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ARTICLE INFO ABSTRACT
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The search for new and low-power switching devices involving the integration of semiconductor thin films is of
interest, and has led to renewed research because such devices may exhibit innovative properties. Here, we
investigate the two-dimensional electron gas (2DEG) at the LaAlO3/SrTiO; interface with metallic and insulator
behavior. Insight is offered by quantifying the interface charge distribution associated with structural and
electronic order-disorder effects. Variations in the electron conductivity were observed to be associated with

different specific clustering arrangements of both Ti and Al cations of the co-exposed surfaces at the interface,
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i.e., structural and electronic connectivity among the undercoordinated [TiOs] and [AlOs] clusters. These results
indicate facet control as a strategy for enhancing the electric and magnetic properties of a device via the
quantum confinement of electrons.

1. Introduction

The large number of studies on materials with heterojunctions
generated by the co-exposed surfaces of the ABO3 perovskite structure
reflects the considerable research interest in these compounds. Their
unique physico-chemical behavior and stability make them particularly
appealing for a variety of technological applications. In particular,
confined materials involving an atomically thin two-dimensional elec-
tron gas (2DEG) of perovskite heterostructures with structural aniso-
tropy, rich surface chemistry, and unique electronic structures, are
technologically intriguing because they exhibit fascinating changes and
unusual behavior vis-a-vis their corresponding free state counterparts
[1-12].

Since the first report by Hwang and Ohtomo [13] on the 2DEG at

the interface of two otherwise insulating metal oxides, SrTiO3 (STO)
and LaAlO3; (LAO), the LAO/STO heterostructure has been studied ex-
tensively owing to novel phenomena that are associated with the con-
finement of correlated electrons at the interface [14-16]. Several stu-
dies have revealed the wide range of technological applications of the
heterostructure, such as in electronic devices [17], superconductors
[18], and spintronics [19]. Understanding the properties and stability
of these materials is the key to maximizing the impact of materials
engineering [14,20,21]. Therefore, the ability to control both the
atomic structure and composition of these oxide layers formed by
ABO3-based materials, as well as their interfaces, is emerging as one of
the major challenges in the development of electronic devices with a
range of functional properties.

With the advent of state-of-the-art thin-film deposition techniques,
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such as pulsed laser deposition (PLD), atomically sharp interfaces can
be manufactured [22-25]. Since oxidizing or reducing conditions can
change the properties of the 2DEG, it is important to verify the actual
impact under real operating conditions; then, the effect of the presence
of oxygen can be investigated. It is also important to understand this
phenomenon at a more fundamental level. Therefore, we set up the
basis for further analysis of the experimental results with a theoretical
picture of the electron system for the 2DEG at the LAO/STO interface.
Ultimately, it is necessary to clarify these open questions not only be-
cause of their academic value, but also because of their key roles in
understanding other systems that might show similar behaviors and
how they could be utilized. Consequently, we revisited the origin of the
2DEG and further explored new ways of tuning its properties, based on
a detailed density functional theory (DFT) study. Our results are ex-
pected to provide new knowledge about this type of interface system.

The main objective of the present work is to show that the electrical
conductivity phenomena of interface are related to the interaction of
arrangement of atomic clusters. Considering the constraints imposed by
the two-dimensional conduction nature for the existence of the gas and
the electron-electron correlation, we will investigate the properties of
the metallic interface on the LAO/STO based on two carefully designed
systems, oxygenated and non- oxygenated systems. LAO/STO films
were obtained using PLD, and the underlying physical and chemical
reasons for the metallic observation are discussed based on results from
X-ray photoelectron spectroscopy, photoluminescence (PL) emissions,
and temperature-dependent (magneto) transport measurements. To
complement and rationalize the experimental results, first-principles
DFT calculations were employed to obtain information at the interface
between the LAO/STO heterojunction. To this end, structural analysis
of the electron transfer process and monitored Mullikan charges cal-
culations were performed to understand the structural and electronic
order-disorder effects, providing new insight into the properties of this
material. We complement these calculations with an investigation of
the local coordination of La, Al, Sr, and Ti cations, i.e., the under-co-
ordinated clusters on the surfaces.

The paper is organized as follows. In the next section, an overview is
provided, in which the more relevant experimental and theoretical re-
sults in the literature are emphasized. In Section 3 the experimental
methods are presented, comprising three subsections: the growth pro-
cess of the LAO/STO interface, characterization techniques, and elec-
trical and magnetic measurements. Our results are discussed in four
separate subsections within Section 4: transport properties, structural
and electronic order-disorder effects at the interface, and joint theore-
tical and experimental analysis of the formation process of the metallic
interface. The main conclusions are summarized in Section 5.

