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Electronic reconstruction is the change in electronic properties to compensate an otherwise di-
verging electric potential at polar interfaces. The perovskite oxide SrTiO3-LaAlO3 model system
illustrates the vast variety of electronic phenomena that can arise from this new type of electron
doping, ranging from superconductivity to magnetic scattering. A fundamental question concerns
the nature of the charge carriers and the parameters that control the electronic reconstruction. Here
we show that an additional capping SrTiO3 layer prevents structural or chemical reconstruction at
the LaAlO3 surface and provides a possibility to accommodate holes, necessary for the electronic
reconstruction. By first principle calculations and transport measurements, the SrTiO3 capping is
found to trigger the electronic reconstruction at a significantly lower LaAlO3 film thickness than for
the uncapped systems. The additional capping induced temperature dependent potential shift is
visualized by scanning tunneling spectroscopy. Furthermore, we provide combined theoretical and
experimental evidence (from magnetotransport) for two spatially separated sheets with electron and
hole carriers, that are as close as ∼1-2 nm, forming an excitingly versatile system to realize and
study 2D excitonic phenomena.

The concept of electronic reconstruction [1] at the
SrTiO3 (STO) - LaAlO3 (LAO) interface [2–4] and the re-
sulting electronic transport properties [5–10] are based on
the polar nature of LAO. The polarity of LAO arises from
the LaO and AlO2 layers being not charge neutral in the
[001] direction, unlike the TiO2 and SrO layers of STO.
In the ionic limit, LaO has a charge q = +e and AlO2

q = −e per unit cell. The resulting screened dipole per
unit cell is Dscreen = q∆z/ε, where the spacing ∆z = c/2
(c = 3.9 Å is the out of plane lattice parameter) and ε
= 25 is the dielectric constant of LAO [11]. Screening
contributions come primarily from a strong lattice po-
larization of the LAO film (their contribution can be as
high as ∼ 62%) [12]), supplemented by electronic cloud
deformation [13] and finally by the presence of delocal-
ized charges after the metal-insulator transition has taken
place. For STO-LAO interfaces, the remaining screened
dipole of 0.08 eÅ per cell gives rise to an internal elec-
tric field of 2.4 × 107 V/cm, and a resulting build-up of
electric potential of ∆φ = 0.9 V per LAO unit cell.

This potential shift explains quantitatively why, above
a threshold of 3-4 unit cells, electrons are transferred from
the surface, across the LAO slab, into the STO conduc-
tion band, as shown schematically in Fig. 1a. The re-
sulting insulator-to-metal transition has been observed
experimentally for the n-type LaO/TiO2-interface [6].
However, the corresponding potential shifts across LAO
have not been detected so far in experiments. The poten-
tial shifts obtained from ab-initio calculations [12–15] are
typically smaller than the suggested 0.9 V per unit cell
due to effects related to the well-known underestimation

of band gaps by density functional theory (DFT). For
a reconstructed STO-LAO interface, it should be noted
that also the LAO surface itself needs to reconstruct to
avoid potential build-up, either structurally, electroni-
cally, or chemically. For electronic reconstruction one
would expect holes at the surface, which has never been
observed.

Here we show that an STO capping layer represents
a novel pathway to tune the electronic properties of the
system via an electronic reconstruction. By capping the
LAO with an additional STO layer, structural and chemi-
cal reconstructions at the LAO surface are circumvented.
At the same time, the O 2p band in the STO capping al-
lows for hole doping, so that an exclusively electronic
reconstruction mechanism comes into play. By means
of the STO capping layer one enters a new regime in
the field of electronically reconstructed oxide interfaces
with two spatially separated 2D conducting sheets, one
electron-like and the other hole-like, that can display new
electronic behavior including the possibility of a 2D ex-
citonic liquid phase.

