The role of point defects in enhancing the conductivity of BiVOa4
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ABSTRACT: Bismuth vanadate is a promising photoanode for solar-to-fuel photocatalytic applications, and it has been extensively
studied in recent years. However, the microscopic mechanism underlying the observed changes in electronic conductivity due to
oxygen vacancies and nitrogen dopants remains unclear. Here, we combine electronic structure calculations at the hybrid density
functional theory (DFT) level with constrained DFT, and we elucidate the role of defects in enhancing the transport properties of the
material. We show that at low temperature, oxygen vacancies give rise to deep levels within the fundamental gap of BVO; however
even as deep levels, oxygen vacancies can act as effective n-dopants and polaronic charge carriers, due to their favorable position in
energy relative to polarons in the pristine bulk. In addition, we show that N atoms can be easily introduced in n-doped BiVVO, and
that the presence of substitutional nitrogen affects the formation energy of polarons, effectively contributing to an increase of the
carrier mobility in the material. Our results reconcile apparently conflicting experiments and they may be generalized to other transi-
tion metal oxides, thus providing a foundation for polaronic defect engineering in photoanodes for water photocatalysis.

I. INTRODUCTION

In recent years, BiVO4 (BVO) has been identified as a prom-
ising photo-anode to generate hydrogen fuel from water photo-
catalysis, due to its several unigque physical properties®®, includ-
ing efficient absorption of a substantial portion of the visible
spectrum and a favorable position of its conduction band (CB)
edge near the hydrogen evolution potential. Furthermore, a re-
cent report showed that BVO photo-corrosion during solar wa-
ter splitting can be suppressed by tuning the composition of the
electrolyte, thus improving the long-term photo-stability of the
material® In addition, the fast bulk and surface electron-hole re-
combination can be overcome by interfacing the light absorber
with proper oxygen-evolution catalysts?.

Despite the significant progress of the past few years in opti-
mizing BVO for solar-fuel production, one fundamental prob-
lem remains: pristine BVO has extremely low intrinsic carrier
conductivity>” and mobility (on the order of 0.1 cm?V-1s? for
BVO compared, e.g. to 100-200 cm?V-!s? electron mobility for
Zn0?), which constitute a major bottleneck for practical photo-
catalytic applications. Similar to other transition metal oxide
(TMO) photoelectrodes such as Fe,O3 and CuO, the low carrier
mobility of BVO is mainly attributed to its conduction mecha-
nism dominated by thermally activated polaronic hopping® %,

much different from the fast band conduction characteristic, e.g.
of 111-V or IV semiconductors.

Several strategies have been proposed to improve the charge
transport properties of BVO®. Previous studies reported that
substitution of V with W% 10, Mo?! or P*2 (denoted as Wy, Moy,
Pv), or substitution of O with N (denoted as No) could enhance
the electron-hole separation and carrier conductivities. Intrinsic
O vacancies (OV) have often been considered as shallow donors
in BVO™, based on the results of Mott-Schottky measurements;
hence increasing the OV concentration (for example by H treat-
ment) has been considered as responsible to improving the elec-
tron carrier concentration and hence the n-type conductivity in
BVO. Hydrogen has also been extensively investigated as a
potential n-type dopant!® 6,

However, the role of OVs in determining the electronic and
transport properties of BVO and their interaction with impuri-
ties (such as H and N) are highly controversial, and as a conse-
guence the intrinsic n-type conductivity of the material remains
largely unexplained. A recent experimental study®® reported
that hydrogen treatment improves the n-type carrier concentra-
tion in BVO. However, OV concentration was unexpectedly
found to decrease in the presence of HY; in particular upon an-
nealing in H, atmosphere, Cooper et al. 1® observed a decrease



of the intensity of a photoluminescence (PL) peak positioned
~0.6 eV below the conduction band edge, which was attributed
to a decrease in OV concentration. Hence the increased carrier
concentration could not be attributed to an increase in OV con-
centration, but rather it was interpreted as originating from H
being a shallow donor passivating OVs. Cooper et al.’s data
suggested since the states arising from OV are found to be ~0.6
eV below the conduction band edge (CBM), OV appears to be
a “deep” defect with an ionization energy of ~0.6 eV to CBM,
and hence an OV may not donate electrons at room temperature.
Hence the authors concluded that it is H instead of OV that con-
tributes to the n-type conductivity of BVO. However, Ref.'’
showed that the electron carrier concentration increased in BVO
after N, treatment and that N-treated BVO has an even higher
carrier concentration compared to H-treated samples, a result
which is not consistent with Cooper et al.’s claim. In addition
to hydrogen, the interplay between OVs and N impurities was
also shown to play a key role in determining the charge
transport property of BVO. In a previous study'’, we showed
that both the carrier concentration and the mobility of BVO may
be simultaneously enhanced upon N-doping. Our density func-
tional theory (DFT) calculations showed that the formation of
N-V bonds lead to the reduction of the static dielectric constant
of the material, thus potentially lowering the hopping barriers
for polaron transport. We previously described the hopping
transport using a polaron model with parameters derived from
DFT, implicitly adopting a continuum dielectric approximation,
but we did not explicitly consider microscopic electron transfer
processes.

