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Ferrite perovskites have exhibited promising p-type conductivity and oxygen evolution reaction
(OER) activity. In this work, we investigate heteroepitaxial p-n junctions formed by La0.88Sr0.12FeO3
and n-SrTiO3(001). Sr substitution for La in LaFeO3 is shown to be effective for introducing p-type
conductivity, lowering the optical bandgap, and enhancing electrocatalytic OER. A staggered, typeII band alignment with a large built-in potential within the LSFO forms due to the polar interface.
This electronic structure facilitates charge transfer across the p-n junction and accounts for
the strongly thickness-dependent extent of OER we observe. Published by AIP Publishing.
https://doi.org/10.1063/1.5030897

Hydrogen generation via photocatalytic water splitting is
currently of significant interest because of its potential for low
cost, clean energy production. The development of highly stable, visible-light-active photocatalytic materials is an important step in the advancement of solar hydrogen production.1
The complex oxide solid solutions La1-xSrxFeO3 (LSFO) are
of particular interest because their low band gaps maximize
light absorption across the visible portion of the solar spectrum.2–5 One end member, LaFeO3 (LFO), is a wide band gap
(Eg ¼ 2.1 eV) antiferromagnetic insulator with a high Neel
temperature (TN ¼ 738 K).6 The other end member, SrFeO3
(SFO), is a helical antiferromagnetic metal with TN ¼ 134 K.7
Hole doping by partial substitution of Sr2þ for La3þ reduces
the gap, enhances visible light absorption at lower photon
energies, and results in a change in the Fe electron configuration and the formal charge from 3d5 (Fe3þ) to 3d4 to (Fe4þ).3
In LaFeO3, the top portion of the valence band consists of
strongly hybridized Fe 3d and O 2p orbitals. The holes introduced in stoichiometric LSFO by Sr doping fall just above the
Fermi level and have mixed Fe 3d and O 2p character,8 similar to La1-xSrxCrO3,9,10 leading to p-type conductivity. On the
other hand, the high energy cost required to remove a 3d electron from Fe3þ can cause the system to compensate by creating O vacancies which stabilize Fe3þ. The extent to which
this compensation occurs depends on the synthesis and processing conditions. Without considering the vacancies, the
competition between these two processes results in significant
variations in material properties depending on the details of
sample preparation.11–13
Heterojunction formation is an effective means of separating photogenerated carriers. n-type SrNbxTi1-xO3 (Nb:STO) has
been widely used in p-n heterojunctions with other complex
oxides.14–17 Looking first at the end member LFO, a recent
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study of ultrathin LFO films grown on Nb:STO reveals that
small changes in the LFO layer thickness can alter the nature
of the interface, resulting in significant effects on photogenerated carrier separation across the interface.18 Based on
LFO/Nb:STO(001) heterojunctions prepared by pulsed laser
deposition (PLD) with an LFO target, Nakamura et al.19
reported a reversal in the orientation of the LFO polarization
as the STO termination was changed from TiO2 to SrO. Sign
changes in both the short-circuit photocurrent and the rectifying polarity were observed. Likewise, Nakamura et al.20
also found that the direction of visible-light photoconductivity at zero bias was dependent on the interface polarity in
LFO/Nb:STO(001) heterojunctions prepared in the same
way. In contrast, Comes and Chambers21 found that LFO
films grown by oxygen plasma assisted molecular beam epitaxy (OPA-MBE) with separately shuttered La and Fe beams
resulted in negligible differences in valence band offsets
(VBO) and potential gradients for the two interface polarities. The subsequent scanning transmission electron microscopy and electron energy loss spectroscopy (STEM/EELS)
investigation by the same group revealed that the SrO monolayer deposited on Nb:STO to create the p-type interface was
consumed during the shuttered MBE growth of LFO.22
Looking next at LSFO solid solutions, it has been reported
based on current-voltage (I–V) and capacitance-voltage
(C–V) measurements that the Fermi level in LSFO shifts
downward in energy with increasing Sr doping level.11,23
Several earlier papers have shown that oxygen vacancies
play an important role in perovskite oxide heterostructures,
in general,24–28 and can lead to resistive switching, which is
characterized by hysteretic I–V behavior.17,29 Yamamoto
et al.11,23 reported that hysteretic behavior is observed in
some diodes for x in the range 0.4  x  0.8, with the percentage of diodes showing such behavior increasing with x.