CAPPING INDUCED INSULATOR-TO-METAL
TRANSITION

The system consisting of a varying number of LAO
monolayers (ML), n = 1− 5 ML, and of a STO capping
layer, m = 0− 2 ML, stacked on an STO(001) substrate,
was studied by DFT calculations in the general gradient
approximation (GGA) (see Methods). The calculated
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FIG. 1: Potential build-up in polar oxides. (a) Schematic diagram illustrating the potential build-up that arises from the
polarity of 4 unit cells of LAO on a nonpolar STO substrate. Using the 0.9 eV per LAO unit cell from dipole estimates, it is
expected that reconstruction occurs between 3 and 4 unit cells. (b) Schematic drawing of the influence of an additional capping
unit cell of STO on 2 unit cells of LAO: a crucial upward shift arising from a TiO2-derived surface band, that is not present on
the LAO surface. (c) Layer-resolved density of states (DOS) of STO(001)/2LAO (dotted line), and STO(001)/2LAO/1STO
(black line, colored area) aligned at the bottom of the Ti 3d band at the interface. While the O2p-bands in the valence band shift
gradually upwards (value calculated by DFT is 0.4 V per LAO unit cell) as they approach the surface, it is the additional strong
shift/broadening of the O2p band in the surface TiO2 layer that closes the gap and gives rise to an electronic reconstruction.

layer-resolved densities of states are presented in Fig. 1c
for 2ML LAO with and without 1ML STO capping. The
effect of the electric field within the LAO film is apparent
from the shifts of bands, e.g. by ∼0.4 eV per LAO unit
cell for the uncapped system [12].

Adding a single STO capping layer is found to have
a dramatic impact on the calculated electronic struc-
ture: the band gap, being 1.2 eV for STO(001)/2LAO,
is nearly closed for STO(001)/2LAO/1STO. The valence
band maximum is defined by the O 2p-states in the sur-
face layer, while Ti 3d-states at the n-type interface mark
the bottom of the conduction band. Further STO lay-
ers increase the DOS at the Fermi level (see. Suppl.
Fig. S1), but have an overall weaker influence due to
the lack of internal field in STO. The reduction of the
band gap, and finally its closing, is due to three effects:
(i) the steady upward shift of the O 2p states as they
approach the surface [12], (ii) the band discontinuity at
the interface between LAO and the capping STO layer,
and (iii) a dispersive O 2p surface band that extends
0.8 eV above the subsurface O 2p band. This surface

state is analogous to the one on the clean STO (001)
surface [16, 17] and will be discussed in the next sec-
tion. Thus, the capping layer drives the insulator-to-
metal transition at an LAO thickness of only 2ML, much
thinner than the critical thickness of 4ML determined
in uncapped samples [6]. It also explains the metal-
lic behavior in coupled complementary oxide interfaces
with thin LAO [5]. For STO(001)/2LAO/2STO and
STO(001)/3LAO/1STO (not shown here), bands over-
lap with a noticeable DOS at the Fermi level.

Experimentally, we confirm the crucial influence of a
single monolayer of nonpolar material on the electronic
interface reconstruction. STO(001)/nLAO/mSTO sam-
ples were made by pulsed laser deposition of n ML
of LAO and m ML of STO on TiO2-terminated
STO(001) substrates (see Methods). While un-
capped STO(001)/2LAO samples are found to be in-
sulating (sheet resistance above 1 GΩ/�), samples
with an additional single ML of STO are conduct-
ing (see Fig. 2a). The conductivity is further en-
hanced in STO(001)/2LAO/2STO samples, but the
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FIG. 2: Capping induced insulator-to-metal transition. (a) Sheet resistance as function of temperature for
three different STO-LAO-STO samples: STO(001)/2LAO/1STO (red circles), STO(001)/2LAO/2STO (blue triangles), and
STO(001)/2LAO/10STO (black squares). The sample of STO(001)/2LAO was found to be insulating. All samples are grown
at 2 × 10−3 mbar of oxygen. Inset: dR/dT as function of temperature with different linear fits below and above 100 K. (b)
Sheet resistance at room temperature of STO(001)/nLAO/10STO samples for varying n LAO interlayer thickness and a fixed
number of 10 unit cells of STO capping layer. Red squares indicate samples grown at relatively high oxygen pressure (2× 10−3

mbar), blue circles indicate samples grown at lower oxygen pressure (3× 10−5 mbar).

influence of increasing the STO capping layer thick-
ness weakens, as expected from the DFT results: the
STO(001)/2LAO/10STO sample has almost the same
conductivity as the STO(001)/2LAO/2STO sample.
Samples with a single ML of LAO were found to be in-
sulating except for the sample with a thick STO capping
(m ≥ 10).

