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ABSTRACT

The combination of optical transparency and bipolar dopability in a single material would revolutionize modern opto-electronics. Of the
materials known to be both p- and n-type dopable (such as SnO and CuInO2), none can satisfy the requirements for both p- and n-type
transparent conducting applications. In the present work, perovskite BaSnO3 is investigated as a candidate material: its n-type properties are
well characterized, with La-doping yielding degenerate conductivity and record electron mobility, while it has been suggested on a handful of
occasions to be p-type dopable. Herein, group 1 metals Li, Na, and K and group 13 metals Al, Ga, and In are assessed as p-type acceptor
defects in BaSnO3 using a hybrid density functional theory. It is found that while K and In can induce hole concentrations up to 1016 cm�3,
the low energy oxygen vacancy pins the Fermi level in the bandgap and ultimately prevents metallic p-type conductivity being achieved in
BaSnO3. Nevertheless, the predicted hole concentrations exceed experimentally reported values for K-doped BaSnO3, suggesting that the per-
formance of a transparent p–n homo-junction made from this material could be significantly improved.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0170552

Materials that display the dual properties of optical transparency
and metallic-like conductivity are sparse, but they are almost univer-
sally required in modern technologies:1–3 as transparent contacts in
solar cells;4 thin film transistors in display and touch-screen technol-
ogy;5,6 and coatings in smart and low-emission windows.7 The trans-
parent conducting materials (TCMs) used in the above applications
are invariably n-type post-transition metal oxides (such as Sn-doped
In2O3, F-doped SnO2, and Al-doped ZnO), which routinely display
electron conductivity on the order of 1000 to 10000 S cm�1, electron
mobility on the order of 10 to 100 cm2 V�1 s�1, and optical transmis-
sion above 90%.5 Meanwhile, the development of p-type TCMs has
been less successful—hole conductivity and mobility are often 1 to 2
orders of magnitude lower, optical transparency is much harder to
achieve, and the chemical and thermal stability of p-type TCMs is
often poorer than the n-type metal oxides.2,3 This disparity between p-
and n-type TCM technology is a major bottleneck in the development
of the next generation of opto-electronic devices, which will have at
their heart fully transparent p–n junctions.

The motivation for the present work is a 2016 publication by
Kim et al., entitled “Thermally stable p–n-junctions based on a single

transparent perovskite semiconductor BaSnO3,”
8 where K-doped (p-

type) and La-doped (n-type) BaSnO3 were deposited via pulsed laser
deposition (PLD) to fabricate a transparent p–n junction. Perovskite
BaSnO3 is well characterized as a TCM,9–12 with an optical gap of
around 3.6 eV, conductivity up to 5000 S cm�1 when doped with La,
and single crystal electron mobility up to 320 cm2 V�1 s�1, which is
the record for any transparent material. Its defect chemistry has been
studied previously with hybrid density functional theory (DFT), indi-
cating weak n-type semiconducting behavior when undoped, and
degenerate conductivity when doped with La or F.13–16 However, com-
putational investigation into its p-type defect chemistry have thus far
been overlooked.

The combination of optical transparency and bipolar conductivity
in a single material, implying the possibility of a transparent p–n
homo-junction, is a lucrative prospect, as it would simplify deposition
and minimize strain at the interface between the p- and n-type layers
within a device (compared to a p–n hetero-junction such as
SnO–SnO2).

17 Hole mobility on the order of 10 cm2 V�1 s�1 would
position BaSnO3 as a competitive p-type transparent conductor, com-
parable with other p-type materials such as CuI and SnO, and would
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push an all-BaSnO3 device beyond simply proof-of-concept. Achieving
bipolarity in BaSnO3 is particularly appealing due to its perovskite
structure, which could enable a transparent p–n homo-junction as
part of a larger perovskite oxide device with relative ease. In this Letter,
the basic crystal and electronic structure properties of BaSnO3 are
reported, and group 1 and group 13 cations are considered as p-type
defects using hybrid DFT calculations. Charge transport properties are
predicted at the carrier density suggested by the defect chemistry, and
an upper theoretical limit to hole mobility is offered. The defect chem-
istry of BaSnO3 is discussed in relation to the other post-transition
metal TCMs and in the context of fabricating transparent p–n homo-
junctions.