In a different study, no hysteretic behavior was observed in
LSFO/Nb:STO heterojunctions for x ¼ 0.2 and 0.3.11
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Herein, we describe the deposition and the electronic
properties of epitaxial La1-xSrxFeO3/Nb:STO p–n heterojunctions for x ¼ 0.12. This value of x was chosen because it
is sufficiently high to dope enough holes into LFO to yield
conductivity. This x value is also close to 0.125, a convenient value for ab initio modelling using supercells with one
of the eight A-site cations being occupied by Sr. We prepared La0.88Sr0.12FeO3 films with thicknesses ranging from 3
to 35 unit cells (u.c.) by means of OPA-MBE and a 75 u.c.
film grown by off-axis PLD (OA-PLD). Our substrates were
0.7 wt. % Nb:STO(001) chemically prepared with the TiO2
termination. The electronic properties were determined using
in situ x-ray photoelectron spectroscopy (XPS) as well as ex
situ in-plane and vertical transport. Optical absorption was
characterized using ex situ spectroscopic ellipsometry.
Electrochemical activity was monitored via oxygen evolution in an in situ electrochemical cell. (See supplementary
material for details.)
We show in Fig. 1 the Fe 2p, O 1s, Ti 2p, Sr 3d and La
4d core-level XPS data for three thin-film heterostructures of
OPA-MBE-grown LSFO on Nb:STO(001). The Fe 2p line
shapes are complex in that they contain contributions from
angular momentum coupled multiplets, shake-up features,
and the presence of some (formally) Fe4þ resulting from Sr
doping.30 The La 4d spectra contain multiplet and shake-up
fine structures as well, but they are not affected by a change
in valence. However, these spectra exhibit different overall
peak widths for 3, 5 and 9 u.c. as a result of built-in potentials. The Fe 2p and La 4d binding energies decrease monotonically with increasing thickness as a result of these builtin potentials within the films. The O 1s and Sr 3d lineshapes
show clear thickness dependences because O and Sr are present on both sides of the interface and their binding energies
are determined in part by potential gradients in the LSFO,
which change with thickness. The Sr 3d spectra can be fit
using two pairs of spin-orbit doublets. The more intense doublets with higher binding energies (green) are assigned to
Sr2þ in the STO substrates, whereas the weaker doublets
(orange) originate from Sr in the LSFO films. The binding
energy differences across the interface (DEb) result from the
band discontinuity at the interface and the built-in potentials

FIG. 1. Fe 2p, O 1s, Ti 2p, Sr 3d and La 4d photoelectron spectra of
La0.88Sr0.12FeO3/Nb:STO heterojunctions. The peak set used to fit the Fe 2p
spectra does not represent a unique or theoretically rigorous solution, but
was chosen solely to obtain a good fit and isolate a single feature (marked
with a vertical arrow) for band offset determination. The fitting parameters
were kept constant for all thicknesses. Likewise, the features in the Ti 2p, Sr
3d and La 4d spectral fits used for band offset determination are marked
with arrows.
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in the LSFO films. The increase in DEb with film thickness
indicates the sign of the built-in potential. A similar trend is
seen in the O 1s spectra. The Ti 2p3/2 spectra can also be fit
using two Voigt functions separated by 0.8 eV. The higher
binding energy peak (green) at 459.2 eV is assigned to Ti4þ
signals from Nb:STO. The weak peak (orange) at 458.4 eV
is assigned to outdiffused Ti in the LSFO films. The binding
energy of outdiffused Ti is different from that of structural
Ti4þ in STO because of different electrostatic potentials in the
LSFO, as described in more detail below. We rule out the
weak peak being due to Ti3þ in Nb:STO because the binding
energy difference between Ti3þ and Ti4þ in n-STO is typically 1.5–2 eV.31 Ti outdiffusion has also been observed in
La1-xSrxCrO3/Nb:STO and Pr0.64Ca0.36MnO3/Nb:STO.16,32
Using these core-level binding energies, we determined
the valence band offsets (VBO, DEV) using the method originally developed for Group IV and Group III–V semiconductor heterojunctions by Kraut et al.33 We employ the binding
energies of the Sr 3d5/2, Ti 2p3/2, Fe 2p3/2 and La 4d5/2 features marked with arrows in Fig. 1 and extract four VBO values for each heterojunction by taking pairs of core levels,
with one from the substrate and one from the film. This analysis results in a consistent set of VBO values for each heterojunction, as seen in supplementary material, Table S1. The
VBO for the 3 u.c. LSFO/STO heterojunction is 1.8(1) eV.
