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Novel two-dimensional electron systems at the interfaces of oxide heterostructures, such as LaAlO3/SrTiO3,
have attracted much attention as they open a new route to harness the rich quantum phases of transition-metal
oxides (TMOs) for potentially useful functionalities not available in conventional semiconductor electronics.
For such applications, the controllability of these interface properties is key. For LaAlO3/SrTiO3, previous
theoretical and experimental investigations of the band offset and the potential profile near the interface have
yielded not only quantitatively different but sometimes even contradictory results, e.g., the absence vs presence
of a potential gradient in the LaAlO3 film. By analyzing angle-dependent hard x-ray photoelectron spectroscopy
(HAXPES) data with a Poisson-Schrödinger model, we determine the charge carrier distribution and the valence
band edge profile across the LaAlO3/SrTiO3 interface self-consistently. By systematically controlling the oxygen
vacancy concentration, i.e., the doping level, during the photoemission experiments, we derive a comprehensive
picture of the band scheme and show that the two-dimensional electron system is always narrowly confined
to the interface. We observe a crossover of the band alignment from type II to type I with increasing doping
level, which reconciles the striking inconsistencies among the earlier studies. We further find that the strongly
nonlinear dielectric response of the SrTiO3 substrates to the electric field is essential for the understanding of the
band arrangement at the LaAlO3/SrTiO3 heterointerface.

DOI: 10.1103/PhysRevB.108.045125

I. INTRODUCTION

The rich phase diagram of transition-metal oxides (TMOs)
exhibits many quantum states with potentially useful func-
tionalities for future novel electronic devices that cannot
be realized in conventional semiconductors [1]. Recent ad-
vances in the epitaxy of TMO thin films have also enabled
the exploitation of emergent interfacial phenomena in oxide
heterostructures [2–4]. A case in point is the prototypical
LaAlO3/SrTiO3 heterointerface. When a LaAlO3 film is epi-
taxially deposited on SrTiO3, a two-dimensional electron
system (2DES) forms at the interface between the two band
insulators [2]. It displays several other remarkable properties
such as Rashba spin-orbit coupling [5], superconductivity [6],
and coexisting ferromagnetism [3]. Electric-field gating [7]
has also been demonstrated, which is essential for electronic
applications like, e.g., all-oxide transistors [8]. Memristive be-
havior [9,10] and highly efficient and tunable spin-to-charge
conversion [11,12] have also been reported.

For fundamental research as well as for potential applica-
tions it is of paramount importance to understand and control
the emergent phenomena at such interfaces, i.e., engineer
the band diagram [13–15]. For semiconductor heterostruc-
tures nowadays density functional theory (DFT) is routinely
used to understand and describe the electronic structure and
band scheme, which is, however, often inadequate for TMOs.
Such calculations rely on weak electron-electron interactions,
which is an incorrect starting point for materials with localized
valence orbitals such as the open 3d shell in TMOs [16].

Modelling the band scheme in theory is further complicated
by ill-defined oxygen stoichiometries [17] and high dielec-
tric permittivities [18,19], which introduce long-range forces
competing with the short-range interactions. In light of the
difficulties in providing an accurate theoretical description of
the band scheme, experimental insight is crucial. The only
method providing direct access to the complete band scheme
of the occupied part of the electronic structure and the mi-
croscopic electronic properties is photoemission spectroscopy
[20].

Yet, the wealth of photoemission literature on the prototyp-
ical LaAlO3/SrTiO3 heterostructure [21] displays a surprising
amount of inconsistencies and striking contradictions, as sum-
marized in Table I. For example, some studies classify the
LaAlO3/SrTiO3 heterointerface as a type II interface while
others find a type I interface. Estimates for the depth of the
confining potential and the extension of the 2DES are scarce
and differ widely [25,26,29,30]. It is, in particular, hard to
correlate the experimental results in the literature as band
alignment, band bending, and charge carrier profiles were
often not determined on the same samples.

It must thus be stated that a conclusive band scheme of
the LaAlO3/SrTiO3 heterojunction is yet to be derived. For
this purpose we have revisited this system by the most com-
prehensive and systematic approach applied so far. Using
angle-resolved HAXPES and Poisson-Schrödinger modeling,
we achieve unprecedented sensitivity and reliability in our
analysis and derive the charge carrier distribution as well as
the valence band edge profile self-consistently from the same
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TABLE I. Band bending and alignment at the epitaxial (001)-oriented LaAlO3/SrTiO3 heterointerface as determined by various photoe-
mission studies. (a) Tentative sketch of the band profile. The figure is not drawn to scale but is defining the variables used in (b) and (c).
Valence band offset �EV B (b) and estimates for the depth of the confining potential and and 2DES extension in SrTiO3 (c) by different groups.

(b) Valence band offset

Publication �EVB(eV) Sample fully oxidized

Susaki et al. [22] +0.42 yes
Berner et al. [25] +0.36 yes
Chambers et al. [26] +0.2 yes
(Augsburg sample)
Qiao et al. [23,24] +0.16 yes
Yoshimatsu et al. [32] 0.0 yes
Treske et al. [30] 0.0 no
Chambers et al. [26] −0.06 no
(Tokyo sample)
Drera et al. [27] −0.1 no
Segal et al. [28] −0.35 yes

(c) Potential profile and 2DES extension in SrTiO3

Publication �EBB (eV) dBB(Å) Sample fully oxidized

Berner et al. [25] 0 ± 0.3 – yes
Yoshimatsu et al. [32] 0.25 ± 0.07 – yes
Chambers et al. [26] (Augsburg sample) 0 ± 0.06 – yes
Drera et al. [29] 0.8 ± 0.2 – no
Treske et al. [30] � 0.4 � 20 no
Chambers et al. [26] (Tokyo sample) 0 ± 0.06 – no

Publication d2DES(Å) Sample fully oxidized

Sing et al. [33] (Augsburg samples) 4–40 yes
Slooten et al. [34] (good substrate) � 80 yes
Sing et al. [33] (PSI sample) 4–12 no
Slooten et al. [33] (bad substrate) 25 ± 15 no

sample. By means of synchrotron light irradiation and simul-
taneous oxygen dosing, we are additionally capable of varying
the oxygen vacancy (VO) concentration in the LaAlO3/SrTiO3
sample [31] in a controlled way. This allows us to derive a
complete band diagram of the heterostructure dependent on
the oxidation state. Based on this thorough analysis we iden-
tify the doping level of mobile charge carriers as the crucial
parameter determining the band alignment scheme, thereby
resolving many of the existing inconsistencies in the literature.
We furthermore elucidate the vital role, which the dielectric
permittivity of SrTiO3 and in particular, its dependence on
the electric field plays in determining the interfacial electronic
properties.

Our results are of general relevance to layered oxide ar-
chitectures, in which often materials with different oxygen
affinities and high dielectric permittivities are combined.

The paper is organized as follows: The experimental meth-
ods are described in Sec. II. In Sec. III, the angle-dependent
substrate core level spectra are analyzed. Employing the
Poisson-Schrödinger equation we derive the band profile and
charge distribution in the SrTiO3 substrate. The interfacial
band alignment is scrutinized in Sec. IV, followed by an eval-
uation of the potential build up in the LaAlO3 film in Sec. V.
In Sec. VI we contrast our results to the earlier publications
and conclude our study in Sec. VII.

