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Abstract

The field of two-dimensional materials (2DMs) has seen a surge in interest, driven by the
groundbreaking emergence of graphene as a pioneer material in this domain. The unique
chemical and physical characteristics of 2DMs have opened up new opportunities for
applications in electronics, energy storage, and conversion technologies to meet modern
societal demands. While graphene continues to be at the forefront of research, a wide range
of other 2D materials, including metal chalcogenides, boron nitride, MXenes, and two-

dimensional polymers, are now being explored.

The urgent need to close the knowledge gap between two-dimensional materials' scientific
discovery and practical applications is the motivation behind this doctoral dissertation. The
primary goal is to comprehensively understand the intrinsic properties of newly synthesized
2D materials and improve synthesis procedures to facilitate the smooth integration of these
materials into tangible products. Additionally, the project addresses the creation of novel
two-dimensional materials, focusing on the intricate process of organic molecules self-

assembling on surfaces and exploring their subtle interactions with existing 2D materials.

The project's three-year goal was to develop various processing methods for efficiently self-
assemble of specific building blocks into carefully planned 2D structures. Multiscale
characterization techniques, including Atomic Force Microscopy (AFM), Kelvin Probe Force
Microscopy (KPFM) and Conductive AFM were employed for structural analysis and electrical
characterization with nanometer size resolution and X-ray photoelectron spectroscopy for the

chemical composition characterization.

More specifically, the electrical properties and interactions between diverse 2D materials on
various substrates are thoroughly investigated in this thesis. Using Kelvin probe force
microscopy, changes in the work function of synthetic two-dimensional materials were
monitored with respect to their thickness, polymer formation time, crystallinity, and substrate
for 2D polymers and coordination polymer thin films, and with respect to the type of

functionalization for other two-dimensional materials like MXenes. Additionally, the vertical



conductivity of 2D polymers and coordination polymer thin films was evaluated by employing
conductive AFM. Conductivity was monitored with respect to the 2D polymers' crystallinity,

formation time, and film thickness.

Another important goal of this thesis was the realization of a platform for controlled self-
assembly of molecules on different substrates. The Temperature-enhanced solvent vapor
annealing (TESVA) technique is the basis of the platform’s function offering the ability to self-
assemble different molecules on any type of substrate (silicon and gold were used in this
work), with control over experimental parameters such as temperature and height of the
sample on the solvent reservoir. These factors are key parameters to achieve a controlled self-
assembly. Utilizing TESVA, we successfully synthesized porphyrin crystals with distinct
morphological features that are significantly larger and more homogeneous than the ones

obtained with spontaneous self-assembly.

In summary, we were able to effectively synthesize and self-assemble a variety of 2D materials
on various substrates during the course of this thesis. These materials were then thoroughly
studied utilizing a vast number of characterization techniques with an emphasis on their
electrical properties. Our goal is that this work will serve as a roadmap for improved

characterization and further research on two-dimensional materials.



Sommario

(abstract in Italian)

Il campo dei materiali bidimensionali (2DM) ha suscitato negli ultimi anni un interesse enorme
e sempre crescente, grazie all'emergere del grafene, il materiale pioniere in questo settore.
Le caratteristiche chimiche e fisiche uniche dei materiali bidimensionali offrono opportunita
per nuove applicazioni in elettronica, immagazzinamento e conversione dell'energia per
soddisfare le esigenze della societa moderna. Sebbene il grafene rimanga il materiale piu
studiato, si sta ora esplorando un'ampia gamma di ulteriori materiali 2D, come i calcogenuri

metallici, il nitruro di boro, gli MXenes e i polimeri bidimensionali.

L'urgente necessita di colmare il divario di conoscenze tra la scoperta scientifica dei materiali
bidimensionali e le applicazioni pratiche & la motivazione alla base di questa tesi di dottorato.
L'obiettivo principale € comprendere le proprieta intrinseche dei materiali 2D di nuova sintesi
e migliorare le procedure di sintesi per facilitare I'integrazione di questi materiali in prodotti
tangibili. Inoltre, il progetto affronta la creazione di nuovi materiali bidimensionali,
concentrandosi sull'intricato processo di autoassemblaggio delle molecole organiche sulle

superfici ed esplorando le loro sottili interazioni con i materiali 2D esistenti.

L'obiettivo triennale del progetto era quello di sviluppare vari metodi di lavorazione per
I'autoassemblaggio efficiente di specifici blocchi di costruzione in strutture 2D accuratamente
pianificate. Sono state impiegate tecniche di caratterizzazione multiscala, tra cui la
microscopia a forza atomica (AFM), la microscopia a sonda Kelvin Probe (KPFM) e I'AFM
conduttivo per I'analisi strutturale e la caratterizzazione elettrica con risoluzione nanometrica

e la spettroscopia di fotoelettroni a raggi X per la caratterizzazione della composizione chimica.

In particolare, in questa tesi vengono studiate a fondo le proprieta elettriche e le interazioni
tra diversi materiali 2D. Utilizzando la microscopia di Kelvin Probe, sono stati monitorati i
cambiamenti nella funzione di lavoro dei materiali bidimensionali sintetici in relazione allo
spessore, al tempo di formazione del polimero, alla cristallinita e al substrato per i polimeri 2D
e i film sottili di polimeri di coordinazione, e in relazione al tipo di funzionalizzazione per altri

materiali bidimensionali come gli MXenes. Inoltre, la conducibilita verticale dei due tipi di



polimeri & stata valutata utilizzando I'AFM conduttivo. La conduttivita & stata monitorata in

relazione alla cristallinita, al tempo di formazione e allo spessore del film.

Un altro importante obiettivo di questa tesi & stata la realizzazione di una piattaforma per
I'autoassemblaggio controllato di molecole su diversi substrati. La tecnica TESVA
(Temperature-enhanced solvent vapor annealing) & alla base del funzionamento della
piattaforma e offre la possibilita di autoassemblare diverse molecole su qualsiasi tipo di
substrato con il controllo di temperatura e I'altezza del campione sul serbatoio di solvente.
Questi fattori sono parametri chiave per ottenere un autoassemblaggio controllato.
Utilizzando TESVA, abbiamo sintetizzato con successo cristalli di porfirina, significativamente

piu grandi e pilt omogenei di quelli ottenuti con I'autoassemblaggio spontaneo.

Riassumendo, nel corso di questa tesi siamo stati in grado di sintetizzare e autoassemblare
efficacemente una varieta di materiali 2D su vari substrati. Questi materiali sono stati poi
studiati a fondo utilizzando diverse tecniche di caratterizzazione avanzata, con particolare
attenzione alle loro proprieta elettriche. Il nostro obiettivo € che questo lavoro serva da
roadmap per guidare le future ricerche sui materiali bidimensionali e migliorare la loro

caratterizzazione.
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INTRODUCTION AND AIM OF THE THESIS

The present chapter provides an introduction, the aim and motivation of the current doctoral
thesis, along with a short description for each of the following chapters.

Graphene, as a pioneer, has sparked widespread interest in the fascinating world of two-
dimensional materials (2DMs) [1], [2], [3]. The chemical and physical characteristics of this
novel class of materials have impressed the entire research community. They also hold
promise for future emerging technologies that will address a wide range of societal needs,
including energy conversion and storage and faster and more efficient electronics. While
graphene research remains at the forefront of this area of interest, also other 2D materials
are garnering more and more attention, especially in recent years. Many atomically thin
materials have been produced or isolated: these include, among others, metal chalcogenides
and boron nitride. More recently, novel 2D materials have also emerged as promising
candidates: MXenes and 2D polymers [3]. However, much more research is needed to make it
easier to synthesize these materials, and their unique properties must be understood and
investigated before they can be used in real-world applications. Despite the fact that this new
class of materials is continually expanding, research is currently concentrated on
comprehending both their synthesis method and their basic properties, with the aid of

numerous characterization techniques.

Aside from the scientific curiosity surrounding 2D materials due to their distinct mechanical
and electrical characteristics, there is still a gap that needs to be filled between basic science
and application-making. In order to do that, we must gain firsthand experience with
commercially available products, comprehend their shortcomings, and attempt to overcome

their limitations by adding new two-dimensional materials to those that already exist.



In this rapidly expanding research area focusing on 2DMs, this doctoral thesis is inserted in
the framework of a European Marie Curie ITN project, called ULTIMATE (https://ultimate.u-
strasbg.fr/index.php). It is coordinated by prof. Samori at the university of Strasbourg and
featuring some of the most recognized European groups working in the field of basic and

applied research on 2D materials.

The focus of the project is on how to generate novel atomically precise 2D materials with
defined structure and composition, and how to best exploit their unique and tunable
properties for electronics and energy applications. In this context, this doctoral thesis aims to
employ advanced characterization techniques to investigate, understand and possibly
improve the self-assembly and processing of organic molecules from solution onto surfaces
(such as solvent vapor annealing, crystal growth, and self-assembly from solution) to create
new types of two-dimensional materials and to investigate their interactions with other two-
dimensional materials currently in use[4]. More precisely, we will introduce the reader into
various processing and post-processing methods that enable the chosen building blocks to
self-assemble into ordered 2D architectures. The main characterization techniques that we
used include structural characterization with Atomic Force Microscopy (AFM), electrical
characterization via Kelvin Probe Force Microscopy (KPFM) [5]and Conductive AFM (C-AFM),
and other structural and chemical characteristics via X-ray photoelectron spectroscopy. Such
wide range of multiscale techniques have been utilized to study the structure as well as the

physical and chemical properties of the various 2D materials.

When 2D materials are newly synthesized, AFM may provide information on their thickness
and surface morphology under ambient conditions as well as under various post-treatment
parameters (such as changes in height or surface morphology over time, under illumination,
after temperature changes etc.). We applied KPFM in order to gain new understanding of the
electrical properties [6] of various 2D materials, to investigate possible changes in their
electrical characteristics, to identify any charge transport properties and interactions between
various 2D materials on various substrates. We employed also C-AFM in order to get insight

on their electrical conductivity features.

As previously stated, there are still physical and chemical phenomena that need to be studied
in this developing class of 2DMs, even though the scientific interest in them has increased
over the past few years. The fact that most of these newly developed 2DMs have not
undergone sufficient research to the point where they could be used in applications makes
this doctoral thesis particularly significant for what concerns its novelty. Thus, this is the

primary focus of the present thesis.



We focused on both novel and well-established methods in order to produce the materials
under study (developed in our laboratory or coming from partners inside the ULTIMATE
project) along with a number of high-end characterization techniques in order to realize the

anticipated properties of these materials and study in detail their fundamental characteristics.

Chapter 1 introduces the basic principles of all the characterization methods used to
investigate the properties of the materials under study throughout this Thesis. This chapter
provides the reader with all information about the characterization techniques that were
utilized from a scientific perspective as well as the associated equipment. The morphological
and chemical features of the materials under study have been studied Atomic Force
Microscopy (AFM) and X-ray photoemission spectroscopy (XPS) respectively. An emphasis was
given on utilizing conductive AFM and the Kelvin probe technique to determine the electrical

properties of these materials [5].

Chapter 2 covers the chemical, electrical and thermal properties of thin coordination polymer
films produced by a novel and versatile synthesis method. More specifically various
coordination polymer thin films have been prepared using a shear-coating technique [7], [8].
A detailed characterization of the films that distinguishes their chemical and physical
properties is centred on two important electronic properties: work function and conductivity.
Indeed, these traits may be affected by the main metal element of the coordination polymer,
thickness of the produced film, and formation time of the polymer. Furthermore, the thermal
stability of these entities is examined regarding both their morphological and electronic

characteristics.

Chapter 3 presents the electrical properties of 2D polyaniline synthesized by a novel
technique. To achieve high-performance organic electronics, it seems promising to
construct conducting polymer thin films with morphological homogeneity and long-range
molecular ordering. A lot of attention has been focused on polyaniline (PANI) because of its
interesting electrical conductivity and appealing chemistry [9]. However, because aniline
oligomers have intricated intermolecular interactions, synthesizing large-area PANI thin films
and controlling their thickness and crystallinity continue to be difficult tasks. In this chapter, a
large area 2D PANI has been synthesized by a novel and versatile technique. A study of the
electrical characteristics of this promising two-dimensional Polyaniline film is the main focus

of the chapter.

Chapter 4 focuses on the morphological and electrical properties of various 2DMs at the level
of individual layers, nominally Mxenes [10], isolated sheets of In,Ses, functionalised MoS; and
isolated soot molecules. In this chapter, MXenes, in their pristine form as well as chemically

functionalized with different organic molecules, isolated sheets of In,Ses, electrochemically



functionalised MoS; films and soot molecules are studied with atomic force microscope to
understand their morphology and with Kelvin probe force microscopy (KPFM) as well as with
conductive AFM in order to investigate their electrical properties [11], [12], [13]. In all cases,
functionalisation causes changes in the work function of the materials under study, providing
an exciting opportunity for tuning their electrical properties. Chapter 4 also includes an atomic
resolution AFM and STM study of soot molecules, which provides important information

about the origin of these molecules that are so important to health and the environment.

Last, Chapter 5 discusses the realisation of a universal platform for the assembly and
manipulation of molecules at the nanoscale. More specifically, we developed an experimental
setup to perform temperature enhanced solvent vapor annealing for the growth and
manipulation of various molecules when deposited on a substrate. The self-assembly and/or
growth is performed in a home-made chamber specifically engineered to control the
temperature difference between the solvent used and the surface of the substrate where our
initial system has been deposited[14]. By changing the temperature difference, substrate, or
solvent we can realise novel nano-structures, which cannot be obtained by conventional
deposition methods. The newly organised networks are then characterised by SPM

techniques.



REFERENCES

(1]

(2]

(3]

(4]

(5]

(6]

(7]
(8]

(9]

(10]

(11]

(12]

(13]

(14]

F. H. L. Koppens, T. Mueller, Ph. Avouris, A. C. Ferrari, M. S. Vitiello, and M. Polini, “Photodetectors
based on graphene, other two-dimensional materials and hybrid systems,” Nat Nanotechnol, vol.
9, no. 10, pp. 780-793, Oct. 2014, doi: 10.1038/nnano.2014.215.

K. S. Novoselov, V. I. Fal'ko, L. Colombo, P. R. Gellert, M. G. Schwab, and K. Kim, “A roadmap for
graphene,” Nature, vol. 490, no. 7419, pp. 192-200, Oct. 2012, doi: 10.1038/nature11458.

S.Yang, P. Zhang, A. S. Nia, and X. Feng, “Emerging 2D Materials Produced via Electrochemistry,”
Advanced Materials, vol. 32, no. 10, Mar. 2020, doi: 10.1002/adma.201907857.

G. De Luca et al., “Solvent vapour annealing of organic thin films: Controlling the self-assembly of
functional systems across multiple length scales,” J Mater Chem, vol. 20, no. 13, pp. 2493-2498,
2010, doi: 10.1039/b921612j.

V. Palermo, M. Palma, and P. Samori, “Electronic characterization of organic thin films by Kelvin
probe force microscopy,” Advanced Materials, vol. 18, no. 2. pp. 145-164, Jan. 19, 2006. doi:
10.1002/adma.200501394.

A. Liscio et al., “Charge transport in graphene—polythiophene blends as studied by Kelvin Probe
Force Microscopy and transistor characterization,” J Mater Chem, vol. 21, no. 9, p. 2924, 2011, doi:
10.1039/c0jm02940h.

S. R. Batten, “Coordination polymers,” 2001.

K. Haase, J. Zessin, K. Zoumboulis, M. Mller, M. Hambsch, and S. C. B. Mannsfeld, “Solution
Shearing of a High-Capacitance Polymer Dielectric for Low-Voltage Organic Transistors,” Adv
Electron Mater, vol. 5, no. 6, Jun. 2019, doi: 10.1002/aelm.201900067.

A. G. Macdiarmid, J. C. Chiang, A. F. Richter, and A. J. Epstein, “POLYANILINE: A NEW CONCEPT IN
CONDUCTING POLYMERS,” 1987.

Y. Gogotsi and B. Anasori, “The Rise of MXenes,” ACS Nano, vol. 13, no. 8. American Chemical
Society, pp. 8491-8494, Aug. 27, 2019. doi: 10.1021/acsnano.9b06394.

A. Agresti et al., “Titanium-carbide MXenes for work function and interface engineering in
perovskite solar cells,” Nat Mater, vol. 18, no. 11, pp. 1228-1234, Nov. 2019, doi:
10.1038/s41563-019-0478-1.

0. Samy, S. Zeng, M. D. Birowosuto, and A. El Moutaouakil, “A Review on MoS2 Properties,
Synthesis, Sensing Applications and Challenges,” Crystals (Basel), vol. 11, no. 4, p. 355, Mar. 2021,
doi: 10.3390/cryst11040355.

L. A. Lieske et al., “Portraits of Soot Molecules Reveal Pathways to Large Aromatics, Five-/Seven-
Membered Rings, and Inception through m-Radical Localization,” ACS Nano, vol. 17, no. 14, pp.
13563-13574, Jul. 2023, doi: 10.1021/acsnano.3c02194.

E. Treossi, A. Liscio, X. Feng, V. Palermo, K. Miillen, and P. Samori, “Temperature-enhanced solvent
vapor annealing of a C3 symmetric hexa-peri-hexabenzocoronene: Controlling the self-assembly
from nano- to macroscale,” Small, vol. 5, no. 1, pp. 112—-119, Jan. 2009, doi:
10.1002/smll.200801002.



CHAPTER 1

Characterization techniques

The present chapter discusses the characterization methods used to investigate the properties of
the materials under study throughout this thesis.

The overall objective of the current doctoral thesis is to characterize the morphological,
chemical, and electrical properties of various two-dimensional materials. To this end, we
employed a multi-tool and multi-scale approach. This chapter discusses the characterization
techniques that have been utilized from a scientific perspective as well as the associated
equipment. The morphological and chemical features of the materials under study have been
studied by Atomic Force Microscopy (AFM) and X-ray photoemission spectroscopy (XPS)
respectively. In addition, the electrical properties of these materials have been addressed

using conductive AFM and Kelvin Probe Force microscopy (KPFM).

1.1 Morphological characterization

1.1.1 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a popular characterization technique that offers
information on the material’s topography at the nanoscale and even below. An AFM image is
created by measuring the forces experienced by a solid, pointy tip as it scans the sample
surface. Nowadays, modern AFMs offer the possibility to analyse multiple properties of the
material under study, such as morphological, mechanical, electrical, magnetic, electro-
chemical, etc., by combining different signals, depending on how the tip interacts with the
sample. AFM images typically have a vertical range of hundreds of nanometres with sub-
nanometre height resolution and a horizontal range of several tens of micrometres up to 100
um with the best (physical) lateral resolution of only a few nm. Newer atomic resolution
AFMs, on the other hand, are capable of much higher quality—less than 7 A in lateral

resolution and 1 A in vertical resolution have already been reported in literature [1], [2], [3].



Importantly, any substance, regardless of how hard or soft, conducting or insulating, may in

principle be imaged.

An essential component of the method is the assessment of interatomic forces, which
differentiate between repulsive forces associated with short-range order (roughly 101 nm)
and attractive forces linked to long-range order (between 10° + 10' nm). Van der Waals forces
that are attractive originate from several sources, including dipole-dipole, dipole-induced,
and induced dipole-induced interactions. Repulsive forces, on the other hand, originate from
the Pauli exclusion principle, which states that electrons with the same quantum number
cannot occupy the same spatial region[4]. The Lennard-Jones potential[5] can be used to
model the interaction between an atom or molecule on the sample surface and the apex atom

or molecule of an ultra-sharp tip:

A+i

V@) =-S+5 (1.1)

Where A and B are empirical parameters, and z is the distance between the two
atoms/molecules. The potential is negligible for large z. The attractive region of V begins to
decrease at a certain distance and reaches a minimum at zo, which is the two-particle system's

equilibrium distance. As z is reduced further, Vincreases and atoms repel one another.

An Atomic Force Microscopy (AFM) instrument typically consists of a flexible cantilever with
a tip attached to one end that is free to move and the other one that is fixed. (see Figure 1-
1a). The measurement range of the instrument is 10?2 N to 10°® N, depending on the stiffness
of the cantilever. The sample is placed on a platform that is below the tip. All three spatial
directions (x, y, and z) can be moved by using a piezoelectric device: either by moving the tip
relative to the sample, or by moving the sample stage relative to the tip. The relative motion
occurs along a line, which forms the fast-scanning direction. By repeating this process along
multiple lines that are parallel to the first line, a two-dimensional image of the surface is
formed. The cantilever, which can be roughly modelled as a driven harmonic oscillator,
experiences a deflection (Az = zo - z) at each point due to the interatomic force between the
tip and the sample. Typically, a laser beam is used to measure the cantilever's deflection: a
screen or photodetector records the intensity of the light that scatters as the laser beam hits
at the upper portion of the cantilever; light will hit the screen at a different point if the
cantilever moves from its free force position (zo). In this way, the surface image of the sample

is formed since the photodetector's signal will correspond to its morphology (or the other



physical properties that are measured). Very often, it is convenient to equip the system with
a feedback loop: in such cases, a predetermined setpoint value is compared with the
photodetector signal and a counter signal is applied to the tip-sample system in order to
restore the setpoint value in the event of any deviations. Then, a calibrated image is produced
using this counter signal.

The traditional method of measuring consists in making tip-sample contact at each
measurement point by keeping the tip as close to the sampled structure as feasible. In this
case, "contact" suggests that tip-sample interactions take place in the repulsive portion of the

potential curve[4] (eq. 1.1).
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Figure 1-1. (a) An illustration of a standard AFM setup. The interaction that takes place between
a sharp tip and the sample structure is what drives the imaging mechanism. An electronic
micrograph (SEM) of the tip utilized for topographic imaging is in the right corner.

(b) An illustration of the "tapping" imaging mode: to maintain amplitude constant, the potential
applied to the cantilever is changed to respond to variations in topography that alters the
sample-tip interaction[4].



Intermittent contact is a more sophisticated but frequently used type of AFM operating
modes. Among these, "tapping mode," which uses amplitude modulation as shown in Fig. 1-
1b, is the most popular choice among AFM users. In intermittent contact, as opposed to
contact mode, oscillation in the cantilever is created while scanning. An additional
piezoelectric device attached to the cantilever induces this oscillation. The selected oscillation
frequency usually accounts for shifts associated with tip-sample engagement and is
marginally lower than the cantilever's natural resonant oscillation frequency, determined by
the dimensions and form of the probe assembly—consisting of the cantilever and tip—.
Changes in the oscillation frequency and amplitude are a result of the interactions between
the tip and the sample. Through a feedback loop, the measured amplitude at each imaging
point is compared to a predefined set point value. In order to track surface topography and
adjust the amplitude if there is a change, a correction voltage is applied to the additional
piezoelectric device. The selection of the amplitude set point considers sample surface
properties, tip wear, and imaging objectives. This set-point represents the allowable
amplitude variation prior to the feedback mechanism being triggered and is associated with
the free (i.e., away from the sample) oscillation amplitude[4]. A lower set-point therefore
suggests a stronger tip-sample interaction force. The shortened interaction time with the
sample causes the tip to experience alternating repulsive and attractive forces in intermittent
contact. Compared to an approach where the tip is in constant contact with the sample, this
slows down the wear of the tip, minimizes contributions due to lateral force, reduces the risk
of damaging of the sample, and lowers the risk of dragging particles of dirt potentially present
on the sample. Taking into account the sample structure, these considerations are especially
important when studying two-dimensional materials deposited on a substrate with weak
adhesion. In contrast to contact mode, the cantilever responds to significant topographic

changes more slowly, so a slower scanning rate might be necessary[4].

AFM images are prone to several artifacts, some of which can be digitally corrected by post-

processing the image to improve data clarity[4]. Specifically, "scanner bow," "edge z-
overshoot," and "scanner creep" are artifacts caused by piezoelectric scanners. The "scanner
bow" phenomenon is noted when scanning across relatively large dimensions (several tens of
micrometers) in tube piezoelectric devices attached at one end of the microscope structure.
Along the fast-scanning axis, this effect manifests as a curvature or "bow" in the z-direction.
AFM images' edge overshoots can be attributed to z-axis hysteresis in the piezoelectric
ceramic material. The name refers to the inaccurate tracing of step profiles, where the edges
have z-values that are either higher or lower. When the piezo material's response deviates
from the applied voltage precisely, creeps are created, which cause distortions in the image

that resemble sample drift. Reapplying the voltage or waiting for the piezo response to



stabilize are potential fixes, which would essentially mean starting the scanning from the
beginning. Inaccurate distance measurements may arise from non-linearity in piezo
movements. If available, though, accurate calibration of the scanner sensors may alleviate
this problem. Other common artifacts are related to the tip conditions; the tip may be too big
(blunt tip) to follow object features accurately, or it may be damaged or contaminated during
scanning. As a result, the picture might show undersized cavities, repeating patterns, and
oddly shaped objects. One example of probe damage is the formation of double (or multiple)
tips at the tip apex, which appear in the image as double (or multiple) copies that are slightly
shifted from one another. Sadly, there is no way to digitally fix tip-related artifacts. Although
there are certain tip-cleaning techniques available, changing the probe is frequently the
easiest solution. When artifacts show up in the image as regular oscillations, they usually are
related to noise phenomena. These can be caused by malfunctioning electronics in the
microscope or mechanical vibrations in the surrounding environment, such as vibrations from
connected lab instruments, buildings, or acoustic disturbances. High-frequency oscillations or
asymmetrically enlarged shapes can be caused by improper scanning rates and feedback
parameters[4]. By subtracting averaged and line-by-line polynomials from the raw image, one
can correct artifacts caused by the piezoelectric scanner's z-height while also eliminating
nano-objects from the process (i.e., flattening procedure). Histogram analysis is used to
monitor the flattening process, as shown in Figure 1-2 [6]. Fc represents a discrete 1D function
whose domain is defined by the obtained signal's minimum and maximum values (z value).
The measured SPM image is represented by a (x,y) plane, where Fc denotes the relative
frequency of the collected data. When statistical noise occurs and data points randomly

scatter around a mean value, Fc can be described by a Gaussian function (G).

