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Oxygen vacancies are often attributed to changes in the electronic transport for perovskite oxide materials
(ABO:s). Here, we use density functional theory coupled with nonequilibrium Green’s functions to systematically
investigate the influence of O vacancies and also A- and B-site vacancies, on the electronic transport as
characterized by a scattering cross section. We consider StTNbO; and n-type SrTiO; and contrast results for
bulk and thin film (slab) geometries. By varying the electron doping in SrTiO; we get insight into how the
electron-vacancy scattering varies for different experimental conditions. We observe a significant increase in the
scattering cross section (in units of square-lattice parameter a”) from ~20.5-2.5a> per vacancy in StNbO;3 and
heavily doped SrTiO; to more than 9a? in SrTiO; with 0.02 free carriers per unit cell. Furthermore, the scattering
strength of O vacancies is enhanced in TiO, terminated surfaces by a factor of more than 6 in lowly doped SrTiO3
compared to other locations in slabs and bulk systems. Interestingly, we also find that Sr vacancies go from being
negligible scattering centers in StNbO; and heavily doped SrTiOj, to having a large scattering cross section in
weakly doped SrTiO;. We therefore conclude that the electron-vacancy scattering in these systems is sensitive

to the combination of electron concentration and vacancy location.

DOLI: 10.1103/PhysRevB.109.205129

I. INTRODUCTION

The plethora of material properties that perovskite oxides
(ABO3) offer is rewarding both for applications and also from
a fundamental point of view. The behavior of these mate-
rials emerges from the complex interaction among atomic,
electronic, and lattice degrees of freedom, and perovskite
oxide materials show many exotic properties that can be
controlled by tuning the chemical composition. Through op-
timized growth procedures, to limit defect formation, oxide
films can exhibit highly mobile electrons [1]. More specifi-
cally, it has been shown both experimentally and theoretically
that the oxygen content is crucial for the electronic structure
and properties of oxides [2,3]. The disorder due to oxygen
vacancies has been connected to the poor or even insulating
electronic behavior of thin film oxides [4-8]. On the other
hand, O vacancies are known to form n-type SrTiOsz, and
they have even been attributed to the formation of highly
conducting two-dimensional electron gases at the interface
between insulating oxides [9]. This suggests that O vacan-
cies both result in free electrons and also act as scattering
centers. Furthermore, both A- and B-site vacancies/disorder
have been correlated with electrical properties in perovskite
oxides [6,10,11]. In other words, it might be important to
consider the different types of vacancies and their relative
importance might not be universal. Moreover, since the ex-
perimental studies are often based on thin films, the role of
finite thickness should be considered. The thickness of the
film could influence the vacancy formation, but perhaps also
the scattering strength of one vacancy. The exact relation
between vacancies, film thickness, and the electron mobility
still remains to be explored.
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An oxide of recent interest is StTNbQO5 [12]. The interest
stems from the potential to use StNbO; as a transparent con-
ductor [13] or even to realize extremely mobile electrons by
forming semi-Dirac dispersions [14]. These findings make
it worthwhile to ask what the effects of different vacan-
cies are on the electronic transport properties in a material
such as SrNbO;. Furthermore, experiments suggest that the
carrier concentration of conducting oxides is thickness depen-
dent [15,16], which leads to the question of whether this has
a significant impact on the behavior of the electron-vacancy
scattering.

To answer these questions, we examine the influence of
vacancies on the electronic transport in StNbO3 and n-type
doped SrTiO; using density functional theory (DFT) based
calculations. We employ nonequilibrium Green’s functions
(NEGFs) to remove periodic boundary conditions (PBCs) and
to study transport. Both bulk and slabs are considered, and dif-
ferent vacancy types and positions are sampled. To investigate
the importance of carrier concentration, we systematically
vary the electron count of SrTiOs by alloying with V within
the virtual crystal approximation (VCA).

We show that the vacancies reduce the electron transmis-
sion, and hence conductance, as expected. More interestingly,
we note how O vacancies have a rather small scattering cross
section and resistance, compared to Nb or Ti vacancies. Fur-
thermore, we find that decreasing the electron concentration
in SrTiO; leads to a significant increase in the scattering cross
section of Sr and Ti vacancies, while O vacancies are not
affected as much. This suggests that A- and B-site vacancies
might play a large role in the electronic behavior of thin film
oxides, especially in conditions where the carrier concentra-
tions are depleted in the thin films. Moreover, slabs show
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FIG. 1. Schematic of the transport problem of the two u.c. thick slab of StTNbO; or SrTiO;. The transport is in the z direction and repetition
of three u.c. is used in the x direction to reduce the vacancy-image interaction. The transparent circles denote the “left”/“right” electrode
regions. The vacancies are placed at the center of the scattering region. Note that the vacuum region is shrunk for visualization purposes. The

unit cells are counted starting from the NbO, or TiO, termination.

steps in the energy-resolved conductance due to confinement
effects. Interestingly, we find that TiO, terminated surfaces
show enhanced O vacancy scattering cross sections, compared
to bulk and other layers.

