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Inflection points in the conduction-band structure of BaSnO3
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BaSnO3 (BSO) is a wide-band-gap oxide in which very high levels of n-type doping have been demonstrated.
Here we perform a detailed investigation of the conduction-band structure of BSO, reporting band velocities and
effective masses as a function of energy, and explore whether sufficiently high doping levels can be achieved to
fill the conduction band to energies near the inflection point. The presence of carriers near the inflection point can
lead to negative differential resistance (NDR) due to the effective mass above the inflection point being negative.
Our first-principles calculations, based on density functional theory with a hybrid functional, show that BSO has
an inflection point 2.29 eV above the conduction-band minimum and that secondary conduction-band valleys
are at least 2 eV higher in energy. We discuss the options available to achieve the required n-type doping levels
to reach the inflection point in BSO.
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I. INTRODUCTION

The dispersion of the conduction band (CB) plays an im-
portant role in the properties of semiconductors. The curvature
of the CB determines the electron effective mass, which in
turn determines electron mobility. High electron mobility is a
distinguishing feature of BaSnO3 (BSO), a perovskite stan-
nate with a wide band gap that is being actively explored
as a transparent conductor and also for power electronic de-
vices such as high-frequency transistors [1]. A peak electron
mobility of 320 cm2 V−1 s−1 at 300 K has been observed in
bulk BSO [2], the highest reported room-temperature mobility
among perovskite oxides [3]. Thin films [4] and nanomem-
branes [5] of BSO have also demonstrated high mobility. The
low electron effective mass [6,7] is associated with the high
dispersion of the CB, which can be attributed to its Sn-s
character [8]. The CB is not parabolic, however, which means
that the effective mass changes as a function of the Fermi level
(EF ), and, ergo, doping levels.

While mobility is associated with low-field transport, high-
field transport depends on properties of the conduction band
at higher energies. Nonparabolicity can lead to the presence
of inflection points, as shown in Fig. 1. Above an inflection
point, the electron effective mass becomes negative [9–11],
which can give rise to a negative differential resistance (NDR)
that can be exploited in oscillators. The band velocity initially
increases with the applied electric field to reach a maximum
and then decreases with a further increase in the field. NDR
can also be caused by scattering to satellite valleys with heav-
ier effective masses, giving rise to the Gunn effect, which can
produce radiation up to 100 GHz [12,13]. NDR caused by
the presence of an inflection point, on the other hand, does
not require intervalley scattering and can lead to radiation at
frequencies on the order of THz [9,14].
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In this work, we present a detailed first-principles study
of the CB structure of BSO up to energies more than 5 eV
above the CB minimum (CBM). We report on the presence of
inflection points and find that satellite valleys occur at energies
at least 2 eV above the inflection points. We explore the
effect of alloying on the position of inflection points. We also
provide values of effective masses and band velocities as a
function of energy in the CB. In addition, we explore whether
electrons may be placed near the inflection point in BSO not
by injection at high energies but by doping. Experimentally,
electron concentrations up to 2 × 1021 cm−3 in La-doped BSO
have been reported [15].

Carriers can be introduced into BSO in several ways. In
a heterostructure, electrons can be induced via modulation
doping or polar discontinuity doping [16,17]. Encouraging
results have been reported for interfaces with (Sr,Ba)SnO3

[18], La-doped SrSnO3 [19], LaScO3 [20], and LaInO3 [21].
However, the achievable electron concentrations will in such
cases be limited by the CB offsets [17,22,23]. Electrons can
also be introduced using donor doping, with lanthanum being
the dopant that has most commonly and successfully been
used for n-type doping of BSO [4,24,25]. First-principles
calculations based on density functional theory (DFT) have
also shown La to be an effective n-type dopant [26–28]. In
particular, Ref. [27] showed that, under Sn-rich and O-poor
synthesis conditions, electron concentrations resulting from
La doping can surpass 1021 cm−3. We note that, as a wide-
band-gap semiconductor, BSO can sustain high electric fields
that, in combination with high doping levels, could assist in
moving carriers to the negative-effective-mass regions of the
Brillouin zone.