The controversies present in the literature on the conduction
mechanism of BVO (i.e. whether the presence OV increases the
carrier concentration of BVO) call for a microscopic under-
standing of the fundamental role of OVs and of their interaction
with intrinsic defects and impurities, such as N and H. Past DFT
studies of intrinsic defects have been carried out using semi-
local exchange-correlation functionals®®, which are inadequate
to describe polaron formations in oxides due to charge delocal-
ization errors'® 1, For example, a puzzling negative ionization
energy for OV (0/+2) in BVO was reported in a recent theoret-
ical work 3, which could be an artifact of using a semi-local
functional. In addition, a microscopic understanding of polaron
hopping rates in the presence of defects/dopants and of how
these rates influence the macroscopic carrier mobility of the ma-
terial is not yet available.

In this work, we present first principles calculations using hy-
brid DFT and DFT+U combined with constrained DFT, aimed
at describing the interplay between intrinsic and extrinsic de-
fects and the formation of polarons in BVO. We examined the
fundamental properties of OV and OV-N pairs, and we present
a unified interpretation of several measurements, reconciling
apparently conflicting experiments. We find that at low temper-
ature OVs give rise to deep defect levels, relative to the pristine
oxide conduction band maximum (CBM), which are however
close in energy (within 0.1 eV) to that of the electron polaron in
pristine BVO, implying that OVs can significantly contribute to

the carrier concentration of n-type BVO by generating free po-
larons (i.e. electrons unbound to dopants). At room temperature
OVs levels are expected to become shallower, based on recent
theoretical investigations?. In addition, we show that n-type
BVO can be easily doped with N and that isolated N atoms may
act as polaron “repulsion centers”, thus possibly enhancing the
mobility of charge carriers.

The rest of the paper is organized as follows. In section 2, we
summarize the computational details of our hybrid DFT calcu-
lations of charged defects and of constrained DFT calculations
of polaron transport. In section 3, we discuss our main results,
including the transport properties of polarons in pristine and de-
fective BVO, where OVs and N dopants are present. In section
4, we summarize the main implications of our results, with fo-
cus on the role of the point defects in determining the conduc-
tivity of n-type BVO.

Il. COMPUTATIONAL DETAILS

Using the Quantum Espresso code 2, we carried out DFT and
hybrid DFT calculations using plane-wave basis sets, and
ONCYV pseudopotentials > 2% with a cutoff energy of 90 Ry. We
used the dielectric-dependent hybrid (DDH) functional pro-
posed in Ref.?, with a Hartree-Fock mixing parameter o =
0.145 = 1/¢,,, where the high-frequency dielectric constant €,
was set at 6.9, the value calculated in our previous study®’. We
also carried out PBE+Ue calculations with only one effective
parameter Uegs (= U - J)?°. We applied U (hereafter referred to
as simply U) of 2.7 eV to the vanadium 3d manifold'’. In Table
S1 in the Supplementary Information (SI), we report the com-
puted bulk properties of tetragonal (ts)-BVO and we discuss
comparisons with experiment?® 2% and previous theoretical re-
ports2® 3!, Note that we considered the ts-BVO phase instead of
the room-temperature monoclinic phase (ms-BVO) for simplic-
ity, since we found that ts-BVO and ms-BVO have similar band
structures and electron polaronic states. (see Fig. 1). All polaron
calculations in this study were performed including spin-polar-
ization.
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Figure 1. Electronic energy levels of ts-BVO (a) and ms-BVO (b)
with one extra electron per supercell, computed using the DDH
functional, at the respective experimental lattice constants. Insets
show the square modulus of the electronic wavefunction associated
with the polaronic state. The major difference between the two



BVO phases is the presence of one single VV-O bond length in ts-
BVO, and two different V-O bond lengths in ms-BVO. In both
phases, the polaronic state exhibits similar characteristics: a singly-
occupied non-dispersive polaronic state is formed at 1.79 eV below
the conduction band edge, with the same 3d,= orbital character; the
band gaps differ by 0.02 eV in the two phases. The reason for the
similarity is that the property of the electron polaron in BVO
largely derived from the conduction band edge, i.e. the V 3d states,
but the tetragonal to monoclinic structural distortion in BVO
mainly affect the valence band edge that is largely composed of O
2p, Bi 6s, and Bi 6p state3’.

We considered OV, N impurities, and their pairs. To mimic
the presence of isolated defects we employed a 3x3x1 (216-
atom) supercell and we sampled the Brillouin zone with the I
point only. We carried out numerical convergence tests as a
function of supercell size, k-point sampling, and the plane-wave
cutoff energy, and we found that the total energy obtained with
a 216-atom supercell is converged within 2 meV/atom. All de-
fect geometries were fully relaxed until the Hellman-Feynman
forces were smaller than 10 meV/A.

