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Ba2BiTaO6 is a transparent p-type oxide recently discovered and exhibiting attractive hole mobility but low
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carrier concentration. Using first-principles computations, we study how defects influence the carrier
concentration in Ba2BiTaO6. The calculated defect formation energies confirm that K is an adequate
p-type shallow extrinsic dopant but that high p-type doping is prevented by the presence of compensating,
‘‘hole-killing’’, intrinsic defects: O vacancies but also Ta on Bi anti-sites. Our work stresses the inherent
diﬃculty in doping Ba2BiTaO6 to high carrier concentration and discusses a few avenues towards this goal.

Introduction
Transparent conducting oxides (TCOs) simultaneously display
transparency to visible light and good electrical conductivity.
Such an unusual combination of properties can be achieved by
doping (n-type or p-type) a wide band-gap material.1–3 TCOs
have received much attention in the last decades due to their
critical role in various industrial applications from touch
screens to solar cells and light emitting devices.3–7 Various
high-performance n-type TCOs (such as Sn-doped In2O3,4
Al-doped ZnO,8,9 or F-doped SnO210–12) have been developed
and are widely used industrially. In contrast, p-type TCOs are
still lagging behind in part because of their rather poor carrier
mobility. Indeed, while most oxides have highly dispersive
conduction bands leading to low electron effective mass in
n-type TCOs, the O-2p nature of the top of their valence bands
induces rather flat bands, and hence high effective mass and
low hole mobility.3,13,14 Filling the gap in properties between
n- and p-type TCOs would contribute to breakthroughs in
transparent electronics or new thin film solar cell design.
Kawazoe et al.15 found that, in CuAlO2, the curvature of the
valence band is increased due to the mixing of the O-2p orbitals
with the 3d-orbitals of Cu cations, hence lowering their effective mass.15 This work generated extensive investigation in the
field of Cu-based p-type TCOs3,15 followed by exploration of
other chemistries for instance targeting 5s-based cations such
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as Sn2+ 10,11,16,17 or mixed anionic materials.18–21 In this quest
for new p-type TCOs, high-throughput computational screening
has been used recently to identify interesting materials
candidates.13,22 Among these, the double perovskite Ba2BiTaO6
showed very promising properties combining a wide band gap,
low hole effective mass (hence, high hole mobility) and a valence
band high enough in energy to expect p-type behavior.23 The low
hole effective mass in this perovskite can be attributed to the
mixing of the Bi-6s and O-2p orbitals gives rise to a strong
delocalization at the top of the valence band. This behavior of
Bi-6s is quite unique to Ba2BiTaO6 as previous attempts to use
Bi3+ to obtain a mixing with O-2p orbitals failed as the Bi-6s
orbitals were too low in energy.24 Experimental synthesis and
characterization of Ba2BiTaO6 confirmed its transparency and a
remarkable hole mobility of 30 cm2 V1 s1 after K doping.23
Unfortunately, only very limited hole carrier concentrations
(1014 cm3) could be achieved experimentally, resulting in low
conductivity. This low hole carrier concentration despite an
important presence of dopants indicates that defects compensation mechanisms are likely to be at play.
Here, we use first-principles computations to study the defect
chemistry in Ba2BiTaO6 to shed light on the factors limiting its
dopability. We identify the compensating defects responsible for
the poor doping performances of the material and suggest
avenues to improve carrier concentrations in Ba2BiTaO6.

