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Local probing of coupled interfaces between two-dimensional electron and hole gases in oxide
heterostructures by variable-temperature scanning tunneling spectroscopy
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The electronic structure of an epitaxial oxide heterostructure containing two spatially separated two-
dimensional conducting sheets, one electronlike (2DEG) and the other holelike (2DHG), has been investigated
using variable temperature scanning tunneling spectroscopy. Heterostructures of LaAlO;/SrTiO; bilayers
on (001)-oriented SrTiOs; (STO) substrates provide the unique possibility to study the coupling between
subnanometer spaced conducting interfaces. The band gap increases dramatically at low temperatures due to
a blocking of the transition from the conduction band of the STO substrate to the top of the valence band of
the STO capping layer. This prevents the replenishment of the depleted electrons in the capping layer from the
underlying 2DEG and enables charging of the 2DHG by applying a negative sample bias voltage within the band
gap region. At low temperatures the 2DHG can be probed separately with the proposed experimental geometry,

although the 2DEG is located less than 1 nm below.
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I. INTRODUCTION

Following the discovery' of novel two-dimensional elec-
tron gas/liquid behavior occurring at interfaces between
insulating oxides, such as SrTiO3 (STO) and LaAlO3; (LAO),
many studies have revealed the rich phenomenology of
these conducting states”* and the potential for novel device
structures on length scales smaller than attainable with
standard semiconductors.>® A key ingredient underlying the
conductivity appears to be the polar discontinuity across the
interface between the polar LAO and the nonpolar STO. This
is conceived to result in an electrostatic potential buildup in the
LAO, causing a transfer of electrons from the surface, across
the LAO layer, into the STO conduction band. In addition to
this electronic reconstruction induced doping, also extrinsic
sources are found to contribute to the interface behavior, such
as oxygen and cation vacancies>’™ or cation intermixing.'%-!?

For LAO films grown on TiO;-terminated STO substrates,
an insulator to metal transition was found when the LAO
film exceeds a thickness of 3 unit cells.'* This is in line
with the understanding that a critical LAO thickness is
needed to acquire a sufficiently strong potential buildup to
drive the charge transfer. Remarkably however, when a STO
capping layer is grown on top of the LAO film, metallic
behavior is seen already for a single LAO unit cell thickness.'*
This was interpreted as the result of a surface dipole effect
in the STO," contributing to the potential buildup.'® A
tantalizing consequence following from this is the occurrence
of a two-dimensional hole gas (2DHG) at the STO surface
formed by oxygen 2p states from which electrons have been
transferred to the two-dimensional electron gas (2DEG) at the
STO-LAO interface underneath. This would imply a parallel
configuration of a two-dimensional electron conductor and
a two-dimensional hole conductor, see Fig. 1, at a distance
of only about 2 perovskite unit cells (uc), which is less
than 1.0 nm. Such a situation is reminiscent to coupled
2DEG/2DHG systems in semiconductor heterostructures, in
that case at typical distances of several tens of nm, in which,
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for example, exciton formation and their potential Bose-
Einstein condensation are studied.'”!® Key to the occurrence
of excitons in such bilayer 2D systems is minimizing the
separation distance to achieve strong Coulomb interaction,
while maintaining a small probability of recombination by
their spatial separation.

Evidence for the occurrence of parallel conducting sheets
(2DEG and 2DHG) in STO(001)/LAO/STO heterostructures
was provided by magnetotransport studies and ultraviolet
photoelectron spectroscopy,'® which demonstrated macro-
scopically the presence of electrons as well as holes. However,
the spatial separation of conducting sheets with exclusively
electrons or holes as carriers could not be determined yet.
Here, we report on the local characterization of the electronic
structure of closely coupled 2DEG and 2DHG interfaces
by STM and STS experiments on STO-capped LAO layers
on STO(001) substrates, revealing the individual interface
(2DEG) and surface (2DHG) conducting sheets including their
temperature dependent coupling.

