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Photodoping and in-gap interface states across the metal-insulator transition
in LaAlO3/SrTiO3 heterostructures
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By using scanning tunneling microscopy/spectroscopy we show that the interface between LaAlO3 and SrTiO3

band insulators is characterized by in-gap interface states. These features were observed in insulating as well
as conducting LaAlO3/SrTiO3 bilayers. The data show how the interface density of states evolves across the
insulating to metal transition, demonstrating that nanoscale electronic inhomogeneities in the system are induced
by spatially localized electrons.
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I. INTRODUCTION

Interfaces between transition-metal oxides exhibit unique
physical phenomena that sensitively depend on the mu-
tual arrangement of single atomic planes, as demonstrated
in LaAlO3/SrTiO3 (LAO/STO),1–5 LaTiO3/SrTiO3,6 and
LaVO3/SrTiO3 (Ref. 7) heterostructures. These systems show
quasi-two-dimensional metallic behaviors at their interfaces
even if their constituents are insulating. For the LAO/STO
heterostructures, the conductivity is established at a critical
LAO thickness of four unit cells (uc) (Ref. 5) and the metallic
system thereby realized behaves as a two-dimensional (2D)
electron liquid (2DEL).8,9 In addition to the classical structural
instability, LAO/STO heterostructures are affected by an
electrostatic, polar instability. This instability is believed to
drive an electronic reconstruction which consists in a transfer
of electrons from the LAO layer to titanium 3d states of STO at
the interface. However, while some of the predictions based on
pure electronic reconstruction models have been confirmed,8

theory does not fully describe all the experimental results. For
example, the density of mobile electrons forming the 2DEL
is one order of magnitude lower than the value expected,4,5

and there are increasing evidences that the layers close to
the interface are characterized by some amount of chemical
disorder.10,11

The ground state is also debated. In particular, magnetic2

and 2D-superconducting orders4 were found at low tempera-
tures, while recent reports pointed to a possible unconventional
coexistence of the two phenomena.12–15

Here we show how the local electronic properties
of LAO/STO heterostructures evolve across the insulator-
metal transition. Scanning tunneling microscopy/spectroscopy
(STM/STS) at room temperature was employed to study
bilayers composed by 2uc and 4uc LAO films deposited
on TiO2 terminated (100) SrTiO3 single crystals. In order
to investigate 2uc LAO/STO, which are insulating, we used
irradiation by visible light as a nondestructive method to
induce carriers in the system. STS showed that visible light
promotes electrons into in-gap interface states (IGISs) of 2uc
LAO/STO. In-gap states are observed also in conducting 4uc
LAO/STO, independently on the presence of visible light,
but they are arranged in nanometer-size patches. The data

show that a fraction of the electrons necessary to solve
the polar instability are spatially localized in these interface
states.

STM/STS was performed at room temperature in ultrahigh
vacuum (UHV) using a VT-AFM Omicron scanning probe
microscope. An incandescence lamp with a tungsten filament,
placed outside the UHV chamber, was used to illuminate the
sample surface. To eliminate any ultraviolet component, a lead
glass was placed between the source and the UHV quartz
window in front of the sample holder.

The LAO/STO bilayers were prepared by pulsed laser
deposition in 8 × 10−5 mbar of O2 pressure at 780 ◦C and
annealed after the deposition in an oxygen atmosphere.5

Contacts were directly deposited onto the interface. Samples
with a LAO thickness below 4uc, kept in dark, are insulating.
In particular, a 2uc LAO/STO did not show a measurable
in-plane conductivity. However, tunneling into the interface
was achieved by illuminating the sample in UHV and by using
tunneling resistances above 1 T � (tunneling current of 1 pA at
1 V). The data were recorded in the −1.5÷1.5-V bias voltage
range, where no states from the LAO surface are available in
the tunneling process. Indeed, the conduction-band minimum
of LAO is 2.2 eV above the STO one, while the valence band of
LAO is 2.3–2.5 eV below the Fermi level. Therefore the spectra
are representative of the interface electronic properties.9,16