Methods
All calculations were performed using Density Functional Theory
(DFT) adopting the Projector Augmented Wave (PAW) method25 as
implemented in the Vienna Ab initio Simulation Package (VASP).26,27
The wavefunctions were expanded on a plane-wave basis set employing a cutoﬀ energy of 520 eV. The point defects were studied using
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the supercell approach.28 The diﬀerent atomic models were
generated using the Python Charge Defects Toolkit (PyCDT)29
starting from a supercell with 128 atoms. The Brillouin zone
was sampled using a G only k-point grid. The exchange–correlation
(XC) potential was first obtained through the generalized
gradient approximation using the Perdew–Burke–Ernzerhof (PBE)
functional.30 Then, for the defects with the lowest PBE formation
energy, new calculations (including structural relaxation) were performed adopting the Heyd–Scuseria–Ernzerhof (HSE) hybrid functional with an exact-exchange fraction of 0.25 and a screening length
of 0.2 Å.31,32 More details about the lattice constants and bond
lengths for the two XC functionals employed are given in ESI.† All
the models were relaxed at fixed volume (spin-polarized calculations
were performed) till the maximum force on the ions became smaller
than 0.1 eV Å1. The occupation of the electronic states was determined through the Gaussian smearing method with a smearing
width of 0.05 eV. The formation energy of each charged defect state
was computed as a function of the Fermi level Ef as:33,34
X
bulk
Eform ½X q  ¼ Etot ½X q   Etot

ni mi þ qEf þ Ecorr
(1)
where Etot[Xq] and Ebulk
are the total energies of the defective
tot
supercell (for a given defect X in the charge state q) and the bulk
energy respectively. The third term represents the energy needed to
exchange atoms with thermodynamic reservoirs where ni indicates
the number of atoms of the species i removed or added to create the
defect, and mi are their corresponding chemical potential. The fourth
term represents the energy to exchange electrons with the host
material through the electronic chemical potential which is the
Fermi energy level Ef. Finally, the last term in the equation is a
correction accounting for the finite size of the supercell. Here, we
used the extended Freysoldt’s (Kumagai’s) scheme.35,36 The equilibrium Fermi level is obtained at a given temperature by imposing
charge neutrality and finding a self-consistent solution to the carriers
and defects concentrations.

Results
Fig. 1a shows the double perovskite Ba2BiTaO6 rhombohedral
R3 structure. Both Bi3+ and Ta5+ are at the center of tilted
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octahedra and Ba2+ fills the larger A site. Fig. 1b shows the band
structure of Ba2BiTaO6 computed with HSE. The low hole
eﬀective mass is striking with the highly curved valence band.
The computed band gap is around 3.6 eV which is close to our
previous computations using the GW approximation (3.8 eV).23
Both values are smaller than the experimental value (4.5 eV).23
Experimentally, a high hole mobility (30 cm2 V1 s1) indicative
of a low hole eﬀective mass was measured through the Hall
eﬀect. However, the hole carrier concentration remained small
around 1014 cm3 despite an important amount of K added and
substituting on the Ba site (as evidenced by a change in the
lattice parameter).23 In order to understand the reasons behind
this low carrier concentration, we computed the defects formation energies from first-principles. First all possible charged
intrinsic defects, the cation vacancies (VacBa, VacBi, VacTa), the
anion vacancy VacO, and the anti-sites of BiTa and TaBi as well as
the extrinsic K substitutions (KBa, KBi, KTa) were computed
within PBE (more details are available in the ESI†). In a second
step, the lowest lying defects (VacO: [0, +2], VacBa: [0, 2], VacBi:
[0, 3], TaBi: [2, 3], BiTa: [0, 1, +1] and KBa: [0, 1]) were
computed with the more accurate HSE functional. Fig. 2 shows
the defect formation energies within HSE as a function of the
Fermi level. The formation energies depend on the elemental
chemical potential and by studying the competition of Ba2BiTaO6 with other phases, we can set limits to the possible
chemical potentials. In Fig. 2 the defect formation energy is
reported as a function of the Fermi level for two sets of
chemical potential values corresponding to the least (Fig. 2a)
and most (Fig. 2b) favorable conditions for p-type doping. The
Fermi level can be computed at 300 K by imposing charge
neutrality conditions and taking into account the competition
between all the defects. This equilibrium Fermi level is shown
in dashed orange line for the intrinsic conditions. It is found to
be closer to the valence band than to the conduction band in
both least and most favorable p-type conditions. However, it
remains too far from the VBM to induce a significant amount of
carriers. Our defect computations are in agreement with the
experimental observation that Ba2BiTaO6 is not intrinsically
doped and exhibits negligible conductivity in both pellet and
thin film forms.23 Introducing a shallow defect that is relatively

