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Tracing the formation of oxygen vacancies at
the conductive LaAlO3/SrTiO3 interface via
photoemission

Junyan Chen®'?, Tobias Eul?, Lu Lyu?, Yaolong Li, Xiaoyong Hul**,
Xingkun Ning?, Shufang Wang?, Martin Aeschlimann?* and
Qihuang Gong'*

The two-dimensional electron gas (2DEG) generated at the LaAlO3/SrTiO3 interface has been in the focus of oxides re-
search since its first discovery. Although oxygen vacancies play an important role in the generation of the insulator-to-
metal transition of the SrTiO3 bare surface, their contribution at the LaAlO3/SrTiO3 interface remains unclear. In this
work, we investigated a LaAlO3/SrTiO3 heterostructure with regional distribution of defect-based localized polar sites at
the interface. Using static and time-resolved threshold photoemission electron microscopy, we prove that oxygen vacan-
cies are induced near those polar sites, resulting in the increase of carrier density of the 2DEG states. In addition, oxy-
gen-related surface states were uncovered, which we attributed to the release of lattice oxygen during the formation of
oxygen vacancies. Such effects are mainly found spatially located around the defect sites at the buried interface, while
other regions remain unaffected. Our results confirm that the itinerant electrons induced by oxygen vacancies can coex-
ist with the charge transfer mechanism in the LaAlO3/SrTiO3 heterostructure, together leading to the formation of the
metallic interface. These observations provide fundamental insights into the nature of LaAlO3/SrTiO3 interface based
2DEG and unique perspectives for potential applications.
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Introduction ing electronic features including high carrier mobility’,
Oxide interfaces often exhibit electronic structures quite interface magnetism’ ", tunable insulator-to-metal trans-
distinct from bulk properties. In particular, the two-di- ition®” and two-dimensional superconductivity®’. Vari-
mensional electron gas (2DEG) found at the interface ous theories have been proposed trying to explain the
between the two insulating metal oxides LaAlO3 and Sr- mechanism behind the 2DEG effect. The most famous
TiOj has attracted lots of attention due to its outstand- one is the electron reconstruction raised from the “polar
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catastrophe” with the polar layer (LaAlO3) over the non-
polar material (SrTiO3)!*!". To compensate such a polar
discontinuity, a certain number of charges has to be
transferred from the top surface of LaAlO; to the n-type
interface resulting in the formation of a 2DEG around
the Fermi energy (Er) and, hence, metallic interface. In
addition, oxygen vacancies (Vps) in SrTiOs; are also
found to be associated with the confinement of electrons
at reduced dimensions. The deletion of lattice oxygen is
expected to induced excess electrons, which would fill in
the 3D states of neighboring Ti atoms, also contributing
to the 2DEG. In particular, Vs succeed in explaining the
formation of the 2DEG on the SrTiOs bare surface'’.
However, theory calculations suggest that it is energetic-
ally unfavorable for Vps to form at the n-type
LaAlO3/SrTiOs3 interface due to a polar-induced energy
barrier'*!". Therefore, there is still a lack of fundamental
understanding about the influence of Vs located at the
buried LaAlO3/SrTiOj3 interface on the low-dimensional
electron confinement.

In this work, localized polar nano-regions (PNRs) are
induced at the n-type LaAlO3/SrTiO3 interface by induc-
tion of Ti-Sr anti-site defects in the deposited SrTiOj; lay-
er. By using threshold photoemission electron micro-
scopy (PEEM), we are able to selectively focus on the
changes of the electrons near the Fermi level at the bur-
ied interface. After annealing in an ultra-high vacuum
(UHV) environment, we observed the emergence of sur-
face states located within the LaAlO3; band gap, which
were resulted from the diffusion of the depleted lattice
oxygen during the formation of Vs in the buried SrTiO3
layer. These oxygen-related surface states were spatially
overlapped with defect-based PNR sites. Within the re-
gions with Vg formation, we also found an increase on
the 2DEG density and the local magnetic moments. Our
results reveal new fundamental information about the
electron confinement in LaAlO3/SrTiO;3 interfaces and
are of great relevance for the potential applications of
2DEG as they provide new ways to regionally manipu-
late the electronic properties of 2DEG systems.

