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e l'uomo, giunto a questo punto, € necessitato a cercare un’altra guida,
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Introduction

In the recent years, devices have become smaller and faster, more power-
ful and efficient, as well as cheaper. However, the size of the building blocks
of the current electronics - i.e. the transistors - is quickly approaching the
limits of manufacture and the need of a new generation of devices based on novel
mechanisms appears to be essential [1]. In this scenario, well-defined interfaces
between oxide materials have produced novel electronic systems displaying a
spectacular variety of properties with promising potentialities for future devices,
such as colossal magnetoresistance, high-temperature superconductivity, mag-
netism at the interface between non magnetic oxides, as well as two-dimensional
electron gas (2DEG) between two oxide insulators [2]. Because of their chem-
ical complexity, the quality of oxide materials was believed to be lower with
respect to the conventional semiconductors, but the recent advances in growth
techniques based on pulsed laser deposition (PLD) or molecular beam epitaxy
(MBE) have retracted this viewpoint, opening to the fabrication of oxide in-
terfaces with the same atomic precision as semiconductors [3,4]. At the same
time, however, the rich electronic phases exhibited by heterojunctions involving
transition metal oxides, which are dominated by the highly interacting electrons
in d-orbitals, may be the result of a subtle balance of minute perturbations [3].
Even though the thin film growth technology has been suitably tailored for
oxide compounds, a central issue remains the sample quality, where the control
of defects may play a key role towards a future step of technology [4].

In this context, interfaces between perovskite oxides can display properties
at the nanometer scale that are qualitatively different from their single build-
ing blocks, allowing one to engineer novel functionalities through the growth
of epitaxial heterostructures. Indeed, the discovery of a 2DEG at the interface
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between lanthanum aluminate, LaAlOgs, and strontium titanate, SrTiOs, [5, 6]
has disclosed unexpected perspectives in the physics of oxide-based junctions. So
far, a large number of studies have attempted to determine the physical proper-
ties 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 [7]. The study of the electronic
properties of the LaAlO3/SrTiO3 heterojunction can thus provide fundamen-
tal information to understand the origin of the relevant physical phenomena
observed in these systems, while the profiling of energy-level alignment across
the interface would disclose the basic information for the design, characteriza-
tion, and tuning of devices based on the intrinsic electric fields arising at the
interface, such as photovoltaics [8,9] and field-effect transistors [10], as well as
devices based on tunable conductivity and charge writing [11,12].

In non-oxide semiconductors, the relaxation of polar discontinuity in
heterointerfaces is usually achieved by an atomic reconstruction process [5],
where the interface stoichiometry is altered by interdiffusion, point defect, and
dislocation and in general by a structural roughening. In oxides, the possibil-
ity of multiple valence ions allows even an electronic reconstruction that, in
the LaAlO3/SrTiOg3 case, should move electrons from the surface to the empty
Ti d-levels. Nevertheless, both atomic and electronic reconstructions could be
present in oxide interfaces and the possibility to probe non-destructively the
cation depth profiles across the junction would provide further details useful to
understand the oxide physics. Indeed, the latter is also valid for less-ordered
systems, i.e. amorphous thin films, in which the interfacial electronic proper-
ties can be driven by complex substitutional effects across the interface, such
as stoichiometry gradients, vacancies and cation interdiffusion. This is the case
of many ultrathin interfaces that are playing a key role in the development of
new architectures to be tested in photovoltaic (PV) applications. Also in this
field, novel devices can be engineered provided that the capability to control in-
terfaces at the nanoscale is demonstrated. Among the most popular solar cells,
electrochemical PV cells display a stack of interfaces with different thickness and
chemical properties, from the front contact to the back electrode. The front con-
tact constitutes itself an interface where a transparent conducting oxide (TCO)
layer is usually matched with a nanosized blocking layer (BL). The quality of
this interface may have relevant consequences on the overall cell performances.
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The combination of chemical and structural information on a local scale
(i.e. at the interface and the nearby few layers) can be obtained by an
effective modeling of angle-resolved x-ray photoemission data, which consti-
tutes the common thread of this study through two kinds of samples: the epi-
taxial LaAlO3/SrTiOs interface and the Cd,Sn,O,/TiO2 heterojunction for
solar cell applications. In this thesis different x-ray photoelectron spectroscopy
techniques have been used, such as XPS, AR-XPS, XAS, ResPES, u-XPS,
XPEEM and XASPEEM. The experiments were carried out at the BACH and
NANOSPECTROSCOPY beamlines at the ELETTRA synchrotron radiation
facility, as well as at the ILAMP laboratories within the Univerista Cattolica
del Sacro Cuore. The experimental data have been modeled by using the BriXias
code, which is a package designed within the ILAMP laboratories to properly
load, manipulate, analyze and modellize XPS signals on complex multilayer
structures. Thus, the present study represents also an opportunity to apply
this recent code and verify its potentialities on complex oxide heterointerfaces
which can host cation disorder across the nominal junction.

In Chapter 1 the fundamentals of XPS, XAS and RePES experiments are
presented, as well as a brief introduction of the PEEM and MEM techniques.
In addition, an overview of the BriXias features is introduced, in particular
considering the effective approach in modeling the photoemission intensity.

In Chapter 2 the heterojunctions between an amorphous Cd;Sn,O, trans-
parent conductive oxide and different thin films of TiO, anatase are studied by
XPS and angle-resolved XPS. The aim is to probe non-destructively the depth
profile for each atomic species across the junction, which exhibits a bulk stoi-
chiometry gradient superimposed to a cation interdiffusion, and then reveal the
band offset at the interface in order to relate the results to the overall efficiency
of the solar cells in which the aforementioned heterojunctions have been applied.

In Chapter 3 the LaAlO3/SrTiO; interface is investigated by XPS, XAS,
ResPES, XPEEM, XASPEEM, MEM and pu-XPS techniques. A characteriza-
tion of the chemical properties of the samples is carried out by XPS, with a
special attention on the Ti**/Ti** ratio with respect to the interfacial car-
rier density. Then, the reconstruction of the band diagram at the junction
is achieved by combining data from XPS and ResPES experiments, whereas
XPEEM, MEM and XASPEEM measurements evidence a lateral chemical ho-
mogeneity in the nanometer scale. Furthermore, by using high-flux synchrotron
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radiation, a reduction process of the Ti atoms is shown in relation with the
exposure time, while a sample regeneration is evidenced via Qo exposure.

In Chapter 4 the structural composition of the LaAlO3/SrTiO3 heterointer-
face is studied by AR-XPS to disclose possible cation interdiffusion, vacancies,
sub-stoichiometry processes across the junction. Several models are compared
with one another to justify the experimental data and some remarks about the
the AR-XPS method are presented concerning the special case under investiga-
tion.



Chapter 1

Experimental and
theoretical details

1.1 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is one of the most powerful tool to
investigate the composition and the electronic structure of matter, developed
by Kai Siegbahn, who received the Nobel Prize in 1981, on the basis of the
photoelectric effect first evidenced by Hertz in 1891 and later explained by
Einstein in 1905 [13].

An XPS experiment involves exposing the specimen to be studied to an
x-ray with energy hv, and then observing the resultant emission of photoelec-
trons. From the conservation of total energy, the kinetic energy of the electron
photoemitted from a core-level to the vacuum can be described as

hV:Eg_"Ek""/c""Vl)ias (11)

where hv is the photon energy, EY is the binding energy of a given electron
relative to the vacuum level of the sample, Ej is the kinetic energy of the
emitted electron just as it leaves the sample, Vy;,s is bias potential that may
be placed between the sample and the spectrometer, while V, is the charging
potential produced by any net imbalance between charge input and output [14].
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For insulating samples, the charging effect can cause an energy level shift
from the values corresponding to the limiting situation where non charging oc-
curs. A detailed analysis of the charging effect [15] shows the several difficulties
to predict the V. value in a real experiment, because various sources of electrons
may partially compensate the positive charges left by the photoelectron emission
process. For metals, (i) the positive charging may be spontaneously compen-
sated for by the conduction electrons of the sample-holder from the ground
contact; this makes the conductors non-charging, but for insulators the latter
charge balance is lower and some other effects can happen. An example (i) is
the radiation induced conductivity typical of thin films, which is the generation
of electron/hole pairs by the absorption of x-ray. In this situation, the elec-
tric field associated with the surface potential drives the electrons towards the
surface, where they can partially recombine with the positive charges in excess,
and the holes to the metallic sample-holder, where they may recombine with the
conduction electrons. In addition, when films are even thinner and the x-ray
reaches the substrate, (4ii) also the photoelectrons from the substrate to the
specimen may decrease the charging effect, as similarly happens when the pho-
toelectrons - and secondary electrons - which are emitted from the x-ray tube
windows, reach the sample surface. Nevertheless, some practical solutions can
be applied to reduce charging effects, for example the increase of temperature
of oxide-samples about 200°C, which suppresses charging favoring the charge
detrapping process, or the application of a bias Vs to the sample-holder with
respect to the analyzer, or even the use of a flood gun which directly irradiates
the positive charged surface of the specimen by low energy electrons. In any
case, however, a zero surface potential, which cancels the laterally distributed
positive charges (especially in small spot XPS), is difficult to be obtained with-
out a precise knowledge of V..

Assuming both V. and Vy,;.s equal to zero, the simplest possible case con-
sists of a conductive solid material in electrical connection with the spectrom-
eter. In this way, a fixed potential during photoemission is maintained due to
the thermodynamic equilibrium between the specimen and the spectrometer,
which requires their Fermi levels (or chemical potentials) to be equal, as dis-
played in Figure 1.1. Therefore, defining the work function ® for a solid as
the energy separation between the vacuum level and the Fermi level, it follows
that the respective vacuum levels for specimen and spectrometer are different,
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in such a way that an electron passing from the surface of the specimen into
the spectrometer undergoes an accelerating, or retarding, potential equal to
D, — Pypect, where @, and Pgpe.r are the work functions for the specimen and
the spectrometer, respectively. Thus, eq. (1.1) can be written as

hv = ES + E), + ®opect (1.2)

with
EE=Ep—®, and E,=FEp+®,— Dypect (1.3)

where EZf is the binding energy relative to the Fermi level and E,; is the kinetic
energy inside the spectrometer. If the work function ®, is provided by some
other technique, vacuum-referenced binding energies can then be obtained [16].
Furthermore, if for metallic samples the Fermi energy can be easily recognized
as the cut-off energy at high kinetic energy, for insulating (semiconducting) sam-
ples the positioning of the Fermi level is non trivial, because it lies somewhere
between the filled valence bands and the empty conduction bands. In such a
situation, a metallic reference - e.g. a gold clip - in ohmic contact with the sam-
ple is generally used to retrieve the Fermi level, even though possible charging
effects may negatively affect this evaluation [16].

In summary, an XPS experiment consists of collecting the number of photo-
electrons as a function of their kinetic energy (i.e. a spectrum) by an electron
analyzer; in such a way, the energy of the resulting peaks in the spectrum can
be related to specific core levels of the atoms or to secondary Auger electrons
induced by the core-hole, whereas the step-like background is generated by the
inelastic scattering of photoelectrons. When a core level has a symmetry dif-
ferent with respect to the spherical s, a split into two components due to the
spin-orbit interaction is detected. In this case, each component is characterized
by the quantum number of total angular momentum j = [+ s, where [ and s are
the orbital angular momentum and the spin angular momentum, respectively.
The energy splitting AE; is typical of the atomic species involved and generally
increases in relation with both the atomic number Z, for constant values of [ and
s, and with the decreasing of [ to equal principal quantum number n, whereas
the area ratio of the two components follows the ratio of the relative electron
degeneracies as

= ith jr=Il+s . 1.4
5 11 Vb s s (1.4)
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Figure 1.1: Schematic of the energy levels of a metallic specimen in contact with a spec-
trometer. Adapted from Ref. [16].

The XPS technique is generally used to identify both the sample composition
and the bond ionicity degree, since the core-level energies are determined manly
by the atomic species and even by the specific valence state of the atoms. Fur-
thermore, despite of the penetration of x-ray reach a pum range, the probing
depth! of the XPS (~ 2 — 3 nm) depends only on the scattering processes of
electrons inside the matter and is generally approximated by 3); for a direction
of detection normal to the sample surface, where \; is the inelastic mean free
path (IMFP). For hv = 100 — 1000 eV \; can be calculated by the empirical
law [17]

M(Ey) = ,;i‘k + BV (15)

where A = 2170 and B = 0.365 are constant values suitable for any kind of

IThe present values are valid by using soft x-ray. Differently, for hard x-ray (~ 10 keV’)
the probing depth can be significantly enhanced up to 20 nm [18].
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materials. However, a more accurate expression of \; in the photon range from
50 eV to 20 keV is the TTP-2M formula [19]

. Ey,
Ai(A) = ' (1.6)
{£[pmerm0 - (£) + (&)}
with
1

Nop\ 2 0.944

E, =288 ( Mp) B=-010+ ——— +0.0690"" (1.7)
(EZ +E3)°
0.191 0.91N,p 20.8N,p

= C =197 - —C D =534 —""C 1.8
= 7 7 (1.8)

where N, the number of valence electrons per atom/molecule, p is the density
of materials, M is the atomic/molecular mass, E, is the plasmon energy, while
E, is the band gap. In addition, Figure 1.2 shows the universal dependence of
the mean escape depth as a function of the kinetic energy of photoelectrons.

Hel (Hell YM¢ MgK AlK,
A P i
50 T | T |
¢ Si
Py ® Ge p:
Y B GaAs P _
e 20 ¢ v GaP o ¢ ()
a A A InP R
8 (]
8 10 B A . . ‘ [ ] ] I
W] v, 2 o o4 H
8 5 [ X .‘: v&vv;' ‘ | | - —
L .= A
5 L |
10 100 1000

Kinetic energy E, (eV)

Figure 1.2: The universal dependence of the escape depth on photoelectron kinetic energy
for different solids, drawn as a shaded band that encompasses most of the existing experimental
data. Adapted from Ref. [20].
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1.1.1 Three-step model

After Einstein received the Nobel Prize for his quantum theory of photoe-
mission published in 1905, the photoemission process had been considered as a
surface phenomenon for the following 50 years. Only in 1958 Spicer [21] devel-
oped a model in which the photoemission is treated as a bulk process. A more
refined formalization was then published by Berglund and Spicer [22] in 1964.
This approach was called three-step model because the photoemission process is
subdivided into three consecutive and independent events:

e the photoemission from the atom, described by photoemission cross-sections
(23, 24);

e the drift of the electron in the solid, based on the electronic IMFP [19];

e and the escape of the photoelectrons from the surface, described by the
work-function.

Then, the total photoemission intensity is provided by the product of the three
terms, i.e. the probability for the optical transition, the scattering probability
for the traveling electrons, and the transmission probability through the sur-
face potential barrier. The first step includes all the information about the
electronic structure, the second step can be treated in terms of the IMFP, i.e.
the probability that the excited electron reach the surface without scattering,
whereas the third step is described by the transmission probability through the
surface depending on the kinetic energy of the photoelectron and the material
work function. However, a more accurate approach is the one-step model in
which the photon absorption, the electron removal and the electron detection
are described as a single process, thereby allowing for calculations of both the
bulk and surface states, as well as evanescent states and surface resonances [25].

From a quantum-mechanics point of view, the photoemission process can be
described by the transition probability wy; for an optical excitation between the
initial state Y with N electrons and one of the possible final states \Iljcv which
is formed by the system of (N — 1) electrons (i.e. the ground state plus a core
hole) and the photoemitted electron with kinetic energy Ej. Such a probability
can be approximated by the Fermi’s golden rule:

2
NN [ Hine W) POEY = BY — hw) (1.9)

’LUfi =
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where the J-Dirac accounts for the energy conservation between the initial
EN = EiN*1 —Eg and final E}V = E}V71+Ek state energy of the N-particle sys-
tem (where Eg is the binding energy of the photoelectron with kinetic energy Fj,
and momentum E), whereas H;,; is the matrix operator for the electron-photon
interaction, which is usually approximated with the dipole operator H;,; = e- 7.
Assuming the usual sudden approximation, in which the core-hole final state
does not influence the photoelectron (i.e. the electron is instantaneously re-
moved and the effective potential of the system changes discontinuously at that
moment), we are allowed to factorize the wave functions for both the initial and
final states. Thus, we can write

Uy = Aghui - (1.10)

where A is the antisymmetric operator, which satisfies the Pauli principle, mak-
ing the N-electron wave function antisymmetric under the exchange of the co-
ordinates of any pair of electrons, qﬁ? is the wave function of the photoelectron
with momentum E, while \I/}V ~1 is the final state wave function for the system
with (N — 1) electrons, which can be considered as an excited state with eigen-
function WY ~1 and energy EX~!. In this way, the total transition probability
is given by the sum over all possible excited states m. Then, we assume that
the initial state is a single Slater determinant (in the Hartree-Fock formalism)
defined as B

WY — Agfud (1.11)
where qb? is the wave function of a single electron, whereas \I/fv ~! is the wave
function of the N-electrons system subtracted by one electron (but not the

eigenfunction of the hamiltonian of (N — 1) electrons). At this point, we can
write the matrix element of eq. (1.9) as

(UN [ Hipe|[UN) = ($F | Hie | 6F) (U N1 @ N1 (1.12)

where M le ; = <¢§|Hmt|¢)§> is the dipole matrix element of the single electron
and (UN-1 WV~ is the overlapping integral for the (N — 1) electrons. Then,
the total photoemission intensity, i.e. I =) wy,;, measured as a function of Ej
is proportional to

I(Brin) < Y M,
fii

2
S [em,il?0(Epin + EXN' — EN — hv) (1.13)
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where
R 1A 2l AT (1.14)

|Cm,i

is defined as the probability to remove one electron from the state ¢ and leave the
system of (N — 1) electrons in the excited state m. Therefore, if \IllN_l = \11%0’1
for one particular state m = my, then the corresponding ¢, |*> = 1 and
2 = 0 for m # my; in this case, if M};l = 0 it follows that the photoe-

|Cm,i
mission spectrum is a §-Dirac at the Hartree-Fock orbital energy E]E; = —¢p
(i.e. the non-interacting particle case). Otherwise, if many |c,, ;> # 0 as in the
strongly correlated systems, the electron removal leads to a remarkable change
of the effective potential where \Ilfv ~1 overlaps with many of the eigenstates
WN=1 resulting into a photoemission spectrum which is no more a §-Dirac but
consists of a main line plus several satellites, according to the number of excited
states m created in the process [25].

1.2 X-ray Absorption Spectroscopy

X-ray Absorption Spectroscopy (XAS) is a powerful technique to investigate
the unoccupied electronic states in organic and inorganic systems, as well as
crystalline and disordered solids, by measuring the x-ray total absorption cross-
section of the specimen. According to the required experimental information
or the specific application field, different notations are generally used, such as
XANES (X-ray Absorption Near-Edge Structure) or NEXAFS (Near-Edge X-
ray Absorption Fine Structure) - which measure the absorption cross section
near the absorption edge of a specific elements - EXAFS (Extended X-ray Ab-
sorption Fine Structure) or SEXAFS (Surface Extended X-ray Absorption Fine
Structure) - in which the absorption cross-section is collected for a wider en-
ergy range in order to retrieve information about the bonding lengths of the
nearest-neighbor elements - and XMCD (X-ray Magnetic Circular Dichroism)
or XLD (X-ray Linear Dichroism) - in which spectra collected with different x-
ray polarizations provide local information about magnetism or ionic symmetry
distortions.

In particular, the absorption of x-rays near the absorption edge of a specific
element leads to the excitation of core electrons into unoccupied or continuum
states, leaving behind a core vacancy as depicted in Figure 1.3. The detection
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of this process can be probed either by monitoring the attenuation of the x-ray
intensity passing through the sample or by measuring the intensity of secondary
processes, i.e. Auger emission or x-ray fluorescence. Since the latter is favored
for atomic number Z > 35, the Auger decay is generally used for light elements
in two manners; partial yield, when only the electrons from a particular Auger
decay channel are collected, and total yield, when all the emitted electrons from

the specimen are detected.

F Augere' @
€ ... Vacuumlevel ______________[ _
2
w
c .
=) Unoccupied
o] .
£ orbitals
Qccupied
. orbitals
Absorption
Intensity
hv

Auger-like

XANES
decay

Figure 1.3: Schematic of the XANES process; (left) the electron excitation due to the z-ray
absorption and (right) the Auger decay.

In first approximation, the x-ray absorption can be described as an electric
dipole transition [26]. Using the Fermi’s golden rule of eq.(1.9), the transition
probability per unit time is given by

wpi= & eli) P (ES — B o) (1.15)
I he 3¢ ! ! '

where the first term e?/hc is the fine structure constant «, the second term is
proportional to the third power of the excitation frequency w, while |¢) and |f)
are the initial and final state, respectively. Moreover, the transition probability
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is proportional to the number of incident photons n, or the photon flux, which

is defined as

w2

whe?
Since the absorption cross section o is defined as the transition probability
normalized by the photon flux

F,=n (1.16)

wpp drwe?
F,  3c

o =

|(fleli)[6(Ey — Ei — hw) (1.17)

it follows that the cross section is directly proportional to the oscillator strength

f as

272e?
o= ——Ff (1.18)
with 5
I =T Wi Po(Ey — B, — i) (1.19)

which is a dimensionless quantity. The present discussion follows Ref. [26] and
omits the role of degeneracies for the initial and final states.

1.3 Resonant Photoemission Spectroscopy

Resonant photoelectron spectroscopy (ResPES) is a special case of the pho-
toemission process in which the energy of the incident photon is tuned at the
absorption edge of a specific element. As a result, a pronounced enhancement
of the photoemission intensity relate to the valence band (VB) states occur as
a manifestation of the quantum mechanical interference between the direct and
indirect photoemission channels. Such element-selective effect is particularly
useful to supply information on the local electronic structure for both molecular
and crystalline specimens, especially for strongly interacting electron systems
of transition metals, lanthanides and actinides, in which huge increases (giant
resonances) in the photoemission cross section are revealed at a resonance con-
dition [27].

In particular, below the absorption threshold of a selected element only
the direct photoemission from the occupied electronic states contribute to the
VB photoemission spectra, whereas the change of the photon energy across
the x-ray absorption edge leads the system to an unstable excited state, in
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Figure 1.4: Schematic of the electronic excitation/de-excitation processes in a ResPES
experiment. Adapted from Ref. [28].

which core electrons are promoted to different empty orbitals whence they may
decay either by radiative or non-radiative processes. Figure 1.4 shows the main
excitation and de-excitation channels related to the ResPES process. Panel (a)
and (b) display the direct VB photoemission (VB-PES), as well as the core-
level photoemission (Core-PES), where the core-hole may be filled by an outer
shell electron, triggering a normal Auger decay, Figure 1.4 (¢). In this case,
the emitted electron exhibits a fixed kinetic energy which is independent of the
photon energy.

When the photon is tuned at the absorption edge, the x-ray absorption in-
duces the excitation of a core-electron into an empty state (XAS), Figure 1.4 (d),



24 Experimental and theoretical details

from which the system proceeds involving a decay process of one VB electron,
which removes the core-hole left behind and induces two different autoioniza-
tion channels: in the participator decay, Figure 1.4 (e), the excited electron is
emitted, leaving the system with a single valence vacancy. This final state is
energetically equivalent of that of direct VB-PES and is generally referred to
as resonant photoemission (RPE). Differently, in the spectator decay, Figure 1.4
(f), the excited electron remains in the normally unoccupied level while a va-
lence electron is emitted, as in an Auger-like transition. For this reason, this
channel is often called resonant Auger (RAE). The resulting final states of the
normal Auger and the spectator autoionization process are similar apart from
the localization of the promoted electron in an usually unoccupied orbital; thus,
their spectral weights are similar in shape, but with an energy shift due to
the different screening effects induced by the extra electron in the conduction
band [28].

In summary, when the photon energy is at the absorption edge, the direct
VB-PES and the RPE channels can interfere, increasing the total photoemis-
sion intensity. On the other hand, 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. In addition, the
RAE emission is an N — 1 electron final state that occurs at a photon energy
close to a resonance, 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 RAE,
while those apparently dispersing on the BE scale are the normal Auger [29].

1.3.1 Fundamental aspect of ResPES

In general, the ResPES intensity is given by the following expression [30]

wfzf27rz (f|Vild) +Z f|VA|m m|v|> §(E; — E;) (1.20)

_ il
2

where the left part of the matrix element represents the direct VB-PES, whereas
the right part is the summation over the possible m intermediate core-excited
states within the excitation/de-excitation channels. The initial-state |¢) and
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final-state | f) wave functions contain the incident photon and the emitted elec-
tron, respectively. V,. and V4 denote the radiative (dipole) and Coulomb (Auger)
operators, respectively. Then, I',, is the core-level lifetime-induced width of
state m, while the § function ensures the energy conservation [28].

The simplest description of the resonant photoemission effect is provided by
the Fano theory [31]. Considering non-degenerate states, the Hamiltonian is
diagonalized into a subspace which consists of one discrete core-excited state ¢
with energy F, and one continuum (E) with states of energy E, such that

Gloy =1, @E)PE)) =0E-E) , @& =0 . (L21)

In addition, the non-diagonal matrix elements V(E) are between the discrete
state and the continuum

(W(E)[H|p) =V (E) (1.22)
(W(E)H[W(E")) = E(E - E') (1.23)
(¢IH|o) = Ey (1.24)

so that the discrete energy level Ey lies within the continuous range of values
FE. In the resonant photoemission process, ¢ is the core-excited intermediate
state and V(FE) is the Auger matrix element for the decay step. The exact
eigenfunctions of the continuum state ¥(FE) can be expressed as

W(E)) = agld) + / dE' bp(E)|w(E)') (1.25)

where ag and by can be obtained, by using the expressions (1.21)-(1.24), as

lap|* = |V(E)2|2 (1.26)
[E— Ey — F(E)]” + 2|V (E)|*
bp(E') = + 2(E)S(E — E')| V(Eag (1.27)

E—-F
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with
F(E) = P/dE’ % (1.28)
2(E) = W (1.29)

The transition matrix element 7 to excite the state U(E) from the ground state
®, can then be expressed as

(W(E)[T|®g) = ap(d|T|®y) +/dE/ be(E") (P (E)|T|2,) (1.30)

The ratio f between the transition probability |[(¥(E)|T|®,)|? and the proba-
bility of the transition to the unperturbed continuum |(¢(E)|T|®,)|* gives the
Fano cross-section

(q+ 6)2
= 1.31
f(e) 1o e (1.31)
where the asymmetry parameter ¢ is defined as
DT |

TV(E) (U (E)|T|®,)
with the discrete state ¢ modified by an admixture of continuum states as

V(E)

= [U(E) (1.33)

@)= o) +P [ ap

Then, € is defined as the reduced energy variable, given by

_ E—E4— F(E)

= ar (1.34)

which accounts for a shift of the discrete state ¢ at the resonance energy Ey
by the self-energy F(E) - defined in eq. (1.28) - while the lifetime width of the
discrete state ¢ is given by T',, = 7|V (E)|? [27]. At this point, using the Fano
formalism [26], the expression (1.20) can be simplified into

. +€>2 E,. /%
_ V. 2 (g
w ;Kﬂ |7’>| 14 €2 (Ef+Ei*Em)2+Fm

(1.35)
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where the ResPES intensity is the direct VB-PES multiplied by the Fano cross-
section f(e) = (¢+ €)?/(1 + €%). As shown in Figure 1.5 (a), the shape of the
Fano profile f(e) is determined by the asymmetry parameter gq. The square of
this parameter is proportional to the ratio between the strengths of the core
level assisted (autoionization, RPE) process and the strength of the direct pho-
toemission continuum over the core-hole width (VB-PES). The photoemission
intensity decreases below the threshold and increases above due to the interfer-
ence between the two channels [27]. With ¢ > 1 a Lorentzian-like enhancement
occurs, whereas with ¢ values close to 1 implies more asymmetric Fano-profile
with a minimum at e = —1 [32]. For ¢ = 0 an antiresonance effect occurs, while
for ¢ > 2 high resonance effects can be seen; for instance, in the case of transition
metals (TM) and rare heart (RE) the ¢ factor can be rather high (¢ > 3) leading
to pronounced resonant effects called giant resonances. Figure 1.5 (b) shows the
experimental data of the valence band of nickel metal in comparison with the
calculated a Fano profile for Fano lineshape I',;, = 0.35 ¢V and ¢ = 2 [27]
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Figure 1.5: (a) Characteristic Fano profiles for different q values. (b) A Fano-like profile
in the Ni valence band; markers are the experimental data, dashed line is the calculated for
g=2 and I' = 0.35. Adapted from Ref. [27].
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1.3.2 The case of Ti Ly3 and La M, ; edge

Resonant photoemission spectroscopy experiments carried out by scanning
the photon energy at the Ti Ly 3 edge provide the opportunity to emphasize
titanium-related electronic states in the valence-band region up to the Fermi
level (Er) that would be otherwise missed by an off-resonance tuning of the
photon energy. In this condition, for a 3d transition metal, the direct VB-PES
channel

np®3d™ 4+ hv — np®3d" ! + e~ (1.36)

can interfere with the autoionization channel triggered by the creation of a core
hole
np®3d™ + hv — np°3d"tt — np®3d" Tt fem . (1.37)

These two processes with the same final states, i.e. the first-order direct VB-
PES and the second-order RPE autoionization process, interfere with each other,
resulting in asymmetry of the ResPES intensity as a function of the incident
energy, the aforementioned Fano shape [26,27]. The interference between these
two channels gives rise to a resonant enhancement of the photoemission cross
section of element-specific VB states at constant binding energy.