For our research, we used an NT-MDT Ntegra-l and a Brucker Multimode 8 (Figure 1-3)
commercial AFM [7]. Both instruments employ a laser/photodetector measuring system and
include a tube scanner underneath the sample stage. In addition, to minimize the effects of
outside vibrations in the lab, they are installed on independent vibration isolation systems, a
mechanically damped stage, and a gas-damped bench. We chose to operate them in
intermittent contact mode in order to obtain comprehensive data concerning the morphology
of polymeric films and two-dimensional material flakes. A rectangular Si cantilever with quite
a high force constant k (RTESPA-300, Brucker, k=40N/m, w=300kHz) was typically used. For
image processing, we utilized the SPIP software, specifically version 6 from Image Metrology.
To collect data for statistical analysis on flakes of several two-dimensional materials, the
"particle analysis" tool was utilized. Last, the images were filtered to remove unwanted
objects by applying filters to quantities like area, mean z, and geometric shape. More details

about image processing are provided in the chapters related to the results.
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Figure 1-2. An overview of the AFM image flattening process. From left to right, three AFM
images are shown with a matching height histogram below, arranged in order of increasing
data processing. After subtracting artefacts due to non-linear scanner movement, fitted as
polynomials, the real, flat substrate is represented by the right image, whereas the raw data is
shown on the left. Below each image, a histogram shows the height distribution inside the
image. Picture taken from reference[6].

Figure 1-3. Bruker Multimode 8, AFM head, located at CNR-ISOF [7].
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1.1.2 Optical Microscopy

Optical microscopy (OM) is a quick and accurate method for examining a sample's
morphology in the millimetric to several micrometric range. It uses visible light as the
illuminating source. A system of physical lenses that focus and gather either reflected or
transmitted light from the sample to produce an enlarged view is the foundation of the OM
operating principle. The magnified sample image can be seen through eyepieces in standard
laboratory equipment, appear on the retina of a human, or be digitally captured and stored

with a digital cameral[4].

Here, we employed a Nikon Eclipse 80i optical microscope in reflection mode to quickly
characterize the morphology of our materials under study prior to any characterization with
AFM. A digital colour camera (Nikon Coolpix 5400), a bright light source, and a set of

appropriate objective lenses (4x, 10x, 20x, and 40x) are included with the microscope[4].

1.2 Chemical characterization

1.2.1 X-ray Photoelectron Spectroscopy (XPS)

The term "photoemission spectroscopy," also known as "photoelectron spectroscopy,"”
describes the process of measuring the energy of electrons released by solids, gases, or liquids
via the photoelectric effect. This measurement enables the determination of the electron
binding energies within a substance. XPS offers a quantitative assessment of the atomic
composition and chemical state of the atoms. It is sensible only to the first few nanometers
of the sample because of the limited escape depth of the photoemitted electrons from
solids[8]. The technique is based on the photoelectric effect, initially observed by Hertz[9] and
subsequently explained theoretically by Einstein in 1905 as the consequence of
electromagnetic radiation's wave-particle duality[10]; it was for this theory that he was
awarded the Nobel Prize in 1921. When a material is subjected to electromagnetic radiation
with a sufficiently high energy hv, it releases electrons with kinetic energy Ex. The process's

energy balance is expressed by:
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where w is the energy difference between the vacuum and the Fermi level, and Ej is the
binding energy of the electron prior to emission (Figure 1-4b). Different levels of electrons
that are associated with various atomic states and/or levels (chemical environment, oxidation
state etc...) in the material may be excited by the fixed radiation hv and result in their
emission, or ionization. Different kinetic energies Ex result from this. The photoemitted
spectrum is the plot obtained from a PE measurement, which involves counting the number
of electrons that are photoemitted as a function of their kinetic energy. Additionally, it is

typical for Epto be presented on the abscissa-axis in literature rather than Ek.
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Figure 1-4. (a) Basic concept of photoelectron spectroscopy: incident light with energy hv
occurs the sample surface, causing an electron e to be emitted. This electron is then detected,
and its kinetic energy is measured. (b) Energy diagram that illustrates the same electron
photoemission process. Atoms with a continuum band of valence energy levels and deep energy
core levels comprise the sample [4].

A complementary technique, Ultraviolet photoelectron spectroscopy (UPS), enables the
investigation of valence band structures and density of states for ultraviolet radiation (Av
~10+10% eV).

Conversely, XPS measures core states (0.4 keV < hv <3 keV). XPS is also called with the
acronym ESCA (Electron Spectroscopy for Chemical Analysis) in the materials science

community.

Electrons that are not primarily involved in chemical bonding are found in the states known
as atomic core states. The XPS spectrum of the material under investigation displays peaks

that correspond to such ejected electrons. One can determine the composition of the
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material because the £z of an electron in a particular atomic shell varies depending on the
element. The only two exceptions are helium and hydrogen, for which lab-scale
instrumentation cannot enable the emission due to low photoionization cross-
section[11],[12]. Unlike x-ray radiation, which can penetrate deep into a solid, excited
electrons experience inelastic scatterings with other bound electrons and energy loss over
short distances. When they originate farther away from the surface, their probabilities of
escaping the substance decrease exponentially with the distance from the surface. This
explains why the surface sensitivity of XPS is so high—only photoelectrons originating from

the first few nanometers are able to escape from the material.

An ultra-high vacuum (UHV) chamber, an X-ray source, and an electron analyser make up a
basic XPS apparatus[4]. The CNR-ISOF instrument features an XR50 source and a Phoibos 100
analyzer, both of which were manufactured by SPECS (Figure 1.5). Its chamber is divided into
three stages: a UHV preparation chamber, a UHV analysis chamber, and a high-vacuum load
lock chamber[7]. A separate pumping system is provided for each sub-chamber. In order to
collect photoelectrons and maintain the lowest possible pressure in the analysis area, a multi-
stage system is required. Following all wall desorption processes (i.e., bake-out), the base

pressure in the analysis chamber can be as low as 5:1071° mbar[4], [7].
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Figure 1-5. XPS Instrumentation located at ISOF/CNR [7].
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The preparation chamber has a special sample holder with a resistive heater for sample
thermal treatments, as well as an ion gun for sample sputtering connected to an argon gas

line.

A magnesium anode, whose strongest x-ray emission is located in the Ka characteristic line,
is mounted on the x-ray source. Ka denotes the radiative atomic transition 2p—>1s after
electron impact creates a 1s (or K) excitation. The equivalent electromagnetic energy hv is
1253.6 eV. Since our instrument's radiation is not monochromatic, the energy of the x-ray
beam is dispersed around the transition's central value. The counter-effect of this is a slight
decrease in resolution. The source is continuously water-cooled and runs at 125W of power.
Water with low conductivity is used to avert harmful electrostatic discharge while also

preventing excessive corrosion of the source walls.

The analyser is comprised of a series of lenses, a multichannel detector (Chevron
microchannel plate type) that counts the electrons, and a hemispherical electrostatic analyser
(HSA) that efficiently separates photoelectrons at different energy levels (Ex). The lens system
sets the sampled area (spatial resolution) and the accepting solid angle, adjusting the electron
energy to a fixed level in addition to projecting the sample plane onto the HSA entrance. One
important factor affecting energy resolution is the analyser’s constant energy mode, in which
the pass energy, or Ep, stays constant. While lower Ep increases energy resolution, signal
intensity decreases. The intrinsic width of photoemission lines resulting from particular
atomic level lifetimes, flaws in electron kinetic energy analysis, and broadening due to the x-
ray source used are additional factors that contribute to signal broadening and decreased
resolution[4]. For Ep = 10eV in this instrument, a 0.9 eV spectral resolving power was
estimated, which is necessary for obtaining high-resolution data. Resolving power is an
important factor, but it's not the only one when it comes to derive quantitative data from an
X-ray photoelectron spectroscopy (XPS) measurement. Equally important is the signal-to-
noise (S/N) ratio. S/N helps to clearly identify the presence of a particular chemical element
by measuring the peak intensity relative to the noise away from the peak. S/N can be
improved by increasing the acceptability time for each energy value on the analyser or
averaging multiple measurements over the same energy range[4], although these methods

lengthen the measurement times.

For the photoelectron to be detected during a real measurement, its energy needs to exceed
the analyser’s work function (wa). However, the problem is that wa is usually unknown. To
avoid this problem, standard procedure calls for calibrating the device through the analysis of
pure or standard samples using pre-established X-ray photoelectron spectroscopy (XPS)

spectra. The cancellation of wa is then made possible by comparing the spectrum of the

15



sample under investigation with the standard one. In this instance, we used the Ag 3ds/, signal
(Ep= 368.3eV) or the Au 4f;; signal (Ep = 84.0eV) that were extracted from calibration

samples immediately after Ar* sputtering.

When analysing an XPS spectrum, the line-shape and background must be correctly attributed
to an atomic signal or peak. Both intrinsic features of the photoemission process and
experimental parameters in the detection system, such as energy resolution and angular
acceptance, affect the observed peak's shape. the intrinsic atomic photoemission line-shape
is Lorentzian, while the contribution of the detection system is typically described by a
Gaussian curve thus the peak observed by XPS is a combination of a Lorentzian and a Gaussian
curve. To guarantee a finite area integral during peak analysis, a more flexible line shape—

typically a modified Lorentzian—is commonly employed[13].

1.3 Electrical characterization

1.3.1 Kelvin Probe Force Microscopy (KPFM)

The Kelvin probe technique was first established in 1898 by William Thomson, also known as
Lord Kelvin, to explain the production of built-in contact potential variations in metals, which
had previously been noted by Alessandro Volta at the start of the 19th century[14]. First, the
idea of work function—one of the fundamental physical properties of a solid that is connected
to its electrical structure—must be introduced to better comprehend the Kelvin probe
technique. The work function can be defined as the potential that an electron at the Fermi
level needs to overcome in order to be extracted to the vacuum with zero kinetic energy.
Since this definition strictly applies only to metals, in semiconductors and insulators the work
function can be defined as the energy difference between the most loosely bound electrons
in the solid and an electron at rest in the vacuum immediately outside the solid (i.e., at the
level of zero kinetic energy). Thus, the work function is an important parameter describing

the electronic structure of a solid[15].
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Figure 1-6. Schematic diagram of the physical process used for the Kelvin Probe technique. a)
Two different kinds of materials 1 and 2, whose respective work functions (@1 and ¢2) represent
the energy difference between the vacuum level and their Fermi level €. b) An electrical contact
between the two materials causes electrons to flow from 2 to 1 until the Fermi levels line up,
creating a contact potential V. An electric field (E, where g is the electron charge and CPD is
the contact potential difference) is created by the charges in the two materials. c) An external
potential V. equal to the contact potential is applied to eliminate the electric field[16].

When two distinct material capacitor plates are electrically connected (as shown in Fig. 1-6a),
electrons will flow from the lower-work function material (¢; in Figure 1-6) to the higher-
work function material (¢ in Fig. 1-6) 4. A contact potential difference (CPD) will be created
between the two materials as a result of this motion, which also causes charges of opposite
sign to develop on the capacitor plates, causing an electric field in the capacitor. An external
potential, denoted by V., can be used to cancel out this field, which corresponds to the
difference between the two work functions (Fig. 1-6c). At equilibrium the field in the capacitor
becomes zero and the work function of the material under study (¢2) can be found as follows:
®2=@1—qV,, where g is the elementary charge. This is possible if the work function of the

reference plate (¢:) is known[16].

In order to test this theory, Lord Kelvin measured the charge transfer that occurs when two
large, flat, polished discs of copper and zinc came into electrical contact. He carried out this

experiment using a gold-leaf electroscope.

Zisman made improvements to the technique in 1932 by utilizing a vibrating reference
surface. The mechanical oscillation in this vibrating capacitor arrangement causes variations
in the system capacitance and, consequently, in the reference plate voltage at frequency
w[17]. A tiny alternating current that is produced by this change in capacitance is easily

detectable.
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The current j(t) is actually determined by the periodic vibration of the distance between the

two plates at w, and is expressed as[18]:

i(t)=VcwACcos(wt), (21.3)

where V. is the contact potential difference and AC is the change in capacitance. An additional
voltage is applied between the two plates for the purpose of measuring the CPD until the gap

between them becomes field-free and the current i(t) drops to zero.

Wickramasinghe et al. created Kelvin probe force microscopy a few years after scanning
atomic force microscopy was first used. The reference capacitor plate in this arrangement is
a very flexible cantilever that is connected to a sharp, conductive AFM tip[18]. Because the
tip-sample interaction is highly localized, it is possible to measure work function with high
spatial and electrical resolution by detecting possible differences between the tip and sample
through the measurement of the cantilever's deflection resulting from electrostatic

interactions.

In the Kelvin probe force microscopy (KPFM) setup used by Wickramasinghe [18], a
conductive tip is scanned across a sample surface in non-contact mode[19], [20], tracing its
topography. The fundamental idea is similar to the Kelvin method, except forces are
measured rather than currents. During the scanning process, an oscillating potential (Vac) at
frequency w is applied to the tip. The tip interacts electrostatically with the surface, attracting
and repelling at the same frequency as Vac. As such, the cantilever exhibits an oscillation mode
at frequency w. The scanning force microscopy (SFM) photodiode detects this oscillation by
sending a signal through a lock-in amplifier, which isolates the oscillation mode at w. At
frequency w, the amplitude of the oscillation is proportional to the surface-potential
difference between the tip and the surface[16]. However, because of the tip's shape and the
complex dynamics of the system, it is difficult to quantify accurately this interaction. An
alternative method is to use electrostatic force microscopy (EFM) to obtain qualitative two-

dimensional (2D) maps of the surface potential[16].

An additional feedback loop is added in order to measure the sample's work function
precisely. In order to reduce the electrostatic interaction between the cantilever tip and the
surface, this loop applies a specific direct current (DC) offset potential voltage (Vqc) to the tip
(Fig. 1-7).
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Figure 1-7. KPFM apparatus. 1) An alternating voltage Vac with a frequency w is applied to the
tip. 2) At a frequency w, the cantilever mechanically oscillates due to the electrostatic tip-
sample interaction. 3) A lock-in amplifier isolates the cantilever oscillation at w and sends the
signal to a feedback circuit. 4) By applying a V4c voltage to the tip, the feedback seeks to reduce
Fw, Which is proportional to the tip—sample interaction. In certain instances, an alternative
configuration is utilized in which the external potential bias is applied directly to the sample.
Figure taken by ref. [16].

Subsequently, a DC voltage bias signal and an alternating current (AC) are applied between
the tip and the sample. The voltage between the tip and the sample in this instance can be

expressed as follows:

AV=A@—Vqc +Vacsin(wt) (1.4),

where Vi and w represent the applied AC voltage signal's amplitude and frequency,
respectively, and Ag is the contact potential—that is, the difference in the tip-to-sample work

function.

Assuming a parallel-plate-capacitor geometry, equation 2 can be used to derive an expression
for the electrostatic force F between the tip and the sample (other geometries can also be
considered, although they require more complicated models). The formula for expressing the

energy U in a parallel plate capacitor is:

U= 1/2CAV2 (1.5),

19



where C represents the local capacitance between the sample and the tip.
The force can then be defined as the energy's rate of change with the tip-sample separation

distance, orz

9U 19C
F=_E=_EEAV2=FdC+Fw+F2w (16)

with components at DC

19 Vi
Foc = —519—; [(AQD —Vac)* + 7] (1.7)

and at frequencies w and 2w

Fy = =55 [(49 = Vao Iy sin(wd)] (18)
Faw = 5 22 [(Va)? cos(wt)] (1.9)

These three distinct force signals—F4,, Fw, and Fz,—can be isolated and analysed

independently to provide information on the electrical characteristics of the sample.

Vqcis equal to the difference in the work function (A¢g) between the tip and the sample surface
when the x-component of the electrostatic force interaction becomes zero (V4. = Ap). As a
result, by tracking the voltage Vdc applied by the feedback signal, a 2D quantitative map of
A can be created. The work function of the sample is then determined if the work function
of the tip is known. By using surfaces with known work functions to calibrate the setup, it is
simple to determine the tip's frequency (). To determine the local work function on the
sample surface, Kelvin Probe Force Microscopy (KPFM) essentially uses the first harmonic

component (Fw) of the electrostatic force interaction.

As an alternative, measurements can be made using the frequency-modulation method (FM-
KPFM), which uses the force gradient as a dataset rather than the force, which is discussed in
the following section. Furthermore, through the capacitance gradient (0C/0z), the 2x

component of the force at the tip can provide information about the local dielectric
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properties. Thus, this signal can be utilized to learn more about surface heterogeneities or

defects.

There are two popular KPFM modes. In one, topographical signals and the Kelvin probe are
detected at two distinct tip oscillation frequencies simultaneously. In the other, a first scan
records the topographic signal, and a second scan, carried out at a larger tip-surface distance,

records the Kelvin probe signal in what is referred to as the "lift mode."

Interpreting the signal in KPFM measurements

The process of interpreting images acquired via Kelvin Probe Force Microscopy (KPFM) is
complex and requires the utilization of theoretical models[16]. The KPFM setup can be
conceptualized as a sample surface consisting of n ideally conducting electrodes with constant
potential Vi and a potential V:tip. This allows for the establishment of a correlation between
the measured quantities and the effective surface potential distribution. The measured KPFM
potential doesn't exactly match the surface potential at a given location, as Stemmer and
colleagues have shown. Rather, it symbolizes a weighted mean of all the surface local
potentials below the tip apex. The derivatives of probe-surface capacitances in z serve as the

weighting factors for this average[16].

The following formula can be used to express this weighted average:

X (Clitvi)

VdC 2?:1(C,lt)

(1.10)

where V;denotes the local surface potential at point | on the surface, V. is the voltage applied
to the tip during the initial KPFM scan, and C;' is the derivative of the capacitance versus

distance between the tip and the point | on the surface.

It is important to note that the mutual capacitances between the tip and surface Ci;, rather
than the mutual capacitances between various surface elements, are the only factors

influencing the first harmonic component of the tip force, or Fe.

The surface is perceived as an array of capacitor plates with lateral dimensions Ax, Ay. The Vqc

that KPFM measures in relation to the location of the capacitors (x;, yi) can be expressed as:
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where C'iot is the derivative of the total capacitance between surface and tip,

2 =0 =t _,
Clior = Z o Z‘,- e C (xe' — XY _}'PI) (1.13)

and where the tip location is defined by x: and y:. The KPFM potential maps that are measured,
or Vuc(x,y), can be understood as effectively 2D convolutions of the surface-potential
distribution V(x,y) with the corresponding transfer function h(x,y), which is determined by the

tip geometry. This can be seen in Equation 9.

Due to the long-range nature of electrostatic interactions, the surface's interactions with the
AFM tip apex, the tip's bulk, and even the cantilever that supports the tip can also contribute
to the KPFM signal. At a cantilever—sample distance of about 15 um, the cantilever's influence
on this interaction becomes significant. Numerical simulations on microscopic dots and sharp
steps were performed to evaluate the impact of system geometry on KPFM resolution. The
results of electrostatic calculations and experiments (refer to Fig. 1-8) showed that the
cantilever's effect becomes insignificant at tip—sample distances less than 100 nm and
becomes predominant for distances greater than 1000 nm. Figure 1-8b, for instance,
illustrates how the tip-sample distance affects the measurement error of sample bias (Vpeak
or Vvailey) for two intentionally created metallic patterns[21]. Furthermore, it was discovered
that tips with a high aspect ratio, a cantilever as small as feasible, and a relatively large tip

apex (up to 100 nm) can yield the best resolution[21], [22].
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Figure 1-8. a) Schematic diagram of the test structure and scanning probe used in [21] to
examine how the tip-sample distance z affects the measured potential. The test structure is
made up of two macroscopic metal pads that were biased to 0 and 5 V, from which alternating
electrodes emerge. Both the electrodes' width and the distance between them is 1.7 um. The
truncated conical part's tip, which is magnified in the inset, is modelled as a hemisphere. PSPD:
photosensitive position detector. b) The theoretically calculated variations (represented by two
dark lines, one upper for Veeak and one lower for Vuaey) are compared to experimentally
observed variations with z of Vyeak (voltage measured over 5 V biased finger, shown as triangles)
and Vyaiey (voltage measured over O V biased tip, shown as inverted triangles). A dashed line
also represents the computed ratio, R, of the cantilever's capacitance gradient to that of the tip
when plotted against z. Figure taken by ref. [21]

More accurate calculations are challenging because electrostatic forces and tip-sample
capacitances depend on the charge distribution and sample polarization, which are both
influenced by the potential difference and the tip-sample distance. Furthermore, the tip is
not positioned at a constant distance from the surface, even if it follows the surface
topography to some extent. This is due to the oscillation of the tip above the surface caused
by the piezoactuator in non-contact mode. As a result, there is a continuous variation in the
tip-sample distance between 10 and 600 nm[23]. During the oscillation, the electrostatic
interaction varies and reaches its maximum at the tip's lower end. When using wide
oscillations and tips with large masses, the effect of oscillation on the electrostatic force can

be significant[23].

To reduce the effect of long-range interactions in Kelvin Probe Force Microscopy (KPFM)
measurements, a number of strategies have been employed. While the conventional KPFM
setup uses amplitude modulation (AM) to detect the electrostatic force (F), an experimental
approach to reducing long-range electrostatic contributions involves measuring the force

gradient along the z-axis: V= 0F/0dz.
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Unlike the tip's apex-sample interaction, which permits their separation, the forces resulting
from the sample's interaction with the cantilever and the tip cone show gradual variations in
proximity to the sample. This distinction is only valid when the tip's oscillation amplitude is

small in relation to the range where the potential shows a lot of variation[24].

The frequency shift[25] or phase shift[24][26], [27]of the tip oscillation at x can be used to
calculate the force gradient. The responding techniques are known as FM-KPFM and EFM-
phase, respectively.

The tip oscillates during the lift scan in these measurements, as detailed above in Section
1.2.1: The resonant frequency of the tip and the phase shift caused by the electrostatic force
gradient F/z are measured. The resonant phase shift and frequency shift for small force

gradients are[26]:

. Mg oF
(1.14)
and
A¢ = arcsin (% i;_F)
¢ (1.15)

where Q is the cantilever's quality factor, k is the spring constant, and wo is the resonant

frequency. For a parallel plate capacitor:

2
a_C(/_\_V)z

BF_ 1
dz 2 072

(1.16)

Equations 12, 13, and 14 can be combined to directly relate the frequency and phase shift to
the potential difference (AV)

(1.17)
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A¢p = —arcsin (2 @(AV) )
(1.18)

This indicates that the resolution of the method is determined by the lateral variations of the
gradient 82C/dz%, and that the phase and frequency shift are squared functions of the
potential difference AV between the tip and the sample. Because 92C/dz? is positive, the

phase shift is always negative[26].

Additionally, a straightforward analytical model explaining tip—surface interactions has
been reported [22], [28]. When studying relatively simple structures (spherical Au- or CdSe-
based nanoparticles), modelling the tip as a hemisphere and a truncated cone can yield an
extremely accurate estimation of the 0C/dz components of the electrostatic interaction.
KPFM can even determine the amount of charge in a structure, down to the level of a single

electron, by using simple and regular structures like well-defined silicon dots[22], [28].

A thorough theoretical and experimental analysis of the accuracy and resolution provided by
the frequency-modulation method and the amplitude-sensitive method was published[29].
By contrasting the two methods, Zerweck and colleagues were able to demonstrate that, in
the majority of cases, the frequency-modulation method is better because it offers a
significantly higher lateral resolution, produces quantitative surface potential values on areas
larger than the tip radius, and is not appreciably impacted by changes in the tip-sample

distance during topographic imaging[29].

Even when recording a single image, an inversion in the image contrast may occur when the
Kelvin probe and the topography measurements are carried out concurrently without the
need for a second scan (i.e., lift mode). This means that certain areas may appear to have a
lower potential in comparison to the background. This is because the V4. KPFM signal includes
non-electrostatic forces[30]. To effectively distinguish the electrostatic force signal from the
non-electrostatic forces signal, the FM-mode KPFM's AC bias amplitude needs to be fairly
large[30].

