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In this study, direct observation of the evolution of electronic structures across complex oxide interfaces
has been revealed in the LaAlO;/SrTiO; model system using cross-sectional scanning tunneling
microscopy and spectroscopy. The conduction and valence band structures across the LaAlO;/SrTiO;
interface are spatially resolved at the atomic level by measuring the local density of states. This study
directly maps out the electronic reconstructions and a built-in electric field in the polar LaAlO; layer.
Results also clearly reveal the band bending and the notched band structure in the SrTiO; adjacent to the
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Interfaces have emerged as a key focal point in current
condensed matter science. In complex correlated oxides,
heterointerfaces provide a powerful way to design and
manipulate the charge, spin, orbital, and lattice degrees
of freedom [1]. In artificially constructed heterointerfaces,
the interactions between these degrees of freedom have led
to a number of exciting discoveries [2—6]. Cross-sectional
scanning tunneling microscopy and spectroscopy
(XSTM/S) have recently been applied to explore the elec-
tronic structures across domain walls in ferroics with
atomic resolution [7]. These approaches provide direct
experimental insights into the origin and nature of electri-
cal conductivity at these homointerfaces. The present study
probes the electronic structures across the heterointerfaces
between different materials in complex oxides using this
technique. These heterostructured systems are challenging
because the different band structures of the materials on
both sides of the interface and extrinsic effects, such as tip-
sample interactions, must be taken into account [8,9].

The conducting quasi-two-dimensional electron gas
formed at the interface between two insulators [LaAlOj
(LAO) and SrTiO5 (STO)] is an intriguing example [2].
Researchers have proposed possible scenarios to explain
the metallic behavior at the LAO/STO interface and con-
ceptually defined them with interfacial band diagrams
across the heterojunction [10-17]. Although several stud-
ies have investigated the electronic structure of the
LAO/STO interface both experimentally and theoretically
[3,13,16-18], technologies capable of addressing the
nature of the interfacial charge of LAO/STO locally and
directly in real space remain to be developed. Therefore,
the need to directly determine the electronic configuration
between LAO and STO as well as interfacial electrostatic
boundary conditions form the motivation for this study.
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To address this issue, the LaO"-TiO, interface was
fabricated using pulsed laser deposition assisted with re-
flection high-energy electron diffraction. To prevent tip
crash in STM measurements, the experiments used
0.5 wt.% Nb doped STO substrates (Nb-STO). An atomi-
cally smooth surface with clear unit cell (u.c.)-height steps
on the TiO,-terminated Nb-STO substrate was observed
with atomic force microscopy before the thin film deposi-
tions. To inhibit the influence of the doped substrates, an
STO layer (10 u.c.) was deposited prior to the growth of
LAO layers. Then, a 5-u.c. LAO thin film was grown on the
TiO,-terminated STO to investigate the band structure of
the LAO/STO system. The films were grown at 850 °C
under an oxygen pressure of 2 X 107> Torr. After the
growth of the LAO layer, we cooled the samples to
700 °C at 1 Torr in the chamber and injected oxygen close
to 500 Torr for 20 min, and then cooled the samples to
room temperature. The thickness of films was controlled
atomically by monitoring the intensity oscillation of the
specular spot in reflection high-energy electron diffraction.
Transport measurements were performed to confirm the
metallic behavior of this interface. When the transport
measurements performed on the 10-u.c. STO/Nb-STO
samples before the growth of LAO, these surfaces did not
appear as conductive. However, the critical LAO thickness
of 4 u.c. for the onset of interfacial conductivity is detected.
Finally, an amorphous SrRuO; (SRO) buffer layer
(500 nm) was then deposited on the LAO at room tem-
perature to prevent tip crash in STM measurements.
The SRO/5-u.c.-LAO/STO/Nb-STO sample was then
cleaved in situ at room temperature in an ultrahigh
vacuum chamber with a base pressure of approximately
5% 107" Torr and all STM measurements were per-
formed at ~60 K and taken from the cross-sectional view
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[Fig. 1(a)] [19,20]. Figure 1(b) shows a cross-sectional
constant current STM image of the LAO/STO heterostruc-
ture with a sample bias of —3.0 V. The apparent height
contrast is mainly originated from the spectroscopic effect
attributable to the significant discrepancy of the local
density of states in this heterostructured system at the
—3.0 V sample bias. With reference to the growth
sequence, the thickness of the layers, and the changes in
the electronically specific tunneling spectra between SRO
and Nb-STO as the probe moves across the heterostructure,
this makes it practical to accurately locate each layer and
examine the interfacial electronic structures across the
LAO/STO interface. With the addition of scanning tunnel-
ing spectroscopy (STS) measurements at approximately
60 K, it is possible to obtain direct information on the local
electronic structures at the LAO/STO heterointerface.
This study clearly demonstrates the direct imaging of
unusual electronic properties at the interface of the
LAO/STO heterojunction region from the cross section
using STS measurements. Figure 1(c) shows a local density
of states (LDOS) image taken at +1.0 V at the interface of
the LAO/STO heterojunction. This figure clearly shows a
dramatic electronic structure change at the interface [indi-
cated by the red arrow in Fig. 1(c)], displaying the unique
variation of electronic properties on the STO side of the
interface. Basically, at positive sample bias, the increase of
the tunneling current signal corresponds to a substantial
increase in the number of local filled states above the Fermi
level (Ef) at the interface. Therefore, the unusual elec-
tronic properties at the interface of the STO side may
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FIG. 1 (color online). (a) Cross-sectional STM/S is employed
to investigate the properties at the interface. (b) A typical cross-
sectional constant current STM image of the epitaxial
LAO/STO heterostructure obtained at a sample bias of
—3.0 V. (¢c) The spectroscopic measurements of LAO/STO
interface at +1.0 V sample bias. The unusual electronic property
at the interface is specifically shown by the red arrow. The
dashed red lines are indicated as the interface of LAO/STO.