All DFT calculations were performed using VASP, a plane wave
basis set code that uses projector augmented wave (PAW) pseudopo-
tentials to describe the interactions between core and valence elec-
trons.18–23 The PBE0 hybrid density functional was used for all
relaxations and electronic structure calculations,24 which has been
shown to accurately predict electronic structure properties of Sn(IV)
compounds in the literature,13,25 while the PBEsol functional was used
for density functional perturbation theory (DFPT) calculations.26

Spin–orbit coupling effects were not included, as they have been
shown to be negligible in BaSnO3.

27 The supercell method (containing
135 atoms) was used to simulate defects in BaSnO3, and formation
energies were calculated using the method proposed by Lany and
Zunger.28,29 Charge transport properties were modeled using the
AMSET code and plotted using the ThermoParser package.30,31 The
py-sc-fermi package,32 based off the original Fortran SC-FERMI
code,33 was used to calculate the self-consistent Fermi level (SCFL) and
defect concentrations and to plot the transition level diagrams, while
the CPLAP software was used to calculate the chemical potential limits
of BaSnO3.

34 Crystal structures were visualized using the VESTA pack-
age,35 and electronic structure plots were produced using the sumo

package.36 Further computational details can be found in the supple-
mentary material.

Basic crystal and electronic structure properties of BaSnO3 are
summarized in Fig. 1. It is a cubic perovskite, crystallizing in the
Pm�3m space group, and the calculated lattice parameter of 4.12 Å is in
excellent agreement with both experimental (4.12 Å) and computa-
tional (4.13 Å) studies.9,13,37 The strong overlap of unoccupied Sn 5s
states with O 2p anti-bonding states results in the highly dispersed
conduction band minimum (CBM) that is characteristic of the n-type
TCMs and is facilitated by the high-symmetry, corner-sharing SnO6-
octahedral network that is native to the perovskite structure. The near-
perfect Goldschmidt tolerance factor (1.026)38 in BaSnO3 enables this
strong interaction throughout the SnO6 network and yields a parabolic
electron effective mass of 0:25me, indicative of the high electron
mobility that is observed experimentally. Meanwhile, the O 2p domi-
nated valence bands are flat in nature, typical of highly localized elec-
tronic states, with average parabolic hole effective masses of
0:84me; 0:90me, and 8:57me. The indirect and direct gaps are 3.19
and 3.59 eV, respectively, and are in excellent agreement with previous
computational studies.13,37

To make p-type BaSnO3, low energy p-type acceptor defects
must be introduced close to the valence band maximum (VBM), while
n-type donor defects must be minimized. Previous hybrid DFT calcu-
lations have identified the oxygen vacancy, VO, as the lowest energy n-
type species—this defect is recalculated in the present work (with
excellent agreement in formation energy and transition level position)
and is assumed to be the main charge compensation center.13 The
group 1 metals Li, Na, and K (referred to as MI), as well as the group
13 metals Al, Ga and In (referred to as MXIII), are considered as candi-
date dopants, and the types of defect they can form are summarized as
follows: MI

Ba, M
I
Sn, and MXIII

Sn substitutions can accept electrons from
the VBM and act as p-type species; MXIII

Ba , MI
int, and MXIII

int can donate

FIG. 1. (a) Conventional unit cell of Pm�3m BaSnO3, a¼ 4.12 Å; light blue, dark blue, and orange atoms denote Ba, Sn, and O, respectively; plotted using the VESTA soft-
ware;35 (b) Band structure of BaSnO3; indirect gap (R ! C) 3.13 eV; direct gap (C ! C) 3.59 eV; parabolic electron effective mass 0:25me; parabolic hole effective mass
0:84me; 0:90me, and 8:57me; blue and orange lines denote valence and conduction bands, respectively; plotted using the sumo software.

36
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electrons to the CBM and act as n-type species. The transition level
diagrams for MI and MXIII doping under the most p-type growth con-
ditions (metal poor, oxygen rich) are shown in Fig. 2, and a summary
of Shannon ionic radii and Goldschmidt tolerance factors can be found
in Table I.