II. EXPERIMENT

LaAlO3/SrTiO3 heterostructures were fabricated by pulsed
laser deposition. The LaAlO3 films were deposited on un-
doped, TiO2-terminated, (001)-oriented SrTiO3 substrates at
an oxygen partial pressure of 1 × 10−3 mbar, a substrate tem-
perature of 780◦C, and a laser fluence of 1.1 J/cm2. Reflection
high-energy electron diffraction was used to monitor the film
growth in situ. After growth the samples were slowly cooled
down to room temperature in 500 mbar O2 with the tempera-
ture being held constant at 600◦C. In transport experiments
a metal-insulator transition was observed at a LaAlO3 film
thickness of 4 unit cells (uc), consistent with the critical
thickness reported in the literature [7,35]. The samples were
then removed from the growth vessel and transported to the
synchrotron. Photoemission was measured at Beamline I09 at
Diamond Light Source on a 4 uc-LaAlO3/SrTiO3 heterostruc-
ture at 60 K without further surface treatment. The conducting
interface was grounded by several Al wire bonds penetrating
through the film into the substrate and with their other ends
connected to the sample carrier. No charging was observed.
For the photoemission measurements of the bare substrate,
Nb-doped SrTiO3 was used to prevent charging.

In a previous study we demonstrated that we can control
the oxygen stoichiometry and thus the doping level of the
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FIG. 1. (a) Setup of the photoemission experiment. By a combi-
nation of O dosing and the intense x-ray irradiation we can precisely
control the oxygen stoichiometry in the heterostructure during the
photoemission experiment. The probing depth of the photoelectrons
varies with their emission angle. (b) Making use of a wide angle
acceptance lens photoelectrons emitted at an angle of 5◦–65◦ with
respect to the sample surface normal can be recorded by the ana-
lyzer simultaneously. In consequence, the depth distribution of the
photoelectrons can be probed without changing the measurement
geometry.

LaAlO3/SrTiO3 heterointerface with a combination of x-ray
irradiation and in situ dosing of molecular oxygen [31]. An
artistic view of this setup is shown in Fig. 1(a).

The oxygen vacancy concentration in the SrTiO3 substrate
is monitored by recording valence band spectra with soft
x-rays as described in Ref. [31]. Two distinct Ti 3d-related
features are known to appear in the valence band spectra of
oxygen depleted SrTiO3, a metallic quasiparticle (QP) peak at
the Fermi energy [cf. Fig. 2(a)] and a broad structure in the gap
(IG) at about 1.3 eV binding energy [cf. Fig. 2(b)], reflecting
localized states induced by oxygen vacancies [36–40]. These
Ti 3d-related states cannot be detected at high photon energies
due to the minute Ti 3d photoemission cross sections. Tuning
the photon energy across the Ti L edge at around 460 eV
allows the Ti 3d photoemission signal to be resonantly en-
hanced and thus enables the observation of the QP and IG
features of a LaAlO3/SrTiO3 heterostructure [41,42]. Note
that the resonance energies for the QP and IG states differ by
1 eV.

The soft x-ray beam and the 3 keV x-ray beam are focused
to the same spot on the sample [see illustration in Fig. 1(a)].
We are thus able to prepare a sample state, assess the oxygen

FIG. 2. Valence band spectra of the fully oxidized (blue lines)
and the oxygen depleted state (red lines) of a LaAlO3/SrTiO3 het-
erostructure recorded with soft x-rays at the QP (a) and the IG
resonance (b).

vacancy concentration on the basis of the IG and QP weights
in the soft x-ray valence band spectra and subsequently record
core level spectra of the very same sample spot and oxidation
state with the enhanced probing depth of the 3 keV hard x-ray
beam, which is appropriate for characterizing the band edge
profiles of both the LaAlO3 film and the SrTiO3 substrate.

In our experiment we probe two different oxidation states
of the 4 uc-LaAlO3/SrTiO3 sample. We investigate the fully
oxidized state, which is measured under full oxygen dosing
such that all oxygen vacancies in the SrTiO3 substrate are
quenched and the heterointerface is exclusively doped by
electronic reconstruction. This can be seen in the soft x-ray
valence band spectra displayed in Figs. 2(a) and 2(b) in blue:
Even at the IG resonance the IG feature is completely sup-
pressed [Fig. 2(b)], but yet finite QP weight is observed at the
QP resonance energy [Fig. 2(a)], which is ascribed to mobile
electrons induced by the electronic reconstruction [31]. The
oxygen depleted state is, in contrast, prepared by x-ray irra-
diation without oxygen dosing until the VO concentration has
saturated, as can be monitored by the saturation of the IG fea-
ture in the valence band spectra measured at IG resonance [see
red spectrum in Fig. 2(b)]. At the QP resonance the QP feature
increases as well under oxygen depletion [see red spectrum in
Fig. 2(a)], which proves that the charge carrier concentration
in the 2DES can be tuned by the oxygen stoichiometry.

For depth profiling of the band bending and the charge car-
riers, we record spectra at different electron emission angles
with a Scienta EW4000 analyser. When an electron from a
given depth is emitted at an angle θ with respect to the surface
normal, its path to the surface is elongated by the factor 1

cos(θ )
and the probing depth of the measurement decreases accord-
ingly by cos(θ ). The wide angle lens of the analyzer allows us
to simultaneously collect electrons emitted over a range from
5◦ to 65◦ with respect to the sample surface normal, which
is evenly divided into five slices. The measurement geometry
is sketched in Fig. 1(b). In this way we are able to record
five angle-dependent spectra within a 60◦-window in a single
shot and, in particular, in the same measurement geometry. To
calibrate the binding energy scale over the full angular range,
the Fermi edge of Au was measured in the same angular mode.

To analyze the core level spectra a Shirley background is
subtracted while for the Sr 3d spectra the additional con-
tributions of La 4d and Sr 3d satellite peaks are corrected
for.

III. HAXPES DEPTH PROFILING OF 2DES

To investigate the band bending and charge carrier distri-
bution in the SrTiO3 substrate we probe the electron emission
angle dependence of the Ti 2p and Sr 3d spectra measured at
3 keV.

We first turn to the spectra in the fully oxidized state
[Fig. 3(a)]: Compared to the corresponding spectra of the
SrTiO3 substrate (dashed gray lines) the Ti 2p and Sr 3d
HAXPES spectra of the fully oxidized LaAlO3/SrTiO3 het-
erostructure are slightly shifted and broadened towards the
high binding energy side. The broadening in the core level
lines increases with the electron emission angles, i.e., the sen-
sitivity to the interface [marked by arrows in Fig. 3(a)]. The
observed asymmetries and shifts are ascribed to a downward
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FIG. 3. Electron emission angle dependence of substrate core level spectra for a 4 uc LaAlO3/SrTiO3 heterostructure. Ti 2p (top) and
Sr 3d (bottom) spectra of the sample in the fully oxidized (a) and oxygen depleted (b) state.

band bending on the SrTiO3 side towards the interface, which
shifts the photoemission signals originating at a depth closer
to the interface more towards a higher binding> energy.