We investigated the defects’ stability as a function of their
charge state, by computing defect formation energies (DFE)%
(EL9) as a function of the Fermi level (Ef):

EP D (Ep) = EP@ — B — Yy + q(Ep + Ey) + &y (). (1)

where EP@ and E" are the total energies of a supercell with
and without a defect, respectively; x4 (i= O, N) is the chemical
potential and Er is referred to the valence band edge (Ev). The
term E2...(q) corrects for artificial electrostatic interactions
arising in periodic supercell calculations, and was evaluated us-
ing the correction scheme developed by Freysoldt, Neugebauer,
and Van de Walle % with a static dielectric constant previously
calculated (e, = 52)*".

Due to a strong electron-phonon interaction in TMOs, elec-
trons and holes usually form localized states accompanied by
local lattice distortions, called polarons'® 3%; depending on
their spatial extension, these are referred to as small or large
polarons. Previous conductivity (o) measurements of BVO as
a function of temperature (T) point at a conduction mechanism
arising from small polaron hopping above 250 K, and from a
variable range hopping transport below 250 K*°. A distinct sig-
nature of polaron hopping conduction is the exponential de-

Eq
pendence of ¢ on T: o « e ¥8T, where E,, is the polaron hop-
ping activation energy (or hopping barrier), and kg is the Boltz-
mann constant®. This behavior is markedly different from that
of the carrier mobility in semiconductors, which originates from
band conduction and decreases with increasing temperature,
due to an increase in electron-phonon scattering.

Small polaron transport in solids is typically described by the
Landau-Zener theory (equivalent to the Emin-Holstein-Sustin-
Mott theory (EHAM)3** 3¢ in the context of the present applica-
tion), with the associated parameters derived from quantum

mechanical calculations. The polaron mobility () is related to

the charge transfer rates (z) through the Einstein relation: u =
eD e R*nr

= ———, where D is the diffusion constant, R is the distance
kpT kpT

between two transfer sites, and n is the number of neighboring
sites that can accept the electron transferred from a given donor
site (note that this formula assumes isotropic hopping in three
dimensions, within the weak electric field limit). The rate of

. . w
charge transfer (7) is given as 7 = Kk, v,exp (— ﬁ), where k.,
B

is the electronic transmission coefficient, v,, is the effective fre-
quency of the nuclear modes coupled to the electronic state; Wy
is the hopping barrier for electron transfer (see Fig. 2(a)) and is
the main factor determining the carrier mobility, as it enters an
exponential. In this work, we adopted a general formula for
WH38, 39’

(A+AG,)? A+AG (A+AGy)?
Wy = Z22 = (|Hp| + =572 = /T"+ |Hasl?), (2)

where AG, is the energy difference between the donor and
acceptor states (see Fig. 2(a)). Equation 2 is valid for both non-
adiabatic and adiabatic hopping regimes. For example, when

H,jp is vanishingly small, one recovers the non-adiabatic bar-

. A+AGp)?
rier: Wy = (@+6)”

entering Marcus’ theory “.

To compute 4, Hyp, AG,, and Wy (see Fig. 2a) in Eg. (2) from
first-principles, we used constrained DFT, as recently imple-
mented for periodic systems*.. In previous studies, energy bar-
riers for polaronic hopping have only been computed for pris-
tine systems (i.e. with no defects present), and with a linear in-
terpolation (LE) method® 42, valid only in the adiabatic hopping
regime. The LE method assumes that the transition state is lo-
cated exactly on the linear extrapolated pathway between the
initial and final states. In addition, previous CDFT calculations
of reorganization energies, electronic couplings and charge
transfer rates for polaron transport have employed finite-cluster
models that were assumed to represent a truncated portion of a
bulk material® %44, Here we apply the CDFT method to super-
cell calculations, using periodic boundary conditions and, most
importantly, our work is the first attempt to use CDFT to study
polaron hopping in solids in the presence of defects.



Figure 2. (a) Potential energy surface of polaron hopping from two
different sites (A and B) of a BVO crystal, as a function of a con-
figurational coordinate R. Ra and Rs correspond to donor and ac-
ceptor configurations, respectively. H,p is the electronic coupling
between the donor and acceptor, Wy, is the activation energy or
hopping barrier for electron transfer, A is the reorganization energy,
and AG? is the energy difference between the donor and acceptor
states. ea and es represent potential energy surfaces of electrons
localized at A and B. (b) Ball and stick representation of a BVO
crystal: the largest purple spheres represent Bi atoms, and the large
and small red spheres represent V and O atoms, respectively. Near-
est neighbor donor and acceptor sites are connected by a dotted
grey line to guide the eye. The yellow isosurface represents the
square modulus of the wavefunction of an electron trapped at site
A and forming a polaron.

I1l. RESULTS AND DISCUSSIONS
1. Electronic structure of pristine BiVOa4

We first considered the electronic properties of BVO in the
absence of any defects and we investigated the formation of po-
larons in the system by adding an extra electron to the supercell
(with a neutralizing background). The band structures of elec-
tron-doped BVO obtained with the DDH and PBE+U function-
als are described in Fig. S1. We find that the extra electron lo-
calizes as asmall polaron at a V site, with the four nearest neigh-
bors O ions moving outward from the original V site by about
0.08 A. The electronic wavefunction shows a predominant 3d,,-
character, with a strong coupling to the breathing mode of the
VO, tetrahedron.