Considering first the MI dopants, it can be seen that the lowest
energy p-type species is the KBa substitution, with a formation energy
of just over 2 eV and a relatively shallow transition level around
300meV from the VBM. However, as highlighted at point A in
Fig. 2(a), the hole generated by the KBa defect is charge compensated by
the electrons introduced by VO, pinning the Fermi level in the bandgap.
In fact, the oxygen vacancy is low enough in energy to charge compen-
sate all the p-type MI substitutions, severely compromising their ability
to generate net p-type charge carriers in BaSnO3. The oxygen vacancy
defect is discussed in greater detail in the supplementary material.

The NaBa substitution is approximately 0.5 eV higher in energy
than KBa, and undergoes self-compensation by Naint species, as
highlighted at point B; similarly, LiBa is self-compensated by Liint at
point C. This is observed for Na and Li because their ionic radii are
reasonably small (1.02 and 0.76 Å compared to the 1.61 Å of Ba),
greatly reducing the energy of the interstitial defect species and increas-
ing the energy of the substitution species due to the size mismatch. In
the case of K, the interstitial defect is several eV higher in energy (and
the substitution lower) due to its larger ionic radius of 1.38 Å and,
therefore, does not self-compensate. These thermodynamic preferen-
ces for Ba site substitution are reflected in the values for tASnO3 in Table
I—the greater the deviation from a perfect t, the more significant the
energy penalty. Substitution onto the Sn site is unlikely for all three
dopants due to the prohibitively high formation energies, and in any
case undergoes significant charge compensation from various intersti-
tial species, as well as the oxygen vacancy.

A final point on the MI species is the notable difference in the
position of the 0 ! 1� transition level of LiBa compared to NaBa and
KBa, occurring at a Fermi energy of around 1.0 eV rather than 0.3 eV.
This is because the Li ionic radius is so small that the formation of a
hole distorts the dopant off the traditional perovskite “A-site” to a
square planar-like coordination, resulting in a trapped polaron
[Fig. 3(a)]. This is in contrast to the larger Na and K species, which
remain on the A-site, resulting in a more delocalized hole and a corre-
spondingly shallower transition level [Fig. 3(b)]. It is noted that the
defect potential energy surfaces of NaBa and KBa were thoroughly
explored using the ShakeNBreak methodology (via the application of
systematic bond length distortions around a defect site before relaxa-
tion),40,41 but the energy-lowering, symmetry-breaking distortion
exhibited by LiBa was not reproduced.

FIG. 2. Transition level diagrams for (a) group 1 (MI) and (b) group 13 (MXIII) doped BaSnO3; VBM and CBM denoted by blue and orange shaded areas, respectively; VO
denoted by solid black line; MBa, MSn, and Mint denoted by solid, dashed, and dotted-dashed lines, respectively; A, B, C, D, and E denote regions of interest and are explained
in the main text.

TABLE I. Tolerance factors for compositions in the dopant phase space; r Shannon
ionic radius for each species;39 coordination number VI for Al, Ga, In, Li; coordination
numbers VI and XII available for Na, K.

Species r (Å) tASnO3 tBaBO3

Ba2þ 1:61XII 1:026XII � � �
Sn4þ 0:69VI � � � 1:026VI

Li1þ 0:76VI 0:731VI 0:992VI

Na1þ 1:02VI; 1:39XII 0:950XII 0:883VI

K1þ 1:38VI; 1:64XII 1:036XII 0:767VI

Al3þ 0:54VI 0:653VI 1:110VI

Ga3þ 0:62VI 0:683VI 1:063VI

In3þ 0:80VI 0:745VI 0:974VI
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Turning now to the MXIII dopants, InSn is clearly the best candi-
date with a formation energy just over 1 eV. The Al and Ga substitu-
tions are around 0.8 eV higher in energy and show slightly deeper
transition levels, indicative of increased structural distortion around
the defect site. This is expected as the ionic radii of Al and Ga are sig-
nificantly smaller than that of In (0.54, 0.62, and 0.80 Å, respectively,
with Ga being smaller than expected due to the scandide contraction),
and are less able to stabilize the MO6 octahedron within the perovskite
structure (refer to the tBaBO3 tolerance factors in Table I). The transi-
tion levels of all three MXIII

Sn substitutions are quite deep, resulting in
trapped hole polarons (as shown for InSn in Fig. 4).