An alternative method for carrying out KPFM measurements is to apply the bias voltage
V(t)=|Vdc|+Vac sin(wt) directly to the sample while maintaining the tip at ground potential.
Nonetheless, it is necessary to consider the impact that the AC sample voltage may have on
the recorded contract potential. Bias-induced band bending at the semi-conductor surface

can account for this dependency([31].
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1.3.2 Conductive AFM

Conductive atomic force microscopy (C-AFM) has evolved continuously since its invention in
1993 by Murrel et al. [32], and it is now one of the most powerful tools for studying the
electrical properties of materials and devices at the nanoscale[33], [34]. In essence, the
conductive AFM (C-AFM), also known as C-AFM, conductive probe AFM (CP-AFM), conductive
scanning probe microscope (C-SPM), or conductive scanning force microscope (C-SFM), is an
AFM that records the currents flowing at the tip/sample nanojunction simultaneously to the
topography. The three main differences between a standard AFM and a C-AFM are as follows:
(i) the probe tip needs to be conductive; (ii) a voltage source is required to apply a potential
difference between the tip and the sample holder; and (iii) a preamplifier is used to convert
the (analogical) current signal into (digital) voltages that the computer can read. The structure
of a standard AFM is shown in Figure 1-1. AFM controllers already contain the voltage source,
so no additional hardware is needed; additionally, AFM manufacturers sell preamplifiers at
competitive prices. Finally, obtaining C-AFM probes is simple and accessible from any
manufacturer[33]. The most common conductive tape or paste used in C-AFM experiments
to fix the sample to the sample holder is silver paint [35]. Another practical tool for shielding
the sample from outside electrical interference is a Faraday cage[36]. With this configuration,
an electrical field is produced when a potential difference is applied between the tip and the
sample, and a net current flow from the tip to the sample or vice versa. As a result, it is
possible to monitor the samples' local electrical characteristics at a very high nanometric
resolution. The currents collected by the C-AFM follow Eq. (1.19), where Aefis the effective
emission area through which electrons can flow, J is the current density, and | is the total
current flowing through the tip/sample nanojunction (henceforth referred to as the effective
area)[36]:

[=J ‘Aeff (1.19)

Jis primarily determined by the voltage applied between the tip and sample systems, as well
as by their conductivity. Intrinsic inhomogeneities in the samples, such as doping, local

defects, and thickness fluctuations, have a significant impact on J's value[36].

The term Aefr defines the technique's lateral resolution, which can vary from tenths of square
nanometers to thousands of square micrometers based on a variety of experimental factors,
such as the sample's conductivity, the tip's geometry, the force of contact between the tip
and the sample, the stiffness of the tip and the sample, and even the relative humidity of the

environment in which the experiment is conducted.
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In C-AFM measurements, the most frequent error is assuming that the physical contact area
(Ac) and the effective emission area (Aef) are equal. This assumption is strictly incorrect
because the applied electrical field can propagate laterally in a variety of tip/sample systems
(refer to Figure 1-9). For instance, because of the metallic electrode's high lateral electrical
conductivity, when the C-AFM tip is placed on it, Aesr equals the electrode's total covered area
[37], [38]. The effective area Aefr can be defined as the total of all the minuscule spatial
locations on the sample surface that are electrically connected to the C-AFM tip (the potential
difference is negligible). Consequently, Aef is a virtual entity that, over the course of which
the current density is taken to be constant, combines all electrically significant effects within
the tip/sample contact system into a single value. The current densities passing through the
tip/sample system are incredibly high due to Aef's small dimensions. The electrical noise of a
C-AFM, which is (in the best cases) hundreds of femtoamperes, defines the smallest currents
that the device can detect. A current density of 1 A/cm? is obtained by passing a 1 pA current
through a typical Aefs of 100 nm?. The majority of C-AFM probe tips can degrade dramatically
at such high current densities, which lowers measurement accuracy and raises research
expenses. The high lateral frictions in the tip/sample system during the scans exacerbate this

issue even more [39], [40].

Insulator

Sample holder 30 Insulator

Sample holder

(a) Aeir=Ag (b) Aeii> Ag

Figure 1-9. Diagram illustrating the effective emission area (Aefr) in a C-AFM when the tip is
positioned on (a) a flat metallic electrode deposited on an insulating sample, and (b) a flat
insulating sample. Picture taken from ref. [36]

Standard silicon nanoprobes coated with thin metallic films, such as Pt, Au, Ru, Ti, and/or Cr,

were the first conductive nanoprobe types used in C-AFM experiments and are still commonly
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used today (Figure 1-10). In order to preserve the tip sharpness and guarantee a high lateral
resolution during the measurements, the coating should be both thick enough to withstand
high current densities and frictions and thin enough not to noticeably increase the radius of
the tip apex. Because of the melting of metallic varnish and tip mass loss during the scans, as
previously pointed out, the lifetime of conductive tips for C-AFM experiments is significantly
shorter than in any other AFM mode. In order to address this issue, new C-AFM silicon tips
with full conductive tips[41], [42], [43] and hard materials coated on them (such as
graphene[39] [40],[44] [45], [46], [47]and phosphorous-doped diamond[48]) have emerged
(see Figure 1-10). When choosing the kind of tip to use in a C-AFM analysis, other sample-
related characteristics like conductivity, stickiness, stiffness, and rugosity are crucial

considerations.

Melted
metal

/ varnish

Silicon bulk

Sharpened
solid Pt wire

Graphene
coating

Fig 1-10. (a) scanning electron microscopy (SEM) images of a metal-varnished silicon
nanoprobe, (b) a solid Pt wire that has been sharpened and is suitable for C-AFMs, and (c) a
metal-varnished silicon nanoprobe covered in a single-layer graphene sheet. In order to
highlight the silicon's core bulk, the tip in (a) is purposefully shown with the metallic varnish
worn off. Picture taken from ref. [36]

Analogous current signals via the tip/sample nanojunction are routed to the preamplifier
(Figure 1-11 a, b), which converts them into digital voltages that are readable by the
computer's data acquisition (DAQ) card (Figurel-11). Many manufacturers include the
preamplifier in the "C-AFM application module," a detachable part that can be attached to
the AFM and is typically placed very near the tip to reduce electrical noise. AFMs can also
carry out various other functions, like scanning capacitance microscopy (SCM) and scanning
spreading resistance microscopy (SSRM), thanks to a variety of additional modules (see Figure

1-11c). In the majority of C-AFM experiments, the voltages readable by the DAQ card typically
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range between -3 and +3 V, while the currents measured can typically range from a few

picoamperes to hundreds of microamperes[49].

In nearly all C-AFM experiments, the currents that flow through the tip/sample as a result of
applying a voltage between the tip and the sample holder. Only a small percentage of the
works published with C-AFM—that is, experiments where the current is generated by other
methods, like photoelectric[50] or piezoelectric[51] effects—did not involve for the
application of a bias. The majority of C-AFMs allow the user to choose the bias's value and
polarity, which should be applied to the tip while maintaining the sample holder's ground
state, or vice versa. As a result, currents typically flow through the sample vertically[52].
However, lateral currents can also be measured by using a wire bonder or silver paint to
connect the sample's surface to the sample holder[53]. As previously mentioned, the voltages
that can be applied to C-AFM electronics typically range from -10 to +10 V. The currents that
can be observed span three or four orders of magnitude, never going below 1 pA or above 10
HA. Ramped voltage stresses (RVS) can be used in addition to constant voltage stresses (CVS)
applied during a scan to gather current versus voltage (I-V) curves. The RVS involves keeping
the tip stationary at a single location. Even though this setup is more than sufficient for a lot
of experiments, some studies might need to make use of advanced electronic capabilities.
Examples of these include the use of current limitations, the application of constant current
stresses (CCS), the measurement of current versus time curves (I-t), or just applying or
measuring higher voltages or currents. Many AFMs have an input/output that is directly
connected to the tip, the sample holder, or even both. This makes it possible to apply and
collect electrical signals using an external sourcemeter or an semiconductor parameter

analyser (SPA).

Figure 1.11. (a, b) Pictures of two C-AFM preamplifiers—the first having a fixed gain and the
second having a variable gain. (c) Images of various Bruker AFM application modules, such as
the C-AFM module (which has a preamplifier). Picture taken from ref. [36]
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In recent years, a wide range of experiments have been conducted with this setup. With
atomic resolution, the C-AFM can be used to both monitor and alter the properties of
materials [54], [55], [56], [57], [58].
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CHAPTER 2

Metal-organic coordination polymer multilayers produced by
sequential in situ self-assembly

Chemical, electrical, and thermal characterization.

Recent significant advancements in supramolecular chemistry allowed the creation of a wide
range of architectures; in particular, specific interaction of metal ions with organic molecules
can drive the self-assembly of solid frameworks in the form of thin layers. In this chapter we
describe the characterization of coordination polymer thin films prepared using a novel and
versatile technique. In particular, we studied some electronic properties of such materials,
i.e. their work function and their conductivity, important for their possible future application

in electronics.

Part of this work, specifically the synthesis and some of the material characterizations, was carried
out during my secondment period at the University of Dresden, working with Prof. Xinliang Feng's
group as part of the Marie-Curie ITN project ULTIMATE. The materials under study were prepared in a
laboratory at the University of Dresden, while the majority of the film characterization was done in our

ISOF/CNR laboratory and our group in Bologna.

2.1 Introduction

Significant progress has been made recently in the field of molecular inorganic-organic hybrid
compounds. A phase of rapid development has been observed in the synthesis and
characterization of large networks in one, two, and three dimensions (1D, 2D, and 3D). In
particular, attention has been drawn to coordination compounds with almost infinite periodic
structures were organic building blocks act as ligands and metal ions as nodes to form the
network[1]. These compounds are typically termed Coordination polymers (CP) [1]. More

specifically, a coordination polymer is made up of metal ions or clusters connected with
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organic ligands in order to form an infinite array. Coordination bonds define this infinite net.
Consequently, a structure connected by coordination bonds in one direction and
supramolecular interactions (like hydrogen bonding and m-mt stacking) in two additional
directions is referred to as a one-dimensional (1D) coordination polymer; a structure
connected by coordination bonds in two directions and supramolecular interactions (like
hydrogen bonding and m-it stacking) in a third direction is referred to as a two-dimensional
(2D) coordination polymer; and a structure connected by coordination bonds in three

directions is clearly a three-dimensional (3D) coordination polymer [2].

Coordination polymers are typically assembled into highly ordered three-dimensional
structures by metal ions (or metal clusters) and bridging organic ligands, occasionally with
additional supramolecular interactions. Topologic nets can be used to describe such regular
3D structures. A polymeric metal-organic net can be reduced topologically to a set of nodes
with a specific symmetry (triangular, tetrahedral, octahedral, etc.) and linkers that join the
nodes to form an infinite 1D-3D periodic net. In addition to helping to comprehend the net
structure, topological description can be applied to the creation of novel coordination
polymers. Reticular chemistry is the name given to the net-based methodology [3]. In general,
organic ligands act as the linkers and metal ions or clusters as the nodes. Higher multitopic
(tri-topic, for example) organic ligands may also occasionally be thought of as the nodes,
particularly when the metal ions act as multiple (two or three, for example) connectors in the

network. In theory, a specific net can be assembled by using the right nodes and linkers [2].

Thus far, an extensive number of nets have been documented. As seen in Figure 2-1, these
include the ladder, zigzag or helical, square, or rectangular, honeycomb and brick-wall
structures for 2D nets, diamondoid, and cubic for 3D nets, and railway chains for 1D nets. Of
course, the literature has also documented a great deal of more intricate and intriguing nets
[4].

In comparison to hydrogen bonds and other weak supramolecular interactions, coordination
bonds are typically stronger and possess a more pronounced directional character. These
metal-ligand coordination bonds are a particular kind of non-covalent interaction that occurs
between a metal ion (also referred to as coordination center) and the organic molecules that
surround it (referred to as the ligand) [5]. While its nature (covalent to ionic) and strength are
heavily dependent on the chemical nature of both the central metal ions and the ligands, the
coordination bond is typically categorized as being of intermediate strength between purely
covalent (strong) and supramolecular (weak) bonds. Coordination bonds are highly adjustable
given the wide range of metallic cations (originating from the s, p, d, or f blocks) and

complexing groups (either anionic: carboxylate, phosphonate, azolate, phenolate, etc.) that
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are available [5]. Thus, a key factor in the formation of coordination polymeric nets is the
coordination preference of metal ions (or clusters) and the structures of organic bridging
ligands. As a result, it should be possible to predict coordination polymer structures more

easily, compared to a molecular crystal's.

(a) (b) (c) (d)
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‘

(h) (i)

Figure 2-1. Examples of simple coordination polymer nets. (a) A zigzag chain, (b) a helical chain,
(c) a ladder chain, (d) a railway chain, (e) a square net, (f) a honeycomb net, (g) a brick-wall net,

(h) diamondoid net, and (i) a cubic net. Picture taken from ref. [2]

However, both the structures of organic ligands and the coordination geometry of metal ions
are typically diverse, if not variable. The arrangements of various metal ions (or clusters) and

organic bridging ligands can form nearly infinite coordination net structures. Furthermore,
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coordination bonds are typically more flexible than typical covalent bonding because they
have a weaker interaction. There could be additional weaker interactions between molecules
due to supramolecular forces (van der Waals, mt-rt stacking etc.). Therefore, a self-assembly
system made up of metal ions, organic ligands, counter anions, and solvent molecules

naturally possesses structural uncertainty.

The formation of coordination nets can be influenced by a wide range of reaction parameters,
including pH, solvent, reaction/crystallization temperature, template/additive, and counter
ions [6]. A complex self-assembly system's result would therefore be hard to predict using
only molecular design (the selection of metal ions, metal clusters, and ligand structure).
Actually, different coordination polymers can be produced by different reaction conditions
for a given set of metal and ligand at a given molar ratio. Different components and solvents,
along with additional species like additives and templates, are used in a system to produce a
specific coordination polymer. Before nucleation or crystallization, the components may
combine into a small intermediate species (Fig. 2-2) under the guidance of coordination
bonding and possibly in conjunction with other supramolecular interactions. By combining
these intermediate species, one or more types of large molecular assemblies can be formed,
which can result in the formation of crystal seeds and crystals with the same or different
superstructures. Supramolecular isomerism, which is commonly seen for coordination
polymers, is one example of the structural diversity [6], [7]. Different products may be favored
kinetically or thermodynamically. The energy barrier for a thermodynamically favored
product is typically larger than that of a kinetically favored product when different products

can be generated from a reaction system (Fig. 2-3).
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Figure 2-2. An illustration of two potential products that di-topic organic ligands and metal ions

may assemble. Picture taken from ref. [2]
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Because thermal energy is directly correlated with reaction temperature, a higher reaction
temperature will yield the thermodynamically favored isomer linked to a high activation
energy, whereas a lower temperature will favor the kinetic product. As a result, the formation
of products can be changed by adjusting the reaction temperature and/or other reaction
parameters. For the kinetically favored product, high concentration and low temperature are
typically preferred, whereas for the thermodynamically favored product, low concentration
and high temperature are preferred. In practice, additional reaction parameters like pH,
template/additive, solvent, and counter ions can also have a big effect on the kinetic process

and cause different products to form.

Slow

Reaction solution

Kinetic product

Thermodynamic product

Reaction Coordinate

Figure 2-3. Products crystallization via both thermodynamic and kinetic processes. Picture taken
from ref. [6]

Many strategies have been developed to use molecular building blocks to synthesize tailored
target structures. Designing these molecular building blocks to control the formation of
desired chemical, physical, and architectural properties in the resulting solid-state materials

is critical to success.
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Chemists, physicists, and materials scientists have shown a keen interest in CP, given their
high surface area. This special characteristic results from the interconnection of organic
ligands and metal ions, which forms a three-dimensional structure with distinct channels and
cavities. Coordination polymers have attracted commercial interest as promising options for
gas separation and storage applications because of their porosity, which enables the
adsorption and storage of gases like carbon dioxide and hydrogen. Additionally, one
noteworthy feature of coordination polymers that results from the selection of metal ions
and organic ligands is the tunability of their properties. Researchers can control the
coordination polymer's size, shape, and functionality by altering the constituents, resulting in
a large library of materials with customized properties. This tunability opens up new

possibilities for sensing, drug delivery, catalysis, and electrochemical devices.

Historically, the two most well-known subclasses of microporous inorganic solids were
aluminosilicates and aluminophosphates. Among them, a particular interest has always been
paid to zeolites, having the general formula M™ ,/n[(AlO2)x(SiO2),]**wH20 (where M=metal),
that are 3D crystalline, hydrated alkaline, or alkaline-earth aluminosilicates. Their structure,
built from corner-sharing TO4 tetrahedra (T=Al, Si), creates networked tunnels or cages that
can take M ions and water molecules. In order to develop porosity, water molecules are
removed, usually without affecting the framework. Initially, the cavities—which are identified
by the number of surrounding polyhedra—were used as molecular sieve applications in
catalytic and gas separation processes. In 1862, synthetic zeolites were first discovered; [1].
Zeolites display unique structural features that characterize their adaptability and
functionality. Their crystalline structure and the possibility to precisely control the pore size
have a significant impact on both their molecular sieving and adsorption capabilities. lon
exchange sites are established by the presence of exchangeable cations, which are propelled
by the positive charge of aluminium in the framework. The overall characteristics of the
zeolite can be affected by substituting different ions in solution for these cations, which
include potassium and sodium. Interestingly, certain zeolites exhibit structural flexibility,
enabling modifications in reaction to outside stimuli. Moreover, they are indispensable in a
wide range of industrial and scientific applications because of their exceptional adsorption

and selectivity properties, which are a result of this special features.

Zeolites are useful in the processes of gas separation, purification, and drying because of their
remarkable adsorption capacities for both gases and liquids. They also serve as catalysts in a
variety of chemical reactions that are important to the production of petrochemicals,
industrial catalysis, and petroleum refining because of their porous nature and ion-exchange
capacity. Additionally, they mitigate water hardness by exchanging sodium ions for calcium

and magnesium ions, which is a crucial function of zeolites in water-softening systems.
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Zeolites are used in processes such as gas and liquid drying because of their precisely defined
pore sizes, which transform them into molecular sieves. Moreover, they are employed in
environmental applications to improve soil, treat wastewater, and act as radioactive and
heavy metal adsorbents. Last, zeolites are promising candidates for drug delivery systems
because of their porous structure, which allows for the controlled release of medications.
Aluminophosphates, or AIPO4s, are composed of AI** and P°* tetrahedra connected by oxygen
atoms that share a corner. These atoms create a three-dimensional neutral framework with
molecular-sized channels and/or pores[8]. Aluminophosphates differ from zeolites due to the
special arrangement of phosphorus and aluminum in their framework. Among their many
useful characteristics are molecular sieving ability, catalytic activity, and ion-exchange
capacity. They are useful in procedures like gas separation and purification because of their
porous structure, which enables the selective adsorption of molecules based on size and
shape. Like zeolites, aluminophosphates are also used as catalysts in a variety of chemical
reactions. Their performance in adsorption and catalysis can be influenced by precisely
controlling their composition, which allows for the customization of pore size. Microporous
crystalline aluminophosphates were first reported in 1982[9]. Since then, other related
crystalline oxides have also been found, including porous chalcogenides, halides, and nitrides,
as well as silicoaluminophosphates, metallosilicates, metalloaluminophosphate, and
metallophosphates[10], [11].[12], [13], [14], [15].

Another material that is widely employed for its porosity is activated carbons, that, despite
possessing a disordered structure, has a high specific surface area and open porosity. A
twisted network of imperfect hexagonal carbon layers connected by aliphatic bridging groups
constitutes the fundamental structural component. Although it varies, the layers' width is
normally 5 nm. Heteroelements and simple functional groups are bound to the edges of the

carbon layers and integrated into the network.

The previous classes of porous materials are not as broad as the recently developed porous
coordination polymers, since the possibility to directly control their structure and hence their
properties directly from the synthesis holds the promise to overcome the limitations of the
materials discussed previously. CP frameworks are highly tunable, highly porous, and
completely regular. Their synthesis takes place in mild environments, and the so-called
bottom-up approach involves selecting a specific combination of organic ligands and metal
ions to produce the intended extended network. The structural stability of the building units
is preserved all throughout the reactions, allowing them to be used as modules in the
assembly of extended structures. Prussian blue compounds, [16], [17], [18], Werner
complexes[19], [b-M(4-methylpyridyl)4(NCS)2] (M=Nill or Coll), Hofmann clathrates, and

their derivatives have frameworks made of CN linkages between square-planar or tetrahedral

42



tetracyanometallate (ii) units and octahedral metal (ii) units coordinated by complementary
ligands,[16], [20] which are known to be materials that can reversibly absorb small molecules
(Figure 2-4). Examples of porous coordination polymer structures with functional micropores

have been published since the early 1990s.

Fe,[Fe(CN),], [Ni(CN),(NH,)]-CH, B-Co(4-methylpyridine),(NCS),
Prussian blue Hofmann Clathrate

Figure 2-4. Metal-cyanide frameworks: (a) Prussian blue and (b) Hofmann clathrates with
benzene molecules filling the gap between the layers. Atom labelling scheme: metals are blue,
N is green, and C is black. For clarity, H atoms are not included. A Werner complex inclusion
compound: (c) 8-Co(4-methylpyridine)4(NCS),, NCS=thiocyanate crystal structure, with benzene

occupying the gaps between the complexes. Picture taken from ref. [21]

An anion exchange-capable porous coordination polymer was first described by Robson et al.
in 1990[22]. Fujita et al. examined the catalytic characteristics of a 2D [Cd(ll)-4,4"-bpy]
(bpy = bipyridine) coordination polymer in 1994 [23]. The groups of Yaghi[24] and Moore[25]
investigated the adsorption of guest molecules in 1995, and Kondo et al. reported gas

adsorption at room temperature in 1997(26].

Recent advances in characterization and synthetic methodologies have led to a massive
growth in the field of coordination polymers. Coordination polymers can be created using a
variety of techniques, from conventional solution-based methods to more advanced
techniques like solvothermal and mechanochemical synthesis. The size, shape, and
crystallinity of the coordination polymer thin films can all be precisely controlled with the help
of these methods. Understanding the structure, morphology, and characteristics of

coordination polymers depends heavily on characterization methods like X-ray diffraction,
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scanning electron microscopy, and spectroscopy. These analytical instruments offer
important insights into the configuration of the porous network and the connectivity between

ligands and metal ions.

In this work we describe CP produced using the shearing method, a type of meniscus-guided
coating known for low-cost and high-throughput thin-film fabrication. It is a versatile and easy
method for achieving uniformity, superior molecular arrangement, and stacking in the films
with the least amount of material waste. We used a planar conjugated ligand,
2,3,6,7,11,12,15,16- octahydroxyphenanthro[9,10:b]triphenylene (OHPTP) with Dan-
symmetry and four connecting points as monomer. We realized two types of coordination
polymer thin films combining this ligand with Cu and Zn ions, yielding with Cu(OHPTP) and
with Zn2(OHPTP). These novel synthesised CP films have exhibited intriguing electronic
properties, and the simplicity of their synthesis makes them suitable candidates for several

applications and electronic devices.

The production of such CP has been described in [27]. We change the reaction time of the
coordination polymer thin film from 5 minutes to 20 minutes and the thickness of the films.
We then study the effect of metal ion used, reaction time and fil, thickness on the chemical,

electrical and stability properties.

2.2 Preparation of CP thin films by shear coating technique

The shear coating is a versatile method that can be used to rapidly produce multilayers and
thin films with a range of properties[28], [29], [30][31][32], [33]. The shear coating technique
involves an organic semiconductor (PSC) that is confined between a top movable blade and a
temperature-controlled substrate (Figure 2-5) [29], [33], [34], [35]. The material is translated
across the substrate by rotating the blade at a set speed, resulting in a guided and regulated
film deposition. Solution-sheared PSC films have higher crystallinity and molecular packing
than spin-coated films, leading to effective charge transport in OFETs [36]. Shear coating
parameters, including stage temperature, blade gap, and shear speed, can affect these
films' properties [29]. In addition, a variety of well-established techniques exist for regulating
the final film morphology. These include pre-processing methods for ink formulation,
alignment methods for post-processing, substrate patterning, and modified shear coating

geometries methods[34].
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Figure 2-5. Schematic illustration of the shear coating technique. Picture taken from [37]

Numerous variables, including the substrate's surface energy, solution concentration and
viscosity, shearing speed, and substrate temperature, affect the final morphology of the
deposited material[35]. The OHPTP monomer (Figure 2-6) utilized to prepare the CP films
under study is synthesized as described in [38]. For preparing the films a blend of the OHPTP
monomer dissolved in THF is first solution sheared on Au or Si substrates at 35°C (Figure 2-7).
During the shear-coating the gap between the blade and the substrate is fixed at a distance
of 250 um and the speed of the coating process is 6 cm s™. After the monomer is shear-coated
onto the substrate, it is dipped into a solution containing the second component of the CP,
i.e. the metal ion. Solutions of Cu(OAc); or Zn(NOs), (both dissolved in H,0) are used for 1
minute to initiate the formation of the coordination polymer, as shown in Figure 2-7. We
prepared four separate samples for each of the two reactants, varying reaction/dipping times,
with t=5, 10, 15 or 20 minutes. Furthermore, the shear coating technique can be applied
multiple times, using different solutions, on the same substrate; this allows to realize CP
multilayers. Figure 2-7 shows the process of each coating and how multiple coatings are
produced. For this study, we have realized two samples, one for each of the reactants,
repeating the coating for six-time. All the different CP films configurations are presented in
the figure 2-8 below. Samples 2-8a and 2-8b have been prepared four times each for a
different reaction time keeping the thickness stable, while in samples 2-8c and 2-8d we
changed the thickness fixing the reaction time to 1 minute for each coating cycle but repeating

the coating 6 times. In Appendix A, A1-A3 the final single and multicoated samples and the
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relative thickness of each coating is being illustrated. Thus, it is possible to study how the
chemical, structural and electronic properties are changing with respect to the different

reaction times and thicknesses.

