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Intrinsic origin of interface states and band-offset profiling of nanostructured LaAlO3;/SrTiO;
heterojunctions probed by element-specific resonant spectroscopies
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The origin of electronic states at the basis of the 2DEG found in conducting LaAlO3/SrTiO; interfaces (5 u.c.
LaAlQ;) is investigated by resonant photoemission experiments at the Ti L, 3 and La M, s edges. As shown by
the resonant enhancement at the Ti L, ; edge, electronic states at Er receive a dominant contribution from Ti
3d states. Both Ti and La resonance effects in the valence-band region are used to estimate the valence-band
maxima at the two sides of the junction. Through a comparison with the valence-band states of the LaAlO; and
SrTiO; parent compounds, we reconstruct the band diagram of the heterojunction, which is revealed to be type I
(straddling gap), with a large notch of the band profile at the interface as compared with the reference insulating

(3 u.c. LaAlO3) interface.
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I. INTRODUCTION

Interfaces between perovskite oxides can display properties
at the nanometer scale that are qualitatively different from
their single building blocks, allowing one to engineer novel
functionalities through the growth of epitaxial heterostruc-
tures. Indeed, the discovery of a two-dimensional electron gas
(2DEQG) at the interface between two perovskite oxides, i.e.,
lanthanum aluminate (LaAlO3z, LAO) and strontium titanate
(StTiO3, STO) [1,2], has disclosed unexpected perspectives in
the physics of oxide-based junctions. So far, a large number of
studies have attempted to determine the physical properties
of the 2DEG and to develop novel devices based on the
capability to control the interface properties through chemical
interactions at the surface, suitable materials combination, or
strain engineering [3].

In this scenario, the study of the electronic properties
of LaAlO3/SrTiO3 (LAO/STO) heterojunctions (HJs) can
provide fundamental information to understand the origin of
the relevant physical phenomena observed in these systems,
namely, magnetism, superconductivity, and the buildup of
2DEQG at the interface [2,4—8]. On the other hand, a profiling
of energy-level alignment across the heterointerface would
disclose the basic information for the design, characterization,
and tuning of devices based on the intrinsic electric fields
arising at the interface. Photovoltaics [9,10], field-effect
transistors [11], and devices based on tunable conductivity and
charge writing [12,13] are among the applications that would
benefit from detailed characterization of band profiling across
the HJ. However, only one study based on cross-sectional
scanning tunneling microscopy [14] has reported a direct
evidence of the potential profile in a LAO-STO heterojunction,
grown at 850°C in a 2 x 107> mbar P(O,).

The electronic properties are mainly determined by elec-
tronic states close to, or at, the Fermi level (E ¢) in the con-
ducting LAO-STO heterojunctions. These states have been ob-
served by ultra-violet photoemission spectroscopy by Siemons
et al. [15], but further investigations were basically hindered
by the low intensity of the photoemission process from a buried
interface. For this reason, these states have been searched for by
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resonant photoemission spectroscopy (ResPES) and have been
evidenced by Drera et al.[16] in both insulating and conducting
samples. As the resonant enhancement was observed at the
Ti 2p-3d absorption threshold, the element-specific ResPES
technique indicates that the in-gap states have a Ti character
and are ascribed to a 3d' configuration of a formally Ti** ion.
Soon after, these states were also evidenced by Koitzsch et al.
[17] in an attempt to relate their line shape and energy to the
oxygen stoichiometry. Recently, Cancellieri et al. [18], at odds
with Refs. [16] and [17], have shown that the 3d' states are
absent in insulating systems, while they are clearly detected by
ResPES in conducting samples. Finally, in a recent k-resolved
ResPES experiment, two distinct features (one in-gap and the
other at Er) have been singled out in a conducting LAO-STO
HIJ [19]. All these results are still providing a rather scattered
scenario (see also Ref. [20] for further discussions), which is
strongly dependent on details of the STO surface preparation,
sample growth, and postgrowth treatment, in spite of common
features (namely, Ti-O termination of the STO substrate and
number of LAO unit cells grown above the substrate) that
would render the samples nominally identical. Contrasting
results also appeared on band alignment profiling based on
x-ray photoemission spectra [21-23], resulting in different
junctions (type I or type II) and LAO band gradients.

In this study, we address the problem of the origin of
electronic states at the Fermi level of a 5-unit-cell (u.c.)
conducting LAO-STO sample on the basis of element-specific
resonant electronic spectroscopies. It is shown that these
spectroscopies can provide an unambiguous characterization
of the chemical bonds contributing to the density of states in
the Fermi level region and can be used to track a profile of the
electronic levels across the heterojunction.

