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RESUMEN

Desde la invencién del transistor en 1947, el tamafio de los dispositivos electrénicos se ha
ido reduciendo de forma continua hasta alcanzar hoy un tamario dificilmente reducible a
menos que se empleen nuevas técnicas. Esta miniaturizacién también se ha producido,
entre otros, en dispositivos mecénicos y 6pticos. La nanociencia y la nanotecnologia han
permitido esta reduccion de tamafio. En este sentido, la aparicién de nanomateriales y la
caracterizacion de sus propiedades han sido cruciales. Los nanomateriales tienen al menos
una dimensién en el rango nanométrico. Entre ellos, los materiales bidimensionales, con
un grosor de pocas capas atémicas, han demostrado tener extraordinarias propiedades
que se pueden modular de forma controlada y aplicar a diferentes funcionalidades, lo
que hace de estos materiales unos candidatos prometedores en dispositivos variados.

Sin embargo, hay muchos hitos intermedios desde el descubrimiento de un nuevo
material 2D hasta su aplicacién: la obtencién y procesado del mismo, la caracterizacién y
control de sus propiedades asi como la fabricacién final del dispositivo. Para este fin, se
deben desarrollar nuevas tecnologias que resuelvan tales desafios. Esta tesis estd motivada
por estas cuestiones. Después de una introduccién general a la tesis, se describen las
principales técnicas experimentales utilizadas en este trabajo. Seguidamente se estudian
experimentalmente las propiedades mecanicas y eléctricas de dos materiales 2D. El
primero es un cristal inorganico y el segundo un polimero metal-organico sintético. El
estudio también se centra en los efectos ambientales en estas propiedades y, por otro lado,
en el procesado de los materiales. A lo largo de tal investigacién, nos fuimos encontrando
con ciertos problemas que nos hicieron desarrollar una nueva técnica que los solucionara.
Dicha técnica debia ser capaz de realizar contactos eléctricos en la escala nanométrica, o
incluso menor, de manera limpia, inocua y versatil. Conseguimos desarrollar dicha técnica,
que se describe en la tltima parte de la tesis. Ahi, se demuestra ademads que, esta nueva
metodologia proporciona nanocircuitos complejos incluso en dispositivos independientes.
Finalmente, se muestran caracteristicas adicionales y muy ventajosas de dicha técnica,
como su resistencia a las variaciones de temperatura y presion, la estabilidad y baja
resistencia de los contactos eléctricos que se obtienen con ella y su potencial aplicaciéon en
el &mbito de la electrénica molecular, un campo prometedor (y casi tinico) en la futura
miniaturizacién de circuitos.
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ABSTRACT

Since the invention of the transistor in 1947, the size of electronic devices has been
continously reduced reaching nowadays a size no longer reducible unless new techniques
are employed. This miniaturization also occured in mechanical and optical devices, among
others. Nanoscience and nanotechnology has enabled this devices’ size evolution. In this
regard, the emergence of nanomaterials and the characterization of their properties
have been crucial. Nanomaterials have at least one dimension in the nanometer range.
Among them, two-dimensional materials, with a thickness of few atomic layers, have
shown remarkable, useful and tuneable properties which make these materials promising
candidates for diverse devices.

However, some challenges arise along the path from the discovery of a new 2D material
until its application: the 2D material obtention and processability, the characterization and
tunability of its properties and the final device fabrication. To this end, new technologies
that solve those challenges must be developed. This PhD finds its motivation in such
issues. After a general introduction to the thesis, a description of the main experimental
techniques used along this work is given. Next, the mechanical and electrical properties
of two 2D materials have been experimentally studied. The first one is an inorganic
crystal and the second one is a synthetic metal-organic polymer. The study also focuses
on the environmental effects on these properties and the procesability of the materials.
Throughout the research, we encountered certain problems that led our efforts towards
the development of a new technique that would solve them. This technique should be able
to create electrical contacts in the nanometer, or even smaller, scale in a clean, innocous
and versatile manner. We were able to develop such technique, which is described in
the last chapter of this manuscript. Moreover, this new procedure is proved to provide
complex nanocircuitry even for stand-alone devices. Finally, additional desirable features
of this methodology are shown, such as the endurance to temperature and preassure
variations, the stability and low resistance of the so-obtained electrical contacts and its
potential application in the molecular electronics realm, a promising (and almost unique)
field in the future circuit miniaturization.
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INTRODUCTION

If you google We are living in the age of the search engine automatically suggests these
possible endings in this order: science, technology, globalization, money success fame glamour
and finally information (see figure 1.1). This simple fact reveals the importance of science
and technology nowadays. It is not a coincidence that both appear not only at beginning,
but also one followed by the other: they are intrinsically linked to each other. Thanks to
technological developments, science is able to progress, and vice versa: there would not
be any further instrumentation development without advances in science. This mutual
momentum between science and technology is clearly evidenced in the development of
their nano counterparts: nanoscience and nanotechnology. Indeed, it was the invention of
the Scanning Tunneling Microscope in 1981 [1—3] what trigered, to a great extent, the
development of both fields.

Nanotechnology comprises the synthesis, design and manipulation of matter with at
least one dimension sized from 1 to 100 nm for its further application. It is based on the
recognition that particles smaller than 100 nm confer the nanostructures built from them
new properties and behaviors [4]. This happens because every property of a macroscopic
material has a characteristic length associated with it (e.g. average distance between
defects, electron mean free path, magnetic domain size, etc.). When at least one dimension
of a material becomes comparable to one or more of these characteristic lengths (many
of which are in the nm range), the fundamental physics and chemistry change. Here is
where nanoscience arises. Nanoscience is the study of materials and structures on the
scale of nanometers (the so-called nanomaterials) [5].

We have introduced the nanomaterials and their size-dependent properties. Not only
new fascinating physical properties arise when the size is reduced, but also novel chemical
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Figure 1.1: Proposed endings for the Google search We are living in the age of...
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properties blossom. The latter ones are highly related with the fact that the percentage of
surface atoms in the nanomaterials is very high compared with bulk objetcs, hence reac-
tivities of nanomaterials are larger than those of bulk materials. The chemical properties
thus include enhanced reactivity, high catalytic activity, porosity, self-assembly, reversible
interactions (error-checking) and selectivity [6]. On the other hand, among the physical
properties, it is worth mentioning the enhanced mechanical properties (high strength,
crack resistance), ballistic or quasiballistic electronic transport, surface plasmon resonance
in metal nanoparticles, superparamagnetism in magnetic nanoparticles and lower melting
point or phase transition temperature just to name a few [7].

Many of these properties can be tuned and exploited in many diverse applications
such as high density data storage, faster, flexible, and extremely miniaturized electronics,
optical devices, highly sensitive sensors, stronger and lighter materials, catalysis, water
purification, gas storage, gas detection, energy generation, energy storage, separation
processes, in-vivo imaging, diagnostics, drug delivery and many more.

Regarding the nanomaterials, in the eighties, with the discovery of fullerenes (spherical
structures made of carbon atoms) [8], was time for zero-dimensional materials. In the
nineties, with the finding of carbon nanotubes (cilindrical structures of carbon atoms)
[9], there was a growing interest for one-dimensional materials. Nowadays there is a
trend towards two-dimensional (or 2D) materials research. A 2D material has only one
dimension restricted to the nanometer range. This tendency started in 2004 with the
isolation of the first single atomically thin layer of carbon atoms with a honeycomb lattice,
known as graphene [10]. Since then numerous 2D materials have been researched [11, 12].
2D materials, that almost include all the elements of the periodic table, can be classified
into the following groups according to their composition [11-15]:

* X-enes: atomically thin materials of a single element (X): graphene (carbon atoms)
[10], silicene (silicon atoms) [16], germanene (germanium atoms) [17], phosphorene
(phosphorus atoms) [18] and antimonene (antimonium atoms) [19, 20].

e Carbide or nitride-based X-enes: carbon or nitrogen saturated forms of X-enes such as
hexagonal boron nitride (h-BN) [21] and silicon carbide (SiC) [22].

* Transition Metal Dichalcogenides (TDMs): with the form MX,, being M a transition
metal (from the 4th, 5th, or 6th group of the periodic table) and X a chalcogen (such
as S, Te or Se). MoS,, WS,, TiS,, TaS,, MoSe, and WSe, belong to this group [23-25].

o Semimetal Chalcogenides (SMCs): of the form MX, where M is a semimetal (Ga or In)
and X a chalcogen (S or Se). Examples: GaS, GaSe, InS and InSe. Despite their name,
they are semiconductors [26, 27].

o MX-enes: transition metal carbides, nitrides of carbonitrides with the form M,,.; X,
where M is an early transition metal, X is C and/or N, and n = 1, 2 or 3. Some
MX-enes are: Ti,C, Ti;C,, V,C and Ti;CN [28, 29].

* Layered metal oxides such as Ga,0O3, NiO, ZnO, TiO,, V,05 and MnO, [30].

* Layered Double Hydroxides (LDHs): a class of ionic lamellar compounds made up of
positively charged brucite-like layers with an interlayer region containing charge
compensating anions and solvation molecules. Examples: Mg;Al-NO;, Zn,Al-NO;,
Ca,Al-Cl and LiAl-NO; [31].
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* Synthetic organic 2D polymers: covalent organic frameworks (COFs), metal organic
frameworks (MOFs), and other coordination polymers [32].

But... how can we jump from 2D materials to real world applications based on them?
There is much work in between that comprises the measurement, understanding and tun-
ing (if necessary) of their properties and subsequent steps. Here the technology emerges
again with the available techniques for those purposes. On one hand there are techniques
to characterize the 2D materials. Some of the most important ones are [4, 5]: the afore-
mentioned Scanning Tunneling Microscope (STM), the Atomic Force Microscope (AFM),
the Scanning Near-field Optical Microscope (SNOM), the Scanning Electron Microsocope
(SEM), the Transmission Electron Microscopy (TEM), probe stations, tweezers for grabbing
molecules, X-ray diffraction, Infrared, Raman or X-Ray photoelectron spectroscopy (XPS),
magnetic resonance and techniques based on fluorescence. On the other hand, there
are technologies to synthesize 2D materials [33]: Chemical Vapor Deposition (CVD),
Molecular Beam Epitaxy (MBE), mechanical exfoliation, stamping transfer, chemical/-
solvent exfoliation, chemical synthesis, etc. The fabrication of nanostructures containing
the 2D materials are often needed to study such nanomaterials. The techniques used to
fabricate nanostructures are [4, 5]: optical litography, Electron Beam Lithography (EBL
or e-beam), MBE, Focused Ion Beam milling (FIB mill), Scanning Probe Lithography
(SPL), stamping transfer, Shadow Mask Deposition (SMD) combined with sputtering
or thermal evaporation and techniques to achieve nanoscale junctions (break junctions,
electromigration, STM and Conductive-AFM) [34].

1.1 MOTIVATION

This thesis is motivated by some of the open problems existing in nanoscience and
nanotechnology. From having a 2D material in the laboratory until its final application
there are several obstacles that hinders its use in real life. In the first stages of this process
the main challenges are: (i) achieve new 2D materials, (ii) properly characterize them to
obtain and tune their most appealing properties and finally (iii) develop new techniques
to perform this characterization (without damaging the nanomaterial) and possibly to use
them for the final application.

1.2 OBJECTIVES

Accordingly, the major goal of this thesis is to solve, to some extent, mentioned problems.
Specifically, it pursues the following objectives:

O1 To synthesize new 2D materials in a cost-effective manner

O2 To measure electronic and mechanical properties of new or already existing 2D
materials

O3 To develop new techniques to characterize them (specifically the electronic proper-
ties)
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1.3 CONTRIBUTIONS

The realization of the work presented here, focused on the achievement of these objectives,
has generated these contributions:

C1 Synthesis of a new metal-organic few nanometer thick film. Its synthesis is cost-
effective and is based on unexpensive reactives. The main contribution of this PhD
concerning this film is its electronic and mechanical characterization, where we
found outstanding properties. This kind of 2D material belongs to the last group of
two dimensional materials described above.

C2 Study of the mechanical properties of few-layer black phosphorus in ambient
controlled conditions. One atomic layer of black phosphorus corresponds to the
previously introduced phosphorene.

C3 Development of a new methodoly in order to fabricate electrical contacts in nano-
objects with high resolution, versatility, low cost and innocuousness for the nano-
object under test. This method enables the fabrication of nanocircuits and constitutes
an alternative/complementary technique to already mentionted techniques used
to create nanostructures or molecular junctions such as EBL, break juntion or
Conductive-AFM (which were introduced above).

1.4 STRUCTURE OF THE DOCUMENT

This document is structured as follows:

* Chapter 1 (present chapter) gives a brief introduction to the nanoscience, nano-
technology, nanomaterials, their properties, their applications, 2D materials and
experimental techniques used in nanoscience. It also presents the motivation, objec-
tives and contributions of this thesis.

Chapter 2 describes the main experimental characterization techniques used in this
work, namely, the Atomic Force Microscope and the Probe Station. The different
working modes that are used in this thesis are overviewed.

Chapter 3 reports on the mechanical properties of few-layer Black Phosphorus
nanosheets. These properties are measured by means of indetantions curves per-
formed with the AFM. The measurements are conducted in high vacuum and in
air ambient atmosphere. We characterize the time evolution of the mechanical pro-
perties with the exposure to ambient conditions and propose some mechanisms
responsible for the results obtained.

Chapter 4 introduces a new coordination polymer which can be easily process to
form few-nm thick films. These films are characterized to obtain their mechanical
and electrical properties which turn out to be very appealing for applications.
Special attention is paid to its electrical properties, that include high conductivity
and resistive switching. The mechanisms behind both phenoma are unraveled.

Chapter 5 presents a new approach for the fabrication of nanocircuits. We have
named this technique PANC, which stands for Probe Assisted Nanowire Circuitry. It
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is based on the adsorption of gold nanowires and its further nanomanipulation with
the AFM. Its main steps as well as its advantages are described. Some nanocircuits
fabricated via this technique are presented as well as representative measurements
performed on them. Finally, some future perspectives of this methodology are given.

¢ Chapter 6 presents the conclusions of this thesis and describes the future research
lines.

1.5 THREE MINUTE THESIS

I would like to finish this introductory chapter by adding a short introduction to this
thesis that I presented in the framework of the Three Minute Thesis competition in
Universidad Auténoma de Madrid in 2017. This is an activity contemplated within the
Doctoral Program of mentioned university. This competition is annually held in over 200
universities worldwide. It is open to PhD students to present their research in just 180
seconds with the aid of a single slide. The participants should engage the audience that
has no background in the research area.

To capture the attention of the (non-expert) audience, I focused my presentation in one
of the main potential applications of my research which is the miniaturized electronics
(see figure 1.2). I overviewed the evolution of transistor size, that follows the well-known
Moore’s law. This law states that the number of transistors that can be installed on an
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Figure 1.2: My three minute thesis competition slide. Slide that I used in the competition to
support my exposition.
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integrated circuit doubles every two years [35]. I performed, in parallel, a comparison
between the evolution of the characteristic length of the transistor with the size of known
objects (in the Y axis of figure 1.2). Furthermore, I presented typical electronic devices
that employed those transistors at each decade (a pocket radio, a personal computer
and a smart phone), including some representative music groups in order to make a
framework of reference. Then, my speech introduced the problem of the further size
reduction of the transistor, that is currently reaching a limit if no new technology is used.
This new technology corresponds to the molecular electronics. At that particular moment
is when I revealed my thesis’s targets: (i) the development of new ways to construct
smaller and more efficient transistors, (ii) the measurement of properties of materials
that are candidates to be part of these transistors and finally (iii) the development of new
technologies for the study of those materials. I also enumerated then some of the main
problems we face when accomplishing such tasks. Finally, I stated the expected impact of
my thesis, which is the use of its results (i) by other researchers to progress in the same
research line and (ii) in the fabrication of devices that increase our life quality (as for
example being part of robots).



EXPERIMENTAL TECHNIQUES

This chapter describes the two main experimental tools used along this thesis, which are:
the Atomic Force Microscope (AFM) and the Probe Station. First, the fundamentals of
AFM are presented including its main parts and the particular AFMs I used. Second,
the AFM modes used in this work are described. Third, the principle features of a Probe
Station are given. After that I describe the two types of Probe Stations employed in this
thesis. Finally, the operation modes of this tool are reported.

2.1 ATOMIC FORCE MICROSCOPY
2.1.1 Introduction

The Atomic Force Microscope belongs to the Scanning Probe Microscope (SPMs) family.
This family comprises some of the instruments used for studying the properties of
materials from the atomic (10~ '° m) to the micro (10~® m) level. All the microscopes
belonging to SPM essentially work by positioning a sharp tip (probe of a few nm at its
apex) in contact, a few angstroms or one or several nm above the sample to be measured
[36]. The tip scans the surface of the sample line by line to obtain the image. The key
feature of a SPM is the ability to maintain the tip-sample distance constant while the
tip is rastering accross the substrate (in the XY plane) in a highly controlled manner.
To accomplish this with a few picometers (10~'? m) precision, a signal (that should be
very sensitive to the tip-sample distance) must be acquired. That signal comes from the
tip-surface interaction that can have different physical origins. The different tip-sample
interaction yields the different kind of SPMs, the most well-known are: (i) the Scanning
Tunneling Microscope (STM) where the interaction is the tunnel current between the
tip and a conductor or semiconductor sample, (ii) the Atomic Force Microscope (AFM)
where the interaction is the set of forces that exist between tip and sample at that scale and
finally (iii) the Scanning Optical Near-field Microscope (SNOM) where the interaction
corresponds to the evanescent waves of light. All mentioned interactions decay very
quickly with the tip-sample distance. It is just this strong dependency between interacion
and distance what gives the SPMs the extremely high sensitivity to the topographic
features of the sample and the origin of their high resolution [37]. The use of (i) a Z closed
control loop that keeps constant the tip-sample interaction and so the tip-sample distance
and (ii) a high resolution XY scanner that perform the raster scan, allow the acquisition of
high resolution three-dimensional images with SPMs. Figure 2.1 shows the scheme of a
generic SPM. In order to probe the different local properties of the sample in an SPM, a
proper transducter is required to transform the changes in the tip-sample interaction into
a magnitude that is processable by the feedback system.

As it was mentioned in chapter 1, the STM was developed in the early 80’s by Gerd
Binnig and Heinrich Rohrer [1-3]. In 1986 both scientist were awarded with the Physics
Nobel Prize for their development of the STM (award shared with Ernst Ruska for his
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Figure 2.1: Schematic of a generalized SPM. Source: [36].

design of the first electron microscope). In the same year, Gerd Binnig, together with
Calvin Quate and Christoph Gerber, developed the AFM [38].

As the STM is based on the measurement and control of the tunnel current, it is
restricted to conductor or semiconductor samples. On the contrary, the AFM can be
applied to insulator samples too. This ability of the AFM combined with its versatility
to operate under different kind of environments (air, liquid, vacuum, controlled atmo-
spheres, etc.) make the AFM the most flexible and widespread microscope among the
SPMs. As evidence of it, AFM is used not only for fundamental research but also for
technological applications. Moreover, the AFM is able not only to take 3D images with
high magnification, but also is capable of manipulating nanostructures [39], performing
lithography [40] and spectroscopy [41], measuring the electrical [42, 43], mechanical [44],
magnetic [45], piezoelectric [46] and friction [47] properties, among others.

Nanoforces group, where I carried out my doctoral thesis, is pioneer in the development
of the AFM technique in Spain. In fact, some professors of the previous research group
(Laboratorio de Nuevas Microscopias), founded a company devoted to the manufacuring,
development and sale of SPMs, the software used to control them and to process the
acquired data, and also auxiliary technology. This company was Nanotec Electrénica.
After working some years in the Laboratorio de Nuevas Microscopias, I had the chance to
work in Nanotec Electrénica for two years and a half as a technician, in the testing and
R&D department.

Part of the work of previous thesis accomplished in the Nanoforces group [37, 48-53]
performed improvements in the AFM technique, and they describe it in detail. In this
dissertation I described the basic concepts and the working modes employed in the
experiments.

An AFM, as it was explained before, is a SPM in which the tip-sample interaction used
to acquire the images is the force existing between them. In this case the tip is located at
the end of a microcantilever, and the interaction yields a deflection of it (or, depending on
the mode, a change of its amplitude and/or resonance frequency if it is oscillating). This
deflection can be detected by different ways being the optical beam deflection (OBD) the
predominant one (and the one used here). OBD consists on using of a focused laser beam
that hits the end of the cantilever (just above the tip). The beam is reflected there reaching
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a photodiode detector. A change in the deflection of the cantilever (due to the tip-sample
interaction) leads to a shift in the vertical and horizontal coordinates of the spot laser on
the detector [37]. The latter transforms this spot shift into a pair of voltages: one accounts
for the vertical deflection (normal force) and the other for the torsional deflection (lateral
force). In most AFM modes the lateral force is almost constant (compared to the normal
force) and is the normal force the most considered one.

The tip is approached to the sample surface firstly by a coarse positioning systems
(DC motors, stepper motors, piezoelectric motors, etc.) until it is several microns far from
the sample. Afterwards, a piezoelectric system brings the tip closer to the sample, until
the tip-sample interaction reaches the value at which the sample can be imaged. Then
the feedback system maintain the tip-sample distance constant by keeping constant the
value of a magnitude that is related to the tip-sample interaction (e.g. the normal force,
the oscillation amplitude, the resonance frequency, etc.). By doing that while the sample
is scanned, a Z(X, Y) surface of it is obtained. That scan is performed by a piezoelectric
scanner which can move either the tip over the sample, or the sample under the tip in a
raster pattern. The AFMs I used along my thesis have the second setup (the tip is fixed
and the sample moves).

ﬂASER

TIP-CANTILEVER

PHOTODIODE /
d
///-

/ SAMPLE

XY
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AFM controller
electronics

Z regulation
(feedback)

PIEZOELECTRIC
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Figure 2.2: Schematic of an AFM. Nanotec Electrénica and/or UAM-Segainvex developed the
mechanics and electronics of the AFMs used along this thesis. The software package
used with them (WSxM) [54, 55] was developed at and Nanotec Electrénica. Left
schematic was extracted from: [56].
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The main parts of an AFM are: (i) the mechanics, that includes: the coarse Z positioning
system, the piezo scanner, the sample holder, and the so-called AFM head (that contains
the laser, cantilever holder, cantilever with the tip and the photodiode detector), (ii) the
electronics, comprising the photodiode detector electronics, the high voltage unit, the
signal conditioning unit and the controller, and finally (iii) the software. A diagram
showing a generic AFM with the mentioned parts is depicted in figure 2.2. Furthermore,
an AFM is usually coupled to an optical microscope to place the tip in the area of interest
of the sample.

2.1.2  AFMs used along this PhD

The electronics and mechanics of all the AFMs used along this thesis, were designed and
fabricated by Nanotec Electronica and UAM-SEGAINVEX. Prof. Julio Gémez Herrero
(full proffesor at U.A.M., Nanoforces group leader and former co-founder of Nanotec
Electrénica) and Dr. Pablo Ares (former Nanotec Electrénica application scientist and
PhD by U.A.M. at Nanoforces group) were intensively involved in the mechanics and
electronics of them. The software I used to control de AFMs and process the acquired
data is the WSxM [54, 55]. It was created and developed in Nanotec Electrénica. It is a free
software worlwide used. Currently, Ignacio Horcas Calvo (former director of software
and technical project manager in Nanotec Electrénica, and current software and electrical
engineer in the Condensed Matter Physics Department at U.A.M.), is in charge of the
mantainance of this software among other tasks.

Three AFMs were used to perform most experiments of this thesis. Two of them can
operate in air and in a controlled atmosphere (such as argon, nitrogen, etc.). The other
one can also work at a controlled pressure from high vacuum (~10~® mbar) to 3 bar. I
used the two first at air and at argon atmosphere and the second one in high vacuum and
in air.

Figure 2.3 shows the electronic control unit (2.3(a)) and the software (software cover
shown) (2.3(b)) that were used whith each AFM employed in this thesis. Figure 2.4
displays two pictures of the mechanics of each AFM used in this thesis.

(b)

UScnnning Probe Microscopy Software
— = e

Figure 2.3: Electronic control unit and software used with the AFMs employed in this thesis. (a)
Electronic control unit. (b) Software cover.
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Figure 2.4: Mechanics of each AFM used in this thesis. Some of their main parts are highlighted.
(a) and (b) correspond to the first AFM used, that can operate in air and in controlled
atmosphere. (c) and (d) depict the second AFM used, that works in ambient conditions
or at a controlled presure (~10° mbar - 3 bar). (e) and (f) displayed the last AFM
employed, it can operate at air or in a controlled atmosphere such as argon environment.
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2.1.3 AFM standard operation modes

In a AFM there are different forces that cause the cantilever deflection. They can divided
into: (i) long range attractive or repulsive forces (electrostatic and magnetic forces), (ii)
medium range forces (van der Waals forces, attractive as well) and (iii) the short range
forces (chemical, Pauli eletronic repulsion, capillary, adhesion, deformation, friction,
meniscus, etc. forces). Depending on the tip-sample distance at which the AFM image is
acquired, we will have a mix of some of the previous forces. However, one of them usually
prevails over the others. Therefore, by keeping constant a magnitude related to that
predominant interaction, the AFM image is acquired. But this is just an approximation
due to the fact that several interaction actually contribute to the formation of the image
[37]. The main AFM operation modes are classified according to the kind of interaction
whose magnitude is kept constant. But when acquiring a topographic image, the repulsive
and attractive forces (mainly electronic repulsion and van der Waals forces respectively)
define the common measuring modes:

* Contact mode (CM). This is the first mode developed and the simplest one. The tip is
in mechanical contact with the sample while the scanner traces the sample under the
tip. The magnitude which is kept constant is the vertical deflection of the cantilever
(proportional to the normal force). The forces that cause this deflection are the Pauli
repulsion (which is repulsive and the prevailing one) and others such as capillary
and adhesion forces (both attractive but much more lower). Although this mode
presents some advantages (is not affected by the artifacts of other modes when
measuring heights, and it can achieve lattice or pseudo-atomic resolution) it has a
major drawback: the dragging or friction forces caused by the lateral displacement
of the tip can substantially modify the sample (specially when the nanoobjects
adsorbed on the sample surface are weakly attached).