II. METHOD

The PBE [17] DFT functional was used throughout the
paper. We note that some transition metal oxides require
beyond DFT to predict the correct electronic phase, e.g.,
metal vs insulator. However, both experiments [12,13] and
dynamical mean-field theory calculations [13,18] indicate that
SrNbO; is in fact metallic as predicted by band theory. In
any case, we performed a few calculations of both pristine
and defective (with O vacancy) two unit cells (u.c.) slabs of
SrNbO3 with a Hubbard U correction. We sampled values up
Ugt = U —J =5-0.8¢eV. All configurations were conduc-
tive and the U had a minor influence on the electron-vacancy
scattering. To reduce the computational cost and to ease the
numerical convergence, we stay at the DFT level, i.e., no
further DFT + U calculations were performed. To study the
electron transport we use NEGFs, in which one separates the
“scattering” region (colorful circles in Fig. 1) from the semi-
infinite “electrode” regions (transparent circles in Fig. 1). We
consider both StNbO; and SrTiO; doped with electrons by
mixing the pseudopotential of Ti and V within the VCA [19].
The electrodes are pristine (bulk or slabs) cells and act as
infinite reservoirs where the electrons are in (local) equilib-
rium described by a temperature and chemical potential. The
scattering region contains repetitions of the perovskite oxide
cells along the transport direction (z), but now with a vacancy
included. This is where the periodic translational symmetry
of the lattice is broken and a resistance emerges. PBCs are
applied in the transverse x and y directions (we use three u.c.
in both directions in bulk and three u.c. in the x direction in
slabs). Therefore, the defect-defect distance is three unit cells
in the transverse directions. This was a compromise between
the cost and accurate description of local point defects. In the
x,y directions we employed 12 k points (per unit cell) for
the calculation of self-consistent charge densities, while the
transmission functions were calculated using 60 k points (per
unit cell). In the NEGF technique the semi-infinite “left/right”
electrodes are coupled to the central region via left/right
self-energy terms. In practice the calculations were done us-
ing SIESTA [20] and TRANSSIESTA [21,22] which use linear

combination of atomic orbitals (LCAO) basis sets which we
benchmark against plane-wave calculations. A comparison
between the LCAO and plane-wave band structures can be
found in Supplemental Material [23]. The vacancies were
introduced as “ghost atoms” (LCAO atoms without pseudopo-
tentials). Transmission functions were calculated based on the
self-consistent electronic structure using TBTRANS [22] and
postprocessing was done using SISL [24] codes.

The electrodes were two unit cells in transport direction,
which is necessary to make sure there are only matrix ele-
ments between orbitals up to nearest neighbor electrode cells.
Furthermore, the NEGF formalism requires that the connec-
tion between the electrodes and the first layer in the transport
direction of the central region is “bulklike” and not perturbed
by the defect. In other words, there should be an extension of
the central region that is identical to the the electrode region
where the perturbation caused by the defect can vanish. For
this reason, we chose to use a central region of four unit cells
in the transport direction (see Fig. 1). In the slab calculations,
a vacuum of 10 A was introduced to separate the slab from
its images. The slabs were chosen to be asymmetric. Due to
the asymmetry of the slabs and periodicity in y direction, we
employed a slab dipole correction out of plane to compensate
for the artificial electrostatic interaction between the two sides
of the slabs.

The cubic phases of StNbO; and SrTiO; were used with
lattice parameters of a = 4.0182 and 3.8958 A, respectively,
as predicted using DFT [18]. Note that we do not consider
the change in lattice parameter when electron doping SrTiOs.
Furthermore, we do not systematically relax the ionic degrees
of freedom. This simplification is motivated by the fact that
a relaxation did not affect the transmissions significantly in
two u.c. STNbOj3 without or with O, Nb, or Sr vacancies (see
Supplemental Material [23]).

