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In this paper, we prepare heavily electron doped Lagp4BagosSnO; (LBSO) thin films on a SrTiO5 (STO)
substrate by the pulsed laser deposition method under different oxygen pressures, in which different levels of
oxygen vacancy concentrations are present. Normally, oxygen vacancies are implicitly assumed as isolated point
defects that dope the materials with electron carriers, whereas oxygen-deficient LBSO films exhibit an apparent
metal-to-insulator transition combined with lower carrier concentrations and mobility with increased oxygen
vacancies, which are concluded from the transport measurement data. Considering the almost constant density of
threading dislocations and the higher formation energies for other intrinsic crystal defects, the observed transport
trends are ascribed to the extra oxygen vacancies introduced. Therefore, strong electron localization originating
from the interaction between the oxygen vacancy and La impurity is proposed for interpreting the behavior in
oxygen-deficient LBSO films. Oxygen-deficient crystal structure models for LBSO have been optimized and
the electronic structures are revealed by first-principles calculations based on the density functional theory. The
partial density of states results indicate that strong electron localization comes from the deep strongly localized
states in the forbidden gap, which are mainly composed of hybridized orbitals of O 2p with Sn 5s5p and some
amount of Sn4d. Thus, the control of the oxygen defects and the related electronic states in barium stannate is
essential for achieving optimal electrical performance and as potential applications in perovskite heterostructure

devices.
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I. INTRODUCTION

Barium stannate (BaSnO3) with an ideal cubic perovskite
structure, which behaves as a wide band-gap semiconductor
and has a high-temperature stability up to 1000 °C [1], has
been proposed as an alternative transparent conducting oxide
(TCO) material for the well-known Sn doped In,O3; (ITO)
[2]. Analogous to the local density approximation (LDA)
result of ITO, the spatially delocalized conduction band of
BaSnO; mainly consists of metallic Sn 5s orbitals, is highly
dispersive with an optical gap larger than 3 eV from the
valence band maximum, and predicts a low electron effective
mass m* of 0.2mg [3,4]. It indicates the potential for good
electrical mobility coupled with high optical transmission.
Compared with conventional binary oxides, doped BaSnO;
with a ternary perovskite structure is more flexible in struc-
tural modification and the controllability of properties. An

at room temperature (RT) was reported in La doped BaSnO3
single crystals [5,6], which was the highest value among the
known TCO materials. For La,Ba;_,SnO3/BaSnQOj thin films
epitaxially grown on (001) SrTiOs3, the record of w is only
up to 120cm? V! s~!, which is mainly ascribed to the extra
misfit/threading dislocations induced by the lattice mismatch
[7]. Additionally, perovskite-type oxides have displayed their
impressive multifunctionality such as colossal magnetore-
sistance [8], superconductivity [9], ferroelectric polarization
[10], and multiferroicity [11]. It is appealing to develop other
perovskite TCOs that may be valuable for practical applica-
tions and thus to realize transparent all-perovskite electronic
devices with unexpected quantum physical properties.

In addition to impurity doping, the oxygen vacancy is a
fundamental and intrinsic nonstoichiometric defect in per-
ovskite oxides. The subtle deviation of oxygen occupancy
from ideal stoichiometry plays a crucial role in the evolution

unusually high mobility . that was reached 320 cm* V="s™! of their physical properties, such as superconductivity [12],
and electrical [13] and magnetic properties [14]. In many
cases, the degradations or failures of perovskite oxide devices
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postannealing [20,21]. Thus, the cubic perovskite BaSnOs;
is versatile enough to modify and extend their properties by
inducing charged point defects, such as oxygen vacancies and
doped impurities. A systematic understanding of how charged
point defects influence electronic transport is fundamental
for further insights into perovskite oxide-based devices. It
is worth grasping the electronic mechanisms that enable us
to optimize and control the properties of the highly doped
BaSnOj; with abundant defects, which is essential for realiz-
ing the desired thin film, interface, and surface in different
functional devices.