Note that the electron-emission-angle dependent broaden-
ing of the Sr 3d spectra has been claimed to be induced by Sr
segregation on the LaAlO3 film surface [43]. With additional
experimental evidence we show, in the Supplemental Material
[44], that our samples do not exhibit Sr segregation.

In the Ti 2p spectra of the LaAlO3/SrTiO3 heterostructure
we observe an additional peak, which appears at a lower bind-
ing energy (see insets in Fig. 3). This peak is noticeably absent
in the Ti 2p spectra of the fully oxidized SrTiO3 substrate (see
dashed lines in Fig. 3). The main line and the lower binding
energy component in the Ti 2p spectra can be attributed to Ti
ions with valences of 4+ and 3+, i.e., electron configurations
of 3d0 and 3d1, respectively [33]. This observation of finite
Ti3+ weight matches the finite QP weight detected in the soft
x-ray valence band spectra of the fully oxidized heterostruc-
ture [see Fig. 2(a)] [31]. The Ti3+ spectral weight in the Ti 2p
spectra of the LaAlO3/SrTiO3 heterostructure only shows a
slight dependence on the electron emission angle.

Next we focus on the spectra recorded in the O depleted
state [Fig. 3(b)]. The broadening and shifts of the Sr 3d and
Ti 2p core level lines are now more pronounced than in the
fully oxidized state [see arrows in Figs. 3 (b)]. Furthermore,
the Ti3+ weight has noticeably increased. In particular, the
asymmetries in the core level main lines and the enhanced
Ti3+ weights now vary more strongly with the electron emis-
sion angle [see insets of Figs. 3(a) and 3(b)].

Based on these observations, we can obtain a qualitative
understanding of the band scheme in the two oxidation states.
The binding energies of the core level lines as well as the
Ti 3d occupation vary more considerably on the scale of the
photoemission probing depth in the oxygen depleted state than
in the fully oxidized state. We infer that the SrTiO3 bands
are more strongly bent downward near the interface and that
the 2DES is more closely confined to the LaAlO3/SrTiO3

interface under oxygen depletion than full oxidation. For a
quantitative account of the band bending, we model the data
based on the Poisson-Schrödinger equation.

A. Poisson-Schrödinger method

Photoemission studies are often exploited to extract either
the charge carrier profiles [33,34,47] or the band profiles in
heterostructures [25,48–51]. In some publications [48] both
quantities are determined but still treated by separate ap-
proaches and fitted using independent models. For instance,
to determine the charge carrier distribution in SrTiO3-based
heterostructures, the dependence of the Ti3+ weight on the
electron emission angle has been analyzed assuming a ho-
mogeneous distribution of the mobile electrons [33,34,47,48].
However, if the overall Ti3+ weight is small—as is the case
for fully oxidized samples—the subtle variations in the Ti3+

weight with the electron emission angle can result in large
errors in determining the 2DES extension.

Here, we combine the analysis of the charge carrier distri-
bution and the band bending to improve the reliability and
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accuracy in deriving both quantities. To ensure the physi-
cal links between these two quantities, we model them with
functions, which solve Poisson’s and Schrödinger’s equa-
tions self-consistently [52–60].

We assume that the charge carrier distribution and the
band bending varies only in the direction perpendicular to the
interface (z direction). Thus, Poisson’s equation reads

∂

∂z

(
εrε0

∂�(z)

∂z

)
= −e(ND(z) − n(z)), (1)

where �(z) describes the electrostatic potential and n(z) de-
notes the concentration of mobile electrons. ε0 stands for the
vacuum permittivity while εr denotes the dielectric constant of
the SrTiO3 substrate. If there are ionized donors present in the
system, their concentration ND(z) enters Poisson’s equation as
well.

The one-dimensional Schrödinger equation reads(
− h̄2

2m∗
∂2

∂z2
− e�(z)

)
�l (z) = El�l (z), (2)

where m∗ denotes the effective mass of the electrons and
�l (z) and El (z) denote the eigenfunction and corresponding
eigenenergy, respectively, labeled by the subband index l . To
calculate the charge carrier density profile n(z), we sum up the
probability densities �∗

l (z)�l (z) of the states of each subband

n(z) =
∑

l

�∗
l (z)�l (z)nl (3)

weighted by their occupation probabilities nl

nl = bm∗

π h̄2

∫ ∞

El

1

1 + e(EB−E f )/kBT
dEB, (4)

where b denotes the number of degenerate bands. The “1D
Poisson” program written by G. Snider [54,55,61] is em-
ployed to find the self-consistent solutions to Poisson’s and
Schrödinger’s equations.

B. Modeling SrTiO3 based heterostructures

Next we apply the Poisson-Schrödinger approach to the
LaAlO3/SrTiO3 heterostructures. The electrostatic potential
�(z) is linked to the conduction band profile Ec(z) in
the LaAlO3/SrTiO3 heterostructure by Ec(z)=−e�(z). The
LaAlO3 film is treated as an infinite potential barrier to prevent
charge carriers from leaking into the LaAlO3 film. Figure 4
illustrates how the different doping mechanisms in SrTiO3 in
the heterostructures are modelled in the Poisson-Schrödinger
method. The figure shows the respective distributions of mo-
bile charge carriers n(z) (dashed lines) and of ionized donors
ND(z) (solid lines).

In the case of electronic reconstruction (blue panel in
Fig. 4), there are no oxygen vacancies, i.e., no ionized donor
atoms in the SrTiO3 substrate itself. ND(z) is consequently set
to zero except at the very interface (z = 0). There, an infi-
nite layer of positive charges is introduced, which is needed
to compensate for the mobile charge carrier density ner that
results from the electronic reconstruction [62].

When SrTiO3 is exclusively doped by electrons re-
leased from oxygen vacancies (gray panel in Fig. 4), the

FIG. 4. Poisson-Schrödinger approach for different kinds of dop-
ing. 3D concentration of mobile charge carriers (dashed lines) and
of ionized donors (solid lines). Blue: Doping by electronic recon-
struction for fully oxidized epitaxial LaAlO3/SrTiO3 samples. Gray:
Doping by oxygen vacancies for, e.g., disordered LaAlO3/SrTiO3

samples. Red: Combination of doping by oxygen vacancies and elec-
tronic reconstruction for oxygen depleted epitaxial LaAlO3/SrTiO3

samples.

infinitesimally thin layer of positive charges at z = 0 is re-
moved. According to Ref. [63], we assume that one of the two
electrons released by each oxygen vacancy remains localized
while the other electron is mobile. An oxygen vacancy thus
effectively carries a single positive charge. The oxygen vacan-
cies can consequently be treated as if they were singly ionized
dopant atoms in the conventional semiconductor picture and
enter in Poisson’s equation (1) as the term ND(z). In the
ensuing fits we assume that the oxygen vacancy concentration
peaks at the interface and decreases linearly into the SrTiO3

bulk [solid line in Fig. 4(b)]. The VO profile is described by
two parameters, the VO concentration ND,0 at the interface and
the thickness dD of the VO-doped layer.