OH OH
HO OH
O‘OO‘ M(OAc);
HO OH
OH OH
OHPTP

Figure 2-6. Chemical structure of the OHPTP monomer and the final expected
chemical structure after the coordination. M stands for the metal element (Cu,
Zn)[27]

Coating Dipping

oy

N

—) ~—

Single coating
Multiple coating
L

Tl
S

Cu(OAc),

Figure 2-7. Scheme illustration of shear-coating technique used to prepare the
films under study.[29], [33]
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Figure 2-8. All four types of CP thin film configurations (a) one coating of Cu-CP
(b) one coating of Zn-CP (c) Multi-coating of Cu-CP (6 coatings) (f) Multi-coating
of Zn-CP (6 coatings).

2.3 Results and discussion

2.3.1 Characterization of CP thin films

All CP samples were characterised by X-ray Photoemission spectroscopy (XPS), Fourier-
transform infrared (FT-IR) spectroscopy and UV-Vis spectroscopy. X-ray Photoemission
spectroscopy (XPS) was used to confirm the presence of the expected elements in the CP thin
films (C, O, Cu and Zn) and the ratio of the present elements as shown in Figure 2-9. In Cu CP
samples, high resolution XPS spectra of O 1s shows a broad peak that may be attributed to a
combination of C=0-Cu (531 eV), C-O-Cu (533eV) signals and contributions of water presence
(Figure A4 and A5). Zn CP samples also exhibit the same contributions to the O 1s signal as Cu
CP samples, but with Zn in place of Cu. The C 1s signal of both type of films, showing three
main peaks at 283.8 eV, 285.16 eV and 287.54 eV, is attributed to carbonate or carboxyl acid
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groups. In the energy range typical of Cu 2p, a peak at 934.96 eV suggests the presence of Cu
(1), while the faint signal observed at 932.73 eV and usually attributed to Cu(l) is attributed
to photoreduction occurring during the measurements. Finally, the presence of Zn is deduced
from the Zn 2p signal at around 1150 eV. We underline that the Cu signal can only be
observed in the XPS spectrum of the Cu CP thin film and not in the Zn CP film, and vice versa,

confirming that no contamination is present.

The table presented in Figure 2-10 displays the abundance ratio of main element in each of
the Cu and Zn CP single coated samples for two distinct reaction times (1 and 20 minutes)
extracted from the XPS spectra, reported as atom percentage. Gold signal is also recorded
due to the substrate, but it is not present in the table below since it is not the focus of our
work. It is shown that the ratio of the metal elements, that act as the linker that bonds the
ligand units into the coordination polymer, is changing distinctively. The percent of both Cu
and Zn increase almost by 50% after 20 minutes of reaction, while the percent of C and O

remain constant in both cases.
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Figure 2-9. XPS spectra confirming all elements used to synthesize the CP films.
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(%) C 0 Zn Cu
Cu CP 1min 61,5 22,8 0,0 1,6
Cu CP 20mins 64,9 25,8 0,0 3,1
Zn CP 1min 46,9 18,7 0,4 0,0
Zn CP 20mins 50,2 18,8 0,9 0,0

Figure 2-10. Table with the ratios of the main elements for 1 and 20 minutes of
reaction time for the Cu and Zn single coated film (formation time of the
coordination polymer)

Successful formation of coordination bonds is additionally indicated by Fourier-transform
infrared (FT-IR) spectroscopy (Fig. 2.11a): O-H stretching vibration band of OHPTP at 3000—
3500 cm™ decreases after the complexation of the ligand film with Cu(OHPTP) and
Zn2(OHPTP). However, thin films of Cu CP and Zn CP prepared via shear-coating are
significantly different structurally from the bulk crystals of the corresponding materials. These
bulk crystals have been prepared via solvothermal synthesis by coordination of the OHPTP
and copper acetate (in case of Cu,OHPTP crystal) and zinc nitrate (in case of the Zn,OHPTP)
in a mixed solvent of water and DMF (7:3) at 85°C for 24 hours, [27] Figure A6 illustrates how
the main bands are either missing or shifted. For instance, the crystals show complete
coordination of the OH since they lack the characteristic band of the O-H stretching vibration
at 3000-35000, but the thin films still exhibit this band. This could be attributed to the fact
that some OH are not coordinated, as well as the presence of water. Moreover, UV visible
spectroscopy provides additional confirmation of the polymer's formation. In Figure 2-11b a
bathochromic shift from 520 to > 600 may be observed which can be assigned to ligand to-
metal charge transfer band [27], [39] further confirming the formation of the coordination
polymer. Additionally, despite using different measurement conditions, the absorbance
bands found in both bulk crystals and thin films UV/vis spectra (A7) are in a good match in

respect to the bands found in the UV/vis spectrum of the ligand.
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Figure 2-11. (a) IR spectra and (b) UV/Vis spectra of the ligand, Cu CP Film and Zn
CP Film.

2.3.2 Changes in work function among different CPs.

The different metallic elements binding the monomer units to form the coordination polymer
contribute to different electronic properties of the final film. Using Kelvin probe force
microscopy we measured the work function values for each film to understand how the metal
elements, formation time of the coordination polymer and additional coating in the multi

coated films alter these values.

KPFM measures the sample’s surface potential (SP), which is equal to the difference between
the sample’s WF and the tip value (i.e., WF = WF, — WFsample), along with any electric potential
(V) applied to the sample[40]. [41], [42] the Vcq value can be extracted from the surface
potential maps recorded by KPFM and from the formula Vcpa=WF:ip-WFsample We can calculate
the WF value of the sample under study. Given that KPFM is a highly sensitive characterization

technique, to ensure that the value of our tip stays constant, we have used freshly cleaved
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HOPG and gold as a reference. More details about KPFM may be found in Chapter 1 in the

corresponding section.

Figure 2-12 shows the work function values calculated using the formula given above. The
mean surface potential values (Vcpd) have been extracted from the corresponding KPFM
images in the case of the single coated Cu and Zn CP. This calculation of the work function
values is repeated for various reaction times of the polymer, as well as the monomer (OHPTP).

Surface potential images have been recorded for each sample.

Interestingly, the surface potential images exhibit a uniform colour (surface potential value)
indicating that the surface properties are uniform. Consequently, in each case, a mean surface
potential value can be extracted. Some examples of these images can be found in Appendix
A (Figure A8). The graph of figure 2-12 summarize the systematic changes in the work function
of the films due to both the different metallic elements and the reaction time for the
formation of the polymer. We find that, the Cu-CP film consistently displays a larger work
function than the Zn-CP film. Both films show a decrease in the work function value with

increasing reaction time, with the Zn-CP film demonstrating the largest variation with time.

The change in the work function can be justified by the increase of the metal element percent
observed by XPS (Figure 2-10). This will likely change as well to the final structure of the film
after the reaction. Preliminary DFT calculations suggest that Zn has a preferential tendency to
form 3D networks while Cu remains planar (work in progress, not reported here. Because the
ratios of the main metal elements increase noticeably after long reaction periods, the final
structure may be affected, as each coating consists of several layers. As a result, each layer
may not be perfectly aligned with the others resulting in the work function pattern shown in
Figure 2-12. In order to better understand our results and determine whether each node is
connected to the suggested number of ligands for the proposed chemical structure shown in
Figure 2.1, we can also calculate the C/Cu and C/Zn ratios from the table in Figure 2-12. The
data indicate that in the case of the Cu CP for 1 minute of reaction, the C/Cu is roughly
comparable to the ideal structure of a MOF; consequently, we have the least amount of
excess Cu or C elements, giving us the best possible final product out of the four samples.
More precisely, 1.27 ligands can be allocated to each Cu atom. The situation varies as we
increase the reaction time. A longer reaction time of 20 minutes results in a higher percentage
of Cu in the Cu CP, which makes the ideal C/Cu quite different. In that instance, 0.68 of the
ligands can be assigned to each Cu atom. As a result, the final composition and structure
may differ significantly from the proposed one or even the one with the fastest reaction time.
This excess of nodes could cause the layers to assemble more chaotically. These changes are

even more pronounced in Zn CP films after both 1 and 20 minutes of reaction time. In the first
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case, with the shorter reaction time, the C/Zn ratio demonstrates that each Zn atom may be
allocated to 3.53 organic ligands, whereas in the second case, with the 20-minute reaction
time, each Zn atom may be assigned to 1.78 ligands, since the Zn percentage increases with
longer reaction times. The crystallinity and chemical composition of the films may be
impacted by these stoichiometric diversities, which could have an effect on the materials'

overall chemical and physical characteristics.
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Figure 2-12. Work function diagram in respect to the reaction time.
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It must be noted that in the case of the multicoated samples, the work function of the Cu CP
is again higher than the Zn CP sample. With additional coatings the work function values in
both cases relatively decrease as shown in Figure 2-13. Even though the WF values clearly
diminish for the first three coatings, a plateau can be observed after the third coating. This
can be justified by the fact that each coating is made up of several layers that may or may not

be perfectly aligned with one another.
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Figure 2-13. Work function diagram in respect to thickness.

In conclusion, we have demonstrated the possibility of tuning the work function of several
CP films. Tuning can be accomplished by adjusting the reaction time of polymer formation,

the metal element, or the thickness.
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2.3.3 Conductivity among the different coordination polymer films

The conductivity of all CP films was studied via conductive AFM (Figure 2-14). Conductive AFM
is a contact technique that can be utilized to study electrical properties of materials and

devices in the nanoscale. The technique has been already described in Chapter 1.

Like many polyaromatic molecules, triphenilene (OHPTP) units can conduct electricity by
stacking on top of each other, through interactions of their © orbitals (n-m stacking). This of
course depends strongly on the orientational order of the molecules in the film, and their
ability to form long stacks. The presence of metal ions and the formation of CP could, ideally,

foster a more ordered alignment and stacking and thus influence the electrical resistivity.

The resistance of the single coated Cu CP film produced with different reaction times was
investigated in Figure 2-14a. The resistance rises as the reaction time increases. First, we can
rule out the possibility that these variations are related to varying film thicknesses because
the same preparation process (same ligand deposition procedure) was used in all of the cases
for the various reaction times. As previously stated, the C/Cu ratio for the one-minute
reaction time CP film is close to the expected and rather ordered chemical structure (see
previous XPS section). Since there is little possibility of metallic Cu-Cu bonds forming, the
organic ligands primarily interact with one another through n-n* interactions, with each layer
being slightly stacked on top of the other in an ordered but misaligned manner. Therefore,
these m-mt* interactions are more prominent when the reaction time is the smallest and the
C/Cu ratio is closer to the ideal network of the proposed CP. As the reaction time and Cu ratio
increase, these interactions may become less prevalent due to disordered layer assembly.
This could be an indicator of the reason why resistance rises as reaction time increases. In
case of the multicoated Cu CP sample the resistance graph follows an opposite path as
illustrated in the Figure 2-14b.. S We observe that the initial coating on the gold still has a
fairly high resistance, which significantly drops (almost one order of magnitude) with
subsequent coatings, where the deposition might be better and more uniform than with the
first coating deposited on the gold. After the fourth coating, the resistance increases once
more as a result of the material's thickness becoming noticeable (Figure 2-14b). This increase
in resistance may be attributed to this noticeable change in thickness, which possibly reaches

a limit after which the network of the final CP becomes more disordered.
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Figure 2-14. Resistance diagram of Cu CP thin film in respect to (a) reaction time
and (b) number of coatings.

Conversely, Zn CP samples showed consistent behaviour in both single and multicoated
samples; that is, no conductivity was detected above the instrument's sensitivity limit. The
zero conductivity that is found can be explained by Zn's preferential tendency to form 3D
structures, which causes the final structure of the film to be slightly disordered or layer

misaligned as the reaction time increases or coatings are added.

2.3.4 Thermal stability of the different CP thin films

Thermal stability studies were performed using a Residual Gas Analyzer (RGA) mounted inside
our home built XPS (Chapter 1), ramping up to 300 °C with a heating rate of 2 °C/min. A
spectrum of each standard single coated sample (1 minute formation polymer time) was
recorded prior and after the heating treatment to compare possible changes in their chemical

composition due to the heating.
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Firstly, we have studied the single coated Cu CP film by XPS prior to any heating treatment.
Figure 2-15a shows the spectra recorded. Cu 2p shows the existence of Cu (lII) signal, as
expected, and Cu(l) signal own to photoreduction caused by the irradiation. Zn signal is not
present, as expected, but it was examined to reassure us that no contamination took place.
O1ls is present and the carbon spectrum can be attributed to carbonate or carboxyl acid
groups. After heating up to 300°C we can see that Cu is not present anymore(Fig. 2-15b). This

may be further confirmed from the RGA data showing in Figure A9.

Following the same procedure as described above, we recorded XPS before and after heating
also for the Zn CP film (Figure 2-16). Cu 2p was examined as a possible contaminant but as
anticipated it was not present. Zn 2p was resent, as the main metal element in the CP film.
After heating up to 300°C. Zn 2p showed the exact same signal as prior to any heating,

remaining stable throughout the heating process (Fig. 2-15d).

Consequently, Zn as the metal element seems to be more stable since it remains present

before and after heating while the Cu signal disappears after the heating process.
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Figure 2-15. Thermal stability of single coated Cu and Zn thin films for heating up
to 300°C in vacuum. XPS spectra for Cu single coated thin film (a) prior to any
heating and (b) after heating at 300 °C.
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Figure 2-16. Thermal stability of single coated Cu and Zn thin films for heating up
to 3000 C in vacuum. XPS spectra for Zn single coated thin film (a) prior to any
heating and (b) after heating at 300 ° C.

Both samples were also investigated via AFM and KPFM to detect any changes in their
morphology or electrical properties linked to their thermal properties. Figure 2-17a-d shows
the morphology of both films prior and after their heat treatment. Indeed, an increase in the
roughness of their surface can be detected. The Cu CP film also exhibits obvious changes in
the work function. The absence of the Cu element in the film after the treatment results in a
higher work function value. As expected, the Zn CP films retains almost the same work
function value since its composition doesn’t change with heat treatment. This is another

possible way to tune the electronic properties of the films under study.
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Figure 2-17. AFM images of the CP films before and after heat treatment.
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Figure 2-18. Work function diagram for both CP films before and after heat
treatment.
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2.4 Conclusions

We have investigated the electrical properties of various coordination polymer films
produced via a versatile and innovative technique, i.e. shear coating. We investigated the
possibility of tuning their work function based on the metal of the CP under study, the period
for polymer formation, and the number of coatings. In every instance, Cu-based CPs
demonstrated a higher work function value than Zn-based CPs, and variations in the reaction
time and number of coatings also affected the work function. In contrast to Cu-based CPs, Zn-
based CPs were found to be non-conductive By adjusting the reaction time or number of
coatings, Cu CPs' resistance can also be tuned. Studies on thermal stability have revealed that,
in comparison to Cu CPs, Zn CPs can tolerate higher temperatures. The Cu CPs changing after
heat treatment can be used as a tool to tune the work function of the film, as it was found to
become higher after thermal treatment. Additional coatings, different substrates, and the use
of other metal elements can help us explore these CPs further and fully realize their potential

in electronics and beyond.
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CHAPTER 3

Morphological and electrical characterization of 2-dimensional
polyaniline films self-assembled on water

The present chapter discusses the electrical properties of 2D Polyaniline synthesized by a novel
technique.

In the following chapter, we describe the production and characterization of a large area two-
dimensional polyaniline film (2D PANI) synthesized by a novel, versatile and easy to
implement technique. In particular, we investigated the morphological and electrical

characteristics of this two-dimensional material.

The work presented in the current chapter was a collaboration between our group and Prof. Xinliang
Feng's group as part of the Marie-Curie ITN project ULTIMATE. The materials under study were
prepared in a laboratory at the University of Dresden, while the morphological and electrical majority

film characterization was carried out in our ISOF/CNR laboratory and our group in Bologna.

3.1 Introduction

The discovery of linear conducting polymers composed of organic monomers[1] has sparked
interest in their prospective applications, including chemical (bio)sensors, optical displays [2],
solar cells [3], organic light-emitting diodes [4], transistors [5], and supercapacitors [6]. The
performance of devices is known to be negatively impacted by structural disorder, which
prevents effective charge transport in conducting polymer films [7], [8]. Aligning the linear
conducting polymer chains into quasi-two-dimensional (q2D) crystalline films is one viable
method for achieving long-range and efficient charge transport [9], [10]. The q2D film, which
is made up of intricately ordered supramolecular assemblies of molecules/polymers with
completely expanded-coil configuration via interchain interactions [11], [12], [13], may offer
numerous routes for interchain charge transport[9] and override any imperfections in

individual polymer chains [14].
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Polyaniline (PANI), the most studied member of the grand family of conductive polymers,
possesses exceptional electrical, magnetic, and optical properties [15], [16], [17]. A significant
amount of work has gone into creating PANI thin films. These methods include (i) top-down
solution processing of PANI chains using spin coating [18], drop casting [19], and Langmuir-
Blodgett technology [20], and (ii) bottom-up synthesis from monomers using air (or liquid)-
liquid interfacial method [21], chemical vapor deposition [22], and self-assembled monolayer
(SAM) templating [17]. However, because of the poor processability of PANIs and the intricate
intermolecular interactions of aniline/oligomers, these strategies only produced partially
crystalline nanofiber-, rod-, and sphere-shaped PANIs or inhomogeneous and amorphous
(i.e., randomly compact-coil conformation) PANI films [19], [21]. As a result, when HCl is used
as a dopant, the conductivity of the resulting PANI thin films is usually less than 1S cm™ [17],
[19], [21]. But compared to the undoped PANI, this reported value is still higher [23].

Furthermore, the reported PANI films' molecular structure remains unresolved.

Prior to the discovery of conducting polymers (conjugate polymers), that can have electrical
and optical properties that are comparable to those of inorganic semiconductors
[24]polymers were thought to be electrical insulators. It now established that the conjugated
carbon chain possesses alternating single and double bonds, with the highly delocalized,
polarized, and electron-dense m bonds determining its electrical and optical behaviour.
Polyacetylene (PA), polyaniline (PANI), polypyrrole (PPy), polythiophene (PTH), poly(para-
phenylene) (PPP), poly(phenylenevinylene) (PPV), and polyfuran (PF) are examples of typical
conducting polymers (Figure 3-1). Conducting polyacetylene was studied as a result of the
discovery of (SN)x sulfur nitride metal, an inorganic substance that demonstrated increased
electrical conductivity when doped with bromine. This material was discovered by Alan J.
Heeger and Alan G. MacDiarmid. The conductivity of polyacetylene doped with bromine is a
million times higher than that of pure polyacetylene, and this research was recognized with a
Nobel Prize in 2000 [1]. The number of monomer units that make up conventional polymers
range from thousands to millions. A conjugated polymer chain has fewer monomer units but
is still stiff and soluble in solvents. The presence of alternating single and double bonds gives
it its mechanical property. Conducting polymers are primarily soluble and processable due to
their attached side chains, and they possess mechanical, electrical, and optical properties due
to the attached dopant ions [25]. Both partially amorphous and crystalline polymers conduct
electricity. In conducting polymers, there are localized and delocalized states. The
delocalization of it bonds is highly dependent on disorder, and this delocalization is crucial for
the production of charge carriers such as polarons, bipolarons, solitons, and so on, which are
in charge of converting an insulator into a metal [26]. In their pure state, conjugate polymers'

conductivity functions as an insulator against semiconductors, and it rises with dopant

66



concentration. When undoped, they exhibit the mechanical properties of typical polymers
combined with the electrical and optical behavior of semiconductors, behaving like an
anisotropic, quasi-one-dimensional electronic structure with a moderate bandgap of 2-3 eV.
Conjugated polymers change from a nonlinear excitation state to a metallic state when they
are doped or photoexcited, causing the m bond to self-localize and undergo nonlinear

excitation as polarons, solitons, bipolarons, etc [24].

p()]y{p'phenylene) Po]ypyrrol PO]}’thiOp]‘lCl‘lC
N X NH
n n
n
poly(p-phynylene vinylene)  Polyacetylyne Polyaniline

Figure 3-1. Schematic illustration of various conducting polymers’ structures. Figure taken from
ref. [24]

Polyaniline has several advantages over other conducting polymers, including ease of
synthesis, low cost, great potential for molecular structure modification, and a unique proton
doping mechanism. Specifically, both the oxidation and protonation states regulate its
chemical and physical characteristics. Because of these unique characteristics, PANI is one of
the best conducting polymers with a great potential for future technological applications[27],
[28]. The aniline monomer, when dissolved in an acid-aqueous solution such as 1.0 M HCl,
can be chemically oxidized by ammonium peroxy-disulfate (APS) to form a green powder
with conductivity as high as 3 S cm®. MacDiarmid and his colleagues demonstrated that this
material was the emeraldine salt (ES) form of polyaniline (PANI)[29] in 1985 and won the
Noble Prize for Chemistry in 2000,[30]. They proposed a molecular structure of polyaniline

(PANI) as formed by alternating reduced and oxidized repeated unit chain with three states:
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"leucoemeraldine" base form (LEB), "pernigraniline" form (PEN), and "emeraldine base form"
(EB)[31], [32]. Based on analysis of its :3C NMR spectra, PANI's general molecular formula and
the molecular structure of its different forms were later confirmed[33]. PANI was also the first
example of a conducting polymer doped with a proton, which causes the polymer to
transition from the insulating EB form to the conducting ES form[31]. It is evident from Figure
3-2 that the proton doping dose does not alter the number of electrons linked to the polymer
backbone and instead causes the formation of a delocalized poly-semiquinone radical
cation[31], [34]. As a result, proton doping is distinct from redox doping, which includes
partially adding (reduction) or removing (oxidation) electrons from the polymer backbone. It
is important to consider this point when working with PANI and its nanostructures. Powders
or films of PANI- are typically produced via a combination of mechanochemical, chemical, and
electrochemical polymerization processes[28], [35]. Besides the aforementioned structural
attributes and unique proton doping mechanism, PANI offers several benefits such as low
cost, facile synthesis, elevated yield, and modifiable physical properties (such as optical,
electrical, and magnetic properties) and their associated effects (such as Schottky and

thermo-chromic effect and photo-emission effect)[35].

HOFOFHAO~COm,

y =1, lucoemeraldine base (LEB)
y=0.5, emeraldine base (EB)
y =0, pemigraniline (PN)

HOMO-Hf OOy

Proton doping De-doping

H

Figure 3-2. Molecular structure of the different oxidation states of PANI and the
reversible doping/dedoping process that converts the insulating EB form into the
conducting ES form. Figure taken from ref. [35]
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In addition to its low cost, good conductivity, and large storage capacity, Polyaniline (PANI)
has garnered a lot of interest for use as supercapacitor electrodes[36], [37], [38] It may
possess better conduction and electrical properties than simple linear, non-aromatic
polymers, because of the aniline benzene ring , providing an electron cloud of « electrons
above and below the molecule[39]. Additionally, PANI can be an ideal material of high-
performance supercapacitors [40], combining the advantages of organic conductors with
those of conventional polymer materials [30]-[32]. It has a high theoretical specific
capacitance of about 2,000 F g *[41]. Nanostructured PANI shows increased surface-active
sites as compared to bulk materials, that will greatly improve their capacitive and rate-
capability qualities[42], [43], [44].

3.2 Novel techniques to self-assemble 2D polymeric structures

Electrically conducting polymer thin films possessing long-range molecular order and
morphological homogeneity are essential for the development of high-performance organic
electronics. Due to its versatile chemistry and relatively high electrical conductivity,
polyaniline (PANI) is a very promising candidate among conductive polymers. The synthesis
of large-area ordered PANI films is a difficult task, though, as the films' thickness and
crystallinity rely on the intricate, hard-to-control interactions between the aniline oligomers
in bulk. Producing 2-dimensional PANI films with large lateral size and nanometric thickness

would therefore be beneficial [45].

To date, the ability to prepare 2DMs with the appropriate composition, size, thickness, crystal
phase, defect, and surface property has been crucial for both the investigation of possible
applications and the ongoing study of their chemical and physical properties [45]. A number
of synthetic protocols for the synthesis of 2DMs have been developed, based on "top-down"
and "bottom-up" approaches. The mechanical exfoliation method from corresponding bulk
layered materials [46] and the chemical exfoliation of bulk layered crystals in solution with
assistance from mechanical sonication [47], [48], [49] shear force [50] ion interaction,[51],
[52] and exchange, [53], [54], and electrochemical methods [53], [55] are examples of the
"top-down" strategies. However, mechanical exfoliation is essentially unscalable. At the same

time, chemical exfoliation, although providing a potentially useful tool for producing large-
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scale single-layer or few-layer 2DMs under ambient conditions, faces several limitations
including low vyield, low structural integrity, and poor stability of the product materials.
Additionally, the sheet thickness and lateral size distribution are still widely distributed.
However, these constraints can be overcome by "bottom-up" strategies like wet-chemistry
synthesis and chemical vapor deposition (CVD) [45], [56], [57]. Notably, the interface has been
useful in controlling the orientation of the molecules or precursors and has been a major
component of most "bottom-up" synthesis techniques. In general, experiments have been
conducted on the reactions that occur at the interfaces between air-water (or gas-liquid),
liquid-liquid, liquid-solid, and gas—solid (or vacuum-solid). These interfaces have been found
to provide an exceptional degree of control over the morphology and structure of both
organic (organometallic) and inorganic (2DMs) such as 2DPs, 2DSPs, 2D MOFs, and 2D COFs.
As an example, the CVD technique that depends on substrates (metal or carbon) produces an
interface between the precursor vapor and the substrate for the adsorption, nucleation,
arrangement, and polymerization of corresponding precursors or intermediates (e.g., carbon
radicals produced from CH4 for the synthesis of graphene). In this way, the solid substrate
offers a restricted two-dimensional geometry for precursor growth or polymerization.
Interfacial synthesis has allowed for the controlled synthesis of single-layer or multilayer

2DMs with adjustable lateral size and thickness thus far in the last ten years [45].

