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Résumé de thése

Résumé de theése

Depuis leurs apparitions en tant que matériaux actifs dans les transistors a effet de
champ, dans les années 1970, les semi-conducteurs organiques ont attiré de plus en plus
d’attention, du fait de leur facilité d’emploi via des processus basés sur des solutions, et
utilisés a température ambiante. Plus tard, les propriétés de ces matériaux ont également
pu étre employées dans des dispositifs tels que des diodes électroluminescentes organiques
(OLED) ou les cellules photovoltaiques organiques (OPV). Un développement important
a été effectué sur cette technologie, du fait de la grande polyvalence de ces matériaux
actifs, pouvant étre modulés a volonté par les chimistes de synthése pour donner des

propriétés innovantes, jusqu’a introduire de la multifonctionnalité.

L’étude du transport de charge dans de tels matériaux est d’une importance capitale,
non seulement pour la compréhension des mécanismes inhérents a un type de composé
précis, mais également pour 'optimisation des performances des dispositifs électriques

formant I’électronique de demain.

Afin de parvenir & ce but, le travail de cette theése s’est axé sur I’étude du transport de
charges, en utilisant les principes de la chimie supramoléculaire afin d’obtenir un controle
sur les propriétés électriques de matériaux, & travers la synergie existante entre des
architectures moléculaires et leurs fonctions. Cette thématique a donc été étudiée sous

différents aspects :
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. via I’étude de l'origine du mécanisme du transport de charges selon le design

moléculaire, dans des dérivés de péryléne bisimide

. en modulant les propriétés de matériaux 2D en utilisant des dopants moléculaires
autoassemblés
. en controlant 'environnement chimique pour nuancer les propriétés électriques

via les défauts cristallins de pérovskites hybrides, ou en affinant la distance

intermoléculaire de petites molécules semiconductrices

Le premier projet a permis 1’élucidation de l'origine des différents mécanismes de
transport de charges dans deux dérivés de pérylene bisimide. L’un des composés, le PDI7-
CNs, posséde un transport thermiquement activé,? de type multiple trap and release ou
les charges injectées sont ralenties par des pieges présent dans le gap, alors que le second,
le PDIF-CN,, les charges sont délocalisées sur plusieurs unités moléculaires.”’ Selon une
analyse systématique, il a été démontré que les deux composés possedent un empilement
cristallin légérement différent, PDIF-CN, forme une structure de type H alors que PDI8-
CN, forme une structure de type J, ce qui change la directionnalitée de I'empilement
moléculaire. Ces différences se répercutent sur les interactions intermoléculaires,
notamment sur l'intégrale de transfert que partagent deux unités moléculaires, mais
également sur les modes de vibrations cristallins (ou phonons). En effet, PDIF-CN,
présente, d’une part, une forte interaction intermoléculaire a deux dimensions, mais
également un paysage phononique restreint en dessous de 200 cm™, comme il a été montré
par des mesures de diffusion inélastique de neutrons et de spectroscopie térahertz. A
I'inverse, PDI7-CN, ne décrit majoritairement qu'une interaction intermoléculaire & une
dimension, ainsi qu’une activité vibrationnelle prononcée a basse fréquence. Ces
vibrations sont majoritairement décrites par les chaines latérales dans le composé. Les
basses fréquences étant des vibrations responsables de la localisation des charges dans les

semi-conducteurs, cela explique donc la différence observée dans le mécanisme de
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transport de charges de ces deux composés.) Cela a notamment été démontré par une
analyse théorique du systéme que forme ces deux composés, via I’étude par modélisation
moléculaire, de ’évolution des intégrales de transfert de ces deux molécules, ainsi que de
la contribution atomique de chaque vibration observées par spectroscopie térahertz et

diffusion inélastique de neutrons.

Dans le second projet, une étude du dopage de matériaux 2D a été réalisée avec une
approche moléculaire. Tout d’abord, une étude préliminaire a été réalisée via une analyse
par spectroscopie Raman du dopage de graphene sur trois différentes molécules pouvant
s’auto-assembler en couches minces sur SiO,. La premiere, le trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (PFS) induit un dopage de type p dans le grapheéne, alors que le N-
[3-(Trimethoxysilyl)propyl]éthylenediamine (AHAPS) produit un dopage de type n.P
Etonnamment, la troisitme molécule, le 2-(Cyanoethy)triéthoxysilane (TESPN) ne
présente aucun dopage, ce qui n’est pas attendu aux vues de la composition chimique de
cette molécule, ayant un fort dipsle et un groupement électroattracteur a son extrémité.
Les mémes molécules ont été ensuite utilisées pour évaluer les propriétés électriques d’une
monocouche de dichalcogénure de métaux de transition, le disélénure de tungsténe WSes.
Ce composé ne présente habituellement de bonnes performances électriques qu’avec des
dispositifs ayant des géométries compliquées.! En revanche, combiné & des SAMs de
PFS, ou AHAPS, sa mobilité de trous a pu augmenter de 3 ordres de grandeurs, ou de 4
ordres de grandeurs pour les électrons. C’est, cependant, quand les molécules sont placées
au-dessus du matériau 2D que les propriétés sont les plus contrastées. En effet, ces
molécules ont la capacité de former des liaisons covalentes avec I'oxygéne présent dans
la monocouche et/ou dans les lacunes de sélénium,” via leur fonction silanol. De cette
maniére, les propriétés de transport de trous avec PFS atteignent 100 cm?V-'s? et 50
cm?V's! pour le transport des électrons avec AHAPS, aprés un traitement UV /Ozone
de la monocouche, ce dernier ayant pour effet d’augmenter la densité d’oxygene dans le
matériau, et donc le nombre de points d’ancrage. Le mécanisme de fonctionnalisation a

été vérifié par une combinaison de techniques telles que la microscopie a force atomique
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et la spectrométrie photoélectronique a rayons X. Une approche de double
fonctionnalisation (une sur la surface du diélectrique, sous le matériau 2D et l'autre au-
dessus) a également permis d’obtenir un dispositif double couche présentant une
ambipolarité balancée, avec une mobilité des porteurs de charge proche de 20 cm?*V-'s?
avec des contacts en or, qui ne sont généralement pas utilisés pour les dispositifs haute

performances & base de WSe,.

Le troisieme projet s’est axé sur la modulation des performances électriques de l'iodure
de plomb méthylamonium en fonction de la composition gazeuse environnante. En effet,
pour la premiere fois, une étude détaillée des propriétés électriques de cette pérovskite
vis-a-vis de I'oxygene gazeux, a été reportée. L’'oxygeéne peut, de maniere réversible, se
loger dans les lacunes d’iode de la pérovskite.®) Dans un milieu sans oxygéne, ces lacunes
forment des pieges pour les charges, diminuant ainsi les propriétés de conductivité
électrique de la pérovskite. Lorsque l'oxygeéne comble ces lacunes, moins de charges
injectées dans le matériau sont piégées, ce qui a pour effet d’augmenter la conductivité
électrique de la pérovskite par un facteur de plus de 3000 entre 0% et 100% en volume
d’oxygene. Cette sensibilité peut étre réduite en traitant la pérovskite avec des vapeurs
d’iodure de méthyle, qui va combler les lacunes en iode présentes a la surface de la
pérovskite, sans pouvoir combler celles & ’'intérieur de la structure due a 'encombrement
stérique de la molécule. Par ailleurs, la sensibilité de la pérovskite peut étre affinée en
jouant sur la maniere de former le composé. En effet, les deux approches conventionnelles
basées sur des solutions, pour déposer la pérovskite, sont la méthode en une étape, ot les
deux précurseurs, a savoir l'iodure de plomb et l'iodure de méthylamonium, sont
mélangés dans une solution unique qui est déposée par un processus de spin-coating, et
la. méthode en deux étapes, dans laquelle un film d’iodure de plomb est d’abord déposé
sur une surface, puis celui-ci est converti en pérovskite par dépot d'un deuxiéme film
formé par l'iodure de méthylamonium. En controlant les parametres de chaque processus,

la réponse électrique a l'oxygene de la pérovskite peut étre alors modulée. Une approche
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en une étape forme des cristaux complets de pérovskites, alors que ’approche en deux
étapes conduit a la formation de nombreux petits cristaux de pérovskites, en surface du
film de Pbl,. Ainsi, un film polycristallin aura plus de défauts, notamment aux jonctions

des domaines cristallins, et donc une meilleure sensibilité a I'oxygene.

Le quatriéme projet, similaire au précédent, s’est concentré sur la réponse électrique qu’a
un dérivé de [1]benzothieno[3,2-b]benzothiophene (BTBT) fonctionnalisé avec des chaines
latérales de type polyéthyléne glycol (PEG). Ces chaines PEG ont la particularité
d’absorber de maniére réversible et quasi-sélective, des molécules d’eau. Ainsi, un
équilibre se forme entre ’humidité environnante, et la quantité d’eau absorbée par ces
chaines PEG."' Cette molécule, PEG-BTBT, lorsqu’elle est déposée sur un substrat par
un procédé de type spin-coating, va adopter une conformation dont le corps BTBT se
trouve orienté perpendiculaire au substrat, ce qui conduit & une modification de la
distance d’empilement qui va ainsi grandement influer sur les performances d’un
dispositif de géométrie latérale. Ainsi, dans un milieu & basse humidité, l'encombrement
stérique lié aux chaines PEG définit une certaine distance intermoléculaire. Lorsque
I’humidité augmente, les chaines latérales vont absorber des molécules d’eau, ce qui va
réduire la distance entre les molécules, du fait, notamment, de la formation de liaisons
hydrogenes entre chaines latérales. Une analyse par spectroscopie Raman a été menée
afin d’orienter I'hypotheése développée pour décrire ce mécanisme, qui sera sous peu
complétée par une analyse structurale par diffraction des rayons X dans des
environnements avec différentes humidités relatives. Le composé présente une réponse
électrique de plus de 5 ordres de grandeurs entre 0% RH et 75% RH, avec un temps de
réponse ultra rapide inférieur a 13 ms, faisant de lui un détecteur d’humidité a haute
performance. Bien que sa sélectivité soit prédominante pour les molécules d’eau, une tres

faible réponse est cependant observée pour les molécules possédant une fonction alcool.
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Le but de cette these a donc été d’explorer les effets intrinseques et extrinseques liés au
transport de charges dans les matériaux semiconducteurs organiques, hybrides et des
matériaux 2D. Ce but a été atteint sous de nombreux aspects et avec des matériaux tres
différents les uns des autres, en apportant une analyse détaillée et/ou une amélioration
de performances des dispositifs électriques dans les différents projets. Il n’a pu étre réalisé
que par une stratégie d’ingénierie supramoléculaire, et par des approches non-
conventionnelles dans la conception de dispositifs, ainsi que par une caractérisation multi-
instrumentale précise. Ainsi, nous avons d’abord fait une étude de cas sur le mécanisme
de transport de charges dans deux petites molécules organiques semiconductrices. Puis,
nous avons modulé les propriétés électriques de matériaux 2D en optimisant le type
d’interaction qu’ils décrivent avec des dopants molécules, et nous avons enfin développé
des détecteurs haute performance, d’oxygene pour les pérovskites hybrides et d’humidité

pour une molécule ayant pour base un corps BTBT.
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Abstract

The first demonstration on the use of organic semiconductor as electroactive materials
in field-effect transistors, reported 40 years ago, represented a major breakthrough in
science.!!! Their processing from solution at room temperature made this class of materials

technologically highly relevant.

Later, in virtue of their unique properties, these semiconducting materials were also
exploited in other types of devices such as organic light-emitting diodes (OLED) and
organic photovoltaic solar cells (OPV). The high versatility of these materials via bottom
up tailoring of their physical and chemical properties opens numerous opportunities for
fundamental studies and technologically innovative applications, e.g. in logic circuits and

in flexible, thus portable, smart devices.

Studying charge transport properties in such materials is of paramount importance, not
only for the understanding of the inherent properties of a precise class of compounds, but

also in order to optimise the performances of the tomorrow’s electronic devices.

In this context, the work carried out within this thesis was oriented toward the study of
charge transport, using supramolecular approaches to control the electrical properties of
the (semi)conducting materials through the synergy existing between the molecular

architectures and their functions. This quest has been explored over different facets:

. by studying the origin of the charge transport mechanism with respect to the

molecular design in perylenediimide derivatives

. by modulating the electrical and optical properties of 2D materials with the help

of self-assembled molecular dopants
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. by adjusting the chemical environment in order to control the electrical properties
of an hybrid perovskite through its crystal vacancies and by tuning the intermolecular

distance of small semiconducting molecules

The first project allows to elucidate the origin of different charge transport mechanisms
in two different perylenediimide derivatives. One of the compounds, PDI8-CN,, exhibits
a thermally-activated transport mechanism,? where the injected charges are slowed down
by localized traps within the band-gap, while the other compound, PDIF-CN,, is reported
to show band-like transport, where the charges are delocalized over a few molecular
units.”! Through systematic analysis, it was possible to demonstrate that both compounds
hold a slightly different molecular packing; PDIF-CN, forms a H-type structure while
PDI8-CN; is organized through a J-type aggregate, which is changing the directionality
of the molecular packing. These differences have an impact on the intermolecular
interactions, especially on the transfer integrals shared by two molecular units, but also
on the crystalline vibrational modes called phonons. Indeed, PDIF-CN; presents not only
a strong intermolecular interaction in two dimensions, but also a limited phononic
landscape below 200 cm™, as it was demonstrated by inelastic neutron scattering and
terahertz spectroscopy measurements. In contrast, PDIS-CN, describes an intermolecular
interaction mostly dominated by one dimension, and a pronounced vibrational activity
at low energies. This range of energy is characterized by vibrational modes that are
responsible of the charge localization in the semiconductors, which is explaining the
notable difference observed in the charge transport mechanism of these two compounds.®
This has been also demonstrated through a theoretical analysis of the system formed by
the two molecules, through the study by molecular dynamics of the evolution of the
transfer integral of both compounds, as well as by the elucidation of the atomic
contribution to the vibrations, detected by terahertz and inelastic neutron scattering

spectroscopy.
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In the second project was focused on the use of molecules to controllably dope 2D
materials. Firstly, a preliminary study was made through Raman analysis of graphene
flakes exfoliated on SiO, substrates on which three different molecules were grown,
forming self-assembled monolayers. The first molecule, trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (PFS), is inducing a p-type doping into the graphene, while N-[3-
(Trimethoxysilyl)propyl]ethylenediamine (AHAPS) is generating a n-type doping.?
Surprisingly, the third molecule, 2-(Cyanoethy)triethoxysilane (TESPN), doesn’t induce
any doping. This is unexpected, considering the chemical composition of the molecule as
well as its strong dipole moment due to the electro withdrawing groups present on its
head. Then, the same molecules were used in order to tune the electrical properties of a
monolayer of the transition metal dichalcogenide tungsten diselenide (WSe,). This
compound demonstrates good electrical performances only when integrated in
complicated device geometries. However, combined with PFS or AHAPS self-assembled
monolayers, its hole mobility can be increased by three orders of magnitude while the
electron mobility can be increased by four orders of magnitude. Nevertheless, it is when
the molecules are deposited on top of the 2D material that its electrical properties are
the most contrasted. Indeed, this molecule used as SAM can form covalent bonds with
the oxygen present in the monolayer and/or with the selenium vacancies,” through their
silanol function. In this way, the hole-mobility can reach 100 cm?V-'s! with a PFS
treatment, and a 50 c¢m?V's? electron-mobility with AHAPS, after exposing the
monolayer to UV/Ozone. This UV/Ozone treatment is used to increase the oxygen
density of the material, and thus, to increase the number of anchoring points. The
functionalization mechanism has been controlled through a combination of techniques
such as the atomic force microscopy and X-ray photoelectron spectroscopy. A double-
functionalization approach (one on the dielectric surface underneath the 2D material,
and the other one on top of it) allows to obtain a double-layer device with a balanced

ambipolarity demonstrating a mobility close to 20 cm?*V-'s! with gold contacts, that are

in general not used for high-performance WSe, devices.
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The third project is based on the modulation of the electrical performances of
methylammonium lead iodide, with respect to the composition of the surrounding gas.
Indeed, for the first time, a detailed study of the electrical performances of hybrid
perovskites with a controlled amount of the oxygen present in the atmosphere has been
reported. Oxygen can, in a reversible manner, fill iodine vacancies of perovskites. In an
atmosphere without oxygen, these vacancies are forming charge traps, which is decreasing
the electrical conductivity of the perovskite.®) When oxygen is filling these vacancies, less
injected charges in the material are trapped, which is increasing its conductivity by a
factor 3000 between 0% and 100% in volume of oxygen. This sensitivity can be reduced
by treating the perovskite with vapours of iodomethane that will fill the iodine vacancies
in an irreversible way, but only at the surface of the perovskite crystal, due to the steric
hindrance of the molecule. Moreover, the sensitivity of the perovskite can be refined by
playing on the processability of the compound. The two conventional approaches based
on solution processing, are the one-step approach and the two-step approach. The one-
step approach consists in the spin-coating of a solution containing the methylammonium
iodide and the lead iodide onto the substrate, while in the two-step approach a first layer
of Pbl, is deposited on the substrate before being converted into hybrid perovskites using
a solution containing the organic part. By carefully controlling the parameters for each
process, the electrical response of the perovskite to the oxygen can be modulated. The
one-step approach forms crystal domains with a higher proportion of perovskites, while
the two-step approach leads to the formation of a high density of small crystallites on
top of Pbl,. The polycrystalline film exhibits more defects, especially at the grain

boundaries, leading to a higher sensibility to oxygen.

The fourth project, building up on the projects described above, focused on the electrical
response of a [1]benzothieno[3,2-b]benzothiophene (BTBT) derivative, functionalized
with polyethylene glycol (PEG) as lateral chains. These PEG chains have the unique
feature of absorbing water molecules, in a reversible manner and with quasi-selectivity.

Hence, an equilibrium is created between the surrounding humidity and the quantity of
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adsorbed water by the PEG chains. This molecule PEG-BTBT, when spin-coated on a
SiO, support packs perpendicularly to the basal plane of the substrate. As a result, a
modification of the intermolecular distance between adjacent molecules strongly affects
the electrical performances of a FET device. Thus, in a humid atmosphere, the steric
hindrance of the PEG chains is defining a precise intermolecular distance. When the
humidity increases, the lateral chains swallow the water molecules, which is leading to a
reduction of the intermolecular distance because of the molecules of water that will form
bridges between two chains, through hydrogen bonding whereas the hydrophobic BTBT
core will pack closer. Such interpretation relied on the Raman spectroscopy analysis to
describe such mechanism, which will be soon complemented by a structural analysis
through x-ray diffraction performed at variable humidity levels. This PEG-BTBT
compound exhibits an electrical response exceeding five orders of magnitude between 0%
RH and 75% RH, with an ultra-fast response time below 13 ms, making this compound
a high-performance humidity sensor. Even if the selectivity of this sensor is mainly
attributed to water molecules, a very small response can be also observed for other polar

molecules, in particular for small molecules exposing alcohol function, such as methanol.

The aim of this thesis was to explore the intrinsic as well as the extrinsic effects related
to charge transport in organic semiconductors, hybrid and 2D materials. This goal has
been achieved in many regards with different classes of materials, by providing a detailed
analysis and/or an improvement of the electrical performances of devices in different
topics. It has been accomplished by adopting a supramolecular approach, through
unconventional device conceptions and by providing a precise multi-instrumental
characterisation. We first studied the charge transport mechanism in two small
semiconductive molecules. Later, we managed to modulate the electrical properties of 2D
materials by optimizing the interactions that are described by molecular dopants, and
we finally developed two high-performance gas sensors, one for oxygen based on hybrid

perovskites, and the other able to detect humidity with a small molecule.
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Chapter 1 Introduction

1.1 Context

The advent of new technologies relies on the development of new and more sophisticated
components/materials and their advanced integration toward high-performance devices. For
example, when considering logic circuits, which can be considered as key components for
today’s electronics, they are made via integration of field-effect transistors. The latter were
pioneered by J. Lilienfeld", with further improvement brought into play by J. Bardenn, W.
Brattain and W. Shockley? and later by J. Kilby.” The pace towards smaller and smaller
transistor is mandatory for faster and smarter electronics, in compliance with the roadmap
predicted by the famous Moore’s law since 1965.¥) This law describes an exponential growth
on the number of transistor implemented in processors over the years, leading in parallel to an
enhancement of the computing performances described by the Dennard scaling.” However,
such integration is more and more difficult to follow; at the horizon 2030, transistors should be
within 1 nm to follow Moore’s law. Up to date, transistors are already reaching 5 nm that
should compose future processors in 2020. In order to become a real product, these circuits,
based on semiconducting materials, need to be produced at low-cost, which goes hand in hand
with up-scalable industrial processes. However, the current silicon based transistors tend to be
more and more expensive, because of the high power consumption required for the

manufacturing.

[6-10]

Organic semiconductors are perfect alternatives. Due to their good solubility, their
processability at low temperatures (typically below 100 °C) using up-scalable approaches like
ink-jet or roll-to-roll printing,™ combined with their potential in operating of low-power
consumption modes!'?, transparency in the visible range and flexibility!™, organic
semiconductors are becoming a meaningful replacement of the omnipresent silicon in the

today’s electronic.’” Starting from initial modest mobilities, the scientific community devoted

huge efforts to allow organic semiconductors becoming competitive with the inorganic ones, by

1
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designing new semiconducting molecular architectures and developing novel strategies to

[16

improve the device’s performances."® Up to date, organic semiconductors have already been

17,18 19,20

widely employed in the fabrication of diodes,*"!¥ solar cells,'*?” sensors?! or in the field of
spintronics??. This class of compounds, feature distinct characteristics when compared to their
inorganic counterpart: it usually exhibits lower degree of crystallinity,?® allowing to be
described only in a limited way by the classical band theory, which is generally applied to

solids.?* %7

It is only by mastering the structure-properties relationships through a full
comprehension of the physics inherent to these materials that it may be possible, one day, to
fully surpass silicon properties and technologies thereof. Because the performances of
semiconductors depend on their capability to transport charges carriers, the comprehension of

these phenomena in organic materials is of paramount importance toward accomplishing this

goal.

Thus, the aim of this work is to contribute to the understanding of physical and chemical
parameters influencing the charge transport properties of different classes of materials, and the
use such knowledge to engineer high-performance devices. This goal is reached by mastering
the concepts of supramolecular chemistry to generate ordered structures to unravel the

structure-properties relationship.

1.2 Structure of the thesis

The present manuscript is divided in 8 chapters structured as follow:
Chapter 1 puts in context the work done in this thesis.

Chapter 2 sets the basis of the physics of semiconductors, first by describing the chemical
bond, and how it impacts the energy landscape of a molecule, then by reviewing the most
common charge transport mechanisms in solids that are used within the thesis, and finally, by

giving an overview of the interface’s parameters affecting the properties of the semiconductors.

[\
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Chapter 3 introduces the classes of materials used in this work, including a brief description
of small semiconducting molecules, hybrid materials such as perovskites, and atomically thin

2D materials.

Chapter 4 presents the experimental techniques used to characterize the samples as well as
specific procedures employed for device preparation. Special attention is dedicated to the

working principle of field-effect transistors.

Chapter 5 discusses the charge transport occurring in two different perylene diimide
derivatives, each exhibiting a specific charge transport mechanism. Through a systematic
investigation, the mechanisms of charge transport is exanimated with the help of structural

and vibrational analysis, supported by simulations, allowing to understand their origin.

Chapter 6 focuses on the use of molecular dopant able to form self-assembled monolayer to
induce drastic changes in the spectroscopic properties of graphene and in the optoelectronic
performances of WSe; monolayers. Particular care is taken when dealing with the
characterization of the interactions that describe the interface formed between the 2D materials

and the molecules.

Chapter 7 presents two kinds of resistive gas sensors. The former is based on an organic-
inorganic hybrid perovskite, for the detection of oxygen in the atmosphere through the defect
of the compound as active sites. The latter relies on a benzothienobenzothiophene derivative,
which is able to detect humidity by the reversible adsorption of water molecules the lateral

chains that tune the intermolecular distance.

Chapter 8 concludes the present work by giving the major progresses achieved in the field,

and the outlooks for each project.
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Chapter 2 Basic concepts of semiconductor physics

and device’s interfaces

2.1 Introduction

This section provides an overview on the origin of the band formation, through the description
of the chemical bond. The most popular charge transport mechanisms will be briefly described,
starting by the conduction in a metal as an extreme case with respect to the 2D and the organic
semiconducting materials. Finally, a description of the interfaces that a semiconductor can

experience within a device is introduced.
2.2 Semiconductors

2.2.1 From the atomic orbital to the band

When two atoms are spatially close enough, and in a suitable electronic configuration, a
chemical bond can be created, in which both atoms share electrons by overlapping their atomic
orbitals. According to the linear combination of atomic orbitals theory (LCAO)," when two
atoms A and B, whose atomic orbitals can be described by their wavefunction ¥, and Y, are
interacting together to form a bond, the resulting molecular orbitals ¥ can be approximated

as a linear combination of the atomic orbitals (Equation 2.1 and 2.2).
¥ =capa + cps (2.1)
W =cqthy — g (2:2)

The equation (2.1) describes the bonding state while (2.2) leads to the anti-bonding state, as

represented on the orbital diagram of the H, molecule (Figure 2-1).
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Figure 2-1 Orbital diagram of H..

In this precise case, the 1s orbitals from the hydrogen atoms, when interacting together, leads
to the formation of oy, (the bonding molecular orbital, which is also in this specific case, being
the highest occupied molecular orbital, or HOMO) and o*;, (the anti-bonding molecular orbital,
being the lowest unoccupied molecular orbital, or LUMO). Upon increase of the number of

bonding atoms, the equation of the LCAO theory can be generalized as Equation 2.3 :

V= Zn Cahn (2'3)

Hence, in an easy view, n atoms bonded together will lead to n molecular orbitals with a specific
energy. For infinite value of n, the discrete energy levels of molecular orbitals lead to two
continuum distributions of energy levels, where the anti-bonding states form the so-called
conduction band, while the bonding states form the valence band (Figure 2-2). Since the
bonding states are the most energetically stable level, they are preferentially filled with the
electrons. Hence, the valence band is the band occupied by electrons while the conduction band
is empty. An empty energy level which can be filled by an electron is called a hole. In other
words, that the conduction band is filled with holes. To keep the charge neutrality, since the

electron are negatively charged, a hole is naturally positively charged.
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Figure 2-2 Sketch of an orbital diagram describing the formation, from the single atomic

orbital, to the band structure.