The spectral weight of both Ti 3d and La 4 f states in the
valence-band region is probed. This allowed us (i) to determine
the energy of the valence-band maximum on both sides of the
junction that will be used to track the band bending, and (ii) to
probe that the interface states (IS) at the Fermi level have a
dominant Ti 3d character. The origin of the spectral weight
at Ep is discussed also by referring to the effect of oxygen
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vacancies and to intermixing and cation substitution effects
that may occur at the interface [24-26].

Furthermore, the band alignment profiling shows similari-
ties between the conducting and the insulating samples, both
of which were shown to be type I (straddling gap), though
the conducting sample presents deeper notches in the energy
levels at the interface.

Unlike previous studies based on hard x-ray photoemission
[22], that are more sensitive to the bulk of the samples and
therefore can probe the electronic properties well below the
interface, the present results, obtained with soft x rays, allowed
us to unambiguously probe the extent of band bending at the
interface, filling the gap in the experimental tracking of band
offsets in the LAO-STO system.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

The LAO-STO heterostructures (HSs) have been grown
by pulsed laser deposition (PLD) at the MESA™ Institute for
Nanotechnology, University of Twente. A conducting 5-u.c.
sample and an insulating 3-u.c. sample have been grown
on TiO,-terminated SrTiO; single crystal. We shall focus
on the 5-u.c. sample, while the 3-u.c. sample is used as
a reference to discuss the specific properties related to the
2DEQG in the conducting sample. The two n-type 3-u.c. and
5-u.c. LAO-STO samples were grown at P, ~ 10~3 mbar
oxygen partial pressure. The 3-u.c. sample showed a sheet
resistance above 1G€2/sq, while the conducting 5-u.c. sample
showed a sheet resistance of 5.5 k2/sq at 300 K. According
the the systematic study reported in Ref. [7], the Po, during
the growth should rule out the presence of oxygen vacancies
in both HJs. In Ref. [20] the present samples have been
thoroughly characterized by core-level photoemission and
transport measurements.

Photoemission and x-ray absorption experiments have been
carried out at the BACH beamline of the Elettra synchrotron
light source in Trieste (Italy). All data have been collected at
room temperature with a Scienta R3000 electron spectrometer.
The samples have been grounded by contacting the pads used
for transport measurements. Resonant photoemission spectra
of the 5-u.c. sample have been aligned to a reference gold
clip in contact with the sample. The insulating 3-u.c. sample
showed a slow charging effect, as compared to the time
required for a scan, upon measurement. To obtain a good
signal-to-noise ratio, we collected single fast scans of the
valence-band region and then we summed up these spectra
after alignment to the maximum of the Ti** resonance at a
binding energy BE = 7.5 eV. This spectrum was then aligned
to the 5-u.c. sample by referring to the centroid of the resonant
emission of Ti** states in the 6.5-9.5 eV BE range.

STO and LAO projected density of states have been
calculated with density functional theory in the local density
approximation (LDA) for the bulk single crystals; computa-
tions have been carried out with the ABINIT code [27] with the
projector augmented-wave (PAW) method. These calculations
are aimed at identifying the spectral weight distribution of bulk
LAO or STO electronic states in the valence-band region, to be
used as a reference to proceed with the experimental analysis
of energy shifts.

PHYSICAL REVIEW B 90, 035124 (2014)

Evaluation of the photoemission signal attenuation due to
the LAO layer was carried out by Monte Carlo calculations
of the depth distribution function (DDF). The photoemission
peak intensity of a selected layer at a depth d with a thickness
t has been evaluated with the following formula:

d+t
1(Ek,0,w,a,ﬁ):1((a)fd D(E,0,v,8,2)dz, (1)

where K is a constant which includes the total photoionization
cross section o [28], the atomic density of the species,
and the analyzer response parameters; 6 (i) is the angle
between the sample normal and the analyzer (source), Ej
is the electron kinetic energy and S the photoionization
asymmetry parameter; and ®(z) is the DDF, which describes
the probability of an electron photoemitted at depth z to reach
the analyzer. The DDF has been evaluated in the transport
approximation (TA) with the Monte Carlo algorithm described
by Werner [29]; in the TA approach both the inelastic and
isotropic-elastic mean free path, obtained by TPP-2M formula
[30] and in Ref. [31], are properly considered in each oxide
layer.

