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Experimental evidence of strong in-plane anisotropy in electrical properties of the confined electron
gas at the SrTiO;—LaAlOj; interface on top of (LaAlOs), 3(Sr,AlTa03) 7 substrates is provided by
detailed transport measurements. Structured measurement geometries in multiple directions are used
to show dependence of the sheet resistance with the in-plane angle 6, which is fitted with a sine
function with a period of 180°. The carrier density remains constant and a directional dependence
of the carrier mobility of more than one order of magnitude is determined with respect to the
orientation of the unit cell height steps present at the SrTiO;—LaAlOj; interface. © 2011 American

Institute of Physics. [doi:10.1063/1.3600339]

The remarkable observation of a high-mobility electron
gas at the interface between the band insulators SrTiO;
(STO) and LaAlO; (LAO)' has been attributed to electronic
reconstruction, where the polarity discontinuity across the
polar/nonpolar interface results in an energetically unfavor-
able build-up of electric potential causing the transfer of
electrons from the surface, across the LAO layer, into the
STO conduction band above a threshold of 3-4 unit cells
(u.c.) of LAO.> An additional STO capping layer prevents
structural and chemical reconstructions at the LAO surface
resulting in metallic behavior below this threshold, even
down to a single LAO unit cell layer.3’4 To date, experiments
have indicated that next to this intrinsic doping by the elec-
tronic reconstruction, also extrinsic doping could exist, origi-
nating from vacancy defects™ or cation intermixing.8 The
confinement of the charge carriers was demonstrated by the
controlled presence or absence of electrical conductivity by
using a STO (001) substrate, which was, respectively,
TiO,-terminated or SrO-terminated."”’

Electrical transport at the conducting interface occurs
in a confined, but finite, region of low-dimensionality. As-
suming the presence of a real two-dimensional electron
gas (2DEG) near the interface, the properties have to be in-
fluenced by the unit cell height steps separating the terraces
on the STO (001) surface. These steps are caused by the
miscut angle, present in all single crystal substrates. These
ordered surface steps are expected to have a dramatic effect
on the transport properties and, therefore, a clear anisotropic
electrical behavior should be observed when a real 2DEG
is present. Knowledge about anisotropic effects and degree
of two-dimensionality is required for implementation of
such conducting interfaces in devices. In the present study,
we show the detailed analysis of the strong in-plane aniso-
tropy of 2DEGs at the STO-LAO interface on top of
(LaAlO3)3(Sr,AlTa03), 7 (LSAT) substrates, which was re-
cently shown to exhibit a conducting interface.'’ Using
LSAT substrates enables structurization of samples with
measurement geometries by a combination of photolithogra-
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phy and argon ion etching, without inducing substrate con-
ductivity, which is very challenging on heterostructures
grown on STO substrates. Additionally, STO layers depos-
ited by pulsed laser deposition (PLD) have shown a lower
dielectric constant compared to single crystal substrates."’
This leads to reduced electrical screening, possibly resulting
in even stronger confinement of the free charge carriers at the
interface.

Epitaxial heterostructures of STO and LAO have been
grown on LSAT (001) substrates. The crystal structure of
LSAT is cubic with a lattice parameter of 3.868 A,lz which
closely matches the (pseudo)cubic lattice parameters of STO
(3.901 A)" and LAO (3.791 A)." Single crystal LSAT (001)
substrates (Crystec, GmbH) with various miscut angles were
annealed at a temperature of 1050 °C for 10 h under a flow
of O, of ~150 ml/min. This anneal treatment resulted in a
very smooth surface with well defined unit cell steps sepa-
rating the individual terraces, as can be clearly seen in the
atomic force microscopy (AFM) image in Fig. 1(b), which
represents the surface morphology of a typical LSAT sub-
strate. All terrace steps have a height difference of a single
unit cell indicating the presence of a mainly single termi-
nated surface, which is in good agreement with previous
studies reporting a surface with >90% AlO,_s/TaO,_;s ter-
mination after annealing.15