In a configuration interaction (CI) approach [33], the ground state (gs) of a
Ti ion is described as

T,e = ap|3d™) + a1[3d" T LYY 4 ay|3d"T2L?) (1.38)

(where n = 0 and n = 1 for Ti*" and Ti*" ions, respectively), while the final
state of the x-ray absorption spectroscopy (XAS) process, i.e. the intermediate
state (is) of the autoionization channel, is

Uis = Bo|2p3d™ ) + B1[2p3d" T2 L) + Bo|2p3d" T3 L?) (1.39)
and finally the photoemission channel (finale state, fs) is
Upo =0[3d" ") +71|3d" L") + 72[3d" T L?) (1.40)

which can be reached either directly from the ground state or through autoion-
ization from the intermediate state. The [3d"~'L") configuration is absent in
the case of the Ti*t ion. Here L and 2p stand for an O 2p and a Ti 2p hole,
respectively. The |3d"™L"™)-like configurations are those accounting for charge
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transfer (CT) effects from the anion 2p 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 CIS (constant initial state) 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. As described
in the previous paragraph for the case of a discrete level interfering with a
continuum of states, the CIS line shape can be fit to the Fano profile f(e) of eq.
(1.31), where in this case the asymmetry strength parameter ¢ can be written

as
_ (Wsafr[Wyy)
7TVCK<\I/Ek |I'|\I/3d>

with W34 representing the 3d TM states in the valence band, and € = (hv —

(1.41)

hiy)/T is the reduced energy parameter and I' = 27V2,,, Vo being the matrix
element of the Coster-Kronig transition occurring in the autoionization process.
Usually, when the CIS is measured at the TM 2p-3d absorption threshold, the
(¥3q|r|¥sp) matrix element is quite large and the resulting CIS profile is very
close to the absorption profile [34,35].

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 [36,37],
and are likewise expected in the final state of the valence-band photoemission.
In the La case, the ground state (gs) of a La3T ion can be treated as

s = aoldfO) + o |Af LYY + agldf2L?) (1.42)

while the final state of the XAS process, i.e. the intermediate state of the au-
toionization channel (is) is

Uy = Bo|3dAf') + B1|3d4fL") + Ba[3d4f°L?) (1.43)
and finally the photoemission channel (finale state, fs) is

Ups = v0|4f L") +m]4f'L?) . (1.44)
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1.4 X-ray Photoemission Electron Microscopy

Similarly to XPS, in photoemission electron microscopy (PEEM) information
are carried out by the electrons photoemitted from the surface of solid materials,
which are collected to generate an image which laterally resolves the photoe-
mission signal. When x-rays are used as the exciting radiation, this technique
is also called XPEEM and requires energy filtering of the emitted electrons;
thereby photons with constant energy are used while the photoelectrons are
energy filtered. The advantage of XPEEM is that the full spectral information
guarantees a detailed chemical characterization of the imaged surface [38]. In
addition, when high-brilliance third generation synchrotron radiation sources
are used, lateral resolutions down to 20 nm at an energy resolution of a few
tenths of an eV can be obtained, even though a further reduced lateral res-
olution of 2 mm with 0.1 eV can be reached as long as aberration-corrected
instruments are implemented [39]. Moreover, with tunable photon energy, the
experimental setup can work even in a XAS mode and is generally referred
to as XAS-PEEM [38]. In some cases, the XPEEM setup is combined with
low-energy electron microscopy (LEEM), which is used to monitor the surface
structure and its dynamical evolution with higher spatial resolution, thereby
forming a multimethod electron microscope called SPELEEM (spectroscopic
photoemission and low-energy electron microscope), as the one operating at the
NANOSPECTROSCOPY beamline at ELETTRA [40]. In this case, as shown
in Figure 1.6, the sample can be probed by either x-ray photons or low-energy
electrons provided by a LaBg source, sharing the same complex set of magnetic
lenses and the electron analyzer used to generate the final magnified image.
In a simplified description, the low-energy electron beam leaving the sample
(photoemitted or scattered) is strongly accelerated by the electric field applied
between the sample and the objective lens (~ 18 keV'), producing a magnified
image of the sample in the image plane at the beam separator before going
through the transfer optics and then reaching the analyzer.

1.5 Mirror Electron Microscopy

Mirror electron microscopy (MEM) in ultra high vacuum (UHV) is a tech-
nique used to investigate the surface of specimens, such as the topography, the



1.5 Mirror Electron Microscopy 31

~ glectron analyzer

/ ~
7/ -~
’ y
/ 7
/ MCP detector
/ )/ LaB,
-
~ ~ V4
'.\

: ~ . beam separator
Tl PNA TN
transfer optics - SR
..' \

sample

Figure 1.6: Schematic of a SPELEEM setup. The electron path is traced in solid blue line,
the field limiting aperture (FLA), contrast aperture (CA) and energy slit (ES) are marked in
orange. Adapted from Ref. [40].

electrical field variation due to work function differences, potential differences in
electronic components (p-n junction, electronic circuits, etc) or magnetic stray
fields [41]. Figure 1.7 depicts the working principle in the simplest configuration
setup: accelerated electrons entering the retarding uniform field (Ey), which is
slightly more negative than the accelerating voltage, are reflected on an equipo-
tential surface in front of the sample (Sa), defined by the retarding potential V;.
Thus, the slow electrons near the sample (few eV of kinetic energy) are sensitive
to the field disturbances due to geometrical, electrical or magnetic irregularities,
providing information on the surface topography and the field distribution si-
multaneously. In this way, however, the image interpretation could result rather
complicated if charging effects occur [42].

Furthermore, MEM exhibited a theoretical good resolution already at the
beginning of the application of this technique in the '90s [41]. On the basis of
geometrical-optical calculations for a monochromatic plane wave incident on a
sinusoidal surface potential, a lateral resolution of § = 2 nm can be calculated
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[41,43], even though the finite energy width and the divergence of every electron
beam could cause a deterioration of the resolution up to 15 nm [41].
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Figure 1.7: Schematic of the MEM experiment: the electron beam coming from the gun
(G) is reflected on an equipotential surface (dashed line), defined by the retarding potential
(Vo) in front of the sample (Sa). Adapted from Ref. [42].
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1.6 Modeling for XPS: the BriXias code

The interface modeling based on the XPS peak angular dependence was car-
ried out with the BriXias code [44]. This package is based on the IGOR Pro
6.3 programming language and has been developed mainly by G. Drera at the
Surface Science and Spectroscopy Laboratory, I-LAMP Research Center, Uni-
versita Cattolica del Sacro Cuore. It includes a computational engine, based
on standard databases and state-of-the-art Monte Carlo (MC) code, designed
to predict XPS spectra on complex multilayer structure, carefully considering
the experimental geometry and the features of the X-ray source (energy and
polarization). Moreover, the package allows an accurate element quantification
at any geometry and photon energy, and is thus suitable to standard XPS lab-
oratory, as well as complex synchrotron facilities. Since the practical accuracy
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for relative element quantification is generally considered about 7 — 10% [45],
a careful XPS analysis must rely either on the comparison with reference sam-
ples - with proven composition and surface preparation by other techniques -
or on specific sensitivity factors deduced by previous experiments carried out
with the same instrumentation and similar data treatment. For this purpose,
a fine calibration tool for the analyzer response is also included in the code
(see Ref. [44] for a detailed description of the transmission function calibration
method). At the same time, the BriXias package includes several tools for data
manipulation, such as background removal (e.g., Shirley, iterated-Shirley [46],
and Tougaard [47]), satellites line deconvolution and multiple curve peak fitting.

1.6.1 Effective XPS core-level intensity modeling

A variety of physical processes are known to play an important role in the
XPS signal generation, such as elastic and inelastic scattering in the interior of
the solid, surface excitations, and intrinsic excitations following the ionization
that precedes the signal electron emission in XPS. Generally, such processes
can occur repeatedly (multiple scattering) before the electron is ejected from
the surface, giving rise to a complex combination of effects responsible for some
important features observed in experimental spectra [48]. In XPS, the core-level
peak intensity I(E},0) of a selected layer at a depth d with a thickness ¢ can
be evaluated through the following formula:

d+t
I(E,0) =K - d(Ex, 0, z)dz (1.45)
d
where ¢(E}, 0, ) is the generic escape probability (known as the depth distribu-
tion function, DDF) of an electron generated at a depth z with a kinetic energy
FEj at an angle # with respect to the surface normal. K is a normalization
constant, which includes the analyzer-dependent parameters, defined as

K= % [1 - g (3cos?(a) — 1)} (1.46)
where o is the photoionization cross section [23,24], p is the atomic density,
is the core-level asymmetry parameter and « is the angle between the direction
of incidence of the photons and emission of the photoelectrons (see Figure 4.2
(a) for a schematic of all angles).
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According to the Lambert-Beer law, the DDF function is usually approxi-
mated by a Poisson distribution [48] ¢ = exp[—z/()\; - cos@)] where ); is the
inelastic mean free path (IMFP) of the photoelectrons [19]. Such an approxima-
tion leads to a simple analytical expression for the peak areas, which is defined
as straight line motion by Tilinin et al. [49]. However, this formulation may
result in an overestimation of the top layer thickness, especially for thin over-
layers. Indeed, different studies indicate that some electrons can change their
direction of motion due to elastic scattering processes, thereby modify both the
angular prediction, based on only inelastic collisions, and the depth distribution
function, even for samples consisting of low atomic number elements [48,49]. As
a result, the Monte Carlo technique has been widely used to achieve accurate
evaluations in the effective study of transport processes [48,50,51].

On the basis of the algorithm described by Werner in Ref. [48], the BriX-
ias package exploits MC DDF calculations which include both inelastic and
elastic electronic scattering processes in the so-called transport approximation
(TA) [52]. Although an accurate analytic DDF formulation can be written for
homogeneous samples [53], the same is not possible for a generic multilayer sam-
ple [49]. Therefore, MC calculations of electron trajectories are needed for an
effective treatment of the XPS peak #-angular dependence, i.e. for angle-resolved
XPS experiments in ultra-thin interfaces, as well as complex multilayered struc-
tures. For example, the first-published application of the BriXias code was car-
ried out on an heterojunction formed by a networked layer of single-wall carbon
nanotubes (SWCNT) and a Si (100) crystal [54], applied in hybrid photovoltaic
(PV) cells. In this case, by an AR-XPS study a direct probe of the chemically
inhomogeneous Si-O layer at the SWCNT/Si interface was evidenced, providing
a non-destructive depth-profiling of a SWCNT/SiO, /SiO2 /Si complex interface.

In this thesis, other applications on AR-XPS investigations of complex het-
erojunctions have been considered, such as the TiO2/Cd,Sn,O, interface, in
which a Cd/Sn stoichiometry gradient has been evidenced along with a Ti-Sn
cation exchange across the junction (see chapter 2), and the LaAlO3/SrTiOs
interface, where La-Al stoichiometry variations, multiple cation substitutions,
cation-complexes vacancies and, in general, cation disorder at the junction may
occur (see chapter 4).



Chapter 2

heterojunctions for solar
cell applications

The development of novel photovoltaic (PV) devices is based on ultrathin
layers and buried interfaces which are engineered to optimize the PV efficiency
[55,56]. Among the most popular solar cells, electrochemical PV cells display
a stack of interfaces with different thickness and chemical properties, from the
front contact to the counter electrode [57]. The front contact constitutes it-
self an interface where a transparent conducting oxide (TCO) layer is usually
matched with a nanosized blocking layer (BL). The quality of this interface may
have relevant consequences on the overall cell performances [58—61] but the stoi-
chiometry variations due to cation interdiffusion processes, which can be hosted
at the junction, have been so far virtually neglected by a combined analysis of
chemical and electronic properties.

In this chapter, on the basis of angle-resolved photoemission spectroscopies,
cation interdiffusion and stoichiometry gradients have been identified at the
interface between a nanosized TiOz (TO) blocking layer (BL) and a transpar-
ent conductive Cd-Sn amorphous oxide layer, which constitute the front contact
of dye-sensitized solar cells (DSSC) recently developed by RF sputtering growth



36 Cd,Sn,0,/TiO; heterojunctions for solar cell applications

of ultra-thin oxide layers [61,62]. In particular, as the TiOq thickness is known to
affect the overall efficiency of the solar cell [61,63-66], different BL thicknesses
have been considered, with the aim to relate the physical properties of the
interface with the cell performances. This heterojunction constitutes then a
suitable opportunity to study complex stoichiometry profiles across the inter-
face exploiting an effective analysis of the photoemission signal without having
to model the photodiffraction effects distinctive for crystalline materials. In ad-
dition, on the basis of the band offset method developed by Kraut et al. [67,68]
and the non-destructive depth profiling obtained from the aforementioned anal-
ysis, the band diagrams across the junctions have been reconstructed and the
results are discussed and related to the measured overall cell efficiencies in terms
of charge injection and recombination. This chapter is based on the results re-
cently published in Ref. [69].

The XPS data were collected with the Mg K,-line (hv = 1253.6 ¢V) of a
dual-anode PsP X-ray source, running at a power of about 110 W.
Photoelectrons were collected using a SCIENTA R3000 analyzer, operating in
an ultra-high vacuum chamber with a base pressure of 2-107'° mbar. The ana-
lyzer was properly calibrated according to the procedure described in Ref. [44].

2.1 Dye-sensitized solar cells and recombination
processes

The seminal paper of Grétzel and O’Regan in 1991 [70] disclosed the oppor-
tunity to use molecular components in solar energy applications. Dye-sensitized
solar cells have then become one of the most fascinating alternative with respect
to the conventional thin-film silicon based cells, attracting a growing research
activity during the past two decades. Besides the exciting features related to
DSSCs - i.e. flexibility [71,72], color and transparency - however, the operation
principle of such solar cells has remained not entirely clear for years due to the
complexity of the interactions between the internal components, especially at
the oxide/dye/electrolyte interface. Different physical processes are still matter
of debate, in particular the charge transport mechanisms [73,74].

A schematic representation of the DSSC functioning is displayed in Figure
2.1. As a consequence of the photon absorption, the excited dye injects the elec-
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tron in the conduction band of the mesoporous oxide material, then the electron
is collected by the transparent conductive oxide (TCO) and transferred to the
external load. Subsequently, the electron-deficient dye is regenerated by the
mediator, an electrolyte usually in the form of an iodide/triiodide redox cou-
ple. When an electron is transferred to the dye, the oxidized mediator diffuses
through the cell towards the counter electrode where it is regenerated.

TCO Mesoporous Counter
\ oxide layer Dye Electrolyte electrode

hv

Figure 2.1: Simplified representation of the DSSC operation principle. Adapted from
Ref [73].

In this scenario, the heart of the DSSC consists of the mesoscopic semicon-
ductor oxide film. The most popular choice for this layer is generally TiO in
anatase phase, although alternative wide band-gap oxides can be used, such as
ZnO [75], SnO4 [76] or NbaOj5 [77,78]. Typically the optimized structure is 10
um thick with a porosity of 50-60% and is made of nanocrystalline particles
with a grain size in the range of 10-80 nm to form high surface area transpar-
ent film which allows for dye chemisorption over a thousand times more than
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that of a flat unstructured electrode of the same size [73,74,79]. In this way,
the photoelectrode can be interpreted as a network of nanocrystals through
which the electrons can percolate by hopping from one crystallite to the next
one. However, this charge transfer mechanism is hampered by electronic trap-
ping and detrapping effects which stem from the surface states of nanomaterials
due to the presence of impurities, unsaturated bonds, deviation in the bond
lengths or angle, whose origin and behavior are not clearly yet understood [80].
Even the morphology of the nanomaterials used in this layer is the focus of a
fine research field to achieve better charge separation and transport [81], from
nanoparticles [73,82] to nanowires [75,83] and nanotubes [72,84]. Nevertheless
the nanocrystalline structure has so far exhibited the absolute best performance
in terms of overall efficiency in DSSCs up to 12.3% [85] and is predicted to exceed
the limit of 15% in the next years [86].
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Figure 2.2: Scheme for the main carrier recombination channels at the photoanode.
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Another factor which can deeply affect the cell efficiency is the interfacial
recombination, that is the back flow of electrons to oxidized dyes or triiodide
ions [74,79,87,88]. As displayed in Figure 2.2, two major sites of recombination
can be identified: the mesoporous metal oxide nanoparticles/electrolyte and the
TCO/electrolyte interfaces. In the first case, the electrons injected into the con-
duction band of the mesoporous metal oxide layer can recombine both with the
triiodide ions (I3) of the electrolyte (channel A) and the oxidized dye (channel
B). The latter case can be neglected on the basis of time scale evaluations: in
facts, it is known that the oxidized dye molecules are regenerated by the iodide
ions faster (1076 s) with respect to the electron back flow from the metal oxide
conduction band (107% s) [74]. Channel A is instead one of the main factor
decreasing the charge separation in DSSC governed by the electron trapping
in surface states and depending on many parameters, such as light intensity,
applied electrical potential and electrolyte composition [89]. This unintended
reaction can be restrained by depositing a thin shell of insulating oxide, such as
NbyO5 [90], MgO [76], SiOy [91], ZrOy [92] and Al;O3 [93], even if the actual
passivation of the mesoporous oxide layer seems to be related to specific fea-
tures which the oxide thin film should present [88]. Channel C originates from
the direct contact between the TCO collector and the electrolyte which pene-
trates through the pores of the nanoparticles film. An effective way to quench
this recombination channel is to create a separator film between TCO and the
electrolyte which is commonly called Blocking Layer (BL) [74,94,95], leading
to an increase either in the photocurrent density [63,96] or the open-circuit
voltage [97] or both [62,64,87,94]. Several studies account for the advantages
due to the BL presence at the photoanodes, but its role is still debated be-
cause the resulting effects can be different on a case-by-case basis. Besides, the
chemical composition, the crystal phase, the thickness and even the deposition
method, for the most efficient BL, are not yet univocally defined.

2.2 Materials

In the frame of PV application, a non-stoichiometric amorphous cadmium-
tin oxide Cd,;Sn, O, (CTO) thin film was obtained with a good compromise be-
tween electrical and optical properties, exhibiting low sheet resistance
(~ 13 Q/0) and high transparency (> 80% in the range 500-800 nm) [98] compa-
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rable to other commercially available TCOs, like InyO3:Sn [99] Cd2SnO4 [100]
and SnOs:F [101]. Recently, the latter CTO was matched with an ultrathin
TiOs BL, representing a reliable solution for DSSCs manufacturing as a front
contact [61,102].

The materials under investigation in this chapter are CTO/TiOy hetero-
junctions which were grown onto a Si (100) wafer, or glass substrates for the
application in DSSCs, as described in details in Ref. [61] where the functional
properties of the solar cells are completely specified. The samples considered
in this chapter have been prepared by growing a 650 nm thick CTO film onto
a clean Si substrate kept at 400°C in an inert (Ar) atmosphere for 2 hours at
the constant pressure of 51073 mbar. Then, three different TiOy BL were de-
posited on CTO in an oxidizing atmosphere (Ar/O2 equal to 90% - 10%) with
three different deposition times; 15 min for CTO-TO15, 30 min for CTO-T0O30
and 1h for CTO-TO60. As mentioned before, this kind of heterojunction was
used as a front contact, but the reasons of employing this in DSSCs as car-
rier collector can be realized only considering the discovery of the transparent
conductive oxides.

2.2.1 Transparent conductive oxide

A TCO is a material, usually in the form of thin film, which exhibits high
optical transmittance and high electrical conductivity at the same time. This
combination of properties is usually impossible to achieve in intrinsic or un-
doped oxides, therefore it is obtained by way of non-stoichiometric compo-
sitions or through doping the pristine materials with appropriate elements.
Béadeker was the first to discover the TCO qualities in 1907 by the thermal
oxidation of sputtered Cd thin films [103]. Since then, TCOs have been per-
vasively studied because of their wide variety of technology applications, such
as flat panel displays, photovoltaic cells, optoelectronic devices, transparent
thin films transistors, gas sensors, low-emissivity windows, and thin-film resis-
tors [104]. Most of the commercially available TCOs are binary or ternary com-
pounds containing one or two metallic elements. For example, thin solid films
of ZnO [105], SnO4 [106], InyO3 [107] and CdO [108] are all well-known TCOs.
However the controlled doping of some binary oxides can increase the density
of charge carriers without degrading the optical transmission, as for the case
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of InpO3:Sn [99,109] , SnOy:F [101], ZnO:Al, SnO4:Sb [110] which are among
the most utilized TCOs in technological applications. An alternative choice is
to consider ternary oxides, such as CdaSnOy4 [100], CdSnOs, ZnsSnOy [111],
CdInyO4 and ZnyInyOs [100,112]. In particular, cadmium stannate CdaSnOy
seems to be the most adaptable solution in a wide variety of applications due
to its high transparency, low sheet resistance (~ 7.2 Q/0), low visible absorp-
tion coefficient (o = 0.02) and the highest dc-conductivity/visible absorbance
coefficient ratio (o/a = 7 Q71) [104]. Although a single phase is essential to
reach high electrical conductivity together with low optical absorbance [113],
the crystal phase of thin films is not strictly required for TCOs. For exam-
ple, Nozik [114] prepared amorphous CdySnOy4 thin films with a wide range of
conductivities, retaining high visible transmittance, in which oxygen vacancies
provided the donor states. Hosono et al. [115] deposited wide-gap Cd-based
amorphous oxides, relating the high electron conductivity either to the forma-
tion of oxygen vacancies or to ion implantation of excess cations.

Pt mesh
Glass \\

Blocking

Layer '\
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Pt cover

. Electrolyte +
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Figure 2.3: Schematic of the multilayered structure which constitutes the DSSC. Labels
point out the different components. Adapted from Ref. [69].

2.2.2 DSSC fabrication

All the details concerning the fabrication of the DSSCs, in which the afore-
mentioned CTO/TiOq heterointerfaces are applied, can be found in Ref. [61].
Here a brief description of the DSSC assembling is presented: starting from
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glass substrate, a properly designed Pt mesh was deposited by DC-sputtering
before the CTO deposition in order to increase the conductivity of the front
contact, thereby avoiding the detrimental effects which can occur at the inter-
face between the glass substrate and the CTO. Then, a 650 nm thick layer of
CTO and a thin film (of different thickness) of TiOy were grown to complete
the front contact multilayer. At a later stage, one layer of TiOs nanoparticles
(20 nm in size) with an average thickness of 2.5 um was directly tape-casted on
the front contact as the active layer of DSSC. To accomplish the photoanode,
the entire structure so far realized was dipped for 20 & into a dye solution. A
platinized FTO conducting glass was applied as counter-electrode and sealed
by a 25 pum thick plastic spacer. Cells have been finally assembled injecting the
I~ /I redox-couple electrolyte by means of capillary force. A schematic picture
for the DSSC fabricated is shown in Figure 2.3.

2.3 XPS results

To evaluate the Cd and Sn stoichiometry in the bulk CTO, normal emission
XPS data were collected for each heterostructure in the 400-500 eV binding
energy region, where the Cd 3d, Ti 2p and Sn 3d core levels are detectable,
as displayed in Figure 2.4 (a). The spectra were properly normalized with
respect to the analyser transmission. The core level satellites of the non-
monochromatized x-ray source were removed by a deconvolution procedure and
an universal-cross section Tougaard background [47] was subtracted from the
experimental data. The resulting Sn/Cd stoichiometry ratio values are listed in
Table 2.1. As can be observed, the Sn/Cd stoichiometry ratio values decrease
with the thickness, ranging from 1.92 + 0.08 for the bare CTO layer to down
to 0.45 + 0.10 for the CTO-TOG0 interface. The stoichiometry variation of the
Sn 3d/Cd 3d ratio as a function of the TO deposition time could be explained
by referring to two mechanisms: a stoichiometry gradient in the CTO sur-
face and/or a substitution of different cation species across the interface. Both
effects can be studied by means of an AR-XPS analysis. The investigation of
these mechanisms constitutes the goal of the next sections.
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Sample n Improv. XPS Abrupt Model Intermix Model
(%) Sn3d/Cd3d Sn3d/Cd3d Sn3d/Cd3d
CTO 2.28 - 1.98 +0.08 1.92 -
CTO-TO15 2.87 +25% 1.69 +0.01 1.91 +£0.27 1.60 £ 0.10
CTO-TO30 3.12 +36% 1.01 +£0.03 1.84 +0.20 1.04 +0.05
CTO-TO60 3.05 +33% 0.45 4+ 0.10 1.75+0.19 0.44 +0.02

Table 2.1: From the left: DSSC efficiency (n) (taken from Ref. [61]) and efficiency im-
provements. Quantification analysis of the Sn/Cd ratio from: experimental XPS spectra,
calculated XPS spectra within the abrupt model and the intermiz model. Ezxperimental and
calculated XPS spectra are displayed in Figure 2.4(a).

2.4 AR-XPS results

24.1 CTO

To investigate the Sn/Cd stoichiometry, an AR-XPS analysis was carried
out for the bare CTO, as shown in Figure 2.5. The integrated Cd 3d and Sn 3d
core level areas were collected in the 0°- 80° polar angle (6) range (see the inset
of Figure 2.4) with steps of 4°. All data were normalized by setting the Cd 3d
intensity values equal to 1. Data in Figure 2.5 clearly evidence a pronounced
variation of the Sn/Cd ratio with the polar angle in the bare CTO. This indicates
the presence of a stoichiometry gradient of the metal cations for the bare CTO
close to the surface, i.e. at high 6 values, where the surface sensitivity of the
XPS probe is known to be enhanced.

In the modelling carried out by using the BriXias code [44] (presented in
paragraph 1.6) the fitting algorithm is tuned to reproduce the experimental
data (i.e. the peak intensity dependence on the polar angle 6) using as fitting
parameters the thickness of each layer above the bulk material. The AR-XPS
data fitting shown in Figure 2.5 is based on the model described in the inset
of Figure 2.5 which is able to reproduce the same Sn/Cd stoichiometry gradi-
ent. This model consists of two effective layers: the CTO bulk layer, which is
characterized by a Sn/Cd ratio equal to 1.92 as measured by XPS in normal
emission (see Table 2.1), and the CTO top layer, which shows a reduced Sn/Cd
stoichiometry equal to 1.27 for an estimated thickness of 3.5+0.1 A. These sto-
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ichiometry and top layer thickness values are those yielding the best fit of the
experimental AR-XPS data (points in Figure 2.5) with the model calculations
(continuous lines in Figure 2.5).
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Figure 2.5: AR-XPS data on the Cd 3d (blue dots) and Sn 3d (red diamonds) core levels
for bare CTO. Fitting curves are displayed as solid lines. The integrated peak areas are
normalized with respect to the Cd 3d wvalues. Inset: effective two-layer model resulting from
the fitting procedure of the AR-XPS.

2.4.2 The abrupt model for the CTO-TOs

Figure 2.6 shows the AR-XPS data collected from the CTO-TOs hetero-
junctions in the 0°- 52° polar angle range. Here, in addition to the Cd and
Sn AR-XPS intensity profile also the Ti 2p intensity profile is shown. To in-
terpret the experimental data, we considered a simple model - hereafter called
abrupt model, displayed in Figure 2.7 (a) - based on an abrupt interface be-
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tween a continuous film of TiOg (the BL) and the effective two-layer model of
Figure 2.5, developed for the CTO. For the present model, the convergence of
the fitting procedure is achieved only for the CTO-TO15 sample (Figure 2.6
(a)), whereas a large mismatch occurs for the other samples (Figure 2.6 (b) and
(¢)) up to the inversion of the Cd 3d and Sn 3d fitting curves in the CTO-TOG60
(Figure 2.6 (c)). On the other hand, the fit appears to reproduce the angular
(i.e polar angle) dependence of the data, as is evident when the fitting curves
are vertically shifted by suitable offset values. Therefore, the abrupt model well
fits the bare CTO behavior but is inappropriate to model the CTO-TOs hetero-
junctions because of a clear stoichiometry mismatch (offset) between theory and
experiment. These limits can be also retrieved from Figure 2.4 (a) which shows
the comparison between the experimental data (solid lines) with the calculated
XPS spectra (black-dashed lines). With the exception of the bare CTO, the
model overestimates the Sn 4d core line peak intensity, thereby affecting the
Sn/Cd ratios as summarized in Table 2.1.
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Figure 2.6: AR-XPS data for (a) CTO-TO15, (b) CTO-TO30 and (c) CTO-TO60. The
integrated peak areas for the Cd 3d (blue dots), Sn 8d (red diamonds) and Ti 2p (grey squares)
are collected from 0° to 52° of the polar angle 0. All data are normalized setting the Ti 2p
values equal to 1. The fitting curves (solid lines) are obtained on the basis of the abrupt
interface model (Figure 2.7 (a)); Cd 8d thick blue line, Sn 3d thin-red line.
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2.4.3 The tntermixz model for CTO-TOs

In order to improve the interface modeling, an extra process - i.e. the interdif-
fusion of metal cations - was considered. Interdiffusion was properly accounted
for by a model - hereafter denoted as intermix model - where the substitu-
tion between different metal cation species can occur at the interface of each
CTO-TO heterojunction, while the Sn/Cd stoichiometry gradient presented in
Paragraph 2.4.1 is maintained in the bulk material. The cations involved in the
interdiffusion process appear to be Ti and Sn; this is consistent with the results
of Figure 2.4 (b), which shows the comparison between data collected at § = 72°
polar angle for the CTO-TOs and the XPS spectra calculated on the basis of
the abrupt model. At such a grazing electron take-off angle both Sn and Cd
peak intensities result to be attenuated, as the bulk contribution is reduced in
this geometry. However, the Sn 3d attenuation is larger than that measured for
Cd 3d, indicating that Sn could be replaced by Ti during the growth of the BL
at the topmost layers of CTO. Moreover, the Sn 3d signal tends to disappear in
the experimental spectrum of CTO-TO60 (green-solid line) - in contrast with
the XPS simulations (black-dashed line) - while the Cd 3d peak is still well
detectable, showing the present limits of the abrupt model.