It is important to note that, depending of the atoms involved in the structure, not only two
bands are formed, but a multitude, at lower and higher energy than the valence band and
conduction band, respectively. However, these two are among the most important to define the
electronic properties of a material. Indeed, when the energy between the valence band and the
conduction band (called band-gap) is not too large (typically ranging from 1 eV to 2.5 eV),
under a certain stimulus, electrons can be promoted from the valence band to the conduction
band, and conversely, holes can populate the valence band. In this situation, the charges are
free to move within the band, which lead to the emergence of an electrical conduction. If the
Fermi level (Er, the highest energy level occupied by an electron) is in the middle of the band-
gap, the semiconductor is called intrinsic, and electrons and holes have equal possibility to
populate the conduction and valence band, respectively (Figure 2-3). If the Fermi level is closer
to the conduction band, the electron conduction is more favoured compared to hole conduction,
because of the small energy needed for the electron to be promoted to the conduction band.
Such semiconductors are called n-type. Similarly, if the Fermi level is close to the valence band,
holes will more easily access to the valence band, providing hole conduction, which can be
found for the p-type semiconductors. However, if the Fermi level is situated in the middle of a
wide band-gap (larger than 4 eV), neither electrons nor holes can access to a band; the material

is thus an insulator. The opposite case is when the two bands are overlapping, and the Fermi
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level is within the bands, or when the Fermi level is within a band. This leads to a complete

free motion of both charges, called metallic behaviour.

Overlap
S
I
E ———— — - = —— == - —
VB en PR —— —
Metal n-type Intrinsic p-type Insulator

semiconductor semiconductor semiconductor

Figure 2-3 Energy diagram of a metal, the three cases of a semiconductor and an insulator.

The way that the electrons are statistically distributed around the Fermi level can be described

by the Fermi-Dirac distribution” (Equation 2.4).

It (2.4)

N =—"7g_n .
exp( k’BTu)+1

Where n; is the number of particles in the state with an energy F; that as a ¢; degeneration, kg
is the Boltzmann constant and T, the temperature. In (2.4), 11 is the chemical potential of the
electrons (or Fermi level), represented as a thermodynamic quantity reflecting the energy
needed to change the number of particles in a system. Basically, if an energy state is matching

with the Fermi level, this state is statistically occupied at 50%.

In a metal (Figure 2-4), the distance between the Fermi level and vacuum level is called work
function (WF or @). For a semiconductor, the valence band (or HOMO level) is characterized
by the ionization energy (IE) while the conduction band (or LUMO level) is related to the
electron affinity (EA). The density of states (DOS) around these levels are described differently
if the semiconductor is inorganic or organic. Indeed, the former DOS is described by a square

root function of the energy while the latter is depicted by a Gaussian distribution around the

HOMO and LUMO.
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All these levels are estimated with respect to the vacuum level, which refers to the energy of
an electron that is outside of a material, without interacting anymore with it. Hence, the work
function represents the energy required to remove an electron from the metal, and similarly,
the ionization energy for extracting one electron from the valence band (or HOMO) while the
electron affinity correspond to the energy released by the addition of an electron into the

conduction band (or LUMO).

Vacuum level (0 eV)

E A A

Work function Electron afinity EA
0]
CB

cB
inhldlCy

EF- Band—gapI — =— =— =— | Ionization energy IE
SR

VB
HOMO

Figure 2-4 Nomenclature of the energy levels in the band structure of a metal and a
semiconductor.

2.2.2 Charge transport models

2.2.2.1 Basic conduction phenomena in metals and inorganic semiconductors

The first modern description of the electrical conductivity in metals have been introduced by
Drude in 1900, refined by Sommerfeld few years later, giving the free electron model. In this
approach, the electron conduction is considered as a gas of particles having no long-range
interaction between each other, and only subjected to collisions,? described by the equation

2.5.

6=———.nlv (2.5)



Chapter 2 Concepts of semiconductor physics and interfaces 2.2 Semiconductors

Where o is the electrical conductivity, e the elementary charge, kg the Boltzmann constant, T
the temperature, n the density of particles, v their velocity and [ is their mean free path.
Because of the failure of this model on the explanation of the magnetic properties and on the
temperature dependence of the conductivity, new considerations had to be done to improve
this model. With the emergence of the quantum theories, Bloch proposed in 1928 that the free
electron gas from the Drude model can be described by eigenstates to define plane waves which
are modulated by a function related to the periodicity of the crystal investigated, where the
phonon spectrum has to be considered as the principal scattering event. Generally speaking,
the resistance of a metal is increasing while increasing the temperature, because of a higher

density of phonons thermally populated at high temperature.

For inorganic semiconductors, one can apply the same theory for charge transport used for
metals, at the exception that the Fermi level of a metal is within a band while for the
semiconductor, it is described by the valence band which is full of electrons, a conduction band
which is empty, separated by an energy gap. The conduction is happening, under an external
electric field or when the charges are subject to a thermal or optical excitation, allowing to

populate the empty band.

The resistance behaviour versus increasing the temperature in inorganic semiconductor is a
compromise between its reduction because of an increasing probability of promoting charges in
the conduction band (described by the Fermi-Dirac distribution) and its increase due to the
charge scattering from intrinsic and extrinsic sources. Indeed, charge carriers interact with the
atomic lattice, leading to the formation of polarons (as explained latter in section 2.2.2.3), and
are also subject to different sources of scattering from defect and grain boundaries. These
mechanisms are describing typical inorganic ionic semiconductor, such as GaAs® but can also
be applied to certain hybrid materials, such as the organic-inorganic hybrid perovskite

(jH:}l\II'IngbI3 . [9,10]

10
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2.2.2.2 Charge transport in two-dimensional semiconductors

Two-dimensional semiconducting materials represent the thinnest semiconducting materials
known. Due to their atomic thickness, space confinement of charges in 2D has significant
consequences compared to 3D. One of the most significant implication of their 2D nature
consists in its greatest sensitivity to their surrounding environment, thus being more subjected

to scattering effects from different origins (Figure 2-5).

E a Charged b Deformation € Frohlich d Remote e Atomic f Grain
e :'-H‘;'E};lw impurity potential interaction phaonon vacancy boundary
@x
high-k
top dielectric . - B P )
""" \ (* 3 @ St Q @ 9 grain boundary
1 T L Sean

sz channel ‘\‘ /,4,/ _9__ - _‘.10' L :"'7'1"!_.‘-.!:: --------- ) u ‘--9,._,‘ ,_-_9---- s ‘:7‘“":.‘“

& il R @ _ I @ o

bottom dielectric

Figure 2-5 Representation of the most common scattering mechanism encountered in
atomically thin MX; materials (Reproduced with permission from!").

For instance, impurities present at both interfaces of the 2D materials is one of the major
reasons for charges scattering. When these impurities are charged, they create a scattering
potential acting on surrounding charge carriers via long-ranged Coulomb interactions.!'? These
impurities are various, from the chemical defects at the surface of the adjacent dielectric layer
to the adsorbed molecule at the surface of the 2D material, such as gaseous compound or

contaminant from the device processing.

Phonons (i.e. a collective vibration of atoms in a solid) play also a role in the scattering
mechanisms that a charge carrier can experience. First from the interatomic displacement
generated by the phonons, leading to a fluctuation of the lattice potential which rules the band
structure, and then induces a perturbation of the band edges.'® Secondly, some phonons affect
the atomic lattice by interacting with the dipole moment presents between two atoms, leading
to the formation of an electric field that can scatter charge carriers, known as Frohlich

interaction.!"

11
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Scattering events originating from lattice phonons are intrinsic to the material, which are
directly related to the temperature, but it was found to not be the dominant contribution to
the charge transport decrease at room temperature.'!! Undoubtedly, material defects such as
(15]

atomic vacancies and grain boundaries are also scattering points for the charge carriers,

contributing to the decrease of the charge mobility.

2.2.2.3 Charge transport in organic semiconductors

Organic semiconducting materials are essentially composed by hydrogen, nitrogen, oxygen and
sulphur, yet the main element is carbon. When two carbon atoms are involved to form a
covalent bond, different scenarios are possible. If this C-C bond is saturated, a full hybridization
of the atomic orbital will happen between the 2s and the three 2p orbitals, leading to the
formation of four hybrid sp orbitals (Figure 2-6). The carbon is called in a sp* hybridization,
and can form four o bounds, with other elements. However, if this C-C bond is unsaturated, it
means that not all the 2p orbitals are hybridized into sp ones, and can participate in the
formation of a m-bond, corresponding to an overlapping between p orbitals oriented along the
same axis. If the carbons are in sp? configuration, three p orbitals are hybridized, leading to
the formation of a “double bond”, and a sp configuration leaves two p orbitals not hybridized,
with a “triple bond” formation. In organic semiconductor, the carbons are essentially in a sp?
configuration, which is mostly responsible of the conduction is such systems. Indeed, the
successive sequence of m bonds allows the delocalization of the electrons into these bonds over

the conjugated carbon backbone, because of the degeneration of their energy levels.

12
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Figure 2-6 Representation of the s and p orbitals, and the result of their hybridization into a
sp orbital (left). Representation the two states of an alkene chain where the carbon are in a
sp® hybridization (right).

Moreover, upon increasing the size of the conjugated system, it yields to a reduction of the
energy gap between the HOMO and the LUMO levels. Indeed, the equation for the energy of
a particle in a one dimensional box (Equation 2.6) can be adjusted to describe the HOMO

(Equation 2.7) and LUMO energy level (Equation 2.8).

n2h?

n = gmi? (2.6)
N th
Eyomo = —Bri(Nd)z (2.7)
i “p2
Erymo = % (2.8)

Where n =1, 2, ..., h is the Planck constant, m the mass of the electron, and L the conjugation
length that can be decomposed as the number of atoms N multiplied by d, the distance between
two atoms. Since the band gap energy E,is the difference in energy between the LUMO level

and the HOMO level, equation 2.9 can be written, if the number of atoms N is large enough.

hZ
Eg = ELumo — Enomo = 5, 2y (2.9)

Hence, increasing N will reduce the energy gap.

In organic semiconductor, the transport of charges can occur on three different levels (Figure

2.7).

13
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Figure 2-7 Representation of the intrachain, interchain and intergrain transports on a plane
of the herringbone crystal structure of pentacene.

The charges can move through the molecule. It will be favoured for flat systems that have an
extended conjugation, allowing an optimized delocalization of the charges. They can also jump
from one molecule to the adjacent one, by overpassing an energy barrier described by the
energy potential due to the distance between the two molecules. This is called interchain
transport and will be strongly affected by the transfer integral of a molecular system, which is
the overlapping of molecular orbitals between two adjacent molecules. The greater the transfer
integral, the easier will the charge pass from one molecule to the adjacent one. Finally, in the
case of polycrystalline films, a charge can jump from one crystalline domain to another one,
crossing the so called grain boundary. Grain boundaries are a crucial parameter for the charge
transport, since they act as traps for charges because of the wide physical gap open between
two crystallites, and the presence of impurities. It’s important to mention that when a charge

is located on one molecule, the geometry of this molecule is strongly affected.

The polaronic model

When a charge is located on a molecular unit in an organic semiconductor, this charge will
have the tendency to polarise its surrounding environment, forming what is called a polaron.
A polaron is a quasi-particle used to picture the interaction between charges and atoms in a

material. The concept of polaron was first introduced by Landau,'® and Pekar!” in inorganic
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materials and extended to organic compounds by Holstein, with the known small-polaron
model.' The polaron transport, thus, is described as a charge moving in an organic material,
with a polarization cloud surrounding it. This polarization cloud is subjected to collective atoms
oscillations with a specific mode of vibration, called phonon, leading to the formation of
electron-phonon coupling. This coupling is acting on the localization length of a charge in a
molecular system; a weak coupling tends to let a charge delocalized over a few molecular units
while a strong coupling localizes it, hence lowering the charge carrier mobility and increasing
the electron’s effective mass. The stability of a polaron is dependent on a compromise between
its residence time T., on a molecule and the electrical polarization time T, of the structure.!
The former is related to the width (W) of the allowed band of the material while the latter will

be affected by the energy of the band-gap (Equation 2.10 and 2.11).

h

Tres = (2.10)
h
Te = a (2.11)

Whereas the bandgap is comparable between organic and inorganic semiconductors, the
bandwidth of the former is much narrower than the latter, due to the weak interaction
encountered in organic structures (van der Waals, ...) compared to inorganic one fully composed
of strong interaction. In other words, the charge carrier is moving fast enough in inorganic

semiconductor that the electrical polarization doesn’t have enough time to happen.

Multiple trap and release model

The main difference between the classical band transport in inorganic semiconductor and the
organic one comes from the higher degree of disorder present in the later compared to the
former. In some cases, this disorder, generated by crystal defects or impurities, lead to the
formation of localized states called traps, that are limiting the transport of charges. When a
material is weakly disordered in the sense that the order is good enough to allow the formation
of bands, but still suffer from a small amount of disorder through defect sites or impurity, traps
state will be formed at an energy level located within the band-gap. In this scenario, the
multiple trap and release (MTR) model can be applied to describe such system. This model,
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20]

firstly developed to describe silicon materials,® was later extended to organic

21,22

semiconductors.?? The assumption is that the traps, within the band-gap, can be close to the
transport band from few ksT (around 25 meV at 298 K) and are called shallow traps (Figure
2-8), or can be far in the band-gap (deep traps).?® When a charge is moving through the band,
under an electric field, it has a high probability of being immediately trapped in one of the

localized states within the gap. If the charge is in a shallow trap, it can be released, back to

the band through a thermally activated process, for the traps states that are within few kgT.

Figure 2-8 Schematic of the conduction described by the MTR model. A mobile charge can
be temporary immobilize in a shallow trap.

Thus, the overall observed mobility will be defined by the number of traps states and their
energy level. This type of conduction can be described in the way that the number of free
charge carriers corresponds to the total charge carriers in the material, weighted by the average
time that a charge will spend by being trapped. Consequently, the effective charge carrier

mobility u.s can be described by the equation (2.12).

2
Hepr = Hoare’ BT (2.12)

Where py is the charge carrier mobility in absence of traps, a is a factor reflecting the trap

density in the material, and F7r is the energy of an assumed single trap level.
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In this view, the trapping effect can be described as j, affected by the average trapping time
T(T) with respect to the average time spent by a polaron between two trapping events t(T)

(Equation 2.13):

_ (T)
Herr = bo(T) 7omir iy (2.13)

This equation can be also adapted in terms of the number of carrier n contributing to the

current flow (Equation 2.14):

T(T)

Tleff = nT(T)+—Ttr(T) (214)

Band-like model

The band-like transport is a type of model that has been developed to describe the high charge

22 Tn such systems, their

carrier mobilities that can be found in high purity organic crystals.!
charge carrier transport can be described within the band framework, and are characterized by

an increase of the mobility while decreasing the temperature (Figure 2-9).
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Figure 2-9 Temperature dependence of a C8-BTBT single crystal of a) the source-drain
current and b) the extracted FET mobility.(Reproduced with permission from?)
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The decrease of the temperature decreases the phonon scattering that shrink the transport,
thus reducing the local polarization cloud around the charge carrier and concomitantly,
reducing their effective mass, in some cases close to the free electron,”” and a broadening of
the bands.® The exact reasons for the occurrence of this phenomenon are still not completely
clear and under controversy, even if a Hall mobility, which is a sign of the extension of charge
carriers over few molecular units, has been already measured on organic semiconductors. 2
Nevertheless, the important parameters (excluding the extrinsic disorder®) for the
manifestation of this charge transport seems to be obviously related to the transfer integral
between two adjacent molecules, but also to the vibrational/phonon landscape is such

system. (32,33)

2.3 Interfaces

Whereas some materials are exhibiting certain intrinsic electrical properties, one should
consider the interfaces that these materials are forming with the surrounding environment.
Particularly for a FET device, the semiconducting material is in contact with a dielectric
surface, charges are injected through electrodes, and measured under a certain atmospheric
environment. These characteristics have to be taken into account for the careful analysis and

the optimisation of the device’s properties.

2.3.1 Interface between the semiconductor and the electrodes

2.3.1.1 Semiconductor-metal junction

When a metal and a semiconductor are contacted, a shift of the energy level at the interface is
taking place. Indeed, the work function of the metal and the Fermi level of the semiconductor

3] consequently leading to a shift of the

will align through a shift of the metal work function,!
vacuum level of one compound with respect to the other (Figure 2-10). This is due to the
formation of an interface dipole barrier which results from the interaction of the electronic

density of the semiconductor with the one at the surface of the metal.
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Vacuum level

Work function

Vacuum level

Work function

Figure 2-10 Schematic of the energy level for a semiconductor-metal junction before and

after contact, with different metals.

When the work function of the metal is initially lower than the Fermi level of the
semiconductor, electrons will flow from the latter to the former, commonly leading to a smaller
injection barrier for holes (E,.) than for the electrons (E.). On the contrary, if the work
function of the metal is higher than the Fermi level of the semiconductor, the electrons flow is
reversed, and the injection barrier for holes will be higher than for electrons. This is why,
depending on the type of semiconductor used, a careful selection of the metal used for the
electrodes has to be done. A p-type semiconductor can be used in combination with, for
example, gold electrodes (WFa, ~ 5.0 eV) compared to a n-type semiconductor that will

preferentially be used with aluminium electrodes (WFy ~ 4.2 eV).

2.3.1.2 Electrode with self~assembled monolayers

As seen previously, the right match between the work function of the metal used for as

electrodes in a device and the energy levels of the semiconductor is crucial for the optimization
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of the properties and the performances of the device, via the engineering of the injection of
charges into the semiconductor. To proceed to this optimisation, one could change the metal
to fit in the best way with the energy levels of the semiconductor, but having available different
sources of metal is not necessarily the case. Another possibility is to put on the metal a specific
molecule with electron-donating or electron-withdrawing properties that will perturbs the
electronic density at its surface, leading to a local shift of the work function. These molecules
can be electron-donating such as, typically, an alkyl chain, or electron-withdrawing, like a
perfluorinated chain. The effect and the magnitude of the shift in the metal work function will
depend on the design of this molecule, and particularly on the elements used,” that will define

a certain dipole at the surface of the metal (Figure 2-11).
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Figure 2-11 Work function of a gold surface functionalized with SAMs, depending of the
dipole moment of the molecule used.(Reproduced with permission from®®)

The change of work function AW due to the presence of a SAM on a surface can be described
by the equation 2.15, where A is the area that one molecule will occupy and Ap is the change

of dipole moment at the surface.
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_ et
w= = (2.15)

This last term, Ap is defined as a sum of two contributions, being 1sam and jicuem. The first one
corresponds to the dipole moment along the surface normal of the SAM molecule while the
second one reflects the charge reordering in the molecule and in the metal surface when the
bond between both is formed.’” The shift in the work function will be effective only if the
molecule described a coherent assembly (Figure 2-12), such as a self-assembled monolayer
(SAM).® This functionalization of the surface can occur with a chemical suitability between
the metal and the molecule; a molecule that possesses a thiol at one extremity will be able to
form a chemical bond with a gold surface, through an oxidative addition of the S-H bond to
the gold surface, and a reductive elimination of hydrogen gas.” When a gold surface is
immersed in a solution containing such molecules, the latter will first fully functionalize the
surface with a random orientation. With time, other molecules will interact with the already
adsorbed one through weak interactions such as van der Waals or hydrophobic interactions,
forming a tightly packed layer on the surface, which is thermodynamically favourable.'” It is
important to mention that domains exist on such films, with different packing density and
angles with respect to the surface that will have a slight influence on the local work

function. 4

Thiolated SAM

Gold surface

Figure 2-12 Representation of a self-assembled monolayer on a gold surface.

2.3.2 Interface between the semiconductor and the dielectric

The semiconductor /dielectric interface is a critical aspect on different parameters of the device
performances. First, the roughness of the dielectric as well as its wettability will strongly affect

the semiconductor properties. Indeed, for a solution deposition or a physical one, the properties
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of the surface will determine the crystallinity at the interface. If the dielectric/semiconductor
interaction is low (because of a high surface energy), the crystallinity of the semiconductor will
be favored, leading to an enhancement of its electrical performance. Moreover, in a field-effect
transistor, this interface is crucial since it’s the place where charges are located for the electrical
conduction. Obviously, the dielectric flatness and a reduced amount of impurities increase the
performances as well. In the same way that SAMs are used to functionalize a metal surface,
they can be also used to functionalize a dielectric surface. The most common dielectric used in
devices is SiOy; such material can be easily functionalized with a molecule bearing a silanol
function. The use of SAMs will not only change the surface energy of the dielectric, which is
changing the crystallinity of the semiconductor, but it is also passivating traps that are present
at the surface, especially the one generated by hydroxyl groups, according to the following

mechanism,*) where Si is a surface atom of bulk SiO.:
Si-0-Si + H,0 < 2 SiOH

SiOH + H,0 < Si0” + H;0™
. . 1
Si0” + H30% + e >Si0” + H,0 + EHZ

Whereas the charges can be trapped by the silanolate groups, the presence of these negative
charges at the surface of the dielectric also induce an electric field* that is added to the one
applied during a FET measurement, according to equation 2.16, which is also leading to a

reduction of the performances,.

V, = Zedos (2.16)

€0€ox

Where V. is the resulting equivalent electric potential, o.is the surface charge density, and the

dielectric has a thickness d.. and a dielectric constant g...

2.3.3 Interface between the semiconductor and the environment

One additional important parameter to be considered also is the presence of impurities within
the semiconducting film or on its surface. These impurities can come from side products during

the synthesis of the organic compound that was poorly purified, from solvent molecules that
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are trapped into the structure (especially the solvents with high boiling point) or from residues
due to a lithographic process, such as traces of photoresist or developer. Most importantly, the
ambient atmosphere plays a key role in the degradation of most of the organic semiconductor,
because of the presence of water and oxygen. n-type semiconductors are much more sensitive
to oxygen than p-type semiconductors. This is easily explained by the fact that n-type
semiconductors have generally a higher Fermi level than the p-type semiconductors, with
respect to the vacuum level. When the scale is reversed, the Fermi level corresponds to the
reduction potential.*” The higher the reduction potential, the higher the affinity of a chemical
compound to acquire an electron, and thus, been reduced. On the contrary, a low reduction
potential (i.e. a high Fermi level) leads to a high affinity to give an electron, thus, been oxidized.
Therefore, the n-type semiconductors are more easily oxidized than the p-type one. Similarly,
water molecules, by themselves, can induces some bias-induced trap states, leading to an
increase of the voltages need to get a comparable electrical performance.'” Different strategies
are employed to face this problem. The most common one in the lab is to prepare and measure
the devices in a controlled atmosphere, i.e. in an atmosphere without humidity and oxygen,
containing typically nitrogen gas. Another approach is to isolate the semiconductor from the
atmosphere via an encapsulation layer such as a polymeric film.*" It is also possible to act on
the sensitivity of the molecule through its design, to lower its energy levels, and then make it
air-stable.** °) Finally, instead of limiting the interactions between the semiconductor and the
environment, one can choose a compound, such as a small molecule or an ion, to intentionally
tune its electrical properties. This effect is called doping, and can be p-type or n-type if holes
or electrons are added into the semiconductor, to enhance one kind of charge transport or the
other.PY It’s important to note that the approach to functionalize the dielectric with SAMs in
order to passivate traps can also be used to induce a doping into the semiconductor. Indeed,

52—

here again, the choice of the head group of the SAM will define the type of doping induced.!

54]
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Chapter 3 Materials

3.1 Introduction

In this chapter, an introduction on the classes of material used in this thesis is presented,
followed by a description of the materials themselves. The small molecules will be presented
through the examples of the n-type perylene diimide and the p-type [l]benzothieno[3,2-
b][1]benzothiophene derivatives. Hybrid perovskites will be discussed in a second part whereas

2D materials such as graphene and transition metal dichalcogenides will be finally described.

3.2 Small molecules

Small molecules are of paramount importance in the field of the organic electronics. They are
based on a polyaromatic core, whose chemical composition defines their electronic properties
(p- or n-type), while the unsubstituted version can be processed only in the gas phase (e.g. via
sublimation or evaporation). The substitution with side-chains makes them solution
processable, thus opening the door to up-scalable deposition methods like spray coating ink-jet

printing or roll-to-roll.

3.2.1 PDI

The formation of crystalline supramolecular assemblies via n-n stacking enables the generation
of materials displaying high charge transport characteristics. Perylene derivatives have been
widely used as industrials dyes. These compounds are presenting peculiar optical and electrical

properties, including well-distinct semiconducting properties.
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3.2.1.1 PTCDA and the need of a lateral chain

One of the first molecule with a perylene core that has been used in a field-effect transistor is
the 3,4,9,10-perylene tetracarboxylic dianhydride (or PTCDA). With a band-gap around 3 eV,
PTCDA exhibits anisotropic n-type properties, due to its specific crystal structure (Figure 3-1).
The poor solubility of this compound was solved by the imidization of its anhydride function,
leading to the formation of perylene tetracarboxylic diimide (or PTCDI). This molecular
structure has the advantage to allow the functionalization in the imide position to endow
solubility in common organic solvents. The most common and simple functionalization is
through the grafting of an alkyl chain, which simultaneously makes it possible to tune the

molecular packing without drastically perturbing the energy levels of the molecule.

Figure 3-1 Crystal structure along a,d) a, b,e) b and c,f) ¢ directions of a-PTCDA (Structure
196997 on Cambridge Structural Data (CSD))" and DiMe-PTCDI (Structure 1140279 on
CSD)E.

This approach was firstly used by Langlahs to solubilise PDI derivatives.?l One of the most
popular PDI is the PDI-8, with a lateral alkyl chain containing 8 carbon atoms (Figure 3-2),

such chain is forcing the orientation of the molecules along the same direction due to steric
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hindrance of this alkyl substituent. Moreover, the presence of this lateral chain is also
forbidding the hydrogen bonding between two adjacent molecules; these hydrogen bonds are

present in the case for a-PTCDA.

Figure 3-2 Crystal structure along a) a, b) b and c) c¢ direction of PDI-8 (Structure 661829
on CSD)4.