2. Overview

The observation of a high charge mobility due to the presence of a
2DEG at the LAO/STO heterostructure has attracted widespread in-
terest and motivated many studies that have attempted to find the
origin and nature of the conductivity at the interface [26-28]. In ad-
dition, many other physical properties, not found in their bulk coun-
terparts, have also been observed [17,18,29-35]. At the interface be-
tween of the LAO/STO heterostructure, a 2DEG of high mobility (10*
cm?V ! s71) [5,21] has been observed. Electrons move freely along an
in-plane direction of the heterostructure interface while they are con-
fined within a few nanometers of out-of-plane direction from the in-
terface [13]. Studies have shown that there are electric and magnetic
moment interactions with the neighboring atomic layers between STO
and LAO [6-8]. In addition, a 2DEG has been observed on interfaces
involving STO with ABO3/STO (A = La, Pr, Nd and B = Al, Ga)
[36-39] and LaFeO3 [40] as an ultrathin epitaxial film. The processes
generated by the presence of the 2DEG at the LAO/STO heterostructure
can be considered assignature of a particular behavior of these inter-
faces, involving electronic band alignment that controls electron
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transport, the mechanical strain that changes the local electronic
structure, and chemical bonding with the concomitant formation of
new electronic states as active centers for trapping electrons and/or
ions [41-44]. However, there is a lack of consensus regarding the
nature and formation of the 2DEG, as different scenarios have been
employed to rationalize this phenomena based on three main aspects:
oxygen vacancies; structural deformation involving cation disorder; and
electronic and orbital interface reconstruction [45-49].

DFT calculations using explicit atomistic models of the interface,
have been extensively made for understanding the geometry and elec-
tronic properties of the LAO/STO interface. In this case, a polarity
mismatch occurs at a polar-nonpolar interface of two oxide insulators,
LAO and STO, and such an electrostatic discontinuity can drive an
electronic/atomic reconstruction [50]. In real material systems, non-
stoichiometry can coexist with polarity mismatch, but how they in-
teract with each other and affect the electronic and magnetic properties
is still unclear [26,51,52]. Therefore, an understanding of the interac-
tion between non-stoichiometry and polar mismatch at the atomic level
is necessary [53,54]. Usually, the nature of a semiconductor hetero-
junction is analyzed by looking at the band edges of the separate and
interacting fragments, and the localization of holes and electrons in the
interface associated with the process of charge carrier separation [55].
A plethora of simulations of LAO thin film on an STO substrate with
vacuum on top of LAO have been performed to explain the conductivity
associated with the formation of 2DEG at the LAO/STO and related
interfaces [49,56-73].

The simulations are based on the construction of computational
models with different interface combinations (LaO)™ —(SrO)°,
(La0) ™ —(Ti0,)°, (AlO5)~ —(Ti0,)°, or (AlO,)~ —(SrO)° surface ter-
mination. Recently, Guan et al. [74], studied the different models of
LAO/STO heterostructures with a focus on the electronic properties of
the interfaces and the influence of the geometry of the models on the-
oretical results. These simulations, based on the results of theoretical
high-throughput methods, are capable of providing a direct comparison
between experimental data and theoretical results. Furthermore, they
provide a deeper insight, at the atomic level, that can be used to further
determine the mechanism of 2DEG conductivity from the perspective of
first-principles calculations. The identification of appropriate combi-
nations of materials, explorations of new mechanisms, and then the
practical realization of these interfaces should result in new technolo-
gical applications.

To explain the origin of the 2DEG behavior, different mechanisms
have been invoked based on the LaO/TiO,-terminated (001) interface
that are related to the polar (LaO)* and neutral (TiO,)° planes joined at
the interface [12,13,29]. They include the following: (i) a polar cata-
strophe mechanism in which the charge transfer process takes place
from the polar LaAlO; to the nonpolar SrTiO3 layers at the interface
[271; (i) an oxygen vacancy-induced mechanism in the STO or LAO
layers [45,75-78]; (iii) interdiffusion of interfacial cations to form an
La/Sr interfacial mixing [46,79-82]; (iv) a mechanism related to the
defect-free electronic reconstruction mechanism, in which Ti mixed
valence states appear at the (LaO)* /(TiO,)° termination [47]; and (v) a
mechanism related to charge-compensating defects formed by cationic
vacancies [83]. However, it is increasingly evident that other LaO/
TiO,-terminated interfaces, terminated along the (110) and (111) sur-
faces instead of the (001) surface of LAO/STO interfaces, although
having different polar natures, have similar conducting interfaces
[48,84]. Recent studies reveal that non-uniform atomic terminations
between (AlO,) ™ /(SrO)° atomic planes also presented conducting me-
chanisms [14]. This is related to the fact that the growth of the atomic
layers is not based on a perfect long-range stoichiometry of the ions at
the interface [21,79,80,85,86]. Furthermore, calculations show that the
AlO, layer plays an important participation at the interface [58,87,88],
which together with its thermodynamic surface instability compared to
LaO [89,90], marks it as an important part of the STO/LAO interface.
These results pave the way to a new line of research, as they indicate
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that the interfacial atomic arrangement in LAO/STO interfaces is
paramount, particularly in cases where the subsequent electronic
properties of the material exhibit geometrical preferences along polar
and/or crystallographic directions that feature inevitably complex
surface reconstructions. Therefore, the nature of the mechanism of the
interfacial conduction is still an open question and remains a key puzzle
for these interfaces [91-93]. These findings prompt careful studies of
the initial surfaces of perovskite film growth to correlate the physical
behavior of the film with its interfacial structure.