Results

Figure 1(a) shows a sketch of the sample we used in the
experiment. Thin SrRuOj; with a thickness correspond-
ing to two unit-cells is first grown by pulsed laser depos-
ition (PLD) on TiO,-terminated (001) SrTiO3 substrates
as the bottom electrode. The SrRuQOj electrode is inser-
ted to prevent charging effects during PEEM imaging.

Afterwards, we sequentially grow two layers of SrTiO3
and LaAlO; on the SrRuOj; via the PLD method. Each
layer has a thickness of six unit-cells, corresponding to
approximately 3 nm, respectively. The thickness of each
grown layer is carefully controlled by reflection high-en-
ergy electron diffraction (RHEED). The Sr deficiency of
the deposited SrTiOj layer is induced by the strong laser
fluence during the growth process, which is reported to
lead to the formation of Ti-Sr anti-site defects as well as
resulted PNRs with localized ferroelectric polarization!>!c.
In our previous study, we have found such defects would
lead to localized trapping states and energy-favorable
coupling with Vgs, while preserving the termination
quality of SrTiO3'. More details about the sample pre-
paration are described in Section Methods.

PEEM has been proven to be an ideal tool to study the
2DEG system, with exclusive focus on the confined elec-
trons at reduced dimensions from the insulating bulk
materials and the ability for in-situ observation without
inducing surface damages'>!52°. Compared to the tip-
based characterization such as atomic force microscopy
(AFM), photoemission can directly image the energy dis-
tribution of electronic states, which is of great import-
ance in detecting 2DEG. The obtained work function
value of our multilayer structure was 2.3 eV, which is
consistent with previous reports using a Kelvin probe?..
Under the excitation of visible-range laser beam pulse,
neither electrons from the SrTiO3; nor from the LaAlOj
valence band can be excited, except for the 2DEG states
at the interface. In general, the very low mean free path
of the photoelectrons prevents direct access to the elec-
tronic properties of buried interfaces. However, we have
proven in an earlier work? that the inelastic mean free
path of the photoelectrons at threshold condition can be
drastically prolonged in the top dielectric layer. This is
caused due to the fact that their excess energy is less than
a few electron voltages above the conduction band min-
imum, which drastically reduces the phase space avail-
able for inelastic scattering. Specifically, after photoexcit-
ation of the 2DEG electrons, they will travel through the
conducting band of LaAlO3 towards the surface and sub-
sequently couple into the vacuum level.

Figure 1(b) shows an energy-integrated PEEM image
after annealing the sample to 900 K in UHV and illumin-
ating it with the normal incident (< 4°) laser beam (hv =
5.9 eV, linear photoemission). We found two types of re-
gions of hundreds of nanometers in size differing in their
respective photoemission intensity. Within the bright
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Fig. 1 | Threshold PEEM imaging of the 2DEG at LaAlO3/SrTiO3 interface. (a) Schematic of the sample structure used in the experiments. (b)

The PEEM image of the sample illuminated by the laser beam, which has a wavelength of 210 nm (hv = 5.99 eV). (c) K-space PEEM imaging of

the conductive LaAlO3/SrTiO3 interface. The white dash line marks the position of 2DEG states. (d) The photoemission intensity from the polar-

ized regions and the defect-free regions, as marked by the blue and green dashed lines in (b). The insert figure provides a zoom-in view of the

photoemission spectrum near the Fermi level.

regions (blue dashed line), the defect-based PNRs at the
interface, indicated by the hot spots in the PEEM image,
have an influence significant enough to affect the dens-
ity of states near the Fermi level, while other regions
(green dashed line) stay defect-free. In the following text,
these two types of regions will be referred to as polarized
regions and defect-free regions. Figure 1(c) shows the k-
space PEEM imaging of the 2DEG states using the same
incident beam, where the focal plane of the photoemit-
ted electrons is imaged instead of the image plane.