Analogous to the case of the MI dopants, the oxygen vacancy is
expected to charge compensate the holes generated by the p-type sub-
stitutions, as highlighted by points D and E in Fig. 2(b). However, self-
compensation is not predicted to be an issue for the MXIII species, due
to the higher formation energies and charge states of the interstitial
species, compared to the MI series. Furthermore, n-type substitution
onto the Ba site requires prohibitively high formation energies (nearly
5 eV for InBa and several eV higher for the remaining two), ruling out
self-compensation from undesirable cation site substitution.

While an interesting test-bed for investigating ionic radii effects
during doping, the results are hardly promising for achieving high per-
formance p-type BaSnO3. In fact, calculation of defect concentrations,
under the assumption of thermal equilibrium, and the position of the
self-consistent Fermi level (SCFL, at a synthesis temperature of 1050K
as reported by Kim et al. in their PLD experiment)8 indicate that it
should not be possible to achieve metallic-like p-type conductivity in
BaSnO3, as shown in Table II. For K-doping, the SCFL is found at
1.38 eV, while for In-doping it drops down to 1.12 eV—the ideal posi-
tion of the SCFL for a degenerate p-type semiconductor is within kBT
of the VBM.

Despite the reasonably high concentration of p-type substitu-
tional defects (particularly in the case of In-doping), hole carrier
densities are limited to 5:2� 1014 and 9:8� 1015 cm�3 for K- and
In-doping, respectively (equivalent to rather poor conductivities of
4:97� 10�4 and 1:99� 10�3Scm�1). This is due to the low energy

FIG. 3. Partial charge density of the hole (light blue) generated by Ba site substitution; light blue, dark blue, and orange atoms denote Ba, Sn, and O, respectively; plotted with
an isosurface density of 0.06 eÅ�3.

FIG. 4. Partial charge density of the hole (light blue) generated by InSn (magenta)
substitution; light blue, dark blue, and orange atoms denote Ba, Sn, and O, respec-
tively; plotted with an isosurface density of 0.01 eÅ�3.
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oxygen vacancy, which acts as a major charge compensating center. To
boost the hole conductivity further, it is imperative that oxygen defi-
ciency is minimized during growth, which could be achieved by using
non-equilibrium growth techniques such as pulsed laser deposition
(PLD) and molecular beam epitaxy (MBE).42 Unfortunately, these
techniques do not scale well and are extraordinarily expensive, severely
limiting the commercializability of p-type BaSnO3 grown in this
fashion.

The maximum hole concentration reported from experiment by
Kim et al. is 1:0� 1013 cm�3, falling within the predicted range and
indeed suggesting room for around one order of magnitude improve-
ment.8 From the present results, it is suggested that MXIII doping, in
particular In-doping, could generate an increased hole concentration
that would improve the performance of a BaSnO3 p–n homo-junction,
reducing the mismatch between positive and negative carrier densities.

P-type charge transport properties were modeled using the
AMSET package,30 an extended explanation of which can be found in
the supplementary material. Under the assumption of free-carrier
transport, K-doping to a hole concentration of 5:2� 1014 cm�3 will
yield a maximum room temperature hole mobility of 5.96 cm2 V�1

s�1, while In-doping to a hole concentration of 8:6� 1015 cm�3 will

result in a 1.27 cm2 V�1 s�1 mobility limit. Meanwhile, the mobilities
reported for K-doped BaSnO3 by Kim et al. range between 0.06 and
0.30 cm2 V�1 s�1,8 in reasonably good agreement with the simulated
value. Both theory and experiment suggest, therefore, that p-type
BaSnO3 will not display the high hole mobility required for p-type
transparent conducting applications (critical for reaching high field-
effect mobilities in p–n junctions), due to the highly localized VBM
states. On the contrary, a hole mobility of 30 cm2 V�1 s�1 has been
measured in the p-type oxide Ba2BiTaO6 (which crystallizes in a rhom-
bohedral “double-perovskite” structure) due to the strong interaction
of Bi 6s2 states with O 2p states at the VBM.43,44 This highlights
valence band engineering as a strategy for increasing dispersion and
thus hole mobility, shifting the focus away from pure oxides and
toward light anion doping, such as N-doped BaSnO3 (for which a
hole mobility and carrier density of 0.86 cm2 V�1 s�1 and 4:15
�1016 cm�3 are reported, respectively),45 formally mixed-anion sys-
tems,46–48 or even fully non-oxide materials.3,49–51