III. RESULTS AND DISCUSSION
A. Character of interface states

Resonant photoemission spectroscopy experiments carried
out by scanning the photon energy at the Ti L, 3 edge provide
the opportunity to emphasize titanium-related electronic states
in the valence-band region up to Er that would be otherwise
missed by an off-resonance tuning of the photon energy.
In a ResPES experiment, the valence-band photoemission
spectra are collected by changing the photon energy across
an absorption edge. In this condition, for a 3d transition
metal, the direct photoemission channel (3d" — 3d"~! +¢™)
can interfere with the autoionization channel triggered by
the creation of a core hole (2p°3d"*! — 2p%3d"~! 4 ¢7).
A schematic view of the process is depicted in Fig. 1
(left panel). Channel 1 is the direct photoemission process,
whereas channel 2a is the 2 p-3d photon absorption, which is
followed by the autoionization process (channel 2b). When the
photon energy is increased above the absorption threshold, the
autoionization process ultimately turns into the normal Auger
emission and the interference effects are lost. This transition is
denoted as resonant Raman Auger (RRAS) to normal Auger
emission [32] and is related to the dynamics of the electrons
excited into the empty states upon photon absorption. The
RRAS emission is an N-1 electron final state that occurs at
constant BE, while the normal Auger emission is an N-2
electron final state found at constant kinetic energy. Therefore,
if all spectra are aligned on the BE scale, the constant BE
resonating features are those ascribed to RRAS, while those
apparently dispersing on the BE scale are the normal Auger
features.

In a configuration interaction (CI) approach, the ground
state (g.s.) of a Ti ion is described as (see, e.g., Ref. [33])

Wy = ap|3d") + a|3d" ' L") + an[3d" L) (2)

(where n = 0 and n = 1 for Ti** and Ti** ions, respectively),
while the final state of the x-ray absorption spectroscopy
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FIG. 1. (Color online) Sketch of the two excitation channels (1, 2a + 2b) that can quantum mechanically interfere in a ResPES process
(left panel). Resonant photoemission data at the Ti L, 3 edge of the 5-u.c. (mid panel) and 3-u.c. (right panel) LAO-STO samples, normalized

to the incident photon intensity.

(XAS) process (i.e., the intermediate state of the autoionization
channel, i.s.) is

Wi = ol2p3d™™) + Bi[2p3d" T L") + Bo|2p3d" T L?),
— - _ 3)

and finally the photoemission channel (finale state, f.s.) is
Wrs = wl3d" ™) + nI3d"L') + pal3d" L2, (@)

which can be reached either directly from the ground state
or through autoionization from the intermediate state. The
[3d"~'L') configuration is absent in the case of the Ti** ion.
Here L and 2 p stand for an O 2 p and a Ti 2 p hole, respectively.
The |3d”yT—like configurations are those accounting for
charge transfer (CT) effects from the anion 2 p to the transition
metal (TM) 3d orbitals, providing a straightforward tool to
consider the effect of Ti 3d-O 2p bonding in CI calculations.
The possibility to observe ResPES effects in the formally
empty 3d shell of the Ti** cation is due to the presence of
CT-like configurations, both in the initial and final states,
whereas ResPES effects can also involve the ionic |3d!)
configuration in a Ti** cation.

The ResPES spectra collected at the Ti L, 3 absorption
edge of the 3-u.c. and 5-u.c. LAO-STO samples are shown in
Fig. 1, right and mid panels, respectively. For both samples,
the overall photoemission intensity in the valence-band (VB)
region follows the shape of the XAS spectrum, as is shown
in detail in Fig. 2 for selected peaks. In particular, in the
5-10 eV BE energy range, resonating features related to bulk
STO Ti** energy levels can be detected. A careful inspection
of the 0.0-1.5 eV BE range reveals the presence of additional
electronic states (labeled as Ti’t and hereafter denoted as
interface states) that can be detected with photons at the Ti
L, 3 resonance conditions only.

Selected ResPES spectra collected from the 3-u.c. and 5-
u.c. samples are shown in Fig. 2. The maximum intensity of the
interface states [peak F in Figs. 2(a) and 2(b)] is obtained for
a photon energy (hv = 459.6 eV) different from the energy
where the maximum resonance of the main VB Ti** peaks
(peaks D and E, maximum at hv = 458.2 eV) are detected.

Shallow core levels (A, Ay, A3) do not display resonant
enhancement at the Ti L edge, as they are related to
photoemission from O 2p, Sr4p, and La 4 p core levels. Peak
B is the Ti LVV Auger emission, while the shoulder C can be
ascribed to the VB electronic structure distinctive of LaAlOs,
which in fact is more evident in the 5-u.c. sample. Consistent
with a previous study on similar samples [16], interface states
[Fig. 2(b)] are detectable also in the 3-u.c. sample, in the
same energy region. The on-off resonance difference spectra
[Fig. 2(a), gray area and dotted red line, hereafter denoted
as resonant spectral weight, RSW] provides a direct probe
of Ti 3d states of the uppermost STO layers and displays a
maximum intensity at BE = 7.5 eV in both samples [peak G
in Fig. 2(a)], while a shift of 0.3 eV can be detected between
the VB edges [VBM3,. and VBMj,. in Fig. 2(a)], as well as in
the La shallow core levels (A, and A3) of the resonant spectra.

