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Abstract

Transparent conductive oxides (TCOs) are semiconductor-like materials that ex-
hibit high electrical conductivity and high optical transparency combined. They
are adopted in various applications ranging from gas sensors, to electrochromic
windows or photovoltaic cells. Indium-based TCOs represent the industry stan-
dard. Nevertheless, indium is among the less abundant elements in the earth
crust and forecasts based on its current consumption recommend an urgent need
to replace it. Tin-based TCOs are a promising alternative, since their opto-
electronic characteristics mimic the ones of indium-based materials. This thesis
aims to investigate the link between opto-electronic and microstructural proper-
ties of tin dioxide and zinc tin oxide (ZTO) with a composition Zn0.05Sn0.30O0.65

and their stability when submitted to thermal treatments. Indeed, lots of practi-
cal applications require the TCO to operate in high temperature conditions. To
conduct this study, a combination of analytical techniques, such as transmission
electron microscopy (TEM), energy dispersive X-ray spectroscopy (EDX), X-ray
diffraction (XRD), electron paramagnetic resonance (EPR) and differential scan-
ning calorimetry (DSC), as well as optoelectronic measurements were employed.
Amorphous SnO2 and ZTO were deposited by RF sputtering and annealed up
to 1050 ◦C in different atmospheres. The influence of annealing temperature
and atmosphere were decoupled and led us to an in-depth comprehension of the
mechanisms governing the opto-electronic properties of both materials. When
annealed in air, between room temperature and 300 ◦C, ZTO exhibits increased
mobility and carrier concentration with respect to the as-deposited state. This
increase, investigated with DSC, was ascribed to a structural relaxation that al-
lows point defects to release electrons in conduction band. Between 300 ◦C and
500 ◦C atmospheric oxygen passivates oxygen vacancies, drastically decreasing
the carrier concentration and therefore causing a large drop of the conductivity.
EPR experiments allowed to ascribe the drop in conductivity to the decrease of
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carrier concentration, which occurs slightly before the phase change. At 570 ◦C
(and 930 ◦C for the case of vacuum annealing) the phase change occurs and the
ZTO crystallizes in the rutile form of SnO2 as proven by XRD and TEM. The
material becomes completely insulating. When the temperature is increased to
1050 ◦C, evaporation of zinc is observed. In applications such as gas sensors,
which have to work under hostile conditions (corrosive environments as well as
during fire) or used as a recombination layer for mesoscopic perovskite/silicon
monolithic tandem solar cells, TCOs are required to operate in and resist to high
temperatures. In order to improve the electrical conductivity of ZTO at high
temperature, a doping strategy was implemented starting from DFT calculations
conducted by a partner group, who screened among the entire periodic table,
which elements are the best candidates to act as n-dopants for ZTO. Bromine
and iodine were retained, since they were found to be the most energetically
favorable to become substitutional defects for a tin site. An exploratory doping
route is therefore presented and the treated samples analyzed with TEM, EDX,
UV-VIS-IR spectroscopy and Hall effect. Finally, the structural properties of an
indium-based TCO (zirconium-doped indium oxide) were investigated and used
as a benchmark to propose a crystallization model for the tin-based, as well as
the indium-based materials. The influence of parameters such as the material
thickness, annealing atmosphere and temperature and deposition pressure are
discussed for both materials.

Keywords: Transparent Conductive Oxide, tin-based TCO, annealing, mi-
crostructure, transmission electron microscopy, x-ray diffraction, oxygen vacan-
cies, defects, doping, crystallization model.



Riassunto

Gli ossidi trasparenti e conduttori (OTC) sono dei materiali che esibiscono un
comportamento di tipo semiconduttore che devono possedere, contemporanea-
mente, alta conducibilitá elettrica e alta trasparenza alla radiazione elettro-
magnetica. Il loro principale utilizzo trova applicazione nei sensori di gas, nelle
finestre elettrocromiche cosí come nelle celle fotovoltaiche. Gli OCT aventi come
elemento base l’indio rappresentano lo standard industriale. Ciononostante,
l’indio é compreso tra gli elementi meno abbondanti nella crosta terrestre e le
previsioni basate sull’attual utilizzo di questo elemento suggeriscono un urgente
bisogno di rimpiazzarlo. Gli OCT basati sull’utilizzo dello stagno rappresentano
una valida alternativa, considerato che le loro proprietà ottiche ed elettriche sono
simili a quelle esibite dai materiali a base di indio. Questa tesi ha come obiettivo
quello di investigare sul legame tra le proprietà ottiche ed elettriche di questi
materiali e quelle microstrutturali, basando gli esperimenti sull’ossido di zinco
stagno (ZTO), la cui composizione chimica é Zn0.05Sn0.30O0.65. Queste anal-
isi vengono fatte quando il materiale viene sottoposto a trattamenti termici ad
alta temperatura. Infatti, molte applicazioni tecniche richiedono che questi OCT
sopportino il funzionamento in condizioni di alta temperatura, pur conservando
le buone proprietà elettriche e ottiche. Per condurre questo studio, é stata usata
una combinazione di differenti tecniche analitiche come la microscopia elettron-
ica a trasmissione (TEM), la spettroscopia EDX, la diffrazione di raggi X, la
risonanza paramagnetica elettronica (EPR) e la scansione differenziale calori-
metrica (DSC). Fasi amorfe di SnO2 e ZTO sono state depositate tramite polver-
izzazione catodica e ricotte fino a 1050 ◦C in varie atmosfere. L’influenza della
temperatura e atmosfera di ricottura sulla microstruttura e sulle proprietà elet-
triche vengono separate, portando ad una profonda comprensione approfondita
dei meccanismi che governano le proprietà di entrambi i materiali. Quando viene
sottoposto a trattamenti termici fino a temperature di 300 ◦C, il ZTO esibisce
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una crescita della mobilità e anche della concentrazione di portatori rispetto ai
campioni non ricotti. Questo aumento, studiato con la DSC viene associato ad
un rilassamento della struttura che permette ai difetti della stessa di rilasciare
elettroni in banda di conduzione. Tra i 300 ◦C e i 500 ◦C, l’ossigeno contenuto
in atmosfera passiva le vacanze di ossigeno della struttura, generando una dras-
tica diminuzione della concentrazione di portatori e quindi della conducibilità.
Esperimenti EPR hanno confermato che questa diminuzione di portatori è effet-
tivamente la causa della diminuzione di conducibilità, che avviene appena prima
del cambiamento di fase. A 570 ◦C (e 930 ◦C nel caso di trattamento termico nel
vuoto) avviene il cambiamento di fase e il ZTO cristallizza nella forma cristal-
lina del SnO2 rutilo (tetragonale). Il materiale diventa quindi completamente
isolante. Quando la temperature raggiunge i 1050 ◦C, lo zinco é quasi comple-
tamente evaporato dal campione. In applicazioni tecnologiche come i sensori di
gas o le celle perovskite/silicio monolitico, gli OCT devono essere in grado di
sopportare ed operare ad alte temperature di funionamento. Con l’obiettivo di
migliorare le proprietà elettriche del ZTO ad alta temperatura, una strategia di
drogaggio è esplorata, partendo dalle simulazioni teoriche DFT condotte da un
gruppo partner, il quale, dopo aver vagliato l’intera tavola periodica, ha con-
cluso che il bromo e lo iodio sono i due elementi energeticamente piu favorevoli
per agire come droganti di tipo n quando sostituiscono un atomo di stagno nel
reticolo del ZTO. I risultati del drogaggio dei campioni ZTO sono analizzati
tramite TEM, XRD e spettroscopia UV-VIS-IR. Infine, le proprietà strutturali
di un OCT a base di indio (ossido di indio drogato con zirconio) sono state inves-
tigate ed usate come riferimento per proporre un modello di cristallizzazione per
gli OCT a base di stagno e indio. In particolare, l’influenza di parametri come lo
spessore del materiale, la temperatura e atmosfera durante i trattamenti termici
e la pressione di deposizione vengono discussi rispetto alle proprietà strutturali
di entrambi i materiali.



Résumé

Les oxydes transparents et conducteurs (TCOs) sont des matériaux appartenant
à la classe des semiconducteurs et qui possèdent à la fois une conductivité élec-
trique élevée et une haute transparence optique. Ils sont utilisés pour différentes
applications telles que capteurs de gaz, fenêtres électrochromiques ou cellules
photovoltaïques. Actuellement, le standard industriel utilise les TCOs à base
d’indium. Néanmoins l’indium fait partie des éléments plus rares dans la croûte
terrestre et les prévisions concernant son utilisation montrent le besoin de le
remplacer par un élément plus abondant. Les TCOs à base d’étain sont une
alternative prometteuse, car leur propriétés opto-éléctroniques sont similaires à
celles des TCOs à base d’indium. En particulier, l’oxyde d’étain dopé au zinc
(ZTO) est un bon candidat. L’objectif de cette thèse est d’étudier le lien entre
les propriétés opto-éléctroniques et la micro-structure de l’oxyde d’étain SnO2

et du ZTO, ce dernier ayant une composition Zn0.05Sn0.30O0.65, ainsi que leur
stabilité quand ils sont soumis à des traitement haute température. En effet,
plusieurs applications techniques exigent que le TCO puisse résister et fonction-
ner à des températures supérieures à 400 ◦C. Pour mener à bien cette étude, une
combinaison de différentes techniques d’analyses telles que la microscopie élec-
tronique à transmission (TEM), l’analyse dispersive en énergie (EDX), la diffrac-
tion des rayons X (XRD), la résonance paramagnetique des électrons (EPR) et
la calorimétrie différentielle (DSC), ainsi que des mesures opto-électroniques
classiques, ont été utilisées. Les film minces de SnO2 et ZTO amorphes ont été
déposés par pulvérisation cathodique et chauffés jusqu’à 1050 ◦C sous différentes
atmosphères. L’influence de la température de chauffage et de l’atmosphère
ont été découplées et cette information nous a permis de comprendre les mé-
canismes qui gouvernent les propriétés opto-électroniques des deux matériaux.
Lors d’un recuit sous air, entre la température ambiante et 300 ◦C, le ZTO
montre une croissance de sa mobilité et de la concentration des porteurs de
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charge par rapport à l’état initial. Cette augmentation, étudiée par DSC, a été
attribuée à une relaxation de la structure amorphe qui permet aux défauts du
matériau de relâcher des électrons dans la bande de conduction. Entre 300 ◦C et
500 ◦C l’oxygène de l’atmosphère passive les lacunes d’oxygène et diminue ainsi
la concentration de porteurs de charge, ce qui a pour conséquence une perte
de conductivité électrique. Les expériences EPR ont permis d’associer la chute
de conductivité à la décroissance de la concentration de porteurs. A 570 ◦C (et
930 ◦C dans le cas du chauffage sous vide) survient un changement de phase et le
ZTO cristallise sous la forme rutile du SnO2, comme vérifié par XRD et TEM. Le
matériau devient alors complètement isolant. Lorsque la température augmente
jusqu’à 1050 ◦C, une évaporation du zinc est également observée. Pour des ap-
plications comme le capteur de gaz ou les contacts passivants (HTPC), cette
stabilité du TCO à haute température est particulièrement importante. Avec
l’objectif d’améliorer les propriétés électriques du ZTO à haute température,
une stratégie de dopage a été mise en place à partir de simulations théorique
conduites par un groupe partenaire, qui a exploré tout le tableau périodique des
éléments dans le but de trouver les éléments énergétiquement plus favorables
comme candidats de dopage de type n pour le ZTO. Le brome et le iode ont été
retenus en tant que dopants en substitutions d’un atome d’étain dans la struc-
ture du ZTO. Une méthode exploratoire de dopage a donc été testée et les échan-
tillons analysés par TEM, EDX, spectroscopie UV-VIS-IR et effet Hall. Enfin,
les propriétés de la structure d’un TCO à base d’indium (oxyde d’indium dopé
au zirconium) ont été étudiés et utilisées comme comparaison pour proposer un
modèle de cristallisation pour les TCOs à base d’étain et d’indium. L’influence
des paramètres comme l’épaisseur du matériau, l’atmosphère, la température
de chauffage et la pression de déposition sont discutés pour les deux types de
matériaux.
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Chapter 1

Introduction

A transparent conductive oxide (TCO) is a material that possesses simultane-
ously high optical transparency and high electrical conductivity. However, these
two properties are antagonist in a way that if the former increases, the latter de-
creases. Indeed, materials that are usually highly conductive, tend to have dark
colors and metallic appearance, whereas transparent materials, such as glass, do
not have high electrical conductivity, but are rather insulating. TCOs are part
of a particularly selected class of materials that show both high transparency in
the visible range and high conductivity values. These materials find application
in many different fields, from flat panel displays to electroluminescent devices,
from flexible electronics to solar cells and thin film transistors, from energy ef-
ficient windows to gas sensors (Figure A.8) [1] [2] [3] [4] [5] [6] [7]. TCOs are
generally employed as active materials in devices that need to let light enter in or
exit from a device and to extract electric charges so that they can be collected.
As an example, TCOs are used as front electrodes in heterojunction solar cells
and perovskite-on-silicon tandem solar cells. When they are employed as front
electrodes, due to their high optical transparency, they allow the photons into
the active parts of the cell, where the photogenerated charges are created and
then are able to transport the latter to the outside terminals. TCOs are consti-
tuted by one or more metallic elements linked to oxygen atoms. Optoelectronic
properties of TCOs vary in a large range and the specific application depends
on them. Nevertheless, their electrical conductivities can be inserted between
the ones typical for metals and those of semiconductors. Figure 1.2 summarizes
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Figure 1.1: Scheme of typical devices fabricated with a TCO. (a) An organic LED,
(b) a silicon heterojunction solar cell, (c) a gas sensor and (d) an electrochromic
window [8] [9] [10] [11].

the ranges of electrical conductivity for metals, TCOs and semiconductors [12].
More generally, the conductivity of TCOs varies from 1 to 104 S cm−1. For what
concerns optical transparency, figure 1.3 gives an overview of the typical optical
transparencies of different materials.

1.0.1 Optoelectronic properties

The electrical conductivity of a material σ can be expressed as a function of the
established electric field ~E as follows:

~J = Ne~v = Neτ~a = Ne
e~E

m
τ =

Ne2τ

m
~E = σ ~E (1.1)

where ~J is the current density, ~v the average speed of electrons between two
collisions, ~a the acceleration established because of the presence of an electric
field, τ the time between two collisions, N the number of charge carriers, e
the electron charge and m its mass. The quantity eτ

m
~E represents the mobility

of an electron in the medium (if m is its effective mass), so that σ (having
the dimension of (length)−3 (mass)−1 (time)3 (electric-current)2) can also be
expressed as

σ = Neµ. (1.2)
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Figure 1.2: Overview of electrical conductivities of several semiconductors, TCOs
and metals. The conductivity of TCO materials sits in between semiconductors and
metals [12].

Figure 1.3: Optical transparency of several materials: metal oxide have trans-
parency which sits in between the one of standard semiconductors and fluorides [12].
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From the previous relation it appears clear that in order to increase the conduc-
tivity of a material, it is necessary to increase either its carrier concentration N
or the mobility µ or both. These two quantities are not equivalent in the case of
a TCO, since, this class of materials has to keep the optical transparency high
in an extended optical range. Indeed, the carrier concentration N is related to
the plasma frequency as follows

ωp =

√
Ne2

m∗ε
(1.3)

The plasma frequency is the typical frequency with which the electron density
oscillates in a conducting medium. ωp is inversely proportional to the effective
mass m∗ and the medium permittivity ε and directly proportional to the carrier
density N and the electron charge e. From the Drude-Lorentz model, when
the incident radiation frequency is equal to ωp, the real part of the refractive
index n = η + ik is zero, therefore the medium becomes highly absorptive
and if N increases, ωp increases accordingly, so that the medium is able to
absorb light with higher frequencies and smaller wavelengths. This situation
has to be avoided in order to preserve the transparency of the TCO. The typical
indium tin oxide (ITO) carrier density is around 1021 cm−3, which leads to a
plasma wavelength in the near-infrared region, this means that the material
will absorb the light above this wavelength and transmit the one with smaller
wavelength. An optimum carrier concentration for a TCO must then be smaller
than 1021 cm−3. The lower limit of wavelength of a TCO transmittance is set by
the bandgap energy, since photons with an energy higher than Eg are absorbed
by the material. The carrier density has, nevertheless, an influence on the small
wavelength part of the spectrum too. Indeed, adding carriers in conduction band
causes the shift of the bandgap towards higher energies, the so-called Burstein-
Moss effect. The consequence of this effect is to widen the optical window of
the material in the ultra-violet region of the spectrum.

Generally the metal oxides have a wide bandgap, therefore they are good
candidates to be used as TCOs, but in order to obtain a highly conductive
material, one should engineer its N and µ. The carrier concentration N can
be modified by doping, whereas the mobility µ is an intrinsic property of the
material. Indeed, the mobility can be expressed as

µ =
v

E
=

eτ

m∗
(1.4)

where v is the speed of charge carriers under the effect of an electric field ~E.
The effective mass m∗ is related to the curvature of the energy band and can
be written as

1

m∗
=

(
2π

h

)2
∂2E

∂k2
(1.5)
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Figure 1.4: Spherical s-orbitals in a crystalline and amorphous arrangement. The
structural distortion does not affect the overlap between orbitals since their symmetry
is isotropic (sketch from Hosono et al. [2]).

where k is the wavenumber and ∂2E/∂k2 represents the curvature of a one-
dimensional band. The larger the curvature, the smaller the effective mass of
electrons, which leads to a higher electron mobility. TCO materials can be fab-
ricated with different structures, from amorphous to mono and poly-crystalline.
Nevertheless, since many TCOs’ conduction band is formed by s orbitals, the
overlap between these spherical shaped orbitals assures a conduction path for
electrons and a high mobility, since the mobility is found to be proportional to
the orbital overlap through the formula

µ ∝ ∂2E

∂k2
= −2Hmna

2 (1.6)

where Hmn, the resonant integral value is bigger when the overlap between or-
bitals is large and a is the distance between two adjacent nuclei [12]. On average,
a crystalline material possesses high mobility because the distance between nu-
clei is minimized and the conduction path is ensured. However, having spherical
shaped orbitals grants the TCO a high mobility despite the possible distortion
of the structure. Figure 1.4 summarizes this concept. Indeed, for a TCO formed
by metal oxides, the conduction band is composed by unoccupied ns0 orbitals
(coming from the metal), whereas the valence band is composed by occupied
2p orbitals (originated in the oxygen). This is the reason why the conduction
of charged particles is not influenced by the material structure. Since the con-
duction band, as it is, is an empty band, the TCO behaves as a non-degenerate
semiconductor, but when it is doped with enough charge carriers, the bottom of
the conduction band starts to be filled and the material behaves as a degenerate
semiconductor. In fact, regardless of its structure, doping is fundamental for a
metal oxide to be conductive. Stoichiometric materials do not have, in principle,
free carriers to give to the conduction band and therefore are not conductive.

TCOs exist in both crystalline and amorphous structures [13], the industry
standard is mainly constituted by indium-based TCOs [14] [15] [4] [16] [17], but
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alternative and amorphous TCOs are also largely used in several applications.
In particular, tin-based TCOs constitute a promising substitute to indium-based
ones. Good electrical properties are registered for both amorphous and crys-
talline materials. A complete overview of their specific properties will be given
in the chapter dedicated to the state-of-the-art of these materials.

The transport of charge carriers in TCOs is characterized by its mobility, which
is governed by scattering mechanisms that differ from one structure to another
and from which depends the mobility of these materials. A charged carrier is
able to travel through the energy bands of a TCO until it encounters a collision.
These collisions can be originated from different mechanisms and particles. The
more relevant scattering mechanisms are the collisions between electrons and
impurities, which can be neutral or ionized, together with phonon scattering
(lattice vibrations), defect scattering and grain boundaries, etc. [18] [19] [20] [21].
Not all of these scattering mechanisms are present in a material at the same
time, or more precisely, not all of them contribute to the overall mobility in the
same way because of the fact the one can dominate over the others. The rule
regulating the scattering mechanisms and therefore the mobility in a material
is the Matthiessen’rule:

1

µtot
=

1

µimpurities
+

1

µphonons
+

1

µgrainboundaries
+ .... (1.7)

where every single mobility is the mobility that the material would exhibit if
only one scattering mechanism is present.

1.0.2 Materials

TCOs can be made out of different materials and combination of metal oxides.
Several reviews are present in literature and the material choice mainly depends
on which application the material is designed for [22] [3] [23]. The following
tables are a non-exhaustive overview on the most used materials for certain
applications (Table 1.1) and the most common way of doping them (Table 1.2).

The present work aims to investigate the physical properties of a certain class
of transparent conductive oxides i.e. tin-based TCOs, with the goal of substi-
tuting the indium-based ones, industry standard but expensive and scarce. The
response of such TCOs to high temperature thermal treatments is also inves-
tigated since many applications need the TCO to survive to high temperature
with well preserved optoelectronic properties. From the first experimental re-
sults, several hypothesis on the microstructural and electrical behavior of these
TCOs with respect to annealing temperature are proposed and confirmed by the
employment of additional experimental techniques and theoretical simulations
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Table 1.1: Several TCOs and their peculiar properties from Gordon et al. [24].

Properties Material

Simple Binary Ternary

High transparency ZnO:F Cd2SnO4

High conductivity In2O3:Sn

High plasma frequency In2O3:Sn

High work function SnO2:F ZnSnO2 Zn0.45InO0.88Sn0.66O3

Lowest work function ZnO:F

High thermal stability SnO2:F Cd2SnO4

High mechanical durability SnO2:F

High chemical durability SnO2:F

Easy to etch ZnO:F

Good resistance to H plasma ZnO:F

Low deposition temperature
In2O3:Sn
ZnO:B
a-InZnO

Low toxicity ZnO:F
SnO2:F

Low cost SnO2:F

High mobility CdO
In2O3:Mo
In2O3:Ti
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Table 1.2: Typical doping of TCO materials from Minami et al. [25].

Material Dopant or compound

SnO2 Sb, F, As, Nb, Ta

In2O3 Sn, Ge, Mo, F, Ti, Zr, Hf, Nb, Ta, W, Te

ZnO Al, Ga, B, In, Y, Sc, F, Ge, Ti, Zr, Hf

CdO In, Sn

Ga2O3

Zn-SnO2 Zn2SnO4, ZnSnO3

ZnO-In2O3 Zn2In2O5, Zn3In2O6

In2O3-SnO2 In4Sn3O12

CdO-SnO2 Cd2SnO4, CdSnO3

CdO-In2O3 CdIn2O4

MgIn2O4

GaInO3 Sn, Ge

CdSb2O6 Y

Zn-In2O3-SnO2 Zn2In2O5-In4Sn3O12

CdO-In2O3-SnO2 CdIn2O4-Cd2SnO4

ZnO-CdO-In2O3-SnO2
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combined. The results are put in perspective comparing them with the existing
literature.

In the introductory chapter, an overview on what a TCO is and the basic
working principles is given, together with its main structural and optoelec-
tronic properties and main applications. A review on the industry standard
materials is also explored and the perspectives on future compounds, based on
their abundance and price, are finally presented. In the chapter dedicated to
state-of-the-art, properties of tin-based TCOs are reviewed with the addition
of a comparison with indium-based TCOs. Zinc tin oxide (ZTO) and tin oxide
(SnO2) are selected as main TCOs and a chapter is dedicated to the structural
and optoelectronic properties obtained with respect to the annealing tempera-
ture and atmosphere. A focus is put on high temperature applications and how
to achieve the fabrication of a TCO that preserves good electrical conductivity
after high temperature treatments. Several trends, mainly linked to the ma-
terial defects concentration, are highlighted from the simultaneous adoption of
different techniques, which are further explored in the fifth chapter. This in-
vestigation allowed to confirm some of the hypothesis introduced in Chapter 4.
Afterwards, with the goal of increasing the electrical conductivity of tin-based
TCOs and following a theoretical screening study performed by a partner group
in Basel, an experimental strategy is put in place and described in Chapter
??, in order to dope the ZTO. Two elements were retained from density func-
tional theory (DFT) calculations because of their specific properties, iodine and
bromine. A first attempt of doping is described in this chapter, using a spin
coating technique to deposit the dopant-rich solution on top of several ZTO sam-
ples, fabricated with different geometrical configurations in order to maximize
the doping probability. The last chapter is focused on the structural proper-
ties and growth mechanisms of tin-based TCOs and a comparison is done using
indium-based ones as a benchmark (zirconium doped indium oxide (IZrO)). An
extensive use of electron microscopy let to the recognition of common behaviors
between the two classes of materials, which contributed to the proposition of
two growth models that describes tin and indium-based TCOs.
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Chapter 2
Tin-based TCOs - State of

the art

2.1 Introduction

A transparent conductive oxide (TCO) is a material that is employed in many
applications such as flat screens, organic LED and photovoltaic cells and has to
possess two main characteristics: transparency to light up to the infrared part of
the spectrum and high electrical conductivity in order to allow carrier transport.
Indium-based TCOs represent the industry standard for these class of materials
due to their optimal electrical and optical properties. Nevertheless indium is
listed among the elements which are classified as scarce [26]. In particular,
the European Commission issued a report where the economic importance is
displayed against the scarcity of an element. This is reported in the graph of
Figure 2.1 and indium is included in the critical materials. As reported by
Lokanc et al. [28], even if the indium supply is currently sufficient to cover
the worldwide demand, this statement could be not valid anymore in a near
future. Figure 2.2 represents this forecast, taking into account the increase of
photovoltaic-generated energy in the future together with the employment of
indium for OLEDs and flat screens, these predictions are likely to be accurate.

Tin-based TCOs are also extensively used because of their wide bandgap and
high stability, which makes them good candidates for corrosive environments.
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Figure 2.1: Scarcity with respect to economic importance of several elements used
across different sectors. Inside the red square are materials considered as critical [27]
(May 2014).

Figure 2.2: Forecast evolution for indium demand and supply mainly driven by flat
panel displays and PV [29] (2011).
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Figure 2.3: Rutile crystal structure of SnO2 with one tin atom (blue) surrounded
by oxygen atoms (red).

Moreover, tin is not included between the elements considered scarce. The
purpose of this work is therefore to develop an indium-free TCO with a particular
focus on tin-based ones.

Literature studies on tin-based TCOs show either optoelectronic or micro-
structural properties of these materials, but little make the link between the two.
In this chapter, the state of the art of tin-based TCOs properties is presented
and, when possible, the link between the micro-structure and optoelectronic
properties is highlighted. In the following sections the main characteristics of
crystalline and amorphous phase of tin dioxide are reviewed together with the
elements that are known to be good dopants for tin oxides. Finally, the last
section is dedicated to the addition of zinc into a tin oxide matrix, which will
be the focus of the experimental part of this work. Particular attention will be
put on the influence that the annealing temperature has on the optoelectronic
properties and the micro-structure of this class of materials.

2.2 Pure crystalline tin dioxide

The crystal structure of tin dioxide is rutile with a tetragonal unit cell where one
tin atom has six oxygen neighbors (Figure 2.3). The lattice constants are a = b =
3.188 Å, c = 4.738 Å and α = β = γ = 90◦. The band diagram of tin dioxide has
been simulated by many groups using different approximations such as Hartree-
Fock pseudopotential and density functional theory (DFT) calculations [30].
Figure 2.4 shows the band diagram of SnO2 as obtained by Mishra et al. [31].
The valence band maximum (VBM) and conduction band minimum (CBM) are
both situated at the Γ point, highlighting a direct band gap. Values for the
energy gap calculated by several groups sit around 3.9 eV [32] [33] [34].

It is known that the conduction band of SnO2 is mainly formed by Sn 5s
orbitals, which are responsible for the high dispersion of the conduction band.
On the other hand, the valence band is mainly formed by O 2p states, therefore
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Figure 2.4: Tin dioxide band diagram around the gamma point Γ [31].

the dispersion of the density of states (DOS) near the valence band maximum
is less pronounced. Figure 2.5 shows the contribution to the density of states
of tin and oxygen orbitals. This is the reason why the hole effective mass is
bigger than the electron effective mass. Sanon et al. calculated a hole effective
mass of ∼ 1.0m0 [35]. Theoretical calculations have proven that the mobility
of charge carriers is high due to a low electron effective mass because of a high
dispersion of the density of states near the CBM. Theoretical and experimental
effective masses are found to be around 0.20 and 0.26m0 depending on the
crystallographic orientation (the tetragonal structure being anisotropic) [36].
Other groups found values around 0.40m0 (experimentally) [37], 0.275m0 [38]
(experimentally) and 0.10m0 [39] (theoretically).

