APPLIED PHYSICS LETTERS 104, 261603 (2014)

Potential-well depth at amorphous-LaAlO3/crystalline-SrTiO3 interfaces
measured by optical second harmonic generation
Gabriele De Luca,a) Andrea Rubano, Emiliano di Gennaro, Amit Khare,
Fabio Miletto Granozio, Umberto Scotti di Uccio, Lorenzo Marrucci, and Domenico Paparob)
CNR-SPIN and Dipartimento di Fisica, Universit!
a di Napoli “Federico II,” Compl. Univ. di Monte S. Angelo,
v. Cintia, 80126 Napoli, Italy

(Received 25 February 2014; accepted 20 June 2014; published online 1 July 2014)
By a combination of optical second harmonic generation and transport measurements, we have
investigated interfaces formed by either crystalline or amorphous thin films of LaAlO3 grown on
TiO2-terminated SrTiO3(001) substrates. Our approach aims at disentangling the relative role of
intrinsic and extrinsic doping mechanisms in the formation of the two-dimensional electron gas.
The different nature of the two mechanisms is revealed when comparing the sample response variation as a function of temperature during annealing in air. However, before the thermal treatment,
the two types of interfaces show almost the same intensity of the second harmonic signal, provided
the overlayer thickness is the same. As we will show, the second harmonic signal is proportional to
the depth of the potential well confining the charges at the interface. Therefore, our result demonstrates that this depth is about the same for the two different material systems. This conclusion supports the idea that the electronic properties of the two-dimensional electron gas are almost
C 2014 AIP Publishing LLC.
independent of the doping mechanism of the quantum well. V
[http://dx.doi.org/10.1063/1.4886413]
Since the discovery of a two-dimensional electron gas
(2DEG) formed at the interface between the two band insulators LaAlO3 (LAO) and SrTiO3 (STO),1 a worldwide
research effort has unveiled a surprising array of unexpected
phenomena in this material system, ranging from tunable
conductivity to two-dimensional superconductivity.2
The origin of the charge carriers immediately emerged
as a highly debated question, since different doping mechanisms can be at play in this oxide heterostructure. A large
body of evidence points to the so-called polar catastrophe
scenario as the mechanism driving the formation of the conducting state.3–7 According to this picture, electrons are
transferred from the surface to the interface to compensate
the built-in potential within the polar LAO film.
However, many experimental observations have highlighted the presence of point defects, such as cationic intermixing across the interface or oxygen vacancies, able to
introduce a chemical doping even in absence of electronic
reconstruction.3,8–11 Recently, the oxygen-vacancy mechanism has attracted a renewed attention because of the observation that a two-dimensional gas is formed at LAO/STO
interfaces even when the LAO film is grown in amorphous
phase, so as to rule out polar-discontinuity-related
mechanisms.12–15
In the following, we indicate the amorphous structure as
a-LAO/STO in order to distinguish it from the crystalline,
c-LAO/STO, structure. These two types of interfaces are
investigated here by resorting to optical second harmonic
generation (SHG), a technique which recently has been
applied to studying c-LAO/STO interfaces.16–22
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In SHG, an optical wave with frequency 2x is generated
from an incident wave of frequency x. For this process to
occur, a breaking of the material inversion symmetry is
needed. The latter naturally takes place at the interface
between two dissimilar centrosymmetric media, such as
LAO and STO within the temperature range considered in
this work. Additionally, the inversion symmetry can be broken in the bulk of centrosymmetric media because of the
presence of a bias static electric field, Epolar.23 The actual
measured quantity is the SHG intensity ISHG, which is proportional to the square of the reflected SHG optical field:
ISHG / jESHG j2 . The latter is, in turn, proportional to the
square of the incident optical field, ESHG / veff E20 , where veff
is in general defined as follows:26
ð
ð2Þ
ð3Þ
polar
in
veff
¼
eout
ð0; zÞ&ein
(1)
in;out
i ½vijk ðzÞ þ vijkl ðzÞEl
j ek dz;
where z is the coordinate along the surface normal and ein, out
are the optical polarization unit vectors in vacuum of the
ð2Þ
input and output waves, respectively.24 In Eq. (1), vijk
ð3Þ
and vijkl denote the second- and third-order susceptibility tensors, respectively. The first term takes into account the structural symmetry breaking occurring at the interface between
two dissimilar media. The second term describes the symmetry breaking caused by a bias static field in the region of the
quantum well, as depicted in Figs. 4(b) and 4(c) and better
explained in the following.