It is known that oxygen vacancies can easily be induced
in STO/LAO samples [8, 18–20]. The number of vacan-
cies is largely determined by the growth conditions, being
minimized for high oxygen deposition pressures [8, 21].
Figure 2b shows the sheet resistance for two different sets
of STO-LAO-STO heterostructures with varying LAO
interlayer thickness, grown at a relatively high oxygen
pressure (2 × 10−3 mbar) and at lower oxygen pressure
(3 × 10−5 mbar). For single-interface samples the dif-
ference in oxygen deposition pressure induces sheet re-
sistance changes over many orders of magnitude [8]. For
the coupled-interface samples, the influence of the oxygen
pressure is now found to be much weaker. Apparently,
the STO capping protects the underlying LAO against
reconstruction via defects or adsorbates. The capping
protection is promising for device application since it
provides for a high level of control over the reconstruc-
tion properties and resulting carrier density. Addition-
ally, the capping now provides a way to probe the na-
ture of the electronic interface reconstruction, without
any structural or chemical reconstruction contributions.

TUNNELING SPECTROSCOPIC EVIDENCE
FOR RECONSTRUCTION

Before probing the band shifts that underlie the elec-
tronic reconstruction, it is worthwhile to understand the
nature of the additional gap reduction in STO capped
systems. For the uncapped case, DFT calculations have
shown [12] for a few unit cells LAO on STO(001) that
pronounced ionic displacements take place which coun-
teract the bare dipole. This lattice polarization is dom-
inated by a strong outward relaxation of the La3+ ions
by 0.2-0.3 Å and buckling in the subsurface AlO2 lay-
ers. In the surface AlO2 layer both cations and anions
relax inwards by similar amounts, leading to a vanishing
contribution to the dipole moment.

This relaxation pattern changes drastically when a
capping layer is added (see Suppl. Fig. S2 for more
details): while the surface AlO2-layer in the uncapped
systems shows negligible polarization, the surface TiO2-
layer in the capping STO layer buckles with zTi − zO ≈
−0.15 Å, leading to a strong dipole moment in the layer
of −0.50 eÅ (having the same sign as the bare dipole mo-
ment). However, the subsurface SrO layer shows a posi-
tive polarization. So, effectively, the net contribution of
the TiO2 and SrO layers does not affect appreciably the
total ionic dipole moment of the film (which scales with
the number of LAO layers), and the gap reduction cannot
be explained by this difference in ionic displacements.

In fact, it is an electronic state at the STO surface
that is responsible for the energy shift. The evolution
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FIG. 3: Electron and hole bands. (a-c) Influence of the STO capping on the band structure of STO(001)/2LAO/mSTO
with increasing number of capping layers (m = 0− 2), showing the closing of the band gap due to overlap between surface O
2p states (black circles) and interface Ti 3d states (blue circles). (d) The electron density distribution in the TiO2 layers of
the m = 2 sample shows at the interface electrons in the Ti 3dxy orbitals (top) and holes in the O 2pπ bands at the surface
(bottom). The electron density is integrated between -0.6 and 0.0 eV.

of the band structure of STO(001)/2LAO/mSTO with
increasing number of capping layers (m = 0 − 2) is de-
picted in Fig. 3. In the capped systems a dispersive O 2p
surface band extends 0.8 eV above the subsurface O 2p
band and effectively reduces the band gap of STO. Con-
sequently, the reconstruction takes place for thinner LAO
layers than in the uncapped case (see Fig. 1b). We note
that this band has its maximum at the M(π,π)-point,
while the bottom of the Ti 3d conduction band is at Γ,
resulting in an indirect band gap. The implications of
this finding will be discussed in the following.