Regarding the fabrication processes, it appears difficult to link the struc-
tural and optoelectronic properties of the material to one particular deposition
method, since many parameters, such as stoichiometry, deposition temperature
and atmosphere play a role all together during the process. Deposition tech-
niques are generally divided into vacuum based and non-vacuum processes. The
latter include spray pyrolysis, sol-gel processes, chemical vapor deposition at
atmospheric pressure and electrodeposition. It is clear that each of these tech-
niques results in a material with different optoelectronic properties that might
also influence the post-deposition treatments needed to enhance the final prop-
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Figure 2.5: Contribution to the total density of states of single orbitals in undoped
tin dioxide [31].

erties of the material. Indeed some processes are known to give a high quality
material e.g. spray pyrolysis and CVD [40] and some others rely on post de-
position annealing to obtain high conductivities [41]. Vacuum based processes
can be divided into two categories: chemical vapor deposition methods (such as
plasma enhanced chemical vapor deposition (PECVD), metal-organic chemical
vapor deposition (MOCVD), low pressure chemical vapor deposition (LPCVD)
or atomic layer deposition (ALD)) and physical vapor depositions (PVD) such
as evaporation, pulsed laser deposition, ion plating and magnetron sputtering.
CVD type processes, such as PECVD are most commonly reported for the de-
position of front contacts TCOs used in amorphous/microcrystalline silicon thin
film solar cells [42]. Regarding their applications, TCOs deposited mainly with
non-vacuum techniques are the ones used for low-cost applications, such as anti-
reflection coatings [43]. For solar cells, such as SHJ cells, the TCO is required
to have higher quality opto-electronic properties, since these types of cells reach
high efficiencies (>22%) and therefore vacuum-based processes are preferred.
Regarding the physical processes, the main applications for TCOs are flat panel
displays, touch screens, gas sensors, radiation shields and thin films for photo-
voltaics among others [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56].

SnO2 in its crystalline and stoichiometric configuration is not conductive, be-
having as a non-degenerate semiconductor [57]. However, intrinsic defects such
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as oxygen vacancies are able to donate electrons to the conduction band and
brings conductivity to an otherwise insulating material [58]. An oxygen deficient
tin dioxide structure is a structure where one or more oxygen atoms are missing
from their sites (because of the chosen deposition parameters) and therefore two
or more electrons, respectively are not linked in any chemical bond. These elec-
trons can, if the vacancy is ionized, be donated to the conduction band. Using
the Kröger-Vink notation an oxygen vacancy can be indicated as follows

OxO → V ··O + 2e′ +
1

2
O2(g). (2.1)

The presence of oxygen vacancies and therefore free electrons in the conduction
band transforms the material into a degenerate semiconductor, creating shal-
low levels [59] near the CBM. Several theoretical calculations were conducted
in order to study the formation energies of intrinsic defects in tin dioxide, with
the goal of understanding which are the ones most likely to occur in the SnO2
structure. Together with oxygen vacancies (VO), tin interstitial (Sni), tin an-
tisite (SnO), tin vacancy (VSn) and oxygen interstitial (Oi) were studied [60].
Sni and VO are those that produce the majority of defects in SnO2 and that
are responsible for the conductivity of the material. The fact that these de-
fects produce shallow levels next to the CBM is the reason why SnO2 can be
conductive and transparent at the same time [61]. Indeed, when the defect is
placed at mid gap, it act as a recombination center for the charge carriers. The
trade-off between electrical conductivity and transparency arises from the fact
that adding charge carriers in CB translates in increasing the absorption of the
material in the infrared part of the spectrum via the relationship λp ∼

√
N ,

where λp is the absorpted wavelength and N is the carrier density [62]. The
coexistence of electrical conductivity and optical transparency in SnO2 can be
associated to the shallow donor levels located near the CBM, that are formed
because of a large concentration of oxygen vacancies [63]. Nagasawa et al. de-
posited a non intentionally doped single crystal tin dioxide with an average
conductivity of 4 S cm−1, a carrier concentration of 1017 cm−3 and an average
mobility of 200 cm2 V−1 s−1 [37]. These values represent a material with a low
carrier concentration (compared to the usual doping levels) and therefore a high
mobility.

Intrinsic defects are not the only way to increase the electrical conductivity
in tin dioxide. In the following section an overview of the most known doping
elements for tin oxide is reviewed.
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2.3 Doping of tin dioxide

When a sufficient amount of ionized defects is introduced in a stoichiometric
material, the Fermi level is shifted towards the conduction band allowing the
transport of charge carriers. In addition to the intrinsic defects that can do-
nate electrons to the conduction band, foreign elements can be introduced into
the original material in order to dope it. Depending on the size of the dopant
introduced in the SnO2 structure, they can act as substitutional or intersti-
tial dopants. Substitutional doping occurs when the alien atom has about the
same size of the host one, whereas interstitial doping occurs when the sizes are
significantly different. Interstitial doping is also known to create energy levels
halfway into the band-gap, which act as traps and recombination centers. On
the other hand, substitutional dopants are able to effectively donate electrons
to the CB, enhancing the electrical properties of the starting material, creat-
ing energy levels right below the CB. In the case of tin dioxide, for a dopand
to be substitutional, its ionic radius must be similar to the one of SnIV being
0.071 nm.

The main source of charge carriers for tin oxide is thought to be oxygen vacan-
cies. Nevertheless other additional elements have been introduced with different
concentrations into the tin oxide matrix and their effects have been studied by
means of theoretical simulations and practical experiments. With respect to
n-type doping, the most promising elements are antimony and fluorine. In
particular, Sb5+ is thought to substitute a Sn4+ whereas F1– sits on a O2–

site [64] [65]. Also, molybdenum, tantalum and chlorine are known to act as
donors for tin oxide [66] [67]. All of these elements are able to donate an elec-
tron in CB. Fluorine, for example, does not contribute greatly to the distortion
of the crystal structure, given its similarity in ionic radius to oxygen. On the
other hand, chlorine has a bigger radius, which leads to slight distortions of the
unperturbed crystal structure. Some cations that might dope tin dioxide can
be multivalent and therefore assume at least two different oxidation states while
incorporated in tin dioxide. Elements of groups II and III, such as In, Ga, Al,
Fe and Zn, are thought to create acceptor-like states in SnO2. The doping level
is highly dependent on the element and the initial characteristics of the starting
material [68] [69] [70] [71]. Typical values of carrier concentration and mobility
for poly-crystalline tin dioxide are around 15× 1019cm−3 and 20 cm2 V−1 s−1
as reported by Agashe et al. [72]. The applications for which tin dioxide is used
depends strongly on its electrical conductivity. The doping of the structure is
the main discriminating factor in determining the electrical conductivity, which
can vary in a range between 10−6S cm−1 [73] and 1.2× 104S cm−1 [74] [72].

When adding elements of group III of the periodic table to SnO2, the conduc-
tivity usually drops because of their electronic structure. For the same reason,
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Table 2.1: Carrier concentration and mobility of antimony doped single crystal tin
dioxide analyzed by Fonstad and Rediker [79] at 300K.

N µ
(cm−3) (cm2 V−1 s−1)

Heavily doped sample 2.2× 1018 150

Doped sample 8.6× 1016 240

Not intentionally doped sample 8.5× 1015 260

adding elements of group V increases the overall conductivity as reported by
Carrol et al. [75]. The same work explores the trend of electrical conductivity
with respect to the amount of dopants added to the pure tin dioxide: while the
conductivity first decreases with the addition of dopants, it begins to increase
when the dopant concentration continues to increase up to an optimum that
depends on the added element itself. Common dopants for tin dioxide are anti-
mony, fluorine and molibdenum, all source of n-type conductivity [76]. In some
cases the introduction of dopants does not modify the crystal structure of SnO2
and the lattice parameters [65] [31]. Li, Ga, In and N are also largely used as
tin dioxide dopands because of their ionic sizes similar to the one of tin [71] [77].
The defect level is usually calculated using theoretical simulations that com-
bine a mixture of Perdew-Burke-Ernzerhof (PBE) and Heyd–Scuseria–Ernzerhof
(HSE06) approximations and they converge in the description of defects whereas
they usually fail in the calculation of the energy gap [78]. Typical values for
tin dioxide conductivity vary depending on many factors, such as doping, de-
position methods, deposition temperature and pressure. Jarzebski et al. [58]
reported several values for crystalline tin dioxide conductivity depending on the
deposition temperature and method. In the following literature review, the de-
position parameters and methods, such as deposition temperature (Td), pressure
(Pd), type of substrate, etc. will be given (when stated in the original paper) in
order to present a solid comparison between different studies.

Fonstad and Rediker [79] studied the scattering mechanisms in crystalline
tin dioxide as a function of measurement temperature. Several single crystal
antimony-doped tin dioxide samples were deposited using chemical vapor depo-
sition and the electrical properties were measured using temperature-dependent
Hall effect. At 300K the obtained values are reported in table 2.1. The trend
highlighted in table 2.1 confirms that when dopants are added to the crystalline
form of tin dioxide, the material starts to have a considerable amount of charge
carriers in CB. Samson and Fonstad [63] studied the influence of annealing atmo-
sphere and temperature on crystalline tin dioxide samples using different oxygen
partial pressures and annealing time. They compared the carrier concentration,
measured at room temperature, of samples before and after annealing. Table 2.2
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Table 2.2: Single crystal undoped tin dioxide samples analyzed by Samson and
Fonstad [63] annealed and quenched.

N at Annealing Oxygen partial Time N
room temperature temperature pressure

(cm−3) (◦C) (atm) (h) (cm−3)

1.44× 1016 1450 1 14 4.5× 1017

0.9× 1016 1350 1 14 3.3× 1017

/ 1400 0.21 14 3× 1017

high ρ 1275 1 20 1× 1017

high ρ 1275 1 20 9× 1016

shows the results. The samples reported in this table are all nominally undoped.
It is interesting to notice here that the overall carrier concentration increased
after the thermal treatments from an average value of 1× 1016cm−3 to the ones
highlighted in the table. From previous analysis conducted by the same group,
it was known that two donor levels, at 34meV and 140meV were active in the
tin dioxide crystals before annealing. The increase of carrier concentration in
CB after annealing is thought to be due to the donation of carriers to the CB
from these donor levels. Fonstad and co-workers claimed that these levels are
associated to doubly ionized oxygen vacancies. No considerable difference is
observed between samples annealed in different oxygen partial pressures.

Transport mechanisms in SnO2 are governed by different factors and depend
on the investigated range of temperatures and on the structure of SnO2. At
room temperature, the conduction of undoped single crystal SnO2 appears to be
dominated by optical phonon scattering [79] whereas when doping is introduced,
whether intentional or not, the material behaves as a degenerate semiconductor
and the main scattering mechanism is due to ionized defects. For polycrystalline
SnO2 films, in addition to the previously mentioned scattering mechanisms, the
presence of grain boundaries has to be taken into account. Grain boundaries
would, indeed, act as a trap for electrons, decreasing the overall conductiv-
ity [80], becoming the dominant scattering mechanism. In the aforementioned
studies it is reported that films with larger grain size have better electrical
properties. Regarding high temperature treatments, some authors claim that
annealing polycrystalline SnO2 in an inert atmosphere or in vacuum might lead
to an increased film mobility (60 cm2 V−1 s−1 vs. 1 to 20 cm2 V−1 s−1) most
probably due to grain growth [79].

In order to investigate which elements would be a good candidate to dope
tin oxide, a preliminary theoretical study was conducted by the group of Prof.
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Figure 2.6: Stable PBE charge state of a substitutional atom on a Sn site, when
∆εF is at the CBM. The elements are highlighted in different colors to distinguish
the charge state: in blue, q<0; in yellow, q=0; in orange, q=1 and in purple, q=2.
The thick black outline indicates no localized defect states, and the dashed outline
indicates elements with intriguing behavior at the CBM [81].

Goedecker and in particular by a PhD student in the group, Miglé Grauz̆inyte,
from the Department of Physics at Universitaät Basel in Switzerland. In their
study, Grauz̆inyte et al. [81] conducted several theoretical simulations screening
the whole periodic table with the goal of assessing which elements are energeti-
cally prone to acting as dopants for crystalline SnO2. A PBE0 hybrid functional
method was used, which predicts the good gap for SnO2 and allows to perform
a parameter-free large-scale defect study on SnO2. This study is referred to as
a large-scale study because not only the behavior of isolated defects is stud-
ied, but also the overall doping trends. In these simulations, 63 dopants were
considered as substitutional dopants for the tin site. Super cell of SnO2 used
for this study was one composed by 72 atoms. Calculations using pure PBE
predict 19 elements as potential n-type dopants (with the Fermi energy level
at the bottom of CB), because they are positively charged. This means that
one or two electrons are donated to the conduction band (represented in orange
and purple, respectively, in Figure 2.6). The n-dopants were further separated
into three categories, i) the elements that do not affect the electronic structure
of SnO2 and therefore should act as good donors (outlined by a black solid
line), ii) elements that do not form electronic states inside the band gap but
nevertheless distort a lot the bottom of the conduction band (outlined by a
black dashed line) and iii) transition d metals resulting in defect states inside
the band gap due to metal-d and O-2p orbital interactions. It is important
to mention here that the overall goal of the study is to find dopants that do
not create defect states inside the SnO2 band gap, because they would act as
trap centers or recombination states, decreasing the conductivity of the mate-
rial and increasing the optical absorption. Moreover, they would contribute to
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Figure 2.7: Formation energy with respect to the position of the Fermi levels for
different elements considered as dopants in the study. Panels (a) and (b) report the
results obtained using a pure PBE whereas panels (c) and (d) using a PBE0 approxi-
mation. The predicted trend remains mostly the same for elements that do not distort
the DOS of the material and do not introduce defects inside the band gap ((a) and
(c)), but the prediction of PBE is completely reversed when using PBE0 for those
elements that cause strong distortion next to the CBM [81].

decrease the energy gap itself, decreasing the overall transparency of the TCO.
To further investigate the substitution of dopants either in a tin or oxygen site,
Grauz̆inyte et al. calculated the formation energies for the three categories of
n-type dopants discussed above. They did the same calculation using first a
pure PBE approximation and then a PBE0 approximation The main difference
between the two methods is that the PBE0 mixes the PBE exchange energy
and Hartree-Fock exchange energy with a relative proportion equal to 3:1, with
the full PBE correlation energy [82]. Results are shown in Figure 2.7. For sim-
plicity just the first and second categories are reported in the figure. When the
calculation is conducted using PBE approximation, it predicts one stable charge
state for all the defects in a tin site (they result to be in a donor state), but
when the approximation is slightly changed in order to span a bigger range of
energies for the Fermi level, it is seen that some defects have the tendency to
change charge state, starting from a donor state and becoming acceptors. This
is proven to happen mainly when the Fermi energy approaches the CBM. The
bigger differences can be seen in the group of elements that distort the vicinity
of CBM, i.e. in Figure 2.7 from the case (b) to the case (d). In the same figure,
in (a) and (b) are also presented the cases of bromine and chlorine when they
act as substitutional dopants for the oxygen site instead of the tin site, these
two are the only elements whose formation energies are still favorable. The rest
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of substitutional dopants in an oxygen site have formation energies too high to
be probable. The most favorable elements, to act as good dopants in tin diox-
ide, arising from this investigation are potentially the ones included in graphs of
Figure 2.7, but in particular, those that can be substitutional for both oxygen
and tin sites, without being energetically too expensive, such as bromine and
chlorine, are even more favorable.

The electronic structure arising from doping was also investigated in this study,
the goal was to verify that the dopants would not introduce any localized state
inside the band gap. Some of them do introduce localized defect states next to
the VBM, but remain shallow enough to not be detrimental for electrical and
optical properties of SnO2.

2.4 Amorphous tin-based TCOs

In its amorphous phase, tin dioxide is a suitable material to be used on flex-
ible/light weight substrates. Many authors reported about the existence of
amorphous tin oxide, but very little is known about its electrical properties. The
conductivity of amorphous tin dioxide is included between 1 and 500 S cm−1 [83].
Chen et al. deposited a thick (6 µm) tin-dioxide sample by pulsed laser depo-
sition that became crystalline after heat treatment [84]. The base pressure was
about 10−6 mbar, the working pressure was about 2× 10−6 mbar. The deposi-
tion was carried out on top of silicon substrates and at room temperature, sam-
ples were then annealed for 2 hours at 150 ◦C. Nevertheless, no indication about
the electrical properties was reported in this study. Lekshmy et al. [85] reported
also that an amorphous as deposited tin dioxide sample, became crystalline af-
ter annealing in oxygen atmosphere at 350 ◦C, whereas the films annealed in air
at 350 ◦C stayed in its amorphous phase. The crystalline films exhibited SnO2
rutile crystal phases during XRD experiments (in particular (110), (101) and
(211) orientations). The starting material was deposited by sol-gel dip coating
on a quartz substrate. No electrical properties were reported in this study. Shin
et al. [86] used anodic oxidation of pure tin metal to deposit tin oxide, obtaining
an amorphous as-deposited tin dioxide becoming crystalline after annealing at
500 ◦C for three hours. No information about electrical properties is reported.
Jousse et al. [87] deposited tin dioxide films using chemically sprayed techniques
and reported dependence on the substrate deposition temperature of the elec-
trical properties for an amorphous tin dioxide and a polycrystalline one. Figure
2.8 summarizes their findings. Overall, the trend is that an as-deposited tin
dioxide film becomes crystalline if submitted to high temperature treatments,
but little is known about the electrical properties of such materials and how
they evolve with respect to the annealing temperature.
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Figure 2.8: Electrical conductivity, carrier concentration and mobility of tin diox-
ide samples (amorphous and polycrystalline) versus substrate deposition temperature,
reported by Jousse et al. [87]. Conductivity of amorphous and polycrystalline samples
are comparable at the starting temperatures.

Wang et al. [88] prepared tin dioxide films, under various flow ratios of O2-Ar
on unheated glass substrate and using ion beam sputtering deposition. They re-
ported the change in electrical resistivity with respect to annealing temperature
to be dependent on the amount of oxygen dispersed in the annealing atmo-
sphere. In particular, the higher the oxygen partial pressure, the higher the
resistivity, since the amount of oxygen vacancies, responsible for the creation
of carrier concentration, is thought to decrease. This trend is shown in Figure
2.9. Hemissi et al. [89] conducted annealing experiments of Sb-doped tin oxide:
the samples annealed at 500 ◦C present better electrical properties than the ones
conducted at 600 ◦C. Moreover, a clear dependence on the annealing time is also
highlighted. The trend in this case is non-linear but presents a local minimum
at 120 minutes. The reason for this behavior is ascribed to the increasing size of
crystalline grains with annealing time. More on this subject will be investigated
in the chapter dedicated to the results of this work.
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Figure 2.9: Variation of the electrical resistivity of tin dioxide films deposited with
various flow ratios of O2/(O2 + Ar) at the annealing temperature from 350 ◦C to
380 ◦C and a working pressure of 4.7× 10−2 Pa [88].

2.5 Effect of the addition of zinc in double oxides

The evolution of tin dioxide electrical properties with respect to the annealing
temperature is related to many factors such as the annealing atmosphere and
the amount of defects dispersed in its structure. On the other hand, if the
starting material is crystalline or amorphous, it might behave differently upon
thermal treatments. It was also assessed that once the material is submitted
to annealing, the drop in electrical properties depends on the ability of the tin
dioxide of preserving a decent amount of charge carriers dispersed in its structure
so that the annihilation or passivation of these defects is delayed. One strategy
that can be adopted in order to introduce more defects into the structure can be
to introduce different species inside the double oxide matrix so that the degree
of disorder, in the case of an amorphous material, increases and with it the
probability of donating electrons to the conduction band [90]. In order to shift
the drop of SnO2 electrical properties towards higher temperatures, not only
a foreign element has to be introduced into the tin oxide matrix in order to
act as a donor, but also and more importantly, the element has to have proven
properties of keeping the electrical properties of the material stable upon thermal
treatments.

Figure 2.10 shows a summary of the electrical conductivities of the ZTO and
IZO found in literature with respect to the annealing temperatures. The stoi-
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Figure 2.10: Summary of some of the electrical conductivities vs. annealing tem-
perature found in literature of zinc-enriched TCOs. The figure refers mainly to ZTO
and IZO with different stoichiometries. If not specifically indicated, the materials are
in the amorphous phase (“cr” meaning crystalline material). All the thermal treat-
ments were conducted in air. As a comparison, two semi-transparent blue regions
indicate the average conductivity for amorphous and crystalline tin oxide. These data
are taken from the literature review presented in this chapter.

chiometry of the materials is not the same for every study and also the deposition
methods can vary completely from one study to another. Nevertheless it is in-
teresting to compare the curves within the same color code and the overall trend
confirms that the presence of zinc enhances the thermal stability of the corre-
spondent binary TCO. Each and every TCO shown in Figure 2.10 is amorphous
in its as-deposited state and remains amorphous across the presented temper-
ature range, the only exception being the I9ZO1 and I5ZO1, which are in the
crystalline state at 700 ◦C. The feature highlighted in Figure 2.10 underlines the
fact that adding zinc in the original matrix of tin and indium-based TCOs has
the effect of postponing the drop in electrical conductivity with respect to the
annealing temperature. Indeed, the average conductivity of tin oxide without
any zinc addition is found to drop once the threshold of 400 ◦C is crossed. In the
previous section several studies reporting on the acceptor-like characteristic of
zinc added into a tin dioxide matrix is not observed in the materials described
in Figure 2.10. Zinc does not seem to alter the as-deposited electrical conduc-
tivity of tin oxide. Dinner et al. [91] demonstrated that annealing a zinc doped



26 Tin-based TCOs - State of the art

indium oxide leads to a stability of the material up to 500 ◦C in a mixture of N2
(95%) and H2 (5%) atmosphere. In this study it is highlighted that the crys-
talline phase of the presented materials is electrically conductive and that the
resistivity appears to only depend on the concentration of indium in the film.
Minami et al. [92] compared the behavior under thermal treatments of SnO2,
ZnO and a mixture of amorphous SnO2-ZnO. The conductivity depends on the
relative concentration of tin oxide to zinc oxide, with a peak when the SnO2
content reaches 80 wt%. Thermal treatments were carried out and it was found
that the mixture SnO2-ZnO was more stable compared to the single oxides,
maintaining its electrical properties unchanged until a temperature of 350 ◦C
was reached in an oxygen-rich atmosphere. An increased chemical stability of
the SnO2-ZnO was also reported with respect to SnO2 and ZnO alone. In a
separate study, Minami et al. [93] investigated the high temperature annealing
of ternary compounds containing zinc, revealing an average conductivity much
higher with respect to compounds not containing zinc (shown in Figure 2.10).
Taylor et al. reported that the addition of ZnO during the deposition of In2O3
significantly improved the thermal stability of the TCO, leading to a preserved
electrical conductivity up to 600 ◦C [94]. Jain et al. [95] also reported good elec-
trical properties (1.44·10−3 Ω cm) for a mixture film of In2O3 and ZnO annealed
up to 450 ◦C for one hour. In this case, the material is found to be crystalline in
its as deposited state and thermal treatments are thought to increase the grain
size and therefore decrease the scattering of carriers from grain boundaries. Zhu
et al. [96] studied the local structure of amorphous and crystalline ZTO using
a combination X-ray techniques for structural investigation such as extended
X-ray absorption fine structure (EXAFS) and compared it to those of SnO2 and
ZnO. The addition of zinc is thought to improve the thermal stability of ZTO by
increasing the crystallization temperature and keeping the material electrically
conductive up to higher temperatures. The reason of this increased crystalliza-
tion temperature seems to be linked to the strain added to the overall structure
that might reduce the lattice thermal vibrations and increase the energy barrier
towards crystallization. Ko et al. [97] investigated the effect of the addition of
zinc into the tin dioxide amorphous network and performed annealing studies up
to 600 ◦C. The electrical conductivity presents a maximum around 250 ◦C and
then decreases as soon as the crystallization threshold is reached. Kim et al. [98]
analyzed ZTO with different relative concentration of zinc to tin, reporting that
the more zinc is introduced into the SnO2 network, the more the crystallization
is shifted towards high temperatures, reaching 600 ◦C when the concentration
of zinc to tin is 73:27. Jayaraj et al. [99] study two different compositions of
ZTO in particular 1:1 and 2:1 (Zn:Sn), reporting that the films containing more
zinc crystallize later and that as soon as the phase change occurs, the mate-
rial becomes highly resistive. The crystallization is postponed the more zinc is
added into the tin oxide network. Since the ZTO films were found to behave as
degenerate semiconductors, the reason for the increased resistivity seems to be
due to the poor crystallization, because of the presence of grain boundaries and
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voids withing the structure. On the other hand, since the conductivity depends
on the overlap between s orbitals in this class of materials, the overlap should
be preserved even in the crystalline phase and despite longer bonds of the crys-
talline phase [96] and changes in the bond angles from the amorphous to the
crystalline arranged structure. Chen et al. [100] reported on the crystallinity of
zinc indium tin oxide (ZITO) and claimed that the material remains conductive
even in its crystalline form, suggesting that the drop in electrical properties does
not depend on the material phase but rather on a decrease of charge carriers as
soon as high annealing temperatures are reached.

To summarize the properties of ZTO issued from the published analysis, the
following points can be emphasized:

• the majority of as deposited ZTO samples are in the amorphous phase;

• regardless of the deposition method, when the amount of zinc into the
SnO2 network is increased, the resulting TCO is more resistant to high
temperature treatments;

• electrical conductivity of ZTO increases upon thermal treatments, having
a maximum at a certain temperature σmax and then decreases when the
crystallization threshold is reached;

• annealing atmosphere affects electrical properties of tin-based TCOs but
the link between atmosphere and σ has not been systematically investi-
gated;

• regardless of its structural phase, ZTO is found to be conductive and the
drop in conductivity seems to be related to the decrease of charge carriers
due to passivation of defects.

• in few cases, because of non-homogeneity of the crystalline structure, given
by grain boundaries or point defects, the carrier transport appears to be
more difficult.

Overall the general outcome that can be highlighted after the literature analysis
is that further investigations must be carried out on the microstructural prop-
erties of the ZTO and focus on the influence that the TCO structure has on
its electrical properties is of fundamental importance. In addition, the quality
of the crystalline structure has to be deeply inspected. Furthermore, the im-
pact of annealing atmosphere and temperature has to be separated from other
parameters in order to better understand which are the effects on the conduc-
tivity. To answer these questions a combination of several techniques such as
in situ X-ray Diffraction (XRD) and transmission electron microscopy (TEM),
together with energy dispersive X-ray spectroscopy (EDX) are used in order
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to inspect the microstructure of the material and study the evolution of its
chemical composition with respect to annealing atmosphere and temperature.
Opto-electronic properties of every sample are also recorded with respect to
the annealing temperature and atmosphere. In order to experimentally test the
theoretical results obtained from DFT calculations, a plan is set up to intro-
duce the most favorable novel dopants into the ZTO matrix. Optoelectronic
measurements and TEM/EDX analysis are carried out to study the impact of
such dopants (iodine and bromine) on the ZTO properties. The general objec-
tive of this work is to understand the influence of thermal treatments on the
microstructural and optoelectronic properties of ZTO, with the specific goal of
separate the microstructural effects from the stoichiometry-linked ones on ZTO
electrical conductivity. A growth model for tin-based TCOs is finally proposed
and compared to the observations done on indium-based TCOs, in particular
on zirconium-doped indium oxide.



Chapter 3

Experimental techniques

The majority of the experimental techniques presented in this chapter were
extensively used in this work. Other techniques and methods employed for
specific experiments and investigations will be described in dedicated chapters.
This chapter exposes the methods and parameters used for sample fabrication
as well as for their characterization of both opto-electronic and micro-structural
properties.

3.1 Deposition method

In order to deposit the thin films used for the present study, a Physical Vapor
Deposition (PVD) System was used. This method imposes the source material
to be transformed from the condensed phase to a vapor phase and then again
to a condensed phase to form the desired thin film. In particular, a sputter
deposition is the deposition of particles being ejected from a source target by a
momentum-transfer from a bombarding particle (typically a gaseous ion) ionized
by a plasma [101]. Figure 3.1 summarizes the scheme of the deposition system
used in this work. The RF magnetron sputtering system works using an alter-
nating current at high frequency that allows to sputter from metallic but also
insulating targets because it avoids a charge building-up on certain positions of
the target material. The magnets placed behind the targets create a magnetic
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Figure 3.1: Scheme of the magnetron RF sputtering system used to deposit the
TCOs that have been studied in this work.

field that trap electrons over the negatively charged target material so they do
not directly bombard the substrate but instead enhance the ionization rate of
the gases used in the plasma. These ionized particles are then free to hit the
target, triggering a cascade reaction that allows the deposition onto the desired
substrate [102]. The atoms ejected by the target are neutrally charged, so they
are free to escape from the magnetic trap that keeps the ionized gas particle in
its vicinity. It is crucial to point out that the atoms that leave the target surface
have high kinetic energies with a large “tail” in the energy distribution that can
be of several tens of eV [101]. In addition, because of the impact between target
atoms and substrate, a displacement of bulk atoms and small “thermal spikes”,
as well as other types of damages may occur, so that the material surface may
undergo crystalline-amorphous transitions [103].