* Dynamic modes. The common feature of these modes is the oscillation of the cantilever
close to its resonance frequency. The tip-sample interacion forces cause a shift of its
resonance frequency (due to conservative forces) and a reduction of its amplitude
(due to non-conservative forces). One or several magnitudes related to the dynamics
of the cantilever (e.g. amplitude, frequency, phase or dissipation) are kept constant
during the scanning. By using these modes one can choose to measure in the hard
intermittent contact regime (governed by the repulsive forces, tapping the surface) or
in the soft non-contact regime (attractive regime). This second option is less invasive,
since the tip is almost never in contact with the sample. In any of both regimes
the tip-sample friction force is negligible, thus, the dynamic modes are much less
invasive than the contact mode. Aditionally they allow measuring lower forces
than contact mode. There exist several dynamic modes, the most used ones are:
the Amplitude Modulation AFM (AM-AFM) [57] and the Frequency Modulation
AFM (FM-AFM) [58]. AM-AFM is used in this thesis to acquire images in ambient
conditions. Another dynamic mode, called Drive Amplitude Modulation AFM
(DAM-AFM) [59] is also used here, specifically to take images at high vacuum. They
will be addresed in some detail below. Ricardo Garcia and Rubén Pérez [57], as well
as Franz Giessibl [60] published superb reviews of AFM dynamic modes.

e Jumping mode (JM). In this mode the magnitude that is maintained constant is the
normal force, as in the contact mode. However, in the Jumping Mode [61] the lateral
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displacement of the tip is performed far from the sample. At each point the tip
approaches the sample until a fixed value of the normal force is reached, then the
tip withdraws, moves to the next point at repeats the same process. Hence, as the
lateral displacement is performed out of contact, the friction forces vanish. JM is a
clear intermitent contact mode. It allows controlling the forces down to pN. As in
liquid environment the adhesion forces are very low, this mode is highly efficient in
that environment.

In what follows, only the AFM modes used along this thesis will be described in some
detail.

2.1.4 Amplitude Modulation AFM (AM-AFM)

Each AFM dynamic mode is characterized by keeping constant a certain (or a few)
magnitude(s) of the dynamics of the cantilever within the feedback loop to image the
sample. In AM-AFM mode, the amplitude of the cantilever is maintained constant. In a
tirst approximation, the amplitude decreases linearly with the tip-sample distance, thus,
keeping the amplitude constant means having a constant tip-sample distance. Therefore,
the output of the feedback loop is the change of the Z vertical position the scanner piezo
must undergo to mantain the amplitude constant. In other words, the output of the loop
is the topography.

In order to acquire the amplitude (and the phase) of the oscillating motion of the
cantilever, a Lock-in amplifier is used.

If we consider the cantilever as a point-mass spring, in the absence of tip-sample
interaction but under the influence of damping, it is derived that (see appendix A.1): (i)
damping causes a change in the resonance frequency of the cantilever and (ii) this change
modifies the phase shift. Hence, phase imaging in the AM-AFM mode is a way to map the
tip-sample inelastic interactions [62], such as adhesion, viscoelasticity, Young’s modulus,
etc. [63, 64].

If we now discard the damping but introduce a tip-sample force (F¢;), assuming a
parabolic tip-sample interaction potential, we will have that (see appendix A.1): (i) the
resonance frequency is modified by the gradient of the interaction force and (ii) this
implies a whole shift of the resonance curve and a shift in the phase curve.

For small force gradient, the amplitude change is given by [65]:

 2A0Q dFys
3v3k dz

where z is the vertical position of the tip at each moment, k is the spring constant of
the cantilever, Ay is the amplitude at the resonance frequency of the free cantilever and Q
is the quality factor of the cantilever. Therefore the amplitude change is proportional to Q
and very sensitive to the variations of the tip-sample distance. This allows the use of the
amplitude as the feedback magnitude to image the samples in the AM-AFM mode. In
summary: a change in the tip-sample distance yields a variation in the force gradient, this
implies a shift of the resonance frequency which changes the amplitude.

It is important to stress that there are two causes for the decrease in the amplitude: (i)
the change of the amplitude itself due to non-conservative interactions (dissipation by the
change of the Q factor with tip-sample distance [66]) and (ii) the change of the resonance

(2.1)
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frequency due to conservative interactions (the mentioned variation of the effective force
constant caused by the tip-sample force gradient).

Another interesting aspect to mention here is that real interactions such as van der
Waals, electrostatic or repulsive interactions, are not described by a quadratic potential,
and the oscillation amplitude are not small. Hence, the above approximation cannot
generally be applied to the understanding of realistic dynamic AFM [67].

AM-AFM mode is the most used imaging mode along this thesis, indeed it was always
employed except in high vacuum environment.

2.1.5 Amplitude Modulation + Phase Lock Loop AFM (AM+PLL-AFM)

This is a variation of the standard AM-AFM mode, in which there is an extra parallel
feedback loop to maintain the cantilever phase constant. This loop is called Phase Lock
Loop (PLL) [68]. As explained in appendix A.1, when the cantilever is at its resonance
frequency, the phase shift takes the value 71/2, ergo, by keeping the phase shift equal to
71/2, the cantilever will oscillate at its resonance frequency.

In AM-AFM the amplitude drop is originated by a mix of conservative and dissipation
interactions. On the contrary, in AM+PLL-AFM the amplitude drop is caused exclusively
by dissipaction forces (the cantilever is allways at resonance). Another advantage of the
use of PLL is that, as the cantilever is always oscillating at its resonance frequency, it is
very sensitive to amplitude changes caused by topography variation. For more details
about this mode see appendix A.1.

2.1.6 Drive Amplitude Modulation AFM (DAM-AFM)

In the case of DAM-AFM dynamic mode, the magnitude that is kept constant to acquire
the topography of the sample is the amplitude of the driving force, which is related to
dissipation (for detailed information see appendix A.3).

The use of AM-AFM cannot be extended to high vacuum environments. In such
cases, the Q factor is highly increased (~1-2 orders of magnitude with respect to air
environment). For those high Q factors, the dynamics of the cantilevers is dominated by
transients, which is reflected in large response times against parameter variations. This
makes the slope detection method used in AM-AFM not suitable for vacuum applications
[57]. This problems is overcome by FM-AFM and by DAM-AFM.

FM-AFM is the most extended mode for vacuum environment, however the transition
from noncontact to contact regime causes a instability in the feedback loop [69]. This draw-
back is overcome, to some extend, by DAM-AFM thanks to the fact that the dissipation
generally increases monotonically as the tip approaches the sample [70].

DAM-AFM mode was used in this PhD to measure in high vacuum conditions (part of
the chapter 3).

2.1.7 Conductive AFM (C-AFM)

As it was emphasized before, not only does the AFM acquire topographic images of the
surface of the sample, but it is also able to measure a variety of properties of it or of
the nanoobjects adsorbed on it. A special case, which will be treated in this thesis, is
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the measurement of electrical properties. There are basically two ways to probe such
properties of a nanoobject with an AFM: (i) using a metal-coated tip as an active and
movable electrode or (ii) use it as a probe to detect the electrostatic force between the
tip and the sample when there is a voltage difference between them. The first method
is called Conductive AFM (C-AFM) whereas the second one is known as Electrostatic
Force Microscopy (EFM).

The simplest way to carry out electrical transport measurements on a material is to
place it between two electrodes, apply a voltage ramp between them while the current
flowing through them is registered simultaneously. This basic experiment yields a Current
versus Voltage curve (IV characteristic, IV curve or simply IV). Although the execution
of this experiment seems quite easy, it becomes highly difficult when the material under
study is a nanoobject. This is due to its small dimensions and the difficult realization of
good electrical contacts between the nanoobject and the required electrodes. The above
introduced C-AFM uses a conductive tip that acts as a mobile electrode to locally measure
the current when a bias voltage is applied between the tip and the sample (Vi) while the
tip is in contact with the sample. The other required electrode is already present in the
sample and can be made by several ways (thermal evaporation using stencil masks, EBL,
sputtering, etc.).

Possible C-AFM setups are shown in figure 2.5. Panel 2.5(a) shows the vertical geometry,
in which a conductive substrate is required. Assuming a 1D or a long 2D nanoobject,
this configuration allows measuring the transversal (or out-of-plane) current of the it.
Panel 2.5(b), on the contrary, shows a configuration able to measure the longitudinal
(or in-plane) current of the nanoobject. This is the horizontal geometry in which the
nanoobject must be partially covered by (or placed on) the other electrode and adsorbed
on an insulating substrate. Whithin the C-AFM technique, the tip features a nanoscale
positional control, nano-Newton force control and pico-Ampere current sensitivity [71].

There are several variations of C-AFM: (i) measure in contact mode while V;; is applied
[72, 73], (ii) measure in jumping mode at the same time that Vi is fixed between the
tip and the sample [74] and (iii) under contact or jumping mode, acquire a IV curve at
each pixel of the image. These methods are based on contact or jumping mode, so, they
cannot be used for all kind of nanoobjetcts. Furthermore, the conductive tip, as it is in
contact with the sample, becomes contaminated and/or peeled off, giving an increased
tip-sample resistance.
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Figure 2.5: Conductive AFM configurations. Red arrow depicts the path followed by the current in
each scheme. (a) Vertical geometry, used to acquire the transversal current through the
nanoobject under study. (b) Horizontal geometry, employed to measure the in-plane
current. Adapted from [71].
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In order to solve mentioned issues, Nanoforces group conceived a new C-AFM me-
thodology: image the sample in a dynamic mode and perform IVs in selected points.
Firstly, we should measure the topography of the sample by means of a dynamic mode,
second zoom in on the area of interest, third select a point where to obtain the current,
fourth bring the tip into stable contact with the sample at that point and then perform
an IV curve. In addition to get rid of lateral forces of CM and JM (at the edges of a
nanoobject) this technique allows the measurement of IVs at preselected points of a
nanoobject yielding an electrical characterization as function of its length. In figure 2.6(a)
the setup of this type of characterization is depicted (extracted from [75]). In particular,
an IV curve is performed at three points of a 1D nanoobject (at distances L, L, and L3
from the gold electrode). From each IV, the resistance of the nanoobject is obtained (Ry,
R; and R3) for each distance. This enables us to plot of the resistance vs. the length of the
nanoobject (R(L)). Figure 2.6 shows the procedure to obtain a R(L) of a SWCNT (adapted
from [75] and [76]).

The first advanced AFM measurements I carried out in Nanoforces group were the
electrical characterization of carbon nanotubes and graphene nanoribbons using this last
type of C-AFM, some years before the beginning of this PhD [75, 76]. In the framework of
this thesis, I used C-AFM in chapter 5 to accomplish R(L) plot of a few-layer graphene
flake.
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Figure 2.6: Conductive AFM to perform a R(L) on a 1D nanoobject. (a) C-AFM setup used to
acquire a R(L) on a SWCNT. (b) IV curves acquired at different points of the nanotube.
(c) R(L) obtained from the inverses of the slopes (at o V) of IVs in (b), the nanotube
measured is shown in the top AFM topography of (c). Adapted from [75] and [76].
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2.1.8 Kelvin Probe Microscopy (KPM)

The electrostatic interaction has a long range and it is usually stronger than other long
range interactions (e.g. van der Waals or magnetic interactions). It is produced by the
presence of an electrostatic potential between the tip and the sample (which can be caused
by charges, dipoles, polarization induced in the substrate, a voltage applied to a metal,
etc.).

As it was introduced in section 2.1.7, EFM probes the electrostatic force between the tip
and the sample when there is a electrostatic potential between them (U) [77]. U induces an
electric field that gives rise to the interaction energy (W) and the subsequent electrostatic
force (F). If we assume the absence of nett charges, we have:

weleu? — fpy = WEB __13CE)

o 2
2 0z~ 2 oz U (2:2)

where C is the capacitance of the system that depends on the tip-sample distance, on
the geometry and on the dielectric properties of the tip-sample system. This wide depency
of the capacitance hinders the interpretation of the EFM data. Moreover, due to the long
range character of this interaction, not only the tip apex, but also the tip cone and the
cantilever, contribute to the electrostatic force acquired by EFM. These problems were
addressed by plenty of researchers [42, 78-82]. By measuring the force gradient (0F(z)/0z
in this case) instead of the force, the cantilever and the tip cone contributions are removed
[42, 67].

Although the electrostatic interaction is usually stronger than others, it is not always
easy to extract it from the rest of the forces exerted on the probe. There are two main
approaches to isolate the electrostatic force:

¢ Perform the scanning of the sample with the tip placed at a higher distance from the
sample while a constant voltage is applied between them. If the tip is withdrawn
more than 10 nm and there are no magnetic forces, the electrostatic force will
dominate over the rest. This approach is mainly carried out through the lift mode
or retrace mode, in which the tip performs a second scan of a line repeating the
topographic profile but at a higher distance from the sample, with a voltage applied
to it and with the feedback loop open [83]. This results in a pair of images: the
topography and the map of the electrostatic interactions. The latter one could be the
phase or the frequency shift of the oscillation of the tip in the second scan.

* Apply an alternate voltage between the tip and the sample whose frequency is
different from the one used to acquire the topography (a dynamic mode is usually
employed in EFM). By means of Lock-in techniques, the electrostatic contribution
can be isolated. An obvious advantage over the previous method is the higher
acquisition speed of this approach, since in this case a second scan is not required.

Kelvin Probe Microsocopy is a technique that belongs to the second approach [43, 8o,
84]. KPM measures the Contact Potential Difference (CPD, Vcpp) between the sample
and the tip. The CPD is due to the difference of the work functions of the tip and the
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sample (Pip and Pgqmpie respectively) when they are electrically connected. CPD is
defined as [85]:

<Dtip - q)sample
e

Verp = — (2.3)

where e is the electron charge. If it is assumed that the work function of the tip does not
change during the measurement, then the differences in the measured values of Vcpp can
be directly related to the work function of the sample. Indeed, if the work function of the
tip is calibrated, the absolute value of the work function of the sample can be obtained.

The electrostatic potential (Ul) that appears in the expression of the electrostatic force
(equation 2.2), includes the voltage difference applied externally between the tip and
the sample, and the Vcpp. In the case of KPM the voltage applied to the sample has a
direct and a alternate component with angular frequency (w): Vext = Vpc + Vacsin(wt)
therefore, the electrostatic force takes the form:

_18C(z)
2 0z

The resulting electrostatic force has a DC, a w and a 2w components:

F(z) = (Vbc + Vacsin(wt) — Vepp)? (2.4)

F(z) = Fpc + Feusin(wt) + Fo,sin(2wt) (2-5)
where:

Fpc = _;8Ca(zz) (Vbc — Vepp)? + %V/Z\c (2.6)

Fo = —% 8Ca(zz) (Vbc —Vepp)Vac (2.7)

Fow = J‘ag(zz)v/ic (2.8)

According to expressions 2.6 and 2.7, when the DC component of the external voltage
applied between the tip and the sample Vpc is equal to the contact potential difference
Vepp, Fw is cancelled and Fpc is minimized. KPM is, therefore, based on an extra
feedback loop that applies the proper Vpc to nullify the Fy, term. The output of this
feedback provides the CPD map and the sample work funtion image if ®;, is known.

There are two major KPM approaches: the Amplitude Modulation scheme (AM-KPM)
and the Frequency Modulation one (FM-KPM) [86]. The first one is the one described
before, where the amplitude of the w component is detected and cancelled (or minimized).
The FM-KPM detects the frequency shift of the w component of the motion of the
cantilever, which is propotional to the w component of the electrostatic force gradient.

1 dF
Wesr W —Aw = w (1 — 2kdz> (2.9)
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where F is the "perturbating” force that, in this case, corresponds to F, given by
expression 2.7.

In addition, the selection of w in both modes is different: in AM-KPM the first resonance
frequency of the cantilever is used to mechanically excite it, to follow the topography,
and the second resonance frequency is used for the electric bias voltage. This enhaces the
sensivity due to Q factor amplification at that resonance. In FM-KPM the bias voltage
oscillates at low frequency (1-10 kHz, very far from the mechanical cantilever resonance)
to minimize cross-talk with topography.

FM-KPM has an outstanding advantage, which was already mentioned: thanks to the
use of the force gradient (instead of the force itself), the contribution to the electrostatic
signal coming from the cantilever and from the tip cone are minimized for a certain range
of tip-sample distances. Therefore the tip apex contribution is dominant enhacing the
resolution of the KPM data [42, 67].

Along this PhD, KPM was used in chapter 4 to acquire the contact potential difference, or
surface potential, of metal-organic ultrathin films. The FM-KPM approach was employed
with w ~ 10 kHz while imaging the sample with the AM+PLL dynamic method.

2.1.9 Force vs. Distance curves

A very common measurement in AFM is the acquisition of the so-called Force vs. Distance
curves (FZ) [87]. The acquisition of such curves consists of registering the normal force
(through the vertical deflection of the cantilever) as the piezoscanner monotonously
moves the sample up and down in the Z direction (perpendicular to surface). From the
data of these curves a lot of information can be extrated: adhesion, stiffness, elasticity,
hydrophobicity and mechanical properties of nanoobjects, just to name a few [87, 88].
Fig 2.7 displays a FZ curve acquired during a complete load/unload cycle on a highly-
ordered pyrolytic graphite (HOPG) substrate in ambient conditions. It comprises an
approach (green) and a retract (red) cycles. At the beggining the tip is at point A, some
nanometers far from the sample, thus the cantilever does not experienced any deflection.
The sample starts approaching the sample maintaining the zero deflecion. This is the case
of the B flat part of the green plot. As the sample gets closer to the tip, the cantilever is
not longer stiff enough to mantain its zero deflection: the attractive force between the
sample and the tip has a gradient higher than the elastic constant of the cantilever, the
systems becomes unstable and the tip "jumps into contact" getting in touch with the
sample. That is the vertical C section (snap in) of the green plot. After that, the piezo
scanner keeps pushing the sample against the tip moving both together. If the sample is
hard enough not to be deformed with the applied force, the cantilever deflection (in Z, in
nanometers) should be the same as the piezo’s displacement. That stage corresponds to
the D linear part of the green graph. At point E the approach cycle has finished and the
piezo scanners starts moving down (retract cycle). Again, as the scanner moves backward,
tip and the sample move together until point F. In this retract cycle, the tip does not
detach from the sample at the same Z nor force as in the approach cycle: there is an extra
force needed to separate them. That force is the adhesion between the tip and the sample.
The adhesion force in air (enviroment at which the curve was acquired) is high due to
the always present layer of water on the sample, that creates a water meniscus between
the tip and the sample. Indeed, the same curve acquired with the same kind of cantilever
performed in liquid enviroment would have almost no hysteresis. At point F, the tip gains
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Figure 2.7: Deflection and force vs. distance curves. DZ and FZ curves acquired at air on a HOPG
substrate. The most important points and parts of the curve are marked. See main text
for details.

enough elastic energy to detach from the sample and comes back to the initial deflection
point. This abrupt change in the deflection of the cantilevers corresponds to the G vertical
part (snap off) of the red plot.

Assuming a substrate hard enough not to be deformed, the applied force (F,, normal
force) can only deflect the cantilever and therefore the deflection (D) detected by the
photodiode sensor (in volts) accounts exclusively for that deflection. As the cantilever
follows the Hooke’s law, we will have, that F,, = k.AZ, where k. is the spring constant
of the cantilever and AZ is the change of the Z position of the cantilever. This linear
relationship between the normal force and the Z displacement of the piezo in hard
surfaces allows us to obtain the sensitivity (S) of the photodiode sensor in nm/V (the
output of the photodiode is the deflection D, in volts). The sensitivity, thus, is merely the
inverse of the linear part of a FZ curve (strictly speaking of a deflection curve "DZ" yet)
performed on a very hard surface (see figure 2.7). Hence, S, together with the cantilever
spring constant, provides the conversion from the volts of D given by the photodiode to
nanoNewtons of the F,,:

nN nm

Fa(nN) =ke (= ) s (5F) DIV 2.10
n(nN) = ke <nm> v )PV (2.10)

The shape of an FZ depends on the environment at which it was performed, as we have
seen, but also on: the Z excursion, the value of the spring constant of the cantilever used
and the elastic constant of the nanoobject or substrate where it was acquired. Besides, FZ
curves are affected by the piezo’s non-linearities.
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2.1.10 Indentation Curves

When the sample under study is deformed by the applied forces, the comparation of the
FZ curves acquired on it and the ones acquired on a hard substrate gives information
about the deformation and the mechanical properties of the sample. This method has
been followed to mechanically characterized biological materials [89], nanosized protein
cages (such as viruses) [90, 91] and 2D materials [44, 92], just to name a few.

Let’s assume we have a nanosheet on a cylindrical hole, and we pushed the resultant
drumhead at its center: it will become deformed. This is prortrayed in figure 2.8(a) that
shows the cross-sectional view of the system. In that case, as in any in which a nanoobject
is deformed, part of the total displacement of the piezo (Z) is used to deflect the cantilever
(deflection, d) and another part to deform the nanoobject (deformation called indentation,
d) (see figure 2.8(a) and (b)). Therefore:

Z=d+5% (2.11)

The curves from which the mechanical properties, such as the elastic constant or the
Young’s modulus, can be extracted are the indentations curves. They plot the normal
force vs. the deformation of the nanoobject: F(6) or F. Once we have performed a FZ on
the nanoobject (figure 2.8(a) and (d) green line where the nanoobject is the drumhead)
and another one on the hard substrate (figure 2.8(c) and (d) blue line) for the same force
range, we have two sets of data for Z. As the deformation of the hard substrate is zero
(6 =0), we have:

ZLnanoobj =d+5d
ject

- ZnanoobjectJ Fo — Zhard—sustFo = 6J Fo (2-12)
Zhard—subs =d

where Zqrd—subs is the piezo displacement of the FZ on the hard substrate and
Znanoobject the same magnitude on the nanoobject. Hence, according to equation 2.12, &
is obtained by subtracting, for each value of the force, the Z (piezo displacement) of the
FZ on the hard surface from the Z of the FZ on the nanoobject (see figure 2.8(d)). Then,
the indentation curve is simply the force of the FZ on the nanoobject vs. 5 computed that
way (figure 2.8(e)).

In chapter 3 I will present indentation curves performed on few-layer black phosphorus
nano-drums to extract mechanical properties of that 2D material.
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Figure 2.8: Nanoindentation experiment chart and obtaining of an indentation curve. (a) Cross-
sectional view of a drumhead pushed by the AFM tip through a Z vertical piezo
displacement. (b) Same view as (a) but without piezo displacement. (c) Same view as
(a) but the tip is on the hard substrate of the sample. (a), (b) and (c) includes relevant
distances and their relationships. (d) FZ on the hard substrate (blue line), FZ on the
drumhead (green line) and F$ (indetation curve) on the drumhead (red line). Vertical
displacement of piezo when pushing the drumhead, when pushing the hard substrate
and the deformation of the nanosheet (8) are highlighted with dashed arrows. (e)
Indentation curve on the drumhead extracted from (d). Red lines in (d) and (e) plot the
same data.

2.1.11 Generalized Curves vs. Distance

The ability to register a magnitude while the piezo scanner is moving up and/or down
is much more general than what we have seen so far, where solely the normal force
is acquired. WSxM allows recording different signals while the vertical position of the
sample is changed. Some of the most relevant are:

* When working in dynamic mode: the amplitude (A) and the phase ($) of the
oscillating motion of the tip, together with the FZ (see figure 2.9(a)). In these plots
three regimes are visible: (ii) noninteractive regime (region with Z < 0 nm where
the amplitude and the phase are constant), (ii) control regime (for 0 nm < Z < 22
nm where the amplitude approximately has a linear dependence with Z allowing
AM-AFM mode) and (iii) contact regime (for Z 2 22 nm where the amplitude and
phase are constant again).

¢ When measuring with a C-AFM setup: the current (I) that flows through the tip
coming from the sample, along with the FZ (see figure 2.9(b)). The green lines plot



2.1 ATOMIC FORCE MICROSCOPY 23

10 15 20

—~
QD
S
1
-
| o
1=
| ©
!
1o
o
a1

25 30 35 (b) -20 0 20 40 60 80 100 120

160 - -
<
140 + 3.
> -
~—120 | -
100 +
80 1 1 | | 1 1 1 1 | i j j j j i L
-15-10 -5 0 5 10 15 20 25 30 35 20 0 20 4 60 80 100 120

Z (nm) Z (nm)

Figure 2.9: Multiple signals vs. distance curves. Green lines correspond to the approach cycle and
red ones to the retract cycle. (a) Normal force, amplitude and phase vs. piezo displace-
ment plots from AM-AFM mode working conditions. The curves were performed with
a 3 N/m (nominal) silicon cantilever on a SiO, substrate. (b) Normal force and current
vs. Z graphs working with the horizontal C-AFM set up. The plots were acquired on a
gold microelectrode with a 56 N/m (nominal) doped diamond tip and a bias voltage
between the tip and the sample of few mV. There was a protective resistor of few kQ
connected in series.

the signals when the tip approaches the sample and the red ones the same signals
when it withdraws. As the tip approaches the sample, unless a force higher than 50
nN is applied (Z > 80 nm), there will be no current. This is due to contamination
and the need for a good mechanical contact for the current to flow. For higher forces
the current remains the same. In the retract cycle the current is kept constant until
a force of about 25 nm (Z = 60 nm) is reached. At lower forces it vanishes. The
hysteresis in the current vs. Z plot is due to adhesion between the tip material and
the sample. There is a considerable hysteresis in the linear part of the FZ which can
be explained in terms of change of the tip apex during the flow of current at the
maximum Z.