It is generally recognized that oxygen vacancies act as elec-
tron donors in oxygen-deficient BaSnO; and provide electron
carriers [17-21] in oxides. Therefore, dramatic changes in the
transport behaviors are anticipated. The charged point defects
in the oxygen-deficient BaSnO3 system with heavy chemical
impurity doping play a key role in the mobility-limited scat-
tering processes on the transport property. In this paper, we
have carried out systematic experiments on oxygen-deficient
Lag04BagosSn0O3 (LBSO) thin films epitaxially grown on
(001) SrTiO3 substrates by pulsed laser deposition (PLD)
combined with theoretical analyses by density functional the-
ory (DFT) calculations. Contrary to the typical behaviors of
the reported oxygen-deficient BaSnO; with a resistivity that
was varied from the insulating to metallic by the introduced
oxygen vacancies [17,18,21], our oxygen-deficient BaSnO3
with an extra heavy La impurity experiences an opposite
transition from a metallic state to an insulating state, followed
by a decrease in carrier concentration and mobility. We at-
tribute these contrary results to the defect-defect interactions
between the oxygen vacancies and La dopants in the oxygen-
deficient LBSO material system, which are accompanied by
deep localized states in the forbidden gap and their associated
strong electron localization.

II. EXPERIMENT

A stoichiometric Lag g4Bag 96SnO3 ceramic target was pre-
pared by the traditional solid-state method. Epitaxial LBSO
films were prepared on (001) SrTiO;3 single-crystal substrates
by PLD (Pascal Company, Ltd., Japan) with a KrF excimer
laser (A = 248 nm). The pulse energy and frequency irradi-
ated on the target were maintained at 120 mJ and 2 Hz.
During the film synthesis, the substrate temperature was kept
at 850 °C and the growth oxygen pressures varied from 1 to
20 Pa. After deposition, the samples were in situ annealed
for 30 min at 100 Pa with a lower temperature (800 °C)
and then cooled down to room temperature with a cooling
rate of 20°C/min. The structural analyses were conducted
on the Rigaku SmartLab high-resolution x-ray diffraction
[XRD, Cu K« radiation, Ge(220) two-bounce monochro-
mators]. The temperature-dependent electrical characteris-
tics of the samples were measured using a physical prop-
erty measurement system (PPMS, Quantum Design, USA).
The transmission electron microscopy (TEM) characteriza-
tions were conducted with a JEM-ARM200F system to get
the bright-field images on the cross section. X-ray absorp-
tion spectroscopy (XAS) measurements were performed on
the BL12B-a beamline at the National Synchrotron Radia-
tion Laboratory (Hefei, China) to investigate the electronic

structure of LBSO thin films. X-ray photoelectron spec-
troscopy (XPS) with a monochromatized Mg Ko x-ray source
was used to compare the relative oxygen vacancy concentra-
tions of the films.

First-principles DFT calculations were performed based
on the LDA scheme to examine the role of defect-defect
interactions on the electronic structures in the oxygen vacancy
and La impurity doped BaSnOs. All the calculations were
done by using the Vienna ab initio simulation package (VASP)
within the density functional approximation [22]. A kinetic
energy cutoff of 400 eV was used in the plane-wave basis
set. The Brillouin zone (BZ) was sampled with a 2 x 2 x
2 special k-point grid. For determining the relative stability of
different doping sites, defects were calculated in a 3 x 3 X
3 supercell based on the cubic Pm3m perovskite structure of
BaSnOs3. After the calculations, all atomic coordinates were
relaxed, and the Hellmann-Feynman force reached less than
0.02 eV/A.