II. EXPERIMENT

A. Unit cell controlled growth process

The epitaxial STO(001)/(2 unit cell LAO)/(1 unit cell STO)
heterostructures used for these studies were fabricated by
pulsed laser deposition (PLD) with reflection high-energy elec-
tron diffraction (RHEED) control of the growth process. Prepa-
ration by a combined HF-etching/anneal treatment'® is ex-
pected to result in atomically smooth TiO,-terminated SrTiO3
(100) substrates, which enables unit cell controlled growth of
individual oxide layers.?’ All substrates had vicinal angles of
~0.1°. Single crystal STO(001) and LAO(001) targets were
ablated at a laser fluence of ~1.3 J/cm? and a repetition rate
of 1 Hz. The substrate was held at 850 °C during deposition
of both layers, while an oxygen pressure of 2x 10~> mbar was
used. RHEED analysis demonstrates the preservation of the
(1 x 1) surface reconstruction from the initial TiO,-terminated
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FIG. 1. (Color online) (a) Schematic representation of the
experimental geometry. Two spatially separated two-dimensional
(2D) conducting sheets, one electronlike (2DEG) and the other
holelike (2DHG), are considered to be created at the interfaces
in STO(001)/LAO/STO heterostructures. Temperature dependent
scanning tunneling microscopy (STM) and spectroscopy (STS) are
performed by monitoring the tunneling current /, between the tip and
the sample as a function of V, voltage at the sample relative to the tip.
(b) Surface topography image and (c) corresponding height profile
recorded by STM at —1.0 V and 300K.

STO (100) substrate?! surface to the final surface of the STO
top layer.?’

To demonstrate the high level of control and reproducibility
of the growth procedure, RHEED intensity analysis is shown
in Fig. 2 of the growth of two SrTiO3(001)/(2 uc LaAlO3)/(1
uc SrTiO3) heterostructures. Identical characteristics were
observed in the RHEED analysis displaying the reproducibility
of RHEED-assisted pulsed laser deposition. The deposition of
LaAlO;3 was stopped exactly in the second maximum of the
RHEED intensity, indicating the growth of two unit cells. The
deposition of the SrTiO3 top layer was interrupted after a single
unit cell. However, one extra laser pulse, more than required
for the maximum of the RHEED intensity oscillation, was
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FIG. 2. (Color online) RHEED intensity analysis during epitaxial
growth of two SrTiO5(001)/(2 uc LaAlO;)/(1 uc SrTiOs) heterostruc-
tures by RHEED-assisted pulsed laser deposition showing identical
characteristics.
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given to be certain that the SrTiO; top layer was fully closed.
This can be observed in Fig. 2 where the intensity after the last
laser pulse is slightly lower than the intensity of the maximum.
After growth, the heterostructures were slowly cooled to
room temperature in the oxygen deposition pressure at a
rate of 10°C/min. As a counter electrode for the STM/STS
experiments, aluminum wire bonds have been used, forming
a shared contact to both interfaces separated a few mm
from the investigated area; see Fig. 1. We note that for
such thin stacks, contacting the conducting interfaces/surfaces
separately is experimentally very challenging. Subsequently,
the heterostructures were transferred through air to an ultrahigh
vacuum variable temperature cryostat for STM and STS anal-
ysis without any intermediate heating or etching procedure.

B. STS spectrum recording procedure

The scanning tunneling microscopy and spectroscopy
experiments are performed with an Omicron ultrahigh vacuum
low temperature STM system, which has a base pressure
of 3x10~!" mbar. Therefore any contamination during the
measurements can be safely disregarded. We have used electro-
chemically etched tungsten STM tips for all our experiments.
The temperature was varied from 77 to 300 K. The sample
bias and initial tunneling current set points were always kept
below 4 V and 4 nA, respectively. The I(V) experiments are
performed by presetting the sample bias and the tunneling
current, and with this the tip-sample separation, at an initial
value and subsequently measuring / as a function of V with the
feedback disabled,?” i.e., with the tip-sample separation fixed.