In oxygen depleted epitaxial LaAlO3/SrTiO3 heterostruc-
tures we observe a combination of these two doping
mechanisms. In this case both the infinitesimally thin layer of
positive charges and the linearly z dependent VO concentration
are included in ND(z).

To keep our fit model simple, we settle for working with
a single isotropic effective mass m∗ describing the electrons
in the three Ti 3d t2g orbitals. Consequently, the number b of
degenerate bands is set to three.

C. Peculiarities of the SrTiO3 dielectric constant

The static dielectric constant εr dictates the polarization
of the bound charges that arises from and counteracts a
built-in electric field [64]. In LaAlO3/SrTiO3 heterostruc-
tures electronic reconstruction and oxygen vacancies lead to a
distribution of positive charges and an electric field in the
SrTiO3 near the interface, to which the bound and mobile
charges in the SrTiO3 substrate react. εr is thus an essential
parameter determining the distribution of mobile electrons
n(z) and the confining potential �(z). In the limit of high
εr throughout the SrTiO3 substrate, the polarization of bound
charges largely compensates the built-in electric field, bring-
ing about a shallow potential well and a mobile charge carrier
distribution, which could extend far into the SrTiO3 bulk. A
smaller εr should therefore lead to a steeper potential well and
mobile electrons more confined to the interface region.
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FIG. 5. (a) Temperature dependence of the dielectric constant
of a (001)-oriented SrTiO3 single crystal [65]. (b) Electric field
dependence of the dielectric constant of single-crystal SrTiO3 at
T = 60 K. Experimental data from Ref. [66]. Data fitted according
to (5).

Being a quantum paraelectric, εr of SrTiO3 can be very
large but is strongly dependent on the temperature and the
electric field as shown in Figs. 5(a) [65] and 5(b) [66], respec-
tively. To take into account the latter dependence we introduce
a z-dependent εr , which changes as a function of the electric
field E (z) as described by the empirical formula proposed by
Fête et al. [65,67] as

εr (E ) = 1 + B

[1 + (E/E0)2]1/3 . (5)

B + 1 and E0 describe the dielectric constant at zero field and
the electric field beyond which εr starts to decrease noticeably,
respectively.

From the SrTiO3 bulk towards the interface the electro-
static field generated by the positive charges near the interface
increases substantially. Consequently, the dielectric response
and thus the field compensation weakens towards the interface
as εr of SrTiO3 decreases rapidly with increasing electric field.
As a result, the net electric field strength varies more steeply
with z and yields a potential well of stronger confinement.
Once trapped in the potential well, the mobile electrons in
turn screen the positive charges at the interface, reduce their
impact on the band profile away from the interface and further
sharpen the charge carrier distribution. The important role of
this field dependence of εr in sharpening the depth distribu-
tion of the 2DES at the LaAlO3/SrTiO3 interface has been
demonstrated by previous simulations [68].

D. Layer-resolved Ti 2p and Sr 3d spectra

To outline how the functions n(z), ND(z), and �(z) enter
into the fit models of the core level data, we consider the
analysis of a Ti 2p spectrum. It is made up of the contributions
originating from the individual TiO2 layers as exemplarily
illustrated in Fig. 6, where for clarity only the top eight layers
are shown. Yet, layers situated up to 200 Åinto the SrTiO3

substrate are included in our models. Thereby, we capture vir-
tually all (�99%) of the Ti 2p photoelectrons, which escape
from the SrTiO3 substrate.

FIG. 6. Layer-resolved composition of an exemplary Ti 2p spectrum. (a) Conduction band profile near the interface. (b) Concentration of
mobile electrons. (c) Concentration of trapped electrons (corresponding to the concentration of oxygen vacancies). (d) Ti 2p spectra of the first
eight TiO2 layers. The binding energy of the single spectra is determined by the interfacial band bending at position z [see arrows in (a)]. The
Ti3+ weight of the single spectra is proportional to the sum of the mobile and trapped charge carrier concentration, which is integrated over the
corresponding unit cell [see colored intervals in (b) and (c)].
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For each layer-resolved spectrum [see colored lines in
Fig. 6(d)], we model the 4+ and 3+ components of the
Ti 2p3/2 peak each with a Voigt profile. The spectral shapes of
the two components and the energy separation between them
are shared across all layers, whereas the binding energies of
the Ti 2p core level lines are allowed to change across the
layers to reflect the binding energy shifts of the conduction
band edge at the respective depths z from the interface [see
arrows in Fig. 6(a)]. All mobile electrons [Fig. 6(b)], i.e.,
the electrons released by the electronic reconstruction and by
oxygen vacancies [Fig. 6(c)], contribute to the Ti3+ weight
in the layer-resolved spectra. Furthermore, each oxygen va-
cancy does not only release one mobile electron but also
one electron trapped in the 3d shell at a neighboring Ti site,
which consequently also contributes to the Ti3+ weight. The
Ti3+ signal originating from a TiO2 layer at depth z is thus

proportional to
∫ z+ a

2
z− a

2
dz̃(n(z̃) + ND(z̃)) where a denotes the

SrTiO3 lattice constant. In each of the layer-resolved Ti 2p
spectra, the Ti4+ weight is diminished by the Ti3+ weight
present in that spectrum. To account for the attenuation of
the outgoing photoelectrons, the signal originating from a
TiO2 layer at depth z is exponentially damped by the factor
e−z/λIMFP,Ti 2p cos θ where θ describes the photoelectron emission
angle with respect to the surface normal and λIMFP,Ti 2p denotes
the inelastic mean free path of the Ti 2p photoelectrons [69].
We model the Sr 3d spectra in a similar fashion [73].

E. Global fitting scheme

For each oxidation state (fully oxidized and oxygen de-
pleted) we measured the Sr 3d and Ti 2p core levels at
five different electron emission angles, i.e., probing depths,
yielding twenty spectra in total to fit. To obtain reliable fits,
we reduce the number of fitting parameters by applying the
same Poisson-Schrödinger parameters m∗, B, and E0 to model
all spectra, independent of the electron emission angle, core
level, or oxidation state [74]. We assume that the polarisabil-
ity of oxygen-deficient STO is comparable to stoichiometric
SrTiO3. Considering also the fact that the maximum VO con-
centration in our heterostructures is on the order of only 10
at.%, we can safely ignore the dependence of εr of SrTiO3 on
the VO concentration to simplify our model. The electronic
reconstruction is furthermore assumed to provide the same
total number ner of mobile charge carriers independent of
the oxidation state, i.e., the same infinitesimally thin layer
of positive charge at the interface is applied to all twenty
spectra. To describe the oxygen deficient state, we only need
to introduce in addition a VO profile governed by ND,0 and dD.
We apply similar constraints to the fitting parameters defining
the Voigt functions for the core levels. We then model the
twenty spectra all at once in a global fit involving in total
21 independent fitting parameters, which amounts to ≈1 in-
dependent parameter per spectrum.

F. Discussion of fit results

Figure 7 compares the measured Ti 2p and Sr 3d core
level spectra with their best fits for the fully oxidized (blue
panel) and the O depleted (red panel) states at the maximal
and minimal electron emission angles. The fits reproduce the

prominent features and trends in the spectra: The variations in
the Ti3+ weights and in the Ti3+ and Sr 3d line shapes with
electron emission angle are accurately captured.