In this paper, we limit ourselves to zero bias conditions,
i.e., the linear response regime. The transmission function
from left to right electrode takes the form

Tir = Tr[GT.G'Tg] )
where G is the retarded Green’s function in the scattering
region determined from overlap (S) and Hamiltonian (H) ma-

trices in the scattering region,

G=[E+i0HS—H-X, — X", 2
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FIG. 2. Atom projected DOS of bulk StNbO; and SrTiO; doped with 1 e/u.c. The DOS is given for the five atom unit cell. Conduction

bands have strong Nb/Ti and O character.

and I'y /g is the “level broadening matrix” due to the left or
right electrodes:

Irr=ilX1r — EE/R]- 3)

We have omitted the energy and momentum variables for
simplicity. In Egs. 2 and 3, the electrode self-energy is denoted
X1 /r- We present our results using the conductance func-

tion, G(E) = %TLR(E ), normalized with the cross-sectional
(xy) area of the conductor, A, in units of primitive unit
cell area (a”). The conductance is given per spin channel,
there are therefore two identical channels with equal conduc-
tances since we perform unpolarized calculations. We note
that we have observed a small spin selective electron-vacancy
scattering when spin-polarized calculations were performed.
However, while this could be an interesting direction for fu-
ture studies, we neglect this effect due to the computational
complexity and observed sensitivity to ionic relaxation. We
reiterate that we did not further consider spin polarization in
this paper.

III. ELECTRONIC STRUCTURE OF SrNbO3; AND SrTiO3

Charge is conducted by electrons near the Fermi level (Er)
and it is therefore insightful to examine the electronic struc-
ture in the vicinity of the Fermi level. To do this, we calculated
the atomic projected density of states (PDOS) of bulk StNbO3
and SrTiO3 doped with 1e/u.c. The PDOS is shown in Fig. 2.
Note that the results correspond to the cubic five atom unit
cells without any vacancies. Therefore, these states that will
conduct charge in the pristine cases. The conduction bands are
qualitatively similar; however, the bandwidth is substantially
larger for StNbO3; compared to SrTiOs. This is due to the
more delocalized character of the Nb 4d states compared to
the smaller Ti 3d states. To a large extent, the conduction
bands originate from the atomic orbitals of the B-site ions
(Nb and Ti). There is also a substantial contribution from
the O orbitals, while the contribution of Sr on the conduction
bands is negligible. From the PDOS, we expect the materials
to be conducting, and that the conduction will be done by
the B-site d states that are bridged by the O (2p) states. The

atomic origins of the states (naively) suggest that B-site and O
vacancies should dominate the scattering.

The PDOS in Fig. 2 was calculated using LCAO
DFT, which agrees very well with previous plane-wave
DFT (see [18] and Supplemental Material [23]). Further-
more, recent comparisons between plane-wave DFT and
angle-resolved photoemission spectroscopy show good agree-
ment [25,26]. This gives us confidence in the LCAO
description used here. We note that in both aforementioned
studies hole doping was likely observed, likely due to
vacancies.

IV. ELECTRON TRANSPORT IN SrNbO;

We begin by examining the electron transport in bulk and
slabs of SrNbO53. We will use this as the baseline for conduct-
ing d! perovskite oxides, i.e., systems with very high electron
concentration and good electrostatic screening. The influence
of carrier concentration will be considered in the subsequent
section.

A. Bulk conductance in SrNbO;

Figure 3(a) shows the area specific electrical conductances
for bulk StNbO; with different vacancies. While charge is
conducted mainly by electrons very close to the Fermi level
(Er), we show a larger range of energies. As expected, there
is good conduction in pristine STNbO3 near the Fermi level
due to the wide conduction bands originating from hybridized
Nb 4d and O 2p states. Introducing vacancies reduces the con-
ductance per area around Er by 10-30%, as shown Fig. 3(a).
In other words, a vacancy causes resistance. Furthermore,
we observe that introducing a vacancy in a NbO, layer (i.e.,
Nb vacancy or O vacancy between Nb ions in the transport
direction) causes more resistance than a vacancy in a SrO
layer (i.e., Sr vacancy or O vacancy between Nb ions perpen-
dicular to the transport direction). This is expected due to the
origin of the conduction states in StNbO3; mentioned earlier,
i.e., the conduction is done by Nb states “connected” by O
states.
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FIG. 3. Conductance per unit cell area for different vacancy configurations. (a) Bulk StNbO; with periodic boundary conditions in the
transverse (xy) directions and a three u.c. supercell. (b) Two unit cell thick slab configuration of StNbOj3. The vacancies are placed in the first
u.c. counting from the NbO, termination layer. Periodicity is applied in the transverse (x) direction using a three u.c. supercell.

