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Abstract

Transition Metal Oxides, like Molybdenum and Titanium oxides, are
highly promising materials to develop applications in solar cell production
as charge transport layers.

This thesis presents a work developed between the Physics and Astron-
omy Department of the University of Bologna and the Institute of the
NanoSciences of Paris (INSP) at Sorbonne University - Paris 6 in collab-
oration with the University of Southern Denmark, which aimed at under-
standing and tailoring oxide properties in order to improve electron and hole
transport in thin films.

The performed experiments involved both structural characterization
with Atomic Force Microscopy (AFM) and electrical and chemical studies,
like Kelvin Probe Force Microscopy (KPFM), X-ray and Ultraviolet Photo-
electron Spectroscopy (XPS/UPS) as well as X-ray Photoemission Electron
Microscopy (XPEEM) realized during a beamline session at SOLEIL syn-
chrotron facility in Saint-Aubin (France).

The main results of this research include the identification of surface
evolution with grain growth for molybdenum oxide deposited on silicon, the
stability of Mo and Ti oxides on Indium Tin Oxide (ITO) inferred from a
lower number of grains in AFM maps, the increase of work function when
materials undergo cycles of annealing treatment up to 450°C and the inter-
esting appearance of domains of polycrystallites on titanium oxide surface
after heating.

Different analyses carried out under illumination allowed to investigate
the effects of Ultraviolet and X-ray beam exposure and to identify the oxide
deposition techniques and the sample characteristics which are more suitable
to reduce electrical property degradation due to light damage.
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Sommario

Gli Ossidi di Metalli di Transizione, come quelli di Molibdeno e di Ti-
tanio, sono materiali molto promettenti per lo sviluppo di applicazioni per
il trasporto di carica nella fabbricazione di celle solari.

Questa tesi presenta un lavoro realizzato tra il Dipartimento di Fisica
e Astronomia dell’Universita di Bologna e 'Istituto delle NanoScienze di
Parigi della Sorbona - Paris 6 in collaborazione con la Southern Denmark
University, che mira a comprendere e modificare le proprieta di tali ossidi
per il miglioramento del trasporto di elettroni e lacune in film sottili.

Il progetto di ricerca é stato portato a termine ricorrendo a varie tec-
niche di caratterizzazione strutturale, come la Microscopia a Forza Atomica
(AFM), elettrica e chimica, tra cui la Microscopia Kelvin Probe (KPFM),
la Spettroscopia di Fotoemissione a Raggi X e Ultravioletti (XPS/UPS) e
la Microscopia a Fotoemissione di Elettroni a Raggi X (XPEEM) realizzata
presso la sorgente di sincrotrone SOLEIL di Saint-Aubin (Francia).

I principali risultati di questo studio includono I'identificazione dell’evolu-
zione della superficie con la crescita di grani per l'ossido di molibdeno su
silicio, la stabilita degli ossidi di molibdeno e titanio su Ossido di Indio e
Stagno (ITO) dedotta dal minor numero di aggregati visibili nelle mappe
AFM, 'aumento della funzione lavoro quando i materiali sono sottoposti a
cicli di riscaldamento (annealing) fino a 450°C e I'interessante comparsa di
domini di policristalliti sulla superficie dell’ossido di titanio ad alta tempe-
ratura.

Differenti analisi con esposizione a radiazioni hanno permesso di investi-
gare gli effetti di luce ultravioletta e raggi X sugli ossidi e di identificare la
tecnica di deposizione e le caratteristiche dei materiali pitt adatte per ridurre
la degradazione delle proprieta elettriche causate dalla luce.
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Introduction

Recent years have seen a growing development of Transition Metal Oxide use in pho-
toelectronic technology due to an adaptable energy band structure, suitable for coupling
with other materials in multi-layered device structures.

In particular, this thesis is focused on the application of these compounds in organic
and hybrid photovoltaic cells, in which they are used as buffer layers in order to assist hole
or electron transport and extraction. The wide variety of their electronic properties, such
as Work Function, make it possible to choose proper candidate materials for different
organic semiconductors employed as active layers in solar cells.

Even though a well-established theoretic knowledge of Transition Metal Oxide crys-
talline and electronic structure is availableN2! and some specific compounds - as Tita-
nium Oxide TiOq 314] _ have been thoroughly analyzed by several experimental methods,
a lack of data is still present in the case of other ones - like Molybdenum Oxide MoOs,
investigated by a limited number of studies®)(0],

The aim of this work is a deeper comprehension of charge transport characteristics
of Titanium and Molybdenum Oxides, by means of different measurement techniques,
in order to relate hole and electron conduction to sample morphology and to understand
how synthesis procedures and post-growth treatments can enhance their performances
as buffer layers.

After Chapter 1, which generally illustrates physics and chemistry of Transition Metal
Oxides as well as their use for charge extraction in solar cells, and Chapter 2, presenting
theoretic background and previous experimental results on them, Chapter 3 provides an
explanation of the deposition techniques the considered samples were synthesized by.

Subsequently, Chapter 4 introduces the electronic, chemical and structural charac-
terization methods by means of which the research was carried out.

The full set of experimental results on Molybdenum and Titanium Oxides are sepa-
rately displayed and analyzed in Chapter 5, with a further classification by experimental
technique.

Finally, Chapter 6 offers a general conclusion and suggests future development direc-
tions for the topic.

The work is completed by additional details on Kelvin Probes Force Microscopy
experiments: Appendiz A compares various operation modes, whereas Appendiz B is an
insight into boundary effects and adhesion measurements.

xi






Chapter 1

Physics and applications of Transition
Metal Oxides

1.1 Energy Level Alignment in organic electronic de-
vices

A really promising and fast developing research field in condensed matter Physics
is the theoretical study and realization of organic electronic devices, such as organic
light-emitting diodes (OLEDs), organic photovoltaic cells (OPVs) and organic field-effect
transistors (OFETs). Improving the performances of these technologies is the present
challenge that many scientists are trying to overcome. In particular, one of the main
features of organic electronic devices is the multi-layered structure with a succession of
several interfaces, which determines the creation of as many energy barriers. The ability
to reduce them in order to allow charge carriers to flow easily in the device is crucial to
achieve a high performance technology in this field.

This thesis especially focuses on molybdenum and titanium oxides for organic pho-
tovoltaic applications. These materials, proving suitable for charge-extracting layers in
OPVs, belong to a wider class of compounds, called Transition Metal Oxides (TMOs),
spanning a broad range of work functions (WF) and other crucial physical properties for
attaining a low power consumption in interface barriers.

In fact, electrical resistance at interfaces depends on energy level alignment (ELA) at
the contact between the two compounds, typically a conductive electrode and an organic
semiconductor. We can refer to the Fermi level of the former both as donor and as
acceptor level, whereas in the latter we should distinguish between the highest occupied
molecular orbital (HOMO), which plays the role of donor, and the lowest unoccupied
molecular orbital (LUMO), which instead constitutes the acceptor level.

In an OPV simple configuration there is only an active organic semiconductor junc-
tion, where charge carriers are produced, contacted on both sides by two metallic elec-
trodes, the hole-collecting and the electron-collecting ones, extracting charges from HOMO
donor and LUMO acceptor states respectively, as shown in figure 1.1. In the regime of
nonreactive or weakly reactive interfaces[l], when no hybridization between electrode and
organic orbitals is present, energy alignment only depends on electrode work function
and semiconductor HOMO and LUMO levels: as visible in figure 1.2, in a specific WF
range there is a linear proportionality between the work functions of electrodes and the
energy barrier carriers should overcome, so that this regime is called of vacuum-level



Figure 1.1: Energy band scheme for an
OPV device: the active layers, with a
p-n junction (acceptor and donor semi-
conductors), in contact with two metallic
electrodes (cathode and anode). The ar-
rows represent the charge flow, respectively
from the acceptor LUMO level to the cath-
ode Fermi energy Er and from the donor
HOMO level to the anode Er for electrons
and holes. FElectrode work functions are
defined as the energy differences between
metallic Ep and vacuum level Ey (after

[1])-
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Figure 1.2: (a) Energy band scheme for an organic SC/metallic electrode interface,
with indications of HOMO, LUMO, ionization energy (IE) and electron affinity (EA)
of organic side; Fermi level (Ep) and work function (@) of the metallic one; vacuum
level (Ey), hole- and electron-injection barriers (Ah and Ae) of the system. (b) Graph
of the relation between electrode work function ® and hole-/electron-injection barrier.
In the central region of vacuum-level alignment the energy needed by holes (electrons)
to overcome potential barrier at the interface linearly decreases (increases) as ® grows.
When electrode work function gets higher (lower) than Fermi level pinning threshold,
Er of the system equals SC ionization energy (electron affinity) and charge-injection

barriers become constant (from [1]).
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alignment[l] - even if respective vacuum levels are not always totally aligned.

In this context, when electrode work function is higher (lower) than a specific thresh-
old, HOMO (LUMO) level of the organic molecules keeps being aligned with metallic
Er, regardless of any further increase (decrease) of electrode work function: this phe-
nomenon is the so-called Fermi level pinning, illustrated in the constant regime in figure
1.2b. Causes of this fact should be traced back to the balance between interface elec-
tric potential - due to molecular ionization and capacitive effects - and contact surface
potential - governed by work function - reached over (under) the pinning threshold.

In order to minimize the interface resistance and the device driving voltage, the an-
ode and cathode energy levels should be as aligned as possible with HOMO and LUMO,
respectively. Many technologies and methods such as electrode surface treatments have
been being developed to achieve this goal: this is the reason why this thesis focuses its at-
tention on the effects of introducing a thin TMO buffer layer between the semiconductor
and the electrode.

1.2 Transition Metal Oxide physical and chemical fea-
tures

Since TMOs cover a great extent in work function scale (see figure 1.3), their appro-
priate use can tailor interface energy levels according to different kinds of semiconductor.
Among compounds such as defective ZrOs (WF = 3.5 eV) and V05 (WF = 7.0 eV)m,
molybdenum oxides with different stoichiometries fall into the category of high work
function materials (WF can exceed 6.8 eV for stoichiometric MoOj [1]), so that they are
suitable for hole-extracting buffer layers, whereas titanium oxide (TiO;), with a lower
WEF of around 5 e\/m, is appropriate for electron-extracting ones.

From a chemical point of view, metal-oxygen (M-O) bonds in TMOs could be treated
according to crystal field theory as a negative charge transfer from M** to O?~ or in terms
of ligand field theory as a combination of oxygen 2p and metal d molecular orbitals
(MO), both leading to similar results unless correlation effects between electrons are
considerably strong.

In the case of extended crystals, the broadening of orbital levels determines band
structure creation and hybridization of O2p and metal d orbitals. In fact, their overlap
integrals are different from zero and they jointly contribute to total density of states
(DOS) in the solid, even it is possible to continue distinguishing a dominant contribution
of O2p or d to the character of every band so that these labels can still be used. For
example, valence band maximum levels in TMOs arise from oxygen 2p orbitals, whereas
the bottom of CB mainly consists of metallic d states.

In this context, MO filling determines the insulating, semiconductor or conductive
character of TMOs so that they can be grouped in different classes: from d° oxides
with empty conduction band to reduced oxides with an increasing occupancy of it and
a metallic character, up to a d!° semiconductor configuration.

Structural defects, metal or oxygen vacancies, changes in oxidation state and other
TMO features resulting in intra-gap levels are crucial to establish the Fermi energy
position and the p-type or n-type nature of every compound. In particular, in the case
of d° oxides as MoO3 and TiO,, a native presence of oxygen vacancies determines the
appearance of a defect band inside the energy gap below CB minimum, so that these
oxides can be regarded as n-type semiconductors.
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Figure 1.3: Examples of different transition metal oxide (a) and organic semiconductor
(b) energy band diagrams. The variety of work functions suggests the importance of a
careful study in order to tailor the best TMO-semiconductor interfaces for OPV devices.
In the scheme, TMO valence and conduction bands, Fermi levels and work functions ()
are shown, together with semiconductor ionization energies (after [1]).
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Figure 1.4: Different TMO classes: energy band diagrams (top) and photoemission
spectra from valence band (bottom). Molybdenum and titanium oxide stoichiometries
are highlighted. The metallic character of the compounds varies with the occupancy of

d-band and intra-gap defect states (after [1]).
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Figure 1.4 shows a summary of different TMO energy configurations related to intra-
gap state filling.

1.3 Transition Metal Oxides as buffer layers for charge
extraction

According to the specific electronic structure of different TMOs, it is possible to use
them as buffer layers, allowing a single type of carrier to pass (hole-selective or electron-
selective layers).

For instance, a p-type oxide with a high work function is suitable for hole-selective
buffer layers in anode contact:

1. it is p-type, so that its Fermi energy is closer to valence than to conduction band;

2. its high work function makes the oxide Er pin to organic semiconductor HOMO
level.

These two facts make it easier for holes to flow from active semiconductor layer to
metallic contact through TMO valence band so that an OPV device could improve its
performances.

On the other hand, an appropriate oxide should also have a greater band gap than
HOMO-LUMO difference, so that electron barrier crossing is prevented.

OPV contacts

Anode work
function

Cathode work
function

Figure 1.5: Energy band scheme

of charge-selective layers in OPV

devices:  electron-extracting layer

Nl E: (EEL) for the cathode and hole-

extracting layer (HEL) for the an-

ode. In the former case, an n-type

anode oxide with a large band gap and low

work function is represented, in the

latter a p-type oxide with a large

el band gap and high work function (af-
ter [1]).

EF ==

cathode

Vice versa we can address the cathode buffer layer:

1. it is n-type, so that its Fermi energy is closer to conduction than to valence band;

2. its low work function makes the oxide Er pin to organic semiconductor LUMO
level.



Thus, excited electrons can easily flow from semiconductor LUMO to cathode through
TMO conduction band and the OPV device performances are improved. The oxide band
gap should be greater than HOMO-LUMO difference, so that hole barrier crossing is
prevented.

A graphical scheme of energy band structure in an OPV device with the presence of
buffer layers for holes and electrons is shown in figure 1.5.

It is important to underline that the dominant factor to determine hole- or electron-
selective properties is the oxide work function rather than the p- or n-type character.
For example, an n-type semiconductor like MoQO, acts as a hole buffer layer due to its
very high work function and the charge flow takes place through the intra-gap defect
band below CB minimum. On the other hand, the same defect band in TiO, assists the
passage of negative charges due to the oxide low work function, so that the material has
electron-selective characteristics.

1.4 Interface energy level and OPYV devices performances

As previously said, the presence of a buffer layer is useful to attain the energy level
alignment between an organic semiconductor, where carriers are dissociated thanks to
the electric field at a donor-acceptor junction, and the Er of a conductive electrode,
which extracts charges from the system. This is crucial not only to decrease contact
resistance and energy losses in the carrier extraction process, but also to increase device
efficiency. In fact, an OPV cell power conversion efficiency n, can be defined as the
ratio between the maximum power density P, generated and the incident light power
density P;, on the devicel:

Prae  JscVocF'F
P P; '

Mp =

Jsc is the current density which flows through the external circuit when the cell
electrodes are in short-circuit (short-circuit current density): it is ideally the same as
the photogenerated current I,,, divided by the device area. Vpc is the voltage when no
current flows in the circuit (open-circuit voltage), corresponding to the highest voltage
the cell can provide.

The fill factor F'F' is defined as

max
JscVoc
ratio between the maximum power the device is able to deliver and the product Jsc X Vo,
so that power conversion efficiency 7, can be expressed in terms of these quantities. The

solar cell operating parameters can be referred to the equivalent circuit in figure 161,
Whereas Jgo can be maximized improving light absorption and carrier collection by
different junction configurations, Vo is directly related to HOMO-LUMO energy gap
at the semiconductor junction (photovoltaic energy gap Epyc), as visible in figure 1.7.

9 state that this link could be semi-empirically expressed as

Recent experimental results!
GVOC = EPVG - 0476‘/,

where e is the electron charge and where the precise physical meaning of the 0.47 eV
energy offset is still to be completely understood.
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In order to tailor a high Epyg junction it is important to have a high ionization
energy (IE) donor and a low electron affinity (EA) acceptor. TMO buffer layers and
their help in energy level pinning to electrodes can control and stabilize HOMO and

LUMO and maximize Epy¢.