originate from the band bending and the accumulation of
surface charges in the STO adjacent to the interface.
Scanning tunneling spectroscopy is a powerful tool for
resolving spatial variations of the local electronic struc-
tures near Ey with high resolution. Therefore, efforts have
been made to utilize it to acquire and collect spatially
resolved tunneling spectra at spatial locations on either
side of the interface. Meanwhile, using the first derivative
of tunneling current over tip-sample voltage or differential
conductivity, dI/dV, a measurement of the LDOS was
performed using STS [21,22]. Figure 2 shows spatially
resolved spectroscopic measurements through the 5-u.c.
LAO/STO heterointerface. The colored solid bars in the
current image [Fig. 2(a)] mark the spatial positions across
the interface, and Fig. 2(b) shows the corresponding tun-
neling spectra [21-23]. The colored brown spectra belong
to the spectroscopic results of the thin SrTiOj; film from the
position away from the STO/LAO interface [spectrum i in
Fig. 2(b)], and the red spectrum indicates the result of the
StTiO; film adjacent to the interface [spectrum ii in
Fig. 2(b)]. The colored blue spectrum represents the spec-
troscopic results of the thin 5-u.c. LaAlO; film from the
position near the STO/LAO interface [spectrum iii in
Fig. 2(b)] to that away from the interface [spectrum iv in
Fig. 2(b)]. This study uses the methodology previously
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FIG. 2 (color online). (a) Current image of LAO/STO ob-
tained at —3 V sample bias. Under the condition, the current
image reasonably reflects the drastic discrepancy attributable to
the electronic property at the heterointerfaces. (b) The corre-
sponding atomic-scale evolution of electronic properties across
the heterointerfaces of 5-u.c. LAO/STO. (c) The determination
of band edges of STO side away (spectrum i) and near (spectrum
ii) the interface of LAO/STO. (d) The determination of band
edges of LAO side near (spectrum iii) and away (spectrum iv)
from the interface of LAO/STO.
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applied in Ref. [21] to determine the onset energies for
band extreme based on the assumption of a linear region on
either side of the onset in normalized conductance. The
precision of the onset energies determined by this method
is approximately *=0.10 eV in this study. Based on nor-
malized dI/dV curves, the dashed red and blue lines in
Fig. 2(b) represent the onsets of the tunneling current in
empty and filled states, respectively.