B. Slab conductance in STNbO;

Next, we investigate the impact of confinement and surface
(present in slabs) on the conductive properties of SrNbOs.
Asymmetric slabs of two, three, and four u.c. StNbO; were
investigated. Figure 4 shows the conductance for two, three,
and four u.c. slabs of pristine STNbO3. The confinement leads
to large jumps in the conductance depending on the slab
thickness due to the quantization transverse to the slab plane.
In Fig. 3(b), the conductances of a two u.c. slab of STNbO;
with different vacancies are shown. Here, we consider vacan-
cies placed within the first unit cell on the NbO, terminated
side (see Fig. 1). Other vacancy locations will be discussed
later. We find that the trend in scattering seen as a drop in
conductance is quite similar to the bulk cases; vacancies in
a SrO layer are much less disruptive for electron transport
than those in an NbO, layer. Qualitatively, vacancies placed in
the second u.c. from the NbO, termination (see Fig. 1) show
similar trends in resistances, or drops in conductances. For
quantitative comparisons, we refer to the following section.

2.5
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FIG. 4. Conductance of pristine SrNbO; slabs with varying
thickness. The out-of-plane confinement of the electron wave func-
tion leads to sharp steps in the conductance. The finite slopes remain
due to the in-plane PBC (i.e., in the x direction in Fig. 1).

C. Vacancy scattering cross sections in STNbQ;

Having shown the energy resolved conductance for bulk
and one slab configuration of StNbO3, we now extract the
scattering cross sections from vacancies placed in bulk and
slabs of different thicknesses at different locations. We define
the scattering cross section as

oy = A[To(EF) — T4(EF)]/To(EF) @

where A is the geometrical cross section, and Ty and 7; are the
area-specific transmissions of the pristine and defective sys-
tem, respectively [27,28]. The scattering cross section gives an
intuition of how much of the cross-sectional area is effectively
lost due to the introduction of the vacancies. This is done for a
certain transverse supercell, hence its maximum value will be
A corresponding to a blocked, nontransmitting supercell. With
this definition of cross section we will get a lower estimate.
Moreover, the definition of the geometrical cross section, A, is
not obvious when comparing bulk and slabs. We have defined
A using the ionic locations, which neglects any conduction
done slightly into the vacuum of the slabs. Therefore, com-
parison between bulk and slab scattering cross sections should
be done while keeping in mind that the results are sensitive to
our definition of A. Note that due to the finite sampling of
the transmission functions there might be numerical artifacts
which could propagate into the evaluated scattering cross sec-
tions. Therefore, we smear the transmissions with the energy
derivative of the Fermi-Dirac distribution at 300 K. This is
only done when evaluating scattering cross sections and sub-
sequent quantities (e.g., mobility later on).

Figure 5 presents the scattering cross sections for two and
four u.c. StINbO;3. For simplicity, the results of three u.c.
are omitted. Different transverse locations in the slab (i.e.,
different unit cells in the y direction in Fig. 1) and vacancy
types are sampled. Furthermore, the bulk values are shown as
horizontal lines. As noted above the trend is similar for bulk
and slab configurations and there is no strong layer depen-
dency on the scattering strengths, except for the O vacancy
positions where the oscillating behavior of the O scattering
cross section depicts the difference in scattering strength from
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FIG. 5. Scattering cross sections of different vacancies in
SrNbO;. The values were evaluated at the Fermi level, and the cross
sections are given in units of the unit cell area. Horizontal lines
correspond to bulk values and the hollow (filled) markers correspond
to scattering from different vacancy locations in two (four) u.c. thick
slabs.

vacancies in NbO, and SrO layers. Overall, it is clear that
in StNbOj; the Nb vacancies have the biggest impact on the
transport, followed by O vacancies in NbO, layers, and finally
Sr and O vacancies in SrO layers having negligible impact.
Bulk scattering cross sections are ~2.5a> for Nb vacancies,
1.6a*> for O vacancies in the NbO, layer, 1.0a*> for Sr va-
cancies, and ~0.842 for O vacancies in SrO layers. For the
ultrathin slabs the scattering cross sections are ~2.1a* for Nb
vacancies, 1.4a> for O vacancies in the NbO, layer, 0.54>
for Sr vacancies, and ~0.5a* for O vacancies in SrO layers.
It is interesting to note that the scattering cross sections are
generally lower for the slab compared to bulk. This might be
due to the discretization in terms of transverse quantization
which limits the scattering channels. We further recall that
the geometrical cross section, A, is given by the width and
height of the slabs as defined by the ionic positions. Therefore,
any conduction done by states that extend into the vacuum
will not be accounted for by the nominal area, A. This leads
to an underestimation of the scattering cross section, oy, for
thinner slabs. This is another potential reason for the observed
reduced scattering cross sections in slabs.