The basic idea of the intermix model is that Sn in the bare CTO can be sub-
stituted by Ti during the RF-magnetron sputtering deposition, thus changing
the bulk composition, while maintaining the stoichiometry gradient very close
to the original value at the same time. Modelling is achieved by adding two
effective layers (hereafter denoted as Ly and Ls) sandwiched between the TO
(Lo) and CTO (L) layers, as shown in Figure 2.7 (b). Starting from the surface,
the following layers appear: a continuous film of TiOs (Lg), two layers aimed to
account for the cation interdiffusion and the stoichiometry gradient (L; and Ls)
and a bulk layer for CTO (L3). Considering the XPS stoichiometry evaluations
of Table 2.1, Ls presents a fixed Sn/Cd ratio of 1.92 for all the samples, while
Lo and Lq are arranged in order to allow for Sn substitution with Ti as:

CdSn(192_x)leOy (LQ) (21)

and
Cdsn[1.92_(x+a)]Ti(m_;,_a)oy (Ll) (2.2)

where 1.92 is the Sn bulk stoichiometry in CTO and z equals the difference
between 1.92 and the Sn/Cd experimental value for each CTO-TO (see Table
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2.1). Finally, « is an effective value accounting for further Sn replacement with
Ti in the Ly layer (which is the closest to the growing TO layer during the
deposition process). The « value is regarded as a fitting parameter and, for the
present experiment, « resulted to be 0.65 4 0.05.

Cfeme

I L1 IAZ1 Cdsn[1.sz-(x+o.ss)]Ti(no.ss)Oy

35A| CdSn,,O, |
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Figure 2.7: (a) Abrupt model: TiO2 continuous film and the two-layer model for the CTO
(Figure 2.5) which accounts for only the Sn/Cd stoichiometry gradient. (b) Effective four-
layer intermiz model. From the left: labels for each layer L; (i = 0,1,2,3), labels for each
thickness Az; , and the chemical formulas for the Ti <> Sn interdiffusion process.

Figure 2.8 (a), (b) and (c) show the fitting results obtained with the intermiz
model for CTO-TOs, having set the thickness of each layer (Az;, i =0, 1,2) as
a fitting parameter. The results are summarized in Table 2.2, while the cor-
responding four-layers effective models are depicted in Figure 2.8 (d), (e) and
(f). The resulting effective depth profiles for the metal cations are displayed in
Figure 2.8 (g), (h) and (i). The average thickness Azpy for the TO film has
been estimated by setting as upper limit the bare sum of Az; and as lower limit
the sum of Az; with each term weighted by the estimated Ti concentration.
Incidentally, it is important to remark that the present Azpy values are consis-
tent with those (Exp Azxxr, in Table 2.2) independently obtained from X-Ray
Reflectivity (XRR) [61].

The reliability of the AR-XPS analysis can also be evaluated by the com-
parison between the experimental (solid lines) and the XPS spectra calculated
by the intermix model (red-dotted lines), as presented in Figure 2.4 (a). Now,
the peak intensities of the calculated spectra well reproduce the experimental
data (see Table 2.1).
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Figure 2.8: AR-XPS data for (a) CTO-TO15, (b) CTO-TOS0 and (c¢) CTO-TO60. The
integrated peak areas for the Cd 8d (blue dots), Sn 8d (red diamonds) and Ti 2p (grey squares)
are collected in the 0° to 52° range of the polar angle 0. Fitting curves within the intermiz
model are displayed as solid lines; thick-blue line for Cd 3d and thin-red line for Sn 3d. All
data are normalized by setting the Tt 2p intensity values equal to 1. The four-layer models
resulting from the fitting procedure are displayed in (d) for CTO-TO15, (e) for CTO-TO30
and (f) for CTO-TO60; on the left the resulting thicknesses are shown, while inside each
layer the Ti percent occupancy is reported. The complete set of the resulting parameters from
the fitting analysis is listed in Table 2.2. The effective depth profiling for Ti, Cd and Sn are
displayed in panel (g) for CTO-TO15, (b) for CTO-TO30 and (c) for CTO-TO60.
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Intermix CTO-TO15 CTO-TO30 CTO-TO60
Model (A) (A) (A)
Az 4.2 7.7 20.0
Az 2.9 4.6 3.8
Az 5.6 15.0 29.2
Average Azpy, 5.5 -12.7 16.0 - 27.3 37.4 - 53.0
Ezp. Azxrr [¥] 10.9 21.9 46.7

Table 2.2: Fitting results for the AR-XPS data of Figure 2.8 by using the intermiz model of
Figure 2.7 (b). Azo—2 are the thicknesses for the effective layers Lo—2, Azpy, s the average
thickness for the BL while Azxgr is the experimental measurement of the BL thickness by
XRR. Azo—2 are defined within £0.1 A of uncertainty. [*] from Ref. [61].

2.5 Interface Band Diagram

The interface band diagram of the present heterojunctions can be drawn by
considering the layer thickness study so far carried out and the evaluation of
the energy offsets of the interface layers with respect to the parent (CTO and
TO) compounds. In order to retrieve the required energy values, an analysis
of the valence band (VB) and the conduction band (CB) offset was carried
out referring to a recent work of Goldfarb et al. [116]. Indeed, by means of
the binding energy (BE) of the Ti 3p and Cd 4d shallow core levels, as well
as the VB maximum (VBM), the effective band diagram at the interfaces can
be reconstructed. Figure 2.9 (a) shows the XPS spectra taken into account,
i.e. the two bulk references - the CTO and a 50 nm thick TiO5/Si(100) - and
the three CTO-TOs heterostructures. Since the samples were in ohmic contact
with a gold clip during the XPS measurements, all spectra are aligned in BE
considering the energy of Au 4f;/; equal to 83.98 eV [117,118]. The BEs for
the Cd 4d and Ti 3p core levels are indicated in Figure 2.10 (b) and (c). The
VBM is determined by extrapolating the leading edge of the VB spectra to the
energy axis in order to account for the instrumental broadening. This procedure
is displayed in Figure 2.9 (b) and the VBM values for CTO and TiOs are shown
in the same graph. The reliability of the VBM evaluation has been verified by
considering the study of Chambers et al. [119] (see Appendix A.2). The VB
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offsets in CTO-TOs are determined as follows:

AE\/(CTO—TOS) = AECL—VBM (TIOQ) - [AECL_VBM(CTO)+
+ AEcL(CTO-TOs)] (2.3)

where AE¢r, vpum is the difference between the BE of the shallow core level (Ti
3p or Cd 4d, in the present case) and the VBM in the selected bulk material
(respectively, TiOg or CTO) while AE¢y, is the difference between the BE of the
selected shallow core levels in the heterostructures. Thereafter, the CB offset is
estimated from AFEy by

AE¢(CTO-TOs) = [E,(TiOy) + AEy (CTO-TOs)] — E,(CTO)  (2.4)

where Ej; is the energy gap, which is within the range 2.7—3.1 eV for CTOs [120].
Since the bare CTO is conductive [61,98,102], we consider that the energy gap
is less than the VBM = 2.71 eV, such that the CB is just below the Fermi level.
States at the Fermi edge (EF) are not clearly detected with the present XPS
probe, likely due to the low XPS cross-section for oxygen, which is supposed to
mainly contribute to filled states in the VB region [121]. However, the CTO VB
spectrum shows a tail of states on the low BE side that may eventually yield
a non-zero spectral weight at EF. Referring to T. Meng et al. [122] that have
systematically studied the E, dependence on the Sn/Cd ratio, we have selected
E,(CTO) = 2.66 £ 0.05 eV (see Appendix A.3 and A.4 for more details). On
the other hand, for TiO; we assume the energy gap of the anatase phase, i.e.
3.20 eV [123], which is proved to be predominant in the film as reported in
Ref. [102] by Glancing Incident X-Ray Diffraction (GIXRD) measurements on
samples grown in similar conditions.

The scheme of the energy levels is shown in Figure 2.10 (a) while the resulting
AFEy and AE¢ are listed in Table 2.3 (see Appendix A.1 for the uncertainty
evaluation). Here the band offset results are referred to the bulk CTO and
TiOs, represented by L3 and Lg respectively. The VBM shift in the L; and
Lo regions cannot be directly accessed by the present method, and therefore
the energy levels of the end members (CTO and TO) have been connected by
straight lines as a guide for the eye in Figure 2.11.

The following results are obtained for all the CTO-TOs: (i) the hetero-
junction is of type I (straddling gap) as shown in Figure 2.11 (d), (e), (f);
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Figure 2.9: (a) Extended XPS data in the Ti 3p, Sn 4d, Cd 4d and VB binding energy
range for the CTO-TOs heterostructures and the parent compounds (CTO and TiO2). The
core level position are marked by grey bars which are proportional to the photoemission cross
sections. (b) Enlargement of the VB of CTO (black circles) and TiO2 (red squares) and
extrapolation of the VBM. Evypgy values for CTO and TiO2 are reported in the panel.
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Figure 2.10: (a) Scheme of the energy levels considered for the band offset analysis. XPS
spectra for CTO (left) and TiO2 (right) are displayed on the panel sides. BE positions of the
Cd 4d and Ti 3p core levels for the heterostructures CTO-TOs and the parent compounds are
reported in panel (b) and (c) respectively. The line thickness accounts for the uncertainty of
the BE position which is less than £0.01 eV.

Sample AFEv(eV) AEc¢(eV) IB(eV)

CTO-TO15 -0.42 0.12 —0.01 +£0.04
CTO-TO30 -0.34 0.20 0.02 £0.04
CTO-TO60 -0.32 0.22 0.20 £ 0.04

Table 2.3: From the left: valence band offsets (AEy ), conduction band offsets (AEc)
and the insulating barrier (IB) considering the selected bang gap of Eq(CTO) = 2.66 €V and
E4(TiO2) = 3.20 eV. The minus sign in the offsets means that the band mazimum value
of the bulk material in the heterojunction presents a BE lower than the one related to the

film. AFE values are defined within £0.1 eV of uncertainty. All these values are displayed in
Figure 2.11.
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(i) the type I character is maintained independently on the BL thickness,
and (i11) AE¢ increases with the BL thickness as reported in Table 2.3. Fur-
thermore, from the details of the CB region displayed in Figure 2.11 (a), (b)
and (c) it turns out that (%v) the insulating barrier (IB), which exceeds the
Fermi energy and is generated by the BL in the Ly layer, increases with the
BL thickness. Therefore we can establish that (v) the increase of the IB size
can make the heterojunction more efficient for an application in a DSSC - at
least in terms of minimizing the electron recombination - in view of the corre-
lation of the efficiency gain with the increase of the BL average thickness. This
is indeed demonstrated by comparing the IB size (Table 2.3) and the DSSC
efficiency (Table 2.1): in the CTO-TO15 the lowest efficiency is combined with
an IB < 0 eV while in CTO-TO30 the best efficiency occurs when IB > 0 eV

On this basis, the DSSC efficiency is expected to increase with the BL
thickness and thereby the CTO-TO60 should exhibit the highest efficiency.
This actually does not occur and similar behaviors can be found in several
studies [63,96,124-126,128,129]. In order to rationalize the efficiency reduction
beyond a critical thickness of the BL, both the IB and the AFEs have to be
taken into account. In facts, CTO-TO30 and CTO-TO60 show a similar AE¢c
in contrast with a different IB. This situation is ascribed to the upwards shift of
the whole band across the junction which makes the CB of CTO-T60 closer to
EF in the L3 layer (CTO) and well above EF in the Lg layer (TO). In this way,
the IB of CTO-T60 results to be higher in energy and larger in depth. This may
yield a reduction of the injection rate, justifying the efficiency reduction which
is usually found when the BL is too thick.

In conclusion, the blocking layer generates an insulating barrier between the
excited dye and the TCO which in the present DSSCs is found to improve the
overall efficiency, as long as its size is smaller than the critical values within
about 2.2 to 4.7 nm (Azgy for CTO-TO30 and CTO-TO60, Table 2.2). In
this case, the injection rate should prevail over the electron recombination rate.
Otherwise, in agreement with Ref. [63] and [128], the evident upward band shift
in CTO-TO60 with respect to CTO-TO30 could be an hint to state that the IB
can almost inhibit the recombination process but at the expense of an injection
rate reduction for a BL thickness larger than the critical value, negatively af-
fecting the cell efficiency. Therefore, the best performances of the CTO-TO30
cell can be ascribed to a subtle balance between the barrier thickness (large
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Figure 2.11: Effective band diagram for the VB and the CB of the heterostructures based
on the intermiz model results for CTO-TO15 (d), CTO-TO30 (e) and CTO-TO60 (f). In
the (a), (b) and (c) panels the enlargements for CB are displayed. The insulating barrier
(IB) is evidenced by the red arrow. The shaded regions in panel (a), (b) and (c) and the
thickness of the lines in panel (d), (e) and (f) stand for the uncertainty equal to £0.04 eV’
except for the CTO CB which is £0.06 eV.
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enough to prevent electron recombination, that is, tunneling from CTO back to
the electrolyte) and the increased CB energy offset (0.2 eV') with respect to the
CTO-TO15 case (0.12 eV). On the other hand the CTO-TO60 junction displays
the largest offset (0.22 V'), which is favorable to avoid electron recombination,
but its BL thickness could be too large to enable an efficient charge (electron)
transport from the TiOy nanocrystals to CTO.

2.6 Comparison with the literature

Several works have so far presented a study of the DSSC efficiency in re-
lation with the BL thickness, but only some of these have shown an efficiency
reduction above a critical thickness of the BL. Other factors affecting the DSSC
performance have also been proposed, such as a reduction of the light trans-
mittance due to the BL thickness [124] or an increment of the internal series
resistance of the solar cell [125,126].

In Table 2.4 we have listed the studies where the BLs are based on TiO5 and
prepared by different deposition techniques such as RF-magnetron sputtering,
DC-magnetron sputtering, spray pyrolysis, atomic layer deposition (ALD), spin-
casting and electrodeposition. In particular we have focused on two parameters
to be compared with our results: (i) the relative percent enhancement (RPE)
of the DSSC efficiency between the cell with the front contact formed by the
bare TCO (without BL) and the cell with the TCO/BL heterojunction as front
contact which exhibits the highest efficiency and (ii) the BL thickness yielding
the best efficiency (TBE). We note that CTO-TO30 shows the highest RPE
for the RF-magnetron sputtering technique (+36%) and the overall best ratio
between RPE and TBE. In fact, CTO-TO30 presents a TBE of 2.2 + 0.6 nm
which is nearly one order of magnitude smaller than the other cases.

This could be explained by the combination of the interdiffusion process of
the Ti cations at the interface and the Sn/Cd stoichiometry gradient of the bulk
CTO: both effects produce an interfacial layer (L1_2) which might smoothly
connect the conduction band offset between the surface Ly layer and the bulk
L (Figure 2.12(a)), thereby favoring the travel of the electrons with respect
to the case of a potential barrier formed by a single sharp step (Figure 2.12
(b)), which is distinctive of an abrupt TCO/BL heterojunction. In this way
(Figure 2.12 (a)), the electrons injected in the TiOg empty states should travel
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Deposition RPE TBE Reference

Technique (%)  (nm)

RF-magnetron +36 2.2 CTO-TO30

sputtering +21 16 [63]

+26 93 [97]

DC-magnetron +10 18 [125]

sputtering +42 300 [126]

Spray-pyrolysis +11 75 [127]

187 150 [128]

ALD +29 25 [129]

Electrodeposition  +59 450 [124]

Spin-casting +33 160 [87]

Table 2.4: Comparison among several works in which the front contact is the heterojunction
between a TCO and a TiO2 BL deposited by different techniques. From the left: Relative
Percent Enhancement (RPE) for DSSC efficiency between a bare TCO front contact and the
TCO/BL front contact which exhibits the best cell efficiency and the BL Thickness for the
Best Efficiency (TBE).

a shorter path at a constant flat band (Lg) - thereby decreasing the electron
injection time - and then run down a smooth potential barrier (L1 _2), which acts
as a buffer layer. In turn, the electrons in the CTO conduction band should pass
through a larger potential barrier to undergo recombination. The combination
of these effects is expected to yield the better performances observed for CTO-
TO30 DSSC.
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Figure 2.12: CB enlargements for the CTO-TOS30: (a) interpretation of the interfacial
layer (L1—2) as a link between the band offset of Lo and L3 due to the cation interdiffusion
process and (b) representation of the equivalent abrupt band offset.
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2.7 Conclusions

The present chapter was aimed to track possible Ti/Sn interdiffusion pro-
cesses and Sn/Cd stoichiometry gradients at the nanostructured CTO-TO inter-
face and, on this basis, extract a band alignment at the interface to be eventually
related with the measured DSSC efficiency.

In the general frame of the studies on the physical and chemical properties
at the origin of DSSC performances, the present work points out the relevance
of considering cation substitution and interdiffusion at the interface, along with
their effects on the VB and CB energy level profiles across the front contact
that have been tracked by modeling of AR-XPS data.

In fact, by means of AR-XPS we have evidenced a Sn/Cd stoichiometry
gradient in the amorphous CTO film. Then, a cation interdiffusion between
Ti and Sn has been evidenced at the heterointerfaces (CTO-TOs) between the
CTO and different thin films of TiOy grown via RF-magnetron sputtering, as
shown in the data on the basis of a four-effective layer model which included two
intermediate layers where Sn was replaced by Ti. In addition, we have evalu-
ated the effective VB and CB band diagram for the CTO-TOs by using suitable
energy gap values for CTO and TiO3. Details of this band diagram qualita-
tively explain the observed efficiency variations on the basis of a better electron
recombination along with an efficient charge injection across the junction.
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Chapter 3

The case of LaAlO3/SrTiO;
heterointerface

In recent years, well-defined interfaces between complex oxide have shown
outstanding electronic and magnetic properties with promising potentiality for
future devices. Some examples are the onset of superconductivity confined to
nanometer-sized interfaces [131,132] or magnetism at the interface between non-
magnetic oxides [133] or even the formation of two-dimensional electron gas
(2DEG) at the interface between two insulators, such as SrTiO3 and LaAlOg [5],
LaTiO3 [6], LaVO3 [134] or KTaO3 [135]. In this scenario, epitaxially grown
perovskite oxides play a key role, displaying at the nanometer scale interface
properties which are rarely evidenced from their single building blocks.

In particular, during the last decade, an extraordinary attention has been
focused on the LaAlO3/SrTiO3 heterojunction due to the wide variety of unex-
pected properties arising at the interface, from the 2DEG to the coexistence of
superconductivity and ferromagnetism [136], as well as the electric-field-induced
metal-insulator phase transition [137]. So far, a large number of studies have at-
tempted to determine the physical properties of such system, in order to control
the interface properties through chemical interactions at the surface, suitable
materials combination, or strain engineering [7]. Despite of a long standing fun-
damental research, many scientific questions yet remain to be answered before
the goal can be shifted towards the applications.
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In the present chapter, a spectroscopic investigation of insulating and con-
ductive LaAlO3/SrTiO3 heterointerfaces is carried out by means of different
soft x-ray photoemission techniques. The study of the electronic properties can
provide fundamental information on the origin of relevant physical phenomena
at interface, in particular the profiling of energy-level alignment across the het-
erointerface. The latter achievement, for instance, could be essential to disclose
the basic information for the design, characterization, and tuning of devices
based on the intrinsic electric fields arising at the interface, such as application
in photovoltaics [8,9], field-effect transistors [10], and devices based on tunable
conductivity and charge writing [11,12]. For this purpose, special attention
is paid to some controversial points, such as the band-offset, the density and
distribution of Ti?* states, the band-bending in LaAlO5 film, as well as the
photo-induced effects due to the x-ray irradiation. Most of following analysis is
based on two already published studies [29,138].

3.1 Perovskite oxides

Perovskite oxides display an extraordinary diversity of physical properties,
from insulating to semiconducting, metallic, magnetic, piezoelectric, ferroelec-
tric, multiferroic and even superconducting behavior, combining a plethora of
distinctive crystal structures which vary from cubic to orthorombic, rhombohe-
dral, tetragonal and monoclinic [139].
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Figure 3.1: (a) Ideal cubic structure for perovskites, which can be alternatively seen as a
stacking of AO and BO2 atomic planes (b).
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The ideal cubic structure ABOg is represented in Figure 3.1 (a) which is a
body-centered cubic lattice where the B element at the center, surrounded by an
octahedron of six oxygen ions, exhibits a smaller cation radius than the eight A
cations at the corners. Alternatively this structure can be viewed as a stacking
of AO and BO; atomic layers along the (001) direction, as shown n Figure 3.1
(b). Actually, more than 30 elements can be hosted on the A site and over half of
the periodic table on the B site, especially transition metal elements. This great
chemical variability offers the opportunity to engineer novel functionalities into
oxides, thus tailoring thin films with customized electronic, magnetic and optical
properties in a unique way [140]. However, the multiple cation interchange in
both sites can lead to lattice distortions, due to different cation radii, leading to
crystal structures far from the ideal cubic one. To rationalize such a tendency,
a tolerance parameter ¢ was introduced by Goldschmidt [141] in relation with
the ionic radii (R) as in the formula

= tatlo (3.1)
V2(Rp + Ro)
according to which the ideal cubic occurs for ¢ = 1, while deviations from
this value lead to distorted configuration due to the rotation of the oxygen
octahedra, from rhombohedral (0.93 < ¢ < 1) to orthorhombic configuration
(t < 0.93). Anyhow a stable perovskite structure is maintained solely in the
range 0.8 <t < 1.

In the presence of a transition-metal atom on the B site, the electronic prop-
erties of the system are closely related to the lattice structure. In facts, the
crystal (or ligand) field effect due to the p orbitals of the neighbouring oxy-
gens lifts the degeneracy of the d orbitals of the transition-metal cation. Then,
considering an octahedral structure (Op), a doublet of higher energy states e,
is generated for the orbitals pointing towards the oxygen sites (dy2_,2 , d2),
whereas a triplet of states to;, with lower energy is formed for the orbitals point-
ing between them (dgy , dy. , ds»). Moreover, transition metal ions are gen-
erally multivalent and this feature allows them to host additional electrons in
the outer shells. Besides, because of the high directionality of the outer orbitals
(especially 3d and 4d) - which increase the probability of electron-electron in-
teractions - minimal variations to the A-O and B-O bonding lengths related to
the rotation, stretching and tilting of the oxygen octahedra can lead to a further
lifting of degeneracy and a potential raising of unexpected transitions which can
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substantially change the physical properties of the system [142]. The degree of
distortion is set by the trade-off between the gain in energy due to the level
splitting and the increase of the elastic energy due to the lattice modification.
In other words, the system undergoes spontaneously a distortion if the electronic
energy gain is greater than the loss in elastic energy. For instance, in the case of
a stretching of the apical position of the oxygens in the octahedra, the breaking
of the cubic symmetry involves the increase of the energy of the d orbitals which
are closer to the p orbitals (i.e. dy2_,2 and d,,) and the energy decrease of the
others (dy , dy, and d,2) because of the larger distance, as shown in Figure 3.2.
As the latter involves only the oxygen ions in the neighbourhood of the metal
cation, this is a local effect which is generally called Jahn-Teller effect.
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Figure 3.2: Splitting of the d-orbitals of Ti due to (left) the crystal field in a octahedral
structure (Op) and (right) the Jahn-Teller effects for distorted structures (Dyp).
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3.1.1 LaAlOs;

Lanthanum aluminate, LaAlO3 (LAO for short), is a closed-shell (4f°) wide
band gap insulator (5.6—6.5 eV') [143,144] with a perovskite structure which has
been extensively used as a substrate material for the deposition of functional thin
films due to its small lattice mismatch with many oxides [145]. In particular,
LAO has been studied as a promising candidate for high dielectric constant
gate oxide in order to replace SiO2 in microelectronic devices [143] because of
many noteworthy features, such as high dielectric constant (23 — 25¢q) [147],
an atomically flat interface with oxides [148] and large band offsets with Si
(2.52 — 2.86 eV) [144].

LAO exhibits a rhombohedral perovskite structure at low temperature (space
group R3c) and undergoes a phase transition approaching the cubic symmetry
of the ideal perovskite (space group Pm3m) above ~ 800 K [146]. At room
temperature, the deviation from the cubic phase consists of a small rotation of
the AlOg octahedra, with a lattice constant of 3.791 A with only a 3% of mis-
match with the SrTiOg lattice which then renders LAO suitable for an epitaxial
growth onto SrTiO3z. An alternative view of the LAO structure is to consider
the lattice as a stacking of charged layers, (AI’*037)~ and (La®>t0%")* .

3.1.2 SrTiOg

Strontium  titanate, = SrTiOs (STO), is intrinsically a band
insulator (3.2 — 3.75 eV) [151, 152] with a closed-shell 3d° electronic config-
uration. STO has a perfect cubic perovskite structure at room temperature
(space group Pm3m) with a lattice constant of 3.905 A [153] and can be seen as
a stack of alternating charge neutral planes of (Ti**03 )% and (Sr>T0%7) in
the (001) direction. Below ~ 110 K a structural phase transition occurs towards
a tetragonal structure (space group I4/mem), in which the next neighbouring
TiOg octahedra undergo a mirrored rotation in such a way to double the unit
cell in the three crystallographic directions [154,155]. A further lowering of tem-
perature produces a transition into orthorhombic and triclinic structures [156]
and all such structural changes lead to the lifting of the orbital degeneracy of
the electronic system, inducing variations in the electronic properties of the
material.
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Then, it is noteworthy that STO has been investigated for decades as a
suitable substrate for epitaxial growth of thin films, such as superconducting
cuprates [157] and manganites [158], because of a similar lattice constant with
respect to many oxide materials. In addition, STO has also attracted the atten-
tion for its catalytic [159,160], dielectric [161], ferroelectric [162] and paraelec-
tric [163] properties. Even though STO is an insulator with an high resistivity
(> 10° Q- em), it can turn into metallic by doping of either La on the Sr
site [164], Nb on the Ti site [165,166], or by oxygen vacancies [167] which can
be created by annealing above 800°C in low oxygen pressure < 1076 mbar or
by ArT sputtering [168]. In the case of doping with a carrier density above
10 ¢m~2 a superconducting phase is even evident below ~ 300 mK [169-171].
Therefore, it is clear that a very rich selection of physical properties coexist
in this compound, thereby clarifying the reasons why STO is the subject of in-
tense research efforts looking for potential applications in oxide-based electronic

devices [149,150].
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Figure 3.3: Ab-initio calculation in the local density approzimation for the band structure
of STO. Adapted from Ref. [151].

In Figure 3.3 the band structure of STO is adapted from Ref. [151] where
the empty 3d bands of Ti show minima at I' and X whereas the full 2p bands
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of O present maxima at I' | R and M. As discussed in the previous paragraph,
the fivefold degenerate d-orbitals of Ti are splitted by the crystal field of the
surrounding oxygen ions into two levels, an higher energy doublet (e4) and a
threefold degenerate state (ta4) at lower energy (see Figure 3.2). The electrons
which are localized in the to4 orbitals (dg, , dy. , ds») are coupled to identical
orbitals on neighbouring lattice sites through the p-orbitals of oxygens in the
middle, showing an hopping matrix element larger in the plane of the orbital’s
lobes than in the perpendicular direction [156]. In other words, the hopping
between d, orbitals is stronger along the x and y directions (light effective mass)
with respect to the z direction (heavy effective mass), as displayed in Figure
3.4 (a). The Fermi surface corresponding to the dg, , dy. and d, orbitals is an
ellipsoid-shaped volume in the reciprocal space in the k, , k; and k, directions
respectively, as shown in Figure 3.4 (b). Then, the resulting band structure is
composed of three dispersing three-dimensional bands which are degenerate at
the I" point [173], one weakly dispersing band (heavy-mass) and two degenerate
strongly dispersing bands (light-mass), as displayed in Figure 3.4 (c) for the k,
direction.

z

(@)

Figure 3.4: For a bulk STO: (a) dyy orbitals related to neighbouring Ti atoms. In-plane
hopping matriz elements (represented by dark-orange arrows) are greater than those in the
perpendicular direction (light-orange arrow). (b) Fermi surface corresponding to the threefold
degenerate tag states. (c¢) Conduction band in STO along ky, formed by an heavy-mass band
(dz>) and two degenerate light-mass bands (dzy , dy: ).
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3.1.3 LaAlO;/SrTiO; interface

What looked absolutely paradoxical just ten years ago has recently become
something usual and obvious, namely that a metallic interface can arise from
the junction of two insulating materials. This happened in 2004 when Ohtomo
and Hwang reported the first observation of a high-mobility two-dimensional
electron gas (2DEG) at the interface between LaAlO3 and SrTiOs [5]. In fact,
when the bulk STO is TiOz-terminated, the interface can switch to metallic as
long as more than three layers of LAO are deposited on top of STO, whereas
remains insulating up to the third layer [137]. In this case the heterojunction
is defined as n-type - as shown in Figure 3.5 - while, if the bulk STO is SrO-
terminated, the interface is identified as p-type which is found to be insulating.
Moreover, when the 2DEG is present, the n-type interface exhibits even a variety
of unexpected properties, such as superconductivity at low temperatures [131],
magnetism [133,174], electric-field-tuned metal-insulator phase transition [175-
177] and nanoscale electronic phase separation [136,178].