The 1V curves are averaged over the entire 30 x 30 nm?
scans. Each scan involves 100 IV traces, taken in a 10 x 10
grid. The variation from trace to trace is marginal. The STS
measurements were recorded as follows. Before opening the
feedback loop a delay of 200 us was used. After opening
the feedback loop, the voltage was kept constant at the set
point and a delay of 50 us was applied. At each voltage point
the current was measured for 640 us, followed by a delay of
50 us. After every change in bias voltage, a delay of 80 us
was applied. Before closing the loop again a delay of 100 us
was applied and after closure of the feedback loop a delay of
50 us was applied before continuing the scanning. So in total,
including the normal scanning, this amounts to about 4 minutes
for a 30 x 30 nm scan (200 x 200 points measurements with
a 10 x 10 STS grid). The differential conductance dl/dV
was extracted numerically from the /(V) curve. In order to
check the quality of our dI/dV data, we have also measured
the differential conductivity using a lock-in technique. The
normalized differential conductance (dI/dV)/(I/V) is known to
resemble the local density of states (LDOS) of the surface,?>*
whereby it should be noted that at the Fermi level (where
V = 0) the normalized differential conductance is always 1.
As is clear from Fig. 3, the exact shape of the LDOS spectrum
depends on the actual value of the set points.

III. RESULTS

The low level of surface roughness of our samples was
confirmed by scanning tunneling microscopy analysis of the
surface (Fig. 1), exhibiting smooth terraces separated by clear
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FIG. 3. (Color online) IV curves and LDOS, (d1/dV)/(1/V) of
the STO(001)/2LAO/1STO heterostructure, recorded at (a), (b) 300
and (c), (d) 77 K.

unit cell height steps similar to the surface of the initial STO
(001) substrate. It is noted that for the STO capping layer about
8% more PLD pulses than required for a single unit cell were
used to ensure the presence of a fully closed STO capping
layer, which explains the presence of small clusters in the
STM images. In Fig. 3 the scanning tunneling spectroscopy
data of the STO(001)/2LAO/1STO heterostructure at 300 and
77 K are shown. Different initial set points were chosen at both
temperatures to provide a bias voltage larger than the band gap.
The most remarkable features are the increase of the band gap
from about 1.0 eV at 300 K [Fig. 3(b)] to approximately 2.3 eV
at 77 K and the increasing asymmetry at low temperatures. At
77 K this band gap is predominantly in the energy range below
the Fermi level, as is common for n-type conducting behavior.

The typical tunneling currents in our experiments are
significantly higher than observed for STM/STS studies on
uncapped 4 uc LAO layers on STO, as reported by Breitschaft
et al.** and Ristic et al..* This supports the conjecture that in
our STO-capped system the surface is conducting as well. In
addition, the observation of high tunneling currents at positive
sample biases, for the room temperature scans, is in line with
a predominant tunneling from a 2D hole gas, as predicted to
be present at the STO surface.

Density functional theory (DFT) calculations of the band
structure'® of the STO(001)/2LAO/1STO heterostructure are
shown in Fig. 4. The valence band maximum is defined by the
O 2p states at the M point in the STO surface layer, while Ti
3d states at the LAO-STO substrate interface mark the bottom
of the conduction band, located at the I" point of the Brillouin
zone. The indirect band gap for this system was calculated to be
~0.3 eV, while the direct band gap at the I" points was ~0.8 eV.
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FIG. 4. (Color online) (a) Schematic representation and (b) DFT
calculation of the band structure of the STO(001)/2LAO/1STO
heterostructure with band gaps at 300 and 77 K. Data taken from
Ref. 16.

It should be noted though that DFT calculations typically
underestimate band gaps. The small band gap experimentally
observed at 300 K suggests that at this temperature both the
surface (M point) as well as the interface states (I" point)
are probed. At cryogenic temperatures, however, the tunneling
from the STM tip to the finite k-value STO surface states
appears to be inhibited. This notion is supported by the fact
that the surface imaging resolution, at normal bias voltages
(<=£2V) in the STM experiments at 77 K, was found to be
considerably inferior to that at 300 K.