We computed the polaron hopping barrier Wy by CDFT (Eg.
2) using the DDH functional for pristine bulk BiVO4. The elec-
tronic transfer energy diagram used in our calculations is shown
in Fig. 2. The donor configuration A is defined by constraining
an electron at a V atom site (which has 4 nearest neighboring
O% ions). The acceptor configuration B is defined by constrain-
ing an electron at a neighboring VO, unit as shown in Fig. 2(b).
Using this donor-acceptor configuration, we found Wy = 0.24
eV (with the computed Hy =0.11 eV and A 1.35 eV), a value
smaller than the one (0.35 eV) obtained using the LE method
and the HSE hybrid functional (a = 0.15)*, but closer to the
measured polaron barrier (0.29 eV) in lightly-doped BVOY.
Note that the calculations carried out with Eq. 2 do not need to
assume whether the hopping process is adiabatic or nonadi-
abatic; the LE method is instead only valid for an adiabatic pro-
cess. In addition, LE does not locate the exact transition state
for an adiabatic process, which may lead to an overestimate of
the barrier®,

We remark that the computed hopping barrier is highly sen-
sitive to the chosen exchange correlation functional. Irrespec-
tive of the functional used, the charge difference between the
donor and acceptor is constrained to have the same value; how-
ever, the decay of the wave-function (which determines Hag)
and the ionic and electronic polarizations of the environment
(which determine the reorganization energy A) turn out to be
functional-dependent. For example, when using PBE, we ob-
tained a negative barrier (Wy < 0), which yields an incorrect
band transport picture in BVO, at variance with the measured
temperature dependence of the mobility.

2. O vacancy and electron trapping

Oxygen vacancies are usually considered to be n-type do-
pants in oxides; the removal of an oxygen atom amounts to do-
nating two electrons per vacancy, which have long been re-
garded as responsible for the intrinsic n-type conductivity of
BVO. However, recent PL measurements suggested that the
states induced by OVs may be rather deep with respect to the
CBM of the material®é, casting doubts on whether OVs are ef-
fective n-type dopants in BVO. We show below that the energy
levels of the extra electrons donated by OVs are deep levels in
the electronic gap, consistent with the findings of Cooper et
al.’®; however, these levels can act as a source of polaronic
charge carriers in the material, making OVs effective n-type do-
pants.

In order to understand the electronic states induced by OVs,
we compared the total energy of several possible states of a neu-
tral OV in Fig. 3, and we divided them into two groups: va-
cancy-trapped electronic states, where electrons are localized at
the OV site (configurations c1 to ¢4 in Fig. 3(g)) and bulk po-
laronic states, in which one or both of the two extra electrons
form small polarons in the bulk region of BVO, thus contrib-
uting charge carriers to the material (configurations ¢5 to c7 in

Fig. 3(9)).
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Figure 3. Several configurations of electrons localized near an ox-
ygen vacancy (OV) in BVO (a to f), and corresponding total ener-
gies of the defect states computed using the DDH functional (g).
Vanadium and oxygen atoms are represented by large and small red
spheres, respectively. Bi atoms and some of VOs tetrahedra are
omitted for clarity. (a) Two electrons originating from the OV (rep-
resented by a dotted sphere) are localized at a V atom site (labeled
as Vq and represented by a black sphere) in the O-deficient VO3
unit. (b to f) OV configurations where the O-deficient VOs unit has
a nearly VVOg4 tetrahedral geometry, where one O ion is shared with
a nearest neighboring VVO4 unit whose V atom is labeled as Vu. The
two extra electrons donated by the OV can be both trapped at the
V4 site (b) or at the Vy site (c), or one in each of the Va4 and Vu sites
(d). In these calculations, triplet spin configurations (S=1) are con-
sidered. See Fig. S2(a,b) for a discussion on the potential presence
of singlet spin (S=0) configurations. We also show configurations
where one of the two electrons leaves the OV site and forms a small
polaron in the bulk region of BVO, while the other electron is
trapped at Va (e) or Vu (f). In the diagram reported in (g), total en-
ergies are refereed to that of the c1 configuration. The c7 configu-
ration in (g) (its graphical representation is not shown in this figure)
is one where both of the two extra electrons leave the OV site and
forms small polarons in the bulk region of BVO. Fig. S2(c) presents
corresponding results obtained with PBE+U, showing qualitatively
similar results.

In the vacancy-trapped electronic configurations (c1, c2, c3
and c4) shown in Fig. 3(a) to 3(d), the two extra electrons are
localized in proximity of V sites neighboring the OV: in c1 the
two electrons are localized in a VO3 unit where an oxygen atom
has been removed (denoted as Vg); in c2 the electrons are local-
ized in Vg4, where the geometry of the VO3 unit is modified in
such a way as to share a corner with a neighboring VO, unit
(denoted as V), thus effectively recovering a VO, stoichiome-
try; in c3, the two electrons are localized in V,; finally in c4,

one electron is localized in V, and the other one in V4. As shown
in Fig. 3(g), we find that c3 is the lowest-energy configuration.