In the extracted photoemission spectrum (Fig. 1(d)),
we observed a significant increase on the photoemission
intensity in the polarized region, which mainly occurs at
approximately 0.3 eV and 1.0 eV below the Fermi level.
The states at these two binding energies are traditionally
attributed to the localized in-gap defect states and quasi-
particle 2DEG states'>?***, In the following part, we will
demonstrate that these increases on the photoemission
intensity in the polarized region are caused by the induc-
tion of Vs around the PNR sites located at the interface.
Those defect-based PNRs are expected to compensate

the polar discontinuity across the buried interface in the

neighboring area, lowering the polar-induced energy
barrier for the formation of Vo. The in-gap defect states
were also found in the defect-free regions, which is the
result of other intrinsic defects apart from Vps, such as
Sr-La anti-site defects at the heterostructure interface.
During the high-temperature annealing process, Vos
would form around the PNR sites and couple with the
Ti-Sr anti-site defects leading to an energetically favor-
ited configuration with a decreased formation energy>>*.
Due to electron correlation, the excess electrons induced
by the formation of Vgs would not only fill the in-gap
defect-based localized states, but also become itinerant
and contribute to the 2DEG at the interface?”. Moreover,
additional structural defects may occur around the PNR
sites, since defects tend to form in clusters. With the in-
crease of localized defect density and the decrease of in-
terface homogeneity, the energy barrier for Vo forma-
tion will be furtherly lifted. The formation of Vs at the
buried interface results in additional localized magnetic
moments leading to regional enhancement of the 2DEG-
based ferromagnetism by increasing the magnetic mag-
nitude. By using the magnetic circular dichroism (MCD)
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imaging mode of PEEM, we indeed observed an en-
hancement on the interface ferromagnetic effects within
the polarized regions (Fig. S1) confirming the existence
of additional Vs induced around the PNR sites. Further
low-enegry electron microscopy measurement suggests
the ultra-high flatness of the sample surface, eliminating
the possibility of surface inhomogeneity resulting in the
two types of regions (Fig. S8).

To further study the electron dynamics in different in-
terface regions, we performed pump —probe time-re-
solved PEEM measurements with an 800-nm (hv = 1.55
eV) beam as pump and a 400-nm (hv = 3.1 eV) beam as a
probe (see also Section Methods). The pulse length of
both beams is approximately 26 fs. During the whole
measurement, we did not observe any significant light-
induced damages on the sample surface. For reference, a
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static PEEM image of the same field of view using the
400-nm probe beam only was captured as shown in Fig.
2(a). We extract the photoemission spectrum for elec-
trons from initial states with a binding energy of 0.4 +
0.2 eV, where the 2DEG states are located. As shown in
Fig. 2(b), the difference in ultrafast electron dynamics is
striking between the polarized and defect-free regions in
the first few ps. Within the whole polarized regions, the
decay of the photoemission signal can be divided into
two phases, a fast decaying process within the first few ps
and a slow decaying process afterwards. Exponential fit-
ting yields a time constant of < 1 ps for the fast process
and 15 ps for the slow process. In the defect-free regions,
only the slow exponential decay process is observed.
Although the induction of Vps around the PNR sites
and the enhancement effect on 2DEG result in an
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Fig. 2 | Time-resolved pump-probe measurement of electrons within the two types of interface regions. (a) PEEM image of the sample

