lowest total energy is referred to as
co-doped Nbr+Vo (Nbp;+0;) cell in our following calcula-
tions. Other structures, with a Nbr; dopant separated from a
Vo/0O;j in the cell, do not show any novel result based on ex-
pectations from the referred cells, either in band structures or
in DOS plots.

Table 1 summarizes the final optimized lattice parame-
ters corresponding to various models (see Fig. 1). The crystal
structures remain essentially tetragonal for all doped models
(Table 1). In optimized Nbr; cell, the lattice parameters in-
crease slightly in x(y) directions with a value of 0.5% while
they shrink in z direction with a value of 0.1% compared with
undoped anatase TiO,. Compared with the undoped anatase
TiO,, the local TiOg octahedrons around the substitutional Nb
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atom change slightly. For the nearest local TiOg octahedrons
in x—y plane, the O-Ti—O bonding along z direction increases
from 4.0134 A in the undoped TiO, to 4.0328 A in the Nbr
cell, and the Ti atoms displace 0.0293 A along the z direction,
making the symmetry of these TiOg octahedrons reduce from
S4 to Cy,,

Fig. 1. (color online) The 48-atom 2x2x 1 supercell used for anatase
(a) undoped TiO,, (b) Nby; cell, (¢) Nbj+Vo cell, and (d) Nbp+O;
cell. The x, y, and z axes are along the crystallographic a, b, and ¢ di-
rections, respectively. Above co-doped structures ((c) and (d)) refer to
the models with the lowest total energies in our following calculations.
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Fig. 2. (color online) Total energies in the anatase optimized Nbri+Vo
cells (black solid square) and optimized Nbr;+0; cells (blue solid trian-
gle) as functions of #(Nb-V() and r(Nb-0O;) distances, respectively.

Table 1. Optimized lattice constants, and lattice constants taken from
Ref. [18], respectively.

Undoped Nbr Nbri+Vo Nbr+0;

A Cal. 7.6141 7.6544 7.6478 7.6246
Ref. 7.6331 7.6725 7.6409 7.6374

bA Cal. 7.6141 7.6544 7.6513 7.6021
Ref. 7.6331 7.6741 7.6529 7.6027

/A Cal. 9.7166 9.7057 9.7213 9.8261
Ref. 9.7151 9.6957 9.7335 9.8342

In the Nbr+Vg cell, the lattice parameters in x(y) direc-
tions remain almost unchanged while they increase 0.2% along
z direction compared with the Nbr; cell. The three nearest Ti

ions around the Vg displace by 0.0726 A-0.1362 A outward
from the vacancy site and oppositely the neighboring O ions
shift inward by 0.0193 A-0.1119 A.

In the NbT;+O; cell, the O; is settled in a cage-like inter-
stitial space among TiOg octahedrons, and close to one lattice
oxygen atom. Compared with the Nbr; cell, the lattice pa-
rameters shrink by 0.4% and 0.7% in x and y directions, re-
spectively, while they increase by 1.2% in z direction. The
adjacent lattice O anion shifts outward by 0.9196 A from its
original position. The internuclear distance between them (the
interstitial oxygen and the adjacent lattice oxygen atom) is
1.9269 A, compared with that of O, gas molecule, that is
r(0-0)o, = 1.21 A1 forming an O-O pair%l, as shown
in Fig. 1(d).

3.2. TDOS and PDOS
3.2.1. Anatase Nbp; Cell

The calculated TDOS and PDOS of the anatase Nby; cell
using GGA+U are depicted in Fig. 3. Compared with the
undoped TiO», the remarkable feature in the energy band of
the Nbr; cell is that the band-tail state appears in the CBM
(conduction band minimum), mainly consisting of the Ti 3d,,
orbits,[*! a 5, levels. The band-tail state is largely contributed
by the aforementioned nearest Ti atoms around Nb in the x—y
plane (see Figs. Al and A4). As shown in Figs. 3(b) and 3(c),
the energy levels of the Ti 3d orbits are close to those of the
Nb 4d orbits, which may lead to a strong hybridization. One
can expect that one more electron released by the Nb dopant
occupies the Ti 3d,, orbits, inducing the Ti 3d,, energy lev-
els to drop as the continuous band-tail state appearing in the
CBM and simultaneously triggering Fermi energy to shift up
into the conduction band edge. These behaviors cause a de-
generated semi-conductive band structure, showing a typical
metallic characteristic.
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Fig. 3. (color online) The TDOS (a), PDOS (b)—(c) of anatase Nbrj cell,
and PDOS (d)—(h) for Ti atoms in anatase Nbr; cell. The red dotted line
indicates the Fermi level at 0 eV.
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3.2.2. Anatase Nbr;+Vg cell