The STO-LAO heterostructures were fabricated by PLD
with in situ reflection high-energy electron diffraction
(RHEED) control of the growth process. Single crystal STO
and LAO 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. The STO
layer was deposited at an oxygen pressure of ~0.1 mbar, to
obtain properties equivalent to single crystal values, while
for the LAO layer oxygen pressures between 10~ and
107® mbar were used. RHEED intensity oscillations are
clearly observed during growth of each individual layer in-
dicating control on the unit cell scale due to the layer-by-
layer growth mode [Fig. 1(a)]. Results are given for the
growth of a 10 u.c. STO bottom layer and a 10 u.c. LAO top
layer. After growth, the heterostructures were slowly cooled

© 2011 American Institute of Physics
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FIG. 1. (Color online) (a) RHEED specular spot intensity during layer-by-
layer growth of 10 u.c. of STO and 10 u.c. of LAO at an oxygen pressure of,
respectively, 0.1 mbar and 10~ mbar. (b) Surface topography of an an-
nealed LSAT single crystal substrate and a STO-LAO heterostructure de-
posited on LSAT.

to room temperature in the LAO deposition pressure of oxy-
gen at a rate of 10 °C/min. The low level of surface rough-
ness was confirmed by AFM analysis of the surface of the
STO-LAO heterostructure [Fig. 1(b)], displaying smooth ter-
races separated by clear unit cell height steps similar to the
surface of the initial LSAT substrate, indicating surface ter-
mination was maintained during deposition process.

Electrical transport properties were measured with a
Quantum Design Physical Property Measurement System
(PPMS) system and a flowcryostat. For detailed electrical
anisotropy measurements, multiple measurement geometries,
with a width and length of, respectively, 50 wm and
400 um, at various angles were structured on the sample by
a combined photolithography and argon ion-beam etching
procedure. To determine sheet carrier density and mobility,
multiple hall bar geometries, with a width of 40 um and
length of 160 wm, in different orientations have been struc-
tured.

The dependence of the transport properties on the oxy-
gen deposition pressure for LAO growth between 10~* and
1078 mbar has been analyzed. For 10> and 10~° mbar, the
sheet resistance, sheet carrier density, fitted with a single
band model, and carrier mobility are shown in Fig. 2. For
samples with a deposition pressure of 10~ mbar a much
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higher sheet resistance was measured at room temperature,
which prevented accurately analyzing it at lower tempera-
tures. However, a comparable sheet carrier density of ~2
X 10" ¢cm™ at room temperature was determined for the
total deposition pressure range. Figure 2 shows two different
curves for each sample with values measured in two direc-
tions across the interface, perpendicular oriented to each
other, i.e., parallel to the two different outer edges of the
sample. A remarkable difference in sheet resistance of more
than one order of magnitude is observed at low temperatures
for these different directions [Fig. 2(a)]. The same difference
can be observed in the carrier mobility [Fig. 2(c)] while a
directional independent carrier density [Fig. 2(b)] is mea-
sured. These anisotropic effects have not been reported yet
but the observed carrier density is in reasonable agreement
with a previous study of LAO-STO interface growth on
LSAT."

Previous studies have demonstrated the formation of
oxygen vacancies when growing the LAO-STO interface at
low pressures on a STO (001) substrate.'” This was sup-
ported by an increase in carrier density of three orders of
magnitude. For our LAO-STO heterostructures on LSAT
substrates this effect is not observed. A single STO layer
deposited on LSAT remains insulating and the carrier density
of the heterostructures remains constant down to a deposition
pressure of 1078 mbar. In addition to this, we can control the
presence or absence of interface conductivity by controlling
the surface termination of the STO layer. LAO layers grown
directly on the deposited STO layer show conducting behav-
ior, as expected for a TiO,/LaO interface. However, fabrica-
tion of the other SrO/AlQO, interface, by intermediate growth
of a single SrO layer,16 shows insulating behavior in good
agreement with LAO-STO interfaces grown directly on STO
substrates. "