To check whether the fits to the heterostructure data are
physically meaningful, we compare the above results with
those obtained from fitting the Ti 2p3/2 and Sr 3d spectra of
the fully oxidized substrate [see Fig. 3, grey dashed lines].
Here, each individual peak can be modeled with a single Voigt
profile (not shown), indicating that the pristine SrTiO3 barely
exhibits any band bending. Thus, we view these spectra as
reference spectra of SrTiO3. We find that the fitting param-
eters deduced from the LaAlO3/SrTiO3 heterostructure and
the SrTiO3 reference for the Ti 2p3/2 and Sr 3d core levels
are very similar and also agree well with the typical values
reported in literature [29,33,48].

The resulting fitting parameters appearing in Poisson’s and
Schrödinger’s equations are listed in Table II for the two
LaAlO3/SrTiO3 oxidation states. The derived B and E0 match
the values expected in the temperature range of 60–80 K
[Fig. 5(b)]. The fitted value for the effective isotropic mass
0.84me is in good agreement with the estimations from fully
relativistic band-structure calculations by Marques et al. [75],
m∗ = 0.8me, and specific-heat measurements by Okuda et al.
[76], m∗ = 1.17me. The mobile charge carrier concentration
ner of the fully oxidized state is in the same order of magnitude
as the one obtained in transport experiments on the fully oxi-
dized sample. Note that the oxygen depleted state is confined
to the spot on which the x-ray beam impinges and thus cannot
be easily isolated and probed in transport experiments.

G. The electrostatics at the LaAlO3/SrTiO3 interface

The conduction band profiles resulting from our fitting
routine are depicted in Fig. 8(c) together with the energy
levels of the corresponding subbands for each case. In both
the fully oxidized (blue lines) and the O depleted (red lines)
states the conduction bands are bent downward toward the
interface, creating a potential well in which the mobile elec-
trons accumulate. The band bending at the interface is more
pronounced in the oxygen depleted than in the fully oxi-
dized state, which is brought about by the additional interface
dipole induced by the oxygen vacancies. For numerical rea-
sons, a slightly n-doped SrTiO3 substrate was assumed in the
Poisson-Schrödinger model fits leading to a pinning of the
Fermi level at the conduction band minimum in the bulk of
SrTiO3. Note, however, that with the assumed slight back-
ground doping the three-dimensional charge density of bulk
SrTiO3 is several orders of magnitude lower than that of the
interface 2DES and below the percolation threshold [77].

Figure 8(a) depicts the distributions of the mobile electrons
n(z) for the two states. The total concentration of mobile
charge carriers is considerably higher in the O depleted state
as mobile electrons are released by oxygen vacancies in addi-
tion to the electronic reconstruction.

Furthermore, the mobile charge carrier concentration is
strongly confined and peaks close to the interface for both
states. To compare the spatial extension of the mobile charge
carriers, we normalize the charge carrier profiles to the respec-
tive total concentration of mobile charge carriers Qtotal [see
Fig. 8(b)]. We find that the 2DES is slightly more extended
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FIG. 7. Fits of Ti 2p and Sr 3d core level spectra with the Poisson-Schrödinger method. A comparison between the Ti 2p spectra at the
extremal electron emission angles and the corresponding fits is shown in (a) and (b) for the fully oxidized and the O depleted state, respectively.
Corresponding figures for the Sr 3d core level are shown in (c) and (d). The fitted curves agree well with the measured data. SrTiO3 reference
spectra are shown for comparison.

in the fully oxidized state than in the O depleted state. The
maximum of the charge carrier distribution in the fully oxi-
dized state undergoes a small shift of 2.5 Å into the SrTiO3

bulk, with additionally a tail extending further into the SrTiO3

substrate [see arrow in Fig. 8(b)], which is not present in
the oxygen depleted state. Oxygen depletion thus increases
strongly the charge carrier concentration and further sharpens
slightly the depth distribution.

The characteristic profile of the charge carrier concentra-
tion develops as a result of the electric field dependence of
εr . In Figs. 8(d) and 8(e) the z dependencies of the electric

field and εr , respectively, are depicted for the two oxidation
states. Deep in the SrTiO3 substrate the electric fields are
small and do not differ very much between the two states
[see dashed ellipse in Fig. 8(d)] as the charges induced by
electronic reconstruction and oxygen vacancies are expected
to reside close to the interface. Accordingly, the dielectric
constant εr in the SrTiO3 bulk adopts high and similar values
in both states [see dashed ellipse in Fig. 8(e)]. Toward the
interface the electric field increases strongly in both states
leading to a substantial decrease in εr [see solid ellipses in
Figs. 8(d) and 8(e)]. In the vicinity of the interface, εr falls to

TABLE II. Fit results of the Poisson-Schrödinger model for a (001)-oriented LaAlO3/SrTiO3 heterostructure. We specify the best-fit values
as well as error margins.

Fit parameters applicable VO profile
to both oxidation states O depleted state

ner (1014 cm−2) m∗ (me) B E0 (MV/m) ND,0 (1021 cm−3) dD (Å)

Best fit 1.66 0.84 3 400 0.95 2.83 19.8

Lower limit 1.46 0.73 2 930 0.76 2.23 15.3
Upper limit 1.91 1.02 3 880 1.17 3.48 23.3
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FIG. 8. The electrostatics at the (001)-oriented LaAlO3/SrTiO3 heterostructure in the fully oxidized and the oxygen depleted state.
(a) Distribution of the mobile charge carriers. (b) Distribution of the mobile charge carriers normalized by the total mobile charge carrier
concentration Qtotal. (c) Conduction band profile with subband structure. The Fermi energy is pinned at the conduction band minimum in the
bulk of SrTiO3. (d) Profile of the electric field. (e) Profile of the dielectric constant. For details see text.

only 40 – 70, allowing a strong confinement of the electron
system to the interface, as discussed in Sec. III C. As the z
dependence of εr is overall similar in both states, the depth
extension of the 2DES depends only weakly on the oxygen
stoichiometry.

A closer look at Fig. 8(d) shows that the electric field is
always slightly higher in the O depleted state. This is induced
by the oxygen vacancies, which are charged and increase
the electric field, leading to a smaller εr near the interface.
In consequence, the mobile charge carriers are slightly more
confined to the interface and the band bending is more pro-
nounced in the O depleted state than in the fully oxidized
state.

IV. THE INTERFACIAL BAND ALIGNMENT

We now turn to the band alignment at the LaAlO3/SrTiO3

interface, which is derived both from the core level and from
the valence band spectra.

A. Core level analysis

Angle-integrated HAXPES spectra comprising the film
core levels La 4d and Al 2s as well as the substrate core
level Sr 3d are depicted in Fig. 9. Depending on the oxidation
state, the binding energies of the film core levels clearly vary.

FIG. 9. Angle-integrated spectra comprising the Sr 3d , Al 2s,
and La 4d core levels of a LaAlO3/SrTiO3 heterostructure in the
fully oxidized and the O depleted state. As a function of the oxygen
stoichiometry we observe a pronounced shift in the film core level
binding energies.
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TABLE III. Valence band offsets at the (001) LaAlO3/SrTiO3

heterointerface in the fully oxidized and the O depleted state from
core level and valence band analyses.