3.1.1 Tin dioxide deposition

The deposition of tin dioxide, as well as of the majority of TCOs studied in this
work was performed in a Leybold Univex 450B. The Univex is an RF magnetron
sputtering machine equipped with a load-lock. The substrate is laid down into a
rotating support, while the targets are positioned on top of the substrate, slightly
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tilted and oriented towards it, with an average distance between target and
substrate of 12 cm (Figure 3.1). The heating system works through an halogen
lamp positioned below the substrate. Every target is closed by a shutter that
can be controlled by the operator. The injection of gases, i.e. oxygen and argon,
is controlled by two knobs and the amount can vary between 0 and 10 sccm for
oxygen and 50 sccm for argon. It is crucial to mention here that the oxygen
flow is actually a mixture of oxygen and argon with a ratio of 5/95, so that
when the oxygen knob is set to 100%, it means that in the chamber are injected
0.29 sccm of oxygen. The optimized tin dioxide is deposited using a substrate
temperature of 100 ◦C, an argon flow of 17% (equivalent to 12.3 sccm) and an
oxygen flow of 40% (equivalent to 0.2 sccm). The initial pressure measured into
the deposition chamber before injecting the gases is 7× 10−7 mbar whereas the
working pressure is 1.7 µbar. The used power is 1.01W2 cm−1. The deposition
time depends on the desired thickness of the material.

3.1.2 ZTO deposition

The present study is focused on amorphous zinc tin oxide previously optimized
starting from a deposition using co-sputtering from two targets: SnO2 and
ZnO [104]. Electrical, optical and structural investigation led to the devel-
opment of a recipe using a single target, with the composition inspired by RBS
and EDX analysis carried out on the co-sputtered films (Zn0.05Sn0.30O0.65).
The power density used during single target deposition was 0.32W2 cm−1, with
a base pressure of 1× 10−3 mbar. The electrical properties vary with the oxy-
gen flow injected in the deposition chamber, reaching the best value when the
amount of oxygen is equal to 0.1 sccm. The argon flow was kept constant
and by reducing the working pressure from 1× 10−3 mbar to 5× 10−4 mbar the
overall conductivity improved, enhancing the mobility while only slightly de-
creasing the carrier concentration. Substrates are heated up to 60 ◦C during
deposition (since this appears to be the optimal temperature to obtain high
conductivity-ZTO films). The ZTO films were deposited using two deposition
systems: an Oerlikon Clusterline sputtering system and a Leybold Univex sys-
tem. In both cases, the parameters used for every deposition are summarized in
table 3.1. ZTO samples were deposited on two main types of substrates: glass or
sapphire, in order to allow optical properties measurements and (100)-oriented
silicon wafers, to avoid any interaction between the substrate itself and the film
and to make micro-structural characterization easier, as well as on dedicated
TEM grids. As insulating substrates, standard aluminoborosilicate glasses were
used, whereas the standard silicon substrates were sometimes substituted with
crystalline silicon with the addition of 300 nm of amorphous silicon oxide on
top. The standard grids were CF200 meshed copper grids with a carbon film
deposited on top (carbon thickness 6-8 nm) from Electron Microscopy Sciences
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Table 3.1: Deposition parameters used for the ZTO fabrication

Univex Clusterline

Power density 1.01 0.32(Wcm−2)

Base Pressure
4.4× 10−7 1× 10−3(mbar)

Working Pressure
2.2× 10−3 5× 10−4(mbar)

Ar/O2 flow 3 5

Normal thickness 150 150(nm)

Company. In addition in order to avoid the copper EDX signal coming from
the TEM grids, silicon nitride grids were also used (SiMPore UltraSM, Electron
Microscopy Sciences Company).

3.1.3 Zirconium-doped indium oxide deposition

In order to compare tin-based TCOs to indium-based TCOs (Chapter 6), a zirco-
nium doped indium oxide was deposited by sputtering onto aluminoborosilicate
glass substrates and directly onto TEM grids. The deposition process was done
by Esteban Rucavado on the Leybold Univex sputtering system that was used
for tin oxide and zinc tin oxide. The single target had 98/2 weight composition
ratio of In2O3/ZrO2 with a target diameter of 10 cm and the RF power density
was fixed to 0.95W2 cm−1. The deposition atmosphere was a mixture of argon
and oxygen, with an initial base pressure of 10−6 mbar. After deposition, the
films were annealed at 200 ◦C for thirty minutes under atmospheric pressure or
under a pressure of 0.5mbar of H2 or N2.

3.2 Electrical properties

To measure the electrical properties of bulk samples, a HMS-5000 Hall Effect
equipment in the Van der Pauw configuration was used. This method allows to
measure the mobility µ and carrier concentration N of a material and then to
give an estimation of the conductivity if the thickness of the sample is known.
Its working principle is based on the Hall effect: when a current flows across a
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conductive sample and a magnetic field is applied to its surrounding, an electric
field perpendicular to both the current and the magnetic field is induced in the
sample. Measuring the voltage associated to this electric field, the so-called
Hall tension, allows to understand what type of carriers, electrons or holes, are
responsible for the current flow and enables to calculate the carrier concentration
N :

N =
IB

hqVH
(3.1)

where I is the current that has been applied to the sample, B the magnetic field,
VH the Hall tension that can be measured and h the thickness of the sample.
The conductivity can then be calculated using the following

σ =
1

Rshh
(3.2)

where Rsh is the sheet resistance and it is measured for every sample. The
mobility is therefore calculated using the known relation

µ =
σ

eN
(3.3)

where e is the electron charge and N the carrier concentration. It is fundamental
to highlight that in order to precisely calculate theN , σ and µ values, the sample
thickness has to be given as an input. It is measured here using an Ambios
technology XP-2 profilometer.

3.3 Optical properties

3.3.1 UV-VIS-IR Spectroscopy

Optical properties such as transmittance T and reflectance R were measured
using a Perkin-Elmer Lambda 900 spectrometer in the UV-VIS-IR regions of
the spectrum. For those measurements, all samples were deposited on top of
aluminoborosilicate glass. If I0 is the intensity of a monochromatic beam of
wavelength λ arriving with normal incidence on the sample surface, this beam
will be partly transmitted and partly reflected back by the sample itself. The
transmitted and reflected intensities, IT and IR, are obtained by the integration
over all the directions done with the help of an integrating sphere. The total
transmittance and total reflectance are defined as follows:

T =
IT
I0

R =
IR
I0

(3.4)

For the characterization of a TCO, it is important to measure not only the
amount of light that is transmitted through it but also the amount of absorbed
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light. The transmitted radiation depends on the multiple back and forth re-
flections that the radiation undergoes because of the presence of top and back
surface of the sample, which act as separation barrier between media with differ-
ent refractive indexes. These beams interfere with each other in a constructive
or destructive manner depending on the thickness of the sample. Therefore,
absorptance, transmittance and reflectance are all related by the formula

A = 1− T −R (3.5)

Calculating the absorptance allows an estimation of the material band gap, the
free carrier absorption in the infrared part of the spectrum and the presence of
defects inside the band gap. In particular, through the Beer-Lambert law

T =
IT
I0

= e−αh (3.6)

it is possible to calculate α, the absorption coefficient of the material knowing
h, its thickness and measuring the transmittance T . Then, since the absorption
coefficient due to interband transitions (near the band-gap) is described by the
Tauc law

α~ω ∝ (~ω − Eg)2 (3.7)

Eg, the optical band-gap can be extracted from the optical measurements. The
exponent of the previous relationship is chosen because the interband transitions
are considered to be direct and allowed.

3.3.2 Photothermal Deflection Spectroscopy (PDS)

Photothermal deflection spectroscopy is a technique that allows to characterize
with high sensitivity the light absorption at the band edge of a material and fur-
ther, to access the information about the density of states if the band structure
is known. The physical principles of this technique are the following: an inci-
dent beam (modulated radiation) in a non-absorbing medium passes through
the sample (absorbing medium), the energy dissipated in the sample will diffuse
in all directions giving rise to temperature variation ∆T (x, y, z), which in turn
is responsible for a variation of the medium refractive index. This variation can
be employed to deflect a laser beam directed parallel to the sample by an angle
φ from its original path. Measuring this deflection angle allows to calculate the
absorption coefficient α of the investigated samples [105] [106]. As stated before,
the access to the absorption coefficient gives an information about the optical
gap. These measurements are used to precisely compare the sub-gap absorption
of the studied materials before and after thermal treatments and to extend the
knowledge about what type of defects are responsible for the changes in optical
properties.
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3.4 Micro-structural characterization techniques

In the following sections, the main techniques used for the structural charac-
terization of studied TCOs are presented. The investigations vary from the
macroscopic scale, using X-ray diffraction, to the nano scale with the use of
electron microscopy and relative chemical analysis.

3.4.1 In situ X-ray Diffraction

In order to investigate the structure of the deposited samples, X-ray diffraction
(XRD) was one of the most extensively used techniques. In particular an in
situ diffractometer was used to conduct heating experiments. This tool allows
to heat a sample while continuously acquiring XRD patterns. The goal was to
track the evolution of the sample structure, highlighting any potential change
in it during a heat treatment. The samples dedicated to this technique were
deposited on silicon substrates in order to avoid any melting of the substrate
itself at high temperatures.

This technique is based on the diffraction principle which is the interaction
between an electromagnetic wave of a certain energy and the crystalline struc-
ture of the sample. The diffraction itself is a scattering phenomenon in which a
large number of atoms play the role of multiple scattering centers arranged in a
periodic fashion and scatter incident light. The fact that atoms are periodically
arranged in a crystal makes the scattered rays to have a definite phase relation
between each other (coherent scattering). This relation can lead to a construc-
tive or destructive interference. In the former case, diffracted beams are created
in certain directions and can be detected.

The diffraction is governed by the Bragg law, which states that

nλ

2d
= sin θ (3.8)

where λ is the incident wavelength and d the spacing between adjacent crystal
planes. nλ must be less than 2d for the law to be valid. d is on the order of 3Å
or less, hence, λ cannot exceed about 6Å. If n = 1, which means the diffraction
is occurring between the adjacent crystal planes, the Bragg law can be written
as follows

λ = 2d sin θ (3.9)

If this condition is met, diffracted beams can be detected by the Bruker LYNX-
EYE, a 1D detector composed by 255 channels, each of them being a single
detector. This type of detectors makes the acquisition much faster with respect
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Figure 3.2: Schematic representation of the X-ray diffractometer used during the
in situ heating experiments in a ω − 2θ configuration.

to the standard scintillation counter. The detector is positioned at the sam-
ple exit, as shown on the scheme in Figure 3.2, that represents the geometry
of a typical positioning between the X-ray source, detector and sample. For
the experiments presented in the following chapters, a PANalytical X’Pert PRO
equipment was used, equipped with an X-ray source of copper (Kα line of cop-
per being λ = 0.1541 nm), in a ω − 2θ configuration. The crystallography of
TCOs was investigated in the majority of the cases using 1× 1 cm samples, in
a scanning range comprised between 20◦ and 80◦. Once the diffracted beams
are detected, they can be represented in an x-y graph where the intensities of
diffracted beams are displayed versus the angle θ that represents the direction
to which each beam has been diffracted. The peak intensity is related to the
number of elementary cells through the formula

Imax ∝ n2 |Fhkl|2 (3.10)

where n is the number of elementary cells and |Fhkl| is the scattering amplitude
with which each of the cells contributes to the total scattering amplitude n |Fhkl|.
If the crystal is now separated into two equal halves, each of thickness t/2
(where t is the total thickness of the crystal), the total scattered amplitude
for each crystal is now n/2 |Fhkl|, therefore the peak intensity is proportional to
n2/4 |Fhkl|2. So if the two intensities are added together, the maximum intensity
becomes

Imax ∝
n2

2
|Fhkl|2 (3.11)
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which is half of the single crystal value. On the other hand, the width of the
peaks is doubled. The Scherrer equation states that:

τ =
Kλ

β cos θ
(3.12)

where K is the shape factor, β is the line broadening, λ the X-rays wavelength
and θ the incident angle. Following the same strategy used before, if the crystal
is cut into two equal parts and hence the thickness divided into two, the broad-
ening will increase. What remains constant is the integrated intensity, which is
independent of the crystallite size in the specimen. From the XRD data it is
also possible to extract the lattice parameters of the crystallized unit cell. In
the case of this specific work, the unit cell of SnO2 belongs to the tetragonal
rutile crystal structures. The d-spacing is then related to the lattice constants
a and c by the following relation:

1

d2
=
h2 + k2

a2
+
l2

c2
(3.13)

by substituting the Bragg equation λ = 2d sin θ into the (3.13) the final expres-
sion is obtained

sin2 θ =

(
λ2

4

)(
h2 + k2

a2
+
l2

c2

)
(3.14)

From this last equation, the lattice parameters a and c can be calculated. The
aforementioned development represents the theoretical base for the analysis that
will be presented in the following chapters.

A platinum stripe was used as a heating element and sample holder, with a
thermocouple connected to it in order to measure its temperature. A calibration
was made in a separate experiment, with the X-ray source switched off (using
three thermocouples, one sealed to the bottom of the platinum stripe, the second
one attached to the top of the platinum stripe and the third one attached to
the sample top surface). Figure 3.3 sketches the thermocouples position. The
difference in temperature between the thermocouple sealed to the bottom of
the platinum stripe and the one attached to the top of it was recorded while
increasing the stage temperature (∆T = T1−T2). This difference was associated
to the fact that the contact between the thermocouple and the stripe was not
perfect. It was assumed that both of these thermocouples should indicate the
same temperature. Furthermore, the temperature on top of the sample was also
recorded (T3). The real temperature of the sample is then given by Tsample =
T3 + ∆T . This correction is taken into account in all the calculations where
XRD data were used as input.

In the case of ZTO, In situ annealings were performed in air and in vac-
uum (with a pressure of ∼ 5× 10−4 mbar) and with a constant heating rate
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Figure 3.3: Scheme of the heating element in the diffractometer during the cali-
bration step. Three thermocouples were attached respectively to the bottom of the
platinum stripe, the top of it and the top of the sample.

of 5 ◦Cmin−1 with patterns acquired every four minutes in order to have a
sufficient number of experimental points in every range of angles and an accept-
able track of the evolution of the structure. Seven samples were annealed up
to 200 ◦C, 550 ◦C, 570 ◦C, 600 ◦C, 650 ◦C, 750 ◦C, 1050 ◦C in air and once the
maximum temperature was reached, they underwent a quick controlled cooling
(50 ◦Cmin−1). Four extra samples were heated in vacuum up to 200 ◦C, 600 ◦C,
900 ◦C and 1050 ◦C then similarly quenched. For SnO2 three samples were an-
nealed in air In situ at 300 ◦C, 380 ◦C and 500 ◦C, whereas at 600 ◦C and 700 ◦C
in vacuum. To obtain a plot of the resulting data, a Mathematica code was
developed to analyze the patterns in batch. The code consists of the following
steps:

• XRD patterns are imported and data such as the starting time and tem-
perature of each pattern are extracted;

• each and every pattern is displayed with the superposition of theoretical
reflections of tin oxide, silicon (coming from the substrate) and platinum
(heating stripe element) taken from the software JEMS [107] as indicated
in Figure 3.4;

• the silicon 004 reflection is used to align the experimental data, as a shift
can be induced by the initial misalignment of the sample and/or bending
of the platinum stripe due to high temperatures;

• the background of each pattern is subtracted, using a top hat filter com-
bined with a linear function;

• an algorithm finds the position of each peak;

• the fitting of each peak is performed using a pseudo-Voigt function. To
avoid fitting issues induced by the Kα2 shoulder, only the first half of the
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Figure 3.4: (a) Crystal structure of SnO2 in its tetragonal form and (b) theoretical
X-rays reflections for the Kα line of copper used as a source.

peak is fitted;

• the evolution of the peak intensity and full width at half maximum (ex-
tracted from the fitting) are tracked and from the latter, the crystal size
is extracted using the Scherrer law [108] as written in equation 3.12. This
procedure was applied for the main reflections of tin dioxide;

• the amorphous shoulder between θ = 20 and θ = 32 is integrated as
reference;

• finally, the experimental lattice parameters are determined using equation
3.14.

3.4.2 Transmission Electron Microscopy

One of the experimental techniques that have been extensively used during this
work to study the material microstructure is transmission electron microscopy
(TEM). Because of the multiple modes of operation and the information that
can be extracted from each mode, this technique is extremely versatile and useful
for nanoscale material investigation.
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Figure 3.5: Operation modes for TEM: (a) scheme representing the position of the
objective aperture when a bright field image is selected. (b) position of the objective
aperture to obtain a dark field image and (c) objective aperture removed when the
diffraction pattern has to be projected onto the fluorescent screen.

The electron microscope can be operated in two main modes, using a con-
vergent beam that scans across the region of interest of the sample (STEM
mode) or using a parallel beam fixed onto the region of interest of the sample
(TEM mode). Regardless the chosen one, both modes of operation allow the
formation of a bright field image (BF) and a dark field one (DF). In BF images
(TEM mode), the electrons not interacting with the specimen and continuing
in a straight line are selected by the objective aperture, positioned in the back
focal plane of the sample, whereas in DF mode, the Bragg diffracted electrons
collected by the objective aperture are projected into the fluorescent screen. A
fundamental information about the sample structure can be extracted from the
analysis of these two image modes. In addition, once removed the objective
aperture and when the strength of the projection lenses of the microscope is
changed, the operator can choose to project the back focal plane of the objec-
tive lens into the screen. By choosing this configuration, the diffraction pattern
(DP) will appear on the screen. In this case the crystallographic orientation of
the sample is revealed and by consecutive indexation of it, the unit cell type
and its orientation can be reconstructed. Figure 3.5 shows a scheme of the three
operation modes.

The other configuration largely used during the material investigation in this
work is the aforementioned scanning transmission electron microscopy (STEM).
In this mode a convergent beam scanned across the sample by a pair of scan coils
is used and instead of hitting a fluorescent screen, the scattered electrons are
collected by concentric detectors that integrate and register the signal pixel by
pixel to then reconstruct the final image. Three complementary detectors can be
used to form the image. The bright field detector (BF) intercepts the electrons
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that go through the sample forward scattered. The annular dark field detector
(ADF) is an annular detector that detects the electrons that have been scattered
at low angles, i.e. the Bragg-diffracted electrons. The last and outer one is the
high angle annular dark field detector (HAADF). This detector, because of its
position, is able to detect all the electrons which have been scattered to high
angles (Rutherford scattering). So the contrast of this detector relates to the
mass and thickness of the sample: a heavier element will scatter more electrons
to high angles, giving a brighter image. TEM and STEM analysis were carried
out here using a FEI Tecnai Osiris microscope operated at 200 kV. The TEM
camera is a 4k x 2.6k Gatan Orius CCD camera with large field of view and two
sample holders were used during the investigations, a FEI standard single tilt
and an FEI low background double tilt.

3.4.3 Energy Dispersive X-rays Spectroscopy

Two types of X-rays are emitted when electrons interact with matter: i) charac-
teristic X-rays and ii) bremsstrahlung X-rays. The primary beam electron has
a non zero probability to donate its energy to a core electron and eject it (above
the Fermi level). This core electron will leave a hole in the inner shell and the
atom in an excited state. The ionized atom will then fill the hole with another
electron coming from an outer shell which will need to lose energy in order to
adjust itself to a lower level. The way this electron loses a portion of its energy
can be by emitting a photon of light which will carry the same amount of energy
as the difference between the starting shell and the final one. This energy is
usually in the range of X-rays, therefore between 0.1 and 60 keV. These X-rays
are characteristics because the distance between one shell and another is fixed
and unique to the atom. The bremsstrahlung X-rays, on the other hand, are the
result of electrons being decelerated by the interaction with the atomic nucleus
(Coulomb interaction) and therefore they can lose any amount of energy, usu-
ally in a lower energy range with respect to characteristic X-rays. This energy
is emitted in the form of continuous energy X-rays. Figure 3.6 schematically
summarizes the creation of characteristic X-rays and Bremsstrahlung radiation.

In order to chemically quantify the atomic species in the specimen, a standard
sample of known composition C(i) has to be used in order to compare the mea-
sured intensity I(i) emerging from this specimen and the one from the actual
specimen Ii. Castaing proposed that concentration and intensity of standard
and unknown sample follow the formula

Ci
C(i)

= K
Ii
I(i)

(3.15)
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Figure 3.6: Schematic of the Bohr atomic model. When a primary beam electron
penetrates to the inner shells of the specimen atoms, it has enough energy to ionize
it, ejecting one of the core electrons. An outer shell electron will therefore lose its
energy in order to fill the hole left by the ejected electron. In order to be adjusted in a
lower energy state, the electron has to lose some of its energy, emitting it in the form
of an X-ray. The shells are named with letters that indicate their position. Incoming
electrons that do not hit an electron of the electron cloud have non zero probability
of being decelerated by the coulombic interaction, emitting a continuous radiation
(Bremsstrahlung).
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where K is a sensitivity factor that accounts for the difference between the
generated and measured X-ray intensity. Correction factors compensating from
different physical phenomena taking place during the emission of X rays have
to be included into K. In order to take into account the difference between
the generated and the measured X-rays, three correction factors are considered.
The effects that decrease the amount of measured X-rays with respect to the
generated ones are called matrix effects. These effects arise because of the
propagation of X-rays into the specimen when they travel towards the detectors.
The main factors are those due to the atomic number Zi, to the X-ray absorption
Ai and X-ray fluorescence Fi. The Z correction takes into account the effect
of atomic number on the excitation efficiency, fluorescent yield and also the
detector efficiency. The second factor is the so-called absorption effect. Once an
X-ray is generated, it has a non zero probability to be absorbed by the sample
itself before being detected because of the photoelectric effect. X-rays generated
deeper in the specimen will have a greater probability to be absorbed by the
matrix. The A correction takes into account this effect. The third and last
factor is the fluorescence effect. The photoelectric absorption mentioned earlier
can result in the ionization of the inner atomic shells of another species in the
specimen and therefore this ionization can cause the generation of characteristic
x-rays. This is taken into account by the relative correction F. This correction
method is usually referred to as the ZAF correction. Only the Z correction
is considered in the case of an electron transparent sample. The Cliff-Lorimer
technique is a way to use the relation 3.15 but without using a standard sample,
so that, if one sample is composed by two elements, one can write

CA
CB

= KAB
IA
IB
. (3.16)

It is sufficient then to link CA and CB and the previous equation can be solved.
If the sample is only made out of the two elements A and B, the relationship is
CA + CB = 100%. KAB factors are determined theoretically or experimentally
and they depend on parameters such as the ionization cross-section, the fluores-
cence yield, detector efficiency and other microscope parameters. These factors
are already integrated in the EDX quantification software, which in the case of
present work was Bruker Esprit.

In our case, the TEMmicroscope used for the micro-analysis was equipped with
a ChemiStem SuperX detector [109], with four silicon drift detectors arranged
around the sample position to maximize the total amount of X-rays detected
(scheme in Figure 3.7) and allowing a detection angle of 0.9 sr.
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Figure 3.7: FEI ChemiStem detector for micro chemical analysis showing the Su-
perX geometry, with a schematic representation of two of the four detectors integrated
around the sample (image from Schlossmacher et al. [109]).

3.4.4 Sample preparation for TEM observations

Before being suitable for TEM observation, a bulk sample has to be submitted
to a preparation step that transforms the physical dimensions of the samples
into suitable dimensions for the sample holder to be inserted in a transmission
microscope. Typical dimensions for a TEM electron transparent lamella can
vary but are around 3 µm by 5 µm with a thickness that can vary around 100 nm
and lower.

Focused ion beam (FIB) is the the technique which was mainly used for the
preparation of TEM samples. It involves the use of a scanning electron micro-
scope (SEM) equipped with a second column with a gallium ions source. These
gallium ions are used to mill part of the bulk sample, extract a lamella and thin
it down to electron transparency. Prior to mill the bulk sample with the gallium
ions, a carbon coating step is needed in order to protect the top surface from
any milling damage and to reduce charging effects. This coating can be done
in a separated carbon evaporator and/or directly in the FIB, which is equipped
with a gas injector that deposits the desired material (carbon in this case) on
top of the sample. Usually both depositions, outside and inside the FIB are
needed to efficiently protect the sample surface. The advantage of using the
FIB is that the sample can be imaged while being cut, so the cut itself is more
controlled than during the conventional mechanical polishing technique and the
dimensions can be checked constantly. Moreover, no additional steps are needed
afterwards. Once the sample is in the FIB, the following procedure is applied:
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• the region of interest is marked and a coating of carbon is deposited using
the electron source;

• another carbon coating is applied this time using the gallium source as
a catalizer. In total a thickness between 1 µm and 2 µm of carbon is de-
posited on the top surface of the sample (Fig. 3.8 (a));

• three trapezoidal holes are dug around the region of interest, leaving the
sides exposed to the gallium ions. These holes are around 10 µm deep (Fig.
3.8 (b));

• by adjusting the tilt angle of the sample, an undercut is performed and a
micro-manipulator is brought to one side of the sample in order to attach
it to the sample itself and then extract it from the bulk;

• the micro-manipulator is connected to the sample using carbon deposition
and the last cut is performed. The bulk part of the sample is removed
(Fig. 3.8 (c));

• the thick lamella is attached to the copper grid which serves as a support
(Fig. 3.8 (d)). To thin it down, an average angle of ± 1.4◦ is used for the
forward and backward faces;

• the lamella is finally thinned down to a thickness of about 100 nm, using
a final voltage of 5 kV and a current of 80 pA, with a tilt included between
± 6◦ for the forward and backward faces of the lamella (Fig. 3.8 (e)).

The FIB used for this work was a Zeiss NVision 40 CrossBeam with a Schottky
field emission gun (FEG) that can be operated between 0.1 kV and 30 kV and a
liquid the gallium source.

3.5 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) is a thermoanalytical technique that
enables to monitor the structural transformations of a material depending on
temperature. It is a technique widely used to observe glass transitions [110]
and structural relaxation [111] among others [112] [113]. The technique is based
on the measurement of the amount of heat needed to increase the temperature
of a sample and of a reference of known heat capacity using two separated
crucibles. Phase transitions will be either endothermic or exothermic, meaning
that additional heat will have to be provided or extracted from the sample
to maintain its temperature as that of the reference. The convention adopted
here was to use the heat flow divided by the sample mass in y-axis (mW/mg).
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Figure 3.8: SEM views of the sample preparation steps by FIB. (a) carbon coating
of the region of interest, (b) trapezoidal cuts and lamella, (c) lamella attached to the
micro-manipulator, (d) lamella attached to the support grid and ready to be milled,
(e) electron transparent lamella with the bright part indicating the thin area.
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The crucibles are made of alumina (Al2O3), since they have to sustain high
temperatures without melting or undergoing phase transitions. The experiments
can be conducted in different atmospheres and using different heating rates. The
studied samples were analyzed during both the heating phase and the cooling
phase. This strategy allows to understand whether the structural and chemical
transitions are reversible or not in the measured materials. All the analysis were
done in a Netzsch DSC 404 C Pegasus instrument where the heating and cooling
rate can be adjusted. The goal was to keep the same heating rate as the one
used during the in situ XRD in order to have one common heating rate for all
the different experiments. Preliminary tests were nevertheless conducted with
slight different conditions in order to quickly check if any signal was registered.
In the following list a complete specification of DSC experiments is presented:

• complete cycle - argon flux (50mlmin−1) - 10 ◦Cmin−1 - 600 ◦C

• complete cycle - argon flux (50mlmin−1) - 10 ◦Cmin−1 - 800 ◦C

• complete cycle - air atmosphere - 5 ◦Cmin−1 - 700 ◦C

• complete cycle - air atmosphere - 5 ◦Cmin−1 - 800 ◦C

• complete cycle - air atmosphere - 5 ◦Cmin−1 - 400 ◦C

where a complete cycle is composed by the heating plus cooling step, both of
them done with the same temperature rate. It is then indicated if any specific
gas flow was introduced in the chamber, the temperature rate and the final
temperature are also indicated. The reason why certain temperatures were
chosen among others is that the experiment had to be stopped either before
or after the crystallization. Before every measurement with the actual sample,
a calibration was conducted, with the reference crucible and the one supposed
to contain the sample, both empty. The obtained curves were automatically
subtracted from the the experimental ones, so that the results shown in the
dedicated section are already presented without background.