3. Experimental section
3.1. Growth process of the LAO/STO heterojunction

For the deposition of the heterojunction, crystalline substrates of
SrTiO3 along the [100] direction were used. Surface treatments were
performed on the substrates, based on the work of Koster et al. [94], for
TiO, termination layers, and atomically flat SrTiO3; surface was ob-
tained, as confirmed by atomic force microscopy (Fig. Sla). LaAlO;
films were grown by the PLD method in an ultra-high vacuum chamber
using a KrF excimer laser with a wavelength of 248 nm. The frequency
used was 2 Hz, and the laser beam was incident at 45° to the normal
target surface at a fluence of 1.8 J/cm? The deposition temperature
was 730 °C, and it was measured immediately on the back of the sub-
strate fixed on the heater by a thermocouple. The base pressure was
10~° mbar and the deposition pressure with continuous oxygen flow
was 2 X 10~ * mbar. The distance between the target and the substrate
was 4 cm. After LAO growth, the sample set was then calcined for 60
min at an oxygen partial pressure of 200 mbar at 550 °C, and then
cooled at the same O, pressure to room temperature; this sample set
was named “oxygenated”. An additional set of samples was not oxy-
genated and cooled to room temperature at the same deposition oxygen
pressure; these samples were named “non-oxygenated”. During the re-
search, several samples were produced with thicknesses that varied
between 3 and 40 nm. For samples with thicknesses between 15 and 40
nm, thickness measurements were performed using SEM in the cross
section. Later the deposition rates were calculated and showed the
expected behavior for thin films manufactured by PLD. [95,96] For the
system of this work the deposition rate was calculated as 0.5 A/shot,
which is also expected for depositions using low pressures, as is our
case, and with less than 800 shots. In this way the thickness of such a
film was calculated to be approximately ~5.1 nm.

3.2. Characterization techniques

The surface were characterized by atomic force microscopy (AFM)
(Digital Instruments, Model NanoScopellla) using the tapping mode.
Raman spectroscopy characterization was accomplished using
aLabRAM iHR550 Horiba JobinYvon spectrometer with a 514-nm laser
as the excitation source (spectral resolution of 1 cm™Y). X-ray diffrac-
tion (XRD) were performed with a diffractometer (Rigaku, Model Rint
2000). For surface characterization, X-ray photoelectron spectroscopy
(XPS) measurements were obtained using a ScientaOmicron ESCA +
spectrometer system equipped with a hemispherical analyzer (EA125)
and a monochromatic source of Al Ka (hv = 1486.7 eV). The source
was rated at 280 W, while the spectrometer worked at a constant pass
energy mode at 50 eV. All data analyses were made using CASA XPS
Software (Casa Software Ltd., UK). The spectra were analyzed by first
performing a Shirley background subtraction and correcting the charge
effects using the Cls peak of adventitious carbon at 285.0 eV as a re-
ference. Peak fitting was performed using an asymmetric
Gaussian-Lorentzian product function (for the peak shape) and main-
taining the ratio between spin-orbit splitting components. PL mea-
surements were performed using a commercial confocal microscope
(Attocube/CFMI) compatible with low temperatures and high magnetic
fields. The samples were excited by a 355-nm laser coupled into a
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single-mode optical fiber, with the beam focused onto the sample by an
aspheric lens. The luminescence was collimated by the same lens and
projected into a 50-um multimode optical fiber dispersed by a 75-cm
spectrometer (Andor-Shamrock) and detected by a charged couple de-
vice (AndoriDus).