The metallic conductivity has been originally explained on the basis of the
picture of the polar catastrophe [139,179], shown in Figure 3.6. Looking at the
(001) planes, STO is a nonpolar solid since both Sr** 02~ and Ti** 0%~ planes
are charge neutral, while LAO is a polar solid, as it is composed of La3+t(02~
and AI3TO?~ charged layers. Therefore, the stacking of (LaO)" and (AlO2)~
layer by layer on top of STO leads to a divergent electrostatic potential (the
so-called polar catastrophe) that can be compensated by a charge transfer of
0.5 e~ per unit cell to the interface for the case of LaO deposited on TiOs.
Such a response of the system to the diverging potential created by LAO is
thought to be responsible for metallicity at the interface. On the other hand,
an extra hole is required to avoid the divergent potential for a p-type interface.
However, there are no energetically favorable electronic states to host the extra
hole and the compensation occurs through the creation of oxygen vacancies at
the interface, yielding to an atomic interface reconstruction [179].

In non-oxide semiconductors, the relaxation of polar discontinuity in
heterointerfaces is usually achieved by an atomic reconstruction process, where
the interface stoichiometry is altered by interdiffusion, point defect, and dis-
location and in general by a structural roughening. In oxides, the possibility
of multiple valence ions allows also an electronic reconstruction that, in the
LAO/STO case, should move electrons from the surface to the empty Ti d-
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Figure 3.5: Crystal structure of LaAlO3/SrTiOs n-type heterostructure (with
(LaO)t /(TiO2)° interface) showing the ionic charge for each layer.

levels, leading to 3d! electronic states. The signature of this charge transfer
is the density distribution of the Ti3T states, recently evidenced by soft x-ray
photoemission with photon energy tuned at the Ti 2p-3d threshold [180, 181].
In addition, an indication of Ti*t states was also provided by core-level x-ray
photoelectron spectroscopy (XPS) [181,182] and hard x-ray photoelectron spec-
troscopy (HAXPES) experiments [183,184]. Earlier investigation did not report
any Ti*T feature either in Ti 2p core level photoemission [185] or in Ti 3d states
by resonant photoemission measurements [186].

The n-type interface is known to become conducting for a LAO thickness
above 4 u.c. The thickness dependence of conductivity could be explained by a
band-bending effect [187] induced by polarity discontinuity: the density of states
(DOS) of the LAO valence band (VB) should be shifted to higher binding en-
ergies (BE) until, for a capping equal to or greater than 4 u.c., the LAO VB
maximum (VBM) is superimposed to the empty levels of STO. The conduction
should now be triggered by a tunneling effect from the surface to the interface
electronic states. However, only core-level shifts much smaller than those pre-
dicted by the polar catastrophe have so far been observed [182,184,188,189],
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Figure 3.6: In STO the (001) planes have neutral charge whereas in LAO have an alter-
nating net charge (p). If the interface is n-type (LaO/TiOz), this produces a mon-negative
electric field (E), leading in turn to an electric potential (V') that diverges with thickness,
called polar catastrophe (a). This situation can be avoided if 0.5 e~ per u.c. is added to
the first Tt layer at the interface (b). The interface dipole produced makes the electric field
oscillate around zero limiting the potential to be finite. Adapted from Ref. [179].
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although a shift of 3.2 eV, which is needed to span the electronic gap in STO,
should be easily observed. In principle, however, both atomic and electronic
reconstructions could be present in the LAO/STO case. For example, there
are different experimental proofs of interdiffusion [185,190,191] (with La ions
drifting inside STO, a form of atomic reconstruction), but this mechanism alone
cannot be solely responsible of the conductivity.

Finally, the sample growth conditions deeply affect the transport properties;
an oxygen-poor growth atmosphere can induce oxygen vacancies and thus a 3D
conductivity [133,192,193,215] while an excessively rich one can even result in
a 3D growth and thus in a different kind of heterostructure [131]. Depending
on the Oy partial pressure during growth, three phases are usually identified
[133,194]: one dominated by oxygen vacancies contribution (Po, ~ 10~6 mbar),
one displaying superconductivity (1075 mbar), and one displaying a magnetic
behavior (1073 mbar). It is quite a challenging task to find a unified description
of all these phenomena.

3.2 DMaterials and Methods

We have investigated three different LAO/STO heterostructures
which were grown by pulsed laser deposition (PLD) on TiOs-terminated STO
single crystals at the MESA+ Institute for Nanotechnology, University of Twente:
two n-type 3 u.c. and 5 u.c. LAO/STO samples were grown in a Po, ~ 1073 mbar
oxygen partial pressure while an insulating n-type 5 u.c. LAO/STO sample was
grown at 10~! mbar O, partial pressure. The 3 u.c. sample and the insulating
5 u.c. sample showed a sheet resistance above 1 G/, while the conducting
5 u.c. sample exhibited a sheet resistance of 5.5 kQ2/0 at 300 K. For a 5 u.c.
grown under the same conditions, the carrier density and the mobility depen-
dence on temperature are reported in Figure 3.7. For a temperature above
200 K, the carrier density increases up to 1.7 - 10'* ¢m™2 while the mobility
shows an opposite behavior approaching the zero value. According the the sys-
tematic study reported in Ref. [222], the Pp, during the growth should rule
out the presence of oxygen vacancies in both the 5 u.c. conductive and the
3 u.c. insulating samples. In addition, two reference single crystal LAO and
STO samples (MaTeck GmbH) terminated with the (001) surface have also
been considered as reference samples.
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Figure 3.7: Transport measurements on a LAO/STO & u.c. conductive sample. The carrier
density (black dots) is referred to the left axis while the mobility (red dots) is related to the
right axis.

3.2.1 Experimental details

The LAO/STO data discussed in this thesis have been collected at three
different laboratories:

e Surface Science and Spectroscopy Laboratory of the Universita Cattolica
(Brescia, Italy). The experimental setup is composed by a non monochro-
matized dual-anode PsP x-ray source; the Mg K, line (hv = 1253.6 eV)
has been used to achieve a better resolution (~ 0.7 €V'), while the Al k,
line (hv = 1486.6 eV') has been used when the maximum probing depth
was needed. The analyzer for XPS was a SCIENTA R3000, operating in
the transmission or angular mode. Data which were obtained here are
presented in paragraph 3.3 , 3.4, 3.5.1, 3.5.3 and chapter 4.

e BACH beamline of the Elettra synchrotron light source in Trieste (Italy).
Here the resonant photoemission and x-ray absorption experiments have
been carried out on solely the 5 u.c. conductive and the 3 u.c. insulat-
ing LAO/STO samples. All data have been collected at room tempera-
ture with a Scienta R3000 electron spectrometer. The samples have been
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grounded by contacting the pads used for transport measurements and
aligned in BE using a reference gold clip in contact with the samples.
Data which were obtained here are presented in paragraph 3.5.2 and 3.6.

¢ NANOSPECTROSCOPY beamline of the Elettra synchrotron light source
in Trieste (Italy). Here u-probe photoemission and photoemission electron
microscopy experiments were carried out only on the 5 u.c. conductive
sample. Data related to this investigation are presented in paragraph 3.7.

3.2.2 Cleaning Method

Generally, clean surfaces exposed to the atmosphere easily adsorb many
gaseous organic substances in a short time. For LAO/STO heterostructures it
is appropriate to minimize the surface contaminants because they could lead to
complications in the treatment of data analysis, especially for the not-linearly
damping of the photoemission signal as a function of the acquisition angle (po-
lar angle 6). For oxide materials, however, the surface properties are sensitive
to the method used to clean the surface, as demonstrated by annealing treat-
ments [195,196] or Ar-ion sputtering etching [197, 198] which can introduce
oxygen vacancies or defects which can modify the physical properties of the sys-
tems under investigation. For these reasons, we resorted to a delicate method
to remove the carbon contaminants, based on UV irradiation and ozone expo-
sure [199]. The cleaning mechanism using UV+Os3 consists of a photosensitized
oxidation process in which the UV radiation accomplishes a dual work; on one
side UV rays are absorbed by the contaminant molecules which undergo disso-
ciation, while on the other side the UV rays are absorbed by the atmospheric
oxygen, changing it into ozone and atomic oxygen. Then, the products of the
contaminant dissociation react with the atomic oxygen to form COy and HO
which desorb from the surface.

To carry out the cleaning, we exposed our samples simultaneously under
a radiation at 254 nm - generated by a RAYTECH UV lamp - and under
a continuous flow of ozone - emitted by an home-made device - in order to
improve the atomic oxygen production in the process. For instance, after two
consecutive cleaning procedures of about 6 h for each on the LAO/STO 5 u.c.
conductive sample, the integrated area of the C 1s core level decreased of about
56% and 85% respectively with respect to the original condition.
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3.3 XPS characterization

XPS measurements have been carried out to chemically characterize the
samples, measure the core-level electronic structure and evaluate the stoichiom-
etry of the heterostructures. First we have acquired a wide-range spectrum
for the bare STO, bare LAO, and the three LAO/STO heterostructures with
5 u.c. conductive, 5 u.c. insulating and 3 u.c. insulating specimens, as displayed
in Figure 3.8. All spectra have been converted into binding energy aligning
the C 1s peak to 284.8 eV, i.e. the energy generally used for the adventitious
hydrocarbon [201].

Afterwards, high resolution XPS measurements were carried out for the main
core levels as follows. The Sr 3d , La 4d and Al 2s XPS core levels are shown in
Figure 3.9 (a). All spectra are normalized and aligned to the Al 2s peak. As can
be observed, for the 5 u.c. conducting and the 3 u.c. insulating samples the La 4d
core levels are superposed, with an intensity below that of the LAO reference
crystal. In turn, the La 4d XPS core lines of the 5 u.c. insulating sample
display the largest intensity. Considering the integrated areas for the two core
level peaks normalized by the photoemission cross sections taken from Ref. [24],
we have obtained the La/Al stoichiometry ratio of 0.88 £ 0.05 for the 3 u.c.
LAO/STO, 0.83+0.05 for the 5 u.c. conductive LAO/STO and 1.424+0.05 for the
5 u.c. insulating LAO/STO (setting equal to 1 the ratio for the bare LAQO). These
features are qualitatively consistent with the results reported in literature [200]
and suggest that the Pp, value has a relevant effect on the cation stoichiometry
in the LAO overlayer. This is not unexpected, as the 5 u.c. insulating sample is
known to show a 3D growth regime rather than the layer-by-layer regime for the
other two heterostructures grown at lower Po, . It has been observed [200] that
among possible defects related to a La excess with respect to Al, the formation of
Al vacancies seems to be the most likely scenario. In turn, the low La intensity of
the heterostructures grown at low Po,, as compared to the LAO single crystal,
apparently shows a La deficiency that could be related to La diffusion through
the interface, La substoichiometry, or both. Furthermore, Warusawithana et
al. [202] relates the arise of the interfacial conductivity in LAO/STO systems to
the sole condition that the La/Al ratio is < 0.97 +0.03, thus in agreement with
our data. However, the latter work systematically excludes the possibility that
oxygen vacancies stem from (4) the pretreatment of the STO surface, (i) the
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Figure 3.8: XPS wide range spectra, using Al Ko line, pass energy = 200 eV, for the
bare STO and LAO and the three LAO/STO heterostructures: the 5 u.c. conductive, 3 u.c.
insulating and 5 u.c. insulating samples. The core levels of main interest are displayed and
labeled. The alignment in binding energy was carried out setting the C 1s peak to the 284.8 eV
as reference for the adventitious hydrocarbon.
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oxidizing conditions during the growth or (i#) the PLD deposition method. In
addition, even (iv) the cation interdiffusion across the interface is ruled out to
have an essential role in the 2DEG activation, thereby making this a hot topic
of discussion.

The O 1s spectra from the three heterostructures are shown in Figure 3.9
(b). It is important to note that the three spectra are virtually identical, in
spite of the different growth conditions and thicknesses of the LAO overlayer.
This assures that in all cases a similar oxygen stoichiometry can be estimated
at the surface, ruling out the possibility that changes at the interface could be
ascribed to major differences in the oxygen stoichiometry on the surface.

In addition, the Sr 3d core levels of the heterostructures appear to be dif-
ferent from those of STO, as displayed in Figure 3.9(c). As reported in Table
3.1, in spite of the high quality of the STO side of the heterojunction, the Sr
peaks are not as sharp as pristine STO. The Sr 3d peak of the conducting 5 u.c.
sample (1.24 eV') is larger than that of the corresponding 3 u.c. layer (1.18 eV),
both being larger than the peak measured for STO (1.05 eV'). The results of
the Sr 3d core level fitting with Gaussian line shapes are shown in Figure 3.9
(d-f). A similar behavior can be observed for the Ti 2p core level, displayed
in Figure 3.10 (a). For the 5 u.c. conducting sample, the full width at half
maximum (FWHM) of the Ti 2pg3/, peak (1.47 eV') is larger than that of the
5 u.c. (1.41 eV) and the 3 u.c. (1.43 €V) insulating samples. It is important
to note that the narrower Ti 2p peak is that of STO (1.36 eV'). Therefore, we
see an overall decrease of the Ti 2p FWHM from the conducting LAO/STO to
the insulating STO single crystal. We exclude broadening effects due to charg-
ing, which should be opposite to those observed, and therefore we regard the
broadening as due to an intrinsic effect. These trends suggest the presence of
either a possible band bending at the junction or a disorder (cationic exchange
or oxygen vacancies) around strontium and titanium atoms at the interface,
yielding potential fluctuations that ultimately may result in a Sr 3d and Ti 2p
peak width broadening. Similar effects have been observed in, e.g., the Ti 2p
core lines of Fe-doped rutile single crystals [203].

On the other hand, the Ti 2p XPS core lines of the 3 u.c. and the two
5 u.c. heterointerfaces and the pure STO are almost identical to that expected
for a Ti** ion. However, a small bump is detectable on the low-BE side of
the 5 u.c. spectrum, in the position usually associated with Ti?* electronic
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Figure 3.9: (a) Sr 8d, Al 2s and La 4d XPS spectra collected from LAO and the LAO/STO
heterostructures. Spectra have been normalized to the Al 2s peak area. (b) O 1s XPS spectra
of the three interfaces and (c¢) Sr 8d XPS spectra of the STO single crystal and the two
LAO/STO grown at low Po, . The bottom panel shows the Sr 3d XPS core-level data fitting
of the (d) 5 u.c. conducting, (e) 3 u.c. insulating, and (f) bare STO samples. All spectra are
collected using a pass energy of 50 eV, by Al Ko line for panels (a-b) and Mg Ko line for
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Sample Po, Ti3t / Titt A(BE) Ti 2p Sr 3d
(10~ mbar) XPS ratio Ti*t - Ti’%* FWHM FWHM
(eV) (eV) (eV)
5 u.c. cond. 1.0 0.056 + 0.005 2.03 1.47 1.24
3 u.c. insul. 1.0 0.012 4+ 0.005 2.10 1.43 1.18
5 u.c. insul. 100 0.006 % 0.005 1.78 1.41 —
STO bare - 0.004 % 0.005 1.73 1.36 1.05

Table 3.1: XPS data analysis of Ti 2p and Sr 3d. From the left: Tt / Ti*t peak area
ratio, energy shift A(BE) between the Ti*t and Ti*t oxidation states and the full width at
half mazimum (FWHM) for the Ti 2ps/o and Sr 3ds /o core level peaks.

states. These states can be detected only through a comparison among different
samples and can be easily confused as an additional experimental broadening
of the Ti 2p3/, peak. For this reason we also show the Ti 2p core line of STO,
measured with the same energy resolution (see Figure 3.10 (a)). Considering
now the peak area of Ti3T states, which is extrapolated by an accurate fitting
procedure of the Ti 2p3/, peak as shown in Figure 3.10 (b-e), we can recognize
that the conducting compound exhibits a larger contribution than that of the
two insulating compounds. The Ti** /Ti** ratio sharply decreases from 0.056
(5 u.c.) to 0.012 (3 u.c.) and is nearly negligible for the 5 u.c. insulating sample
(0.006) and the STO single crystal (0.004), assuming an uncertainty of +0.005
on the peak ratio values. This trend is agreement with other investigations
[183,207] which evidenced an increase of the Ti** contribution in relation with
the number of LAO layers. Furthermore, the Ti3T BE of the samples grown in
low Po, atmosphere is different from that measured for the other samples, the
insulating 5 u.c. and the reference STO single crystal. This peak is found about
2 eV below the main line, but this difference is reduced when the 5 u.c. insulating
(1.78 V') and the STO (1.73 eV') samples are considered, suggesting a different
origin for these peaks. Indeed, an insulating sample has been reported [181] to
show a Ti** peak closer to the main line with respect to a conducting LAO/STO
interface.

The presence of Ti** states was controversial in early studies on LAO/STO,
as not all authors observed these features in spite of the conducting nature of
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their samples. As already mentioned, a signature of Ti3T states is the feature
appearing on the low-BE side of the Ti 2p3/, core line. In addition, this feature
should have a counterpart in the valence-band region, detectable either through
ResPES at the Ti L edge or through ultraviolet photoemission spectroscopy
(UPS) [204]. While Takizawa et al. [182] and Yoshimatsu et al. [186] discuss the
properties of Ti 2p core lines, in Segal et al.’s study [188] no mention is made
of Ti 2p. Yoshimatsu et al. do not report on the Ti3* contribution, but they
focus on the BE shift of the Ti 2p3 /5 core line, while Takizawa et al. discuss the
Ti** /Ti** ratio but do not report on the Ti 2p3/» BE shift. Furthermore,
unlike more recent studies [180, 181], Yoshimatsu et al. [186] do not find any
evidence of 3d' states in ResPES experiments at the Ti L-edge resonance. For
the present samples, evidence of Ti 3d states in the gap are provided in following
sections and published on Ref. [29].

Finally, from the Ti** /Ti** intensity ratio reported in Table 3.1, an esti-
mation of the sheet charge density (SCD) can also be provided once the Ti**
ion distribution in the layers below the interface is defined. The latter can be
obtained by properly considering the attenuation of the Ti signal due to the
LAO overlayer, on the basis of the theoretical concepts described in paragraph
1.6. For example, the same ratio can be produced either by a high density of
ions close to the interface or by a low density of ions distributed across a larger
layer below the interface - as displayed in Figure 3.11 (c-f) - provided that the
Ti3* /Ti*" intensity ratio matches the experimental value. Then, the height of
the histogram bars in Figure 3.11 (a) for the 5 u.c. conductive represent the Ti3*
fraction predicted for a uniform distribution of Ti** atoms in a layer below the
interface as thick as the width of the histogram bar. The thickness of this layer
is assumed to be a multiple of the STO unit cell parameter. The corresponding
SCD is evaluated for each histogram bar and is shown as a thick red-line related
to the right axis. Assuming that all the Ti** ions are located in the first unit
cell below the interface, the resulting SCD is 1.5 - 10'* ¢m™2. The wider are
the layers of constant density of Ti** ions, the lower is the density, up to reach
the boundary case in which all the atomic layers in the bulk STO present the
lowest density as possible for the Ti3*T /Ti'*T XPS peak area ratio detected, i.e.
a fraction of Ti** ions exactly equal to the Ti3* /Ti*t ratio. The estimated
SCD value for the 5 u.c. conducting sample can be compared to the transport
measurements carried out on a 5 u.c sample grown under the same conditions
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Figure 3.10: (a) T% 2p core level spectra collected from the LAO/STO 5 w.c. conductive
(thin line), 5 u.c. insulating (dots), 8 u.c. insulating (thick line) and the bare STO (shaded
area). Bottom panels (b-e): fitting (thin lines) of the T 2p3 /5 core level (dots) with two peaks,
accounting for the Ti**T and TPt (shaded areas) contributions, and an integral (Shirley type,
dashed line) background. All spectra are collected at 50 eV of pass energy by using Al Ko
line as z-ray source.
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presented in Figure 3.7. As can be observed, at room temperature the car-
rier density reaches an asymptotic value of 1.7 - 10" e¢m =2 which is displayed
in Figure 3.11 (a) as a dashed horizontal line. The intersection between the
transport measurements data (black dashed) and the SCD estimation (red solid
line) based on XPS data occurs when the SCD is spread down to 2 u.c. below
the interface. Therefore, the combination of transport and XPS data analysis
provides here a lower limit for the extent of the SCD below the interface. In
this way, the present results are in good agreement with those reported by Sing
et al. on the basis of HAXPES experiments [183].

Differently, a much lower estimation of the sheet charge density is drawn
for the insulating 3 u.c. sample, as shown in Figure 3.11 (b). In this case, the
lowest limit for the SCD is 3.7 - 10'3 ¢m~2. In fact, this unexpected non-zero
density in the insulating sample seems to point out that only a fraction (about
75%, from the comparison with the 5 u.c. conductive sample) of the Ti3T states
detected by XPS can contribute to the conductivity. One explanation for this
can be found in Ref. [205], where a distinction between two kinds of charge
carriers is provided: low-density, high-mobility carriers for the transport mea-
surements and high-density, low-mobility carriers from optical measurements.
Another discrimination about the type of carriers has been proposed starting
from density functional calculations [208] between electrons which are localized
at the interface and do not participate in the conduction and other delocalized
electrons which instead contribute to transport. In addition, a further inter-
pretation takes into account the photogeneration of carriers under UV-ambient
light irradiation, which has been observed for both the bare STO [206] - where
the effect is ascribed to bulk structural defects, such as Ti, O and Ti-O vacan-
cies - and LAO/STO samples [209,210] - in which the photoconductivity seems
to be due to the bulk compound, because it is independent of the LAO thick-
ness and is activated only when the light energy corresponds to the STO band
gap. In any case, the formation of photoinduced charge carriers either by x-ray
or ambient light irradiation should be considered, although this issue appears
to be far from being assessed [184]. Therefore, in our opinion the presence of
Tit contribution in the insulating 3 u.c. sample can be regarded as either a
localization of a remarkable amount of electrons, which are somehow related
to the charge transfer due to the polarity discontinuity but do not take part
in the transport until they reach a percolation threshold, or a consequence of
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external factors not able however to drive alone the build-up of the 2DEG at
the junction.

3.4 Band offset analysis

In this paragraph our attention will be focused on the band offset analysis
for the three heterostructures in comparison with their parent compounds - i.e.
the bare LAO and STO single crystals. In order to avoid inaccuracies about the
energy alignment of core levels, we consider the single wide-range XPS spectra
of Figure 3.8 to measure the BE position of different core lines from the bare
LAO single crystal (La 4d , Al 2s and Al 2p) and two core lines of the bare
STO parent compound (Sr 3d and Ti 3p), as well as the BEs of the core level
peaks in the three heterostructures. All the samples exhibit a metal contact at
each surface corner which is directly connected with the interface. Using the
corners, the specimens were fastened to the sample holders by means of metal
clips, thereby avoiding the usual resulting charge accumulation on the surface
due to the photoemission process for a general insulating sample. Although
no flood gun was used, constant BE positions were verified during the x-ray
exposure as well as no distortion of the core level shape was evidenced during
the measurements. Thus, the evaluations of the valence band offsets AEy are
carried out by the equations from (3.2) to (3.7), adapted from Ref. [185]. In this
formulation of AEy, a positive (negative) value means that the VBM of STO is
at higher (lower) BE than the VBM of LAO at the junction. The energy levels
involved in the calculations for both the reference LAO and STO single crystals
and the LAO/STO heterostructures are shown in the diagram of Figure 3.12.
The resulting AFy are reported in Table 3.2.

Our results appear to be rather puzzling considering both the scattered
values obtained for different core lines in the same sample (within 0.51 eV for the
5 u.c. conductive, 0.23 eV for the 3 u.c. insulating and 0.91 eV for the 5 u.c.
insulating) and the variable trend of AEy among the three samples for different
choices of the core level pair for the band offset valuation which makes it intricate
to achieve a rationalization of the junction in relation with the thickness or the
conductivity. Nevertheless the average AEy for each sample is within two
valence band offset predictions based on ab-initio calculations, i.e. —0.15 eV
[211] and —0.90 eV [212]. Secondly, for the same sample we detect substantial
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differences in the A Ey on the basis of the selection of the core level peak in the
bulk STO. In fact, when Ti is involved as one of the core levels in eq. (3.5),
(3.6) and (3.7), larger shifts are usually evidenced with respect to those resulting
from eq. (3.2), (3.3) and (3.4). This seems to indicate that in our sample it is
possible to observe an element-specific shift.

AEv<La4d—S7"3d> = AELaAdeBM(LAO) — [AEST?)deBM(STO)"'
+ AFErq4d—sr3a(LAO/STO)] (3.2)

APBy (Al2s-Sr3d) = AE g125—vem(LAO) — [AEg,34-veM(STO)+
+ AE 125 5r34(LAO/STO)) (3.3)

AEv(Al2p—5T3d) = AEAZQp—VBM(LAO) - [AESrgd_VBM(STO)+
+ AE 13 5734(LAO/STO)] (3.9)

AEV(La4d—Ti3p) = AELa4d7VBM (LAO) - [AETigp,VBM(STO)'F
+ AELa4d—T1'3p (LAO/STO)] (35)

AEV (Al2$—TZ3p> = AEAZ237VBM (LAO) — [AETiSpvaM(STO)‘i‘
+ AE a125—71i3p(LAO/STO)] (3.6)

AEv(AZQp—TZBp) = AEAl2p—VBM(LAO) — [AETin—VBM(STO)+
+ AE g12p—1i3p(LAO/STO))] (3.7)

The present results have been compared to the reported in several studies,
which are focused on the band offset and the core shift analysis. For example,
Takizawa et al. [182] have focused on the band lineup of p-type and n-type
interfaces, both with 1, 3, 4, 5, and 6 LAO u.c. overlayers, grown by PLD in
a 1-107° Torr oxygen partial pressure. They show that core levels belonging
to the same layer of the heterostructure (i.e., La and Al for LAO and Ti and
Sr for STO) do not show appreciable shifts (less than 100 meV’). In turn, an
energy shift is observed for the Al 2p - Sr 3d BE difference which increases with
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AFEvy 5 u.c. cond. 3 u.c. insul. 5 u.c. insul.
Ladds/s - Sr3d —0.46 —0.56 —0.34
Al2s - Sr3d —0.54 —0.61 —0.27
Al2p - Sr3d —0.52 —0.57 —0.10
Ladds/, - Ti3p —0.89 —0.74 —1.01
Al2s - Ti3p —0.97 —-0.79 —0.94
Al2p - Ti3p —0.94 —0.75 —-0.77

Core Average —-0.72+0.24 —-0.67£0.10 —0.574+0.38

Table 3.2: Valence band offset results calculated according to eq. (3.2)-(3.7). For each
sample, the average band offset is estimated from the siz values extracted through eq. (3.2)-
(3.7). All energies are in eV.

the number of LAO u.c. for both p- and n-type samples. However, a different
result is obtained by Segal et al. [188] who consider p-type and n-type interfaces
from 2 to 9 LAO u.c. grown by molecular beam epitaxy (MBE) in 3-10~7 Torr
oxygen partial pressure. They also evidence a variation of the Sr 3d - La 4d
BE difference with the number of LAO layers but with opposite directions for
p-type and n-type samples; in facts, the latter BE difference increases for p-type
samples whereas it decreases for n-type samples. In addition, the band offset
between the LAO and STO compounds is assessed of —0.35 + 0.18 eV for the
2 u.c. n-type interface by using the La 4d5 /o and Sr 3d5 5 core level BE positions,
similarly to what carried out in this paragraph. A further hint can be provided
by Yoshimatsu et al. [186] who investigate the Ti 2p BE shift for both p-type
and n-type samples from 0 to 6 LAO u.c. grown by laser MBE at 1-1075 Torr
of oxygen partial pressure. In this case, the Ti 2p BE for the p-type samples
is found to be constant, while for the n-type samples the BE decreases with
LAO thickness, evaluating a band bending of the STO at the junction equal to
—0.25£0.07 eV.

Unlike the papers mentioned so far, Chambers et al. [185] did not consider
the p-type and n-type set of samples but focused on two 4 u.c. n-type samples
grown at rather similar Oy pressures (1-107° and 8 - 107 Torr). Here, the
valence band offset is estimated using a set of BE differences, namely, Sr 3d -
La 4d, Sr 3d - Al 2p, Ti 2p - La 4d, and Ti 2p - Al 2p. Irrespective of the couple
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of atoms selected, similar AFEy values are detected in the same sample (at most
within 0.16 eV') and an increase of AEy is observed in relation with the surface
cleaning, from an average value of —0.06 eV to 40.34 eV. Moreover, three
4 u.c. samples of the four ones under investigation exhibit a positive valence
band offset, which means that the VBM of STO at the junction has an higher
BE than the VBM of LAO, in contrast with our results. However, it is rather
interesting to note that in the samples considered in Ref. [185] the Ti3* con-
tribution is not detected on the low BE of the Ti 2p3,5 XPS peak, whereas in
our samples Ti** states in Ti 2p core lines are evident (Figure 3.10) and re-
lated to the 3d! electron emission in the valence-band region probed by resonant
photoemission (ResPES), as can be found in Ref. [180] and in the following para-
graph. Furthermore, in contrast with the rather uniformly distributed shifts of
Ref. [185], our AFEy values exhibit a discrepancy depending on the choice of
the cation considered (Ti or Sr) - as shown in Table 3.2. However, this may
be ascribed to the localization of the Ti*t states at the interface, which may
have much larger effects on the local electronic properties than the widespread
charge distribution invoked by Chambers et al. to justify the lack of a Ti3*
low-BE feature in Ti 2p XPS spectra.