surface obtained with a 400-nm (hv = 3.1 eV) laser beam. (b) Time-resolved photoemission intensity collected by the lateral regions marked by
green and blue dashed lines in (a). Electrons corresponding to initial states 0.4 + 0.2 eV below Ef are extracted and counted. (¢) Schematic of
the ultrafast electron dynamics within the defect-free interface regions (upper) and the polarized interface regions (bottom). The photoemitted
electrons would come from the 2DEG states at the buried interface or the oxygen-related in-gap states at the surface. (d) Layer-resolved density
of states obtained by DFT calculations for defect-free interface regions (left column) and the polarized interface regions (right column). The grey
dashed square marks the surface states related with the surface oxygen adsorbates.
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increase of the density of electron states near Fermi level
at the buried interface, this cannot account for the ob-
served fast-decaying peak in the polarized regions. At the
buried interface, electrons near the Fermi level would be
pumped into the LaAlO3 conducting band under the ex-
citation of the first pump beam, where they gather at the
conducting band minimum and slowly decay to a lower
energy level due to electron-electron scattering and elec-
tron-phonon interactions. With the arrival of the second
probe beam, those excited electrons would travel within
the conducting band of LaAlOj; to the surface and then
be collected by the PEEM system. Such transportation of
carriers is based on the diffusion of excited electrons,
with a velocity around 2 x 10° m/s, which is calculated
by rising edge of the time-resolved PEEM intensity
curve. This transport process can explain, where the ob-
served time constant of 15 ps indicates the average life-
time of excited electrons in the conducting band of
LaAlOs (Fig. 2(c) top). A reasonable explanation for the
observed fast-decaying peak is additional surface states
exist on the LaAlOj; top layer around Ep in the polarized
regions as shown in Fig. 2(c) bottom. These electrons are
excited by the pump pulse into a virtual intermediate
state in the band gap of LaAlO3 and then photoexcited
by the probe pulse. Therefore, the time-resolved photoe-
mission results would be governed by the cross-correla-
tion curve of the pump (800 nm) and probe (400 nm)
laser pulse resulting in the fast-decaying peak in Fig. 2(b)
(blue dots).

We attribute such surface states in the polarized re-
gions to the diffusion of the depleted lattice oxygen to
the LaAlOs surface. Although the outward diffusion of
oxygen ions from SrTiO3 substrate to the upper layer is
quite common in SrTiOs-based heterostructures®*?, it is
the first experimental observation of such behavior in
conductive LaAlO3/SrTiO3 interface. The existence of
oxygen ions on the LaAlO3 surface would compensate
the internal electronic field induced by the defect-based
excess electrons at the interface, lowering the total en-
ergy of the system. In order to support our prediction,
we performed density function theory calculations (see
Methods). The layer-resolved density of states is shown
in Fig. 2(d). Compared to the defect-free LaAlO3/SrTiO;
heterostructure (left column), there are two obvious dis-
tinctions caused by the formation of Vg around the anti-
site defect (right column). There is a negative shift on the
electronic states for the SrTiOs layer near the interface,

which results from the energetically favorited coupling

between the Ti-Sr anti-site defects and the Vps. More
importantly, a peak of oxygen-related surface states
raises in the top LaAlOj3 layer corresponding to the ab-
sorption of oxygen ions on the surface, consisting with
our prediction. The calculated value of the band gap is
slightly underestimated compared to the experimental
results. Since the absorbed oxygen ions come from the
depleted lattice oxygen during the formation of Vo, such
surface states are expected to serve as excellent indicat-
ors for Vs located at the buried interface.

In most cases, the depletion process of lattice oxygen is
highly dependent on the annealing temperature. To veri-
fy such empirical rule, we carry out static PEEM meas-
urement on one sample with successive annealing at dif-
ferent temperatures. Each time the sample is heated to
the given temperature in UHV for two minutes and then
cooled down back to room temperature. The energy-in-
tegrated PEEM images are obtained using 400-nm (hv =
3.1 eV) grazing-incident laser beam, due to better stabil-
ity of beam path and the convenience of the experiments.
As shown in Fig. 3(a), there are only few signs of region-
al photoemission enhancement in the as-deposited
sample. But the coverage of bright regions increases
gradually as the annealing temperature increases (Fig.
3(b-e)). Conversely, after exposure to oxygen in atmo-
sphere and then annealing at 400 K in UHV, the sample
surface went back to an approximately homogeneous
photoemission intensity in the whole field of view (Fig.
3(f)). The appearance of the sample was originally trans-
parent after deposition, then becomes dark after anneal-

ing in UHV, and eventually restores the transparency

a As deposited | b ) 'I'(:?nnee;lea' ¢ | 800 K'annealed
' F ot - .
hlog a9

'Covéragé §
41%

Fig. 3 | Sequential annealing treatment on the same sample.
(a—e) are the PEEM images after each annealing treatment, ob-
tained with a 400-nm (hv = 3.1 eV) laser beam. (f) PEEM image after
exposing the sample to oxygen in atmosphere and then annealing at
400 K in UHV. The coverage ratio represents the spatial coverage of
the high-photoemission region in the PEEM images.
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after the exposure to oxygen in atmosphere (Fig. S2).
Such color changes can be attributed to the free carrier
absorption of Ti** states, which varies on the level of ox-
idization'2.