Sample preparation DSC is a technique meant to be used on bulk samples,
whereas the samples studied in this work are in the form of a thin film. The
main issue in applying this technique to thin films is related to the minimum
mass of sample that has to be analyzed, which needs to be between 1mg to
10mg of material. With an average thickness for the ZTO of 150 nm, it would
be necessary to deposit as much as 104 cm2 to 105 cm2 in order to have between
1mg and 10mg of ZTO, the material density being around 6 g cm−3. In practice,
the samples are always deposited on an average substrate surface of 2.25 cm2.
Increasing the film thickness in a single deposition is not possible as the material
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tends to crystallize from a threshold thickness and therefore presents two phases
(amorphous and crystalline) simultaneously, which is not representative of the
studied films. This topic will be further explained in chapter 4. For the DSC to
reveal a change in the sample structure in the temperature range in which we
were interested, it was crucial for the sample to stay in its amorphous phase. It
was therefore decided to deposit several thin layers (150 nm each) of ZTO one on
top of the other (for a total thickness of about 450 nm) with an in between-step
of ten minutes during which the sample is taken out of the deposition system
and exposed to air so that any strain or stress within the structure could relax
before starting the following deposition. This method successfully led to an
overall thick and amorphous material.

If a thin film sample is deposited on a bulk substrate and analyzed in a stan-
dard DSC equipment, the majority of the signal will come from the substrate,
in other words, the substrate signal would completely mask the signal related to
the actual sample. In order prevent the substrate signal to mask the thin film
one, a free-standing sample was necessary (meaning that the sample had to be
detached from its substrate). The common strategy was to proceed to a lift off
of the ZTO in order to separate it from the substrate, using a liquid solution
and then filtering the ZTO from the solution itself. After an extensive literature
research, three main approaches were tried.
A ∼ 300 nm of material was deposited on top of a specific photoresist (LOR)
which was spin coated onto a silicon wafer [114]. A lift off step was conducted
in a TMAH solution. The solution dissolved, together with the LOR, a portion
of the silicon wafer and the result was a mixed powder containing ZTO mixed
with silicon particles.
Another attempt was to deposit ∼ 300 nm of material on top of a salt substrate,
which was then dissolved in water and the floating flakes of ZTO was filtered
using a special filter paper. Despite being more reliable than the first method,
the resulting material was a lot contaminated by the salt, which remains dis-
persed in the water solution.
Finally ∼ 450 nm of material was deposited onto a flexible mica substrate pre-
viously coated with a thin layer of carbon. The lift off was conducted in water,
where the carbon detaches from the mica, resulting in a compact film of carbon
plus ZTO floating at the surface of the solution. This method was the more
efficient and the one employed in the DSC samples preparation. Figure 3.9
summarizes the main steps to gather the final ZTO flakes after the lift off pro-
cedure. The fact that few nanometers of carbon remains attached to the ZTO
does not affect the measurement (thicknesses are not comparable), moreover
an additional step of plasma cleaning was implemented in order to remove the
majority of carbon prior to measurements.
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Figure 3.9: (a) Lift off procedure of a multi-layer of ZTO deposited on top of a
mica substrate using water. The material is deposited onto a filter paper and let dry
in air (b) before obtaining the flakes pictured in (c) and ready for the DSC analysis.

3.6 Electron Paramagnetic Resonance

In the attempt to shine light onto the defect analysis of our TCOs, electron
paramagnetic resonance (EPR) experiments were carried out. EPR is a tech-
nique that allows to detect paramagnetic defects in a material. For a species to
be paramagnetic, it has to have one un-paired electron in its outer shell. This
characteristic is usually an indication of a defect in a material which would oth-
erwise have a complete shell. The nature of the defects will be analyzed in the
dedicated chapter.

The detection of these defects is based on the interaction between an external
magnetic field B0 and the unpaired electron, the quantum mechanics Zeeman
effect. This interaction occurs because the unpaired electron has a magnetic
moment µ, which spins around an external magnetic field. Because energies
are quantized, an electron has two allowed states: one of lower energy where µ
is aligned with the external field and another of higher energy with µ aligned
against the magnetic field. The projection of the electron’s magnetic moment on
the direction of the external field can therefore assume the values ms = −1/2
for the parallel state and ms = +1/2 for the anti-parallel state. The energy
difference between these two states is

∆E = gµBB0∆ms = gµBB0 (3.17)

where g is the g-factor, µB = e~/2me is the Bohr magneton and ∆ms = ±1.
The needed energy to transition from one state to the other (parallel to anti-
parallel or vice versa) is ∆E. In Figure 3.10 a scheme helps to visualize the
process. When an external magnetic field is applied to the system, the two
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Figure 3.10: Scanning a magnetic field to a system containing unpaired electrons
results in the splitting of the two possible spin states. When an electromagnetic
radiation is then applied to the system, a transition from one spin state to the other
can be observed. This signal is associated to a unique g-factor, fingerprint of the
compound.

spin states have different energies that diverge linearly as the magnetic field in-
creases. In these conditions, if an external electromagnetic wave is applied, this
wave has a non-zero probability of enabling the transition from one spin state to
the opposite one. This transition is usually referred to as an absorption because
there are statistically more electrons with spin associated to a lower energy state
than electrons with a higher energy state. The absorption occurs only when the
magnetic field creates an energy difference between the two spin states equal
to the radiation energy. There are two ways to produce this absorption, one
is to keep the magnetic field constant and scanning the electromagnetic wave
frequency or to keep constant the frequency and scanning the magnetic field.
Most EPR spectrometers work by keeping the electromagnetic wave constant
(usually microwaves) and scanning the magnetic field. The g-factor is indepen-
dent of the microwave frequency and is therefore a fingerprint of the analyzed
compound or element or defect. As a reference, the g-factor of a free electron
is g = 2.0023. Variations from this value can indicate that the electron sits in a
different environment with respect to the free electron.

The intensity of EPR signal is proportional to the concentration of unpaired
electrons in the sample. In Appendix is presented a detailed explanation on how
the EPR signal is acquired. The intensity I also depends on the microwaves
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Figure 3.11: Possible conditions of coupling between the cavity and the sample.
The desirable situation is the one depicted in (b) where the power is not reflected. To
tune the power, the sample has to be carefully positioned inside the resonator.

power P as follows
I ∝
√
P . (3.18)

In order to increase the detected signal, the sample is inserted in a cylindrical
cavity, the resonator, which is fundamental to amplify the signal coming from
the sample. For the microwaves to be in resonance with the cavity means that
the cavity “stores” the microwave energy and that microwaves stay inside it
(there is a standing wave inside the cavity). Cavities are characterized by the
Q-value which is defined as follows

Q =
2π · energy stored

energy dissipated per cycle
(3.19)

and is an indication of how well the microwaves are stored inside the resonator.
Energy can be also dissipated because the microwaves generate a current in the
cavity walls, which is dissipated under the form of heat. These concepts will be
useful in the analysis of the EPR results.

Before starting the measurements, the cavity (or resonator) has to be critically
coupled with the source, in order for the power to not be reflected. Therefore
a pre-measurement fine tuning is needed. In Figure 3.11 the optimum shape
of the reflected power is shown. It is fundamental to notice that the electrical
conductivity of the sample interferes with the coupling to the cavity, resulting
in a complicated process before the measurement itself. The goal is to obtain
the condition shown in Figure 3.11 (b) before starting the measurement.

More information about the species or defects can be found analyzing the hy-
perfine interactions between the nuclei of the atoms and the electrons. The
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nuclei can often have a magnetic moment that interacts with the magnetic mo-
ment of electrons. Registering this signals brings information about the sample
such as the number of atoms composing a molecule. Moreover, if the unpaired
electrons are embedded in an environment such as a molecule or a crystal, the
electron spins might interact with the local magnetic field generated by the
molecule or the crystal resulting in a non-isotropic g-factor. When anisotropy
is present in the g-factor, three different values will be recorded for the three
components of g gx, gy and gz.

The EPR measurements were conducted in collaboration with the Institut für
Experimentalphysik of the Freie Univerität in Berlin, using the so-called con-
tinuous wave EPR, where the frequency of the microwave is kept constant and
the magnetic field varies. In particular the spectrum of the X-band was inves-
tigated, meaning that the microwave frequency is around 9GHz, therefore, the
expected transition for a free electron sits around a magnetic field of 332.1mT.
The specific equipment is a home-built X-band EPR spectrometer. The mag-
netic field was regulated by a field controller (Bruker BH15), and a microwave
bridge (Bruker ER 048 R) was used for microwave generation and detection.
Magnetic-field modulation in combination with lock-in detection was employed
using a lockin amplifier (Stanford Research SR810) and a modulation amplifier
(Wangine WPA-120), resulting in derivative spectra. The sample was placed
in a Bruker ER 4122 SHQ microwave resonator. The quality factor Q of the
resonator loaded with the sample was determined from the mode picture be-
fore each EPR measurement was started. The measured derivative spectra were
background-corrected and double integration was performed to obtain the in-
tegrated EPR signal amplitude. This intensity was compared to the double
integrated intensity of a reference sample with a known number of spins (4-
Hydroxy-TEMPO dissolved in toluene). Taking into account Q, as measured
for the respective sample, and all experimental parameters that influence the
signal intensity, this comparison yields the absolute number of spins [115].

EPR measurements were performed on both free standing films and thin films
deposited on dedicated quartz substrate that allowed to control exactly the
amount of material deposited on top of it. Using this last method, quantitative
calculations on the amount of defects contained in each sample were performed.
In both cases, the sample is inserted in a narrow quartz tube which is then
inserted in the resonator. In addition to the determination of g-values, EPR
measurements allow to count the actual number of defects in the sample start-
ing from the recorded signal. In order to enhance the signal-to-noise ratio in
continuous wave EPR, the magnetic field is modulated to use a lockin detection.
This field modulation leads to the first derivative of the absorptive EPR transi-
tion. For the quantitative evaluation of EPR signals one can use the following
procedure:
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• a background correction is performed and a double integral of the signal
is calculated to obtain the total amount of signal intensity;

• the quality factor, Q, of the system is determined in parallel;

• the system is calibrated with a reference sample with a known spin count.
This gives the machine transfer factor;

• all the parameters are plugged into the following formula and the absolute
number of spins is therefore determined:

N =
I

Cf
(√
PmBmodQnBS (S + 1)

) (3.20)

where I is the double integral, Cf the calibration factor, Pm the microwave
power, Bmod the field modulation strength, nB the Boltzmann population dif-
ference for a spin state equilibrium at a certain temperature and microwave
frequency, Q the quality factor of the cavity and S = 1/2 for a doublet state
[115] [116].
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Chapter 4
Tin-based Transparent

Conductive Oxides

4.1 Introduction

In the context of studying structural and electrical properties of tin based TCOs
and make a link between them, a systematic study was conducted on tin diox-
ide and further on zinc tin oxide. Both materials were submitted to thermal
treatments up to high temperature and in different atmospheres and were inves-
tigated using some of the methods described in the dedicated chapter such as
X-ray diffraction (XRD), transmission electron microscopy (TEM), UV-VIS-IR
optical properties and standard Hall effect.

The first section of this chapter presents in depth investigation of the struc-
tural mechanisms happening in tin dioxide and make a link with its electrical
properties, the discussion being based on the existing literature on tin dioxide.
These analysis are fundamental in order to better understand what parameters
are able to control the properties of the material and eventually being able to
intervene on these parameters to improve the quality of the oxide. The electrical
properties with respect to the annealing temperature are introduced, followed
by the structural properties (XRD, TEM) and finally a route to enhance the
material properties are suggested.
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The second part of this chapter details the introduction of zinc (in low concen-
tration) to the tin dioxide matrix and the effect of high temperature treatments
in different atmospheres. Structural properties investigated by XRD and TEM
are linked to the optical and electrical properties and additional techniques,
such as thermal desorption spectroscopy, are used to investigate specific effects.
A combination of EDX and Rutherford backscattering (RBS) is used to have
a precise insight on the material chemistry. The link between opto-electronic
properties and DFT simulations is discussed and helps to corroborate the ex-
perimental results. Finally, a summary on the properties of zinc tin oxide is
presented and used as a starting point for the further investigations that are
presented in the following chapters.

4.2 Electrical properties of Tin dioxide

The electrical properties of tin dioxide after various annealing were investigated
at room temperature in order to understand if there is any dependence of the
electrical conductivity on high temperature treatments. The latter were mainly
conducted in situ in the XRD, in order to simultaneously acquire the temper-
ature and structural information, some of the samples were annealed ex situ
on a hot plate. In the following analysis the annealing method will be always
specified. The thermal treatments were conducted in two different atmospheres,
air and vacuum (' 10−4 mbar). The goal of conducting experiments with differ-
ent pressures was to understand the role of atmosphere into the transport and
structural properties of tin-based TCOs.

In order to track the evolution of the structure, tin dioxide samples were de-
posited on top of undoped silicon substrates, which are known to be highly
stable upon thermal treatments and no interaction or mixed phase between the
material and the substrate was observed. To ensure the deposition of amorphous
SnO2, a ∼ 120 nm-thick material was deposited in three separated runs, during
each one, 40 nm of material were deposited and extracted from the deposition
system, exposed to air for few minutes and then re-introduced in the system
for the second round. This method prevents the material to crystallize. The
reasons behind will be explained in the paragraph dedicated to the structural
properties.

Figure 4.1 illustrates the carrier concentration and mobility of tin dioxide sam-
ples annealed in air and in vacuum up to a maximum temperature of 500 ◦C in
air and 700 ◦C in vacuum. The starting material (as deposited state) exhibits
a carrier concentration of ∼ 9× 1019 cm−3 and a mobility of ∼ 22 cmV−1 s−1
for a conductivity of ∼ 316 S cm−1. When annealed in air at 300 ◦C its car-
rier concentration (dashed blue line) starts to decrease to 6.6× 1019 cm−3 and
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Figure 4.1: Mobility and carrier concentration (a) of SnO2 samples annealed in
air (blue lines) and in vacuum (red lines). The red circle highlights the as deposited
samples. The drop in electrical properties differs by ∼200 ◦C between air and vacuum
annealing. In (b) is shown the relative electrical conductivity for air and vacuum
annealed samples. All samples were sputtered using a deposition temperature of 60 ◦C.

then to 1× 1019 cm−3 at 386 ◦C and finally to 7× 1017 cm−3 at 500 ◦C. The
mobility remains mainly constant at 300 ◦C (24.5 cmV−1 s−1), to then decrease
to 9.7 cmV−1 s−1 at 386 ◦C and 3.5 cmV−1 s−1 at 500 ◦C. On the other hand,
samples annealed in vacuum register a slight increase in carrier concentration
at 600 ◦C (17× 1019 cm−3), paired with a decrease in mobility (9 cmV−1 s−1),
then the samples become completely resistive and impossible to be measured at
around 700 ◦C. The big drops in both mobility and carrier concentration occur
already at around 380 ◦C in air and at 600 ◦C in vacuum. Nevertheless, it is still
possible to measure the samples up to an annealing temperature of 500 ◦C in
air and 700 ◦C in vacuum. The literature review on tin dioxide highlighted that
the main source of carriers is oxygen vacancies [?] and that if the material is
stoichiomeric, it is not conductive and behaves as a non degenerate semiconduc-
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tor [57]. During annealing in air, oxygen is thought to enter into the structure
and to passivate oxygen vacancies, causing the observed drop in carrier concen-
tration. This hypothesis is confirmed by the fact that when annealed in air,
SnO2 shows a decrease in carrier concentration that occurs before than that
occurring in vacuum (pressure of 10−4 mbar). In this latter case, less oxygen is
available to passivate these vacancies in the TCO, i.e. passivation occurs later,
postponing the drop in electrical properties.

As stated in the chapter dedicated to the state of the art of tin-based TCOs,
the electrical properties of such materials strongly depend on many parameters
such as the substrate temperature during deposition and more importantly on
the oxygen partial pressure in the deposition chamber. Adjusting the amount of
oxygen during deposition allows to tune the electrical properties of tin dioxide
and in particular the amount of oxygen deficient sites that allow the addition
of free electrons in CB. Nevertheless, the effect of structural relaxation on the
electrical properties has remained elusive.

4.3 Structural properties of tin dioxide

In order to fully understand the graph in Figure 4.1, a structural analysis of the
material is fundamental. In the following section a combined XRD and TEM
study is conducted in order to make the link between electrical and structural
properties.

4.3.1 Transmission Electron Microscopy

As a preliminary analysis, intended to investigate the as-deposited structure of
tin dioxide, a single deposition-150 nm-thick SnO2 was deposited on a silicon
substrate (heated at 60 ◦C) and the cross-section observed by TEM. Figure 4.2
shows a clear contrast between the bottom part of the film and its upper part.
The first 30 nm of material deposited on top of the substrate are clearly amor-
phous, whereas the material grown on top of these first layers is polycrystalline,
with conical structures highlighted by the red lines in Figure 4.2 (a). The sample
in Figure 4.2 was not submitted to heat treatments.

The conical-shaped crystals highlighted in the TEM images are known in lit-
erature and are common to many materials such as silicon. Teplin et al. [117]
investigated this phenomenon and discovered that conical shapes appear when
there is sparse nucleation into an isotropically grown material and the new seeds
form a phase, which is able to grow faster with respect to the matrix phase.
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Figure 4.2: Cross-section (a) of a tin dioxide sample deposited on a silicon substrate
and coated with carbon. The contrast difference between the bottom and top part
is due to a phase change from amorphous to crystalline triggered by the material
thickness. (b) Schematic representation of the sample with the co-existing phases.

These crystalline seeds can be created during the material deposition because
of several factors such as local stress or strain, which would induce a certain
probability to form crystalline arranged clusters of atoms rather than randomly
arranged ones. Moreover, it is possible, starting from the measurements of the
angles, to give an estimation of the ratio between the growth velocity of the
amorphous phase with respect to the polycrystalline phase as follows:

cos θ =
Z0

R
=
va
vc

(4.1)

where θ is the semi-angle of the cone, Z0 the height of the cone, R its lateral
side, va and vc the growth rates of amorphous and poly-crystalline phases, re-
spectively. From several TEM images (not shown) acquired on the cross-section
of tin dioxide, the angle θ was extracted and the ratio between the growth rate
of amorphous and crystalline phase was extracted. On average, being θ ' 30◦,
it is found that the growth speed of the crystalline phase is 15% faster than the
amorphous one. So, while the crystalline phase appears to be slow to nucleate,
once the crystallization is triggered and the crystalline grains are formed this
new phase is faster than the amorphous one. Figure 4.3 illustrates the scheme
of this process. The explanation of this phenomenon resides in the competing
growth on the planar surface of several crystalline seeds, so that the growth itself
is restricted to a cone with a spherical cap. As Teplin et al. found out, the ex-
istence of the previously mentioned conical structures depends on the presence
of crystalline seeds within the deposited material. The seeds can be observed in
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Figure 4.3: Schematic of the appearance of poly-crystalline cones within an amor-
phous matrix [117]. 3D representation (a) [118] and cross section (b).

the structure only when they have not developed yet into columnar crystalline
grains, therefore was the main reason for a double observation, the top view
and cross section one. An in depth study of the thickness with respect to the
amorphous to crystalline amount of material was conducted on other TCOs too,
in order to compare different materials and will be illustrated in the following
chapters (and summarized in Chapter 6).

Taking into account these preliminary results and in order to investigate the
structural properties of tin dioxide, three layers of 40 nm-thick each were de-
posited onto a TEM copper grid, for a total thickness of ' 120 nm; this deposi-
tion in three steps was chosen to maximize the chances of having an amorphous
layer, according to the results just presented. Figure 4.4 summarizes the results
obtained by TEM on the top view of tin dioxide. A bright field and two dark
field images are shown to highlight that, in an overall amorphous material (as
confirmed by the diffused rings on the diffraction pattern) there are few crys-
tallites dispersed in the structure with an average diameter of ' 20 nm. These
crystalline aggregations most probably act as nucleation seeds that trigger the
phase change once the thickness reaches a threshold value.

4.3.2 X-ray Diffraction

Figure 4.5 shows the result of the in situ XRD experiments of SnO2 samples
annealed in air and vacuum atmosphere. The patterns were acquired every four
minutes and the heating rate was kept at 5 ◦Cmin−1. Once the desired tem-
perature was reached, the samples underwent a quenching step with a cooling
rate of 50 ◦Cmin−1 and their microstructure was analyzed. In Figure 4.5 (a)
the patterns show how the sample behaves when annealed in air, starting from
room temperature up to 400 ◦C. At a temperature of around 350 ◦C, new peaks
mark the appearance of crystalline phases, as highlighted by the appearance
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Figure 4.4: TEM top views (a), (c), (d) and diffraction pattern (b) of a tin dioxide
sample deposited on a copper grid consisting of three layers of 40 nm each. Bright
field image (a) with some diffraction contrast associated to a crystalline seed. (c) and
(d) dark field images issuing from the analysis of the bright spots highlighted in the
diffraction pattern (b). The DP corresponds to a mainly amorphous structure with
few bright spots indicating the presence of small crystallites.

of the (101) and (200) reflections, in an otherwise amorphous material. This
phenomenon is largely known in thermodynamics, since, transmitting energy
(under the form of heat) to an amorphous material triggers the transition to the
crystalline phase: the chemical bonds have enough energy to re-arrange them-
selves and reach a more stable energy configuration, which is the crystalline
one. The peak at θ ' 33◦ comes from a forbidden reflection of the silicon sub-
strate [119]. In Figure 4.5 (b) is shown the result of vacuum in situ annealing.
The appearance of new peaks is, in this case, observed at around 604 ◦C where
the reflections associated to (101) and (200)-SnO2 appear. The amount of oxy-
gen in the surrounding atmosphere has a clear influence on the crystallization
temperature of the sample. More oxygen in the annealing atmosphere leads to
a lower crystallization temperature, whereas when the atmosphere is oxygen de-
ficient, the crystallization happens at higher temperature and after longer time.
It indicates that oxygen is needed for the amorphous tin oxide to form the crys-
talline rutile structure. Moreover, there is a good adhesion between the sample
and the platinum heating stripe, both in air and in vacuum, so the argument
of a possible bad heat transfer between the stripe and the sample itself was
discarded as a possible responsible for the late vacuum crystallization. Indeed,
tin dioxide, as it is deposited, includes oxygen vacancies in its structure, this
being the main reason why the material is actually conductive, as discussed
in the previous section. The lack of oxygen during vacuum annealing delays
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Figure 4.5: XRD patterns for tin dioxide annealed in air (a) and in vacuum (b).
The black dashed lines indicate the temperature at which a phase change happens,
marked by the appearance of new peaks associated to SnO2. A shift of about 300 ◦C
is observed between the two crystallization temperatures. The peak at θ ' 33◦ is
associated to the silicon substrate on top of which the samples are deposited.

the crystallization process, whereas annealing in air facilitates it. Kobayashi et
al. reported that amorphous tin oxide starts to crystallize in vacuum at 450 ◦C
forming SnO crystals and at higher temperatures (550 ◦C) forming SnO2 crys-
tals [120]. In their study, Kobayashi et al. documented the dependence of the
crystal size on the thickness of the material. In the same study it is mentioned
that crystallization is an abrupt phenomenon. This fact is confirmed by the
present observations, indeed, the phase change happens within the acquisition
of one XRD pattern. In our case neither XRD or EDX revealed evidences of the
presence of SnO.

The drop in electrical properties of SnO2 observed at ∼ 400 ◦C in air and ∼
600 ◦C in vacuum is coincident with the phase change reported by the XRD
experiments, suggesting that the crystalline phase is completely resistive and
therefore unable to conduct electricity. On the other hand, many evidences of
conductive crystalline and polycrystalline SnO2 were found in literature [61] [10].
The main difference between what is reported in literature and the present re-
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sults lies in the presence of dopants within the crystalline structure. Indeed,
all the previously reviewed studies describe a crystalline SnO2 material rich
in dopants such as oxygen vacancies, which are fundamental for the electrical
conductivity. The stoichiometric tin oxide structure is a non degenerate semi-
conductor and therefore not conductive. We hypothesize that after air anneal-
ing, oxygen enters the amorphous structure, passivating the oxygen vacancies,
transforming the tin oxide into an insulating material. Once the stoichiometry
is reached, the energy given with the heat treatment is sufficient to trigger the
phase change of the material. The graph showing the electrical properties in
Figure 4.1 suggests that the conductivity of SnO2 starts to drop before the crys-
tallization threshold is attained, indicating that most probably, oxygen entering
the amorphous matrix passivates the oxygen vacancies and reduces the concen-
tration of charge carriers in the CB. A similar behavior is observed in vacuum
where, given the lower oxygen concentration, the passivation of vacancies and
consequent drop of electrical properties occurs at higher temperatures.

From this preliminary analysis it can be concluded that starting from an amor-
phous SnO2 and crystallizing it by using heat treatments causes a drop in elec-
trical properties that makes the material unable to be used for any practical
application. The combination of electrical measurements and structural inves-
tigation (XRD, TEM) allowed to discover that the actual drop in electrical
conductivity is not caused by crystallization in the first place but rather by the
passivation of defects (oxygen vacancies) that provokes a drop in carrier con-
centration. This was proven by the measurements done on vacuum annealed
samples, were the drop in electrical properties is delayed by the late passiva-
tion of defects due to the lack of oxygen in the surrounding atmosphere. In
this case, since the correct stoichiometry is reached at higher temperatures, the
crystallization occurs later. Given this connection between drop of electrical
properties and crystallization of SnO2, the strategy was then to try to postpone
the structural change to higher temperatures, in order to keep the material as
much conductive as possible. Having a stable and conductive material even at
higher temperatures would also allow tin oxide to be used in devices that need
to work at higher temperatures, extending therefore the range of applications.

4.4 Increasing the material stability upon ther-
mal treatments

As seen in the literature review, in order to postpone the crystallization and
having a more resistant material to high temperatures, one strategy would be
to increase the level of disorder of the amorphous matrix, adding another ion to
a single oxide, transforming it in a double oxide. But not all elements are proven
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to work as stabilizers upon thermal treatments. Zinc oxide is an element that,
when inserted in the amorphous phase of a transparent oxide, is demonstrated
to increase the energy barrier towards crystallization because some strain is
introduced at the level of the atomic bonds and it might diminish the lattice
thermal vibrations, delaying the crystallization [96]. In fact, as seen in Chapter
2, the addition of zinc in various TCOs, transforms them in more stable and
conductive materials up to temperatures at which, with no zinc addition, the
material is usually extremely resistive. Another study [121] reports on the effect
of adding strain to a graphene sample that leads to an overall increase of the heat
capacity, which is by definition, the ability of a material to absorb energy before
increasing its temperature by one degree. The addition of strain in graphene is
thought to soften the phonon modes, in other words, to decrease the thermal
vibrations of the material itself. In the following sections the structural and
electrical properties of tin dioxide with the addition of zinc into the amorphous
matrix are studied and the results illustrated.

4.5 Zinc Tin Oxide

4.5.1 Electrical properties

In Chapter 3 are explained in details the deposition parameters used to fabricate
the material analyzed in the following sections. As a reminder, the composition
of the investigated ZTO is Zn0.05Sn0.30O0.65.

As for tin dioxide experiments, samples were annealed in situ in the XRD
in air and in vacuum (10−4 mbar). For these experiments, 150 nm of material
were deposited on top of 1 × 1 cm silicon substrates in order to fit into the
diffractometer heating chamber. The heating and cooling parameters were kept
the same as for the tin dioxide annealing and the electrical properties of each
sample were measured ex situ by standard Hall effect. Figure 4.6 shows the
mobility and carrier concentration of ZTO samples annealed in air and vacuum.
Three different regimes can be distinguished looking at the mobility and carrier
concentration in air-annealed samples. From room temperature to 300 ◦C, car-
rier concentration increases from ∼ 7× 1019 cm−3 to ∼ 12× 1019 cm−3, whereas
the mobility slightly increases from ∼ 20 cmV−1 s−1 to ∼ 27 cmV−1 s−1. The
overall conductivity increases from 205 Ω−1 cm−1 to 522 Ω−1 cm−1. The en-
hanced carrier concentration might come from a slight structural relaxation
giving rise to a release of donors from point defects already present within
the structure [96], [122], [123]. This increased carrier concentration was also
observed in samples that underwent annealing in nitrogen and hydrogen atmo-
sphere [124], corroborating the hypothesis that this phenomenon is not linked
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Figure 4.6: Carrier concentration (dashed lines) and mobility (solid lines) of
ZTO films as a function of annealing temperature in two atmospheres: air and
vacuum(10−4 mbar). In air, three different regimes, highlighted in the top blue rectan-
gle, can be isolated depending on the temperature. An increase of both mobility and
carrier concentration up to 300 ◦C, a drop of carrier concentration between 300 ◦C and
400 ◦C paired with a decrease of mobility and the final drop of both mobility and car-
rier concentration happening at 570 ◦C. In vacuum just two regimes, highlighted in the
red rectangle, can be distinguished, an increase in electrical properties between room
temperature and 650 ◦C before a final drop at 1050 ◦C. With stars are indicated the
samples heated ex situ on a hotplate, whereas with circles and squares are indicated
the samples annealed in situ in the XRD.

to the influence that the surrounding atmosphere might have. Increasing the
carrier concentration results in a shift of the Fermi level to higher energies inside
the conduction band and therefore far away from the localized defects that cre-
ate potential barriers and that restrict the mobility [125], which would explain
the simultaneous increase in mobility. Between 300 ◦C and 500 ◦C carrier con-
centration decreases from ∼ 12× 1019 cm−3 down to ∼ 6× 1019 cm−3, whereas
the mobility increases further from ∼ 27 cmV−1 s−1 to ∼ 37 cmV−1 s−1. The
consequence on the conductivity is a drop down to 306 Ω−1 cm−1 (Figure 4.7).
Similarly to what happens in SnO2, this behavior is ascribed to a passivation
of oxygen deficiencies when the annealing is performed in an oxygen rich atmo-
sphere [124], with a consequent decrease of charged scattering centers. Having
less scattering centers means being able to increase even more the mobility but
on the other hand, causing a decrease in carrier concentration, which, as stated
before, is mainly thought to be due to oxygen vacancies in these materials.
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Figure 4.7: Electrical conductivity of SnO2 and ZTO annealed in air and vacuum.
Measurements were done using Hall Effect on the samples annealed in situ in the XRD
and ex situ on a hot plate, the latter are represented with stars instead of circles. 5%
addition of zinc in the SnO2 network results in a more stable material upon thermal
treatments, indeed the drop in conductivity in ZTO is delayed by ∼ 300 ◦C with respect
to SnO2.