A quite similar investigation was carried out by Qiao et al. [213] considering a
stoichiometric n-type 3 u.c. LAO/STO interface grown via PLD at 1-10=2 Torr
oxygen partial pressure. This sample has evidenced an average band offset A Ey,
of +0.17 £ 0.08 eV, involving the Ladd-Sr3d, Lad4d-Ti2p, Al2p-Sr3d and Al2p-
Ti2p pairs in the calculation. Once more the resulting AFEy is positive, but in
this case it is noteworthy that a cation disorder at the junction - i.e. a cation
intermixing - has been revealed by an angle-resolved XPS analysis based on
the photoelectron attenuation length concept. Here, the comparison with our
results is made uncertain because of two additional discrepancies, that is the
La:Al stoichiometry ratio - in effect our interfaces are all non-stoichiometric, as
shown in Figure 3.9 (a) - and the abruptness of our interfaces which will be
discussed in details in paragraph 4. In the end of this brief review of results, a
slightly different approach is followed by Berner at al. [189] who determined the
valence band offset AFEy through the combination of results which stem from
hard and soft x-ray photoelectron spectroscopies. Considering a set of n-type
samples of 4, 5, 6 and 12 u.c. of LAO overlayers grown by PLD at 1-10~% mbar
oxygen partial pressure, they determined AFEy within —0.28 eV and —0.39 eV
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among all the thicknesses by using solely the BE difference between Al2p-Sr3d.

In conclusion, all the experimental outcomes so far presented are summa-
rized in Table 3.3, which provides us a pronounced scattered scenario whence
a clear dependence of the valence band offset on the number of LAO layers
or the growth conditions is non-trivial to find. Concerning our results, several
parameters should be taken into account for a proper comparison, such as the
growth conditions, the presence of Ti%* states, the La:Al stoichiometry ratio,
the abruptness of the junction, the surface contamination and the cleaning meth-
ods, the core levels involved in the calculation and the x-ray excitation energy
used. Since the actual complexity of the matter is evident, it is fair to exploit
an independent method to estimate the valence band offset in these compounds,
such as the decomposition of the high-energy resolution VB + shallow core levels
spectra for each heterostructures into the individual contributions of the bare
LAO and STO single crystals, as presented in the next paragraph.

AEyv 2 u.c. 3 u.c. 4 u.c. 5 u.c. 6 u.c. 12 u.c. Growth Po, Ref.
(eV) (eV) (eV) (eV) (eV) (eV) Technique (mbar)

Ave.core - —0.67 - —0.72 - - PLD 1073 here
Ave.core - - - —0.57 - - PLD 107! here
La4d-Sr3d | —0.35 - - - - - MBE 1077 [188]
Al2p-Sr3d - - -0.34 —037 —0.39 -0.28 PLD 1074 [189]
Ave.core - - —0.06 - - - PLD 107° [185]
Ave.core - - +0.14 - - - PLD 1075 [185]
Ave.core - - +0.20 - - - PLD 1075 [185]
Ave.core - - +0.34 - - - PLD 107° [185]
Ave.core - +0.17 - - - - PLD 1072 [213]

Table 3.3: Comparison of valence band offset AEy results from different works. Only
n-type LAO/STO interfaces are considered. The oxygen partial pressures during the growth
are approximated and converted into mbar units for convenience. Soft x-ray photons are used
as excitation energy for all the measurements, except for Ref. [189] in which hard x-rays are
used.
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3.4.1 Valence band offset by spectra decomposition

As mentioned in the preceding paragraph, it is known [138,189,213] that
the valence band offset can be also determined directly by means of the linear
combination of the VB spectra of the bare LAO and STO compounds with the
aim to match the VB spectra of the heterostructures. Although the physical
meaning is the same, in order to avoid confusion hereafter we call the valence
band offset assessment obtained by the aforementioned method as VBO, whereas
we define the valence band offset evaluation obtained by the analysis of the core
level shifts presented in the preceding paragraph as AEy .

In Figure 3.13 (a) the valence-band spectra and the closest shallow core
levels are displayed, while in Figure 3.13 (b) an enlargement of the VB region is
presented. All spectra were collected with the Mg K, x-ray source. The shallow
core levels are labeled as Sy, S;; and Syy;. The O 2s states mostly contribute
to the S; peak, Sr 4p is an unresolved doublet below the S;; peak, and La 5p
is split in S;; and S;y; peaks (the spin-orbit energy separation is about 2.4 eV,
as detected in, e.g., LasOs3; Ref. [36]).

Generally, the VBO evaluation is achieved by considering only the VB
spectra [189,213]. Then, starting from the bare LAO and STO spectra dis-
played in Figure 3.13 (b), the valence bands of the three LAO/STO samples
VBraosTo(E;) have been calculated as a linear combination of the bulk pre-
cursor spectra VBpyk(E;), as in the following formula

VBrao/sto = a+ - Y [VBsto(E; +7) + - VBrao(Ei + )] (3.8)

where E; is the binding energy, o and S are set to match the offset and the
intensity scaling for the calculated spectrum, respectively, with respect to the
experimental reference, v and € are varied to independently shift the bare LAO
and STO experimental spectra while ¢ is the scaling factor for the bare LAO
with respect to the bare STO. 7, § and € are the free parameters. To find the
best linear combination we have used the x? parameter as the formula reported
in Ref. [213]

= Z [VBexp(E;) — VBLAO/STO(Ei)]2
: VBexp (Es)

where VBgxp(E;) is the experimental spectrum related to a LAO/STO het-
erostructure. The results of this procedure are shown in Figure 3.14 for the

(3.9)
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Figure 3.13: (a) Valence band and shallow core levels for the bare STO and LAO parent
compounds and the three LAO/STO heterostructures. (b) Enlargements for the valence band
region. All spectra are collected with Mg Ko line (1253.6 eV ).

LAO/STO 3 u.c. insulating, Figure 3.15 for the 5 u.c. conductive and Figure
3.16 for the 5 u.c. insulating, as well as are reported in Table 3.4. We have ob-
tained three VBO values quite different from those (AEy ) estimated by the shift
analysis of the previous paragraph. However, the present results are affected
by a significant indeterminacy. This is proved by the shape of the x? curves
as a function of the VBO (in Figure 3.14 (b), 3.15 (b) and 3.16 (b)), which do
not exhibit a clear single minimum, meaning that a wide range of VBO values
can reproduce the features of the reference spectrum by means of the linear
combination of the parent compound spectra. This case is clear especially for
the 5 u.c. samples where the relative intensity of the LAO compound than the
STO is lower with respect to the 3 u.c. case.

To overcome this experimental deficiency, we have carried out the same
analysis but considering this time a larger energy range for the XPS spectra,
including both the valence band and the shallow core levels in the calculations.



3.4 Band offset analysis 91

Intensity (Arb. Units)

| | | | | 'l |
12 10 8 6 4 2 0

0.4
0.3

2
x 02
0.1

0.0"' L 1 L L 1 L 1
20 10 00 10 2

-1.0 0.0 1.0
VBO (eV) € (eV)

Figure 3.14: LAO/STO 3 u.c. insulating: (a) XPS for the VB and the resulting calculated
spectrum from the linear combination of the bare LAO and STO. VBO is indicated between
the VBM extrapolation of the bare LAO and STO spectra. (b) x? parameter as a function of
the VBO. (c) x? as a function of v and € - respectively, STO and LAO shift parameters as
in formula (3.8). Red dotted lines point out the minimum of x2.
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Figure 3.15: LAO/STO 5 u.c. conductive:(a) XPS for the VB and the resulting calculated
spectrum from the linear combination of the bare LAO and STO. VBO is indicated between
the VBM extrapolation of the bare LAO and STO spectra. (b) x? parameter as a function of
the VBO. (c) x? as a function of v and e - respectively, STO and LAO shift parameters as
in formula (3.8). Red dotted lines point out the minimum of x?2.
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Figure 3.16: LAO/STO 5 u.c. insulating: (a) XPS for the VB and the resulting calculated
spectrum from the linear combination of the bare LAO and STO. VBO is indicated between
the VBM extrapolation of the bare LAO and STO spectra. (b) x> parameter as a function of
the VBO. (c) x? as a function of v and e - respectively, STO and LAO shift parameters as
in formula (3.8). Red dotted lines point out the minimum of x2.



94 The case of LaAlO3;/SrTiO; heterointerface

Methods 5 u.c. cond. 3 u.c. insul. 5 u.c. insul.

Ave. AEy —0.724+0.24 —0.67 £0.10 —0.57£0.38
VBOvsp —0.04 +0.58 +0.76
VBOvB+scL —0.20 —0.10 —0.11

Table 3.4: Valence band offsets for the LAO/STO interfaces. AEy from the average anal-
ysis presented in paragraph 3.4 using the eq. (3.2)-(3.7); VBOvyp from the linear combination
of the valence band spectra of LAO and STO; and VBOvyptscr from the linear combination
of the spectra of LAO and STO including the valence band and the shallow core levels. All
energies are in eV.

In this way, the shape of the reference spectra for the three heterostructures
become more structured - as shown in Figures 3.17 (a), 3.18 (a) and 3.19 (a) -
and x? as a function of the VBO exhibits more evident minima, as displayed in
Figures 3.17 (b), 3.18 (b) and 3.19 (b). An analogous trend appears for the x?2
in relation to the energy shift of LAO (e) and STO () spectra, as presented in
Figures 3.17 (¢), 3.18 (c) and 3.19 (c).

At first glance, the calculated spectra from the linear combination may not
exhibit a good matching with the experimental references, as indicated in Figure
3.17 (a), 3.18 (a) and 3.19 (a) by means of the black arrows. However, these
discrepancies are due to the non stoichiometric La:Al ratio of the LAO/STO
interfaces under investigation (as discussed in paragraph 3.3 and evidenced in
Figure 3.9 (a)). In facts, a variation in the La:Al stoichiometry ratio leads to
change the relative intensities of both the Sy and Syr; peaks (Figure 3.13 (a))
due to the La 5p core level contribution. Nevertheless, the edges of both the
whole shallow core levels peak and the valence band shape are well fit, allowing
to find exactly what we are looking for, i.e. the band offset.

In addition, as can be observed from Table 3.4, all differences among the
VBOgy.iscL results are within 0.09 eV, similarly to the AFEy values which are
within 0.15 eV. The latter observation seems to validate the agreement between
the different methods for the valence band offset estimation, even though in the
VBO approach the higher kinetic energies (~ 1228 —1253.6 eV; Mg K,,) involved
in the spectra provide us information which come from a greater depth from the
surface due to higher IMFP values. Therefore, we will consider the VBOvyptscr,
as our final results for the band offset analysis so far discussed.
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Figure 3.17: LAO/STO 3 u.c. insulating: (a) XPS for the VB and the shallow core levels
and the resulting calculated spectrum from the linear combination of the bare LAO and STO.
Inset: enlargement of the VBO estimation. (b) x? parameter as a function of the VBO. (c)
x2 as a function of v and € - respectively, STO and LAO shift parameters as in formula
(3.8). Red dotted lines point out the minimum of x2.
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Figure 3.18: LAO/STO 5 u.c. conductive:(a) XPS for the VB and the shallow core levels
and the resulting calculated spectrum from the linear combination of the bare LAO and STO.
Inset: enlargement of the VBO estimation. (b) x? parameter as a function of the VBO. (c)
X2 as a function of v and € - respectively, STO and LAO shift parameters as in formula
(3.8). Red dotted lines point out the minimum of x2.
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Figure 3.19: LAO/STO 5 u.c. insulating: (a) XPS for the VB and the shallow core levels
and the resulting calculated spectrum from the linear combination of the bare LAO and STO.
Inset: enlargement of the VBO estimation. (b) x? parameter as a function of the VBO. (c)
x2 as a function of v and € - respectively, STO and LAO shift parameters as in formula
(3.8). Red dotted lines point out the minimum of x2.
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3.5 Band Profiling

In this paragraph the band diagrams for the 5 u.c. conductive and the
3 u.c. insulating LAO/STO interfaces are reconstructed on the basis of element-
specific resonant electronic spectroscopies. By this way, we can provide an
unambiguous characterization of the chemical bonds contributing to the den-
sity of states in the Fermi level region that can be used to track a profile of
the electronic levels across the heterojunction. In fact, exploiting a resonant
photoemission experiment at the Ti Ly 3 and the La My 5 edges, the spectral
weight of both Ti 3d and La 4f states in the valence band region can be probed.
This allows (i) to determine the energy of the valence band maximum on both
sides of the junction and (ii) to probe the interface states at the Fermi level,
which evidence a dominant Ti 3d character and whose origin can be ascribed
to several phenomena, such as the generation of oxygen vacancies [192,214,215]
and cation intermixing effects [185,190,191] occurring at the interface, which are
still under keen debate today. Unlike previous studies based on hard x-ray pho-
toemission [189], 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 probe the extent of band bending of STO
at the interface, filling the gap in the experimental tracking of band offsets in
the LAO/STO system. Moreover, these results can be combined with the anal-
ysis for the bare LAO and STO parent compounds carried out in the previous
paragraph by a conventional Al K, X-ray source, which provides information on
the band offset deeper into the bulk than the resonant photoemission. On this
basis a scheme of the band diagram at the heterojunction can be drawn. Thus,
the band alignment profiling reveals a similar type I (straddling gap) junction
for both the 5 u.c. conductive and the 3 u.c. insulating sample, although a large
notch in the energy levels at the interface is present only for the conductive
sample.

3.5.1 The LAO band: flat or bent?

Before investigating in details the interface, it is necessary to establish the
profile of the LAO band. According to the electronic reconstruction scenario,
the polar catastrophe can be avoided by a potential gradient in the LAO film, in
which the O 2p states are shifted towards the Fermi energy (Er) with increasing
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LAO thickness. At the critical thickness of 4 u.c. these states should cross
the Er and activate an electron transfer to the Ti empty states, leading to
the interfacial conductivity. This picture has been confirmed by several DFT
studies which predict slightly different values for the O 2p band shift, from
approximately 0.4 eV /u.c. [187,216,217] to 0.6 eV /u.c. [218]. Even though
such a band bending is smaller than the actual one (0.9 eV/u.c.) due to the
typical underestimation of band gaps in DFT calculations, it should be easily
detectable in XPS both in the shift and the broadening of all the core levels
related to the LAO film, because they are affected by the energy change of the
valence band maximum. Nevertheless, no experimental evidence has proved this
effect so far [182,184,188,189].

A similar conclusion is achieved for our LAO/STO interfaces on the basis of
two considerations. First, as shown in Figure 3.20 (a), the shape of the La 4d
core level does not change within the set of the LAO single crystal, the 5 u.c.
(conductive) and the 3 u.c. (insulating) samples. Secondly, Figure 3.20 (b), (c)
and (d) display the comparison between the experimental La 4d peak for the
bare LAO (orange dotted lines) and the calculated one for a 5 u.c. LAO/STO
interface (red solid lines), considering a band shift of 0.4 eV, 0.6 eV and 0.9 eV
per u.c., respectively. In the calculations the relative spectral weight for the
different LAO layers is based on Monte Carlo simulations of the DDF of the
multilayer structure - by using the BriXias code presented in paragraph 1.6 -
while the shape of the La 4d peaks of each layer is that of the bare LAO, taken as
reference. The discrepancy between the experimental and the calculated spectra
is evident for all the band shift values used.

3.5.2 Resonant photoemission spectroscopy data

So far, only one study based on cross-sectional scanning tunneling microscopy
[219] has reported a direct evidence of the potential profile in a LAO/STO het-
erojunction, grown at 850°C in a 2 - 107° Torr of Pp,. To achieve a similar
result by photoemission spectroscopies we have compulsorily to investigate the
electronic states close to, or at, the Fermi level in the conducting LAO/STO
heterojunctions. These states have been already observed by ultra-violet pho-
toemission spectroscopy by Siemons et al. [204], but further investigations were
basically hindered by the low intensity of the photoemission process from a
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Figure 3.20: La 4d core level: (a) experimental XPS spectra for the bare LAO single crystal,
as well as the LAO/STO 5 u.c. conductive and 8 u.c. insulating sample. The integrated area
is normalized for all the spectra. Comparison between the experimental LAO bare (orange
dotted) and the 5 u.c. LAO/STO calculated spectrum (red solid line) according to the polar
catastrophe model with a band shift of LAO layers of about (b) 0.4 eV per unit cell, (c) 0.6 eV’
per unit cell and (d) 0.9 eV per unit cell. The contribution from each layer is also displayed.
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buried interface. For this reason, these states have been searched for by res-
onant photoemission spectroscopy (ResPES) and have been evidenced for the
first time by Drera et al. [180] 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. [181] in an attempt to
relate their line shape and energy to the oxygen stoichiometry. Recently, Can-
cellieri et al. [220], in contrast with with Refs. [180] and [181], 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 exper-
iment, two distinct features (one in-gap and the other at Er) have been singled
out in a conducting LAO/STO heterojunction [221]. All these results are still
providing a rather scattered scenario which seems strongly dependent on details
of the STO surface preparation, sample growth, and postgrowth treatment, in
spite of common features that would render the samples nominally identical,
such as the TiOs-terminated surface preparation for the STO substrate and
the number of LAO unit cells grown above the substrate. Contrasting results
also appeared on band alignment profiling based on x-ray photoemission spec-
tra [188,189,213], resulting in different junctions (type I or type II).

The present investigation is based on resonant photoemission spectra of only
the 5 u.c. conductive and the 3 u.c. insulating sample. The BE alignment
has been carried out by referring to a gold clip in contact with the sample.
However, the 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*t states in
the 6.5 — 9.5 eV BE range.

Ti Ly 3 edge

In the resonant photoemission spectroscopy experiments we have collected
the valence-band region by changing the photon energy across the Ti Ly 3 ab-
sorption edge, thereby allowing an increase of the titanium-related electronic



102 The case of LaAlO3;/SrTiO; heterointerface

states in the valence-band region up to Er that would be otherwise missed by
an off-resonance tuning of the photon energy. In the resonance 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"+1 — 2p%3d"~!+e7), whereas the autoionization process ultimately
turns into the normal Auger emission and the interference effects are lost when
the photon energy is increased above the absorption threshold.

Figure 3.21 (a) shows three selected spectra of the valence band region for
both the 5 u.c. and the 3 u.c. LAO/STO!, which are collected on-resonance
(hv = 458.2 eV) and off-resonance (hv = 450.0 eV) for a Ti** configuration, as
well as the spectrum at the photon energy which maximizes the spectral weight
for the states which raise at the Fermi energy, hereafter called interface states
(IS). For both samples, the overall photoemission intensity in the VB region
follows the shape of the XAS spectrum, as shown in detail in Figure 3.21 (¢)
for selected peaks. In particular, in the 5 — 10 eV BE energy range, resonating
features related to bulk STO Ti*t energy levels can be detected, while a careful
inspection of the 0.0 — 1.5 eV BE range reveals the presence of the additional
interface states. The maximum intensity of the IS, i.e. peak F in Figure 3.21
(a) and (b), is obtained for a photon energy (hv = 459.6 V') different from the
energy where the maximum resonance of the main VB Ti** shape are detected,
i.e. peaks D and E, maximum at hrv = 458.2 eV.

The shallow core levels (A1, As, A3z) do not display resonant enhancement
at the Ti L edge, as they are related to photoemission from O 2p, Sr 4p, and
La 5p 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. Consistently with a previous study
on similar samples [180], interface states - shown in details in Figure 3.21 (b)
- are detectable also in the 3 u.c. sample, in the same energy region. The
difference spectra between the off-resonant (hv = 450.0 eV') and the on-resonant
for Ti3* (hv = 459.6 V), which are displayed in Figure 3.21 (a) as gray area
and dotted red line and hereafter denoted as resonant spectral weight (RSW),
provide 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), while a shift

1The complete sets of VB spectra changing the photon energy across the Ti L2 3 absorption
edge are reported in Ref. [29].



3.5 Band Profiling 103

(b)

---450.0eV
(a) — 459.6 eV

.

= !
STelan
i

.-y

Fi

Intensity (Arb.units)

Temeama

PR T TN TN T T T TN T N T T T N S M T [N T T S T T FERRY ARRTE ARRT FAAE

25 20 15 10 5 0 1 -1
Binding Energy (eV) BE (eV)
(c) ; .
3 Y
-@-Til,3 XAS, 5u.c. LAO-STO ALY

- @ TilL, s XAS, LaTiO, e o .
— 8 S 0@ 18 .
2 g -
g ‘-'W 5 on...n’? - -0
S | ‘@ 5uc.CIS(vB) . =
< | - 5uc.CIS(Ti) x5 ' o
= ol
n ' ] ]
15 ' :
| o 3uccisve : :

-e- 3u.c. CIS (Ti") x30 : o

o T =
|....I....|....I....l....I;...|.|;.I....1..|.I....|
454 456 458 460 462

Photon Energy (eV)

Figure 3.21: (a) Resonant photoemission spectra of insulating 8 u.c. (upper curves, red
lines) and conductive 5 u.c. (lower curves, black lines) LAO/STO heterostructures, measured
off-resonance (dashed line, hv = 450 eV), at Ti*t resonance mazimum (thin line, hv =
458.2 €V ), and at the Tt resonance mazimum (thick line, hv = 459.6 eV ). The blue vertical
lines mark the position of valence-band mazima (VBM-8 and VBM-5), which is enlarged
in the inset. Normalized resonant spectral weight (RSW) (off-resonance: hv = 450 eV;
TPt resonance: hv = 459.6 eV') of the 5 u.c. sample (shaded gray area) and of the 3 u.c.
sample (dotted line). (b) Enlargement of the interface states. Labels as in panel (a). For
the two samples, the intensities have been mormalized to the maxima of the peaks measured
at hv = 459.6 eV. (C) Constant initial state (CIS) spectra on Tt (filled circles, BE
=1.04+ 1.0 eV) and Ti*t features (filled squares, BE = 7.5+ 1.0 eV ); XAS spectra of the
5 u.c. sample (blue circles) and of a reference LaTiO3 sample (green 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).
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of 0.3 eV can be detected between the VB edges, i.e. VBM3,. and VBM5,,. in
Fig. 2(a), as well as in the La shallow core levels (A and Aj) of the resonant
spectra.

The unambiguous proof that Ti** (3d!) states contribute to the spectral
weight in the region below Ep is provided by the constant initial state (CIS)
spectra, shown in Figure 3.21 (c), which follow the Ti Ly 3 XAS? (due to bulk
Ti** STO) in the main VB resonances (squares) whereas for the interface states
the CIS data (filled circles) closely resemble the XAS profile of LaTiO3 (a bulk
Ti** compound [223]). As a last comment on Figure 3.21 (b), it is noteworthy
that peak F resonates when the photon energy is tuned not only at one of
the Ti** XAS peaks (hv = 459.6 €V), but also at the Ti** XAS peak (hv =
458.2 V'), although to a lower extent. This can be explained by the fact that at
458.2 eV the intensity of the Ti*T XAS profile (Figure 3.21 (c)) is not completely
quenched and therefore a weak Ti** resonance can be expected also at this
photon energy.

Although the photoemission spectra of the Ti*t structures seem to be sim-
ilar in the insulating and the conductive LAO/STO, their intensities are quite
different, as shown by the different scaling factor of the CIS spectra in Figure
3.21 (¢). By normalizing the RSW spectra at the 7.5 eV peak, as shown in
Figure 3.22 (a), 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
2p core line analysis on the same compounds (see Table 3.1). In addition, the
high-resolution spectra on the Ti*t peaks reveal an asymmetric line shape, as
displayed in Figure 3.22 (b). Both in the insulating and in the conducting sam-
ples, 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.
Then, the Ti** 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 recalls
the results of the Ti 2p and Sr 3d core levels obtained by XPS and discussed in
paragraph 3.3 which could tentatively ascribed to different band bending effects.

Consistently, the RSW of Figure 3.22 (a) represents the Ti 3d spectral weight
in the VB region, as well as in the gap of STO. In fact, most of the features of
the VB occupied states can be described with DFT calculations of bulk STO.

2The XAS spectrum of the 3 u.c. insulating sample is not reported in Figure 3.21 because
is indistinguishable from the XAS of the 5 u.c. conductive LAO/STO.
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Figure 3.22: (a) RSW spectra (hv = 459.6 —450.0 eV') for the 3 u.c. insulating and 5 u.c.
conductive LAO/STO samples, compared to DFT + U (U =8 eV ) d-projected DOS calcula-
tions of a STO bulk crystal taken from [29]. (b) High-resolution interface states spectra. The
intensities are normalized to the peak maxima.

However, the minimum energy separation (about 2.2 eV) between the Ti**
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 bulk-like 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 heterojunction is considered, plane projected DOS calculations (see,
e.g., Ref. [225]), 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 for the soft x-ray analysis of paragraph 3.3, 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. However, in order to proceed with our study, at
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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. A further discussion is presented in paragraph 3.6.

La M, 5 edge

The ResPES chemical selectivity has also been exploited collecting pho-
toemission data by scanning the photon energy at the La My s edge. This
opportunity provides us to resonantly enhance the contribution of lanthanum-
related electronic f states in the valence band, in the gap, and at Er. The
results are shown in Figure 3.23 (a) for selected photon energies: off-resonance
(hv = 820.0 V') and on-resonance (hv = 836 eV'). In a simple single configu-
ration atomic view, the XAS transition at the La My 5 edge drives the system
from the 3d'°4f° initial state to the 3d%4f! final state that is split into two peaks
(3d5/2 and 3dg/5) by the dominant spin-orbit interaction of the 3d electrons, as
shown in Figure 3.23 (c). The CIS profile for states around BE = 5.5+ 1.0 eV
exhibits a resonant enhancement through the La edge, as expected from La-
related states contributing to the valence band, labelled as C in Figure 3.23
(a). On the contrary, the CIS profile for states at BE = 0.5 + 1.0 eV does
not show any resonant enhancement and the intensity variations appear to be
comparable to the noise level. 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. In the event of LaTiO3 segregations due to interdiffusion at the
interface, the lack of La-related spectral weight at Er is expected. In fact, La
4f states are predicted to be nearly 4 eV above the conduction-band minimum
(see, e.g., Figure 7 (a) in Ref. [224]). This virtually leaves the spectral weight
at Ep to Ti-derived states of STO.

As in the case of the 3d states in Ti Ly 3 ResPES, the RSW at the La My 5
edge of Figure 3.23 (a) can be fairly described with {-DOS DFT calculations.
Therefore the resonating contribution of 4f electronic levels, along with that of
Ti 3d, can be used to pinpoint the energy position of the LAO valence band edge
with respect to the STO VB edge (Aysm = —0.7 €V), as shown in Figure 3.23
(b). This is valid assuming the absence of band bending in the LAO overlayer,
as proved by the lack of broadening of La core level states observed by x-ray
photoemission in paragraph 3.5.1. This is also consistent with the lack of La-O
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spectral weight at Er, because the presence of a potential gradient in the LAO
overlayer should push the valence band states towards the Fermi level and thus
a spectral weight should be observed at or near the Fermi energy due to the
occupied electronic states in the LAO surface layer [189].

3.5.3 Band alignment at the interface

The results discussed so far can be rationalized in the electronic band energy
diagram shown in Figure 3.24 (a) and (b) for the 5 u.c. conductive and 3 u.c.
insulating LAO/STO sample, respectively. A relevant bending of the conduction
band (hereafter called notch) is needed at the interface in order to account for
the 2DEG spectroscopic signature, as well as a smaller bending related to the
valence band at the junction appears essential to connect the results with those
obtained by Mg K, presented in the previous paragraphs.

First, we start considering the interface state in the 5 u.c. sample. 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 - as shown in Figure
3.22 (b) - 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, 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 [29], in agreement with our experimental
finding of 0.92 eV'. On this basis, we can estimate a depth of 0.6 eV for the notch.
The comparison with recent experimental results and theoretical calculations is
also helpful to discuss the present results. Cancellieri et al. [226] have found
IS with a width of about 0.1 eV measured at T = 11 K in samples displaying
ns = 6.5-10' em™2, in agreement with calculations based on a charge transfer
Q@ = 0.1 electrons/u.c. Even deeper bands (down to 0.4 eV below Ep at the
I' point) are expected [227] for charge densities of about 10'* e¢m=2. This
prediction is therefore consistent with our results on the 5 u.c. conductive sample
(0.6 eV) that features a measured charge density of 1.4 - 104 em=2.
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Figure 3.23: LAO/STO 5 u.c. conductive heterostructure: (a) photoemission spectra at
the La My edge, collected out-of-resonance (blue, hv = 820 eV ) and on-resonance (red,
hv = 836 eV, scaled by a factor of 0.5) conditions. Spectral difference RSW (black line)
and f-DOS DFT calculations on a LAO bulk crystal (filled orange). (b) Comparison of La
4f and Ti 3d resonating contribution with d-DOS DFT calculations on a STO bulk crystal
(filled blue). DFT calculations are taken from Ref. [29]. (c) XAS spectrum and CIS curves
collected at the La Ms5. The CIS curves have been tracked for the C band (panel a) at BE
=5.5£0.1 eV and for the in-gap states at BE = 0.5 £ 0.1 eV.
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From Figure 3.23 (b) we can measure both the VB shift between the STO
VBM and the LAO VBM at the interface (A%, = 40.7 V) and the absolute
position of the LAO VBM. Otherwise, according to the fitting of shallow core
level and VB spectra (VBOgcr+vi) presented in paragraph 3.4.1, below the
interface the STO VBM is found above the LAO VBM, resulting in A{4K, =
—0.1 eV. Therefore, we are able to reconstruct the extent of the VB bending
equal to 0.8 eV.