3.3. Electrical and magnetic measurements

For electrical and magnetic measurements, the devices were fabri-
cated to enable analysis of the transport properties at the substrate/film
interface. A conventional lithography process was used for defining the
active regions (10 pm-wide Ti/Au alloy parallel bars) on the surface of
the film. In the second step, a focused ion beam (FIB) microscope was
used to drill the surface of the films so that it would make direct contact
with the interface. The devices were drilled by an electron beam to
reach the LAO/STO interface, and Pt was injected into the drilled holes
in order contact with the 2DEG region according to a previous report
[97]. Transport measurements were performed at different tempera-
tures (8-300 K) using a closed-cycle He cryostat (Janis Research®,
CCS150 model). The samples were maintained at a pressure lower than
5 X 10—° mbar. The resistance was obtained using standard low fre-
quency AC lock-in (13 Hz) and DC techniques, but the results remained
unchanged. We used different current levels in the experiments to avoid
non-linear transport due to high-field effects and undesired Joule
heating. Initial electrical characterization (current-voltage curves)
showed a linear shape as expected. We also conducted four- and two-
probe measurements in different samples, but the resistivity/resistance
also remained unchanged in the entire temperature range. Magnetore-
sistance measurements were performed using a four-wire configuration
connected to a source meter (Keithley, 2400C model) and placed inside
an ultra-low vibration cryostat (Attocube, modelAttodry 1000) oper-
ating at 4 K. Amagnetic field up to 9 T was applied using Faraday
geometry (perpendicular to the sample surface).

4. Results and discussion
4.1. Transport properties

Temperature-dependent resistance curves R(T) of samples obtained
are shown in Fig. 1a, b. Different regions of the samples were analyzed,
as shown in inset of figure. Here, an AC current excitation (100 nA-1
pA) was applied to the outer electrodes, and the longitudinal resistance
was measured between two inner potentiometric probes along the
current direction. Data exhibit metallic behavior for oxygenated
sample, Fig. 1a. It is observed from literature that the heterostructured
samples are grown in different ways, in some works the films are cooled
by oxidation process [18,98] and others use the same deposition pres-
sure [13,17]. In this sense, the second sample set was tested without the
oxidation stage while cooling (non-oxygenated sample), Fig. 1b.

The curves for electrodes A to D for this sample set exhibit two
distinct slope regions, which were assigned to two distinct conduction
mechanisms. The point of transition is ~125 K. Above this point a
metallic character is observed [99] and below this point the resistance
data show an insulating character. Then, the set of non-oxygenated
samples shows metal-to-insulator transition (MIT) behavior. Published
works by Kalabuklov et al. [75,100] and Sato et al. [101] have shown
that the chemical environment of the heterostructure is very sensitive to
obtain metallic or insulator behavior. Magnetoresistance measurements
(Fig. 1c) were made between electrodes A and D for the sample that
showed only metallic characteristics (oxygenated). A significant range
of magnetoresistance was observed at 4 K, and it decreased as the
temperature increased; this implies a characteristic for the presence of
2DEG [102-104].
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Fig. 1. Transport curves for the sample sets without and with the oxygenation step: measurements of the temperature dependent resistance for a) oxygenated and b)
non-oxygenated films (inset: the contact patterns used); c) Magnetoresistance curves in which a magnetic field is applied at = 8 T at 4 K, 10 K, and 20 K at electrodes

A through D of the oxygenated film.

4.2. Structural and electronic order-disorder effects at the interface

In order to understand why the oxygenated and non-oxygenated
samples show metallic and MIT behavior, respectively, morphological
and structural analyses were performed. AFM measurements (Fig. S1)
indicate lack of the typical terrace-step structure of the epitaxial film
growth. Raman spectroscopy (Fig. S2a) and XRD analysis (Fig. S2b)
were performed to investigate both short and long-range structural
order, respectively. Raman spectroscopy, Fig. S2a, shows interface in-
teractions between adjacent clusters which vary from previously re-
ported in the literature. Fig. S2b shows the long-range analysis by XRD
in which both systems - oxygenated and non-oxygenated-have peaks
related to the cubic phase of the STO monocrystal, confirming the
texturing of the films; however, to the non-oxygenated sample the
presence of other peaks suggest the coexistence of secondary phases.

In order to analyze the surface composition of the samples, XPS
analyses were performed. Comparing the quantitative results for atomic
concentrations (Table 1), a significant difference is noted between the
stoichiometry of the samples. The atomic concentration ratio Sr/Al or
Ti/La is higher for oxygenated samples. It is suggested that the oxy-
genation of the system during the growth of the films increases the
interdiffusion of the atoms of Sr and Ti in the heterostructure and
consequently changes the chemical environment in the heterostructure
[105]. In addition, the composition of Al appears higher for the oxy-
genated sample, which shows a metallic behavior only. This is different
from the observed by Sato et al. [101] which demonstrates that the non-
stoichiometry of the films results in a change in electrical conductivity,
not observed in our samples. This difference is accompanied by a small
shift of the Al 2p peak (AE = 0.36 eV) in the oxygenated sample, shown
by the high-resolution XPS spectra for both samples which are shown in
Figs. 2 and 3, respectively.