Other groups also reported that annealing TCOs in an oxygen-rich atmosphere
leads to a decrease to electrical conductivity due to passivation of oxygen va-
cancies [126]. The third interval is represented by the highest temperatures and
similarly to what happened to tin oxide, since the electrical conductivity de-
creases, the crystal is thought to contain a low defect concentration. In vacuum
atmosphere, only two main trends can be distinguished: carrier concentration
increases from the as deposited value to a maximum of ∼ 17× 1019 cm−3 at
∼ 900 ◦C whereas the mobility stays almost constant (∼ 17 cmV−1 s−1), for an
overall conductivity increase from the as deposited value (200 Ω−1 cm−1) up to
612 Ω−1 cm−1. At the highest temperature, conductivity drastically decreases.
This behavior fits with the previous explanation on the passivation of oxygen
deficiencies, happening at higher temperatures in an oxygen poor atmosphere.
As introduced before, the source of charge carriers of this class of materials is
oxygen vacancies which, once ionized can donate one or more electrons to the
conduction band [127] [128]. In addition, substitutional species can also donate
electrons to the conduction band. It is important to notice that ionized im-
purity scattering centers in the lattice increase the probability for an electron
to recombine, diminishing τe, defined as the time an electron can travel in CB
before recombination, and therefore decreasing mobility [129].

Figure 4.7 compares the electrical conductivity of SnO2 and ZTO when the
annealing is conducted in air and in vacuum. Even if the two materials have sim-
ilar as-deposited electrical properties, adding a small percentage of zinc into the
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amorphous network of tin dioxide helps to keep the material more stable when
submitted to thermal treatments, with good electrical properties maintained at
higher temperatures. Having similar electrical properties at room temperature
would mean that the addition of zinc would not be creating additional carriers
in the tin dioxide matrix, but the fact that the drop of properties occur at higher
temperatures would be the consequence of a built-in resistance of the material
to high temperature treatments, thanks to the addition of zinc. To have a com-
plete picture of the ZTO, the structural properties were investigated in details
and presented in section 4.6.

4.5.2 Optical properties

As introduced in the description of the state of the art of TCOs and following
the requirements of the specific application, a trade-off must be found between
the enhanced electrical properties and the optical properties of the material.
Increasing the charge carrier density N translates in an increased absorption
in the infrared part of the spectrum. Moreover, in the attempt of doping the
material in order to create more charge carriers, energy levels are created right
above the valence band maximum or right below the conduction band minimum.
These centers can act as recombination centers, shrink the optical band gap of
the material and therefore deteriorate the optical properties in the visible range.

In the context of all the optical measurements that were carried out on sev-
eral ZTO samples, Photothermal Deflection Spectroscopy (PDS) spectra were
acquired. Figure 4.8 shows the results for the samples annealed in air at 500 ◦C
and 600 ◦C together with the as deposited sample. These measurements allow
to calculate the optical band gap of materials by extracting the absorption coef-
ficient and then using Tauc’s relationship [130] [104]. For this calculation it was
assumed that the optical transitions are allowed and direct. An obvious differ-
ence is highlighted in Figure 4.8 between the as deposited sample and samples
annealed in air at 500 ◦C and 600 ◦C. The as deposited sample shows a broad
sub-gap absorption centered at ∼2 eV, which disappears after the annealing at
500 ◦C. The calculated optical gap energy was Eoptg = 3.7 eV for the sample
annealed at 500 ◦C. This value was found to be in the same range as those in
literature [99] [131] [132] (values between Eoptg = 3.35eV and Eoptg = 3.89eV).
The difficulty in using such a method resides in the fact that all the energy
levels below the conduction band minumum (CBM) could misrepresent the real
value of bandgap. After annealing there is a clear reduction of the levels below
the conduction band (either passivation or complete removal) which are respon-
sible for the absorption of energies below the band gap. When going from an
amorphous film (blue curve) to the annealed ones (red and green curves) the
disorder into the material drastically diminishes, resulting in the removal of
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Figure 4.8: Photothermal deflection spectroscopy (PDS) measurements of three
ZTO samples: as deposited, annealed in air at 500 ◦C and annealed in air at 600 ◦C.

subgap tails and consequent opening of the band gap [133]. Density Functional
Theory (DFT) calculations were conducted and it was found that the Density
of States (DOS) for 38 ZTO amorphous samples with different compositions
(from stoichiometric to oxygen poor and with the addition of hydrogen) showed
characteristic tails due to the local disorder of the amorphous structure. These
tails are responsible for the shrinking of the optical band gap and they are re-
moved once the samples undergo high temperature annealing. Figure 4.9 shows
the effect of removing one oxygen atom from the structure and the calculations
highlight the appearance of defect states located inside the band gap shifted
towards the CBM. These states are the ones responsible for the optical absorp-
tion of the material towards the visible part of the spectrum. High temperature
treatments help therefore to remove sub-gap states and hence improve optical
transmission of the ZTO.

4.6 Structural properties

4.6.1 Thickness effects

In order to check if the thickness effect that was registered for SnO2 during
deposition, is also present in ZTO, i.e. a phase change from amorphous to crys-
talline driven by the material thickness, a 1 µm-thick ZTO layer was deposited
on top of a glass substrate. Similarly to tin oxide, ZTO crystallizes after a cer-
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Figure 4.9: Densities of states of the 8 a-ZTO:V ··
O samples that contain a local

oxygen deficiency in the network. The deep levels inside the band gap are carried by
one or two metal atoms (vicinity of CBM), whereas undercoordinated oxygen atoms
are responsible for the levels close to the VBM. (Calculations conducted by Dr. Urban,
(Fraunhofer Institute for Mechanics of Materials (IWM) [124])

tain thickness within which it exhibits amorphous characteristics. Figure 4.10
(a) shows a film cross-section that reveals that ZTO crystallizes after the first
150 nm of deposition, which is different with respect to tin oxide, that crys-
tallizes after ∼40 nm. This might be related to the fabrication conditions that
follow the particular recipe used for deposition [117] (e.g oxygen concentration).
Further analysis on the crystallization mechanisms will be presented in chapter
6. EDX characterization was conducted on the thick ZTO in order to verify
if any difference in the chemistry is registered between the amorphous and the
poly-crystalline phase. Figure 4.10 presents the EDX maps of tin, zinc and
oxygen next to a STEM DF image of the thick ZTO. The EDX maps show no
chemical separation between the amorphous and crystalline part of the sample.
The growth speed was calculated as for tin dioxide using several cone angles
extracted from TEM images and applying equation 4.1. Similar to the case
of SnO2, the crystalline phase is found to be faster in growing with respect to
its amorphous counterpart. In particular, the ratio v/vc ' 0.98, attesting the
crystalline phase a 2% faster than the amorphous one.

4.6.2 X-rays diffraction

In order to investigate the ZTO microstructure, in situ XRD experiments were
performed with the same experimental parameters used for tin dioxide and in a
scanning range comprised between 20◦ and 80◦. Seven samples were annealed
up to 200 ◦C, 550 ◦C, 570 ◦C, 600 ◦C, 650 ◦C, 750 ◦C, 1050 ◦C in air and four
samples were heated in vacuum up to 200 ◦C, 600 ◦C, 900 ◦C and 1050 ◦C before
the quench. Figure 4.11 shows the XRD patterns for both air and vacuum
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Figure 4.10: (a) STEM DF image of thick ZTO sample with (b) SAED taken from
the upper part of the sample and EDX maps of tin (c), oxygen (d) and zinc (e). No
segregation of elements or interface accumulation is visible from the chemical analysis,
indicating that the chemistry of the material does not change from the amorphous to
the crystalline portion of the sample.

annealing at their maximum temperature. The peak visible along the whole
temperature range is related to a forbidden reflection of the silicon substrate
[119]. The evident change of the structure happens at 570 ◦C in air and at
930 ◦C in vacuum, when new peaks associated to SnO2 appear in the patterns.
In detail, the reflections at θ ∼ 34◦ and θ ∼ 38◦ are associated to SnO2 (101) and
(200) reflections, respectively. These peaks indicate new crystalline phases that
appear in the material, which goes from the amorphous to the crystalline phase.
Figure 4.12 shows a comparison between the first pattern (acquired at room
temperature) and the last one (acquired at 1050 ◦C in air). The low intensity
signal appearing between θ = 28◦ and θ = 34◦ at room temperature arises from
the short range order in the amorphous structure that is not anymore present at
medium to large distances, since the structure is predominantly disordered [85].
This low intensity signal disappears once the crystallization occurs. In the
acquired XRD patterns no crystalline phase associated to ZTO was found, most
probably because the known crystalline phases of ZTO, such as Zn2SnO4 and
ZnSnO3 are associated to a different stoichiometry [134].

The main difference between air and vacuum annealing is the temperature at
which the phase change occurs, i.e. the crystallization temperature TC which
is around 570 ◦C in air and around 950 ◦C in vacuum. Atmospheric oxygen
seems therefore to play an essential role in the crystallization process, helping
the formation of the rutile phase of tin dioxide. Despite the initial stoichiometry
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Figure 4.11: XRD patterns for ZTO annealed in air (a) and in vacuum (b). The
black dashed lines indicate the temperature at which a phase change happens and it is
marked by the appearance of new peaks associated to SnO2. A shift of around 300 ◦C
is observed between the two crystallization temperatures. The peak appearing at θ '
33◦ is associated to the silicon substrate on top of which the samples were deposited.

(Zn5Sn30O65) already rich in oxygen, oxygen vacancies are present in the film
and these must be passivated to some extent before crystallization occurs. To
reinforce this assumption, Rutherford Backscattering measurements (RBS) were
conducted onto ZTO samples. This technique allows to measure the relative mo-
lar concentration of the selected material. The results are summarized in Table
4.1 It is clear that there is an increase in the relative concentration of oxygen
during the air annealing with respect to the concentration of the as deposited
sample. Contrary to the oxygen already present within the ZTO structure, this
increased amount of oxygen might be directly available for the formation of the
tin dioxide phase. These results lead to the proposition of a structure where the
oxygen present into the as deposited ZTO might be “trapped” in a molecular
form such as water and therefore not directly available for the formation of a
new phase. To verify whether oxygen might be trapped in a molecular form
within the ZTO and therefore not available to form crystalline SnO2, Thermal
Desorption Spectroscopy (TDS) experiments were conducted. This technique
allows to measure the desorpted molecules from the sample while heating it.
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Figure 4.12: In situ XRD annealing in air of the first and last patterns, acquired
at room temperature and 1050 ◦C respectively. The main peaks are indicated in the
top part of the figure. The ones appearing since room temperature are associated
to either the substrate (silicon) or the heating element (platinum).The low intensity
signal highlighted by the red arrow represents the short range order within the material
while in its amorphous phase. This order disappears as soon as the crystallization takes
place.

Table 4.1: ZTO compositions from the Rutherford Backscattering measurements
before and after annealing in air.

As deposited Zn0.049Sn0.299O0.652

Annealed at 500 ◦C Zn0.047Sn0.289O0.664

The sample is heated in high vacuum (1× 10−10 mbar) up to 900 ◦C in a cham-
ber connected to a mass spectrometer. In Figure 4.13 the relative amount of
water and oxygen coming out of the ZTO sample during high vacuum annealing
is illustrated. It is important to notice that the amount of water coming out
of the sample can be water desorpted from the surface of the sample and not
from the whole thickness of it. Nevertheless, these experiments corroborate the
hypothesis that some of the oxygen atoms, although present within the ZTO
matrix, might not be available to form the crystalline structure of tin dioxide,
being occupied in bonds with hydrogen atoms in order to form water molecules.
This might be the reason why in order to form stoichiometric SnO2 more oxygen
coming from the surrounding would be needed. The same effect was observed
in tin dioxide alone.

Being the crystalline reflections in Figure 4.12 entirely related to SnO2, it is
clear that zinc does not influence the dimensions of the rutile unit cell of tin
dioxide, whereas it increases the crystallization barrier towards higher energies.
In order to understand if the addition of 5% of zinc in the amorphous ma-
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Figure 4.13: Water and oxygen released in the atmosphere through the ZTO surface
during high vacuum annealing and measured by a mass spectrometer in TDS experi-
ments. (TDS experiments were conducted by E. Rucavado at the Research Center for
Photovoltaics (AIST, Japan))

trix of tin dioxide modifies the lattice parameters, a calculation of a and c was
conducted. Starting from the position of the X-rays reflections, the lattice con-
stants were calculated using the relations described in the experimental section
of this thesis. Figure 4.14 shows the evolution of the lattice constants versus
temperature. The theoretical lattice parameters of SnO2 are c = 0.4738 nm
and a = 0.3187nm (taken from the JCPDS database) with a distortion factor
U = c/a = 1.4866 [135]. The theoretical evolution of the lattice parameters with
respect to temperature was not found in literature, instead, some experimental
values are found, which highlight the fact that no clear trend can be extrapo-
lated. Both a and c appear to vary differently with respect to the study [136].
Other available experimental data concern the lattice evolution with the pres-
sure, which happens to shrink the unit cell [137] [30]. Therefore, the dashed red
lines on the graph represent the values of a and c at room temperature. The
mean of the experimental distortion factors is 1.458 ± 0.008, which is slightly
lower than the theoretical value. The experimental value of c is only slightly
smaller with respect to its theoretical value whereas a respects well its theoret-
ical value. The addition of 5% of zinc into the tin dioxide matrix might be the
reason why the measured lattice parameter c is 3% smaller than the theoretical
one, being the zinc an element with smaller ionic radius with respect to the
one of tin. No important variation throughout the annealing are reported from
this calculation. Zhu et al. [96] reported that because of the difference in bond
lengths between Sn−O and Zn−O, there is a globally compressive strain in the
ZTO network, which is confirmed by the slight shrinkage of c extracted from
the XRD data. Furthermore, the ionic radius of Zn2+ is smaller (74 pm) than
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Figure 4.14: Experimental lattice constant aexp and cexp of the SnO2 rutile struc-
ture with respect to the air annealing temperature. Red dashed lines indicate the
correspondent theoretical values at and ct.

the one of Sn2+ (118 pm), which reinforces the previous observations.

The intensities of the XRD reflections are, as formerly explained, a combina-
tion of different contributions, such as the scattering amplitude (which depends
on the structure factor) and the number of unit cells with a particular crystal
orientation. The theoretical intensities of the SnO2 reflections are indicated in
Figure 3.4 in the chapter dedicated to the experimental techniques. Comparing
these intensities with the experimental ones in Figure 4.11(a) makes it imme-
diately clear that the most intense ones in this graph do not correspond to the
most intense ones in Figure 3.4. This can be an indication of which crystalline
orientation is dominant within the material. The patterns in Figure 4.11(a)
suggest that more unit cells with a (200)-orientation are present in the crys-
talline SnO2. On the other hand, in Figure 4.11(b) the most intense reflection
is the SnO2-(101), whereas the (200) is very weak. There are some evidences in
literature of such effects, in particular Deepu et al. [138] reported that by chang-
ing the oxygen flow during annealing, ZnO thin films exhibit different texture.
Alaf et al. [139] reported that (211) preferred orientation increased as argon gas
pressure increases during the deposition of tin. Martel et al. [140] compared dif-
ferent textures issuing from treatments done on SnO2 in different atmospheres
and hypothesized that the probability of one surface to be more stable than an-
other one could influence the final texture of the material, reporting a varying
ratio between (110), (101) and (211) orientations. In particular the amount of
oxygen dispersed in the surrounding atmosphere would oxidize or reduce more
one surface with respect to another, resulting in a different preferred orientation.

Fluorine doped tin oxide was also found to prefer a (200)-orientation [141]
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which can depend on several parameters, such as substrate temperature during
deposition, deposition rate [142], growth temperature [143] and annealing tem-
perature [144]. Wang et al. reported that the (200) preferential orientation was
also associated with an increase in electrical mobility. Korber et al. reported
about the influence of surface energy minimization on the preferential orienta-
tion [145], and theoretical calculations were carried out for stoichiometric tin
oxide. Unsaturated bonds along a direction would also make that direction fa-
vorable with respect to others [88]. Montero et al. highlighted the link between
certain crystallographic orientations and the chemical properties of Sb-doped
SnO2, reporting a change in ionization potential related to the change in orien-
tation from (101) to (110), linked to the amount of oxygen during the deposi-
tion [146]. It is clear that the amount of oxygen during annealing and deposition
plays a fundamental role in the chemistry of the material. The debate is still
open in literature for what concerns the way oxygen affects the formation of
one orientation rather than others. Hypothesis were published on the probabil-
ity of a certain crystallographic orientation to form more stable surfaces, as an
example, (101) surface, being rich in Sn2+ atoms, would be more stable at low
oxygen chemical potentials, whereas the (110), rich in Sn4+ atoms, would be
more stable at high oxygen chemical potentials [10]. Batzill et al. calculated the
more stable surfaces using several DFT calculations, not taking into account the
chemisorbed oxygen from the environment, but just the lattice oxygen, showing
that the (200) orientation, which is the most intense during air annealing, was
not found during their calculations. This corroborates the thesis that in order
to be present, this orientation has to be sustained by a strong oxygen activ-
ity, that is absent in vacuum annealing. However, in order to make a precise
comparison, more vacuum data would be needed, but in our case, the highest
temperature (1050 ◦C) was close to the maximum temperature attainable by
the heating holder of the diffractometer. The comparison between the textures
reported in literature and the ones found in the present work is arduous because
of the amount of parameters that are completely different within the studies and
that can all have an impact on the final texture of tin dioxide.

The crystallite size and peak intensity evolution of SnO2 phase in ZTO were ex-
tracted from XRD patterns and tracked for air annealing, results are depicted in
Figure 4.15. The intensity of the broad peak related to the amorphous shoulder
decreases drastically after the crystallization temperature is reached, confirm-
ing the phase change from amorphous to crystalline. A small contribution of
the amorphous phase remains nevertheless present and decreases gradually as
the annealing temperature increases. At the same temperature threshold, crys-
talline SnO2 reflections appear. The intensity of these peaks remain constant
throughout the entire annealing process except from the (110) and (200) re-
flections that keep growing with increasing temperature. In terms of crystal
dimension, having higher intensities translates in bigger crystal grains with that
specific orientation, as shown in the experimental section dedicated to XRD.
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Figure 4.15: Intensity of different crystal orientations appearing after the crystal-
lization temperature (TC) together with the amorphous shoulder intensity (a), which
gradually disappears after TC . In (b) the crystal sizes have been calculated, proving
that especially (110), (101) and (200) orientation continue to grow with increasing
annealing temperature. These calculations were carried out for air annealed ZTO
samples.
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4.6.3 Transmission electron microscopy

In order to confirm the results arising from XRD experiments and investigate
locally the microstructure of samples annealed in different atmospheres and at
different temperatures, an ex situ electron microscopy study was conducted.
Figure 4.16 shows the selected area electron diffraction (SAED) and STEM
HAADF images together with EDX maps and line profiles of zinc, for the ZTO
samples annealed at 550 ◦C, 650 ◦C, 750 ◦C and 1050 ◦C in air. The sample
annealed at 550 ◦C shows a dense and homogeneous structure, with no detectable
diffraction contrast coming from any particular crystal orientation confirming
its amorphous structure (similar to the as-deposited sample, not shown here).
Going towards higher temperatures, the structure starts to change and when the
crystallization threshold is crossed, between 550 ◦C and 650 ◦C, the images show
diffraction contrast from all over the structure confirmed by SAED patterns.
The new crystallographic orientations previously detected in the XRD patterns
are responsible for the diffraction contrast seen in the HAADF images. Small
grains and boundaries are present throughout the sample cross section.

At the highest annealing temperature (1050 ◦C), voids are visible mainly to-
wards the bottom part of the film. In Figure 4.16 are also shown the EDX maps
of zinc taken on the air annealed samples. The ratio of tin to zinc (Sn/Zn) was
calculated applying the Cliff-Lorimer method [147] and using the kα lines of
both zinc and tin. It was calculated that the amount of zinc starts to decrease
with increasing annealing temperatures, starting from a value of Sn/Zn=5.4 at
550 ◦C, which is in agreement with the ratio of the target used during the depo-
sition, to Sn/Zn=9 at 1050 ◦C. The evaporation of zinc starts to be significant
at 650 ◦C and when the temperature reaches 1050 ◦C, zinc almost completely
evaporates from the bottom part of the film but is still present in clusters at
the top surface, as also confirmed by the line profiles to the right of Figure 4.16.
The profiles are not homogeneous but seem to reflect an accumulation of zinc
at the top surface of the sample. This behavior is thought to be due to the heat
source being located at the bottom surface of the sample and therefore making
the zinc evaporation possible through its top surface. This phenomenon of zinc
evaporation was already reported and the observed evaporation temperature of
zinc in an oxygen rich structure sits in between the literature values [148], even
if the evaporation rate of a certain species strongly depends on the chemistry of
the environment and also the pressure at which the reaction is conducted. As
introduced before, Zhu et al. [96] performed Extended X-Rays Absorption Fine
Structure (EXAFS) on ZTO and reported the bond strength of Zn-O and Sn-O,
concluding that Sn-O bonds are stronger than Zn-O bonds, which could be a
possible explanation for the evaporation of zinc. The high temperature would
provide enough energy in order to break these bonds and release the zinc in
the surrounding atmosphere. It is fundamental here to notice that the crystal-
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Figure 4.16: Diffraction patterns, STEM HAADF images, EDX maps and zinc
depth profile of the ZTO cross-sections, of the samples annealed up to 550 ◦C, 650 ◦C,
750 ◦C and 1050 ◦C in air. Despite at low temperature the structure appears homo-
geneous and dense, at temperatures higher than 1050 ◦C it becomes porous and het-
erogeneous. Line profiles indicate the transverse distribution of zinc and EDX maps
show the evaporation of zinc starting at temperatures higher than 550 ◦C, right after
the crystallization, confirmed by the tin/zinc ratio indicated to the right of EDX maps
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Figure 4.17: SAED and HAADF of the layer cross-sections, together with EDX
maps taken on the samples annealed up to 600 ◦C, 900 ◦C and 1050 ◦C in vacuum.
Contrary to the air anneal case, the structure remains amorphous up to 900 ◦C. At
1050 ◦C grain boundaries and voids are visible. In this case, a gradient in zinc concen-
tration is observed, indicating that it starts to evaporate from the top surface, leaving
a deficient structure.

lized structure is not homogeneous, instead, grain boundaries are immediately
formed after crystallization. Voids are also created across the samples once the
zinc starts to evaporate. The non-homogeneous crystalline structure and the
presence of grain boundaries usually have a big impact in the charge trans-
port, acting as scattering centers [144] and charge trapping sites [149]. Other
groups [134] also predicted a crucial role for the grain boundaries in decreasing
the conductivity because of the accumulation of free carriers and creation of
double Schottky barriers. Indeed, as reported in the literature review, having a
close packed structure, such as the crystalline one, should facilitate the charge
carriers transport. The passivation of oxygen deficiencies can be therefore as-
cribed as the main cause of drop in the ZTO electrical properties.

The same TEM and EDX analysis were conducted with the samples that un-
derwent vacuum annealing. Figure 4.17 summarizes the results. STEM images,
diffraction patterns and EDX maps of vacuum annealed samples confirm, as
seen during the in situ XRD analysis, that crystallization happens at a higher
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temperature in an oxygen deficient atmosphere. At 600 ◦C the film is still amor-
phous and homogeneous, with a calculated ratio between tin and zinc of ∼ 5. As
temperature reaches 1050 ◦C, HAADF image shows a clear change in the ZTO
structure, where voids are present near the top and bottom surface, towards the
silicon substrate. The calculated ratio of tin to zinc shows that for the highest
temperature, less zinc is found towards the upper surface, the ratio calculated
in the upper part only was ∼ 14, confirming that the element evaporates from
the top surface, whereas the ratio calculated taking into account the lower and
middle part of the cross section was ∼ 7. The line profile are much more homo-
geneous with respect to before, probably due to the fact that less oxygen comes
in from the environment and the formation of stoichiometric tin dioxide is de-
layed together with the evaporation of zinc. Moreover, zinc is retained to higher
temperatures into the amorphous matrix, while, when the material crystallizes,
the zinc starts to evaporate.

Despite its evaporation at high temperature, the structural and electrical anal-
ysis of ZTO and tin dioxide combined together confirmed that the presence of a
small percentage of zinc in the tin dioxide amorphous matrix is responsible for
a stabilization of the TCO upon thermal treatments. This fact is clearly shown
by both conductivities of ZTO and tin dioxide with respect of the annealing
temperature. Other groups [150] [151] [152] also reported that for ZTO and
other TCOs, zinc plays a fundamental role in keeping the material stable under
heating; ab initio calculations were conducted [153] on this topic predicting sta-
ble ZTO phases with respect to Zn-O bond lengths, temperature and pressure
(such as Zn2SnO4 and ZnSnO3). From the analysis of the lattice parameters
presented previously, it can be concluded that despite the evaporation of zinc
from the already crystalline SnO2 structure, the lattice parameters length is
mostly unchanged. This can be an indication of the fact that, notwithstanding
the zinc evaporation, there is no re-organization of the crystalline structure,
suggesting that zinc might be dispersed in the structure as an interstitial defect
instead of substitutional on a tin site. Figure 4.18 depicts the possible arrange-
ment of tin dioxide structure when a zinc atom is inserted as substitutional or
interstitial defect. In order to introduce tensile stress into a crystalline struc-
ture, the alien atom has to be bigger than the substituted one, so that it is able
to stretch the neighbor atomic bonds. In the case of zinc, as reported above, its
ionic radius is smaller with respect to the ones of tin and oxygen, which might
be an explanation for the constant trend of the lattice parameters during heat
treatment. This could also be the main reason why no change is observed in
lattice parameters when the zinc is almost completely evaporated from the tin
oxide crystal.
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Figure 4.18: Scheme of an elementary cell of SnO2 oriented in the [001] direction.
In (a) the perfect crystal is shown, in (b) a zinc atom is inserted as a substitutional
defect into a tin site. In (c) the zinc atom is represented as interstitial defect.

4.7 Conclusions

An in depth analysis of SnO2 and ZTO was conducted in order to compare
the two materials and to study the influence of zinc into the tin dioxide ma-
trix. Both TCO follow similar trends with respect to electrical and structural
properties. The drop in electrical conductivity happening after high temper-
ature thermal treatments seems to be linked to an abrupt phase change from
amorphous to crystalline. Nevertheless many studies report crystalline TCOs
perfectly able to conduct electricity, indeed, we confirmed that the drop in con-
ductivity in our case is due to a decrease in carrier concentration linked to the
defects passivation, which are the source of carriers for both SnO2 and ZTO.
Carrier concentration and mobility present different trends depending on the
annealing temperature. At low temperatures, structural relaxation might be
responsible for the release of charge carriers in the CB, increasing both N and
µ, while at medium to high temperatures, the oxygen intake passivates oxygen
vacancies and removes sub-gap states, decreasing the number of free carriers in
CB and increasing the mobility. Right before the crystallization threshold is
reached, the ZTO becomes highly resistive due to a decrease in carrier concen-
tration. PDS measurements helped to verify that the actual defect states located
inside the band gap and created by the removal of oxygen from the structure, are
completely eliminated after the annealing in an oxygen-rich atmosphere. More-
over, a deficient crystalline microstructure is highlighted by TEM analysis, the
presence of grain boundaries and voids created by the evaporation of zinc at high
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temperature make the ZTO thin films even more unsuitable for carrier trans-
port. We unveiled that the addition of a small percentage of zinc introduced
in the SnO2 amorphous network is responsible for a delayed crystallization (by
∼250 ◦C) and therefore a delayed drop in electrical conductivity, making the
ZTO particularly well adapted for high temperature applications. Theoretical
values of crystalline SnO2 unit cell were in agreement with experimental XRD
measurements and that the experimental values stayed constant throughout the
annealing. Also, specific crystal orientations such as the SnO2 (200) in air and
(101) in vacuum, where found to be more intense with respect to others, this
behavior might dependent on the influence of oxygen during annealing. Anneal-
ing atmosphere has a crucial role in the electrical properties of the material. We
found out that atmospheric oxygen is needed in order to form stoichiometric
crystalline SnO2 and therefore the crystallization occurs only when the correct
amount of oxygen is provided to the material. Indeed, when annealed in vac-
uum, the crystalline phase of SnO2 is formed ∼300 ◦C after the same phase
change in an oxygen-rich atmosphere, despite the stoichiometry of amorphous
as-deposited ZTO seems to contain enough oxygen to form SnO2. We proposed
that oxygen already present in the structure, might not be directly available to
be re-arranged into the crystalline SnO2 because it might be bonded to hydro-
gen and forming H2O molecules. TDS data confirmed that water is one of the
species that comes out of the ZTO at high temperature. For the aforementioned
features, especially the remarkable stability under thermal treatments, zinc tin
oxide is a promising candidate for high temperature applications, such as mono-
lithic perovskite/silicon-heterojunction tandem solar cells [154], gas sensors [73]
and concentrating solar power plants [155] among others [156].