Assuming an energy gap of 3.2 eV for bulk STO, the conduction band min-
imum (CBm) is found at 0.5 eV above Ep, yielding a remarkably notched en-
ergy level profile at the interface. This value is higher with respect to the one
(0.28 V') measured by cross-sectional scanning tunneling microscopy [219], but
in the light of experimental indeterminacy the two results can be regarded as
consistent with each other. Then, considering the energy gap of LAO as 5.6 eV,
we have completed the band diagram for the 5 u.c. conductive LAO/STO sam-
ple, as shown in Figure 3.24 (a). Finally, we can observe a straddling gap (i.e.,
type I) heterojunction, which is in agreement with the experimental evidence
provided in Refs. [219] and [188], but at odds with other studies based on XPS
data [189,213]. In particular, the difference with respect to the results presented
in Ref. [189] for a 5 u.c. sample grown at Pp, = 1-10~% mbar are due to the
different alignment of VBM of STO with respect to LAO (A%4k = +0.35 eV),
resulting in a straddling gap (type II) heterojunction.

Concerning the 3 u.c. case, the inset of Figure 3.21 (a) evidences a BE shift
(= 40.3 eV) of the STO VBM to higher BE with respect to the 5 u.c. sample
(VBM3y. vs VBM5,.). Since all the 3 u.c. spectra are aligned to the 5 u.c.
spectra by referring to the centroid of the resonant emission of Ti**t states in
the 6.5—9.5 eV BE range, the relative shift between VBM3,,. and VBMs,,. must
be related only to the displacement of the LAO band (which, in facts, exhibits
the VBM at lower BE than the STO VBM, see Figure 3.23 (b)). In other
words, by the shift of =~ +0.3 eV of the VBMj3,,. we obtain both the absolute
BE position of the LAO band and the VB offset between STO and LAO at the
interface, which is At = +0.4 eV. As AW was estimated to be —0.2 eV
from XPS data (VBOscrL+vB, paragraph 3.4.1), we can assess the extent of the
VB bending which is equal to 0.6 eV

Considering the aforementioned energy gaps for STO and LAO, we manage
to complete the band diagram which again displays an heterojunction of type
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Figure 3.24: (a) Band diagram for the LAO/STO 5 u.c. conductive heterojunction. The
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Figure 3.25: Sr 3d core level of (a) STO, (b) 5 u.c. conductive and (c) 3 u.c. insulating
LAO/STO sample by XPS K, line. In panel (a) the gaussian fitting curves of experimental
data are presented. Panel (b) and (c) display the calculated spectra on the basis of the VB
offset at the interface of 0.8 eV and 0.6 eV, considered in the band diagrams of Figure
83.24, for the 5 u.c. and the 3 u.c. sample, respectively. The core level shapes used for the
calculations are the fitting curves of panel (a).

I (straddling gap), as shown in Figure 3.24 (b). It is worth observing that
when a relatively small value for A%E =~ is retrieved from the fitting of the
valence-band photoemission data, the discrimination between a type-I and a
type-1I junction can be affected by some degree of uncertainty, here estimated
as £0.2 eV for both the samples. 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,

as represented in Figure 3.24 (b).

As a confirmation of the analysis so far obtained, we consider the increasing
broadening for the Ti 2p and the Sr 3d core levels from the bare STO com-
pound to the 3 u.c. and 5 u.c. LAO/STO heterostructures, reported in Table
3.1. Among all the possibilities discussed in paragraph 3.3 for justifying such
a broadening, we have invoked an intrinsic origin like a band bending. On the
basis of the STO VB bending at the interface (i.e. 0.8 eV and 0.6 eV for the
5 u.c. and the 3 u.c. sample, respectively) and evaluating in first approxima-
tion the extent of this band bending of about 2 u.c. below the heterojunction
(from the depth assessment of the 2DEG deduced from Figure 3.11 (a)) we
have calculated the Sr 3d core level by the BriXias code, as shown in Figure
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3.25. Considering the gaussian fitting curves for the bare STO? in Figure 3.25
(a) as the representative shape for a lack of band bending, we have calculated
the relative intensities of the Sr 3d peak for the first two STO layers below
the interface, as well as the STO bulk contribution, thereby obtaining the total
shape by summation. As shown in Figure 3.25 (b), the calculated spectrum for
the 5 u.c. sample appears to be slightly more broadened than the experimental
data, whereas a good match is presented for the 3 u.c. case, displayed in Figure
3.25 (¢). Remarking that the resulting calculated spectra are not fitting curves,
we can conclude that the measured VB bending, along with the approximated
extent of 2 u.c. for bending, well explain the increasing of broadening in the two
LAQO/STO samples, even if a more accurate shape in the simulations (e.g., the
Voigt function) would be necessary to reach a more precise result.

3.6 About the origin of the interface states

In the following paragraphs we will discuss the origin of the interface states,
with a special attention to the photo-induced effects due to the x-ray exposure.
Indeed, the sensitivity of LAO/STO samples both to UV (380 nm, correspond-
ing to the STO gap, 3.2 eV) [209] and ambient light* (395 nm, slightly below the
STO gap, 3.1 eV) [229] is well known®, to such an extent that transport mea-
surements [209] - and sometimes also x-ray photoemission experiments [189,221]
- are carried out on samples stored in the dark for a long time. However, other
perovskitic heterostructures [228] have also displayed a similar behavior, reveal-
ing for high resistance samples an enduring character even for subgap photons,
which can be ascribed mainly to the polar discontinuity at the interface rather
than the materials involved; in this context, the persistence of photodoping ef-
fect is explained as the spatial separation between the excited electrons and
holes in the presence of a strong electric field at the junction [229].

A similar explanation has been recently invoked by Berner et al. [189] due to
x-ray exposure. Even high-energy photon may create electron-hole pairs which

38r 3d core level of bare STO exhibits the narrowest FWHM with respect to the LAO/STO
heterostructures, as reported in Table 3.1.

4This case is proved only for LAO/STO samples fully oxidized by a post-annealing treat-
ment in Oz at 573 K for 12 h. Such a procedure allows to increase the resistance of the
heterostructures by a factor of 50 than the value measured for the as-grown samples.

5The same issue was preliminary introduced in paragraph 3.3.
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undergo a spatial separation caused by the polar field, accumulating electrons at
the interface and holes at the surface. Thereby, the resulting charge separation
could lead to a compensation of the potential gradient in the LAO film, making
the band flat for an x-ray photoemission investigation. Nevertheless, taking into
account these considerations, Slooten et al. have evidenced that is not possible
to clearly determine any modification in the core level shape or BE position in
the time scale needed to carry out a soft x-ray experiment, even reducing the
photon flux [184]. However, an alternative point of view can be provided by the
study of Plumb et al. [230], which have shown an enhancement of the interfa-
cial metallicity due to the x-ray irradiation but ascribed to induced-structural
distortions of the surface/interface region of STO such as to accommodate elec-
trons at the interface. Exploiting a beam flux above 104 photons/sec (more
than one order of magnitude higher with respect to the Berner’s study), the
latter interpretation has been supported by an evident modification of the Ti
Ly 3-edge XAS spectrum from a typical Ti*t shape to a Ti** configuration after
3 h of irradiation, as well as a spectral weight transfer from Ti** to Ti** in the
Ti 2p core level (see Fig. 2 (a) and (b) of Ref. [230]).

The resonant data presented in section 3.5.2 were collected at BACH beam-
line, Sincrotrone ELETTRA (Trieste), whose typical spot size in the energy
range used for the experiments is around 250x20 pm? with a flux of about 10!
photons/s, much lower with respect to the aforementioned studies [189, 230].
In facts, we can easily rule out the x-ray induced-metallicity case suggested by
Plumb et al. [230] considering the XAS spectra at the Ti Ly 3 edge of Figure
3.26, in which different exposure times of the x-ray beam are taken into account
and no clear change is detectable, except for slight variations in the XAS shape
which are mainly ascribed to the procedure for the background subtraction.

Alternatively, for these data we may take into account the interpretation of
Berner et al. [189], even though we have never observed any change in the IS
intensity upon exposure to synchrotron radiation for several days. This should
rule out that the x-ray irradiation is the driving mechanism for the 2DEG origin,
unless the effect occurs immediately upon irradiation, reaches the saturation in
a time frame faster than the acquisition time for a photoemission spectrum
and remains constant over several days. Nevertheless, 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
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Figure 3.26: XAS spectra collected at the Ti Ly 3 edge for the 5 u.c. conductive (blue and
red) and the 3 w.c. insulating (grey) LAO/STO sample after different z-ray exposure times
and different orientations with respect to the beam incident direction.

to the 5 u.c. sample, as shown in Figure 3.22 (a). 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. Therefore, as mentioned
in the previous paragraphs, we regard the Ti*t spectral weight evidenced for
the 3 u.c. insulating sample as due to an extrinsic origin, whereas the extra
contribution shown for the 5 u.c. conductive LAO/STO is considered as related
to the presence of the 2DEG.

On the other hand, it is rather interesting to observe that interface states
are different from those expected for several other compounds, as shown in Fig-
ure 3.27. For instance, a conducting Nb-doped SrTiOgs layer (adapted from
Ref. [234]) exhibits a spectral weight constituted by an incoherent emission (de-
fect states at high BE) and a coherent emission at Ep. This indicates that the
states we observed at Ep in the LAO/STO interface are distinctive of the hetero-
junction rather than being related to the surface of an isolated STO substrate.
Furthermore, it is known that defects in SrTiOs_, (adapted from Ref. [232]) or
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Figure 3.27: (a) Fermi edge of the gold film deposited on the clip in contact with the
specimen. (b) Interface states for the 5 u.c. conductive LAO/STO. Resonant high-resolution
spectra of several in-gap states taken from literature: (c) TiO2_4 (adapted from Ref. [251]),
(d) SrTiO3—_, (unpublished data [232]), (e) LaySri—z TiO3 (adapted from Ref. [233]), (f) 4
u.c. LAO/STO taken on Ti3T resonance, hv = 459 eV at 20 K (adapted from Ref. [221]), (g)
4 u.c. LAO/STO taken on Ti*t resonance, hv = 460.2 eV at 20 K (adapted from Ref. [221]),
(h) 5 u.c. LAO/STO grown in po, = 51073 mbar which evhibits high resistance (HR)
(> 10 Q) at hv = 458.3 eV (adapted from Ref. [181]), (i) 6 u.c. LAO/STO grown in the
ozygen poor (OP) pressure of 4.5 - 107 mbar at hv = 458.3 eV (taken from Ref. [181]), (1)
Nb:SrTiO3 (adapted from Ref. [234]).
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TiO2 (adapted from Ref. [231]) single crystals (which can be taken as a reference
system for the TiOs-terminated surface of the STO substrate) may contribute
to in-gap states far from Ep, even in slightly sub-stoichiometric rutile sam-
ples [231] or single crystals where defects are created by several annealing and
ArT ion sputtering cyclesS, at an energy distinctively different from the 3d!
states probed in the present experiment.

However, a difference appears between our 5 u.c. sample measured at room
temperature and the data presented by Berner et al. (adapted from Ref. [221])
on a conducting 4 u.c. LAO/STO sample measured at 20 K, where two distinct
emissions at Er (A) and about 1.5 eV below Er (B) were observed. These
contributions are related to delocalized (A) and localized (B) states, where the
A states are identified to form the 2DEG at the interface while the B states
are ascribed to trapped states due to oxygen vacancies around the Ti sites.
A discrepancy is evident also for the data presented by Koitzsck et al.. In
particular, the 6 u.c. LAO/STO (adapted from Ref. [181]) grown in oxygen
poor (OP) atmosphere (< 1075 mbar) exhibits another different shape on Ti**
resonance (hv = 458.3 eV'), which is spread out within 2 eV from the Fermi
level and was ascribed to a component (C) due to lattice defects and oxygen
vacancies formed during the oxygen-poor deposition and to a contribution (D)
distinctive of the metallic nature of the interface states. In facts, it is known that
oxygen vacancies can provide excess charge that eventually fills the STO states
at the interface [235]. Differently, despite of a growth in high oxygen pressure
(5-1073 mbar), the 5 u.c. LAO/STO sample (adapted from Ref. [181]) exhibits
an high sheet resistance (> 10 Q) and shows on Ti** resonance (hv = 458.3 V)
only in-gap states (E) 1 eV far from Ep. The latter is however overlapped to
a foot structure (F) present even for off-resonance measurements, which was
tentatively ascribed to disorder during the growth and related to the O 2p
band. Nevertheless, our 5 u.c. LAO/STO samples shows a low sheet resistance
(5.5 kQ) with respect to the previous case, even though is grown in an oxygen-
rich atmosphere (Pp, ~ 1072 mbar) which places it quite far from the conditions
(Po, ~ 1075 mbar) where a relevant effect of the oxygen vacancies is expected

6The reference spectrum for SrTiO3_, taken on Ti3t resonance at hv = 459.6 eV is an
unpublished data collected at the ALOISA beamline, Sincrotrone ELETTRA (Trieste). The
experiment was carried out on a single crystal STO (10x10x0.5 mm) obtained from MaTecK
GmbH, which was annealed at 600°C for 33 min, sputtered by Art ions at 1 keV for 15 min
and then annealed above 600°C in oxygen pressure of 2-10~7 mbar [232]
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[222]. Therefore, for the present sample oxygen vacancies are not expected to
be the major source of doping, as also evidenced by a different shape and BE
position of the interface states.

Finally, it is worth observing that a model compound for the LAO/STO
interface can also be the La,Sr;_,TiOg3 system, as interdiffusion of La into the
STO lattice observed in LAO/STO (see, e.g., Refs. [185,190,191]) may lead to
the formation of mixed La-Sr-Ti oxide phases. For the La,Sr;_,TiOg3 system,
both an emission at Er and a broad band peaked at about BE = 1.5 eV are
observed (adapted from Ref. [233]), the latter also being present in undoped
LaTiOg single crystals [236]. The common understanding is that La substitution
introduces electrons into the conduction band of STO, a spectral weight at Ep
appears, and La,Sr;_,TiO3 becomes metallic for = as small as 0.1 [233]. 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;_,TiOg3, suggesting that
the observed states cannot be related to interdiffusion in a straightforward way.
In fact, we observe states at Ep as if charges are injected into STO by Sr
substitution with La, but we do not observe the band peaked at BE = 1.5 eV,
characteristic also of undoped LaTiO3 [236].

3.7 High photon flux photoemission electron mi-
croscopy and micro-spectroscopy

In this paragraph we will present both x-ray spectroscopy and microscopy
data, such as XPEEM (X-ray Photoemission Electron Microscopy), XAS-PEEM,
p-XPS and MEM (Mirror Electron Microscopy). These experiments were col-
lected at NANOSPECTROSCOPY beamline, Sincrotrone ELETTRA (Trieste),
whose typical spot size in the energy range used for the experiments is around
7x2 pm? with a flux of about 10! photons/s, which means a photon flux per
wm? above 2 orders of magnitude higher with respect to data acquired at BACH
beamline so far presented. The latter allows us to emphasize the photodoping
effect - if present - and possibly recognize its role in the arise of conductivity
at the interface. In addition, by means of these techniques we are able to later-
ally investigate the chemical homogeneity in a nanometer scale and monitor the
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evolution of the electronic properties of the sample under the x-ray irradiation
as a function of time of exposure. While a reduction of Ti from 4+ to 3+ is
evident due to the x-ray irradiation, we have also observed a regeneration of Ti
under the exposition of the sample to low oxygen pressures (107 — 10~ mbar)
at room temperature during the measurements. In this section we will focus
only on the LAO/STO 5 u.c. conductive sample.

3.7.1 Photoemission electron microscopy data

Figure 3.28 (a) shows a MEM image for a pm-sized area of the surface.
Despite of a preliminary UV+QOj3 cleaning procedure, intensity variations of the
reflected electrons on the sample surface are clearly detectable and tentatively
ascribed to carbon islands (dark regions). This interpretation can be confirmed
by XPEEM of Figure 3.28 (b-c) and 3.29 (a-c). Counsidering the same detection
region for the MEM image, Figure 3.28 (b) displays an XPEEM image (at the
energy corresponding to the Al 2s core level) with a non homogeneous intensity
which traces the island structures of Figure 3.28 (a), as labeled by numbers
1-5. Taking into account different flat regions (red squares) and different island
structures (green shapes), we have obtained the average XPS spectra for these
areas, as displayed in Figure 3.28 (c). Normalizing the intensity of the Al 2p
core level, no variations in the integrated areas are detected for the Sr 3d and
Al 2s peaks. Differently, a discrepancy of about 5% is present for La 4d core
level, which seems to exhibit a transfer of the spectral weight at BE = 98 eV.
Since the change is evident only for the flat areas, we rule out the possibility
that such a contribution is an Auger peak, because it should be detectable also
for the island regions without modifying the relative integrated areas for all the
core levels.

Moreover, Figure 3.29 (a) shows an XPEEM image (at the BE corresponding
of C 1s core level) for another region of the sample surface. Also in this case,
flat zones (in grey color) and islands (in white) are evident, despite of a reduced
irradiated area of the sample surface. Figure 3.29 (b) and (c) display the C
1s and La 5p core levels for the different areas, i.e. the red square for the flat
zone and the blue circle for the island. By normalizing the integrated area of
the La 5p peaks (Figure 3.29 (c)), the intensity of C 1s is higher for the island
region with respect to the flat zone (blue-dotted line, Figure 3.29 (b)). This
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Figure 3.28: LAO/STO 5 u.c. conductive sample: (a) MEM image for the surface region
under investigation; carbon islands are evident in dark color. (b) XPEEM image (at the Al
2s core level) for the same region of panel (a) at hv = 420 eV. Numbers from 1 to 5 point
out the island structures shown in panels (a) and (b). Flat areas (red squares) and carbon
islands (green shapes) are selected to obtain (c) average XPS spectra for the BE range of the
Sr 3d, Al 2s, La 4d and Al 2p core levels.
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evidence allows to achieve two conclusions: first, the flat zones also exhibit
a carbon contamination - as expected without an in-situ cleaning procedure
before the experiments - and, secondly, we can definitely recognize the chemical
composition of the islands as compact carbon regions - probably graphite islands
originating from the hydrocarbon contamination of the surface under the high-
brilliance synchrotron beam, in a similar way to what generally happens for the
surface of beamline mirrors exposed to synchrotron radiation [237].

On this basis, we tentatively explain the shape modification of La 4d peak
of Figure 3.28 (c). Since this effect seems to be related only to the lack of the
compact carbon islands, we may speculate that otherwise the presence of carbon
island can somehow shield the LAO surface from defects, structural changes or
charging effects due to the direct x-ray beam exposure, as we probably expected
from the increase in photon flux per um?.

@ Oy | ©
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Figure 3.29: LAO/STO 5 u.c. conductive sample: (a) XPEEM for the C 1s core level. A
carbon island (blue circle) and a flat area (red rectangle) are selected for the average XPS of
the (b) C 1s and (c) La 5p core levels.

For a different surface area of the sample, Figure 3.30 (a) shows a XAS-
PEEM image in partial yield at the Ti Ly 3-edge which can also detect an inten-
sity modulation ascribed to carbon islands. In fact, considering three different
regions - i.e. a flat zone in the red circle, a carbon island in the green rectan-
gle and an average region in the black circle - we can obtain two information:
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as shown in Figure 3.30 (b), the XAS profiles appear (i) very similar to one
another(dotted lines) and (i7) comparable to the XAS spectrum collected with
low-flux (at BACH beamline, as already presented in Figure 3.21 (a)). These
evidences allow us to assert that our experimental condition is different than
that reported by Plumb et al. [230], which exhibits a clear shape modification
towards a LaTiOg structure. This can be justified by the fact that we are in a
intermediate photon flux per um? (=~ 10'® photons/s) with respect to Ref. [230]
(10'* photons/s) and our previous data with low-flux (10! photons/s).

XAS Ti L-edge

--@- Average
Area
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-@- Flat Area
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Figure 3.30: LAO/STO 5 u.c. conductive sample: (a) XAS-PEEM of a micro-sized region
for v =457 eV. A flat region (red circle), a carbon island (green rectangle) and an average
region (black circle) are selected for (b) average XAS spectra. The XAS in blue-shaded is
taken from Figure 3.21 (c) as reference for an experiment obtained by a low-fluz z-ray beam.

3.7.2 u-XPS data as a function of the x-ray exposure time

In this section we are interested to monitor the possible evolution of the
electronic states in relation with the time of exposure to the x-ray high-flux
beam. For this purpose we exploit u-XPS experiments for the Sr 3d, La 4d, Al
2s, as well as Ti 2p in order to enhance, if existing, the relation between the
x-ray exposure and the electronic states related to Ti®T oxidation states.

Figure 3.31 (a) displays the rough data for the Sr 3d core level as a function
of the irradiation time. The experiment started from a surface area exposed
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to the beam for a long time. At about ¢ = 200 sec, a black arrow points out
the time when the sample was laterally shifted of ~ 60 um to detect a not-yet-
irradiated pm-surface region. Exactly at that time, a rigid BE shift of the core
level peaks ascribed to charging effects is detected. Figure 3.31 (b) shows the
present data aligned in BE for the analysis. The labels (A-E) on the right of
Figure 3.31 (b) indicate the time intervals in which the average pu-XPS§ profiles
for the Sr 3d core level are measured. The latter spectra are displayed in Figure
3.31 (c), where no significant changes of the lineshape can be noted.

In a similar way, Figure 3.32 (a) shows the evolution of the La 4d core
level from a long-time irradiated surface area to a region not yet exposed to
synchrotron light. This change is marked by the black arrow on the left axis.
As before, a BE shift of La 4d peaks is present. Figure 3.32 (b) represents the
previous panel aligning the spectra at La 4ds/, peak and the labels (A-F) on
the right axis select the time intervals considered for the analysis. Unlike the
Sr 3d case, here a change in the lineshape of La 4ds/, is observed, as well as a
clear decrease of 0.3 eV in the peak maxima separation of the two spin-orbit slit
components, displayed in Figure 3.32 (¢). Panel (d) shows the average u-XPS
profiles for the intervals A-F of panel (b). All spectra are normalized by the
integrated area. As indicated by Figure 3.32 (c) and spectra in Figure 3.32 (d),
La 4d core level tends to recover the long-irradiated shape (label A, red solid
line) but on a time scale which exceeds that monitored for this experiment.

The pu-XPS experiment for the Al 2s core level is resembling the La 4d case.
Figure 3.33 (a) displays a pronounced charging effect after the change to the
unexposed region, which is marked by the black arrow on the left axis. The BE
alignment shown in Figure 3.33 (b) allowed us to evaluate the FWHM variation
of FWHM, as fully described by Figure 3.33 (¢). In addition, Figure 3.33 (d)
shows the u-XPS profiles normalized by the integrated area for the time intervals
labeled as A to E on the right of Figure 3.33 (b). Moreover, it is interesting to
note in Figure 3.33 (c) a faster recovering to the starting condition with respect
to the La 4d case.

The data so far presented appear to be strongly layer-dependent. In fact,
it is noteworthy that the most evident discrepancy occurs between the Sr 3d
and the cation core levels of the LAO film (i.e. La 4d and Al 2s); the former
is totally unchanged under the x-ray exposure, whereas the latter pair exhibits
lineshape modifications as a function of the irradiation time but with different
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Figure 3.31: LAO/STO 5 u.c. conductive sample: (a) pu-XPS of Sr 3d core level as a
function of the z-ray exposure time, using hv = 459.6 eV. The black arrow points out the
time of shift from a long-irradiated surface area to a not-irradiated region. (b) Data of panel
(a) aligned in BE to correct the BE shift due to charging effects. Labels on the right (A-E)
indicate the time intervals in which the average u-XPS profiles of panel (c) are obtained. (d)
All spectra are normalized by the integrated area.
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Figure 3.32: LAO/STO 5 u.c. conductive sample: (a) pu-XPS of La 4d core level as a
function of the z-ray exposure time, using hv = 459.6 eV. The black arrow points out the
time of shift from a long-irradiated surface area to a not-irradiated region. (b) Data of panel
(a) BE-aligned at La 4ds;o peak to correct the BE shift due to charging effects. Labels on
the right (A-F) indicate the time intervals in which the average pu-XPS profiles of panel (d)
are obtained. (c) Energy separation between the peak mazima of La 4d3/2 and La 4ds;3 as a
function of the z-ray exposure time. (d) All spectra are normalized by the integrated area.
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Figure 3.33: LAO/STO 5 u.c. conductive sample: (a) u-XPS of Al 2s core level as a
function of the z-ray exposure time, using hv = 459.6 eV. The black arrow points out the
time of shift from a long-irradiated surface area to a not-irradiated region. (b) Data of panel
(a) aligned in BE to correct the BE shift due to charging effects. Labels on the right (A-E)
indicate the time intervals in which the average u-XPS profiles of panel (d) are obtained. (c)
Full width at half mazimum (FWHM) for the Al 2s peak as a function of the z-ray exposure
time. (d) All spectra are normalized by the integrated area.
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recovering dynamics. The origin for these phenomena may be tentatively as-
cribed to charging of the insulating LAO layers and/or beam-induced damages
at the topmost layers.

Nevertheless, the most interesting case appears to be the Ti 2p core level
described below. Figure 3.34 (a) shows the u-XPS spectra as a function of the
exposure time, while Figure 3.34 (b) shows the stack of BE-aligned spectra. As
the previous cases, the black arrow points out the moment of change from a long-
exposed surface region to a non-irradiated area. Different time intervals, which
are labeled on the right of Figure 3.34 (b), are averaged to display the u-XPS
profiles of Figure 3.34 (c), normalized by the integrated area. As expected by
the results of Plumb et al. [230], Ti 2ps /> shows a reduction from Ti** to Ti**,
which increases with time reaching the starting condition about within 4000 sec.
Figure 3.35 (a-f) display the fitting curves for the time intervals selected (A-
F), using a double-Voigt function for the fits. The results for the Ti%*/Ti**+
area ratios and the BE difference (A(BFE)) between the two contributions are
reported in Table 3.6. Considering the area ratios, we obtain higher values
with respect to the 0.056 reported in Table 3.1. Here, we can note that the
Ti%*+ /Ti*t ratio varies by a factor 4 from the long- to the not-yet irradiated
condition. Concerning the A(BE) between Ti** and Ti*T, we measure a small
shift within 0.18 eV (close to the energy resolution of the experiment of 0.15 eV);
the largest BE difference (1.82 eV') is observed for the lowest ratio (0.15, B)
whereas the smallest A(BE) = 1.76 — 1.77 are present for the highest reduction
cases (0.68 — 0.66, A and F, respectively).

Ceasing the analysis at this point would not allow us to assert anything
decisive for the physics of the system, because the Ti** contribution may be
ascribed to several origins, such as the formation of oxygen vacancies in the
STO side [204, 215], disorder-induced defects [181], structural distortions in-
duced by the beam exposure [230] or oxygen vacancies on the LAO surface
which induce a charge confinement at the interface [184,216]. However, an ad-
ditional feature can be provided exposing the sample to low oxygen pressure at
room temperature during the experiment. As shown in Figure 3.36 (a) and (b),
starting from a long-irradiated area (A, red-dotted line) with a base pressure of
4.7-1071% mbar we can detect an highly-reduced Ti 2p shape as in the previous
analysis, but if we insert oxygen during the measurement reaching a pressure
of 3.0 - 1078 mbar (B, green-dotted line) we can note a reduction of the Ti3*
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Figure 3.34: LAO/STO 5 u.c. conductive sample: (a) u-XPS of Ti 2p core level as a
function of the z-ray exposure time, using hv = 760 eV. The black arrow points out the
time of shift from a long-irradiated surface area to a not-irradiated region. (b) Data of panel
(a) aligned in BE to correct the BE shift due to charging effects. Labels on the right (A-F)
indicate the time intervals in which the average pu-XPS profiles of panel (c¢) are obtained. All
spectra are normalized by the integrated area.
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Figure 3.35: LAO/STO 5 u.c. conductive sample: fitting curves for the Ti 2p3 o core level
w-XPS spectra of Figure 3.34 (c). A double Voigt function is used for the fitting procedure.
Time interval A (a), B (b), C (c), D (d), E (e) and F (f) are displayed. The fitting results
are summarized in Table 3.5.
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spectral weight. In addition, increasing the oxygen pressure by one order of
magnitude up to 2.3 - 107 mbar, a further decrease od the Ti** contribution
occurs (C, grey-dotted line). Then, once terminated the oxygen exposure and
almost recovering the base pressure, 5.6 - 107 mbar (D, blue-dotted line), the
Ti 2p core level appears to reduce again. Indeed, the Ti3* contribution in the
latter condition (D) does not exhibit a complete reduction as in the starting
point (A), however, we have to consider that the x-ray flux was changed (i.e.,
decreased) with respect to the preceding experiment of Figure 3.34 and then
the starting position (A) could be taken advantage of both a longer and more
intense photon flux.