The energy peaks associated with the upper part of the hetero-
structure, corresponding to the core levels Al 2p and La 3d of the LAO
unit cells, are shown in Fig. 2. The binding energies for lanthanum and
aluminum on the samples surface correspond to the reported results for
AI** and La®* oxidation states. These findings in intensity/position
were already reported in the literature [85,106]. Qiao et al. [85] ob-
served that, for the La 4d /Al 2p peak area ratios, equal intensities were
obtained when comparing stoichiometric films with LAO single crystals.
They reported that the difference in intensity is due to stoichiometric
differences. Drera et al. [106] also observed a difference in the intensity

of the La 4d peaks. They observed that samples presenting the highest
peak intensity will be insulators, suggesting that the oxygen deposition
pressure has a relevant effect on the cation stoichiometry during the
formation of the film. We observed variations in both the shift of the 2p
peaks and intensity of the La 3d peak (Fig. 3b). This may be attributed
to a lower oxidation state [107], or alteration of the chemical en-
vironment related to the electron distribution around the ion.

Studying the effects of oxidation states, Palacio et al. [107] observed
a minimum variation of 1.2 eV, whereas we have observed one of 0.3
eV (Al 2p peak), which also ruled out the possibility of a change in the
oxidation state of Al. However, bond energy variation as a result of the
chemical environment is perfectly plausible; the structure of the films
has a complex oxide configuration, and there are different studies
[108,109] showing that different coordination geometries can be
achieved. The octahedral environments have smaller binding energies
than the tetrahedral environments without any changes in oxidation
state [108,110,111]. We believe that this observation is consistent with
our study.

Titanium cations at the interface region of samples are detectable by
XPS owing to the few LAO unit cells above them. Studies have shown
[112,105] the existence of aTi>™ state that appears as a shoulder at
lower energies on the line 2p;,, next to the main peak of Ti**. The
authors suggested that the Ti>* component is only present in the first
monolayers near the interface [105,113], and that this oxidation state is
associated with the occupation of 3d empty states of Ti [38]. These
cations would diffuse into the interface and then cause the high charge
mobility [112,114]. However, Chambers et al. [80] have shown that
the charges of ions that diffuse at the interface (Ti/Al and Sr/La) are
completely compensated for, resulting in an invariance of the Ti oxi-
dation state. The Ti 2p core levels of both samples are shown in Fig. 3a
and c. The non-oxygenated system, with MIT behavior, has a Ti bonding
energy, 2p;,,, centered at 459.5 eV, while for the oxygenated system, it
is shifted to 458.8 eV, a variation in the lower binding energy of —0.7
eV. Both values correspond to the +4 oxidation state of Ti. However,
the lower binding energy for Ti in the sample with metallic behavior
only indicates an increase in electron density [115].

The O 1s peak for the two systems shows different symmetries,
Fig. 3b and d. The non-oxygenated system presents sharp and asym-
metric peak shape while the oxygenated system exhibits a broad and
symmetric peak shape. The O 1s level is adjusted with three components
each assigned from the highest to lowest binding energy: i) organic

Table 1
Relative atomic composition of oxygenated and non-oxygenated samples.
Composition Interdiffusion
Sample Ti % (= 0.2) Sr % (+0.2) La % (= 0.2) Al % (+0.2) Ti/Sr Al/La Sr/Al Ti/La
Non-oxygenated 0.5 4.8 33.6 61.1 0.1 1.8 0.08 0.01
Oxygenated 1.2 10.4 24.3 64.0 0.1 2.6 0.16 0.05
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Fig. 2. XPS spectrum for a) Al 2p and b) La 3d collected from oxygenated and non-oxygenated systems. The spectra for Al 2p show a shift toward lower binding
energy for the oxygenated system, and for the spectra of La 3d, a higher intensity for the non-oxygenated system compared to the oxygenated system.

groups C—03, H,O adsorbed, or O, adsorbed (~ 533 eV); ii) regions of
oxygen deficiency compared to the matrix (~531 eV); and iii) the
lattice oxygen (~530 eV) [116-120]. For the oxygenated system, the
corresponding areas of the oxygen deficiency regions increase (49.14
%) in comparison to those of the non-oxygenated system (29.14 %).
This region corresponds to a chemical environment with complex
clusters disordered by the interatomic distance, bond angle, and dihe-
dral angle that cause changes in the electronic density such that it is less
localized than those of the dipoles. This effect is accentuated by the
presence of oxygen vacancies in these clusters.