When analyzing spectrum i and spectrum ii extracted
from STO in Fig. 2(b), the current onsets are estimated to
be +1.70 V/ —1.75V in spectrum i and +1.45V/
—1.55 V in spectrum ii, respectively [Fig. 2(c)]. These
results clearly demonstrate the energy shift of the band
onset in the STO adjacent to the interface of 5-u.c.
LAO/STO. In addition, the determination of the current
onsets on the LAO side near and away from the interface
can also be applied using the same analysis methodology
performed to STO. When analyzing the spectrum iii (near
interface) and spectrum iv (away from the interface)
extracted from Fig. 2(b) in LAO, the current onsets are
estimated to be +2.30 V/=2.90 V in spectrum iii and
+2.90/—2.30 V in spectrum iv, respectively [Fig. 2(d)].
Using the extracted potential difference between spectra iii
and iv [Fig. 2(d)], the magnitude of the built-in electric
field in LAO can be calculated to be (30 = 5) meV A~ for
5-u.c. LAO.

Based on the characteristics of the spatial spectroscopic
measurements in Figs. 2(b) and 3 quantitatively constructs
and maps the evolution of band alignment across the
heterointerface. The features of the band alignment of the
heterostructure, the notched structure in the STO adjacent
to the interface, are observed. Furthermore, the charge
carrier accumulation at the band notches (AV) at the
STO side of the interface to an approximate distance (A)
of 0.8 nm is directly revealed. In addition, the features of
the band alignment between adjacent LAO atomic layers
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FIG. 3 (color online). Experimentally measured band align-
ment of 5-u.c. LAO/STO. The analysis is to normalize the
differential conductance (dI/dV) to (I/—V), the general total
conductance background [21,22].

also confirm the existence of a built-in electric field (E) in
the LAO layer, which is partially compensated by the
electron gas or covalency within the thin film [12,13].
Attempts to provide quantitative descriptions of tunnel-
ing spectra from samples and schematically map the band
alignment across complex oxide heterointerfaces are also
made in the work. A significant consideration to the quan-
titative description of tunneling spectra from samples is the
occurrence of the tip-induced band bending in the system
[24-27]. When a sharp probe tip is close to a semiconduc-
tor or oxide surface, the resulting electrostatic potential
distributions bring forth some of the applied potential
between tip and sample being dropped in the sample itself.
The effect of the varying electrostatic potential in the
semiconductor is to shift the energy bands. The potential
distribution and the resulting shift of the energy bands can
thus play an important role in determining the measured
signal. Therefore, in this work, to present a solution for the
electrostatic problem of a probe tip near a surface, previous
research has developed a three-dimensional (3D) potential
computation technique for solving the electrostatic prob-
lem of a probe tip near a semiconductor [25-27]. With the
electrostatic potential computed in a fully 3D model, a full
numerical integration can be performed in computing the
current. Using the theoretical considerations, we are able to
realize the physical situation when the tip approximates the
surface during STM measurements, numerically fit experi-
mental spectra, and evaluate the tip-induced band bending
(TIBB) effect [24]. In this 3D computation model, the
value of 0.53 eV is given by the difference between the
work function of the tungsten (W) tip and the STO electron
affinity [28,29]. The dielectric constants of STO and LAO
are 180 and 25, respectively [30,31]. Within effective mass
approximation, there is fairly good agreement between the
simulated and measured tunneling spectra of the STO
surface when the distance between the tip and the sample
(d) is 0.3 nm. The theoretical modeling can realize
the variation of the surface potential as a function of the
sample bias and extract the energetic positions of the
conduction band and valence band (CB and VB) edges of
the system [24]. Figures 4(a)—4(c) illustrate the schematic
band level diagrams of the sample and the tip during STM
measurements. In Fig. 4(a), the band structure models the
situation when the measurement is performed on the STO
surface away from the interface (simulated the experimen-
tal spectrum i situation). The simulation result in Fig. 4(a)
suggests that the energetic CB and VB band edges of the
STO region away from the interface are +1.30 V/
—1.90 V on the surface and +0.28 V/—2.92 V in bulk
at the zero sample bias. In addition, when the measurement
is performed on the STO surface at the interface (simulated
the experimental spectrum ii situation), at the zero sample
bias, the band edges of the STO region at the interface
are +1.22 V/—1.98 V on the surface and suggested
—0.03 V/—3.23 V in bulk [Fig. 4(b)]. The result
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FIG. 4 (color online). According to the self-consistent solu-
tions for the present heterostructured system, theoretical calcu-
lations on the band edges of the STO region located (a) away
from interface, and (b) at the interface at the zero sample bias.
(c) Theoretical calculations on the band edges of the LAO region
neutrally centered at the middle of the film at zero sample bias.
(d) A schematic band alignment of the 5-u.c. LAO/STO hetero-
interfaces.