The unambiguous proof that Ti3* (3d") states contribute to
the spectral weight in the region belowE is provided by the
constant initial state (CIS) spectra [Fig. 2(c)], which follow the
Ti L, 3 XAS (due to bulk Ti** STO) in the main VB resonances
[open squares in Fig. 2(c), whereas for the interface states the
CIS data (filled circles) closely resemble the XAS profile of
LaTiO3 (a bulk Ti** compound [34])].

As a last comment on Fig. 2(b), it is worth observing that
peak F resonates when the photon energy is tuned not only
at one of the Ti** XAS peaks (hv = 459.6 eV), but also at
the Ti** XAS peak (hv = 458.2 eV), although to a lower
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FIG. 2. (Color online) (A) Resonant photoemission spectra of insulating 3-u.c. (upper curves, red lines) and conductive 5-u.c. (lower curves,
black lines) LAO-STO films, measured off-resonance (dashed line, hv = 450 eV), at Ti** resonance maximum (thin line, kv = 458.2 eV),
and at the Ti** resonance maximum (thick line, hv = 459.6 eV). The vertical arrows mark the position of valence-band maxima (VBM-3
and VBM-5). Normalized RSW (off-resonance: hv = 450 eV; Ti** resonance: hv = 459.6 eV) of the 5 u.c. sample (shaded gray area) and
of the 3-u.c. sample (dotted line). (B) Detailed view of the interface states F. Labels as in panel (A). For the two samples, the intensities have
been normalized to the maxima of the peaks measured at hv = 459.6 eV. (C) CIS spectra on Ti** (filled circles, BE = 1.0 = 1.0 eV) and
Ti**+ features (filled squares, BE = 7.5 4= 1.0 eV); XAS spectra of the 5-u.c. sample (squares) and of a reference LaTiO3 sample (circles). The

vertical dashed lines mark the photon energies (458.2 and 459.6 eV) of the resonant spectra shown in panels (A) and (B).

extent. This can be explained by the fact that at 458.2 eV the
intensity of the Ti** XAS profile [Fig. 2(c)] is not quenched
and therefore also at this photon energy a weak Ti** resonance
can be expected.

The CIS profile is collected by measuring the intensity
profile of a selected photoemission peak (i.e., with constant
binding energy) as the photon energy is scanned through the
absorption threshold. In the simple case of a discrete level
interfering with a continuum of states, the CIS line shape can
be fit to a Fano profile /(¢€) [35] according to the equation

(g +e)
I(e) ~ @1 (5)
where
(W3 |B| W) ©)

q = =~ >
7 Vg (We, [F|W3g)

with W3, representing the 3d TM states in the valence band,
and € = (hv — hvy)/ " is the reduced energy parameter and
' =2n V(%K, Vck being the matrix element of the Coster-
Kronig transition occurring in the autoionization process.
Usually, when the CIS is measured at the TM 2 p-3d absorption
threshold, the (W3,|f|W,,) matrix element is quite large and
the resulting CIS profile is very close to the absorption profile
[36,37].

Although the photoemission spectra of the Ti** structures
seem to be similar in insulating and conductive LAO-STO,
their intensities are quite different, as shown by the different
scaling factor of the CIS spectra in Fig. 2(c). By normalizing
the RSW spectra at the 7.5-eV peak (Fig. 3, left panel), the
relative ratio of 5-u.c. over 3-u.c. interface states becomes
5:1, in good agreement with the value (0.056:0.012) extracted
from the Ti 2 p core line analysis on the same compounds (see
Table I in Ref. [20]).

The formation of photoinduced charge carriers either by
x-ray or ambient light irradiation could be considered at the