III. RESULTS AND DISCUSSION

A. XRD characterizations for the films prepared under
different oxygen pressures

High-quality epitaxial LBSO thin films can be prepared
in a wide range of oxygen pressures, from 1 to 15 Pa, as
shown in Fig. 1(a). The XRD patterns (6-26 scans) of the as-
grown films show only the (00/) Bragg reflections, suggesting
heteroepitaxial LBSO structures oriented normal to the (001)
STO substrate surface without secondary phases. The (002)
LBSO reflection peaks shift gradually to the lower 20 angle
and the corresponding c-axis lattice parameters derived from
the reflection peaks of the films prepared under a series of
oxygen pressures are plotted in Fig. 1(b). For samples grown
under oxygen pressures that varied from 7.5 to 15 Pa, the
c-axis parameters, around 4.117-4.120 A, are very close and
comparable to that of LBSO (a. = 4.118 A). With a further
oxygen-deficient environment, the lattices undergo a mono-
tonic increasing toward 4.171 A (grown with 1 Pa). When the
films are grown under a lower oxygen pressure, more oxygen
vacancies are expected, which is confirmed by the XPS results
discussed below. We anticipate that the lattice will experience
an expansion, as a result of the enhanced Coulomb repul-
sion originating from the increasing concentration of charged
defects (Vo) [17]. Increased lattice constants with a reduced
oxygen pressure have also been reported in other oxygen-
deficient perovskites [17,18]. Considering the lattice constants
of the thin film and the substrate, the lattice mismatch be-
tween LBSO (a. = 4.118 A) and STO (a. = 3.905 A) is about
5.45%. Such a large lattice mismatch develops grain bound-
aries and dislocations in the epitaxial LBSO films. Although
disorders were introduced by the large lattice mismatch, all
films were still highly crystallized as the narrow full width
at half maximum (FWHM) in the rocking curves of (002)
LBSO peaks. Both the high crystallinity and phase purity of
the perovskite structure are available within a broad oxygen
pressure range. The (002) film peaks widened slightly with
increasing oxygen pressure up to 15 Pa, meanwhile further
worsening of the crystalline quality should be noticed under
the higher oxygen atmosphere. A (002) FWHM of 2.278°
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FIG. 1. (a) The XRD 0-26 scans of LBSO/(001)STO heterostructures deposited at six different oxygen pressures of 15, 10, 7.5, 5, 2.5, and
1 Pa, respectively. (b) Out-of-plane lattice parameters and the corresponding full width at half maximum (FWHM) of (002) LBSO diffraction
peaks as a function of growth oxygen pressures. RSM around the (103) STO and the (103) LBSO reflections at (c) 1 Pa and (d) 15 Pa,

respectively.

from the sample grown under 20 Pa was obtained (see the
Supplemental Material [23] for additional XRD results in
Fig. S1, which also includes Refs. [24-36]).

XRD reciprocal space mappings (RSMs) were conducted
to investigate the strain state in LBSO films. Figures 1(c) and
1(d) show asymmetrical RSMs around the (103) reflections of
STO and LBSO thin films grown at 1 and 15 Pa, respectively.
The (103) LBSO reflection dots of the films grown at 1 Pa
have higher peak intensities and narrower widths than those
grown under higher oxygen conditions, suggesting a better
crystal quality, which is consistent with the results of XRD
scans mentioned above. The in-plane lattice parameters are
calculated to be about 4.120 A at 1 Pa and 4.124 A at 15 Pa.
The RSM data for the rest of samples are shown in Fig. S2 of
the Supplemental Material [23]. All oxygen pressure variable
samples show similar in-plane lattice parameters. Therefore,
the epitaxial strain of all LBSO layers is almost completely
relaxed, which is attributed to the large lattice mismatch with
the STO substrates. It can be noted that there is an expan-
sion of the c-axis lattice with decreasing deposition oxygen
pressure, meanwhile the a/b-axis lattice is nearly unchanged,
suggesting the effects of substrate constraint. The ratio of the
¢ axis over the a/b axis varies from 0.999 to 1.013 as the
variation of the resulting structures.

B. Oxygen deficiency confirmed by XPS measurements

To quantify the relative oxygen-related defect concentra-
tions in these La doped BaSnO; films of variable growth
oxygen pressures, we have performed O ls core-level XPS
spectra as shown in Fig. 2. The spectra can be deconvoluted
into three different contributions: The low-energy component
(528.8 eV) originates from the oxygen in oxide lattices, the
middle peak (530.8 eV) corresponds to the oxygen within
the nonstoichiometric La doped BaSnO;3 of the oxygen-
deficient regions, and the one at the high-energy component
(533.6 eV) which is only observed in the films of 1 Pa
in our experiments belongs to the loosely bound oxygen
or hydroxyl species on the film surface [18,37]. Therefore,
changes in the integrated area ratios of the oxygen-deficient
component (including the peaks at 530.8 and 533.6 eV) to the
lattice oxygen component may be connected to the relative
variations in the concentration of oxygen vacancies. In Table I,
we list the Oyoniattice /Olattice Tatios of the samples grown under
different oxygen pressures. It is noteworthy that the highest
oxygen vacancy concentration appears at the lowest deposi-
tion oxygen pressure. Nonstoichiometric oxygen vacancies
decrease with increasing growth oxygen pressure until it
reaches a minimum at a pressure of 7.5 Pa. A slight increase
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FIG. 2. XPS O 1s spectra of La doped BaSnO; thin films deposited on the growth oxygen pressures of (a) 1 Pa, (b) 2.5 Pa, (c) 5 Pa, (d) 7.5 Pa,
(e) 10 Pa, and (f) 15 Pa, respectively. The experimental data were deconvoluted into three components at about 528.8, 530.8, and 533.6 eV.