Fig. 1 (a) The crystal structure of a 2  2  1 super cell of Ba2BiTaO6 in the rhombohedral R3 structure. The Bi coordination octahedra are represented in
purple, while the Ta coordination octahedra are in brown, and the Ba atoms in green, (b) Band structure of Ba2BiTaO6 along high-symmetry lines as
computed with HSE.
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Fig. 2 Defect formation energies as a function of the Fermi energy computed from HSE at the (a) least favorable or (b) most favorable chemical
potentials for p-type doping. The dashed orange and purple lines show the Fermi level respectively in the intrinsic and with K-doping conditions.

low in energy such as replacing Ba by K (K1
Ba in grey) moves the
Fermi level closer to the VBM as shown by the purple dashed line.
Our results confirm that K is an adequate substitutional defect as
we would have guessed from their very similar ionic radii and
previous evidences on related compounds such as BaBiO3.37 However, the Fermi level is pinned and cannot approach the VBM closer
even in the presence of K doping because of low-lying electron
donors such as the O vacancy (Vac2+
O in red) and the Ta on Bi antisite defect (Ta2+
in
brown).
These
two defects act as ‘‘hole-killers’’
Bi
and prevents the Ef to move closer to the VBM and to significantly p-type dope Ba2BiTaO6.
2+
Qualitatively our results show that two donors (Vac2+
O and TaBi )
limit the conductivity of the material and act as ‘‘hole-killers’’. To
be more quantitative, we computed the hole concentration in the
system at all possible growth conditions. The range of growth
conditions is complex with five chemical potentials (mBa, mTa, mBi,
mO, and mK) which can take diﬀerent values. Due to the presence

2+
of the low-lying shallow acceptors (K1
Ba ) and hole-killers (VacO
2+
and TaBi ), we decided to plot the carrier concentration as a
function of mK  mBa (which sets the amount of K), mBi  mTa
(which sets the amount of Bi anti-sites) and mO (which sets the
amount of O vacancies). Fig. 3 shows the hole carrier concentration under diﬀerent growth conditions (as characterized by
these sets of variables). The diﬀerence mK  mBa (reported along
the y-axis) goes from a K-poor/Ba-rich to a K-rich/Ba-poor
environment; while the diﬀerence mBi  mTa (reported along
the x-axis) goes from a Bi-poor/Ta-rich to a Bi-rich/Ta-poor
environment. Three diﬀerent plots corresponding to diﬀerent
O2 environments are reported. In the low mO region and for
reducing conditions, Vac2+
O has the dominant role in compensating
p-type doping, and it is impossible to get a carrier concentration
greater than 1010 cm3 leading indeed to an insulating material in
all conditions. As mO increases (i.e. moving towards oxidizing
conditions), regions of higher hole carrier concentration appear
but only with high mBi and mK. High mBi is needed to avoid a too
high concentration of compensating defects (Ta on Bi antisites)
and high mK is needed to bring enough shallow acceptor defects.
The highest hole carrier concentration of 1016 cm3 can be
obtained only in a narrow range of process conditions. This carrier
concentration is still low and in qualitative agreement with the low
carrier concentration (1014 cm3) measured experimentally. In the
best conditions, the conductivity in K-doped Ba2BiTaO6 is clearly
2+
limited by charge compensation from donor defects (Vac2+
O , TaBi ).

Table 1 Detailed defect concentrations at the most favorable chemical
potentials for p-type doping, where the equilibrium Fermi level Ef = 0.2 eV.
The chemical potentials correspond to O, K, Bi rich and Ta, Ba
poor environment

Fig. 3

Charge concentration under diﬀerent growth conditions.
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The detailed free charge concentrations provided by the dominant
defect is given in Table 1 for the region of favorable p-type behavior.
The net free holes created by KBa, BiTa, and VacBa is compensated
by the donors VacO and TaBi.