In Fig. 3(e) and 3(f), we also considered two configurations
(c5 and c¢6) where one electron is localized in proximity of the
OV site (either V, or Vy), but one is in the bulk region, away
from the vacancy site. The important result shown by our total
energy calculations is that configurations with two electrons
trapped by the OV (c3), and configurations where one electron
forms a small polaron in the bulk region (c6), are very close in
energy. In particular, the energy difference between c¢3 and c6
(see Fig. 3(g)) is found to be only 40 (140) meV, when using
the DDH (PBE+U) functional. To double-check these energy
differences, we also considered five more c6-like polaron con-
figurations, which are shown in Fig. S3. We found that the av-
eraged energy difference is 42 (133) meV using the DDH
(PBE+U) functional, which is consistent with the c3 and ¢6 en-
ergy difference in Fig. 3(g). We note that this energy difference
corresponds to the energy required to extract one electron from
the OV site to the bulk region of the material, where it can act
as a polaronic carrier. In other words, the ionization energy of
one of the localized electrons is relatively small and at finite
temperature it is likely for electrons localized at vacancies to
become polaronic charge carriers.
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Figure 4. Defect formation energies (DFESs) of an oxygen vacancy
(OV), a substitutional nitrogen (No), and an OV-No pair in BVO in
the O-rich limit, calculated by using the DDH functional. The DFE
is calculated as a function of the Fermi level (E) from the valence
band maximum (VBM, Evewm) to the CBM. There are three distinc-
tive regions of stability for OV and OV-No, pairs, near the CBM,
denoted as (1), (2), and (3) (see text). The figure shows the lowest
energy configurations for all defects and all charge states. Some of
the meta-stable states (higher in energy) found in our calculations
are reported in the supplementary information (e.g. see Fig. S4 for
a positively charged OV). The slope of a DFE line corresponds to
the charge state of the defect, and the position of the Fermi level
where two different charge states intersect yields the charge transi-
tion level (CTL, see Eq.1 and Table S2.). The energy difference



between the (+1/0) CTL of the OV (black, vertical, dotted line di-
viding the area (1) and (2)) and the CBM defines the ionization en-
ergy of the neutral OV with respect to the CBM. The vertical, pur-
ple, dashed line indicates the polaron level in BVO and the differ-
ence between this line and the (+1/0) CTL of the OV is calculated
to be 0.11 eV; this energy corresponds to the ionization energy of
the neutral OV with respect to the polaron level.

In order to have a complete picture of OVs in terms of their
charge state stability and ionization energy, in Fig.4 we report
the defect formation energy (DFE) of the OV as a function of
the Fermi level, calculated at the DDH level of theory (see Fig.
S5 for PBE+U results, which are qualitatively similar). We
found that an OV may exhibit +2, +1 and neutral states, posi-
tioned in energy within the band gap of BVO, with the (+1/0)
and (+1/+2) charge transition levels (CTLs) at 0.76 eV (0.59
eV) and 1.14 eV (0.87 eV) below the CBM, respectively, at the
DDH (PBE+U) level of theory. These results indicate that the
ionization energy of the OV is 0.76 eV, which thus results to be
a deep defect level. We also compared the (+1/0) CTL to the
(0/-1) CTL of a single polaron in bulk BVO and we found that
the ionization energy of the neutral OV with respect to the po-
laron level is 0.11 (0.21) eV using the DDH (PBE+U) func-
tional; these results are consistent with those obtained from total
energy calculations (0.04 eV and 0.14 eV, respectively, see Fig.
3(g)). Hence, consistently, total energy differences and eigen-
value diagrams, show that OVs can act as single donors in BVO
at finite temperature, in spite of electrons forming deep levels
in the electronic gap of the material.

3. N doping of BiVOs

We now turn to the discussion of the effect of N doping and
the interaction of N with OVs. Previous studies!” indicated that
in BVO N impurities play an important role in improving the
conductivity when they coexist with OVs. We note that there
are two possible cases: N substitutes for O (No), and N and OV
form a defect complex (No-OV). In what follows, we separately
examine the energetics of the No defect and the OV-No com-
plex, followed by a discussion of their effects on the conductiv-
ity of BVO.

The computed DFE of No is reported in Fig. 4. In most of the
band gap region, the most stable state of No is negatively
charged, indicating that N*, the natural ionic state of N, is fa-
vored. Our previous study showed that neutral N induces a sin-
gly unoccupied defect state in the band gap of the material®’.
We show here that this neutral defect state is stable, when the
Fermi level is located within ~ 1.1 eV from the valence band
edge (i.e. below the (0/-1) CTL as calculated using the DDH
functional). Above the (0/-1) CTL, the single N-induced defect
state is occupied, and the negatively charged N impurity is sta-
ble. The square modulus of the wavefunction associated with
the occupied N-induced defect state is presented in Fig. S6,
showing that the extra electron is mostly localized at the N ion
site.

