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X-ray photoemission studies of the metal-insulator transition in LaAlO3;/SrTiO; structures grown
by molecular beam epitaxy
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LaAlO;/StTiOj; interfaces grown by molecular beam epitaxy show a metal-insulator transition at a critical
film thickness of four unit cells of LaAlO; on TiO,-terminated SrTiO; substrates. This transition had previ-
ously been observed in LaAlOj; films grown by pulsed laser deposition, where defects related to the growth
process have been suggested as playing a role in the interface behavior. X-ray photoemission was used to
examine the band offsets and look for an electric field across LaAlO; for a range of film thicknesses on both
SrO- and TiO,-terminated SrTiO3 substrates. These results are compared to the predictions of the polar
catastrophe model for the emergence of a metallic interface in this system. We do not find the predicted electric
field in the LaAlO; or any dependence on substrate termination. While the observation of metal-insulator
transitions in LaAlO3/SrTiOj5 structures grown by different techniques points to an intrinsic effect, the absence
of an electric field in the LaAlO; layer is not consistent with the polar catastrophe model of interface

metallicity.
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The LaAlO; (LAO)/StTiO; (STO) system has drawn an
exceptional amount of interest due to its transport
properties,’> which are associated with the existence of an
electron gas localized near the interface. However, the origin
of the electron gas, emerging at the interface between two
band insulators, is still under debate. A key feature of trans-
port in this system is its dependence on STO substrate ter-
mination and LAO film thickness. Interfaces grown on
TiO,-terminated STO show no conductivity when the LAO
film is thinner than four unit cells (uc); however, a sharp
transition to metallic conductivity appears upon adding a
single unit cell to the film.> Interfaces grown on SrO-
terminated STO are insulating* for all LAO thicknesses. To
explain the observed conductivity, both extrinsic and intrin-
sic mechanisms have been invoked for doping near the inter-
face. Doping of the STO via oxygen vacancies created dur-
ing growth can lead to metallic conductivity.’ If these
vacancies are filled, intrinsic mechanisms become dominant.
The greatest amount of theoretical attention has been focused
on the polar discontinuity between the two oxides.®"'? STO
planes are formally neutral, while LAO planes have an alter-
nating *e charge. Calculations show that, if the interface is
abrupt, the charge discontinuity creates a built-in field in the
LAO film. The potential drop across the film grows until it is
large enough to cause an injection of carriers from the sur-
face to the interface. A different mechanism put forward in-
volves intermixing of the two oxides.'!"!?

In this work we experimentally investigate both the ex-
trinsic and intrinsic pathways using thin films grown by mo-
lecular beam epitaxy (MBE). Previous experimental work on
this system has been done on films formed via pulsed laser
deposition (PLD). The use of MBE is important because the
high kinetic energy of evaporants inherent to the ablation
process of PLD can induce defects in the STO layers,' simi-
lar to the effect of Ar* irradiation.'> Evaporants in MBE,
however, have thermal energies on the order of 0.1 eV.

We investigate intrinsic doping mechanisms using x-ray
photoelectron spectroscopy (XPS). Core-level photoemission
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is particularly useful when looking for the electric field in the
LAO film, as predicted by the polar catastrophe picture.
Built-in electric fields manifest themselves as shifts of the
film’s core-level emission with film thickness. This type of
analysis was used to detect the field in AlGa;_N
heterointerfaces,'* where a polarization discontinuity leads to
two-dimensional electron gas formation. The magnitude of
the predicted fields in the LAO/STO system [0.6-0.9 V/uc
(Refs. 7 and 8) and higher®] should manifest itself in an
easily observed core-level shift and broadening, reflecting
the metal-insulator transition and substrate termination de-
pendence. We note that previous photoemission studies of
this system'>!® looked at substrate photoemission and do not
provide a complete picture of the LAO/STO heterostructure.