¢ QO+
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OPV contacts
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Figure 1.6: An illuminated solar
cell can be represented by a current
source of photogenerated charges
(I,n) and an ideal p-n junction
diode in parallel in which the cur-
rent I, flows (after [8]).

Figure 1.7: Band diagram scheme for an
OPYV device. Cathode and anode work func-
tions together with differences between elec-
trode Ep and semiconductor energy levels
(ALUMO and AHOMO) are represented.
The maximum V¢ is shown as the HOMO-
LUMO difference at the p-n junction (after

[1])-






Chapter 2

Transition metal oxides: background
and research objectives

2.1 A model for Transition Metal Oxide work function

Since a full control on TMO work function is crucial to tailor suitable band structures
for Fermi level pinning to HOMO/LUMO of desired organic semiconductors for high-
performance OPV devices, it is worth having an insight into electronic properties of
these compounds to understand the origin of their work function. In particular, M.T.
Greiner!2! proposed a theoretic model for dilute defects in oxides with empty d band in
their stoichiometric form, explaining the role of different factors which have an influence
on TMO work function. Generally speaking, a wide range of causes are involved in
determining oxide electronic properties, like surface roughness, crystalline phase and
direction, radiation exposure, adsorbate presence, impurities and stoichiometry - which
affect both electron chemical potential and surface dipole.

In the case of an n-type oxide whose defects are mainly due to oxygen vacancies
as MoQ,, the main factors changing the energy needed by a charge to exit the mate-
rial are the decrease of cation electronegativity after reduction and the rise of donor
concentration, so that WF can be expressed as

WE =WFy+AWFE, + AWF,, (2.1)

where WF is the work function of reference near-stoichiometric compound and AWF,,
and AWF, are its modifications due to cation electronegativity and donor concentration,
respectively. They can be rewritten in a more explicit way analyzing the factors they
depend on. In the notation of Kroger-Vink, the reaction to produce oxygen vacancies is

1
Og + 2Mf/[ — UZ). + 2M]/u + 502(9(18)7

in which OF and M3, are ions of oxygen and metal in a stoichiometric oxide with their
normal charge, v{; is the oxygen vacancy with two positive charges and M), the reduced
metallic cation after acquiring an electron more. Considering the example of substoi-
chiometric molybdenum oxide MoOs3_,, the same reaction is expressed by

1
Of +2M 0% — vy +2Mo™™ + 502(9%). (2.2)

9



10

Firstly, reduced MoQO3_, has an increasing percentage of Mo®", whose work function is
lower than Mo®" cation, so that the development of Fermi energy expression considering
also the role of oxidation states for binary compounds A,,B,,

Er = (X5xg)Y

leads to
AWFX - ((XMo6+)172:@()(]”0“)2:Jc(X02_)3796)1/(4796)7 (2.3)

where X6+, Xaros+ and xpe- are electronegativities of different ions. Equation (2.3)
expresses a linear proportionality between the degree of oxygen deficiency x and work
function change AW F), (the trend is shown in figure 2.1b).

A second effect of oxide reduction is the concentration increase of donor states, whose
ionization promotes negative charges into conduction band (CB), raises Fermi level and
decreases work function of the material. Since Photoemission Spectroscopy data reveal
that the dominant kind of defect in stoichiometric MoQO, is O-vacancy and that they
determine Fermi energy Ep to be between 0.39 and 0.59 eV below conduction band
minimum E. (n-type semiconductor), it is possible to relate Fermi level to electron con-
centration in conduction band n® by

Ep — B, = —kTln(2), (2.4)

Ne
where N, is the effective CB minimum density of states, k the Boltzmann constant
(1.38x10723J-K~! = 8.62x107%V-K™!), T the absolute temperature and free carrier

density in CB is expressed as

n® = \/NvNcexp( Eg), (2.5)

being N, the effective DOS in VB and E, the energy gap width.
From (2.4) and (2.5) it results

N, E,

1
Er —E. = —§k:Tln(Ncexp(——)),

kT

but since negative charges derive from both O2p orbitals of VB and intra-gap defect
states, the two contributions should be taken into account, so that

1 N, EY N, E9
Ep— B, = —=kTIn(=exp(—2—) + Legp(—=2 9.

with Ny the effective DOS in defect band and Eéo) and E(gd) the energy positions of
respectively O2p orbitals and defect states below CB minimum. In this equation Ny can
be expressed by cation concentration [Mo®*].
From the O-vacancy creation reaction (2.2), the equilibrium constant K can be written
" ElMOTE 1
_ wgliMo ~ T 5413
K= gz proys = 31 oy
because |O%][Mo®|? ~ 1 for dilute defects and [Mo®*| = 2 [v¢&s]. From the theory of
reaction thermodynamics a final expression for cation concentration is therefore

AH,
[M0™] = v2exp(— 2 oyt (2.7)
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being AH,,, the formation enthalpy of O-vacancies and pp, the gas-phase oxygen partial
pressure. Using the approximation AH,, ~ 0.55 eV[lo], po, = 1 for a slow equilibrium
with gas in the vacuum chamber where the reaction takes place and T = 850 K of
oxide deposition temperature, an O-deficiency of x ~ 5x10~" for stoichiometric MoOs
is obtained.

Equations (2.6) and (2.7) highlight a steep initial decrease of WF when donor con-
centration rises in the vicinity of stoichiometry, visible in figure 2.1c. Since defect state
energy is only few tenth of electron-volts below CB whereas VB maximum made of O2p
orbitals is 3.0-3.2 eV from it, it is reasonable to consider only carries coming from intra-
gap states and a final expression for donor-concentration-related work function evolution
is
[M05+](d)

1

(2.8)
with [Mo®*|(@ and [Mo®|® the cation densities in defective and nearly stoichiometric
MoO,, respectively. In this case the underlying assumption is that valence, conduction
and defect levels in band scheme remain constant with O-deficiency increase, which is
correct for dilute donor regime.

From (2.1), (2.3) and (2.8) an equation accounting for the influence of different factors
on work function changes is finally extracted:
x

1
WF =WEy+ ((Xazos+ ) 72 (X aros+ ) 2 (02— )25V =) — 5lgTzn( ), (2.9)

Zo

where x and zy are O-vacancy concentrations in defective and reference near-stoichiometric
oxides. Using the aforementioned values of o = 5x1077 and T = 850 K and ionic elec-
tronegativities of xpro6+ = 6.4 eV, xpro5+ = 5.4 eV and xp2- = 11.3 eV[H], the outcome
is the work function trend versus O-deficiency shown in figure 2.1a.

7.0 00F
0 = 0y + Ag, + AQ,
(0] 2 |
-~ -0.21
6.8Q & I
<] -0.3f
O L
% o «af (b)
-~ %o DZD'D 0.1 0.2
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O 0.1
0 O o % 0.0
<
6.4+ M (@] <
00
(a) | 8 | 02 (C)
0 O 1 0-2 0.0 0.1 0.2
Oxygen Deficiency | x Oxygen Deficiency | x

Figure 2.1: Charts of work function ¢ evolution versus oxygen deficiency x in non-
stoichiometric molybdenum oxide MoO;_,. (a), with details of respective contributions
of electronegativity (b) and donor state concentration (c¢) (from [2]|). In graph (a) the
dashed line represents work function trend according to model equation (2.9), whereas
the black circles are experimental data reported in ref. [2].
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2.2 Previous research on MoO,

Among TMOs, molybdenum oxide is notably promising as a suitable compound for
hole-extracting layers in OPV devices, because of its high work function and trans-
parency. The most important step on the way of interface engineering for electronics is
the ability to tailor MoO, energy levels to fit different organic semiconductors.
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Figure 2.2: Work function LEEM measurements for different sites on molybdenum oxide
surface. LEEM analysis is performed varying the low-energy electron beam landing
energy: when it reaches the value of the sample work function a drop off in the elastically
reflected electron intensity image (a) is observed. This map is acquired with an aperture
of 10.5 um at a landing energy of 6.0 eV and the technique can give a lateral spatial
resolution of ~15 nm. The color scale ranges from 6.9 eV of light yellow to 5.5 eV of

dark blue. I/V curves for sites pl and p2 (b) allow to extract respective work functions
of 6.5 and 5.5 eV (after [6]).

In this context, previous studies have investigated the relation between stoichiometry,
morphology and band diagram in molybdenum oxide. It is important to specify that
the oxide is referred to as MoO, because O:Mo ratio could vary, but the canonical
stoichiometry for this material is MoOj: three oxygen atoms for every transition metal
one, resulting in a molybdenum oxidation state of Mo®.

In different experiments[5][6] MoQOj3 has been compared to substoichiometric and su-
peroxidized compounds (MoO, with x ~ 2.57 and 3.16, respectively), deposited by
DC-reactive sputtering with appropriate oxygen pressures in the chamber controlled
environment. Several characterization techniques were employed, such as Low-Energy
Electron Microscopy (LEEM) to map work function inhomogeneities on the surface, Low-
Energy Electron Diffraction (LEED) to check the sample crystallinity, High-Resolution
Transmission Electron Microscopy (HRTEM) to study the oxide morphology, Auger Elec-
tron Spectroscopy (AE) and X-ray Photoelectron Spectroscopy (XPS) to analyze surface
chemical composition.

Some results should be highlighted as a starting point for the experiments presented
in this thesis.

In particular, post-deposition ultra-high vacuum annealing at 500°C has different
effects depending on O:Mo ratio and LEEM can analyze them both from a structural
and an energetic point of view (an example of LEEM results can be seen in figure 2.2):

1. After annealing at 500°C, MoOs 57 has a flat topography and a homogeneous work
function of WEF1,0,.. = 6.4 €V.
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Figure 2.3: High-Resolution TEM
micrograph after annealing at 500°C
of MoO, sample: detail of the sur-
face layer. The red dotted line
highlights the separation between
the top nanometers of disordered
non-stoichiometric film (MoO,) and
a high-quality crystalline substrate
(MoOs3). Scale bar of 1 nm (from ref.

[6])-

a Amorphous b Crystalline
MoO, 0

Sl el A B i 55::1:‘ T(wX:jﬁ\:ﬁggﬁg 3&1

l Si (100) | g

i(100) |

Figure 2.4: Schematic illustration of previous results of LEEM. Work function changes
in initial amorphous MoOj3 (a) after ultra-high vacuum annealing at 500°C (b) are in-
terpreted as due to the formation of a crystalline underlayer (a-MoOj3 with molecules
positioned along (100) direction, as shown in the upper right detail) and a substoichio-

metric overlayer (MoO, with z<3) whose work function ranges from ~5.5 eV to ~6.6 eV
(after [6]).
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2. As resulting from HRTEM data (figure 2.3) and summarized in the scheme in
figure 2.4, annealing MoOj; - specifically, superoxidized samples - determines the
separation between a crystalline substrate of orthorhombic a-MoO3 and nanometric
amorphous grains with both stoichiometric and reduced MoO,. (i.e. rich in oxygen
vacancy defects); these surface zones have respective work functions of 6.6 eV and
5.5-6.0 eV.

3. The oxygen abundance in MoQOj 14 stimulates grain nucleation on the surface: the
aggregates tend to have a work function up to 6.5 eV and a stoichiometric com-
position, whereas lower WF flat zones are associated with reduced oxide (with a
work function of ~6.1 eV).

4. Reduction process could be interpreted as a filling of 4d-band intra-gap states,
which increases metallic character of the compound and decreases molybdenum
oxidation state from Mo%* to Mot /Mo**, however preserving a high work function

(figure 2.5). This mechanism has been confirmed by UPS and XPS measurements0.

Thus it seems that partially reduced MoQO,, is suitable for anode buffer layers because of
its high and uniform work function combined with a nearly metallic and conductive be-
havior which can improve carrier extraction, whereas the associated crystalline substrate
helps to increase charge mobility. In this thesis, the focus will be therefore on the phys-
ical and chemical MoQO, properties and on their evolution with annealing temperature
and other experimental parameters.

2.3 A further insight into TiO,

This compound has a well-known structure with a canonical TiOy stoichiometry
(which can vary in a TiO, form) and investigations on it have collected a large amount
of data during the years[31[4”12”13}. Like MoQ,, it could be employed as a buffer layer
in solar cells, but it is rather suitable for enhancing electron transport as cathode buffer
layers, due to its n-type nature and lower work function (of 4.9 eV and 5.1 eV for the
two main phases, rutile and anatase[l?’]).

Therefore, this thesis also presents some results extracted from the analyses of differ-
ent TiOy samples. In particular, previous Photoemission Electron Microscopy (PEEM)
and X-ray Absorption Spectroscopy (XAS) studies have been carried out on this mate-
rial, showing the different electronic properties of the two phases[ls]. Analyzing a film
of anatase with embedded rutile nanocrystals, it was discovered that X-ray PEEM and
UV-PEEM maps have reversed contrast, as shown in figure 2.6. Since the high-energy
X-ray photons are not sensitive to slight work function differences, XPEEM map light
and dark regions are mainly due to nanocrystal morphology which deviates ejected elec-
trons. Conversely, UV photons match TiO,; work function and the light regions of the
resulting surface map correspond to lower work functions and higher density of states in
valence band. Both these characteristics were measured for rutile in relation to anatase
by Conductive AFM and Ultraviolet Photoelectron Spectroscopy. Research outcomes
suggest that staggered band alignment at rutile-anatase interfaces in multi-phase TiO,
is likely to induce a better charge separation and an improvement of electronic properties
for photovoltaic applications.
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Figure 2.6: X-ray and Ultraviolet Photoemission Electron microscopy results for the
same sample of two-phase TiO, (after [13]).
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Another recent study[u] analyzed the effect of UV light and molecule absorption
on titanium oxide and measured the changes in photoluminescence. This phenomenon
takes place in defect sites, where photon-induced electron-hole couples tend to recombine.
The results reveal that ultraviolet irradiation flattens the band diagram of n-type TiOs,
reducing the depletion layer width. The increased number of available recombination
sites enhances the photoluminescence, which negatively affects photovoltaic performances
of the oxide. On the other side, oxygen could play a role in reducing recombination
process in TiO,. It was demonstrated that it can be reversibly absorbed, increasing the
upward band bending and deepening the depletion layer, or irreversibly integrated into
the oxide structure, healing O, vacancy defects and reducing photoluminescence, thus
enhancing TiO, properties for electronic applications.



Chapter 3

Synthesis techniques

In order to have a deep comprehension of the Transition Metal Oxide sample char-
acteristics, it is important to introduce and illustrate the two different methods used
for deposition, reactive DC-sputtering and thermal evaporation. Synthesis was carried
out by an engineering research team at the Mads Clausen Institute of the University
of Southern Denmark (SDU), in which we collaborated during the development of this
thesis with Dr. Madsen and Dr. Ahmadpour.

3.1 Reactive DC-sputtering

Reactive DC-sputtering is a Physical Vapor Deposition (PVD) method which al-
lows to control many synthesis parameters[m]. The deposition is performed in a vacuum
chamber with a pressure of around 10~® mbar, where a high electric field of radio frequen-
cies ionizes argon, the so-called carrier gas of the process. The atoms to be deposited
are initially on a negative biased target, so that they can be hit and knocked-off by the
gas positive ions (Art). The sputtered species are therefore guided inside the vacuum
system and attracted towards the final deposition film by a positive voltage applied to
the latter. In the present case target is made of molybdenum atoms and an oxygen flow
is introduced inside the chamber environment, so that a chemical reaction takes place
and molybdenum oxide could be finally deposited.

This technique offers the advantage of monitoring and setting a range of conditions,
notably sputtering power, carrier gas flow rate - to maintain the suitable chamber pres-
sure, the oxygen flow rate - crucial to modify O:Mo ratio in oxide stoichiometry and
to engineer O-vacancy presence - and temperature - important to influence compound
properties. Other relevant positive aspects of DC-sputtering are satisfactory surface cov-
erage, film homogeneity and thickness control (thanks to a quartz crystal microbalance
providing tenth-of-an-angstrom thickness sensitivity).