The results of a more detailed study of the strong aniso-
tropy in interface properties is shown in Fig. 3 for a hetero-
structure with a deposition pressure of 10> mbar for the
LAO layer. The sheet resistance was measured in multiple
directions across the sample with a measurement geometry
as shown. For various temperatures the resistance is plotted
as a function of the in-plane angle 6. Although clear aniso-
tropic behavior is observed at all temperatures, the effect is
especially strong at lower temperatures. Possible candidates
causing anisotropic behavior are the crystallographic (100)
and (010) orientations, which should be equal for cubic ma-
terials, and the direction of the terrace steps, i.e., the miscut
orientation, which is limiting the two-dimensional nature of
the interface. The periodicity of these two possibilities are,
respectively, 90° and 180°. Since the observed anisotropy
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FIG. 2. (Color online) (a) Sheet resistance, (b) sheet carrier density, and (c) carrier mobility for a LAO layer deposited at 10~ mbar and 10~ mbar. Data are
shown for two different measurement directions, perpendicular to each other, indicated by, respectively, A and V.
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FIG. 3. (Color online) (a) Sample geometry with step and terrace structure
and crystallographic a- and b-axes. (b) Resistance as a function of angle 6
for various temperatures. Results are fitted with a sine function with a peri-
odicity of 180°.

shows a periodicity of 180° the terrace steps at the interface
seems to be the origin. To confirm the origin of the aniso-
tropy we have used LSAT substrates with a miscut orienta-
tion of 45° with respect to a crystallographic axis to differ-
entiate between the influence of the terrace steps, i.e., the
miscut orientation, and the crystallographic axes [Fig. 3(a)].
From these measurements it is observed that the direction of
lowest resistance corresponds to a direction parallel to the
terrace steps, i.e., the highest carrier mobility is observed
along the terraces [Fig. 3(b)].

If a model is assumed where the charge carriers within
the 2DEG are strongly scattered by the unit cell height steps
at the interface, a high mobility is expected parallel to the
terrace steps and a low mobility is expected perpendicular to
the terrace steps. A higher miscut would then result in an
interface with a higher number of unit cell steps and there-
fore a stronger anisotropy. Anisotropy measurements for
three different miscut angles at a temperature of 50 K are
shown in Fig. 4. The angular dependence of the sheet con-
ductance (1/R,) and carrier mobility at 50 K are plotted. The
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FIG. 4. (Color online) Sheet conductance (1/R,) and carrier mobility as a
function of angle @ at a temperature of 50 K.
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carrier mobility values are calculated, based on a constant
carrier density of ~2X 10" cm™, as determined previously.
This overall lower mobility, as compared to STO-LAO in-
terfaces grown on STO single crystals, could be explained by
a higher defect density in the STO film, as compared to STO
single crystals. These results cannot be explained by the
simple intuitive model of carrier scattering at unit cell steps
at the interface, as the strongest anisotropy is observed for
the lowest miscut angle, i.e., lowest number of terrace steps.
In order to further understand these observations, a more
detailed model is required, which also takes into account the
local meandering of the step edges.

To conclude, we have observed strong anisotropic elec-
trical transport properties for 2DEGs at the STO-LAO inter-
face. The sheet carrier density is angular independent,
whereas for the sheet carrier mobility differences of more
than one order of magnitude were observed. It is shown that
the angular dependence of the carrier mobility follows the
miscut orientation of the LSAT substrate in which the highest
and lowest mobilities are observed for, respectively, parallel
and perpendicular directions to the terrace structure. This
study demonstrates the importance of controlled surface
preparation of the initial substrate in which the specific shape
of terrace steps has dramatic effect on the final interface
properties.
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