The synthesis of crystalline g2D PANI films with long-range order is still a significant challenge,
despite recent advancements in synthetic methodologies, such as templating by solid crystals
[58], graphene [59], and surfactant bilayers [60], as well as pyrolysis of single crystal solids
[61]. Among the most recent results published in the literature, it seems particularly
promising the synthesis of two-dimensional PANI films by using a rather novel method known

as surfactant-monolayer-assisted interfacial science (SMAIS) [17].

Some of the advantages of SMAIS include that it enables the production of films with a
tunable thickness ranging from few to several tens of nanometers and large-scale size without
theoretical limitation, by combining a surfactant monolayer (a soft crystalline template) and
air-water interface (a confined reaction environment). Approximately 2.3 um-sized crystalline
grains can be found in the resulting g2D PANI films. PANI chains are arranged in a perfect
expanded-coil conformation within each grain along the film's lateral direction. With an
intrinsic lateral conductivity of 8.7 x 1073 S cm™ and a vertical conductivity of 5.0 x 10> S cm™,

the g2D PANI exhibits anisotropic charge transport characteristics [17].
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3.3 Preparation of two-dimensional Polyaniline (2D PANI)

The g2D PANI film was produced by our collaborators at the University of Dresden by
oxidative polymerization of aniline monomers at the air-water interface with the aid of a
surfactant monolayer. Figure 3-3 provides a schematic illustration of the synthesis process.
Surfactant monolayer (e.g., sodium oleyl sulfate) was first applied to the water's surface in a
glass well (50 mL) with a diameter of @ = 6 cm, then followed by the incorporation of aniline
monomers (11.5 pL in 1 mL water) in the water subphase. Following that, a petri dish was
placed over the glass well, and it was left for about 24 hours to allow the aniline monomers
to diffuse and adsorb beneath the surfactant monolayer [62]. Subsequently, the subphase
was treated to sequential additions of 1 M HCI (1 mL) and ammonium persulfate (APS, 10 mg
in 1 mL water), which initiated the oxidative polymerization of aniline at 1 °C (Fig. 3.3 b, c).
Low concentrations of monomer and oxidant (APS) were used to slow down the
polymerization process, which may have been advantageous for the creation of ultra-thin
PANI films with high crystallinity. On the water's surface, a consistent and uninterrupted g2D

PANI film developed after about 48 hours of polymerization.

By employing the aforementioned synthetic approach, the formation of crystalline g2D PANI
films is largely dependent on the air-water interface and surfactant monolayer: They serve as
a confined environment (between the surfactant monolayer and the water surface) for the
formation of thin films; (ii) they enable the simultaneous self-assembly and polymerization of
aniline monomers into ordered polymer chains under the anionic head groups of the
surfactant monolayer through hydrogen bonding and electrostatic interactions; (iii) free
oligomers and polymers (in solution) that are unable to interact with the surfactant

monolayer would precipitate and so do not take part in the film formation process.

A solid substrate was positioned underneath the floating film in order to transfer the q2D
PANI film, and the water subphase was gradually removed until the film settled onto the

substrate surface.

71



c
v T T :
14 Surfactant © Aniline °*° Aniline oligomer | oah
' I
| A PANL EB 2D PANI Water i
D\

Figure 3-3. Synthesis of 2D PANI and the reaction mechanism. (a) Schematic representation of
the q2D PANI synthetic process: The process involves creating a surfactant monolayer on the
water's surface, adding aniline to the water subphase and letting it stand for 24 hours to allow
the monomers to diffuse into the subphase and interface, adding HCl and APS to the water
subphase, and then oxidatively polymerizing the mixture for 48 hours. (b) Aniline's oxidative
polymerization mechanism. (c) lllustration showing the electrostatic interaction (green ellipse)
and hydrogen bonding (blue ellipse) between the sodium oleyl sulfate sulfonate group and

protonated aniline/oligomer cations. Image taken from ref. [17]
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3.4 Results and discussion

The SMAIS method was employed to prepare 2D PANI samples [38]-[42] on two different
substrates, Au and bare Si (Figure 3-4 c, d). Figure 3.2a shows a simplified model of the
molecular structure and arrangement of the 2D PANI obtained in this way, while Figure 3.2b
shows an optical microscope image of the 2D PANI, with a morphology more complex than
the uniform layer model proposed in previous works [17], [63]. Two different regions are
identifiable in the microscope image. The 2D PANI primarily forms a thinner layer, which is
indicated by a lighter colour. In addition, thicker round-shaped "islands", corresponding to
the darker colour areas, form on top of the thinner layer. The two distinct areas are more
clearly visible using AFM (Figure 3-5). AFM reveals a significant height difference of about 100
nm between the thicker (islands) and the thinner areas of the 2D PANI. A histogram of the
height of the different objects can be seen in Figure A10. The islands exhibit a lower roughness
compared to the thinner layer beneath them, however we observe inside the islands the

presence of small surface cracks.
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Figure 3-4. (a) Chemical structure of 2D PANI, (b) Optical microscope image of 2D
PANI sample prepared with SMAIS method. 2D PANI deposited (c) on Si substrate
and (d) on Au substrate, both samples are prepared on a metallic disk for electrical

measurements.
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Figure 3-5. (a)AFM image of 2D PANI, (b) Corresponding height profile across the

black line shown in the AFM image.

We additionally characterized our samples with Raman spectroscopy to further realise their
structural characteristics. By comparing the Raman spectra of the two 2D PANI regions (Figure
3-6) we observe that both match the PANI Raman spectra that have been reported in
the literature [64], confirming the successful formation of PANI. More specifically, we can
distinguish the characteristic vidrations of C-C stretching of the paradistributed benzenoid
ring, C = N stretching of the quinoid ring, C = N stretching of the quinoid ring, C—N e+
stretching in polaron form (cationic amine units of the benzenoid ring), C—N + stretching in
bipolaron form (cationic imine units of the quinoid ring), C-N stretching assigned by the bands
at1620cm 1, 1513 cm 1, 1485cm 1, 1338 cm 71,1312 cm 71, and 1255 cm 7, respectivily.
Moreover the bands found at 1189 cm * , 1162 cm 1, 878 cm !, and 832 cm ! can be
assigned to vibrations because of C-H bending of the benzenoid ring, C-H bending of the
quinoid ring, benzenoid ring deformation, and C—H bending of the quinoid ring and quinoid
ring deformation [65]. However, we can observe that the peaks of the distinctive vibrations
in case of the islands of PANI are more defined and sharp in respect to the thin part (a trait of
crystalline materials). This may be considered an indication that the islands formed exhibit

eventually a more crystalline structure in respect to the thinner part of PANI.
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Figure 3-6. Raman spectra of the two distinct regions of 2D PANI.

3.4.1 Measurement of the Work function of 2D PANI films at the microscale.

2D PANI is a suitable candidate for a wide range of electronic applications. We now focus on
the determination of the material work function, employing Kelvin probe force microscopy
(KPFM), a non-contact technique that enables nanoscale electrical measurements. Chapter 1
of the current PhD thesis provides a detailed explanation of the technique and methods of

application.

Figures 3-7 and 3-8, as well as A11 and A12 show KPFM images of 2D PANI deposited on Au
and Si substrates. As already mentioned, we identified two different PANI areas: a thin film-
like area with a thickness of 30-40nm and thicker islands-like structures formed on top of the

thinner layer, with a height of approximatively 130nm.

Figures 3-7 and 3-8 demonstrate that, on both substrates tested (Si and Au substrate) the thin
layer of the 2D PANI clearly displays a lower surface potential SP than the islands.
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We can use the measured SP values to calculate the work function of the material, using the
formula: SP=(rip-dsample, Where SP is the measured surface potential voltage that is the
contact potential difference between the tip and the sample and ¢+ip $sample are the tip and
sample work function, respectively. The SP values are extracted from the corresponding
histogram of the surface potential map shown in Figure 3-7b and 3-8b. This method gives a

more precise value for the SP, as it is averaged over different positions in the sample.

+

70 nm

Figure 3-7. (a) Topography of 2D PANI on Si substrate, (b) Corresponding surface
potential image of 2D PAN/I on Si substrate.

+

50 nm

Figure 3-8. (a) Topography of 2D PANI on Au substrate, (b) Corresponding surface
potential image of 2D PANI on Au substrate.
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The resulting work function values are shown in Figure 3-9. The work function of 2D PANI is
lower than the one of the substrates when it is deposited on Au, while the opposite scenario
is observed when the substrate is Si. This is a consequence of the fact that the signal measured
by KPFM is related to long-range forces and the measured vales are always a convolution
between the actual signal from the sample and the one from the substrate, that becomes
significant especially in the case of thin films. Our observation suggests that the intrinsic work
function of 2D PANI likely lies in between the measured values for the two substrates. For
comparison, bulk PANI work function has been reported to be in the range 4.4 - 4.8 eV [66].
Interestingly, in both cases the work function of thin PANI has always a slightly higher value
than the thick islands. We ascribe this observation to the differences between the thickness

of the two regions of the 2D PANI.
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Figure 3-9. Summary graph of each material under study and their corresponding

work function value.
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Photoexcitation of PANI with light did not lead to changes of work function due to charge
generation or accumulation, as demonstrated by additional KPFM measurements under

illumination. (Figure A13).

3.4.2 Measurement of the electric conductivity of 2D PANI films at the microscale.

The conductivity of 2D PANI was studied via conductive AFM (C-AFM) in the TUNA mode. The
technique can be utilized to study electrical charges generated by the conductive tip that
touches the surface of the sample and flow vertically through the material. The technique has

been previously explained in Chapter 1 of the present PhD thesis.

We performed C-AFM measurements, on PANI samples on conductive Au substrates. In
particular, we studied how the electrical conductivity changes for the different PANI
structures (thick islands vs thin layers). Figure 3-10 shows the typical topography of one of

the samples tested.

Island

Height (nm)
&8

Thin part

Au Substrate |

Figure 3-10. (a) Topography of 2D PANI on Au substrate, (b) Corresponding height
profile.

78



Typical, a topography AFM image was taken while measuring and the corresponding current
map with an applied bias of 100 mV. Figures 3-11 and Al4 show examples of these
measurements. It is evident from 3-11b that the 2D PANI's thin layer conducts electrical
current better than the islands that form on top. This may be related to the difference in
thickness of the two distinct regions. As we pass from the thin region of PANI to the thick

islands formed on top, by Ohms law, we shall have a higher resistance.

Furthermore, by using C-AFM it is also possible to block the tip on a selected area and ramp
tehe applied voltage to obtain |-V curves. Figure 3-12 shows an area where we performed I-
V curves along a specific line of points running from the thin area of the 2D PANI to the
islands and back to the thin layer. We repeated such measurements on different regions

within the same sample (see figures A15-17 in appendix).

+

70 nm

Figure 3-11. (a) Topography of 2D PANI on Au substrate, (b) Corresponding current
map of 2D PAN| on Au substrate.
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Figure 3-12. AFM image of 2D PANI on Au substrate. Numbers are corresponding

to the different points we applied voltage to extract the IV curves.

Figure 3-13 summarizes these measurements, incorporating all the curves taken on both the
thick islands and the thin layers. It is evident that the 2D PANI's thin layer conducts the
electrical current significantly better than the islands. From all the measured current values,
we can calculate the resistivity of the different regions of the samples. The resistivity of the
thin layers is found to be p=10"® — 10 Q while the one of the thick islands is p=10° - 10* Q

(for reference, the value of the Au substrate is pa,="102Q).

The observation that the less crystalline parts (thin part) of 2D PANI show a lower electrical
resistance than the more crystalline islands might seem surprising. However we shall consider
that in PANI, as already introduced at the beginning of this section, the charge transport is
highly anisotropic, with a vertical conductivity as small as 5.0 x 10 S cm™ that is nearly 3
orders of magnitude lower than the horizontal one. Such a low value means that, in the
vertical direction (that is what is probed with conductive AFM), even perfect crystalline PANI
is to be considered as an amorphous material and it is reasonable to assume that both the
thick islands and the thin parts of 2D PANI have a similar intrinsic resistivity p. Therefore, the
different electrical resistances of the thin and thick parts of 2D PANI can be simply explained

by considering the second Ohm’s law, that states that the resistance R of a conductor is
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proportional to the product of its intrinsic resistivity times its length, i.e. R=p x L, where Lis
the conductor length. Accordingly, we observe that the thinner PANI parts show the lower

resistance value.
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Figure 3-13. Summary graph of all the IV curves of the corresponding points

shown in Figure 3-12.
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3.5 Conclusions

A novel and versatile technique has been implemented to realize a two-dimensional
polyaniline thin film [38]. Furthermore, we investigated the electrical properties of the 2D
PANI, which appears to have two distinct regions. A semicrystalline thin layer and thicker
more crystalline oval-shaped structures (islands) formed on top of the thin layer. We
examined the Polyaniline that had been deposited on two distinct substrates and determined
its work function value employing KPFM. Because of their differing thicknesses and structural
traits, the thin layer of PANI shows a slightly higher work function than the islands in each
case. Additionally, we utilized C-AFM to measure the conductivity of the two different 2D
PANI regions. In fact, the conductivity of the thin layer is higher than that of the formed
islands. Raman has revealed a semi-crystalline character for the thin layer in contrast to the
more crystalline islands on top. The overall variation in conductivity may be connected to this
difference in thickness and crystallinity. When exposed to light, the 2D PANI under
investigation exhibits no changes in its electrical characteristics. We can fully explore and
realize the potential of 2D PANI in electronics and other fields by using the SMAIS and other

methods to realize a more uniform film.
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CHAPTER 4

Morphological and electrical characteristics of layered 2D
materials.

The present chapter discusses the morphological and electrical properties of various two-
dimensional layered nano-materials.

Two-dimensional (2D) materials like Graphene have triggered a great interest first at
academic, then at industrial level, because of their promising potential applications.
Particularly appealing among the novel 2D materials are the carbides and nitrides of transition
metals, known as MXenes and transition and post-transition metal dichalcogenides. In the
following chapter, MXenes, in their pristine form as well as chemically functionalized with
different organic molecules, isolated sheets of In,Ses, electrochemically functionalised MoS;
films and soot molecules are studied with atomic force microscope to understand their
morphology and with Kelvin probe force microscopy (KPFM) as well as conductive AFM in

order to address their electrical properties.

The materials under study presented in the following Chapter have been synthesised by our
collaborators while most of the materials’ characterisation was carried out in our ISOF/CNR laboratory
and our group in Bologna. The MXenes solution was synthesised by our collaborators in Chalmers
University in Sweden. The solution of In,Ses sheets have been synthesized in the University of Dresden
and the group of Prof. Xinliang Feng, while the MoS; electrochemically functionalised films were
prepared by our collaborators at ISMN/CNR in Bologna and University of Bicocca in Milano. Last, the
soot molecules were synthesized at the university of Naples and studied with SPM methods at atomic
resolution a part of whick | personally performed at IBM Research in Zurich as a part of my secondment
period within the Marie-Curie ITN project ULTIMATE.
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4.1 General Introduction

Due to their unique electronic, mechanical and optical characteristics, 2D materials have been
the subject of much research over the past ten years for a wide range of applications[1], [2],
[3], [4], [5], [6]. Besides their direct use as monolayers, they can also function as building
blocks which can be easily assembled into a wide range of novel materials, such as
composites, membranes, and layered structures[7]. The carbides and nitrides of transition
metals (also referred to as MXenes) or the transition metal dichalcogenides are particularly
intriguing among these novel 2D materials. This rapidly expanding family of materials exhibits
a special combination of intriguing properties and potential applications. Both MXenes and
transition and post-transition metal dichalcogenides have been extensively studied and used
in devices and applications due to their intriguing electrical, mechanical, and thermal
properties. Unconventional graphene-like materials, especially small molecules and particles
derived from soot that can be classified as nanometric, highly irregular graphene-like
particles, are also very interesting. Specifically, the formation of carbonaceous nanoparticles,
also known as soot particles, during the incomplete combustion of hydrocarbon fuels at high
temperatures is still an ongoing subject of discussion in the combustion community and has
been the focus of multiple studies [8]. Particle inception, or the transition from gas-phase
polycyclic aromatic hydrocarbons (PAHs) to condensed-phase clusters or early soot, is the
most frequently discussed and important point of controversy [9]. In the following section,

we introduce a variety of 2D materials that we investigated using SPM methods.

4.2 MXenes

4.2.1 Introduction

Transition metal carbides, carbon nitrides, and nitrides, usually known as (MXenes)[10], [11],
[12], [13], [14], [15], are among the most recent additions to the 2D world. [8]-[13]In general,
their formula is Mn«1XnTx (n = 1-3), where M denotes an early transition metal (such as Hf, V,
Sc, Ti, Zr, Nb, Ta, Cr, Mo, and so forth), X is carbon or/and nitrogen, and Tx represents the
surface terminations (such as OH, O, or F). Some examples of MXenes are Ti>CTx[13],
TisC,Tx[14], and NbsCsT4[16]. MXenes have a [MX].M arrangement, where n+1 layers of M
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cover n layers of X. Figure 4-1 depicts the structures of MxX, MsX;, and MaXsM. The first
MXene to be synthesised as TizC,Tx, which was reported in 2011 [14]. Since then, more than
19 different MXene combinations have been synthesized (indicated in blue in the Fig. 4-1
below), with dozens more predicted to exist [17], [18], [19]. Additionally, MXenes containing
multiple M elements can be found in two states: ordered phases and solid solutions. In solid
solutions two distinct transition metals are seen arranged randomly in the M layers (shown
in FIG. 4-1 as green). In contrast, the ordered MXenes have a 2D carbide structure with single
or double layers of one transition metal (like Ti) positioned between the layers of another
transition metal (like Mo) (third row in FIG. 4-1). According to density functional theory (DFT)
calculations, ordered MXenes are energetically more stable than their counterparts in solid
solutions for specific combinations of transition metals, and more ordered MXenes than the
ones predicted have been reported[11]. In Fig. 4-1 these ordered compositions are indicated
in orange. Together with carbides, there have also been reports of 2D transition metal
carbonitrides (TisCN)[13] and nitrides (that is, TiaN3)[20] with several predictions regarding
the properties of nitrides, primarily from the M2N family [21], [22], [23], [24].

The remarkable properties of MXene include its tuneable bandgap (from insulators to metal-
like conductors), thermal and electric conductivities, and high Young modulus. Significantly,
MXenes' hydrophilic surfaces and high metallic conductivities set them apart from most other
2D materials, including graphene. Last but not least, (i) composition (such as changing the
type of transition metals "M" and "X" elements), (ii) surface functionalization (through
chemical and thermal treatments), and (iii) structure/morphology alterations can all be used

to modify their properties and applications performances.

Modifications of the surface functional groups, stoichiometry, or solid solution formation can
be used to modify the electronic and electric properties of MXenes, which are essential for
their applications. According to experimental results, MXenes pressed discs have electric
conductivities that are higher than those of carbon nanotubes and reduced graphene oxide
materials. These conductivities are comparable to multi-layered graphene[25]. The more
functional groups and layers there are, the higher the resistivity[13]. These factors cause
simulated conductivities to generally yield higher values than the ones observed
experimentally[26]. Their conductivities can also be influenced by the humidity of the
surrounding environment, indicating possible uses in humidity sensing materials[27]. By
modifying or eliminating functional groups and intercalated molecules, surface modification
via thermal and alkaline treatments can greatly improve electrical properties, with

conductivity increases of up to two orders of magnitude[28], [29], [30].
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Figure 4.1. MXenes reported in literature. Picture taken from ref. [15]

In addition to their electrical properties, the strong M-C and M-N bonds, which underpin the
mechanical properties of MXenes, have generated a great deal of interest. According to early
simulations, elastic constants (c11) were found to be at least twice as large as those found in
MAX phases [31]and other 2D materials such as MoS,. MXenes have higher bending stiffness
than graphene, despite having ci11 values that are two to four times lower[25], [31]. This
makes them viable reinforcements for composites[13]. Furthermore, compared to graphene,
MXenes' interaction with polymeric matrices is improved by functional groups, especially in
case of nitride MXenes. Additionally, terminations impact c11 values and critical deformations,
outperforming other promising materials in the field such as graphene and rendering them

appropriate for flexible electronics[26], [32].

MXenes, as opposed to MAX phases, provide the opportunity for magnetization, which has
led to in-depth research on their magnetic characteristics [33], [34], [35], [36], [37]. Magnetic
moments are predicted for many pristine compounds, such as TisC3[37], TisCN[38], Fe2C[39],
Cr,C[40], TisN2[26], [41]. Functionalization groups, however, have the ability to change the
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magnetic behaviour. For instance, TisCNTx and TisC3Tx lose their magnetic properties when
specific functional groups are added[35], [37], but Cr.CTx and Cr;NTx maintain their
ferromagnetic properties at room temperature also when OH and F groups are present[42],
[43]. It is expected that MnaNTy, regardless of the surface terminations, is ferromagnetic[44].
It is significant to note that due to difficulties in controlling surface chemistry and the
restricted synthesis of MXene compounds, particularly pristine ones, these magnetic
properties are currently only computational predictions and have not been observed

experimentally [26].

Moreover, MXenes exhibit interesting thermal and optical properties. More specifically,
simulation studies indicate that MXenes have higher thermal conductivities and lower
thermal expansion coefficients than phosphorene and MoS, monolayers[45], [46].
Anisotropic thermal properties in the armchair and zigzag directions are exhibited by MXenes,
which enable customization by manipulating the flake length[47]. The fact that TizC,Tx is the
only MXene compound whose thermal conductivity has been experimentally assessed
highlights the necessity of evaluating other compounds. The correlation between thermal
conductivity and particle size highlights the significance of managing and refining the

synthesis morphology of MXenes[26].

MXenes are also promising candidates for flexible transparent electrode applications because
they can possess both metallic conductivity and optical transparency in the visible
spectrum[48], [49]. Their strong UV reflectivity points to potential uses as coating materials
for anti-ultraviolet radiation[50]. The optical properties are influenced by functional groups,
specifically those with fluorinated and hydroxyl terminations, which decrease absorption and

reflectivity in the visible range and increase reflectivity in the UV region.

The versatility of MXenes is appealing to a wide range of applications. Their chemical stability,
possibility of ion intercalation, and adjustable bang gaps can be exploited in catalysis and
energy storage applications, such as fuel cells, hydrogen storage, and lithium-ion batteries
(LIBs); moreover, the high Young modulus, good electrical conductivity, and possibility to tune
the surface chemistry are particularly suited for composites [15], [25]. Promising outcomes
have been obtained in a wide range of fields, including biomedical [51], [52], environmental
[53], [54], flexible/wearable electronics devices [55], [56], [57], and opto-spintronics [58],
[59], [60].

In a few cases, MXenes demonstrated performance comparable to or superior to that of any

other material used today, such as for energy storage systems [61], [62], [63], surface-
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enhanced Raman scattering substrates [64], and electromagnetic interference shielding in

aerospace and electronic components [65], [66].

Here, we have analyzed the moprhology of MXenes individual sheets sunthesized by our
collaboratos at the University of Chalmers. Moreover, our aim is to determine the electrical
characteristics and more specifically the possibility to tune relevant parameters such as the
work function through a molecular funcionalization. To this end, the work function of pristine
MXenes and functionalized MXenese (FMXenes) are investigated employing ing Kelvin probe

force microscopy.

4.2.2 Preparation of MXenes

Firstly, a MXenes solution was created by selectively etching specific atomic layers from
layered precursors such as MAX phases, a standard procedure for preparing MXenes as shown
in the Figure 4-2 below [15]. In addition to the pristine solution of MXenes two different
solutions of functionalized MXenes were prepared. One was non-covalently functionalized
with ((vinylbenzyl)trimethylammonium chloride) (VTA) molecules while the other one was
covalently functionalized with Sodium 2-mercaptoethanesulfonate (MPS) molecules as
shown in Figure 4-3. The preparation of MXenes solutions has been performed at Chalmers

University.

A Etching B Intercalation C Delamination D Storage

\ H A v
3 washing j s washing -/ syringe

" Place in Ar

sealed
e
headspace
vial
Media HF/HCI/H,0 LiICI/H,O H,O H,O
Ti,AIC, MAX phase Multilayered Ti,C, MXene Exfoliated Ti,C, MXene Ti.C, MXene Ink

Figure 4-2. Schematic of the procedure for the preparation of MXenes ink. Figure
taken from ref. [15]

93



Pure MXenes (Ti;C,Tx)

/ N\

MXenes (Ti;C, ) functionalized with MXenes (Ti;C, ) functionalized with
Sodium 2-mercaptoethanesulfonate ((vinylbenzyl)trimethylammonium chloride)
(MPS) o (VTA)

CH3z

I T
HS/\"ﬁ_ONa +I’:J*CH3 cr-

Figure 4-3. Schematic of the different MXenes ink prepared.