Figures 1(a) and 1(b) show contact AFM images acquired
in UHV on a 2uc and 4uc LAO/STO, respectively. The
AFM morphology of the LAO surfaces is characterized by
regularly spaced terraces and step edges, reminiscent of
the morphology of the STO substrate. However, each ter-
race shows atomic-layer hills-valleys modulations on several
nanometers lateral scales, demonstrating that the LAO surface
planes are incomplete.16 Figure 1(c) shows an STM image
acquired at 1 V and 0.25 pA on the same 2uc with light
on. The tunneling conditions cannot be stabilized by turning
off the visible light, showing that tunneling is possible only
because of photodoping effects. An STM image acquired
in similar conditions on a metallic 4uc LAO/STO is shown
in Fig. 1(d). Since the bias voltage used is well below
the conduction-band minimum of LAO, Figs. 1(c) and 1(d)
represent STM topographies of the interfaces.9 The interfaces
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FIG. 1. (Color online) Contact AFM topography of the LAO
surface in UHV of (a) 2uc and (b) 4uc LAO/STO interface (z
scale, max to min 0–1.4 nm and 0–1.5 nm, respectively). (c) STM
topography on the same 2uc (Vbias = +1.0 V, It = 0.25 pA, light on)
and (d) 4uc samples (Vbias = +1.0 V, It = 0.5 pA, light off). The
min to max z scale is 0–2.0 nm in (c) and 0–2.2 nm in (d). Height
profiles taken along the lines are also shown on the right. The insets
of (c) and (d) are the 2D Fourier power spectra of the corresponding
topographic images.

are also characterized by terraces and step edges, but they do
not exhibit the same hill-valley layer modulation characteristic
of the surfaces and shown by contact AFM. Moreover, in both
2uc and 4uc LAO/STO the apparent interface roughness is
higher than the roughness of the topmost LAO surfaces.

A very intriguing feature of metallic LAO/STO interface is
the presence of a quasiperiodic nanoscale modulation of the
density of states, also visible in the STM topography,9 as shown
in Fig. 1(d). On the other hand, no superstructure is observed in
the case of 2uc LAO/STO interface [Fig. 1(c) and inset]. This
is an important difference between insulating and conducting
LAO/STO. In fact this result indicates that while the interfaces
are not atomically sharp in both cases,10,11,16 only 4uc
LAO/STO shows signatures of an electronic reconstruction.

In order to identify the distinctive electronic properties
of 2uc and 4uc LAO/STO samples, we recorded point-by-
point spectroscopy maps, i.e., spatially resolved I vs V and
dI/dV vs V spectra. Since the tunneling current changes
exponentially as a function of the LAO thickness, we show
here both dI/dV vs V and (dI/dV )/(I/V ) (normalized
conductance) data. Note that the normalized conductance is in
part able to account for the thickness and energy dependence
of the tunnel barrier. Finally, spectroscopy gap maps were
also extracted from the dI/dV spectra by using a threshold
criteria, e.g., a threshold of 2% of the tunneling conductance
that corresponds to 0.01 pA/V for a junction with conductance
of 0.5 pA/V.

The dI/dV tunneling spectra of 2uc LAO/STO under light
show a prominent asymmetry, in particular a gap around the
Fermi level and a maximum around −1.0 ± 0.1 V (occupied
states) [Figs. 2(a)–2(c)]. On the unoccupied side the tunnel
conductivity shows also a shoulder around +1.0 V. These
results are confirmed by the analysis of the normalized
(dI/dV )/(I/V ) spectra that exhibit two peaks around −1.0 V
and + 1.0 V [Fig. 2(b)]. These features are reproduced in any

FIG. 2. (Color online) (a) Sequences of dI/dV and (b) normal-
ized (dI/dV )/(I/V ) spectra of a 2uc LAO/STO acquired with light
on along a line on a single terrace; the spectra are separated by
1 nm distance one from the other. (c) Comparison between the
average dI/dV of a 2uc (black open circles, light on) and 4uc
LAO/STO (green closed squares light on, red closed circles light
off). Dashed lines show the positions of the leading edges of the
conduction bands in the two samples. The inset of Fig. 2(c) shows
the same dI/dV spectra around the Fermi level. The arrow indicates
the point at which the dI/dV of 2uc LAO/STO is above a zero value.
(d) (dI/dV )/(I/V ) average spectra of a 2uc LAO/STO (open circles)
compared to the data acquired on 4uc LAO/STO (continuous red,
cyan, and blue lines). The three spectra shown for 4uc LAO/STO
describe the spatial variation of its electronic properties. The inset of
Fig. 2(d) shows the corresponding dI/dV curves around the Fermi
level.

location, as shown by the sequence of spectra taken along a
single line on a terrace [Figs. 2(a) and 2(b)]. The +1.0 V peak
could be identified as a feature of the STO conduction band,
due to unoccupied titanium 3d states. The peak at −1.0 V, on
the other hand, is not related to the STO valence band, that is
expected to be 2.5 eV below the Fermi level. Thus this feature is
indicative of a characteristic in-gap interface state (IGIS). The
IGIS is present everywhere, however its intensity and its energy
position change as a function of the location on the interface, as
shown by the (dI/dV )/(I/V ) map at −1.0 V of Fig. 3(b). The
gap map of Fig. 3(c) confirms the inhomogeneous electronic
properties and the nonmetallic character of 2uc LAO/STO
interfaces exposed to visible light.