Even if oxide structures synthesized by this technique are usually characterized by
short-range order, suitable post-growth treatments can be realized to effectively improve
crystalline structure and enhance transport properties at the interface with semiconduc-
tor active layers and with metallic electrodes, as discussed in details in the following
chapters.

17
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3.2 Thermal evaporation

Thermal evaporation is an alternative PVD technique suitable for direct deposition
of molybdenum oxide in the form of powder[lzﬂ.

It takes place inside a vacuum chamber, with a pressure of 10~® mbar in the case of
SDU facility. The materials to be deposited are contained in crucibles that are heated
by a high electrical current so that evaporation is realized. The molecules are deposited
on final target layers on the top of the chamber, mounted upside down on a rotating
sample holder to enhance film uniformity.

Even if this method is easily realizable, it does not allow a precise control on O:Mo
ratio in the film and on oxide crystalline structure, typically resulting in amorphous
layers with weak conductive properties.



Chapter 4

Characterization techniques

First of all, it is important to illustrate the instruments and techniques employed to
investigate the samples. Their aim is both structural and electronic characterization of
MoO, and TiOs, varying from the analysis of crystalline morphology to the detection of
different chemical elements or the study of energy levels in the oxides.

4.1 KPFM

Kelvin probe force microscopy (KPFM) combines classical Kelvin probe technique[w]

with standard atomic force microscopy (AFM) [16], in order to probe the contact potential
difference (CPD) between the sample surface and a conductive tip at the nanometric
level. Its strength consists in giving information about both morphology and energy in
an intuitive visual form - a surface image.

4.1.1 Principles of operation

A Bruker NanoScope MultiMode 8 Scanning Probe Microscope was used (a picture
is visible in figure 4.1); it is hence useful to explain its operating principles.
A typical KPFM measurement is performed by a two-step procedure:

1. a standard AFM scan that records surface topography keeping tip oscillation am-
plitude or frequency constant thanks to a feedback loop (amplitude or frequency
modulation, indicated as AM or FM);

2. the so-called lift scan, which follows the previous morphology and detects surface
potential changes.

CPD is defined as
WEF, —WEF,

VC’PD = 77

where tip and sample work functions are referred to as WF; and WF, and e is the
elementary charge (see figure 4.2). When the metallic AFM tip and the sample are not
connected, their vacuum levels are aligned but their Fermi energies are not. Contact
allows charge exchange and respective Ep align, creating an electric field proportional to
Vepp, which can be measured applying to the tip an appropriate voltage to counteract
the tip-sample force. In KPFM technique both a direct and an alternating voltage (Vpc

and V4¢) are used, so that the total potential difference AV is(17]

19
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Figure 4.1: Bruker MultiMode 8
Atomic Force Microscope, with the
appropriate scanner mounted on the
head to perform KPFM technique.
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Figure 4.2: Operating principles of Kelvin probe technique. When tip and sample are
separated their vacuum levels E, are aligned (a); when a contact between them is made
their Fermi levels E;; and Ey; align and contact potential difference Veopp can be de-
tected, equal to the work function difference ¢4-¢5 (b); a suitable voltage Vpe can equal
Vepp and make the vacuum levels align again (c) (after [15]).



Chapter 4. Characterization techniques 21

Repulsive force

Force

Figure 4.3: Force-distance curve for
€ Attractive force tip-sample system. It is possible to
distinguish repulsive and attractive re-
gions, with respectively positive and
negative force (after [15]).

Tip-sample distance

AV = VDC + VAcsin(wt) + VC’PD, (41)

where w is V¢ frequency and Vepp is added (+) if Vpe is applied to the sample and
subtracted (-) if it is applied to the tip.

Modelling the tip-sample system as a parallel plate capacitor, its electrostatic force
F., expression is

dC(z)

dz '’

where dC/dz is the capacitance gradient and z direction is normal to the sample area.
According to (4.1) and (4.2), F.s has three components:

Foo(2) = Av2 (4.2)

1. Fpc = —8%/(;) [3(Vbe £ Verp)?),
which is the static cantilever deflection (DC term);

2. Fw == 80(2 (VDC + VCPD)VA(;sm(wt)
the Component with the same frequency as V¢ voltage (w term);

3. Fy, = 8oaiz) VZC [cos(2wt) — 1],

useful for capacitance microscopy (2w term).

The measurements displayed in this thesis make use of AM mode in the lift scan,
since the three force components are detected using cantilever deflection and Vpo is
adjusted to nullify the amplitude of F,,: this enables to map Vgopp all over the sample
surface. In order to separate topographical and electrical data collected by the same
tip, w of V 4¢ is normally higher than mechanical oscillation frequency of the cantilever.
Moreover, morphology is extracted from the first resonance frequency tip response and
Vepp from the second. Amplitude modulation mode directly detects the electrostatic
force (figure 4.3), whereas frequency modulation passes through force gradient. Thus,
due to the respective force and force gradient trends - the latter is steeper and goes
more rapidly to zero, AM mode ensures a wider detection range, but also a worse spatial
resolution because results should take account both of tip and cantilever interactions
with the sample. In fact, modelling the AFM tip as a (:one[lﬁ7 it is possible to calculate
that in AM mode only less than 50% of CPD information is gathered by the tip for a 5
nm lift height and the result is instead an average over the whole area covered by the
cantilever. On the other side, FM mode can get a 10 nm resolution, collecting more than
50% of CPD data up to 15 nm upon tip end, but this parameter rapidly degrades when
the scan height grows to hundreds of nanometers.
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Figure 4.4: Schematic representation of an approach-withdraw cycle in Peak Force
KPFM mode: the probe motion on the top and the force curve on the bottom!18].
During the tip spatial motion towards the sample the force decreases in the attractive
regime (A-B) and starts to grow in the repulsive one - up to Peak Force C, corresponding
to the less tip-sample distance. This maximum interaction level does not typically exceed
10 pN before the tip retracts. During withdraw, adhesion forces mainly due to water
particles increase tip-sample attraction (D) until the tip oscillation could start again (E).

The tip-sample Contact time is limited to 20-200 us between the start and the end of
interaction in the system (from B to D).

4.1.2 Peak Force mode

The presented measurements make use of a particular operation mode: Peak Force
KPFM-AM. Tt is a Bruker[1 71118] improvement for AFM measurements that, when com-
bined with Kelvin probe principles, allows to gain better resolution and accuracy in
potential data. For AFM topographical scans, simple Tapping mode is a semi-contact
method and it involves tip oscillation over the sample surface near its resonance fre-
quency and a feedback mechanism to keep the oscillation amplitude constant. Also in
Peak Force, which is a development of Tapping mode, the tip oscillates near the sample
and the mutual interaction is monitored, but it is withdrawn by a feedback loop when
force reaches a level of 10 pN, as can be seen in figure 4.4: this reduces Contact time
to 20-200 psi*?) and enables better interaction control (up to the piconewton order) and

image resolution in order to avoid tip and sample damage, especially for organic and
biological systems.

Therefore, Peak Force KPFM-AM has been chosen as a preferential scanning method
for the measurements illustrated in this thesis, even if a comparison with standard Tap-
ping mode will be later discussed. The main parameters to adjust during the acquisition
are the image size, the number of samples per line, the scan rate and the height of the
lift scan. Moreover, it is possible to introduce a potential offset during CPD mapping.
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4.2 XPS and UPS

Molybdenum oxide samples were also analyzed with X-ray and Ultraviolet Photoelec-
tron Spectroscopy, using the lab photon sources in the Laboratory of Surface Reactivity
(LRS) of Sorbonne University.

The main differences between these techniques and XPEEM discussed below are the
spatial resolution - the emitted electrons in XPS/UPS are collected from all the surface
under the beam - and the fixed photon energy instead of the tunable hv in synchrotron
XPEEM.

The use of X-ray or UV photons as well as the application of a sample bias is suitable
for different purposes in the analysis. In the case of XPS and UPS with no bias, the
experimental configuration is shown in figure 4.5: their aim is to obtain core and valence
band electron binding energies, respectively.

Photons start to extract electrons of a specific element when they match the binding
energy Ep of the orbital to be analyzed, according to

EK:hV—EB—WFS,

where Fj represents the kinetic energy of the photoelectrons and WFg is the sample
work function.

Sample Analyzer
EK T Ep:
s - AWF ] Eon
WFs  WFa
— Ers = Ers J
hv I EE
o

Figure 4.5: Band diagram scheme for the sample-analyzer system in XPS/UPS, with the
indication of sample and analyzer work functions WFg and WF 4 and their difference
AWF; their vacuum levels Ey g and E 45 and Fermi energies Epg and E 44; photoelectron
kinetic energies at sample and analyzer Ex and E}; binding energy Ep of the electron
e~ and photon energy hv.

The kinetic energy detected in the analyzer can be then expressed as
Ey =hv — Eg — WFy,

where photon energy hr and the analyzer work function WF 4 are experimental param-
eters, while E'K, the electron kinetic energy entering the analyzer, is measured. An
example of an XPS overview of different elemental peaks for MoO,, is provided in figure
4.6.

Conversely, negative sample polarization in UPS is necessary to allow all the electrons
ejected by the beam to enter the analyzer without being stopped (which would happen
if the analyzer vacuum level Ey 4 was higher than the sample Eyg). In this regime, from
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the difference between the secondary cutoff Ego and the valence band edge (Ep,..s of a
reference metallic sample) the surface work function can be obtained:

ESC - EF,ref = hv — WFS (43)

An example of the work function extraction procedure is shown in figure 4.7, where
the secondary electron energy Ego is obtained from the intersection between the linear
fit on the main cutoff slope and the horizontal tangent to the background intensity.

4.3 Synchrotron techniques

4.3.1 LEEM

Low Energy Electron Microscopy (LEEM), performed at SOLEIL synchrotron facility,
is an investigation method sharing some characteristics with XPEEM, but it is based on
electrons rather than photons. An electron gun could be focused on the sample instead of
the X-rays and the analyzer collects the charges reflected by the surface. In this case the
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Figure 4.8: LEEM spectra of different surface sites indicated on the overall sample map.
The measurements are referred to sputtered TiO, heated at ~100°C. FOV = 20 um;
STV = 0.75 eV.

charge energies are varied recording a series of 2D maps: when the electrons overcome
the work function WFg, a drop in the reflected intensity is observed. It is hence possible
to visualize work function differences on the material, as well as to analyze single pixels
or ROIs, even if extraction of quantitative data about absolute work functions requires a
precise calibration procedure with determination of cathode WF by a reference sample.
The cutoff position on the spectra can be obtained from the intersection between the
cutoff linear fit and the tangent to the high intensity region before the drop.

The example in figure 4.8 shows how it is possible to analyze single pixels to detect
different work functions on the surface.

4.3.2 XPEEM

In order to go further in the sample characterization and to understand in detail
the structural and chemical properties of the oxides, a series of measurements has been
performed beamline HERMES at the SOLEIL synchrotron facility. The experimental
technique called XPEEM (X-ray Photoemission Electron microscopy, a scheme is pro-
vided in figure 4.9) is based on the electron ejection from the sample surface due to the
photoelectric effect, but it has the advantage of an enhanced spatial resolution. In fact,
electrons are not collected from the whole sample as in traditional XPS, but it is possible
to detect the surface point where they come from up to a resolution of 15 nm. The small
solid angle acceptance of the apparatus is reached by applying a -20 kV bias between the
sample and the electrostatic lenses, as explained in the following. This allows to study in
detail the properties of different surface regions and to detect texture and crystallinity
changes during the annealing process or beam exposure.

In the experimental set-up, the synchrotron beam collides onto the sample surface
from an undulator which tunes the photon energy hv, extracting charges when matching
their Eg. A potential of -20 kV is then applied to the ejected electrons to accelerate
them towards the analyzer, where they are focused by means of electrostatic lenses.
During every scan a voltage applied to the sample (Start Voltage STV) is varied to
select the electrons according to their kinetic energy (therefore to their binding energy
in the sample). Finally, a specific software collects the data and displays them as a series
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Figure 4.9: XPEEM apparatus scheme. The high voltage (-20 kV) between the sample
and the electrostatic lenses accelerates the charges emitted by X-rays and collects only
the ones ejected with a specific direction (perpendicular to the surface). The further
sample-analyzer potential (Start Voltage STV) selects the kinetic energy of the electrons
arriving on the detector. The typical set-up has a fixed energy acceptance slit and the
emission spectrum is acquired by changing the STV (after [20]).

of images where the color scale represents the intensity of the charge emission for every
surface point. It is possible to select a special region of interest (ROI) to obtain its
intensity vs voltage chart with the associated emission peaks.

The technique allows to acquire information from the image plan as in an electron
microscope, with a well-resolved detection of which surface position the charges are
emitted from, as for the data presented in this thesis. Since every scan results in a
collection of successive images at different kinetic energies, it is also possible to analyze
the behavior of sample sites in different ranges, for example detecting an inversion of the
contrast between points.

Information acquired by XPEEM

Sample element orbitals Unlike the XPS performed with a laboratory X-ray source
which provides photon with fixed energies, the synchrotron beam can be set at different
hv in order to investigate the orbitals of sample elements. Every measurement only scans
a limited energy range around the peak of interest and the results do not include overview
graphs with all the chemical species. Figure 4.10 provides an example of how powerful
XPEEM is in spatially and chemically resolving the sample features: on a surface region
with a diameter of 20 pum it is possible to highlight a lack of molybdenum in a small
portion of it. Even if the performed measurements presented in this thesis did not reach
the theoretical one of 15 nm, a resolution of ~100 nm was estimated.

Secondary electron cutoff Acquiring secondary electron cutoff spectra allows to
obtain the work function of the sample regardless of the photon energy, which always has
some degree of uncertainty due to different factors such as beamline set-up, calibration
procedure and measurement resolution.

The cutoff corresponds to the electrons leaving the samples with a zero kinetic energy.
When no potential difference STV is applied between the sample and the analyzer, their
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(a) XPEEM surface map of MoO, (b) The two spectra are referred to the left and right
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Figure 4.10: XPEEM analysis of a MoO, sample, 30 nm thick, sputtered on ITO at
room temperature and heated at ~100°C in the beamline preparation chamber.

Fermi levels Er are aligned - as in XPS of figure 4.5 - and when an electron is extracted
from the surface it enters the analyzer with a surplus of kinetic energy only due to the
sample-analyzer work function difference A WEF:

Ef=FEx+AWF =hy — Eg —WEFs+ AWF = hv — Eg — WFy,

where Ex and Ej are the electron kinetic energies leaving the sample and entering
the analyzer. It is worth specifying that the electron could gain or lose its kinetic
energy according to whether the sample vacuum level Ey g is higher or lower than the
analyzer one Ey 4. Therefore, in order to derive the sample work function WFg, both
the measurement of £} and the knowledge of Ep and hv are required.

Increasing the voltage bias, sample band diagram is shifted and the Fermi energies
no more aligned. Tt is thus necessary to take into account the STV contribution to E}
measured in the analyzer:

Ey = Ex + AWF — STV.

When STV exactly balances the difference AWF, no kinetic energy is gained by the
electron when captured in the analyzer. If the emission spectrum is acquired varying the
bias around this value, the STV where the first electrons appear - the cutoff - corresponds
to the relationship:

STV = WFy — WFEy,

providing the sample work function with the only knowledge of the instrument parameter
WF 4.

It is useful to remember that in XPEEM measurements the photon energy hv is fixed,
whereas STV is continuously scanned. When STV = AWF is verified, all the charges
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Figure 4.11: XPEEM
maps acquired with two
different STV and sec-
ondary electron cutoffs
referred to left and right
ROIs (scratched and
molybdenum-rich,  re-
spectively) on sputtered
30 nm thick MoO, sam-
ple, heated at ~100°C.
Scanning the kinetic
energy interval it is
possible to appreciate
the contrast inversion
due to different work 2
functions on the surface.

FOV = 20 pm, photon 2 0 2 4 6 & 10 12 14
energy = 400 eV. E k(eV)

— left ROI
—— right ROI

Intensity (a.u.)

ejected from the sample can be detected, up to the deepest level permitted by the photon
hv - taking into account the binding energy Ez and the second-order scattering events.