The STO(001)/2LAO/1STO sample, theoretically be-
ing on the verge of reconstruction, is expected to show
appreciable band shifts as a function of temperature.
In analogy to BaTiO3, it is expected [17] that the up-
ward shift is largest at temperatures below the cubic-
to-tetragonal transition at 105 K [22]. This new tem-
perature dependent ingredient to the electronic interface
reconstruction makes it now possible to experimentally
visualize the band shifts that are required in the recon-
struction scenario.

We have performed scanning tunneling microscopy
(STM) and spectroscopy (STS) on oxide samples with
electronically reconstructed interfaces. The STM was
performed in ultra high vacuum using a variable tempera-
ture cryostat. Figure 4 shows the current-voltage tunnel-
ing characteristics of a STO(001)/2LAO/1STO sample
and the derived normalized conductivity (dI/dV )/(I/V ),
which can be interpreted as the sample local density of
states (LDOS). At room temperature, the Fermi energy
lies within a small band gap. At 77 K, the band gap is

larger and the Fermi energy has shifted to the conduction
band.

Assuming that tunneling occurs both to the surface
and to the substrate-LAO interface, these spectroscopic
features can be understood on the basis of the band struc-
ture calculations (as shown in Fig. 3). The small gap
observed at 300 K is consistent with the idea that the
upward shift of the STO surface valence band around
the M-point is not yet large enough for reconstruction
(see Fig. 3b). The gap lies between the valence band
at the M-point in the surface and the conduction band
at the Γ-point in the substrate-LAO interface. At 77 K,
where the M-point valence band upward shift is expected
to be larger (since T < 105 K), the Fermi energy is in-
deed found to lie in the conduction band of the substrate-
LAO interface, indicating that electronic reconstruction
has taken place, as displayed schematically in Fig. 4b.

The substantial increase of the STS band gap when
cooling down from room temperature to 77 K can be un-
derstood from an analysis of measurements of the tunnel
current, I, versus the tip-sample separation, z, at fixed
(negative) sample bias. The tunnel current I ∝ e−2κz

is measured at negative sample biases in the range from
-1 V to -3 V. The inverse decay length, κ, is substan-
tially larger at room temperature (∼ 80 %) than at 77
K. The inverse decay length is given by κ =

√
C + k2

‖
,

where C only depends on the temperature independent
tunnel barrier height and k‖ is the parallel momentum of
the surface electronic structure [23]. The relatively large
κ at room temperature strongly supports the idea that
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FIG. 4: Scanning tunneling spectroscopy. (a) STM normalized conductance (dI/dV )/(I/V ) measurements of a
STO(001)/2LAO/1STO sample at 300 K for different tip-sample distances (current set-point respectively 1.5 nA, 2.0 nA,
and 4.0 nA at a bias voltage of -1.5 V). The schematic drawing explains the small 0.5 eV gap between the valence band at
the M-point of the STO capping surface and the conduction band at the substrate-LAO interface. The Fermi energy, EF ,
at V = 0 V (blue dashed line) lies in the gap. The upper inset shows the current-voltage characteristics from which the
conductance was derived and the lower inset shows an STM topography image taken at 300 K with a bias voltage of -1.0
V. (b) Normalized conductance at 77 K (current set-point respectively 1.5 nA, 2.5 nA, and 4.0 nA at a bias voltage of -4.0
V). The schematic drawing explains the 1.5 eV gap between the valence band Γ point at the STO capping surface and the
substrate-LAO interface conduction band. The Fermi energy (blue dashed line) lies now in the conduction band. Band bending
is not depicted on this scale. The inset shows the current-voltage characteristics.

at room temperature tunneling occurs from filled surface
electronic states with a nonzero parallel momentum (i.e.
regions near the M point of the surface Brillouin zone)
to empty states of the tip. Accordingly, at 77 K tunnel-
ing mainly occurs from filled electronic states near the Γ
point of the surface Brillouin zone to empty states of the
tip, leading to substantial increase of the measured band
gap. The latter analysis emphasizes that the electrons
that are transferred across the STO/LAO/STO struc-
ture upon reconstruction originate from the M point of
the surface STO Brillouin zone.