The dI/dV spectra of a 4uc LAO/STO samples shows
characteristics that are quite different from the one of 2uc
LAO/STO, which are independent on the irradiation by visible
light and remain unchanged by performing measurements
in dark conditions [Fig. 2(c)]. First of all, the tunneling
conductance of a metallic interface is characterized by a
small but finite value at the Fermi level [inset of Fig. 2(c)].
The conduction-band minimum is below the Fermi level
in the case of 4uc LAO/STO samples, while it is 0.3 eV above
the Fermi level in 2uc LAO/STO. Additionally, the leading
edges of the conduction bands are at +0.6 V and +1.0 V in
4uc and 2uc LAO/STO, respectively. Thus, by analyzing the
spectra obtained on LAO/STO bilayers with LAO thicknesses
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FIG. 3. (Color online) (a) Topography ( + 1.2 V, 0.75 pA),
(b) (dI/dV )/(I/V ) map measured at −1.0 V and (c) gap map
(see text) on a 2uc LAO/STO. (d) Topography ( + 1.0 V, 0.5 pA),
(e) (dI/dV )/(I/V ) map measured at −1.3 V and (f) gap map (see
text) on a 4uc LAO/STO (Ref. 16).

of 2uc and 4uc, we conclude that the conduction band shifts
towards the Fermi level by 0.3–0.4 eV across the insulating to
metal transition. This result is in agreement with recent theo-
retical calculations predicting a band bending of 0.37 eV in the
case of full compensation of the polar discontinuity.17 Similar,
but somewhat reduced, shifts of core-level states shown by
photoemission spectroscopy in LAO/STO heterostructures18

were also attributed to band bending effects.
The differences between the electronic properties of 4uc

and 2uc LAO/STO samples are even better revealed by an
analysis of the (dI/dV )/(I/V ) data. In Fig. 3(d) we show
the main typologies of normalized conductance spectra of
4uc LAO/STO, statistically determined from a whole set of
spectroscopy maps obtained on one of the samples investi-
gated. The first kind of spectra, observed in sparse regions
of the interface, displays a well-defined peak at −1.3 V [red
line in Fig. 2(d), 10–15% of coverage]. This feature indicates
the presence of interface states with energies well below the
Fermi level also in conducting samples. The (dI/dV )/(I/V )
map acquired at −1.3 V, shown in Fig. 3(e), provides a direct
visualization of the spatial distribution of this feature, where
it shows up as a few nm’s wide bright (red) patches. The
remaining regions are characterized by other two typologies
of spectra, which differ for both occupied and unoccupied
states, i.e., spectra still showing a broader peak at lower bias
of −1.2 V [blue line in Fig. 2(d), blue pixels in Fig. 3(e),
35–40% of coverage] and spectra that do not show any peak
in the occupied density of states [cyan line in Fig. 2(d), blue
pixels in Fig. 3(e)]. We also find that areas showing a peak in
the (dI/dV )/(I/V ) are also characterized by the opening of
a small gap (50–150 meV) [Fig. 3(f)], i.e., spectral weight is
moved from states close to the Fermi level to states well below

the Fermi level.16 Finally, we note that the in-gap interface
states in 4uc LAO/STO move to higher energies compared to
2uc LAO/STO, in quantitative agreement with the 0.3–0.4-eV
shift of the conduction band across the insulating to metal
transition [Fig. 2(c)]. Consequently, this result is explained
by the presence of a band bending potential at the metallic
interface.

II. DISCUSSION

The experimental data show that conducting LAO/STO
interfaces are characterized by nanoscale spatial electronic
inhomogeneities [see Figs. 2(d), 3(e), and 3(f), and Ref. 16].
In particular, a distinctive characteristic of electronically
reconstructed LAO/STO is the presence of a quasiperiodic
modulation of the density of states, as discussed in Ref. 9.
This feature is absent in insulating 2uc LAO/STO, thus it is
a consequence of the realization of a 2DEL at the interface.
On the other hand, both insulating and metallic LAO/STO
show in-gap interface states. In the case of 2uc samples,
these states are partially filled by photodoped electrons and
are observed everywhere, while in 4uc LAO/STO in-gap
interface states are already occupied, without the need of
photodoping effects, and are spatially distributed forming
nanometer patches. Interestingly, these patches cover about
50% of the metallic interfaces, if we consider together regions
characterized by the intense IGIS [bright (red) pixels in
Fig. 3(e)] and regions showing a less intense and broader peak
[blue pixels in Fig. 3(e)].