indicates that the CB edge in STO at the interface is located
below Er (— 0.03 V) and elucidates the formation of two-
dimensional electron confinement at the LAO/STO heter-
ointerfaces. Furthermore, the same simulation and analysis
methodology was also applied to the LAO. The schematic
band structure in Fig. 4(c) indicates the energetic CB and
VB edges of LAO at the neutral potential situation are
+2.78 V and —2.82 V in bulk.

Through a rigorous calibration procedure based on con-
siderations of the TIBB effect, Fig. 4(d) shows the sche-
matic band alignments of metallic LAO/STO interfaces
with 5-u.c. LAO thicknesses. The interfacial band diagram
in Fig. 4(d) demonstrates the interfacial electronic charac-
teristics of the STO/LAO heterostructure [32]. When the
thickness exceeds 4 u.c., which is the threshold for the
conductivity at the interface [18], the interfacial property
clearly shows that band bending of the CB edge brings the
CB on the STO side below the Fermi level for 5-u.c. LAO
grown on the TiO,-terminated STO surface. According to
the interfacial band diagram in Fig. 4(d), several critical
points can be summarized. (1) The decay length of the

charge carriers (A) on the STO side is 0.8 nm for 5-u.c.
LAO/STO [33]. The exponential decay of the carrier
density distribution also suggests that more charge carriers
are located within the decay length (A) on the STO side of
the interface, leading to the formation of two-dimensional
electron gas. The observations from these experiments are
consistent with the recently predicted decay length, which
considers the electron-phonon interactions of the polar unit
cells [34]. Scanning transmission electron microscopy of
the charge redistribution in 5-u.c. LAO reveals similar
results [35]. (2) The shift of the CB in the STO (AV)
caused by band bending is approximately —0.31 eV for
5-u.c. LAO/STO. The magnitude of the band bending,
including the band shift and the decay length A, at the
interface on the STO side also depends on the thickness of
LAO films. The notched structure and the energy shift
attributable to band bending in the STO layers in the
interfacial region have been determined by in situ PES
study in Ref. [16]. In the present STM work, the critical
concerns regarding the electronic configurations at the
LAO/STO interface, the spatial distribution of the electron
gas, and the magnitude of the built-in electric field in LAO
are demonstrated and discussed. (3) The band-gap shrink-
age in STO near the interfacial LAO/STO region origi-
nated from the increasing carrier concentration at the
interface. The local sheet carrier density can be estimated
according to the confirmed thickness of the metallic region
(A = 0.8 nm) to be in the order of 10'> cm2-10'3 cm 2
at the interface. This is consistent with the experimental
results reported in Ref. [18]. (4) Data obtained by STM and
STS directly display the electronic characteristic across the
LAO/STO interface in the system. The magnitude of the
built-in electric field across the 5-u.c. LAO is approxi-
mately 30 = 5 meV/A. Since the polarity of atomic layers
in LAO is along the [001] direction, the intrinsic built-in
electric field should not be affected significantly owing to
the STM measurements from the cross-sectional side,
which approaches the interface perpendicularly. In addi-
tion, compared to the previous experimental work for this
system [12], the influence of the surface boundary condi-
tion on the value of the built-in electric field in LAO from
STM measurements is roughly 1/2 times that of the sys-
tem. As the schematic band alignments of the 5-u.c.
LAO/STO interfaces illustrated in Fig. 4(d), this picture
outlines the spatial distribution, the charge density inside
the STO, and the magnitude of the built-in electric field in
LAO to atomic resolution.

In conclusion, STS techniques provide a definitive
method to characterize the fascinating properties of com-
plex oxide interfaces [36,37]. In this study, we demonstrate
a unique approach to reveal the evolution of band align-
ments across LAO/STO heterostructures. The spatial dis-
tribution of the electron gas, the local carrier concentration
of the metallic state in STO, and the magnitude of the built-
in electric field in LAO are extracted. Direct evidence from
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the STS of the band structure not only reveals the micro-
scopic distribution of the charges but also demonstrates the
band alignment across the polar LAO/STO interface.
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