In comparison with the u-XPS experiment without the oxygen exposure, here
the lower noise-to-signal ratio allows a more careful fitting analysis considering
two different Ti** peaks, as shown in Figure 3.36 (b) (labeled A and B). This
choice takes into account the possibility that the interface states originating the
2DEG can be related only to one of them, whereas the remaining peak may be
ascribed to structural defects as presented by Koitzsch et al. [181]. The fitting
results are displayed in Figure 3.36 (c) for the A interval, (d) for B, (e) for C and
(f) for D, while the area ratios and the difference in the BE positions among
the Ti*t, Ti?’;r and Ti?gr contributions are reported in Table 3.6. With the
intent to find out a rationale among the area ratios, we can note that the scale
factors among the time intervals A-D are nearly the same for TiixJr /Ti** and
Ti3B+ /Ti**, which tends to rule out that TiSA+ and Ti‘ﬁ'i_;L are related to a different
origin. In addition, the BE differences do not appear connected to the oxygen
exposure, showing a decrease for both A(BFE) values from A to D time window,
which should represent nearly the same condition (in terms of Ti reduction).
Concerning instead the Til}, /Ti**, in this case we are allowed to make a direct
comparison with the results of Table 3.5. Despite of a marked decrease between
the pair of A and D ratios of Table 3.6 (0.44 and 0.41, respectively) and that of
A and F cases of Table 3.5 (0.68 and 0.66, respectively), which can be attributed
to different photon fluxes”, it is noteworthy that the relative scale factor between
the highest Ti reduction cases (A and F, Table 3.5; A and D, Table 3.6) and the
lowest Ti reduction condition (B, Table 3.5; C, Table 3.6) are almost the same®
(4.46 for Table 3.5 and 4.72 for Table 3.6). Since the photon fluxes are indeed

7Spectra are not normalized to the photon flux.
8The scale factor between the highest and the lowest Ti reduction cases for results in Table
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Figure 3.36: LAO/STO 5 w.c. conductive sample: (a) p-XPS of Ti 2p3/y core level
as a function of the beam irradiation time in exposure of different oxygen pressures, using
hv = 760 eV. Labels on the right (A-D) indicate the time intervals in which the average
w-XPS profiles of panel (b) are obtained. The right panels (c-f) show the fitting curves of the
Ti 2p3/9 core level for the time interval A (c), B (d), C (e) and D (f). The fitting results
are summarized in Table 3.6.



3.7 High photon flux photoemission electron microscopy and
micro-spectroscopy 131

different, this coincidence of factors may be a sign that under oxygen exposure
of the sample at room temperature is possible to probe the same Ti?t spectral
weight with respect to a not-yet irradiated region. In these terms, the oxygen
exposure may regenerate the intrinsic oxidation of Ti, which is unavoidably
modified by the lengthened exposure to the x-ray beam, as long as the oxygen
pressure is enough to balance the reduction process (at least 10~ mbar).

Data Time | Ti*t/Ti'" A(BE)
Fig. 3.35 interval | Area ratio Ti*T-Ti'" (eV)
a A 0.68 1.76
b B 0.15 1.82
¢ C 0.36 1.68
d D 0.66 1.69
e E 0.65 1.71
f F 0.66 1.77

Table 3.5: Results from the fitting analysis of Figure 3.35 (a-f). The area ratios and the
binding energy differences between Tt and Ti*t contributions are reported.

At this point it is crucial to understand the origin of the Ti3* states among
the aforementioned options - i.e. oxygen vacancies at the interface, interfacial
defects, structural distortions and surface oxygen vacancies. For this purpose,
other experiments are needed to clarify the intricate scenario, for instance, a
possibility could be to investigate the valence band and the gap region both in
Ti?* and Ti** resonance condition in order to determine (i) which kind of in-
gap states are generated by the high-flux beam exposure (e.g., interface states or
in-gap states or both), (i7) if it is possible to recognize a connection between the
latter states and the Ti** contributions evidenced for the Ti 2p core level, (iii)
if they exhibit a response to the oxygen exposure and (iv) if this effect can be

3.5 is given by:

(A+F)/2 _ (0.68+0.66)/2

= 4.46
B 0.15
For results in Table 3.5 the following formula is used:
A+ D)/2 44 A41)/2
(A+D)/2 _ (044+041)/2 _

C 0.09
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compared with the regeneration process so far discussed. Moreover, in the case
that there is a connection between the interface states probed with low-flux and
the additional states induced by the x-ray exposure, we should also answer (v)
if the origin of the additional states follows the same mechanism of the states
at the origin of the 2DEG. Otherwise, supposing that the interface states are
different from those induced by x-ray irradiation exposure, (vi) a comparison
with the spectra reported in Figure 3.27 could be useful to obtain further hints
about the effect of the x-ray beam on the LAO/STO system.

Data Time | Tij}/Ti*t TS /Titt  Tig/Titt A(BE) A(BE)
Fig. range ratio ratio ratio Ti134+-Ti4+ Ti?‘-Ti4+
3.36
c A 0.44 0.35 0.10 1.80 eV 2.84 eV
d B 0.21 0.15 0.06 1.80 eV 2.71 eV
e C 0.09 0.06 0.03 1.74 eV 2.50 eV
f D 0.41 0.24 0.16 1.58 eV 2.46 eV

Table 3.6: Results from the fitting analysis of Figure 3.36 (c-f). The area ratios and the
binding energy differences among Tii{*', Tif;' and Ti*t contributions are reported.

3.8 Conclusions

In this chapter, we have studied three LAO/STO heterostructures - i.e. the
5 u.c. conductive, 3 u.c. insulating, and 5 u.c. insulating sample - by means
of various soft x-ray photoemission spectroscopy techniques. The main results
can be summarized as follows. In Figure 3.9 we have detected a La/Al stoi-
chiometry discrepancy among the samples in relation with the oxygen partial
pressure during the growth, whereas Figure 3.10 has shown the presence of a
Ti3T contribution related to the Ti 2p core level. The resulting Ti3* /Ti** ra-
tios - reported in Table 3.1 - have been interpreted in terms of sheet carrier
density at the interface - as shown in Figure 3.11 - obtaining an evaluation of
the depth distribution of the Ti*t ions below the junction. Furthermore, the
band offset analysis has been carried out by two different approaches, i.e the
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Kraut’s method and the linear combination of the VB spectra of the parent com-
pounds (bare STO and LAO) to match the VB profile for the heterostructures.
On the basis of the obtained results and resonant photoemission measurements,
the band diagrams for the 5 u.c. conductive and the 3 u.c. insulating samples
have been reconstructed in Figure 3.24 and the interface states related to the
2DEG have been evidenced and compared with other in-gap states of different
compounds, as shown in Figure 3.27.

Besides, exploiting an high-flux p-sized focused x-ray beam, the chemical ho-
mogeneity on the nm-scale has been proved by an XPEEM analysis (Figure 3.28
and 3.29), which ascribes the modulation of the photoemission intensity only to
different carbon contaminations (i.e. common adventitious hydrocarbon in the
flat regions or compact islands). Indeed, the chemical homogeneity is further
remarked by the results from the XAS-PEEM (Figure 3.30), which evidence an
nm-scale homogeneous XAS Ti L-edge referred to a Ti*t oxidation state, with-
out signatures of Ti** configuration despite of a 2 h long acquisition time. This
fact excludes - at least for the sample under investigation and for the photon
flux used for the experiment - the case of structural distortions, such as Ti-O
buckling invoked by Plumb et al. [230]. Another hint, which suggests that the
x-ray irradiation may not influence the crystal structure in the bulk, stems from
the unexpected lack of shape deformations of Sr 3d in u-XPS measurements
as a function of the exposure time (Figure 3.31). The latter has a significant
importance in comparison with the other u-XPS results of La 4d and Al 2s
(Figure 3.32 and 3.33, respectively), which differently show evident changes in
the core level lineshape. Furthermore, Al 2s exhibits a different relaxation time
with respect to the La 4d case (Figure 3.32 (¢) and Figure 3.33 (c), respectively),
recovering the long-irradiated condition apparently in half the time. These facts
not only evidence a diversity between the bulk elements (Ti and Sr) and the film
elements (Al and La), but even show a different behavior between the elements
belonging to the same compound (between Al and La), as if the effects of x-ray
exposure have different consequences on different elements. Finally, concerning
the Ti 2p u-XPS data of Figure 3.34 and 3.36, we have detected an increase of
the Ti*t contribution as a function of the x-ray irradiation and a regeneration
of the original condition after the exposure of the sample in low oxygen pressure
at room temperature. Thus, considering that (i) the Ti** states are located
at the interface and (ii) it is reasonable to believe that the molecular oxygen



134 The case of LaAlO3;/SrTiO; heterointerface

reacts with the sample surface, we are encouraged to suggest that the origin of
the Ti%* states is more likely connected to the surface rather than the interface.
Therefore, on the basis of the comparison among different in-gap states of
paragraph 3.6, we may rule out both the oxygen vacancies and the defects,
which can be located at the interface, as the origin of both the Ti3* states and
the interface states. In this way, we may exclude even the photogeneration of
electron-hole pairs directly due to the x-ray irradiation, at odds with the ob-
servations of Berner et al. [189,221], suggesting instead that the surface oxygen
vacancies, along with the induced structural deformations in the film, are in-
deed caused by the x-ray beam and, in turn, they may be responsible for the
interfacial conductivity. In fact, the origin of the 2DEG can be justified by the
presence of surface oxygen vacancies, acting as a charge reservoir whence most
of the electrons in excess are confined at the interface [216]. In this case, the
oxygen vacancies may induce localized in-gap states thanks to the disordered
arrangement on the surface, whereas the two extra-electrons per vacancy re-
leased can be transferred into the empty band of the interfacial Ti via the polar
field of LAO, thereby resulting both in a reduction of the internal field and the
flattening of the LAO band which thus should not exhibit core level shifts or
broadening in relation with the film thickness, as shown in Figure 3.20. Indeed,
several DFT calculations [216,238-240] predict a similar result in which the for-
mation of oxygen vacancies on the LAO surface is energetically favorable with
respect to the STO substrate. In conclusion, a final hint which may support
this interpretation can be provided by the calculated band diagrams presented
in Figure 8 (b) and (c) of Ref. [216] for an amount > 25% of oxygen vacancies
on the LAO film, which are in agreement with our band profiles of Figure 3.24
reconstructed on the basis of direct photoemission measurements.



Chapter 4

AR-XPS study on
LaAlO;3/SrTiO;

Another controversial issue at the center of a keen debate is the presence of
the cation interdiffusion across the LAO/STO interface!. So far, several stud-
ies have evidenced a cation disorder at the junction using different techniques,
such as angular dark field (ADF) imaging in scanning transmission electron
microscopy (STEM) [179,209,241], surface x-ray diffraction (SXRD) [190,191],
angle-resolved XPS (AR-XPS) [185,213], crystal truncation rod (CTR) [190],
Rutherford backscattering (RBS) [185], cross-sectional STEM with electron en-
ergy loss spectroscopy (STEM-EELS) [185,202], x-ray reflectivity (XRR) [190],
medium-energy ion spectroscopy (MEIS) [185,241,242], time-of-flight secondary
ion mass spectrometry (ToF-SIMS) [185] and Kelvin probe force microscopy
(KPFM) [242]. Cation interdiffusion is found to be present also when different
deposition techniques are used (generally, PLD and MBE) and even though the
surface quality of the LAO film during the growth is monitored by reflection
high-energy electron diffraction (RHEED) to verify the two-dimensional layer-
by-layer growth of the film. Usually, the low surface roughness is further con-
firmed by atomic force microscopy (AFM), showing smooth terraces with clear
unit cell steps which follow the surface morphology of the TiOs-terminated STO

IHereafter, only the n-type LAO/STO interface is considered.
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substrates [222]. However, it is noteworthy that the growth conditions - espe-
cially the annealing procedure and the oxygen pressure during/after the film
deposition - can significantly affect the two-dimensional layer-by-layer growth
of the film [222], in terms of full stoichiometry and/or surface roughness. Nev-
ertheless, in the 107° — 10™3 mbar range of oxygen partial pressures and for
growth temperatures between 750°C and 850°C, a LAO film can be grown with
an interface of high quality, as demonstrated by different groups [131,209].

In this complex scenario, we can retrieve several hints about the distribution
and the role of cation disorder at the LAO/STO interface, equally supported
by ab-initio DFT calculations. For instance, Willmott et al. [191] have revealed
the layer-by-layer constituent concentration by SXRD for a 5 u.c. LAO/STO
heterostructure?, showing a not-abrupt junction where the cation interdiffusion
occurs at different depths for two cation pairs, i.e. Sr-La and Ti-Al. From
the resulting intermix, a layer of about 1-2 u.c. of La;_,Sr,TiOg is recognized
at the interface, leading to a lattice expansion due to presence of Ti3T ions
which may induce the interfacial conductivity. A similar cation distribution has
been obtained by Chambers et al. [185,213], who are the only ones to have
taken advantage so far of the AR-XPS technique to study the abruptness of
the LAO/STO interface®. Although an analytical approximation of the core-
level photoemission intensity has been used to model the signal attenuation as a
function of the take-off angle of detection, an evaluation the elemental profiles as
a function of the depth has been achieved, suggesting the outdiffusion of Sr and
Ti cations into the LAO film and the indiffusion of La and Al cations into the
bulk. Subsequently, Vonk et al. [190] have evaluated a La-interdiffusion depth
of 2 u.c. by XRR on a LAO/STO 5 u.c. sample?. This result is corroborated by
a CTR investigation [190], which detects a significant amount of La-vacancies
in the film - especially in the overlayer - up from the deposition of the first
LAO layer; the latter outcome is interpreted as a La-Sr exchange even during
the deposition in both the STO bulk and the topmost layer of the LAO film,

2LAO/STO 5 u.c. grown by PLD at 770°C in Po, =5 - 10~6 mbar. The deposition was
monitored by RHEED [191].

3LAO/STO 4 u.c. grown by PLD at 770°C in po, = 1-107° and 8 - 1075 mbar. The
deposition was monitored by RHEED and the terrace-step surface morphology was verified
by AFM [185,213]

4LAO/STO 1-5 u.c. grown by PLD at 770°C in po, = 3 - 10~5 mbar. The deposition was
monitored by RHEED and the terrace-step surface morphology was verified by AFM [190].
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thereby forming charge-neutral La,Sr;_1 5,0 layers. As a consequence, Ti-Al
intermixed layers or Ti-vacancies at the interface are suggested to structurally
compensate the diverging electrostatic energy build-up.

Recently, a study of Warusawithana et al. [202] have instead connected the
arise of the interfacial conductivity to the La/Al stoichiometry of the film. In
facts, on the basis of STEM-EELS measurements on LAO/STO 8 u.c. sam-
ples®, both insulating and conductive samples have evidenced cation interdiffu-
sion across the junction, but no correlation between conductivity and a specific
exchange of cation pairs has been observed. On the other hand, the insulator-
to-metal transition has been obtained only for La/Al < 0.97 £ 0.03, having
ruled out the extrinsic origin of defects during the growth. Furthermore, this
interpretation has been found consistent with the polar catastrophe model; ac-
tually, combining the DFT calculations and the results by STEM-EELS, for
the La/Al>0.97 case the formation of Al;Os-vacancy-complexes at the inter-
face has been revealed, removing the divergent potential without the transfer
of electronic charge, whereas for the La/Al< 0.97 case the Al-La substitution
should inhibit the cation migration to form interfacial vacancies, suggesting an
electronic charge transfer along with a surface reconstruction as the reason for
the 2DEG origin.

In this chapter, an AR-XPS study is presented for the 5 u.c. conductive,
3 u.c. insulating and 5 u.c. insulating LAO/STO interfaces. The goal of the
present analysis is (i) to improve the model so far taken into account for the
AR-XPS analysis on the basis of the BriXias code® and (ii) to verify its effec-
tiveness for an interface characterization aimed at achieving the cation profiles
across the heterojunction, (ii¢) to obtain information about the abruptness of
the interface, (év) the film thickness, (v) the La/Al film stoichiometry ratio or
(vi) to investigate possible effects of interfacial cation disorder (i.e. interdiffu-
sion, substitution, vacancy).

5LAO/STO 8 u.c. grown by MBE at 680°C in POy, = 1.3- 10=6 mbar. The deposition was
monitored by RHEED [202].

6See paragraph 1.6 for a detailed description about the modeling of the XPS peak angular
dependence.
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4.1 Method and Model

Angle-resolved XPS experiments consist of collecting the core-level photoe-
mission peak intensity as a function of the polar angle 6, which is defined by the
normal of the surface and the direction of the photoelectron detection, as dis-
played in Figure 4.2 (a). This method is widely used to probe non-destructively
the chemical composition as a function of depth and evaluate the thickness of
thin films in multilayers. The physical origin of the angular dependence attenua-
tion of the core-level photoemission intensity stems from the inelastic and elastic
scattering processes, which the photoelectrons undergo during the propagation
from the emitter to the surface. Considering in first approximation only the
inelastic scattering processes, this phenomenon can be treated as an isotropic
damping in relation with the distance crossed by the photoelectrons inside the
matter, i.e. the inelastic mean free path (IMFP), ;. Thus, the effective es-
cape depth is usually approximated as ~ 3)\;sin@ - that is the depth within
which the ~ 95% of signal is generated - where \; can be analytically calculated
by the well-known TPP-2M formula [19] as a function of the kinetic energy of
the photoelectrons and several properties of the material which slows down the
electron motion (i.e., density, atomic weight, band-gap, free-electron plasmon
energy and the number of valence electrons per atom). Since a comparison of
the angular peak intensities between the film and substrate is strictly needed
for an AR-XPS analysis, the effective escape depth restricts the depth range of
the method to thin films below ~ 5 nm for soft x-ray investigation, whereas
hard x-ray experiments provides the possibility to probe multilayers in which
the heterojunction is more in depth.

If also the elastic scattering processes are taken into account, the effective
modeling of the XPS intensity becomes more complex. For the present analysis,
we have considered both inelastic and elastic electronic scattering processes as
already presented in paragraph 1.6. Starting from the multilayer model shown
in Figure 4.1 - which reproduces the layered structure of SrO-TiO3 in the STO
substrate and LaO-AlOs in the LAO film - we have calculated by Monte Carlo
(MC) computations’ the depth distribution function (DDF) of the LAO/STO
interface. Thus, on the basis of eq. 1.45 in paragraph 1.6, we can obtain

"The MC calculations are based on the algorithm described by Werner in Ref. [48] and
were carried out within the BriXias code [44] for the present study.
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the photoemission intensity® related to a core-level peak as the sum of the
contributions of each layer:

N 2n41

Ta(Bg,0) = K-> {cg)f / qﬁ(Ek,H,z)dz] (4.1)
n=0 2n
N 2n+2

Ina(Br,0) = K-> [CQL,;IH : / o(Ep, G,Z)dz} (4.2)
n=0 2n—+1
100 2n+1

Iri(Bg,0) =K - ) [CQT,f- / ¢(Ek,9,z)dz] (4.3)
n=N 2n
100 2n+2

IST(Ek7 9) =K- Z |:C2S£+1 : / (b(Eka 9, Z)dZ:| (44)
n=N 2n+1

where K is the normalization constant which includes the photoionization cross
section [24], the atomic density of the species and analyzer-dependent param-
eters, n is the label for the atomic layer, N is the number of unit cell of the
LAO film, CJ is the occupation factor of the cation j in the atomic layer n,
and ¢(Ey, 0, z) is the DDF of an electron generated at a depth z with a kinetic
energy Ej at the polar angle 6 for the LAO/STO multilayer model. In this
way, it is possible to simulate the effective angular photoemission intensity of
selected core level peaks by changing only the cation occupation in the atomic
layers of the model of Figure 4.1.

Nevertheless, in periodic lattices marked variations of the photoemission
intensity occur in relation with polar § and azimuthal ¢ angles (see Figure 4.2)
due to the photoelectron diffraction (XPD). This effect adds uncertainty to the
modeling and should be considered in the data treatment and analysis. On
the other hand, a fully quantitative analysis of the elastic scattering effects,
based on a mechanical multiple scattering formalism [243], allows to obtain
structural local information around each photoemitter atomic species in the
crystal. However, the specific case of the LAO/STO interface - which may

8 A common scaling factor is consider for eq. (4.1)-(4.4) in order to tune the calculations
with respect to the experimental intensity. In addition, an extra layer on the LAO surface is
added in the multilayer model of Figure 4.1 to account for the adventitious carbon contami-
nation of the samples. The effective thickness of this layer is adjusted by fitting procedure to
match the slope of the overall experimental AR-XPS profiles.
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Figure 4.1: Layered structure model for the 5 u.c. LAO/STO interface used for the DDF
calculations. The intensity of the bars stands for the cation occupation of the layer.

exhibit cation substitutions, dislocations, as well as vacancies across the junction
- makes these calculations extremely complex and CPU time-expensive because
of the high number of atomic arrangements which should be taken into account.

For this reason, the effective approach described by eq. (4.1)-(4.4) has been
used to interpret the experimental results, trying to reduce the polar photod-
iffractive modulation by means of an average on the azimuth ¢ angles. Thus,
selecting® the Sr 3d, Al 2s and La 4d core level peaks shown in Figure 3.9 (a),
we have collected the XPS integrated peak area!® in the 0°-65° range of the
polar angle 6 and 0°-45° for the azimuthal angle ¢, obtaining the XPD pattern
for each core level, as displayed in Figure 4.2 (b) for the Sr 3d peak. Then, we
have averaged each polar scan on the azimuthal angle ¢, thereby averaging out
the sharp XPD modulations'! and obtaining the averaged AR-XPS profiles, as

9Because of a similar binding energy allowing to collect single spectra for all the peaks.

10 After the removal of the satellite lines and the subtraction of a Shirley background.

M Except for the peak at # = 0°due to the forward-focusing effect. This intensity en-
hancement is generated via the small-angle elastic scattering by atoms in the outgoing path
immediately adjacent to the emitter. This effect is more evident for the photoelectrons of the
film (La and Al), since the electrons emitted from the substrate (Ti and Sr) are de-focused
by the atoms in the LAO film along the photoemission direction, in relation with the film
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shown in Figure 4.2 (c).

Since the photoemission intensity of the Ti 2p core level is weaker than those
of Sr 3d and La 4d, the photodiffraction modulations related to Ti 2p become
negligible!?. Therefore, we have collected the AR-XPS profile for Ti 2p within
the range of 0°-65"polar angle 6 at only ¢ = 0°. In this case, we have used the
transmission-mode of the electron analyzer in order to maximize the count ratio
and speed up the acquisition time; however, this procedure reduces the polar
angular resolution with respect to the angular-mode case, which was instead
used for the acquisition of other core levels.

4.2 Abrupt interface model: stoichiometric case

Considering the Sr 3d, Al 2s and La 4d core levels, we have calculated the
AR-XPS profiles for a layered structure model including an abrupt interface,
a nominal thickness for the different films (5 u.c. or 3 u.c.) and the nominal
1:1 stoichiometric ratios for both the film (La/Al = 1) and bulk (7%/Sr = 1)
components. The results are shown in Figure 4.3 (a) for the 5 u.c. conductive,
(b) for 5 u.c. insulating and (c) for 3 u.c. insulating LAO/STO sample. Even
though a quite good matching between the experimental and calculated pro-
files can be observed for the 3 u.c. sample in panel (c), in the 5 u.c. samples
an evident discrepancy is present for the Sr 3d peak. In addition, a slight dif-
ference can also be noted for the Al 2s core level in (a) 5 u.c. conductive and
(¢) 3 u.c. insulating samples. In the former case, we may explain the discrepancy
between experiment and the modeling either with a film thickness variation (is-
land formation) or a cation interdiffusion across the interface, whereas the latter
may be a signature of a modified La/Al stoichiometry ratio in LAO film.

4.2.1 Terrace roughness model

To correct the Sr 3d discrepancy shown in Figure 4.3 (a) and (b), we have
taken into account the possibility of island formation during the film deposition

thickness.

12 A demonstration is given by the Al 2s core level displayed in Figure 4.2 (c), which shows
a slight attenuation of the XPD modulation from the polar scan taken at ¢ = 0°(grey circles)
and the ¢-averaged profile (black solid line). Because Ti 2p exhibits a similar photoemission
intensity to Al 2s peak, the same reasoning is valid.)
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Figure 4.2: (a) Schematic of the experimental geometry: polar angle 0, azimuthal angle ¢.
The o angle between the z-ray source and the electron analyzer is fived at 54.5°, eliminating
the asymmetry correction. (b) XPD pattern for the La 4d core level in the LAO/STO 3 u.c.
insulating. The green dotted line points out the polar scan at ¢ = 0°, while the green arrow
indicates the angular ¢-range used for the average. (c) Angular-mode ¢-averaged AR-XPS
profiles for the La 4d (red solid line), Sr 3d (green solid line) and Al 2s (grey solid line)
peaks. Angular-mode AR-XPS profiles at ¢ = 0 °are displayed for comparison (filled circles).
Transmission-mode AR-XPS of Ti 2p (blue diamonds) is taken for ¢ = 0°and normalized
with respect to the other profiles.
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Figure 4.3: ¢-averaged AR-XPS data of the LAO/STO samples for La 4d (red line), Sr
3d (green line) and Al 2s (grey line) core levels. Left panels (a-c): calculated curves (black
dotted lines) for a model based on (i) the abrupt interface, (ii) the exact stoichiometry of
the film and bulk compounds and (iii) the nominal film thickness. Right panels (d-f): fitting
curves (black dotted lines) for the results of the terrace roughness model reported in Figure

4.4. Points (i) and (i1) are considered.
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due to not-optimal growth conditions [222]. In this model two extra variables are
added with respect to the previous case, that is () the island thickness above the
surface level and (#) the island surface occupation (for instance, 0% occupation
means that no islands are present, whereas 100% occupation stands for a flat
film surface with a film thickness which is increased of the island thickness).
Moreover, we have considered the former (i) as a discrete variable, while the
latter (i1) as a fitting variable. Figure 4.4 shows the resulting configurations
for the 5 u.c. conductive (green), 5 u.c. insulating (red) and 3 u.c. insulating
sample (blue), considering the best island surface occupations in relation with
selected island thicknesses (n u.c.); a schematic of the terrace roughness model
is displayed as an inset.

By spanning different terrace heights (¢) and widths (%), the points of each
curve in Figure 4.4 yield virtually the same y? value. As samples with a large
island thickness (i) are less likely to be grown, we focus on the results obtained
for the simplest case, i.e. the terrace with 1 u.c. above the nominal thickness.
Thus, considering n = 4 for blue and n = 6 for red and green curves of Figure
4.4, the resulting AR-XPS profiles from the fitting procedure are displayed in
Figure 4.3 (d) for the 5 u.c. conductive, (e) for 5 u.c. insulating and (f) for
3 u.c. insulating LAO/STO sample. In each sample, we observe that the fitting
of the Sr 3d profile is clearly improved. Therefore, the convergence of the fitting
procedures appears

e for the 3 u.c. insulating sample with an almost ideal configuration, in
which the film shows small islands of about 20% of occupation;

e for the 5 u.c. conductive sample with a film thickness increased of 1 u.c.
for almost the whole surface area (about 80%);

e for the 5 u.c. insulating sample with a film thickness increased of 1 u.c.
for the whole surface (100%).

In such a way, the average AR-XPS data can be modeled using an abrupt inter-
face by ascribing to surface roughness the mismatch between the calculations for
a nominal thickness of the LAO film and the experimental bulk profile (i.e., Sr 3d
peak). Nevertheless, the discrepancy between experiment and theory concern-
ing the Al 2s profiles for the 5 u.c. conductive and 3 u.c. insulating LAO/STO
remains unchanged.
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Figure 4.4: Fitting results of the n u.c. island occupation vs the n u.c. within the terrace
roughness model for the LAO/STO samples. The AR-XPS results are equivalent in x? value
for each point of the same sample, as shown in Figure 4.8 (d) for 5 u.c. conductive, (e) for
5 u.c. insulating and (f) for 3 u.c. insulating sample.

4.2.2 Surface cation vacancies

In this section, an improvement of the previous model is carried out in order
to account for the Al 2s profile discrepancy between the experiment and theory
so far shown in Figure 4.3 (a), (c¢), (d) and (f). Instead of island formation
on the surface, here we have considered the possibility to add at most two
overlayers of LAO, which can host both La and Al cation vacancies, on the
surface of the LAO film characterized by a nominal thickness (i.e., 5 u.c. or
3 u.c.). The fitting results and the schematics of the layered structure model
are shown respectively in Figure 4.5 (a) and (d) for the 5 u.c. conductive, (b) and
(e) for 5 u.c. insulating, (c) and (f) for 3 u.c. insulating LAO/STO. Considering
the AR-XPS profiles (a-c), in every sample a good match has been achieved,
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whereas from the layered models (d-f) we can note that:

I. the conductive LAO/STO (a,d) exhibits an overall extra effective thickness
of ~ 1.25 u.c. (i.e. the total amount of AlOs 4+ LaO extra layers) with
respect to ~ 0.75 u.c. for the insulating samples;

II. the 5 u.c. conductive and 3 u.c. insulating samples, which were grown in
the same po, conditions, show a greater extra-layer occupation of AlOq
with respect to LaO, in comparison with the 5 u.c. insulating LAO/STO.

At this stage, the first result (I.) may be a distinctive structural feature
related to the interfacial conductivity - in comparison with both the insulat-
ing samples - while the second result (II.) appears as a clear indication of a
modified La/Al stoichiometry ratio of the LAO film in relation with the growth
conditions, as already evidenced in Figure 3.9 (a).

4.3 Abrupt interface model: La/Al stoichiome-
try correction

At the light of the results so far obtained about the modified La/Al sto-
ichiometry for the LAO/STO samples, the goal of the present section is to
estimate the average La/Al stoichiometry ratio for each heterojunction in the
limit of an abrupt interface.