This value is slightly larger than that for LFO/Nb:STO.18,21
The VBO apparently increases sharply to 2.5(1) eV at 5 u.c.
and then rises more modestly to 2.9(1) eV at 9 u.c. The
apparent increase in VBO with film thickness is an artifact of
the built-in potentials within the LSFO, which have the
effect of broadening the La 4d spectra. The top of the LSFO
VB approaches the Fermi level at higher thicknesses because
of hole doping (supplementary material, Fig. S3), which
does not occur in LFO/Nb:STO.18,21
In order to estimate the built-in potentials, the broadening of the La 4d spectra for 3, 5 and 9 u.c. was modelled as
shown in Fig. 2. The best models result when using potential
drops of 50 and 300 meV/u.c. for the 3 and 5 u.c. films,
respectively. The 9 u.c. film was modelled using 200 meV/
u.c. for the first 4 u.c. (near the interface) and 100 meV/u.c
for the second 5 u.c. (near the surface). Strictly speaking, the
VBO should be determined using the La 4d5/2 binding
energy for the LSFO u.c. directly at the interface, in order to
eliminate the error incurred by using binding energies that
averaged over all layers in the presence of the built-in

FIG. 2. La 4d spectra (open circles) and simulations (red curves) made by
assigning the spectrum of the near-flat-band 35 u.c. film to each layer in the
thin-film heterojunctions. The individual spectra were then summed after
attenuating to account for depth below the surface and systematically shifted
in energy, using the energy shift(s) between consecutive layers as the sole
fitting parameter. The spectra of the individual layers are shown in each
case.
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FIG. 3. (a) Spectroscopic ellipsometry measurements for a 35 u.c. LSFO
film (blue and green) and a 25 u.c. LaFeO3 film (black and red). (b)
Temperature dependence of resistivity for a 35 u.c. LSFO film grown on
undoped STO. The room-temperature resistivity of a 25 u.c. LaFeO3 film is
represented by the solid square. The inset shows the fit of resistivity data to
a polaron conduction model.

potential. Doing so leads to VBOs of 1.6(1) eV for the 3
and 5 u.c. films and 1.9(2) eV for the 9 u.c. film.
The associated conduction band offsets (CBO, DEC) can
be determined if the band gap for LSFO is known. To this
end, spectroscopic ellipsometry was used to determine the
band gaps of thick films of LSFO (35 u.c.) and LFO (25 u.c.).
The resulting values, taken from Tauc plots in Fig. 3(a), are
2.07(5) eV and 2.30(5) eV for LSFO and LFO, respectively.
Here, the inter-band optical transitions were modelled as
direct, dipole-forbidden excitations.34 The linear region of
the quantities (aE)2/3 (where a is the absorption coefficient
and E is the photon energy) was extrapolated to the photon
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energy axis. The introduction of holes from Sr doping not
only decreases the band gap of LSFO, but also leads to an
increase in conductivity. Figure 3(b) shows the resistivity (q)
versus temperature (T) for a 35 u.c. LSFO film grown on
undoped STO, with a non-adiabatic polaron conduction plot
[ln(q/T3/2) versus T1] shown in the inset. Sr doping causes
the room-temperature resistivity of LSFO to drop by three
orders of magnitude relative to epitaxial LFO. The slope of
the fit in the inset yields a hole hopping activation energy
(EA) of 0.34 eV, with consistent EA values of 0.30–0.35 eV
for La1-xSrxFeO3 with x < 0.45 reported elsewhere.35
Based on these results, we construct the energy diagram
shown in Fig. 4(a). The built-in potential within the LSFO
facilitates the separation of photogenerated excitons, sweeping electrons into the Nb:STO bulk and holes to the LSFO
surface where they could drive water oxidation. Moreover,
the large DEV value creates a high barrier for holes drifting
from LSFO to STO and effectively reduces electronhole
recombination at the surface which would further improve
the water splitting efficiency. Figure 4(b) shows the vertical
I–V characteristics of a 75 u.c. LSFO/Nb:STO p–n heterojunction. The diode shows good rectifying characteristics,
with a rectifying ratio of 40 at 61.5 V. As seen in Fig.