The DOS and PDOS of Nbt+Vg cell are plotted in the
Fig. 4. Compared with the Nbr; cell, the biggest differences
are the appearances of an occupied state in the band gap about
1.43 eV beneath the Fermi energy and band-tail states below
the CBM, as shown in Fig. 4(a). This midgap level mainly
consists of 3dy, and 3d,; of three Ti atoms surrounding the
Vo (Figs. A2 and AS). An impurity state contributed by O 2p
orbits appears in the maximum of valence band (VBM), im-
plying an enhancement of coupling between Ti 3d (or Nb 3d)
and O 2p in Nbpi+Vo cell. Notably, the band-tail states are
mainly contributed by the Ti 3dz2 and 3d,>_» orbits, eg levels,
instead of 75, level. This is due to more excess electrons being
provided by the oxygen vacancy occupying the 3d orbits of
nearest Ti ions, which make the Fermi level shift into a higher
energy. Furthermore, a very narrow gap with a width of about
0.07 eV can be found in the vicinity of the Fermi level, sepa-
rating the occupied Ti e, orbits and unoccupied #,; orbits. This
gap is so narrow that electrons can be easily transferred over
it by very small thermal excitation. Therefore, both 75, and eg
levels of Ti 3d orbits contribute to the electronic conductivity
in the Nbp;+Vo cell.
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Fig. 4. (color online) The TDOS (a), PDOS (b)—(c) of anatase Nby;+Vo
cell, and PDOS (e)—(i) for Ti in anatase Nbr;+Vg cell. The red dotted
line indicates the Fermi level at 0 eV.

3.2.3. Anatase Nbr;+0O; cell

One can find that the DOS of the Nbr;+O; cell is quite dif-
ferent from those of the Nbr; cell, with two pronounced peaks
appearing in the band gap while the band-tail states disappear
in the band gap, as shown in Fig. 5. The midgap states are
spin-polarized, splitting into one occupied state and one un-
occupied state. These two midgap levels are situated about
0.60 eV and 2.04 eV above the VBM, as shown in Fig. 5(a),

and have certainly contributed by O 2p, to the aforementioned
O-0 pair (Figs. A3 and A6). This can be understood as the O;
atom introducing two unpaired 2p electrons in the Nbr+O;
cell and capturing the extra electrons emitted by the Nb atom,
leading to the emergence of an occupied impurity level and
the disappearance of the band-tail state. Additionally, the un-
occupied O 2p levels are situated at the band gap; thus, the
interstitial oxygen suppresses the electronic conductivity.
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Fig. 5. (color online) The TDOS (a), PDOS (b)—(d) of anatase Nbr;+0;
cell, and PDOS (e)—(f) for O atoms in anatase Nbr;+O; cell. The red
dotted line indicates the Fermi level at 0 eV.

3.3. Effective mass and Bader charge analysis

From the band structure, the effective mass of the car-
riers at the CBM can be deduced by using the following
equation!!”!

1 1 d?E(k)

m, m k2

ey

where m; is the effective mass, 4 is the reduced Planck con-
stant, and E(k) is the eigenvalue of the Hamiltonian opera-
tor at k. The conduction band in the vicinity of the extrema
is assumed to be parabolic; hence, the effective mass will be
constant in these areas. The values of the calculated m); are
shown in Table 2. Apparently, the m;, for the present models
are all anisotropic, where the m; along the c-axis is about 6—
50 times larger than the values along the a(b)-axis. The results
of pure anatase TiO, and anatase Nbr; cell are consistent with
the experimental results that mj, along the a- and c-axis are
~ 0.6mg and ~ 3.3my, respectively, where my is the free elec-
tron mass.!!3 For the anatase Nbp+0O; co-doped model, the
effective masses are slightly larger than those of the Nbr; cell
or Nbrj+Vg cell, especially in the c-axis. These results show
that the incorporation of interstitial oxygen to the Nbr; cell
increases electronic effective mass, deteriorating to the elec-
tronic mobility. These results also imply that epitaxial growth
along [001] direction possibly leads into the smaller sheet re-
sistance due to the smaller m; in a(b) directions.
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Table 2. The effective mass for various anatase models (my is the free
electron mass).

Undoped NbTi NbTi+V0 NbTi+Oi
m?,/mo 0.60 0.66 0.64 0.73
i, /mg 0.60 0.66 0.75 0.78
m, /mo 3.85 6.66 24.23 41.96

To further quantitatively investigate charge transfers, the
charges of Ti, Nb, and O in various models were calculated
using Bader charge analysis.!*’*3] The atomic charges of Ti
and O in undoped TiO; are about +2.43e, —1.22¢, respec-
tively. Both values deviate from the nominal values expected
in a purely ionic state (Ti: +4e; O: —2e¢). This deviation par-
tially reflects the covalent character of the bonds between Ti
and O. In the Nbr; cell the charge of substitutional Nb atom
is +2.74e, which is 0.31e larger than those of Ti atoms, in-
dicating that extra electrons are released by the doping atom
(ND).

In the Nbrj+Vo cell, the charge of Nb atom is +2.83e,
reflecting that the introduction of oxygen vacancy makes Nb
release more free electrons than those of the Nbr; cell. We
can also find that the average charges of three nearest Ti ions
around the oxygen vacancy substantially decrease from the av-
erage bulk value of +2.41e in Nby; cell to +2.12¢. The av-
erage charges of nearest O ions in x—z plane increase about
0.07e.
corresponding to the neutral vacancy are mainly distributed

These results indicate that the two excess electrons

among the Ti ions nearby the vacancy site, and hence should
occupy certain electronic states of those ions. Indeed, this can
be seen clearly from the (P)DOS as discussed in the aforemen-
tioned section.