In a similar way to the element orbitals, scanning secondary electron energies provides
sub-micrometer resolved information about the sample characteristics. The example in
figure 4.11, referred to the same field of view (FOV) with a molybdenum-poor zone
as in figure 4.10, shows the contrast inversion due to different work functions on the
surface. Even if the extraction of quantitative data is not straightforward and requires
the knowledge of analyzer WF 4, this kind of measurement reveals differences in electronic
structure within narrow sample areas.

Valence band Scanning another appropriate energy interval and lowering the photon
energy (for example, to 100 eV for our experimental set-up), it was possible to detect the
most external electron ejected from the valence band. This technique provides important
information about the sample conductive properties and its metallic nature.

4.3.3 XAS

For the analysis of TiOy samples also X-ray Absorption Spectroscopy was performed,
whereas molybdenum oxide is not suitable for this technique due to a different cross
section of Mo orbitals. This method was employed as a preparatory technique to lo-
cate Ti2p peaks on the energy scale, but the accuracy in TiO, edge position and the
huge amount of XAS data about this compound in literature makes absorption spectra
interesting themselves.

Whereas in a typical XAS set-up the light beam is sent on the surface and the
transmitted photons are analyzed tracing back to the attenuation coefficient vs energy
graph (as shown in figure 4.12a), an alternative technique relying on charge emission
was used, illustrated in figure 4.12b. In fact, when X-rays are absorbed by the sample,
they eject primary electrons and trigger a series of disexcitation processes toward the
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; i I =1 -pd
Direct transmission mode (T-mode-XAS) Flgenisud)

Diode 8 e
incoming beam transmission
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(a) Transmission X-ray Absorption Spectroscopy: the apparatus measures the radiation intensities of the incident
and transmitted beams (Iy and I, respectively). The former stimulates electron excitations in the material resulting
in the re-emission of the latter, as can be seen in the band diagram. On the right, a graph of the detected radiation
intensity, collapsing when the incoming photon energy matches the sample absorption edges.

Indirect mode via decay: Secondary and Auger Electron Yield |
Electron @ Augere-
Spectrometer F'y

incoming
beam
o=

(b) Secondary/Auger X-ray Absorption Spectroscopy: the apparatus detects the electron yield from the charge
emission triggered by the incoming photon beam. The latter stimulates electron excitations in the material resulting
in a chain of disexcitation processes with secondary and Auger emissions (an example is visible in the band
diagram). On the right a graph of the detected electron beam intensity, upsurging when the incoming photon
energy matches the sample absorption edges.

Figure 4.12: Transmission and Secondary/Auger Electron Yield X-ray Absorption Spec-
troscopy, with the illustration of typical experimental set-ups, energy band schemes and
intensity spectra (after [21]).

stable configuration. The intensity of secondary and Auger electrons emitted during the
relaxation is directly linked to the absorption features at different TiO, edges. Adjusting
the undulator parameters to scan a photon energy interval with fixed STV, it is therefore
possible to analyze with precision the titanium oxide absorption peaks. At the same time,
thanks to the coupling with the XPEEM technique, a 2D map is acquired to record the
intensity of secondary/Auger emission for every point on the sample surface.

For the measurements presented in this thesis, the focus was only on absorption peaks
from secondary electrons, which provide important information about TiOs structure and
allow to detect crystalline phases as rutile and anatase.
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Chapter 5

Results and discussion

This chapter addresses at first molybdenum oxide samples, providing an explanation
of the different experimental techniques used for their characterization as well as the
obtained results. Afterward studies performed on titanium oxide will be presented.

5.1 Molybdenum oxide

5.1.1 KPFM

Protocol

KPFM technique was employed to map both topography and surface potential of
molybdenum oxide. Different series of samples were analyzed, all deposited on a square
substrate of ~1 ecmx1 cm by the research team at University of Southern Denmark:

1. two samples sputtered on highly doped silicon in 2015, ~50 nm thick:

(a) XPS1, a substoichiometric MoO,, with = ~ 2.6;
(b) XPS2, a nearly stoichiometric MoO,, with z ~ 3.

2. Four MoO, samples deposited on ITO (Denmark, end of 2017), ~30 nm thick,
previously analyzed by XPS and UPS as explained later in section 5.1.2:

(a) SP30RT, sputtered at room temperature;

(b) SP30-350, sputtered and in situ annealed with a slow process (30’ at 90°C,
307 at 150°C, 30’ at 250°C and 10’ at 350°C);

(c) SP30RT450, sputtered at room temperature and flash annealed in the XPS
vacuum chamber at 450°C;

(d) TH30RT350, thermal deposited at room temperature and annealed in the
XPS chamber up to 350°C.

Since the aim of this study was to extract absolute work function data, a reference
sample of gold on mica (~1 cmx1 cm) was prepared by repeated cycles of sputtering and
500°C annealing in the ultra-high vacuum preparation chamber of the Institute of the
NanoSciences of Paris. The crystallization in the form of Aulll was checked by LEED
analysis.
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Figure 5.1: The platelet with the
welded metallic tubes containing the
contact filament (on the left) and
the same platelet with the contacted

ready for KPFM measurements (on
the right).

The sample holder for KPFM was also fabricated: a glass square stuck on a tungsten
platelet, next to which two metallic tubes containing the contact filament for the sample
were spot welded (see figure 5.1).

Acquisition parameters were chosen:
1. Samples per line: 512;
2. Scan rate: 1 Hz;

3. Lift scan height: 5 nm for the first series of XPS1 and XPS2 measurements because
of a previously checked surface roughness of 2-3 nm for Au and not annealed
MoO,; 50 nm for the following measurements of all the samples because a growing
roughness with annealing temperature was expected[5”6].

4. Scan size: typically 500 nmx500 nm or 2 pmx2um.

The microscope operated in Peak Force - Amplitude Modulation Tapping mode,
even if comparison with other instrumental protocols are illustrated in appendix A.
In particular, Surface Potential KPFM Tapping mode and the application of different
voltages between the tip and the sample were tested.

After their first KPFM exam, XPS1 and XPS2 sample were put in the preparation
chamber and annealed from 300°C to 500°C (for XPS2) or 600°C (for XPS1). They were
measured again after every annealing step. The initial operating procedure consisted in
a series of Au-XPS1- XPS2-Au scans. Nevertheless, last data of XPS1/XPS2 and all
the ones of MoO, on ITO were collected by only molybdenum oxide scanning, as it was
impossible to compare KPFM maps of two samples acquired in different tip approaches.
In fact, uncontrollable changes of measurement conditions induced modifications of tip-
sample interaction and therefore of topography and potential results, so that it proved
impossible to extract absolute quantitative data from the maps.

XPS1 and XPS2 annealing cycles consisted in heating the sample in the ultra-high
vacuum chamber by means of resistive heating at subsequent temperatures of 300°C,
350°C, 400°C, 450°C and 500°C. XPS1 was also finally annealed at 600°C. Among the
different KPFM images, the focus was put on height and potential maps. Complementary
information could also be extracted from adhesion data (further details are illustrated
in appendix B).

The interesting physical quantities extracted from data by Gwyddion software image
analysis were

e surface roughness (height differences on the surface due to corrugation),
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e grain dimension (in terms of diameter, when such features appeared)
from height map;
e average surface potential,

o difference between average potentials on Au and MoQO, surfaces (for XPS1/XPS2
only)

e potential contrast (CPD differences between different sites on a single sample)

from potential map.

Average potential level on MoO, and Au/MoO, potential difference conspicuously
changed whenever a new measurement was performed, with oscillations of more than
500 mV without any regularity. For example, potential of XPS1 could range from less
than -300 mV to ~-50 mV, XPS2 potential from ~-350 mV to ~250 mV and Au/MoQO,
potential difference from ~-130 mV to ~370 mV. It was therefore decided not to consider
absolute CPD values nor Au/MoO, CPD differences, but to focus just on potential
contrast. As a consequence, for the last series of measurements (MoO, on ITO) a gold
reference was not even planned.

Gwyddion software was used to elaborate acquired images by methods like flattening,
line averaging, polynomial background removal and profile extraction/?2]. Tt is useful to
illustrate how physical quantities were calculated and how their associated error was
estimated. With regard to grain diameter, three different methods were tested:

e direct image segmentation by thresholding, which did not give any good result
because of blurry grain boundaries and different height of the aggregates;

e profile analysis (profile tracing and evaluation of horizontal distance between peaks
and valleys), which was not straightforward due to small-scale features;

e direct diameter tracing and measuring on the image, which proved to be the most
reliable method.

After acquiring various images on the same sample at different surface sites, the
analysis was performed on the best-quality ones (with low degree of thermal drift and
potential map readability). The diameters of many surface aggregates were traced and
measured, trying to include every grain size proportionally to its abundance; then mean
and standard deviation were calculated. An example of this procedure is visible in figure
5.2. This method allows to detect and manually select the more representative features
of the materials and prevents somehow arbitrary values that an automatic computer
analysis risks extracting. This is particularly true in the case of surfaces with little
grains clustering together in the form of aggregates as the ones under examination.

The analysis procedure employed for every annealing temperature to extract surface
roughness and potential contrast implied

1. tracing about ten profiles of representative steps on the collection of images for
every sample, as can be seen in figures 5.3a and 5.3c in height and potential maps;

2. calculating differences between the highest and the lowest point in the profiles (an
example for topography and CPD is shown in figure 5.3b and 5.3d);



34

9.2 nm

8.0
Figure 5.2: Example of av-
erage grain diameter cal- 60
culation on topographical - 40
2 pmx2 pm image of a
MoO, sample (450°C an- 20
nealed XPS1). In this i
case, thirteen profiles were
traced trying to capture -20
representative grains; the -
measured diameters were
then averaged with values -6.0
extracted from the other o0
images of the same sample.
Color scale from -12.4 nm -10.0
(black) to 9.2 nm (white). 124

3. associating an error to the two extremes according to the perceivable profile fluc-
tuation around the chosen heights (two scale divisions if the profile was reasonably
stable) and summing the two uncertainties to get the whole roughness error;

4. calculating the weighted average and its associated error to obtain the final rough-
ness evaluation.

This method depends on the difficulty in quantitative data extraction from images
and results in a large error bar associated to every measure.

It is worth specifying that what is called roughness in this study is not the quantity
typically calculated by image processing software - often referred to as RMS roughness,
which is the root mean square of height irregularities, computed from data variancel23].
In fact, this quantity takes into account the totality of height variations on the surface
and it is difficult to select only features due to grain boundaries. It was therefore preferred
to individually select and analyze step profiles of relevant structures to obtain a reliable
estimation of grain height.

In order to double-check results, KPFM measurements were repeated at Physics and
Astronomy Department of the University of Bologna, using a Park instrument. Three
different samples were taken into consideration, all 30 nm thick, prepared in Denmark
at the end of 2017:

e MoO, on ITO, thermal deposited at room temperature;
e MoO, on ITO, thermal deposited and in situ annealed at 350°C;
e MoQO, on silicon, sputtered and in situ annealed at 350°C.

The acquisition was performed at a 0.4 Hz scan rate, with 512 samples per line and
2 pmx2 pm maps were recorded. The different operating principle of Park microscope
allowed to carry out the whole measurement with a single scan on every line. After image
treatment by line averaging, grain sizes were obtained with the aforementioned method,
while for roughness the difference between the minimum and the average surface height
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(a) Two profiles were traced on this
topographical image, trying to capture
whole steps from the grain center to a
background site far away from the grain,
in order to avoid boundary effects. The
highest grains (in light yellow with this
color map) have been considered as pe-
culiar features to be analyzed separately,
not as normal grains to be included in
the average roughness calculation. Size:
2 umx2 um; color scale from -32.0 nm
(black) to 36.5 nm (white).
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(¢c) Two profiles were traced on this po-
tential image, trying to capture whole
steps from the 'potential grain' center
to a background site far away from the
grain, in order to avoid boundary effects.
The lowest potential areas (dark brown
in this color map) were considered as pe-
culiar features to be analyzed separately,
not as normal CPD steps to be included
in the average potential roughness calcu-
lation. Size: 2 umx2 um; color scale
from -225.8 mV (black) to -206.3 mV
(white).
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(b) Profile corresponding to step 2 in the topographical
map 5.3a. The level difference between the highest and
the lowest points was evaluated to be 47 nm and an
error of two wvertical scale divisions was associated to
every point (total error of 4 nm).
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(d) Potential profile corresponding to step 2 in the CPD
map 5.3c. The level difference between the highest and
the lowest points was evaluated to be 17 mV and an
error of two vertical scale divisions was associated to
every point (total error of 4 mV).

Figure 5.3: Example of profile tracing and roughness estimation on a height and potential

images of a MoO,, sample (500°C annealed XPS1).

35



36

calculated by Gwyddion analysis software was considered - which proved to be a reliable
estimation compared to the analysis of selected grain profiles.

In the case of potential maps, it was not possible to distinguish any kind of feature
on the surface, so that different horizontal and vertical profiles were traced to extract
mean CPD. Since we knew the microscope tip composition (Au), we could derive an
estimation of sample work function W Fy,,,e applying the relationship

(I)sample — @y =5.30eV — WFsamplea

where @4 and @y, are surface potentials measured on MoO, and on a test gold

sample by the same tip and 5.30 eV is a reference value for Au work function(24].

Unlike work function measurements performed with the first instrument, it has been
chosen to present these ones because of the better stability verified for a series of maps,
whereas the results should be regarded as rough estimations due to the high level of
noise in the images and technical impossibility to heat samples at 100-200°C in vacuum
to desorb carbon contaminants.

Results

In figures 5.4-5.8 images of XPS1/XPS2 and MoO,, on ITO are shown both for height
and potential maps, following the annealing steps they underwent. For XPS1 and XPS2
two sizes of image can be seen, 500 nmx500 nm and 2 pmx2 pm: surface aggregation
at the highest annealing temperatures made it more useful to acquire a wider map.

For both XPS1 and XPS2, samples are quite flat at room temperature and their
CPD is homogeneous (figures 5.4a e b, 5.6a e¢ b). During the annealing procedure some
interesting features appear on the surface and nanoaggregates form and expand, with a
corresponding contrast in potential maps. However, this process is more evident in the
case of nearly stoichiometric XPS2.

On the other hand, molybdenum oxide on ITO shows similar surface grains both in
shape and in size for every annealing stage and CPD is almost flat in every measurement
(figure 5.8), except for SP30-350, with grains slightly different from other samples in
shape (figure 5.8b).

Figure 5.9 presents surface morphology maps for the three MoQO, samples measured
in Bologna, whereas potential images are not reported due to their uniform high level of
noise in which no interesting structure could be detected.

Discussion

In tables 5.1-5.3 grain diameter, surface roughness and potential contrast are sum-
marized according to either different annealing temperatures or sample name.

XPS1 Troom 300°C | 350°C | 400°C 450°C 500°C 600°C
Grain diameter (nm) 2847 2145 | 2545 | 46+18 | 71+£16 | 80+30 | 110460
Roughness (nm) 2.3£1.2 7+3 | 104 | 943 | 22411 | 40£10 | 59+£7
Potential contrast (mV) | homogeneous | 8+5 | 44+2 o+4 | 17412 | 17£10 | 15+£10

Table 5.1: XPS1 sample: physical quantities measured by KPFM.
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(a) Morphology map of room temper-
ature (not annealed) sample, treated
by line averaging and horizontal scar
removal; color scale from -1.89 nm
(black) to 2.60 nm (white).
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(¢c) Morphology map of sample an-
nealed at 300°C. The image was
treated by line averaging; color scale
from -3.93 nm (black) to 3.43 nm
(white).
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(e) Morphology map of sample an-
nealed at 350°C. The image was
treated by line averaging; color scale
from -7 nm (black) to 4 nm (white).

-321.8mV

(b) Potential map of room tempera-
ture (not annealed) sample, treated
by flattening and line averaging;

color scale from -835.1 mV (black)
to -821.8 mV (white).
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(d) Potential map of sample an-
nealed at 300°C. The image was
treated by line averaging; color scale
from -59 mV (black) to -48 mV
(white).
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(f) Potential map of sample annealed
at 350°C. The image was treated
by line averaging; color scale from
-89.86 mV (black) to -83.09 mV
(white).

