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Surface potential distributions in ultra-thin (0.8-3.9 nm) LaAlO4 layers deposited on SrTiO5 sub-
strates are studied. It is found that the potential distribution evolves from island-like to a homoge-
neous one with increasing LaAlO; thickness. It is suggested that the observed islands are caused
by a locally enhanced concentration of mobile charge carriers at the interface that is, in turn, related
to non-stoichiometry of the layers with thickness bellow 4 unit cells. Transition to a homogeneous
potential distribution with increasing LAO thickness (>4 unit cells) corresponds to the formation
of a quasi-2-dimensional electron gas. The results agree with a percolation model explaining the
insulator-to-metal transition that occurs at the LaAlO;/SrTiO; heterointerface.

Keywords: LaAlO,/SrTiO, Heterointerface, Kelvin Probe Force Microscopy.

1. INTRODUCTION

Interfaces between complex oxides, in particular het-
erostructures with only a few unit cells (uc) thick LaAlO,
(LAO) film on a single crystal SrTiO; (STO) substrate, are
of increasing interest in oxide electronics due to the forma-
tion of a quasi-2-dimensional electron gas (q2DEG) that
can exhibit magnetism, superconductivity and giant elec-
tric field effect.'™ A transition from an insulating to a con-
ductive state occurs at a critical thickness of LAO of 4 uc.?
However, identification of the source of charge carriers is
still a challenging problem. Several mechanisms were sug-
gested to explain the formation of the q2DEG such as a
polar discontinuity at the interface,’ creation of high den-
sity of oxygen vacancies in an STO layer®’ and interdif-
fusion of La into the substrate.® Recently, we found using
medium-energy ion spectroscopy (MEIS) that LAO films
with thicknesses <4 uc are non-stoichiometric.” Mutual
diffusion of La into STO and Sr into LAO was suggested.
Such interdiffusion was also observed by high-resolution
transmission electron microscopy.!®!! These data together
with preliminary Kelvin probe force microscopy (KPFM)
studies allowed us to propose a percolative model to
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explain the insulator-to-metal transition in the LAO/STO
interfaces.” In this paper, we present detailed KPFM inves-
tigations of the LAO/STO interface and explain how the
observed change in the distribution of surface potential
correlates with the evolution of the interface composition
and the proposed percolative model.

2. EXPERIMENTAL DETAILS

LAO layers with thicknesses of 2—10 uc (1 uc ~ 0.39 nm)
were grown by pulsed laser ablation on (001)STO sub-
strates kept at 800 °C and at oxygen pressure of 10~* mbar.
The thickness of the layers was in situ controlled using
reflection high energy electron diffraction. An additional
in situ oxidation for all samples was done in 500 mbar
oxygen at 600 °C for 2 hours. More details on the growth
procedure can be found in Ref. [7]. The samples having
4 uc or thicker LAO layers showed electrical resistivity
of about 5 x 10*Q)/0J at room temperature and metallic
temperature dependence of electrical resistance. The sam-
ples with thinner LAO layers were found to be insulating
(>10"Q/00).

The samples were studied ex situ by atomic force
microscopy (AFM) in a tapping mode and by KPFM using
a Probe NanoLaboratory Ntegra-Aura (from NT-MDT).
Commercial Si cantilevers with conductive TiN coating
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(curvature radius of a tip is about 35-40 nm) were utilized,
providing a lateral resolution of KPFM images better
than 100 nm. In order to obtain typical and reproducible
images, measurements were carried out on a few samples
for each LAO thickness. A two-pass technique was used
to record AFM and KPFM images. During the first pass,
topography image was acquired and used as a feedback
signal in the second pass. For the second pass, the can-
tilever was lifted for z = 10 nm from the surface. The
cantilever was electrically excited by a voltage V;;, = V. +
V,. sin(wt), where V,. is the driving voltage (typically 2 V
in our case) at resonant frequency w. Thus, the capacitive
force between the cantilever tip and a surface having its
own potential ¢ can be written as