Analysis method Fully oxidized O depleted

Core level analysis (+0.14 ± 0.2) eV (−0.58 ± 0.2) eV
Valence band analysis (+0.13 ± 0.2) eV (−0.43 ± 0.2) eV

Since a similar binding energy shift occurs also to the LaAlO3

valence band maximum, these shifts are likely to arise from
the interfacial band alignment that depends on the VO concen-
tration.

Within the flat band scenario the valence band offset across
the LaAlO3/SrTiO3 interface can be determined quantita-
tively by analyzing the binding energy differences between
selected core levels and the valence band maxima (VBM)
in LaAlO3 and SrTiO3 reference samples [78]. and in the
LaAlO3/SrTiO3 heterostructure as [79]

�EVB =(ESr 3d5/2 − EVBM)STO − (EAl 2s − EVBM)LAO

− (ESr 3d5/2 − EAl 2s)LAO/STO

where (Ex )y denotes the binding energy of spectral feature x
of compound y. The valence band offsets estimated by this
method are shown in the top row of Table III.

B. Valence band analysis

The valence band offsets can also be determined based
solely on the HAXPES valence band spectra, where that of the
heterostructure is a weighted superposition of those from the
LaAlO3 film and the SrTiO3 substrate. Figure 10(a) depicts
the valence band spectra of the LaAlO3/SrTiO3 heterostruc-
ture in the two different states, which exhibits a clear offset
between the band edges, confirming that the band alignment
changes with the VO concentration. For comparison, we also
show in the inset valence band spectra of bare SrTiO3 in the
fully oxidized and the oxygen depleted state, normalized by
acquisition time and photon flux. Note, however, that the oxy-
gen depleted state differs from that of the SrTiO3 substrate in
the heterostructure by the (larger) amount and distribution of
oxygen vacancies and hence the band bending. Nonetheless,
it is also interesting to remark that from the ratio of the total
valence band spectral weights the oxygen loss is estimated to
be less than 2%, fully consistent with the result of the same
analysis of the corresponding O 1s core level spectra (see
Supplemental Material [44]).

To determine the actual band offsets in the heterostructure,
the valence band spectra are decomposed into the film and
substrate contributions by a fitting scheme. Due to the band
bending in the SrTiO3 substrate we have to model the SrTiO3

contribution layer-by-layer as in the previous section, namely,
each SrTiO3 layer’s contribution is represented by a reference
valence band spectrum of SrTiO3 shifted in energy according
to the band edge profile derived above and damped by an ex-
ponential factor corresponding to its depth below the surface.
Assuming a flat band picture, we then add as the LaAlO3

contribution a reference LaAlO3 valence band spectrum for
each LaAlO3 layer, which is shifted in binding energy to

account for the band offset at the interface and also damped.
To reduce the number of fitting parameters, we once again
fit the valence band spectra of both states simultaneously and
only allow the binding energy of the LaAlO3 valence band to
vary depending on the oxidation state.

The fitted and measured valence band spectra are com-
pared in Figs. 10(b) and 10(c) for the oxygen depleted and
the fully oxidized states, respectively. The resulting LaAlO3

and SrTiO3 contributions are shown as well. The thus esti-
mated valence band offsets are listed in the bottom row of
Table III.

C. The resulting band diagram

Table III shows that the two methods described above yield
similar results for the two oxidation states. The sign of the
valence band offset changes between the fully oxidized and
oxygen depleted states, as can be seen in Figs. 10(b) and
10(c) with the valence band edge of the LaAlO3 moving
from below to above that of the SrTiO3. This sign change
reveals that the LaAlO3/SrTiO3 heterojunction switches its
character from a staggered (type II interface) to a straddling
gap arrangement (type I interface) with an increasing VO

concentration. Figure 11 depicts the band diagram as inferred
from our analysis. Both the LaAlO3 and SrTiO3 band edges at
the interface are found to shift towards higher binding energy
upon reduction of the interface (see arrows in Fig. 11). The
shifts of the band edges are furthermore of similar magni-
tudes, suggesting that the LaAlO3 and SrTiO3 band edges are
locked to each other at the interface and shifted together by
the interface dipole, which depends on the VO concentration.
This observation is consistent with the mechanism proposed
by Zhong and Hansmann [80] that band alignment across an
oxide/oxide heterinterface is mostly achieved via the align-
ment of the two O 2p bands, which fixes the band offset at the
interface.

We also put our band diagram to test by analyzing the O 1s
spectra, which also contain contributions from both the film
and the substrate, using the method described for the valence
band in Sec. IV B. The result is found to corroborate the band
diagram in Fig. 11 (see Fig. S10 in Supplemental Material for
details [44]).

V. THE POTENTIAL PROFILE IN THE LaAlO3 FILM

The earlier explanations for the formation of the 2DES at
the LaAlO3/SrTiO3 interface referred to a diverging potential
in the LaAlO3 film increasing with the film thickness [81].
However, previous photoemission experiments have failed to
confirm this scenario and, instead, found ubiquitous flat-bands
across the LaAlO3 film [25–30,34,82].

To look for a potential gradient in the LaAlO3 overlayer,
we compare the line shapes of the angle-integrated Al 1s and
La 4d spectra between the fully oxidized and oxygen depleted
states in Fig. 12(a) after aligning the corresponding spectra in
binding energy. We note that we have to use slightly different
binding energy shifts to align the core level spectra for Al 1s
and La 4d [see annotations in Fig. 12(a)], the reason of which
will become clearer soon. The Al 1s and the La 4d spectra
are found to undergo similar broadening in the O depleted
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FIG. 10. (a) Valence band spectra of the LaAlO3/SrTiO3 heterostructure for the fully oxidized and the oxygen depleted state. The spectral
shape as well as the onset of the valence band spectrum changes as a function of the oxygen stoichiometry. Inset: Valence band spectra of bare
SrTiO3 for the fully oxidized and the oxygen depleted state. [(b),(c)] Measured data, fit and decomposition of the valence band spectra into the
LaAlO3 and SrTiO3 contributions in the oxygen depleted and in the fully oxidized state, respectively. The LaAlO3 valence band contribution
(dotted line) clearly shifts in binding energy as a function of the VO concentration.

state, consistent with a change of the potential profile across
the LaAlO3 film.

A. Extracting the potential profile in the LaAlO3 film

In Fig. 12(b) we plot the binding energy shifts of the
maxima of the Al 1s and La 4d5/2 core level spectra versus the
electron emission angles. Note that we plot the binding energy
shifts over all electron emission angles recorded. For each
core level, the average binding energy for the fully oxidized
state is chosen as the reference. The analysis in Fig. 12(b)
confirms that the binding energies depend on the oxidation
state.

FIG. 11. Band diagram of the (001)-oriented LaAlO3/SrTiO3

heterostructure in the fully oxidized and O depleted state. The offset
between the valence band edges of LaAlO3 and SrTiO3 right at the in-
terface is fixed independent of the oxidation state. The change in the
valence band offset is calculated from averaged values in Table III,
the change in the potential well depth is read out from Fig. 8(c). The
Fermi energy is pinned at the conduction band minimum in the bulk
of SrTiO3 (see Sec. III G).