V. ELECTRON TRANSPORT IN N-TYPE SrTiO;

Next we will contrast the results from the metallic STNbO3
to semiconducting SrTiOs, to explore whether the concen-
tration of electrons affects the electron-vacancy scattering in
n-type SrTiOs. Intuitively, the total conductance should in-
crease with more electrons. This is exactly what we observe
when doping SrTiO3 with V (for details see Supplemental Ma-
terial [23]). We here dope with V (instead of, e.g., Nb), since
V has 3d orbitals like Ti. A systematic shift in the Fermi level
is observed when doping with V, and the conduction band gets
occupied. In this section, we focus on examining the influence
of electron concentration on the scattering mechanism, rather
than on the more straightforward relationship between the
number of free carriers and the conductance.

A. Bulk conductance in doped SrTiO;

To illustrate the conductive properties of n-type bulk
SrTiO3, we present the conductance of SrTiO3 with 0.1¢/u.c.
in Fig. 6(a). The pristine system resembles STINbO3, however
with a shift in Fermi level and a smaller conduction band
width. The narrower bands of SrTiOj; are expected due to
the more localized nature of the Ti 3d states compared to
the Nb 4d states. Interestingly, in comparison to StNbOj3, the
decrease in conductance caused by a Sr vacancy in SrTiO3
is significantly higher (by &200% for 0.le/u.c.), whereas
the scattering resulting from an O vacancy is even less pro-
nounced. Similar to the observations in StTNbOj3, the vacancy
at the B site continues to have the most substantial effect on
the conductance.

B. Slab conductance in doped SrTiO;

Next, the transport in two u.c. thick slabs of SrTiO3 doped
with 0.1le/u.c. is investigated. Like in the case of SrNbOs,
we only present the transport in slabs with vacancies placed
in or near the TiO, termination layer, i.e., vacancies in the
first unit cell in the y direction (see Fig. 1). The conduc-
tances are presented in Fig. 6(b). The comparison between the
bulk SrTiO3 and the two u.c. thick slab of SrTiO; shows a
similarity to the comparison observed between bulk and slab
SrNbOjs. In both cases, confinement leads to distinct steps in
conductance, but the overall trends regarding the impact of
different types of vacancies remain consistent. The somewhat
remarkable finding that the O vacancies now play a minor role
can be understood from the Fermi level position being at the
band edge, rather than well inside the band as in SrNbOs.
At higher energies the O vacancy scattering comes into play.
In essence, there appears to be no qualitative difference in
electron-vacancy scattering when comparing bulk and slab
forms of SrTiOs, except we note that the onset of O vacancy
scattering is much earlier with respect to energy in the slab
compared to bulk.

C. Doping and scattering cross sections in SrTiO;

To quantitatively investigate the relation between scatter-
ing cross section and carrier concentration, we systematically
evaluated the conductance of SrTiO; with varying doping
and defect configurations. In Fig. 7, the scattering cross sec-
tions are shown vs carrier concentration for bulk, two u.c.,
and three u.c. thick SrTiOs3, respectively. The layered resolved
scattering cross sections are shown in the slab cases. We first
summarize the finding from the bulk results (dotted lines in
Fig. 7), then move over to nuances in the slab results. While
we here focus on scattering at Fermi level, energy resolved
conductances vs doping for the defective bulk systems can
be found in Supplemental Material [23]. In highly doped
bulk (1.0e/u.c.), the order and magnitudes of the scattering
cross sections are similar to those of StNbOs. Specifically, Ti
vacancies result in the largest resistance and scattering cross
section, followed by O vacancies in the TiO, layer, and finally
Sr vacancies. Interestingly, reducing the number of electrons
causes the scattering cross section to increase for Ti and Sr
vacancies. The scattering by O vacancies is initially reduced
with a decrease in the number of electrons followed by an
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FIG. 6. Conductance per unit cell area for different vacancy configurations. (a) Bulk SrTiO; doped with 0.1¢/u.c. with periodic boundary
conditions in the transverse (xy) directions and a three u.c. supercell. (b) Two unit cell thick slab configuration of SrTiO; doped with 0.1e/u.c.
The vacancies are placed in the first unit cell counting from the TiO, termination layer. Periodicity is applied in the transverse (x) direction and

a three u.c. supercell.

increase between ~0.10e/u.c. and 0.02¢/u.c. We note that
the bottom of the conduction band can be more sensitive to
finite sampling effects, and while we smear the transmission
functions to evaluate the cross sections we do expect larger
inaccuracies in the lower doped systems. Between 0.10¢/u.c.
and 0.50¢/u.c. the scattering cross section is below 0.65a2. It
is noteworthy that the scattering cross sections of Ti and Sr
vacancies increase significantly from 2.2a? and 0.742, respec-
tively, at 1.0e/u.c. up to 9a> at a lower doping of 0.02¢/u.c.
Note that the bulk geometrical cross sectionis A = 3a x 3a =
942, ie., a scattering cross section of 942 indicates that the
transport through the defective system is zero at this defect
density, and that o, will be beyond 9a>. This is observed for
the lowly doped bulk SrTiO; with Sr and Ti vacancies.
Numerous similarities are observed when we compare the
outcome of the two u.c. doped SrTiO3 with its bulk counter-
parts. For instance, there is an increase in scattering due to Sr
and Ti vacancies with a decrease in carrier concentration. Note
that in two u.c. the geometrical cross section is A = wh =