origin of the observed IS in the 3-u.c. sample, where they
are not expected as the sample is insulating. As for soft
x rays, we did not observe changes in the IS intensity upon
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FIG. 3. (Color online) (Left) RSW spectra (hv =459.6-450¢eV)
for the 3-u.c. and 5-u.c. LAO-STO samples, compared to DFT + U
(U = 8 eV) d-projected DOS calculations of a STO bulk crystal.
(Inset) High-resolution interface states spectra of the 5-u.c. and 3-
u.c. HJs. The intensities have been normalized to the peak maxima.
(Right) High-resolution spectra of the 5-u.c. sample interface states
(b), Fermi edge of the gold film deposited on the clip in contact with
the HJ (a), resonant spectra of the Nb:SrTiO; (adapted from Ref. [38])
(g), 5-u.c. LAO-STO (adapted from Ref. [19]) (e, ), La,Sr;_,TiO;
(adapted from Ref. [41]) (d), and TiO,_, [39] (¢).
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exposure to synchrotron radiation for several days, ruling
out the x-ray irradiation as a mechanism, unless the effect
occurs immediately upon irradiation and remains constant
over several days. The sensitivity of LAO-STO samples to
ambient light is well known, to such an extent that transport
measurements are carried out on samples stored in the dark
for a long time. In any case, as these effects should occur on
the STO side of the junction to yield Ti** electronic states,
it is still difficult to justify the lower intensity observed for
the 3-u.c. sample with respect to the 5-u.c. sample. In fact,
irradiation effects are supposed to be larger in the 3-u.c. than
in the 5-u.c. sample, due to the thinner LAO overlayer on
top of the STO substrate, suggesting that the 5-u.c. sample
displays an extra intensity with a different origin that adds up
to the weak spectral weight observed in the 3-u.c. sample. To
proceed with our study, at the present stage we regard the IS
observed in the 3-u.c. sample as due to an extrinsic effect,
while the higher intensity of the resonant IS emission for the
5-u.c. sample is considered as a signature of an extra emission
related to the presence of the 2DEG.

High-resolution spectra (inset of Fig. 3, left panel) on
the Ti*T peaks reveal an asymmetric line shape. Both in
the insulating and in the conducting LAO-STO samples,
these states cross the Fermi edge, as can be seen by a
comparison with the reference spectra collected from the gold
film deposited on the sample holder.

In addition to the lower intensity, the Ti*t band of the 3-u.c.
sample also displays a smaller width at half maximum (0.9 eV)
with respect to the 5-u.c. case (1.0 eV). This effect has also
been observed in core-level photoemission spectra of the Ti
2p and Sr 3d core lines collected on the same samples [20]
and tentatively ascribed to different band-bending effects.

It is rather interesting to observe that interface states are
different from those expected for a conducting (Nb-doped)
SrTiO; layer (Fig. 3, right panel, adapted from Ref. [38]), as
the spectral weight is spread in a narrower energy region and
there is no clear distinction between the incoherent emission
(defect states at high BE) and the coherent emission at E.
This indicates that the states observed at Er in the LAO-STO
interface are distinctive of the heterojunction rather than being
related to the surface of an isolated STO substrate. A difference
also appears with respect to the data presented by Berner et al.
(Fig. 3, right panel, adapted from Ref. [19]) on conducting
5-u.c. LAO-STO samples measured at 20 K, where two distinct
emissions at Ex (B) and about 1.5 eV below Ep (A) were
observed, the former being the coherent emission with Eg
crossing at the I' point, while the latter was ascribed to Ti3t
states. Furthermore, if we consider the TiO, termination of the
STO substrate and assume a TiO, single crystal as a reference
system for the STO termination, it is known that defects in
this layer may contribute to in-gap states far from E even in
slightly substoichiometric rutile samples (Fig. 3, right panel
[39]), at an energy distinctively different from the 3d' states
probed in the present experiment.

Also, oxygen vacancies can provide excess charge that
eventually fills the STO states at the interface [40]. The present
samples have been grown in an oxygen-rich atmosphere
(Po, ~ 1073 mbar), which places them quite far from the
conditions (Pg, ~ 10~° mbar) where a relevant effect of the
oxygen vacancies is expected [7]. Therefore, for the present
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samples oxygen vacancies are not expected to be the major
source of doping.

Finally, it is worth observing that a model compound
for the LAO-STO interface can also be the La,Sr;_,TiO;
system, as interdiffusion of La into the STO lattice observed in
LAO-STO (see, e.g., Refs. [24-26]) may lead to the formation
of mixed La-Sr-Ti oxide phases. For the La, Sr;_, TiO3 system,
both an emission at Er and a broad band peaked at about
BE = 1.5 eV are observed (Fig. 3, right panel, adapted from
Ref. [41]), the latter also being present in undoped LaTiO3
single crystals [42]. The common understanding is that La
substitution introduces electrons into the conduction band of
SrTiO3, a spectral weight at E; appears, and La,Sr;_,TiO3
becomes metallic for x as small as 0.1 [41]. In this case,
cation substitution would act as a doping mechanism, similar to
what happens in, e.g., La-Sr-Cu-O superconducting cuprates.
However, no similarity is found between our sample and the
case of La,Sr;_,TiOs3, suggesting that the observed states
cannot be related to interdiffusion in a straightforward way.
In fact, we observe states at Ef as if charges are injected into
SrTiO3 by Sr substitution with La, but we do not observe the
band peaked at BE = 1.5 eV, characteristic also of undoped
LaTiOs [42].