1 C(z)

F;:ap = z(‘/tip_go)z 9z (1)
where C(z) is the tip-surface capacitance. In
KPFM, the first harmonic of the force, ((V,, —

@)V, sin(wt))dC(z)/dz, is extracted and then nullified by
adjusting the dc component of the voltage to be equal to
the potential at every point on the surface (V,, = ¢). This
allows to map the surface potential in 2D.!>!3

For metals or semiconductors, the measurements of con-
tact potential difference between a cantilever and a surface
can give quantitative data regarding electronic structure of
the surface, for instance, the local work function difference
(in metals), local dopant concentration or electronic band
bending (in semiconductors).* ' In the case of dielectric
surfaces, an analogy between the interaction of a point
charge Q and a dielectric surface can be applied. This
gives the electrostatic force'

1 e—1\ Q?
Foy=—— |2 )= 2
diel 47780(a+1)4z2 @

Since the force depends on the dielectric constant & and
the charge Q, the tip-surface interaction should be inter-
preted in terms of dielectric properties of the material as
well as surface and interior charge density.'® 7 It was found
that & for LAO depends on the layer thickness.!® However,
one can see from Eq. (2) that, for instance, a doubling of
¢ leads only to a small increase of the interaction force. At
the same time, for a layer of well-defined thickness (like
in our case) we do not expect significant variations of &
unless the layer is non-stoichiometric. In the latter case,
local changes of composition can cause considerable vari-
ations of dielectric properties. On the other hand, signifi-
cant influence on the surface potential distribution can be
expected from intrinsic or dipole charges. Dipoles consist-
ing of mobile electrons and unscreened immobile dopant
atoms can be formed in the ultra-thin LAO layer in a similar
way as it has been found for semiconductors.!® However,
to properly consider the effect of polarization for the ultra-
thin LAO layers with the conductive interface beneath, one
should also take into account the role of this interface as a
kind of electrical shield separating the top LAO layer from
the STO substrate.

2

3. RESULTS AND DISCUSSION

In order to prove the applicability of KPFM to planar
studies of LAO/STO interfaces, a surface of 4 uc thick
layer was lithographically masked and 3 x 3 um squares
were irradiated by 250 eV Ar* ions. After that the pho-
toresist mask was removed. AFM and KPFM images of
one of these squares are presented in Figure 1. The AFM
image shows a smooth LAO surface with terraces origi-
nating from atomic steps of the slightly miscut STO sur-
face. The KPFM image does not reproduce topography, but
rather demonstrates a clear difference in surface potential
between the unirradiated and irradiated areas. The unirra-
diated area has much lower potential. It can be interpreted
as a lower charge density due to suppressed dipole for-
mation caused by the presence of the conductive interface
which electrically shields the LAO layer from the STO.
On the other hand, the LAO layer inside the irradiated area
is amorphized and the conductive interface is destroyed
(the squares become insulating). The numerous structural
defects (especially vacancies) give rise to charge carri-
ers favouring a dipole formation under the bias applied
between tip and surface. This explains much higher values
of the surface potential inside the irradiated squares.

Fig. 1. (a) AFM and (b) KPFM images of LAO/STO sample with 4 uc
thick LAO layer. The LAO layer is radiation-damaged and conductivity of
the interface is destroyed inside the centrally positioned square. The small
bumps at the square perimeter in (a) correspond to residual photoresist.
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Now we switch to the as-grown and annealed samples
(i.e., without radiation damage). Typical surface potential
image from bare STO substrate is presented in Figure 2(a).
The scale on the right-hand side shows the relative varia-
tion of the potential with respect to a mean value. The STO
substrate demonstrates rather homogeneous distribution of
the surface potential that indicates absence of significant
variations of the dielectric properties and surface charges.
The image in Figure 2(b) corresponds to 2 uc thick LAO
layer deposited on the STO. This image is a typical one,
i.e., similar surface potential distributions were observed
on other samples with 2 uc thick LAO layer. Moreover,
samples with 3 uc thick layer demonstrate same type of
the island-like potential images and therefore not shown.
Pronounced island-like structure presented in Figure 2(b)
is rather different from that found for bare STO. This type
of island-like structure is observed in considerable number
of scans over the same area, thus, eliminating possible con-
tribution of surface contaminants. The surface potential of
4 uc thick layer changes back to an almost homogeneous
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Fig. 2. KPFM images of (a) bare STO substrate and LAO/STO samples with (b) 2, (c) 4 and (d) 6 uc thick LAO layer.
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(or slightly mosaic-like) distribution, see Figure 2(c). Fur-
ther increase of thickness up to 6 uc leads to a homoge-
neous potential distribution (Fig. 2(d)), very similar to that
observed on bare STO.