3.2.1.2 The bay position

As introduced in the chapter 2, one way to confer air-stability to a n-type semiconductor stable
consist in lowering the energy levels of the molecule. This can be achieved upon
functionalization of PDI derivatives in their bay positions with a suitable group. Typically, to
lower the energy levels, electron withdrawing groups are used such as halides atoms, or ¢yano
functions.”’ The number groups as well as the strength of withdrawing electrons will define the
magnitude of the shift in the energy levels.! However, due to their steric hindrance, some
functions that are too bulky determine a twist the core of the molecule, leading to an abrupt
decrease of the electrical performance because of the disruption of the delocalized

intermolecular -1 conjugation (Figure 3-3).
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Figure 3-3 Chemical structure of a) DiMe-PTCDI, b) PDI-Br;, ¢) PDI-CL and d) PDI-CN,
showing the torsional angles of the perylene core, and e-h) their corresponding thin film
morphology measured by AFM, in the Cs lateral chain version, i-1) their transfer curves
measured in vacuum and m-p) in air. The torsional angle induced by the function in bay
positions can be seen on the morphology of the film, where a flat molecule has a higher
probability to form big crystalline domains compared to the twisted one. The transfer curves
show how these functionalization help to the air stability, through the changes in the energy
levels of the molecules. (Adapted with permission from!™)

3.2.1.3 PDI8-CN; and PDIF-CN;

In the chapter 5, we have focussed our attention to two PDI derivatives as ideal systems to
study their charge transport properties. The ad-hoc design to guarantee good compromise in
terms of solubility in a common organic solvent, electronic properties, and air-stability led us

to the use of N’-bis(perfluorobutyl)-(1,7&1,6)-dicyanoperylene-3,4:9,10-bis(dicarboximide)
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(also called PDIF-CNy) and the N-N’-bis(n-octyle)-(1,7&1,6)-dicyanoperylene-3,4:9,10-

bis(dicarboximide) (or PDI8-CN,) portrayed in Figure 3-4.

PDIS-CN,
£t

"
‘
u‘\—\—\;

\

Figure 3-4 Chemical structure of PDIF-CN, and PDI8-CN..

PDIF-CN, ® 2 and PDI8-CN, ¥ ¥ are two well-known air-stable semiconductors exhibiting
electron mobilities close to 1 cm?V-'s™. They also do not suffer from bias stress,'*?? thus being

ideal systems for charge transport studies.

3.2.2 BTBT

Molecules derived from [1]benzothieno[3,2-b][1]benzothiophene (BTBT, Figure 3-5 a)) have
demonstrated to be particularly suitable for OFET application, since they potentially exhibit
mobilities higher than 10 cm?V-'s.2*) These structures are known since 1950,%Y but were firstly
designed to generate liquid crystalline materials.””) It’s only in early 2000 that this class of
molecule was integrated as semiconducting material in a FET with high hole mobilities.”!
Their unique herringbone packing, almost independently to the substituents attached to the

BTBT core, represents 2D percolation pathways for charge transport.?”? Early uses of BTBT

derivatives relied on vacuum processing in thin films.
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Figure 3-5 a) chemical structure of a BTBT unit. Crystal structure of C&-BTBT along the b)
a, ¢) b and d) ¢ directions (structure 679293 on the CSD)®.

Similarly to PDIs, BTBT suffers from good solubility in common organic solvents. Here also,
the introduction of the adequate lateral chain leads to an improvement to their solubilisation.®"
Two of the most famous are Ce-BTBT and Ci--BTBT, having an 8 carbons and 12 carbons
long alkyl chain, respectively. Remarkably, they exhibit hole mobilities, depending of the

configuration of the device, up to 43 cm?V-1s?.23152

In the chapter 8, a BTBT (Figure 3-6) with polyethylene glycol chains (PEG), synthesized by

the team of Prof. Y. H. Geerts, has been employed for humidity sensing applications.

P NGFEN O/\/O S
/ O
S O/\/O\/\ O/

Figure 3-6 Chemical structure of the PEG-BTBT.

3.3 Hybrid materials

Hybrid materials are resulting from the combination of two or more different components, and
exhibit properties which differ from those of the individual components. If the properties of

both moiety are unchanged, the resulting material is classified as nanocomposite instead of

hybrid.?
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3.3.1 Organic-Inorganic perovskite structure

The word perovskite was initially used for calcium titanate CaTiO;, but later it has been
employed for inorganic generic ABX; structures, ideally displaying a cubic geometry, with A
and B being cations, and X is an anion. In 1995, Wang et al. synthesized a series of hybrid
organic-inorganic compounds, based on this perovskite structure, wherein A was an organic
species.? Based on the size of this organic moiety, the dimensionality of the perovskite can be
strongly affected,” from a 3D network when a small cation is used to lower dimensionality for

the bigger cations (Figure 3-7), yielding a drastic change of the properties of the initial 3D

36]

compound.!
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Figure 3-7 Sketch of perovskite structures with different dimensionalities.(Reproduced with
permission from®®/)

In the chapter 7, the electrical properties in a hybrid perovskite, the methylammonium lead

iodine CH;NH;3PbI; (Figure 3-8) were explored for oxygen sensing applications.

Figure 3-8 Ideal cubic structure of CH;NH;PbI;.
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3.3.2 Methylammonium lead iodide properties

With a bandgap between 1.5 eV and 2.3 eV, this perovskite is commonly used in solar cells,
for the first time by Gritzel et al.’” after the discovery of their photoelectrical properties by
Miyasakal®® in 2009, or its use in photodetectors.® It is noteworthy to say that Snaith
employed for the first time a similar hybrid perovskite with a mix of chlorine and iodine atoms,

4l This compound sparked the interest

in solar cells application, almost one year before Gritzel.!
of the scientific community, due to its high power conversion efficiency close to 20%, even on
a large area."t! Moreover, this hybrid organic inorganic perovskite can be easily synthesized
and processed at relatively low temperature. Despite their wide use in solar cells, this compound
has not been extensively employed as active semiconductor in FETs yet. Its mobility was

42 and theoretical studies®® predicts

evaluated around 50 ¢cm?V 's™! by Hall measurements,
mobilities up to 10° cm?V~'s™*. One important thing to deal with this compound is its instability
to many boundary conditions.*¥ Humidity is of paramount importance to the degradation
process of this perovskite, due to the formation of the hydrated species (CH;NH3) Pbl.2H,0,
which displays poor electrical properties.*”! A combination of oxygen and UV exposure is also
believed to degrade the perovskite into methylamine, lead iodide, dihydrogen and iodine.*® It
is also suggested that this compound can be simply photo-degraded under UV, and starts to
decompose when subject to a temperature higher than 85 °C.H¥ Beside this, theoretical
calculations put forward the possible thermodynamically intrinsic instability of this

perovskite.*

3.4 2D materials

2D materials are defined by a layer of atoms forming a coherent structure within a plane. They
can be either an allotrope of a specific element (graphene is an allotrope of carbon), or a
compound by itself, made by different elements (such as the transition metal dichalcogenides).
Due to their electronic confinement and structural order, these materials potentially exhibit
different properties with respect to their bulk equivalent. The strong interest of the scientific

community to 2D materials mostly started in 2004, with the first exfoliation of graphene.”
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3.4.1 Graphene

As defined by the International Union of Pure and Applied Chemistry (IUPAC), a graphene
layer is “a single carbon layer of the graphite structure, describing its nature by analogy to a
polycyclic aromatic hydrocarbon of quasi infinite size. The term graphene should be used only
when the reactions, structural relations or other properties of individual layers are discussed” .
Even if the word graphene was define around 1990,? this material was observed more than 20

[53]

years sooner™ and explored theoretically before 1950.° The interest for this material

reappeared at the beginning of 2000, when a simple way to produce high quality graphene has

50

been developed through mechanical exfoliation by using scotch tapel”, for which K. Novoselov
and A. Geim received the Nobel prize in Physics in 2010 for unravelling the exceptional physical
properties of this material. Later on, huge efforts have been made to improve the production
of high quality graphene though diverse approaches such as the liquid phase and
electrochemical exfoliation™ or by chemical vapour deposition, which still suffer from a very

low rate of production.®®

3.4.1.1 Chemical structure

Graphene is a one atom thick material composed by sp?carbons arranged in a 2D hexagonal
lattice (Figure 3-9). The superposition of graphene flakes, driven by van der Waals interactions,
leads to the well-known graphite, already used as electrode because of its low electrical

resistance, or simply as pencils.®”

(@) Graphite (d) Graphene sheet

Figure 3-9 Schematic of graphite, converted to graphene sheets after exfoliation (Adapted

with permission from?*).
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3.4.1.2 Electronic structure

The electronic structure of graphene can be described as a semi-metal. This means that its
valence and conduction bands are meeting at the precise energy point,” called the Dirac point
(Figure 3-10), located on six momentum space on the Brillouin zone, that can be described as

two interpenetrated triangular lattice, forming the two sets of valley called K and K.

Figure 3-10 a) Electronic dispersion in the hexagonal graphene lattice. b) Sketch of the lattice
structure showing the equivalent carbon atoms (A and B) in graphene and c) the
corresponding Brillouin zone with the Dirac cones located at the K and K’ points (Reproduced

with permission from®™).

For an undoped pristine graphene flake, the Fermi level will be located at these Dirac points,
where its electrical resistance will be the highest (Figure 3-11), but a slight shift of the Fermi
level will immediately populate the valence or conduction band, leading to a decrease of the
material’s resistance. This has a direct consequence on the electrical performances of graphene
as active material into a field-effect transistor, because all the principle of a transistor is based
on capability of the active material to switch from an ON state to an OFF state, forming a 2-
level logic device. However, since graphene is almost never OFF, the distinction between the
two states is hardly distinguishable, and thus not usable as its pristine form for such device
applications, even if this material can present extremely high mobilities up to 200 000 cm?V-'s

! for both charge carriers at room temperature.®
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Figure 3-11 a) Field-effect induced doping of a graphene flake as function of its resistivity,
showing the position of the Fermi level at the Dirac point (Reproduced with permission
from®"). b) Sketch of the decomposition of a graphene transfer curve into the overlapping of
n- and p- type transports, demonstrating the absence of OFF state.

In the chapter 6, graphene has been used as a platform to study the doping induced by small

molecular dopants.

3.4.2 Transition metal dichalcogenides

Following the outstanding properties measured on mechanically exfoliated graphene in 2004,
this approach has been extended to the preparation of mono and multilayers from other types
of layered materials such as the transition metal dichalcogenides (TMD).!%” While such class
of monolayer material is known for more than 50 years it was mostly investigated as bulk

materials.[®!

3.4.2.1 Structure and electrical properties

TMDs are described by a MX, structure, where typically M represents a transition metal atom,
surrounded by two chalcogen atoms X (Figure 3-12). Among all the transition metal, only few
of them can form layered structures that can be exfoliated. Depending of the chemical
composition, these materials exhibit also in their bulk form diverse properties such as
superconductivity, semiconductivity or metallic behaviour.® Due to their atomic thickness,

the semiconducting TMDs are the most credible alternatives for the tomorrow’s FET, because
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of their high sensibility to the electrostatic environment controlled by the gate electrode.
Among the TMD exhibiting semiconducting properties, MoS, has been the most studied after
the demonstration of its excellent electrical properties as active material in a FET,® with

rather high mobilities up to 60 cm*V's' and high L, /L« ratios around 10%.

a) b)
]
B C N O F N
9 10 1 2|a s P 8 o A
Co N Cu 2Zn Ga Go As Se Br K &
v
W Pt A Hg TI Pb B Po A
M Ds Rg Cn Ut A Up Lv Uus

Figure 3-12 a) Periodic table where the elements favourable to describe the MX, structure

are highlighted. b) example of the structure of a MoS, monolayer (Reproduced with permission
from/*).

It is important to note that different phases exist within the TMDs (Figure 3-13). These
structural differences can be seen as the superposition of three atomic planes, where the trigonal
prismatic phase (2H) is described by an ABA stacking. If one of the layers is reversed, forming
an ABC structure, such arrangement is called distorted octahedral (1T) phase. In some cases,
if the distortion is too pronounced, another phase can be reached, through the formation of

inter-metal bonds, resulting in the dimerized phase (1T7).

Q Transition metal ) Chalcogen

Figure 3-13 Structure of a TMD layer in a) a trigonal prismatic (2H), b) distorted
octahedral (1T) and dimerized (1T') phases (Reproduced with permission from®").
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The phase of a TMD is widely changing its properties, because affecting the whole energy
landscape of the material. For example, the thermodynamically stable 2H-MoS, phase exhibits

semiconducting properties while the 1T-MoS, one is metallic.®!

3.4.2.2 Band diagram

One important difference between the bulk and the monolayer form of almost all the TMD is
the transition from an indirect to a direct gap, allowing the apparition of luminescence
properties (Figure 3-14).%97 This behaviour is due the interlayer coupling into the TMD
structure.™ This interlayer coupling can be, as said before, detected by photoluminescence
measurements, but other techniques, such as Raman spectroscopy, can be used. Indeed, the
change in interlayer coupling is slightly affecting the lattice vibration of the structure through
the perturbation of the electronic density of the material.® These techniques are widely used
to quickly characterize an exfoliated structure as a monolayer or thicker material, without the
need of employing a microscopy technique such as an atomic force microscopy (AFM)
analysis.™! Tt is noteworthy to mention that it is possible to get rid of the indirect bandgap,
even in multi-layers TMD, by using suitable device geometry such an electric-double-layer
transistor (EDLT) configuration,™ because of the high electric field applied through the

structure, which is affecting the energy landscape of the material.

a) Bulk 4 layers 2 layers 1 layer b)

TR MU R M 1
WA

%

p—
3

PL Intensity (a.u.)
L

4 Energy

1.4 1.6 1.8 20 22
Photon Energy (eV)

r MK:FI'\‘MK”S:I'I" M K r r MK I
Figure 3-14 a) Band structure of MoS, at different thickness, showing the transition from

indirect to direct band-gap (Reproduced with permission from®) and b) photoluminescence

spectra from mono and bilayers of MoS.. (Reproduced with permission from!™).
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3.4.2.3 Tungsten diselenide

In the chapter 6, in complement to graphene, tungsten diselenide (WSe;) has been used to
study the doping effect of molecular dopants. With a  bandgap of
1.6 eV, WSe, is thermodynamically stable in the 2H phase. Air-stable, this material exhibits

good electrical performances when employed with uncommon materials or in complicated

76,

structures.“™ 81 Potentially ambipolar, only few examples of p and n types of transport are

o 8285

reported on the same devic I Because of the relative position of its energy levels that are

86

closer to the vacuum level compared to other TMD, the choice of the metal for the charge

injection in WSe, is particularly detrimental on the good performances and the type of carrier

injected.®™ Typically, to get good electrical performances with WSe,, palladium contacts are

78,80 79,88)

used®, with high-% dielectric such as AlLOsor ZrO,[™* measured on few-layered,™* or with

76,83

a dual-gate or liquid gating approach.!
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Chapter 4 Experimental techniques

4.1 Device fabrication

4.1.1 Substrate preparation

The substrates used for the fabrication of bottom-gate field-effect transistor were purchased
from the Fraunhofer Institute. They are composed by a layer of thermally grown amorphous
Si0, on a heavily doped Si surface. Two different SiO, thicknesses were used: 230 nm that
results to a dielectric capacitance of 15 nF/cm? and 90 nm thick, leading to a 40 nF
capacitance. Even if the 90 nm thick substrates would increase the probability of current
leakage, the change in the optical contrast helps for the localization of exfoliated 2D
materials!"?. Bottom-contact geometry were provided only on 230 nm thick SiO. substrates,
through prepatterned devices with interdigitated electrodes for the source and drain. These
electrodes consist of 10 nm of ITO covered by 30 nm of Au and form four groups of devices
with the same channel width (W = 1 cm) but different channel lengths (L = 2.5, 5, 10 and 20
pum). In all cases, the substrates were provided with a hexamethyldisilazane (HMDS) treatment
of SiO, and covered by a photoresist layer with the purpose to avoid silicon debris

contamination during the dicing of the wafer.

The as-received substrates have first been rinsed with acetone to roughly remove the
photoresist, followed by a cleaning in acetone for 20 min in an ultrasonic bath. The samples
are then gently dried under a gentle nitrogen flow, and cleaned again for 20 min in isopropanol,
back in the ultrasonic bath. The substrates are ultimately dried, under a flow of nitrogen. If
needed, the HMDS layer can be removed through an exposure of the substrate to UV-Ozone,

as discussed in the following section.
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4.1.1.1 UV-0Ozone cleaning

In some cases, the cleaning of the substrates can be carried out by a UV-Ozone cleaning
(Novascan PSD), which consists (Figure 4-1) of their irradiation with a mercury lamp
producing short UV wavelengths (A = 184.7 nm and 253.7 nm) in presence of oxygen during 5
to 20 min. The first wavelength interacts with oxygen molecules to create free radicals and
ozone while the second wavelength interacts with the formed radicals that subsequently, reacts
with the adsorbed molecules on the surface thereby decomposing them into simple gaseous
molecules such as CO; or H,O. This technique is crucial for the substrate cleaning of adsorbed
molecules as well as for pre-treated surfaces but it also allows also to activate SiO. via the
formation of hydroxyl groups at the surface, that are critical for the growth of self-assembled

monolayers, as described in the following paragraph.

Hg |amp .................. -

Sealed chamber

E
3
]
P
1
N

Adsorbed layer

Substrat
Sample holder

Figure 4-1 Sketch and working principle of a UV-Ozone cleaner.

4.1.1.2 Self-assembled-monolayer growth

Suitably designed molecules can be organized on solid flat surfaces to form self-assembled
monolayers (SAMs). Upon operating under thermodynamic control, highly ordered
polycrystalline SAMs can be produced. By design, molecules need to comprise an anchoring
group capable of chemisorbing on the chosen substrate, and a core which can interact with

adjacent analogues via non-covalent forces like van der Waals, to stabilise the monolayer, and
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a head group to modulate the polarity and wettability of the monolayer? as well as its work
function, because of the local dipole induced by the molecules themselves.*?! As anchoring
group, a silane terminated moiety is needed to bind the SiO, surface” while a thiol terminated

function can be used to covalent tethering to gold.

Octadecyltrichlorosilane (OTS) has been extensively used because of its high hydrophobic
nature without inducing almost any doping effect the semiconductor deposited on its top. (2-
Cyanoethy)triethoxysilane (TESPN), trichloro(1H,1H,2H,2H-perfluorooctyl)silane (PFS) and
N-[3-(Trimethoxysilyl)propyljethylenediamine (AHAPS) have been used similarly than OTS
to functionalize the surfaces, as described in the chapter 6, yet the change of the head group

can yield modification of the surface properties.

Similarly, thiolated SAMs can be used to functionalize gold electrodes because of the strong
sulphur-gold interaction, leading to a change in the electrodes wettability, but most
importantly, to a shift of their work function. For the gold electrodes treatment, 1H,1H,2H,2H-

perfluorodecanethiol (F-SAM) and 1-decanethiol (H-SAM) were used, as described chapter 7.

4.1.1.3 Electrodes deposition

In order to deposit top-contacts on FET, metallic electrodes need to be evaporated on a
semiconducting material as one of the last steps of the device fabrication. This has been done
by means of a physical vapor deposition set-up (Plassys ME300B, Figure 4-2). The desired
metal is placed as a pellet in a Tungsten crucible and the substrates are fixed on the sample
holder with magnets with shadowmasks properly aligned on them. The chamber is then sealed,
and the atmosphere is pumped with a rotary pump joints by a turbo pump until an ultra-high
vacuum close to 107 mbar is reached, to ensure less gaseous contaminants adsorbed on the
substrate and to prevent any oxidative process on sensible material such as Chromium or

Aluminium.
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Open
shutter

Closed
shutter

Figure 4-2 Sketch of a physical vapor deposition setup evaporating Cr with the shutter open
(left) and Au with the shutter closed (right).

When the low pressure is reached, a high electric current (from 200 A to 300 A) is applied
through the Tungsten boat containing the needed metal which, by Joule effect, will heat up.
When the temperature is high enough, the metal is vaporized, and it starts to condensate on
both the substrate and the shadowmask. The thickness of the deposited layer of metal is
accurately monitored through the resonance of a quartz crystal. The evaporation rate was kept
around 0.02 nm.s™ for Cr and 0.5 nm.s™ for Au in order to achieve maximum film homogeneity
and crystallinity. A good adhesion of gold on SiO, is obtained through the evaporation of an

intermediate wetting 2 nm thick layer of chromium.

4.1.1.4 Device designed by photolithography

When the commercial shadowmasks available or prepatterned devices are not suitable for the
type of measurement needed, i.e. for single crystal devices, photolithography can be employed
to pattern on demand unconventional motifs (Figure 4-3). To do so, a positive photoresist,
which is water based (AZ1505 from MicroChemicals) is deposited on the substrate surface by
spin-coating (3000 rpm, 1000 rpm.s?, 60 s) then annealed at 120 °C for 1 min. The resulting

layer is locally irradiated with a laserwriter (LW405-A LaserWriter from Microtech, A = 405
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nm) focalized through a lens for a high precision, with a beam spot close to 2 pm. The energy
of the laser beam is typically settled around 1J/cm?® to optimise the lithography. If the energy
is too small, too few photons will reach the photoresist will not be irradiated enough, and the
final pattern will be under-developed. Conversely, the use of a too strong intensity will over-
irradiate the photoresist, leading to the loss of the initial needed shape. The effect of the
irradiation results to an isomerisation and/or cross-polymerization of the polymer composing
the photoresist. Upon irradiation, the chemical structure of the molecule used as photoresist is
changing, as well as its solubility. Two kinds of photoresists exist, the positive one, based on
isomerisation/fragmentation, and the negative one, based on the isomerisation/cross-
polymerization of the polymer. Then, for the positive photoresists, it is the irradiated area
which is removed during the development step while for the negative photoresists, it is the
non-irradiated part which is removed. In our case, we employed a positive photoresist where
the irradiated area is soluble in the developer AZ351B Developer from MicroChemicals while

the non-irradiated part remains insoluble, which is forming the desired pattern on the substrate.

‘-‘-l-‘

'

s - R v e —

Figure 4-3 Photolithographic process to design a device with a positive photoresist. The
cleaned substrate is covered by a spin-coated photoresist layer, the latter is then precisely
irradiated with the laser, and the whole substrate is immersed in the developer, where the
irradiated part appears, forming the wanted pattern. The needed metal is then evaporated on
its surface, and the substrate is immersed in hot acetone to dissolve the remaining photoresist,
leaving the wanted pattern on the substrate.
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A layer of metal is then evaporated on the developed sample, and the remaining non-irradiated
photoresist is washed in a bath of bubbling acetone. Only the metal in physical contact with
the substrate stays attached on the substrate while the rest of the metal is removed, leading
to the final pattern. If the lithography is made on semiconducting materials, it is required that
the developer and the final lift-off bath are orthogonal with the semiconducting material,

without damaging it.

4.1.1.5 Shadowmask designed by photolithography

When the photolithography is not compatible with the sample because of wettability problems,
the laser writer can be used in infrared mode (A = 1064 nm) to selectively heat up some area.
When the material is thin enough, such as a TEM grid made of gold, it is possible to cut
different shapes in the grid (G1000HSG from Ted Pella, Figure 4-4), leading to a home-made
shadowmask that can be aligned with a single crystal or a monolayer of 2D material, and can

be used to form two pads separated by a channel length up to 6 pm.

Figure 4-4 Sketch of a TEM grid irradiated (in red) to form a shadowmask.

4.1.1.6 Indium wire as electrical connector

In some cases, to prevent the scratch of the evaporated gold without adhesive layer, or to
connect the electrodes with non-conventional connections such as a bare copper wire, small
pieces of Indium are used. Due to its low melting point, indium is ductile at room temperature,
and can be easily shaped. Pieces of typically 1 mm? are produced from indium wire and are

10

pressed in contact with gold. Gold and Indium form an alloy™ that ensure a good electrical
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conduction. Indium is also sticking to Si n+4 and can be used to electrically connect the gate

electrode.

4.1.2 Deposition processes

4.1.2.1 Spin-coating and drop-casting

Spin-coating is the technique of choice in order to form thin and homogenous films from a wet
approach (Figure 4-5). The substrate is fixed with vacuum to a rotary plate. Typically, from
80 nL to 160 nL of the solution containing the targeted molecule are deposited on a 1.5 cm x
1.5 cm substrate. Parameters are defined in the way that the plate starts to spin at a certain
speed (from 100 rpm to 5000 rpm), with a precise acceleration (from 50 rpm.s™ to 10000 rpm.s’
1 during a defined time (from 5 s to 60 s). During the acceleration, the drop of solution that
was initially placed in the center of the substrate gets spread due to the centrifugal forces
initiated by the rotation while the speed will help to evaporate the solvent. The thickness of
the final film is directly related to the parameters used for the spin-coating, the wettability of
the substrate and the concentration of the solution used, the latter impacting the viscosity of

the solution.™!

a) b) <)

Semiconductor .- -
Substrate - - - -
Chuck ««+«..v

Figure 4-5 Sketch of the spin-coating approach. a) drops of the solution are deposited on the
substrate, b) the sample holder starts the rotation, leading to the covering of the whole
substrate and c) the solvent is evaporated during the rotation.
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Drop-casting is a technique were the solution is simply dropped on the substrate in a sufficient
quantity to cover its surface. While the solvent is evaporating, the concentration of the solution
dropped is slowly increasing until the solidification starts, leading to the final film. This
approach promotes the crystallinity of domains but often results to thick and inhomogeneous

films on the hundreds of pm scale.

4.1.2.2 Solvent-induced precipitation

PDI crystals were made using solvent-induced precipitation (SIP) method, as presented in the
chapter 5.1% This method consists in the addition of a solution of the compound of interest, to
a bad solvent which is miscible with the solvent used to dissolve it. This process yields in an
increase of intermolecular interactions which are determining the crystallization. It is possible
to modulate the kinetics of crystallization by adjusting the ratio between good solvent and bad
solvent. The size of the crystals formed can also be modulated by modifying the temperature

and the cooling rate.

50uL PDI
in CHCI,

950uL
Non-solvent

Figure 4-6 Sketch of the solvent induced precipitation process.

4.1.2.3 Mechanical exfoliation

Mechanical exfoliation is a way to produce high quality 2D materials, but usually results to a

limited number of small suitable flakes per sample. One of these approaches is based on the
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use of scotch tape (SPV 9205 from Nitto) with different levels of adhesiveness, depending of

the targeted layered materials to exfoliate (Figure 4-7).15717
b b
e ol ~—_—_—
¢ d :
w

Figure 4-7 Conventional scotch-tape exfoliation of bulk to form atomically thin material.