The amplitude and phase signals vs. Z are acquired with certain frequency to check the
dynamic mode work point along the AM-AFM measurements of this thesis. On the other
hand, the current vs. Z plots (also known as IZ curves) are performed in chapter 5, in the
way explained above and in a modified version, to check the electrical resistance of the tip
and of different electrical contacts performed along the measurements.
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2.1.12  Scanning Probe Lithography and Nanomanipulation

So far we have seen different ways to image a sample and how to perform single point
measurements with AFM. But fortunately SPM allows more than that. One of the main
advantages of it over other types of microscopies is the possibility to "write" patterns
or manipulate features at the nanoscale. The former is known as Lithography while the
latter is called Nanomanipulation. Both are usually considered together because both of
them manipulate matter at the nanoscale obtaining a similar result: a nano-pattern on the
sample surface. Furthermore, both use the same kind of software tools.

To better understand the Scanning Probe Lithography and Nanomanipulation, one
can picture them as drawing on the sample surface with the tip. The sample would be
the paper and tip would act as a pen. The different actions performed and the material
manipulated would correspond to the drawing actions and the ink, respectively.

In the context of Scanning Probe Lithography (SPL), there are three main methodolo-
gies to pattern materials with nanoscale resolution. Each of them is based on a different
kind of action executed on the sample surface: (i) modification, (ii) deposition or (iii)
removal of matter [93]. Nanomanipulation of matter can be also considered here as a
fourth type of SPL, however I consider it apart in the next paragraphs. Another possible
classification of the SPLs depends on the physical or chemical nature of the process
followed or on the dominant tip-sample interaction used to carry out the nanopattern-
ing (electrical, thermal, mechanical or diffusive process). A possible taxonomy of SPLs
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Figure 2.10: Scanning Probe Lithographies taxonomy. Chart showing the classification of SPLs
according to the removal or addition of material and to the tip-surface interaction
employed for patterning. Source: [40].
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is depicted in figure 2.10 extracted from [40]. The majority of SPLs rely on the use of
an AFM. The most important lithography techniques developed so far are the local
oxidation [94—96], nanoindentation and nanoscratching [97] and dip-pen lithography
[98]. Other methodologies correspond to thermal and thermochemical lithographies [99,
100], magnetic field tip-induced nanolithography [101], local resistive switching [102] or
nanografting [103].

Nanomanipulation goes back to the early eighties with the first STM manipulations,
which include: atomic and molecular manipulation [104—-106] and the positioning of
single atoms [107]. After these works, SPM nanomanipulation considerably spread among
researchers. They started to use also the AFM to manipulate matter: nanoparticles [39,
108], nanoclusters [109], carbon nanotubes [110, 111], nanorods [112] and eventually
even atoms in ultra high vacuum (UHV) conditions [113-115]. More recently metallic
nanowires have been manipulated by means of AFM [116] and even applying highly
automated methods [117]. These manipulations are based on different procedures. In
STM the manipulations are achieved through the modification of the interactions in the
tunnel junction of the microscope by changing the tip voltage or the tunnel current. The
AFM manipulations are performed by different methods. The most relevant procedures
are: (i) soft controlled nanoindentations to grab or deposit an atom with the AFM tip
[113], (ii) lateral atom interchanges (between atoms of the sample surface by scanning the
line that connect them while reducing the tip-sample distance [114]), (iii) vertical atom
interchanges (between atoms of the sample surface and atoms of the tip approaching
the sample to the tip until an instability causes the interchange [115]) and (iv) lateral
displacements of the tip in contact with the surface pushing or sweeping a nanowire [116].

This wide spectrum of nanomanipulation and lithography techniques offers the pos-
sibility to design on-demand experiments and create almost a la carte nanostructures
enabling the development of nanodevices and driving us closer to nanoengineering.

In this thesis, AFM nanomanipulation is used in chapter 5 to accurately move and
connect gold nanowires. The target of that manipulation is to create gold nanowires
paths that act as nanolectrodes. They electrically contact nanoobjects thus allowing the
fabrication of nanocirtuits. This manipulation will be explained in more detail in chapter 5.
Figure 2.11 depicts the manipulation of a gold nanowire from its initial position (encircled
by a dashed yellow line in the first image) until it is connected to another gold nanowire
(encircled by a dashed cyan line in the first image). The spontaneous welding of two gold

Figure 2.11: Manipulation of a gold nanowire. Sequence of a few AFM topographic images
showing the evolution of the position of a nanowire from its initial position (encircled
by a dashed yellow line in the first image) until its connection with another nanowire
(encircled by a dashed cyan line in the first image). AFM images’ size: 10x10 pm?.
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nanowires by simple approach at ambient conditions is due to the so-called cold welding
of metal nanowires and it is related to the high surface energy of these nanowires [118].

2.2 PROBE STATION
2.2.1 Introduction

Probe stations are systems used for testing circuits and devices on silicon wafers, open
microchips or other substrates. They are used in research, product development and
failure analysis applications [119]. In research, probe stations are used to test and elec-
trically characterize micro- and nano-devices. This is done by acquiring signals from
the internal nodes of the devices under test [120]. They are useful in a variety of fields
including semiconductors, Micro-Electro-Mechanical Systems (MEMS), superconductivity,
electronics, ferroelectrics, material science, physics and optics [121].

A probe station consists of the following basic parts: (i) a sample holder where the
device under test (DUT) is placed, (ii) a certain number of probes that will electrically
contact some nodes of the device, (iii) probe holders mounted on a positionning system
to place each probe’s tip in the right node of the device, (iv) an optical microscope
mounted above the sample holder to see the probes and the sample with a suitable
magnification, (v) a damping system to avoid the influence of external vibrations in the
measurements, (vi) the electronics to test the device once all the probes electrically contact
the sample in their correct location and (vii) the software to control the measurements
and acquire the data. Figure 2.12 shows a commercial probe station together with some of
its main parts.

The electronic equipment of a probe station usually comprises a source-measure unit
(SMU), which applies a stimulus (a current or a voltage) and measures its corresponding
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Figure 2.12: Example of probe station with its main parts. The damping system, the electronics,
software and cooling/heating systems are not shown. Source: [122].
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(voltage or current) response. One can choose the measurement mode (source curren-
t/measure voltage or vice versa).

Additionally, probe stations can include cooling and/or heating systems, an ambient-
controlled chamber, a vacuum system, electric/magnetic fields, light sources, etc. [121].
Moreover, with the proper electronic design, probe stations can operate at high frequency
(~70 GHz) allowing radio frequency applications [123, 124].

To carry out electrical testing or characterization with a probe station we must follow
some steps. First we should place the sample on the holder with a suitable tape or glue.
When a backgate voltage is applied to the sample holder, the sample must be glued with
conductive glue on its back to the holder. Second, each probe should be place at the
right point of the sample until a good electrical contact is reached. Then, by means of the
software that controls the electronics, we perform the desired electrical measurements.
Optionally, and provided that the system allows it, we could reach a certain temperature
in the sample and/or a pressure of a certain atmosphere.

2.2.2  Circuit Configurations

There are different circuit configurations to carry out electrical characterizations. They
are used in a probe station or in a another setup to measure electronic properties (criostat,
AFM, etc.). The main circuit configurations are the two-electrode and the four-electrode
setups. In both, a global or local backgate voltage can be applied to the back of the
sample providing an external electric field, resulting in three- and five-terminal schemes,
respectively. The two-electrode scheme (or 2-wire sensing) is suitable to measure DUTs
with high electrical resistance (at least one order of magnitude higher than the resistance
of the leads plus the sum of all the contact resistances between the probes and the nodes
of the device). When these resistances are comparable or higher than the resistance
of the DUT, the two-electrode configuration is not longer valid. In that case the four-
electrode setup (4-wire sensing or Kelvin sensing) is needed because it allows the
electrical measurements without contact and leads’ resistances [125, 126]. Other methods
to measure low resistances are the Kelvin’s double bridge, the potentiometer method and
the Ducter ohmmeter [127].

Figure 2.13 depicts the two main circuit configurations used for electrically character-
ized devices:

* The 2-wire sensing setup (figure 2.13(a)) comprises a unique loop with a voltage
source and an ammeter. By measuring the current that flows through the loop (I)
for a certain voltage (V), the total resistance (R) of the circuit is obtained through
the Ohm’s law (V = I - R). R includes not only the resistance of the DUT (Rsyuvject)
but also the contact resistances (R.; and R.») and the resistances of the wires (R,
and R,,7). Therefore the resistance delivered by this method is: R = Rsypject +
Re1 + Re2 + Ryw1 + Ry, causing this method only suitable for the cases where
Rsub]’ect >> Re1 + Re2 + Ryt + Ry

* The g4-wire sensing configuration (figure 2.13(b)) includes two loops. The outer
one has a pair of current-carrying electrodes, whereas the inner loop has pair of
voltage-sensing electrodes. A current source in the outer loop forces a current (I)
to flow through the sample causing a voltage drop between the arms of the inner
loop. This voltage drop is measured by the voltmeter located in that loop. As the
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Figure 2.13: 2-wire and 4-wire sensing setups to perform electrical measurements. The sample
is depicted with a grey parallelepiped emulating a 2D nanomaterial, the resistance
that can be measured of it is the portion marked with the red arrows (Rsupject). The
dashed grey squares are the limits of the electronic unit in each configuration. The
symbols "+" and "-" indicate the polarity of electronic unit connections to be considered
when connecting the wires, extremely important in the 4-wire configuration. The R,
Rc¢2, Re3 and Re4 are the contact resistances while the resistances of the wires are
Rw1, Rw2, Ryw3 and R,y4. (a) 2-wire sensing configuration. (b) 4-wire sensing scheme,
where Z;,, and Ii,, are the input impedance and the input current of the voltmeter,
respectively.

voltmeter has a very high input impedance (Zi,,), the current in those two inner
arms (Iin) is negligible. Therefore, the drop voltage in contact resistances R.> and
R¢3 and in the resistances of the leads R,,, and R,,3 are almost zero. Consequently,
the voltage registered by the voltmeter (V) is the voltage drop in the sample between
the two inner electrodes (Rsypject), without being influenced by the resistances
of the wires or the contacts, thus: Rgypject = V/I. In summary, the separation of
current and voltage electrodes eliminates the impedance contribution of the wiring
and the contact resistances.

2.2.3 Standard electrical measurements using a probe station

The 2-wire sensing topology together with a backgate voltage has a Field Effect Transistor
(FET) configuration, thus, the voltage applied between the 2 wires (or probes) is usually
called Vg, (drain-source), Vs (source) or simply V, while the backgate voltage is V, (gate).

Some of the most common electrical measurements that are performed on a device
using a probe station (or another setup) are detailed in appendix B.

A significant issue when performing those measurements is the variation of the in-
dependent variables. For example the excitation voltage can have different waveforms.
Furthermore, they can have abrupt changes or they can change smoothly. Another key
parameter, in some experiments, is the waveforms’ speed or frequency. As I will present
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in chapter 4, the speed of the excitation voltage (in V/s) can cause different responses of
the samples studied. Further information regarding waveforms, their frequency can be
found in appendix B together with the case of having two excitation magnitudes.
Sample temperature is another magnitude usually changed during experiments. Its
control is more complicated due to the thermal inertia of the parts to be heated or cooled.

2.2.4 Probe Stations used along this PhD

In this thesis I used three probe stations. The first one, installed by Dr. Cristina Gémez
Navarro, had two manual micromanipulators, a sample holder that acts as a backgate
voltage, and an optical microscope. It operates only in air ambient conditions. The
electronic part includes two SMUs, a high precision multimeter, and a variable-gain low
noise current amplifier. It was controled by a Labview-based software. I carried out the
first electronic measurements of chapter 4 in this probe station. However, at that time, Dr.
Pablo Ares Garcia and Dr. Julio Gémez Herrero were developing a new improved probe
station located inside a vacuum chamber. This was the second one and the one I used
the most along my thesis. Furthermore, I tested its developments during my experiments.
I describe it below. For less-demanding experiments, I employed a third probe station,
described at the end of this chapter. It is similar to the first one but it has superior software
and positionning system and new simpler electronics.

2.2.4.1 Variable temperature ambient-controlled motorized Probe Station

This probe station was designed and assembled by Dr. Pablo Ares Garcia and Dr. Julio
Go6mez Herrero in the Nanoforces group in collaboration UAM-SEGAINVEX and the
technicians from the department of Condensed Matter Physics. Its mechanical part is fully
described in Dr. Ares’ thesis [37].

The main features of the mechanical part of this probe station are:

¢ A chamber that allows different working environments: high vacuum, air ambient
conditions or controlled gas atmosphere. Its base pressure is 10~° hPa.

¢ Two motorized probe holders. Each of them is coupled to a X, Y, Z motorized
compact stage to position the probes with nanometer resolution.

* A cooling/heating system to change the sample temperature from 8o to 400 K.

The electric equipment comprises: (i) two Keithley 2400 source meters (one applies the
excitation Vg voltage and measures the generated current between both probes, and the
other generates the V4 and measure the leaking current that flows accross the sample
and the backgate electrode), (ii) a high precision Keithley 2000 multimeter and (iii) a
variable-gain low noise FEMTO DLPCA-200 current amplifier. The use of the two latter is
an alternative to the V45 SMU to measure the current between drain and source electrodes
(in that case the V35 SMU is used only as a source).

Figure 2.14 depicts the electrical circuit formed by the two probes and the gate voltage
electrode. 4-wire sensing experiments are also possible using both probes and other pair
of electrodes existing in the sample, such as microelectrodes connected to pads of a
printed circuit board (PCB) or to macroscopic wires. The Keithley 2400 itself allows these
measurements by using two extra connectors.
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Figure 2.14: Electrical circuit in the variable temperature ambient-controlled motorized probe
station. (a) Representation of the circuit. It has a 2-wire sensing configuration (figure
2.13(a)) with a Vg terminal, (FET scheme). The ammeter can be implemented by a
current amplifier+voltmeter or with a unique SMU (that also applies Vg45). Extracted
and adapted from [37]. (b) Picture of the sample holder with a sample and both
probes over it.

The main parts of the probe station are summarized in the photograph 2.15(a). Panel
(b) of the same figure shows the interface of the Matlab-based application software,
developed by the technician Ignacio Horcas Calvo and Dr. Julio Gémez Herrero. It
controls the motion of the probe holders and the electrical measurements.

(4] motorcontol ==
. ~Units —
Step motion oum Steps number | Gate Voltage (slow sweep)
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Figure 2.15: Main parts and software of the variable temperature ambient-controlled motorized
probe station. (a) Main parts of the probe station. Inspired by [37]. (b) Interface of
the application software that controls the movement of the probes and the electrical
measurements.
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The probes I used within this probe station were:

¢ Commercial straight tungsten probes with a length of 1.25" and an apex radius of
7 um (nominal). We bought them in Cascade Microtech Inc.

* Home-made gold probes with a length of ~1" and an apex radius of very few
microns.

Figure 2.16 shows optical microscope images of a commercial probe and a home-made

probe.
’

.

Figure 2.16: Probes used in the variable temperature ambient-controlled motorized probe station.
(a) Commercial tungsten probe. (b) Home-made gold probe. (c) Zoom in on the
probe’s apex of (b).

Figure 2.17: Probes contacting microelectrodes inside the variable temperature ambient-controlled
motorized probe station. (a) Commercial tungsten probes on 125 pm X 125 pm
microelectrodes. (b) Home-made gold probes on T-shape electrodes with a narrow
gap between them. (c) Zoom out of (b) showing the thicker part of the probes. The
inset in (c) shows the apex of one of these gold probes after its use, the scale bar
length is 60 pm. All microelectrodes are made of Cr+Au.

I started using the tungsten probes to contact samples with silver paint or graphite paint
electrodes. Then I used them to contact microelectrodes obtained by thermal evaporation
of a thin layer of chromium (or titanium) followed by a thicker layer of gold (Cr+Au,
Ti+Au). Unfortunately, these probes’ tips scrachted that kind of microelectrodes due to
the toughness of tungsten and its small apex radius. Therefore we began to fabricate
our own probes. They should be made of a softer material that does not get oxidized
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nor dirty and provides good electrical contacts. We chose gold, which meets all those
requirements. I made these probes by electrochemical sharpening of a @o.5 mm gold wire
following the procedure described in [128] (which is similar to other procedures used to
fabricate STM or multi-purpose sharp tips [129, 130]). The mechanics and electronics that
perform that sharpening was carried out again by technicians of the department. When a
gold probe approaches a microelectrode, instead of sratching it, the probe bends a little
at the very end. Figure 2.17 shows a pair of commercial tungsten probes and other pair
of home-made gold probes. They are inside the probe station making mechanical and
electric contact with Cr+Au microelectrodes of two samples. As it can be readily seen, the
left tungsten probe in (a) is also bent, but not at the end, probably this was caused by
accident when manipulating the probe (and not by the final approach). The inset in (c) is
micrograph of a gold probe apex after its use, showing a hook shape produced when it
touches the microelectrode.

2.2.4.2 Air ambient atmosphere manual Probe Station

For fast electrical checkings and simple measurements a much simpler probe station is
more suitable. For that reason, Dr. Julio Gémez Herrero, in collaboration with technicians
from the department, built another probe station.

This system can only work at ambient atmosphere. It has two probe holders and an
extra one not so used. Each of them consists of a stage with three micrometer screws
(one per direction) that enable the manual motion of the probes over the sample. The
sample holder can be moved manually as well (without micromanipulators). A metal
plate can be placed on it to apply a backgate voltage. An extra sample holder allows
heating the sample by means of a halogen lamp at its bottom (although not much heating
is recommend in ambient atmosphere). Above the sample holder an optical microscope
is coupled. The electronics of the probe station consist of a home-made unit with two
voltage sources (one for V45 and the other for V), a voltmeter and a separate variable
gain current amplifier. Thus, 2-wire sensing measurements are possible but not the 4-wire
ones. The same application software of the previous section is used (figure 2.15(b)), having
the piezomotors movement dialog disabled. Figure 2.18 shows all the elements that form
the system.

The easy accesibility to the different parts and the simplicity of this system makes it
quite versatile. In fact, by changing some accesories, it can be used for very different
applications. For instance, we have used it to perform micro-weldings by means of thin
metal wires and conductive epoxy, and to transfer 2D materials to substrates (stamping)
[131].

Due to the geometry of the probe holders, the probes that can be used within this
system must bent near its end (see figure 2.18(c)). I used:

¢ Commercial tungsten probes bent 45°at the end (figure 2.18(c)). They have exactly
the same features as the tungsten probes of the previous section except their bent
shape at the end.

* The same home-made gold probes of previous section. They can be easily bent by
hand.

¢ Commercial tungsten probes with a thinner tungsten wire attached at the end
(figure 2.19). Their length is 2.2". The apex radius is 0.35 pm (nominal). They
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Figure 2.18: Air ambient atmosphere manual Probe Station. (a) The complete system with all its
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elements highlighted. (b) Heating system. (c) The "heart" of the probe station: the two
probes on the sample, which lies on the gate voltage plate.

5 mm (b) 30 um

Figure 2.19: Tungsten probes ended
with a thinner wire. (a)
Photograph of some of
them. (b) Optical mi-
crograph of the apex of
one.

are straight but the wire can be manually bent. American Probe & Technologies
Inc. manufacturates them. They allow electrical contact without scratching the
microelectrodes due to the low rigidity of the thin wire. Eventually, we have also
used them in the variable temperature ambient-controlled motorized probe station.
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ENVIRONMENTAL EFFECTS IN MECHANICAL PROPERTIES OF
FEW-LAYER BLACK PHOSPHORUS

3.1 INTRODUCTION TO BLACK PHOSPHORUS AND MOTIVATION OF THE CHAPTER
3.1.1  Black Phosphorus

Black phosphorus is the most stable allotrope of phosphorus [132, 133]. It was obtained
for the first time by Bridgman in 1914 [134] by heating white phosphorus (another allo-
trope) under high preassure. Furthermore, Bridgman was awarded the Nobel Prize in 1946
for his research in high preassure physics. The early research on black phosphorus (BP)
studies its bulk form (see figure 3.1(a)), including structure, transport, optical, phonon
and superconducting properties, and more recently, application in battery electrodes [133].
However these studies did not receive much attention. Only since the beginning of 2014,
BP has been investigated from the perspective of a thin film material. In fact, the number
of indexed research papers including "Black Phosphorus" in its title rose from 142 in 2013
to 922 in 2014 due to the interest in its layered form, reaching more than 14500 papers in
2018.

3.1.1.1  Structure

Black phosphorus can have an orthorhombic, simple cubic or rhombohedral crystalline
structure [135]. The one under normal conditions of temperature and pressure, is the
orthorhombic crystal structure with phosphorus atoms covantly bonded to three neigh-
boring atoms in the same layer. This bonding in BP is due to sp> hybridization of 3s
and 3p orbitals of phosphorus atoms. Each phosphorus atom has five valence electrons
(35? 3p3): three of them are shared with the three neighboring atoms (each electron
in a sp> hydrid orbital forming a covalent o bond with a neighbour’s electron), and
the other two electrons form a lone pair in the fourth sp® orbital (which is oriented
out-of-plane as shown in figure 3.1(c)) [136, 137]. This leads to layers with a puckered
honeycomb-structure [138] that is depicted in figure 3.1(b) and (d). As a result of this
puckered structure, a single layer of the honeycomb network contains two atomic layers
and two kind of P-P bonds: the shorter connects nearest P atoms in the same plane, and
the longer one connects top and bottom atoms as it is shown in figure 3.1(e) [139]. Single
BP layers are stacked together by weak van der Waals forces. This fact allows mechanical
[140] and liquid phase [141] exfoliation of bulk BP into thin flakes, as if it were graphite.
Furthermore, single layers of BD, called phosphorene, have been isolated via mechanical
exfoliation [18]. 2D BP films have been grown by chemical vapor deposition approach
too [142]. The interlayer distance is 0.555 nm, and therefore the thicknesses of few-layer
phosphorene flakes are: 0.555 nm (monolayer, ~0.85 nm in AFM [18]), 1.110 nm (bilayer,
~1.2-1.6 nm in AFM [140, 141, 143]), 1.665 nm (trilayer), 2.222 nm (4 layers), etc. The AFM
higher thicknesses are common to other 2D material flakes, and are reported to be caused
by a layer of adsorbates between the substrate and the 2D material [140, 144]. Few-layer
BP has a ABAB... stacking sequence.
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n—.’
armchair

Figure 3.1: Black Phosphorus structure. (a) Bulk BP. The sides of the image are of the order
of few millimeters. (b) Layered structure of BP, only two layers are shown. (c) sp>
hybridization of the two phosphorus atoms inside the orange rectangle in (b), showing
the o bond between them and the lone pair of each (in blue orbitals). (d) Top view
of a layer of BP, which has a hexagonal structure. The unit cell is highlighted. (e) A
single layer of BP showing its two non-equivalent in-plane directions and the lateral
projection of each. Sources: (a): [145], (b) and (e): [146], (c): [137] and (d): [147].

One of the exciting features of BP is its in-plane anisotropy, that can be exploited
to design new devices and applications. XY plane has two non-equivalent directions:
the armchair and the zigzag (see figure 3.1(e)). The effective mass of carriers along the
zigzag direction is one order of magnitude larger than that along the armchair direction
[133]. This leads to a strong in-plane anisotropy in its electrical, optical, mechanical and
phonon properties. A representative example of the in-plane anisotropy is the fact that
the prominent electrical and thermal conducting directions are orthogonal to one another

[148].

3.1.1.2 DProperties

Since 2014 thounsands of theoretical and experimental research works on BP in its single-
layer, few-layer or thin film forms have arisen. They cover topics such as: (i) band structure
[149], (ii) structural varieties (nanotubes and nanoribbons, bilayer and heterobilayer [150]),
(iii) characterization methods [140], (iv) stability and passivation methods [151], (v) novel
physics properties [148] and (vi) promising applications in several fields (electronic,
photonics, thermoelectrics, gas sensing devices etc.). The most remarkable features of
few-layer BP are [146]: (i) natural p-type semiconductor with a narrow direct bandgap
(from 0.3 €V to 1.5 €V) that bridges the gap between graphene (zero gap semiconductor)
and TMDCs (~1-2 eV, wide gap semiconductors) which is depicted in figure 3.2, (ii)
relative high carrier mobility, (iii) ambipolar field-effect, (iv) good on-off ratio, (v) broad
and fast photodetection and (vi) in-plane anisotropy. In addition, its electrical and optical
properties can be tuned with the numbers of layers [152], the strain [136] and by alloying
with arsenic (b-AsxP1-x) [153]. Figure 3.2 compares the BP bandgap with those of several
2D semiconductor materials.