As mentioned above, the increased photoemission sig-
nal within the affected range of the PNR sites is caused
by the increase of the 2DEG as well as the oxygen-re-
lated surface states. When exposed to oxygen, the in-
duced Vps may recombine with oxygen in the atmo-
sphere and the oxygen-related surface state are eradic-
ated. Both processes are leading to a suppression of the
regional enhancement of photoemission intensity.
Therefore, the regional difference in the photoemission
signals is eliminated on the sample after exposure to oxy-
gen in atmosphere as shown in Fig. 3(f).

As discussed above, both the 2DEG states at the bur-
ied interface as well as the oxygen-related surface states
contribute to the photoemission intensity. Further exper-
iments are required to separate these two processes in or-
der to quantify the actual influence of interface Vos on
the 2DEG states. Generally, the oxygen-related surface
states are more sensitive to external stimulations, com-
pared to the buried interface.

A simple way of surface engineering is exposing the
hybrid structure to ultraviolet (UV) light radiation. We
applied UV light on the sample surface using a mercury
vapor lamp (hv = 4.9 eV). The energy-integrated photoe-
mission intensities obtained using 400-nm (hv = 3.1 eV)
are shown in Fig. 4. For the polarized regions, the pho-
toemission intensity decreases notably after the UV illu-
mination within the first 20 minutes. Quite contrary,
within the defect-free interface regions, there is a slight
increase of the photoemission intensity if the exposure
time is less than 15 minutes. For longer exposure time,
photoemission intensity in both types of regions contin-
ues to decrease with an equal decay rate. In both regions,
we observed a slight decrease of the work function after
the UV illumination (Fig. S3).

The different behavior under UV illumination in two
separated regions resulte from the different surface con-
ditions. For polarized regions with oxygen-related sur-
face states, the illumination of UV light, which has a
photon energy comparable to the bond dissociation en-
ergy of oxygen molecules®, removes the additional oxy-
gen ions on the top LaAlOj surface. This oxygen desorp-
tion process leads to a strong reduction of the surface
states and, hence, to a reduced photoemission intensity
(left inset figure in Fig. 4). This explains the fast drop of

the photoemission signal in the polarized regions within
the first 25 minutes of UV illumination. Thereafter, most
of the additional oxygen ions have been eliminated. For
defect-free regions without additional oxygen ions on the
top LaAlO;3 surface, UV light depletes lattice oxygen
within the first few layers of LaAlO3 and induces Vs on
the top LaAlOj surface (right inset figure in Fig. 4). Con-
sidering the p-type nature of this UV light modified top
LaAlO; surface, a small amount of surface defects
slightly increases the photoemission intensity via an en-
hanced charge transfer process to the interface. After 20
minutes of UV illumination, the increasing density of de-
fects starts to destroy the crystal structure in both re-
gions. Such an irreversible damage caused by strong UV
light illumination has also been reported in other 2DEG
systems’"*2. This continuous accumulation of surface de-
fects can explain the following slow decrease of photoe-
mission intensity in both regions.
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Fig. 4 | Time-dependent changes of photoemission intensity
within different regions after the illumination of UV light. The two
inset schematic figures demonstrate the two influences of UV light on
the surface, depleting the surface oxygen adsorbates or the surface
lattice oxygen. The former process mainly occurs within the first 20
minutes of UV illumination in the polarized regions, while the latter

applies in other cases.

Conclusions

Our results indicate that within the polarized regions af-
fected by PNRs, the formation of Vg at the buried inter-
face influences the electronic band structure at two dif-
ferent regions: In the interface region an enhancement of
2DEG has been observed and on the top LaAlOj3 surface
oxygen-related surface states due to the release of lattice
oxygen. In general, the formation of Vs at the n-type
LaAlO3/SrTiOs3 interface is prohibited due to the polar-
induced energy barrier'*****. However, this limitation is
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expelled around the defect-based PNRs in the SrTiOs,
where the localized ferroelectric polarization com-
pensates the intern electronic field in the LaAlOj;
layer'>2>2035, Around the PNR sites, carriers of the 2DEG
states are provided by the excess electrons induced by the
formation of Vps. Quite contrary, within the defect-free
regions, beyond the affected range of the PNRs, the
formation of the metallic interface is attributed to the
well-known charge transfer from the LaAlOj; top surface
to the buried interface. Whether the two origins for the
2DEG coexist in the same or different nano-domains
during the formation of the 2DEG cannot be deduced
from our data due to the limitation of the spatial resolu-
tion of our PEEM system (<30 nm).