(Adapted with permission from®)

The tape is placed in contact with the top interface of a layered material, and slowly removed
to cleave it. This operation is then repeated a few times on the piece of tape itself, leading to
a reduction of the material thickness present on the tape. The tape, almost fully covered by
exfoliated material, is then pasted on a clean substrate, and is very slowly and carefully

removed, where some partially and fully exfoliated materials remain on the substrate.

An alternative approach is a stamp-based exfoliation, where one piece of tape (Gel-Pak 4) is

fixed at the end of a stamp, when another piece of tape is fixed on a rigid surface (Figure 4-8).
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Figure 4-8 Cartoon of the stamp-based exfoliation.
A bulk piece of 2D material is placed on the piece of tape fixed on the rigid surface, and the
stamp is pressed on top of it, then slowly pulled up. This action is repeated many times to lead
to the thinning of the bulk material into monolayers. The stamp is then pressed on the top of

the target substrate, leading to the deposition of mono- bi- and multilayers on it.

Typically, in this work, graphene monolayers have been produced in the conventional scotch-
tape way while WSe; have been exfoliated with the stamp approach, as presented in the chapter

6.

4.2 Characterization techniques

4.2.1 Field-effect transistors

The field-effect transistor (FET) is a device first proposed by Lilienfeld"'” in 1926 and Heil in
1934, and confirmed experimentally in 1948 by Shockley in the Bell Labs, who have shared
in 1956 the Nobel prize in physics with Bardeen and Brattain. With the evolution of the
technology, the improvement over control of the surface of the materials led to the elaboration,

19)

in 1963, to thin-film devices as we know today, through the work of Kahng.!
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4.2.1.1 Structure and operation

An FET is a three-terminal device. In particular, the so-called source and drain electrodes are
those separated by a semiconductor, and both are isolated from the gate electrode through a
dielectric layer (Figure 4-9).2%2 Typically, the most employed dielectric in research is the
silicon dioxide (SiO., k = 3.9), which is thermally grown on silicon in a very precise and
controlled way to attain a given thickness. The remaining silicon can be heavily doped to get
metallic electrical conductivity, then used as the gate electrode. Other inorganic dielectrics can
be used, such as AlLO; (x = 9) or HfO, (x = 25),** but organic polymer like Cytop? or
polymethylmethacrylate®® can also be employed, allowing other properties to the device, such

as flexibility or transparency.

Concerning the electrodes’ material, source and drain electrodes are made of a metal (i.e. Au,
Al, Pd, etc ) which is selected according to its work function, to match the energy levels of the

22 Here also, the polymer such as the poly(3,4-

semiconductor in the best way.!
ethylenedioxythiophene):poly(4-styrenesulfonate) (better known as PEDOT:PSS) can be

used. !

W

Vos —l— J Source
Drain

Semiconductor

Drain

Figure 4-9 Schematic of the lateral view (left) and top view (right) of a typical bottom-gate
bottom-contact field-effect transistor.

When a voltage is applied between the source and drain electrodes (Vps), charges are injected
into/extracted from the semiconductor, resulting in a current that flows through the device
channel. The latter is defined by its length, L, and width, W. Similarly, when a voltage is

applied between the source and gate electrodes (Vgs), charges accumulate at the top surface of
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the dielectric, leading to a modulation of the charge density in the semiconductor, which is
proportional to Vgs and to the capacitance per unit area of the dielectric (Ci) of the FET.
Depending on the sign of the applied bias applied, holes or electrons can be selectively

accumulated at the surface of the dielectric.

The operation of a FET can be described by two regimes, the linear and the saturation regime

%01 a continuous charge

(Figure 4-10). After the filling of shallow traps in the semiconductor,!
layer is formed throughout the device channel when a given value of Vs, called threshold
voltage (Vrn), is applied.”! Then, a small Vps is applied (typically with Vps < Vas — Vrn),
inducing a linear gradient of charges in the channel. If a higher Vpg is applied in such a way
that Ves — Vra < Vg, a narrow depletion region is formed close to the drain electrode into the

channel, and the current Ips saturate and become independent from Vpg (saturation regime).??

a} Vs < VgV b) Vos = VgV C) Vpe > V-V

J VBE l
Semiconductor | Semiconductor ? Semiconductor
Source

CHanmet

Ves Dielect

Figure 4-10 Field-effect transistor operating a) in linear regime, b) when the depletion is

Drain

Channel | Channet

formed on the channel, and c) in saturation regime. (Adapted from®?)

4.2.1.2 Parameters extraction

A FET operation can be characterized in two different ways, by applying a constant Vgg bias
while sweeping Vps and recording the resulting Ipg, which allows to trace the so-called
characteristic (output) curves (Figure 4-11 a)) and the other one corresponds to a sweep of the
Vas bias while applying a constant Vps, and is called a transfer (output) curve (Figure 4-11
b)). From these curves, some key parameters can be extracted that are related to the good
operation of an FET, but also to study the intrinsic properties of a semiconductor. In particular,
these parameters are the charge carrier mobility (), the threshold voltage (Vru), and the L. /Tog

ratio, that are discussed below.
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Figure 4-11 a) Output curves, and b) transfer curves measured for an n-type semiconductor.

The charge carrier mobility p (in cm*V-'s?) is defined as the ratio between the charge drift

velocity Vq and an applied electric field E (Equation 4.1).
Vd = ‘U,E (4.1)

The charges @ that have been induced at a Ves which is higher than Vrm, is expressed by

equation (4.2) at a certain position x in the channel.?”
Q = Ci(Vgs = Vi — V(x)) (4.2)
The drain current Ips can be expressed through the equation (4.3).
Ips = WQuUE (4.3)

Replacing the expression of (4.2) in (4.3) and knowing that the electric field E = dV/dx,

equation (4.4) is obtained.
Ipsdx = WuCi(Vgs — Vg — V(x))dV (4.4)

The expression of the drain current Ips can be obtained for a linear regime, by using the gradual
channel approximation assuming that the potential varies steadily in the channel from the
drain to the source electrode, which lead to equation (4.5), that can be approximated into

equation (4.6) since Vps is much smaller than Vgs in the linear regime.

w 1
Ipstin = T HiinCi [(VGS — Vi) Vps — EVDSZ] (4.5)
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W
Ipsjin = T H1inCi(Vos — Vrn) (4.6)

Thus, from (4.6), the mobility in linear regime s, can be extracted (Equation 4.7).5

dlps L

Wiin = OVes  WCiVps (4.7)

However, in the saturation regime, since the drain current changes are minimal upon increasing
the drain voltage, another equation has to be considered. Since Vps > (Vas — V), the drain

current Ipg in this regime is expressed by the equation (4.8).
w 2
Ipssat = 57 MsatCi(Vos — V) (4.8)

The mobility in saturation regime p,, can be extracted in equation (4.9) from the one above.

T —k (4.9)

Hsar = dVgs " WCi(Vps—Vrn)

While some FET devices are designed, according to the doping of the semiconductor and the
work function of the metal used for the electrodes, to operate with hole or electron conduction,
some devices are based on ambipolar materials that are able to transport both types of charge
carrier.?¥ In this specific situation, the drain current measured during the operation can be
seen as the sum of the contribution from holes and electrons currents, and is defined by the

equation (4.10) in saturation regime.
w 2 2
Ips =, Ci [He (Ves = Vrue)” + #n(Ves = Vrun) ] (4.10)

Where p. and p, correspond to the electron and hole mobilities, respectively, and Vru. and

Vrun are the electron and hole threshold voltages.

The threshold voltage Vrr is defined by the specific Vs bias where a small increase of the
later results in an important increase of the drain current Ips, and represents the voltage needed

for filling the traps present into the semiconductor or at the surface of the dielectric./*

The Lon/Log is the ratio between the drain current measured in ON state at a certain Vs, over
the one measured in OFF state, and it represents the capability of the FET to switch from the

ON state to the OFF one.
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The reliability factor ris defined by the equation (4.11) and calculated with (4.12) and (4.13)

% This factor is an indicator of ideality for a FET

in linear and saturation regime, respectively.!
curve, allowing to estimate if a claimed mobility is justified or overestimated because of the

different regimes observed on the transfer curves.

Herr = T-Uclaimed (4'11)
<|1Ds|’”“"—|18¥>

o el ™™ 4.12

Tiin = W (4.12)
0VGs/ claimed

Vsl
Tsat = (am)z (4.13)
9./Vgs

2
Jios ™ /|lgg|)

claimed

Expressed in percentage, r will tend to 100% in the case of an ideal FET transfer curve and

will deviate from this value for any other cases (Figure 4-12).
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Figure 4-12 Common nonlinearities observed in FET transfer curves. The blue line represents
the measured transfer curve while the red dashed line corresponds to the slope for the highest
value of mobility to extract and the black dashed line correspond to the ideal transfer curve
within the current measured experimentally (Reproduced with permission from?).
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Similarly, the maximum current density J,¢%* and the maximum power density P,

can be calculated with the equations (4.14) and (4.15), respectively.

pnax — —valdo (4.14)
Prox = [Tps|™*%*.|Vps| (4.15)

WL

Where Ips™> is the highest drain current measured and dy is the thickness of the charge
accumulation layer in the semiconductor. These two parameters are interesting to evaluate if
the device can be subjected to thermal fluctuation when a high electric field is applied in a
small volume because of the Joule effect, which leads to an instability during the electrical

characterization.

The contact resistance R. is an indication of how easily a charge is injected from the metallic
electrode to the semiconductor.”™*® Indeed, when charges are injected into the device, their
flow will be first reduced by the resistance of the metal Ru, used as electrodes (Figure 4-13 a)).
This resistance is very small and can be usually neglected. The flow of charges is then injected
from the electrode to the semiconductor, into the channel. Due to the potential mismatch in
energy between the energy levels of the semiconductor (i.e. the HOMO and LUMO levels for
a molecule or the valence and the conductive bands for an inorganic solid) and the work
function of the metal, an injection barrier is formed, leading to the contact resistance. Once
injected in the semiconductor, the flow of charges will be affected by the intrinsic resistance of
the semiconductor (Rean). To be collected on the other electrode, the flow of charges will again

experience this barrier, and the metal resistance.

a) b) c)
Rmn  Rc Renan R. Ry Rn  Re Rehnan Re Rn Rn R
— s - = = 3 = L = — L+

Semiconductor
Dielectric

Figure 4-13 a) FET represented with the three main electrical resistances measured during
operation, the resistance of the electrodes (Rw), the resistance of the semiconductor (Rena)
and the resistance between the electrode and the semiconductor, the so-called contact
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resistance (R.). By changing the channel length, the resistance of the semiconductor will be
affected (b) and c)) while the contact resistance and the electrode resistance will remain the

same.

One way to extract this contact resistance is by using the transmission line method (TLM).40

By changing the channel length L of a FET, (Figure 4-13 b) and c)), the resistance of the
semiconductor will be proportional to the channel length while the resistance of the electrodes
and the contact resistance will remain constant. Thus, the total resistance (Ri.) measured can

be defined by the equation (4.16).

L
Rtot = Rchan + Rc + Rm = m + RC (416)

By plotting the channel length versus the total resistance measured (Figure 4-14), it is possible

to extrapolate the contact resistance at L = 0.

1000 T T T T

800 - s

L L L L
0 5 10 15 20

Channel length (um)

Figure 4-14 Typical Transfer Line Method plot of the channel length versus the resistance of
devices, allowing to extrapolate the contact resistance.

It is possible to extract the contact resistance through other ways such as the 4-probes

measturements*! that will not be discussed here.

The trap density N; in a semiconductor gives information on the number of traps present in
the films. Charge traps can originate from structural defects (acting as simple scattering centers
for charges) and/or can be due to electronic interactions with polarons. In the latter case, trap

states can be located within the semiconductor bandgap more or less close in energy to the
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HOMO or to the LUMO level. A simple way to give a rough estimate of trap density within a
semiconductor in a two-terminal configuration, is represented by the use of space-charge-
limited current (SCLC) method."?*) While increasing the voltage (Figure 4-15), the current
measured increases proportionally, and define the ohmic region. After a threshold voltage Vru
(which is different from the threshold voltage measuring on a transfer curve), the current is
proportional to the voltage-squared, and is characterized by the filling of the traps in the
semiconductor. An abrupt increase of the current at Vrpr indicates the complete filling of the

traps and defines the beginning of the trap-free regime.

3 Trap-filled E
Ohmic regime SCLC regime

Linear region Square region Square region
I~V Jnv2 Jwv?

Figure 4-15 Typical double logarithm curve measured for the space-charge-limited current
method, described by three succesive current regimes, the ohmic region, the SCLC, when the
traps start to be filled and the trap-filled regime. The transition from the SCLC region to the

trap-filled one allows to calculate the trap density.

Hence, the trap density (in cm™) can be estimated through the equation (4.17), with & the
dielectric permittivity of the semiconductor, e the elementary charge and L the inter-electrode

distance.

N, = A (4.17)

el2
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4.2.2 Electrical setup

4.2.2.1 Probe-station

The devices were electrically characterized with a probe-station set-up (Cascade Microtech
M150, Figure 4-16) operating in a nitrogen-filled glovebox or in air. The sample is placed on a
conductive chuck, and with the help of micromanipulators, two tungsten electrodes are
connected to a specific device on the sample, localized with an optical microscope. The electrical
measurement is provided by a dual channel Keithley 2636B Sourcemeter controlled by

Labtracer software.

Microscope

Knob
Micromanipulator
Arm

Figure 4-16 Sketch of a probe-station setup used for the characterization of FET.

4.2.2.2 Cryostat

In order to measure the evolution of the electrical performances at different temperatures, a
liquid nitrogen-based cryostat (Optistat DN-V from Oxford Instrument, Figure 4-17) controlled
through an ITC503S Cryogenic Temperature Controller and interfaced with a dual channel

Keithley 2636A sourcemeter by a homemade Labview software.
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Internal chamber
Coaxial connecter
Flow controller

External chamber
Connection to ITC

Additional heater

Liquid nitrogen tank

Sample

Figure 4-17 Sketch of the nitrogen-based cryostat.
The sample FET are connected in the cryostat as follow (Figure 4-18): indium is used to
connect copper wires to the drain and source electrodes. The gate is connected by scratching
the SiO; layer with a diamond pen, to access to the Si n++ layer from the top, which is then
put in contact with a piece of indium, again used to be connected with a copper wire. These
copper wires are fixed on metallic pads designed on a homemade PCB board, themselves
connected to Manganin wire, which is an alloy of copper, manganese and nickel, known to have
a very small change in its resistance over the range of temperature studied. Prior to the cooling
down process, the sample chamber needs to be purged from the ambient atmosphere. To do
so, the internal heater is set at 307 K to increase the desorption of water contained in the
atmosphere from the surface while the chamber is pumped with a rotary pump. Since the
internal heater is located at an extremity of the cryostat and in order to make this process
more efficient, an additional heater has been added inside the chamber. After 4 hours of
purging, both heaters are turned off, and the tank of liquid nitrogen is filled. The cooling rate
is set at 0.02 K.s' to prevent any thermal shock that can damage the sample. When the
temperature reaches 80 K, a delay of 90 min before starting the measurement is imposed to
ensure a stable and uniform temperature in the proximity of the sample. The sample is then
electrically characterized for each 10 K steps until 300 K, after the same delay time of 90 min

between two measurements.
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Manganin wire
Copper wire

Sample
Pinted circuit board

Figure 4-18 Sketch of the cryostat probe connected to the sample.

4.2.2.3 Gas chamber

The characterization of the gas sensors was feasible with the help of a sealed polycarbonate
chamber. For oxygen sensing measurements (Figure 4-19), the chamber is equipped with a
valve allowing to inject dry nitrogen to decrease the level of oxygen, controlled with a Drager
Pac 550 O oxygen sensor. The device is electrically connected to the Keithley with two copper
wires and an indium pellet which is used to connect them to the electrodes of the device. In
this way, the sample can be measured in real time while changing the environment inside the
chamber. This configuration only allows to probe from 1% to 20.9% in volume of Os.

N

2

Dryn'trogenin|etand0ut|et....................................H

Sealed chamber

Electrical connection
Oxygen detector

Indium connection
Sample

Figure 4-19 Sketch of the chamber used for the electrical measurements to control the

amount of oxygen gas in the atmosphere.

Regarding the humidity sensing measurements, the same sealed chamber was used (Figure
4-20), with the same electrical connection to the sample. A Sensirion SHT31 sensor was placed

inside the chamber to measure both the relative humidity and the temperature of the
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environment. The humidity was controlled through the equilibrium vapour pressure of a
chemical system. In this case, aqueous solution saturated in salt were used. To reach low values
of relative humidity, lithium chloride salt was used, allowing to get around 14 %RH at 20 °C
while sodium chloride gave the access up to 75 %RH at the same temperature. Since the
chamber is a large volume, the equilibration of the environment is slow enough to proceed to
electrical measurements during the increase or decrease of the humidity. Very low values of
relative humidity (below 1 %RH) are not easy to get, hence the measurement under such
conditions were done in a nitrogen filled glovebox.
N,

Dry nitrogen inlet and outlet «« v v vev i e II £ I|

Sealed chamber

Electrical connection

Salt saturated aqueous solution
Indium connection
Sample

46,15 IRH

Figure 4-20 Sketch of the chamber used for electrical measurement in a controlled humidity
atmosphere, with the help of aqueous solution saturated in LiCl or NaCl.

4.2.3 Spectroscopic characterization

4.2.3.1 Micro-Raman and Photoluminescence spectrometer

Raman and emission spectroscopy are powerful techniques to characterize a material. While
Raman gives information on vibrations present in a material with complementary selection
rules than infra-red spectroscopy, the emission spectroscopy record the photoluminescence of a
material, which can be correlated to many parameters such as phase transition, doping, etc.
The spectra were recorded with a Renishaw InVia spectrometer combined with a 532 nm source
(Figure 4-21). The setup consists of a confocal microscope with a 100x lens objective that forms
a beam spot of 800 nm for the measurement. The signal emitted by the sample is collected by
the microscope lens and redirected via a rejection filter to a diffraction grating which is splitting

the signal by energies, that a CCD camera will detect. A Linkam THMS600 Temperature
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controlled stage and a LNP95 cooling system have been used for low-temperature
characterizations. A Si reference at 520.3 cm™ was used to calibrate the instrument and

normalize the measurements.

CCD CAMEIa -« ttceectssocatseaattsosstssacatssssssssssstosassssssssssaasssssssssnas

Diffraction grating ««««««vvveeeiie i
Rayleigh FreJeCtion fIlters -+« -« «««enueeeeernneeeeaneeee e

LT e

MIrror cceeecestcccessosacssscecsnnss s - ...

Microscope lens ««««exvvevneeniiniiiiiaiinn

Chamber........oooueviinn..
Sample - ««cveven..

Motorized stage - - - -

Figure 4-21 Sketch of the confocal micro-Raman.

4.2.3.2 X-ray photoelectron spectroscopy

The X-ray Photoelectron Spectroscopy (XPS, K-alpha Compact XPS from Thermo Scientific)
is a powerful tool to probe, within the first 3 nm of a surface, the chemical composition and
chemical states of the elements present. To do so, an X-ray beam with a known energy is
interacting with atoms through the photoelectric effect. In this way, electrons from the inner
shells of the atoms are ejected from the surface with a specific kinetic energy which is directly

linked to the precise orbital of a specific atom in a defined chemical state.

X-rays are produced by bombarding an Aluminium anode with an electron beam produced
from an electron gun and are selected in energy by using a crystal of quartz (Figure 4-22). The
X-rays irradiate the sample, which is placed in an ultra-high vacuum chamber to avoid
contamination and maximize the photoelectron path length created by the photoelectric effect.
The photoelectrons are then focalized through a magnetic lens on a hemispherical detector that
will sort the electrons by energy. Then, the resulting electrons with a known energy are counted

with a detector. In this way, it is possible to plot the kinetic energy of the electrons measured
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in function of their population, leading to the XPS spectrum. To prevent any charging effect
of an insulating sample that would shift all the data, a flood gun is constantly bombarding the

probed area with electron to neutralize the positives charges created by the photoelectric effect.

Hemispherical ana|y5e|— .........................
Detector ===+ s s rrrrerennnnnnnnaa e
Magnetic lens « «+ - - . N R
Quartz crystal - - - - - -

Electron source -+« ...
Electron beam «« ..t

X-ray beam ««+eeiiaiann .

Aluminium anode « =+« v eeenn
Photoelectrons ==+« + s s eseenseness pam—

Floodgun ««evvuvunnnn :
Sample «++verennan s
Sample holder ««+«vevvvnnens

Figure 4-22 Sketch of an X-ray Photoelectron Spectrometer.

4.2.3.3 Photoelectron spectroscopy in ambient conditions

The work function (WF) of metal or Ionization Energy (IE) of semiconductor was measured
with a Riken AC-2 Photoelectron spectrometer working in ambient atmosphere (Figure 4-23).
A UV light, produced by a deuterium lamp, with a known energy (from 3.4 eV to 6.2 V) is
selectively irradiating a sample through an optical fiber. According to the photoelectric effect,
when the energy of the beam is high enough, the molecules will eject electrons from the sample,
that will be collected by a cathode linked to an electron counter. By modulating the energy of
the beam versus the number of electrons collected by the cathode, it is possible to extract the

precise energy where the molecules are ionized.

Electroncounter =+« ==« st s sen s n st nnassanassnnnnas :
Cathode ................t..........:

Deuterium lamp - - - - - <

UV beam =+«

Spectrometer «.eeearaaaaens .
Optical fiber « v v v v i it it n e s

Sample «+ e
Sample holder =+« - vveenmenanan.,

Figure 4-23 Sketch of a photoelectron spectrometer working in ambient conditions (PESA).
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4.2.4 Surface characterization

4.2.4.1 Atomic force microscopy

Atomic Force Microscopy (AFM) was used in tapping mode to map the surface samples at the
nanometric scale (Figure 4-24). The AFM is used to get images of the topography of the surface
of a sample thus enabling to quantify its local roughness. The movement of a cantilever, on
which rear-side a laser is reflected to a photodiode, is controlled by a piezo actuator. The
cantilever vibrates at the proximity of the surface, at a frequency close to its resonance one.
The frequency and phase of resonance changes with the interaction with the material and with
its composition, depending of the strength of the interaction involved between the tip mounted
on the cantilever and the material itself. A feedback loop maintains the tip at a constant height
while the profile of the surface is changing. The software reconstructs line by line the profile
that the tip of the AFM is experiencing. The whole setup is fixed to a table that provide an
insulation from external vibrations while working in a Faraday cage, protecting the sample

from the acoustic and electrostatic noise.

Photodiode.......................\‘

Sample ----- 4. \/
Piezo stage------ \ - . f
Figure 4-24 Sketch of an atomic force microscope.

4.2.4.2 Profilometer

A profilometer (KLA Tencor Alpha-Step IQ) is a convenient technique to quickly access to the
thickness of a film (Figure 4-25). Prior to this measurement, the sample need to be scratched,

in order to create a line by locally removing the deposited film. The line created is then localized
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with a camera and aligned perpendicularly with the path of a stylus. The length of the profile
as well as the speed and the force of the stylus are defined in accordance with the sample
measured: a soft sample can be destroyed by a too strong force applied by the stylus which
leads to the loose of the profile information since the stylus penetrate the thin-film. However,
a too weak force may decrease the sensibility of the stylus and then the loose of the profile as

well. This profile of the scratched line is then measured with a vertical motion sensor.

Profile reconstructed

Motion sensor

Camera

Stylus tip
Stylus path
Scratch

Figure 4-25 Sketch of a profilometer.

4.2.43 Scanning electron microscopy

In order to characterize the surfaces of samples at micrometric scale, a Scanning Electron
Microsope (SEM) Quanta FEG 450 from FEI was used (Figure 4-26 (left)). In a high-vacuum
chamber, an electron gun generates a high energy electron beam (from 5 keV to 30 keV) that
is focus and accelerated with an anode, reduced in diameter with a spray aperture and focused
on the surface of the sample with a magnetic lens. The area of the sample probed is selected
via a picture of the chamber took by an optical camera prior to the measurement. Without
moving the sample, a scanning coil deflect to electron beam in order to probe the whole surface
of the sample. At the impact, the electron beam generate different types of products (Figure
4-26 (right)) from the surface, such as secondary electrons (SE) that are produced from the
inelastic scattering of the primary electrons with the electrons in the external shells of the

atomic orbits creating a vacancy, X-rays that are generated from the energetic relaxation of
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an electron in higher energy to the vacancy created by the SE, or a backscattered electron
(BE) corresponding to the elastic scattering of the primary electron. Each particule is collected
by a specific detector, allowing the access to different information: the SE comes from the very
first nanometers of the surface while the BE comes from deeper in the sample. The X-ray can
be detected by an Energy Dispersive X-ray detector (EDX) and gives information on the

chemical composition of the sample.

—q Primary electron -------- y
Electron gun .............. Secondary electron -« -+ - -
A Nucleus -+« ------dop-ehennes

Electron beam

X-ray emission « .« «oeeenei

Scanning coils

BE detector
Backscattered electron -+ -----
SE detector ----
EDX detector
Camera Si
e v
Piezo stage ..........

Figure 4-26 Sketch of the SEM operation (left) and type of interactions of an atom with an
electron beam that can be detected by the SEM (right).

4.2.4.4 Water contact angle

The water contact angle is a useful technique to follow the changes of a surface composition.
Such technique is based on the angle that a drop of water adopts when adsorb on the top of a
substrate (Figure 4-27). Depending on the wettability of the surface, which is directly related
to the chemical composition and roughness of the surface. The angle described by the drop of
water is small for a hydrophilic surface or large for a hydrophobic surface. The setup, a Kriiss
DSA 100, deposits a 3 pL. drop of water on the sample while the camera records the process.

The software analyses the position of the drop, it defines the baseline and it fits the shape of
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the drop with a tangent method leading to the final angle measured. The measure is repeated
many times to ensure a reliable value of the angle measured, which can be used quantitatively
to probe the changes of a surface because of a treatment, or it can be use qualitatively when

the angle is compared with already reported angle value for a specific surface or treatment.

Figure 4-27 Sketch of the water contact angle setup.
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Chapter 5 Charge transport in perylene diimide

5.1 Introduction and scope

High charge carrier mobility is essential to ensure high performance and efficiency in opto-
electronic devices such as field-effect transistors, solar cells, and light-emitting diodes.? The
charge carrier mobility in organic semiconductors results from the interplay and optimization
of a complex set of physical properties including chemical purity of the material,
structure/morphology, energetic disorder, which ultimately are all affected by the molecular

design.?