The role of defect and the possible influence of a structural relaxation on the
electrical properties is presented in the next chapter.



Chapter 5

Defects analysis

5.1 Introduction

As introduced in Chapter 4, a deeper investigation on the mechanisms that gov-
ern the trends highlighted in the electrical properties of ZTO is needed in order
to understand the material and to make a general model for this type of TCOs.
The goal is to deeply understand the material evolution with temperature to
make the link between the existing literature and the present experiments and
possibly bridge the gap between the theoretical description of such materials and
the practical results of experiments that will be presented. In order to pursue
this objective, several experiments were put in place to track the defect presence
and their evolution. In this chapter we make several hypothesis to describe the
aforementioned behaviors and a final model is proposed and supported by the
experimental results that are presented in the following sections.

As mentioned in the previous chapter, a first increase in both mobility and
carrier concentration between room temperature and 300 ◦C is observed. The
reason behind this increase is thought to be due to some sort of structural relax-
ation, completely invisible at the TEM and XRD analysis. Yeon et al,, Ide et al.
and Wang et al. reported on the observation of such structural relaxation but its
role on the electrical properties of TCOs is not always clear [122] [123] [157]. On
the other hand, when the influence on the electrical conductivity of a structural
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relaxation is indirectly proved (by the observation of carrier concentration), such
relaxation is not directly observed experimentally. Moreover, in this range of
temperatures, the ZTO is still in its amorphous phase, meaning that any reor-
ganization of the structure is hardly visible using techniques that rely on the
detection of some sort of structural order.

The change in electrical properties of ZTO in this range of temperatures (from
room temperature to 300 ◦C), is attributed to a release into conduction band
of electrons that were trapped in the vicinity of a point defect, regardless of
the defect nature, being referred to as the dopant/defect activation. In this
case, supplying a small amount of energy, by means of annealing, would help
the structure to relax and release electrons in conduction band. To understand
if there is a real structural relaxation, it was decided to study the ZTO using
techniques such as Fluctuation Electron Microscopy (FEM) and Differential
Scanning Calorimetry (DSC). These methods are described in the experimental
part of this thesis. The first one is a transmission electron microscopy technique
and the latter is a calorimetric technique. Both can be used for the detection
of small structural changes of materials.

The carrier concentration and mobility show another trend (decrease in N and
increase in µ), highlighted in the previous chapter, between 300 ◦C and 550 ◦C.
We hypothesize that in this range of temperatures the atmospheric oxygen en-
tering the film and passivating the oxygen vacancies is the dominating process
causing the drop in carrier concentration and therefore the increase in mobility.
Many authors already reported the link between the oxygen intake and the drop
in electrical properties of TCOs, ascribing this phenomenon to the passivation of
oxygen-related defects [133] [87] [158]. Furthermore, we showed in the previous
chapter that oxygen thermal treatments allow its penetration in the material.
Nevertheless, further analysis is needed in order to prove that it is actually
oxygen vacancies that are passivated in this range of temperatures. Indeed,
many authors propose a mixed presence of defects in such TCOs, in particu-
lar, together with oxygen vacancies, metal clusters might be responsible for the
increased conductivity in indium-free and indium-based TCOs [159] [160]. In
addition, many papers claim that hydrogen intentionally or unintentionally con-
tained in the deposition chambers might act as a dopant for the TCO, increasing
the carrier concentration in CB [18] [161] [162]. The goal here is therefore to
investigate more on which type of defects are responsible for the observed elec-
trical properties change in this range of temperatures. To achieve this goal,
Electron Paramagnetic Resonance (EPR) was employed.

The third phenomenon is, as stated in the previous chapter, the crystallization
event taking place abruptly, as confirmed by XRD and TEM. The link between
crystallization and passivation of defects was extensively investigated in the
previous chapter. The resulting structure is non-homogeneous and shows grain



5.2 Fluctuation Electron Microscopy 85

Figure 5.1: Scheme of a nano-probe illuminating a small portion of a thin TEM
lamella and producing different diffraction patterns based on the local arrangement
of the material. Examples of DPs showing no medium range order (MRO) and with
MRO are presented. For these experiments the average diameter of the probe is around
2nm. The scheme is not in scale. (Image from [164])

boundaries and voids. EDX also demonstrated the evaporation of zinc, which
appears not to have any influence on the electrical properties of the material,
since the evaporation follows the ZTO drop in conductivity.

5.2 Fluctuation Electron Microscopy

To study more into detail the first range of temperatures and assess if any struc-
tural relaxation occurs upon annealing, fluctuation electron microscopy (FEM)
experiments were carried out. These experiments were conducted by Dr. Jean-
gros at the Ernst Ruska-Centre for Microscopy and Spectroscopy facility in
Jülich, Germany. This technique consists in recording hundreds of nano-beam
diffraction patterns from small sample volumes ('50 nm3) by scanning the beam
in a raster. The difference between them, if any, is then analyzed through the
computation of a function called the normalized variance of the diffracted in-
tensity. This function gives an indication of the magnitude of the fluctuations
between one diffraction pattern and the other [163]. This technique is intended
to look at medium range order within a material, meaning potential order at the
> 5 Å length scale. Figure 5.1 visually summarizes these concepts. The TEM
microscope used for these experiments was a probe-Cs corrected FEI TITAN
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Figure 5.2: (a) Variance of the diffracted intensities of the samples after deposition
(prepared either by FIB or by directly depositing ZTO onto Si3N4 thin supports) and
after annealing at 500 ◦C in air. This data set was acquired using a probe size of 1.3 nm
and a convergence semi-angle of 0.5mrad. (b) Variable resolution variance data of the
FIB-prepared sample annealed at 500 ◦C acquired using various probe sizes, ranging
from 1.3 to 3 nm.

microscope operated at 300 kV. Different probe sizes were used during the ex-
periment, namely 1.3 nm (convergence semi-angle of 0.5 mrad), 2 nm (0.3 mrad)
and 3 nm (0.2 mrad). Up to 1200 individual nanobeam diffraction patterns were
acquired per condition and groups of 100 patterns were acquired at different po-
sitions of the sample. A Mathematica code was written by Dr. Jeangros to
analyze the FEM results and in particular to find the center of each nanobeam
electron diffraction pattern, then to calculate the rotationally averaged diffrac-
tion intensity and finally to compute the normalized variance for groups of 100
nanobeam diffraction patterns. The mean signal of the 12 variance curves is
then reported with one standard deviation to the mean error bars. When peaks
appear in the normalized variance function, it is an indication of the fact that
some medium range order is detected.

ZTO samples were prepared by standard Focused Ion Beam lift-out technique
and thinned down to 35 nm for the as deposited sample and 45 nm for the
annealed in air at 500 ◦C. Another thin ZTO film (40 nm) was directly deposited
on top of 30 nm Si3N4 support in order to avoid any influence of the gallium
bombardment from the FIB. Results are shown in Figure 5.2. The absence of
well defined peaks indicates the absence of any medium range order, at least
within the detection limit of the technique. The visible peaks shown in Figure 5.2
are negligible with respect to the peaks registered when some long range order is
present within the structure (as shown in Figure 5.3 for comparison for samples
annealed in vacuum). FEM indicates that the structure seems unchanged before
and after annealing (but still before crystallization) and also that little to no
influence of the preparation method is observed. The difference between the
900 ◦C curve in Figure 5.3 and the other ones is that in this last case the sample
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Figure 5.3: Variance of the diffracted intensities of the samples after annealing
at 30 ◦C, 500 ◦C, 600 ◦C, 700 ◦C, 800 ◦C (amorphous ZTO) and at 900 ◦C (crystalline
ZTO) in vacuum.

is crystalline and therefore the long range order in the structure is visible. This
high temperature is due to the fact that the sample is annealed in the TEM,
hence in high vacuum.

5.3 Differential Scanning Calorimetry

In order to investigate more into the very first range of temperatures where
more charge carriers are released in the conduction band and to assess if any
structural relaxation is actually happening, differential scanning calorimetry
(DSC) was used. This technique is employed to study bulk samples and mainly
to track the evolution of the structure with respect to the temperature. When
the sample is heated, several phase transitions can take place. Furthermore,
when the sample undergoes temperature cycles, the cooling part of the cycle
gives information about whether such changes are reversible or not. While
measuring the amount of heat released or absorbed, the transition temperatures
and the enthalpies can be extracted for a more quantitative analysis. In our case
it is sufficient to extract a semi-quantitative information, where the transition
temperature is linked to the type of transformation happening in the material,
namely, whether it is an endothermic or exothermic process [112] [165]. As
described in the experimental part of this thesis, DSC is a technique meant to
be used for bulk samples and not suitable for thin films. The strategy to increase
the amount of thin-film material in order to meet the minimum requirement of
having 1mg to 10mg of material, is described in the dedicated section (chapter
3).
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Since the goal is to observe the structural relaxation when the material is
still in its amorphous phase, an XRD single scan was acquired (Figure 5.4) to
make sure that the multi-layer of ZTO deposited on top of a salt substrate
was actually mainly amorphous. In this case a single crystal salt substrate was
used to deposit the multi-ZTO layers and the XRD pattern is acquired before
the lift-off procedure described in the experimental section. The main peaks

Figure 5.4: XRD pattern of a multiple layers sample of ZTO deposited on top of
a salt single crystal substrate. The red and green lines are the theoretical reflections
of tin dioxide and sodium chloride. The experimental pattern, in blue, exhibits two
intense peaks associated to the salt substrate and one small peak that can be associated
to the tin dioxide. Confirming that the material is mainly amorphous. Miller indexes
of the main salt and tin dioxide reflections are also indicated.

are the ones associated to the salt substrate (green lines), as it can be seen
in Figure 5.4 and little or no peaks are found to be coincident with the tin
dioxide theoretical reflections (red lines). Few other peaks not associated with
neither the salt substrate nor tin oxide are found around the salt-related peaks.
The sharpness of these peaks is an indication of a signal that is a result of a
non monochromated beam incident on a mono-crystal. In fact, the unidentified
sharp peaks that are situated to the left of the two main salt peaks are due
to the incident beam containing enough wavelengths to excite second and third
order salt reflections. This effect is particularly pronounced when the sample
is mono-crystalline. The other sharp peaks appearing around 34◦ are most
probably related to the environment (substrate and chamber) where the sample
is inserted. Indeed, these peaks cannot be related to the known SnO2 reflections
of ZTO because, as seen previously (Chapter 4) and also in Figure 5.8 our
material presents broader and much less intense reflections. Sharp peaks are
indeed characteristic of single crystals instead of poly-crystalline materials, as
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in the case of SnO2. The material is therefore mainly amorphous.

The main goal of DSC experiments was to anneal the ZTO samples to different
temperatures and verify whether the same phase change that occurs in the XRD
is also visible using this technique but especially to verify if any transition is seen
in the range of temperatures included between RT and 500 ◦C, where a major
change in electrical properties is observed. The first trial of experiments was
conducted using standard conditions for DSC measurements with not optimized
parameters to be compared with the ones used in XRD experiments., in order
to have an overview of the material behavior.

Figure 5.5 shows three runs done using an argon flux during the measurements
and a heating and cooling rate of 10 ◦Cmin−1. These parameters are the stan-
dards for the typical DSC analysis and they were used to test if any signal could
be detected. The amount of ZTO flakes inserted in the crucible was 5.5mg. All
the three runs were subsequently done using the exact sample that was therefore
submitted to a heating step up to 600 ◦C and cooled down, then the same sample
was submitted again to the same treatment and finally, the sample was heated
up to 800 ◦C and cooled down. In the first run (red line), the double peak that

Figure 5.5: Three cycles of heating and cooling of 5.5mg of ZTO done with a
constant argon flux and to 600 ◦C for the first two and 800 ◦C for the last one. The
arrow to the left of the graph indicates that the exothermic processes point up. The
second and third run show a “flat” trend, with no evident peaks showing any phase
change or transformation. Observing hysteresis between the heating and cooling part
of the curve means that the reactions that took place during the heating phase are
irreversible. The dashed black line indicates that the machine lost track of the signal
temporarily, during the third run. These runs were conducted with a heating rate of
10 ◦Cmin−1.

can be seen at around 450 ◦C is an exothermic reaction (as the arrow on the left
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part of the graph indicates) and it can be associated to a phase change that is
irreversible since the lower part of the curve (cooling part), does not show the
same symmetry of the upper part. Since the only major phase transition in our
material is the crystallization and in order to make sure that this double peak
is associated to it, another run was conducted, using the exact same sample
already submitted to the first run. The observed flat curve indicates that no
other phase transformations happens in an already crystallized ZTO. A third
run was conducted, again with the same sample, to make sure that nothing else
would happen to the ZTO if heated to higher temperatures and to confirm that
no other transitions were missed during the annealing at lower temperature.
The third curve (in black) is indeed characterized by a flat behavior, confirming
that the material was most likely already crystalline and no other major change
occurred in the structure. The temperature at which the phase change, asso-
ciated to crystallization (red curve), happened, is '100 ◦C lower with respect
to the temperature at which crystallization was observed during in situ XRD
annealing. This difference is thought to be due to the error associated to the
temperature measurement. Indeed, the differences between the present mea-
surement and the ones conducted in the XRD, are the annealing atmosphere
and heating rate.

A higher heating rate should influence the phase transition temperatures in a
way such that the same transition appears at a higher temperature if the heating
rate is higher [166] [167] [168], which is the opposite in our case. Therefore, it
is excluded that a higher heating rate could anticipate the phase transition
temperature of ZTO. The crystallization detected at lower temperature with
respect to what is observed in XRD experiments could be related to the argon
flux. In fact, because of the position of the thermocouple inside the DSC,
small differences between it and the crucible temperature could be registered,
the crucible could be at a higher temperature than what is indicated in the
instrument.

In the range between room temperature and 300 ◦C, no evidence of structural
relaxation is registered. This could be due to the different parameters used in
these trials, since small changes in the curve shape could not be appreciable
with high heating rates. The annealing atmosphere could also be responsible
for considerable differences in the shape of DSC curves due to its influence on
the thermal processes to which ZTO is submitted.

In order to precisely link the DSC measurements with the XRD ones and con-
nect the phase changes with the correct temperatures, the machine was set up
with the exact same parameters used during the annealing in the XRD: the
argon flux was removed and the heating rate was set at 5 ◦Cmin−1. In addi-
tion and in order to remove any residue of carbon, issuing from the preparation
method, the ZTO flakes were submitted to a plasma cleaning step. The goal
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Figure 5.6: DSC curves of ZTO samples annealed in air to 800 ◦C (blue) and 400 ◦C
(magenta), with a heating rate of 5 ◦Cmin−1. The blue curve presents a broad peak
associated to the structural relaxation, followed by two peaks that can be ascribed
to the oxidation of the material and the crystallization. In between the two peaks a
valley is present and is thought to be related to a nucleation process. The magenta
curve confirms that the structural relaxation is present even when repeating the ex-
periment with a different sample. All the cycles show a non reversible character of the
thermodynamic reactions, highlighted by the flat fashion of the cooling parts of the
curves.

was to avoid any signal that might mask the main one, coming from the ZTO.
Figure 5.6 shows two cycles done using two different ZTO samples. In blue
is shown the sample heated to a maximum temperature of 800 ◦C and cooled
down to room temperature. The amount of ZTO flakes for this run was 8.3mg.
The curve presents several features. Two exothermic peaks are visible between
400 ◦C and 600 ◦C, with an endothermic valley between them. Included in the
range of temperatures between 250 ◦C and 400 ◦C a broad shoulder is visible ,
whereas the cooling part of the curve appears completely flat, indication that
all the reactions that took place are irreversible. To confirm that the broad
peak was actually reproducible, another experiment was conducted, with 5mg
of ZTO and up to a temperature of 400 ◦C, in order to probe only the inter-
esting range of temperatures. The magenta curve in Figure 5.6 represents the
results. The broad peak is again visible and in the same range of temperatures
as before. This curve is again characterized by a flat trend in its cooling part.
The hysteresis between the heating and cooling part always indicate irreversible
thermodynamic reactions.
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The broad peaks present in both the blue and magenta curves are thought
to be due to a structural relaxation happening at a nanoscale within the ma-
terial. Little to no references were found in literature regarding DSC analysis
conducted onto thin film TCOs. Nevertheless, Roorda et al. [169] studied the
structural relaxation of amorphous and crystalline silicon after helium bom-
bardment, and even with the obvious differences, the DSC measurements can
be compared to our results. Figure 5.7 shows the DSC graphs obtained by Ro-
orda et al.. Both the crystalline and amorphous phase of silicon were analyzed
in this graph. While the amorphous phase crystallizes around a temperature of
670 ◦C, the already crystalline phase doesn’t show any peak. Both curves show a
broad shoulder between 100 ◦C and 500 ◦C that was linked to a relaxation of the
silicon structure. The reason why the structural relaxation is not represented
by a sharp peak but rather a broad shoulder resides in the physical explanation
of this process. A sharp peak in this type of analysis is a clear indication of a
phenomenon characterized by a single activation energy and once this energy
is reached, the process starts and ends relatively quickly. On the other hand,
the structural relaxation in the mentioned study is linked to the removal of the
ion beam induced damage, which is a process not associated to a single activa-
tion energy. Furthermore, the relaxation is most probably due to a combination
of physically different processes, such as the relaxation of distortions in bond
angles and release of stored energy in addition to the annihilation or conglom-
eration of defects (vacancies, dangling/floating bonds, interstitial defects). All
the mentioned process are characterized by different activation energies, which
would lead to a curve with broad shoulders instead of sharp peaks.

In our material, this structural relaxation can be caused by the annihilation
of network defects of different nature, therefore not characterized by a single
activation energy, giving a broad appearance to the peak.

One last comparison that can be made concerns the order of magnitude of
the flow of released or absorbed heat by our material with respect to what is
found in literature. In Figure 5.7 b is shown a zoom in of the structural relax-
ation curve obtained for amorphous and crystalline silicon. It can be noticed
that the released flow of heat by the sample during the structural relaxation
is comparable to what was found in our experiments (heat flow on the order
of 0.2mW). The peak associated to the structural relaxation in Figure 5.6 is
absent in Figure 5.5. These measurements are indeed extremely sensitive to the
shape and distribution of material inside the crucible. Thin films are not meant
to be measured by standard DSC, since flakes floating inside the crucible might
influence the heat distribution and therefore the recorded signal. In a separate
work carried out by our group, it was demonstrated that the increase in elec-
trical properties happens, in the range of temperatures included between room
temperature and 300 ◦C, regardless of the annealing atmosphere [124], corrob-
orating the hypothesis that only a thermodynamic process independent of the
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Figure 5.7: (a) DSC curves of helium bombarded crystalline and amorphous silicon.
The amorphous silicon presents a sharp peak at 670 ◦C representing the crystallization,
that is not present in the already crystalline sample. The broad shoulder between
100 ◦C and 500 ◦C is associated to the structural relaxation of the samples during the
annealing [169]. A zoom in (b) of the previous curves with the indication in y-axis of
the order of magnitude of the heat flow released by the sample during the structural
relaxation.

atmosphere, such as structural relaxation, could cause the mentioned changes
in the electrical properties. Indeed, during the annealing with the argon gas in-
jected into the chamber, the structural relaxation might appear under the form
of the shoulder present between room temperature and 400 ◦C.

Despite the difficult comparison with existing literature, analogies can be ex-
tracted from Figure 5.6 and Figure 5.5: two peaks (exothermic processes) are
spaced out by a valley (endothermic process). Considered the variations of elec-
trical properties of ZTO and the relative temperature ranges, the first peak can
be most likely associated to the oxidation of the material. Small variations of
temperature can be ascribed to the fact that slight differences in the tempera-
ture detection can be present between different instruments such as DSC, XRD
and the hot plate. Oxidation phenomena are exothermic processes where energy
under the form of heat is released by the material [170] [171]. This oxidation
was already described as the cause of the increase in mobility and decrease in
carrier concentration between 350 ◦C and 500 ◦C because of oxygen vacancies
passivation (Chapter 4). The valley observed between the two peaks at 520 ◦C
is assigned to the nucleation, which takes place immediately before the crystal-
lization. Nucleation, in contrast with the previous reactions, is known to be an
endothermic process [172], therefore represented with a valley in our convention.
Such nucleation triggers the crystallization of the films.

As introduced before, the only change registered between air and argon anneal-
ing lies in the detection of the correct chamber temperature. Oxygen remains
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Figure 5.8: Ex situ XRD pattern obtained on the ZTO flakes after the DSC measure-
ments. The main theoretical reflections of tin dioxide are present in the experimental
pattern, confirming that the sample is crystalline.

trapped into the closed crucibles regardless the gas flowing in the external part
of the chamber and is sufficient for the material to undergo the same transforma-
tions reported by in situ XRD conducted in air. As a proof, when the crucible
containing the ZTO flakes is extracted from the DSC furnace, the flakes appears
transparent rather than brown, which is the typical signal of an oxidized ZTO.

The last peak appearing on the heat flow curve around 550 ◦C is associated
with the crystallization of ZTO, which is an exothermic reaction [173] [174] [113].

In order to double check if the crystallization actually happened after the DSC
cycles, ex situ XRD experiments were conducted after each DSC cycle. Figure
5.8 shows the XRD pattern obtained on the air annealed sample (represented in
blue in Figure 5.6). Contrary to the XRD graph in Figure 5.4, the one in Figure
5.8 does have the main peaks associated to tin oxide, which confirms that the
material is mainly crystalline.

5.4 Electron Paramagnetic Resonance

Once assessed that a re-arrangement of the ZTO amorphous structure is present
when the sample is submitted to heat treatments, one last question to be an-
swered is what type of defects are actually present in the film and are subjected
to annihilation or passivation once the temperature raises and oxygen pene-
trates into the film. The removal of these defects, related to oxygen vacancies,
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is thought to be the cause of the decrease of carrier concentration between 350 ◦C
and 550 ◦C and the corresponding increase in mobility. In order to investigate
more on the nature of these defects, electron paramagnetic resonance (EPR)
experiments were conducted. This technique allows to probe paramagnetic de-
fects if they are present in the sample, to identify and to quantify them. The
magnetic field induces the splitting between the −1/2 and +1/2 spin states and
the absorption of electron magnetic waves is recorded. This absorption leads
to a transition between the spin population in the lower energy state to the
upper state. A calculation is then conducted to extract the g-value, which is a
fingerprint of the defect type.

In order to have a general overview of the samples behavior and detect para-
magnetic defects, a large range of magnetic field was probed and the signal was
recorded. Figure 5.9 exhibits the results issuing from this measurement for the

Figure 5.9: High range magnetic field measurements of as deposited ZTO (red
dashed), annealed ZTO at 800 ◦C in air (blue dot-dashed line) and for comparison,
the signal coming from an empty quartz tube (green) inserted in the resonator to
understand which part of the signal was to ascribe to the tube itself. In the annealed
sample, a signal is detected around 160mT. The broad shoulder present between
160mT and 340mT can be related to either the background signal of the ESR900
Oxford quartz finger cryostat or the Bruker SHQ resonator. A signal is also registered
around 343mT in the as-deposited sample. The measurement conditions used for the
majority of the acquisitions were the following: 38 dB of attenuation on 200mW of
fundamental microwave power, microwave frequency adjusted to 9.6GHz, acquisition
temperature 300 ◦C.

as-deposited sample and the annealed in air at 800 ◦C. The figure shows the
first derivative of the absorption signal, which is used instead of the absorption
peak because the structure of the signal is amplified and there is a much better
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signal to noise ratio. At lower magnetic field, the annealed sample shows a signal
(around 160mT) that we expect to be related to contamination, giving the fact
that this sample was annealed in the DSC chamber, and previously generously
manipulated in order to obtain the ZTO flakes. In particular, this signal might
be associated to iron-related defects [175] [176] [177] [178] (most probably com-
ing from the oven used for the samples annealing). The as-deposited sample
presents a similar onset around the same value of magnetic field, which again,
can be associated to contamination. No other important signals were detected
during these runs. The signal of an empty tube was also recorded in order to
exclude any possible artifact from the actual measurements. Around 343mT, a
significantly intense signal is recorded. The magnetic field value corresponding
to the one found in Figure 5.10 is linked to a defect which sits next to a tin
atom in the ZTO matrix. In particular, the obtained g-values are similar to the
ones found by Shi et al. [179] and attributed to oxygen vacancies. Oxygen va-
cancies can exist in three different charge states in an oxide: neutral V 0

O, singly
ionized V +

O and doubly ionized V ++
O . Since EPR can only detect paramagnetic

species, the defects illustrated in Figure 5.10 can only be related to the singly
charged oxygen vacancies, since they have one unpaired electron. Popescu et
al. [180] also reported similar g-values for singly ionized oxygen vacancies but
they also showed EPR spectra presenting multiple peaks associated to Sn3+ cen-
ters, which are absent in our case. The measurements of the extended magnetic
field range were performed with a large magnetic field modulation amplitude
of 1mT, which leads to overmodulation of narrow signals. This magnetic field
range is therefore taken as a base to zoom-in and perform other measurements
with smaller magnetic field steps, lower field modulation and more averages.
This leads to better resolution and to better signal-to-noise ratio.

In order to verify if any difference in the concentration of defects was detected
between a sample treated at high temperature, supposed to have very few de-
fects and the as deposited one, thought to be rich in defects, a second trial
of EPR experiments was conducted using the as-deposited sample and the one
annealed at 800 ◦C in air. The result is shown in Figure 5.10, where the two
measurements are superposed for comparison. These measurements are qualita-
tive and contain no information about the precise number of defects because the
specific mass of ZTO introduced into the quartz tube was difficult to weight in
both cases. In the extended field range we observed that there is a signal for the
as deposited sample close to g = 2. In order to identify the origin of this signal,
simulations were performed (not shown here) and the following g values were
extracted: gx = 2.00193, gy = 2.00216 and gz = 1.99734. These values were
obtained after a fitting of the red curve in Figure 5.10. As the figure shows, the g
anistropy can be explained by different symmetries of the microscopic magnetic
field distribution (i.e. the spin) of the paramagnetic species, or, in other words,
by a distortion of a sphere like spin symmetry. This symmetry is dependent on
the spin density distribution in the thin film structure and therefore also depen-
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Figure 5.10: Qualitative EPR measurements of two ZTO samples, the as-deposited
one (in red dashed) and the annealed at 800 ◦C in air (in blue). The comparison shows
that the as deposited sample has many more defects with respect to the annealed one.

dent on the electronic structure and arrangement of the atoms in the film. The
derived g matrix can be described as axial, since gx and gy are similar meaning
that there exists one distinct g-axis in the defect.

These values were obtained conducting a specific fitting of the red curve in
this figure. Having three different values for g means that there is anisotropy
in the coupling between the unpaired electron and the neighbor nuclei, which
is visually explained in Figure 5.11. The different shapes in the upper part
of the sketch in Figure 5.11 represent the symmetry of the total orientation
between the external magnetic field and the magnetic fields of the molecule or
crystal coupled with the spin momentum of the unpaired electron. In order to
investigate more the characteristic g-values of a sample, more advanced EPR
measurements would have to be carried out. Hence, here the focus is kept on
the results obtained in Figure 5.10. From Figure 5.10 it is straightforward to
assess that the as deposited sample is characterized by a more intense signal
with respect to the annealed one, meaning that a larger concentration of defects
is present in this sample, which confirms the hypothesis made when analyzing
the electrical properties of the samples.