The MXene flakes were suspended in EtOH and DMSO. In order to explore the materials’
chemical, morphological, and electrical properties, we deposited isolated sheets of MXenes
and thin films of MXenes flakes using the spin coating method, which is a universal solution-

based deposition technique.

The simplicity of the spin coating technique has made it one of the most well-known and
widely used methods to form thin films on a substrate, particularly in the fields of polymer
chemistry and organic electronics research and development. The mechanism operates
using the conflict between centrifugal and viscous forces within a suspension of particles or
polymers, which is compelled to rotate at thousands of turns per minute. Four sequential
steps make up a typical spin-coating process, as shown in Figure 4-4: suspension deposition,
spin-up, spin-off and evaporation[67]. The first step involves drop-casting a certain amount
of suspension onto the selected substrate while it is at a resting state. There should be more
liquid present than what the intended coating calls for. The substrate is centered on the rotor
stage’s axis of rotation and vacuum tightened to it. Care should be taken to adjust the vacuum
pressure and the substrate’s planarity with regard to the rotation plane. Deviance from
planarity results in asymmetric forces during spinning, which negatively affects the film’s
uniformity. The substrate is forced to spin at a constant radial acceleration during spin-off.
The liquid moves radially outward due to the centrifugal force that is created. When the

substrate reaches the desired angular speed and (angular) acceleration is zero, the spin-off
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phase begins. The suspension forms a homogeneous layer that becomes thinner when the
surplus liquid around the edge of the substrate is removed by sweeping. The non-volatile
components of the suspension, such as the particles, molecules, polymer chains, etc.,
aggregate and deposit on the substrate during this phase. Increased suspension viscosity and,
in fact, a slowdown in both the spin-off process and the remaining liquid flow accompany the
thinning of the liquid film. More material accumulates if the film’s homogeneity is disrupted,
which occurs at the substrate’s edges. Spin-off eventually comes to an end, and evaporation
takes over as the primary thinning mechanism. The substrate stops rotating as soon as the
thinning is finished, and the coating is deposited. The process can be modelled most easily by
assuming that the fluid solution is Newtonian, meaning that the shear stress resulting from
the fluid flow is linear in the shear velocity. Key parameters influencing thickness t and surface
morphology of the deposited film are solution concentration C, solution viscosity 1, angular
velocity w, as well as substrate characteristics, solvent physicochemical properties (boiling
point, volatility), and solute diffusivity[68]. The film thickness t increases with increasing C
and increasing 7, but it decreases with increasing w for a flat substrate and sufficiently high
velocity (w~103 rpm). However, a small change in concentration can significantly alter the
rheology of water-based suspensions[69]. Concerning the impact of solvent properties on
film thickness, the more volatile the solvent, the thicker the resulting film will be for a given
initial viscosity. Solvent-solute molecular interactions, as opposed to solute-solute and

solvent-solvent ones, should be preferred in an efficient solvent for good film uniformity.

It is also possible to carry out pre- and post-treatment. Although they technically do not
belong in the spin-coating deposition process, they might be essential to getting desired
outcomes. Spin-coated polymer film thermal curing is a typical post-treatment example. Prior
to the deposition, we thoroughly clean the substrates following a standard procedure. We
immerse the substrates in an acetone sonication bath for 15 minutes at 60° C followed by
another sonication bath in isopropanol again for 15 minutes at 60° C. Finally, we carefully dry
the substrates with liquid Nitrogen. After the cleaning process we treat the substrates with
air plasma. This treatment enhances the substrate’s hydrophilicity and enhances the
compatibility of the solution with the substrate. Improved solute-substrate interfacial

interactions usually have a favourable impact on the outcome of the deposition process.

In the current work, we employed the spin-coating method to deposit Mxene flakes on the
desired flat substrate, such as monocrystalline doped silicon (Si) and thermal-growth SiO; on
Si.
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Figure 4-4. Spin-coating deposition process. Every stage of the procedure is
depicted independently. The deposited material suspension is shown in dark grey
on top of a substrate (like SiO2) in lavender colour.

For every deposition, we used a Laurell Tech. Corp. WS-650Mz spin-coater. It has various
supports installed in order to securely hold substrates of varying thicknesses and sizes. We
used an angular velocity of 2k rpom and an angular acceleration of 0.5 rom/min. These settings
were carefully adjusted in accordance with the properties of the materials under study and
the kind of equipment used in the laboratory. Although a spinning time of about one minute
might be sufficient to achieve a good coating of the surface, 1.5 minutes was selected to allow

the solvent to completely evaporate.

On a cleaned and plasma treated silicon substrate, MXenes suspension at a concentration of
2.5 g/L yields nearly three homogeneous layers. Instead, isolated Mxenes flakes could be
deposited at higher dilutions (<0.3g/L) so that their morphology could be examined under a

microscope.
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4.2.3 Results and discussion

Atomic force microscopy

We employed AFM in order to define the thickness of the MXenes sheets prior to any
functionalization and as well as the two functionalised type of MXenes (FMXenes). The
topography of the pristine MXenes deposited on a flat Si substrate is shown in Figure 4-5
below. The sheets have a flat surface with low roughness. The AFM image’s corresponding
histogram shows that the thinnest pristine Mxene sheet found is 1.9nm. From the histogram
analysis, we can derive important details about the thickness of the various Mxene layers
(single layer, double, etc.). By collecting similar histograms from a very large number of
isolated sheets measured in diverse captured AFM images, we have realized the graph in
figure 4-6. The thickness of the different number of layers lays on a straight line, from the
slope of which we can calculate the interlayer distance, that is found to be ~1.6 nm. Another
important piece of information that can be extracted from this graph is the intercept, which

corresponds to an extra 0.4 nm-thick layer of absorbed water or solvent.
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Figure 4-5. (a) AFM image of Pristine MXenes on Si substrate, (b) Corresponding
histogram of the isolated MXenes sheets shown on the left AFM image.
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Figure 4-6. Diagram showing the thickness of pristine isolated MXenes sheets in

respect to the number of layers.

Furthermore, we investigated the two different types of functionalized MXenes to assess their
morphological properties with respect to the pristine ones. AFM topography images of
functionalized MXene sheets are presented in Figure 4-7. Also in this case, the sheets seem
to have a low level of roughness and a comparatively flat surface. Additionally, we determined
the interlayer distance between multiple sheets that were deposited on a Si substrate for a
large number of AFM images. The calculated interlayer distance for the VTA functionalization
is 1.5 nm, whereas the interlayer distance for the functionalized MXenes sheets containing
MPS molecules is found to be similar to that of the pristine MXenes. The interlayer distance
between the pristine and functionalized sheets is summarized in the table in Figure 4-8. As is
evident in every instance, a 0.4 nm extra sublayer is identified. This sublayer is thought to be
caused by solvent or water molecules that have become trapped between the first layer of

MXenes and the surface (substrate). We anticipate that, for future technologies and
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applications on devices, it will be important to understand in detail the origin of this absorbed

layer and how to eliminate it.

Y Range: 2.51 um
55.2

474

458
XRange: 3.14pm

Figure 4-7. AFM images of functionalized MXenes (a) with MPS molecules, and (b)

with VTA molecules.

Materials Interlayer Absorbed

distance(nm) molecules

“sublayer”
Pure MXenes 1.620.1 0.410.2
FMxenes (MPS) 1.6x0.1 0.4+0.1
FMxenes (VTA) 1.5%0.1 0.4+0.1

Figure 4-8. Summary table of the different MXenes under study values of interlayer

distance and sublayers measured for each material.
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Kelvin probe force microscopy

To determine the work function of MXenes and FMXenes and investigate the possibility of
tuning MXenes’ work function after functionalization, we employed Kelvin probe force
microscopy. The topography of the functionalized and pristine MXenes sheets, along with the
corresponding surface potential images, is displayed in Figure 4-9. As previously stated in
Chapter 1 of this thesis, we measure the surface potential difference between the material
and the substrate to determine the work function of a material using KPFM. The surface
potential of the three types of MXenes under investigation is only slightly higher than the one

of the Si substrate (Fig. 4-9 and diagram of Figure 4-10).
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Figure 4-9. AFM images of (a) pristine MXenes, functionalized with (b) MPS
molecules, and (c) with VTA molecules MXenes sheets and their corresponding
surface potential images of (d) pristine MXenes, functionalized with (e) MPS

molecules, and (f) with VTA molecules MXenes sheets, all deposited on Si substrate.
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Figure 4-10. Diagram of the work function values of all three types of MXenes
deposited on Si substrate.

All the MXenes under study were also deposited on HOPG substrate. All three types of sheets'
topography and surface potential values are displayed in Figure 4-11. We notice some
significant differences in the surface potential images. The functionalized sheets with MPS
molecules exhibit a relatively lower surface potential value than HOPG, but it is fairly evident
that both the pristine MXenes and the functionalized ones with VTA molecules have a higher
surface potential than HOPG. The differences in surface potential and, by extension, work
function between the three types of MXenes provide insight into how to tune the electrical
properties of MXenes. Interestingly, both the type of functionalization and the substrate used
appear to induce changes in the work function, allowing for a wide range of applications in

electronics and beyond.
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Figure 4-11 AFM images of (a) pristine MXenes, functionalized with (b) MPS
molecules, and (c) with VTA molecules MXenes sheets and their corresponding
surface potential images of (d) pristine MXenes, functionalized with (e) MPS
molecules, and (f) with VTA molecules MXenes sheets, all deposited on HOPG

substrate.
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Figure 4-12 Diagram of the work function values of all three types of MXenes
deposited on HOPG substrate.
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4.2.4 Conclusions

The morphological characteristics of pristine MXenes isolated sheets and functionalized
MXenes sheets were investigated in detail via AFM. More specifically, apart from the exact
thickness of the materials under study, we were also able to identify an additional sublayer
that forms between the substrate and the first layer of deposited MXenes, a significant result
for the implementation of MXenes future applications and devices. Last, we also studied in

detail the electronic characteristics of these materials.

4.3 In,Ses

4.3.1 Introduction

In2S3 is a prototypical non-layered n-type semiconductor and has a defect spinel structure
featuring ordered vacancies in the IIIA sub-lattice (vac) in either cubic or tetragonal form
(Figure 4-13) [70], [71]. With its five uncommon phases (§, k, o, B’, and y’) and three common
phases (a,B, and y) (Figure 4-14), In,Ses can access a wide range of physical properties[72].
While the y phase has a defective wurtzite structure, the a, o', B, §, and k phases have layered
structures. Additionally, according to stacking sequences, the B phase has trigonal (1T), 2H,
and 3R structures, and the a phase has hexagonal (2H) and rhombohedral (3R) stacked
forms[72]. Additionally, B-In.Ses demonstrates exceptional photoresponsivity, good mobility,
and unique ferroelectricity[73] In comparison to gapless graphene and other transition metal
dichalcogenides, the electronic properties of In,Ses exhibit notable advantages[74], [75], [76],
[77]. The bandgap of semiconducting In;Ses varies with thickness, ranging from 1.3 eV in bulk
crystal to 2.8 eV in a monolayer [78], [79]. In;Ses exhibits high sensitivity, broad response
(from ultraviolet (325 nm) to short-wavelength infrared (1800 nm)), and high absorption
coefficient when utilized as an optical material[80]. In contrast to other direct-bandgap 2D
materials that are sensitive to air, like black phosphorus (BP), intact In,Ses flakes exhibit
exceptional stability in air. Recently, photodetectors based on single In,Se; nanosheets have

demonstrated fast, reversible, stable photo response characteristics along with high
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photosensitivity (10° A W-1). On/off ratio and high mobility transistors have already been
achieved[81]. Because of this, 2D In,Ses materials have huge potential for technological
applications in electronics. These include enhanced transistor mobility, as well as the ability
to integrate light emitters and photodetectors into a single material system (same die), all of

which are feasible on almost any substrate, including transparent and flexible substrates[82].

The outstanding traits of In,Ses surpass those of numerous other two-dimensional materials
(like graphene, BP, and MoS;), thereby offering a solid foundation for large-area
photodetectors[83]. However, a barrier to their practical implementation is the scalable

production of large crystal domain, defect-free In,Ses flakes[77].

Quintuple
layer (QL)

OIn
© se

Figure 4-13. In,Ses layered structures. (a) Three-dimensional crystal structure of layered In;Ses,
where the black dashed square represents a quintuple layer (QL) and the In and Se atoms are
shown in blue and red, respectively. (b) The system's top view when viewed vertically. Only one
elemental species is present in each atomic layer of a QL, and the atoms are arranged in one of

the three triangular lattices (A, B, or C) as shown. Picture taken from ref. [84]
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(a)

InSe

y-In,Se,

Figure 4-14. lllustration of top and side views of a single layer of a) InSe (derived with 8 and y
phases), b) In;Ses (a phase), c) In.Ses (6 phase), and d) structures of y-In.Ses. Image taken from
ref. [85]

4.3.2 Preparation of In,Ses

The starting solution was prepared by our collaborators via electrochemical exfoliation to
produce an In,Ses solution[77], [86]. Next, the In,Ses sheets/flakes were dispersed in
Dimethylformamide (DMF) at a concentration of 2 mg/mL. The sheets were then spin-coated

onto Si and SiO; substrates, following the procedure already outlined before in this Chapter.
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To obtain also isolated sheets, we employed solutions at a lower concentration. Due to the
fact that the In;Ses sheets were dispersed in DMF, we performed an additional procedure
after deposition on the substrates to remove the solvent. When using SPM characterization
techniques, DMF and other solvents may have an impact on the characterization and
investigation of a material's properties. To remove DMF from our flakes, we immersed the
spin coated substrates in an H,0 sonication bath for an hour at 60°C, followed by an acetone
sonication bath for another 30 minutes at 60°C. After this procedure, we observed that DMF

is removed from the surface of the In,Ses; sheets almost completely.

4.3.3 Results and Discussion

Atomic force microscopy

In order to study the morphological properties of isolated In,Ses sheets we deposited them
on Si substrate via spin coating. The presence of residual solvent traces is a common problem
that microscopists encounter when studying nanomaterials deposited on surfaces from
solution. This presence may have an impact on height, surface roughness, and—more
importantly—measurements of the deposited materials' mechanical or electrical
characteristics. Isolated In,Ses sheets placed on a flat Si substrate are shown in Figure 4-15
both before and after solvent residue—in this case, DMF—is eliminated by sonication in
water for 30 minutes at 75 ° C followed by sonication in isopropanol for 1h at 100°C The tiny
white spots that are appearing all over the image, as shown in 4-15a, can be attributed to
DMF clusters. The sheets are still intact and solvent-free after using the solvent removal
procedure (Figure 4-15b). This is a critical step for performing accurate SPM measurements.
In our study, the deposited isolated sheets typically show a thickness of 2.3+02 m, which

indicate that they are primarily bilayers and a flat surface with low roughness.
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(b)

Figure 4-15. AFM images of isolated In;Ses sheets (a)prior to solvent (DMF)

removal and (b) after the solvent removal.

One of the most intriguing possibilities offered by two-dimensional materials is their capacity
to form heterostructures by combining them with other two-dimensional materials [87], [88].
Here, we use the spin coating technique to deposit individual sheets of GO and In,Ses on a Si
substrate. Figure 4-16 shows an AFM image of both materials deposited on the same

substrate, as well as their respective height profiles.
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Figure 4-16. AFM image of In,Sesz and GO sheets with their corresponding height
profiles.

Kelvin probe force microscopy

Aside from the intriguing morphological properties that combining 2D materials may vyield,
the interactions among them and their electrical properties are particularly interesting. In this
case, we measure the surface potential values of the combined GO and In,Ses isolated sheets.
The sheets display different surface potential values with respect to the substrate (Si), as
illustrated in figure 4-17 below. While GO shows a higher value, In,Ses sheets have a surface
potential value that is comparable to the substrate's. In general, the combination of
semiconducting and insulating nanosheets such as the ones described here is of interest for

the production of layered nano-devices.
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Figure 4-17. (a) AFM image of In,Ses and GO sheets and, (b) corresponding

surface potential of the sheets.

4.3.4. Conclusions

Here, we studied the thickness of isolated In,Ses sheets produced by electrochemical
exfoliation and deposited on flat Si substrate via spin-coating. Moreover, by combining these
isolated In,Ses sheets with single layer GO isolated sheets we were able to construct a new
heterostructure. Last, we verified their substantial variations in work function when

deposited on a flat Si substrate by using KPFM.
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4.4 Electrochemically functionalised MoS; films

4.4.1. Introduction

MoS; is one of the most researched layered transition metal-dichalcogenides (TMDCs)
because it is widely found in nature as molybdenite. The semiconductor monolayer MoS; has
a direct bandgap of 1.8 eV [89]. This remarkable feature of MoS; will help to significantly
offset the main weakness of graphene, that is its lack of bandgap, paving the way for the use
of 2D materials in next-generation optoelectronic and switching devices. The following areas
are where MoS; has made the most progresses thus far: energy conversion, storage, and
hydrogen evolution reaction (HER) [90], [91], [92]. M0S: with an odd number of layers can
also generate oscillating piezoelectric voltage and current outputs, suggesting that it may find

use in stretchable electronics and nanodevice powering [93].

Mo (+4) and S (-2) are arranged to a sandwich structure in the single layer of MoS; films by
covalent bonds in a sequence of S-Mo-S [94], [95], while relatively weak van der Waals forces
interact between the sandwich layers (Fig. 4.2a). Each layer is typically around 0.65 nm thick.
Monolayer MoS; with octahedral crystal symmetry configuration (referred to as 1T) is found
to be metallic (Fig. 4.2b) [96], whereas that with trigonal prismatic polytype (2H) is found to
be semiconducting. With a Young's modulus of 0.33 + 0.07 TPa, MoS: exhibits mechanical

flexibility very similar to graphene [97].

One of the main reasons MoS; is used so widely in optoelectronics is its tunable bandgap.
MoS; multilayers (bulk) features an indirect-band gap semiconductor; conversely, monolayer
MoS; has a direct band gap of ~2eV, and exhibits a significant absorption coefficient between
400 and 500 nm, which clearly decreases above 500 nm[98]. A range of applications are
facilitated by direct bandgaps, which allow for adjustable photoresponsivity, targeted
detectivity, and response time. Because of their high refractive index, MoS, monolayers and
multilayers are appropriate for coating applications. The direct bandgap of monolayer MoS;
can also be exploited for photoluminescence (PL). PL can be affected by a number of variables,
including structure, doping, and band gap. Although transition metal dichalcogenides (TMDs)
generally have low PL quantum yields (QY), it has been reported that MoS;'s QY can be raised
to 95% by chemical treatment with an organic superacid. Together with an observed carrier
lifetime of almost 10.8 ns, this improvement in quantum vyield raises the possibility of high-

performance laser and solar cell applications[98], [99], [100], [101].
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Figure 4-18. Sigle layer structure of MoS,. Figure taken from reference [95]

With a Young's modulus of 0.33 + 0.07 TPa, monolayer MoS; has good elasticity similar to
graphene oxide and high strength comparable to graphene. It not only can withstand huge
deformations, but its electrical properties can be altered by mechanical strain, turning it from
a semiconductor to a metal. Indeed, elevated strain levels have the potential to cause

structural distortion and convert MoS; into a metallic state[102], [103].

The semiconductor behaviour of MoS; is altered by doping with different elements, including
chromium, copper, scandium (Sc), nickel, zinc, and titanium (Ti). For example, doping
monolayer MoS; with chromium, copper, or scandium results in an n-type semiconductor;
doping it with nickel or zinc results in a p-type semiconductor. Depending on the doping
concentration, MoS; doped with titanium at different levels can exhibit p-type, n-type, or
even ferromagnetic half-metal behaviour with potential applications in the field of

spintronics. However, no change in the electronic properties was observed when
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substitutional doping with Ti at three concentrations (2.04%, 3.57%, and 7.69%) was carried
out[104], [105], [106].

MoS:'s large band gap (1.8 eV) could allow potentially to downwsize electronic devices. Unlike
graphene, MoS; exhibits a large production yield and cost-effectiveness due to its simple
fabrication, high mobility with high-k dielectric materials, and lack of surface dangling
bonds[99]. Because of its covalent and Van der Waals bonds, it is especially well suited for
thin-film transistors and gas sensing applications. MoS,, which performs better and has less
contact resistance, solves problems with metal-semiconductor interfaces that arise in silicon
devices. As it might offers superior on/off switching characteristics and high efficiency, it has
potential applications for aggressive transistors downscaling down to a predicted 1 nm gate
lowest limit. MoS; might help to mitigate the nanoscale drawbacks of Silicon transistors,
including high resistance, capacitance, and tunnelling issues. Field-effect transistors with
reduced contact resistance and enhanced gate control can be made exploiting the synthesis
and device fabrication possibilities of M0S;[99], [107].

MoS; has uses in biosensing, optical sensors, and bio-applications such as DNA, cancer, and
coronavirus detection, in addition to electronics. Research indicates that it may be useful in
treating Alzheimer's and cancer, and it is proven to be biocompatible when injected into a
human body. Among its many uses there is also the possibility to use it as a lubricant, a
component of hydrogen evolution reactions, and an appropriate material for battery
electrodes. All things considered, MoS;'s distinct qualities make it a material that holds great
promise for a range of electronic, sensing, microwave, and terahertz applications[108], [109],
[110], [111].

4.4.2 Preparation of Electrochemically functionalised MoS; films

D.C. pulsed magnetron sputtering was used to create large-area MoS; films on silicon
substrates. More specifically, the silicon surface was sputtered with a thin layer of Mo, and
then exposed to sulphur vapours at high temperatures to induce sulfurization. Physical vapor
deposition (PVD) allows to grow uniform MoS; films on a wafer scale, minimizing waste and
providing thickness control without the need for chemical processes[112], [113]. Then the

MoS; films were functionalized via electrochemical nanolithography (ECL). In ECL, a metalized
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stamp is gently pressed up against the substrate in an environment with a high relative
humidity (RH> 95%). In these specific circumstances, capillary forces induce the formation of
a water meniscus between the stamp protrusions and the surface, resulting in the formation
of a two-electrode nano-electrochemical cell[114]. An applied positive voltage causes
oxidation on the substrate, whereas an applied negative voltage causes the sample surface
to be electrochemically reduced. Crucially, only the areas beneath the stamp protrusions are
subject to the electrochemical reaction[114]. The formation of patterned structures is the
outcome of this exact control, and the size of these structures is precisely determined by the
dimensions and form of the stamp features. In this work, we chose a parallel-line stamp

because of its simple geometry and allow us to clearly illustrate the concepts of our research.

ECL has a disruptive effect on MoS; when it is applied in oxidative conditions because it breaks
down the MoS; into MoOs, which can then be removed by a subsequent lift-off process in
water. This process creates a topographic pattern while preserving the untreated zone. ECL
has a less severe effect when used in electrochemically reductive conditions; it merely causes
a localized increase in surface roughness. The substrate maintains MoS;'s chemical stability

and mean structure in these circumstances.

4.4 .3 Results and Discussion

Kelvin Probe Force Microscopy

The topography and corresponding surface potential images of a printed MoS, sample are
shown in Figure 4-19 below. Although the surface roughness is slightly different in Fig. 4-19a's
morphology, Fig. 4-19b's surface potential image clearly shows a net contrast in the printed
zones, accurately replicating the stamp's features and registering an increase of about - 15
mV. This increase, in our experimental configuration, is indicative of a reduction in work
function, meaning the Fermi energy EF is shifted towards the vacuum. This is probably due to
the introduction of electronic midgap empty states by sulphur vacancies (Vs) in the vicinity of

the conduction band edge.
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Figure 4-19 (a) Topography, and (b) corresponding surface potential of the printed

zones in PVD MoS; thin film. Below the images their corresponding height profile

can be seen.

Noteworthy, when a defect such as a dust particle is present in the MoS; film (Figure 4-20),
the functionalization is not successful in the adjacent area, probably because the particle acts

as a spacer, hindering effective contact between the stamp and the substrate.
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Figure 4-20 (a) AFM image of the MoS, film and (b) corresponding surface
potential. The large white spot is a defect.

Conductive AFM and adhesion force microscopy

Utilizing conductive atomic force microscopy (cAFM) in the PFTUNA configuration—a
particular AFM, module, developed by Bruker [https://www.bruker.com/en/products-and-
solutions/microscopes/materials-afm/afm-modes/pf-tuna.html] that permits simultaneous
probing of morphology, adhesion between the AFM tip and surfaces, and electrical

conductivity—we further characterized the surface properties of the printed structures.

Notably, we found notable differences in adhesion and current between the pristine and
electrochemically treated (EC) zones (Figure 4-21). The printed stripes, in particular, showed
adhesion values that were four to five times higher than those in pristine areas. Furthermore,
the PFTUNA map showed a more than 30% increase in electrical conductivity within the same
zones. Even though our measurement qualitatively concurs with earlier specific studies that
demonstrate that sulphur vacancies (Vs) significantly improves contact resistance [115], the
simultaneous increase in adhesion force in the zones treated with ECL suggests that the
improvements in electrical properties observed by conductive AFM could be the result of a
combination of this two effects: the presence of midgap states and the adhesion-induced

increase in tip-sample interaction time, both of which reduce (local) contact resistance.
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Notably, in the areas between the printed stripes, there was no change in electrical
conductivity or adhesion force relative to pristine MoS,.
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Figure 4-21. (a) Topography, (b) adhesion and (c) corresponding current map
measured by C-AFM of MoS, patterned film. Vs rich stripes exhibit a significant
reduction of electrical conductivity c.a. 30% concerning pristine zones.