The ResPES chemical selectivity has also been exploited
by collecting photoemission data also at the La M4 s edge
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FIG. 4. (Color online) (a) ResPES data collected at the La M, s
edge, in the VB and shallow-core-levels region of the 5-u.c. sample.
(b) XAS spectrum and CIS curves collected at the La M4 s on the
5-u.c. sample. The CIS curves have been tracked for the C band at
BE = 5.5 eV (in panel A) and for the in-gap states at BE = 0.5 eV.
(c) Enlarged view of the photoemission spectra in the 0.0-2.0 BE
range.
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[Fig. 4(a)]. Here, ResPES experiments carried out by scanning
the photon energy at the La M, s edge provides the opportunity
to resonantly enhance the contribution of lanthanum-related
electronic f states in the valence band, in the gap, and at Ef.
The case of La is quite similar to that of Ti, and it can also be
formally treated within a CI calculation scheme which includes
CT configurations. CT effects are well known in core-level
spectroscopy of ionic La compounds [43,44], and are likewise
expected in the final state of the valence-band photoemission.
In the La case, the ground state (g.s.) of a La’" ion can be
treated as

Wyo =agldfO) +aldf LYY + anld 2L, (7

while the final state of the XAS process (i.e., the intermediate
state of the autoionization channel, i.s.) is

Wis. = fol3d4f") + P13d4S°L") + Bal3d4fL?).  (3)
and finally the photoemission channel (finale state, f.s.) is
Wre =yl f°LY) + yil4f'L?). ©)

The results are shown in Fig. 4(a). In a simple single-
configuration atomic view, the XAS transition at the La
M, s edge drives the system from the 3d'°4 fO initial state
to the 3d°4 f'final state that is split into two peaks (3ds)»
and 3d3;;) by the dominant spin-orbit interaction of the
3d electrons [Fig. 4(b)]. The CIS profile for states around
BE =5.5 + 1.0 eV [Fig. 4(b)] shows a resonant enhancement
through the La edge, as expected from La-related states
contributing to the valence band. On the contrary, the CIS
profile for states at BE = 0.5 £ 1.0 eV does not show any
resonant enhancement. Here 1.0 eV represents the width of
the region, centered either at BE = 5.5 eV or at BE = 0.5 eV,
considered to extract the CIS profile. As shown in Fig. 4(c),
the spectral weight in the 0.0-2.0 eV BE range is virtually
flat and intensity variations are comparable to the noise level.
In the event of LaTiO; segregations due to interdiffusion at
the interface, the lack of La-related spectral weight at Er is
expected. In fact, La 4 f states are predicted to be nearly 4 eV
above the conduction-band minimum (see, e.g., Fig. 7(a) in
Ref. [45]). This virtually leaves the spectral weight at Ef to
Ti-derived states of STO.

Consistently, the RSW of Fig. 3 (left panel) represents
the Ti 3d spectral weight in the VB region, as well as in
the gap of SrTiO;3. In fact, most of the features of the VB
occupied states can be described with DFT calculations of
bulk SrTiOs3. However, the minimum energy separation (about
2.2 eV) between the Ti*T states and the top of the valence
band is smaller than the value of the bulk STO band gap
(3.2 eV). Therefore the in-gap states should not be related
to a simple filling of bulklike Ti 3d empty states of STO,
but to a filling of Ti 3d' states, pinned below Er by band
bending at the interface. Furthermore, if the DOS of the whole
HJ is considered, plane projected DOS calculations (see, e.g.,
Ref. [46]), also indicate that about 2 eV above the top of the
valence band, STO-related states can be found to be filled by
electrons originating from the topmost LAO layers.

As in the case of the 3d states in Ti L, 3 ResPES, the RSW
at the La M, 5 edge can be fairly described with f-DOS DFT
calculations (Fig. 5). Therefore the resonating contribution of
4 f electronic levels, along with that of Ti 3d, can be used to
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FIG. 5. (Color online) Photoemission spectra of 5-u.c. LAO-
STO heterostructure at the La M, s edge, collected out-of-resonance
(black, hv = 820 eV) and on-resonance (blue, hv = 836 eV (scaled
by a factor of 0.2) conditions. Spectral difference (red line) and
f-DOS DFT calculations on a LAO bulk crystal (filled orange). (Inset)
Comparison of La 4 f and Ti 3d resonating contribution with d-DOS
DFT calculations on a STO bulk crystal (filled gray).

pinpoint the energy position of the LAO valence band edge
with respect to the STO VB edge (A%M = —0.7 eV, inset of
Fig. 5), assuming the absence of band bending in the LAO
overlayer, as shown by the lack of broadening of La core-level
states observed by x-ray photoemission in the same samples
[20]. This is also consistent with the lack of La-O spectral
weight at Er. In fact, the presence of a potential gradient in
the LAO overlayer should push valence-band states towards
the Fermi level, and a spectral weight should be observed at
or near E due to the occupied electronic states in the LAO
surface layer [22].