in the Oponattice /Olattice Tatios at higher oxygen pressures may
be attributed to the oxygen deficiency that originates from
the lattice disorders due to the deteriorated crystalline quality
(referred to the XRD results in Fig. 1). Therefore, this series
of XPS spectra confirms that the relative oxygen deficien-
cies of the films increase during lower oxygen deposition
conditions.

C. Electrical transport properties

A subtle modification of the oxygen vacancy concentration
significantly influences the evolution of electrical transports.
Detailed analyses of the electrical transport properties (re-
sistivity p, carrier concentration n, and mobility u) of these
Vo-variable LBSO thin films are obtained as functions of
temperature. The schematic illustration of the films and the
Au electrodes used for measurements is shown in the inset
of Fig. S3 of the Supplemental Material [23]. According to
the p-T characteristics from Fig. 3(a), the T dependence of p
changes dramatically for the samples with slightly different
deposition oxygen pressures. The RT resistivity increases
monotonically with decreasing deposition oxygen pres-
sures (increasing oxygen vacancies). A 10%-fold increase in
p(300 K) for samples from 7.5 to 1 Pa, and an obvious
transition crossing from metallic to insulating behavior occur.
For films grown on 7.5 Pa, a dominant metalliclike behavior
can be observed down to 20 K, while resistivity begins to

TABLE 1. The Oyonlatice/Olatice Tatios as a function of oxygen
pressures from 1 to 15 Pa.

Oxygen pressure (Pa) 1 2.5 5 7.5 10 15

Ohontattice / Olattice 0.8129 0.4604 0.3703 0.2741 0.3344 0.3473

increase at lower temperatures when donors begin to freeze
out. A rapid increase of the metal-insulator transition tempera-
ture (Ty) followed by the complete characteristic of semicon-
ducting behavior for the 1-Pa sample is revealed in the data
for higher oxygen vacancy concentrations, accompanying an
overall rise of p in the measured temperature range.

A series of conductive models have been applied to the p-T
data to get a better understanding of the transport properties.
Good linear relationships between p and —1In T, as displayed
in Figs. S3(a)-S3(d) (see Fig. S3 in the Supplemental Material
[23] for a linear fitting of the R-T curves), are observed over
the semiconducting regime (below Ty;), suggesting that two-
dimensional weak localization [38] dominates the conduction
mechanism. Similar behaviors have been previously found in
La doped BaSnO; [39] and oxygen-deficient BaSnOs [17]
thin films. Above the Ty temperature, a T2 dependence of re-
sistivity (o ~ T?) is observed, signaling the beginning of the
predominance of delocalization effects and electron-electron
interactions. The linear fitting relationships between p and
—In T or between p and T2 are also presented in Fig. S3 of the
Supplemental Material [23]. This result reveals that electrons
become more localized due to oxygen deficiency (reduced
oxygen pressures), which is proved by an increase of Ty; and
concomitant resistivity at the whole measured temperature
range.

Carrier concentrations and Hall mobilities measured with
a temperature dependence are exhibited for further inves-
tigation. As shown in Fig. 4(a), the carrier concentrations
are essentially invariant in the temperature range, evidencing
a typical trait of degenerate doping with an absent donor
activation energy. Considering each La donor provides one
free electron, a carrier concentration of 5.72 x 102° cm™3
would be expected in BaggsLlag0sSnO3 films. Experimental
results reveal that the films with the best conductivity grown in
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FIG. 3. (a) The normalized resistance-temperature (R-T) curves of LBSO films grown under oxygen pressures from 1 to 15 Pa, in which
temperatures marked by black arrows represent metal-insulator transition points. Temperature-dependent resistivities were measured for the
films grown at (b) 1 Pa, (c) 2.5 Pa, (d) 5 Pa, and (e) 7.5 Pa, respectively. The experimental data are symbolized by black square dots and the red
solid lines represent functional dependency fitting with p oc —In T and p o< T2, respectively. Gray shapes in (c)—(e) represent the approximate
temperature range in which the transition crossing from metallic to insulating behavior occurs.