In Eq. (1), the z integral is extended across the entire
thickness of the polar layer, dpolar, where the inversion symmetry is broken. dpolar is assumed to be much thinner than the
optical wavelength. Under the dipole approximation, the bulk
of c-LAO, c-STO, and a-LAO do not contribute to vð2Þ since
they are centrosymmetric, while their interfaces, LAO/STO
and LAO/air, do. Additionally, any region of the LAO/STO
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heterostructure may become SHG active, through vð3Þ , if
exposed to a bias electric field. However, in our past work on
c-LAO/STO interfaces, we have clearly demonstrated that, at
the wavelength used in this experiment, the SHG signal originates principally in a very thin layer of STO close to the
ð2Þ
interface.22 This fact demonstrates that vijk of the LAO/air
ð3Þ
interface as well as v of the LAO bulk are negligibly small.
Therefore, from here on, dpolar identifies the thickness of a
very thin layer of STO close to the interface, in the region of
quantum well.
LAO/STO interfaces of varying thicknesses were prepared by pulsed laser deposition (PLD) on (001)-oriented
STO substrates with uniform TiO2 termination. The crystalline samples were grown at 730 ' C at high oxygen pressure
(1 ( 10)2 mbar) to minimize the formation of oxygen vacancies, and then slowly cooled in the process gas. The observation of reflected-high-energy-electron (RHEED) oscillations
during the growth allowed both the control of the LAO layer
thickness, tLAO, and the calibration of the growth rate. The
amorphous samples were then grown at ambient temperature
in 1 ( 10)5 mbar of oxygen atmosphere. We assumed that the
growth rate of such samples was the same as that of crystalline samples. Therefore, we controlled their nominal thickness
by counting the laser shots during the growth and reported it
in equivalent unit cells (euc), being 1 euc * 0.38 nm. The correctness of this procedure was also verified by resorting to xray grazing incidence reflectometry to measure tLAO in a few
selected samples.
For the optical investigation, laser pulses of *35 fs
and wavelength of 800 nm (1.55 eV photon energy) were generated at 1 kHz by a Ti:sapphire laser. Both the input fundamental and the output SHG beam are linearly polarized. In
the following, the labels P, S, and D denote linear polarizations parallel, perpendicular, or at 45' with respect to the
plane of incidence of light. In accordance with the four-fold
rotational symmetry of the interface, we measured the only
three independent non-vanishing SHG components: P-in Pout (PP), S-in P-out (SP), and D-in S-out (DS).21
In Fig. 1, we show the sheet conductance and the SHG
intensity as a function of tLAO. We observe that both the
sheet conductance and the SHG intensity increase as a function of tLAO. The conductance behavior is in qualitative
agreement with the one previously reported for a-LAO/
STO.12 For comparison, in Fig. 1 we also report the SHG
signal (filled stars) and the conductance (blue open star)
measured for a c-LAO/STO sample with tLAO ¼ 10 euc.
From this comparison, it is evident that the SHG signal at
this LAO thickness is the same for both types of interfaces.
We note that c-LAO/STO interfaces show approximately a
saturation of the SHG signal above the conductance threshold (corresponding to four unit cells).16 This is also evident
in Fig. 1 for the a-LAO/STO interfaces above tLAO ¼ 7 euc.
Therefore, we conclude that the SHG intensity is similar for
all the a-LAO/STO interfaces lying in the saturation interval
and, for these, to all the c-LAO/STO interfaces above the
conductance threshold.
The oxygen vacancies that form at the a-LAO/STO
interfaces during sample fabrication may be refilled by suitable post-annealing in oxygen. In order to demonstrate the
effect of such process on the sheet conductance and on SHG,
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FIG. 1. SHG intensity (left-axis) and conductance (right-axis) for a-LAO/
STO interfaces as a function of thickness. The SHG signal is indicated with
filled circles for all x-2x polarization combinations: PP (blue), DS (violet),
and SP (green). The conductivity values of the a-LAO/STO interfaces are
indicated with open circles. The gray area encloses those samples whose
conductance is below the detection limit. For comparison, we report the
SHG signal (filled stars) and conductivity (blue open star) for a c-LAO/STO
sample with a thickness of 10 euc. The solid line is a guide for eyes.