In addition to the substitutional N, we also considered inter-
stitial N (N;). We calculated its DFE at the DFT+U level of the-
ory, which is reported in Figure S5. Focusing on the n-type re-
gion near the conduction band edge, we found that the DFE of
Niis higher than that of a substitutional N by more than 0.3 eV.
Furthermore, N doping in BVO normally creates O vacancies
at the same time. The DFE plot in Fig. S5 also shows that if both
Niand OV are present and close to each other, it is energetically
favorable to form No by combining N; and OV in the n-type
region; the DFE of N is smaller by ~ 3 eV than the sum of the
DFE of OV and the DFE of Ni. Thus, it is likely that the domi-
nant form of the N impurity in BVO is No, instead of Ni. We
note, however, that at a high temperature (e.g. 350 °C or
higher), there could be an extra entropic contribution to the DFE
that could potentially change the relative concentration of No
and Nj; the calculation of such contribution is beyond the scope
of this study. In what follows, we only consider No unless stated
otherwise.

When No and OV are close to each other, they may form a
OV-No defect complex. To investigate the stability of such
complex, in Fig. 5 we report its total energy as a function of the
distance between the vacancy and the dopant, for the positively
charged state (created by removing one electron from the super-
cell, thus g = +1). The results for g = 0 are reported in Fig. S7.
We found that the lowest-energy structure corresponds to the
No dopant located at the corner-sharing position of the VO, tet-
rahedra for the +1 and 0 charged states (see SI).

The DFE of the OV-No complex is shown in Fig. 4. We
found that in most of the band gap region, the stable defect com-
plex is positively charged (q = +1) while the g = +2 state is not
stable since one electron is strongly bound by No. The neutral
charge state is stable close to the CBM, with the (0/+1) CTL is
0.7 eV below the CBM, an energy similar to the corresponding
one for the isolated OV. The negatively charged states (such as
g = -1 or -2) of the defect complex are not stable. Rather, in the
energetically favored configuration for g = -1, one electron is
localized in proximity of the defect complex, and the other one
forms as a small polaron in the bulk area of BVO, far from the
defect.
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Figure 5. Total energy of an oxygen vacancy-substitutional nitro-
gen (OV-No) pair as a function of the distance between OV and
No, performed in a positively charged (q = +1) supercell, calculated
using the DDH (blue dots) and the DFT+U (green dots) functionals.
Results for other charged states are reported in the Sl (see Fig. S7),
showing similar trends. The calculations were performed using a
single supercell, but with the N dopant and the O vacancy in differ-
ent locations. The midpoint of the corner-sharing VOa tetrahedra
where the OV is located, is defined to be the origin. The energy of
the configuration with No is the farthest apart from the origin is the
zero of energy. The two lower panels show No located in the mid-
point (left) and at one of the other 6 oxygen sites of the corner-
sharing VOs tetrahedra (right), as indicated by green arrows. The
upper panel shows the reference zero energy structure. The color
code is the same as in Fig. 3.

In Fig. 4, we also compare the DFE of OV, No, and OV-No
in order to understand under which conditions (i.e. Fermi level
position) OV and No form a defect complex, and under which
conditions they are present as isolated defects. Focusing on the
n-type region near the conduction band edge, we note that there
are three distinctive conditions, defined by the position of the
Fermi level and labeled as (1), (2), and (3). In a highly n-doped
BVO, the Fermi level is expected to lie very close to the con-
duction band edge (see (3) in Fig. 4). In such a case, the DFE of
a negatively charged No is lower than that of the neutral OV,
consistent with the previous experimental finding that BVO can
be easily nitrogenated even with a very gentle N, treatment?’.
In addition, the DFE of the OV-No pair is higher than the sum
of the DFEs of isolated OV and No, indicating that the OV-No
complex formation is not energetically preferred; hence in re-
gion (3) OV and No are stable as separate defects. Using the
PBE+U functional (results shown in Fig. S5), we observe a
qualitatively similar behavior.

However, when the Fermi level is within (2) in Fig. 4, the
formation of the OV-No pair is favored as the DFE of the OV-
No pair is lower than the sum of the DFEs of the isolated OV

and the isolated No. In addition, in (2), the DFE of the isolated
No becomes comparable to that of the isolated OV, indicating
that the equilibrium concentration of the two defects is expected
to be similar®2, Thus, if the Fermi level lies within region (2) of
Fig. 4, most of the OVs and the N impurities would form OV-
No complexes and the concentration of the isolated N* ion
would be significantly reduced compared to the conditions de-
scribed for (3) above.

Finally, if the Fermi level lies below (2) in Fig. 4, i.e. within
(1), the DFE of the N impurity significantly increases while the
DFE of the OV decreases, indicating that the OV concentration
would be much larger than that of the N impurity®2. Under these
conditions, the stable charge state of the O vacancy is +1 and
the corresponding donor level is the (+2/+1) CTL, which is cal-
culated to be 1.14 (0.87) eV below the CBM using the DDH
(PBE+U) functional. The ionization energy of the OV* with
respect to the polaron level of bulk BVO is computed to be 0.49
eV using the DDH functional, indicating that OV* would not
contribute to the charge concentration in BVO at room temper-
ature.