3.1.1.3 State of the Art of Mechanical Properties

BP mechanical properties have been researched as well. Most of the first works were
theoretical [154-161]. They study the mechanical behaviour of single- [155-158, 160, 161],
few- [155] , multi-layer [159] and bulk BP [154]. Hao et al. [158] deals with nanoribbons
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Figure 3.2: Band gaps values for different 2D semiconductor materials. The BP horizontal bar
spanning a range of band gap values indicates that the band gap can be tuned over that
range by changing the number of layers, straining, or alloying. Adapted from [146].

and oxides whereas Wang et al. [159] with nanomechanical resonators. All these works
mechanically characterize the BP by calculating its elastic constants, its strain-stress curve,
its maximum strain, its Young’s (or elastic) modulus, its Poisson’s ratio and other mechanical
parameters. Moreover, all those works address the influence of the in-plane anisotropy
in these parameters. The initial theoretical works were eventually followed by fewer
experimental researchs performed in few-layer BP nanosheets [162, 163] and nanoribbons
[164]. The elastic modulus, the strain and the breaking strength were experimentally obtained
in them. A more recent paper studies the fracture mechanism of phosphorene under
indentation [165]. I will introduce below all mechanical parameters afore mentioned.

An interesting field of research connected with the mechanical behaviour of BP, is
the use of strain engineering: the modification of the electrical, optical and mechanical
properties of a material by subjecting it to a mechanical deformation. Strain engineering
is particularly suitable for 2D materials since they can withstand large deformations (up
to 20%) opposite to 3D semiconductors that break at moderate deformations (<1.5%) [140,
166, 167]. Regarding 2D BD, strain engineering is even more appealing due to its intrinsic
in-plane anisotropy. Several theoretical approaches have address the strain engineering in
BP to modify the electrical, optical and mechanical properties of a single [136, 161, 168]
and few-layer BP [169].

3.1.1.4 Environmental Instability

A significant issue in BP is its environmental instability. BP is unstable in ambient
conditions in its single- and few-layer form [170]. As I explained before, within the sp>
hybridization, each phosphorus atom has a lone pair of electrons. This generates an out-
of-plane dipole moment that makes BP highly hidrophilic as it can interact with the dipole
moment of water [140, 170, 171]. Indeed, Density Functional Theory simulations indicate
that water molecules make BP crystal lattice shrinks by 25% [140]. Castellanos-Gémez et al.
[140] and Island et al. [170] experimentally showed that after the fabrication of few-layer
BP flakes, droplets appear on the BP surface flakes, that keep growing and coalescence
(shown in figure 3.3(a)). However they dissapear after storing the flakes in vacuum
for a few hours. A long exposure (~a week) deteriorates the flakes, causing an overall
reduction in thickness and etching away the thinner parts of the flakes. Furthermore, they
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saw that thinner flakes adsorb water faster than the thicker ones. All these phenomena
suggest a thickness-dependent wetability that results in a layer-by-layer thinning of the
flakes, being more dramatic for the thinner ones. Additionally, the presence of oxygen
leads to the degradation of the material due to the formation of oxidized species [151].
This was experimentaly evidenced by Favron et al. who reported a thickness-dependent
photoassisted oxidation reaction with oxygen dissolved in adsorbed water [172].

Several techniques have been used to reduce this degradation. These includes the use
of: oxidized aluminum as a passivation layer (figure 3.3(b) and (c)) [151], poly(methyl
methacrylate) (PMMA) coating [173] and graphene and hexagonal boron nitride encapsu-
lation [174]. Nevertheless, the aging of BP flakes at ambient conditions is slow enough to
allow fabrication of field-effect transistors with strong ambipolar behavior. Besides, this
hygroscopic character could be a strength of BP in, for instance, biological applications or
humidity sensors [175, 176].
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Figure 3.3: Environmental instability of few-layer BP sheets and encapsulation. (a) Selected AFM
topographies of a BP flake scanned in air at several times after the exfoliation. Extracted
from [170]. (b) AFM topographic images and on-off ratio of BP thin FETs without and
with AlOx overlayer protection vs. ambient exposure time. Source: [151].

3.1.2  Motivation of this chapter

Although there are some studies that have already addressed the environmental effects
in the electronic properties of BP, as it is depicted in figure 3.3(d) and reported by [170,
175-178], little is still known about its effect on the mechanical properties. Furthermore,
there is a lack of experimental data of mechanical properites of BP in vacuum. The scarce
experimental works are all performed in ambient conditions, without monitoring the
influence of the time of exposure to atmosphere on the mechanical properties. This is
where the motivation of this chapter lies. Here I present the mechanical properties of
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few-layer BP nanosheets measured at high vacuum conditions as well as the evolution of
them once the nanosheets are exposed to ambient conditions.

The essence of the work presented in this chapter is published in reference [179]: Miriam
Moreno-Moreno, Guillermo Lépez-Polin, Andrés Castellanos-Gémez, Cristina Gémez-
Navarro, and Julio Gémez-Herrero, “Environmental effects in mechanical properties of
few-layer black phosphorus.” In: 2D Materials 3.3 (2016), p. 031007. The work has been
performed in collaboration with Andrés Castellanos-Gémez, who has a long experience
and knowledge about 2D materials, and specifically BP. He proposed the research and
prepared the samples. Guillermo Lépez-Polin, an experienced researcher in measuring
graphene’s mechanical properties by nanoindentations, taught me how to perform the
nanoindentations, to analize the data and helped me in the first measurements.

3.2 SAMPLE PREPARATION, CHARACTERIZATION AND STORAGE
3.2.1  Sample preparation

For this study BP drumheads (as the ones shown in figure 2.8(a-c)) were prepared as fo-
llows. First, BP flakes were obtained by mechanical exfoliation of bulk black phosphorus
(from Smart Elements GmbH) on Poly(dimethylsiloxane) (PDMS) stamp. Then, the flakes
were deterministically placed over substrates of oxidized Si (300 nm of thermal SiO,) with
predefined wells of different shapes created by projection optical lithography and reactive
ion etching (RIE) on the SiO,. Figure 3.4 shows a SEM image of the pattern of the holes.
The diameter of the circular wells are between 0.5 and 3 microns and the depth is 300 nm,
like the SiO, thickness. These substrates were fabricated by the research group of Francesc
Pérez-Murano at the Instituto de Microelectrénica de Barcelona IMB-CNM (CSIC).

Figure 3.4: SEM image of the
Si/SiO, substrate with
wells. The longest scale-
bar is 3 microns long.
In the top right panel
a zoom of one hole is
included to appreciate
the verticality of the
walls.

The deterministic all-dry transfer of BP flakes with the PDMS stamp was performed as
described in references [131, 180]. There are two main advantages of using this preparation
method with respect to standard microexfoliation [181] for this experiment: the first one
is its higher yield covering circular wells, and the second one is that 2D material layers
stamped over the holes present a very uniform and low pre-tension.
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Figure 3.5: Few-layer BP drumheads topology. (a) Optical micrograph of a sample with BP flakes
covering some substrate’s holes. (b) Sketch of a hole covered by a BP flake highlighting
the outer ring considered for the estimation of the ring minimum width to avoid the
sliding of the flake. (c) AFM topographic image of the area inside of the square in (a).
(d) Topographic profile along the cyan line in (c).

3.2.2  Sample preliminar characterization and storage

After preparing a sample, we visualize the BP flakes using an optical microscope (see
figure 3.5(a)). The thickness of the SiO, on the Si is crucial to estimate the thickness of the
BP by optical microscopy [182, 183].

The inspection under the optical microscope provides a fast way to check the flakes and
select the best ones for our experiments: the ones with few BP layers that fully cover one or
several substrate’s holes. They must cover not only the hole but also the area around it (see
tigure 3.5(b)). This is needed to ensure a high enough clamping to the substrate avoiding
the sliding of the flake when performing the indentantion experiments (indentation
curves explained in section 2.1.10).

During the nanoindentations, the highest deformation takes place at the area of the
flake in contact with the AFM tip, while the edges of the nanodrum have very low stress,
lower than the 2% [183]. We can estimate an upper bound to the sliding of the BP flakes
considering the work by Cui et al. [184]. They reported that the friction force of BP flakes
(on SiO,) with a n-type Si AFM tip (with a radius of 8 nm and surely around 1 nm thick
oxide layer) increases as the number of BP layers decreases and it tends to the bulk value
for more than 10 layers. So the worst scenario for us would be have a thick flake, for
which they report a measured force friction of around 8 nN. Assuming a tip-flake contact
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2
ti
nN/nm?. In our ex;eriments we have never loads higher than 2000 nN. We assume that
the clamping is caused by the outer ring of BP flake around the hole, with an area of
2nRAR, being R and AR the radius of the hole and the width of the ring respectively (see
figure 3.5(b)). Therefore the drumheads must fulfill: 2 7R - AR-0.02 nN/nm? >> 2000 nN.
That condition is achieved if the width of the outer ring is AR >> 40 nm (for a well with
a diameter of 750 nm), which is always fulfilled by far in our drumheads even for other
holes’ radii.

After this initial characterization, the samples were stored in a chamber at HV condi-
tions until the beginning of their mechanical characterization. This was done to avoid
the degradation process of BP flakes in ambient conditions. During sample preparation
and the initial characterization in ambient conditions, BP samples were not exposed to
atmospheric conditions for more than 2 hours (below this time no substantial degradation
is appreciated [170]).

area of about 27tR¢; | (half sphere area'), we obtain a friction force per unit area of ~0.02

3.3 MECHANICAL PROPERTIES OF 2D MATERIALS

I introduce here the main mechanical magnitudes of two-dimensional materials. In the
next sections of this chapter I will present our experimental results of some of them for
few-layer black phosphorus nanosheets, while in chapter 4 I will do the same for the
metal-organic ultrathin film studied in that part.

3.3.1 Stress-Strain Curves

The main mechanical properties of a material can be obtained from its stress-strain curve.
The stress (o) is simply the force applied per unit area (o = F/A), while the strain (e) is
the deformation (compression or streching) of a material due to stress and corresponds to
the change of a dimension divided by the original value of that dimension (e = AL/L).

F AL
. e = 2k

o= X 3 (3.1)

The stress-strain curve simply plots o vs. €. Figure 3.6 shows a typical stress-strain
curve of a ductile material. These curves are obtained performing a tension test in
the material: apply a stress and measure the caused strain [185, 186]. This approach is
feasible for macroscopic materials, but not for 2D materials. This is due to the lack of a
reliable technology that provides a good clamping of the nanosheets. For that reason the
mechanical properties of 2D materials are usually measured by other techniques. One
of the most popular is the nanoindentation. It is conducted by an AFM and it consists
in indenting an AFM probe on a free-standing nanosheet anchored at the edges to the
substrate while the force and the deformation of the nanosheet are measured, as it was
explained in section 2.1.10. This technique is the one used in this thesis to mechanically
characterize nanosheets. It cannot induce high global deformations in the sheets because
the stress of the sheets is mainly concentrated under the tip [183].

That assumption is not valid, Hertz Model should be taken into account, but the order of magnitude of the
result would be the same.
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Figure 3.6: Stress-strain curve of a ductile material. Its most important parts and values are
highlighted. Adapted from: [183, 187].

3.3.2  Young's Modulus

The Young’s modulus, also known as tensile modulus or elastic modulus (E), is the slope
of the stress-strain curve in the linear region, where the Hooke’s law takes place (see figure
3.6). In other words, E tells us the amount of stress needed to create a certain strain in a
material while it has a linear response [185, 188].

Hooke’s law: 0 =E-€ = Young’s modulus = E = g (3.2)

In 3D materials E has pressure units (Pa=N/ mz), however in 2D materials, the magni-
tude that can be measured is the two-dimensional E: E;p. This magnitude is proportional
to the force we should apply to stretch or compress a sheet of a certain width (W) as it is
shown in figure 3.7(b). Consequently, E;p has N/m units. To compare E3p (or E) with
E>p we should divide E;p by the thickness of the sheet (t), by doing that we obtain the
equivalent E3p (see figure 3.7).

3.3.3 Breaking and Yield Strength

Breaking stress, or breaking strength (omax = 030,,), is the maximum stress that a
material can withstand before breaking. It corresponds to the maximum stress point of
the stress-strain curve (see figure 3.6). The maximum stress for a clamped, linear elastic,
circular membrane under a spherical indenter as a function of applied load has been
derived on the basis of a continuum model [44, 189] as:

[FerE
2D frt2D
Gmax - 47-[Rt1',p (N/m) (33)
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Figure 3.7: Relationship between Young’s modulus of 3D and 2D materials. Adapted from: [183]

where F¢, is the force at which the material breaks (fracture force), and Ry the
spherical indenter (AFM tip apex) radius. To obtain the 3D equivalent magnitude, we
should divide 022, by the thickness of the sheet (t), as in the case of Young’s modulus:

2D
3D O max FfTEZD FfTE3D
Gmax t \/47TRti‘pt2 \/47’[Rtipt( a) (3 4)

Yield strength (0yie1q = 0'3?61 ) is defined in engineering as the amount of stress (Yield
point) that a material can undergo before moving from elastic (reversible) deformation
into plastic (irreversible) deformation [190]. In other words, is the maximum stress that
can be applied before the material begins to change its shape permanently (plastically).
The yield strength and the yield point are marked in the stress-strain curve of figure 3.6.

For brittle materials, the yield strength and the breaking stress coincide because this
kind of materials cannot undergo plastic deformations, they break before (their stress-
strain curve only contains the elastic region, breaking at the Yield point). Theoretical

works have reported brittle response for BP from its fracture behaviour [191, 192].
3.3.4 Poisson’s Ratio

The Poisson’s ratio (v) quantifies the compression caused in a material in the axis perpen-
dicular to the one in which it undergoes a stretching (see figure 3.8), or the opposite (the
stretching caused in the perpendicular direction to the one where is being compressed),
therefore:

(Y2—=Y1)/Y3 _ €trans (3 5)
(XZ —Xi )/X1 €long ‘

The Poisson’s ratio only applies within the elastic region of the stress-strain curve. It
is usually a positive magnitude being 0.3 in most metals [188]. On the contrary, for BP it
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is predicted to be negative in the out-of-plane direction under uniaxial deformation in the
direction parallel to the pucker [157]. This occurs only in that direction and it is due to its
puckered structure: when stretching BP along the puckers’ direction, the grooves would
get closer, increasing their heigth.

X,

‘&
iy

'
7

> X, o

| 4

Figure 3.8: Poisson’s ratio meaning. Adapted from [183].

3.3.5 Bending Rigidity

The bending rigidity (k) accounts for the resistance offered by a structure while undergoing
bending. It is defined as the force couple required to bend a non-rigid structure in one
unit of curvature (1 radian). Therefore for macroscopic materials its units are N-m? while
for two-dimensional materials are N-m, which are energy units, because it is the force
couple per length unit.

The bending rigidity of a sheet is defined by the classic equation:

F_3Dt3

T 2042 .

where E3p is the Young’s modulus, t the thickness of the sheet, and v the Poisson’s
ratio [193]. As k increases with the cube of the thickness of the sheet, it will become more
relevant for the thicker flakes and negligible for single layer flakes. For monolayer sheets,
the thickness is not well defined, thus the above expression may not be fulfilled

3.4 EXTRACTION OF MECHANICAL PROPERTIES FROM INDENTATION CURVES

We have already learnt how to acquire indentations curves with an AFM (section 2.1.9
and 2.1.10) and the main mechanical magnitudes of a 2D material (section 3.3). In this
section we analyze how to obtain mechanical properties from the indentation curves.
Due to the geometry of our experiments (indentations at the center of BP circular
membranes), the obtained E3p will be the average of the elastic modulus in both in-plane
directions (zigzag and armchair). This applies to the stress as well (and in particular to

Omax)-
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BP nanosheet
(Esp, v, o0)

Figure 3.9: Drumhead geometry.
The magnitudes present
in equation 3.7 are
highlighted.

Sip**

3.4.1  Young’'s Modulus and Pre-stress

For a circular, drum-like structure, like our drumheads (see figure 3.9), the force (F) vs.
sheet’s deformation (6) relationship follows this expression [92, 194-196]:

_ 4mtEsp t3 ng—3DJE 3
= [ (o)) oo e () o7

where E3p is the conventional (3D) elastic modulus, t the thickness of the nanosheet,
R the drumhead’s radius, v the Poisson’s ratio, oy the two-dimensional pre-stress of the
sheet produced during the sample preparation, and q = 1/(1.05 — 0.15v — 0.16v%). We
use 0.45 for v, as the average of the Poisson’s ratio in the [100] and in the [010] direction,
taken from [155]. The first two terms of F in equation 3.7 (terms in §) prevail over the
third one for low indentations. The first one accounts for the bending rigidity (in fact it
is proportional to k, see equation 3.6), being negligibe for very thin flakes as it increases
with the cube of the thickness. The second terms is associated with the effect of the small
pre-stress (pre-tension) acumulated in the membrane during the fabrication method. It
varies randomly among drumheads (although the deterministic transfer of flakes favors a
uniform o). Finally, the term in &3 prevails at large indentations and it is governed by
the intrinsic elastic modulus of the sheets.

The thickness and deflection dependences reflected in Equation 3.7 provides two
complementary methods for determining E3p. The first one is valid for large indenta-
tions, where the third term dominates, whereas the second method is valid in the low
indentation regime, where the linear terms prevail.

3.4.1.1 Large indentations Method

In this first method the experimental data of each indentation curve are fitted to a
polynomial with terms in & and & and the elastic modulus is extracted from the cubic
coefficient. It requires large indentations but the value of E3p can be obtained with data
of exclusively one drumhead. This method automatically separates the linear coefficients
from the elastic modulus, however it is not easy to apply to thick flakes where the large
indentation regime is difficult to achieve (their high bending ridigity makes the first
linear term prevails until large indentations). Therefore, by using this method, the elastic
modulus is directly obtained from each indentation curve, however, the bending rigidity
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and pre-tension are not separately accessible since both contribute to the linear coefficient.
This method actually provides E;p, we then simple divide by the thickness of the flake to
compute E3p.

In the fitting procedure it is critical to fix the zero force level and the zero displacement
point: inaccuracy of 2-5 nm in this point leads to a 10 % error in the final calculated E;p.
Considering the previous experience of the group analyzing indentation curves [197],
the protocol followed to determine that point was: the zero force level is given by the
horizontal line (zero cantilever deflection, F = 0), an initial zero displacement point (5 =
0) is the value of X axis where that horizontal line cuts the curve. A zoom in this region
shows a purely experimental noise. To avoid it as much as possible, we find the (0,0) point
by fitting the data to a third order polynomial. To this end we take about 20 experimental
points to the left and about 70 to right of the initial zero. Figure 3.10 portrays the method
followed to fix the zero force level.

20 . . : : :

—— Experimental data
15+ Third order i
polynomial fitting

~ 10+ p
Figure 3.10: Method followed to determine \ZE
the zero force level and zero dis- || gl ]
placement point. .
(0] 5T VU S 1
-5 ) ) : ) )
-30 20 -10 O 10 20 30

O (nm)

The fitting errors of equation 3.7 for the measurements in vacuum were under 20%,
however, the fitting error increases with time of exposure to atmospheric conditions, as we
will see in section 3.7.2. The increase of the error can be caused by the layer of adsorbed
water that hinders the determination of the zero indentation point of the membrane. For
these cases we used a complete third order polynomial to fit the indentation curves,
which gives lower fitting error as it can be expected. The elastic modulus was then
obtained merely from the third order term, as I explain below. This type of analysis had
been previously used in graphene membranes very effectively [197].

If u is the error we have in  when fixing the zero displacement point, and we insert it
in equation 3.7, we have [183]:

AmE t3 SE3pt
P [ ()] - wtnoo c-w+ (TR 6w 69)

that results in:
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we finally obtain a term in 5% which is the same of the one in equation 3.7: q>E3pt/R?.
Therefore, by fitting the indentation curves to a complete third-order polynomial, and
extracting the Young’s modulus from the cubic coefficient, we avoid the errors caused by
the fixing of zero displacement point. The values of the elastic modulus of this chapter
were computed by (i) fitting the curves to equation 3.7 when the indentation curves are
obtained at HV and (ii) fitting to a complete third degree polymonial (equation 3.9) at air
conditions, due to its better reliability and reproducibility.

An example of experimental curves and their fittings are plotted in figure 3.11(a, b, d,
e). (a) and (d) depicts two experimental deflection curves acquired on the same drumhead
in HV and in air, respectively, while (b) and (e) portrays the experimental indentation
curves obtained from those deflection curves, together with its polynomial fittings (to a
polynomial with exclusively therms in & and &3, and to a complete third order polynomial).
It is plain to see that at HV both kind of fittings almost coincide whereas at air the full
third order polynomial fitting reproduces much better the experimental data.

The polynomial fittings were performed by means of a Matlab script previously
used in the group, developed by Dr. Julio Gémez Herrero and Dr. Guillermo Lépez-
Polin. I improved this script by: (i) including a correction for the FZ curves that were
not completely flat before the jump-to-contact point, (ii) including a more general q
factor variable, (iii) plotting the computed E,p vs. load and (iv) saving several statistical
parameters as well as graphs. The graph mentioned in (iii) allows us to check the reliability
of the computed E;p vs. the maximum load. That graph plots, the E;p obtained from the
experimental indentation curve but considering only the points below the force showed
in X axis (Fmax). In other words, this plot shows the evolution of the value of E;p when
considering more and more points of the indentation curve. It should have a flat part
for the highest forces, indicating that the tip has indented enough to be in the large
indentation regime, yielding a steady E;p. This is depicted in figure 3.11(c, ).

Although with this method the bending rigidity and pre-tension are not separately
accessible (both contribute to the linear coefficient), there is a way to estimate the pre-
tension of the thinner flakes. These flakes have a very low thickness yielding a very low
bending rigidity according to equation 3.6. Hence, the linear coeficient in $ in equation 3.7
will have a much higher contribution coming from the pre-tension than that coming from
the bending rigidity (which will be negligible), allowing us to extract the pre-tension from
the linear coefficient. Alike, when having an error p in the zero displacement point, oy
will be much higher than the two other contributions to the linear coefficient in equation
3.9 (the bending rigidity is very low, and u? << R?). Figure 3.12 depicts the contribution
of the bending rigidity term ({47tE3p /[3(1 — v2)]}- (t3/R?)) and the contribution of the pre-
tension term (7o) to the linear coefficient as a function of the thickness of the nanosheet.
The values used are: E3p = 41 GPa, v = 0.45, R = 500 nm and oy = 0.1 N/m (the two
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Figure 3.11: Deflection, indentation and E;p vs. Fiqx curves of a BP drumhead. (a) Experimental
deflection curve of a drumhead at HV. (b) Indentation curve derived from (a) fitted
to two kind of polynomials. (c) E;p vs. Frnax yielded from both fittings in (b): every
point of each curve corresponds to the E;p obtained from a certain fitting of F(0)
considering up to a maximum force (Fnax). (d, e, f) depicts the same kind of data
as (a, b, ¢) respectively, obtained in the same drumhead after 125 hours of exposure
to air. All data correspond to a BP drumhead with a radius of 485 nm and a flake of
thickness 7.5 nm.
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tirst reported for BP [155, 162]). As it can be readily seen, the pre-tension term prevails
for very low thickness (< 3 nm) and becomes equal to the bending rigidity term for a
thickness close to 7 nm.

2.0 T T T T T T T T T T T
— |_inear Coefficient
15[ Bending Rigidity term i
’ Pre-tension term

=
o

Linear coefficient in §
and its contributions (N/m)
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(

Figure 3.12: Theoretical contributions to the linear coefficient in 6 vs. the nanosheet thickness. The
curves were computed with these values: Ezp = 41 GPa, v = 0.45, R = 500 nm and o
=0.1 N/m.

3.4.1.2 Low indentations Method

The second method consists in measuring a set of flakes with different thicknesses and/or
radii in the low indentation regime, where the term in &3 in equation 3.7 is negligible.
Therefore the 9F/05 (the spring constant of each flake, kfiqke) scales with t3/R? [92].
Consequently, the elastic modulus is inferred by linear fitting of k¢ qxe Versus t3/R? for
several drumheads, according to this expression:

oF 4mE3p t3
k. = — - . — .
flake = 35 no 3042 (R2> + oo (3.10)

This second method is valid while the pre-tensions of all the drumheads are similar
and/or negligible compared to the bending rigity. Under that assumption, a linear fit
would provide information about the Young’s modulus (from the slope) and the average
pre-tension of them (from the intercept).

3.4.2 Breaking Strength

Towards obtaining the breaking strength (o0max) of a 2D material, some drumheads need
to be indented until rupture. When the fracture occurs while performing an indentation,
the FZ curve shows a sudden fall (breaking point, depicted in figure 3.13). The fracture
force (F¢;) is the maximum force of the FZ, just before the fall. In order to estimate the
breaking strength, we then make use of equation 3.4.
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Figure 3.13: FZ curve on a drumhead that breaks. The plot was acquired on a BP drumhead of
radius 600 nm and the BP flake was 11 nm thick. The rupture takes places at a fracture
force of around goo nN and a piezo displacement of nearly 130 nm.

3.4.3 AFM cantilevers to conduct nanoindentations

The cantilevers to be used to conduct the nanoindentation experiments must meet several
requirements. Namely, they should: (i) be made of a hard material, (ii) have a smooth and
well defined contact geometry, (iii) have a suitable spring constant and (iv) an appropiate
tip radius. We used HSC60o commercial cantilevers from Team Nanotec-NanoScience
Instruments [198]. Their tips have hemispherical geometry and low wear coating of
tungsten carbide with nominal final tip radius of 60 nm. The cantilever spring constants
vary between 25 and 35 N/m. Further information regarding the choice of cantilevers and
their spring constant calibration is given in appendix C.