By studying individual supramolecular assemblies displaying a high degree of
crystallinity, we would like to rule out the effect of morphology and defects to charge transport
referred as extrinsic disorder, and focus solely on the role of intrinsic disorder. Generally, the
intrinsic disorder stems from the large fluctuations of the intermolecular charge transfer
integrals.’ The other source of disorder, called extrinsic disorder, depends on gate insulator
dielectric permittivity and on polarizability of the m-conjugated core of the organic
semiconductor. In particular, such kind of disorder stems from the coupling to substrate
phonons, and randomly oriented distribution of dipoles at the semiconductor/dielectric
interface that can negatively influence the transport of charge carriers.” 7 The charge carrier
transport in organic crystals and the relative degree of change delocalization is therefore
simultaneously governed by the intrinsic and extrinsic disorder and both contributions must
be considered. In the ideal case, it is believed that charge carrier mobility in organic field-effect
transistors can increase upon temperature decrease due to temperature-dependent phonon

81 Such behaviour, whose temperature dependence from mobility resembles that

scattering.!
observed in inorganic semiconductors such as silicon, is conventionally called band-like
transport for organic semiconductors. However, band-like transport cannot be fully understood
unless the two sources of disorder, extrinsic and intrinsic, are properly experimentally

disentangled.1243]
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Concerning the intrinsic disorder, one could confidently say that charge delocalization is
typically favoured by large transfer integrals, reduced electron—phonon coupling and absence
of energetic disorder. Hence, these conditions make highly ordered systems such as small-
molecule based organic crystals ideal candidates to study delocalized transport. Several

14,15

experimental and theoretical reports!'*'?! have shown that polarons in these systems can be

delocalized over a given number of molecules (typically not exceeding 10).

An organic semiconductor with a high degree of charge delocalization has to feature an
intrinsically high transfer integral, allowing the charge carrier to form delocalized states.
Further, it is important to eliminate (intrinsic) static disorder due to chemical impurities or
crystal defects, which often account for deep trap states. It is generally accepted that in the
highest mobility organic semiconductor available to date, device optimization has been done
in such a way that wave function delocalization is no longer limited by static charge carrier
traps but by thermal fluctuations in the transfer integrals, which is referred to as (intrinsic)
dynamic disorder. Another important ingredient to characterize high-mobility molecular
systems acting as the active layer in thin-film devices is also represented by the simultaneous
charge injection optimization and interfacial trapping minimization of charge carrier.!*'
Several highly-performing organic semiconductors were found to exhibit a band-like transport
of the mobility near room temperature.? ! This is a strong evidence that dynamic disorder is
certainly one of the major factors that hampers charge transport. Hence, reducing dynamic
disorder represents a central strategy to be pursued in order to improve the performance of
molecular semiconductors. To do so, a suitable prototypical semiconductor must be chosen
that presents only subtle differences in, for instance, its lateral termini. In addition, the
candidate molecules have not only to feature a very similar molecular structure but also

comparable crystal packing.*?

In this chapter, we use two different perylene diimide (PDI) derivatives as a suitable system
to unravel the role of the intrinsic vs. extrinsic disorder on band-like transport in organic
crystals. By systematic structural, electrical and spectroscopic studies of two different PDIs,
we were able to isolate the intrinsic disorder degree that characterizes each single-crystal

compound by a combined approach that uses field-effect transistor devices, low-wavenumber
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(50-200 cm™) spectroscopy and simulations. The first derivative, N-N’-bis(n-octyle)-(1,7&1,6)-
dicyanoperylene-3,4:9,10-bis(dicarboximide) known as PDI8-CN,, exposes an alkyl chain on
each side,®  while its fluorinated derivative, N-N’-bis(perfluorobutyl)-(1,7&1,6)-
dicyanoperylene-3,4:9,10-bis(dicarboximide) also called as PDIF-CNj, has a fluorinated one.*?!

These two molecules feature a very similar molecular structure, but they greatly differ in their

charge transport properties.

5.2 Experimental methods

5.2.1 Device preparation

In order to prepare samples, SiO,/Si-n++ substrates 230-nm exposing to thick SiO, surface
(purchased from Fraunhofer Institute for Photonic Microsystems IPMS, Dresden, Germany)
were first cleaned in ultrasonic bath of acetone followed by a further sonication cycle in propan-
2-ol. The substrates were then gently dried with a nitrogen flow. To form the OTS SAM layer,
the substrates were exposed to a UV /Ozone atmosphere for 30 min then immediately placed
inside a glovebox filled with N», and socaked in a solution of 10 mL of anhydrous toluene and
40 L of octadecyltrichlorosilane (OTS, Sigma Aldrich) in a sealed glass jar. The jar was then
heated at 60 °C for 1h and left undisturbed overnight at room temperature. After that, the
substrates were removed from solution, rinsed twice in anhydrous toluene following annealing
for 1 h at 60 °C. 50 uL of PDI (Polyera Corporation) solution at 1 mg/mL in chloroform (a
good solvent for PDIs) were poured into 950 uL of a non-solvent for PDI (acetone for PDI8-
CN,, methanol for PDIF-CN,). After 20 min, large crystals were formed and precipitated at
the bottom of the vial, while smallest crystals were suspended in the middle of the vial. 20 pL
of this solution were then taken from the bottom of the vial and drop-cast on non-patterned
substrates, leading to the deposition of ~100 pm long single crystals. A homemade shadow
mask consisting of metallic wires of different width (25 pm to 150 pum) was placed on the top
of a single crystal, with the help of an optical microscope. 40 nm of gold were evaporated

through this mask, forming two electrodes over the targeted crystal (Figure 5-1).
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OTS SAM

a)

Au

Si0,/Si-n** ==~

b)

Figure 5-1 Schematic of a PDI based top-contact bottom-gate FET in a) isometric and b)
top view. c) and d) are optical images of PDIF-CN, and PDI8-CN,, respectively.

In some cases, longer crystals were needed. To do so, the solvent-induced precipitation process
was thermally controlled over few hours. The PDI solutions were injected in an excess of their
respective non-solvent, kept at 45 °C. A cooling rate was defined at -0.2 °C/min until reaching
the room temperature. As seen Figure 5-2, most of the aggregation occurs within the first two

hours, leading to millimetric sized crystals.

200 pm
—

Wavelength (nm)

Figure 5-2 a) UV-Vis spectra recorded for PDIF-CN; in hot methanol (45 °C) at the beginning
of the cooling process, to follow the formation of the crystals that leads to a decrease of the
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absorbance. Most of the big crystals are formed after 150 minutes. b) microscopy optical image
of the crystals formed with the slow cooling process, deposited on a SiO, substrate.

By increasing the temperature, the solubility of PDIs in the non-solvent is slightly increased,
leading to less nucleation points for the formation of crystals. This has as consequence the

formation of less crystals but with bigger sizes.

5.2.2 Characterization methods

Optical images were obtained with an Olympus BX51. The OTS monolayer was characterized
by water contact angle (Kriiss DSA 100) with 3 pL of milliQ water deposited on its surface.
UV-vis absorbance in liquid vas recorded with a JASCO V-670 combined with a JASCO
PAC-743R sample holder. Photoluminescence in liquid was acquired with a Cary eclipse
fluorescence spectrophotometer from Agilent Technology. Photoluminescence of thin-film
and single crystal was recorded with a Renishaw microscope equipped with a 100x objective,
combined with a laser at Ao = 532 nm, providing a spot size around 800 nm. Electrical
measurements were done in a nitrogen filled glovebox, on a probe station (Cascade Microtech
M150) connected to a dual-channel Keithley 2636A sourcemeter. Electrical measurements
at low temperature were done with a Nitrogen cryostat Oxford Instrument Optistat DN-V
from 80 K to 300 K in steps of 10 K, controlled through an ITC503S Cryogenic Temperature
Controller and interfaced with a dual-channel Keithley 2636A source-meter. The classical
transistor transfer curves were acquired by sweeping the gate voltage (Va) between -40 V to
40 V when applying a drain voltage (Vp) of 10 V and 40 V applied with a dual channel Keithley
2636A source-meter synchronized with the cryostat through Labview software. Fluorine Solid
state NMR experiments were done on an AVANCE 500 MHz spectrometer (BrukerTM)
operating at a frequency of 470.45 MHz for 19F and equipped with MAS probe designed for
2.5 mm o.d. zirconia rotors. The referencing was done by setting 19F PTFE signal at -122 ppm

(room temp). The spectra were treated with Topspin software.
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5.3 Results and discussion

First, the functionalization of the surface of SiO, substrates with the OTS SAM was monitored
by means of water contact angle measurements (Figure 5-3). Previous reports® indicate that
a contact angle around 110° is typical for OTS based-SAMs, thus it can be used as a gauge to

confirm the presence of the monolayer.

a) b)

48.6° + 2.1° 110.3° £ 0.6°

Figure 5-3 Water contact angle of a) thermally growth SiO,,*” b) UV/O; treated SiO. for 5
min of exposition and 25 min of incubation, leading to an increase of the wettability due to
the formation of hydroxyl groups at the surface® and c), an octadecyltrichlorosilane (OTS)
treated SiO. that decreases the wettability induced by the alkyl chains on the surface.?"

To gain insight into the optical properties of both PDIs, UV-vis absorption and emission
spectra were recorded in the liquid; the emission spectra was also recorded on spin-coated films
and on single crystals (Figure 5-4). Absorption and emission spectra acquired in solutions of
the two PDIs were similar, except for a very small red-shift of PDI8-CN,, indicating that the
lateral chains of the PDI do not crucially affect the properties of the molecules. The spin-coated
films displayed roughly the same emission than in solution, even if the spectra of PDIF-CN,
film is a bit broader compared to PDI8-CN,, which is due to the fact that the films are

composed of small crystalline domains that dominate the emission.?”

76



Chapter 5 Charge transport in perylene diimide 5.3 Results and discussion

&4
o
P

Abs (rel)
Emission (rel)

Ak

400 500 600 700 800 500 600 700 800
Wavelength (nm) Wavelength (nm)

@]
~—
(o}

~—

—— PDIF-CN2
—— PDI8-CN2

0.5}

Emission (rel)
Emission (rel)

0.0

500 600 700 800 900 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Figure 5-4 a) normalized UV-vis absorbance spectra of PDIF-CN, and PDI8-CN; in CHCl;
(0.002 mg.mL-1) and b) their related emission spectra. ¢) normalized emission spectra of spin-
coated PDIF-CN, and PDI8-CN. films on SiO,substrates (2 mg.mL" in CHCl; 1500 rpm 2500

rpm.sec’ 30 sec) and d), normalized emission spectra of PDIF-CN, and PDI8-CN, single
crystal.

The electrical properties of thin-films made with the two molecules were explored by fabricating
bottom-gate top-contact OFETS. Both compounds exhibit ideal n-type properties, as depicted
Figure 5-5 a-b), with a higher mobility for PDIF-CN, than PDI8-CN, by almost one order of
magnitude. When measured at different temperatures, PDIF-CN, exhibited a band-like
transport mechanism. PDI8-CN,, however, seems to follow a purely thermally-activated
behaviour over the measurement temperature range (80 K — 300 K), which complies to a
multiple trap and release (MTR) model, considering the high degree of crystallinity achieved
here. Indeed, the charge transport in PDI8-CN; is characterized by an exponential dependence
of the field-effect mobility on the temperature.®” Such behaviour is typical when charge carriers
are temporary trapped and localized on energy states within the band-gap. These states in the

gap can act as charge traps with different energy; some are energetically close to the HOMO
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or LUMO (typically by few ksT) and can release a charge through thermal activation (called
shallow traps) while other states are localized deeper in the gap (also called deep traps).B!
Since the transport measurements on both PDI derivatives were carried out in three-terminal
devices, the contact resistance was extracted through a classical transfer line method. This
value was found to be higher in PDIS-CN, than in PDIF-CN; devices. Indeed, at room
temperature, the contact resistance with PDIF-CN; is about tens of MQ.jnm while the for PDI8-
CN; it amounts to ca. 1 GQ.um. This result is in accordance with the energy diagram that will

be discussed later.
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Figure 5-5 a) and b) are room-temperature transfer curves (Vp = 10 V and 40 V) of PDIF-
CN, and PDI8-CN,, respectively, with c) and d) their corresponding TLM plots. e) and f)
display the evolution of the mobility as a function of the temperature, with and without the
contact resistance correction, for PDIF-CN, and PDI8-CN..

For a careful and reliable extraction of the field-effect mobility in our devices, the resulting
transfer curves of both compounds were analysed in terms of ideality as n-type semiconductor
through the reliability factor 1, maximum power density Py, and maximum current density

Jsp™mex (Table 1) 32
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7iin (%0) Poax (W.cm™) Jsp"™ (A.cm™)
PDIF-CN; 92.9 3.12 25.7
PDIS-CN: 104 0.63 7.38

Table 1 Reliability factor in linear regime ry,, maximum power density Pm.. and maximum
current density Jsp™* calculated for PDIF-CN. and PDI8-CN..P

PDIF-CN; and PDI8-CN,, in these devices, exhibit a text-book behaviour with a reliability
factor close to 100% which is the ideal case, recorded at moderate maximum power and current

density.

In order to analyse the intrinsic static disorder generated by the presence of trap states in the

crystals, the trap density was extracted in both compounds with the help of the space-charge-

limited current analysis (Figure 5-6).34

a) . . . ; b) 4g
0 N, = (342)x10%2 cm3 ] N, = (1.1 £ 0.6)x10% cm3
107
10°F
_ <
< 10° {1 ZTo°
10" 5
10°
e © oo
10ME R | . o 000
01 1 10 100 0.1 10 100
V (Volt) V (Volt)

Figure 5-6 Current-voltage trace for a) PDI8-CN, and b) PDIF-CN, with different current
regimes. The first one is the ohmic regime then the trap-filling transition appears leading to
the Child’s law region.'®* The trap density N;was extracted over a few samples with the
voltage where the trap-filling transition finished. It is roughly three times more important in
PDIF-CN; than in PDI8-CN,.

PDI8-CN; crystals were found to exhibit comparable trap density (3 times lower) to the one

of PDIF-CN, crystals. This further experimental evidence allows to state that the significant
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differences in transport regimes observed in our molecular systems do not stem from a difference
in trap density while pointing out to the analysis of the intrinsic dynamic disorder as the key

to understand the experimental observations.

The findings on the differences in contact resistance described above are fully consistent with
the energy levels characterization performed by Prof. L. Pasquali (Modena) and Dr. M.
Nardi (Trento), through ultraviolet photoelectron spectroscopy (UPS) and electron energy
loss spectroscopy (EELS) in single crystals, being therefore fully comparable with the device
case, which uses single crystals as the active layer (Figure 5-7). As expected by simply looking
at their respective molecular structure, the band gap of PDIS-CN,; and PDIF-CN, are nearly
equivalent but they were found to be shifted by 0.70 eV, making charge electron injection more
favourable from PDIF-CN, thanks to the reduction of the energy barrier between Au work

function and its LUMO.
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Figure 5-7 a) EELS spectra of PDIF-CN, and PDI8-CN,. The numbers reported on the figure
correspond to the energy difference between the primary beam and the energy of the first loss
structure. The HOMO-LUMO transition correspond to 2.50 €V for PDIF-CN; and 2.45 eV for
PDI8-CN.. b) is the work function variation of PDIF-CN, and PDI8-CN, as measured from
the low energy cutoff, and c) their valence band. d) and e) are the energy diagrams of PDI8-
CN, and PDIF-CN,, respectively.

Structural analysis on the crystals, performed by Dr. F. Liscio (Bologna) and Dr. N.
Demitri (Trieste), confirmed the bulk structure, slipped-stacks for PDI8-CN; and bricklayer
for PDIF-CN, (Figure 5-8), with only one molecule per primitive cell, which has been

highlighted to be uncommon for small molecule semiconducting materials. %2
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Figure 5-8 Sides and top views of the crystal structure of a) PDIF-CN, and b) PDI8-CN..

To rule out any possible phase transition upon temperature in determining the band-like
behaviour of PDIF-CN,, temperature-dependent X-ray diffraction measurements on powder

(Figure 5-9) and single-crystals (Figure 5-10) were also performed.
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Figure 5-9 a) Diffraction patterns of a) PDIF-CN, and b) PDI8-CN, powder recorded at
different temperatures, splitting and shifts of some Bragg peaks in the diffraction patterns
during thermal treatment indicate a small anisotropic contraction of the unit cell.
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Figure 5-10 a) Variation of the lattice parameter a, b, ¢, a, f, y, and volume (V) during the
thermal annealing of PDIF-CN, single crystals, with the strongest variation being the
expansion by 3% of the c-axis from 100 K to 300 K, which lead the volume to increase by
4.4%. Ellipsoids representation of molecular structures (50% probability) of PDIF-CN; at b)
100 K c), 200 K and d) 300 K.

The known triclinic crystalline form has been confirmed® and, excepted a thermal modification
of the volume of the unit cell by 4.4%, no phase transition has been detected upon temperature

ramping down to 100 K and up, back to room temperature. The same crystalline packing and
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PDI side-chains conformations are preserved in the whole temperature range explored: the two
molecular systems exhibit equivalent geometries of the side-chains and PDI cores, and can be
perfectly superimposed, as quantified by a root-mean-square deviation (RMSD) of the atomic

positions below 0.05 A.

With the help of Dr. J. Raya and Dr. J. Wolf (Strasbourg), we additionally performed
temperature-dependent solid-state MAS-NMR, on the fluorine atoms of the PDIF-CN,, to
bestow more information on the lateral chains (Figure 5-11).) The constant values of both
chemical shifts indicate that the environment of the fluorine atoms is not changing when cooling
down. Any phase transition would appear in the change of the chemical shift anisotropy or by
the appearance/disappearance of peaks.” The observed increase in the noise can be ascribed
to the reduction of the spinning rate below 220 K from 20 kHz to 15.140 kHz required to help

for cooling down the sample.
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Figure 5-11 a) F'* Magic-angle spinning (MAS) solid-state NMR spectrum of PDIF-CN, at
298 K, with a spinning rate of 20 kHz, showing the deconvolution of 6 peaks. b) structure of
PDIF-CN; with specific labels on the fluorine atoms, ¢) and d), evolution of the chemical shift
and the chemical shift anisotropy (CSA) respectively, of the 6 groups of atoms chemically
equivalent, between 298 K and 167 K, extracted from the spectra.

One strategy to reduce dynamic disorder consists in increasing the robustness of the transfer
integrals to molecular vibrations which is equivalent to reducing the electron—phonon
coupling.”” To do so, one should reduce the intermolecular displacements, which could amount
up to 0.5A at Touw,® and are able to modulate the corresponding transfer integral of about

the same order of magnitude as the transfer integral itself.?” Because the time scale at which
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charge delocalization occurs is about one hundred times shorter (ca. 10 fs) than that of the
intermolecular vibrations (ca. 1 ps), charge carriers can be temporarily localized in dynamically-
generated molecular configurations with reduced transfer integrals. Hence, the frequency of the
intermolecular vibrations, inversely proportional to the charge carrier mobility, is a crucial
parameter. In particular, low-frequency (below 200 cm™) large-amplitude vibrations are the

most harmful ones for charge transport.

In order to access to the vibrational landscape of both compounds at low energy (below 200
cm!), we studied the low-frequency vibrations of both compounds as a mean to understand the
different transport mechanisms observed experimentally. Towards this end, we employed two
complementary techniques i.e. terahertz spectroscopy (i.e., a direct vibrational spectroscopy in
the terahertz frequency range, conventionally up to 10 THz / ~ 40 meV) performed by X. Jin,
Dr. Y.-G. Jeong and Prof. L. Razzari (Québec) and temperature-resolved inelastic
neutron scattering (INS) realised by Dr. M. Zbiri (Grenoble) and Dr. A. Y. Guilbert
(London), in combination with modeling and simulations, achieved by Dr. D. Dudenko,

Dr. V. Lemaur, Dr. G. D’avino, Dr. Y. Olivier and Dr. D. Beljonne (Mons).

Despite the limitations of THz spectroscopy due to the selection rules, we used such technique
to map the (dipolar optical) phonon activity. In addition, we carried out THz spectroscopy
measurements on samples having the same thickness (1 pm), thus allowing a quantitative
comparison between the (dipole-active) phonon response of the two different compounds. As a
result, THz spectroscopy allows to access, and contains more information on carbon—carbon,
and carbon—nitrogen than the associated INS spectra, for which the observed peaks have to be
weighted by the motions of hydrogen atoms. INS provides the most low-energy information for
all samples, but INS has the worst resolution at high energy amongst all the techniques. In
summary, INS offers a better alternative when it comes to explore both the external (phonons
or lattice dynamics) and internal (molecular vibrations) modes as INS covers the whole
Brillouin zone without the constraint of selection rules. Neutrons interact with samples nuclei
and the resulting intensities are weighted by the ratio 6/M where o is the nuclear cross section
and M the mass of the scatterer, respectively. Therefore, in hydrogenated materials, the

vibrational spectrum can be expected to be dominated by the dynamical density of freedoms
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(d.o.f.) involving hydrogen motions (the lightest element with the highest cross section). As a
result, INS and THz spectroscopy techniques combined with theoretical simulations are optimal

tools to identify the phonons responsible for charge localization.
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Figure 5-12 a) comparative study of PDIF-CN; (in blue) and PDI8-CN; (in red) by Terahertz
spectroscopy (the spectra were normalized by the sample’s thickness). b) and c) are inelastic
neutron scattering spectra of PDIF-CN,; and PDI8-CN; respectively, recorded at different

temperatures.

As can be seen Figure 5-12 a) reveals that the transmission dips in the THz spectra in the 100-
300 ¢cm! range, corresponding to resonant vibrations, are more pronounced for PDI8-CN, than
PDIF-CN,. At low wavenumbers (< 200 cm™), INS revealed a more well-defined phonon
structure of PDIF-CN, as compared to PDI8-CN,. While it is expected that the vibrational
peaks become more resolved when lowering the temperature due to a reduced effect of the
Debye-Waller factor, low-energy modes below 145 ecm™ become distinguishable below 300 K in
the case of PDIF-CN,. Also, a new vibrational feature appears at 545 cm™ in the generalized
density of states g"(E) of PDIF-CN,. It must be emphasized here that the INS spectrum of
PDI8-CN, is going to be dominated by vibrational density of freedoms of hydrogen atoms,
mainly present on the side chains that are less ordered than the conjugated part of the molecule

(Figure 5-13).
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Figure 5-13 Simulated atomic contribution to inelastic neutron scattering spectra of a) PDIS8-
CN, and b) PDIF-CN,.

Thus, it is possible to compare the temperature evolution of the INS spectra of each material,
while it is hardly possible to make a direct comparison between the spectra of PDIS-CN, and
PDIF-CN,. Simulations were used to further understand the difference of transport between
PDI8-CN, and PDIF-CN, at 300 K since neither INS nor THz spectroscopy include direct
interaction of phonons with charges. At this temperature, PDIF-CN, exhibits band-like
transport while PDI8-CN; exhibits temperature-activated transport. As a first step to validate
the theoretical model used to describe charge transport, the INS spectra were simulated at 300
K, and compared to experimental results (Figure 5-14), showing good agreement between

calculated and experimental spectra.
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Figure 5-14 Inelastic neutron spectra of a) PDIF-CN; and b) PDI8-CN; at 300 K, and

compared to simulated ones by MD that are neutron weighted.
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A closer analysis of molecular displacements at low wavenumber for both PDI derivatives helps
to map out the origin of this feature. The molecular displacements along the different molecular

axes can be extracted from these spectra (Figure 5-15).

(da) (A) 04,(R) (dy) (R) 94,(A) (d.)(A) oa.(A)

m-m 5232 0.138 0.082 0.061 0.110 0.082

PDIF-
CN;
n-edge 5.232 0.143 7.638 0.107 0.100 0.078
T-TT 5.019 0.159 0.153 0.109 0.149 0.115
PDIS-
CN;

m-edge 5.019 0.181 8.841 0.181 0.144 0.111

Figure 5-15 Representation of the n-nm and n-edge directions on PDIF-CN. structure and the
directions along the a, b and c-axes. The adjacent table is reporting the analysis in terms of
molecular displacements between two dimers along the crystalline axes, recorded along the
molecular dynamic trajectory for the n-n and n-edge directions for both PDIF-CN, and PDI8-
CN,. The standard deviations of the displacements along the different molecular axis are
highlighted in colour. The largest molecular displacements occur along the n stacking direction.
PDI8-CN; displacements exhibit larger standard deviation compared to PDIF-CN,,

The largest ones occur along the n- & stacking direction and the largest standard deviation for
all the displacements occurs for PDI8CN,. This can be decomposed into molecular
displacements present at certain energies (Figure 5-16), showing the vibrational modes that
are responsible for the charge localization. MD simulation is used to capture the molecular
motions in the lattice, and charge integrals between pairs of molecules extracted from the MD
simulation at constant intervals are calculated using DFT. Hence, Fourier transform of the
autocorrelation function of the calculated charge integrals captures possible electron-phonon
interactions. The intensity of the FFT peaks at low wavenumbers are much larger for PDIS8-

CN,. This confirms that temperature-activated transport is observed when phonons are active.
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Figure 5-16 Fast Fourier Transform (FFT) of the autocorrelation function along a) the n-n
direction and b) the n-edge direction. This plot is a measurement of the remarkably different
electron-phonon coupling in crystals of PDI8-CN, and PDIF-CN,, respectively (room
temperature). c) Representation of the different types of displacements occurring at low
energy in the PDI structure.

From these results, one can see that the low-energy molecular vibrations are mostly lateral and
cofacial for PDI8-CN, but are first longitudinal for PDIF-CN,, with the lateral ones appearing
at higher energy. This would suggest that the effect of the fluorinated lateral chains, by
changing the molecular packing, is affecting the molecular vibrations; these interactions lock
the molecular structure, shifting specific vibrations to higher energies and minimizing their
intensity, providing a more robust and coherent molecular structure. This locking of the
structure should ensure more stable transfer integral by reducing their fluctuations. These
transfer integrals are computed along the n-n stacking direction but also along the w-edge one,
for both compounds. n-n interactions were found to be of particular relevance for PDI8-CN,

(Figure 5-17).
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Figure 5-17 a) Representation of a typical PDI packing structure along the PDI core. The

lateral chains were removed for clarity. Evolution of the transfer integral (LUMO) over time
for b) PDI8-CN, and c¢) PDIF-CN,, with a MD step of 5.0 fs.