4.4 .4 Conclusions

Here, we studied electrochemically functionalized MoS; thin films via conductive AFM and
KPFM methods. The topography of the film appeared to be uniform but the difference in the
surface potential value has been a valuable tool to visualize and study the functionalization
due to the presence of S vacancies. Variations in adhesion and current were found to be
connected to the functionalization, providing new opportunities for applications in

electronics.

116



4.5 Soot molecules

4.5.1 Introduction

A side project of this research concerned the characterization of unconventional graphene-
like materials, in particular small molecules and particles derived from soot, which can be
categorized as nanometric, highly irregular graphene-like particles. The motivation of this
activity is that the process through which carbonaceous nanoparticles, or soot particles, are
created during the high-temperature incomplete combustion of hydrocarbon fuels is still a
topic of intense discussion in the combustion community and is the subject of numerous
studies[8]. The most frequently discussed and crucial point of disagreement is particle
inception, which is the change from gas-phase polycyclic aromatic hydrocarbons (PAHSs) to
condensed-phase clusters or early soot[9]. In order to effectively reduce carbon particle
emissions from combustion systems, it is imperative to unravel the physics and chemistry
underlying this process. Concerns about soot particle emissions into the atmosphere are
significant for the environment, human health, and climate change[116], [117]. However,
other motivations for understanding the formation of carbonaceous nanoparticles under
pyrolytic and combustion conditions include material science applications such as the
production of carbon blacks or the recent surge in interest in environmentally friendly
methane pyrolysis methods such as "turquoise" hydrogen production, which produce
hydrogen with low or even negative carbon emissions[118], [119]. Also, the production of
novel materials by flame synthesis[120] is an appealing technological approach for creating
graphene, fullerenes, and other carbon nanostructures, as well as fluorescent carbon
nanoparticles with adjustable optical and electrical characteristics [108]. Finally, also the
astrophysics community is very interested in PAHs and carbon nanoparticles because they are
related to fuel-rich combustion and can be thought of as a cheap, accessible model for extra-

terrestrial carbonaceous molecules and grains[121], [122].

Because of the aforementioned factors, the development of PAHs, condensed-phase
carbonaceous species, and soot nanoparticles has been thoroughly studied over the past few
decades and is still an active area of research[123], [124], [125]. Significant progress has been
made in the past few years, both experimentally [126], [127], [128] and computationally,
especially when it comes to the formation mechanisms and the chemical characterization of
early soot particles[129], [130]. The discovery of resonantly stabilized aromatic m-radicals

(RSRs) as important intermediaries in the nucleation and growth of soot particles is one of the
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major advancements that has garnered a lot of attention lately. Current research indicates
that covalently bound complexes may form in addition to fast molecular clustering reaction
pathways involving radical-chain reactions of RSRs[128]. Fully or partially embedded five-
membered ring structures may form[131] during the mass/molecular growth process. In the
soot community, the chemical growth of aromatic compounds has long been sought as a
substitute or supplement to the purely physical coalescence caused by van der
Waals/dispersion forces[8], [124], [132]. A comprehensive analysis of the significance and
ramifications of the physical and chemical pathways, as well as their combinations, has been
conducted by Frenklach[124], D'Anna[132], Wang[123], and others. More recently, Martin et

al. [133], [134], have reviewed these routes in detail.

4.5.2. Preparation of Soot molecules

Initially, incipient soot nanoparticles were extracted from a lightly sooting laminar premixed
flame of ethylene and air. The operating parameters were the same as those employed in
prior studies[8], [135], [136], [137], including earlier AFM studies[138], [139]. The flame was
stabilized on a water-cooled McKenna burner, with a cold gas velocity of 9.8 cm/s and an
equivalency ratio of 2.01. Using a high-dilution horizontal tubular probe placed at a burner-
to-probe separation distance of Z= 7 mm—the smallest distance that could be probed without
disturbing the flame front—incipient soot, suspended in burned combustion gases, was
extracted from the flame center line. The combustion products were quickly mixed with N;
through a 200um-diameter orifice on the bottom of the dilution probe, resulting in a 1:3000
dilution ratio. Using a fast insertion method and accounting for heat loss adjustments, an R-
type thermocouple (Pt/Pt-13%Rh) with a spherical junction and a diameter of 300um was

used to measure the flame temperature[8].

We analysed the morphology of the soot molecules by atomic resolution low temperature,
ultra-high vacuum (UHV) AFM and STM, performed at the IBM laboratory at Zurich. This
activity was realized during one of my secondments as a part of my PhD program. | personally
spent two weeks in the laboratory and took and analysed parts of the experimental results |

will present in the following.
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To achieve atomic resolution with the AFM, it is necessary to operate in the short-range
regime of forces, where chemical interactions make significant contributions [140]. As
Giessibl, points out, it is desirable to work with a cantilever of high stiffness with oscillation
amplitudes on the order of 1 A in this force regime. the low-temperature STM/AFM we used is
based on a gPlus sensor design and operates in ultrahigh vacuum at 5 K. Stable operation is
possible at oscillation amplitudes as small as 0.2 A thanks to the high stiffness of the tuning
fork (spring constant ko = 1.8 x 103N/m, resonance frequency fo = 23,165 Hz, and quality factor
Q = 5x10%). A metal tip was mounted on the tuning fork's free prong, and a separate tip wire
(insulated from the tuning fork electrodes) was used to measure the tunneling current [140].
The sample was subjected to the bias voltage V. We employed a Ptir-wire with a diameter of
25 um as the tip, which was sharpened both in situ by making indentations into the bare Cu
surface and ex situ by focused ion beam milling. With a sample bias voltage V, all STM images
were measured in constant-current mode. At V=0V, constant-height mode AFM images were
obtained. The substrate utilized in this experiment was a Cu(111) single crystal that had two
monolayer (ML) thick NaCl(100) islands partially covering it; these islands are referred to as
NaCl(2 ML)/Cu(111). Additionally, in order to increase the resolution in the AFM mode, a CO
molecule was purposefully picked up with the tip from NaCl for these measurements. More

details of the measurements can be found in ref. [8], [140]

In order to prepare the sample for the low temperature scanning probe apparatus, a special
treatment transfer is required. By gently pressing a quartz filter coated in soot onto a small Si
wafer, soot was transferred onto it. The wafer was then placed in front of the cold sample
(T=10 K) in the UHV system, and Joule heating was used to flash-anneal it from room
temperature to roughly 900 K in a matter of seconds[8]. It has been demonstrated that rapid
heating can facilitate the process of sublimation over decomposition[141] for molecules with

masses up to roughly 1000 Da.

4.5.3 Results and Discussion

In order to clarify the molecular structures of soot particles and explore their implications for
the growth process of incipient soot particles, this work presents AFM measurements in
conjunction with orbital density imaging, scanning tunneling microscopy (STM), and atom
manipulation[8].

Most of the compounds in the Z = 7 mm condition could be resolved by AFM, which was
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advantageous for the study's statistical significance. Because open-shell m-radical systems
have been shown to be important in the process of soot formation in recent
investigations,[142], [143], [144], [145], [146] we improved our analysis by using orbital
density imaging with scanning tunneling microscopy (STM). In order to achieve this, we
focused our research on the species deposited on bilayer NaCl islands. By electronically
separating the molecules from the metallic surface, this insulating layer stops the molecules
from hybridizing with the surface. When using STM to image the molecules' frontier orbital
densities, this decoupling is advantageous [147]. The significance of electronic
characterization through STM is twofold: firstly, it validates and enhances the structural
assignments derived from AFM through comparison with computed frontier orbital densities
and spin densities[148]. Additionally, STM orbital images shed light on the open-/closed-shell
nature of adsorbates as well as their spin ground state.

To simulate the hydrogen dissociation processes occurring in the flame, atom manipulation
was used[8], [149], [150]. The atom manipulation experiments allow us to study the products
formed by such dehydrogenations and provide information about likely flame reaction
pathways, i.e., atomic sites from which hydrogen atoms are likely to dissociate. The key
discoveries from our analysis of the Z = 7 mm soot sample's molecules are as follows: 1)
structures with partially and fully embedded five- and seven-membered rings suggest
hydrogen abstraction acetylene addition (HACA) and cross-linking pathways occurring in
tandem; 2) various classes of open-shell n-radicals were discovered; and 3) catacondensed
(polycyclic aromatic hydrocarbons (PAHs) that have two or more adjacent rings that share
only one carbon atom) and pentalinked (planar crosslinked species containing a double bond
between two pentagonal rings) molecules suggest cross-linking of small aromatics. We can
learn more about the growth of particles in the flame by analysing the species that we have
found. These insights are useful for enhancing combustion processes and generating carbon
materials in addition to hydrogen production because they show how PAHs grow and how

soot originates.

AFM data of the molecules obtained from the flame at a Z=7 mm burner-to-probe separation
distance are displayed in Figure 4-22. The assigned and provisionally assigned molecular
structures are displayed in Figure 4-23 below. In addition to the AFM images displayed in
Figure 4-22, constant-height AFM images have been acquired for the assignments at varying
tip-heights. Additionally, maps of the frontier orbital densities calculated by DFT have been
compared to constant-current STM images obtained at various sample voltages,
corresponding to ion resonances [8]. When compared to the Z = 8 mm sample that was
previously studied by AFM [8] the majority, or roughly 80%, of the analyzed compounds could

be resolved at the atomic scale for the Z = 7 mm condition which is advantageous for the
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study's statistical significance. For the Z = 8 mm sample, approximately half of the molecules
could not be analyzed at atomic resolution due to some three-dimensional character. The
more planar morphology of the molecules is most likely the cause of this difference between
samples prepared at Z=7 mm and 8 mm. While the Z = 8 mm sample shows more particles
grown by coagulation, the Z=7 mm sample primarily contains only nucleated, not coagulated
particles [8]. It is reasonable to assume that the Z = 8 mm sample is more "graphitized" than
the Z = 7 mm sample due to the evidence of linking particle coagulation and
carbonization/aging[151], [152].

The H/C plots for molecules from the Z=7 mm and Z = 8 mm samples that were resolved by
AFM are shown in Figure 4-24. In the Z=8 mm samples [153], [154], the composition of most
aromatic molecules is in the range of 20—40 carbon atoms (250-500 Da), and their typical H/C
ratio is 0.4—0.5. This supports previous computational and experimental studies that found
that the majority of the PAHs in incipient soot are moderately sized, roughly coronene to

circumpyrene in size [155], [156].

The aromatic molecules are mostly found in the H-rich area of the graph (top right), although
they are also distributed in close proximity to the maximally pericondensed line (black line in
Figure 3). This is especially noticeable when the molecules' mass increases, and for those with
more than 35 carbon atoms, H/C almost reaches an asymptote, typically falling between 0.4
and 0.5 (a pericondensed aromatic molecule with 50 C atoms has a H/C of 0.35). Some

molecules do, however, occasionally also lie below the maximally pericondensed line[8].

4.5.4 Conclusions

Concluding, in this work, individual structures with open-shell n-radicals have been presented
and the different m-electrons' localization degrees have been analysed. Weak localization is
provided by delocalized m-radicals at the edge of pericondensed aromatics, which may also
contribute to some multicenter bonds that stabilize the soot particles. Through atom

manipulation, partially localized nt-radicals on zigzag edges were discovered and produced.

Ultimately, it is observed that m-radicals formed on pentagonal and methylene-type edges
were strongly localized. Moreover, these sites offer chances for multiple reactive sites per

molecule, as in t-diradicals, which can react quickly via the PARLH initiation mechanism[8].
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Figure 4-22. Laplace-filtered constant-height CO-tip AFM images of Z =7 mm soot
molecules. All molecules were measured on a NaCl bilayer on Cu(111). The
assignment of structures A1 through A31has been done with high confidence. The
assignment of Structures A32-A44 is provisional. Every scale bar is equivalent to 5
A. For further information, see [8]
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Figure 4-23. Structures A1 through A31 of the molecules for which AFM data are
displayed in Figure 4-22 have been assigned, and structures A32 through A44 have

been provisionally assigned. Picture taken from [8]
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Figure 4-24. H/C ratio in relation to nC, the number of aromatic carbon atoms. H
are side chains that are unknown (-R). The black circles represent the molecules
fortheZ=8 mm sample (from Commodo et al. [153]); the red circles represent the
molecules of the Z = 7 mm sample (this work); the line corresponds to the
calculated trend for maximally pericondensed PAHs,48 i.e., H/C = (nC/6)-0.5. The
sizes of the symbols represent the corresponding abundances in the sampled

molecular pool.
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4.6 General Conclusions

To define their morphological and electrical characteristics and ensure their use in future
technologies, various 2D materials have been studied using conductive AFM, kelvin probe

force microscopy, and atomic force microscopy.

The thickness of pristine MXenes isolated sheets and functionalized MXenes sheets were
investigated via AFM and found to be comparable to the one already reported in
the literature. Through statistical studies, we were able to identify an additional sublayer that
forms between the substrate and the first layer of deposited MXenes, information that has
to be taken into account and further investigated when such sheets are implemented in
applications. Furthermore, we have demonstrated that by a careful choice of surface
functionalization and type of substrate, it is possible to tune the electronic characteristics of
MXenes flakes.

In addition, we investigated the morphological properties of isolated In,Ses sheets produced
by electrochemical exfoliation. Furthermore, we were able to construct a new
heterostructure by combining these isolated sheets with single layer GO isolated sheets. We
were able to verify their substantial variations in work function when deposited on a flat Si

substrate by using KPFM.

Electrochemically functionalized MoS; thin films were studied using both conductive AFM and
KPFM methods. Even though the topography of the film appears to be uniform the difference
in the surface potential value is a valuable tool to visualize and study the functionalization
due to the presence of S vacancies. Variations in adhesion and current are found to be

connected to the functionalization, providing new opportunities for electronic applications.

Last, using atomic-resolution STM and AFM with CO functionalized tips, we were able to
resolve individual molecules of early soot at the Z = 7 mm condition. Our results provide
specific structures of soot-formed molecules, including evidence for cross-linking, fully
embedded five- and seven-membered rings, and an explanation for the formation of
moderately-sized aromatics. We believe these findings are significant in the context of

particle formation and growth.
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CHAPTER 5

Self-assembly of molecular materials using Temperature-
enhanced solvent vapour annealing (TESVA)

The present chapter describes the realisation of a new experimental setup to manipulate and
self-assemble molecules on a substrate.

One of the main objectives of material science is the assembly of controlled nano-structures
with low-cost, up-scalable methods in order to produce functional systems towards
numerous applications. In this chapter, we present the setup and assembly of a home-made
device to perform temperature enhanced solvent vapor annealing for the growth and
manipulation of various molecules when deposited on a substrate. The self-assembly and/or
growth happens in a chamber with controlled atmosphere. Tiny amounts of solvent molecules
are condensed on the surface, enhancing in this way the mobility of molecules present on the
surface, and fostering their self-assembly. This is achieved by changing the temperature
difference between the surface of the substrate and a solvent reservoir. Tuning the
temperature difference, substrate, or solvent we can realise new nano-structures, which
cannot be obtained by conventional deposition methods. The newly organised networks are
then characterised by SPM. Our work suggests the exciting possibility of allowing any system
to rearrange in an innovative but controlled way on a different surface when the right solvent

and temperature difference is realized.

5.1 Introduction

Solution processing of (macro)molecules is a straightforward and adaptable technique that
enables molecules to self-assemble into functional architecture with tunable physico-
chemical properties and structure, opening up possibilities for their technological application

in micro- and nanoelectronics [1], [2], [3], [4], [5].

In particular, highly ordered structures can be obtained by “supramolecular” chemistry, i.e.

the branch of chemistry exploiting “weak” reversible interaction forces such as van der Waals,
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electrostatic interaction, hydrogen bonding etc. The weak, reversible nature of such
interactions, as compared to the irreversible ones such, as example, covalent chemistry, allow
to create ordered structures on long range, where molecules can attach or detach at a given
position until finding the most favourable, low energy supramolecular order. Supramolecular
assemblying (0.1-1 nm) is primarily determined by the chemical structure of the molecule
and substrate, and therefore by the interaction between intra- and intermolecular
interactions as well as molecule—substrate interactions.[6] However, hydrodynamic forces
also play a significant role in the larger-scale self-assembly (from 1 nm to several mm), which
is primarily dependent on the processing methodologies used [4]. Thus, it should theoretically
be possible to modulate the self-assembly from the nanometer up to the several-micrometer

scale by regulating the interaction between the forces discussed here.

In the field of supramolecular chemistry, the most conventional technique to deposit
molecules on a substrate is using spin-coating. The technique has been described in detail in

Chapter 4 of the current thesis.

In this way, a rapid and highly homogenous solvent evaporation is achieved, which can result

in the creation of nanoscale assemblies like fibrils or crystals [5].

A slower technique is drop-casting. In this approach, a drop of solution is deposited on the
substrate, and left there to evaporate. Solvent evaporation increases the local concentration
of solute molecules which begin to interact more with each other and with the substrate,

leading eventually to ordered nanostructures.

By using drop-casting, on the other hand, larger crystals or macroscopic structures can grow
because of the much slower solvent evaporation process [7], [8]. Using these solution-
processing techniques results in a film with a degree of order and eventually crystallinity that
is usually lower than that produced by vacuum processing, which involves the thermal
evaporation/sublimation of the molecules. This is because physical processes like, as
example, dewetting or drop pinning during evaporation create inhomogeneities on the

surface, as example the well-known “coffee stain” effect [5].

In this context, solvent vapor annealing (SVA), which includes exposing the deposited samples
to a solvent vapor-rich environment, has become more common in recent years. Figure 5-1
below shows an example of the standard instrument configuration used to perform SVA.
During SVA, a thin layer of solvent forms on the substrates, which in the right conditions can
feature nanometric thickness; molecules already present on the substrate can diffuse in this
quasi 2-dimensional layer, which allows the molecules to rearrange into structures
characterized by a higher degree of order as compared to the starting samples significantly

improving, as example, the performance of electronic devices. Some examples of these
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rearranged molecules and nanometric structures can be seen in Figure 5-2 and 5-3.

Solvent

Container

Figure 5-1. lllustration of a solvent vapour annealing instrumentation, figure taken
from [9].

The standard solvent vapour annealing process consists of four key steps [10].

1) Initially, target molecules are dissolved in solution, typically using a good solvent for such
molecules. This solvent can even be different from the one where final self-assembly will be

achieved.

This solution is then deposited on the target substrate using above-mentioned standard
deposition techniques such as spin coating, dip coating, or others. At difference with standard
deposition, in this step we do not want to achieve ordered structures; at the contrary, the
higher the disorder and the system energy the better, because such disordered molecules will
be easier to rearrange during SVA. A few of these essential factors have been addressed in
Chapter 4 for the deposition of MXenes and other 2D materials on substrates mainly via spin-

coating.

2) The prepared thin film is inserted in a sealed chamber, where a reservoir of a solvent is
present. Solvent evaporates within the chamber saturating the atmosphere and condensing
on the sample (Figure 5-1). Since the solvent used has an impact on the annealing process,

selection is essential. Different copolymer blocks, for instance, can selectively swell or become
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plasticized by the solvent vapor[10].

3) Upon interaction with the solvent molecules, the material structure can change and
rearrange at the nanometric scale. For example, block polymers treated with SVA can undergo
a swelling of the polymer film that increases the mobility of the polymer chains [10].
Consequently, this makes it easier for the block copolymer morphology to be reorganized. The
solvent vapor lowers the polymer's glass transition temperature, facilitating an easier

rearrangement [10].

4) Eventually, the solvent vapor is allowed to evaporate, leaving behind the reorganized

structure.

The impact of SVA on the final structure is then examined by characterizing the thin film's
morphology using a variety of techniques, including spectroscopy, microscopy, and scattering
methods. The efficiency of SVA depends upon multiple factors, such as solvent selection,

duration of exposure, and the particular characteristics of the system under study.

. Aiwg stie ' Towge in

/ \( 5 \ \ SVA=80 min . 8 M SVA= 18 hours

1w ] L)

ot N : (¥}
Kowge b hol R | Yarge v

Figure 5-2. AFM images of Macromolecules deposited on Si/SiOx a) Original
morphology after spin-coating. b) After 80 min of SVA. c) After 18 h of SVA, figure
taken from ref. [5]
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Figure 5-3. (a) AFM image of PDI nanostructures obtained by spin-coating a SiOx
substrate, (b) Optical microscope image during SVA in THF of PD| spin-cast on SiOx
showing self-assembly length scales spanning over three orders of magnitude,
figure taken from ref. [11]

SVA is often used to improve the quality of some materials but provides no control on the
amount of solvent interacting with the target molecules. A more powerful and versatile option
of this technique is temperature-enhanced solvent vapour annealing (TESVA), where the
temperature of the sample and of a solvent reservoir can be controlled, in this way enhancing
or blocking the effects of SVA [5]. By controlling temperature, TESVA allow to condense a thin
solvent layer on the substrate, to promote molecular migration in the deposited material. This
is typically achieved using few °C of temperature difference, in contrast to thermal annealing,
which increases the mobility of molecules at a surface by raising the substrate temperature to
significant levels. Therefore, when the substrate is cooled in relation to the reservoir (DT <0
C), TESVA can yield rearrangement on large scale, with the molecules self-assembling in new

macroscopic structures that can even become visible by bare eye.

Figure 5-4 schematically illustrates the TESVA instrumentation used. The TESVA process begins
with the traditional spin coating, in which a solution containing the molecules we want to
rearrange is first deposited on a flat surface, typically a Si/SiOx substrate. After that, the sample
is placed inside a sealed annealing chamber that is filled with a volatile solvent's vapours. The
primary parameter, the difference (AT) between the substrate temperature T and the liquid

solvent reservoir temperature Tsa, is precisely controlled using a Peltier module within a
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range of +10/-10 °C. Only a few nanometers thick layer of liquid is adsorbed on the surface in
the case of positive or null AT. The condensed layer's thickness (d) is determined by van der

Waals and gravitational energies using the following formula:
N(d) = pg (d + H)

where M(d) is the so-called “disjoining pressure”, p is the liquid density, g the gravitational

constant, and H the height of the sample above solvent reservoir.

Radiator,
cooled

Target
Substrate

T,>T,

Figure 5-4. Schematic illustration of the temperature-enhanced solvent vapour
annealing (TESVA) process and instrumentation.

This ultrathin wetting film has been measured experimentally for various liquids [12]. The
height difference (H) contribution will begin to make up for a negative AT, thickening the
wetting film in the process. Within a narrow range of AT, the wetting layer will only be slightly

thicker and grow with time [13].Macroscopic solvent amounts (as droplets) will condense on
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the surface when AT falls below a critical value due to the oversaturation of solvent vapor in

the atmosphere.

In the case of solutions, the precise value of d can be challenging to estimate due to the
substrate's and the liquid's characteristics, particularly when the solute molecules exhibit self-
assembly and liquid crystalline properties, as well as when there are surface irregularities like
nanocrystals surface steps or random roughness [14]. Generally speaking, d can be smaller
than 30 nm when H is macroscopic (~1 cm). See References [5], [15] for a more thorough

discussion.

Since both solvent and solute molecules are confined in a very thin but laterally extended
layer and their numbers per unit area are comparable due to the nanometric thickness of the
film, the term "solution" cannot be used in this context. Van der Waals interactions are the

most common type of interaction between the substrate, solute, and solvent.

Ultimately, if AT « 0, the deposited molecules resolubilize as a macroscopic layer of solvent
absorbs on the sample surface. It is important to note that the temperature effect in TESVA
differs significantly from traditional thermal annealing. While a higher temperature is required
for thermal annealing to produce greater mobility, a lower temperature is required for TESVA
in order to increase the amount of solvent on the surface, solubilize the molecules, and lower
the crystallization barrier. Therefore, unlike vacuum evaporation, TESVA promotes molecular
mobility at surfaces at lower temperatures rather than activating it thermally. In these
circumstances, the growth of macroscopic structures can be aided by a nanometric layer of

liquid.

There are many examples of successful growth of macroscopic structures via TESVA in
literature. For instance, a one-step in situ process for producing controlled molecular-scale
ordered polyaniline (PANI) films using Zn ions and TESVA was reported (Figure 5-5) [16]. High-
voltage electron microscopy verified that the resulting PANI film grew as a face-centered cubic
structure of, which was crosslinked by coordination with Zn ions. The PANI films' conductivity
was significantly increased, and a new class of molecular ordering was created by the in-situ
coordination crosslinking, indicating the films' potential application in a range of electrical and

energy-related devices.

In a different work, the self-assembly of functionalized polycyclic aromatic hydrocarbon
molecules on solid surfaces via Temperature-enhanced Solvent Vapor Annealing (TESVA) has
been reported[5]. New C3 symmetric hexa-peri-hexabenzocoronene with alternating
hydrophilic and hydrophobic side chains was the subject of the study. By improving the
molecules' long-range mobility, TESVA allowed the molecules to diffuse for hundreds of

micrometres on a Si/SiOy surface. This produced large, well-ordered crystals with an edge-on
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columnar arrangement, which differs from structures obtained with conventional solution-
processing methods. TESVA facilitated macroscopic self-healing in the adsorbed film by
offering more control over hydrodynamic forces during self-assembly through its temperature
modulation [5]. Atomic force microscopy and optical microscopy were eventually used to track

the surface reorganization in real time.