3a x 2a = 6a*, where the w and h are the widths and heights
of the computational cell, respectively. Hence, the “truncated”
values (6a®) indicate defect configurations with vanishing
transmission. Interestingly, the O vacancy scattering is en-
hanced if the vacancy is placed in the TiO, termination layer
compared to the TiO, layer near the SrO termination layer
(noted as “2 u.c., vac. in 1st u.c.” and “2 u.c., vac. in 2nd
u.c.,” respectively, in Fig. 7). Furthermore, it seems that the Ti
vacancy scattering is suppressed in the TiO, termination com-
pared to bulk and other layers. These trends are also present in
the three u.c. and four u.c. (not shown here) thick slabs. This
indicates that the oxygen states near the TiO, termination have
a greater impact on electronic transport, compared to oxygen
states in bulk and near SrO termination layers. Hence, there is
a shift in importance from Ti vacancies to O vacancies when
comparing the TiO, termination layers with bulk and other
layers. This was not observed in StNbO; which indicates that
the electron vacancy is a combination of location and carrier
concentration.

2 u.c., vac. in 1st u.c. 2 u.c., vac. in 2nd u.c. —m— Ti vac.
Hm. H{m.
. 9 2] 2} Srvac.
r\i'; 6 - & —e— O vac. at TiO;
S5
0 — ; :
3 u.c., vac. in 1st u.c. 3 u.c., vac. in 2nd u.c. 3 u.c., vac. in 3rd u.c.
O g.u‘ Ll g
& . 2
69 :
3] WoTg.... I N R I -
0i—=x Q- Q- .

1.00.0
Concentration (e/u.c.)

Concentration (e/u.c.)

1.00.0 0.5 1.0
Concentration (e/u.c.)

0.5

FIG. 7. Scattering cross section due to vacancies in doped SrTiO; with varying number of extra electrons. The two rows correspond to
two u.c. and three u.c. thick slabs, respectively. Bulk values are included as dotted lines with hollow markers. The columns correspond to
the different layers in which the vacancies are placed (from TiO, termination to the left to the SrO termination to the right). Note, that the
geometrical cross section of the two u.c. slab differs from the others (A = width x height).
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From the four u.c. thick slabs of doped SrTiO3, we observe
similar trends in the scattering found in the two and three u.c.
thick slabs. For SrTiO; with 0.02e/u.c., the scattering cross
sections of the Sr and Ti vacancies placed in the first unit
cell (counting from TiO, termination) are 10.34% and 10.242,
respectively. These values are smaller than the geometrical
cross-sectional area of A = wh = 3a x 4a = 1242, which in-
dicates that the scattering cross sections are in fact below
124> for these configurations. The other vacancy locations
still exhibit values of 1242 for SrTiO; with 0.02¢/u.c., which
indicates that the cross sections are larger than 124 for Sr
and Ti vacancies placed in layers further away from the TiO,
termination unit cell.

These findings indicate that while TiO, termination lay-
ers seem more sensitive to O vacancies, the majority of
vacancy configurations in slabs are quite similar to the
bulk counterparts. More generally, the findings from this
section suggest that to a large extent it is the electron con-
centration, and not confinement effects, that determines the
impact of the electron-vacancy scattering in these oxides.
Varying the carrier concentration shifts the relative impor-
tance of the different vacancies. Furthermore, the shift in
relative importance of the different vacancies can have two
origins: either the atomic orbitals involved in the transport are
changed with Fermi level shift or the electrostatic screening
of the vacancy potential is sensitive to the number of elec-
trons. To understand the origin, we returned to the atomistic
PDOS of bulk SrTiO;3 (see Fig. 2) and examined the energy
resolved conductances of bulk SrTiO5; with various vacancies
(see Supplemental Material [23]). As discussed in Sec. III,
the conduction bands of StrTiO; have a strong Ti character,
followed by O and a negligible Sr character [see Fig. 2(b)].
While Ti ions have large effect on transport and large con-
tribution to conduction states, Sr vacancies are the opposite.
Sr vacancies have large impact on transport; however, the Sr
PDOS is negligible in the conduction bands. This is further
displayed in Supplemental Material [23], where the energy re-
solved conductance of bulk SrTiO3 with Sr vacancy is shown
for varying doping. The conductance of the defective system
is drastically reduced when the electron doping is reduced,
while the Sr PDOS remains negligible throughout the con-
duction band (see Fig. 2). This indicates that the change in
scattering cross section is not simply due to a change in which
states are involved in the transport, but also how the electrons
interact with the defect potential, especially in the case of Sr
vacancies.