Commercially available TiO,-terminated 5 X 5 mm? STO
substrates (Crystech Gmbh) were introduced into an oxide
MBE chamber with a 1 X 1079 Torr base pressure. Effusion
cells containing elemental Sr, La, and Al were used to ther-
mally evaporate the metals onto the substrate, where they
react with molecular oxygen introduced through a leak valve.
Metal fluxes were measured using a quartz crystal monitor,
with the thickness calibrated by counting reflection high-
energy electron diffraction (RHEED) oscillations. The sub-
strate temperature was kept at 675 °C and the O, partial
pressure during deposition was ~3 X 1077 Torr. Strong
RHEED oscillations were observed, indicating a layer-by-
layer growth mode of the films. Atomic force microscopy
(AFM) characterization showed large smooth terraces (Fig.
1).

To study the conductivity transition, we characterize 2-9
uc films that were grown on TiO,-terminated STO, and 3-7
uc films that were grown on SrO-terminated STO. The SrO
termination was created by depositing one monolayer of Sr
on TiO,-terminated substrates in the presence of oxygen, in
analogy to the PLD process.* Van der Pauw measurements
were performed on these samples directly after growth and
after an anneal at 350 °C under 75 cc/min of flowing oxygen
for 90 h. This anneal was found to be sufficient to remove all
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FIG. 1. (Color online) (a) Room-temperature conductivity of
LAO/STO interfaces grown on TiO,-terminated STO. The dashed
line signifies the sensitivity limit of measurement. (b) 4 X3 um?
AFM image of 5 uc LAO grown on TiO,-terminated STO. (c)
RHEED oscillations observed during LAO growth. The growth rate
is 1 uc/min.

conductivity in the SrO-terminated samples, via removal of
oxygen vacancies in the STO.

Transport measurements demonstrate the termination de-
pendence and metal-insulator transition typical of this sys-
tem. As-grown samples were reduced throughout the bulk of
the STO, as evident by the sample’s darkened color. The
sheet charge density was about 10'® charges/cm?, as seen
under similar reducing conditions by other groups.’ After
annealing and storage in the dark, the conductivity of
TiO,-terminated samples above 4 uc of LAO showed
metallic behavior, while 2 and 3 uc samples showed no
measurable conductivity, confirming the metal-insulator
transition at this thickness® (Fig. 1). Charge densities were
~1X10¥-3x 10" charges/cm?, which is considered the
intrinsic carrier density due to the interface.>> LAO films
grown on SrO termination show no measurable
conductivity.* The thickness and termination dependence of
these measurements establish the same phenomenology of
the interface conductivity as observed for PLD-grown films.

XPS measurements were done using Mg K« photons,
with electron emission normal to the surface. Samples were
transferred through air to the XPS chamber. Analysis focuses
on the substrate Sr 3d and film La 4d and Al 2p core-level
peaks. We use relative peak separations and widths as our
quantities of interest to cancel out the effect of charging and
surface photovoltage. The La 4d peak contains two final
states,!” typical for lanthanum oxides. For separation and
broadening comparisons, we use the 5/2-derived peak. The
average full width half maximum (FWHM) of the Sr 3ds),
remains unchanged after annealing, indicating that no peak
broadening occurs due to inhomogeneous charging. Spin-
orbit separations (Sr 3ds;-3dsy, La 4ds,-4ds,) were also
unchanged. The theoretical attenuation length for the photo-
emitted electrons in LAO, calculated using the TPP-2M
formula'® is 21.4 A and is in good agreement with the ob-
served attenuation of the substrate peak. Thick epitaxial films
of LAO and STO on Si (Refs. 19 and 20) were used as
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FIG. 2. (Color online) (a) Polar catastrophe model for the ap-
pearance of conductivity above 4 uc on TiO,-terminated substrates.
The LAO valence band bends upward until injection of electrons
into the STO conduction band can occur. The subsequent downward
bending of the STO bands is not shown. The experimentally deter-
mined valence-band offset is 0.35 eV. Band-gap values are from
Refs. 21 and 22. (b) A schematic of a composite photoemission
peak from the LAO core levels showing shift and broadening.

reference samples for valence-band-edge (VBE) positions.
Separations of 130.90 =0.12 eV between the Sr 3ds,, peak
and the STO VBE and 99.80 £ 0.14 eV between the La 4ds),
peak and the LAO VBE are found.?!