However, assessing whether a donor dopant is still effec-
tive at extremely high doping levels, where the CB is filled
to a high EF , requires further examination. Donor dopants
have more valence electrons than the atom they replace in
the lattice; in the case at hand, La (valence 3) substitutes
on a Ba (valence 2) site. For a shallow donor, the extra
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FIG. 1. Calculated band structure of BaSnO3, comparing HSE
results (solid lines) with Wannier interpolation (dashed lines). The
lowest CB inflection points are indicated by stars. The yellow regions
around the stars reflect portions of the band structure in which the
slope varies by no more than 1% relative to the inflection points.
Inset in the plot is a schematic of the Brillouin zone.

electron associated with this higher valence resides in an
electronic state that is well above the CBM; i.e., it forms a
resonance in the CB, as schematically indicated in Fig. 2(a).
If one attempts a calculation for the neutral charge state of
the donor, the electron contributed by the impurity will not
reside in this impurity-induced state, but will transfer to the
CB. The Coulomb attraction between this electron and the
positively charged impurity center leads to the formation of
a hydrogenlike state, which is typically described in hydro-
genic effective-mass theory. In the vast majority of cases, one
therefore pays scant attention to the actual impurity-induced
state high in the CB, since its only function is to supply the
electron. However, if the focus is on achieving high electron
concentrations that will fill the CB to high levels of EF , it
needs to be verified that the impurity-related level is indeed
high enough to continue donating electrons to the CB. If EF

rises above this level, the impurity will no longer function as a
donor, and the electron will remain localized on the impurity.

II. COMPUTATIONAL METHODS

In our investigation, we conduct first-principles calcu-
lations based on DFT [29,30] with the screened hybrid

FIG. 2. (a) Schematic of the band structure of the lowest CB in
BSO, showing the inflection points. The La-induced state in the CB
is indicated by the dashed line. (b) Visualization of a 2D slice of the
electron density associated with this state.

functional of Heyd, Scuseria, and Ernzerhof (HSE) [31], as
implemented in the Vienna Ab initio Simulation Package
(VASP) [32]. The use of the hybrid functional, in which the
short-range exchange potential is calculated by mixing a frac-
tion of nonlocal Hartree-Fock exchange with the generalized
gradient approximation [33], ensures a reliable description
of the electronic structure, which is crucial for our present
purposes. The mixing parameter (corresponding to the frac-
tion of Hartree-Fock exchange) is set to the standard value
of α = 0.25. This choice leads to a slight underestimation
of the band gap [34], but we have verified that it has a
negligible impact on our calculated CB structure. We use an
energy cutoff of 500 eV for the plane-wave basis set, and the
core electrons are described with projector-augmented-wave
potentials [35,36], with the Ba 5s2 5p6 6s2, Sr 4s2 4p6 5s2, Sn
5s2 5p2, La 5s2 5p6 6s2 5d1, and O 2s2 2p4 electrons treated as
valence. An 8 × 8 × 8 k-point grid is used for self-consistent
calculations on the cubic BSO unit cell. To ensure adequate
sampling of the CB, we use Wannier interpolation based on
the Wannier90 code [37], with more than 200 k-points sam-
pled along each high-symmetry path in the Brillouin zone.
Lanthanum donors are treated in a 135-atom cubic supercell
with a single special k-point. Spin polarization is included.

III. RESULTS AND DISCUSSION

A. Electronic structure

The crystal structure of BSO is a cubic, five-atom per-
ovskite unit cell with a calculated lattice parameter of 4.13 Å.
In Fig. 1, we plot the band structure, comparing results ob-
tained directly from the HSE calculations with those obtained
with Wannier interpolation. Some slight deviations are seen at
higher energies, which are irrelevant for our present study. For
the energy range of interest (including the inflection points)
Wannier interpolation provides a close reproduction of the
band shape.