VI. VACANCIES AND OXIDE THIN FILMS

This theoretical study was inspired by the frequent refer-
ences to vacancies, particularly oxygen vacancies, as crucial
factors in explaining the electrical behavior of thin film
oxides. On one side, vacancies can serve as dopants (for
example, oxygen vacancies in SrTiO3; make it n type), but on
the other, they disrupt the periodic lattice, leading to electron
scattering. The literature has yet to address how strongly a
single vacancy scatters electrons in conducting perovskite
oxides and, importantly, what factors affect the strength of
this scattering. Experimental trends often show a reduction of
mobility and conductivity with respect to decreased thickness.

Interestingly, we observe that the TiO, terminated surfaces
of lowly doped SrTiO3; are more sensitive to O vacancies
(more than six times larger scattering cross section) compared
to other layers and bulk counterparts. This is accompanied
by a reduction of the scattering cross section of the Ti va-
cancies in the TiO, terminated surfaces. This indicates that
the electron-vacancy scattering in TiO, terminated surfaces
of SrTiO; might be unique, and that O vacancies might
become stronger scattering centers in these surfaces. This
was not observed in SrNbO; (and highly doped SrTiO3),
which suggests that the electron-vacancy scattering is sen-
sitive to an interplay between the number of free electrons
and to the surface effects. Moreover, the vacancy formation
can be substrate driven (e.g., via strain [29]), which could
make the ultrathin films more prone to vacancies and, there-
fore, result in a higher total electron scattering and reduced
mobility.

‘We have shown that the electron concentration in SrTiO3
plays a significant role in determining the strength of electron-
vacancy scattering, particularly for Sr and Ti vacancies.
Given that experimentally measured carrier concentrations
frequently vary with film thickness, it leads us to speculate
that thin film oxides might exhibit increased resistivity due
to a decrease in free electrons, but importantly perhaps also
due to an increased electron-vacancy scattering strength due to
the decreased carrier concentration. In other words, reducing
the carrier concentration could be twofold: mainly by directly
reducing the number of free carriers, and secondly by increas-
ing the A- and B-site electron-vacancy scattering strength.
While O vacancies are often depicted as mobility-limiting
scattering centers, we surprisingly find that the scattering
cross section of a O vacancy is often smaller than both A-
and B-site vacancies (except for STNbO;3; and highly doped
SrTiO3 where all vacancies have relatively small cross sec-
tions). This could be part of the reason why the electron
gas at, e.g., the LaAlO3/SrTiOs interface has such a high
mobility [30] even though O vacancies play a crucial role
in the formation of the electron gas [9]. That would suggest
that the gain in extra electrons due to an oxygen vacancy out-
weighs the additional electron scattering thanks to the small
scattering cross section of the oxygen vacancy, as indicated
by our calculations on doped SrTiOjz. This competition is,
however, dependent on the number of free carriers and the
scattering cross sections for the vacancies in those specific
heterostructures.

We want to point out that in this paper we have only consid-
ered single vacancies, i.e., the resistances and scattering cross
sections are due to one vacancy in the transport direction. In
reality, there will likely be a distribution of vacancies between
the source and drain that lead to a total electrical resistance
or mobility. In the following, we estimate the vacancy limited
electron mobility for different vacancy and doping conditions.
This is done to contextualize our findings and to ease the
comparison between our predictions and experimental data.

A. Vacancy limited mobility

A simple estimate of a mean free path (MFP), ¢, based on
independent defects can be found from the scattering cross
section oy(i) and impurity concentration, N;, of the different
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FIG. 8. Vacancy limited electron mobility of SrTiO; as a func-
tion of carrier concentration. The vacancy concentrations were set
to 1 x 10*! cm™3. The solid lines correspond to bulk results, while
dashed/dotted lines correspond to two u.c. results with vacancies
placed in unit cells closest to the TiO,/SrO termination layer. The
gray lines are included as guides for the eye.

vacancy species i [28,31]:

e~ 1/ [Nyl ®)

Using this and the pristine transmission Tp(EFr) one may fur-
ther obtain an estimate for the conductivity of the metallic
systems:

2¢* To(Er)
orx "y
h A

From the conductivity, the vacancy limited mobility can be
estimated as ;4 = o /ne. Figure 8 presents the vacancy limited
mobility of SrTiOsz as a function of electron concentration.
The MFPs were evaluated with vacancy concentrations N; =
1 x 10! ¢c=3m for each vacancy type. Only one vacancy type
was considered at a time. Note that u o 1/N;, i.e., from
Fig. 8 the mobility can be scaled to represent other vacancy
concentrations depending on experimental conditions (typ-
ical oxygen vacancy concentrations are between 1 x 107
and 1 x 10?2 ¢=3m [2]). For the given vacancy concentrations
the predicted vacancy limited mobilities are between 4 and
200 cm? /Vs. This range is comparable with experimental val-
ues for STNbO; [12] and SrTiOs in the high doping limit [32].
This indicates that real films typically have a vacancy concen-
tration comparable to 1 x 102! ¢c=3m. Note, this is excluding
any other types of defects and electron scattering mechanisms,
i.e., the vacancy concentration is an overestimation. From
Fig. 8, it is seen that the Ti vacancies limit the electron
mobility the most (as expected by the large scattering cross
sections). The Ti vacancy limited mobility remains almost

(6

constant with respect to electron concentration. Sr vacancies
have a slightly smaller impact on mobility, ~200% higher
mobility than Ti vacancy, except for in lowly doped systems.
The Sr vacancies go from being a small limitation on the
mobility in highly doped systems, to being very important in
lowly doped systems. This change is ~200% going from a
carrier concentration of 3.4 x 102 to 1.6 x 10?2 ¢=3m, which
indicates the sensitivity of electron concentration on the role
of Sr vacancies. Furthermore, the role of O vacancies is also
sensitive to electron concentration. The O vacancy limited
mobility decreases by an order of magnitude, when the carrier
concentration increases from 3.4 x 10 to 1.6 x 10?2 ¢™>m.
While the Ti and Sr vacancy limited mobilities of two u.c.
slabs are comparable to the bulk counterparts, the O vacancy
placed in the TiO, termination layer sticks out (red dashed
line in Fig. 8). The mobility can be up to six times lower
when the O vacancy is located in a TiO, termination layer
compared to bulk. Furthermore, the SrO termination layer is
less sensitive to O vacancies compared to bulk. This indicates
that TiO, terminated SrTiO3 surfaces might be more prone to
reduced mobility due to O vacancies compared to bulk and
SrO terminated SrTiOs. Finally, we note that since the mobil-
ity with respect to electron concentration is different for the
anion and cation vacancies (as highlighted by the gray lines in
Fig. 8), mobility vs concentration trends could potentially be
used to understand which vacancies are present and also what
the vacancy concentrations are.

VII. OUTLOOK

Transport calculations based on DFT have here been used
to study the role of different vacancies on the electronic
transport in oxides. While we have been able to estimate
the scattering strengths and electron mobilities due to vacan-
cies, we have made various simplifications along the way.
In no particular order, it could be insightful to investigate
the effect of static vs dynamic electron correlations, e.g., by
Hubbard U corrections and beyond, or to include temperature
effects by considering electron-phonon scattering. Further-
more, including spin degree of freedom could be relevant
for understanding how magnetic moments are stabilized—and
perhaps how to generate spin currents via different scattering
mechanisms. These are topics for future studies that hopefully
will further enrich the understanding of electron transport in
oxides.

VIII. CONCLUSION

The effect of vacancies on the electronic transport in
bulk and ultrathin slabs of StNbO; and n-type StTiO; has
been investigated. The transport problem was investigated
numerically using DFT-NEGFs. We find that pristine bulk
and slabs are conductive and the inclusion of vacancies re-
duces the conductance, as expected. Furthermore, we see that
while the order in terms of scattering strength among the
different defects is roughly preserved the strength in SrTiOs
slabs—especially of O vacancies—depends strongly on po-
sition and doping. In particular, it can in some cases be
significantly higher than the bulk estimate. As an example, O
vacancy placed in TiO, termination layers has scattering cross
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sections approximately six times larger than bulk counterparts
in lowly doped SrTiOs;. Moreover, we observe a strong in-
crease in the scattering cross section of both A- and B-site
vacancies when reducing the electron concentration in n-type
SrTiO;. These findings could be part of the explanation for
the poor electrical performance of some thin film oxides, espe-
cially in conditions where the carrier concentration is depleted
(which is often observed). Surprisingly, while the scattering
cross sections of O vacancies are comparable to the values of
A- and B-site vacancies in StNbO3 and heavily doped SrTiOs3,
their relative scattering strengths reduce substantially in lowly
doped SrTiOs. This could render O vacancies rather unimpor-
tant scattering centers in some oxides, especially since they
also contribute with additional free electrons, which enhances
the total conductance. By examining PDOS, we speculate that
the change in relative importance of the vacancies is related to

a change in the screening with doping and not due to a change
in orbital character of the conduction states.
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