In the polar catastrophe picture, a built-in field exists in
the LAO due to the polar discontinuity of the buried inter-
face. For the TiO,-terminated case, the field points toward
the surface, so that the LAO valence-band energy increases
toward the surface (Fig. 2). The potential drop across the
LAO grows with increasing film thickness, until the valence
band at the surface becomes degenerate with the STO con-
duction band, enabling the injection of electrons into it. This
is considered to be the origin of the metal-insulator transition
at 4 uc. The process just described is directly related to sev-
eral quantities accessible via photoemission. The LAO/STO
band gaps and band offsets determine what magnitude of
field will cause band degeneracy at 4 uc. In a rigid band
model, an increase in the energy of the LAO valence band
will be reflected in a shift of the LAO core levels relative to
STO levels. In addition, as the field causes the binding ener-
gies of the LAO layers to differ from one another, the com-
posite LAO peak will broaden.

The LAO/STO valence-band offset is determined using
the linear Kraut method.”> A core-level-valence-band-edge
separation is measured for reference samples of the materials
on both sides of the interface, which is then used to deduce
the band offset from core-level separations measured for the
interface sample. Using the Sr 3ds,,-La 4ds, separation in
the annealed TiO,-terminated 2 uc sample to extract the
band-edge offset, we find that the STO valence band is
0.35%=0.18 eV above the LAO valence band, as illustrated
in Fig. 2. Given the band offset and experimental band
gaps,”’?? an internal field of 1.15+0.06 V/uc is required
for the metal-insulator transition to occur at 4 uc thickness.
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FIG. 3. (Color online) (a) La 4d and (b) Al 2p photoemissions
in annealed samples. To cancel out charging and surface photovolt-
age effects, the x axis is the binding energy relative to the Sr 3ds),
peak in the same sample. The thin solid line tracks the observed
peak center, while gray bands follow the range of predicted shifts of
the peak, according to the polar catastrophe picture for the
TiO,-terminated case. The predicted range is set by built-in fields of
0.6 and 0.9 V/uc taken from Refs. 7 and 8. The upward shift ex-
pected to lead to the metal-insulator transition is not observed.
Curves are shifted vertically for clarity.

This value is larger than theoretical estimates. In the follow-
ing, we use field values from theoretical calculations to com-
pare with experiment and show that even these smaller fields
are not compatible with measured data.

The Sr 3ds,-(La 4ds;,,Al 2p) separations in samples af-
ter oxygen annealing (Fig. 3) have little dependence on
thickness suggesting flat LAO bands. We simulate the effect
of a built-in field by examining a composite emission peak,
created by summing peaks representing emission from each
LAO unit cell (Fig. 2). Each single layer emission energy is
shifted by the predicted built-in potential and attenuated ac-
cording to the depth of the layer. The center and width of the
composite peak are then compared with experiment. The pre-
diction of the polar catastrophe scenario for the
TiO,-terminated case (gray band in Fig. 3) is a strong up-
ward shift of LAO bands until the metal-insulator transition,
followed by a gentler rise. This trend is not observed in the
data. The same behavior is observed when using separations
of film levels from the Ti 2p peak. It is interesting to see that
the measured value of the Sr-La separation is almost inde-
pendent of termination, implying that the transport properties
are not controlled by the LAO/STO offset. The polar catas-
trophe scenario should also cause a large broadening of the
film peak before the metal-insulator transition, followed by a
small decrease in width after the transition, as a constant
potential drop is spread out over more layers. However, the
La and Al levels do not change their widths. Comparing the
predicted broadening of the La 4ds,, peak (Fig. 4) with the
observed width indicates again the LAO bands are flat. We
note that this analysis method cannot extract the position of
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FIG. 4. (Color online) FWHM of La4ds, peak in annealed
samples. Lines follow the expected broadening of the peak, accord-
ing to the polar catastrophe picture for the TiO,-terminated case.
Predicted built-in field magnitudes are taken from Refs. 7 and 8.
Broadening in the emission peak due to the potential variation
across the film is not observed. No dependence on thickness or
termination is observed, and the width is similar to that observed in
thick LAO films.