Figure 5.4: Height and potential maps of substoichiometric XPS1, during annealing steps
from RT to 350°C (size: 500 nmx500 nm).
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(a) Morphology map of sample an-

nealed at 400°C. The image was
treated by line averaging; color scale
from -5 nm (black) to 5 nm (white).
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(e) Potential map of sample annealed
at 400°C. The image was treated
by line averaging; color scale from
-100.59 mV (black) to -94.97 mV

(white).

Figure 5.5: Height and potential maps of substoichiometric XPS1, during annealing steps from
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(b) Morphology map of sample
nealed at 450°C. The image was
treated by line averaging; color scale
from -1.8 nm (black) to 21.4 mm
(white).
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(f) Potential map of sample annealed
at 450°C, treated by line averaging;
color scale from -149 mV (black) to
-138 mV (white).
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(¢c) Morphology map of sample
nealed at 500°C. The image was
treated by line averaging; color scale
from -32.0 nm (black) to 36.5 nm
(white).
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(g) Potential map of sample annealed
at 500°C, treated by flattening; color
scale from -225.8 mV (black) to -
206.3 mV (white).
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(d) Morphology map of sample

an-
nealed at 600°C. The image was
treated by line averaging; color scale
from -49 nm (black) to 30 mm
(white).

05

(h) Potential map of sample annealed
at 600°C, treated by line averaging;
color scale from -90.8 mV (black) to
-67.6 mV (white).

400 to 600°C (size 2 pmx2 pm).
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(a) Morphology map of room tem-
perature (not annealed) sample. The
image was treated by line averaging;
color scale from -1.34 nm (black) to
1.18 nm (white).

0.0 ym 0.1 0.2 0.3 0.4

1.50 nm

—0.50

(¢) Morphology map of sample an-
nealed at 300°C. The image was
treated by line averaging; color scale
from -1.22 nm (black) to 1.50 nm
(white).
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(e) Morphology map of sample an-
nealed at 350°C. The image was
treated by line averaging; color scale
from -5.1 nm (black) to 3.7 nm
(white).
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(b) Potential map of room temper-
ature (not annealed) sample, treated
by flattening; color scale ranges from
-840 mV (black) to -329 mV (white).
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(d) Potential map of sample an-
nealed at 300°C, treated by line av-
eraging; color scale from -158.5 mV
(black) to -151.8 mV (white).
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(f) Potential map of sample annealed
at 350°C. The image was treated by
flattening and line averaging; color
scale from 178.41 mV (black) to
185.22 mV (white).

Figure 5.6: Height and potential maps of nearly stoichiometric XPS2, during the anneal-
ing steps from RT to 350°C (size: 500 nmx500 nm).
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(a) Morphology map of sample an-
nealed at 400°C. The image was
treated by line averaging; color scale
from -5 nm (black) to 5 nm (white).
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(¢c) Morphology map of sample an-
nealed at 450°C. The image was
treated by line averaging and hori-

zontal scar removal; color scale from
-56 nm (black) to 48 nm (white).

0.0 pm 05 10 15

(e) Morphology map of sample an-
nealed at 500°C. The image was
treated by polynomial background re-
moval; color scale from -66 nm
(black) to 37 nm (white).
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(b) Potential map of sample an-
nealed at 400°C. The image was
treated by line averaging; color scale
from 9 mV (black) to 20 mV (white).
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(d) Potential map of sample an-
nealed at 450°C. The image was
treated by line averaging; color scale
from -1 mV (black) to 10 mV
(white).
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(f) Potential map of sample annealed
at 500°C. The image was treated
by line averaging; color scale from
-206.8 mV (black) to -165.2 mV
(white).

Figure 5.7: Height and potential maps of nearly stoichiometric XPS2, during the anneal-
ing steps from 400 to 500°C (size: 2 pmx2 pm).
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(a) Morphology map of room tem-
perature thermal deposited sample
on ITO. The image was treated
by line averaging; color scale from
-14.2 nm (black) to 22.3 nm

(white).

()

n‘ ’.

(b)

(white).

RS AN WL
Morphology map
mal deposited sample annealed at
350°C on ITO. The image was
treated by line averaging;
scale from -80 nm (black) to 32 nm

Morphology map of sputtered

sample annealed at 350°C on sil-
The image was treated by
line averaging; color scale ranges
from -20.7 nm (black) to 26.5 nm
(white).

icon.

-30

of ther-
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Figure 5.9: Height maps of different 30 nm thick MoO, samples, obtained at the Uni-
versity of Bologna (size: 2 pmx2 pm).

XPS2 Troom 300°C 350°C 400°C 450°C 500°C
Grain diameter (nm) 2143 2143 2745 | 44412 | 110+60 | 220+£70
Roughness (nm) 1.840.9 2.7+0.8 8+2 | 9£3 | 59+18 | 59+£19
Potential contrast (mV) | homogeneous | homogeneous | 7+5 | 11£9 10£7 2249

Table 5.2: XPS2 sample: physical quantities measured by KPFM.

30 nm MoO, on ITO SP30RT | SP30-350 | SP30RT450 | TH30RT350
Grain diameter (nm) 37+11 | 90420 63£11 56+13
Aggregate diameter (nm) | 160430 190+£50 170+40
Roughness (nm) 19+£6 15£5 15£5 2246
Potential contrast hom. hom. hom. hom

Table 5.3:

Physical quantities of 30 nm thick MoQO, samples on I'TO measured by KPFM.
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For high temperatures, the diameter of large grains was considered: even if it is still
possible to distinguish subgrains inside them, the significant event is that aggregates
melt together. Nevertheless, in the case of MoO, on ITO, table 5.3 displays dimensions
of both aggregates and elemental grains within them.

In the case of comparison measurements carried out in Bologna, a summary of mor-
phology and potential results is visible in table 5.4. Since the values only aim at providing
a double-check confirmation of the ones obtained in Paris, any detailed error analysis
has not been carried out. For the sample deposited on silicon the grain size data are re-
ferred to round structures distinguishable on the topography in figure 5.9¢, even though
the surface is unexpectedly dominated by filament-like grains with a length between
250 and 650 nm and a width of ~20 nm, which was not observed in XPS1 and XPS2
morphologies.

In any case, the order of magnitude of the present morphological properties is in
satisfactory agreement with the results of KPFM performed at INSP, so that we can
confirm their reliability. Also extracted values of oxide work function are in the same
range of the more rigorous ones from UPS reported below in section 5.1.2, but caution
is required in the evaluation of these data due to the high noise levels which could
not be removed changing experimental parameters, the considerable presence of surface
contamination in air and the difficulty to choose a unique reference value for gold work
function - a wide range of data can be found in literature according to measurement
method and conditions and crystalline structure of Samples[24]. At this regard, further
procedures of surface treatment like vacuum annealing combined with polymeric coating
are still ongoing in order to reduce sample coverage of adsorbates in KPFM measurements
in air.

Th RT on ITO Th 350°C on ITO Sp 350°C on Si
Grain diameter (nm) 170 50 (aggregates ~ 200) 70
Roughness (nm) 16 25 24
Work function (eV) 5.4 5.3 5.3

Table 5.4: Physical quantities of 30 nm thick MoO, samples measured by KPFM at the
University of Bologna.

To highlight the influence of thermal treatment, plots 5.10a and 5.10b display how
grain diameter and roughness evolve with annealing temperature for MoO,, deposited on
silicon (XPS1 and XPS2). Up to ~400°C the two samples have similar topographical
characteristics and surfaces are quite flat. The turning point in annealing cycle is around
400°C: from here onwards nanoaggregates grow larger and surface corrugation continues
increasing. Moreover, XPS2, with a greater oxygen content in its stoichiometry, reveals
more apparent features than substoichiometric XPS1, for example a double roughness at
450°C and a triple grain diameter at 500°C. This fact is consistent with previous research
conclusions®0! and suggests an important role of oxygen in triggering and helping grain
nucleation.

XPS1 and XPS2 potential data are not as clear to analyze and no definitive conclusion
could be extrapolated within error intervals. In this context a more precise experimental
technique is needed, even if it seems that potential differences between surface sites
increase during annealing in relation to morphology changes (other potential contrast
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Figure 5.10: Topography evolution during annealing treatment on XPS1 and XPS2.

measurements on XPS2 annealed at 500°C as explained in appendix A gave values of
(29£6) mV and (31£8) mV).

However, it can be hypothesized that CPD differences on the sample are caused by
capacitive artifacts directly linked to topographical features. In fact, surface valleys and
peaks can act as 'physical traps' for charges or channel their distribution on the sample,
so that potential maps closely resemble morphology ones.

In any case, some of the CPD scans seem to reveal further differences on the surface
which do not mirror oxide topographical structure: for example, zones of low and high
potential larger than surface grains (hundreds of nanometers) are slightly distinguishable
in figure 5.5f and 5.5h referred to XPS1 sample. Nonetheless, the important presence of
adsorbates such as carbon contaminants makes it difficult to reach any conclusion about
the relation between these areas of different potential and the substoichiometric grains
with a variety of work functions demonstrated in ref. [6].

About the discrepancies between data extracted for silicon and I'TO-deposited sam-
ples, a screening effect determined by Si can be assumed. In fact, the correspondence
between topography and potential maps grows more evident with annealing temperature
for Si-deposited samples, whereas CPD maps remain almost flat in the case of ITO.

Further more, silicon substrate differs from I'TO in its flatness that allows deposited
oxide to develop grain features during annealing according to its own aggregation mecha-
nisms, whereas the already corrugated ITO surface limits this process. Examples of ITO
AFM maps revealing closely resemblance to the topography of subsequently deposited
MoO, are shown in ref. [26].

As a consequence, roughness is stable during annealing for ITO-deposited samples at
around 20 nm, which does not result in potential contrast, while peak-valley differences on
Si reach ~60 nm for the last annealing steps, so that clearer correspondence in CPD maps
can be detected due to the aforementioned capacitive artifacts. This systematic study
therefore reveals the role of the substrate in determining morphological and electrical
properties of the samples.

Appendix B provides a more detailed discussion about the influence of grain bound-
aries in potential measurements and additional elements extracted by adhesion map
analysis.

As to MoO, on ITO, the annealing temperatures of 350°C and 450°C were chosen
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because in this interval XPS1/XPS2 showed the most important roughness and grain
size changes. On the contrary, these properties are quite constant regardless of the
deposition technique on ITO. In fact, according to table 5.3 and to the images in figure
5.8, the four samples do not exhibit a clear evolution during the annealing treatment
nor any difference between thermal deposited and sputtered MoQ,, inside the error bar
range. The grain size - especially aggregate dimension - does not evidently change during
heating. Besides, topographical roughness is similar for every sample and potential maps
are almost flat, revealing a very homogeneous surface despite of thermal treatment.

As already stated, for oxides deposited both on silicon and on ITO, the difficulty to
detect any potential feature might be due to the amount of carbon contamination on the
surface, since KPFM is not used in vacuum or under controlled atmosphere: absolute
CPD values are therefore not reproducible nor reliable and potential contrast evolution
during annealing is limited to few millivolt.

In general, KPFM results suggest that photoemission studies as XPS and synchrotron
XPEEM are crucial to enhance CPD measurement resolution, to achieve absolute surface
work function values and to provide a deeper insight into chemical sample characteristics
and their evolution during annealing.

5.1.2 XPS/UPS

Protocol

Different ITO-deposited MoO, samples were studied - the ones already mentioned
in section 5.1.1. In the presentation of the following results, the series of measurements
on RT sputtered MoO, is regarded as unique even if annealing at different temperatures
was performed on separate samples up to 450°C.

The series of measurements involved:

1. an overview of a large energy interval under monochromatic X-rays (K,, aluminum
emission line, with hv = 1486.70 eV);

2. detailed scans around the energies of different elements (especially Mo3d and Ols,
but also carbon Cls to check the level of contamination);

3. UPS scan for valence band measurement (hy = 21.22 eV);

4. UPS secondary electron cutoff scan with a sample bias of -18 V for work function
extraction;

5. XPS scan after UPS measurements, to analyze the effect of UV exposure.

After spectra acquisition, all XPS and UPS data were plotted versus binding energy
Bg. Fermi level was located by gold reference (Aulll) calibration to provide a fixed zero
for Bg scale: it is worth noting that this is not the samples’ Er, which varies during
annealing treatment with valence band and intra-gap state evolution, as explained in the
following.

Molybdenum peaks were analyzed by multiple Voigt function fit and subtraction
of Shirley background (a model whose intensity is proportional to the total peak area
summed over the range of lower binding energies[27]), the percentages and energy posi-
tions of different oxidation states - Mo%t, Mot and Mo**t - were finally extracted and
are summarized in table 5.5.
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Experimental error was estimated at 133 meV from Fermi energy width of Ag refer-
ence for UPS and at 0.6 eV from fwhm (full width at half maximum) of Ag3ds/, peak for
XPS. Moreover, the presence of carbon contaminants was observed from the peak Cls
around an energy of 284.2 €V, as visible in figure 5.11 for the annealing cycle of sputtered
MoO,.

1.0 o |— Sputtered MoOx RT Ci1s
—— Sputtered MoOx annealed @ 150°C

—— Sputtered MoOx annealed @ 350°C
—— Sputtered MoOx annealed @ 450°C

Normalized intensity (a.u.)

292 290 288 286 284 282 280 278
Binding energy (eV)

Figure 5.11: Evolution of Cls peak for the RT sputtered MoO, at different annealing
temperatures. It is evident the decrease of the carbon peak during sample heating.
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Figure 5.12: Zoom on the valence band
edge for RT sputtered MoO, annealed
at 450°C. Two different linear fits are
needed to detect the respective energies
of valence orbitals arising from O2p and

defect states (from the intersection with ‘ : ‘ : — ‘

the background intensity). ¢ ® Binding energy (&) E

400

02p Defect states

Intensity (a.u.)
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From secondary electron cutoff of UPS measurements with sample bias, the oxide
work functions can be obtained using the expression 4.3 in section 4.2. As in the example
provided in figure 4.7 (section 4.2), in order to extract the position of secondary electron
cutoff only the main slope was considered, whereas the minor edge at lower binding
energies is probably due to I'TO substrate.

From UPS scans at zero potential it appears that valence band edge is not well defined
and that in addition to a sharp cutoff there is at least another structure at lower binding
energies (as in the example in figure 5.12). Separate linear fits are thus needed to extract
their positions, expressed relatively to gold Ep determined in the same experimental
conditions.
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In order to compare some of the XPS/UPS data with analogue results from literature
referred to samples on silicon/2?! we also analyzed previous measurements performed
at LRS in 2016 for MoO, on 81[6], calculating work functions and O:Mo ratios. Two
different samples were considered, thermal deposited and sputtered ones, both of which
underwent annealing at 210°C and 500°C. The experimental protocol was similar to the
one described above, with the only difference that calibration was made with Ag Fermi
level and a bias of -10 eV was applied for secondary cutoff spectra.

Results

The series of charts in figure 5.13, referred to thermal deposited MoQO,, shows the
evolution of Mo3d spin-orbit double peak after every annealing step (room temperature,
150°C and 350°C) and compares the oxidation states before and after UV exposure at
21.22 eV. Similar graphs have been obtained for sputtered oxides. Extracted quantitative
results are displayed in table 5.5.

In the figure 5.13a two peaks, at high and low binding energies, respectively cor-
respond to Mo3ds/, and Mo3ds/; orbitals. Red areas are fit results for Mo%* oxidation
degree, the unique component in a stoichiometric MoOs, whereas blue ones refer to Mo®*,
which produces shoulder features in the low Ep region of the total fit function (envelope
in black dashed line) for experimental data (green solid line). This is linked to oxide
reduction and associated chemical shift.

At high annealing temperatures, as for figure 5.13e, an additional feature attributed
to Mo** states occurs at even lower binding energies, an evidence of further reduction
in the sample.

From the provided example it is clear that peaks change during thermal treatment.
The initial well-defined shapes become broader with right shoulder appearance, espe-
cially evident at 350°C. Also peak positions evolve: whereas for raw sample (fig. 5.13a)
an almost total correspondence between experimental Mo3ds/s/Mo3ds/, and Mo°* fit
components is visible at approximated energies of 233 and 236.2 eV, the total peaks
move to the right on Ep scale with increasing heating temperature, due to the grow-
ing proportion of Mo’" and Mo*" oxidation states. Slight changes with displacement
to lower binding energies and increased percentages of reduced states can also be seen
comparing spectra before and after beam exposure at equivalent temperatures.