3.5 MEASURING MECHANICAL PROPERTIES OF BP IN TWO ENVIRONMENTS

We initially measured each sample in high vacuum using the HV-AFM of figure 2.4(c-d):
We took the sample from the HV chamber where it was stored, place it in the HV-AFM
and start pumping immediately. Then, we measured the topography and thickness of
preselected flakes using DAM-AFM mode (see figure 3.5(c)). We discarded the drumheads
that do not cover any hole with a wide enough outer ring and the ones that presented
wrinkles.

In each drumhead we conducted 10 indentation curves to check their reproducibility
and to obtain an averaged value for their elastic modulus. Only the approach cycle of
each indentation curve was considered for the fitting. All curves presented here were
obtained at the same loading/unloading rate of 100 nm/s. We checked that results are
independent of the variation of this parameter within our experimental range.

Subsequent to a complete characterization of their mechanical properties in HV con-
ditions, a set of measurements in each membrane was performed while they were exposed
to environment to assess the influence of ambient conditions on few-layer BP mechanical
properties. Figure 3.14 summarizes the whole experimental procedure. One of the main
differences between HV and ambient conditions is the water partial preassure, which
is reduced in ~8 orders of magnitude in HV. We should remind that water is the most
responsible agent for BP environmental instability (see section 3.1.1).
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Figure 3.14: Sequence of experiments conducted in black phosphorus drumheads. (a) BP samples
are stored in HV to avoid moisture absorption. We take one, place it inside the
HV-AFM and close the system. (b) Indentantions at HV are performed to obtain the
mechanical properties of almost pristine BP. (c) Then we open the HV-AFM chamber,
that time is considered 0. (d) We finally monitor the mechanical properties of BP as
function of the exposure time.

3.6 MECHANICAL PROPERTIES OBTAINED IN HIGH VACUUM
3.6.1  Young’'s Modulus and Pre-tension

Figures 3.15 and 3.16 show the results yielded from nanoindentations conducted at HV
conditions. Figure 3.15 portrays up to 5 representative indentation curves acquired on
flakes with thicknesses ranging from 4.5 up to 29 nm. Figure 3.16(a) displays a histogram
of the values obtained for the elastic modulus of 39 different flakes (with thickness
ranges between 4 and 29 nm) as obtained employing the first method aforementioned
(large indentations method). The average value for E3p is 41 = 15 GPa, without any
appreciable tendency with flake thickness. The pre-stress obtained from the linear term
are in the range of 0.05 up to 0.3 N/m (obtained exclusively from the 5 thinnest flakes,
with t = 4 - 4.5 nm, in which the bending rigidity is much lower than the pre-stress).
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Figure 3.16: E3p of BP drumheads at high vacuum. (a) Histogram of the E3p values obtained
from the fit of F(8) to equation 3.7 in 39 BP drumheads, following the first method
described. The fitting of the data of the histogram to a normal distribution yields E3p
= 41 + 15 GPa. (b) Elastic constant versus t3/R? measured for 29 BP drumheads, and
their linear fit to the expression 3.10 (red solid line). This method yields E3p =52 £+ 6
GPa.

To check the validity of the pre-stress value, we can plot the theoretical dependence of
the total linear coefficient with the flake thickness together with the the bending ridigity
contribution and the pre-tension contribution (see equation 3.7). We plot it considering
a standard drumhead radius of 500 nm, a pre-stress of 0.1 N/m (which belongs to the
obtained range 0.05 - 0.3 N/m), the measured E3p = 41 GPa and v = 0.45 (from reference
[155]). The resulting graph is the one that was shown before in figure 3.12, that was ploted
for exactly those values. From it we conclude that: the pre-tension term prevails over the
bending rigidity’s one for thickness below 3 nm, being higher for thicknesses up to 7 nm.
Therefore the values yielded for o are slightly overestimated since only nanosheets with
thickness between 4 and 4.5 nm were considered (we lacked thinner flakes). Anyway, a
precise determination of the pretension is not very relevant for our goals.

Figure 3.16(b) depicts a set of experimental data points obtained in the low indenta-
tion regime, and it plots k¢iqxe versus t3/R?, following the second method described
above. The obtained elastic modulus value is 52 + 6 GPa, within the error of the elastic
modulus obtained in figure 3.16(a), and an average pre-tension of 0.07 £ 0.02 N/m (also
in agreement with the pre-tensions derived from the first method).

In order to analyze the influence of random pre-tensions in the flakes (which would
lead to different intercepts in the linear fit of figure 3.16(b)), we have numerically simulated
F(8) curves with random pre-tensions in the low indentation regime (see figure 3.17). Here
we observe that the dispersion of the simulated data is similar to that of our experiments.
This suggests that the variation of pre-tension among nanosheets is the main source of
noise in the experimental data.

Summarizing, both methodologies yield similar results of the elastic modulus of few
layered BP, being 46 + 10 GPa the weighted average of both values (taking into account
the number of drumheads analyzed with each method).

The measured value of E3p is in good agreement with previous measurements by Tao
et al. [162] in atmospheric conditions of thick (> 14 nm) flakes, but in clear disagreement
with a more recent publication by Wang et al. [163]. Our elastic modulus for BP is also in
agreement with theoretical predictions [154-156, 160, 165]. A comparison of the values
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Figure 3.17: Influence of random pre-tensions in k¢iqie vs. t3/RZ. (a) Simulated force vs. indenta-
tion plots in the low indentation regime for flakes with growing thickness. The lines
are spanned by random pre-tensions. (b) Plot of the stiffness of the flakes, calculated
as the slopes of the lines in figure (a), vs. t3/RZ. For constant pre-tension this plot
should be a perfect straight line. The noise reflects the contribution of the random
pre-tensions, which is similar to our experimental noise.

of the Young’s modulus for BP found in this thesis and the ones from aforementioned
publications is shown at the end of this section together with the values of the breaking
strength (see subsection 3.6.3).

3.6.2  Breaking Strength

After performing indentations on some drumheads until their rupture, we were able
to compute their breaking strength by measuring their rupture force and assuming the
expression 3.4 for o302 . Figure 3.18(a) depicts a chart of the breaking strength versus

thickness for 14 BP drumheads measured in high vacuum. The plot does not show any
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Figure 3.18: Breaking strength and crack in BP drumheads at HV. (a) Breaking strength of 14 BP
drumheads vs. the BP thickness measured at high vacuum (having an average oj*“*
= 2.4 £ 1 GPa). (b) AFM image of a BP drumhead in HV before its breaking. (c) AFM
image of the same BP drumhead as in (b) after its rupture, also in HV. The size of the
AFM images is 1.5 x 1.5 um?.
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clear correlation between these two magnitudes. The average breaking strength is 2.4
+ 1 GPa. This value compares quite well with previous measurements in atmospheric
conditions [162].

Figures 3.18(b) and (c) displays a BP membrane before and after breaking. As it can be
readily seen, the crack is confined around the tip-sample contact point in contrast with
pristine graphene [199], in which tears span more than microns.

Recently, Liu and coworkers [165], through an atomic scale simulation, studied the
fracture mechanism of freestanding phosphorene under indentation. Their data reveal that
the crack grows firstly along the armchair direction and then along the zigzag direction
(see figure 3.19(b)). Moreover, they predict the fracture of the freestanding BP monolayer
to be firstly brittle-like and then ductile-like. During the indentation process they found
two instantaneous drops in the force (see figure 3.19(a), transitions A—B, C—D). After
the two cracks, the fracture behavior is ductile-like, with sawtooth shaped steps of F(d)
curve (curve on the right side of point D in figure 3.19(a)). They also show that the stress
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Figure 3.19: Simulation results of the fracture mechanism of freestanding phosphorene under
indentation. (a) Force-displacement curve for the indentation process. (b) Top view of
the freestanding BP monolayer during the indentation process, each image correspond
to a point of the curve in (a). (c) Distribution of o, 0y, and o, in the freestanding
phosphorene before the generation of the first crack (point A in (a)). Source: [165].
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distribution has the maximum normal stress component at elastic stage in zigzag direction
(see figure 3.19(c) middle).

The indentations we performed until rupture, were conducted until an indentation
between points B and C of figure 3.19(a), as in the case of figure 3.13. We must remind
that the breaking strength we measured is the averaged one in X and Y directions, just
below the tip. Likewise, the experimental Young’s modulus we obtained is the averaged
modulus in both in-plane directions.

3.6.3 Comparison of E3p and o35 with reported values and other materials

Table 3.1 shows the values reported up to now for the elastic modulus and breaking
strength for two-dimensional BP. There are two main kind of approaches: theoretical
(second and third column) and experimental (fourth column). The average value of both
directions (armchair and zigzag) is shown when the source gives separately the values
for each direction. The third column presents the values for an oxidized BP monolayer
with a 50% ratio of oxygen/phosphorus content. The values of last column are obtained
experimentally in air, except the ones derived from this thesis (highlighted with bold font,
reference [179]) which were measured in HV.

’ Approach: ‘ Theo. Pristine BP ‘ Theo. BP+O ‘ Exp. BP at air or HV ‘
7 2/ 7 8/ 10 7 0-2 6*, 6
E3p(GPa): 44, 52,74, 9 5 69[158] 43, 90-2767, 4
[18],[160],[156],[158] [155] [162], [163], [179]
.4, 3.8, 10, 13 3.5, 25, 2.4
o3P (GPa): >4 3 6.4[158]
e [160],[18],[158],[155] [162], [163], [179]

Table 3.1: Reported values of elastic modulus and breaking strength of 2D BP. Sources are shown
in brackets. (*) the Young’s modulus from source [163] was thickness-dependent. Values
in bold font are derived from this thesis.

This table reveals that our results are in agreement with those from the theoretical
approaches by Liu et al. [18] and by Yang et al. [160] as well as with those from the
experimental work by Tao et al. [162]. However our results are in clear disagreement with
those from the publication by Wang et al. [163]. The lower values we obtained compared
to those from most of theoretical works, can be explained in terms of deviations of ideal
conditions in our experiments. For instance, in the flakes there could be defects, not
visible wrinkles or cracks as well as stacking faults, that reduce the value of mechanical
parameters.

Finally, comparing with other materials, black phosphorus has a much lower elastic
modulus than, for example, graphene, steel and MoS,, and lower yield strength than
that of graphene and MoS, (see table 3.2). Remarkably, BP owns a breaking strength
higher than that of steel, and similar to that of PDMS. This fact together with its lower
E3p, its electrical properties and anisotropy makes black phosphorus a suitable substitute
of conventional narrow gap semiconductors in devices requiring thin, flexible, and
quasitransparent material.
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Material: Graphene[44] | MoS,[200] | Steel[190] | BP[179] | PDMS|[201]
E3p(GPa): 1000 270 200 46 ~0.6
oD (GPa): 130 23 0.5 2.4 2.2

Table 3.2: Comparison of mechanical properties of several materials.

3.7 EVOLUTION OF MECHANICAL PROPERTIES IN AMBIENT ATMOSPHERE

Subsequent to mechanical characterization in HV conditions, measurements in ambient
atmosphere were performed. Once the samples were exposed to ambient conditions,
measurements separated by intervals of few hours were carried out in each membrane.
The relative humidity (RH) was ~47% and the room temperature (RT) ~22°C. This scheme
allows monitoring the evolution of E3p with the exposure time to ambient conditions.

3.7.1  Evolution of BP topography in ambient atmosphere

As previously reported [170], our AFM topographic images of BP drumheads showed
significant changes as a function of time of ambient exposure. Figure 3.20 displays AFM
images showing the evolution of the topography of a representative BP flake with exposure
time. As a consequence of water absorption, there is a random population of protrusions
increasingly covering the surface. It should be noticed the difference between bubbles,
that were present immediately after sample preparation, and protrusions originated by
moisture.

The water adsorption that takes place during the exposure to atmospheric conditions
seems to be somehow dependent on the flake thickness. This is shown in figure 3.21,
where the flake shows different topographic features depending on its thickness. Before
exposure, the thickness of the flake was around 6 nm in the area covered by blobs while
the flat part of the flake was 4.5 nm thick. Therefore, during exposure to air, the measure
of the real thickness of BP flakes by AFM becomes infeasible.

Figure 3.20: Evolution of a BP drumhead topography under ambient conditions. Set of AFM
images of a 7.5 nm thick BP drumhead under the exposure to ambient conditions
(from 0 h of exposure, i.e. HV conditions, up to 196 h of exposure followed by
annealing at HV). The size of the images is 1.5 x 1.5 pm?.
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Figure 3.21: AFM topography of a flake af-
ter being exposed 120 h to at-
mosphere. Previous to the ex-
posure, the flake had a thick-
ness of 6 nm in the area cov-
ered by blobs while the rest
had a thickness of 4.5 nm.
The drumhead was sponta-
neously broken during the ex-
posure to air.

3.7.2  Analysis of the indentation curves acquired at air

For the analysis of the nanoindentation curves acquired under atmospheric exposure, the
large indentations’ fitting method described above was used. Specifically, the indentation
curves were fitted to a complete third order polynomial in & (equation 3.9), that yielded
much lower fittings errors than those of a fitting to a polynomial with only terms in §
and &3. Furthermore, the fitting error increased with time of exposure to atmospheric
conditions (see figure 3.22). This figure also shows the decrease of the error once the
sample is cleaned in vacuum through annealing (data inside a black circumference). This
suggests that the protusions of adsorbed water causes the error increase, hampering the
determination of the zero indentation point of the membrane. For that reason we used a
complete third order polynomial fitting, which is not affected by the error when fixing
the zero displacement point, as we saw in section 3.4.1.1.
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o 01 : ) v 1 ted at 0 h were acquired in
£ ¢ v HV (before exposure), and
2 40} v &y @ - L. .
L L S the ones inside a black cir-
Q v:o . © cumference after the entire
w 20F ° o . . .
- exposure and final annealing
0 1 1 1 1 1 in H\,‘
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3.7.3 Evolution of the Elastic Modulus in Ambient Atmosphere

The results of the evolution of the elastic modulus with the time of exposure to atmos-
phere are summarized in figure 3.23. Panel (a) shows several indentation curves acquired
at increasing exposure time on a 5.3 nm thick flake. It is plain to see that the elastic modu-
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(@)

(b)

E., (GPa)

Figure 3.23: Evolution of the mechanical properties of BP drumheads under ambient conditions.
(a) F(3) curves for a 5.3 nm thick BP drumhead in HV after 3, 7, 11 and 26 h of
exposure. In the last indentation (after 26 h) the drumhead broke. (b) Ezp vs. the
time of exposure to atmosphere and after heating in HV. Data points sharing color
and shape correspond to the same BP drumhead, whose thickness is indicated in the
legend. The data points plotted inside a black circumference correspond to the last
set of indentations on each drumhead, after that the drumhead broke. The data at
0 h are acquired in HV, and the two last data, at almost 200 h (and inside a black
circumference), are acquired on two drumheads after the whole exposure (~200 h)
and the subsequent heating in HV. The dashed line is the fitting of data from flakes
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thicker than 7 nm to a model proposed in section 3.7.5.
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lus highly decreases with time in this case. The elastic modulus vs. time of exposure to
atmosphere are depicted in figure 3.23(b) for that drumhead (red dots) and four more,
whose thicknesses are in the legend. The evolution of the E3p for the 4.5 nm thick flake
(black squares) also shows a high decrease with exposure, and broke soon. Therefore,
flakes with thickness below 6 nm show a clear tendency of decreasing elastic modulus
when exposed to air, reaching a decrease of a factor of almost two at 24 h of exposure to
ambient. However, BP flakes with thickness above 7 nm show a minor reduction of its
elastic modulus. This is evidenced in the rest of the data shown in figure 3.23(b). This
kind of response suggests the growth of a passivation layer. Passivation is the creation of
a thin inert layer on a surface of a material. It spontaneously occurs in some materials, like
many metals, when they come into contact with an external agent [202]. An example is the
formation of alumina (Al,O;) on aluminum surface in air. Moreover, black phosphorus
has been reported to form oxidized species in the presence of oxygen [151], which can
lead to passivation of its surface. For all this we have considered a simple passivation
process (see section 3.7.5). According to this model, an exponential decay fitting of these
three sets of data (blue, pink and green symbols) is depicted by a dashed line.

We do not have the evolution of the breaking strength with the exposure time (that
would mean breaking many drumheads, being no longer available for future experiments).
The 4.5 nm thick flake spontaneously broke after the first 10 h of exposure, which is
already indicative of a reduction of its breaking strength. Furthermore, all the flakes
studied under ambient conditions, broke at forces well below forces that were previously
supported. We were able to acquire the fracture force of two 7.5 nm thick flakes once
they were exposed ~200 hours to air and subsequently annealed in high vacuum at 230°C
during 15 h. The breaking strength obtained from those measurements yielded a o312
(200 h exposed BP) ~1.6 GPa, that is 0.66-03, . (pristine BP).

In brief: the main conclusions derived from our latter experiments are three: (i) the
elastic modulus of flakes thicker than 7 nm is slightly reduced (inspite of the substantial
changes of the BP topography in air), (ii) BP flakes thinner than 6 nm, experience a
significant decrease of their Ezp upon exposure to ambient conditions, and (iii) for both
thickness ranges the rupture forces seem to decrease with the ambient degradation.

3.7.4 Flakes” Thickness in Ambient Atmosphere

The elastic modulus of the flakes upon degradation yields the magnitude E;p = Ezp-t.

For the results plotted in figure 3.23(b), the value of thickness, t, used to derive E3p is the
height of the flake measured by AFM under high vacuum conditions. Upon exposure to
atmosphere this magnitude becomes experimentally inaccessible for some time, i.e. the
topography of the flakes reflects a growing height due to water absorption on the flakes
that does not correspond to their actual thickness. Hence, the decrease of elastic modulus
observed in our measurements might be ascribed to two different physical origins: (i) an
inherent decrease of the Ezp of the material and/or (ii) a decrease of the thickness of the
membrane. In order to investigate these effects the samples were annealed in high vacuum
at 230°C during 15 h. Following previous works, under these conditions a removal of
adsorbed water occurs. This allows measuring the real thickness of the flakes. According
to our AFM images before and after annealing (see figure 3.24) the change in thickness
is negligible, suggesting that a decrease of the intrinsic elastic constants is taking place
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Figure 3.24: Topographic changes in BP flakes after nearly 200 h of exposure to ambient conditions
and annealing in HV. (a) Topography AFM image (the same one as figure 3.5(c)) of a
BP flake in HV, before the exposure to atmosphere. (b) Topography AFM image of the
same flake, acquired in HV at RT but once the sample has been in contact to air for
almost 200 h, and subquently heated in HV. There are some left-over residues. Both
membranes appear broken due to indentations experiments performed until rupture
in HV before exposure to air. (c) Topographic profiles along the blue and cyan lines in
(a) and (b). (d) Topographic profiles along the black and green lines in (a) and (b).

during exposure to atmospheric conditions. This agrees with the reduction of the breaking
strength measured after annealing.

3.7.5 Passivation Model

This decrease in E3p could be attributed to the passivation of the outer layers of the BP
flakes leading to phosphorus oxide layers [151] with a lower elastic modulus than that of
pristine BP. Therefore, we consider a simple passivation model. It is based in the following
assumptions (see figure 3.25(a)):

1. The total thickness of every BP flake during the entire exposure time is constant and
equal to the initial thickness of the BP flake measured in high vacuum before the
passivation process starts (tih):

E}} = tpass(T) +tp(T) = constant (3.11)
where T is the exposure time, t,qss the thickness of the outer passivated BP and
tgp the thickness of the underlying pristine BP flake. This assumption is supported
by the experimental preservation of flakes” height shown in figure 3.24.

2. The growth of the passivation layer takes place at a speed that exponentially decays
with time, i.e., the passivation process experiences saturation, having a maximum
passivation depth, t77s. This is suggested by the data of thicker flakes at advanced
exposure in figure 3.23(b). This leads to the following relations:

tpass(T) = tgla(?; ' “ - exp(_T/Tc)] (3-12)

tgp(T) = tiBT}:i —1tpass (1) (3-.13)
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where 7, is a passivation characteristic time.

3. The elastic moduli of the pristine and passivated BP are constant with time and
equal to ESf and EL°® respectively, being E5* = o EBf, « < 1. According to
[158] a value of & = 0.66 is expected for phosphorene, considering the average of the
elastic modulus of both in-plane directions at two stages: when the oxidation ratio
is 0% and 100%.

4. The E;p of a layered material is the sum of the E;p of each layer (Exp = EzBB +
EPS’®) (negligible inter-layer interactions).

Considering assumptions above and that the magnitude that is obtained from our
measurements is Exp = Ezp -t = ESF - tgp(T) + EES°® - tpass(T), the elastic modulus
measured during the exposure time is:

EBP
ESs st red() ~ T LY — tpass (1— o) [1 —exp(—1/7c)]} (3.14)
(@) Passivated BP: et ma [ Loexn(al < |
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Figure 3.25: Passivation model proposed for few-layer BP flakes. (a) Diagram of the passivation
model proposed herein. (b) Temporal evolution of the elastic modulus of few-layer BP
flakes under exposure to ambient conditions. The symbols correspond to experimental
data (red solid and empty dots for drumheads thicker than 7 nm, and blue solid
squares for drumheads thinner than 6 nm). Red line corresponds to the fit of the red
solid dots to the proposed model and the dashed blue line depicts the model for the
thinner flakes.
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The initial increase in the elastic modulus of the thicker flakes in figure 3.23(b) is in
agreement with the evolution of E3p of phosphorene under oxidation process according
to Hao et al. [158]. In this reference an increase of E3p in the armchair direction until an
oxidation ratio of 25% is ascribed to small relaxations of phosphorene that occur due to
chemisorbed oxygen atoms. This increase is not observed in our data of the thinner flakes,
probably because it took place in the short exposure prior to the measurements in high
vacuum. We will discuss it in the next section.

Figure 3.25(b) shows the evolution of the elastic modulus of exposed drumheads with
the exposure time. There are two sets of data. One corresponds to the flakes thicker than 7
nm of figure 3.23(b), whose average thickness is 7.6 nm, plotted with red empty and solid
dots. The second set comprises the data of the flakes thinner than 6 nm of figure 3.23(b),
with an average thickness of 4.9 nm, plotted with blue solid dots. In order to fit the data
to the suggested model, firstly, only the data of the thick drumheads are considered, since
they present a longer evolution. The data acquired in the first 10 hours (empty triangles)
are discarded to avoid the aforementioned increase of E3p at low oxidation rates. Hence,
the solid triangles are fitted to the exponential decay expression of EJi$asured (1) given
above. The following values are fixed: t5 = 7.6 nm (average thickness of thick flakes)
and « = 0.66 (reported by [158]). This fitting, depicted with a red line in figure 3.25(b),
yields an elastic modulus for pristine BP of EE‘B = 46 + 5 GPa, a maximum passivation
depth of t77s = 9 = 5 nm and a passivation characteristic time of Tc = 60 + 20 hours.
The value for elastic modulus of pristine BP coincides with the one measured in vacuum
environment in section 3.6.1. For the thinner flakes, we use the obtained values for t7
and T, while we use t{}' = 4.9 nm (average thickness of thin flakes), EPF = 27 GPa
(provided by the intercept of the linear fit of the first seven data) and o = 0.66 again. In
this case the blue dashed line in figure 3.25(b) is obtained.

The proposed model and the characteristic values obtained from it, result in some
important consequences. Firstly, all the flakes considered in this section, after a long
enough exposure, would be completely oxided, considering that their thicknesses are
lower than the maximum passivation depth. Secondly, and more important, every few-
layer BP nanosheet thicker than 9 nm would undergo a passivation process until the
passivated layer reaches that thickness, similarly to the natural passivation of some other
materials such as stainless steel, aluminum, cooper, etc. However, this expected behaviour
could deviate from some other actual tendencies due to the dispersion of our data. In
fact, this model would not apply for very thick BP flakes (around 100 nm or more), in
which water ends covering the BP surface causing a layer-by-layer etching as was reported
in [170] and confirmed by us through some optical images of flakes thicker than 100
nm. Moreover, the presented model does not consider the likely circumstance of having
passivation on the underside of the flake, nor simultaneously passivation and etching
processes. This later situation was not reflected by our experimental results in few-layer
BP flakes.

3.7.6  Oxidation Hypothesis

According to our model, the maximum of the elastic modulus should occur at 0 h
of exposure. However, the experimental results for flakes thicker than 7 nm show an
increase of E3p for low exposure times. This behavior was theoretically predicted for
phosphorene oxide by Hao et al. [158] as we had already anticipated.
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Figure 3.26: Influence of oxidation in the mechanical properties and structure of phosphorene.
(a) Elastic modulus of phosphorene with increasing oxidation ratios. (b) Breaking
strength of phosphorene under different oxidadtion ratios. (c) Phosphorene oxide
structure with various oxidation ratios: 6.25%, 25%, 50% and 100%. Adapted from
[158]. Green curves in (a) and (b) were computed to compare with our experimental
data.

It is known by experimental works that the moisture and oxygen in air, lead to the
formation of oxidized phosphours species [172]. In [158] the Young’s modulus of phos-
phorene is computed for the two in-plane directions as the phosphorene oxidizes. That
is depicted in figure 3.26(a). Panel (c) of the same figure depicts one BP layer with an
increasing number of oxygen atoms bonded to phosphorus atoms. The oxidation ratio,
that appears in the X axis, is simply the number of bonded oxygen atoms divided by
the number of phosphorus atoms. We average the results of both in-plane directions,
obtaining the green curve, that can be compared with our experimental results. We carry
out this comparison assuming that, as the exposure time increases, the number of bonded
oxygen atoms increases too (maybe not linearly but both increase).