we performed measurements during such thermal treatments.
In the following, we focus our attention on two samples with
tLAO ¼ 10 euc and on a STO single crystal that was used as
reference. These samples were heated in air from room temperature up to about 350 ' C and then cooled back to room
temperature.
The results of the conductivity measurements are
reported in Fig. 2. The filled symbols refer to measurements
taken during the heating stage, while the blue open symbols
refer to measurements performed during the cooling stage.
The STO single crystal shows a thermally activated behavior, typical of a wide band-gap insulator, with a conductance

FIG. 2. Sheet conductance for the two a- and c-LAO/STO samples with 10
euc as a function of temperature. The red filled points refer to measurements
taken while heating the sample in air from room temperature till 350 ' C.
Conversely, the blue open symbols refer to measurements performed by
cooling samples back to room temperature. Green triangles refer to conductivity for bare STO used as reference.
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falling below the detection limit under 250 ' C.27 The
c-LAO/STO sample shows a typical metallic slope as a function of temperature. Such metallic behavior is unaffected by
the annealing performed in oxidizing conditions, but the conductance value shows a slight decrease at the end of the thermal process.25 The a-LAO/STO sample shows a rapid and
irreversible decrease of conductance during the heating
stage. The sample conductance intersects the STO curve at
about 250 ' C and follows the same behavior of STO during
the remaining heating and cooling steps.
The results of the SHG measurements are reported in
Fig. 3. They confirm that the doping mechanisms inducing
the interfacial polarity sensed by SHG are quite different in
the two material systems. For the c-LAO/STO sample, the
behavior of the SHG signal as a function of temperature, for
all the polarization combinations, is qualitatively the same of
that observed for conductivity. The SHG signal is approximately constant during both the heating and cooling stages.
After the cooling step, the SHG signal from the c-LAO/STO
interface recovers approximately its initial room-temperature
value. Conversely, in the case of the a-LAO/STO, we
observe an overall decrease of the SHG signal as a function
of temperature, analogous to the decrease of conductivity.
However, SHG also shows a few significant features that are
not visible in the conductivity measurements.
We notice that the decrease of the SHG signal starts already at about 110 ' C, where we paused our temperature scan

FIG. 3. SHG intensity as a function of temperature for 10 euc thick a- and cLAO/STO samples (panel (a) and (b), respectively), for three polarization
combinations: PP (circles), DS (triangles), ad SP (squares). Red (blue) points
refer to the heating (cooling) stage. The arrow at 110 ' C indicates the beginning of the SHG signal decrease. At this temperature, we waited for 30 min
(300 label in the figure) before continuing the temperature scan.
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for 30 min. At this temperature, the SHG signal decreases
continuously with an approximate rate of )30% per hour.
After this break, we resumed increasing the temperature by
10 ' C every five minutes. The SHG intensity shows a general
decrease during the heating stage, with clear differences for
the different polarization combinations. In particular, the DS
signal decreases more rapidly than the SP one, till vanishing
at about 300 ' C. In contrast, the other two polarization combinations never become zero. The consequence of these different behaviors is that the SP and DS signals cross at about
250 ' C. Therefore, below this temperature, DS is always
higher than SP, while this relation is inverted above 250 ' C.
Above 320 ' C, the DS signal slightly increases again. A similar increase is observed for the SP signal, which, after reaching its minimum at 250 ' C, becomes equal to PP.