The accurate energy-vs-k relationship that we obtain
through Wannier interpolation also allows us to evaluate the
band velocity and effective mass of electrons as functions of
k. The band velocity is defined as

vk = 1

h̄

∂εk

∂k
, (1)

and the effective-mass tensor is defined as[
1

m∗
k

]
i j

= 1

h̄2
∂2εk

∂ki∂k j
. (2)

In Fig. 3 we plot the velocity and mass along three
high-symmetry directions in the Brillouin zone, using the
energy-vs-k relationship to show the values as a function of
εk. At the inflection point, the curvature of the conduction
band goes to zero; therefore, the band velocity reaches a
maximum and the effective mass diverges, changing sign once
the energy is above the inflection point. These features are
clearly visible in Fig. 3, as is the fact that the inflection point
occurs at slightly different energies in different directions.

Based on the Wannier-interpolated band structure, we lo-
cate CB inflection points at 2.29 eV above the CBM along the
� → R direction, at 2.56 eV along � → M, and at 2.31 eV
along � → X. A precise identification of the inflection points

115201-2



INFLECTION POINTS IN THE CONDUCTION-BAND … PHYSICAL REVIEW B 102, 115201 (2020)

FIG. 3. (a) Band velocity and (b) effective mass of electrons for
the lowest CB plotted along the � → X, � → R, and � → M high-
symmetry directions. Values are based on Wannier-interpolated HSE
results.

is complicated by the fact that the CB in the vicinity of the in-
flection points exhibits a high degree of linearity, as indicated
by the yellow highlighted parts of the band structure in Fig. 1.
Specifically, the slope stays within 1% of its maximum value
over ranges of 0.71 eV along � → X, 1.06 eV along � → M,
and 0.61 eV along � → R.

Interestingly, satellite valleys occur at much higher ener-
gies than the inflection points. The lowest-energy secondary
valley is located at the X point and lies 4.27 eV above the
CBM, which clearly implies that intervalley scattering will not
occur in BSO.

B. Conduction-band filling

Accurate knowledge of the band structure allows us to ex-
amine how EF rises and how the CB is populated as a function
of increasing electron concentration n. The relation between n
and EF can be calculated using Fermi-Dirac statistics:

n =
∫
Ec

[
exp

(
EF − E

kBT

)
+ 1

]−1

gc(E )dE , (3)

where Ec is the energy at the CBM, kB is Boltzmann’s con-
stant, T is temperature, and gc(E ) is the CB density of states
(DOS). The form of gc(E ) is often approximated based on a
parabolic E -vs-k relation, but in the present case, it is essential
to take the actual shape of the CB into account. Determining
gc(E ) numerically requires a fine mesh to accurately describe

FIG. 4. The relationship between electron concentration n and
Fermi level EF , referenced to the CBM, in BaSnO3 at 300 K and
1100 K, as computed from theWannier-interpolated HSE band struc-
ture. The star indicates the position of the inflection point at 2.29 eV
above the CBM.

the CB energies; this required precision is enabled byWannier
interpolation. We can then numerically integrate Eq. (3) to
determine n as a function of EF − Ec; the results are plotted
in Fig. 4. Our results are in principle more accurate than those
of Ref. [17], where n vs EF was calculated based on CB
energies obtained with HSE but without the benefit ofWannier
interpolation; still, the agreement is satisfactory.

To raise EF to 2.29 eV above the CBM (the location of
the � → R inflection point), we find that an electron con-
centration of 2.9 × 1021 cm−3 is needed. We have verified
computationally that the shape of the BSO conduction band
is largely unchanged, even at these high electron concentra-
tions, such that the position of the inflection point barely
varies. We note that at such high electron concentrations, the
n-vs-EF relation is approximately temperature independent,
as evidenced by the negligible difference between the curves
plotted in Fig. 4. To be specific, the electron concentration at
EF − Ec = 2.29 eV changes by less than 1% between 300 K
and 1100 K. The concentration of 2.9 × 1021 cm−3 is less
than 50% larger than the maximum concentration obtained
experimentally to date [15]. However, it is not implausible that
experimental concentrations can be raised by further optimiz-
ing synthesis and doping conditions.