It furthermore shows that in the fully oxidized state the
binding energy does not vary with the emission angle, sug-
gesting flat bands in the LaAlO3 film. While this observation
contradicts the simple electronic reconstruction picture [83],
a plausible explanation of this discrepancy is available from a
modified scenario in which oxygen vacancies at the LaAlO3

surface act as the charge reservoir for the electronic recon-
struction [34,41,84]. Above the critical thickness these defect
states form as their formation enthalpy is exceeded by the
energy gain from donating electrons to the interface, resulting
in a dipole field that counteracts the potential build-up in the
polar LaAlO3 film [84–88].

In contrast, Fig. 12(b) shows that in the oxygen depleted
state the binding energy does vary as a function of the elec-
tron emission angle, explaining the broadening observed in
the angle-integrated Al 1s and La 4d core level spectra [see
Fig. 12(a)] and providing evidence for a potential build-up
in the LaAlO3 film in this state. As the film core levels shift
to higher binding energies at larger electron emission angles,
the bands are bent downward toward the film surface. Note
that, besides this overall trend, the core level binding energies
display additional small modulations with the emission angle.
This is ascribed to x-ray photoelectron diffraction (XPD), as
explained in the Supplemental Material [44]. In the following
analysis we thus focus on the angle-integrated data in which
these effects are averaged out.

Since bending of the LAO band edges is only observed
under oxygen depletion, it stands to reason that beam-induced,
charged oxygen vacancies can form not only in the STO sub-
strate but also in the LaAlO3 film and give rise to the potential
drop toward the LaAlO3 film surface.

To give a more quantitative account of this band bending,
we model the angle-integrated Al 1s and La 4d5/2 spectra of
the O depleted state with reference spectra as before. Since
flat band behavior is observed in the fully oxidized state,
we use the spectra measured under oxygen dosing [see blue
spectra in Fig. 12(a)] as reference spectra to describe the
Al 1s and La 4d signals originating from the individual AlO2

and LaO layers in the LaAlO3 film. Layer-dependent binding
energy shifts are applied to the reference spectra to account
for the band bending and allowed to vary to best reproduce
the measured spectra. To constrain the fit, we require the
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FIG. 12. Analyzing the core level spectra of the LaAlO3 film. (a) Angle-integrated Al 1s and La 4d spectra. As a function of the oxidation
state there is not only a shift in binding energy but also a change of the spectral shape. (b) Binding energy of the Al 1s and La 4d5/2 core level
maxima dependent on the electron emission angle. For each core level, binding energies are referenced to the average binding energies in the
fully oxidized state.

potential to change monotonically across the LaAlO3 film.
Note that this procedure automatically includes the interfacial
band alignment as a fit parameter. Figure 13(a) shows that the
thus modeled angle-integrated La 4d and Al 1s spectra can
well reproduce the measured ones for the oxygen depleted
state. The potential profile the best fit yields is displayed in
Fig. 13(b) as red squares, which shows a sizable drop toward
the LaAlO3 surface. In Fig. 13(b) the dotted and solid lines
mark where the potential is read out for the LaO and AlO2

layers, respectively. As the potential changes continuously
across the LaAlO3 film, the potential at the AlO2 and the
LaO layers of the same unit cell can differ. This difference is
reflected in the 50 meV difference in the binding energy shifts
between the Al 1s and La 4d spectra under oxygen depletion
[see Fig. 12(a)].

B. Refining the band diagram

In Sec. IV C we put forward a band diagram of the
LaAlO3/SrTiO3 heterointerface in the fully oxidized and the
O depleted state, assuming that the bands in the LaAlO3 are
flat. This overestimates the valence band offset in the oxygen
depleted state as the bands in the LaAlO3 film are found to be
actually bent downward. Taking into account the valence band
edge profiles in the LaAlO3 film for the oxygen depleted state

from the previous section [see Fig. 13(b)], we refine our band
diagram and plot the result in Fig. 14.

We find that the band edge shift of SrTiO3 at the interface
between the two sample states now matches even better to that
of the LaAlO3 (see arrows in Fig. 14), which corroborates
our hypothesis that the band alignment right at the interface
is fixed, independent of the VO concentration.

The finding that the potential build-up in the LaAlO3 film
in the O depleted state is induced by positively charged oxy-
gen vacancies in the LaAlO3 film raises the question of the
whereabouts of the electrons, which are released by the oxy-
gen vacancies. Just as the oxygen vacancies at the LaAlO3

surface are suggested to act as a charge reservoir for the 2DES
in the fully oxidized state [84], the oxygen vacancies forming
in the LaAlO3 film under O depletion could supply additional
mobile electrons to the interfacial 2DES. To simulate such a
scenario, we would have to modify our Poisson-Schrödinger
model as upon oxygen depletion mobile charge carriers are
not only released by oxygen vacancies in the SrTiO3 substrate
but also by those in the LaAlO3 film. Since such a model
would contain too many unknown parameters, we will not
pursue this idea further. However, the general findings of
the simulations will not change as only the charge reservoirs
providing mobile electrons would differ.

FIG. 13. Modeling the potential profile in the LaAlO3 film in the oxygen depleted state. (a) Fits of the angle-integrated Al 1s (left) and
La 4d (right) spectra. The fitted curves agree well with the measured data. (b) Resulting potential profile. The binding energy shifts show the
difference in binding energy between the oxygen depleted state and the fully oxidized state.
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FIG. 14. Refined band diagram of the (001)-oriented
LaAlO3/SrTiO3 heterostructure in the fully oxidized and oxygen
depleted state. The arrows indicate the changes in the band offsets
at both sides of the interface upon O depletion. The Fermi energy is
pinned at the conduction band minimum in the bulk of SrTiO3 (see
Sec. III G).

VI. DISCUSSION AND COMPARISON TO PREVIOUS
PHOTOEMISSION STUDIES

In the preceding sections we analyzed the band diagram in
epitaxial LaAlO3/SrTiO3 heterostructures at different oxida-
tion states, i.e., at different doping levels. Next we will revisit
the earlier photoemission studies and try to reconcile their
inconsistencies with the systematics of our results. Table IV
lists the results of our analysis, while the outcomes of earlier
photoemission studies are summarized in Table I [89] As the
oxidation state has proven to be an essential parameter, we
also indicate in Table I whether the sample was fully oxidized
or oxygen depleted [90] Note that O depleted samples can
be obtained from x-ray exposure or prepared by PLD growth
under O poor conditions. However, this difference can be
ignored as the relevant parameter is the doping level, which
can be controlled by both preparation methods.

We observed a change in the oxygen stoichiometry driven
by the intense focused hard x-ray beam. This effect has not
been reported in the publications referenced in Table I, which
can probably be ascribed to a lower photon flux in these
experiments, most of which are run in a laboratory XPS setup
or at bending magnet beamlines. The Ti 2p reference spectra
of SrTiO3 substrates included in some of these publications
[22,25,29,30,32,34] do furthermore not show any Ti3+ weight,
confirming that the irradiation does not create oxygen vacan-

TABLE IV. Synopsis of the results of the HAXPES depth
profiling experiments at the (001)-oriented LaAlO3/SrTiO3 het-
erostructure: valence band offset �EVB, energy depth �EBB, and
spatial width dBB of the potential well in the SrTiO3 substrate and
2DES extension d2DES in the fully oxidized and the O depleted state.