PARALLEL ELECTRON-HOLE BILAYER
CONDUCTIVITY

The calculated electron density distribution in Fig. 3d
displays electrons of Ti 3dxy orbital character in the in-
terface TiO2 layer, while holes of O 2pπ type are present
in the surface TiO2 layer. Experimentally it has been
confirmed in single interface STO/LAO samples that the
lowest lying Ti states are of Ti 3dxy character [24], while
holes have not been observed yet in any STO/LAO in-
terface sample.

To investigate the possibility of a parallel electron-hole
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FIG. 5: Magnetoresistance effects from two-band conductivity. (a) Sheet resistance as function of magnetic field
at different temperatures for a STO(001)/2LAO/1STO sample, exhibiting a positive magnetoresistance. (b) Hall coefficient
(RH/H) of the same sample as a function of magnetic field. (c) Sheet carrier densities and (d) mobilities as obtained from a
two-band fit to the magnetoresistance and Hall data at each temperature.

bilayer and the sign of the charge carriers in capped sys-
tems, magnetoresistance and Hall data were analyzed.
All conducting STO/LAO/STO samples display a pos-
itive non-quadratic magnetoresistance and a Hall resis-
tance whose slope increases for higher fields. An exam-
ple is given in Fig. 5. Quantum oscillations can still be
excluded because of the low mobility. Neither is there
any signature of a negative magnetoresistance contribu-
tion that occurs for single-interface samples deposited at
high oxygen pressure [8]. It is, therefore, natural to inter-
pret the observations in terms of multiband conductivity.
Indeed, in the temperature range up to 100 K, the mag-
netoresistance as well as the Hall resistance can be fitted
(solid lines in Fig. 5 a and b) with a two band model
(see Supplementary Information). The two carrier con-
centrations and two mobilities could be obtained from
fitting as a function of temperature. The results for the
STO(001)/2LAO/1STO sample are shown in Fig. 5 c and
d.

The positive carrier sign of one of the bands at low tem-
peratures indicates hole-type conductivity for one band,

while the other band is of electron-type. For equal signs
of the two carrier densities, no fit to the data could be
obtained. Neither oxygen vacancy doping, nor doping by
cation substitution, have ever been shown to give rise to
hole conductivity in the STO/LAO system. Based on the
predicted conductivity contribution of the O 2pπ surface
band of STO(001)/2LAO/1STO samples (Figs. 3 b and
d), we attribute the hole band to the surface. The elec-
tron band, with a lower carrier density but a much larger
mobility, is naturally attributed to the Ti 3dxy band at
the interface to the substrate. Note, that the hole den-
sity is about an order of magnitude larger than the elec-
tron density. However, the Hall effect is dominated by
the electron band because of its large mobility. The un-
equal number of electrons and holes illustrates that not
all charge carriers are visible in transport measurements.

Neither magnetoresistance, nor a nonlinear Hall resis-
tance are observed above 100 K. While at these high
temperatures the mobilities become so low that no mag-
netoresistance effects are expected anyway (µ2H2 << 1
in the two-band equations as described in the Supple-
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mentary Information), the disappearance of the two-band
effects around 100 K is in excellent agreement with the
STS data, with the RS(T ) behavior changing around 100
K (see the inset of Fig. 2a), and with the theoretical ex-
pectations.

The sensitivity of the band overlap to the screened
potential build-up is exemplified by increasing either the
number of LAO interlayer unit cells or the number of
unit cells in the STO capping layer. For thicker LAO
and thicker STO (a large number of samples with varying
numbers of unit cells of LAO and STO capping have been
analyzed, see Suppl. Fig. S3), the conductivity at the
surface is found to be of electron-type over the entire
temperature regime.