TESVA is a practical approach that enables ordered structures on surfaces to self-assemble in

a regulated, adaptable, and economical manner.

Large-scale reactors full of saturated vapors in which the temperature can be controlled are
now already present in the majority of chemical production plants, making them easily

convertible for TESVA treatments.
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Figure 5-5. Schematic illustration of a standard temperature-enhanced solvent
vapour annealing (TESVA) experiment, figure taken from ref. [16]

146



5.2 Assembly of the experimental setup and preparation of nanostructures

Assembly of the experimental setup

As previously stated, an advancement in the development of the SVA technique is the
development of the temperature-enhanced solvent vapour annealing, or TESVA. Even though
TESVA has already been into use and has had many significant results a realisation of a more
automated instrumentation for performing solvent vapour annealing in a controlled way is in

need.

Here we present a home-built platform to perform temperature enhanced solvent vapor
annealing device was realised in our laboratory (Fig. 5-6) for the growth and manipulation of
various molecules when deposited on a substrate. The self-assembly and/or growth happens
in a chamber by controlling the temperature difference between the solvent used and the
surface of the substrate where our initial system has been deposited. By changing the
temperature difference, substrate, or solvent we can realise new nanostructures, which

cannot be obtained by conventional deposition methods.

The TESVA apparatus was developed as a collaboration between our group at ISOF/CNR in
Bologna and A.P.E Research within our Marie-Curie ITN project ULTIMATE. The device was
perceived and installed in our lab in Bologna with the help of PhD student Anton Naumenko

and researcher Dr. Derek Jones.

Figure 5-6 depicts our completed TESVA system. The system consists of a chamber into which
we place our samples and the solvent we intend to use in the experiment. The chamber is set
on a hot plate which gradually warms the chamber and causes the solvent within it to
evaporate in a controlled manner. There is an external cooling system using a liquid nitrogen-
filled container, tubes connecting it to the sample holder within the chamber so that the liquid
nitrogen can flow through it, and a valve controlling the nitrogen flow. The apparatus has three
thermocouples connected to it. One thermocouple is attached to the hot plate and the other
to the basis inside the chamber, to calculate any heat losses from the hot plate to the interior
part of the chamber where the solvent is placed. The 3™ thermocouple is attached to the
sample holder to control the temperature difference between the sample and the solvent, a
crucial parameter influencing the sample's thickness as mentioned before in the current

Chapter.

Each thermocouple is connected to a digital thermometer that records up to eight distinct

temperatures for a limitless period of time. The data can be readily exported from the
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thermometer using a USB port. More recently a camera system has been set up to record and
capture images and videos of the sample undergoing TESVA in real time. Although the
camera’s focussing mode needs still to be improved, we were able to take pictures of the

samples’ surfaces inside the chamber.

Microscope —gliquid i
3 /Camera Nitrogen

_{ Liquid nitrogen |

.

valve

hermometer connected
o 3 thermocouples
—

Figure 5-6 TESVA system with all parts assigned.

A close-up of the main chamber and the sample holder inside is shown in Figure 5-7 below.
Both top and bottom of the chamber are sealed. The upper lid can be easily removed to
introduce the solvent and the sample. The solvent is deposited with a pipette on the bottom
of the chamber, while the sample is deposited on the nitrogen-cooled sample holder. The
sample holder allows for multiple samples to be placed simultaneously, providing us with the
chance to deposit different systems and expose them to the same solvent vapors in order to

monitor changes between them and reduce waiting times for the experiment.
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Figure 5-7. Left: A close up of the TESVA chamber, right: Example of how multiple
samples can be inserted and placed inside the chamber in order to perform a TESVA
experiment.

Self-organised Porphyrins

As a test material for TESVA, we chose porphyrins, which are promising photoelectronic
materials for different applications such as sensors, electronics, photosensitized solar cells,
and organic light-emitting devices. Porphyrins are stable organic chromophores that absorb
visible light well and/or luminesce with a high level of efficiency. Because of their exceptional
photochemical and photophysical qualities as well as their distinct aromatic structure,
porphyrins and their metallo-derivatives can be employed in these kinds of devices [17], [18].
The environment and the intermolecular configuration of the chromophores have a
significant influence on the photonic properties in addition to the molecular structure. Figure
5-8 shows various structures of key synthetic porphyrin. The rigid, planar macrocycles can
accommodate auxiliary moieties like H-bonding motifs and exocyclic ligands at
predetermined geometries, allowing for the synthesis of specific supramolecular systems

[18]. In a broad range of temperature, pH, and other environmental factors, the core of the
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porphyrins remains stable. By adding a range of exocyclic organic motifs and selecting the
metal ion chelated in the center of the anionic porphyrin, one can adjust the oxidation and
reduction potentials, and consequently the chemical and photonic activities. The metalated
compounds' axial ligation provides an extra method of assembly. Because of their well-
developed chemistry, porphyrins are the subject of most of the supramolecular chemistry of

these macrocycles.

Porphyrins are naturally occurring tetrapyrrolic macrocycles [19]. Porphyrins generally have
several Q-bands between 500 and 650 nm with € 10—20 times less and very strong absorption
bands around 400-430 nm (Soret band) with absorbtivities, €, on the order of 10> M cm™.
The Gouterman four-orbital model provides an excellent explanation for the electronic
spectra, which are dependent on coordinated metal ions and exocyclic modifications [18].
Strong absorptions are also exhibited by porphyrins, usually towards the red[18]. Typical free
base porphyrins and some of their metalloderivatives (Zn?*, Mg?*, etc.) have fluorescence
guantum yields between 1% and 15% and corresponding lifetimes between 1 and 15 ns.
When Pd and Pt derivatives are utilized in oxygen pressure sensing, for instance, a significant
portion of the molecules in the excited state intersystem cross to the triplet state, resulting

in phosphorescence quantum yields in matrices that can exceed 90% [18].

Due to their potential applications and the significance of improved theoretical frameworks
The development of novel multi-porphyrin architectures through self-assembly and self-
organization remains an active field of research. There is a long and rich history of a single
type of porphyrin self-organizing into crystalline materials through homo-coordination and
nonspecific intermolecular interactions [17], [20]. Exocyclic moieties for particular
intermolecular interactions that control how a porphyrin organizes itself into more robust or
ordered crystalline systems have been incorporated into more recent efforts [21]. Discrete
porphyrin arrays that self-assemble in lipid bilayers' liquid crystalline matrix via electrostatic
interactions and served as photo-gated ion conductors are a more recent example of these
arrays [22]. Subsequently, arrays assembled through particular intermolecular interactions—
like those involving H-bonds [23] and metal-ion coordination—were reported [18], [24].
Linear tapes with H-bonds and coordination chemistry in lipid bilayers demonstrate photo-
gated electronic conductivity. The device's function depends on its hierarchical structure,
including the molecule, tape alignment, and device organization [25]. Moreover, long-
chain hydrocarbons can be used to form liquid crystals, and designed intermolecular
interactions can be used to form self-organized systems with various topologies. Self-
assembled monolayers can be formed by covalent attachment to surfaces, and packing forces

in crystalline materials can be designed. Rapid advancements have been made in
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supramolecular synthetic techniques and strategies, and porphyrins' rigid framework makes
them especially suitable for the construction of intricate and durable architectures. Materials
in one, two, and three dimensions are now commonly available. Research is currently focused
on hierarchically organized porphyrinic materials, where the local structure differs from the
global organization. These porphyrin assemblies are essential components for the
development of many useful photonic devices, as well as models for the study of light-

harvesting antennas and photosynthetic reaction centers [26].

Porphyrin systems are an ideal candidate for self-assembling experiments with our TESVA

setup for all of the aforementioned reasons.
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Figure 5-8. lllustration of different types of Porphyrin structures. Figure taken from
ref. [18]

5.3 Results and discussion

Before the realisation and implementation of the TESVA device we experimented with various
systems utilising conventional SVA. We performed these experiments using a standard SVA

configuration as the one shown in Figure 5-1.

Meso-tetraaryl porphyrins (TpyP(4)) are excellent candidates to use as building blocks in the
synthesis of complex structures because of their versatile physicochemical properties and
straightforward synthetic routes (Figure 5-9a). As we mentioned before, these properties are

interesting because they can be used to investigate novel aspects of the supramolecular
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reactivity of these molecules, that are also widely employed as chromophores, in addition to
their many potential applications. In order to test these compounds as candidate system for
solvent vapour annealing, we tried forming porphyrin-based networks using sodium ions (5-
9b) coordinated by 4-pyridyl moieties at the meso- position of the porphyrin rings (Figure 5-
9a) [27]. In addition, it is anticipated that the nanostructures comprising these deposits exhibit

both tuneable optical and morphological features and a long-range order.
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Figure 5-9. Schematic illustration of the molecular structure of (a) Meso-tetraary!
porphyrins and (b) NaBARF salt.

Using NaBARF (Figure 5-9b) as a counteranion in CH,Cl, allows for easy dissolution of alkaline
metal ions. Na+ cations can interact with the unprotonated N atoms at the core of these
species in such a weakly polar solvent and in the presence of different tetraaryl porphyrins,
forming sitting-atop complexes that resemble the behavior of hydrogen ions functioning as
Lewis acids [27].

By coordinating Na+ ions by the pyridyl groups at the macrocycle periphery of different

porphyrin units, an efficient multiporphyrin assembly could be achieved (Figure 5-10).
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Figure 5-10. A cartoon illustration of two high symmetry coordination geometries that the Na+
ions could display when interacting with the porphyrin macrocycles' meso-pyridyl groups. Figure
taken from ref. [27]

Initially, a tiny amount of TpyP(4) powder (ca 1 mg) was placed in a 7 mL screw cap glass vial
having a PTFE liner filled with 4 mL CH,Cl; [27]. Then, the solution was left under stirring at
room temperature overnight. The successful synthesis was confirmed by the colour of the final
solution (muted magenta). We diluted approximately 3-4 drops in 1-2 mL fresh CHxCly. The
final solution should have an absorbance of 0.3 at the peak located around 510 nm. Last, to
obtain the deposition of the porphyrins, we added ca. 1 mg of NaBARF (Sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate) [27], [28]to the porphyrin solution and we mixed it rapidly.

The molecular structure of NaBARF used may be found in Figure 5-9b.

A detailed explanation of the spin coating process is provided in Chapter 4. By spin coating
100 pL on the substrate, we were able to achieve nearly complete surface coverage, as shown
in Figure 5-11a below. We prepared two identical samples with the same covering and
substrate. One was placed outside as a reference, and the other was introduced inside a
standard container for SVA performance. We conducted SVA in the presence of methanol
vapours for two hours. The outcome of the SVA experiment is displayed in Figure 5-11b below;
the porphyrin structures lose their defined shape, and the initial network appears to be
disrupted by methanol vapors. Even though we did not observe the formation of a uniform
nanofilm of porphyrins, the disruption of the network is considered a significant alteration
that confirms the success of the experiment. Instead, the reference sample showed no

changes.
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Figure 5-11 AFM images of porphyrins (a) before SVA, and (b) after SVA in
methanol.

We used the same system to perform TESVA, with the only difference that we prepared two
distinct solutions: one containing the porphyrins and another one containing the salt
(NaBARF). As mentioned before, from the concentrated solution of the porphyrins we diluted
approximately 2 drops in 1 mL fresh CH,Cl; in order to prepare our porphyrins solution. Then
we dissolved ca. 1 mg of NaBARF in 1 mL of CH,Cl,;We spin coated 100uL of the porphyrins
solution on the substrate and then we spin coated 100uL of the NaBARF solution on top. We
made two identical samples in order to perform the experiments on the one and keep the
other as a reference. One of the prepared samples was placed inside the chamber, and the
other was retained as a reference. However, we chose to utilize a different solvent respect to
the SVA experiment, which was previously mentioned, because methanol did not increase
order in the porphyrin network but disrupted it. Thus, we used dichloromethane (DCM,
formula CHCl;) a solvent more volatile (b.p.=64°C) and less polar than methanol. Upon TESVA
in DCM, the initial morphology of the deposited material changed. A considerable crystal
growth was visible. The crystals had different thicknesses and seemed to be fairly defined.
These alterations in the deposited material's morphology following TESVA operation are a
crucial sign that our TESVA device was effectively realized. There were no morphological

changes in the reference sample that was stored outside.
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Figure 5-12. Microscope images of porphyrins (a) before TESVA, and (b) after TESVA
in CHzC/z.

We also tested the case of a mixed solution of the porphyrins and the salt. We repeated the
steps mentioned in the first SVA experiment of this section and we ended up with a diluted
solution containing the TpyP(4) and NaBARF in CH,Cl,. We again prepared via spin-coating two
identical samples. Next, we inserted one of the two samples into the CH,Cl, vapour chamber.
As a reference, the other one was kept outside. We performed TESVA heating the bottom of
the chamber, where the solvent reservoir was located, at 40°C for eighteen hours overnight.
In this case, no active cooling of the sample was needed because, due to the good conductivity
of the sample holder and to the chamber T being much higher than room temperature, we
measured ~10-degree temperature differential between the solvent and the sample surface

even in the absence of liquid nitrogen.

The microscope images obtained for our system under study both before and after TESVA are
displayed in Figure 5-12. It is clear that prior to TESVA, the porphyrin and NaBARF mixture was
uniformly deposited over the surface, but after TESVA, the majority of the substrate surface

appeared material-free and new, large crystals had formed in its place.
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Figure 5-13. Microscope images of porphyrins (a.) before TESVA, and (b.) after
TESVA CH,Cl,.

We used AFM both before and after the experiment to verify the changes and examine the
morphological features of the materials under study. Figure 5-14 shows the AFM images
captured before and after TESVA. The changes are quite noticeable, as expected from the
microscope images. Initially, the material is deposited everywhere and has a morphology
similar to that of Figure 5-11a. We were able to image a range of the crystals present on the
surface using AFM after the completion of TESVA. Each crystal showed a similar flower-
like structure as shown in the Figure 5.14b. This flower-like structure has about 100nm of
height and possesses a needle-like texture. The rest of the substrate's surface appears to be

entirely clean, and the crystals are fairly well-defined.

We imaged a large number of newly formed crystals for statistical purposes. A few of the
topographies that correlate with the crystals are shown in Figure 5-15. Every crystal has a
comparable height and shape to one another. Any differences could be attributed to different
growth patterns based on when we removed the sample from the chamber. For example, if a
lot of material was initially deposited in one area of the surface, this could lead to a larger

crystal after TESVA was carried out.
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Figure 5-15. AFM images of porphyrins after TESVA in CH>Cl>.
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5.4 Conclusions

In nature, hierarchical self-assembly is a ubiquitous cooperative process. Supramolecular
chemistry allows the formation of nanoscale, thermodynamically stable architectures in

solution by carefully utilizing various weak forces [11].

Supramolecular structures and materials are distinguished by characteristics such as
reversibility, response to external stimuli, adaptability, and self-healing due to the extremely
weak interactions involved. The understanding of self-assembly at surfaces is still very limited,
despite the recent unravelling of the subtle mechanism governing the self-assembly of
supramolecular species in solution. This is because the formation of ordered, self-assembled
nanostructures at surfaces is more complex, requiring additional control over interfacial

interactions [11].

Understanding functional architectures with pre-programmed structure and properties is
crucial for achieving full control over their growth across multiple length scales. These
architectures have potential applications in (opto)electronics, magnetism, catalysis, and

medicine as active building blocks.

In this chapter we pointed out the importance of solvent vapour annealing, a technique that

allows for network reorganisation and manipulation of diverse functional architectures.

Meso-tetraaryl porphyrins are ideal candidates for use as building blocks in the synthesis of
complex structures due to their versatile physicochemical properties and simple synthetic
pathways. In light of this, we decided to test these materials as potential systems for solvent
vapour annealing and to monitor any potential modifications. Indeed, changes in the

morphology of the porphyrins after the implementation of SVA were observed.

The development of temperature-enhanced solvent vapour annealing, or TESVA, is a step
forward in the development of SVA. Even though TESVA has been used and produced many
noteworthy results, more automated instrumentation is still required to carry out solvent

vapour annealing in a controlled manner.

In that context, we developed a novel tool for temperature-enhanced solvent vapor annealing
that allows for the growth and manipulation of different molecules when they are deposited
on a substrate. By maintaining a specific temperature difference between the substrate’s
surface and the solvent used we could control the self-assembly and/or growth take place in
a chamber where our initial system has been deposited. Conventional deposition methods
cannot yield new nano-structures that can be realized by varying the substrate, solvent, or
temperature difference. SPM techniques are then used to characterize the newly organized

networks.
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Utilizing TESVA, we successfully synthesized porphyrin crystals with distinct morphological
features that are significantly larger and more homogeneous than the ones obtained with
spontaneous self-assembly.

We infer that, in general, using TESVA any system could be able to reorganize itself in a novel

but controlled manner on a target surface, given a suitable solvent and temperature

differential.
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CONCLUSIONS AND OUTLOOK

The present chapter discusses the overall conclusions of the current doctoral thesis and provides
an outlook for future steps.

The increased focus on 2DMs, primarily due to graphene, has created new opportunities in
several fields, including electronics, energy storage, and conversion technologies to name only
a few of them. Although graphene continues to be a primary focus, several other two-
dimensional materials are being investigated, such as metal chalcogenides, boron nitride,

MXenes, and two-dimensional polymers.

The main goal of the current doctoral thesis was to improve synthesis and employ advanced
characterization techniques at the nanoscale in order to improve the synthesis and fabrication
of newly synthesized 2D materials, so that they have the necessary quality and performances
to be more easily integrated into real-world applications, and to gain a thorough
understanding of their fundamental properties. The work also featured a particular emphasis
on the self-assembly of organic molecules on surfaces and their potential interactions with

other two-dimensional materials.

This doctoral thesis was inserted in the framework of a Marie Curie training network called
ULTIMATE (https://ultimate.u-strasbg.fr/index.php). The project was coordinated by prof.
Samori at the university of Strasbourg and featured some of the most recognized European
groups working in the field of basic and applied research on 2D materials. In the context of
the whole project, the tasks of our research unit, over more than the last three years, were
specifically to create effective processing techniques for the self-assembly of certain building
blocks into two-dimensional structures and to support the other research nodes more
dedicated to the synthesis through our characterization capabilities. Advanced
characterization methods with nanometer-size resolution for structural analysis and electrical
characterization were performed using Atomic Force Microscopy (AFM), Kelvin Probe Force
Microscopy (KPFM), and Conductive AFM. Furthermore, X-ray photoelectron spectroscopy

was employed to characterize their chemical composition.
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In chapter 2, we investigated the electrical properties of coordination polymer films made
using shear coating, a novel method which could be in principle easily extended also of many
other systems, thanks to its versatility. By changing the node (metal component) of the CP
network under investigation, and by tuning the duration of polymer formation process and
the number of coatings, we demonstrated the possibility of tuning their work function. The
work function was impacted by changes in the reaction time and number of coatings, but
overall, Cu-based CPs showed a higher work function value than Zn-based CPs in every case.
Additionally, Zn-based CPs were found to be non-conductive in contrast to Cu-based CPs. The
resistivity of Cu CPs can also be tuned by changing the number of coatings or reaction time.
Zn CPs can withstand higher temperatures than Cu CPs, according to our studies on thermal
stability. Cu CPs changing after heat treatment can be used to tune the film's work function,
as they were found to increase after thermal treatment. We can fully realize the potential of
these CPs in electronics and other fields by exploring them further and utilizing additional

metal elements, substrates, and coatings.

In chapter 3 we characterized two-dimensional polyaniline thin films produced by a novel
technique, called SMAIS by our collaborators at the Technical University of Dresden (TUD) in
Germany. We further delved into the 2D PANI's electrical characteristics, which exhibited two
distinct regions. On top of a semicrystalline thin layer formed thicker, more crystalline oval-
shaped structures (islands). We examined the polyaniline that had been deposited on two
different substrates and used KPFM to determine its work function. In every instance, the thin
layer of PANI exhibited a marginally higher work function than the islands due to their varying
thicknesses. Furthermore, we measured the conductivity of the two distinct 2D PANI regions
using C-AFM. The thin layer's conductivity was found to be higher than the one of the islands.
These results are again connected to the difference in thickness of the two regions. . The 2D
PANI under investigation showed no changes in electrical characteristics when exposed to
light. With the help of the SMAIS and other techniques, we may produce a more uniform film

and fully explore and realize the potential of 2D PANI in electronics and other fields.

In chapter 4 our focus was on the investigation of the morphological and electrical traits of
various 2D materials via conductive AFM, kelvin probe force microscopy, and atomic force

microscopy.

Using AFM, we precisely estimated the thickness of both functionalized and pristine TizC;Tx
MXenes isolated sheets produced by our collaborators at Chalmers university, Sweden, finding
a value which was comparable to that previously reported in the literature. We discovered an
extra sublayer that exists between the substrate and the first layer of deposited MXenes

through statistical analyses; this constitutes a piece of information that needs to be
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considered and further researched before such sheets are used in applications. Furthermore,
employing KPFM, we have demonstrated that by a careful choice of surface functionalization

and type of substrate, it is possible to tune the electrical properties of MXenes flakes.

Moreover, we examined the morphological characteristics of isolated In,Ses sheets generated
through electrochemical exfoliation by our partners at TUD. Additionally, by merging them
with single layer GO isolated sheets, we were able to create a new heterostructure. Using
KPFM, we were able to confirm their significant differences in work function when deposited

on a flat Si substrate.

In the same chapter, MoS; thin films functionalized electrochemically were investigated by
means of conductive AFM and KPFM techniques. Despite the film's apparent uniform
topography, the variation in surface potential value is a useful tool for studying and visualizing
the functionalization brought on by the presence of S vacancies. The results obtained showed
that differences in adhesion and current are related to the functionalization, opening up new

possibilities for electronic applications.

Last, we reported the successful imaging of individual molecules of early soot using atomic-
resolution STM and AFM with CO functionalized tips, an activity that was part of my
secondment plan at IBM in Zurich. The precise structures of soot-formed molecules that we
observed, along with proof of cross-linking, fully embedded five- and seven-membered rings,
provied an explanation for the formation of aromatics with a moderate size. These findings,
we believe, bear significance for the formation and growth of particles that have a major

impact on human health and the environment.

In the last chapter of the current thesis, Chapter 5, we demonstrated the utility of solvent
vapour annealing as (SVA), a method that enables the manipulation of various functional
architectures and network reorganization, using porphyrins as a test model. Because of their
adaptable physicochemical characteristics and straightforward synthetic routes, meso-
tetraaryl porphyrins are excellent choices to employ as building blocks in the synthesis of
complex structuresmolecule, that have also a large use as, a model to test and develop our
SVA setup, and we observed their morphological alterations following the use of SVA.
Temperature-enhanced solvent vapour annealing, or TESVA, is an advancement in the field
of SVA. For solvent vapour annealing to be carried out in a controlled manner, more
automated instrumentation is still needed, even though TESVA has been used and has yielded

many notable results.

In that regard, we developed a novel apparatus for TESVA, which enables the growth and

modification of various molecules when deposited on a substrate. Novel nano-structures that
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can be achieved by adjusting the substrate, solvent, or temperature difference between the
solvent and the substrate's surface cannot be produced by conventional deposition
techniques. Indeed, thanks to TESVA carried out with the innovative apparatus developed in
our lab, we successfully synthesized porphyrin crystals with distinct morphological features
that are significantly larger and more homogeneous than those obtained through
spontaneous self-assembly. What our work suggests is the fascinating possibility that any
system could be able to reorganize itself in a novel but controlled way on a different surface,

provided that the solvent and temperature differential are suitable.

In conclusion, we were able to successfully accomplish the objectives established at the start
of this PhD project. New synthetic and conventional 2D materials were created and
investigated in terms of their morphological, electrical, and structural properties.
Furthermore, a new set-up was developed for future innovative synthesis and manipulation

of various molecular building blocks using the TESVA technique.

Our next steps will primarily involve further developing the TESVA apparatus as well as testing
new suitable systems that could be implemented to achieve uniform nanostructured thin
films. MOFs and two-dimensional polymers are promising candidates. Additionally, 2D
material isolated flakes such as GO and MXenes can be further tested using TESVA in search

of potentially interesting reorganizations on various substrates.

New types of functionalised MXenes can be studied further using KPFM to track differences
in their work function and better understand the nature of these differences. Prospective
candidates for exotic heterostructures that enable unique electronic characteristics that may

be used in future electronic devices and beyond, include MXenes, In,Ses, and GO sheets.

Last, the structural properties of the two-dimensional polyaniline and MOFs studied in this
thesis can still be optimized using other synthesis techniques or different metallic elements.
In either case, these materials are promising for a variety of applications due to their unique

morphological and physicochemical properties.

To summarize, during the course of this thesis, we were able to successfully synthesize and
self-assemble a range of 2D materials on different substrates. Following that, these materials
were carefully examined employing a wide range of characterization methods, with a focus
on their electrical characteristics. Our hope is that this work will act as a guide for future

studies and improved analysis of two-dimensional materials.
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APPENDIX A

Metal-organic coordination polymer multilayers produced by sequential in situ
self-assembly

Figure A1. Image of the multicoated and single coated samples.
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Figure A2. AFM images showing the thickness of the various coatings.
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Figure A3. Height profile graph showing the height of the various coatings.
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Figure A14. (a) Topography of 2D PANI on Au substrate, (b) Corresponding
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