Finally, during the cooling process, the SHG signal for
all the polarization combinations remains constant at the values reached for the highest temperatures. In particular, the
SHG signal does not recover its initial room-temperature
value. Moreover, the DS signal remains lower than that of
SP, thus inverting the initial signal hierarchy of these two
polarization combinations. This result shows that the
obtained insulating interface is optically different from the
untreated single crystal STO surface since the latter generates a SP signal that is always lower than the DS one, as long
as the SHG photon energy is not close to the optical resonances of STO.22
Our measurements provide clear indications of irreversible chemical transformations taking place in our samples
during annealing. In the case of a-LAO/STO, it is evident
that the donor oxygen vacancies recombine with oxygen
from the environment during the heating stage at about
250 ' C. After this moment, the interface is electrically similar to single crystal STO, with no more role played by the
interface in defining its electric transport properties. The cLAO/STO sample only goes through some minor irreversible
transformation that weakly affects its transport properties
and is not probed, within the sensitivity of our measurements, by SHG. Such a slight decrease of conductivity in
crystalline samples has also been often attributed to the neutralization of a residual amount of oxygen vacancies.25 We
observe that, if this is the case, the refilling of oxygen vacancies takes place at surprisingly different temperatures in the
two kinds of interfaces.
The different evolution of the SHG and of the electric
conductance under a thermal treatment clearly points to two
different donor mechanisms in the a- and c-LAO/STO interfaces: oxygen vacancies in the first case and electronic reconstruction driven by interfacial polar discontinuity (possibly
accompanied by residual oxygen vacancies) in the second
case. Besides, for all the c- and a-LAO/STO heterostructures
lying in the saturation interval, we observe a similar SHG
signal.
As already demonstrated, SHG indirectly probes the
charges and their spatial distribution at the interface.20,22
When a space-charge region is created at the interface, this
develops an electric field, Epolar(z), that polarizes the electronic orbitals involved in the SHG process. This contribution is accounted in Eq. (1) by the ^v ð3Þ tensor. If we assume
in that equation that ^v ð2Þ + ^v ð3Þ and that ^v ð3Þ is
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approximately constant over dpolar, the quantity veff assumes
a notable physical meaning, being proportional to the depth
of the potential well induced by the charge distribution at the
interface
ð
eff
ð3Þ
Epolar ðzÞdz ¼ vð3Þ Vwell ;
(2)
vin;out / v
where for simplicity, we have left out tensor indices, and
Vwell indicates the depth of the potential well. An estimate of
Vwell as a function of tLAO is given in Fig. 4(a) for both aLAO/STO and c-LAO/STO interfaces. The values shown in
figure are obtained by averaging the square root of the SHG
intensity over the measured polarization combinations. From
Fig. 4(a), the similarity of Vwell for all the samples above
about 7 euc is evident. Again we note that c-LAO/STO interfaces show approximately a saturation of the SHG intensity
above the conductance threshold. Therefore, we conclude
that all the crystalline samples above the conductance threshold have an interfacial Vwell similar to the amorphous samples in the saturation region. This result points to the
existence of an universal depth of the interfacial potential
well, despite the fundamentally different doping mechanism
acting in these two material systems.
A possible microscopic scenario for the case of the aLAO/STO interface, which might help explaining this similarity, is based on the assumption that a d-doping mechanism
caused by oxygen vacancies takes place at the a-LAO/STO
interface.28 The band diagram of a-LAO/STO would be
therefore determined by the combination of two basic elements, that is the typical “dip” of the bands formed in the
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proximity of a d-doping sheet29 and the well known mismatch of the conduction bands of LAO and STO, making the
states on the LAO side of the d-doped interface unaccessible
to the electronic wavefunctions. The interplay of these two
components would lead to a band diagram such as that in
Fig. 4(c), showing significant similarities, on the STO side,
to the one foreseen by the electronic-reconstruction model
for the c-LAO/STO case, as reported in Fig. 4(b). However,
the fact that the potential-well depth in the a-LAO/STO and
c-LAO/STO cases is about the same remains unexplained in
this model. A possible explanation is that this depth is
actually dominated by the difference between the
conduction-band minimum energy in the STO bulk and the
Fermi level, difference which is expected to be largely independent of the interface properties. We also notice that for a
fixed shape of the potential well, the well depth should be
proportional to both the amount of trapped electronic charge
per unit area and to the penetration length of this charge in
the STO bulk.
In conclusion we showed that, in all the a- and c-LAO/
STO heterostructures above a given threshold, the electrons
present at the interface are confined in a potential-well with
a similar depth, independently of the specific doping mechanism. This leads to the observation of the existence of a fundamental mechanism for the formation of such interfacial
potential.
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