The goal of the EPR experiments was nevertheless to count the amount of de-
fects present in the film and eventually compare these numbers to the measured
electrical properties, keeping in mind that EPR is able to count just a small
part of the defects present in the ZTO, the ones with one unpaired electron.
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Figure 5.11: Several possible symmetries for the magnetic field associated to the
molecule/crystal are shown in (a), (b), (c) and (d). According to the symmetry, the
single components of g will assume certain values: the highest symmetry corresponds
to three equal components gx = gy = gz whereas the shape with lowest symmetry
corresponds to gx 6= gy 6= gz. In the bottom part of the image the shape of the
absorption peaks and their first derivatives are shown (sketch from E. Duin - Auburn
University).

To investigate more quantitatively the amount of defects, a new series of ex-
periments was set up. Instead of using the ZTO flakes prepared for the DSC
analysis, the ZTO was deposited directly on top of dedicated quartz substrates,
previously treated to remove any defect, and with dimension of 2 cm×2mm,
that perfectly fit into the quartz tube that is inserted into the resonator. In
order to increase the EPR signal and to tackle any thickness effect, two batches
of samples were deposited with 150 nm and 300 nm-thick ZTO. The samples
were annealed in air at different temperatures up to 800 ◦C to obtain a total
of fifteen samples. Having two different thicknesses helped to better tune the
equipment in order to have the highest possible signal. On the other hand, the
ZTO being conductive when annealed at low temperatures, the effective tune of
the resonator was disturbed by the electric field generated inside the sample so
a trade-off between the presence of an intense signal and the high conductivity
of the material had to be found. The derivative of EPR signals are presented
in Figure 5.12. The main signal detected in Figure 5.12 is the one ascribed to
the singly ionized oxygen vacancies appearing around 343mT and associated to
the g-values calculated before (Figure 5.10). It is interesting to notice that the
signal intensity decreases when the annealing temperature increases, down to a
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Figure 5.12: Signal intensity over quality factor with respect to the magnetic field
of (a) 150 nm-thick ZTO samples and (b) 300 nm-thick samples. The magnetic field
range was reduced even more in order to have more counts in the interesting interval.
The key information is the relative intensity of each signal rather than the absolute
value reported in the y-axis. The signal intensity is related to the amount of paramag-
netic defects inside the sample. The higher the annealing temperature, the lower the
concentration of defects in the material.
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point where defect values are within the error range, at an annealing tempera-
ture between 450 ◦C and 500 ◦C, which corresponds to the temperature where
the large drop in electrical properties is observed.

The amount of defects detected during EPR experiments are absolute numbers,
but if the volume of the sample is known, the amount of defects per unity of
volume can be calculated and eventually linked to the carrier concentration
obtained from the Hall effect measurements. The samples measured during the
second batch of experiments were deposited on top of a substrates with the
following dimensions: 2 cm×2mm, with a thickness of 150 nm, giving a total
volume of deposited ZTO of

Vtotal = 600× 10−8 cm−3. (5.1)

In the as-deposited sample, the amount of paramagnetic defects detected by
EPR was N = 4.14× 1012, corresponding to a defect density of:

N

Vtotal
=

4.14 · 1012

600 · 10−8
= 6.9 · 1017cm−3. (5.2)

This defect concentration is represented in Figure 5.13 for each sample. The
error on the EPR measurement is the limit of detection of the used equipment,
estimated during the background subtraction procedure explained in chapter A
and is equal to 1011 spins. Using the error propagation theory, it was estimated
that the corresponding error on the determination of defect concentration is
'2× 1016 spins. The numbers reported in this graph are, therefore, not absolute
values but they are re-modulated with respect to the ZTO volume on each
sample, hence, they represent the concentration of paramagnetic defects in each
ZTO sample with respect to the annealing temperature. The amount of defects
present in the thick ZTO samples was expected to be doubled as the amount
of defects present in the thin one. However, Figure 5.13 shows the opposite
trend. This behavior might be due to the fact that paramagnetic defects are
not dispersed in the whole sample volume, but rather in the surface. Further
investigations are therefore needed in order to deeply analyze this effect.

If it is assumed that the numbers in Figure 5.13 represent the defects identified
as singly ionized oxygen vacancies, these defects will be able to donate one
electron each to the conduction band. From the analysis of the vast literature
on defects in tin-based TCOs (see Chapter 2) it can be assumed that together
with singly ionized oxygen vacancies, there is at least a similar amount of doubly
ionized oxygen vacancies, not detected by EPR, that will also contribute to the
conduction with both electrons, the total number of charge carriers per cubic
centimeter would be

Ntotal = Nsingly +Ndoubly ' 7 · 1017 + 2 · 7 · 1017 ' 2 · 1018. (5.3)
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Figure 5.13: Concentration of paramagnetic defects with respect to the annealing
temperature found in 150 nm and 300 nm-thick ZTO samples by EPR. The amount of
defects continuously drops with the increase of annealing temperature. Discrepancies
on the amount of defects between the 150 nm and 300 nm-thick ZTO samples might
be due to a surface effect. Samples were deposited in three separate batches.

The results are consistent with the expected trend, for which the higher the
annealing temperature, the lower the amount of defects present in the films.
The reason being that the majority of defects can be associated to oxygen va-
cancies, as discussed previously, which are passivated during the air annealing
up to a point where the material becomes stoichiometric and the crystalliza-
tion occurs, with a consequent drop of the electrical properties. Indeed, the
carrier concentration for the as deposited sample measured by Hall effect was
around 6 · 1019cm−3. The difference of one order of magnitude between the
previous estimation and the experimental number could be due to the contri-
bution of other defects linked for example to the presence of hydrogen within
the film (proven by hydrogen forward scattering (HFS) experiments, not shown
here) or metal clusters (already linked to the presence of a vacancy) that were
predicted by DFT calculations [124] [181] [182]. The decrease in paramagnetic
defects observed during EPR experiments does not follow the exact same trend
observed in carrier concentration. Indeed, the amount of paramagnetic defects
starts to decrease already at lower temperature, whereas the carrier concentra-
tion N , measured by Hall effect, increases first and then starts to decrease (from
a temperature of '300 ◦C). This effect is thought to be due to the structural
relaxation, which has the effect of release charge carriers in CB and that cannot
be seen during EPR experiments. Indeed, the type of defects released by the re-
adjustment of the structure are most probably not related to oxygen in any way,
the proof being that the relaxation is observed in ZTO regardless the annealing
atmosphere. Figure 5.14 represents the different trend for charge carriers N
measured by Hall effect and paramagnetic defects measured by EPR. Except
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Figure 5.14: Concentration of paramagnetic defects with respect to the annealing
temperature found in ZTO samples by EPR. The amount of defects continuously
drops with the increase of annealing temperature, with almost no variation from the
calculation conducted for thinner and thicker samples.

for the two order of magnitude between the values, already accounted for in
the previous calculation, the numbers follow a similar trend: N increases from
a starting value of '6× 1019 cm−3 (room temperature) to '10× 1019 cm−3 at
300 ◦C, to then decrease to zero at a temperature of 650 ◦C. On the other hand,
in the amount of paramagnetic defects, thought to be linked to singly ionized
oxygen vacancies, the increase between room temperature and 300 ◦C is not
registered, since it decreases down to zero at a temperature of 800 ◦C. The
majority of defects in our ZTO is indeed related to oxygen vacancies (singly
and doubly ionized), hence the following drop of carrier concentration follows
the same trend in both EPR and Hall effect measurements. The mismatch on
the temperature at which the defects are reduced to zero is due to the fact that
EPR is a more sensitive technique than the Hall effect, so it allows to calculate
the amount of defects up to smaller values. These values of N (between 650 ◦C
and 800 ◦C) are anyway not enough to ensure the conduction in our material.

These observations confirm that the reason why the ZTO conductivity drops
is to be imputed to the lack of defects rather than to a phase change. Indeed,
the transition from amorphous to crystalline structure occurs at a temperature
where the conductivity drop is already reported and therefore independent from
it. The crystallization is rather driven by the material becoming stoichiometric,
since the defects are already passivated during the annealing. Grain boundaries
and defects of the crystalline structure reported by TEM analysis in Chapter 4
have little to no influence on the carrier transport, since the concentration of
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these carriers is already low at the crystallization temperature.
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5.5 Conclusions on the defect analysis

As seen in this chapter and following the analysis started in the previous one,
the combination of FEM, DSC and EPR shines a light on to the variation of
electrical properties of ZTO and in particular these three combined techniques
help to clarify why the electrical properties show three regimes.

In the first regime (from room temperature to 300 ◦C), FEM and DSC show
that despite no change in MRO was detected, a re-organization of the ZTO
amorphous structure causes a release of charge carriers in the conduction band.
The small structural change are not detected by TEM or XRD (which confirm
the amorphous state of the material) but the calorimetric analysis clearly high-
lighted an increase of the amount of heat exchanged between the ZTO and the
environment, assessing the presence of a non-reversible thermodynamic reaction
at low temperature (300 ◦C). The fact that the increased carrier concentration
is detected regardless the annealing atmosphere is an indication that the re-
leased charges are not related to oxygen. Because of the practical difficulties
encountered during DSC experiments, another route that could be followed to
investigate more into the first range of temperatures might be to use a dedicated
equipment for thin films such as the nano-calorimetry. The heating elements are
conceived so that the sample can be deposited directly on them and instead of
being inserted in a furnace, samples are heated by electrical resistances. More-
over, a greater freedom is guaranteed in terms of heating rates and maximum
attainable temperature [183] [184] [185].

In the second regime (from 300 ◦C to 550 ◦C), DSC and EPR show that consid-
erable change happen in the structure and stoichiometry of ZTO. An exothermic
reaction, associated to the oxidation of the material confirms the trend high-
lighted by EPR, which assesses a constant decrease of paramagnetic defects
associated to singly ionized oxygen vacancies. The amount of these defects,
in this range of temperatures, reproduces well the numbers obtained by direct
measurements such as Hall effect. The decrease of charge carriers is not reported
when the annealing is conducted in vacuum, indication of the fact that oxygen
is the responsible for the passivation of such defects.

In the third regime (from 550 ◦C on), EPR combined with XRD and TEM
observation confirmed that the amount of charge carriers decreases in the ZTO
slightly before the crystallization threshold is crossed. In fact, the drop of carrier
density is considered to be the cause of the crystallization itself, since all the de-
fects are removed from the ZTO matrix and the material is quasi-stoichiometric
to be able to change phase and crystallize. The resulting crystalline material is
therefore completely insulating. When the temperature increases (' 650 ◦C) the
zinc dispersed as an interstitial defects in the ZTO matrix starts to evaporate,



5.5 Conclusions on the defect analysis 105

leaving a non-homogeneous structure. The schematic drawing of the aforemen-
tioned processes is shown in Figure 5.15. In the next chapter, an attempt of
doping the ZTO will be presented, with the goal of increasing its conductivity
in the range of temperatures presented before.
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Figure 5.15: Schematic representation of transformation happening in the ZTO
during annealing in air. These structural modifications give rise to the change observed
in the electrical and optical properties. Structural relaxation (from (a) to (b)), oxygen
passivation (c) and finally crystallization (d). The different atoms are not in scale.



Chapter 6
Crystallization model of

TCOs

6.1 Introduction

In this chapter an overview of the physical and chemical processes governing the
crystallization and growth of tin-based TCOs will be given and in order to for-
mulate a model, the comparison between tin-based and indium-based TCOs is
taken into account. The differences in crystallization kinetics of tin and indium-
based TCOs are first introduced and then, several hypothesis are formulated be-
fore presenting a model for the growth mechanism in both TCOs. The influence
on the crystallization kinetics of annealing temperature, atmosphere, chemical
composition and thickness of materials is investigated. The experimental results
are discussed in comparison with the existing literature.

6.2 Indium-based TCOs

In order to compare the crystallization behavior of tin-based TCOs with indus-
try standard TCOs, an indium-based material, zirconium-doped indium oxide,
(In2O3:Zr - IZrO) was deposited in the Leybold Univex using the following
parameters:
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• RF magnetron sputtering

• room temperature on aluminoborosilicate glass

• target with 98/2 weight composition ratio of In2O3/ZrO2

• power density of 0.95Wcm−2

• mixed atmosphere of argon and oxygen with O2 partial pressure variation
between 0% and 0.4%

• base pressure of 1× 10−6 mbar

The composition of as-deposited IZrO measured by RBS is Zr0.01In0.40O0.59.
Despite the existing literature [186] [187] [188] on zirconium-doped indium ox-
ide, little was found with respect to its structural properties and their evolution
with respect of parameters like the annealing temperature or film thickness. The
electrical and optical properties of IZrO were studied along with its structural
properties. Optoelectronic properties are proved to be superior with respect
to the tin-based TCOs ones due to higher carrier concentration and mobil-
ity [189] [190] [55] [191]. Thanks to these enhanced optoelectronic properties,
we were able to deposit thinner materials in order to decrease the amount of
indium contained in each sample, since indium is among the less abundant ele-
ments in the earth crust. The variation of IZrO thickness allowed us to system-
atically study its structure, the amorphous-to-crystalline phase transition and
finally helped us to formulate a general model for the growth mechanism and
its evolution. Several samples of IZrO were deposited with different thicknesses
namely 15 nm, 25 nm, 50 nm and 100 nm and some of them were submitted to
heat treatments in different atmospheres, in particular, air, hydrogen and nitro-
gen atmosphere (the last two with a pressure of 0.5mbar) for 30 minutes. The
influence of the film thickness on the crystallization kinetics is first investigated.
IZrO samples were directly deposited on top of TEM dedicated grids, so that
the microscopy observation could be conducted without any preparation step
in between. Despite being overall amorphous, STEM top views show several
crystalline inclusions, confirmed by the respective diffraction pattern. In order
to count them, a dedicated plug-in of the software ImageJ was used, which is
based on the automatic recognition of features (segmentation) present in an
image. The following procedure was adopted:

• the image type is modified into a binary one, so that black particles show
against a white background;

• the image is screened by the particle size, which is manually entered and
used as a input, together with the particle circularity;

• the software automatically recognizes all the particles in a certain area.
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Figure 6.1 shows this process. Starting from a BF STEM image, an output
where the counted particles are outlined is displayed, then, an areal density
(µm−2) of particles present in each image is given. A fundamental remark to
the count of particles, using STEM BF images as a input for the segmentation
procedure, is that because of how the image is formed, not all the crystalline
seeds present in the film are visible in the bright field (or dark field) STEM
image. This is due to the fact that only the crystallites that are oriented in zone
axis or near zone axis diffract electrons and are therefore visible in the final
image. However, all the crystalline particles that are randomly oriented with
respect to the electron beam do not diffract and therefore result to be completely
invisible. An example of this effect is visible in Figure 6.4 (c), where together
with white and dark crystalline particles, light grey ones are visible, down to a
point where it is difficult to distinguish if the contrast is linked to actual particles
or to the background. From the values obtained after the segmentation, it can
be concluded that the number of crystalline seeds increases with the material
thickness, but if the thickness of each film is taken into account, an average
volumetric density of 43 seeds/µm3 is obtained for all films. As opposed to
what was observed in tin-based TCOs, IZrO does not crystallize in a conical-
shaped fashion up to the observed thicknesses (100 nm), but small crystalline
seeds are dispersed in the amorphous matrix.

When annealed at 200 ◦C for 30 minutes, IZrO crystallizes with the trend
shown in Figure 6.2. As highlighted by the figure, all the IZrO samples ap-
pear completely crystalline. Figure 6.2 (a) shows a contrast which is associated
with bend contours present in the film when its thickness is lower than 20 nm.
Similar behavior was found in literature [14]. The tensile stress is associated
to coalescence between atomic scale islands that elongate towards each other in
order to form crystalline agglomerates and fill in the space [192]. As soon as
the thickness increases, crystalline grains appear in the images and the thicker
the sample, the smaller the grain size. The diffraction pattern in Figure 6.2(f)
was indexed, using the software JEMS, as the body-centered cubic structure
(bixbyite-like structure) typical of indium oxide [90]. The grain size was calcu-
lated for all the samples using the method illustrated in Appendix and gave the
results shown in Table 6.1.

Table 6.1: Grain size calculated for three different thicknesses of IZrO samples.

Thickness Grain size ±σ
(nm) (nm)

25 (473 ± 43)

50 (418 ± 50)

100 (320 ± 15)
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Figure 6.1: Four IZrO as-deposited films with different thicknesses. Diffraction
patterns in (a), (b), (c) and (d) indicates that an increasing amount of crystalline
seeds are present in the films when the thickness increases. Top view STEM BF
images (e), (f), (g) and (h) showing the small crystalline seeds dispersed in an otherwise
amorphous matrix and corresponding images containing the outlined particles (i), (j),
(k), (l) issuing from the segmentation analysis. A surface density is then calculated
and the results are given in the bottom part of the figure.
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Figure 6.2: STEM BF top view of films of (a) 15 nm, (c) 25nm, (e) 50nm and (g)
100nm thickness and selected area electron diffraction patterns respectively in (b), (d),
(f) and (h). DP in (f) is obtained by selecting one single grain. 15nm-thick films show
a strained (bend contour indicated by red arrows) crystalline microstructure, while for
thicker films, smaller crystallites are formed. The diffraction patterns were indexed
with the software JEMS and all revealed a body-centered cubic structure (bixbyite-like
structure [90]). An average crystallite sizes of 473nm, 418 nm and 320 nm are found
for 25nm, 50nm and 100 nm-thick films, respectively. All the samples are air annealed
(200 ◦C for 30 minutes).



112 Crystallization model of TCOs

Figure 6.3: Areal density of crystalline seeds (blue) and crystalline grains (red)
with respect to the film thickness. The calculation was conducted starting from the
top views shown in Figures 6.1 and 6.2. The comparison is done with the calculated
value of volumetric density (green), which is independent from the material thickness.

Compared to ZTO and SnO2, IZrO crystallizes at much lower temperature
during a post deposition annealing. The reason for this behavior is likely linked
to the presence of crystalline seeds already in the as-deposited IZrO layers,
as highlighted in Figure 6.1. These act as nucleation seeds that trigger the
crystallization of the films. The fact that to a thicker sample is associated a
smaller grain size depends on the presence of a higher concentration of crystalline
seeds that develop to crystalline grains simultaneously and therefore compete in
the space filling [193] [192]. From the previous observations it can be concluded
that for what concerns the air annealing, IZrO appears to be crystalline with a
grain size that decreases with increasing thickness of the sample. The number of
grains per µm2 was calculated for every top view in Figure 6.2 starting from the
results of the average grain size and dividing the area of each grain for the total
area of the image (49 µm2). The results (areal density of grains) are summarized
in a graph (Figure 6.3) together with the areal density of crystalline seeds and
the volumetric density of seeds calculated before. The number of crystalline
grains is expected to be equal to the number of seeds, since the former originates
from the latter. As explained previously, the variation between the density of
crystalline seeds and crystalline grains is related to the image formation in a
bright and dark field STEM configuration. The particles with high contrast are
only a fraction of the total number of particles in the films. Moreover, the poor
statistics of these calculation can also have an influence on the final numbers,
nevertheless the observed trend is the same in both cases.
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Figure 6.4: STEM DF images of 50 nm-thick IZrO samples as-deposited (a), an-
nealed in air (b), hydrogen (c) and nitrogen (d), for 30 minutes at 200 ◦C. Red arrows
indicate the crystallites appearing in an otherwise amorphous structure and having
different sizes based on the thermal treatment. The related diffraction patterns indi-
cate an amorphous material (e), a completely crystalline one (f) and a material with
an amorphous matrix in which are dispersed few crystallites (g) and (h).

As introduced before in the section, nitrogen and hydrogen annealing were con-
ducted together with air annealing and the samples analyzed by TEM. Figure
6.4 displays the STEM images and related diffraction patterns of IZrO samples
50 nm-thick in the as-deposited state and annealed in air, hydrogen and nitrogen.
Whereas air annealing completely transforms the material from amorphous to
crystalline, hydrogen or nitrogen annealing are able to slightly increase the size
of crystallites already present in the as-deposited sample. These results retrace
the ones obtained for tin-based TCOs, were the annealing in an oxygen-rich at-
mosphere promotes the adsorption of oxygen from the environment, passivating
the defects, which, in turn, stimulates the formation of stoichiometric SnO2 and
therefore the crystallization. In the present case a slower In2O3 crystallization
is observed in the absence of O2. As for ZTO, the films interact with the oxygen
from the atmosphere, likely forming a more stoichiometric phase with less point
defects. Interestingly, an oxygen-rich atmosphere not only promotes the forma-
tion of the first seeds (as observed for ZTO) but also promotes grain growth
(IZrO). Moreover, little to no difference is observed when the annealing is con-
ducted in nitrogen or hydrogen, since the grain size and shape appear to be the
same. Nevertheless a systematic count of the number of crystallites dispersed in
the structure was made in order to verify if any difference was present between
different atmosphere annealing and the number of small grains was found to be
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Figure 6.5: (a) TEM DF cross-section image of an as-deposited 1 µm-thick ZTO
sample with the amorphous phase on the bottom of the sample and the crystallized
one on top of it. (b) STEM BF cross-section image of as-deposited 150 nm-thick SnO2
showing the conical crystals similar to the ones in (a). (c) STEM BF top view of an as-
deposited 100 nm-thick IZrO sample showing crystalline seeds (red arrows) embedded
in an amorphous matrix.

equivalent to the number of crystalline seeds already present in the as-deposited
samples.

6.3 Discussion

The results on zirconium doped indium oxide illustrated in the previous section
are compared in this section to the results already discussed in Chapter 4 on
pure tin oxide and zinc tin oxide, in order to propose a growth model for the
two materials. The first parameter being analyzed is the crystallization kinetics
of both IZrO and ZTO/SnO2 with respect to the material thickness. Figure
6.5 shows two cross-sections and one top view of a thick ZTO (1 µm), 150 nm-
thick SnO2 and 100 nm-thick IZrO. While ZTO and SnO2 crystallize with the
appearance of conical-shaped grains, IZrO presents crystalline seeds dispersed
in an amorphous matrix.

The kinetic states of adatoms at the sample surface strongly influences its final
structure. Venables et al. described the physical processes responsible for the
crystal growth in thin films [194] [195]. Scheme in Figure 6.6 summarizes several
mechanisms that can take place during deposition. Each of the mechanisms
depicted in Figure 6.6 is characterized by a specific energy, such as the diffusion
energy (Ed), re-evaporation energy (Ea) and the binding energy between atoms,
which controls the nucleation (Ei). The thermodynamic system needs to be in a
non equilibrium kinetic state in order to achieve a phase transformation. More
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Figure 6.6: Schematic representation of processes taking place during film growth
(adapted from [194])

generally, the phase transition phenomenon can be explained with Ostwald’s
rule of stages, which predicts the evolution of film growth to advance through
a set of phases from the meta-stable to the more stable ones, as Birkholz et
al. [196] proved for thin silicon films deposited by chemical vapor deposition.
Moreover, it is proven that Ostwald’s rule of stages minimizes the production of
entropy [197]. Nevertheless, it is not the more stable state that is initially created
during a reaction, but the one being characterized by a free energy value similar
to the original state. For a deposition method that does not imply any liquid
solutions, the mechanisms governing the amorphous-to-crystalline transition are
the kinetic limitation, the interfacial mixing and the thermodynamic stability
[198].

Several studies identify different parameters as the cause for the amorphous-
to-crystalline transition, Buchholz et al. [90] presented a series of experiments
where the deposition temperature was varied and the studied TCO changed
from amorphous to crystalline with the temperature increase. A similarity is
found in the growth behavior of tin-based TCOs and amorphous silicon [117].
When a certain thickness threshold is crossed, the crystalline phase tends to
grow faster than the amorphous one. In Chapter 4 the speed of growth of the
crystalline phase in ZTO and SnO2 was calculated and it was confirmed to be
larger than the amorphous phase growth speed. Teplin et al. confirmed that
the variety of relative growth speeds between amorphous and poly-crystalline
phases is related to the deposition parameters and type of substrate. Figure 6.7
shows the scheme representing different growing phases in the case of amorphous
substrate. Depending on where on the graph the deposition is situated, the
amorphous phase is preferred over the crystalline one and vice versa. In the case
of amorphous substrate, as soon as the nucleation rate increases, new crystalline
seeds are embedded in the amorphous matrix and are transformed into poly
crystalline cones as soon as the relative growth rate increases. Whereas for a
fixed nucleation rate, if the crystalline phase grows at higher speed with respect
to the amorphous one, poly-crystalline cones start to appear. The formation of
conical shaped crystals is generally associated to growth kinetics at the surface
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Figure 6.7: Scheme of deposition phase space on amorphous substrate, showing the
growth rate with respect to the probability of nucleation for the second phase appearing
in the material. The dashed lines separate different growth regimes. Adapted image
from [117].

of the material during deposition [199] [200] rather than being a bulk-related
process. For both ZTO and IZrO, the first meta-stable phase that appears is
the amorphous one. Starting from a certain thickness, probably linked to film
constraints and deposition parameters, a nucleation seed is formed. However,
whereas in ZTO (and SnO2) the crystalline phase appears immediately after the
nucleation, in IZrO the crystalline nuclei remain embedded in the amorphous
matrix. The growth speed related to the amorphous or crystalline phase is
influenced by several parameters, such as the plasma power in the deposition
chamber, substrate temperature or the partial pressure of the deposition gasses.

Tsai et al. hypothesized that hydrogen has a fundamental role in the growth
mechanisms of amorphous and polycrystalline silicon [201]. In particular, hydro-
gen might etch the growth surface and promote the formation of crystalline seeds
over amorphous silicon. Indeed, hydrogen is found to etch amorphous silicon
five to ten times faster with respect to micro-crystalline silicon [202]. Evidences
of the presence of hydrogen desorbing from ZTO samples were found during
TDS experiments (see Chapter 4 ). ZTO and SnO2 grow following the same
crystallization mechanisms as for silicon. The threshold thickness is different for
the two materials and in particular t ≥ 40 nm for SnO2 whereas t ≥ 150 nm for
ZTO. Since the chemical concentration of the targets in the deposition cham-
ber is in one case stoichiometric SnO2 and in the other Zn0.0049Sn0.299O0.652,
the only possible re-arrangement of the amorphous phase in a crystalline one
is by forming SnO2 crystalline seeds, as confirmed by XRD experiments. The
presence of zinc delays the formation of SnO2 crystals in the ZTO matrix and
therefore it postpones the crystallization of the material with respect to pure
SnO2.
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Figure 6.8: Evolution with respect to air annealing temperature of ZTO and IZrO.
Because of the presence of crystalline seeds at room temperature, crystallization re-
quires lower temperatures in the case of IZrO. Voids in ZTO structure are represented
in pitch black.

On the other hand, Koida et al. assessed how the introduction of water into
the deposition chamber prevents crystal growth [203]. The reason is ascribed to
the formation of In-OH bonds, which impedes the formation of In-O-In bonds.

With respect to the annealing temperature, in Chapter 4 it was proven, from
the XRD data that ZTO (and SnO2) requires more energy (higher annealing
temperature) in order to crystallize, whereas IZrO needs less energy (lower an-
nealing temperature) to transition from its amorphous to the crystalline phase.
Figure 6.8 shows a schematic representation of the two cases. The reason for
this energy difference is to be ascribed to the higher concentration of crystalline
seeds in IZrO than in ZTO. Indeed, it is energetically more expensive to create
critical size seeds than to grow already existing ones [204]. The energy nu-
cleation barrier, En, is higher in ZTO than in IZrO and is not passed in the
case of ZTO until the temperature reaches values around 600 ◦C. Khawam et
al. [205] described how a single step nucleation can be expressed by different
laws depending on the nucleation rate KN : the higher the nucleation rate, the
faster the phase change process. In the case of IZrO, a linear trend seems to
be the most appropriate way to describe the formation of new crystalline seeds
(Figure 6.3). On the other hand, ZTO and SnO2 are characterized by an abrupt
crystallization, as seen from XRD analysis, therefore an exponential law is more
appropriate. The phase change in ZTO and SnO2 is limited by the nucleation.
Once the the nucleation energy barrier is crossed in ZTO and SnO2, the grain
growth is abrupt. This phenomenon is also abrupt in the case of IZrO, but the
energy required for the grain growth is lower than in the case of tin-based TCOs,
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since the nucleation already happened. Figure A.8 summarizes the crystalliza-
tion process for ZTO and IZrO. As already introduced, in the case of ZTO the
crystallization is a nucleation controlled process. Indeed, since the formation
rate of crystalline seeds during deposition is low due to the material chemistry
and deposition atmosphere, a high annealing temperature is required in order
to overcome the energy barrier required for the first nuclei to form. Once these
nuclei are formed, the material is abruptly submitted to a phase change. Many
authors [206] [207] [208] have highlighted how the grain size evolution follows
the Ostwald’s ripening with increasing annealing temperature, i.e. bigger grains
tend to incorporate smaller ones in order to minimize the free surface and in-
terface energies [192]. In the case of ZTO and SnO2, as highlighted by XRD
experiments, grains continue to grow at the expense of the amorphous phase.
When the temperature increases (' 700 ◦C), ZTO starts to decompose and zinc
evaporates from the film, leaving a deficient structure.