4(b), the I–V curves do not change with the voltage sweep
direction, revealing an inconsequential concentration of oxygen vacancies. As seen in the energy diagram in Fig. 4(a),
DEC is much smaller than DEV. Thus, electrons should be
the dominant carriers under forward bias. The current of the
p–n heterojunction under low forward bias can be described
by the thermionic emission model as36





/B
eV
exp
 1 ; (1)
IðVÞ ¼ SA T 2 exp
kB T
nkB T
where S is the junction area (4.9  109 m2), A* is the
effective Richardson constant (300 A cm2 K2, assuming
an effective mass of 3.3 m0 for LSFO4), /B is the barrier
height, T is the temperature, kB is the Boltzmann constant, e
is the electron charge, V is the applied voltage, and n is the
ideality factor. Fitting the forward current to Eq. (1) yields a
barrier height /B of 0.67 eV and an ideality factor n of
2.7. The /B value from I-V is very close to DEC from XPS
(0.6 6 0.1 eV). Larger ideality factors have also been
observed in other p–n junctions and were attributed to the

FIG. 4. (a) Energy level diagram derived from the analysis of XPS core-level and valence band spectra. The VBO (red) and CBO (blue) values are determined
from the values shown in Table S1. (b) I–V characteristics of a 75 u.c. LSFO/Nb:STO p-n heterojunction measured at room temperature. The inset shows the
schematic of the device measurement. (c) Cyclic voltammetry curves for the OER at a scan rate of 10 mV/s in O2-saturated 0.1 M KOH for LSFO/Nb:STO p-n
junctions, showing the current per LSFO surface area versus the applied voltage on the RHE scale, corrected for electrolyte resistance.
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presence of interfacial states and coupled defect-driven
recombination.16,37,38
Finally, we investigated the electrocatalytic behavior of
p-LSFO/n-STO(001) by monitoring the oxygen evolution
reaction (OER) for the series of films grown by OPA-MBE
[Fig. 4(c)]. The applied voltage was referenced to the reversible hydrogen electrode (RHE), where the thermodynamic
potential of water oxidation occurs at 1.23 V vs. RHE. The
3 u.c. LSFO/STO heterojunction exhibits negligible OER
activity, possibly due to the large gap between the O 2p band
and the Fermi level at this thickness. Similar behavior has
been observed for thin LFO18 and was thought to arise from
interfacial band bending. The out-diffused Ti in LSFO, as
detected by XPS, may preferentially bond with Sr dopants
and lead to more Fe3þ. Electron transfer from Nb:STO to
LSFO near the interface would nominally reduce Fe4þ to
Fe3þ,39 while Fe4þ is more active for OER.40 For 5 u.c.
LSFO, the OER activity increases dramatically, exceeding
that of undoped LFO18 and intermediate to that of
La0.75Ca0.25FeO3 and La0.5Ca0.5FeO3.40 With increasing film
thickness, the activity decreases slightly, potentially influenced by the impedance of hole transport to the surface and
the changing energetics of the film surface/electrolyte junction. The threshold voltage for OER is 1.5 V. The more
positive potential required to drive the reaction reflects an
“overpotential” stemming from kinetic losses. An in-depth
investigation of the OER activity of thicker films under
wavelength-selected illumination is in progress.
In summary, we have investigated the electronic structure and properties at the interface of p-type LSFO and
n-STO. A large valence band offset and a substantial built-in
potential within the LSFO are expected to enhance photocatalytic activity for solar water splitting and can explain the
enhanced OER activity relative to that of pure LFO on nSTO.
See supplementary materials for details on film growth
and characterization and valence band offset calculation.
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