DISCUSSION

As shown in the band structure of m = 0 − 2
STO(001)/2LAO/mSTO in Fig. 3, the gap closes because
the top of the surface O 2p band overlaps with the Ti
3d conduction bands at the interface; this occurs in the
calculation just around the STO(001)/2LAO/1STO sys-
tem. Experimentally, we find indeed from the STM and
magnetotransport data that reconstruction takes place
in the STO(001)/2LAO/1STO, and that this happens
below ∼ 100 K. However, at T > 100 K conductivity
also occurs, suggesting that some amount of additional
carriers (e.g. from thermal excitations, vacancies, cation
interdiffusion, etc.) are already present at the interface
(the confinement being due to band bending) before re-
construction has taken place. The crossover from having
pre-existing carriers to having reconstruction can be seen
as well in the inset of Fig. 2a, where the difference in
slope in the resistivity versus temperature is shown.

The STO capping has enabled us to show that holes
are present in reconstructed oxide interface samples. The
mobility is low and it is expected that the holes can be-
come localized or eliminated in uncapped STO/LAO sys-
tems much more strongly (e.g. by absorbed molecules or
by ionic surface reconstruction). This possibly explains
the large sensitivity of uncapped samples to growth con-
ditions and the possibility to manipulate the interface
conductivity by an atomic force microscope tip [25, 26].

The surface valence band has its maximum at the
M=(π, π) zone corner, whereas the substrate-LAO in-
terface conduction band has its minimum at the zone
center. This makes the band overlap distant not only in
real space (across 12 Å or more, depending on capping
layer thickness) but also indirect in momentum. As a
practical consequence, an electron at the surface cannot
move to the substrate without some mechanism to supply
the momentum transfer. The obvious mechanism is via
phonons, specifically M=(π, π) phonons. These are zone
boundary optical phonons, which typically lie at a few
tens of meV energy. Equilibration of electrons and holes

across the LAO slab will be slow at low temperature, but
will occur rapidly as soon as optical phonons are excited.

A further consequence of this 2D electron-hole bilayer
is that it provides the conditions necessary for formation
of a 2D excitonic liquid [27, 28] comprised of interact-
ing indirect excitons. The excitonic condensate has long
been studied theoretically, but without a great deal of
strong evidence of its occurrence in practice. In this ox-
ide nanostructure the separation of the 2D electron and
hole gases can be varied by the choice of polar material
as well as capping material. Furthermore, the carrier
densities can be tuned by gating, allowing a substantial
parameter range to be probed.

METHODS

Sample growth The heterostructures used in this
study were grown epitaxially using pulsed laser deposi-
tion from single crystal LAO and STO targets on TiO2-
terminated STO(001) substrates [29], as described previ-
ously in Refs. 5 and 8. The growth was monitored in-situ
by RHEED analysis [30], allowing precise thickness con-
trol of the LAO and STO layers at the unit cell scale and
accurate characterization of the growth dynamics. The
observed intensity oscillations indicated clearly a layer-
by-layer growth mode with a very smooth surface. After
growth, the sample was slowly cooled down to room tem-
perature in oxygen at the deposition pressure. A smooth
surface morphology and correct crystal structure of the
final heterostructures were confirmed by atomic force mi-
croscopy and x-ray diffraction.

DFT details The DFT calculations were performed
with the full-potential linear augmented plane wave (FP-
LAPW) method in the WIEN2k implementation [31].
The generalized gradient approximation (GGA) [32] of
the exchange and correlation potential is used. Because
the studied systems do not show a noteworthy occupation
of the Ti 3d band, including a Hubbard U term within
GGA+U [33] is not expected to affect the results.

LAO films with n = 1−3MLs on STO(001) covered by
a capping STO layer of m = 0 − 2 MLs are modeled in
the supercell geometry with two inversion symmetric sur-
faces on both sides of the slab to avoid spurious electric
fields. The slabs are separated in z-direction by a vacuum
of 10-12 Å in order to minimize interactions between the
periodic images. The lateral lattice constant is set to the
GGA value (3.92 Å), slightly larger than the experimen-
tal lattice parameter 3.905 Å of bulk STO. Thus the LAO
(a = 3.79 Å) is subject to 3% tensile strain. 21 k-points
are used in the irreducible part of the Brillouin zone and
a full structural optimization was performed within the
tetragonal unit cell. For further details on the calculation
see Ref. [12].
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