IZrO, on the other hand, presents a constant nucleation rate, which depends on
the deposition conditions and most likely to the ability of hydrogen (present in
the deposition chamber) to form In-OH bonds and preventing the formation of
In-O-In ones. When submitted to annealings, a lower temperature with respect
to ZTO is required in order to fully crystallize IZrO. This is due to the fact
that growing already existing seeds into crystalline grains costs less energy than
creating new seeds. Indeed Koida et al. [191] reported that in hydrogen doped
indium oxide despite high annealing temperatures (in vacuum, in the specific
case), no new crystalline nuclei appeared in the film. In the same study, high
resolution TEM observation of the grain boundaries highlighted sharp interfaces,
which indicates that the grain boundaries are perpendicular to the sample sur-
face. These observation is in accordance with our results on IZrO. In our case,
the crystal size appears to be independent from the annealing temperature (at
least up to 200 ◦C) and only depends on the number of seeds already present in
the as-deposited state. Annealing experiments to high temperatures are needed
in order to draw a conclusion on IZrO, nevertheless, Koida et al. [203] found that
for IO:H films, the grain size continue to increase as the annealing temperature
exceeds 150 ◦C.

One last parameter that strongly influence both the nucleation in ZTO and
the grain growth in IZrO, is the oxygen concentration in the annealing atmo-
sphere. As confirmed by XRD air and vacuum annealings on ZTO (Chapter
4) and by a similar experiments on In2O3:H conducted by Koida et al. [191],
when the annealing atmosphere is oxygen-rich, the phase change is promoted
and happens faster (at lower temperatures) with respect to when the same ex-
periment is conducted in vacuum. The reason is likely to be linked to the fact
that as-deposited materials are oxygen deficient because of the presence of oxy-
gen vacancies, hence, in order to form a final stoichiometric crystalline material,
oxygen has to enter into the structure.
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Electrical and optical properties of IZrO were investigated as well and for the
annealed samples, the conductivity decreases from 4200 S cm−1 for the 100 nm-
thick sample down to 400 S cm−1 for the 15 nm-thick one, the latter exhibits
the typical glass transparency, while keeping a mobility of 50 cmV−2 s−1 and
a carrier concentration of 5× 1019 cm−3. Therefore this material allows to use
less indium with respect to the standard indium-based materials while it ensures
high transparency and electrical conductivity [Thesis of Esteban Rucavado].

6.4 Conclusion

In this chapter the crystallization mechanisms in tin based and indium based
TCOs was described with respect to material thickness and annealing tempera-
ture. The material chemistry and deposition atmosphere are crucial parameters
that decide what kind of reactions take place during growth. A combination of
TEM, XRD and theoretical studies were used in order to propose a model. The
different chemistry and stoichiometry of TCOs act as limiting factor for the ma-
terial growth. Indeed, tin-based TCOs are deposited mainly amorphous because
of the high energy barrier linked to the nucleation of the material. When a cer-
tain thickness is reached, the material crystallizes in conical-shaped grains with
random orientation. This phenomenon is linked to the fact that the crystalline
phase is more stable than the amorphous one and tends to have higher growth
speeds. When the material is submitted to high temperature treatments, The
nucleation energy barrier is crossed and the crystallization is abrupt with no
preferential orientation. The grain growth proceeds up to when the amorphous
fraction of the material completely disappears.

In zirconium doped indium oxide, a constant nucleation is observed instead,
due to the presence of hydrogen in the deposition chambers, which prevents
the formation of In-O-In bonds. Therefore the formation of conical shaped
grains is not observed up to the analyzed thicknesses. When submitted to
thermal treatments, a temperature of 200 ◦C is sufficient to trigger the phase
change. The grain size is found to only depend on the number of crystalline seeds
already present in the material in its as-deposited state. Annealings at higher
temperatures are needed in order to assess if the grains obey to the Ostwald’s
ripening type of growth.
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Figure 6.9: Scheme of the crystallization process in ZTO and IZrO. In ZTO crys-
tallization is abrupt and takes place from an overall amorphous material. A high
temperature is needed in order to overcome the nucleation energy barrier, which, once
crossed, translates in the material phase change. In IZrO, since critical crystalline
seeds are present in the as-deposited structure, a lower temperature is sufficient in or-
der to start the grain growth. Solid lines represent the experimentally observed parts
of the reaction, whereas dashed lines represent hypothesis based on the previous and
following steps observations.



Chapter 7

Conclusions and Outlook

In this project, the opto-electronic and microstructural properties of tin-based
TCOs were investigated in depth, in order to understand the physical mecha-
nisms that lead to the observed properties of this class of materials. The urgency
for indium-free materials is due to the future projections on the availability and
always raising price of indium. In particular, the high demand of photovoltaic-
related materials, flat screens, OLEDs and electronics are among the causes
that make indium more and more scarce. This justifies the need to substitute
indium-based with other materials, which can assure the same performances at
a lower price and using earth abundant elements. The focus of this work was
put on tin-based TCOs and their electrical stability upon thermal treatments
was investigated. Many applications require a high temperature operation of
these materials, that do not have to be degraded by these treatments. A com-
bination of several techniques, such as TEM, XRD, EPR and many more, was
used to decouple the physical effects determining the material behavior in each
temperature regime for ZTO and SnO2. The study of electrical mobility and
carrier concentration with respect to air annealing temperature revealed three
different regimes for ZTO electrical properties. Between room temperature and
300 ◦C, the increase in both µ and N (observed even in hydrogen and nitrogen
annealing) was ascribed to a structural relaxation of the amorphous matrix with
the consequent release in conduction band of free carriers originated in point
defects of the structure. This structural relaxation was confirmed by differential
scanning calorimetry and the data compared to the existing literature. Never-
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theless, since standard DSC was used for the analysis of thin films, in order for
the results to be highly reproducible, nano-DSC should be used, this being a
more suitable technique for samples having a mass in the range of micrograms.
Moreover, the surface effect observed in Chapter 5 is to be further investigated.
In the second temperature regime (between 300 ◦C and 500 ◦C), the observed
decrease in N and increase in µ were associated to the passivation of oxygen
vacancies, which are the main source of charge carriers in these types of materi-
als, which then led to the final drop in N and the subsequent crystallization of
the material (570 ◦C). ZTO was submitted to electron paramagnetic resonance
experiments in order to check the actual amount of paramagnetic defects in the
material and to better understand their origin. Indeed, it was confirmed that the
defects are related to oxygen vacancies and that their concentration decreases
before the crystallization threshold is crossed. Once the ZTO crystallizes, XRD
confirmed that a rutile phase of a completely insulating SnO2 is formed and as
soon as the temperature is increased up to 1050 ◦C, zinc is almost completely
evaporated from the samples (confirmed by EDX analysis). The role of zinc was
investigated by submitting and analyzing SnO2 samples to the same annealing
ZTO was submitted to. Pure tin oxide was found to crystallize '300 ◦C lower
with respect to ZTO. Many studies assessed that even a small addition of zinc to
tin-based or indium-based TCOs are able to shift the crystallization threshold
towards higher temperatures, probably because of some local stress induced in
the unit cell because of the presence of zinc atoms. Our XRD analysis revealed
a unit cell with one of the rutile lattice constants completely in agreement with
the literature values and the other one 5% smaller than the theoretical value.

Because of the drop in electrical conductivity at the crystallization tempera-
ture, a doping strategy was studied in order to promote the creation of free-
carriers and possibly recover the conductivity drop at high temperature. Using
DFT calculations conducted by a partner group in Basel as a basis, two elements
were selected as dopants: iodine and bromine. The exploratory experiments gave
promising results especially when the starting material was deposited at room
temperature. Unfortunately spin coated iodine and bromine revealed themselves
to be highly volatile so that the chemical quantification via EDX was challeng-
ing and the quantities too low to conclude that any doping actually happened.
Therefore as future perspective, adding these dopants in the ZTO matrix via
co-sputtering, before any thermal treatment or spectroscopic analysis, is to be
envisaged. On the other hand, the addition of silicon via co-sputtering in the
ZTO matrix allowed to obtain the best possible ZTO without submitting it to
high temperature treatments, since silicon oxide acts as passivating agent for
the defects present in the ZTO. This addition results in a more transparent
material.

Finally, by using an indium-based material as a benchmark, the crystallization
mechanism of ZTO and SnO2 was discussed. While ZTO and SnO2 are found to
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crystallize when a threshold thickness is reached, IZrO does not follow the same
trend. This difference can be due to several parameters such as the material
chemistry and deposition atmosphere. Hydrogen, in particular might etch the
amorphous phase of IZrO and therefore promote the formation of critical size
crystalline seeds. On the other hand, because of the re-organization of surface
atoms and their low mobility, conical shaped crystal cannot develop. Annealing
temperature also influences the crystallization in a way that it gives the sufficient
amount of energy to the material in order for it to let the crystalline seeds grow,
in the case of IZrO, and to overcome the nucleation barrier in the case of ZTO
and SnO2. Once the crystalline grains are formed, in the case of ZTO they
continue to grow while the remaining amorphous portion of the films decreases,
while in the case of IZrO, the grain size remains constant up to the investigated
temperatures.
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Appendix A

Appendix

A.1 Introduction

The appendix aims at giving more details about the accessory techniques that
were used during the experimental analysis of TCOs that either did not give
satisfactory results, and in this case the reason is investigated, or helped to un-
derstand process and phenomena that led to the results described in previous
chapters. In particular, four subjects are addressed, Appendix A.2 describes
the approach that was followed to deepen the knowledge regarding the oxida-
tion states of zinc tin oxide using x-ray photoemission spectroscopy (XPS), in
Appendix A.3 is the detailed explanation on how the number of paramagnetic
defects was extracted from the EPR measurements; Appendix A.4 describes how
the number of grains in indium zirconium oxide is calculated and finally, Ap-
pendix A.5 presents a detailed EDX analysis conducted for iodine and bromine
doped ZTO samples.

A.2 X-ray photoemission spectroscopy

In chapter 4 the electrical properties of ZTO were presented and three regimes
for mobility and carrier concentration were highlighted with respect to the air
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annealing temperature. In order to understand if the change in electrical prop-
erties is due to the change in the oxidation state of ZTO, X-ray photoemission
spectroscopy (XPS) was performed. From the analysis of XPS spectra, one is
able to access the information about the local environment of an atomic species.
The goal here is to understand in which oxidation state the oxygen, tin and
zinc are within several ZTO samples treated differently and to determine if any
link between the oxidation state and the electrical properties of the material
can be made. In particular the main interest is in understanding if the chem-
ical state of these species changes before and after crystallization, where a big
change in the electrical properties is observed. It is known from the analysis of
the state-of-the-art on tin-based TCOs that, for example, SnO is a known form
of non-conductive tin oxide, therefore, XPS analysis is useful, among others, to
perform a screening on the conductive structures of tin oxide. The same ap-
proach was used to study the oxidation state of oxygen, in order to understand
if any difference in local bonding is found and if these differences can be linked
to oxygen vacancies, or oxygen linked to tin as SnO, oxygen linked to tin as
SnO2, or oxygen linked to zinc as ZnO. This is the reason why in order to fit
the curves, a combination of gaussians, described further in the code, [209] [210]
was used. Theoretically, all of these oxidation states can be present at once in
our material. Oxidation state is useful to identify which are the nearest neigh-
bors of an atomic species, so given the theoretical binding energy of a species,
small shifts, so-called chemical shifts, from this theoretical energy, will provide
the chemical state information [211].

A.2.1 Experimental details and data treatment

X-ray photoemission spectroscopy is a quantitative spectroscopic technique that
allows the measurement of the chemical and electronic state of elements in a
compound. The working principle of this technique is based on the detection of
electrons ejected from the material and the measurement of their kinetic energy
(binding energy). The material is irradiated with x-rays, this radiation has a
non-zero probability to eject an electron by photoelectric effect if its energy is
bigger than the electron binding energy plus the work function of the material
(since the electron has to reach the vacuum energy level). The energy of ejected
electrons is measured and therefore the binding energy can be calculated as
follows

Ebinding = Ephoton − (Ekinetic + φ) (A.1)

where Ebinding is the binding energy of the electron, Ekinetic is the electron
energy as measured by the instrument and φ is the work function, which is de-
pendent on both the spectrometer and the material. XPS is a surface sensitive
technique that can measure chemical compositions at the parts per thousand
range and it requires the sample to be inserted in a high vacuum chamber in
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order to be measured (P ' 10−8 mbar). If the binding energy of a particular
atom is known, constant shifts from this energy can be associated to a dif-
ferent local environment of the atom and therefore give information about its
chemical state. The core binding energies are determined by the electrostatic
interactions between the electron and the nucleus and can be reduced by the
shielding effect of the nuclear charge from other electrons in the cloud. Since
it is a surface technique, depth profiles were studied. In order to analyze the
material in all its depth, an ion milling is needed to sputter away the first layers
of the sample. In our case argon ions were used for the sputtering with a pace
of 12 nm of sputtered material per minute. One spectrum per each depth is
registered and the measurement was stopped when the substrate (silicon wafer)
was hit. XPS measurements were carried out using a PHI VersaProbe II scan-
ning XPS microprobe (Physical Instruments AG, Germany) in the Molecular
and Hybrid Materials Characterization Center (MHMC) at EPFL and with the
help of the scientific collaborator Pierre Mettraux. The analysis were performed
using a monochromatic Al Kα X-ray source of 24.8W power with a beam size
of 100 µm. Seven samples were analyzed: the as-deposited together with air
annealed at 300 ◦C, 500 ◦C, 550 ◦C, 650 ◦C and vacuum annealed at 900 ◦C and
1050 ◦C. All the samples were annealed in situ in the XRD. Instead of using the
standard software (PHI Multipak software) to do the curve fitting, a Mathemat-
ica notebook was specifically written and the main steps are described below:

• plotting the spectra (binding energies) of the different edges;

• re-alignment of the peaks in case some shifts happen during the experi-
ments. This is done by pre-aligning the carbon 1s binding energy to its
theoretical value and therefore re-aligning all the peaks accordingly;

• subtraction of the background and normalization of the curves;

• the oxygen 1s edge, tin 3d3/2 and 3d5/2 edges and zinc 2p1/2 and 2p3/2 edges
are considered in the fitting;

• after a first test with different fitting models, a non-linear model was
chosen, with a combination of gaussians, each gaussian being centered at
a specific binding energy representing one oxidation state;

• the goodness of the fitting is extracted using standard parameters such as
the R squared value;

• the results are plotted in graphs.

As mentioned in the description of the code, three different types of fitting
were tried during the data treatment, with the goal of progressively improve
the output. In particular, a single gaussian was first chosen in order to test
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the goodness of the fitting. The second model, involving a linear combination
of two to three gaussians was then chosen. The third model was a nonlinear
combination of gaussians. For this last fitting the parameters were left free
to change within a certain range or fixed. The theoretical binding energies of
the investigated elements were chosen within the NIST database. It is worth
to mention here that some sort of overlap between different oxidation states
does exist in literature, this leads to the difficult task of deciding if a binding
energy corresponds to one oxidation state or another. A typical example can
be made looking at the binding energies of tin when it is linked to oxygen: the
corresponding energy for SnO are between 486 eV and 486.9 eV; the energies for
SnO2 are between 486.5 eV and 486.9 eV. So there is a clear overlap between
them. In the following section the main results are described.

A.2.2 Results and discussion

As a first attempt, a single gaussian was used to describe the experimental curves
obtained from the XPS analysis and to understand how good this description
is. In particular a model with a gaussian curve was introduced

f (x) =
e−

(x−a)2

2b2

√
2πb

(A.2)

and parameters which were free to assume any value. Where a is the expected
value and b2 the variance. The result is shown for the oxygen binding energy in
Figure A.1(a). It is clearly visible that this model does not represent well the
experimental points, therefore, a combination of two gaussian was used, with
the additional constraint that the expected values have to vary within the ranges
found in the NIST database (Figure A.1(b)). The result curve describes well the
experimental points, therefore, in order to discover the amount of oxygen linked
to tin as SnO and SnO2, a calculation was carried out using the area under each
curve. The output is plotted in Figure A.2. When a nonlinear model with an
additional background subtraction is applied to the experimental data (Figure
A.1(c)), the results appear to be fundamentally different from those treated
with the linear model. In the case of the tin edge fitting, three gaussians were
inserted in the model: one representing tin linked to oxygen as SnO2, a second
to represent tin linked to oxygen as SnO and the third one for metallic tin,
since tin atom clusters are expected from theoretical simulations. Figure A.3
shows the result extracted from the nonlinear fitting for the case of tin. It is
interesting to compare the behavior of the oxygen edge obtained with the first
fitting method and the last one. Figure A.4 shows the percentage of oxygen
linked to tin as SnO2 and SnO obtained with the nonlinear model. These
results are fundamentally different from the ones shown in Figure A.2. Indeed,
the fitting of XPS tin edges is particularly difficult because of the overlap in
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Figure A.1: Experimental points and fitting curve using (a) a single gaussian for
the oxygen 1s edge binding energy, (b) a linear combination and (c) a non linear
combination of two gaussian.
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Figure A.2: Percentage of oxygen linked to tin as SnO2 (a) and SnO (b) for ZTO
samples annealed in air, before and after crystallization, using the linear model. From
this figure it seems that the amount of oxygen linked to tin as SnO in ZTO is higher
than the concentration of SnO2 either before and after crystallization.

Figure A.3: Percentage of tin present in the ZTO as metallic tin (a), tin linked
to oxygen as SnO (b) and tin linked to oxygen as SnO2 (c). These calculation was
done using a nonlinear model. No important change is registered before and after
crystallization.



A.2 X-ray photoemission spectroscopy 131

Figure A.4: Percentage of tin linked to oxygen as SnO2 (a) and tin linked to
oxygen as SnO (b) before and after crystallization in air. Calculation done using the
nonlinear model. Contrary to figure A.2, no important variation is found before and
after crystallization.

binding energy between SnO2 and SnO. The results are extremely dependent
on the fitting method and especially on the fitting parameters, so that a small
variation of a and b values alter completely the final result, even when the
goodness of the fitting was calculated and reached high values. Moreover, from
XRD and EDX analysis, no SnO phases, nor metal clustering were identified.

Conclusion on XPS analysis As seen from the previous analysis, the con-
tent of different tin and zinc phases are strongly dependent on what type of
model is chosen and more importantly on the parameter values. Three differ-
ent types of fitting have been tried during this data treatment, in particular,
a single gaussian was first chosen in order to test the goodness of the fitting,
not leading to a good fit of experimental data, then a second model, involving
a linear combination of two or three gaussians was used. The fitting represents
well the experimental curves but leads to rather surprising results. The third
model was a nonlinear combination of gaussians. For this last fitting the pa-
rameters were left free to change within a certain range or fixed. The results
were totally dependent on the choice of these parameters. The NIST database
suggests that the binding energy related to a particular oxidation state is not
unique but it rather oscillates in a range of values. The difficult problem to over-
come is that these ranges usually overlap, making the distinction between one
oxidation state and another, in the majority of the cases, really difficult. XRD
experiments were used as a comparison for the previous results. The dominant
phase resulted to be SnO2 with no evidence of SnO presence nor ZnO related
phases. This confirms that analyzing XPS data is a difficult task because of the
overlap between binding energies and therefore not reliable to distinguish SnO2
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from SnO. Nevertheless, this investigation helped to put the XPS literature on
tin oxide in perspective.
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A.3 Spin count procedure in Electron Paramag-
netic Resonance

In order to extract the exact numbers of spins from the EPR spectrum, the
following procedure was applied. As highlighted in the theoretical part dedicated
to this technique (Chapter 3), a first tuning procedure to adjust the microwave
frequency is needed. Figure A.5 (a) shows a graphical representation of this
procedure applied in the case of the 150 nm-thick, as-deposited sample. The

Figure A.5: (a) fine tuning of the microwave frequency around 9.6GHz showing
the theoretical shape of the microwave power with no absorption (red dashed) and the
actual one (blue), where the dip represents the absorbed frequency by the resonator.
(b) first integral (green) and second integral (red) of the EPR signal (blue). The
second integral is the quantity needed to extract an actual spin count.

resonance frequency for the used equipment when the sample is inserted into the
resonator is around 9.6GHz. The graph in figure A.5 (a) shows the procedure
to center the actual microwave frequency to the resonance one. The x-axis,
showing the frequency expressed in megahertz, signifies that it is a fine tuning
and that the actual frequency is swept across a range of ' 30MHz, i.e. the real
frequency can be expressed as ν =9.6GHz ± 15MHz. The red dashed curve
represents the shape that the microwave source (Klystron) should have without
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any absorption, whereas the blue one is the real shape of the microwave energy
with the resonator absorption (dip). This curve should be symmetric, as the
red dashed line indicates, but it presents a sharp vertical edge to its left. This is
due to the fact the the Klystron has a threshold energy. By determining the full
width at half maximum (FWHM) of the dip, the bandwidth can be calculated
and therefore the quality factor Q of the loaded resonator can be calculated. Q
is indeed obtained by dividing the main frequency by the width of the dip. Since
the presence of the sample can influence and modify the resonance frequency,
for all the measurements shown in this work, the spectra were normalized to
9.6GHz, i.e., if the frequency is found to be equal to 9.4GHz, the spectrum is
divided by 9.4GHz and multiplied for 9.6GHz in order align all the spectra at
the same resonant magnetic field.

The graph in Figure A.5(b) represents the actual calculation of the double
integral, which is fundamental to then extract the actual spin count though the
formula already mentioned in chapter 3 and reminded here:

N =
I

Cf
(√
PmBmodQnBS (S + 1)

) (A.3)

where I is the double integral, Cf the calibration factor, Pm the microwave
power, Bmod the field modulation strength, nB the Boltzmann population dif-
ference for a spin state equilibrium at a certain temperature and microwave
frequency, Q the quality factor of the cavity and S = 1/2 for a doublet state
[115] [116]. The blue curve in Figure A.5(b) is the derivative of the actual
microwave absorption signal, which is measured because of the magnetic field
modulation in cwEPR. The green curve is its first integral and the red one is its
second integral, which represents the area under the green curve. The second
integral is indeed the quantity I that needs to be plugged in the aforementioned
formula. The calibration factor (or transfer factor) Cf is the factor that allows
to translate the double integral quantity in the actual number of spins. The
temperature at which the measurement is conducted is taken into account by
nB , the Boltzmann population difference between the ground state and the first
excited state. The field modulation strength Bmod in our case was equal to
100 µT.

The grey regions highlighted in Figure A.5(b) are the ones chosen to fit the
background of the plot. Generally, the background is fitted using a polino-
mial function of the third order and it depends on the data points in this
region. The choice of the background depends on the signal-to-noise ratio of
the measurement itself and on the knowledge about the signal shape. A noisy
acquisition makes a proper selection of the background more complicated to
ensure that just signal and not background is taken into account. The toolbox
used for the spincounting and developed by Dr. Engelhard can be found here:
https://github.com/lcts/spincounting. One could further increase the ac-

https://github.com/lcts/spincounting
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cumulation time and increase the signal to noise ratio but this would increase
tremendously the acquisition time. In our case the error is estimated to be
around ±1011 spins.

Figure A.6: EPR signal and relative fitting that allows to extract the g-value for a
particular defect.

Figure A.6 plots the actual EPR signal for the as-deposited sample 150 nm-
thick and the related simulation conducted in order to extract the g-value. The
simulations are performed to allocate the signal to defects in ZTO. This can be
done by knowing their EPR fingerprint, i.e. the g-values. The magnetic field
axis was determined by a Bruker NMR-Gaussmeter and was calibrated by a
Nitrogen encapsulated in C60 reference sample with a very well known g-value.
The simulation was performed by using the easyspin [212] toolbox for Matlab.
The fact that the curve is non-symmetric indicates that the g-value can be split
in its three different components: gx, gy and gz. The simulation suggest a nearly
axial g-matrix with the principle values of 2.0015, 2.0002, 1.9999.
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A.4 Counts of IZrO grains from TEM to view
images

The grain size for annealed IZrO samples in Chapter 6 was calculated using the
following formula

L =
L0

N
(A.4)

where L is the average grain size, L0 is the length of the lines traced across the
investigated area and N is the number of grains that one of these lines crosses
(Figure A.7). The error was calculated by taking the standard deviation and
the results are shown in Table A.1.

Table A.1: Grain size calculated
for three different thicknesses of
IZrO samples.

Thickness Grain size ±σ
(nm) (nm)

25 (473 ± 43)

50 (418 ± 50)

100 (320 ± 15)
Figure A.7: Schematic representation of the
grain size calculation method.
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A.5 Energy Dispersive X-ray Spectroscopy on io-
dine and bromine doped ZTO samples

In order to chemically quantify the samples analyzed in Chapter ??, several
EDX spectra were acquired on different sample positions and quantified using
the K lines of each element. In particular, the samples described in this sections
are the ZTO in sandwich configuration spin coated with SnI2 and SnBr2, both
in their as deposited and annealed states. The scheme in Figure A.8 represents
the positions were the spectra were extracted. For each of the four samples,

Figure A.8: For every sample (four in total) two spectra were acquired, one in the
central section of the sample and one on its left side, into the ZTO layer. The region
of interest are highlighted by the red frames.

the side and central spectra are presented, moreover, in order to zoom into the
interesting regions, not all the energies are presented but only the meaningful
ones for iodine and bromine. The goal of these graphs is to show if any signal
related to iodine or bromine is registered during the acquisition. Iodine doped
samples, as deposited and annealed at 500 ◦C are presented in Figure A.9 and
A.10 respectively. Bromine doped samples, as deposited and annealed at 500 ◦C
are presented in Figure A.11 and A.12 respectively. Figure A.9 (a) and (c) clearly
show the overlap between the theoretical lines of tin and iodine in the first range
of energies. Moreover, almost no difference is detected between the spectra to
the left (a) and (b) and the ones to the right (c) and (d), as if no difference
in the concentration of iodine was detected in the central and side part of the
sample. A larger concentration of iodine would be expected in the central part
of the sample with respect to the side. The concentration for both the center
and side of the sample is: I = 1 at%, Sn = 53 at%, O = 37 at%, Zn = 9 at%
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Figure A.9: Spectrum taken on the left side (a) and (b) of the iodine rich sample in
its as-deposited state for energies between 2 keV and 6 keV (a) and 24 keV and 30 keV
(b). Spectrum from the central region of the sandwich (c) and (d) for the same energy
range as before. Theoretical energies related to the X-ray lines of tin and iodine are
superposed.

with a relative error of 3σ equal to 3σI = 18%, 3σSn = 9%, 3σO = 10% and
3σZn = 10%. These phenomena are the reason why the detection of iodine is
extremely difficult for this sample.

As for the as-deposited sample, also for the annealed one, presented in Figure
A.10 the overlap between tin and iodine EDX lines is likely to be the cause of
a overestimated quantification of the latter. The quantification in this case is
found to be equal to: I = 3 at%, Sn = 42 at%, O = 48 at%, Zn = 7 at% with a
relative error of 3σ equal to 3σI = 3%, 3σSn = 9%, 3σO = 2% and 3σZn = 1%.

For the as deposited sample in Figure A.11, no evidence of bromine is found.
This is probably due to a problem during the spin coating step.

Figure A.12 shows evidence of bromine in the central part of the sample and
a residue in the left side. The quantification from the central part gives Br =
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Figure A.10: Spectrum taken on the left side (a) and (b) of the iodine rich sample
in its annealed state for energies between 2 keV and 6 keV (a) and 24 keV and 30 keV
(b). Spectrum from the central region of the sandwich (c) and (d) for the same energy
range as before. Theoretical energies related to the X-ray lines of tin and iodine are
superposed.

6 at%, Sn = 48 at%, O = 36 at%, Zn = 10 at% with a relative error of 3σ equal
to 3σBr = 11%, 3σSn = 9%, 3σO = 10% and 3σZn = 10%. In the side part:
Br = 2 at%, Sn = 51 at%, O = 38 at%, Zn = 9 at% with a relative error of 3σ
equal to 3σBr = 11%, 3σSn = 9%, 3σO = 10% and 3σZn = 10%.
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Figure A.11: Spectrum taken on the left side (a) and (b) of the bromine rich
sample in its as-deposited state for energies between 0 keV and 2 keV (a) and 11 keV
and 13 keV (b). Spectrum from the central region of the sandwich (c) and (d) for the
same energy range as before. Theoretical energies related to the X-ray lines of bromine
are superposed.
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Figure A.12: Spectrum taken on the left side (a) and (b) of the bromine rich
sample in its annealed state for energies between 0 keV and 2 keV (a) and 11 keV and
13 keV (b). Spectrum from the central region of the sandwich (c) and (d) for the same
energy range as before. Theoretical energies related to the X-ray lines of bromine are
superposed.
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