Moreover, the fluctuations of the transfer integral in PDIF-CN,, which are induced by the

lattice vibrations, are always smaller than those measured at the equilibrium, contrary to PDI8-

CN,. This parameter is in accordance with the experimental observation; indeed, a transfer

integral that punctually fluctuates at the same value of its average value leads to localized

charges” since the characteristic time of a lattice vibration is about 100 times larger compared

to the one of the charge.**! Nevertheless, the localization length is estimated to be ca. 11

molecules for PDIF-CN; and ca. 3 for PDI8-CN, (Figure 5-18).

Localization length (molecule)

200 300 400 500
Time (fs)

Figure 5-18 Localization length over time: charge carriers are delocalized over ca. 11 PDIF-

CN; molecules. Conversely, charge carriers are localized only over ca. 3 molecular units in the

case of PDI8-CN..

90



Chapter 5 Charge transport in perylene diimide 5.4 Conclusion

This is easily justified by the more intense vibrational spectra amplitude and by the larger
displacements along the different molecular axis, as demonstrated above, confirming the
stronger influence of the intermolecular vibration and the charge transport in PDI8-CN,

compared to PDIF-CN; through the larger transfer integrals distribution of the former.

5.4 Conclusion

In summary, we performed a systematic and comparative study of charge transport in two PDI
derivatives characterized by a subtle change in the side chains. The charge transport in PDIF-
CN, and PDIS-CN, solution-grown single crystals was analyzed through electrical, structural,
and spectroscopic characterizations such as THz spectroscopy and inelastic neutron scattering.
Our findings were further supported by calculations. We have observed that the differences in
transport mechanism between band-like for PDIF-CN, and hopping for PDI8-CN, can be
ascribed to the different phononic activity at low energy. The more pronounced phonon modes
intensity of PDI8-CN; described by certain molecular displacements justifies the larger transfer
integral distributions and the higher degree of charge localization which results in the thermally
activated charge transport. A subtle change in the packing of PDIF-CN, makes the
intermolecular interactions robust enough to avoid fluctuations of charge transfer integral,
associated with a reduced intensity of the phonon modes with the respect to PDIS-CN, and
the shifting of some modes to higher energies, making it possible for electrons to be delocalized
over a fairly large number of molecules. Hence, our experimental results coupled with
simulations can be used to screen molecular semiconductors to predict a set of high-performance
materials, therefore significantly contributing to a more refined chemical design for next-

generation electronics materials.
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Chapter 6 Tuning 2D material properties 6.1 Introduction

Chapter 6 Fine tuning of the electrical properties of 2D

materials

6.1 Introduction

2D Materials (2DMs) are emerging as a potential alternative to silicon for the next-generation
electronics.™? While the zero-bandgap of graphene hampers its application as a digital switch
but still demonstrate high-mobilities and promising sensing properties®¥, the family of
transition metal dichalcogenides (TMDCs) includes semiconducting layered compounds with a
bandgap in the visible range,” ™ which can be exfoliated to the single-layer limit and employed

as active materials in high-performance field effect transistors (FETSs).

(8]

For instance, WSe, holds great potential for complementary digital logic applications,” since

9 14 15,16

it is an almost intrinsic semiconductor that can sustain both hole® ¥ and electron!? transport.

Indeed, almost ideal ambipolar characteristics were measured in bulk WSe; crystals with high

1719 At single or few layer limit, high performance FETs were achieved

p- and n-type mobility.!
by employing unconventional metal electrodes (such as Pd,"% In" or Ag?) with an optimal
work function to match either the conduction or the valence band of WSe,, ensuring almost-
ohmic injection for one charge carrier type, but almost blocked injection for the other, leading

1121 Moreover, the highest (unipolar) mobilities reported for single layer

to unipolar transport.!
WSes (> 200 cm?Vist) 1. > 250 em?V-1s?)15) were demonstrated by using sophisticated
device architectures, in which WSe, was interfaced with high-k dielectrics’*” and/or
encapsulated. On the contrary, very poor performances are achieved when conventional device
configurations are employed. For instance, mobility below 0.1 cm?*V-'s! is measured in single
layer WSe, FET contacted by Au electrodes on standard Si/SiO, substrates.?? For this reason,

WSe, remains less investigated than the unipolar MoS; in field-effect devices, despite its higher

intrinsic mobility and bulk ambipolarity.
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Chapter 6 Tuning 2D material properties 6.1 Introduction

In order to engineer the energy level alignment between at metal/2DM interfaces, the
manipulation of the energy levels of the 2DM through molecular decoration represents a

23,24

valuable strategy as alternative to the use of diverse metals.**?! This possibility, extensively

(32 34

demonstrated for graphenel® *!/ and MoS,,? * has been only partially explored for WSe; and
other Se-based TMDCs.!**#% Tn this context, self-assembled monolayers (SAMs), i.e. ultrathin
and molecular layer generated by self-assembly and covalently attached to the target

3138 are particularly appealing, since the highly ordered structure attained via the self-

surfaces,
assembly ensures a parallel alignment of the molecular dipoles, causing a profound modification
in the surface energy of the functionalized surface.?* However, the dangling-bond-free, highly
inert surface of van der Waals solids poses a problem for the choice of a suitable anchoring
group. Moreover, a massive covalent functionalization of single and bi layers would damage
their crystalline structure,*! eventually leading to a degradation in the electrical

42,43

performances.***) On the contrary, defects naturally exist in the crystal structure of TMDC

16 For MoS,, covalent

which represent ideal anchoring sites for covalent functionalization.
molecular decoration at defect sites was reported to improve the electrical performances by
defect healing;* but the low surface coverage resulted in minor effect on the energy levels of

TMDCs. Analogous defect healing strategies for Se-TMDCs remain much less investigated than

S-based TMDCs.P!

Here, we firstly demonstrate the capability of different SAMs functionalisation to induce doping
effect in a very well know material, the graphene. This material has been extensively studied
in the past decade, and it is an ideal platform to study the doping effect through a spectroscopic
characterization. We confirmed by Raman measurements that some SAMs induce a certain
doping into this material, while others, unexpectedly, provide very strong undoped graphene

flakes.

Secondly, we exploit SAM functionalization to demonstrate high performance p- and n- type
transistors based on WSe; single layers on SiO, contacted by metals conventionally used for
2DM or organic electronics (Au for holes and Al for electrons) with mobility as high as 1, =150
cm?V's! and p. = 40 cm?V-'s!. Additionally, by mastering molecular modification, we provide

asymmetric functions to the two surfaces of bilayer WSe,, thereby achieving balanced
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ambipolar transport at the bilayer limit using Au contacts. Our results indicate that silanol
groups anchor to WSe; at defect sites which can be increased in number and engineered through
an ozone treatment. Additionally, the molecules in the adlayer are crosslinked, which generate
a large-area, uniform coverage of the WSe, surface, in which defect healing and energy level
manipulation co-exist, resulting in programmable doping levels and high mobility for single

and bi-layer WSe,.

6.2 Experimental methods

6.2.1 Device preparation

Si0./Si-n++ substrates (from Fraunhofer Institute for Photonic Microsystems IPMS, Dresden,
Germany) with 90 nm thick oxide were cleaned in an ultrasonic bath in acetone and isopropanol
and dried under nitrogen flow. Afterwards, the substrates were treated by UV /O3 for 20 min.
For the PFS (Trichloro(1H,1H,2H, 2H-perfluorooctyl)silane, Sigma Aldrich, Figure 6-1 a))
growth, the freshly UV /O, treated substrates were placed in a sealed reactor containing 20 pL
of PFS, and heated at 75 °C for 90 min. Once cooled back to room temperature, the substrates
were rinsed with 20 mL of toluene, sonicated 10 s in ethanol, and baked on a hotplate at 60
°C for 1 h. For AHAPS ((N-[3-(Trimethoxysilyl)propyljethylenediamine, Sigma Aldrich,
Figure 6-1 b)) growth, the freshly UV/Oj; treated substrates were placed in 10 mL of toluene
containing 7 pl. of AHAPS. The solution was then heated at 60 °C for 1 h and then left at
room temperature for 11 h. The substrates were then rinsed with 20 mL of toluene, sonicated
in hexane for 5 s, and baked on a hotplate for 1 h at 60 °C. The treated substrate were then
immersed in 10 mL of toluene with 50 pL of triethylamine for 5 min, and dried on a hotplate
at 60 °C for 5 min. For TESPN SAM (2-Cyanoethy)triethoxysilane, Sigma Aldrich, Figure
6-1 c)) the substrates were treated 30 min with UV /O3 then immediately dipped in solution of
10 mL of toluene with 23 pl. of TESPN. The solution was heated at 60 °C for 1 h and left at
room temperature overnight. Then, the substrates were rinsed with 20 mL of toluene, sonicated

5 s in hexane, and baked on a hotplate at 60 °C for 1 h.
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Figure 6-1 Chemical structure of a) PFS, b) AHAPS and c) TESPN used for the SAM
formation.
Monolayers of graphene were produced by using a mechanical exfoliation from a pyrolytic
graphite source (HOPG from Momentive Performance, ZYH grade) with a scotch-tape method
(SPV 9205 from Nitto). Atomically thin WSe, flakes were produced from a stamp method,
using a PF film (retention level X4, gel thickness 6.5 mil) from Gel-Pak on a synthetic WSe,
single crystal (purchased from HQ Graphene). After using the shadow mask approach
(homemade shadow mask from a Ted Pella G1000HSG TEM grid) or with a
photolithographic approach (AZ1505 photoresist and AZ326 MIF developer from
MicroChemicals, Laserwriter LW405B from Microtech), 30 nm of gold without adhesion layer
were thermally evaporated with a Plassys MEB 300, forming the drain and sources electrodes
on WSe,. For the wvapour treatment of WSe;,, 20 nl. of PFS, AHAPS, PDFO
(2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-Pentadecafluoro-1-octanol, Sigma Aldrich) or PFD (1H,1H,2H-
Perfluoro-1-decene, Sigma Aldrich) were poured into a sealed reactor with the samples to treat,
and the system was heated at 75 °C for 90 min. When mentioned, a 3 min UV /Ozone treatment

is performed with a Novascan PDS Pro Series.

6.2.2 Characterization methods

The functionalization of the surface with the SAM was characterized by WCA (Kriiss DSA
100) depositing a drop of 3 pL of milliQ water on the surface. Graphene monolayers were
identified by Raman spectroscopy while the monolayers and bilayers of WSe; were identified
by optical contrast (Olympus BX51) and PL spectroscopy (Raman and PL measured with
a Renishaw microscope equipped with a 100x objective, Ao = 532 nm, spot size of 800 nm).

The devices were electrically measured with a Keithley dual channel 2636 Sourcemeter, in two-
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terminal configuration with the back gate, in a glovebox filled with nitrogen gas, in dark
environment. XPS analyses were done with a ThermoScientific K-Alpha X-ray photoelectron
spectrometer equipped with an aluminium X-ray source (1.4866 keV) and working under
vacuum. The X-ray spot size was 400 um. The spectra were acquired with a repetition of 50
scans and 0.1 eV as energy step. AFM measurements were carried out by a Veeco Dimension
3100 atomic force microscope, under the control of a Nanoscope IV unit in ambient conditions.
Topographic and phase imaging were recorded while operating in tapping mode, with an

antimony n-doped silicon cantilever.

6.3 Results and discussion

Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (PFS) and N-[3-(Trimethoxysilyl)-
propyljethylenediamine (AHAPS) were selected for the formation of SAMs (Figure la and b),
since F-rich PFS was demonstrated to induce p-doping effect on 2D materials,*” while amine
groups in AHHAPS are expected to generate n-type doping.’” Regarding TESPN, no literature

is available at the moment for its use as a SAM to induce doping in semiconducting materials.

The proper functionalization of the surface was characterized, in a first approach, by water
contact angle measurements (WCA, Figure 6-2). Because of the different head groups of the
SAMs, a substantial change in the surface energy is described by the assemblies on the surface.
This results in different interactions that a drop of water will experience on the SAM. By
comparing the angle described by the water on the surface with values reported in literature,

one can estimate the degree and quality of functionalization of the surface.

a) b) c) d)

115 + 9° .
5+ 3 56 + 2°

2. 0.

Figure 6-2 Water contact angle (WCA) of a) a SiO, substrate, b) a PFS treated substrate, c)
a AHAPS treated substrate and d) a TESPN treated substrate.
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The contact angle of water when placed on pristine SiO, substrate is slightly below 50°, whereas
upon treatment with a hydrophobic PFS monolayer,’ such angle becomes 115°. Both AHAPS
and TESPN are defined by smaller angle, around 55°.47% While Water Contact Angle (WCA)
is a macroscopic surface characterization technique, AFM pictures can provide a microscopic

insight into the treated surface (Figure 6-3).

a) b) . °

5.1 nm 2.1 nm 1.7 nm

0.0 Height 5.0 um 0.0 Height 5.0 um 0.0 Height 5.0 ym

Figure 6-3 Atomic force microscopy images of a) an AHAPS, b) a PFS and c¢) a TESPN

treated surface.

These topographic AFM images obtained with the help of Dr. S. Bonacchi (Strasbourg)
revealed that the SAMs do not exhibit huge aggregates; only small dots scattered onto the
surface are not removed by the rinsing step. From the elemental analysis provided by XPS
(Figure 6-4), each surface exhibits a different feature (in addition to contaminants)

corresponding to the expected composition of the surface.*7*
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Figure 6-4 X-ray photoelectron spectra of Cls for a) TESPN, b) PFS and c¢) AHAPS treated
surface, with their corresponding d) N1s, e) F1s and f) N1s spectra.
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Another important property of the SAM is the orientation of the SAM molecules with respect
to the basal plane of the surface of SiO,. This information can be accessed with the help of
Near Edge X-Ray Absorption Fine Structure (or NEXAFS), measured by Dr. M. Nardi
(Trento), as shown Figure 6-5. This measurement revealed that TESPN and PFS molecules
adopt an angle of 45° and 27° with respect to the normal of the substrate, while AHAPS doesn’t

show a preferential orientation, highlighting a modest degree of order within the monolayer.

a) b) c)

ity (Arb. units)

Intensity (Arb. units)
Intensity (Arb. units)

Intensi

282 284 286 288 290 278 280 282 284 286 288 290
Photon Energy (V) Photon Energy (eV)

Figure 6-5 NEXAFS spectra recorded on a) TESPN, b) PFS and c) AHAPS treated substrates.

Once these SAMs characterization was completed, the effort was focused on the exfoliation of
the 2D materials as described in the experimental method section. Once exfoliated, these
materials were placed on the SAM and characterized (Figure 6-6) with an optical microscope.
Further analysis (Raman for graphene and PL for WSe;) were executed to ensure the monolayer
nature of the studied flakes. While graphene was only analysed spectroscopically in this project,
transistors based on WSe, have been produced through conventional photolithography.
However, because of the high surface energy imposed by PFS, it was not possible to produce a
decent layer of photoresist for the photolithographic process. In this case, a shadow mask
approach was used, where a homemade shadow mask based on a TEM grid was employed,

leading to the unsightly but nevertheless working devices, as shown Figure 6-6 d.
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a) ) b)

10 pm

Figure 6-6 Optical images of a) a graphene flake (highlighted with a doted circle), b) a WSe,
monolayer (note that the size of this monolayer is not representative of the average flake size)
and a WSe,-based transistor produced through c) the conventional photolithography and d)
the shadow mask approach.

Raman spectrum of graphene are characteristic of this material, and are mostly defined by
three important peaks. The first one is the D peak and can be found between 1300 cm™ and
1350 cm™. Another one is located around 1850 ¢cm™, and is called the G peak while the 2D peak
is located near 2680 cm™ (Figure 6-7 a)). The D peak usually refers to all kinds of lattice
defects,*” while the G and 2D are influenced by the level of doping and the thickness of the
flake.’"*? For instance, by mapping the G-peak and 2D-peak positions versus the G-peak
FWHM and Lp/Ic ratio, respectively (Figure 6-7 b) and c)), one can evaluate the degree of
doping in this material. On such maps, the level of doping can be estimated by the relative
position of the sample; at low wavenumbers and high G-peak FWHM or Lp/I¢ ratio, graphene
flakes are undoped, while an increase of the wavenumber and a reduction on their respective
parameters describe an augmentation of the doping level, without the possibility to make a

distinction between p- or n- doping.
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6.3 Results and discussion
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Figure 6-7 a) Raman spectra of a graphene flake on TESPN, PFS, AHAPS or UV/0; SiO»-
treated surface. Parameter analysis of b) the G-peak and c) the 2D-peak extracted from a).

Each point corresponds to a different monolayer.

Firstly, as expected, PFS and AHAPS induces a strong doping in graphene, because of the
electron withdrawing properties of the former, and the electron donating ability of the amine
ending the latter through its lone pair. However, surprisingly, the TESPN induces a really
strong undoping effect into the graphene, which is not expected because of the chemical
structure of this molecule and in particular by its intrinsic dipole moment that it describes.
Considering the significant angle that TESPN forms with the substrate and the possibility that
it may be too small to formally self-assemble in a monolayer, there are for the moment no
explanations for this observation. Theoretical simulations are currently running in the team of
Prof. W. Wenzel (Karlsruhe), trying to elucidate the origin of this behaviour. Since the effect
of TESPN is not fully understood yet, only PFS and AHAPS were selected to be used with

WSe, monolayers, in order to enhance the electrical properties of this TMD.

In order to characterize the effect of SAMs on the electrical characteristics of WSes, we followed
two distinct approaches. First, mechanically exfoliated WSe; were transferred onto SAM-
functionalized SiO, substrates, and single layers were subsequently contacted with top metal
electrodes; second, SAMs were grown onto the surface of already contacted WSe; single layers,
transferred on un-treated SiO, substrates. Figure 6-8 a and b show the transfer characteristics
of FETs based on WSe, single layers on an untreated SiO, substrate, as well as on WSe, single
layers physisorbed on the surface of PFS and AHAPS SAMs. The device on the untreated

Si0,, which serves as a reference, featured poor electrical properties, with an electron mobility
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on the order of 10® cm?V-'s? (dashed line in Figure 6-8 a) and b)), as expected for WSe, on
SiO, substrates with Au electrodes. When exfoliated on the PFS SAM, WSe, transistors
displayed improved charge transport, with balanced ambipolarity but still relatively low hole
and electron mobilities ( ~ pe ~ 0.5 cm?V-'s!). Similarly, AHAPS SAM induced strong n-

doping, displaying electron mobility approaching 0.4 cm?V-'s™.

sio;
Si n++

—— WSe, PFS SAM ——— WSe, AHAPS SAM |
[ = = WSe, pristine 3 f = = WSe, pristine

-
- -
- -

30 20 10 0 10 20 30
VG

Figure 6-8 Cartoon and transfer curve (Vp = 1 V) of WSe: monolayer measured in two-
terminal configuration with gold contacts on a 90 nm SiO; dielectric surface, treated with a)
PFS and b) AHAPS SAMs.

A very different situation was encountered for the adlayer formation onto the surface of WSes.
In this case, the devices were measured before and after the functionalization, so that the effect
of the molecules on the electrical characteristics could be directly explored on the same device.
Very poor electrical characteristics were measured for the as-fabricated devices, which are
similar to the reference FET (dashed line in Figure 6-9 a) and b)). After exposure to PFS
vapours, a four orders of magnitude increase in the electrical current is observed, with the
device exhibiting p-type transport with a hole mobility of i, = 20 ¢cm?V-'s?. In the same way,
exposure to AHAPS vapour causes a three orders of magnitude enhancement in the electrical
mobility, with the device displaying an almost degenerated n-doping, with a mobility of 7
cm?V-st, While the effect SiO, functionalization on the electrical characteristics of WSe; could

be expected on the basis of similar results reported for MoS, and graphene, the increase in
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current and mobility which accompanies the formation of the adlayer onto the WSe, surface

was unexpected.

= = WSe, pristine

3 = 1
= — WSe, pristine —— WSe, PFS

10™ 10" L~ Vysez AHAE’S . . .
30 -20 10 O 10 20 30 -30 -20 -10 0 10 20 30
Ve (V) Ve (V)

Figure 6-9 Cartoon and transfer curve (Vp = 1V) of the WSe; device treated with a) PFS
and b) AHAPS vapours on a 90 nm thick SiO, dielectric.

The p-doping induced by the PFS vapours can partially be originated by the chlorine provided
by the pre-hydrolyzed molecule. However, this doping from chlorine atoms is reported to
improve the hole mobility of WSe, by a factor 3.5.°% Similarly, CH;OH is reported to n-dope
WSe:; monolayers, and increase the electron mobility by a factor 2 after 12 hours of vapour
exposure.’? In both cases, the improvement in the mobility is much lower than the one

measured with PFS and AHAPS (Figure 6-10).
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Figure 6-10 Electrical performances (Vp = 1V) of WSe; monolayers treated by vapours of a)
HCI and b) methanol.
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In order to gain greater insight into the effects of the SAMs on the surface of WSe;, we
performed additional experiments. In particular, we characterized (i) the charge carrier density
of WSe; single layers not connected to metal electrodes through photoluminescence (PL)
measurements, and (ii) the morphology of the adlayer adsorbed on the top of WSe; flakes. PL
spectra were recorded at 77 K for WSe; monolayer before and after the physisorption of the
molecular adlayer. The pristine WSe, single layer showed the typical spectral features (Figure
6-11 black line), characterized by an exciton peak X, at 1.73 eV and a smaller peak at lower

energy (1.69 eV) corresponding to the negative trion X
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Figure 6-11: a) and b) are the photoluminescence spectra of treated WSe; monolayers on SiO»,
with vapours of PFS and AHAPS respectively, and measured at 77 K in nitrogen atmosphere,
where the exciton X,, positive trion X* and negative trion X  peaks are labelled.

After exposure to PFS vapour (Figure 6-11 a)), the intensity of the PL spectrum of the same
flake was decreased by a factor 2, and its spectral features were significantly modified. In
particular, the peak corresponding to the negative trion X  disappeared, while a new feature
arose at 1.71 eV, which can be explained as a positive trion peak X*. These findings indicate
that the PFS SAM acts as an efficient hole doping layer introducing a high density of holes, in
good agreement with the electrical characterization. In the case of the AHAPS treatment, the
PL change after functionalization is even more dramatic. After functionalization, the PL
intensity decreased almost by one order of magnitude, and the most intense peak in the
spectrum is the negative trion X’ at 1.67 eV, which indicates that the AHAPS SAM is
introducing a high density of electrons.’” The fact that the exciton peak does not shift

significantly in energy for untreated and functionalized WSe, indicates that its band gap is not
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significantly altered by the formation of the SAMs, and the modification in the WSe,
conductance are solely due to the SAM-induced doping, which shifts the WSe, Fermi energy

and favours the charge carrier injection.

The morphology of the SAMs grown on WSe; was studied by Atomic Force Microscopy (AFM)
on exfoliated flakes on SiO,. Figure 6-12 shows an AFM topographical image of the PFS adlayer

on a WSe, multilayer deposited on SiOs.
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Figure 6-12 a) atomic force microscopy image of a WSe; multilayer treated with PFS vapour
and b) and c) are magnifications on the flake and on the substrate, respectively, in the areas
defined in a). d) Profile of the WSe; multilayer surface showing that the height of the
aggregates is around 1.2 + 0.4 nm. The molecular structure of the PFS molecule depicted in
the inset displaying a contour length of 1.34 nm.

It revealed a markedly different morphology of the molecular adsorbate when adsorbed on SiO»
and on WSes. On the SiO, substrate, several protrusions with spherical shapes are observed.
These aggregates disappear from the SiO, surface upon rinsing the samples with toluene and
sonicating them in hexane; in light of this observation, it is likely that such aggregates are
physisorbed onto SiO,. On the contrary, on the WSe, surface, AFM imaging revealed that the

adlayer displays a rather flat morphology forming a discontinuous and ultra-thin film (Figure

105



Chapter 6 Tuning 2D material properties 6.3 Results and discussion

6-12 ¢)). From this image, we can estimate that the adlayer covers the 67% of the WSe, surface
area. The height of the adlayer amounts to 1.2 & 0.4 nm, as evidenced in the profile displayed
in Figure 6-12 d). Such a thickness is consistent with the 1.34 nm length of PFS, suggesting

that the molecules are perpendicularly oriented on the surface of WSe,.""!

Thus far, we have presented the results obtained by exposing WSe, monolayers to vapours of
two molecules exposing an analogous anchoring end-group (i.e. silanol) but possessing a
different functional core, i.e. an electron donating amine group and an electron withdrawing
perfluorinated chain. Significant and opposite effects have been introduced by the two
molecules on the electrical properties of WSe,, opening the question whether the anchoring
group plays a relevant role in the determination of the electrical effects. In order to cast light
onto this issue, we measured the effect of other molecules containing a similar functional core
vet exposing different anchoring groups on the electrical characteristics of WSe, monolayers.
In particular, we focused our attention on PFS, and chose two per-fluorinated molecules with
the same length but with different ending groups, being 2,2,3,3,4,4,5,5,6,6,7,7,8.8,8-
Pentadecafluoro-1-octanol (PDFQO) and 1H,1H,2H-Perfluoro-1-decene (PFD). While PFS
possesses a trichlorosilane group that can be hydrolysed into a silanol group, PDFO is
terminated by an alcohol group, and PFD holds an alkene head. Figure 6-13 a-c show the effect
of the different perfluorinated molecules onto WSe, single layers. As discussed above, the
exposure of WSe; single layers to PF'S vapour introduces significant p-doping and a remarkable

increase in the WSe, mobility (Figure 6-13a).
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Figure 6-13 Transfer curves (VD = 1 V) of a), b) and c) pristine WSe, monolayers on SiO,
(90 nm thick) without vacuum annealing treatment, and treated with vapours of PFS, PDFO
and PFD, respectively. Electrical properties of PFS treated WSe: increase similarly regardless
of thermal annealing under vacuum, while PDFO only slightly increases the p-doping of the
pristine WSe.. PFD does not improve WSe; performances. X-ray photoelectron spectra of F1s
on a bulk WSe; supported by gold after d) PFS, e) PDFO and f) PFD vapour treatment, and
after a washing step of the sample in an ultrasonic bath in ethanol and toluene (10 min
sonication time each). A schematic of the most probable interaction with a defective WSe; is
represented for each molecule.