Our observed oxygen-related surface states are sup-
ported by a distinctive fast-decay component in ultrafast
pump-probe PEEM investigations. By inducing UV illu-
mination, we managed to separate the contribution of
2DEG states at the buried interface from the oxygen-re-
lated surface states to the photoemission signal. Our res-
ults reveal the importance of Vps in the insulator-to-
metal transition of the LaAlO3/SrTiO3 interface in addi-
tion to the polar-induced charge transferring mechan-
ism. Such a scenario may also apply to other systems
with low-dimensional electron confinement.

Since 2DEG located at the buried interface is tradi-
tionally beyond the detective range of a point-by-point
characterization method such as AFM, our finding
provides us with a new way to investigate the 2DEG evol-
ution deep from the surface by studying the changes of
surface states. Nevertheless, the dynamics of defects, as
well as defect-based electronic states, are of great import-
ance in the formation of low-dimensional electron con-
finement, which should be taken into consideration in
future studies of SrTiO3-based 2DEG systems.

Methods

Sample preparation. The SrTiO; (001) substrate is first
treated with a buffered hydrofluoric acid etch and then
annealed in oxygen at 1050 °C to create an atomically
smooth surface with TiO, termination. SrRuO3; with 2-
unit-cell thickness, SrTiO3 with 6-unit-cell thickness and
LaAlO; with 6-unit-cell thickness were sequentially
grown on the substrate via PLD growth. All the growth
processes were performed at a temperature of 750 °C and
an oxygen pressure of 10 mbar. The KrF excimer laser
beam used for the SrTiO3 growth has a wavelength of
248 nm and an energy density of ~2 J/cm? Such a high

https://doi.org/10.29026/0es.2022.210011

laser fluence during PLD growth is reported to result in
the Sr deficiency and the induction of Ti-Sr anti-site de-
fects in the deposited SrTiOs layer'>!**. The in-situ
RHEED measurement assures the n-type interface in the
grown LaAlO3/SrTiOs3 heterostructure with Ti-O and
La-O termination across the interface.

PEEM measurement. Our experimental setup con-
sists of a photoemission electron microscope (NI-IS-
PEEM, Focus GmbH) in combination with a time-of-
flight (ToF) electron energy analyzer. The sample is illu-
minated under near normal incidence (4°) or grazing in-
cidence (65°). As a light source, we use the first (840
nm), second (SHG, 420 nm) or fourth (FHG, 210 nm)
harmonics of a commercial mode locked Ti:Sa oscillator
(MaiTai, Spectra Physics) with a repetition rate of 80
MH?z. During the measurement, the samples were placed
in an UHV environment with pressure below 10-° mbar.
When performing the annealing process, the sample has
been heated by a filament installed in a manipulator in-
side the UHV system. The overall energy resolution of
the PEEM was about 75 meV.

Density functional theory calculation. The calcula-
tions were carried out based on the local-density approx-
imation (LDA) as implemented in the ABINIT code®”.
A 6 x 6 x 6 Monkhorst-Pack k-point mesh was used in
the calculation. Such approach has been successfully
used to demonstrate the electronic and structural prop-
erties of perovskite heterostructures®*°. The 5-unit-cell
LaAlOs layer was placed over 5-unit-cell SrTiO3 to simu-
late the sample structure, and a vacuum layer with a
thickness corresponding to 20 unit-cells was induced on
the top surface to separate the supercell from the period-
icity in the vertical direction. We allowed full atomic re-
laxations except for the first SrTiO; layer. The systemat-
ic underestimation of the band gap was resulted from the
assumption of LDA. The layer-resolved density of states
was obtained by summing the local density of states of
the atoms located in each lattice layer.
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