Comparing our results with the ones by Hao et al., we see that the thick flakes have
approximately the same behavior as the theoretical prediction:

¢ For low times there is a small increase of E3p, this is explained in [158] in terms
of small relaxations of phosphorene due to chemisorbed oxygen atoms.

¢ For higher times the E3p decreases and finally saturates, this is attributed to the
fact that the oxygen atoms affect the strength of phosphorus-phosphorus bonds,
and they can substantially change the structure of the phosphorene [158].
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The thinner flakes, on the contrary, do not follow the theoretical prediction. Indeed,
the experimental elastic modulus we measure for thinner nanosheets decreases during
the whole exposure. Furthermore, Hao et al. predict, for oxidation ratios below 10% a
very sligth decrease of Ezp, which is not reflected by the experimental data of thick flakes.
The reason behind both discrepancies could be connected with the content of oxygen at
the beginning of the experiments. When the samples are kept in vacuum they have been
exposed to ambient conditions for less than 2 hours. After that time some oxygen atoms
could have been bonded to the BP flakes, so the starting point in our experimental plots
of E3p vs. time of exposure corresponds to a non-zero oxidation ratio (see figure 3.27):
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Figure 3.27: Comparison experimental and theoretical Young’s modulus evolution. (a) Experimen-
tal E3p vs. exposure time highlighting the two kind of thicknesses measured. Dashed
lines are simply guides to the eye. (b) Theoretical evolution of E3p vs. oxygen content
(green curve). Red and blue lines marked the tendencies followed by the experimental
data for flakes of both thicknesses, from whose beginning the oxygen content can be
estimated. The absolute values of the elastic modulus are not taken into account.



3.8 CONCLUSIONS

* For the case of thick flakes the begining of our experimental plot should be around
10%. This is based on the fact that from a 10% oxidation ratio Ezp slight increases,
then decreases and finally saturates.

* For the thin flakes the initial oxidation ratio seems to be higher, around 30% (from
that value we found the decrease of the elastic modulus). For longer exposure times
our thinner flakes unfortunately broke.

The latter hypothesis concerning the oxygen content at 0 hours makes sense: the thinner
flakes exposed to ambient conditions for the same interval of time, will have proportionally
higher content of oxygen than the thicker ones.

For the breaking strength the theoretical results from [158] reveal a dramatic decrease
with the oxidation ratio (see figure 3.26(b)). As stated before, we measured the values of
Omax in HV (pristine BP) and after 200 hours of exposure to air, for 7.5 nm thick flakes.
Their breaking strength has a a reduction factor of 0.66 after the whole exposure to
ambient conditions (from 2.4 GPa to 1.6 GPa). This reduction corresponds to an oxidation
ratio of 70% according to figure 3.26(c). Remarkably, the reduction factor of the elastic
modulus with an oxygen content of 70% is predicted to be around 0.66 as well, which is
exactly the reduction of the experimental Young’s modulus we obtained for very high
exposure times (from 46 GPa measured in HV to around 30 GPa measured for long
exposures).

3.8 CONCLUSIONS

In this chapter we have reported on the mechanical properties of few-layer black phos-
phorus in two environments: high vacuum and air ambient conditions. Indentation expe-
riments performed at high vacuum yield elastic modulus of 46 &+ 10 GPa and breaking
strength of 2.4 £+ 1 GPa. The elastic modulus barely decreases in atmospheric conditions
for thick flakes, however, we found a clear decreasing tendency for the thinnest flakes
measured in our experiments. These results are compatible with previous works where
the variation in the mechanical properties is ascribed to the oxidation of black phosphorus
in air. They suggest a ~70% oxygen content in our thick flakes after 200 hours of exposure,
based on the reduction of the elastic modulus and breaking strength in those BP sheets.
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A NEW METAL-ORGANIC ULTRATHIN FILM WITH OUTSTANDING
PROPERTIES

4.1 INTRODUCTION TO COORDINATION POLYMERS AND MOTIVATION OF THE CHAP-
TER

4.1.1  Coordination Polymers

Coordination polymers (CPs) [203], also named metal-organic polymers, consist of metal
centers linked by organic ligands via coordination bonds. A coordination (or coordinate)
bond is the donation of a lone electron pair of the ligand to the metal cation and the
electrostatic attraction between that cation positively charged and the negatively polarized
or charged donor atom of the ligand [204]. The CPs can extend in one, two or three
dimensions (see figure 4.1). Although the existence of coordination bonds is essential in
the formation of the CPs, other kind of non-covalent interactions (supramolecular inte-
ractions such as hydrogen bonding, 7t — 7t interactions, van der Waals forces, electrostatic
forces, etc.) can also be present being decisive in the nature of the CPs [204].

The first use of the term "coordination polymer" may be traced to J. C. Bailar in 1964
[206]. However, the crucial momentum of CPs took place in the 9o’s with the works
by Kitagawa [207] and Yaghi [208] with the raise of the so-called MOF (metal-organic
frameworks). MOFs are a subclass of CPs that contain porous in their structure. From then,
MOFs started to be considered as an emerging class of materials with promising properties.
In recent decades, the study of these compounds has stablished as a consolidated scientific
discipline that continues to grow today.

The structure and properties of CPs are governed by their building blocks (their
metal centers and organic ligands) and by the interactions among them. By a molecular
recognition and self-assembly process, the building blocks are joined together in a
selective manner (see figure 4.1). Thus, by understanding these interactions, and selecting
the proper building blocks, one can rationally predict, design and synthesize new CPs
with fascinating structures and functionalities. Therefore, coordination polymers offer the
possibility of creating a la carte compounds based on modular chemistry. Much work in this
field has shown coordination polymers as promising candidates in several applications,
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Figure 4.1: Formation and common properties of coordination polymers. Adapted from: [205].
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including adsorption, separation, catalysis, magnetism, sensing and hostguest chemistry
[209, 210].

Among coordination polymers, very few exhibit electronic transport. However, in the
last decade, some conductive CPs have been found in our closest scientific environment
[211, 212]. Even so, their conductivity is well below than that of other 2D inorganic crystals,
such as graphene, MoS, or indium tin oxide. But CPs present the remarkable benefit that
their electrical properties can be tuned by chemically altering the linker or the metal ion
[213]. Furthermore, experimental results and theoretical calculations provide indications
that CPs might be suitable as semiconductors in future electronics [214]. In addition to
their chemical versatility, CPs allow a larger variety of structures than inorganic crystals
with different dimensionalities and properties.

Regarding the mechanical robustness of 2D coordination polymers, although nano-
indentation is becoming a more common tool to characterize single CPs thin films,
very few have been characterized in depth [215, 216]. The higher expected flexibility
of CPs compared to inorganic functional materials could be an unexpected advantage.
With increasing attention for flexible and wearable devices, elasticity is a highly desired
property [213].

The main current challenges in this field rely in combining processability and the
desired electrical, optical and mechanical properties in a single material to integrate them
in future devices. To date, most of the research involving these multifunctional materials
has been focused on bulk material, however processability down to lower dimensional
forms is still little developed [217, 218]. Some seminal works have already demonstrated
1D metal-organic polymers [211, 212] as well as CP-nanosheets obtained by either top-
down methods [216, 219-221] or bottom-up approaches [222-227]. Almost none of these 2D
CPs have shown high electrical conductivity. In addition, very few works, if existing at all,
have achieved 2D CPs that gather simple synthesis, high processability, and exceptional
physical properties.

Previous results of our collaborators have shown that the combination of copper
metal centers with sulfur-containing ligands as building blocks are able to produce
multifunctional materials showing electrical conductivity together with optical emission
[228]. Some of these compounds have been investigated in films showing conductivities
as high as 1580 S/cm for film thickness of about 200 nm [229]. Nevertheless, future
developments depend on the ability to obtain even thinner but robust films to integrate
them in flexible electronics devices [213].

4.1.2  Motivation of this chapter

The aim of this chapter is to characterize a new rationally designed coordination poly-
mer that is expected to be mechanically robust and with promising electrical and optical
properties. This prediction is based on the nature of its building blocks: copper metal
centers and sulfur-containing ligands. Additionally, this compound has a remarkable pro-
cessability: it can be processed in different ways producing 3D crystals and 2D ultrathin
films with variable thickness. Superior processability, and remarkable physical properties
have been barely joined together in the 2D form of a unique metal-organic polymer. We,
therefore, conduct a complete characterization of this compound concerning its structure,
different topologies, electrical, optical and mechanical properties, paying special attention
to its 2D ultrathin layered form.



4.2 INTRODUCTION TO [CUI,(TAA)l, COORDINATION POLYMER

The core of this chapter is based on reference [230]: Miriam Moreno-Moreno, Javier
Troyano, Pablo Ares, Oscar Castillo, Christian A Nijhuis, Li Yuan, Pilar Amo-Ochoa,
Salomé Delgado, Julio Gémez-Herrero, Félix Zamora, and Cristina Gémez-Navarro.
“One-Pot Preparation of Mechanically Robust, Transparent, Highly Conductive, and
Memristive Metal-Organic Ultrathin Film.” In: ACS nano 12.10 (2018), pp. 10171-10177.
This work was performed in collaboration with many people. Javier Troyano synthesized
the compound supervised by Félix Zamora and Salomé Delgado. Eventually J. Troyano
taught me to perform such synthesis and the processing to obtain 2D ultrathin films
of the compound. Christian A. Nijhuis and Li Yuan carried out XPS studies and the
out-plane electrical characterization. Pilar Amo-Ochoa synthesized the 3D crystals and
performed an initial electrical characterization of them. Oscar del Castillo conducted
the crytallographic studies. Pablo Ares performed some potential maps of the films.
Cristina Gémez-Navarro conducted some electrical and mechanical measurements and
coordinated the whole work with Félix Zamora. Both and Julio Gémez-Herrero conceived
the work and designed most experiments. I was the one that performed the majority of
the electrical and morphological characterization of the films. In addition, I conducted
the synthesis and adsorption on different substrates of most of the films. Moreover, after
attending a workshop on Memristive Phenomena, I was able to design complementary
electrical experiments.

4.2 INTRODUCTION TO [CUI2(TAA)];, COORDINATION POLYMER
4.2.1  Building Blocks and Structure

The building blocks that constitute our coordination polymer are simple, industrially
available and highly inexpensive: Copper(I) Iodide (Cul) and thioacetamide (TAA). Cul
provides the metal center (Cu™) and the TAA the organic ligand. Iodine acts as an
inorganic ligand. As reported previously by our collaborators [231], the reaction between
Cul and TAA yields to a variety of structures that can be tailored by fine-tuning the ratio
between the initial building blocks and the reaction speed modulated by the concentration
of the reactants and the solvent. Thus, the slow diffusion of an acetonitrile solution of Cul
and thioacetamide (2:1) into diethyl ether gives rise to the formation of single-crystals
(see figure 4.2).

Figure 4.2: [Cu,I(TAA)], crystal.
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Figure 4.3: Structure of [CuyI;(TAA)l, compound. (a) View of its asymmetric unit with the
occupancy factors. The disorder of the thioacetamide ligand was omitted for sake of
clarity. (b) Some plausible ordered models contributing to the highly disordered final
crystal architecture obtained from single crystal X-ray diffraction. The colour code used
for elements is the same one used in (a).

X-ray diffraction indicates that the crystals correspond to a coordination polymer of
formula [Cu,I>(TAA)],, that presents a notable degree of structural disorder (figure 4.3(a))
involving the copper(I) atoms, which are distributed among three positions (positional
disorder) but also a position in the coordination sphere of the metal center which is shared
by an iodide atom (I3) and the TAA ligand (substitutional disorder). This degree of disorder
makes it difficult to provide a straightforward description of the crystalline structure
based on the coexistence of a limited number of ordered arrangements. In fact, the amount
of possible ordered models contributing to the mixture is large. In order to represent
some of them, figure 4.3(b) provides just three possible structures, which are chemically
and structurally compatible with a suitable crystallographic solution. In any case, all the
structural models consist of a three-dimensional crystal structure build up by means of
iodide bridged by tetrahedral copper(I) metal centers with coordination spheres formed by
four or three iodides and one sulfur atom from the thioacetamide ligand. The coordination
bond distances (Cu-I: 2.51-2.68 A and Cu-S: 2.31-2.41 A) are in agreement with the values
typically found in the The Cambridge Structural Database [232]. This type of disorder of
soft metal centers has been reported for several ionic conductors such as «-Agl, Ag;SI,
and RbAg,I; compounds, among others, in which the silver atoms are disordered over
many available positions [233-238]. Interestingly, our good quality crystals showed much
lower electrical conductivity than that of more amorphous crystals (as we will see in
section 4.4.1.2). The unusual X-ray structure found for [Cu,I>(TAA)],, as well as these
electrical features prompted us to explore the nanoprocessability of this new material.
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4.2.2  Film Preparation

To this end, we carried out a direct reaction at the water-air interface upon addition of
50 uL of an acetonitrile solution of the two simple building blocks, Cul and TAA, in 2:1
ratio (figure 4.4(a)). Immediately after that, we observed a transparent film on the water
surface. We used Langmuir-Schéfer technique (fishing) to deposit the film on a variety of
substrates such as Si/SiO,, fused quartz, or glass (figure 4.4(b) and (c)). Inspection under
an optical microscope of deposited films on substrates of Si with thermally grown SiO, of
thickness 300 nm (figure 4.4(b)) shows the formation of thin films with coverage higher
than 85% through mm? scale areas. UV-VIS spectroscopy of ~20 nm thick films prepared
on quartz substrates (figure 4.4(c)) revealed that their transparency was > 80% for the
whole visible window (figure 4.5(a)). X-ray analysis of the as-formed [Cu,I;(TAA)],, films
deposited on SiO, agrees with that determined for the material prepared as a single
crystal, therefore confirming its structure (figure 4.5(b)). Although the coordination bond
sustained 3D architecture, the synthetic approach determines the crystal growth to be

limited to the water-air interphase affording this compound in the form of ultrathin sheets.

Spectroscopic and analytical data confirm that the films show a similar structure and
composition to that found in the [Cu,I;(TAA)],, single crystals (see appendix D). The
thermal stability of the films agrees with that observed in the bulk confirming no thermal
degradation below ~170 °C in an inert atmosphere (see appendix D).
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Figure 4.4: Preparation of [Cu,I;(TAA)l, films on substrates. (a) Scheme of the film preparation
at the water-air interface and the Langmuir-Schéfer technique used to collect it on

surfaces. (b) Optical image of a representative sample deposited on a SiO, substrate.

(c) Photograph of a film collected on fused quartz with 1€ coin as size reference. The
transparency of the film is evident.
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Figure 4.5: Transmittance and XR diffraction of [Cu;I;(TAA)],, films. (a) Transmittance of the
film shown in figure 4.4(c) in UV-VIS spectrum. (b) Grazing Incidence XR diffraction
(incidence angle, o« = 0.5°) of a film collected on SiO, (black) and its comparison with
that calculated from the single crystal X-ray diffraction data (red).

4.2.3  First observations that triggered our research

In the first films we obtained, we made a quick measurement of their electrical resistance
using graphite paint as electrodes, glass as substrate, and a simple multimeter, as it is
shown in figure 4.6. We surprisingly obtained a vey low value of the resistance: 600 KQ,
that, taking into account the geometry of the film, corresponds to a first conductivity
estimation of ~0.5 S/cm. This conductivity and the high transparency of the film (80%
in VIS region) constitute essential properties for some technological applications, for
instance in touchscreens. To put in context, ITO (indium tin oxide, a compound whose
films are widely used in screens and touchscreens) has a conductivity of 10® S/cm and
a transparency of 9o% in the VIS spectrum [239]. In spite of the remarkable properties
of ITO, due to the lack of Indium, its production difficulties and its low flexibility, other
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Figure 4.6: Macroscopic measurement of resistance of a [CuyI;(TAA)], film. A rough estimation
of the corresponding conductivity is written in the notebook. As a historical note the
hands in the image correspond to Dr. Pilar Amo.



4.3 FILM MORPHOLOGICAL CHARACTERIZATION

materials are being researched to replace it such as organic polymers like PEDOT:PSS
[240, 241].

4.3 FILM MORPHOLOGICAL CHARACTERIZATION

Atomic force microscopy images, as the one shown in figure 4.7(b) from the rectangle of
figure 4.7(a), confirm that these films mostly present thicknesses ranging from 4 to 10
nm. We also found few regions with films of thickness up to 60 nm; the film thickness
can be adjusted just by optical inspection of the layers created at the air-liquid interphase
during the transfer process to the substrate. Histograms of topographic heights measured
in areas of ~100 um? of the films, as that depicted in figure 4.7(c), showed RMS roughness
as low as that of the substrate (~1 nm) and similar to that of ITO films [242], indicating
extremely smooth surfaces. The roughness of films could be important not only from a
morphological point of view, but also from an electrical perspective: it could be related to
electrical conductivity, as it has been reported for ITO films [242], the lower the roughness,
the higher the conductivity.

The combination of the presented AFM images and scanning electron microscopy
(SEM) images (see figure 4.8) allows discarding a nanoplatelet structure as reported
previously in similar metal-organic films [229].
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Figure 4.7: AFM topography and roughness analysis of [Cu,I;(TAA)],, films. (a) Optical image of
a film contacted by two gold electrodes. (b) AFM topographic image of the area inside
the white rectangle in (a). (c) Profile of the blue horizontal line in (b) along the film and
a crack in it. From this profile a film thickness of 8 nm is obtained. (d) Histogram of
topographic heights of a 10 x 10 um? area in the film shown in (b). The origin of the
horizontal scale is arbitrary. From the histogram, RMS roughness of 1.2 nm is derived.
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Figure 4.8: SEM images of [Cu,I;(TAA)]., films on substrates. (a) Optical image of an 8 nm thick
film with gold electrodes on top. (b) and (c) SEM images with different magnifications
of the film inside white rectangle in panel (a). While SEM images, as well as AFM, show
some granular structure they allow discarding a nano-platelet structure as reported
previously in similar metal-organic films.

Figure 4.9: Free-standing [CuyI>(TAA)],, films. (a) TEM image of a film on a regular copper
TEM grid. Dark areas correspond to unsupported films. (b) Representative optical
micrograph of films suspended over circular wells. (c¢) AFM image of area inside the
square in (b) which shows a 6 nm-thick film suspended over several wells. Here we
observe that even those regions presenting cracks remain suspended. (d) Height profile
along the blue line in (c).



4.4 ELECTRICAL PROPERTIES OF [CU3I2(TAA)];;, COORDINATION POLYMER

We also employed the Langmuir-Schéfer technique to deposit the films on regular
copper Transmission Electron Microscopy (TEM) grids (figure 4.9(a)) and on SiO, subs-
trates (figure 4.9(b) and (c)) with predefined circular wells with diameters ranging from
0.5 to 3 um (the same kind of substrates used in chapter 3). Surprisingly, we found that
during the Langmuir-Schiéfer process, the films were suspended over these holes of SiO,
substrates not collapsing to the substrate. An AFM image of these microdrums is shown
in 4.9(c). The obtaining of these free-standing films is partially indicative of mechanical
robustness. Indeed, most 2D materials studied so far tend to collapse or break during
transfer to this type of substrate due to capillary forces in wet processes [243]. Surprisingly,
graphene oxide, with a much higher elastic modulus than that of these films, tends to
collapse. This suggests that the collapse must be related with and additional property,
such as the hidrophobicity of the material.

Further analysis of compound [Cu,I>(TAA)],, regarding XPS, FTIR spectra and thermal
stability can be found in appendix D. In the next sections of this chapter the electrical
and the mechanical properties of films of this coordination polymer will be analyzed in
detail.

4.4 ELECTRICAL PROPERTIES OF [CU2I2(TAA)],, COORDINATION POLYMER: CON-
DUCTIVITY AND RESISTIVE SWITCHING

4.4.1  First Measurements of the Electrical Conductivity

4.4.1.1  Electrical Conductivity of Films

After the first coarse measurement of the electrical resistance of the films (figure 4.6), we
were willing to measure the conductivity of the films with higher precision. To perform
this electrical characterization, we deposited the [Cu,I>(TAA)],, films on highly doped Si
substrates (which serves as the gate electrode) with thermally grown SiO, of thickness
300 nm. Then, we placed micro- or nano-electrodes at both sides of films. The resulting
devices have the geometry schematized in figure 4.10.

Bias —/——— L

Figure 4.10: Scheme of the setup used to electrically characterize the films.

Once we know the thickness of the film (t), its length (L) between electrodes, its width
(W) and its resistance (R), we can compute its electrical conductivity (o) as:

o = =

L L
R-S R-W.

t
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assuming constant thickness and width between the electrodes. S is the cross-sectional
area of the film.

We electrically contacted the films with different kind of electrodes to asses the effect
of different metals on the electrical response of the films. We used these electrodes:
graphite flakes [244], silver paint, graphite paint, thermally evaporated gold, thermally
evaporated silver and the combination of silver in one electrode and gold in the other.
Figure 4.11 shows devices with different kind of electrodes. Moreover, the dimensions of
the films varied among them: L = 3-400 um, W= 15-750 um, t = 4-170 nm.

Figure 4.11: Optical micrographs of [Cu,I;(TAA)l, films electrically contacted by different elec-
trodes. (a) 3 ribbons of film contacted by 2 graphite flakes. (b) Film between graphite
paint electrodes. (c) Film covered by square gold electrodes. (d) Flake contacted by
silver paint. (e) Same as (c) but with silver electrodes. (f) Film covered by electrodes
that have a rectangular area with solely silver (marked with "Ag’) and another one
with only gold (marked with "Au’). (g-i) Same devices as (d-f) after performing IVs on
them, dendritic paths have emerged. Devices (a-c) look the same after the electrical
measurements. Thicknesses of the films/flakes: (a) ~47 nm, (b) ~40 nm, (d) ~25 nm,
and ~10 nm for (c), (e) and (f). All the substrates are Si/SiO,(300 nm) except the ones
of (b), (d) and (g) which are glass.
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We conducted the first electrical measurements in the manual probe station assembled
by Dr. Cristina Gémez Navarro, and then in the variable temperature ambient-controlled
motorized probe ptation presented in section 2.2.4.1 (designed and assembled by Dr. Ares
and professor Julio Gémez). The probes we used to electricallly contact the electrodes
were the commercial straight tungsten probes and the home-made gold probes described
in 2.2.4.1. The former to contact silver or graphite paint and the latter to contact the
thermally evaporated electrodes. For measuring the electrical resistance (R), we carried
out several current (I) vs. bias voltage (Vsq, Vsa or V) curves, from which R is simply
Vsq/1 at a certain voltage. The excitation voltage had triangular waveform: it started at
zero, increased until a maximum voltage, then it decreased to the inverse voltage (running
through zero) and finally came back to zero finishing a cycle. Having R and by measuring
the dimensions of the flake and the distance between electrodes (using the AFM and the
optical microscope), we can compute the conductivity with equation 4.1.

The first IV curves we acquired in several films were very different among them. They
differed not only in shape but also in the order of magnitude of the current. This leads
to a huge dispersion in the conductivity (from 10~* up to 50 S/cm, and extraordinarily
higher than 100 S/cm using silver electrodes). To make it worse, the curves were not even
reproducible in the same film: they change with time, and forward and backward curve
of a IV cycle did not match. We attributed all this to artifacts in the setups and to possible
cracks in the films. After perfoming a large number of IV curves in many films, we found
out that:

¢ In the devices in which at least one electrode is made of silver, some paths with
dendritic fashion appeared when performing the IV characteristics. They were
visible with the optical microscope, as figure 4.11(g-i) shows. Once a path had
connected boths electrodes, the conductivity increased several orders of magnitude
leading to linear IVs, as figure 4.12 depicts.

¢ When flowing high current densities through a film, it eventually degrades yield-
ing lower conductivity. Therefore we reduced the excitation bias voltage. This is
illustrated in figure 4.13(a).

* There were mainly two kind of IV characteristics: some films yielded linear IVs
while others presented hysteresis giving loops. The loops have varied widths and
shapes, but all loops were pinched at the origin. Figure 4.13 summarizes the casuistry
of acquired IVs.
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Figure 4.12: IV curves and images of a [CuyI;(TAA)], film contacted by silver electrodes. (a) First
IV. (b) Second (red) and third (blue) IVs conducted in the same device, at higher vol-
tages. (c) Fourth IV at much lower bias voltage and with a higher compliance current
to appreciate the slope of the IV. There is a substantial increase of the conductivity:
from 2.3:10~* S/cm in (a) to 157 S/cm in (c). This increase takes place in the blue
IV of (b), in which it suddenly becomes linear with a steep slope (silver paths have
connected electrodes). (d-e) Optical micrographs of the device before (d) and after (e)
conducting the IVs, revealing the growth of dendrites. Film’s thickness ~15 nm.