Therefore, considering the large number of defects in the structural
environment, these can be related to the O 1s peak. At the same time,
for the energy shift of lower binding energies for the Al 2p and Ti 3d
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peaks in the oxygenated system, it can be assumed that during the
growth of films, at low oxygen pressures, there is a heavy contribution
of tetrahedral clusters and that after oxygenation there is a large sta-
bilization of the octahedral clusters (verified through an analysis of the
energy of the cations’ chemical environment) for Ti in the coordination
of the films. It could be argued that the remaining defects of the
structure correspond to both parts of the interface (Sr, Ti, / La/Al);
however, for the oxygenated sample, the contribution of Ti and Sr is
higher compared to the non-oxygenated sample. For this reason, the
presence of different types of clusters of Ti, as the lattice former, should
be considered at the interface region. This analysis leads us to believe
that octahedral and tetrahedral clusters are present on the surface of the
substrate during the LAO deposition. Enterkin et al. [121], when
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— Hidrox, defects oxide
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Fig. 3. XPS spectrum for (a, ¢) Ti 2p and (b, d) O 1s for the non-oxygenated and oxygenated system, respectively. The spectra show an oxidation state of +4 for Ti
with variation for lower binding energy for the oxygenated system. The Ols spectra show an increase in the area corresponding to oxygen vacancies for the

oxygenated system.



R.A.C. Amoresi, et al.

a) LAO/STO non-oxygenated and STO

238V 2000

4500

3000

Intensity (cts/s)

1500

STO-70KA

750 wavelength (nm)
1.65 Energy (eV)

350 400 450 500 550 600 650 700
3.54 310 2.75 248 225 2.07 1.91 177

Materials Today Communications 24 (2020) 101339

b) LAO/STO oxygenated

5500

1400 &
a
h

3300 z‘
2

2200
98
=

1100

4
=
700 @
=
A
pd a¢.
=
&
280 ¥ ol

s00

350 400 450 500 550 600 650 700 750 Wavelength (nm)
3.54 3.10 275 248 2.25 2.07 191 L g g 1.65 Energy (eV)

Fig. 4. Degree of order and disorder related to the PL spectra obtained in the temperature range of 10 to 300 K. In (a), for the pure STO substrate and for the non-
oxygenated system, at 150 K, there is an emission displacement related to the disordered state. In (b), the spectra related to the oxygenated system.

studying the surface of STO, have also reported the possibility of the
presence of these two types of clusters.

Accordingly, 2DEG formation process can be associated and ex-
plained by order-disorder degree of the materials. To this end, PL
emissions in which their profile is a typical multiphonon process, were
analyzed in the range from 10 to 300 K (Fig. 4) [122]. The two systems
share similar PL characteristics. Both have high intensity emissions in
the green region of 495-570 nm at low temperatures. The oxygenated
system has a slightly shifted emission center at 2.32 eV (10 K) com-
pared to the non-oxygenated system at 2.38 eV (10 K), AE = — 60
meV. PL emissions for the STO substrate show a low intensity signal.
This is expected, as the PL emissions of oxides are generated by struc-
tural disorder [122,123], while the STO substrate is a single crystalline
material. However, the intensity of the PL emissions of heterostructure
samples is very intense owing to the presence of defect levels at the gap
caused by order-disorder effects and oxygen vacancies [9,26,124,125].
For the non-oxygenated system the temperature variation induced
changes in the PL spectrum.

There is a transition between 75-150 K, with a shift from 2.38 eV at
75 K to 2.48 eV at 150 K, —AE = 100 meV, and a shift back to 2.39 eV
at a higher temperature. The PL emissions in the present samples are
related to the participation of several energy states, which are derived
from the bulk, surface, and interface defects of both materials. The
deconvolution of the PL emission spectra, Fig. S3, shows that at 150 K,
for the non-oxygenated system, there is a shift of emission to higher
energies with contributions of blue regions. For the oxygenated system
changes in this region were not observed. This shift in the non-oxyge-
nated system, sample with MIT behavior, can be energetically ex-
plained using oxygen vacancies of types V; and V', which are mono-
and doubly-ionized types, respectively. As mono-ionized vacancies
present at ~ 80 meV below the conduction band, and considering that
the non-oxygenated system show AE = 100 meV between 10-150 K (PL
analysis), this is may represent this type of vacancy. Therefore, it is
plausible to assume that the presence of these types of defects is sig-
nificant to the charge transfer process at the oxide interface (2D gas),
together with the scattering effects of the crystal lattice, and the strong
electronic correlation in a perovskite structure [55].