To further investigate the temperature dependence of the
composite 2DEG-2DHG system, /V curves were recorded at
various temperatures in the range from 80 to 180 K. For every
temperature, 900 /V scans were recorded on a 10 x 10 grid
(30 x 30 nm) and subsequently averaged. The result is shown
in Fig. 5(a). Each IV scan was obtained from an initial set
point voltage of —1 V, and took approximately 0.2 s. The
most remarkable observation is the offset of the current at zero
bias for temperatures below 180 K. This offset increases with
decreasing temperature; see Fig. 5(b). This current offset is
interpreted as resulting from a negative charging of the sample
during the hold time at —1 V, before the scan is carried out.
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FIG. 5. (Color online) (a) Temperature dependent IV curves
of the STO(001)/2LAO/1STO heterostructure recorded from 83 to
180 K. (Set point voltage V = —1.0 V and tunnel current / = 1 nA).
(b) Current offset at zero bias for various temperatures.
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FIG. 6. (Color online) 1V curves of the STO(001)/2LAO/1STO
heterostructure recorded at 77 K with tunnel current set points of
(a) 0.5 and (b) 1.0 nA.

During the 1V scan, this charging is countered by a positive
current flow to the sample.

This suggests that for decreasing temperatures the depletion
of electrons in the upward shifted O 2p band cannot be
replenished from the underlying interface, and hence the STO
capping layer is positively charged with respect to the tip.
Since no evidence for a Coulomb gap and a Coulomb staircase
is observed in 1V curves, the charging energy (e?/2C) must be
substantially larger than the thermal energy k7.262" The latter
implies that the capacitance C must be significantly larger than
10~!7 F. Decreasing the sample bias set point and scanning
voltage to a value below —2 V does not result in charging of the
top layer [see Figs. 6(a) and 6(b)]. Thus electrons that tunnel
from filled states which are located more than 2 eV below the
Fermi level of the STO capping layer can be replenished by the
underlying interface at the substrate. Prolonged scanning at a
voltage in the band gap region leads to a gradual increase of
the decharging current (see Fig. 7). Moreover, increasing the
set-point current shifts the charging current to higher values,
but the decharging current at zero bias remains unaltered as
shown in Fig. 7.

IV. DISCUSSION

The structural phase transition in STO from a cubic to
a tetragonal phase may play a role in the fact that the
phonon-assisted tunneling to the surface states is hampered
by stiffening of the phonons. This phase transition is driven
by the condensation of a zone corner phonon which involves
the rotation of the oxygen octahedra.’® Moreover, it is known
that this phase transition must be treated very differently in
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FIG. 7. (Color online) IV curves of the STO(001)/2LAO/1STO
heterostructure recorded subsequently at 77 K with variable tunnel
current set points of 0.25 (1,2,3: first curve 1 was recorded, followed
by curves 2 and 3, respectively), 0.50, 0.75, and 1.0 nA and sample
bias —1.0 V.

the near-surface region than in the bulk of the crystal. For
instance the order parameter increases when the surface is
approached from the interior of the crystal.”” Salman et al.*°
found that the structural phase transition of STO occurs at a
much higher temperature near the surface (150 K) as compared
to the bulk (105 K), which would be in line with the observation
of a reduced accessibility of the surface states below this
temperature.

We have studied the electronic structure of the surface of
the perovskite STO(001)/2LAO/ISTO system with variable
temperature scanning tunneling spectroscopy. At 300 K a
band gap of ~1.0 eV is measured, whereas at 77 K the
band gap widened to ~2.3 eV. The significant decrease in
the band gap with increasing temperature is ascribed to an
increased replenishment of charge from the underlying 2DEG
to the surface 2DHG. At low temperatures the 2DHG can be
positively charged by applying a negative sample bias voltage
within the band gap region. At low temperatures the 2DHG
can now be probed separately with the proposed experimental
geometry, although the 2DEG is located less than 1 nm below.
These local observations demonstrate the presence of two
spatially separated 2D conducting sheets, one electronlike
(2DEG) and the other holelike (2DHG), in epitaxial oxide
heterostructures.
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