C. Limits of La doping

We now assess whether the La-induced level in the CB is
high enough to enable doping up to EF values approaching the
inflection point. For this purpose, we perform a calculation
of LaBa in a supercell and examine the nature of the wave
functions for unoccupied states. The host-related states with
energies above the CBM are delocalized, as is characteristic
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of extended CB states. At an energy 4.32 eV above the CBM,
we find a state that is localized on the La impurity; this state is
depicted in Fig. 2(b), with lobes extending into and out of the
page removed for clarity. Inspection of the localized state in-
dicates that it has primarily La-5d character; 4 f -related states
occur at higher energies. We can conclude that localization
of the electron on the La donor would set in only at 4.32 eV
above the CBM, indicating that La will behave as an electron
donor up to that point.

We have not attempted to address the effect of La concen-
tration. The finite concentration of La in our supercell leads
to dispersion of the state that is localized on the impurity, re-
flecting the formation of an impurity band. The value reported
above, extracted using the special-point formalism, should
be representative of the dilute limit. The dispersion of the
impurity band may differ with the La concentration; however,
the La level still remains well above the inflection point at
2.29 eV.

The first-principles calculations of Refs. [27] and [28]
indicated that doping with LaBa can lead to electron concen-
trations exceeding 1021 cm−3, particularly under Ba-poor and
O-poor conditions. It is important to note that in those assess-
ments it was assumed that the solubility of LaBa was limited
by equilibrium with a La2O3 phase. It has been proposed
[38] that such limits can be overcome under certain regimes,
raising the prospect for doping beyond this “solubility limit.”
More concerning is the potential formation of compensat-
ing defects. References [27,28] concluded that compensating
species did not form, but neither considered La concentra-
tions beyond the limit imposed by La2O3 formation. Cation
vacancies (VBa and VSn) are the biggest concern, and means to
suppress their formation would need to be devised.

D. Band-structure engineering via alloying

Finally, we consider the possibility of alloying BSO with
another ABO3 perovskite in which the inflection point lies at
a lower energy with respect to the CBM, thus making it easier
to reach (by either electron injection or doping). Our survey of
potential candidates indicates that the materials in which the
inflection point lies lower also tend to have a CBM that occurs
at a higher energy, thus rendering electron injection or high
doping more difficult. Alloying will thus involve a tradeoff.

Staying within the stannates, SrSnO3 (SSO) may appear to
be an obvious candidate on account of its chemical similarity;
however, our analysis of its band structure reveals an absence
of inflection points. We attribute this observation to the lower
symmetry of SSO. While BSO is cubic, SSO is orthorhombic
with a 20-atom unit cell. The larger real-space unit cell leads
to a smaller Brillouin zone, and the resulting band folding
(combined with effects of atomic displacements within the
cell) removes the inflection points from the band structure.

Next, we consider alloying candidates with different ele-
ments on the B site. BaZrO3 (BZO) is a cubic perovskite oxide
with a calculated lattice parameter of 4.20 Å, quite similar to
BSO (4.13 Å). The band gap of BZO is indirect with a value
of 4.52 eV, with the VBM at R and the CBM at �, just like in
BSO. We find that BZO has an inflection point in its lowest
CB that appears at just 0.23 eV above the CBM in the � →
X direction (indicative of low dispersion along this direction).
The secondary CB valleys are also lower in energy than in
BSO, with the X valley lying only 0.43 eV above the CBM.
These features indicate that BZO would not be of interest for
achieving NDR itself, but alloying BZO with BSO might help
to bring the inflection point closer to the CBM. Solid solutions
of BSO and BZO have not been widely investigated to date;
one study reported alloys of Ba(Sn1−xZrx )O3 (BSZO) up to
10 mol% Zr [39].

IV. CONCLUSIONS

In summary, we have performed a comprehensive exam-
ination of the CB structure of BSO and the consequences
for electron doping and transport. We identified an inflection
point 2.29 eV above the CBM along � → R. Satellite valleys
all occur at much higher energies. Accurate calculations of
the DOS indicate that to raise EF to the inflection point, an
electron concentration of 2.9 × 1021 cm−3 is needed. We have
verified that La remains an electron donor up to the inflection
point. Appropriate control of growth conditions and dopant
incorporation should make higher Fermi levels accessible
through doping, potentially enabling devices based on NDR.
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