7.5 Pa have a room-temperature effective carrier concentration
of 7.5 x 10* cm™3 with an activation ratio slightly exceed-
ing 100%, which can be attributed to the trivially deviated
chemical composition of the ceramic target or extra free
carriers from oxygen deficiency. Interestingly, we notice that
there is a decrease of the carrier concentration followed by a
decrease in mobility [Fig. 4(b)] when extra oxygen vacancies
are introduced, which is contrary to the previous works for the
typical behavior of oxygen-deficient BaSnO; [17,18,21].
Moreover, the mobilities show different temperature-
dependent behaviors depending on the oxygen pressures.
Films with a higher oxygen pressure exhibit higher mobilities
and a negative temperature coefficient contrary to the lower
one. We attribute these mobility-limited scattering processes
to the collective effect of the dislocation scattering and the
oxygen-vacancy-introduced variation of carrier concentra-
tions. When different scattering sources exist, the contribu-
tions of the individual scattering mechanisms can be applied
to analyze the observed mobility by using Matthiessen’s rule
[40]. To get more insight into the dominant scattering pro-
cesses for oxygen-variable LBSO films, we consider lattice

phonon scattering fip,, impurity scattering ftiyp, and charged
threading dislocations ¢g4is as the main sources of the electron
scattering. Consequently, the observed mobility in the usual
approximation is

Pabs = Hgn + Hip + P (M
The contributions derived from pim, include ionized and
neutral impurities in the degenerately doped semiconductor,
which are generally known as nearly temperature independent
[41] and can be treated as constant. In our work, both V;;" and
Lag, can be classified as ionized impurities. Accordingly, the
major temperature-dependent processes would be ascribed to
the other two scattering mechanisms. The metal-like mobility
curves (oxygen pressure of 7.5 Pa) with the characteristic
of higher carrier concentration have been evaluated by the
following equations,

-1 —1 —1
Hobs = u’ph + Mimp’ (2)
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FIG. 4. (a) Carrier concentration n and (b) mobility p as a
function of temperature at oxygen pressures of 2.5, 5, and 7.5 Pa.
(c) Mobility of films grown at 7.5 Pa and contributions from difterent
scattering mechanisms. (d) Linear fit of In p vs 1000/T for the film
grown at 2.5 Pa.

with

(see Ref. [42]) and
Wimp = const, 3)

where o represents the mobility at the reference tem-
perature Ty, and p stands for the exponent of power law
scaling. We attribute the temperature-independent part of
the observed mobility to the pimp. The well-fitted curve
provides a temperature-independent mobility imp about
20.5cm? V™! s7!, while an exponent p of —2.5 suggests
that the scattering of carriers is mainly attributed to the
acoustic phonon modes (A = —0.5) via two-phonon processes
(Mph T%~2) [43]. This demonstrates the typical competi-
tion between pipy and Wimp. Due to the reduction of phonon
scattering /L_hl at low temperature, the mobility increases
monotonouslpy with reduced temperature. The effect of the
dislocation scattering is minimal and ignorable since their
charges are screened out by the high concentration of free
carriers.

Though LBSO films are dominantly epilayers, additional
scattering sources, such as threading dislocations (TDs) and
grain boundaries, should be considered because of the large
lattice mismatch with the (001) STO substrate [20]. The edge
components of dislocations introduce acceptor centers along
the dislocation line, and accordingly they act as acceptorlike

defects and thus capture n-type carriers from the conduction
band [2,44]. A space charge layer is formed around the
negatively charged dislocations to introduce extra scatter-
ing sources against electrical transport. For a lower carrier
concentration under reduced oxygen pressure, the screening
effect of electrons on dislocation scattering are weak, result-
ing in a dominant dislocation scattering jt3!. Therefore, the
contributions of y,_hl and ,ui_mlp are negligible. As shown in
Fig. 4(d), mobilities were found to exhibit thermally activated
behaviors, which suggests a dominant dislocation scattering
process, in accordance with the dislocation scattering model in
n-type GaN films reported previously [44], pais ~ exp(% ,
where AFE is the electron mobility activation energy, yielding
a value of 1.21 meV.