4.4.1.2  Electrical Conductivity of Bulk Crystals

The electrical conductivity of crystals was measured by contacting them with graphite
paint, like the crystal shown in figure 4.2, or with the home-made gold probes described
in 2.2.4.1, like the crystal depicted in the insets of figure 4.14(a). Electrical characterization
of obtained crystals showed that good quality crystals (selected by optical inspection of
their morphology) presented conductivity values of 107> - 1072 S/cm, but crystals with
irregular morphology presented values up to 10 S/cm. To corroborate this suggested
relation between crystallinity and electrical conductivity, we tested good quality crystals
(as indicated by X ray diffraction) and annealed them with the aim of amorphizating the
structure, measuring electrical conductivity on the same crystal before and after annealing.
The results are gathered in figure 4.14. Panel (a) shows the amorphization of a crystal
after annealing with the change in the micrographs and X ray difraction patterns of the
same crystal before and after heating up to 70°C. Panel (b) of the same figure evinces
the increase of conductivity through annealing. It displays IV curves acquired on the
crystal at two sweep rates (0.1 V/s on the left and 0.7 V/s on the right) before (blue lines)
and after (red lines) heating the crystal. The plots also reveal certain hysteresis in the IV
curves.
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Figure 4.13: IV curves casuistry of [CuyI;(TAA)], films. The material of the electrodes and the
voltage sweep rate is indicated at the top left of each panel whereas the electrical
conductivity and the figure of merit Ry¢f/Ron is shown at the bottom right. The
voltage at which this ratio was computed was: (b) -1.8 V, (c) 0.50 V, (d) -0.63 V, (e-f)
at any voltage. Panel (a) shows IVs where the conductivity decreased in the second
and third IVs. A compliance current of 0.1 mA was imposed. The device of (d) works
at much less power (nA instead of pA for the same bias voltage). (e) Shows a linear
IV with high conductivity. The films’ thicknesses are 150 nm for (a) and tens of
nanometers for the rest. The lateral sizes of the devices were LxW: (a, b) ~100%x300
um?, (c, d) ~25x58 um? and (e, f) ~3x 15 um?.
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Figure 4.14: Measurements on [CuI;(TAA)], bulk crystals. (a) Intense and well defined diffraction
spots are observed for a single crystal that has been kept under room conditions (left),
but significantly less intense diffraction spots are found in the same crystal upon
heating up to 70°C (right), indicative of a loss of crystallinity. The (420) diffraction
peak, in the centered tetragonal system I, has been encircled in both images for
comparative purposes. In both cases the same exposure time was employed. The
insets show optical images of the [Cu,I(TAA)]., crystal before and after annealing
from RT to 70°C. (b) and (c) show IV curves on the crystal in a semi-log plot before
(blue) and after (red) annealing for two sweep rates. The crystals showed an increase in
conductivity of 5 orders of magnitude upon annealing and showed similar memristive
character as the films.

4.4.2 Introduction to Resistive Switching

When I showed my supervisors the IV characteristics with the pinched loops, Julio
exclaimed: "jEso es un memristor!" ("That is a memristor!!") and I asked him: ";;Mem...
qué?? ("Mem... what??"). What at the beginning were artifacts for me, it turned out to
have its own name and be a well-known phenomenon. I did not discover anything new
at all :( but, fortunately, we had found by serendipity metal-organic films that seemed
memristors.

A memristor is the fourth passive element (apart from the resistor, R, capacitor, C, and
inductor, L) in the relationships among the voltage (v), current (i), charge (q) and magnetic
flux (¢) [245]. It was predicted by Leon O. Chua in 1971 from simmetry arguments [246].
Figure 4.15 shows the relationships among mentioned magnitudes including the memristor,
and its characteristic property: memristance (M).

Until today it is a purely hypothetic element which is not represented by a simple
device. After the publication titled "The missing memristor found" in Nature by Dimitri



4.4 ELECTRICAL PROPERTIES OF [CU3I2(TAA)];;, COORDINATION POLYMER

Capacitor
dg = Cdv

Figure 4.15: Conceptual symmetries of

resistor, capacitor, inductor,
Resistor Memristor and memristor. The relation-
dv = Rdi d® = Mdq ships of each characteristic
property (R, C, L and M)
with v, i, q and ¢ are shown.

Source [247].
Inductor [247]

d® = Ldi

B. Strukov, the controversy about the existence or absence of the ideal memristor arose
[248]. What does exist are the so-called memristive systems, which are a more general
memristor, defined by Chua as well in 1976 [249]. A memristive system is a device in
which the resistance state is memorized until the next stimulus strong enough to change
that state [245]. It is a two-terminal device defined by a complex state-dependent Ohm’s
law:

V() =R(x, L t) - I(t) (4.2)

where t is time and x is a state variable vector (temperature, magnetization, chemical
composition, crystallographic phase, the length of a conducting filament, charge, magnetic
flux, etc.) with this state equation:

0x

— =f(x, [t .

5 = T Lt (4-3)
A memristor is simply a special case of a memristive system, in which x is only

the flowed charge (x = q = V = R(q) - I). The consequences of the definition of a

memristive system are:

¢ The value of the resistance at any time will depend on the entire past history of the
device (which inspired the names MEMory+ResISTOR and MEMory+ResISTIVE).
This memory in the resistance is reflected in this expression:

x(t) = J_ f(x,I,t)dt (4-4)
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e The IV curves:

— present hysteresis loops when exciting with a periodic stimulus (usually the
voltage).

— are pinched at the origin.
— have loops whose size depends on the speed of the periodic stimulus.

— have two regimes: the Low Resistance State (LRS) and the High Resistance
State (HRS). They are also called ON and OFF state respectively.

The features of the IV characteristics of a memristive device are displayed in figure 4.16.

-1.0 -0.5 0.0 0.5 1.0
Voltage

Figure 4.16: IV characteristics of a memristor. Solid line corresponds to an IV acquired with wg
sweep rate, and the dashed line to another one acquired with a tenfold increase in
sweep frequency (its loops are so closed that are hardly visible). The other features of
a menristor’s IV are shown: hysteresis loops pinched at the origin and both resistance
sates (HRS and LRS). Adapted from [250].

There was not previous knowledge nor experience with memristive systems in my
research group. That prompted me to attend a Spring School titled "Memristive Phe-
nomena - From Fundamental Physics to Neuromorphic Computing". It took place in
the Forschungzentrum Jiilich in Aachen (Germany) only some months after the first
measurements. That prestigious research center has organized a Spring School every year
since 1970 covering a hot topic in Physics in each edition. In fact, research in memristive
systems, memristors or resistive switching (another common name used to refer to men-
tioned phenomena) has been increasing since 2010 reaching a maximum in 2017, one year
later than my attendance to the Spring School. This time evolution is depicted in figure
4.17.

Engineering is the research area where this topic has been mainly investigated, followed
by Physics, Materials Science and Computer Science. This increasing and wide interest
is partly due to the fact that memristive systems can act as memories. Indeed, the
existence of both resistance regimes and the ability of retaining the internal resistance
state enable the store of information in memristive systems, giving rise to the so-called
Resistive Random Access Memories (RRAMs) [252]. They could also be used to develop
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Figure 4.17: Time evolution of research publications on memristive systems. Source: Web of Science
searching for publications with the topic "memristive system" OR "memristor” OR
"resistive switching" [251].

alternative computer logic architectures [253]. For all this, each memristive device formed
by ’electrode+insulator+electrode’ is usually called cell (from memory cell concept).

There are mainly two type of resistive switching in memristive devices: unipolar
and bipolar switching. To explain them, we should first introduce the write and read
operations in a memristive device. We assign the logic ‘0" state to the HRS and the logic
‘1" to the LRS. A write operation changes a memristive cell from the HRS to the LRS
('lo’—="1’), this is called SET operation and it takes place at a excitation voltage called VsgT.
The opposite write operation ("1'—’0") is called RESET operation and occurs at VgReseT,
that is usually lower in absolute value than VsgT. Read operation consists in measuring
the current at voltage Vreap (I VrReaD | < | VreseT | < [ VseT ), detecting if the cell is
in the LRS or in the HRS.

Bipolar resistive switching needs the use of both voltage polarities to perform the two
write operations: the SET operation occurs at one polarity and the RESET requires the
opposite polarity. On the contrary, all the operations can be carried out at one voltage
polarity in the unipolar resistive switching. Often, a compliance current (CC) is used
in both modes to limit the current in the SET operation. This is done in order to avoid
irreversible cell breakdown yielded by very high density currents. Figure 4.18 shows the
IV characteristic of both types of resistive switching.

The kinetics of the resistance switching process in a memristive system is directly linked
to the sweep rate of the (triangular) excitation voltage signal during IV measurement. As
the sweep frequency increases: (i) the hysteresis loop area decreases [250, 254], (ii) the
loops tend to collapse in the LRS and (iii) | Vsgt | and | Vgeset | increase (the resistive
cell has less time to switch and need a higher voltage). This is portrayed in figure 4.19.

Among the performance parameters in memristive devices, one of the most important
ones is the Ry¢¢/Ron ratio. It is just the quotient of the resistance of the OFF state (or
HRS) divided by the resistance of ON state (or LRS). This parameter obviously depends
on the sweep rate of the excitation voltage. It could also be affected by the temperature
[255]. Other performance parameters are the values of both resistances themselves, the
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Figure 4.18: Bipolar and unipolar switching modes. IV characteristics of the two most common
operation modes of memristive elements: bipolar and unipolar RS. Source: chapter C1
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Figure 4.19: Effect of the sweep rate of the excitation signal on the IVs of a memristive device.
Variable hysteretic IV loops of a Pt/GaO /ITO device, measured with various voltage-
sweep rates (Vs ) in the range of 0.005-500 V/s. Y axis plots the current density J (not
the current). The numbers in each graph denote the hysteretic area (VA /cm?) of the
loop. Source: [254].

value of Vsg1 and VgeseT, the number of write/read operations the memristive cell can
withstand (endurance), and many more [245].

There are two types of memristive cells according to their geometry. The most common
one is the stack switching cell, in wich the electrodes and the insulator are arranged
in stacked layers. The planar switching cell, on the contrary, has the electrodes and the
insulator in the same plane. Figure 4.20 displays both kind of structures.

The physical principles of memristive phenomena can be manifold. A coarse-grained
classification of the memristive mechanisms includes (i) magnetic effects, (ii) electrostatic
effects and (iii) different classes of effects based on atomic configuration. Memristive
phenomena has been investigated since the 1960’s. Some types of underlying mechanisms
are reasonably well understood while others are not [252]. Figure 4.21 shows a possible
memristive mechanisms classification.
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Figure 4.20: Switching cell geometries. (a) Vertical stack configuration. (b) Lateral, planar configu-
ration. M stands for metal and I for insulator. In the depicted cells there are conductive
filaments, being the red tubes, the ones conecting both electrodes. Extracted from:
[256]-
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Figure 4.21: Classification of resistive switching effects. Adapted from: [257] and [258].

Some proposed mechanisms for memristive response include growth of conducting
tilaments in dielectric materials, phase transitions, field-induced motion of ions leading to
reduction-oxidation (red-ox) processes, configuration change of individual molecules and
switching in the polarization of a ferroelectric material, among others [245, 252, 256].

According to the type of conducting path in the material between electrodes, we can
categorize the resistive switching (RS) mechanisms in: (i) the ones with filamentary
conducting path, in which the RS originates from the creation and rupture of conductive
filaments in an insulating matrix (figure 4.22(a)) and (ii) the ones that have an interface-
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Figure 4.22: Types of conducting path in memristive cells. (a) Filamentary conducting path. (b)
Interface-type conducting path. Source: [259].

type path, in which the RS takes place at the interface between the metal electrode and
the insulator (figure 4.22(b)) [259].

The electrodes, depending on the metal they are made of and on the mechanisms that
can take place in the material between electrodes, can play an active role in the resistance
switching. A well-known example is the Electrochemical Metallization effect (ECM). In
ECM the resistive switching is performed by an electrochemical metal deposition and
subsequent disolution. It takes place in cells made of (i) an electrochemically active metal
(silver, copper or nickel) that acts as anode (oxidation on it), (ii) an inert counter metal
(platinum, iridium, tungsten or gold) that acts as a cathode (reduction on it) and (iii) a
film of a solid (typically amorphous selenides, sulfites and oxides) that acts as electrolyte,
conductor of the active metal ions. The whole ECM SET process is illustrated in figure
4.23(a). It leads to the growth of filaments made of the active metal in a dentritic fashion
from the inert electrode (see figure 4.23(b)).

(b)

swiL

Figure 4.23: Electrochemical Metallization. (a) Illustration of the ECM process during SET opera-
tion, comprising: (A) oxidation of the Ag active electrode (charge transfer reaction)
and dissolution, (B) migration of Ag cations under the electric field, (C) reduction
reaction at the inert electrode/solid film interface, (D) nucleation process prior to
(E) filamentary growth driven by further reduction processes, (F) when the filament
approaches the active electrode significant electron tunneling current sets and the cell
switches to a low resistive state. Source: [260]. (b) Optical microscopy image of a Ag
dendrite grown from the (-)Au electrode towards (+)Ag electrode within a As,S; thin
film on a glass substrate. Source: [261].
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4.4.3 Verification and Characterization of the Memristive Response of [CuzI2(TAA)ly Films

Comparing the results of the preliminar electrical characterization and the features of
memristive systems, we highlight the following:

* Most devices with films contacted by gold or graphite paint electrodes gave IVs
similar to that of a memristor (see figure 4.13(b-d)). As those electrodes do not take
an active role in the electrical conduction (which was confirmed by the absence of

dendritic filaments in such devices), the films seemed to be intrinsically memristive.

¢ In devices with silver electrodes, and only in those devices, there was growth of
dentritic paths. This suggested that these dendrites were made of silver. This was
supported by the increase of conductivity once they connected both electrodes. All
this pointed to the electrochemical metallization as the mechanism responsible for
this electrical behaviour."

In conclusion, [CuI>(TAA)], films seem to be intrinsically memristive leading to loops
even in IVs of non-silver electrodes devices. In silver electrodes devices, the conduction
is, adittionally, asisted by the ECM effect which increases the conductivity orders of
magnitude once a silver filament connects both electrodes.

As we are interested in the intrinsic properties of the films, we continue studying the

electrical properties of devices made of inert electrodes (such as gold or graphite paint).

There are some experiments that can be conducted to further check and characterize
the memristive nature of the films.

4.4.3.1  Memristive Kinetics of the Films

Most of our devices (> 80 %) exhibited an initial high resistance state (HRS), in the
positive bias sweep, followed by a decrease in resistance that changes into a lower
resistance state (LRS) at higher bias, the device stays in the LRS as the bias is turned to
zero. In the negative bias sweep, the device starts in the HRS and turns into a LRS as the
bias is further decreased. This is shown in IV of figure 4.24 (in figure 4.13(a-d) as well) in
which arrows point the direction of the loops and the HRS and LRS are indicated.

The former response suggests unipolar RS (the resistance state is probably changed
when approaching o V, before changing the voltage polarity). To confirm this unipolar
RS, we measured consecutives IV curves in some devices (with gold electrodes) at only
one polarity. Figure 4.25 shows three IVs acquired in one of them at negative excitation
voltage. As it can be seen, the SET and the RESET operation can be performed in the same
polarity, which indicates that the films present unipolar resistive switching.

In order to check the influence of the bias voltage speed, we acquired IV curves at
different voltage rates in some films as figure 4.26 depicts. As it occurs in memristive

systems, [Cu,I>(TAA)],, films yield narrower loops in IVs as the sweep rate increases.

When it is high enough the IV collapse into the HRS, without loops. This is displayed in
figure 4.27.

The IVs obtained in silver electrodes devices (figures 4.13(a) and 4.12) differ, however, from the standard
memristive IVs. This is due to the fact that both electrodes were made of silver whereas in a ECM cell
one of them should be a inert metal. We also had devices with a gold electrode and a silver electrode, but
unfortunately the measurements were done applying the wrong (i.e. negative) voltage polarity to the silver
electrode at the beggining of the IVs (see figure 4.23). Anyway ECM effect was not the final goal of this
research.
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Figure 4.24: IV showing the HRS and the LRS

Figure 4.25:

I (nA)

Figure 4.26: Influence of bias voltage speed on IV curves. (a) IVs acquired on the device of figure
4.11(b) at different sweep rates. (b) IVs performed on the device shown in figure

Interestingly, the HRS did not change with the frequency of the sweeps (our maximum
sweep rate was 10* V/s), but the LRS did change, presenting a decreasing resistance
with decreasing sweep speed starting at about 0.3 V/s. The Ry ¢¢/Ron ratio ranges from
1.5 up to 30.

These results for the kinetics of the electrical of the films are the expected for a
memristive material, which reinforces our guess about the memristive character of the

films.
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4.4.3.2  Type of Mechanism: Area Dependent Studies

As the optical microscope images have shown, devices with silver electrodes have a
filamentary conduction mechanism. For the rest of devices the conducting paths can be
filamentary (with filaments not visible under the optical microscope) or interface-type
(see figure 4.22). The measurement of the resistance of the devices as the interface area
between the film and the electrodes is reduced discloses the nature (filamentary or not) of
the RS mechanism in the films. If the resistance remains constant as the area is reduced,
the RS is local, caused by one filament. However, if the resistance scales with the inverse
of the area, the RS is uniform and the mechanism is interface-type and not filamentary
[259, 262].

Consequently, variable area measurements were performed in several devices made
of gold electrodes. The performance of each device was measured while reducing the
interface area between the film and the electrodes (i.e. ~width of the device x film’s
thickness). This was achieved by reducing the width of each device, keeping constant the
thickness of the film. A micro-sized tip was used to sequentially scratch the polymer in
its sides. The process consists of the following steps: first the resistance of the as-prepared
device (whose width is W) was measured, then the film was scratched to disconnect a
lateral stripe of it (having a new width of W;), afterwards the resistance was measured in
this narrower film, and so on. Figure 4.28 shows the procedure followed and the results
obtained in a representative device. The thickness of the film was 30 nm, the length of
the device was 35 pm and the series of widths was W1 = go um, W, =70 um, W3 =55
um, W4 = 35 um and W5 = 12 um. For each width, an IV characteristic was acquired
between +1 V at 0.067 V/s. The resistance was calculated at -0.5 V. As figure 4.28(b)
depicts, the resistance scales with the inverse of the device width (which is proportional
to the interface area). This tendency discards the growth of a conducting filament as the
underlying electrical mechanism in this polymer.

In summary, the films have a conductivity that spans from 10~* S/cm (a typical value
for an organic conductor) [228] to 50 S/cm (comparable to that of best conjugated polymers
as polypyrrole) [263] depending on the region measured, with no dependence on the
device channel length, from 2 to hundreds of um, or film thickness, from 4 to 60 nm. For
sweeping speeds below 0.3 V/s, most of our devices showed pinched-hysteresis loops
in IV curves at room temperature. The size of the loops increases as the voltage sweep
rate is reduced. These hysteresis loops showed two resistance states with Ry ¢¢/Ron ratio
up to 30. These features are typical of memristive systems, where the resistance depends
on the history of the current previously flowed through the device. In these films, the
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Figure 4.28: Area dependent studies in the electrical performance of [Cu,I;(TAA)],, films. (a)
Diagram of a device measured as its width is being reduced. (b) Electrical resistance
of a device as a function of its width (which is proportional to interface area, width of
the device x film’s thickness).

mechanism behind this response is not filamentary. We will unravel this mechanism in
some detail in next sections.

4.4.4 Electrical characterization of films

In order to (i) explain the dispersion in the electrical conductivity of [Cu,I>(TAA)],, films,
(ii) the different kinds of IV they provide and (iii) figure out the mechanism that yields
the resisitive switching in most of them, we conduct additional experiments.

4.4.4.1 Influence of Atmosphere

Further electrical studies revealed that atmosphere did not have an influence on the
electrical properties: equivalent measurements in ambient conditions (T = 25°C, relative
humidity 55%) and high vacuum (T = 25°C, P = 10> mbar) did not show any difference
in conductivity. Indeed, experiments performed with the devices annealed in vacuum
allowed us to discard purely surface diffusion of adsorbates. Additionally, XPS on the
films after applying +10 V show the same peaks than those present in the as-prepared
film, confirming its chemical stability during the electrical characterization experiments
discarding redox processes (figure D.2 in appendix D). This last result discards the three
mechanisms based on redox effects (Electrochemical Metallization, Valence Change and
Thermochemical Memory effects, see figure 4.21) as the ones behind the RS of the films.

4.4.4.2 Transversal Electrical Conductivity Measurements

Out-of-plane conductivity was evaluated by collecting films on gold surfaces and con-
tacting them with Ga,O;/EGaln [264] as top electrode (figure 4.29(a)). The measured
values of ca. 1078 S/cm confirmed a tunnel conduction mechanism of the films in the
out-of-plane direction (figure 4.29(b)). This evinces a strong anisotropic conduction in the
films confirming a bidimensional behaviour in terms of electrical conductivity.
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Figure 4.29: Measurement of the transversal conductivity in [Cu,I;(TAA)],, films. (a) Experimental
scheme used for the measurement of transversal (out-of-plane) conductivity. (b)

Averaged trace (current density versus bias voltage plot) obtained from 456 traces

of 25 junctions. The thickness of the films is ~40 nm, and the tip contact ~400 nm?,

which yields a transversal conductivity of ca. 41078 S/cm.

4.4.4.3 Material Displacement under High Current Density

Interestingly, high conductivity films reached up to current densities of 2:10~% uA/nm?
at RT, similar to that of best conducting polymers as polypyrrole [263]. For higher density
currents we have observed significant material displacement before failure of devices (see
figure 4.30). This threshold current density for material displacement is increased by more
than one order of magnitude when temperature is lowered to 8o K.

4.4.4.4 Influence of an External Field

Three terminal measurements with a global back gate showed very weak dependence of
current upon an external electric field as shown in figure 4.31, which also indicates that
the transport is due to positive carriers.

— Before failure 1
— After failure
S
-20 0 20 40

V (V)

Figure 4.30: Material displacement under high current density. (a) Optical microscope image of
a film electrically contacted by gold electrodes before (a) and after (b) the electrical
failure of the device. After device failure, we observed that some material in the film
was displaced. (c) IV curves acquired at 86 K just before (black line), during (vertical
red line) and after (almost flat red line) the electrical failure of the device. The sudden
drop of the current shown in the red curve is indicative of electrical failure.
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4.4.4.5 Influence of Temperature

Upon cooling from 300 to 85 K the memristive films showed a conductivity decrease of
one order of magnitude (see figure 4.32(b)). Moreover, the IV loops close as temperature
is decreased: the high and low resistance states converge at low temperatures but present
clear different behaviour at temperatures near RT. The threshold temperature (between
both behaviors) is around 180 K, which is depicted in the Arrhenius plot of figure 4.32(c)
with a gray dashed line. This graph shows that, while the characteristic activation energy
for electrical conduction at low temperatures is 13.0 £ 0.2 meV, for temperatures above 200
K the HRS and LRS separate into two different slopes with activation energies of 100 & 10
meV and 160 + 20 meV, respectively. This behaviour suggests the existence of at least two
conduction mechanisms contributing to the conductivity in different temperature ranges
as observed in other polymers [228]. The first one is responsible for the base electrical
conductivity of the films (observed at high bias sweeping speeds or low temperatures)
and for the HRS observed at slow sweep rates (and T > 180 K). The second one, with
higher activation energy, is responsible for the LRS at slow sweep rates (and T > 180 K).
The combination of both mechanisms would lead to the memristive character of our films.

Furthermore, AC conductivity measurements did not show any dependence from 1
to 107 Hz. The low activation energies together with the AC measurements and the
insensitivity of electrical transport to air exposure strongly suggest electronic rather than
ionic (proton) conductivity, as reported in similar polymers [265].

Figure 4.33 summarizes the effect of the voltage sweep rate at low temperature and at
RT, in the memristive device of figure 4.32(a). At low temperature the memristive response
is quenched even at low voltage speed.
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Figure 4.32: Influence of T in the electrical performance of a memristive film. (a) Optical micro-
graph of the device studied. Lateral sizes: W = 58 um and L = 25 pm. Film’s thickness:
ca. 30 nm. (b) Selection of IVs acquired at different temperatures, at a voltage rate of
0.5 V/s. (c) Logarithm of the current vs. inverse 1/T (Arrhenius plot). The current is
measured at a bias voltage of 2 V. The lines are linear fits to the corresponding range
of data, from which the activation energies are obtained. The vertical gray dashed line
indicates the location of the threshold temperature.
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Figure 4.33: Effect of the voltage sweep rate at low and room temperature in a memristive film.
IV characteristics measured in the device of 4.32(a) at 85 K (a) and 293 K (b) at three
voltage sweep rates.
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We repeat the same kind of experiments in a device that yield linear I'Vs. The results
are shown in figure 4.34. In this case the excitation voltage is restricted to +0.3 V to
avoid a high density current that can lead to breakdown of this device. It has a thinner
film (~15 nm) and a lower distance between electrodes (~3 pm, see figure 4.34(a)) that
together with a considerable conductivity (1.4 S/cm) favors higher current densities. For
this device, cooling from RT to 95 K reduces the conductivity a factor of ~o0.5. Unlike the
studied memristive device, IVs do not show hysteresis loop nor at RT (see figure 4.34(b).
The corresponding Arrhenius plot is shown in figure 4.34(c). It presents two regimes:
at low temperatures and at temperatures near room temperatures, with a threshold
temperature of around 180 K (vertical gray dashed line in the Arrhenius plot), as in the
case of the memristive device of figure 4.32. This suggests two differenciated mechanisms
for the conduction, both of them with activation energy bellow KgT: 6.4 &= 0.2 meV for
temperatures below 180 K and 16.2 & 0.6 meV for higher temperatures.
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Figure 4.34: Influence of T in the electrical performance of a film with linear IVs. (a) Optical
micrograph of the device studied. Lateral sizes: W = 15 um and L = 3 um. Film’s
thickness: ca. 15 nm. (b) Selection of IVs acquired at several temperatures, at a voltage
rate of 0.5 V/s. (c) Logarithm of the current (measured at -0.3 V) vs. 1/T. The lines
are linear fits to the corresponding range of data, that provide the activation energies.
The vertical gray dashed line is at the threshold temperature (~180 K).