In-gap interface states in LAO/STO heterostructures, and
related electronic inhomogeneities, are not predicted by theo-
retical calculations based on an ideal electronic reconstruction
picture.17,19 Thus an explanation of their origin is an important
step towards a better understanding of the electronic properties
of this system. First, we exclude that these inhomogeneities
are due to a possible modulation of the electrostatic potential
associated to an imperfect termination of the LAO surface
(Fig. 1). Indeed, in the case of metallic LAO/STO, spectra
showing the IGIS are separated by the others on nanometer
scales [Fig. 3(b)], while areas with an imperfect atomic
termination of the LAO surface [Fig. 1(b)] have sizes of several
nanometers, demonstrating that there is no direct relationship
between surface and interface electronic inhomogeneities
measured by STS.

Another possible origin of in-gap states is chemical dis-
order. In particular, in-gap interface states found in the case
of in situ fractured/cleaved STO20 by photoemission were
attributed to oxygen vacancies. This interpretation, in the
case of STO surfaces, was supported by atomically resolved
STS on

√
5 × √

5 − R26.6◦ reconstructed SrTiO3 single
crystals,21 and later on by local-density approximation +
on-site repulsion (LDA + U) calculations.22 However, the
spatial density of the IGIS is so high that only an unrealistic
amount of oxygen vacancies would explain the data in both 2uc
and 4uc LAO/STO interfaces. Moreover, this idea contradicts
other characterizations, which have set an upper limit to the
amount of oxygen vacancies in LAO/STO interfaces annealed
in O2 after the deposition to 3–5%.3 Similar arguments allow
us to exclude cation disorder to explain the results, since
the ubiquitous observation of an IGIS in 2uc LAO/STO
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would require an amount of disorder larger than the one of
metallic 4uc LAO/STO, which is also contradicted by the
experiments.10,16

Thus the data analysis suggests that in-gap interface
states are an intrinsic feature of the LAO/STO system. In
2uc LAO/STO visible light is unable to excite photodoped
electrons to the interface conduction band, but it induces
spatially localized electrons in the in-gap interface states. In
4uc LAO/STO, on the other hand, our results suggest that a
large fraction of electrons, up to 50% if we count all the spectra
characterized by an IGIS, are also localized at the interface.
This number is similar to the fraction of electrons necessary
to solve the polar catastrophe. Consequently, a complete
compensation of the electrostatic potential is not only achieved
by the formation of a mobile electron gas, but also by transfer
of a large fraction of localized electrons. This characteristic is
likely related to the general doping mechanism of titanate sur-
faces. Resonant photoemission23 showed that even in metallic
Nb-doped STO, beside delocalized electrons with mainly Ti
3d character, a non-negligible spectral weight is transferred to
incoherent states (localized states) in the gap. These states are
due to the hybridization between the transition-metal 3d levels
and the oxygen 2p levels. Thus the most plausible explanation
of the IGIS is the realization of nominal Ti3+ ions that, with
their charge screened by the surrounding oxygen cage, act
as effective impurity centers creating multiple charge states
below the Fermi level.24 An alternative picture, proposed in
Ref. 25, is the realization of a 2D polaronic phase due to a
strong electron-lattice interaction, inducing spatially localized

unpaired electrons on individual Ti sites. The presence of lo-
calized and delocalized electrons is consistent with second har-
monic generation,26 resonant inelastic x-ray scattering27 and
photoemission spectroscopy28,29 experiments. Thus, according
to these scenarios, the doping process itself would intrinsically
induce occupied in-gap interface states and will originate a
spatial modulation of the local density of states. We argue that
this kind of intrinsic electronic effects, which are typical of
correlated oxides, could drive different ground states25 and
possibly exotic magnetic and superconducting orders at low
temperatures.12–15

III. CONCLUSION

In conclusion, by using scanning tunneling mi-
croscopy/spectroscopy we have shown that the interface
between LaAlO3 and SrTiO3 band insulators is characterized
by in-gap interface states in both insulating and metallic cases.
The data are explained by assuming that a considerable fraction
of the electrons transferred are localized around the nominal
Ti3+ dopant ions, so that nanoscale modulation of the density
of states are induced in the system.
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