4.3. Joint theoretical and experimental analysis of the metallic interface
formation process

The interface made by the co-exposed surfaces of LaAlO3/SrTiO3
was studied using an explicit atomistic model of the interface via
density functional theory. The nature of the interface was evaluated by
looking at the structure and considering the interfacial effects. The
computational method, model systems, and technical details are given
in the Supplementary Material. As previously mentioned, the theore-
tical results reveal that the type of termination and interface plays an

important role in the interaction between the LAO and STO surfaces.
When the interaction occurs at an interface composed of
(LaO)* —(Sr0)° layers (Fig. S4a) or between the (AlOy)~ —(Ti0,)°
layers (Fig. S4c), an increase in the interatomic distance is observed.
However, when there is an interaction between ((LaO) " — (TiO,)° or
(AlO,) ™ —(Sr0)%) layers, a decrease in the interatomic distance occurs,
resulting in a bond between the LAO and STO surface, as illustrated on
Fig. S4b and d. To verify the model in which it is possible for free
electrons to be present and the trapping of electrons to occur, the values
of the Mulliken charge of each interface were calculated (Fig. S5) for
the models where we observed an increase in the interatomic distance.
The LAO/STO heterostructure formed by the (LaO)* — (Sr0)° interface
exhibits a negative charge (Fig. S5a). This observation implies that
there is a repulsive force between them, and the electrons can be re-
pelled; consequently, an electron gas would not be formed. On the other
hand, the LAO/STO heterostructure formed by the interaction on the
(AlO5) ™ —(TiO,)° interface (Fig. S5b) provides a perfect environment
for trapping electrons between both materials, as the positive charge of
the clusters attracts the electrons.

In the 2D interface composed of (AlO3)~ —(TiO,)’, the three-di-
mensional chemical environment will be formed by clusters, i.e., under-
coordinated [TiOs] and [AlOs] clusters, which are displayed in Fig. S4b.
From these results, three more models were constructed to analyze the
effect of excess O anions on the upper part of the heterostructure, si-
mulating the experimental condition for the oxygenated system of the
LAO/STO heterostructure. Fig. S6a shows the model represented in Fig.
S4c with an excess of O atoms on the top of the LAO surface. The other
two models are asymmetric (symmetric (asymmetric) model is when
the bottom and top of the slab are with the same (different) termination
of atoms) systems without excess oxygen (Fig. S6b) and with excess
oxygen (Fig. S6¢c) on the top of LAO surface, which are related ex-
perimentally to the non-oxygenated and oxygenated system, respec-
tively. The excess of O anions on top of the surfaces (Figs. S6a and c) are
capable of eliminating the oxygen vacancies that are present in the
[AlOs] and [LaOg] cluster; then, a complete local coordination, [AlOg] and
[LaOq;] cluster, are formed. The Mulliken charge of the clusters was also
calculated and is shown in Fig. S6. From Fig. S6a, it is possible to affirm
that the excess of O atoms in the [TiOs] — [AlOs] model does not sig-
nificantly affect the Mulliken charge of this clusters, despite an increase
occurring in the interatomic distance between the STO and LAO (100)
surfaces. Unlike in the non-stoichiometry symmetric model shown in
Fig. S6a, in the case of the non-oxygenated stoichiometric model, Fig.
S6b, with asymmetrical terminations, there is an increase in the
Mulliken charge. This increase is a consequence of the structural and
electronic disorder imposed by the stoichiometries that are capable of
improving the capability of the environment to trap electrons on the
interface of STO and LAO. For the oxygenated stoichiometry system, an
increase in the values for the Mulliken charge of the clusters was also
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observed.

These theoretical results reveal that, for metallic interface to be
generated, the structure of STO and LAO on the (100) LAO/STO het-
erostructure needs to be formed by a stoichiometric system, as verified
by the experimental relationship between Sr/Ti and the octahedral
environment, and, as a consequence, by the asymmetrical terminations
of the surface; furthermore, undercoordinated [AlOs] and [TiOs] clusters
must be present on the interface. These asymmetrical terminations of
the surface result in an increase in the disorder of the heterostructure,
as also verified by the greater interdifussion of the metals in the sample
with prominently metallic behavior. This hinders recombination and is
also one of the reasons for the high electronic conductivity observed in
heterostructured perovskite oxides.

From a thermodynamic point of view, the formation of defects can
be explained by using energy criteria (cost to generate the defect) and
entropy (how much is gained to generate the defect), as studied by
Reinle-Schmitt et al. [126], who suggested that the 2DEG behavior
originates from a stoichiometric layer between Sr/Ti and the insulating
behavior of the LAO/STO interface is related to the presence of a layer
rich in Sr. However, from our results we observed that the ratios of Ti/
Sr for both systems, oxygenated and non-oxygenated, are the same, but
that the defects present and the atomic interdiffusion are different in
the two systems. This observation allows us to note that stoichiometry
is not responsible for the metallic behavior; rather, it is the defects
arising from the crystalline lattice former, Ti, which, according to ab
initio calculations [127], predict a considerable increase in the charge
density near the surface.