Discussion

In table 5.5 results of spectra analysis are summarized, with a classification according
to the sample (thermal, sputtered, in situ annealed sputtered) and the annealing tem-
perature or UV beam exposure. The first columns display oxidation state percentages,
binding energies and peak full width at half maximum (fwhm) from multi-Voigt fit. Ox-
ide stoichiometry is expressed as O:Mo ratios of peak to peak percent concentrations,
extracted by CasaXP§S analysis of overview spectra. In a similar way, carbon content
is described by the percent C:O ratio. The table also provides work functions and va-
lence band positions, with a further distinction between oxygen and defect state VB, as
explained in detail below.

Similarly, table 5.6 summarizes results for O:Mo ratio and work function in the case
of thermal deposited and sputtered oxide samples on silicon substrate, for every step of
their annealing treatment.

Different observations can be made on the data reported in the tables.
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Figure 5.13: XPS spectra of Mo3d orbitals for thermal deposited MoO, sample. The
series of images follows the evolution of oxidation states according to UV beam exposure
(from left to right) and annealing cycle (from top to bottom). Every chart shows experi-
mental Mo3d data, Voigt functions fitting different oxidation states, Shirley background
and the envelope resulting wave.
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T (°C) O:Mo ratio WF (eV)

Thermal

raw 2.62 4.41

210 3.13 5.36

500 3.46 6.11
Sputtered

raw 2.55 4.40

210 2.85 5.11

500 3.23 6.23

Table 5.6: Experimental results for MoO, samples deposited on silicon analyzed by XPS
and UPS. O:Mo ratios and work functions are shown for every step of thermal treatment.
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(c) Sputtered MoOy, in situ annealed at 350°C.

Figure 5.14: Oxidation state proportions and work function evolution with annealing
temperature for the three sample of molybdenum oxide.
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(c) Sputtered MoO,, in situ annealed at 350°C.

Figure 5.15: Valence band evolution with annealing temperature: zoom on the structure
due to the defect states.
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. For all the samples, thermal treatment results in a decrease of the surface contami-
nation with an almost complete adsorbate removal at 350-450°C, as it is clear from
the evolution of carbon peak (figure 5.11) and C:O percent ratio (table 5.5).

This also results in a rise of oxygen peak intensity at higher temperatures since
the Ols photoemitted electrons are no more screened by carbon contaminants, so
that this is not incompatible with the growing presence of O-vacancy defect states
explained below!0!.

. Peak positions are the same for the three samples and they do not evolve signif-
icantly with thermal treatment, within the limits of energy resolution. They are
comparable to previously reported results of 232.5 €V for Mo%*, 231.6 eV for Mo®*
and 229.7 €V for Mo** for sputtered MoO, 61,

. For every sample (except for sputtered oxide annealed at 350°C) the growth of
Mo®* percentage confirms compound reduction at every annealing step. In some
cases - thermal annealed at 350°C and pre-annealed sputtered - also Mo** oxidation
state is present. These results are summarized in the graphs in figure 5.14.

. Peaks get broader at higher temperatures, as summarized in fwhm data of table
5.5. This is a challenging result to interpret, since previous research!®) reported
an evident decrease of peak width, at least around 500°C, as a consequence of
improved crystalline quality.

. As annealing temperature continues to increase, every sample shows a growing
work function (figure 5.14). This seems to be true regardless of the preparation
method, because for all the three samples work functions are the same at every
annealing step.

. The evolution of the valence band structure of the different samples with annealing
temperature can be seen in figure 5.15, where magnification focuses on the structure
closer to Fermi level. According to previous researchm, changes in valence band
occupation with annealing temperature at these lower binding energies is due to
intra-gap O-vacancy defects, while the most evident VB cutoff main contribution
comes from O2p orbitals. Graphs in figure 5.15 and data in table 5.5 show that the
increasing presence of defect states creates a band below conduction band bottom
and enhances the conductivity of the material with temperature.

In particular, the position of the so-called d; defect band, due to single occupancy
of Mo4d levels by oxygen vacancy states[Q], moves towards lower binding energies
just below Ex with annealing temperature together with a simultaneous increase of
VB edge peak intensity. Another intra-gap level ds, due to doubly occupied Mo4d,
gives rise to a peak around a binding energy of 2 eV. It is clearly visible only for
high temperature annealing, especially in the case of thermal deposited MoO, at
350°C (5.15a), where two defect-linked valence band edges can be located at 0.14
eV (d;) and 0.45 eV (dy). This is in agreement with the presence of Mo?* oxidation
state in the latter sample.

. An analysis of oxide stoichiometry unexpectedly reveals the increase of oxygen pro-
portion as annealing treatment is performed, which is consistent with work function
increase but in opposition to the reduction of the material inferred from oxidation
states. In fact, data in table 5.5 show that initial substoichiometric oxides (MoO,
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with <3) become superoxidized (x>3) after 350°C heating. This could be par-
tially linked to the loss of Ols photoelectron screening by carbon contaminant
removal at high temperatures, so that the intensity increase of Ols peak (from
45/50% at room temperature to ~70% at 450°C in percent concentration) is far
more evident than the one of Mo3d (Mo concentration changes from 18/19% at
room temperature to ~25% at 450°C in percent concentration).

However, recent studies?? carried out on molybdenum oxide on silicon demon-
strated a direct proportionality between O:Mo ratio and work function. In order
to compare them to our results we should take into account the data reported in
table 5.6, referred to MoO,, deposited on the same substrate, annealed up to 500°C.
They reveal a O:Mo ratio increase from z ~ 2.6 to = ~ 3.2-3.5 and a WF rise from
less than 4.5 eV to more than 6 eV, similarly to MoO, on ITO measurements (see
graphs in figure 5.16).

Whereas experimental conclusions of ref. |25] (figure 5.16¢) report that WF and
O:Mo ratio grow with annealing up to 200°C and then start to decrease from 200
to 400°C, the similar trend of these two quantities is in agreement with our results
and can represent an experimental confirmation to the theoretical model explained
in section 2.1 (illustrated in figure 2.1).

At this regard it is important to underline that our annealing treatment was per-
formed in Ultra High Vacuum and it is therefore not totally comparable to the one
under oxygen atmosphere in ref. [25].

Figure 5.17 shows our experimental work function data from UPS on different
samples (RT and in situ annealed sputtered and thermal deposited; on ITO and Si
substrate) on the graph based on the relationship between stoichiometry and WF
modelled in ref. |2]. The points are scattered over wide ranges of work function
and O-deficiency, so that an analytical function fit by eq. 2.9 was not successfully
realized. Moreover, our measurements comprehend some superoxidized samples
with O-deficiency x>0. This is not contemplated in the theoretical model, where
it would result in negative arguments in logarithms of eq. 2.9 (section 2.1). How-
ever, it is possible to see a general decrease of WF data versus x, with a trend
roughly comparable to the theoretical one, even if the stoichiometric work function
WF, is different for Greiner’sl?l and our samples, so that there is a vertical offset
between trends describing the two data sets: this is possibly due to changes in
preparation techniques and growth substrates.

8. Sputtered samples prove to be more stable than thermal deposited ones under UV
light, while stability increases with annealing temperature. In fact, the percentage
of Mo%" oxidation state is generally lower after beam exposure - UV rays help
O-vacancy creation resulting in oxide reduction, but the decrease is less important
comparing sputtered to thermal samples or annealed to not annealed ones. For
example, a 7% drop in Mo®" oxidation state is measured for raw thermal oxide,
whereas it is only by 2.1% for sputtered. In the same way, sputtered oxides treated
by 450°C annealing and 350°C in situ annealing + 200°C heating undergo almost
no effect due to UV photons. The only measure out of the trend is a Mo®" decrease
of only 0.4% for thermal deposited MoO, heated at 150°C, whereas it is of 2.5%
for 350°C annealed. It is worth underlining that the first annealing step should
be carefully interpreted due to the important effect of contaminant desorption on
vacuum level position.
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Figure 5.16: Oxidation state proportions and work function evolution with annealing
temperature for molybdenum oxide on Si. (a) refers to thermal deposited sample and
(b) to sputtered one, both analyzed at LRS in 2016, while (c) concerns comparative
experimental data from ref. [25]. The three graphs reveal a similar evolution for O:Mo
ratio and work function, even if in (¢) a drop is visible after 450 K, whereas a constant
increase can be seen in (a) and (b). Temperature scale in Kelvin.

9. Also differences between sputtered oxides according to the annealing method could
be inferred, even if the crucial measurement on in-XPS-chamber 350°C annealed
sample was afflicted by a machine breakdown which prevented UV effect study. It
is possible to notice that in situ and in-XPS annealed samples have compatible
work functions - respectively 5.34 and 5.38 eV after carbon desorption - but the
latter proved to be more reduced (36.1% vs 10.3% of Mo°* state), even if the role
of Mo** should be further understood.

These results agree with the previous knowledge about the reduction of molybdenum
oxide by annealing and UV exposure. It is important to point out that, in the perspective
of an application in solar cells, the change of MoO, properties under UV light is not
a desirable feature of the material, whereas the annealing-induced evolution is a lab-
controllable method which allows to tailor compound characteristics in a predictable
way. Therefore, sputtering deposition proves to be more efficient and reliable as a growing
technique due to the little influence of UV rays on the produced samples, especially after
thermal treatment.
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5.1.3 LEEM/XPEEM

Protocol

Different samples grown on ITO were analyzed to collect data about their chemical
and electronic properties:

1. MoO, on ITO from sputtering, subsequently treated by annealing at 350°C (thick-
ness ~30 nm);

2. MoO, on ITO from thermal deposition, treated by annealing at 350°C (thickness
~30 nm).

All the samples were previously put in the preparation chamber and heated at T ~ 130°C
in order to free the surface from contaminants.

LEEM images and spectra of every sample were acquired focusing an electron beam
on the oxide surface. From the nanometric-resolved reflection drop maps, work function
differences on the surface could be examined as well as their evolution during annealing,
analyzing specific ROIs or single pixels with different electron absorption properties and
calculating cutoff positions on associated spectra. In order to extract quantitative data,
relative work function was determined on STV scale by the intersection between the
linear fits to the 100% elastically reflected electrons and to the drop-off when WE sampie

26)

is overcomel Since

WFsample = STV + WFCCLHM

a measurement of W F,,,, the cathode work function of the instrument, is needed to
obtain absolute W F,,,. values. According to the calibration procedure described in
ref. 28|, STV of LEEM drop-off and W Fy,,pe from UPS for the same gold on silicon
reference sample were compared, to get

W EFun = 3.38€V.

MoO, LEEM data could hence be plotted on work function scale by a 3.38 eV translation.

In a similar way, switching from electron gun to synchrotron X-ray beam and setting
suitable photon energy and kinetic energy scan interval (STV), different orbitals were
investigated by XPEEM: Mo3ds/»-Mo3ds/, (with a typical photon energy hv of 400 or
650 eV), Ols (with hv = 650 eV), valence band and secondary electron cutoff (typically
with hv = 100 eV).

The technique provided a contextual recording of surface map where the electron
emission for every point could be visualized, with an estimated resolution of ~100 nm.
The images were then analyzed tracing different ROIs and studying emission spectra
for selected zones and the procedure was repeated for every sample before and after
annealing steps and with different oxygen contents in the chamber. Both for valence
band and secondary spectra, cutoff positions could be located by the intersection between
a linear fit on the slope and the horizontal tangent to the background, in a similar way
to UPS analysis.

Results

LEEM examples relative to sputtered 30 nm thick MoO, are shown in figure 5.18.
Whereas reflection drop-off is stable and work function homogeneous on the same surface,
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Figure 5.18: Normalized
LEEM spectra on the cal-
ibrated WEFE scale referring
to the whole sample surface
before and after annealing
for sputtered MoO,, with
the corresponding surface
maps. STV = 2 and 2.4 eV
respectively, corresponding
to an energy straight after
the drop-off start; FOV =
20 pm. The small black and
white features appearing after
annealing are probably due
0.0 : ‘ : : : : to surface physical defects as
WF (eV) scratches.

—— before annealing
—— after annealing @ 350°C|

0.8+

0.6

Intensity (a.u.)

0.4

0.2+

100+

Figure 5.19: Mo3d peaks
for thermal deposited MoO,
heated at ~130°C, at a pho-
ton energy of 400 eV (a) and
XPEEM map obtained by
R ‘ ‘ summing the images acquired
158 160 162 16;15_[(2:3) 168 170 172 174 at every STV Step (]:)7 FOV —
(a) (b) 10 pum).

80

Intensity (a.u)

60

40

spectra registered for an overall ROI before and after 350°C annealing can be compared.
It is apparent that at high temperature LEEM cutoff moves in the direction of higher
kinetic energies, and a difference of ~0.5 eV in the position of the signal drop appears.
Calibration procedure allowed to obtain quantitative data for work functions:

e 5.41 and 5.86 €V for sputtered sample before and after 350°C annealing,
e 4.70 and 5.67 eV before and after the same treatment on thermal deposited MoQ,.

As for XPEEM maps, since all the analyzed MoO, samples were uniform and no
displacement in peak positions on different regions was measured, only ROIs extended
over the whole surface were examined. As an example, an homogeneous XPEEM map
and corresponding Mo3d peaks (split by spin-orbit coupling) extracted by analysis of an
overall ROI are shown in figure 5.19.

Also secondary electron cutoffs are homogeneous on every analyzed sample, even after
the high temperature heating, and no regions with different characteristics in the colour
map were detected. However, it proved impossible to extract quantitative data because
of problems to determine a well-established calibration method for the instrument and
a lack of photon energy reproducibility. Further measurements to solve some of these
issues are therefore needed, but the synchrotron facility was not accessible after the data
elaboration which revealed them.
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Figure 5.20: Sputtered MoQO,, sample va-
lence band comparison before and after
the annealing treatment at 350°C. Spec-
tra are normalized at 1 and 0 at respec-
tive ends.
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The chart in figure 5.20 compares sputtered MoO, valence bands at room temperature
and after the annealing cycle. It is important to point out that before thermal treatment
the sample was held under an oxygen-rich atmosphere (P, ~ 2x107% Torr).

Focusing on the right shoulders accounting for defect states, a decrease of their in-
tensity after annealing (without Os) is evident. The main cutoff displaced towards lower
kinetic energies in the post-treatment measurement (by 0.5 €V in this example).

Discussion

Data collected from synchrotron techniques on molybdenum oxide allow to draw some

main conclusions:

1. From the whole set of studies on MoO, (LEEM, Mo3d and secondary cutoff)

at every heating treatment stage, it appears that no crystallites or regions with
different chemical and electrical properties are present on the surface and samples
do not change during annealing cycle. Oxidation degree and work function are
therefore homogeneous throughout the material.

. MoO, valence band evolves with thermal treatment, but in a direction which is
opposite to the expectations[51[6]. In fact, the samples oxidize instead of being
reduced (figure 5.20), as can be seen from the disappearance of the defect states in
the extreme part of the valence band?! and VB edge displacement towards lower
kinetic energies (i.e. higher binding energies). Since the samples were kept under
oxygen during most of the measurements, high annealing temperature enhances
oxidation effectiveness with the consequential filling of O-vacancy defect states
and decrease of their contribution to conduction. This could be true also for the
analyses performed without oxygen (as in the case of annealed sample in figure
5.20), since gas molecules can remain and react on the oxide surface also after the
Oy flux removal.

. Work function differences emerge before and after annealing and they are compat-
ible with UPS measurements (for example 0.45 €V in sputtered MoO, from LEEM
and 0.46 eV from UPS, comparing 100-150°C and 350°C heated samples). They

indicate an evolution of oxide properties due to thermal treatment.

5.1.4 Conclusion on MoO,

The ensemble of experimental techniques used to characterize MoQO, samples re-
veals an important difference between compounds according to their growth substrate.