Figure 5 shows the scattering rates that determine mobility at the
maximum carrier concentrations for K- and In-doping. Considering
first K-doping, at room temperature both ionized impurity scattering
(IMP) and polar optical phonon (POP) scattering contribute signifi-
cantly to the overall scattering rate [Fig. 5(a)]. The positive tempera-
ture dependence of POP scattering causes it to dominate at
temperatures above 300K, while the IMP rate remains fairly constant.
The main contributing factor to the POP scattering at higher tempera-
tures is the high-frequency O-dominated modes (as shown in the pho-
non density of states in the supplementary material, and as is typical in
the n-type metal oxides),37,52 which could again be reduced by valence
band engineering. Meanwhile, the increased number of charged defects
that are present under In-doping (over 3 orders of magnitude com-
pared to K-doping, as shown in Table II) result in a drastically

TABLE II. Predicted hole density and equilibrium defect concentrations of low energy
species in BaSnO3 at 1050 K, calculated using the py-sc-fermi package.

32

K-doping n1050K (cm�3) In-doping n1050K (cm�3)

hþ 5:2� 1014 hþ 9:8� 1015

K1�
Ba 4:7� 1016 In1�Sn 1:6� 1019

V2þ
O 2:3� 1016 V2þ

O 8:2� 1018

FIG. 5. Scattering rates against temperature for (a) K-doping and (b) In-doping. Acoustic deformation potential (ADP), ionized impurity (IMP), polar optical phonon (POP), and
total scattering are in gray dots, lavender dash-dots, magenta dashes, and solid black, respectively. Plotted using ThermoParser.31
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increased IMP scattering rate [Fig. 5(b)] that is responsible for the
lower hole mobility of 1.27 cm2 V�1 s�1. These insights demonstrate
the importance of not only dopability when searching for a p-type
TCM but also the ability of a material to potentially withstand a high
density of charged impurities.

It would seem that BaSnO3 leans more toward tolerance than
resistance of p-type doping compared to the other post-transition
metal oxides: conductivity remains n-type in In2O3 even when doped
with Mg to concentrations up to 6:0� 1020 cm�3 due to over-
compensation by oxygen vacancies;53 p-type conduction can be
achieved in SnO2 when doped with N (between 1:5� 1011 and 3:2
�1014 cm�3 hole concentration), although no acceptor defects are pre-
dicted to enable performance higher than this;25 ZnO can reportedly
be doped to hole concentrations of 1018 cm�3 with N or Cu,54,55

although mobility is scarcely reported to exceed 1 cm2 V�1cm�1;56

while in Ga2O3, Zn- or Fe-doping simply serves to reduce the n-type
carrier concentration rather than inducing p-type carriers,57 and DFT
calculations suggest that p-type doping is infeasible.58 This modest
doping tolerance, combined with the fact that K-doping results in a rel-
atively delocalized hole, rather than the highly localized anion-
centered hole polarons that are exhibited in In2O3, SnO2, and ZnO,59

suggest that p-type doping of BaSnO3 is perhaps worth revisiting in
the laboratory. The use of H as a co-dopant for lowering the formation
energy of acceptor complexes, as seen in H:Mg-doped GaN,60 might
be a viable route for increasing the concentration of holes in BaSnO3

and is certainly worth exploring. Similarly, light and heavy N-doping
could also yield promising results, building on the initial experimental
findings fromWang et al.45

In summary, measurable p-type conductivity is predicted to be
achievable in BaSnO3, but due to the inevitable presence of oxygen
vacancy defects, it is unlikely to reach metallic-like levels, with hole
densities capped at just under 1016 cm�3. Of the group 1 metals Li, Na,
and K, only the latter is predicted to be a reasonably good p-type dop-
ant, with the former two undergoing self-compensation by low energy,
n-type interstitial species. Meanwhile, all three group 13 metals exam-
ined should have low formation energies for p-type substitution,
although they are significantly deeper and more polaronic in nature. K
and In are the two species identified as most worthy of further experi-
mental investigation, with In-doped BaSnO3 being the most promising
candidate for achieving maximum hole density within an all-
perovskite, transparent p–n junction.

See the supplementary material for a full description of computa-
tional details, information pertaining to the AMSET calculations (cal-
culated materials properties, explanation of scattering rates,
compensation factors), phonon density of states, analysis of the oxygen
vacancy, and tabulated limiting phases for the defect calculations.
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