Therefore, the presence of Ti cations seems to be responsible for the
electronic structure of surface defects. The local coordination of the Ti
cation in the cubic structure corresponds to the [TiOg] clusters.
However, by means of spectroscopic measurements [128,129], is de-
monstrated the lowest number of Ti—O coordination through [TiOs]
clusters generated by the formation of oxygen vacancies (V7). It is be-
lieved through the PL results (AE = 100 meV) and studies already
carried out by electron paramagnetic resonance spectroscopy
[120,124], that shallow defects can exist, i.e., at a few meV below the
conduction band of an intrinsic type, such as an oxygen vacancy, as a
result of energy variation. To achieve this state, the system interface is
processed as described below, eq. 01. Kroger-Vink notation was used,
where the superscript (x) indicates a neutral charge, symbol (@) cor-
responds to a positive charge, and symbol (') denotes a negative charge.
The order and disorder clusters are represented by [], and [14, respec-
tively.

[TiOgl; + [TiOs+V3la — [TiOgly + [TiOs+V&la €9)

Therefore, from the results above and taking into account the in-
teraction between the clusters, the chemical environment for the in-
terface region, the degeneration of the orbitals from octahedral to tet-
rahedral [TiO;+2V3]y, the complexation of the aluminum clusters
arranged in a tetrahedral or octahedral environment according to the
oxygenation system, and the types of vacancies (mono or doubly io-
nized), the equations 02 to 06 can be exploited for the arrangement of
defects around atomic clusters of interface regions:

[TiOgl + [Ti04+2VEla — [TiOgly + [TiO4+VEVola (&)

[AIOS]; + [AIOs+Vels — [AIOG; + [AIOsVgla @0
X 1 '

[AlOs. V14 + 502 - [AlOg], (©))]

[Ti04+2V5la + 2[AlOJ; — [Ti0y+2V(la + [AlOg]y ®

[TiO+2Vi]y — [TiOs2Vi'la + 4[AIO], (©)

Our first-principles calculations demonstrate the accumulation of
electrons at the bottom n-type and the top p-type (AlO,)™ —(TiOy)°
interface. Therefore, to realize 2DEG practically, we focus on two
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issues: (1) building a p-type interface that consists of Al0,/TiO- layers
and (2) minimizing oxygen vacancies near the p-type interface, creating
an adequate environment to trap electrons between both materials.
Finally, we can also recover the orbital ordering of the mobile and lo-
calized electrons at oxygen-deficient LAO/STO interfaces, as it was
employed, very recently, by Chikina et al. [49], to explain the forma-
tion and behavior of the 2DEG. In this interface, the octahedral crystal
field with an oxygen vacancy, i.e., undercoordinated [TiOs] and [AlOs]
clusters change the energy and occupancy of the t,; and e, states, and
there is an exchange coupling process between the partially filled Tid,,
and half-filled Tie; induced by the presence of oxygen vacancies at the
interface [17,130-134].

5. Conclusions

In summary, we have investigated the 2DEG properties at the LAO/
STO interface synthetized using pulsed laser deposition under both non-
oxygenated and oxygenated conditions. This work we have highlighted
the structural chemistry of the A- and B-sites of perovskite materials,
STO and LAO, with computational work indicating the possibility of
tuning the interface and surfaces so that they are suitable for 2DEG
formation. Their structure and electronic properties have been studied
by different experimental techniques and complemented by a first
principles DFT calculation, using explicit atomistic models of the in-
terface. The relation among the structure and electronic properties of
the LAO/STO interface is rationalized by considering the relative con-
tribution of three structural aspects: oxygen vacancies; structural de-
formations (including cation disorder); and electronic and orbital in-
terface reconstruction. Our results reveal the importance of oxygen
defects at the interface and surface of the LAO/STO. These defects are
directly related to the partial pressure of oxygen during the preparation
of the sample. Both experimental and theoretical results were employed
to support our hypothesis, in which we propose the presence of un-
dercoordinated [TiOs] and [AlOs] clusters of the co-exposed surfaces at
the interface as key ingredient for metallic interface. Our study in-
troduces the possibility of defect engineering through the manipulation
of oxygen vacancies and facet control at the interface and surface of
materials, which can be ultimately be helpful in understanding the
formation mechanisms of 2DEG at metal oxide interfaces. We expect
this new understanding will open up potential applications in future
devices.
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