Chapter 5. Results and discussion 59

Whereas, during annealing on silicon, grain structures and corresponding surface po-
tential contrast (KPFM) develop on the surface, ITO-deposited MoO, proves to have a
greater thermal stability in topography and potential measurements. This is confirmed
by XPEEM, which did not reveal any crystallites with different emission properties, and
by LEEM, which gave access to quantitative work function data for different surface
sites. XPS and UPS results are compatible with the LEEM ones and highlight work
function increase, reduction of oxidation degree and defect state rise during annealing,
in line with previous research®/(0],

It is however important to discuss in more detail Photoemission Spectroscopy results,
since the demonstration of oxide reduction appears to be incompatible with work function
and oxygen proportion rise. In fact, as proposed by Greiner’s modelm, WE should
decrease with O-deficiency for electronegativity and donor concentration considerations,
with an initial steep logarithmic drop for nearly stoichiometric compounds and a following
linear trend. Experimental data presented in ref. [25| and visible in figure 5.16¢ can be
regarded as a proof of this fact, even if only in the linear re%ime, since the logarithmic one
is probably verified for tiny degrees of non-stoichiometry!?!. Even if it was not possible
to analytically verify the agreement between our results and model equation (2.9) due to
a great statistical dispersion in a limited quantity of measurements - just three or four
for every sample, graphs in figures 5.16a and 5.16b confirm the direct proportionality
between O:Mo ratio and molybdenum oxide work function.

At the same time, the simultaneous verification of oxidation state decrease and filling
of intra-gap states due to O-vacancies can be compatible with WF and O:Mo growth
if we take into consideration High-Resolution TEM and LEEM data of previous studies
illustrated in section 2.201. n fact, together with the elimination of carbon contami-
nation and its screening effect on Ols photoelectron so that oxygen presence is more
easily revealed by XPS at higher temperatures, a possible explanatory hypothesis is that
reorganization of oxide structure takes place during annealing. This is supposed to result
in a nearly stoichiometric (and eventually superoxidized MoO, with z>>3) substrate with
high degree of crystallinity and elevated work function and an ensemble of substoichio-
metric surface grains with a range of work functions, lower than MoOj3 according to the
theory. Therefore, it is not inconsistent with expectations that XPS and UPS reveal the
increase of Mo ions with reduced oxidation degree (Mo and Mo**) and the appearance
of a defect band near the bottom of CB - depending on surface layer - together with
an overall rise of O:Mo ratio and WF - a global property depending mainly on the bulk
substrate. In fact, Photoemission measurements were performed by means of Ultravi-
olet photons of 21.22 eV and 1486.70 eV X-ray light, with respective probing depths -
layer thicknesses providing 95% of the overall signal - of around 15 and 75 A29] This
means that both surface amorphous and bulk crystalline phase could be analyzed, since
substoichiometric grains involve the first 40 A according to ref. [6], but they are not
homogeneous on the whole sample and do not completely cover it.

If this interpretation is correct, it is expected to distinguish on LEEM maps different
regions with higher and lower work functions, in agreement with results of previous
research (as shown, for example, in figure 2.2). The fact that, on the contrary, Low
Energy Electron Microscopy performed at SOLEIL did not reveal any relevant grain
structure could be however due to a poor instrumental resolution (around a hundred of
nanometers, comparable to the extension of expected domains with different WF[5”6]).
Another element which seems to be in disagreement with this explanation is the increase
of peak broadening (fwhm) with annealing temperature, a proof of deteriorated structural
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order in the layer, even it is not incompatible with a high-quality crystalline substrate
covered with amorphous-like surface grains.

The techniques also investigated UV effects on the oxide and demonstrated the beam-
caused reduction - photon energy triggers the creation of oxygen vacancies - and a greater
influence on thermal deposited samples rather than on sputtered ones. Moreover, the
role played by the annealing method emerges from XPS/UPS data, suggesting a greater
reduction when the heating is rapid and not gradual and slow as in the in situ procedure,
even if stoichiometry differences should be carefully examined by further research. As
demonstrated, electrical property evolution with heating depends on the substrate (Si
vs ITO) and this points out the importance of performing characterization for materials
engineering directly on the same compound supposed to be employed in real devices,
because of the great impact of deposition layer on MoQ, crystalline reconstruction during
annealing.

Finally, the improved stability of sputtered molybdenum oxide under UV beam ex-
posure provides an important indication in order to develop more efficient and reliable
photovoltaic cells.

5.2 Titanium oxide

5.2.1 AFM

Protocol

In order to understand the surface structure of TiO, samples for a comparison with
molybdenum oxide, simple AFM measurements were performed at the University of
Southern Denmark by Dr. Ahmadpour and analyzed at INSP. Sputtered TiOy on ITO
samples previously analyzed at SOLEIL synchrotron facility were studied: 215°C and
360°C annealed inside the beamline preparation chamber and high temperature deposited
at 355°C, as explained below in section 5.2.3.

Grain dimensions were extracted with the same method explained in section 5.1.1,
while for roughness the difference between the minimum and the average surface height
calculated by Gwyddion analysis software was considered.

Results

The topographical maps are visible in figure 5.21. The three samples feature a similar
morphology and no surface evolution with the annealing stages is evidenced. Grain shape
resembles the one of MoO, /ITO samples, as can be seen from a comparison between
figures 5.8d and 5.21, for instance.

Discussion

By a quantitative analysis of AFM images, the results shown in table 5.7 were ob-
tained. The three samples have similar grain size and roughness parameters and no effect
of thermal treatment can be proved. Since also MoO, deposited on ITO appears not to
be influenced by annealing, it is probable that the substrate plays an important role in
determining oxide behavior. Also in this case, as already pointed out for molybdenum
oxide, it is visible that grain morphology closely resembles the I'TO underlayer as shown
in ref. [26].
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Figure 5.21: 5 umx5 pym AFM images of TiO, on ITO.

TiO,/ITO (analyzed by XPEEM)

42 nm @ 215°C

42 nm @ 360°C

45 nm in situ @ 355°C

Grain diameter (nm) 3849 25+8 2545
Aggregate diameter (nm) 9717 7611 110430
Roughness (nm) ~14 ~17 ~17

Table 5.7: Morphological parameters measured by AFM on TiO,/ITO.
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Experimental data 25 Experimental data
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nealing at 250°C in the XPS vacuum
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Figure 5.22: Peaks of Ti2p for TiO, sample sputtered at 355°C, in particular Ti2p/,
at higher and Ti2p3z/, at lower binding energies, respectively. Intensity is expressed in
counts per second.

5.2.2 XPS/UPS

Protocol

XPS and UPS measurements were performed at LRS with the same method explained
in section 5.1.2 for MoQO,. Analyzed samples contemplated TiO, sputtered both at room
temperature and at 355°C, whereas inside XPS vacuum chamber a soft annealing at
250°C was performed to eliminate surface contamination.

XPS overview, Ti2p and Ols spectra were acquired, as well as UPS valence band and
secondary electron cutoff scans.

Results

In figure 5.22 examples of Ti2p peaks are visible in the case of 355°C deposited oxide
before and after annealing at 250°C. Peak positions were identified at 530.6 eV for Ols,
465.0 eV for Ti2p, /o and 459.3 eV for Ti2ps /5, which did not change after 250°C treatment.
Similar spectra and binding energies were obtained for the same oxide sputtered at room
temperature, as summarized in table 5.8 together with work function, valence band edge
energy and O:Ti ratio of the analyzed samples.

Discussion

Photoemission Spectroscopy data, as reported in table 5.8, reveal a slight increase of
0.3-0.4 eV in work function after heating at 250°C, probably due to desorption of surface
contaminants. At the same time, no role seems to be played by preparation procedure,
since TiO, samples sputtered both at room and at elevated temperature show the same
work function, valence band position and WF evolution with heating. Also oxygen and
titanium binding energies remain unchanged within XPS resolution before and after soft
annealing and regardless of the deposition method.

As for oxide stoichiometry, it could be regarded as stable around an O:Ti ratio of
2.5 for different synthesis techniques and heating temperatures, even if it can be argued
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Sample T (°C) WF (eV) VB (eV) Ols (eV) Ti2pyso (eV) Ti2pgss (eV) O:Ti
Sputt. RT raw 3.8 530.7 464.8 459.1 2.55
250 4.2 3.5 930.5 464.7 459.0 2.3

Sputt. 355°C  raw 3.9 530.6 465.0 459.3 2.5
250 4.2 3.2 530.6 465.0 459.3 2.5

Table 5.8: Experimental results for TiO5 samples analyzed by XPS/UPS. Work functions,
valence band positions, oxygen and titanium peak binding energies and O:Ti ratio are
shown before and after the soft annealing treatment.

that for sputtering at room temperature reduction takes place after 250°C treatment
(O:T1i ratio drops to 2.3). This is a possible hint of a better chemical stability of the
material when prepared under heating (at 355°C), but the oxygen proportion change is
slight and it could be related to contaminant desorption - also water molecules and other
O-compounds are present on the surface before soft annealing.

A different experimental technique is therefore needed to get a deeper comprehension
of chemical and electrical properties of the material: in this context Raman, Infrared or
X-ray Absorption Spectroscopy measurements can be helpful since they allow to recognize
crystalline phase in titanium oxides like anatase and rutile.

5.2.3 LEEM/XPEEM/XAS

Protocol

The ~45 nm thick titanium oxide samples on ITO analyzed by synchrotron techniques
are listed below:

1. sputtered TiO, treated by one-step annealing at 360°C;
2. sputtered TiO, treated by two-step annealing at 215°C and 360°C;
3. sputtered TiO, deposited at 355°C.

In a similar way to MoO,, they underwent heating at T ~ 130°C to free the surface
from contaminants. A constant amount of oxygen in the chamber was needed in order
to preserve TiOs stoichiometry and avoid substantial changes in oxidation state of the
material. An O, pressure between 1x107% and 3x10~® Torr was therefore maintained
even during heating.

LEEM technique was employed to investigate the samples and their evolution with
annealing stages and extraction of work functions was carried out as for MoO,, (section
5.1.3).

With regard to XPEEM, in addition to Ols orbital, valence band and secondary
cutoff, Ti2p;/2-Ti2ps/, peaks were investigated using a typical photon energy of 650 eV.
Image treatment and spectra analysis were the same as the aforementioned MoQO, ones
(section 5.1.3).

However, the most important data for TiOy were collected by XAS technique, scan-
ning a photon energy interval with a fixed STV (typically 1.4, 1.6 or 1.8 eV). In this case
normalization - spectrum division by the current on a filter in front of the beam - was
necessary to remove any effect of undulator peaks during the photon energy scan.
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(a) LEEM image of (b) LEEM  image (c) LEEM image of
TiOs at room temper- of  TiOs, two-step  TiOq deposited  at
ature (FOV = 20 um, annealed at 215 and 355°C (FOV = 20 pm;

STV = 0.45 eV). 360°C (FOV = 10 um; STV =-0.3 V).
STV = 1.7 eV).
Sputtered, RT
1.2 |— Sputtered, two-step annealed @ 360°C, under 02

—— Sputtered, deposited @ 355°C, under 02
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(d) Normalized LEEM spectra. Comparison
of background random pizels from 5.23a and
5.23b and overall ROI from 5.23c.

Figure 5.23: LEEM images and spectra relative to the sputtered TiO samples ((a) before
and (b) after two-step annealing and (c¢) high temperature deposited).

Secondary electron emission maps were recorded in XAS analysis and various ROIs
were traced on them, so that their associated spectra allowed to compare areas with
different characteristics on the surface.

Results

In figure 5.23 an example of LEEM can be seen. At ambient temperature (fig. 5.23a)
the sample appears homogeneous except for minor features (probably structural defects
or scratches). After 360°C annealing a fine texture is visible on the surface, but no
distinct regions are found (fig. 5.23b). It was therefore decided to analyze a random
background pixel of both maps (excluding defects). Figure 5.23c shows the surface map
of high temperature deposited TiOs: the same surface homogeneity with minor defects
can be noticed so that an overall ROI was selected for the analysis. From a comparison
of the three spectra (fig. 5.23d) a change in work function of ~1.2 eV after two-step
annealing at 360°C could be quantified - WF passes from 3.84 to 5.02 eV, even if special
attention should be paid to the fact that images 5.23a and 5.23b were acquired at different
fields of view, which proved to affect results in previous measurements. On the other
hand, 355°C-deposited oxide revealed the same WEF as the room temperature one, i.e.
3.8 eV.
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(a) Sputtered TiOy (b) Sputtered TiOy (c¢) Sputtered TiOs (d) Sputtered TiOs

at room temperature. sample two-step  sample two-step  sample two-step
Ephoton=480€V, annealed at 360°C. annealed at 360°C. annealed at 360°C.
FOV=20um, Ephoton=459.14€V, Ephoton =460.87eV, Ephoton =461.68eV,
STV=3.4eV. FOV=20um, FOV=20um, FOV=20um,
STV=1.8¢V. STV=1.8¢V. STV=1.8¢eV.

Figure 5.24: XPEEM maps (a) before and (b)(c)(d) after two-step annealing of TiOy
samples, registered during secondary cutoff scan, with the indication of analyzed ROlIs.
(b), (¢) and (d) were acquired with different photon energies.
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Figure 5.25: TiO, anatase and rutile absorption spectra with the details of crystalline
structure of the two phases. Spin-orbit coupling accounts for the splitting between
Ti2pz/o-Ti3d and Ti2p;/-Ti3d transition peaks (respectively Ls and Ly regions). Lg
is further split into C and D/E sub-peaks for crystal-field interaction, whereas other
symmetry reasons divide D and E features - with reversed height relationships between
them for rutile and anatase. A and B pre-edge peaks are due to core-hole interaction
and typical of anatase phase. Illustration from [3].
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Figure 5.26: The graph shows an example ‘E )
of TiOy XAS spectrum, referred to two-step £ °
annealed sample (ROI A in figure 5.29d), 2-
with the indication of the energies of the .
main peaks. Photons of the same hr were : : : :
used for secondary cutoff measurements. 40 400 Eneéfys(ev) 470 4

The images and graphs provided in figure 5.24 shows the sample evolution during
annealing according to XPEEM in secondary cutoff energy range. Before thermal treat-
ment the surface appears homogeneous (different colours of the ROIs in figure 5.24a are
probably due to contamination or surface defects, but their spectra proved to be similar),
whereas separate domains of polycrystallites are visible after heating. In particular, they
become evident using the photon energy of 461.68 eV, corresponding to the second e,
Ti2ps/2 peak in the XAS spectrum (see figures 5.25 and 5.26), as explained below.

Figure 5.27 illustrates the valence band evolution in one-step and two-step annealed
TiO4 samples. Only a slight displacement towards higher kinetic energies Ex is visible
for the main cutoff in figure 5.27a, whereas it proves to be stable in 5.27b. On the other
hand, an important change appears for defect state band, which moves to lower Ex and
whose intensity decreases until it almost disappears with growing annealing temperature
and oxygen pressure.

Figure 5.26 provides an example of TiOy XAS spectrum, that can be compared to
literature data as anatase and rutile phase absorption peaks in figure 5.25 - proving
to highly resemble anatase ones. Two couples of peaks are visible at lower and higher
energies (~459-463 eV and ~463-469 eV), accounting for electronic transitions between
Ti2p3/, and Ti3d and between Ti2p;/, and Ti3d, respectively. Keeping the focus on
Ti2p3z/2, a pre-edge double feature at ~458 eV can be noticed on its left: this is typical
of TiO4 anatase phase, originating from poorly-screened-3d/2p-core-hole interaction and
specific crystal symmetry[g]. Splitting of Ti2ps/ into two sub-peaks at 459.14 and around
461 eV is due to crystal-field interaction, which divides Ti3d into ty, and e, sub-bands

with different symmetries[4]. The latter determines two further features at 460.87 and
461.68 eV for symmetry reasons, because e, orbitals point towards O2p in the oxide
structure. These sub-peaks provide information about long, medium and short range
crystalline order!4!.