bands relative to the Fermi level because of possible charg-
ing. However, it can detect shifts of film and substrate levels
relative to each other, which is the key feature of polar ca-
tastrophe.

It is of interest to see if there is any difference in elec-
tronic structure between the two substrate terminations, re-
flecting the difference in transport properties. Before oxygen
annealing, the Sr 3ds;,-La 4ds, peak separations show a
trend that strongly depends on substrate termination. Figure
5 demonstrates the evolution of the separation with thick-
ness. The substrate is conducting before annealing, making
absolute peak centers meaningful, thus allowing us to verify
that the change in separation is due to the La peak moving,
while the Sr one does not move. Assuming a uniform field in
the film, the systematic shift corresponds to fields of 0.06
and 0.14 V/uc (TiO, and SrO terminated). In the
TiO,-terminated case, the film bands are bent downward
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FIG. 5. (Color online) Left: La 4ds,-Sr 3ds;, separation in as-
grown samples. After 3 uc thickness the two terminations diverge.
The solid lines track simulated peak positions when the band bend-
ing in the LAO is caused by constant fields of 0.06 and 0.14 V/uc
for TiO,- and SrO-terminated cases, respectively. Right: La 4d lev-
els in Ti-terminated (black, bottom) samples, 4 and 9 uc samples. 4
and 7 uc samples, Sr terminated (red, top). The vertical lines cross
the centers of the 9 and 7 uc La 4ds), peaks.
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away from the interface, and the opposite sense for the SrtO
termination. This corresponds to a negative sheet charge at
the interface for the TiO,-terminated case, contrary to the
expectation from an uncompensated LaO plane, which has a
formal charge of +1. The same field values are found for the
Sr 3ds),-Al 2p separation, verifying this to be an electrostatic
rather than chemical shift. The band offsets, however, do not
have a strong dependence on termination and do not change
upon annealing.

The change in electronic structure with annealing hints
that effects other than simply filling of oxygen vacancies in
the STO substrate may be important. One effect of annealing
on TiO,-terminated interfaces is the decharging of interface
states. The field in the as-grown samples can be due to a
negative sheet charge at the buried interface. As the Fermi
level is pushed down by annealing, electrons leave interface
states, reducing the amount of negative charge present. An-
other possible effect that can explain the observed transport
properties is mixing across the interface being promoted by
annealing. Intermixing in annealed LAO/STO interfaces was
reflected in cross-section transmission electron microscopy
results,'” which show increased interface roughening in
TiO,-terminated interfaces. Interestingly, in the same study
an electron energy loss spectroscopy scan of the SrO-
terminated interfaces showed that the energy levels of the
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different layers of LAO are equal, indicating that no field
exists in the polar oxide. A percolative origin for the metal-
insulator has been recently suggested,'> which does not re-
quire a polar catastrophe to occur.

In this work, both extrinsic and intrinsic mechanisms for
metallic conductivity in LAO/STO were examined. Trans-
port measurements of MBE-grown films demonstrate termi-
nation dependence and metal-insulator transition, showing
that the origin of this behavior is not unique to a particular
growth method. Experimentally determined band offsets re-
quire the built-in field to be 1.15*=0.06 V/uc for the metal-
insulator transition to occur at the experimental thickness of
4 uc. However, photoemission does not find evidence for a
field of even the lowest magnitude of theoretical estimates
within the polar catastrophe picture. This result requires one
to consider mechanisms other than polarization doping.
These may arise from an interface that is not abrupt, as
hinted by previous experimental observations.!%-1213
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