In sum, we have shown that there are conditions (that we ex-
pect to be present experimentally), under which N impurities
prefer to form OV-No defect complexes. However, an im-
portant result of our DFE calculations is that the (+1/0) CTL of
the OV-No pair is almost the same as that of the isolated OV,
indicating that the OV-No pair behaves in a manner similar to
the OV, i.e. it may still act as a donor and contribute to donating
polaronic charges to the material. Since it is known from exper-
iments that the presence of N increases the OV concentration??,
our results indicate that in the presence of nitrogen the carrier
concentration in the material should increase, irrespective of
whether OV forms a complex with No. We have also shown
that in the highly n-doped BVO, N impurities prefer to be pre-
sent as isolated defects. We will show below that N impurities
in isolated forms could contribute to enhancing the mobility of
polaronic carriers in BVO by acting as polaronic repulsion cen-
ters.

4. Polaron transport in the presence of the defects: CDFT
calculations.

To investigate small polaron transport in the presence of de-
fects (N impurities, OV and OV-No pairs), we used CDFT to
compute the hopping barrier Wy (Eg. (2)). We considered a do-
nor state (an electron polaron) localized at a V site (labeled as
A in Fig. 6) in the bulk region of the supercell, at a distance of
9.17 A from the ionized defect site (a defect site ionized once,
labeled as V, in Fig. 6). We then considered all acceptor states
localized at the nearest neighboring V sites of the donor atom
(labeled as B1 to B4 in Fig. 6); these represent the most proba-
ble hopping paths, assuming a small polaron hopping mecha-
nism adopted at room temperature, since the barrier increases
as a function of the hopping distance. (Note that at low temper-
ature (<250K) a variable-range hopping mechanism dominates
and hopping beyond nearest neighbors should be considered??).



Fig. 6 shows hopping from site A to nearest neighboring sites
B1-B4 in the presence of singly ionized oxygen vacancy (OV™).

We consider the OV case first. In Table 1, we summarize the
polaron hopping barriers computed in the presence of an OV™,
i.e. a singly ionized oxygen vacancy, which can easily form
based on our total energy calculations. Note that in our calcula-
tions the whole supercell is neutral when we consider a posi-
tively ionized vacancy and an electron polaron located far from
the defect. In this case, we find that the hopping barriers are
asymmetrical; namely, barriers along the A to B directions are
slightly lower (30-50 meV) than those computed in the pristine
case, while barriers along the B to A directions are higher. There
are two possible reasons for this asymmetry: a) the finite super-
cell size is not large enough to avoid periodic image interac-
tions; b) the defect-polaron interaction does not vanish as a
function of distance in Fig. 6. Therefore, the hopping sites are
no longer equivalent in the presence of defects.

Figure 6. A representative, singly ionized oxygen vacancy (OV*)
with donor and acceptor sites (see Fig. 2) is shown on the left-hand
side, together with one electron trapped at a bulk site (A), 9.17 A
apart from the vacancy. The four nearest neighbor sites where the
trapped electron may hop are indicated as B1 to B4. The distances
between the OV site and B1-B4 are: 9.59 A to B1, 10.39 A to
B2,9.38 Ato B3 and 7.20 A to B4.

Therefore, we defined an effective barrier as the average of
the barriers from A to B and from B to A. Table 1 shows that
the overall average barrier for polaron hopping in the presence
of OVs, 0.232 eV, is nearly the same as the one found in the
pristine oxide (0.238 eV). We note that we also computed the
electron polaron hopping barrier in the presence of OV (in this
case the whole supercell is negatively charged), which is stable
when the Fermi level is very close to CBM (regions (1) and (2))
in Fig. 4); the hopping barriers differ by less than 10 meV from
the ones evaluated in the presence of OV*. This result indicates
that the bulk limit of hopping barriers is approximately recov-
ered when an electron forms a polaron, at a distance larger than
~ 9 A from the defect.

Table 1. Computed hopping barrier Wu (eV) for pristine
BVO, and for BVO with OV* and with OV-No* defect configu-
rations shown in Fig. 6. The results were obtained at the
DDH level of theory. OV and No denote oxygen vacancy and
nitrogen substitution of oxygen, respectively.

Configuration Wh Wiy Wy
(A—>B) (B—A) Ave.
Pristine 0.238 0.238 0.238
OV (A—B1) 0.189 0.281 0.235
oV (A—B2) 0.180 0.280 0.230
OV (A—B3) 0.191 0.264 0.227
OV (A—B4) 0.207 0.267 0.237
OV Average 0.192 0.273 0.232
OV-No (A—B1) 0.200 0.284 0.242
OV-No (A—B2) 0.191 0.272 0.231
OV-No (A—B3) 0.190 0.266 0.228
OV-No (A—B4) 0.209 0.285 0.247
OV-No Ave. 0.197 0.276 0.236

Table 2. Relative total energies (in eV) as a function of dis-
tances between polaron location and No (the total energy of
the configuration where the polaron is closest to No is set as
the zero of energy). The results were obtained at the DDH
level of theory. A lower energy is observed when the po-
laron is further apart from the N dopant, indicating a “repul-
sion interaction” between N dopants and polarons.

Polaron-No 1.80 3.92 5.25 7.2
distance (A)

Relative 0.0 -0.160 -0.161 -0.149
Energy (eV)

We also show the barrier Wy computed in the presence of the
OV-Npo pair, 0.236 eV, which is almost identical to that com-
puted for the OV, indicating again that at distances larger than
9 A, the bulk limit is recovered.