Figures 5.28, 5.29 and 5.30 show absorption surface map and XAS spectra of one-
step, two-step annealed and high temperature deposited TiO,. Whereas for the latter and
before annealing the surface appeared homogeneous, the thermal treatment performed
inside the beamline preparation chamber resulted in the formation of different domains,
that were separately analyzed in single ROIs. In the graphs 5.28c and 5.29¢c, spectra
of not annealed and 215°C annealed samples exhibit four peaks (two couples referred to
Ti2ps/o and Ti2p; /9, respectively), but for all post-annealed oxides - both on the beamline
at 360°C and during deposition at 355°C - typical anatase features appear (pre-edge and
further splitting, as aforementioned). This is visible in figures 5.28¢, 5.29f and 5.30b.
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Figure 5.27: Sputtered TiO, sample valence band comparison before and after the an-
nealing treatment. The spectra are normalized at 1 and 0 at both ends.
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Figure 5.28: XAS surface images and spectra of TiO, following the evolution before and
after one-step annealing.
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Figure 5.29: XAS surface images and spectra of TiO, following the evolution during
two-step annealing. Images were acquired at STV = 1.4 eV.
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Moreover, figures 5.29d and 5.29e provide an instance of contrast inversion: changing
the photon energy by around 1 eV, surface regions of higher electron emission become
darker and vice-versa.

Discussion

Valence band analysis reveals sample oxidation during annealing performed in Os-
rich atmosphere, whereas LEEM spectra highlight a work function increase of the order
of 1 eV after annealing, but no changes for high temperature deposited oxide.

Unlike molybdenum oxide, on TiOy samples crystalline domains appear after 360°C
heating, except for the case of 355°C deposition. These regions are well-distinguishable
on the frames acquired at photon energies corresponding to XAS Ti2ps/, peaks, especially
with hy = 461.68 eV (figure 5.24), which suggests that surface differences lay on structural
order and crystalline interactions these sub-peaks are related to.

Secondary electron XPEEM and XAS (figures 5.24, 5.28 and 5.29) agree that main
differences between surface domains arise around Ti2ps/»-e, peak; another element sup-
porting this interpretation is the contrast inversion observed when scanning different
energies on the same Ti2p;/, sub-peak (figure 5.29).

Secondary cutoff calculations for selected ROIs in figure 5.24 do not reveal any work
function difference between domains. This fact suggests that inhomogeneity in emission
intensity is probably due to changes in molecular symmetries between crystallites which
give rise to different electronic densities at structures corresponding to e, sub-peaks.

Further research is therefore useful to deepening a comparative analysis of crystalline
structures developed during annealing and elevated temperature deposition.

Analyzing in further details XAS spectra, it is possible to understand the evolution of
the oxide structure: starting from amorphous TiO, at room temperature, at 215°C minor
pre-edge features and the increase of to, /e, intensity ratio begin to appear (5.29¢), until
full anatase characteristics are visible in 360°C annealed and 355°C deposited samples.

An exam of right e, sub-peak shape in graph 5.30b (blue line referred to in situ
annealed TiO) and XPEEM image comparison suggest a more complete anatase re-
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construction and a more homogeneous surface structure (lack of distinct domains) for
sample deposited at high temperature and a less ordered crystalline phase for annealed
ones.

Finally, beam damage detected on annealed and high-temperature deposited samples
deserves a comment. In fact, in the former case repeated displacements on oxide surface
during measurements were needed to avoid spectra modifications caused by X-ray light
used as a probe. On the contrary, results acquired from TiOs synthesized at 355°C proved
to remain considerably more stable even after photon exposure of about one hour.

This fact provides interesting hints to create a suitable deposition technique for the
fabrication of robust materials for solar devices.

5.2.4 Conclusion on TiO,

Titanium oxide proves to have a more complex behavior than MoQO,, at high temper-
atures. Even if the small amount of XPS/UPS measurements prevents any conclusive
answer about work function changes and oxide reduction, LEEM data suggest that WF
increases during annealing over 350°C, but not when the same high temperature is set
during deposition. This gives interesting indications to develop suitable growth and
post-growth treatments.

Even if the topography analyzed by AFM did not change after heating - a fact that
is probably linked to the I'TO substrate, the numerous domains appearing on the surface
are likely to be due to different crystalline reconstruction: TiO4 evolves from amorphous
to anatase phase, but with various long and short range patterns accounting for emission
intensity heterogeneity on the sample and for Ti2ps/s-e, sub-peak shape. This is the
reason why the expression domains of polycrystallites was used throughout the previous
discussion: regions with different emission properties and probably different crystalline
reconstructions detected by XPEEM and XAS measurements have an extension of the
order of several micrometers (~10 pum), but they are likely to consist of nanometric
grains as those revealed by AFM (~30 nm), which do not show in their morphology the
domains they belong to.

In order to achieve a deeper control of TiOs-based device fabrication it is therefore
crucial to understand in further studies the origin of different crystalline domains re-
vealed by the presented measurements and the properties they can provide as well as the
different effects of heam damage determined on annealed and high-temperature deposited
samples.



Chapter 6

General conclusion and perspectives

The ensemble of data collected on MoO,, and TiO, illustrated in this thesis shed light
on the properties of these oxides and on how they can be exploited in organic or hybrid
photovoltaics.

For both materials work function changes induced by annealing is confirmed: this
thermal treatment effect on energy bands is especially useful in the case of MoO, for
designing hole-extracting layers, which need oxide Fermi level pinning to organic semi-
conductor HOMO to assist the flow of positive charges. XPS and UPS data on this com-
pound also demonstrate its reduction during thermal treatment and the improvement
of conduction properties with the filling of defect states - two important characteristics
in solar cells and other electronic devices. Nevertheless, it is crucial that O-vacancy
defect states appearing below conduction band with annealing do not expand beyond
it: in fact, if oxide Fermi energy enters CB and the material shows a metallic character,
the hole-selective properties of MoQO,, could be destroyed and short-circuits could appear
inside the solar device.

Another remarkable result of this research is about the influence of the substrate on
structure reconstruction during annealing. In fact, MoO, deposited on silicon proves
to evolve both in crystal grain size and in surface work function, whereas oxides grown
on ITO maintain their structural properties almost constant while work functions vary.
Further studies are therefore needed to understand interactions between TMOs and their
deposition layers, focusing in particular on substrates that can be employed in organic
solar cell engineering - in this regard data on silicon are not as interesting for applications
as those on conductive I'TO.

Moreover, experimental results suggest that deposition techniques and thermal treat-
ments determine different materials properties. For example, high temperature annealed
and sputtered molybdenum oxides show an improved stability under UV light - an ad-
vantage for OPV, whereas work function of TiO, deposited at elevated temperature does
not substantially change in the observed temperature range as in the case of annealed
oxide and it is more stable to beam damage.

Follow-up research is also needed to analyze the properties of crystalline domains
that arise during annealing on titanium oxide surface - but not on MoO,. They do not
seem to derive from macroscopic morphology, according to AFM data, but are likely to
be linked to atomic symmetries developed during the phase transition from amorphous
to anatase phase at high temperature.

In this context, different experimental techniques are requested to study the prop-
erties of these materials with a better resolution, beyond the one attained by XPEEM
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(~100 nm). For example, further diffraction studies with gm-beam size could be promis-
ing to discover molecular order in oxide structures.

However, the main result of this research is related to the possibility of tailoring
electrical properties of Transition Metal Oxides by simple thermal treatments. It is
therefore essential to continue studying these materials to reach deeper understanding of
their crystalline and energy band structure, to get full control on them and to discover
which characteristics are the most suitable for photovoltaic applications.
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Appendix A

Peak Force and Surface Potential
KPFM Tapping mode and Potential
Offset in surface work function
measurements

Within the context of KPFM analyses, it is also interesting to compare images ac-
quired using different microscopy modes. In addition to Peak Force KPFM-AM, also
standard Tapping mode (AM Surface Potential) was employed for XPS2 sample an-
nealed at 500°C. Set parameters were the same for the two series of measurements: a
lift scan height of 50 nm, a scan rate of 1 Hz and 512 samples per line. To exploit
another possibility offered by KPFM technique, a potential offset was also applied to the
tip during the scan. It is thus useful to compare the results of all acquisition parameter
combinations: Peak Force (PF) or Surface Potential (SP) mode with or without potential
offset. Since the mean potential level was ~-150 mV for Peak Force mode, the chosen
offset was -150 mV, whereas it was +150 mV for Surface Potential mode, whose image
had a mean potential of ~+150 mV.

As done to calculate height roughness and potential contrast in section 5.1.1, two
images were recorded with the same mapping conditions (only one of them is showed in
figure (A.1)) and six profiles were extracted both from topography and from potential
data: the most representative grain boundaries were chosen. All the steps were analyzed
to calculate their height (vertically in nanometer or millivolt scale, called Az) and their
steepness (the horizontal distance separating the lowest and the highest profile points,
called Az). Since all these quantities are differences between two positions, their associ-
ated error is twice the uncertainty of every point (typically two divisions in the vertical
scale and half of a division in the horizontal due to the different level of fluctuation in
the profiles). Finally, the weighted average of the six measures was calculated, together
with its error.

The significant parameter to estimate the performance of every topography and po-
tential acquisition mode is the resolution, defined as

Az
Az’

expressed respectively as a dimensionless quantity or in mV/nm. Its associated uncer-
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Potential offset = 0 Potential offset = £150 mV

PF | Top. = (1.3£0.5); Pot. = (0.18+0.04)mV /um | Top. — (1.2£0.5); Pot. — (0.24+0.08)mV /nm

SP | Top. = (0.9+0.3); Pot. = (0.14£0.2)mV/nm | Top. = (0.8+0.3); Pot. = (0.11+0.18)mV /nm

Table A.1: Topography and potential resolutions calculated for Peak Force and Surface
Potential Tapping modes, with and without the application of a potential offset.

tainty was calculated according to propagation of error as

Az [ A(Az),,  A(Az),,
Az ( Az S Az )

where A(Az) and A(Axz) are the estimated errors for Az and Ax, respectively.
Figure A.1 shows the images recorded with the different techniques and table A.1
summarizes the resolution results. In particular some conclusions can be drawn:

1. The application of a potential offset does not change the acquisition resolution nor
the image quality (results are consistent considering the error bars).

2. According to theoretical expectations, classic Tapping mode provides a lower reso-
lution and this fact is especially evident in potential maps, whereas for topography
Surface Potential performance is worse but consistent with Peak Force one.

3. As can be seen in figure A.2, the most important difference in resolution is notice-
able in potential steps. In the Surface Potential case (figure A.2d) the fluctuation
in the profile forced us to consider a greater error than some scale divisions (typ-
ically 10 mV for every point in the vertical scale and 100 nm in the horizontal).
Therefore the calculated resolution implies an extremely wide error bar (wider than
the resolution itself, see table A.1).

4. CPD levels are reversed in the two modes: this makes more difficult a comparison
between sample work functions.

It was thus decided not to apply any potential offset, due to the slight changes
recorded, and to use Peak Force KPFM maps in data processing in order to achieve
better resolution and color map readability, especially in potential images.
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Chapter A. Peak Force and Surface Potential KPFM Tapping mode and

Potential Offset in surface work function measurements
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Figure A.2: Topography and potential profiles acquired in Peak Force and Surface Po-

tential KPFM modes without potential offset (XPS2 sample annealed at 500°C).



Appendix B

Boundary effects and adhesion
properties in KPFM maps

After understanding how the annealing cycles induce crystallization and formation
of surface aggregates, an interesting question about the chemical composition of these
grains should be faced. In fact, a comparison between topographical and potential im-
ages reveals that sample features in both maps are similar and so that work function
differences between surface grains and the substrate are suggested. Can these results
be influenced by boundary artifacts? In fact, tip-sample interaction producing potential
KPFM images involves capacitive effects when the tip scans a step between grains and
substrate. Moreover, the topography of the sample determines a specific distribution of
surface charges that can affect electrical interaction during measurements - for example,
valleys can act as 'mechanical traps' for electrons.

In order to understand better physical and chemical characteristics of the materials
under examination, adhesion KPFM maps were also analyzed. This property is mapped
during a scan as the force needed to get the tip 'unstuck' after an approach to the surface.
It is measured as the difference between the approach and the withdraw in the potential
applied to the tip in the feedback loop[?’o]. Adhesion gives a qualitative image of chemical
composition of surface features, because different compounds on the sample differently
interact with the tip, even if adhesion could also be influenced by water particles trapped
during a scan.

An example of this analysis is shown in figure B.1, referred to substoichiometric MoO,
on ITO annealed at 500°C (sample XPS1 as referred to throughout this thesis). As ex-
plained in paragraph 5.1.1, topography and potential average roughness were extracted
from KPFM images taking into account only medium-sized grains and the correspond-
ing features in CPD maps (orange in the color map of fig. B.1). However, also higher
peaks are visible on the surface (~90 nm vs. ~40 nm of height roughness in the present
example) and they are associated with lower potential regions (~25 mV vs. ~17 mV
of potential roughness). Whereas ordinary grains can be detected in adhesion map too
(figure B.1c), shape and size of the highest nanoaggregates (light yellow) are recogniz-
able there, but their adhesion level is the same as other grains (similar colors). This
could mean that the peculiar features appearing after 500°C annealing are only due to
crystallization process that leads to an increasing level of clustering on the surface, but
without changing oxide chemical composition. From this set of images (figure B.1) it is
however challenging to detect real chemical differences between surface grains and the
substrate to support the hypothesis of different crystallization between them!0].
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About this fact, in paragraph 5.1.1 it was specified that during image analysis and
profile extraction only roughness referred to grain cores was measured. In fact, it is true
that boundary regions are often affected by convolution effects: the tip interacts both
with the substrate and with grains so that the recorded height and CPD level are not the
real ones. In the case of adhesion, edge regions could show specific interaction properties
because, for example, it is easier for the tip to release moisture molecules at the borders,
where they are pinned down by fewer similar particles and morphological 'trapping'
structures. This could be seen, for instance, in XPS2 annealed at 500°C shown in figure
B.2, where edge zones prove to be stiffer in adhesion maps (darker in figure B.2¢). Even
if a qualitative inspection of the image reveals the presence of regions of different color at
grain borders in topography and adhesion maps, these 'boundary' regions are far more
extended in potential image (a CPD dark brown or black area in the middle of the grain
can only be seen in wider aggregates): this fact could be interpreted as a demonstration
of boundary artifacts and of the importance of performing roughness measurements
reasonably far from the borders and only on wide grains. In fact, in addition to the
specific characteristics of every interaction (van der Waals, adhesion force, electrical
interactions) resulting in different resolutions, in topography and adhesion acquisition
the tip makes a closer approach to the surface and convolution affects smaller regions,
whereas during the lift scan (CPD mapping) the more retracted tip experiences grain
and substrate cross-talk effects on wider regions. These observations suggest that for
roughness and CPD calculations small grains (for example, those with a diameter of less
than a hundred nanometers for potential map in figure B.2b) should not be considered:
they are so narrow that all their area is affected by boundary effects so that they are
below the resolution limit of the method.

In general, we can therefore conclude that, except for border regions where capacitive
and convolution artifacts prevent a rigorous measurement of sample properties (especially
concerning potential), grains formed after annealing are chemically homogeneous and the
main chemical difference on sample surface is between the aggregates and the substrate.
Nevertheless, as shown by the majority of the acquired maps like the one in figure B.2c,
all the grains emerging on the surface have roughly the same adhesion properties as the
substrate, so that no information in support of oxide crystallization (as presented in
ref. [6]) could be extracted. In any case, this is not a conclusive interpretation, since
different MoQO,, stoichiometries do not necessarily exhibit different adhesion properties -
which are significantly linked to adsorbate presence due to topography - and since the
real highly-crystalline 'substrate' may not be directly identified with the lowest regions
in surface topography. Moreover, the carbon contamination and the presence of moisture
affecting KPFM on air should be taken into account.

It is important to underline that, even if mapping adhesion force allows to investigate
chemical properties on the surface with a good resolution, only qualitative information
can be extracted from these images, so that other complementary techniques as XPS
and XPEEM are fundamental in order to understand which compounds and crystalline
phases the sample is made of and how they evolve during annealing.
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Figure B.1: KPFM images of XPS1 MoO,, on Si annealed at 500°C (size: 2 um X 2 um):
topography (a), potential (b) and adhesion (c¢) maps.
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Figure B.2: KPFM images of XPS2 MoO, on Si annealed at 500°C (size 2 um x 2 um):

topography (a), potential (b) and adhesion (¢) maps.