The island-like type of surface potential distribution
found for 2 and 3 uc thick layers can be related to the
formation of areas rich in mobile charge carriers at the
LAO/STO interface, thus affecting local polarization of
the ultra-thin LAO layers. Formation of these areas may
be caused by a local change of composition. This is sup-
ported by MEIS results indicating non-stoichiometry in
thin (<3 uc) LAO layers.’ In particular, deficiency of La
was found in the layers and La diffusion into STO was
suggested. Substitution of Sr by La is one possible source
for increased concentration of charge carriers at the inter-
face. We do not also exclude that charge carriers originate
from oxygen-vacancies in the STO.*” It should be empha-
sised that the areas with increased concentration of mobile
charge carries in 2 and 3 uc thick films do not provide a
continuous (or quasi-continuous) conductive path.
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The change from island-like to almost homogeneous
potential distribution with increase of the layer thick-
ness from 3 to 4 uc can be interpreted in terms of a
change of surface composition towards a stoichiometric
one, which is observed using MEIS.® The stoichiometry
excludes considerable local variations of composition and
consequently dielectric properties at surface thus elimi-
nating inhomogeneity in the surface potential distribution.
One should also consider the formation of a conductive
interface between two dielectrics which acts as an elec-
trical shield separating the LAO layer from the STO sub-
strate. This prevents possible local contributions of charges
from the STO substrate on the potential measured at the
LAO surface. Thus, the samples with 4 uc thick layer rep-
resent a boundary case of insulator-to-metal transition in
conductance. This transition is evidenced by KPFM as a
change of the surface potential distribution from island-
like towards a homogeneous one. The potential distribution
becomes even more homogeneous for the samples with

05 10 15 um

Fig. 3. (a) AFM and (b) KPFM images of 10 uc thick LAO layer
deposited on STO.

4

6 uc thick LAO layers due to an enhancement of both men-
tioned effects (homogeneity in composition and shielding).
The presence of a shielding effect can even be quantified.
It is found that the absolute values of the surface poten-
tial in the case of 4 and 6 uc thick layers are, on average,
about 2 times lower than those measured for 2 and 3 uc
thick ones. It means that the presence of conductive inter-
face beneath the layers leads to less efficient polarization,
i.e., to much lower surface potential, and prevents contri-
butions from the STO substrate that could cause an inho-
mogeneity in the surface potential distribution. For rather
thick (10 uc) LAO layers, the contribution of topography
becomes visible in the KPFM images (Figs. 3(a and b)).
Possible origins can be related to both an enhanced dipole
formation at the atomic steps in rather thick layers and
almost no shielding because the conductive interface is
well below the surface. It is probably too deep to effect on
the electrostatic properties of the top surface layers.

4. CONCLUSIONS

The dependencies of surface potential on thickness of
the LAO layers deposited on STO substrates are studied.
These data are compared with previously obtained results
on the change of composition of the LAO/STO heteroin-
terfaces with increasing LAO thickness. KPFM shows an
evolution in the planar distribution of the surface potential
from an island-like to a homogeneous one. It is suggested
that the islands observed for 2 and 3 uc thick layers cor-
respond to areas with enhanced concentration of charge
carriers at the interface due to local variations of the com-
position mainly related to the La interdiffusion. Increasing
the thickness up to 4 uc, islands rich of charge carriers
grow and the interface becomes conductive. Thus, the
KPFM results support a percolation model® to explain the
insulator-to-metal transition in LAO/STO.
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