B. Band alignment at the interface: Conducting vs
insulating samples

The results discussed so far can be rationalized in the
electronic band energy diagram shown in Fig. 6. A relevant
bending of the conduction band is needed at the interface in
order to account for the 2DEG spectroscopic signature.

The extent of the notch depends on several factors that
need to be accounted for. If the width of the interface state
contribution is regarded (inset of Fig. 3), the bending becomes
1.0 £ 0.1 eV. We consider this value as an upper limit for the
bending, as the band diagram should be drawn by accounting
for the experimental linewidth (0.40 eV, as can be extracted
from the gold Fermi edge measured in the same conditions).
This reduces the width of the IS peak to about 0.92 eV.
Furthermore, we can regard the IS peak as a superposition
of several peaks, each one shifted by the internal field found
at a specific depth. For instance, if we consider an extent
of 3 u.c. for the bending, on the basis of the calculations
presented in the next section, the superposition of three peaks
(FWHM = 0.4 eV each) distributed over a 0.6-eV energy
range yields an overall width of 0.90 eV, in agreement with the
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experimental finding of 0.92 eV. On this basis, we can estimate
a depth of 0.6 eV for the notch. This agrees with the ogxTrA
values extracted from the x-ray photoelectron spectroscopy
(XPS) data (Table I of Ref. [20]). If ogxTra is regarded as the
contribution of the internal field to the overall linewidth, the
value for Ti 2 p (0.56 eV) agrees with the present estimate on Ti
3d levels (0.6 eV). The comparison with recent experimental
findings and the underlying theoretical calculations is also
helpful to discuss the present results. Cancellieri e al.[47] have
found IS with a width of about 0.1 eV measured at 7 = 11 K
in samples displaying n, = 6.5 x 10'3 cm?, in agreement with
calculations based on a charge transfer Q = 0.1 electrons/u.c.
Even deeper bands (down to 0.4 eV below E at the I" point)
are expected [48] for charge densities of about 10'* cm™2. This
prediction is therefore consistent with our results on the 5-u.c.
sample (0.6 eV) that features a measured charge density of
1.4 x 10" cm™.

At the interface the valence-band shift is A{‘,‘%M =—-0.7eV
with respect to the LAO valence-band maximum (VBM).
According to the fitting of shallow core-level and valence-band
spectra presented in Ref. [20], below the interface the STO
VBM is found above the LAO VBM, and AQ,‘%‘;A =0.1+
0.2 eV. Therefore, assuming an energy gap of 3.2 eV for bulk
STO, the conduction-band minimum (CBm) is found 0.5 &
0.2 eV above Ep, yielding a remarkably notched energy-level
profile. This value is higher with respect to the one (0.28 eV)
measured by cross-sectional scanning tunneling microscopy
[14], but in the light of experimental indeterminacy the
two results can be regarded as consistent with each other.
Furthermore, the CBm for the 3-u.c. sample is 0.3 eV above
Ep, ie., 0.2 eV lower than the case of the 5-u.c. sample
(0.5 eV). This difference is comparable with the experimental
error (£0.2 eV) for the estimate of the energy-level alignment
in bulk STO.

Therefore, the results show that 5-u.c. conducting LAO-
STO sample is a straddling gap (i.e., type 1) heterojunction,
in agreement with the experimental evidence provided in
Refs. [14] and [23], but at odds with other studies on HJ
alignment based on the analysis of XPS data [21,22]. In
particular, the difference with respect to the results presented

in Ref. [22] for a 5-u.c. sample grown at P(O;) = 1 x 107
mbar are due to the different alignment of VBM of STO with
respect to LAO (A%, = 0.3 eV), resulting in a straddling gap
(type II) HJ. In the 3-u.c. case, the VBM shifts to higher BE
[VBM3y vs VBMs5,, Fig. 2(a)] and the Ai\‘,‘g value is reduced to
—0.4 eV (Fig. 6, right panel). As A‘\’,“ék was estimated to be 0.2
+0.2 eV from XPS data [20], also in this case the HJ could be
classified as type I (straddling gap). Finally, the CBm of STO is
found 0.3 + 0.2 eV above Ef. It is worth observing that when
a relatively small value for A% is retrieved from the fitting
of the valence-band photoemission data, the discrimination
between a type-I and a type-II junction can be affected by
some degree of uncertainty, here estimated as +0.2 eV. As
we regarded the IS observed in the 3-u.c. sample of extrinsic
origin, the notch in the conduction-band profile is marked with
a dashed line to underscore the difference with respect to the
5-u.c. case.