Both charged point defects (V;" and Lag,) and dislocations
exist in our LBSO films. They are essential for the transport
properties as observed. Based on the TEM studies as shown
in Fig. S4 (see the detailed discussions in the Supplemental
Material [23]), it is demonstrated that the LBSO film grown
at 1 Pa has a TD density similar to the LBSO film grown
at 7.5 Pa. The TD densities can be estimated approximately
as ~9.3 x 10'°cm~2, which is in accordance with a previous
report on BaSnO3/(001)SrTiO3 films [45]. Accordingly, the
TD density is supposed to be unchanged by merely varying the
concentrations of oxygen vacancies with a fixed substrate and
other growth conditions, and thereby the carrier concentration
varying trend observed in our oxygen-deficient series samples
is uncorrelated with the TD density. Due to the cube-on-cube
relationship of LBSO film epitaxy on the STO substrate,
no other grain orientations were observed (XRD phi scans
displayed in Fig. S5 of the Supplemental Material [23]). On
the other hand, some TDs may be arranged in the form of
small angle grain boundaries. The contributions of these grain
boundaries to electrical transport are similar to TDs. Unin-
tentional native point defects may also play a non-negligible
role in the evolution of electrical transports in LBSO films,
if their concentrations are considerable. Therefore, intrinsic
defects, including V,;, Sn; Bn;, VB,, Vsu, Sng,, Bag,, and O,
were deliberately considered in 3 x 3 x 3 Bag.gg3La0.0375n03
supercells for studying their thermodynamic formation. Cal-
culation results indicate that Vg is the most stable defect and
hence plays a prominent role in the transport properties. In
other words, the concentrations of other intrinsic defects are
so few that they should not be responsible for the strong elec-
tron localization observed. More information on the defect
thermodynamic analysis is discussed in Fig. S6 of the Supple-
mental Material [23]. Scanlon et al. have also demonstrated
that the formation energy of V5" is lowest and other intrinsic
defects are thermodynamically restricted in BSO under O-
poor conditions by DFT [46]. As a result, we attribute the
observed lower carrier concentration under decreasing growth
oxygen pressure to the extra introduced oxygen vacancies,
which can compensate electrons from La doping and cause
strong electron localization.

Taking account of more oxygen vacancies created by the
reduction of oxygen pressure, it is widely recognized that
these point defects act as donorlike defects and provide two
electrons simultaneously in oxides which can be written
as Of — %02 + V45" +2¢. In consideration of extrinsic La
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donors being also expected to produce one free electron, it
is reasonable to assume an increase of effective carrier con-
centrations with increasing oxygen vacancies. However, our
work shows a result contrary to the expectations. Compared
with the research of oxygen-deficient BaSnO; that has been
reported, our oxygen-deficient films with heavy La impurity
doping show lower carrier concentrations which may corre-
late with defect-defect interactions. Similar to the previous
works in perovskites, experiments have evidenced that the
carrier densities in oxygen-deficient SrTiO; [47] and degraded
BaTiO; [48] were lower than anticipated by assuming that a
single isolated oxygen vacancy provides two free electrons.
It is reported that in highly reduced SrTiOs;.;, the oxygen
vacancies tend to exist in an ordered way, such as the form
of oxygen divacancies or linear clusters [49,50]. Meanwhile,
they bring in deep localized states in the forbidden gap and
its associated electron localization. Although defect-defect
interactions, such as vacancy clustering or the interaction
between the oxygen vacancy and impurity dopant, have not
been previously reported in donor-doped BaSnOj thin films,
it is reasonable to suppose their presence in the consideration
of the thermodynamic limits to produce a uniform distribution
of defects. The oxygen diffusion constant of LBSO/(001)STO
films is roughly estimated to be ~10~'5 cm? s~! at 530 °C [5].
This value is far lower than those of the titanates, which are
on the order of 1078 cm? s~! at 600-650 °C [51].