Assuming that the La/Al ratio is not dependent on the LAO thickness, we
have considered the nominal film thicknesses (i.e., 5 u.c. and 3 u.c.) in the
layered structure model, using the overall cation concentration of La and Al as
fitting variables. Moreover, taking into account the conclusions'® of Warusaw-
ithana et al. [202] and the La/Al ratios measured by XPS in paragraph 3.3, we
have improved the model in order to change the La/Al stoichiometry by:

e AlOs-complexes vacancies for the 5 u.c. insulating sample, since it shows
an insulating character'? and exhibits a La/Al ratio > 1;

13Go to the introduction of this chapter for a brief review.
Due to the growth condition Poy = 10~ ! mbar and despite of the LAO thickness exceeds
the critical thickness of 4 u.c. for the arise of conductivity.
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Figure 4.5: Left panels (a-c): ¢p-averaged AR-XPS data of the LAO/STO samples for La
4d (red line), Sr 8d (green line) and Al 2s (grey line) core levels and calculated curves (black
dotted lines) for a model based on (i) the abrupt interface, (ii) the exact stoichiometry of the
nominal film thickness and bulk compounds and (iii) the surface La- and Al-cation vacancies.
Right panels (d-f) display the stack of layers (blue, TiO2; grey, AlOz; green, SrO; red, LaO)
in which the intensity (0-1) means the percent effective occupation. Orange-shaded regions

highlight the two extra layers which are added at the surface as extension of the nominal
thickness for the LAO film.
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e La-Al substitutions for the other samples'®, because they exhibit interfa-
cial conductivity above the LAO critical thickness (i.e., 4 u.c.) and show
a La/Al ratio < 1.

Thus, Figure 4.6 (a-c) display the fitting results for the La 4d and Al 2s ¢-
averaged AR-XPS profiles, resulting in a La/Al stoichiometry ratio of 0.71 for
the 5 u.c. conductive (a), 1.26 for 5 u.c. insulating (b) and 0.68 for 3 u.c.
insulating (c) samples. These estimations appear to be quite confident with
those based on the direct measurement of the XPS peak area (0.83 for 5 u.c.
cond.; 1.42 for 5 u.c. insul.; 0.88 for 3 u.c.). Nevertheless, the small discrepancy
(within 0.2) can be ascribed to the various restrictions applied in the present
model (e.g., abrupt interface, nominal thickness, ...). The schematics for the
resulting fitting analysis are shown in Figure 4.8 (d-f).

Then, by setting the layered structure model with the La and Al cation oc-
cupancies just found, we have calculated again the AR-XPS profiles considering
also the substrate Sr cation, i.e. St 3d core level. The fitting results are displayed
in Figure 4.6 (d-f). As expected, we can observe a pronounced overestimation
of the Sr profile by the model, enhanced by La/Al correction especially for the
3 u.c. sample.

15Grown at PO, = 1073 mbar, within the optimal range of deposition.
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Figure 4.6: Left panels (a-c): ¢p-averaged AR-XPS data of the LAO/STO samples for La
4d (red line) and Al 2s (grey line) core levels for a stoichiometry evaluation of the film com-
pounds. Calculated curves (black dotted lines) for a model based on (i) the abrupt interface,
(ii) the ezact stoichiometry of the bulk compounds and (iii) the nominal thickness of the
LAO film. La/Al resulting ratios are reported for each sample. Right panels (d-f) display the
comparison between the experimental AR-XPS for La 4d, Sr 3d (green line) and Al 2s and
the calculated profiles (black dotted lines) on the basis of the points (i), (i) and (iii) and the
resulting correction of the La/Al stoichiometry.
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4.3.1 Terrace roughness model with La/Al correction

In addition, similarly as in paragraph 4.2.1, we have applied the terrace
roughness model to adjust the convergence of the fitting procedure, but using
this time the La/Al stoichiometry correction. The resulting profiles are shown in
Figure 4.7 (a-c), while panel (d) displays the width (% occupation) vs thickness
(n u.c.) relationship for terraces on the three samples. Comparing the present
results with those of Figure 4.4 for the stoichiometric terrace roughness model,
we can observe a slight deviation for the 3 u.c. sample and the inversion of results
for the 5 u.c. samples, where the conductive LAO/STO (100% occupation) is
this time more covered than the insulating one (~ 70%). Considering instead
the resulting AR-XPS fitting profiles of Figure 4.7 (a-c) with respect to those
displayed in Figure 4.3 (d-f), we can appreciate the improvement of the present
model by a slight decrease of the y? values.

Therefore, we can conclude that the present results are similar to those
obtained in paragraph 4.2.2, but using a different modeling. In facts, the La/Al
stoichiometry correction (and evaluation) has been carried out - for the latter
(par. 4.2.2) - by means of additional LAO layers on the surface, which can host
selective cation vacancies (Al or La), or by a terrace roughness model in which
all the layers have been previously corrected in the overall La/Al stoichiometry
ratio - as in the present paragraph.

4.3.2 Remarks about the abrupt interface model

So far we have considered in the AR-XPS analysis only a single core level
from the bulk substrate, i.e. the Sr 3d peak. The reason of this choice stems from
the narrow binding energy range which include Sr 3d, Al 2s and La 4d, which
allowed us to take all the core levels in single spectra, thereby exploiting a longer
acquisition time with the electron analyzer in the optimal condition (angular-
mode) to reach the highest §-angular resolution. However, the information of
the Ti 2p core level are essential to understand if the restriction of the abrupt
interface is suitable or a cation disorder must be taken into account. In such a
way, adding the Ti profile for each sample'®, we have carried out the calculations

16 A5 already described in paragraph 4.1, the AR-XPS for Ti 2p was collected with dis-
crete steps in polar angle 6 due to a different acquisition mode of the electron analyzer, i.e.
transmission-mode, to speed up the experiments because of a reduced photoemission intensity
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assuming
e an abrupt interface,
e a nominal film thickness,
e a La/Al stoichiometry ratio correction.

The results are shown in Figure 4.8 (a-c) for the AR-XPS profiles and in panels
(d-f) for the schematics of the resulting layered structure models. In every
sample (a-c), we can observe a quite good match for the Ti 2p profiles, despite of
slight discrepancies in the slopes, whereas the overestimation of the experimental
Sr 3d profiles is still rather pronounced. This overall evidence suggests that AR-
XPS data may not be modeled using an abrupt interface, since any additional
layer on the surface (homogeneous or islands) decreases both the Sr and Ti
AR-XPS profile intensity. In other words, within the restriction of the abrupt
interface is not possible to correct the Sr 3d profile leaving the intensity of the
Ti 2p unchanged. Therefore, we have achieved the following hints:

I. the experimental AR-XPS data cannot be modeled in the abrupt inter-
face approximation if only the film thickness or the surface roughness are
changed;

II. other structural modifications may be present either at the interface (e.g.,
cation substitution, vacancies, interdiffusion) or in the bulk substrate (i.e.,
a modified Ti/Sr stoichiometry ratio).

compared with the other core levels.
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Figure 4.8: Left panels (a-c): ¢-averaged AR-XPS data of the LAO/STO samples for
La 4d (red line), Al 2s (grey line), Sr 8d (green line) and Ti 2p (blue dots) core levels. The
calculated profiles (black dotted lines) are obtained on the basis of (i) the abrupt interface, (i)
the nominal thickness of the LAO film, (i) the ezact stoichiometry for the bulk compounds
and (w) the correction of the La/Al stoichiometry of the film. Right panels (d-f) display
the stack of layers (blue, TiOz; grey, AlO2; green, SrO; red, LaO) related to (a-c) panels
respectively. The intensity of the bars (0-1) means the percent effective occupation.
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4.4 Interdiffusion model

As mentioned in the previous paragraph, the LAO/STO interface may be
non-abrupt. As reported in several studies, multiple structural modifications
can occur at the heterojunction, for instance the La-diffusion into the bulk as
La,Sri_1.5,0 [190], La- and /or Al-vacancies at the interface layer [190,202], Al-
Ti substitutions [185,191], Sr- and Ti-migration into the film [185,190,191,202],
La- and/or Al-deficiency on the surface [190] and La-Al substitutions [202].
Considering the layered structure models of Figure 4.8 (d-f), which provide the
La/Al stoichiometry evaluations for the samples, we have developed a fitting
procedure which takes into account all the aforementioned processes, keeping
the starting La/Al stoichiometry ratios unchanged and obtaining the layered
structure model by which we can effectively reproduce the experimental AR-
XPS profiles in the calculations. The fitting results are shown in Figure 4.9.

Generally, we can note that a good match is achieved for each sample, even if
both the Al 2s and Ti 2p experimental profiles exhibit a slight slope-discrepancy,
especially for the high 6-angles. However, it is noteworthy that both the Al 2s
and Ti 2p are the profiles with the lowest intensity, for which the experimental
uncertainty may affect more than in the other core levels. In addition, Ti 2p
was collected with a low-angular resolution without the average procedure on ¢-
angles which could further reduce XPD modulations, particularly in the 3 u.c.
sample where the forward-focusing at § = 0° is more pronounced. For these
reasons, the accuracy about the Al and Ti cation occupation in the resulting
layered models should be considered more qualitatively.

The 5 u.c. conductive sample shows (Figure 4.9 (d)) the greatest interdif-
fusion between the La and Sr cations, which is negligible after the fourth STO
layer below the nominal interface (black dotted line) and is mostly limited at 2-3
u.c. at the junction, in agreement with other studies [185,190,191]. Moreover,
the La-Al substitutions or La- and Al-vacancies slightly affect the final result. A
similar cation interdiffusion is obtained for Ti and Al, with a small outdiffusion
of Ti in the film.

Differently, the 5 u.c. insulating sample displays (Figure 4.9 (e)) a reduced
La-Sr exchange depth across the nominal interface with respect to the previous
case, mainly limited to the first layer below the junction. Here, an increased
cation disorder can be observed concerning both the Al-Ti and Al-La substitu-
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tions, Ti migration into the film, as well as La- and Al-vacancies.

However, it is noteworthy that the 3 u.c. sample exhibits (Figure 4.9 (f)) the
lowest cation interdiffusion. In facts, the La-Sr substitution is mainly restricted
to the first layer below the nominal interface and a similar result appears for
the AI-Ti exchange.

In conclusion, starting with the results of Figure 4.8, which are based on:

e the abrupt interface,
e the nominal film thickness,

e and the stoichiometry correction of the LAO film in relation with the
La/Al stoichiometry ratiol”, as suggested by Ref. [202],

and considering within the effective model all the structural modifications (in
terms of cation occupancy of each laer) presented at the beginning of this para-
graph, the following results are achieved:

e for po, = 1072 mbar during the growth (5 u.c. cond. and 3 u.c.), an
interdiffusion of the La-Sr and Al-Ti cation pairs is observed across the
nominal interface within 3-4 unit cells, in agreement with other studies
[185,190,191];

e for po, = 107! mbar during the film deposition (5 u.c. insul.), a cation
interdiffusion of the La-Sr and Al-Ti pairs is evidenced across the nominal
interface. However, at odds with the other samples, the La-Sr exchange
appears to be rather reduced in depth, the AI-Ti substitution is more
broadened and the overall layered structure shows a more pronounced
disorder.

e Generally, the La-Sr exchange appears at larger depth with respect to the
Al-Ti interdiffusion profile, in contrast with Ref. [191];

e and a Sr-deficiency is present for all the samples, with a low Sr-occupation
in the first layer below the nominal interface.

TFor La/Al> 1, Al-vacancies; for La/Al< 1, La-Al exchange.
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Figure 4.9: Left panels (a-c): ¢p-averaged AR-XPS data of the LAO/STO samples for La
4d (red line), Al 2s (grey line), Sr 3d (green line) and Ti 2p (blue dots) core levels. The
calculated profiles (black dotted lines) are obtained on the basis of (i) the cation interdiffusion
model and (#) the correction of the La/Al stoichiometry of the film. Right panels (d-f)
display the stack of layers (blue, TiO2; grey, AlOz; green, SrO; red, LaO) related to (a-c)
panels respectively. The intensity of the bars (0-1) means the percent effective occupation.
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4.5 Abrupt interface model: La/Al and Ti/Sr
stoichiometry correction

The conclusions presented in paragraph 4.3.2 suggest that the condition of an
abrupt interface cannot simultaneously provide the modeling of the experimental
Sr 3d and Ti 2p AR-XPS profiles. Indeed, the latter remark is valid only in the
event that the STO substrate is perfectly stoichiometric.

Considering the PLD technique, it is well-known that the stoichiometry of
STO can be tuned by varying the laser fluence [244], whereas a stoichiometry
control less than 1% can be performed by MBE [245]. Nevertheless, a recent
study of Keeble et al. [246] has shown that the stoichiometry tunability of STO
thin films deposited on STO substrates (001) by PLD and MBE is driven by
the formation of both Ti- and Sr-vacancies. However, a previous work of Keeble
et al. [248] appears to be more relevant for our case study. Considering a STO
thin film (~ 600 nm) grown by PLD on a STO substrate (001), they have
evidenced the presence of a uniform distribution of Sr-vacancies throughout
the film by means of positron lifetime measurements, which exhibit a sub-ppm
sensitivity for vacancy defects [247]. In addition, a surface region of depth
~ 50 nm has been detected to be characterized by extended vacancy clusters,
which should be larger than Sr-30-Ti divacancies with three nearest-neighbor
oxygen vacancies, according to DFT calculations. Moreover, a further hint
can be provided by a study of Tarun et al. [249], which has shown hydrogen-
related defects in as-grown STO substrates annealed in hydrogen by infrared
(IR) absorption measurements. This analysis has also revealed that the latter
defects can be attributed to Sr-vacancies passivated by two hydrogen atoms, as
recently confirmed by Thienprasert et al. by DFT calculations [250].

On this basis, we have improved the layered structure models of Figure 4.8
(d-f) by adding the possibility to host Sr-vacancies near the interface. However,
since (i) our modeling can only effectively reproduce the AR-XPS profiles and
(#) the fitting variable of Sr-vacancies cannot be related to a stoichiometry
constraint'®, the exact evaluation of both the slope and depth profile for the
Sr-vacancies cannot be achieved. For this reason, we have selected only the first

I8For instance, in the interdiffusion model the Sr occupancy profile is linked to the La
occupancy by LagSri_—1.5,0.
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Figure 4.10: Left panels (a-c): ¢-averaged AR-XPS data of the LAO/STO samples for
La 4d (red line), Al 2s (grey line), Sr 3d (green line) and Ti 2p (blue dots) core levels. The
calculated profiles (black dotted lines) are obtained on the basis of (i) the abrupt interface,
(i) the nominal thickness of the LAO film, (iii) the correction of the La/Al stoichiometry
of the film and (iv) the correction of the Ti/Sr stoichiometry of the bulk. Right panels (d-f)
display the stack of layers (blue, TiO2; grey, AlO2; green, SrO; red, LaO) related to (a-c)
panels respectively. The intensity of the bars (0-1) means the percent effective occupation.
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five unit cells below the nominal interface in such a way to host a Sr-deficiency!'?.
The results of the fitting procedure are shown in Figure 4.10 (a-c), while the
schematic of the layered models are displayed in panel (d-f). Therefore, consid-
ering:

e the abrupt interface,

e the nominal film thickness,

e the La/Al stoichiometry correction,

e and the possibility to host Sr-vacancy in the first 5 u.c. below the junction,

we have obtained a match of the AR-XPS profiles between the experiment and
theory nearly as good as in the interdiffusion model, whereas the amount of
Sr-vacancies is (Figure 4.10 (d)) the greatest for the 5 u.c. conductive sample
(> 50%), (Figure 4.10 (f)) reduced to about ~ 35% for the 3 u.c. sample and
(Figure 4.10 (e)) the lowest for the 5 u.c. insulating sample (~ 25%). If we
evaluate the Ti/Sr stoichiometry ratio on the basis of the cation occupancy
from the interface down to 10 mnm below the surface, the 5 u.c. conductive
sample exhibits the highest Ti/Sr ratio of 1.15, whereas the 3 u.c. and 5 u.c.
insulating samples show reduced results of 1.09 and 1.06, respectively.

The discrepancies among the samples may be interpreted on the basis of
both the LAO thickness- and po,-dependent arguments. Taking into account
that all the STO substrate were prepared in a similar way - i.e. TiOz-terminated
- and all the LAO film were grown by the same deposition technique (PLD), it
is reasonable to assume that similar Ti/Sr stoichiometry ratios occur for all the
samples. However the discrepancies above estimated suggest that:

I. the lowest Ti/Sr out-of-stoichiometry ratio for the 5 u.c. insulating sample
could be ascribed either to (i) the formation of Sr- and Ti-vacancies during
the PLD growth (for both the STO substrate and LAO film deposition),
as reported in Ref. [246, 248], or to (i) the pre-treatment of the STO
substrate to create well-defined TiOs-terminated surface [251,252]. In the

9For example, if 10 u.c. below the nominal interface are considered in the model, the final
results would be modified in the Sr-occupancy in such a way to provide equivalent effective
AR-XPS profiles, similarly as obtained in the case of the terrace roughness models.
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II.

III.

latter procedure, indeed, different steps are needed to achieve the prefer-
ential surface termination, among which the ultrasonically immersion of
the STO substrates in demineralized water in order to form Sr-hydroxide
complexes at the topmost layer of SrO-terminated domains, which are sub-
sequently etched by a short dip in a NH4F buffered HF solution (BHF).
Thereby, our opinion is that the BHF acid etching treatment may not
only remove the surface SrO-domains but even a limited amount of SrO-
complexes below the resulting TiOs-terminated surface.

The discrepancy of the Ti/Sr stoichiometry ratios between the couple of
the 5 u.c. conductive (1.15) and 3 u.c. samples (1.09) with respect to the
5 u.c. insulating sample (1.06) may be attributed to the different growth
conditions (i.e., po, = 1072 and 10~ mbar, respectively),

whereas the difference between the 5 u.c. conductive (Ti/Sr= 1.15) and
3 u.c. sample (1.09) may be differently ascribed to an additional La-Sr
interdiffusion process, dependent on the LAO thickness. In this way, the
larger amount of Sr-vacancies (> 50% for 5 u.c. sample and ~ 35% for
the 3 u.c. sample) may be partially compensated by the La,Sri_15,0
exchange process, leading to a more stable structure for the same amount
of cation vacancies.

4.6 Conclusions

In this chapter, the LAO/STO interface has been studied by AR-XPS in or-
der to reconstruct the cation distribution across the junction. Different models,
based on the effective transport of photoelectrons in the oxide heterojunction,
have been taken into account and both the abrupt interface and multiple cation
disorder effects have alternatively been included in the calculations. In sum-
mary, considering the LAO/STO interface as abrupt, we can conclude that:

L

on the basis of a stoichiometric (film and bulk) layered structure model
and a nominal film thickness for the effective calculations, the AR-XPS
analysis evidences an overestimation of the experimental Sr 3d profile and
a slight mismatch with theory for the Al 2s core level. These are signatures
of a LAO film thickness greater than the nominal values and of a modified
La/Al stoichiometry ratio in the film (see paragraph 4.2);
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II. using the La/Al stoichiometry correction in the model, as well as the
nominal film thicknesses, the overall result remains almost unchanged with
respect to point I (see paragraph 4.3 and 4.3.1);

ITI. by adding the Ti 2p AR-XPS profile and considering the La/Al stoichiom-
etry correction in the model, a good match of the Ti 2p profile between
theory and experiment is found, at odds with the overestimation of the Sr
3d profile. This is a signature that the interface may be non-abrupt and
other structural interface/bulk modifications may be taken into account
(see paragraph 4.3.2).

Taking into account the possibility of cation disorder across the LAO/STO
heterojunction, in terms of La-Sr and Al-Ti interdiffusion, as well as La- and
Al-vacancies, we have obtained that:

IV. the La-Sr and Al-Ti cation interdiffusion are present for all the samples;

V. the La-Sr interdiffusion depth is more pronounced for the 5 u.c. conductive
with respect to the other cases;

VI. the 5 u.c. insulating sample, grown at high oxygen partial pressure (10~! mbar)
shows a greater cation disorder across the junction with respect to the
samples grown at lower po, = 1072 mbar;

VII. the La-Sr exchange appears to be at a larger depth with respect to the
Al-Ti interdiffusion, at odds with Ref. [191];

VIII. the overall interdiffusion depth is within 3-4 u.c., in agreement with other
investigations [185,190,191];

VIII. a Sr-deficient interfacial layer is present for all the samples.

Finally, considering the LAO/STO interface as abrupt and allowing the
La/Al and Ti/Sr correction of stoichiometry, we have obtained that:

IX. the 5 u.c. conductive shows a larger amount of Sr-vacancies (> 50%) at
the interface with respect to the 3 u.c. sample (~ 35%) and the 5 u.c.
insulating sample (~ 25%);
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X. the low amount of Sr-vacancies (~ 25%) in the 5 u.c. insulating sample
may be anyhow ascribed to the pre-treatment of the substrate carried out
to TiOs-terminate the STO surface;

XI. whereas the increasing Sr-vacancy concentrations for the 5 u.c. conduc-
tive and 3 u.c. sample may be explained invoking an additional LAO
thickness-dependent mechanism, such as the La,Sr;_1 5,0 interdiffusion
process. This assumption appears to be corroborated by the independent
result of point VIII, suggesting the combined effect of interdiffusion and
Sr-vacancies as a possible explanation for the present LAO/STO hetero-
junctions.

Our final conclusion is that the AR-XPS analysis based on the effective
modeling, which is here provided by the BriXias code (see paragraph 1.6), has
proved to be suitable for the investigation of the cation distribution across the
interface of LAO/STO heterostructures. When supported by a different exper-
imental technique which can provide additional information about the interface
chemistry and structure - for instance, the film and bulk stoichiometry, or the
abruptness of the interface, or the surface roughness - the results of the model
could more specifically address the prevalent role of one feature with respect to
others - e.g. terrace (Figure 4.7) vs. LAO stoichiometry gradient (Figure 4.5),
or interdiffusion (Figure 4.9) vs. Sr-vacancies (Figure 4.10).



Appendix A

A.1 Determination of the uncertainty in the band
offset analysis

On the basis of Ref. [119], the precision of the VBM extrapolation is evalu-
ated by linear regressions of different sets of data points along the linear part of
the leading edge of the VB spectrum. Then the resulting Fypy values obtained
from the different intersections with the fit-line of the baseline are shown in
Figure A.1. The average Fypy for TiOs and CTO are 2.99 eV and 2.71 eV
respectively, with an uncertainty equal to the standard deviation of +0.04 eV
for both the cases.

In Figure A.2 the core level peaks of Cd 4d and Ti 3p for the bare CTO and
TiO5 respectively are fitted by a double-Voigt function which properly takes into
account the relative intensity ratio between the two spin-orbit contributions, i.e.
(1:2) for Ti 3p;/3 and Ti 3p3/p and (2 : 3) for Cd 4ds/; and Cd 4ds5/,. The
uncertainty of the center position resulting from the fitting procedure is equal
to Az, = +0.005 eV for both cases.

According to the preceding results, the maximum error related to the energy
distance between two core level peaks AEqr,(CTO-TO) can be estimated as
the sum of two Az, contributions, equal to +0.01 eV in agreement with Ref.
[67,68]. Similarly, the uncertainty for the energy distance between a shallow
core level and the VBM in a bare substrate AFcqr, yvem(CTO or TiO2) results
to be £0.045 eV and thereby, on the basis of the equation (2.3), the error for
the valence band offset AEy is 0.1 eV, in agreement with Ref. [116,119].
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Figure A.1: Mazimum of the VB spectra for the bare TiOa (a) and CTO (b). Fitting
lines for different energy range within the leading edge of the VB are displayed. Evypp values
resulting from the intersection with the linear regression for the background (violet solid line)
are shown in the enlargements (c) and (d).
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Figure A.2: (a) Ti 3p and (b) Cd 4d core level peaks for the bare TiO2 and CTO respec-
tively. For both cases a double-Voigt function is used for the fitting procedure (blue and red
solid lines) considering the two spin-orbit contributions: green solid line for Ti 3p1/2 and Cd
4dz /2 and black solid line for Ti 3p3/o and Cd 4ds /.
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A.2 Reliability of the band offset analysis

The major uncertainty which is introduced in the band offset analysis of an
heterojunction originates in the valence band maximum (VBM) determination.
In facts, the precision of the curve-fitting procedure used to evaluate the energy
position of a core level peak can be assessed less than +£0.01 eV (see Appendix
A.1) and similar uncertainties can be verified for the energy shift due to the
background-subtraction, as well as the energy difference between two core level
peaks [68].

Generally, the method for the VBM extrapolation consists of the fitting of
the experimental VB spectrum by a Gaussian broadened theoretical VB density
of states - i.e. the so called Kraut’s method [67,68]. However, for different oxide
materials the latter procedure has been shown to be affected by an error within
0.4 — 0.6 eV [119] and a reliable alternative is the intersection of the linear
regression of the leading edge of the VB and the background between the VBM
and Fermi energy. Nevertheless the reliability of a correct Eyvpym determination
depends on the instrumental resolution which has to be lower than the energy
range (AE1g%_go%) within which the leading edge of the VB rises from 10% to
90% of its value above the baseline [119]. The assessments of A F1qy,_ggy for the
bare CTO and TiO are displayed in Figure A.3 (a) and result 1.87 £+ 0.01 eV
and 1.88 £ 0.01 eV respectively.

To find out the instrumental resolution, the XPS spectrum of the Au 4f core
level is used. Taking into account the intrinsic line shape of Au 4f7/, peak [130]
- i.e. a Doniach-Sunji¢ with a FWHM = 0.32 £+ 0.01 eV and an asymmetry of
0.052 £ 0.01 - we have convolved the latter with a Gaussian function. The best
fit of the experimental data was achieved for a FWHMgagauss = 1.03 + 0.01 eV
(see Figure A.3 (b)). However, this may be even an overestimation of our real
energy resolution, because the measurement was carried out on a non-epitaxial
thin film of gold without any cleaning procedure before the experiment. Thus,
defining R.f; the ratio between AFE)gy_go% and the Gaussian FWHM, we have
obtained values > 1 both for CTO and TiOy (see Figure A.3 (a)), thereby
verifying the reliability of the band offset analysis for our case.
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A.3 Remark on the bare CTO energy gap

The VBM for the bare CTO is 2.71 £ 0.04 eV as displayed in Figure A.4
(a) and justified in the Appendix A.l. Since the bare CTO was proved to
be conductive [61,98,102] it follows that the energy gap has to be less than
2.71 eV. Nevertheless, for a bare CTO 650 nm thick film grown on a glass sub-
strate (simultaneously with respect to our bare CTO/Si specimen) the optical
bandgap was obtained to be 2.83 eV from a transmittance measurement, as
reported in Ref. [102] and shown in Figure A4 (b) and (c). In this case the
bandgap was determined by extrapolating the straight line portion to the en-
ergy axis from the plot of (ahv)? versus hv, where « is the absorption coefficient
related to the transmittance T as:

T = (1 - R)?exp (—at) (A.1)

with R reflectance and ¢ film thickness. For the bare CTO, the transmittance
measurement from 300 nm to 1100 nm of wavelength is shown in Figure A.4 (c)
and adapted from Ref. [102]. In Figure A.4 (b) the extrapolation of the optical
bandgap is displayed where the black line is the fit of the linear portion of data
while the blue parabola underlines the region in which the linear regime is lost.

The discrepancy between the energy gap evaluations from XPS
(Ey < 2.71 V) and from the optical extrapolation analysis (E, = 2.83 eV)
lies in the differences of the two techniques considered - in terms of probing
depth - and the chemical properties of the present CTO - which exhibits a
Sn/Cd surface gradient. In facts:

I. XPS is a surface sensitive technique and for the physical properties of the
sample a probing depth of at most 7 nm can be estimated (taking into
account the 99% of the area of the DDF obtained by MC calculations on
the basis of the two-layer model represented in the inset of Figure 2.5),

II. while a transmittance measurement stems from the optical properties of
the whole film thickness;

ITI. in addition, a Sn/Cd stoichiometry variation of 0.4 has been evidenced
in the surface of the bare CTO from the AR-XPS analysis, as shown in
Figure A.4 (d)
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IV. and a linear dependence of the optical bandgap respect to the Sn/Cd
stoichiometry has been evidenced for crystalline and amorphous CTOs by
a recent work of T. Meng et al. [122], as adapted in Figure A.4 (e).

Therefore, we can conclude that the two energy gap evaluations (< 2.71 eV and
2.83 eV') must be necessarily different. Particularly, according to point IV, the
XPS result - which is related to the sample surface (< 7 nm) and to a lower
Sn/Cd ratio (2.0 —1.6) - is indeed lower than the gap assessment obtained from
the optical analysis (2.71 eV < 2.83 eV') which instead originates from the whole
film thickness (650 nm) and from a greater Sn/Cd ratio (> 2).

A.4 Evaluation of the bare CTO energy gap

Considering the conclusions of the preceding paragraph A.3, in this section
the energy gap for the bare CTO is determined in order to be consistent with
all the other XPS data so far presented. To achieve this goal, the following
conditions must be taken into account:

I. VBM = 2.71 £0.04 eV is extrapolated from an XPS spectrum taken in
normal emission (§ = 0°);

II. Sn/Cd is 1.92 + 0.08 for 6 = 0°(see Table 2.1);
I11. EgCTO < 2.71 eV for conductivity.

Then, it follows that the highest possible energy gap can be expected in the
orange area in Figure A.4 (e). Even though the latter region is out of the linear
expectation deduced by T. Meng et al. [122] - but still within the amorphous
CTO bandgap range of 2.7 — 3.1 eV [120] - such a discrepancy may be ascribed
to the different experimental setup and conditions used during the film growth.
Nonetheless, we assume the same linear dependence of the gap as a function of
the Sn/Cd ratio. Then, the fitting black-dotted line of Figure A.4 (e) is shifted
to cross our expectation value and considering the Sn/Cd surface variation of
0.4 evidenced by AR-XPS data in Figure A.4 (d) a bandgap uncertainty equal
to 0.1 eV is deduced. According to point III, the energy gap is obtained as
2.66 £ 0.05 eV
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