In the Nbp;+O; cell, the charge of O;—O pair is —1.83e
which is lower than that of O ions in undoped TiO; or Nbr;
cell. Therefore, the O;—O pair can capture the electrons be-
long to its nearby ions, exhibiting the character of acceptor.
Exactly, as shown in the Fig. 5, the O 2p states separated by
Fermi energy appear in the band gap.

3.4. Contour plots of charge density and electron localiza-
tion function (ELF)

The contour plots of charge density for the anatase Nbr;,
Nbr;+Vo cell, and Nbp+O; cell have been calculated as
shown in Fig. 6. As displayed in Fig. 6(b), there are a certain
amount of electrons distributed around the oxygen vacancy.
From Fig. 6(d) it can be seen that the bonding effects can
be found between O; and its nearby Ti ions in the Nbr;+O;
model. The electron localization functions (ELF) for these
models were also calculated as shown in Fig. 7. The ELF
is a scalar continuous function bounded between O and 1,
a value of 1 indicates that electrons are fully localized and
a value of O implies that the electrons are fully delocalized
or that there is no electron in that place. Therefore, a value
between 0 and 1 indicates the probability of the formation
of an electron-gas-like pair.[*”) Combined with the results

of Figs. 6 and 7, delocalized electrons around oxygen va-
cancy and localized electrons around interstitial oxygen can
be found. The aforementioned analysis of electron density

Y \F Y
K v 3 5
T B 0 J

@@

Fig. 6. Panels (a) and (c) are the contour charge density for anatase
Nbr; cell. Panel (b) is the contour plot of Nbrj+Vo cell for crystal
plane corresponding to panel (a). Panel (d) is the contour charge den-
sity for crystal plane of anatase Nbp;+O; cell corresponding to panel
(c). The dark and light regions indicate the increasing and decreasing
charge densities, respectively (contour line interval is 0.05 e/A3).

(c) (d)
Fig. 7. (color online) Panels (a)—(d) are the electron localization func-
tion (ELF) contour plots corresponding to the Figs. 6(a)-6(d), respec-
tively. The red indicates 1 and blue refers to 0.
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and ELF show that the excess electrons released by Vo can
distribute to the nearby ions while O; behaves as an acceptor
to capture electrons in corresponding co-doped anatase mod-
els, which is consistent with the calculated results of T(P)DOS

and Bader charge analysis.

4. Conclusions

Four independent anatase models (namely, undoped cell,
Nbr; cell, Nbrj+Vo cell, and Nbp;+0O; cell) were investigated
by means of the GGA+U method. The calculated results show
that the anatase Nbr; cells are degenerated semiconductors
with a typical n-type degenerated characteristic in their elec-
tronic structure, which is in good agreement with the experi-
mental results that anatase Nb:TiO, film is an intrinsic trans-
parent metal.

In the Nbpj+Vo co-doped supercell, more excess elec-
trons provided by the oxygen vacancy occupy the 3d orbits
of Ti atoms nearby the Vg , leading to the formation of occu-
pied midgap levels and band-tail states. The results of Bader
charge analysis also show that the introduction of oxygen va-
cancy can make Nb release more free electrons than the Nbr;
cell, showing that Vg can collaborate with Nb-dopants to favor
high conductivity.

For the Nbr;+O; co-doped model, two spin-polarized im-
purity states are located in the band gap, splitting into one oc-
cupied state and one unoccupied state. The unoccupied im-
purity level can behave as an acceptor level to capture free
electrons, which is in agreement with the results of Bader
charge analysis, charge density, and ELF. In addition, the cal-
culated results also show that the effective mass of the anatase
Nbri+0O; co-doped model is larger than those of the Nbr; cell
or Nbri+Vo cell. Thus, one can expect that the introduction
of O; to the Nbry cell deteriorates the excellent conductivity
of TNO films, especially for O-rich growth conditions that fa-
vor the incorporation of interstitial oxygen in the anatase Nbr;

cell.

Appendix A

Figures Al, A2, and A3 are PDOS plots calculated for
each atom in the Nbr; cell, Nbpj+Vo cell, and Nbp;+0O; cell,
respectively. The red dotted line indicates the Fermi level at
0 eV, and the corresponding 48-atom 2x2x1 supercells of
Nby; cell, Nbrj+Vo cell, and Nbr;+O; cell are presented in
Figs. A4, A5, and A6, respectively. The x, y, and z axes are
along the crystallographic a, b, and c¢ directions, respectively.
The marked atoms in the supercells refer to those numbered in
PDOS.
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Fig. A2. (color online) PDOS plots calculated for 3d orbits of each Ti

atom in Nbp;+Vg cell.
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Fig. A3. (color online) PDOS plots calculated for 2p orbits of each O
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Fig. A4. (color online) 48-atom 2x2x 1 supercell used for anatase Nbr;
cell. The marked atoms correspond to those in Fig. Al. (a) O atoms;
(b) Ti atoms.
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