�EVB (eV) �EBB (eV) dBB (Å) d2DES (Å)

Fully oxidized +0.13 ± 0.20 0.46 ± 0.10 26 ± 5 37 ± 4
Oxygen depleted −0.58 ± 0.20 0.82 ± 0.10 22 ± 3 20 ± 2

cies in these experiments. For the publications in Table I the
irradiation of the sample can be neglected, while the oxidation
state set by the growth remains essential.

A. The band profile in the SrTiO3 substrate

To compare our SrTiO3 band profiles to the results in
earlier publications, we define the depth �EBB of the potential
trough to be the binding energy difference of the valence band
edge between the STO at the interface and in the bulk, and
the width dBB of the potential well to be the distance from
the interface to where the band bending decreases to 10% of
�EBB.

We find that �EBB is about 0.5 eV for the fully oxidized
state and rises up to about 0.8 eV under oxygen depletion
(see Fig. 14 and Table IV). The results of most photoemission
studies are in line with these findings [cf. Table I(c)], i.e., stud-
ies investigating fully oxidized samples only detect small or
even no band bending in the SrTiO3 substrate, while nearly all
publications analyzing oxygen depleted samples find evidence
for a deep potential trough at the LaAlO3/SrTiO3 interface.
However, the exact values of �EBB differ in our analysis and
the previous publications. In the case of the oxygen depleted
state, this discrepancy can be ascribed to the differing VO

concentration and distribution, which impacts the interface
dipole and thus the band profile in the SrTiO3. Similarly,
the surface preparation can change the band profile in the
SrTiO3 substrate, as it dictates the amount of adsorbates at the
LaAlO3 surface, which are known to be able to dope charge
carriers into the interfacial 2DES and, in turn, change the
potential trough on the SrTiO3 side of the interface [91,92].
The modulations in the potential trough in the fully oxidized
state can similarly be attributed to the different mobile charge
carrier concentrations, which may either be induced by growth
conditions or by the surface preparation. In addition, the
absence of a potential well reported in some of the earlier
photoemission studies may also be ascribed to insufficient
resolution to resolve the shallow potential well.

B. The band alignment at the LaAlO3/SrTiO3 heterointerface

Our results for the interfacial valence band offsets �EVB

(see Table IV) reveal that the band alignment changes from
a staggered gap configuration in the fully oxidized state to
a straddling gap configuration in the oxygen depleted state.
Note that, to facilitate the comparison with the literature, the
values of �EVB in Table IV are indicated as determined within
a flat band scenario, which was assumed by most previous
studies. Broadly consistent with our finding, Table I(b) shows
mostly positive values of �EVB for earlier studies on samples
that were fully oxidized and negative values for those that
were not. The remaining variations in the valence band offset
among the oxygen depleted samples and among the fully
oxidized samples can be attributed to the differences in the
VO concentration and the number of mobile charge carriers,
which are likely induced by the differences in the growth
conditions or the surface preparation. It has been reported that
the valence band offset does vary with the surface preparation
[26,92].
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There is one notable exception regarding the valence band
offsets in Table I(b): Segal et al. [28] investigated a sample,
which was annealed in flowing oxygen at 350◦C to quench all
oxygen vacancies created during the deposition process. Yet,
the negative valence band offset they find from a core-level
analysis is reminiscent of an oxygen depleted sample. This
might be due to the annealing temperature being too low to fill
up all oxygen vacancies in the LaAlO3/SrTiO3 heterostruc-
ture or a pronounced variation in the cation stoichiometry of
the LaAlO3 film [26,82]. Note that the sample investigated
by Segal et al. is the only sample in Table I(b), which is not
fabricated by PLD but by molecular beam epitaxy (MBE).

C. The potential build-up in the LaAlO3 film

In agreement with the earlier publications we do not
find any evidence for a potential gradient in the LaAlO3

film in the fully oxidized LaAlO3/SrTiO3 heterostructure
[26–30,34,41,82].

In contrast, for the O depleted state we have observed
a downward band bending in the LaAlO3 film induced by
charged oxygen vacancies in the LaAlO3 film. Tracking core
level peak positions as a function of the LAO thickness, Segal
et al. [28] also detected a potential gradient in the LaAlO3 film
in heterostructures, which are oxygen-depleted during growth.
They find a gradient of the same sign as in our sample but with
a smaller magnitude. The differences in the magnitude of the
potential gradient might be due to the different amounts and
distributions of oxygen vacancies in the LaAlO3 film.

D. The 2DES extension

To compare our quantitative results to the results of earlier
publications for the 2DES extension, we define the 2DES
extension d2DES in our analysis as the average distance of
the mobile electrons from the interface (see Table IV). Al-
though most of the mobile electrons are narrowly confined to
the interface in both oxidation states, d2DES is larger in the
fully oxidized than in the O depleted state, mainly due to
the tail of electrons reaching in the SrTiO3 substrate in the
fully oxidized state. The strong confinement of the mobile
electrons is induced by the electric field dependent dielectric
constant εr (E ) of SrTiO3. The decisive role of εr (E ) in
determining the charge carrier distribution in LaAlO3/SrTiO3

heterostructures has also been found in conductive-tip atomic
force microscopy probing the 2DES extension [93].

The values reported in earlier photoemission studies for
the 2DES extension [see Table I(d)] scatter strongly and have

large error bars, in particular in the case of fully oxidized sam-
ples [33,34]. We ascribe the diverse findings in the literature
to the difficulty in analyzing the angle-dependence of a weak
Ti3+ shoulder. With our much more sophisticated approach,
which fits the band bending and the charge carrier distribution
simultaneously, we are able to estimate the 2DES extension
more reliably.

VII. CONCLUSIONS

Although the band bending and the band alignment at
the epitaxial LaAlO3/SrTiO3 heterointerface has already been
investigated in numerous photoemission studies, a conclusive
band diagram has not emerged to date. In this paper we
thus revisit the topic and investigate the electronic interface
properties with hard x-ray photoemission. As the doping in
the sample varies with an increasing oxygen vacancy concen-
tration, the SrTiO3 and LaAlO3 bands are found to change
concurrently to keep the band offset constant at the inter-
face, resulting in a crossover of the band alignment from a
type II to a type I interface. The mobile charge carriers are
furthermore shown to accumulate near the interface in both
oxidation states with a minor tail extending much deeper into
the substrate in the fully oxidized state. The dielectric constant
of SrTiO3 with its intricate dependence on the electric field
proves to be the crucial parameter inducing the charge carrier
confinement. In the LaAlO3 film, we find a downward band
bending for samples prepared with a high concentration of
beam-induced VO, while a flat-band behavior is observed for
fully oxidized samples. Based on these findings, we show that
most of the inconsistencies in earlier photoemission studies
can be reconciled. Our insights into the band engineering at
LaAlO3/SrTiO3 heterointerfaces may prove useful for future
device applications where precise control of the interfacial
electronic properties such as the band alignment and band
edge profile are essential.
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