We have shown in section 2. that if BVO is highly n-doped
and the Fermi level lies close to the conduction band edge, e.g.
in region (3) of Fig. 4, then neutral OVs and negatively charged
No impurities (N*) may coexist without forming pairs. In Table
2, we compare the relative total energy of a polaron as a func-
tion of the distance from a No impurity center, varying from 1.8
to 7.2 A. We find that it is energetically favorable for a polaron
to move further apart from a negatively charged No impurity,
resulting in an effective repulsive interaction between the No
defect and the polaron. Such an interaction may contribute to a
mobility enhancement for polarons close to N impurities, alt-
hough many other factors contribute to determining the value



of the mobility. These results are consistent with our previous
study carried out with a continuum dielectric medium approach,
where we found a lowering of the polaron hopping barrier in the
presence of N doping, due to a decrease of the static dielectric
constant.

IV. CONCLUSIONS

In summary, we showed that doping BVO with OVs and N
impurities may significantly improve the carrier concentration
and the carrier mobility in BVO. The donor level of the neutral
OV is deep with respect to the conduction band edge, i.e. 0.76
eV (0.59 eV) below the CBM at OK, when using the DDH
(PBE+U) functional. We emphasize, however, that the deep-
state character of the OV does not imply that the vacancy is not
an effective source of charge carriers. In fact, the carrier
transport in BVO at room temperature is dominated by small
polaron transport, and we found that the ionization energy of
the O vacancy can be less than 0.1 eV, with respect to the po-
laron level in the pristine material; this indicates that the local-
ized electrons provided by an OV may be easily ionized (spe-
cifically one of these electrons can) and hence they contribute
to polaron carriers and to the n-type character of the material.
In addition, a recent theoretical work?® showed at a finite tem-
perature, the band gap and conduction band edge of BVO are
significantly lowered relative to 0 K (i.e. the conduction band
is lowered by 0.36 eV), implying a lower ionization energy of
OV relative to the CBM relative to the one computed in our
work. Hence the deep vacancy states are expected to become
shallower at finite temperature and therefore contribute in an
even more substantial way than at low temperature to polaronic
conduction. However, a definite conclusion on temperature ef-
fects would require additional first principles simulations, be-
yond the scope of the present work.

In the case of nitrogen doped BVO, we also found that in the
highly n-doped material negatively charged N impurities have
a very low defect formation energy, implying that they can be
easily incorporated in BVO, providing an explanation for our
previous findings®’; indeed in ref.}” , we observed that nitrogen
doping of BVO could be achieved by annealing BVO at 350 °C
while flowing N. This is an exceptionally gentle procedure
considering that usual N doping of oxides require much higher
annealing temperature (> 500 °C) with a flow of NHs.

We analyzed the interplay between the No and OV defects by
determining their ground-state structure (separate forms vs.
paired structure) using the defect formation energy for a given
Fermi level of the material. However, additional factors not
considered here may affect the formation of a defect complex,
e.g. preparation conditions: A Fermi level shift might occur in
the presence of unintended donors or acceptors and the defect
diffusion may be facilitated or suppressed depending on the an-
nealing temperature; considering these factors is beyond the
scope of our study. For the OV defects, however, our main con-
clusion is robust against the shift of the Fermi level or defect
kinetic properties: regardless of paring with No or not, OV

could still act as a donor and contribute to donating polaronic
charges to the material as the (+1/0) CTL of the pair is almost
the same as that of the isolated OV, implying that the OV-No
pair behaves in a manner similar to the OV.

We also note that N doping may create extra oxygen vacan-
cies, as discussed in our previous study'’. In addition, it may be
also possible that N doping facilitate the inclusion of H donors
into BVO as compensating defects. H atoms are often present
in the material exposed to air and their concentration can be eas-
ily increased by a gentle treatment, as recently demonstrated in
ref.s,

Our results for hopping barriers and total energies calcula-
tions as a function of the polaron-dopant distance, showed that
the effect of dopants/defects on the hopping barriers is rather
short-ranged, i.e. the bulk limit is recovered at a polaron-dopant
distance of ~ 9 A. However, when polarons are formed in prox-
imity of dopants, a possible repulsive interaction may occur,
e.g. between N* and electron polarons, leading to an improve-
ment of the carrier mobility. The same conclusion obtained here
based on a microscopic picture, was reached by using a macro-
scopic dielectric continuum model for the polaron hopping bar-
riers in our previous work'’ .

To conclude, we investigated the properties of point defects
in BVO and their influence in determining the charge transport
of the material. We used first principles hybrid DFT and con-
strained DFT to examine the stability of O vacancies, N impu-
rities, and their complexes. In particular, we focused on the in-
terplay between the defects and the formation of small polarons,
and we elucidated the microscopic mechanism responsible for
enhanced carrier mobility and concentration of N-doped BVO
with excessive O vacancies. Our study lays a solid foundation
to understand the mechanisms responsible for point defects en-
hancing the conductivity of BVO, and in general for polaronic
metal oxides.
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