Instead, the exposure to PDFO vapour only results to a minor p-doping, with minimal effect
on the mobility, which remains in the range 10 - 10° cm?V-'s! (Figure 6-13 b)). In the same
way, an analogous treatment with PFD leads to a further degradation of the WSe, electrical
performances (Figure 6-13 ¢)). This experiment clearly indicates that not only the functional
group, but also the anchoring group plays a central role for the determination of the electrical

effects.
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In order to gain further insight and elucidate the nature of the interaction between the SAMs
and the WSe, surface, we used X-ray photoemission spectroscopy (XPS) to characterize the
surfaces of bulk WSe; crystals treated with the three different molecules. In particular, we have
analysed in detail the evolution in the intensity of the Fls core level before and after washing
the treated WSe, crystals via sonication in ethanol and toluene (Figure 6-13 d-f). Before the
washing, the presence of the molecules on the three treated surfaces was confirmed by the
detection of the F core level in the XPS spectra. The intensity of the peak, normalized with
respect to the background, is similar for PFS and PDFO, implying an analogous number of
molecules on the surface for the two compounds (Figure 6-13 d-e). Instead, the F peak
corresponding to PFD displays a lower intensity as compared to PFS and PDFO, indicating

the presence of less molecules on the surface (Figure 6-13 d-f).

After washing the surface, different situations are encountered in the different cases. For the
PFS treated WSe,, the intensity of the Fls peak decreases by a factor 2.5, indicating that the
PFS/WSe; interaction is strong, since a significant amount of molecules is left on the surface
after sonication (Figure 6-13 d)). On the contrary, for the PDFO treated surface, only traces
of F' atoms are measured after the washing step, demonstrating that the vast majority of
molecules has been efficiently removed Figure 6-13 e)). The same situation is encountered for
PFED, for which no Fls peak is monitored after sonication (Figure 6-13 f)). By and large, the
presence of PFS molecules on WSe, after the aggressive washing suggests the formation of a
strong bond, which could be covalent in nature. Indeed, PFS possesses a trichlorosilane group
that can be hydrolysed into a silanol group in presence of residual traces of water."” In turn,
the silanol groups can generate covalent bonds to substitutional oxygen atoms present in the

% and/or to fill Se vacancies, which were reported to form covalent bonds with

monolayer!
OP7. Additionally, we suggest that polymerization takes place in the PFS adlayer, since bridges
would be formed between the two silanols available and other molecules.”” In this way, the
PES adlayer is composed of a polymerized layer of mostly physisorbed molecules, strongly
anchored to the WSe,; surface through a few covalently bound molecules at the defect sites

(Figure 6-13 g)). In this regard, the modification of the electrical properties of WSe, after PFS

treatment is mediated by a non-trivial inter-play between physisorbed and chemisorbed
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molecule. A similar interpretation was put forward to explain the p-doping introduced in

graphene by the PFS molecules.

Instead, the alcohol group of PDFO, which might bind to defects in WSe,, does not possess
additional binding sites to polymerization; hence, most molecules are simply physisorbed on
the WSe, surface and are removed by the washing procedure, which only leaves the few
molecules chemisorbed at defect sites (Figure 6-13 g)). Similarly, the alkene head of PFD
prevents any covalent interaction with WSe,, and the molecules are efficiently desorbed by

sonication in solvents.

Our understanding of the anchoring mechanism for the PFS SAM allows us to further engineer
the functionalization. In particular, we exploit an UV /Ozone exposure to increase the number
anchoring sites, and thus to leverage the PFS and AHAPS attachment. By recording the XPS
spectra of W 4f and O 1s of bulk WSe; treated for 3 min with UV /Ozone (Figure 6-14 a) and
b), one can see an increase intensity of the W peak while the O peak is decreasing. UV /Ozone
treatment is known to help in the cleaning of surface, through the oxidation and desorption of
physisorbed molecules. Thus, one possible explanation of such observation consists in the
desorption of contaminants on the surface of WSe, upon exposure to UV/Ozone. This
potentially leads to a higher area available for PFS and AHAPS functionalization on WSe,. At
the same time, inclusion of oxygen in WSe; by UV/Ozone treatment can occur, as confirmed
by XPS for longer exposure time (30 min), revealing a substantial presence of W-O bonds
(Figure 6-14 c)) where oxygen can interact with the silanol groups of PFS and AHAPS." The
presence of holes recorded by AFM in the molecular structure reported Figure 6-12 ¢) is not
observed anymore when an intermediate UV/Ozone treatment is used before the adlayer
deposition (Figure 6-14 d)). Indeed, it is possible to see that the surface is uniform and
homogeneous with this intermediate treatment. This validates the explanation of the coverage
improvement of the WSe, surface by the adlayer due to the desorption of adsorbed

contaminants on the surface of WSe», leaving accessible more anchoring site for the molecules.
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Figure 6-14 XPS spectra of a) W 4f atom for pristine WSe, and after 3 min of UV/O;
treatment, b) the O 1s from the same samples and c) the W 4f after 30 min of UV/O;
treatment. d) is a topographic AFM image of bulk WSe; after 3 min UV /O3 and PFS vapour
treatments.

Remarkably, hole mobilities up to 150 cm?*V-'s! were measured in ozone-exposed, PFS-treated
WSe; single layers contacted by Au electrodes. Similarly, electron mobility up to 40 cm?V-'s?
was meastured for ozone-exposed AHAPS-treated WSe; single layers, contacted by Al electrodes
(Figure 6-15). The origin of doping can be induced by different phenomena; it can be due to
the dipole moment of the molecules used with WSe,, or to a charge transfer between the two

compounds. %)

It has already been reported that these SAM on SiO2, when combined 2D materials induce a
doping effect originating from a charge transfer mechanism.®? However, the same mechanism
is not necessarily occurring for the adlayer. In order to unravel this mechanism behind the
observed effect with the adlayer, samples will be soon analysed by angle-resolved XPS
performed by Dr. M. Nardi (Trieste), allowing to determine accurately the thickness of this

adlayer, and the preferential orientation of the molecules at the surface of WSe,. If the
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molecules don’t exhibit a preferential orientation, dipole interaction as the origin of the doping

can be discarded.
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Figure 6-15 a) Cartoon and transfer curve of a WSe; monolayer with gold contacts, exposed
to UV/Ozone for 3 min and treated with PFS vapours, while c) relates to a WSe, monolayer
with aluminium contacts, exposed to UV /Ozone for 3 min and treated with AHAPS. Both
treatments demonstrate a significant increase of the electron and hole current because of the
UV /Ozone treatment.

Finally, we demonstrate that an asymmetric functionalization of the two surfaces of the same
WSe; flake offers the opportunity to measure ambipolar transport at the bilayer limit. Toward
this end, we have fabricated a device based onto a WSe; exfoliated bilayer which is transferred
to an AHAPS-functionalized SiO, substrate, in order to induce n-type doping in the bottom
layer (see Figure 6-8). Subsequently, we have exposed the same bilayer to PFS vapours, to
induce p-type doping on the top layer (see Figure 6-9). Figure 6-16 portrays that ambipolar
characteristics which were measured in the so-obtained asymmetrically functionalized device,

such transfer curves revealed almost balanced mobilities.
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Figure 6-16 Cartoon and electrical performances of a WSe: bilayer a) supported on PFS SAM

and treated with AHAPS vapours, and b) supported on AHAPS SAM and treated with PFS
vapours.

This effect can be only seen in WSe, bilayers, because of the competition of both doping effect

in a monolayer, leading to a partial annihilation of either one type of transport or the other

(Figure 6-17).

107F " wse, + pFs sams 10°1
—_ —— WSe, + PFS SAMs + AHAPS vapour | —
< 1<
= =
2 10°t 0 10"
F—— WSe, + AHAPS SANS
ot 103 LTS, * AHAPS AW + PES vapeur
30 20 10 0 10 20 30 -30 20 10 0 10 20 30
Ve V) o

Figure 6-17 Cartoon and electrical performances of a WSe, monolayer a) supported on PFS
SAM and treated with AHAPS vapours, and b) supported on AHAPS SAM and treated
with PFS vapours.
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6.4 Conclusion

In summary, we have investigated the effect of different SAM functionalization as a mean to
modulate the electrical/electronic characteristics of 2D material, which manifests itself in the
induction of doping of two different 2D materials. First, we provided a demonstration of the
doping effect of different SAMs functionalisation by studying graphene flakes with the help of
Raman spectroscopy. While PFS and AHAPS treated substrates cause a well-distinct doping
of this material, TESPN provide a strongly undoped graphene, which is currently investigated

by computational means.

Secondly, we have reported the analysis of the electrical and optical properties of WSe,
monolayers in presence of the SAM. We have developed high performance p- and n- type
transistors based on WSe; single layers with PFS and AHAPS, respectively, on SiO; contacted
by gold or aluminium electrodes that are unconventionally used for this material to get high
performances. We have found that the molecules initially used as SAM on SiO,, can be also
used to vapour treat WSe; monolayers exhibiting mobility as high as 150 ¢m?V-s* for holes
and 40 cm?V-'s for electrons. Then, we exploited both interfaces that experience a WSe, bilayer
by treating both the substrate with SAM and the top of the bilayer with vapours, to induce a
balanced ambipolarity with mobilities around 20 cm?V-'s?. Finally, we provided indications on
the functionalization mechanism of the silane groups with WSe,, through its defect. The
number of anchoring sites can be modulated by specific treatment, such as an exposure to
UV /ozone for a short time. In addition, the silane groups can polymerize to form a large-area
coverage of the WSe, surface, resulting in the doping of single and bi-layer of this material,
with high performances. This approach opens the way to new uses of 2D materials, with the
possibility to access to high-performance optoelectronic devices, such as light-emitting

transistors.
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Chapter 7 Modulating the charge transport through
environmental changes: fabrication of highly sensitive

gas and water sensors

7.1 Introduction and scope

The properties of a (semi)conductor can be strongly affected by its environment, as described
in the chapter 2. One can take advantage of these effects to use such material for sensing. In
this context, the active material acts as a transducer since it converts a non-electric signal into
an electric one, and vice versa, when subject to an external stimulus such as a specific

compound in the environment."

Oxygen gas is the second most common component of the Earth’s atmosphere and plays a
fundamental role in cellular respiration as well as in industrial processes.” Therefore the design
of oxygen sensors featuring high sensitivity and selectivity, fast response and long-term stability
is essential in many fields of science and technology. A promising route to achieve this objective
relies on the use of nanostructured materials, i.e. materials with at least one dimension with a
characteristic length scale on the 1-100 nm scale, such as porous materials, nanowires or

36 Thanks to their characteristic high surface-to-volume

nanoparticles, as active components.!
ratio, this class of materials can be extremely sensitive to specific variations in the chemical
composition of their environment.” Precise control over materials' nanostructuring allows to
attain fine tuning of materials sensitivity to a given analyte, and therefore optimization of the
sensor performances.® Since the pioneering work of Collins et al. demonstrating extreme

0 several other examples

oxygen sensitivity of the electrical properties of carbon nanotubes,!
have been reported of oxygen sensors and related trapping engineering based on material

nanostructuring. In particular, metal oxide semiconductors***? and carbon-based materials®**
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1 have been used as O, adsobers!'” and sensitive materials," in which the sensing mechanism
is based on a dynamic exchange between adsorbed molecules and oxygen gas taking place on
an active surface. In spite of their high sensitivity, these sensors still suffer from partial
20

irreversibility,'” high operating temperatures,?’ limited working rangel?’ and low speed®

which hamper their technological application.

Among nanostructured materials, solution-processed hybrid organo-halide perovskites have
been extensively used in the last few years as novel semiconductors for optoelectronic devices!*
» and solar cells featuring efficiencies exceeding 23%."" Thanks to a suitable processing, Methyl
Ammonium lead iodide perovskites (MAPDbI;) can feature high surface-to-volume ratio that
can be exploited for different purposes, in particular for gas sensing. Indeed, recent works
revealed a marked sensitivity of MAPbI; photophysical properties to moisture® or small gas
33,34

35-39

molecules® such as ammonia®*! and oxygen.’*! Moreover, organo-halide perovskites are

40

semiconducting materials with rather high charge carrier mobility,*” offering the possibility to
obtain an electrical readout as a consequence of variation in the ambient composition, which
is the working mechanism of resistive sensors. Hitherto MAPDI; has never been employed as

active layer in devices that can measure environmental concentration of oxygen gas through

variation of an output current.

Another important component of the atmospheric environment is the water. Among all the
major components, humidity (i.e. the amount of water vapour in the atmosphere or in a gas)
is strongly affected by the environmental conditions, such as the temperature or the pressure.
The control over the humidity is central in many aspects of everyday life. While the relative
humidity (i.e. the amount of water vapour present in air expressed as a percentage of the
amount needed for saturation at the same temperature) for the comfort of living should be
around 50%, more dry environments are required in a clean rooms and a greater humidity is

14 Thereupon, the development of hygrometers (or

needed in hospital’s operating rooms.
humidity sensors) based on different detection strategies to attain high sensitivity, selectivity
and response speed combined with full reversibility was needed. Towards this end, numerous
humidity sensors based on different active materials, interacting with water in different ways

44-46

have been developed that led to the fabrication of capacitive,*) resistive,* 9 or opticall*
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devices. In particular, past activities were focussed on organict*", inorganicl’**? and hybrid

[53.54]

15,55

, and carbon based materials,'>* through a specific structuration of the material and/or

56

the device.™ Alternatively, sensing devices using change of the weight as readout has been also

developed.”

Suitably designed organic molecules can be self-assembled into highly organized low
dimensional nanostructures. The highest degree of order is achieved by taking advantage of
the reversible nature of weak (non-covalent) interactions which allow to operate under
thermodynamic control. This is for example the case of n-n interactions holding together
conjugated molecules, yielding highly ordered assemblies that act as transducer for humidity
sensing. By combining a recognition receptor made of polyethylene glycol chains (PEG) that
are known undergo swelling in humid environment, with a n-conjugated molecular core known

to exhibit (semi)conducting properties, such as a polythiophene or perylene diimide unit,®

it was possible to obtain materials displaying high-performance humidity sensing behaviour. /6!

Among the high-performance semiconducting organic materials, the [l]benzothieno[3,2-
b][1]benzothiophene (BTBT) core is a well-established p-type semiconductor, having the
highest mobility reported up to date for a small organic molecule, for its dioctyl derivative.(
Through a wet deposition leading to a thin film with a high surface-to-volume ratio, a BTBT

derivative with PEG chains has been self-assembled and exhibit all the requirements needed

for the realization of a high-performance humidity sensor.

7.2 Experimental methods

7.2.1 Devices preparation

Thin-films were supported on SiO,/Si-n++ substrates exposing 230-nm thick SiO. (from
Fraunhofer Institute for Photonic Microsystems IPMS, Dresden, Germany). Prior to use, these
substrates were cleaned in an ultrasonic bath of acetone then propan-2-ol. The substrates were
then gently dried with a nitrogen flow. By using a shadow mask, 3 nm of chromium then 47
nm of gold were thermally evaporated on the substrates by using a Plassys MEB 300 set up,

yielding interdigitated electrodes with a channel width of 10 mm and variable length ranging
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from 60 pm to 120 pm. The substrates are then UV /Ozone treated for 5 min following 25 min

of incubation in this reactive atmosphere.

Regarding the perovskite deposition, two paths were used. The first one, called 2S, consists of
the perovskite film formation in two successive steps. To do so, 100 pL of a solution of Pbl,
(461 mg.mL™" in dimethylformamide (DMF)) were spin-coated on the substrate at 3000 rpm
(500 rpm.s~*, 11 s) then 6000 rpm (500 rpm.s*, 11 s), followed by an annealing at 100 °C for
5 min. A second step was to spin coat 100 L of a solution of CHsNH;I (15 mg.mL ™" in propan-
2-0l) on the Pbl, layer at 4000 rpm (500 rpm.s, 40 s). For the other deposition method, called
1S method because leading of the perovskite formation in a single step, 100 pL of a mixed
solution of Pbl, (461 mg.mL™") and CH;NH3I (154 mg.mL™") in DMF were spin-coated on the
substrate 4000 rpm (2000 rpm.s', 30 s). The perovskite films were completed by a solvent
annealing at 100 °C for 1 h under a petri dish with 15 pL. of DMF and stored inside a glovebox

filled with nitrogen gas.

a Pbl, CH;NH;l
Thermal Solvent-vapour

annealmg anneallng

Pbl, + CH;NH;|

) Solvent-vapour
annealing

(100 °C)

Figure 7-1 a) Schematics of the 2S processing method to assemble CH;NH;PbI; thin films on
Si0,. A preformed (yellow) Pbl, film is converted into a (dark brown) CHsNH;PbI; film via
spin-coating of CH;NH;I in isopropanol. Schematics of the 1S processing method. A solution
containing both Pbl, and CH;NH;I is directly spin-coated onto SiO-.

When mentioned, the MAPbDI; filims were treated on a hot plate at 40 °C under a petri dish

with 10 pL of CHsl for 10 min.

The BTBT film was produced as follow: 100 nL of a solution of PEG-BTBT (synthesized by

F. Devaux from Geerts group, Brussels) at 2, 3 or 5 mg.mL"' in dichloromethane, were
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spin-coated (4500 rpm, 2000 rpm/sec, 60 sec) onto a UV /Ozone treated (5 min of exposure)
Si0,/Sin++ substrates with prepatterned gold electrodes, cleaned in a ultrasonic bath

successively with acetone and isopropanol for 20 min each.

7.2.2 Characterization methods

The oxygen sensing measurements were carried out by a chamber equipped with a valve
allowing to inject dry nitrogen (5.5 grade) to decrease the level of oxygen, controlled with a
Dréger Pac 550 O, oxygen sensor. The device is electrically connected to the 2636B Sourcemeter
from Keithley. The measurement in low level of oxygen was done in a Jacomex glovebox filled
with nitrogen. The PL spectra were recorded with an inVia confocal Raman microscope
allowing photoluminescence measurements with an excitation at 532 nm. The atmosphere was
controlled by injecting nitrogen or oxygen in a Linkam THMSG600 stage. The same parameters
are used for the excitation of both conditions. The SEM images were acquired with a Quanta

FEG 450 with an electron energy beam of 10 keV.

The humidity was controlled with the help of aqueous solution saturated in lithium chloride
or sodium chloride, allowing to reach around 14% RH and 75% RH, respectively, in a sealed
chamber containing a Sensirion SHT31 sensor and wires connected to a Keithley 26368
Sourcemeter, for electrical measurements. The measurement in low level of humidity was done
in a Jacomex glovebox filled with nitrogen. Vapour of small organic molecules were produced
by moderately heating a sealed glassware containing the needed solvent, and connected to a
nitrogen line, in order to be propelled. The AFM images were recorded with a Dimension
3100 microscope from Bruker, by using TESPA-V2 tips. The optical images were taken with
an Olympus BX51 combined with an X-Cite series 120Q light source. The Raman spectra
were recorded with an inVia confocal Raman microscope allowing Raman measurements
equipped with a 532 nm laser. The atmosphere was controlled by placing small containers filled

with saturated aqueous solutions of LiCl or NaCl, in a Linkam THMSG600 stage.
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7.3 Results and discussion

7.3.1 Perovskite

7.3.1.1 Morphology

Figure 7-2 shows the morphological characterization of CH;NH;PbI; films obtained on Si/SiO
substrates via two different solution-based deposition methods (i.e. 1S and 2S methods),
characterized by optical and scanning electron microscopy. 25 films are homogenous over tens
of micrometers and are characterized by the presence of crystals featuring the previously
reported cuboid morphology!® with a typical length of ca. 500 nm and a thickness of ca. 400
nm estimated with the help of a profilometer. Conversely, film preparation performed by
following the 15 procedure, lead to a non-uniform substrate coverage consisting of networks of
fibril-like aggregates with thickness of ca. 300 nm. A closer look into these nanostructures

reveals the polycrystalline nature of the aggregates.

a)

Figure 7-2 a) optical and b) SEM images of a 2S film, and c) and d) are the corresponding
images for a 18 film, both on a SiO. substrate.

The different processing methods yield significant structural and morphological differences of
the final perovskite films. XRD measurements, done by Dr. L. Ferlauto and Dr. F. Liscio
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(Bologna), confirm the formation of MAPDI; structure in both cases, but a consistent amount
of Pbl, precursor was found to be still present in 25 samples, as highlighted by the presence of

intense Pbl, peaks in the XRD diffractogram in Figure 7-3.
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Figure 7-3 X-ray diffraction pattern of a) a 2S film and b) a 1S film, where the peaks
corresponding to CH;NH;Pbl; and Pbl, are highlighted.

7.3.1.2 Oxygen response

The electrical properties of all films were recorded on samples measured inside a sealed
chamber, equipped with an oxygen sensor. The devices were wired to a Keithley sourcemeter.
Figure 7-4 a) shows typical current-voltage (I-V) curves of 2S devices measured at room
temperature at three different oxygen concentrations: (i) nitrogen-filled chamber (below 0.1%
Vol O,), (ii) air (20.9% Vol O,), and (iii) oxygen-filled chamber (~95% Vol O;). The device
current revealed an over ten-fold increase upon varying oxygen concentration from (i) to (ii),
and gained almost two more orders of magnitude enhancement from (ii) to (iii). In particular,
during the measurement, electric current increased over the full range from approximately 90
nA in (i) up to 250 pA in (iii). Moreover, it also shows that the same resistance values could
be recorded at a given O, concentration following repeated cycles at different oxygen/nitrogen
levels inside the chamber. This experiment highlights the fully reversible character of the sensor
without need of further treatments such as, for instance, a thermal annealing step in high-

vacuum. !
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Figure 7-4 Current-Voltage traces measured at different O, concentrations for a) the 2S
perovskite and b), the 1S perovskite. Sensor sensitivity versus O» concentration for d) 2S, and
e) 1S perovskite, measured upon applying 4 V between the electrodes.

Analogous measurements were performed on 15 perovskite films. Interestingly, in this case, the
films showed an overall lower current passing through the junction at each gas concentration
(Figure 7-4 b)). This finding can be understood on the basis of the different morphology of the
perovskite films obtained by the two processing methods. In the films obtained via the 25
method, the homogeneous surface coverage minimizes the presence of grain boundaries between
adjacent crystals, which represents a basic requirement for an efficient charge transport.
Instead, films obtained via 15 method are characterized by poorly interconnected structures
characterized by cracks and domain boundaries, which are detrimental for charge transport.
As for the oxygen sensitivity, even in the case of the 1§ films, the device current increases
significantly at higher oxygen concentrations. However, 1S5 films are less sensitive to oxygen
variations, as the relative change in the electrical current is much lower than in 25 films. For
the same oxygen concentrations mentioned before, the device current increased roughly four
times from (i) to (ii), and a further ten-fold enhancement from (ii) to (iii). A detailed evolution

of the output current in a wide range of oxygen concentration (0% - 100%) is shown in Figure

123



Chapter 7 Charges transport through environmental changes 7.3 Results and discussion

7-4 ¢) and d) for 25 and 1S films, respectively. In these graphs, the relative variation of output
current, defined as (I-Iy) /I, is plotted, where I is the current measured at the different oxygen
concentrations, and Iy is the current in pure nitrogen. Importantly, while the values displayed
in Figure 7-4 ¢) and d) were measured in three devices, they overlap onto a single curve for
each deposition methods, demonstrating the high reproducibility of our sensing materials. In
both cases, the current increases with oxygen concentration, as expected on the basis of the
measurements shown in on the I-V curves. In particular, in the 25 films case, the ratio (I-Iy) /I
does not linearly depend on O, as it increased from a value exceeding 60 in air (20.9% O,) to
almost a value of 3000 for 95% O,. For 1S films, current increase is up to 100 times lower than
for 25 film, reaching a (I-Io) /I, value of 27 at 95% O,. This finding provides further evidence
that oxygen sensing properties in perovskites dramatically depend on structure and
morphology, highlighting the possibility to tune the sensor sensitivity and response time by

tuning material's nanostructure via different processing methods.

The electrical study was further corroborated by optical characterization of the thin films
(Figure 7-5). We have performed PL measurements on 25 and 1S films in ambient air and in
N,, and in both cases we observe a reversible PL increase in presence of O,, in agreement with
35,64

previous works.?™ Interestingly, even PL intensity variation is stronger in 29 films, again

demonstrating the different O, sensitivity featured by different deposition methods.
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Figure 7-5 a) Photoluminescence spectra for the 2S processed perovskite in air and in nitrogen
atmosphere (Aex = 523nm) and b) averaged photoluminescence intensity at 776 nm for both
morphologies, in air and nitrogen atmosphere. The difference in intensity between the air and
a nitrogen atmosphere is higher for the 2S devices than for the 1S devices.
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In order to account for the observed O, dependence of electrical transport and PL, we propose
a trap healing mechanism according to which oxygen molecules are able to diffuse inside the
perovskite crystal structure and to fill reversibly iodine vacancies that are intrinsically present
inside the crystals. In turn, since iodine vacancies act as charge traps, their decreased number
in presence of oxygen immediately translates into a higher number of charges available for
electrical transport, i.e., higher current. In this regard, the iodine vacancies represent the sensor
active sites. A similar trap healing mechanism was put forward to explain dependence of
perovskite photoluminescence from O» concentration,® as well as modified Raman features
upon exposure to oxygen atmosphere.*” To obtain a more quantitative insight, I-V curves were
recorded in devices where the external voltage was swept from 0 V up to 20 V at different
oxygen concentrations and analysed them in the framework of the space charge limited current
(SCLC) model that allows to estimate charge trap density in semiconducting materials in two-
terminal devices. The results are shown in Figure 7-6 for the two processing methods. In both
cases, a higher number of traps is found in pure nitrogen atmosphere, while their density
decreases in presence of oxygen. Moreover, we found a significantly different trap healing
efficiency for the two structures. In particular, in 1S films only 50% of the traps heal upon
variation of oxygen concentration from 0% to 95%, while in 28 films the healing process is
extremely efficient, leading to an almost trap-free film at 95% O, atmosphere. This finding can
be explained on the basis of the different morphologies of the perovskites obtained with the
two deposition methods. In the 25 case, the crystalline domain size is very small, which leads
to an optimal surface-to-volume ratio that maximizes oxygen penetration in the structure.

Instead, the fibril-like structures of 15 films are relatively bulky, so that oxygen is not capable

of reaching the iodine vacancies buried in the bulk.
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Figure 7-6 a) number of charge traps in the perovskite films at different oxygen concentration,
as by fitting the I-V traces to the space charge limited current model. b) example of current-
voltage trace for CH;NH;Pbl; in different atmospheres showing different regimes from 2S
process samples.