As the deposition oxygen pressure continuously increases
above 7.5 Pa, the FWHM of the rocking curves of the (002)
LBSO diffractions widens. It means that the crystalline quality
begins to deteriorate, accompanied by electron localization.
We ascribe these worsened transport behaviors to more lattice
defects, such as grain boundaries and dislocations, introduced
by the poor crystalline quality at higher deposition oxygen
pressures. More information on the electrical transport prop-
erties at different oxygen pressures from 7.5 to 20 Pa is shown
in Fig. S7 (see the detailed discussions in the Supplemental
Material [23]).

IV. BAND STRUCTURE AND DENSITY OF STATES FROM
FIRST-PRINCIPLES CALCULATIONS

As the effects of other defects have been ruled out, we
focus on the role of V" and Lag, on electronic structures and
the consequent strong electron localization by further first-
principles calculations. First, we calculated the band structure
and density of states (DOS) on both undoped BaSnO; and
(Ba, La)SnO3 in the LDA scheme, which are consistent with
the research published previously [6,52]. These calculations
predict that BaSnOj3 has an indirect band gap and the Fermi
level lies in the band gap based on the electronic band struc-
ture in Fig. 5(a). When a Ba”* ion is substituted by the La’**
ion in the 3 x 3 x 3 supercell, corresponding to the La doping
rate of x = 0.037 in La,Ba;_,Sn0Os, the Lay, defect acts as an
electron donor and moves the Fermi level into the conduction
band as shown in Fig. 5(b).

Based on the La’* ion impurity doping, the evolution
of the band structures of (Ba,La)SnO3 with extra oxygen
vacancies was further investigated. Various configurations of
(Ba, La)SnO; with both single and two oxygen vacancies
in a3 x 3 x 3 unit supercell are pondered. The structural

2|(a) 2 [i0) =~ N
20
>
o
2
w-2

Energy (eV)

-4 =
r Xx. Mm © R T X M T R

FIG.5. The band structure of (a) BaSnO;, (b)
Bagos3Lago37Sn03,  (¢)  BagossLagos7SnOs0s3, and  (d)
Bago63La0,0375n0,975 from first-principles calculations with a
3 x 3 x 3 supercell. For Ba;La,SnO;, one of the Ba?>* ions is
substituted by the La** ion equivalent to a doping rate of x = 0.037.
Based on the La*" ion impurity doping, an extra oxygen vacancy
was (two extra vacancies were) introduced in a 3 x 3 x 3 supercell
in the form of Bag gs3La0,037Sn01.983 (Bag.os3L.29.0375102.975).

configurations are displayed in Figs. S9 and S10, and con-
sequently the ground-state energies after structural relaxation
are presented in Fig. S11 of the Supplemental Material [23].
The band structures of Lag y37Bag 963500, 9gg with minimal
ground-state energy are exhibited in Fig. 5(c). An additional
localized state with the energy level located at 0.76 eV below
the conduction minimum is observed, accompanied by the
reduction of DOS near the Fermi level. This in-gap state
suggests the defect-defect interactions of codoped V;" and
Lag, ions. For higher oxygen vacancy densities, two oxygen
vacancies were created in the 3 x 3 x 3 supercell. The
most stable configuration with minimal ground-state energy
was also chosen to be analyzed for several configurations
tested. As can be seen in Fig. 5(d), another in-gap state is
introduced in the forbidden gap, resulting in two separate
occupied localized states. The band structure manifests that
partial electrons are localized in the in-gap states.
Considering the total and partial DOS of BaSnOj systems,
our results of undoped BaSnO; and (Ba, La)SnO; (shown in
Fig. S8 of the Supplemental Material [23]) are quite similar
to the published studies [6,36]. It is clear that the conduction
band minimum (CBM) of BaSnOs; mainly originates from
SnSs orbitals and produces a large band dispersion, while
the valence band maximum (VBM) is dominantly comprised
of O2p characters. By substituting the Ba®* sites partly of
BaSnO; with the La** ions, the Fermi level appears in the
CBM which is mainly derived from the hybridization between
the Sn Ss states and the O 2p states with a Sn-O antibonding
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FIG. 6. Total and partial DOS of the cubic Lagg37Bages3SnO3; with extra (a) single oxygen vacancy and (b) two oxygen vacancies

introduced.

character. However, additional DOS from in-gap states are
present in the forbidden band with extra oxygen vacancies
introduced. As shown in Fig. 6(a), the DOS of a single
localized state [state A (A; and A,)] around 0.76 eV below the
CBM is composed of two parts. The lower-energy part (A)
consists of Sn5s and O 2s2p orbitals, and the higher-energy
part (A;) mainly corresponds to the hybridization of O2p
orbitals and Sn 5s55p with some amount of Sn 4d orbitals. For

the two oxygen vacancy case in Fig. 6(b), another localized
state (state B) appears between state A and the CBM, which is
denoted as state B. State B is composed of three parts. The two
lower-energy parts are composed of SnSs5p4d and O2s2p
orbitals, while the higher-energy part is mainly composed of
Sn 5s and O 2p orbitals.