C. Estimation of the 2DEG layer thickness

Finally, taking as a reference the At\’}ﬁk — Ai\‘,‘g energy
difference, a simulation has been developed with the aim to
evaluate the extension of the 2DEG below the interface. The
calculation was carried out by considering the photoemission
intensity attenuation obtained through the depth distribution
function (DDF). As shown in the following, such a At\’}'ék -
A" energy offset is compatible with a scenario where the
2DEQG is confined within the first three unit cells below the
interface, in agreement with the estimate based on core-level
data and transport properties [20]. The interface has been
simulated as a sequence of 3.8-A -thick STO single layers
(u.c.), where the BE of the photoemission peak of each layer
is energy shifted in order to mimic the notched energy-band
profile [inset of Fig. 7(a)]. Changes of the unit-cell thickness in
the 3.7-3.9 A range to account for strain effects at the interface
yield negligible energy shifts (less than 0.02 eV) that do not
affect the results discussed so far.

In Fig. 7(a) the Ti 3d photoemission peak intensity for
electrons coming from the uppermost STO layers has been
calculated for different photon energies. As can be seen from
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FIG. 7. (Color online) (a) DDF-based calculation of the contri-
bution to Ti 3d photoemission peak intensity of the first three STO
layers and of the bulk in the 450.0-1500 eV photon energy range.
The band profile depicted in the inset has been considered for the
calculation. This profile has been drawn on the basis of the energy
profile shown in Fig. 6. (b, ¢) Calculated photoemission spectra for Ti
3d levels at hv = 450.0 and hv = 1486.6 eV. (d) Calculation of the
XPS Ti 3 p (black) and ResPES Ti 3d (red) photoemission peak shifts
for the various band profiles shown in (e). The horizontal dashed
lines represent the observed Allt and A%k values, while the blue line
represents the standard deviation (o).

Fig. 7(a), the first three STO layers contribute to nearly 72%
of the spectral weight in the ResPES regime (photon energy at
450 eV) but only to 35% in the XPS regime (hv = 1486.6 V).

Furthermore, as the photon energy is swept from 450
to 1500 eV, not only the weight of the single layers in
the photoemission peak changes, but also the overall peak

PHYSICAL REVIEW B 90, 035124 (2014)

line shape and binding energy. For example, assuming as a
model of a triangular notch the stepped band profile shown
in the inset of Fig. 7(a), the photoemission peaks for the
low (450 eV) and high (1486.6 eV) photon energy spectra
have been calculated, as shown in Figs. 7(b) and 7(c). This
calculation simulates a photoemission process from Ti 3d
levels at the resonant threshold (b), as well as in an XPS-like
experiment (c). The calculation has then been extended to
several energy-level profiles. Figure 7(d) shows the average
peak positions for the various model profiles of the HJ band
levels represented in Fig. 7(e); the blue line shows the standard
deviation o with respect to the measured values (—0.7 eV for
ResPES and +0.10 eV for XPS). As the extent of the notched
region increases, the overall peak positions move towards the
interface value (—0.7 eV), while a contraction of the band
profile notch pushes both peak positions towards the bulk
values (40.1 eV). The best match with both reference values
[dashed horizontal lines in Fig. 7(d)], marked by the minimum
of o (blue line), is found for a band-bending depth of about
2-3 unit cells.

IV. CONCLUSIONS

We have investigated, through element-specific spectro-
scopies, the origin of the interface states in a conducting
LAO-STO heterointerface. We have shown that these states,
found at E, can be ascribed to an intrinsic effect of the polar
field, as cation mixing does not seem to affect the spectral
weight of interface states, and the observed 3d' interface
states are different from those reported for conducting Nb:STO
surfaces, defected TiO, surfaces, or La;_,Sr,TiOs, that at
different extents may be regarded as reference systems for
the LAO-STO heterointerface. The same spectroscopic tools
have also allowed us to track the band profile at the interface.
The results show that both heterointerfaces are type I.

Differences between the two interfaces under consideration
(i.e., a conducting 5-u.c. interface and and insulating 3-u.c.
interface prepared under the same growth conditions) are
represented by the larger notch in the valence-band energy
profile observed in the conducting interface. Furthermore, the
conducting sample displays a deep notch of intrinsic IS, whose
width is estimated to be about 0.6 eV and, in any case, not larger
than 1 eV.

Finally, it is shown that the A%IX — Al energy offset for
the 5-u.c. layer is compatible with a scenario where the 2DEG
is confined within the first three unit cells below the interface,
in agreement with the estimate based on core-level data and
transport properties [20].

Differences with the band profiling so far proposed for
similar systems can be ascribed to subtle changes in the growth
conditions, disclosing a rich scenario of electronic properties
driven by oxygen stoichiometry.
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