In order to confirm that the trap healing mechanism is mediated by oxygen filling of iodine
vacancies, we have performed another crucial experiment. We have employed a strategy to
irreversibly fill, i.e. passivate, the part of the iodine vacancies in a pristine perovskite film via
a CH;l treatment. As we will show, since iodine vacancies represent the active sensing sites of
our perovskite-based O, sensors, reducing their number will results in lower sensor
performances. A scheme of the reported CH;l mediated vacancies filling is shown in Figure 7-7.
The iodine atom in CH;l molecules is capable of filling an iodine vacancy while remaining
attached to the CIH; group.'®! This mechanism is only effective for iodine vacancies very close
to the perovskite surface, since the steric hindrance of CH;l prevents its penetration into the
bulk. In order to characterize the effect of the iodine vacancies filling onto the sensors
performances, we measured the change in the current through a 2§ film before and after the
CHs;l treatment. In the pristine film, we measured a current increase by 84 times in air as
compared to Ny atmosphere. After the treatment, we observe two main effects. First, the
absolute current measured in pure N, increases from 40 nA to 120 nA, which can be explained
as a trap healing effect induced by the CH:;l-mediated vacancy filling. Second, the sensor
response to O is lower, as the relative change in the current measured in N, and air decreases
to 45 times, which can be ascribed to a lower number of active sites available for O, sensing.

While the changes are relatively small, one should consider that only a small fraction of the
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iodine vacancies close to the surface are filled by the CHsl treatment. This experiment

demonstrates that iodine vacancies are indeed the active sensing sites in the perovskite layers.
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Figure 7-7 a) Mechanism for CH;l iodine vacancies filling. Iodine vacancies, which are
intrinsically present inside CH;NH;Pbl;, can be filled using CH3;I vapour. However, due to
their steric hindrance, CH;I molecules can only reach and fill vacancies close to the surface.
b) Current measured in N, atmosphere and in air for a pristine 2S (left) and a CH;I-treated
film (right). We highlight that for the treated sample the absolute current in N, is higher,
while the relative current variation is lower.

However, there is an important difference between the iodine vacancies filling mechanism
mediated by CH;l gas and oxygen. While CH;l forms covalent bonds which irreversibly
passivate iodine vacancies, the O, mediated trap healing mechanism is reversible and in
equilibrium with the O, concentration in the atmosphere. This property is highly beneficial,
since it provides full reversibility and speed to the sensor. Figure 7-8 a) shows the real-time
current of our 25 MAPDbDIs-based device measured by applying a constant bias of 4 V and
decreasing the % of oxygen surrounding the sample from 20.9% to 7.1%. Immediately after the
application of a constant bias voltage, the current flowing through the perovskite layer
decreases. After a short delay time (around 150 sec) that is most likely due to the movement
of ions and vacancies inside the film," the current reaches a plateau which remains stable if
the O, concentration is not varied. On the contrary, sudden steps in current appear in response
to variations in the O, concentration, as shown in Figure 7-8. Moreover, a response speed of
less than 400 ms has been measured, which represents an outstanding achievement in the field
of nanostructured-based sensors.!/ We also tested the real-time reversibility of 295 films by
tuning the oxygen/nitrogen ratio flow in the chamber. Even in such broad range of oxygen

exposure, our sensor shows high and fast reversibility.
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A similar experiment was performed to measure the sensor sensitivity, i.e. the smallest variation
of gas concentration giving rise to a detectable difference of device output current. Figure 7-8
c¢) shows the real-time variation of the current flowing in a 25 film in response to 500 ppm
variations in the O, concentration. Clear steps can be identified in correspondence with the
nitrogen pulses, demonstrating that around 20.9% O, the sensor sensitivity is at least 500 ppm.
Moreover, such 500 ppm variation of O, concentration represents the highest resolution of our

experimental setup, which implies that the actual sensor sensitivity could be higher.
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Figure 7-8 a) Real time change in the current measured in a 2S film in response to changes in
the atmosphere composition at low bias (i.e. 4V). Inset: speed of the sensor response. b)
Reversibility of the sensor. The O, concentration is initially decreased from 20.9% to 11.7%,
and then increased back to 20.9%. In this case, measurements are performed every 20 sec. c)
Real time current change corresponding to a 500 ppm O, variation in the sample atmosphere.

As a blank experiment, we prepared a device with a thin film of Pbl:, not converted into
MAPDI;. The resistance of the Pbl, layer alone is extremely high (approximately 10 GQ, Figure
7-9 a)). When the sample is exposed to a constant flow of O, the current shows an instability
without a clear trend, which might be explained by a degraded mechanical contact between
the probe station tips and the gold pads. Irrespectively of their origin, such fluctuations do not
increase significantly the current in the Pbl; layer, which remains in the pA range. Therefore,
the Pbl; layer does not play a relevant role in the determination of the effects measured in the
CH3;NH;Pbl; case. Humidity have also been tested, on a MAPDbI; layer (Figure 7-9 b)). It has
been found that water degrades the electrical performances of the perovskite. After one hour
at relative humidity (RH) 90%, the current flowing in the device is irreversibly lowered by a

factor of ca. 5, and the degradation continues with further exposure. If the sample is dropped
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in water, water molecules intercalate in the perovskite structure, causing a structural change,
which gives rise to a macroscopic change in the sample colour, from dark brown to yellow.[
The water-reacted film is insulating, so the measured current irreversibly drops to zero after

contact with water.
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Figure 7-9 a) Electrical response of Pbl, layer to O, over time under a constant bias of -4 V.
The Pbl. film was prepared by following the same procedure used in step one of the 28 films,
and we have measured its O, response without the second step, i.e. without converting it to
MAPDI;. b) I-V curves of a 2S CH;NH;PbI; sample exposed to humidity.

7.3.2 BTBT

7.3.2.1 Morphology

The thickness of the organic/polymeric film produced by spin-coating can be strongly affected
by rate of spin-coating and by the concentration of the solution used, potentially varying also
the sensing properties of such film. In order to cast light onto this aspect, Figure 7-10 shows
SEM and AFM pictures of PEG-BTBT films prepared at different concentrations (the AFM
images were acquired by M. Eredia (Strasbourg)). The thickness of the films is estimated
to around be 20 nm, 30 nm, 90 nm and 500 nm for films obtained by spin-coating 1 mg - mL-
L2 mg-mL?, 3 mg- - mL' and 5 mg.mL" solutions, respectively. At 1 mg - mL™", the film does
not seem to be continuous, but it is homogeneous. With the increasing concentration, a full
coverage of the substrate can be seen, with the appearance of holes randomly distributed on

the film.
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Figure 7-10 SEM and AFM pictures of PEG-BTBT film on SiO. spin-coated from a solution
of a) 1 mg.mL", b) 2 mg.mL", ¢) 3 mg.mL" and d) 5 mg.mL" giving a film thickness of around
20 nm, 35 nm, 90 nm and 500 nm, respectively.

When explored under an optical microscope in polarization mode (Figure 7-11), the films

display polycrystalline domains.

— B

Figure 7-11 Optical images with polarized light showing the birefringence of the film, and

then its polycrystallinity.

XRD analysis performed by Dr. B. Chattopadhyay and F. Devaux (Brussels) revealed
an analogue pattern for all films, with the thickness only influencing the intensity of the peaks
on the diffractogram (Figure 7-12), whereas the structure is similar than the powder one. The
molecules are found to stand perpendicularly to the surface of the substrate. The analysis of

the powder diffractogram with the DASH software suggests the existence of a P2; space group.
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Figure 7-12 a) XRD pattern of the PEG-BTBT film at different thicknesses, showing the same
structure, independently to the thickness. b) schematic of the expected orientation of the
PEG-BTBT molecule on the substrate.

7.3.2.2 Electrical performances

All the sample with different film thicknesses were first measured in 2-terminal devices (L =
2.5 ym and W = 1 cm) under a constant bias of 20 V, in ambient conditions (at a temperature
of 20 °C and relative humidity spanning between 35% and 50%), while the active material in

the device channel is exposed to one or multiple pulses of humid air (Figure 7-13).
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Figure 7-13 Real time response to the humidity of a PEG-BTBT film of a) 20 nm, b) 35 nm,
¢) 90 nm and d) 500 nm (L = 2.5 pm, V = 20 V). All the samples present almost the same
response to humidity, excepted the time response to go back to the equilibrium state that can
be a bit longer for thicker films.
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It exhibits rather low currents (hundreds of pA) measured in ambient conditions if one
considers the rather high voltage applied. However, upon pulse of humid air it is possible to
observe significant increases in the measured current, reaching hundreds of pA. Interestingly,
the response seems being independent on the thickness of the PEG-BTBT film. However, the
response time appears being slightly slower for the thicker films, particularly for what concerns
the return to the ambient state. This can be due to molecules of water getting physically
trapped in the underlying film layers, slowing down the re-equilibration. The in-depth analysis
of the response of the device to the humidity changes has been carried out with the thinnest
(20 nm) film. Such devices exhibit a huge modulation of the current, amounting to over four

orders of magnitude from 0 % RH to 75 % RH, as displayed in the Figure 7-14.
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Figure 7-14 Calibration curve of a PEG-BTBT device (L = 20 pm, V = 20 V) showing a
modulation of the current by more than four orders of magnitude, from 0 % RH to 75 % RH.

Excepted the existence of a small drift of the current within the first 20 sec when the device is
biased, the current is stable, as portrayed in Figure 7-15 a). When exposed to short pulses of
humid air, the devices display an increase of the current, and return back to the initial value,
in a fully reversible process (Figure 7-15 b)). When magnified on a single peak, in Figure 7-15
c), it is possible to quantify the response time as sub-13 ms which is the limitation in such

quantification determined by the instrument.
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Figure 7-15 a) Blank curve in equilibrium state showing the stability of the device under
biasing (L = 20 pm, V = 20 V). b) current measured in real time under 2 pulses of humid
air, demonstrating a response speed below 13 ms, and a perfect reversibility, magnified in c).

The selectivity of such devices has also been tested with respect to other small and polar
organic molecules (Figure 7-16). Saturated atmospheres of ethanol, methanol, chloroform and
diethylether have been produced, sent on a device under constant bias with the help of a dry
nitrogen flow, and compared to the effect of a pulse of humid air. One can observe a small
positive response to methanol vapours, and an even smaller one with ethanol vapours.
Nevertheless, these changes of current are smaller by orders of magnitude compared to the

response to water vapours.
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Figure 7-16 Selectivity tests of a PEG-BTBT film (L = 20 pm, V = 20 V) for a) ethanol, b)
methanol, ¢) chloroform and d) diethylether, compared to humidity response.

Regarding the chloroform and diethylether response, negative changes are measured. This can
be rationalized in terms of molecular size and proticity. We assume that the sensing mechanism
is based on the hygroscopicity of the PEG chains that, through hydrogen bonding, bridges and
reduces the steric hindrance of the PEG chains, which is changing the intermolecular distance
and thus the conductivity of the material. Methanol and ethanol are two protic molecules, so
they can, in principle, interact at the supramolecular level with PEG chains. However, they
have a substantial size difference with respect to water; the latter is small enough to easily
diffuse within the PEG-BTBT film while ethanol is too bulky, and methanol is in an
intermediate situation, leading to different responses. Regarding the chloroform and
diethylether, since these two molecules are aprotic, they are not prone to interact with the
PEG chains via hydrogen bonding, thus they do not affect the intermolecular distance.
However, these gases are propelled with dry nitrogen, which decrease the relative humidity
locally and temporarily. The device is sensible and fast enough to be affected by this change

in humidity environment, and thus, presents a negative response.
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In order to validate this model for this study, a model molecule has been selected as control
experiment, to attribute the change in electrical conductivity to the presence of the PEG lateral
chains. This molecule is the dioctyl[1]benzothieno|3,2-b][1]benzothiophene (or Cs-BTBT, Sigma
Aldrich), which has the exact chemical structure than the PEG-BTBT, except from the side
chains which are alkyl based instead of PEG, yet with a similar contour length. The molecule
was processed in the same way than PEG-BTBT in humidity sensing devices, the latter
exhibiting the following electrical behaviour (Figure 7-17). The overall initial current is as
much as nearly two orders of magnitude greater than for the PEG-BTBT. When subjected to
pulses of humidity air, the current increases by less than a factor 0.5, and the molecule displays
an overall current modulation lower than one order of magnitude from 0% RH to 75% RH.
This demonstrate that the PEG chains are crucial for the sensing mechanism of the PEG-

BTBT.
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Figure 7-17 a) Blank curve, b) real time response to nitrogen and humidity pulses and c)
calibration curve of a Cs-BTBT sample (L = 2.5 pnm, V = 20 V), showing a poor response to
humidity, with less than one order of magnitude from 0 % RH to 75 % RH.

7.3.2.3 Structural analysis vs humidity

In order to validate the mechanism presented above, a structural characterization carried out
at different level of humidity is required. This analysis can be indirectly accomplished by means
of vibrational spectroscopy such as Raman spectroscopy. Indeed, vibrational modes in a
molecule are affected by the surrounding environment. Thus, a vibration mode, even if it only

involves specific atoms in molecule, will be influenced by the coupling interactions with
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surrounding molecules. Since a vibration can be, in a simplistic way, described by a harmonic
oscillator, a decoupled vibrational mode from the intermolecular interaction will have a
different frequency than when it is coupled with neighbours. This can emerge as a shift of a

peak to a lower or higher wavenumber in the vibrational spectrum.®

The first step was to identify a peak corresponding to the PEG-BTBT as a thin film on SiO..
The Raman signal of this molecule is very weak, but some peaks can be observed and easily
attributed to the thin molecular layer by comparing the spectra with that recorded on a pristine
SiO, substrate (Figure 7-18 a)). In particular, a peak at 1485 cm™ can be identified as belonging
to PEG-BTBT, since its signal is increasing with the film thickness. As first control experiment,
to validate the occurrence of a shift of such a peak, Raman spectra were recorded at different
cryogenic temperatures. By decreasing the temperature, a natural thermal contraction of the
unit cell takes place, leading to a slight decrease of the intermolecular distances. As portrayed
on the Figure 7-18 b), this peak is shifting by almost 3 cm™ to higher energies. Then, when
placed in different humidity conditions (i.e. around 30% RH and 75% RH), a shift in the same

direction can be observed, indicating a reduction in the intermolecular distances.
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Figure 7-18 a) Raman spectra of PEG-BTBT, where a peak can be identified at 1480 cm™. b)
Raman spectra recorded at different temperatures, showing a shift to a higher energy, due to
the thermal contraction of the molecular unit cell. ¢) Raman spectra in different humidity

environments, showing the same shift to higher energy than in b).

Again, as blank experiment, the same measurement was done on Cs-BTBT films. A peak

belonging to the molecule can be found around 1310 cm™ (Figure 7-19), and is also shifting by
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almost 3 cm™ when cooling down from room temperature to 78 K. However, when measured
in different humidity environments, no shift of the peak can be observed, confirming that the

exposure to water vapours does not affect the film structure.

a) b) c)
——D ; —— ~20% RH
— 296K P — 75%RH
3 3 35
s s s ‘
1) [ :
€ E £ :
=) =] S '
[ [¢] o :
© © © Mw_
1200 1300 1400 1260 1280 1300 1320 1340 1360 1260 1280 1300 1320 1340 1360
-1 El -
Wavenumber (cm™) Wavenumber (cm) Wavenumber (cm™)

Figure 7-19 a) Raman spectra of Cs-BTBT, where a peak can be identified at 1315 cm™. b)
Raman spectra recorded at different temperatures, showing a shift to a higher energy, due to
the thermal contraction of the molecular unit cell. ¢) Raman spectra in different humidity
environments, where no shift can be observed.

Another way to validate this mechanism in a more direct manner, would be by XRD analysis
in different humidity environments. These measurements will be done soon by C. Cendra
and Prof. A. Salleo (Stanford), in order to extract the crystal structure parameters with

respect to the relative humidity. "

7.4 Conclusion

In summary, we have investigated how the changes in the environment affect the electrical
properties of two different materials. Firstly, we have provided an unprecedented experimental
demonstration of the use of perovskite-based devices as O, sensor. We showed that device
sensitivity is strongly affected by the nanoscale morphology of the perovskite films, which was
controlled through the deposition method. For the most sensitive film, a more-than-three-
orders of magnitude increase in the current was measured by changing the atmosphere from
pure N to 95% O,. The sensor response to oxygen decreases when iodine vacancies are partially
filled by CH;l, demonstrating that the measured effect stems from a dynamic trap healing

mechanism mediated by oxygen filling of I vacancies, which therefore act as the active sensing
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sites. The device current variation was found to be very fast (400 ms) and completely reversible
at room temperature, making nanostructured organo-halide perovskites ideal materials for
oxygen sensing, and paving the way to so-far unexplored applications of this class of materials.
Moreover, the effect of oxygen on the electrical characteristics of MAPbI; must be taken into
deep consideration for the design and optimization of any other perovskite-based (opto-
)electronic device working in ambient conditions. Our results anticipate that post-deposition
oxygen treatments and optimization of the device atmosphere might further contribute to the

development of this class of materials.

Secondly, we reported the analysis of the humidity response of a PEG-BTBT molecule.
Independently to the film thickness, we managed to record a four-orders-of-magnitude
modulation of the electrical conduction from 0% RH to 75% RH, with a full reversibility and
a fast response speed below 13 ms, allowing this compound to enter in the category of high-
performance humidity sensor. The sensing mechanism occurs through the adsorption of water
molecules on the PEG chains which influences the intermolecular packing distance among
adjacent BTBT cores. The tight packing of the BTBT within the thin films determines a highly
selectivity to water molecules when benchmarked with other organic small molecules. Direct
proof of this mechanism will be soon obtained through XRD synchrotron measurements in

controlled environment.
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Chapter 8 Conclusion

In this thesis, we have studied charge transport, by mastering supramolecular approaches in
order to control the electrical properties of the (semi)conducting materials by unravelling the

subtle interplay between the molecular architectures and their functions.

The first experimental chapter describes to a systematic and comparative study of charge
transport in two PDI derivatives only differing from their side chains. PDIF-CN, and PDIS8-
CN, single crystals were produced from solution process, and their charge transport
characteristics were analysed through electrical, structural, and spectroscopic characterizations
such as THz spectroscopy and inelastic neutron scattering, complemented by theoretical
simulations. The differences in transport mechanism between both compounds are significant:
PDIF-CN, exhibits a band-like behaviour while PDIS-CN; is characterized by a thermally-
activated process. These differences can be ascribed to the different phononic landscape at low
energy. Phonon modes are more pronounced for PDIS-CN,, because of the larger transfer
integral distributions and the higher degree of charge localization which results in the thermally
activated process. PDIF-CN, exhibits a subtle change in the its packing compared to PDIS-
CN,, which is described by stronger intermolecular interactions preventing fluctuations of
charge transfer integral. This is associated with a reduced intensity of the phonon modes with
the respect to PDI8-CN,, allowing the electrons to be delocalized over few molecular units.
Together, all the complementary techniques used within our study led to insights that would
be purely conjectures if based on charge transport measurements alone. Vibrational
modes/phonons are crucial on the type of charge transport observed for each compound.
Pushing the detailed analysis of these modes, through the simulation of the precise atomic
movement involved for each vibration is a relevant way to complete the story in order to get
a clearer picture of what induces the observed vibrational landscape. The same study on the
same PDI core, but with other kind of lateral chains, to disentangle the contribution of the

chain length, its atomic composition could be needed to get a general comprehension on the
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appearance or the inhibition of specific vibrational modes involved in the charge carrier

localization, and then on the type of charge transport, that reflects the electrical performances.

Then, we have used molecules able to form self-assembled monolayers as means to dope
monolayers of graphene, and monolayers and bilayers of WSe,. First, we have employed
different SAMs functionalisation combined with graphene flakes where the doping was probed
by Raman spectroscopy. On the one hand, PFS and AHAPS SAMs were found to induce a
significant doping into this material. On the other hand, TESPN doesn’t dope graphene, which
was expected, and is currently under theoretical investigations. Secondly, we analysed the
electrical and optical properties of WSe; monolayers in presence of the SAM. High-performance
p- and n- type transistors based on WSe, single layers with PFS and AHAPS were produced
on SiO; contacted with gold or aluminium electrodes. Those metals are unconventionally used
in the literature with this 2D material to obtain high performance devices. We also report the
use of these molecules as vapour to treat WSe; monolayers. Such devices exhibit field-effect
mobilities as high as 150 cm?V-s? for holes and 40 cm?V's*! for electrons. Then, by acting on
both surfaces of WSe, bilayers by treating the substrate with SAM and the top of the bilayer
with vapours, a balanced ambipolarity with mobilities around 20 cm*V-'s™ have been observed.
Finally, we investigated on the functionalization mechanism of the silane groups with WSe,.
The number of anchoring sites which is defined by the WSe, defects, is possible to be modulated
by specific treatment, such as an exposure to UV /ozone. Moreover, the silane groups can
interact with the neighbouring molecules to cover the WSe, surface, resulting in the doping of
single and bi-layer of this material, with high performances. This strategy paves the way to
new thoughts on the use of 2D materials, with the possibility to obtain high-performance
optoelectronic devices. One way to continue this work is by changing molecules composing the
adlayer, providing the reinforcement of the properties observed, or by using a specific molecular
design in order to introduce multifunctionality in such system. The other way is to use the
same adlayer approach, on other types of unexplored 2D material. The use of complementary
molecules, leading to the formation of more complex structure such as a p-n junction can be
appealing as well for light-emitting devices. 2D semiconducting materials have already

exhibited their impressive performances when implemented in FET. The results provided here
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allows to consider of such class of material as credible substitute for silicon in the tomorrow’s
electronic. With these materials, there is always a compromise between easy-processability and
high performances. This shows that with the right choice of constituents for a device,
supramolecular chemistry is a suitable approach for improving the properties of conventional

materials, opening new perspectives, from the academic and industrial point of view.

In the last chapter, we have examined how the environment affects the electrical properties of
two different materials. Firstly, we gave an experimental demonstration of the use of
perovskite-based devices as oxygen sensor. We showed that the film morphology of the
perovskite film is strongly affecting the device sensitivity, which can be precisely controlled
through the deposition method. For the most sensitive film, a more-than-three-orders of
magnitude increase in the current was measured by changing the atmosphere from pure N, to
95% O,. We have demonstrated that iodine vacancies are responsible to the sensor response to
oxygen. The measured effect stems from a dynamic trap healing mechanism mediated by
oxygen filling of I vacancies. Fast current response was measured on the device, with a complete
reversibility at room temperature, making this organo-halide perovskite an ideal material for
oxygen sensing, and offers unexplored possibilities for applications of this class of materials.
The defect density was demonstrated to play a crucial role in the sensing properties of this
compound. Other morphologies produced by alternative deposition techniques or compound
formation strategies can lead to an improvement of the sensing. For instance, 2D confined
perovskite exhibits very high surface-to-volume ratio, that may be interesting to explore as
sensors. On the long term, the presence of oxygen and more generally the presence of defects
have to be considered, not only as a source of degradation and property limitations of this
compound, respectively, but also as parameters to consider during working operation of
perovskite-based devices such as LED or solar cells, and as a way to tune and engineer their

properties.

Secondly, we employed a PEG-BTBT molecule as humidity sensors. We found that the
thickness of the film doesn’t affect the sensing properties of the film, and we were able to record
a four-orders-of-magnitude modulation of the electrical conductivity from 0% RH to 75% RH,

with a full reversibility and a fast response speed below 13 ms. Through the adsorption of water
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molecules on the PEG chains, the intermolecular packing distance among adjacent BTBT cores
is affected. Besides the structural investigation that will be done in the following months, an
improvement of the electrical performances of the BTBT-based device is needed for a credible
applicability in real life because of the high-voltage needed for the operation. Currently as a
polycristallines active film, the formation of a single crystal or a film composed by bigger
crystallites can be potentially achieved, that could reduce the operation voltage. Humidity is
an important parameter in our daily life, but many others analytes need also to be detected
and quantified, from the simple presence of pollutant in the environment to the complex biology
of a human body, for following its health condition. Our work shows the potential of combining
a supramolecular approach with small semiconducting molecules with a chemical structure that
can be tuned, replacing the PEG chains presented here by other functions that can interact
specifically with a precise target, or changing the molecular core to obtain different readouts

that could be optic, or by integrating other properties such as flexibility or transparency.

In summary, we gave some insights on the comprehension of the charge transport mechanism
and/or in strategies to tune the properties of different semiconducting materials which are
contributing to defining protocols for the design and engineering of new compounds with better

performances and multifunctionality for advanced electronic devices.

Most of the intrinsic charge transport studies in organic compounds were realized so far on
devices prepared through physical deposition methods, allowing to obtain less defective
materials compared to a solution-based approach, which is a crucial parameter for such study.
We demonstrated that solution-processing can form highly-crystalline low-defective materials
suitable for charge transport study. We managed to attribute the origin of charge transport
mechanism to chemical, molecular and supramolecular concepts to describe the compound
used. This examination of the charge transport mechanism is of particular interest as it provide
new insights into the molecular design in organic compounds as a major step toward the

development of new high-performance organic semiconductors.

2D materials are, due to their atomically thin structures, strongly affected by their surrounding
environment. Some semiconducting compounds belonging this class of material exhibit

pertinent electrical performances when integrated into complex geometrical devices or
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employed with exotic materials. Our approach demonstrated that desired doping and mobility
enhancement can be achieved via the formation of heterostructures made of organic molecules,
with precise physicochemical properties, that are able to form self-assembled monolayers. The
control of the doping of such devices exhibiting high mobilities is particularly appealing for

logic circuits or light-emitting devices.

The fabricated oxygen sensor showed remarkable performances. Among all the oxygen sensors
reported in the literature, the hybrid-perovskite based sensor exhibit decent characteristics
allowing it to be defined in the high-performance category, because combining a good response
speed, a wide sensitivity and easily processed. Through this work, we also provided key points
(i.e. the effect of oxygen in the environment) to consider when using this compound for the
design and optimization of any other devices processed or working in atmosphere containing

oxygen.

The humidity sensor that we described exhibits super-fast responses, wide range of detection
and high selectivity. Because we employed supramolecular assembly to form these sensors, we
also provided a fundamental study on the structure-properties relationship involved in this
system, highlighting the potential of such system, not only for sensing applications, but for

organic electronic devices in general.

In conclusion, the achievements of this thesis provided a contribution to the understanding of
the charge transport in organic semiconductors, to the engineering of 2D materials properties

and the development of high-performance sensors.
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