Ba outer shell orbitals contribute no density to the DOS
near the Fermi level, except the very little contribution from

TABLE II. The separate contribution of atomic orbitals for the DOS of a single oxygen vacancy introduced.

Ba 6s Ba6p Ba5d Sn5s Sn5p Sn4d O2s O2p La 6s/5p/5d
A (%) 0 0 0.47 57.24 491 3.74 18.46 15.19 0
A, (%) 0 1.09 1.99 24.39 16.28 8.30 4.43 43.53 0
Total (%) 0 0.94 1.78 28.93 14.70 7.67 6.37 39.61 0
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TABLE III. The separate contribution of atomic orbitals for the DOS of two oxygen vacancies introduced.

Ba6s Ba6p Basd SnSs SnSp Sn4d 02s 02p La6s/5p/5d
A, (%) 0 0 0.60 56.96 5.8 4.08 15.59 17.51 0
As (%) 0 0.39 1.05 27.07 14.74 5.88 5.77 44.97 0.13
B (%) 0 0.94 2.80 20.70 19.08 10.88 484 4031 0.41
Total (%) 0 0.65 1.93 25.67 16.39 8.36 591 40.80 0.27

the 5d orbital in the in-gap states. From the partial DOS
(PDOS) plot of the La outer shell orbitals in Fig. 6, La**
doping in the BSO system has a negligible contribution for
the DOS near the Fermi level; only several flat bands are
present with energies well above the Fermi level [as shown in
the band structures in Figs. 5(b)-5(d)]. The La impurity acts
as electron donors and offers free carriers to make the insu-
lating BSO conductive. Meanwhile, the DOS near the Fermi
level for oxygen-deficient models decreases when compared
to (Ba,La)SnOj [refer to Fig. S8(b) of the Supplemental
Material [23] and the Fermi level is fixed to zero energy].
Free electrons released from the La impurity are constrained
to the neighboring O and Sn atoms in the supercell, induced
by the influence of extra oxygen vacancies. Consequently,
electrons are mostly localized around the in-gap states and
associated electron localizations occur. These results allow
a good explanation for the strong electron localization ob-
served in our experimental facts. The separate contributions
of atomic orbitals for DOS in the situation of an extra single
oxygen vacancy and two oxygen vacancies introduced are
shown in Tables II and III, respectively.

V. CONCLUSIONS

In this work, high-quality oxygen-deficient
Lag4BagosSnO3 thin films epitaxially grown on (001)
SrTiO; substrates were prepared in a wide range of oxygen
pressures by PLD. The defect-defect interactions between
the V;" and La®" ions and their associated strong electron
localization have been observed in both experimental results
and first-principles calculations on the BaSnOs; system.
Based on the La** ion impurity doping, in-gap states are
introduced into (Ba, La)SnO; with extra oxygen vacancies

originating from the lower growth oxygen pressures. Free
electrons mainly originating from the La’* donors are
localized around the neighboring O and Sn atoms in the
supercell with extra oxygen vacancies being introduced.
Consequently, the in-gap states which are mainly derived
from the combination of O2p and hybridized Sn 5s5p with
some amount of Sn4d orbitals appearing in the forbidden
band are revealed by first-principles calculations. Reflected
on the electrical transports, an obvious transition crossing
from metallic to insulating behavior occurs, followed by
a decrease in both carrier concentrations and mobility in
oxygen-deficient LBSO films. Considering the abundance
of intrinsic and extrinsic defects in wide-gap perovskite
oxide materials, it is significantly meaningful in the study of
defects and related electronic states in the BaSnO3 system for
more scientific challenges and further insight into perovskite
oxide-based devices.
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