Discussion
Our analysis shows that even using the most favorable growth
conditions and a shallow acceptor such as K, the hole carrier
concentration is still very limited in Ba2BiTaO6. This directly
comes from two hole-killing defects: the O vacancy and the Ta
on Bi anti-site.
On a general note, our work shows that quaternary compounds
can lead to intrinsic challenges in terms of carrier engineering.
Indeed, while the compensation by O vacancy is very common in
oxides and has been reported for many binaries,38,39 we observe
here that an additional hole-killing defect has to be taken into
account: the Ta on Bi anti-site. For multi-element materials such as
quaternaries, the possibility for these additional hole-killer to be
limiting the carrier concentration increases as well.
Our work indicates that high conductivity Ba2BiTaO6 if it
could ever be achieved would be obtained by working within
high mO conditions (oxidizing conditions) as well as high mBi
conditions (Bi excess). We would like to point out that our work
assumes equilibrium conditions and that working out-ofequilibrium could be a way to push out of the limiting chemical
potential boundaries and increase the carrier concentration. In
any case, Ba2BiTaO6 appears to be a material which is very
diﬃcult to dope to high carrier concentrations.
One possibility to go forward is to keep the Bi in the
perovskite structure and replace Ta to lower the anti-site Ta2+
Bi
defects. Ba2BiSbO640–43 retains the dispersion in the top of the
valence band which maintains a relatively low hole effective
mass (0.91 me),44 with a smaller yet still high enough band gap
(3 eV). This makes it another interesting p-type TCO candidate.
Unfortunately, our defect computations (carried out only at PBE
level, through correcting the band gap with HSE)45,46 show that
2+
intrinsic donor defects Vac2+
O and SbBi in K-doped Ba2BiSbO6
(more details in ESI†) are still the major defects that compensate the conductive holes. We therefore expect similar doping
issues for Ba2BiSbO6.
Our calculations considering a stoichiometric Ba2BiTaO6
suggest that moving towards higher Bi content mixed oxides
such as Ba2Bi1+xTa1xO6 (that would also be doped by K) could
be a way forward to increase carrier concentration. We note that
such solid solutions have been synthesized previously.47
Increasing the Bi content will increase mBi and lower the
compensation from Ta on Bi anti-site defects. This increase
in Bi content while favorable for conductivity could however
decrease transparency. Our computations indicate that a
Ba2Bi1.125Ta0.875O6 with 0.125% extra Bi introduces a state
within the band gap and causes a reduction in the band gap
to 2.54 eV, which might aﬀect the light absorption of the
material (see ESI†). This is not surprising in view of the lower
band gap of BaBiO3. A compromise might have to be found
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with the amount of Bi excess as it could lead to high conductivity but lower the transparency.

Conclusions
Using first-principles computations we have studied the defects
of Ba2BiTaO6 doped with K which is a possible high mobility
p-type transparent oxide. Two dominant intrinsic donor defects
2+
Vac2+
O and TaBi compensate the holes provided from the extrinsic
1
dopant (KBa ). The best hole carrier concentration can be achieved
by synthesis conditions favoring a high chemical potential of O, K,
and Bi. Our computed highest hole equilibrium carrier concentration is found to be around 1016 cm3 which is still low for
practical applications. We suggest that exploring the mixed oxide
Ba2Bi1+xTa1xO6 could oﬀer an avenue towards increasing carrier
concentration beyond these limits.

Conflicts of interest
There are no conflicts to declare.

Acknowledgements
The authors thank J. B. Varley and J. Suntivich for useful
discussions. D. D. was financed by the Conseil de L’Action
Internationale (CAI) through a doctorate grant ‘‘Coopération au
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