Figure 4.35 depicts IVs acquired at three voltage sweep rates at 95 K and at RT. Extremely
narrow loops emerge only at RT at the lower voltage speeds.
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Figure 4.35: Effect of the voltage sweep rate at low and room temperature in a [Cu,I;(TAA)],, film
with linear IVs. IV characteristics measured in the device of 4.34(a) at 95 K (a) and
293 K (b) at three voltage sweep rates.

4.4.5 Conduction Mechanism

We expect to have two different conduction mechanisms for memristive devices: one
responsible for the high resistance state (or base conduction) and other one, with higher
activation energy, responsible for the low resistance state.

4.4.5.1  What we know so far

Fortunately, we have clear hints from the results of two experiments already described.
First, when measuring the resistance of the device as its area is reduced, we obtained
that the resistance scales with the inverse of the area (section 4.4.3.2). This discards a
filamentary mechanism. Second, crystals of this material annealed at 343 K experience
a conductivity rise of five orders of magnitude (section 4.4.1.2). This corresponds to
a amorphization process that increases the number of grain boundaries, therefore we
thought that the conduction was mediated by grain boundaries. This result in crystals
prompted us to look for signatures of amorphization in our films.

In contrast to usual stack memristive cells (figure 4.20(a)), the planar nature of our
devices and their in-plane conductivity (section 4.4.4.2) provide an excellent platform
for the in situ acquisition of local surface potential maps of the films. We obtained these
maps by Kelvin Probe Microscopy (KPM, section 2.1.8). This allowed us to elucidate the
conduction and switching mechanisms in the devices.

4.4.5.2  Surface Potential Maps

Figure 4.36 depicts representative data of high conductivity devices (o > 1 S/cm). Figure
4.36(a) and (b) shows the topography and the simultaneously acquired surface potential
map of the as-prepared device (before any electrical test). Clear distinct regions with
different surface potentials are visible. A similar map acquired after two bias sweeps
(figure 4.36(c)) shows a dramatic change in the surface potential distribution. The bottom
right area of the film presents now an assembly of patches (with several um in lateral
size) with surface potential differences of few hundred millivolts, in contrast with the
featureless top left region. Surface potential images of this device recorded in-operando,
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Figure 4.36: Surface potential maps of highly conductive [Cu,I;(TAA)],, films. (a) AFM topo-
graphic image of a representative device with no significant topographic features.
Film’s thickness ~35 nm. (b) Surface potential map acquired by KPM in the same area
as panel (a) before applying electrical field between electrodes. (c) Surface potential
map acquired in the same area as panel (b) after two bias sweeps. (d) Surface potential
map acquired in the same area as the previous panels, while a voltage of -8 V was
applied to the right electrode. The red and green lines are the surface potential profiles
across the horizontal lines indicated by the arrows in corresponding colors. The blue
dashed lines are drawn at the electrode borders.

(a) Topography

Figure 4.37: Surface potential map of a low
conductivity [CuyI>(TAA)], film.
Representative (a) topography
and (b) surface potential map of
a low conductivity device where
the KPM image appears feature-
less.

shown in figure 4.36(d), reveal that in the regions with no observable patches in figure
4.36(c), the voltage drop takes place mainly at the contacts with the metal electrodes
(red profile in figure 4.36(d)). However, in the regions where we observed patches, the
voltage drop occurs all through the film length (green profile in figure 4.36(d)). This
ensemble of images allowed establishing a direct correlation between the areas rich in
surface potential patches and high conducting regions. As expected from these images,
devices with low conductivity (o0 < 0.1 S/cm) did not show any features in the KPM
images (figure 4.37). This, along with observations in crystals, makes it plausible to
ascribe the observed patches/regions in surface potential to different crystallographic
structures/orientations determined by X-ray diffraction (as it has been previously ob-
served in other 2D materials) [266, 267]. It thus follows that the mechanism governing
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charge transport in our films is grain boundary mediated. In common conductive (ohmic)
materials, the presence of grain boundaries usually leads to a decrease in conductivity,
however, accumulation of certain charge carriers and emerge of midgap states at these
domain walls in insulating materials might render the regions near boundaries much
more conductive than the bulk and provide lower resistance paths for charge movement
as reported in related coordination polymers crystals [265]. While the structural disorder
revealed by X-ray spectroscopy makes it difficult to define the atomic structure at these
interphases, the accumulated iodine or sulfur vacancies, as already observed in MoS,
[267], are good candidates to explain such effect. Independent of the specific cause, grain
boundary conduction is certainly a plausible cause to account for the high dispersion of
values found for the conductivity of our ultrathin films: a higher (lower) concentration
of grain boundaries in an area would lead to a higher (lower) conductivity in it. Hence,
the dispersion of the conductivity would reflect the dispersion in the grain boundary
concentration.

Accordingly, our proposed HRS or base conduction mechanism relies on the presence
of new available electronic states at these grain boundaries. At the same time the wide
band gap or nearly insulating character of the crystal domains would be responsible for
its high transparency.

As mentioned above, our devices also show memristive behavior at low-frequency
bias sweeps. Surface potential maps of memristive devices with high applied bias (>
3 V) revealed boundary migration (see figure 4.38), suggesting that this is the main
mechanism involved in memristive behavior. Indeed, the significant change of grain
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Figure 4.38: Measurement of grain boundary migration. (a) Optical image of the device where
subsequent images were acquired. Image size: 59 x 28 um?. (b) and (c) AFM topogra-
phies and surface potential maps of the region of the device marked in (a) while 5 V
were applied to the right electrode (indicated by dotted lines in KPM images). The left
electrode is located several microns to the left of each image. It was not scanned to
minimize the image acquisition time. The time lapse between (b) and (c) is 3 minutes.
(d) Topography and surface potential map of the same region with -3 V applied to
the right electrode. The time between (c) and (d) was 3 minutes. Lower panels are
the corresponding profiles along the lines in each KPM image. In surface potential
maps of (c) and (d) the borders of surface potential regions of the previous images
are marked with dashed coloured lines.
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boundary distribution after several sweeps in the films shown in figure 4.36 and the easy
amorphization at relatively low temperatures (343 K) of the crystals, point towards easy
creation and migration of grain boundaries. The highly dynamic character of this process
makes its observation very challenging since scanning techniques that allow high spatial
resolution always require rastering times in the range of few seconds or even minutes.
Yet, we were able to capture the motion of boundaries in some memristive devices by
KPM. Figure 4.38(b) and (c) presents two consecutive surface potential images of the same
region of a memristive device while applying a bias voltage of 5 V with a time interval
of 3 minutes. Expansion and migration of the dark (low surface potential) region is well
evidenced when comparing both images. A subsequent applied negative bias of - 3 V
(4.38(d)) resulted in the reversed motion of this region, indicating the reversible mobile
character of these boundaries. This grain boundary migration/reconstruction is indeed
the most plausible mechanism responsible for the LRS, with memory of the current
flown through the device, which leads to the resistive switching of our devices.

As explained above, the other resistance state (HRS, required for memristive behaviour
together with the LRS) is proposed to be related to available electronic states at grain
boundaries. Whether the grain boundary migration is caused by the direct electrostatic
force (as a result of the electric field) or by the electron wind force (caused by momentum
transfer of the conduction electrons) is difficult to discern from our data. However, the fact
that we have observed significant material displacement before failure of devices always
at current densities higher than 2:10~* wA/nm? at room temperature (section 4.4.4.3),
points towards an electromigration related mechanism, probably assisted by temperature
induced by joule heating. This threshold current density for material displacement is
increased by more than one order of magnitude when temperature is lowered to 70 K,
and is consistent with the absence of resistive switching at low temperature.

YT P () [ A —
100+ 1 10t ]
= 50+ 1 _ 12}
S o =
— — 14} i
50} |
-1001k | -16+ 1
-150— : : : : : : -18L— . . ; : :
-3 -2 -1 0 1 2 3 -4 -3 -2 -1 0 1
vV (V) Ln(V)

Figure 4.39: IV curve fitting to Space Charge Limited Current (SCLC) model. (a) IV curve of a
representative film acquired at 0.062 V/s. (b) The Ln-Ln representation of the positive-
bias loop of the IV curve plotted in (a) together with linear fittings showing the slopes
(exponent in I o V™) of two characteristic regions of typical SCLC [258]: an ohmic
part at low voltages and a second region with I oc V2 where the traps begin to be filled
with the injected carriers. In the third region with n > 2 all traps are filled up, so the
subsequently injected carriers can move in the dielectric film causing the following
current increasing.
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Further support for the proposed boundary-mediated conduction comes from the
observation that the slow initial sweeps in bias of our films are typical of Space Charge
Limited Current (SCLC) (see figure 4.39). This conduction mechanism is characteristic of
dielectric solids with trapped charges due to spatially inhomogeneous resistance [258]:
IV curves show a power law dependence I o« V™, where n increases with bias. In figure
4.39(b) we can distinguish an ohmic part at low voltages, a second region with I  V?,
where the traps begin to be filled with the injected carriers, and a third region with n
> 2, where all traps are filled up, so the subsequently injected carriers can move in the
dielectric film.

4.4.6  Comparison of Electrical and RS Performance of [Cuz1,(TAA)]w, Films with other Coordi-
nation Polymers and Memristive Materials

The maximum measured electrical conductivities of some CP films and other conductive
materials are gathered in table 4.1(*), including the data we obtained for the [Cu,I;(TAA)],
films. As this table reveals, these films present a very high conductivity among CP films.

’ Material ‘ Max. Conductivity (S/cm) ‘ Source ‘
Cu 6.5-10° [268]
Graphene ~10% (?) [10, 75]
Cu;(BHT). ~1600 [229]
ITO ~1400 [239]
Polypyrrole ~300 [263]
[Cur L (TAA)L ~50 [230]
TCNQ@Cu,(BTC), 7:102 [269]
Cu-CAT-1 104 [227]
[Ag(CsH4NS) 2:10° [270]
[CuzBr(IN), I, 1.7-10° [220]
[Cu(p-pym,Sy)(u-Cl)]n - nMeOH 4107 [221]

Table 4.1: Comparison of conductivities at RT for a selection of CP films and other conducting
materials.

Table 4.2 shows that the RS performance of the [Cu;I>(TAA)],, films, quantified in
terms of Ro¢¢/Ron, is far from that of other memristive materials including some CPs.
In addition to Ryff/Ron, other parameters account for the RS performance, such as
the endurance (number of cycles a memristive cell can withstand) or the retention time
in a resistance state. We did not measure these magnitudes for our films, but some
other measurements suggested deficient values for them. Furthermore, the memristive
behaviour is obtained only at low voltage sweeps. Therefore, this CP is not suitable for
technologic applications. However, other similar polymers can be synthesized inspired by
[Cu,I>(TAA)],, towards such applications.

As graphene does not have a defined thickness, the 3D conductivity has no sense. We have computed the
value shown in the table, ~10* S/cm, from the 2D conductivity given in [10] (~1 mS) and the 2D resistivity
from [75] (~500 QO/00) assuming a thickness of 0.3 nm.
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Material Ross/Ron | Source ‘
Peripherally substituted subphthalocyanine films | 10°-10% [271]
Ag—-TCNQ nanowires 10% [272]
SrTiO; films >103 [273]
MoS, single layers 103 [267]
Ag/Rb-CD-MOF single crystal/Ag 150 [274]
Co(III) Conj.Pol.+azo-aromatic backbone films 100 [275]
[CuzI>(TAA)], films 30 [230]
PMMA-MAPOM films ~5 [276]

Table 4.2: Comparison of Ry¢¢/Ron ratios for a selection of memristive materials, including some
coordination compounds.

4.5 MECHANICAL PROPERTIES OF [CU,I,(TAA)],, FILMS: ROBUSTNESS

In section 4.3 we already saw that [Cu,I>(TAA)],, films could be suspended on circular
holes in SiO, substrates. This already indicated mechanical robustness (and maybe a
certain degree of hydrophobicity) of the films.

These resulting nanodrums allowed us to measure the mechanical properties of the
films by indentation experiments with AFM tips. We followed the same procedure used
in chapter 3. Indentation curves were performed with Si AFM tips of ~2.8 N/m spring
constant and 20 nm radius. Under these conditions, the radius of the tip is much smaller
than the radius of the drumhead, and therefore the force vs. indentation F(8) curve in
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Figure 4.40: Mechanical robustness of [CuzI;(TAA)],, films. (a) Representative AFM image of a
1.5 um diameter and 10 nm thick [CuyI>(TAA)l;, drum where indentations were
performed. (d) Representative F(6) curve acquired on drumhead of panel (a) that
yields a Ezp of ~11 GPa. The bending of the curve to lower forces at high 6 suggests
certain plasticity of the material (these data were not considered in the fitting).
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the elastic region can be well approximated to equation 3.7 introduced in section 3.4.1 of
chapter 3. This equation can be simplified to the following expression:

SEspt
F:mro-é—i-(q R;D >-63 (4-5)

where the bending regidity term (first term in equation 3.7) was removed assuming
that it is negligible compared to pretension term (first term in 4.5). F is the loading force,
b is the indentation at the central point, o is the pretension accumulated in the sheet
during the preparation procedure, q ~ 1 is a factor that accounts for the Poisson ratio of
the material, R is the drumhead radius, t is the thickness of the measured membrane, and
E;3p is the elastic modulus of the film. A representative F(5), performed on the drumhead
shown in figure 4.40(a), is depicted in figure 4.40(b). The fitting of our experimental curves
to equation 4.5 yielded values of Ezp = 11 & 3 GPa.

In addition to the stiffness, we could also observe the breaking strength of the mem-
branes by loading some drumheads up to the failure point that was at 170 nN with
a 30 nm radius tip. The breaking strength can be roughly estimated by the following
expression presented in chapter 3:

o
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where Fy¢, is the force at which fracture takes place and Ry, is the radius of the AFM
tip. This leads to an estimation of o = 1.0 & 0.3 GPa, showing that these ultrathin films
can sustain quite large deformations without breaking. Notice that this simple expression
for the breaking strength is for a linear material (the model from where it is derived
ignores nonlinear elasticity) and tends to overestimate this figure.

For the sake of comparison, the commonly accepted values for E and o, qx in graphene
are 1 TPa and o0.13 TPa, respectively [44]. Importantly, even for loads higher than the
breaking strength, we have never observed catastrophic failure of our films (characteristic
of laminar inorganic crystals), in fact the notch created by the tip does not propagate
through the films. This observation suggests the presence of defects in the atomic lattice
that stabilize the films against mechanical failure [199]. Besides the concrete values of
these mechanical properties, which are lower than those reported in covalent polymers
[277], our observations sustain that, contrary to what one might expect, coordination
bonds allow producing robust, ultrathin, flexible, and mechanically stable films.

4.5.1  Comparison of Mechanical Properties of [Cu1(TAA)]w, Films with other 2D Materials

Table 4.3 collects the values of Young’s modulus of several 2D materials made of diffe-
rent elements, with different structures and chemical bondings. As expected, covalent-
bond materials present the highest elastic moduli while the materials based on co-
ordination bonds the lowest. Among 2D coordination polymers, one of the most in-
vestigated from the mechanical point of view is the ZnO4(BDC)3; (known as MOF-5
or Isoreticular MOF-1) [215]. This MOF has an experimental Ezp slightly lower (7.9
GPa [278]) than that of [Cu,I;(TAA)],, films (11 GPa). Another MOF more recently stu-
died, [Cu(p-pym,S;)(u-Cl)ly,, also presents a lower elastic modulus [216]. Hence, the
nanosheets of[Cu1;(TAA)],, are among the stiffest CPs.
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Material ‘ E3p(GPa) ‘ Bond ‘ Source ‘
Graphene 1000 Covalent [44]
MoS, 330 Covalent [92]
Polyimine based 2D polymer 267 Covalent [277]
Black Phosphorus 46 Covalent [179]
Fluorohectorite 2D clays 20 Ionic [279]
[CuzI2(TAA)];, films 11 Coordinate | [230]
ZnO4(BDC)3 (IRMOF-1) 7.9 Coordinate | [278]
[Cu(p-pym,S,)(pu-Cl)Jn MOF 5 Coordinate | [216]

Table 4.3: Comparison of Young’s modulus of different 2D materials.

4.6 CONCLUSIONS

In summary, we report a bottom-up approach to fabricate [Cu,I;(TAA)],, coordination
polymer films, based on cheap building blocks (Copper(I) Iodide and thioacetamide).
They have a thickness down to 4 nm, extend across macroscopic regions and are highly
transparent. Furthermore, the films withstand free-standing geometry with elastic cons-
tants of 11 GPa and 1 GPa for the Young’s modulus and breaking strength, respectively.
Additionally, these films exhibit in-plane electrical conductivity up to 50 S/cm that is
controlled by the concentration of grain boundaries. Interestingly, they present intrinsic
memristive response. We have unraveled the working mechanism for this behaviour and
showed that it is mediated by the migration of grain boundaries. The easy creation and
motion of these boundaries suggest that they could be manipulated (through temperature
quenching methods for instance) to create novel devices with tunable electro-mechanical
properties.



DEVELOPMENT OF PROBE-ASSISTED NANOWIRE CIRCUITRY
(PANC)

5.1 MOTIVATION

The motivation of this work goes back 20 years ago in the Nanoforces group with one
of its most important research lines: measurement of electrical transport in mesoscopic
systems (STM break junctions, carbon nanotubes, DNA and graphene). In fact, I took then
my first steps in AFM and conductivity measurements in some of such systems during
my first stay in the laboratory. At that time, the electrical contacts on those nanoobjects
were successfully performed (by thermal evaporation of metals) but they were larger
than desired in some applications. There was a lack of control of the positioning of the
electrical contacts, furthermore the AFM (or STM) was always required to fulfill the
electrical measurements (having the standard C-AFM configuration).

Eventually, a new research line started to flourish in the laboratory: measurement
of mechanical properties of 2D materials (graphene, coordination polymers and black
phosphorus). At the same time the group began to carry out electrical measurements,
this time in new 2D materials, specifically in few-layer antimonene flakes. That is when
Probe-Assisted Nanowire Circuitry (PANC) emerged as a technique to achieve controlled,
reliable, clean and versatile electrical nanocontacts that allows the electrical characteri-
zation of antimonene. Dr. Pablo Ares had already started the development of PANC in
his PhD thesis, however, at that point, the C-AFM was still needed to accomplish the
measurements. Here I present further development of this technique: from the obtaining
of a stand-alone device (not requiring the C-AFM) to the realization of complex nanocir-
cuits and finally approaching nano- and molecular electronics. PANC constitutes another
useful methodological technique conceived and developed in the Nanoforces group, as
many other instrumental developments [37, 61, 244, 280].

5.1.1 Electrical Nanocontacts Problem

Some challenges of nanoelectric circuitry are the design and assembly of devices in-
corporating emerging materials and/or architectures and the understanding of their
properties. Electrical characterization of nanomaterials frequently implies the fabrication
of metal electrodes. The standard option of choice to accomplish this task is Electron Beam
Lithography (EBL or e-beam). There are other techniques used to electrically contact
nanoobjects, namely, the Atomic Force Microscopy (AFM) and the ones used for the
fabrication of metallic atomic-size contacts. Among the latter ones, we find the Scanning
Tunneling Microscopy (STM), the Mechanical Controlable Break Junctions (MCB]J) and
others not so widespread such as molecular trapping, Transmission Electron Microscopy
(TEM), electromigration technique and electrochemical methods [34, 281]. Figure 5.1
summarizes the most common techniques used to electrically contact nanoobjects.

EBL [10, 285, 286] is a Scanning Electron Microscopy (SEM) based technology developed
in the sixties by M. Hatzakis [287]. EBL comprises the following steps (see figure 5.2):
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E-beam lithography Atomic Force Microscopy Scanning Tunneling Microscopy Break Junction 7

Figure 5.1: Main existing techniques used to electrically contact nanoobjects. Sources: [34, 282,
283].

(i) deposition of a polymer mask, called resist that is usually poly(methyl methacrylate),
onto the sample surface, (ii) drawing of the custom circuitry onto the polymer using a
computer-controlled focused electron beam that cracks the polymer chains, (iii) removal
of the marked regions using an organic solvent, (iv) deposition of a metal layer, (v)
final removal of the polymer (lift-off) leaving the custom circuit on the surface. EBL is a
well-established technique with thousands of users worldwide. The final resolution of
EBL ranges between 30-2 nm (30 nm for standard EBL) that is good enough for multiple
applications in nanotechnology [288]. However, it presents some drawbacks, as the need
of an expensive computer-controlled SEM, the exposition of the samples to vacuum
and chemicals that might damage the nanoobjects, and the presence of residues left by
the polymer mask. In addition, the circuits made by EBL are not reconfigurable: once
they have been fabricated it requires a tremendous effort, if possible at all, to modify or
upgrade them.

The AFM, developed in the eighties [38], can work in very different environments:
liquids, air ambient atmosphere and ultrahigh vacuum at cryogenic temperatures. Apart
from imaging with resolution down to the atomic range [289], AFM has also nanolithog-
raphy modes. In the nineties, Dip-Pen lithography and local oxidation [95, 96, 98] were
proposed for the fabrication of nanocircuits. A variation of the AFM is the so-called
Conductive AFM (C-AFM, introduced in section 2.1.7) that measures simultaneously
the force and the current in a nanoobject already contacted by other electrode. It uses a
metal-covered tip that acts as a second mobile electrode. None of these techniques de-
liver nanocircuits with the low electrical resistances provided by EBL [290]. Furthermore,
Dip-Pen lithography and local oxidation are restricted to very few special applications.

In the STM [1] the tip can be indented into a metal surface and carefully withdrawn until
an atomic size contact or short wire is formed [291]. The advantages of the STM for this
purpose are the speed and the HV clean environment, but it also presents some drawbacks:
the exact atomic configuration of the atomic-contact cannot be measured directly, the
limited stability with respect to the change of external parameters and the short lifetime

Resist E- beam Exposure Development Metallization Lift-off by
Deposition Resist Removal

e i

Figure 5.2: E-beam lithography process description. Adapted from: [284].
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of the contacts because of the sensitivity to vibrations. The STM can be combined with an
AFM, the former registers the current while the latter the force necessary to form or break
the contact [292]. Some issues related to stability can be improved working at criogenic
temperatures, but this requires very complex and expensive experimental setups.

In a MCBJ [293] a suspended metallic bridge is fixed on a flexible substrate, which is
mounted in a bending mechanism consisting of a pushing rod and two counter-supports
(see figure 5.3). The position of the pushing rod is controlled by a motor or piezo drive.
The electrodes on top of the substrate are elongated by increasing the bending of the
substrate. In order to break a junction to the tunneling regime, considerable bending
of the substrate is required. MCB] mechanisms can operate in various environments:
ambient conditions, vacuum, very low temperatures or liquid solutions. The latter one is
of particular interest for the study of single molecule junctions. This technique requires the
use of the EBL and metal deposition by evaporation for the nanofabrication of the bridge.
The disadvantages of MCB]Js are the small speed and the fact that the surrounding area
of the contact cannot be easily scanned. The sample preparation does not require clean
conditions because the contacts are only formed during the measurement by breaking the
bulk of the electrodes.
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Figure 5.3: Working principle of the MCB]J (not to scale). Extracted from: [34].

Carbon nanotubes based circuitry was developed in 2002 as an attempt to characterize
the electrical transport properties of nanoobjects by Thelander and coworkers [294]. They
manipulate the carbon nanotubes with SPM to electrically contact nanometer-scaled
objects. However, the dependence of the nanotubes electronic gap with the chirality, the
variation of their electrical resistance upon mechanical deformation and, more importantly,
the high electrical resistance observed in nanotube junctions (inherent to systems with
strong covalent bonding as carbon nanotubes) hampered the use of this technique.

5.1.2  Main Goal of this Chapter

In 2010 Yang Lu et al. demostrated the cold welding of metal nanowires, and predicted
that it will have potential applications for electrical connectivity at the nanoscale [118]. Our
goal is to develop a technique that, by leveraging the nanomanipulation and cold welding
of gold nanowires with the AFM tip, allows the fabrication of highly conductive and
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complex nanocircuits. We have named this technique Probe-Assisted Nanowire Circuitry
(PANC). As we will see in more detail, this methodology has a gradual reduction of the
dimensions of the electrodes: macroscopic wires (~ mm), printed circuit board pads (~
mm), microwires (~ pm), microelectrodes (~ pm - hundreds of nm) and finally nanowires
(or even nanorods or nanoparticles) (~ nm).

The first results of PANC, obtained by Dr. Pablo Ares, revealed low electrical contact
resistance between NW-NW and NW-nanoobject, and high reproducibility and stability
of the so assembled nanocircuits [37]. Following developments of the methodology, made
along this thesis, proved the capabilities of this new AFM-based nanoelectrode fabrication
technique: the robustness of the created circuits to low temperature and vacuum, the
reconfigurable character of the electrodes, and the possibility of fabricating several-
electrode stand-alone devices, which can be inserted in conventional experimental setups
for further electrical characterization. In addition, we were able to conduct an experiment
showing the potential of PANC for molecular electronics. All these features open a wide
range of possible applications of PANC that in the near future can broaden the narrow
catalogue of existing techniques for nanofabrication.

The work presented is gathered in a manuscript which is currently under revision in a
high impact factor research journal. The title of such work is "Probe-Assisted Nanowire
Circuitry" and its authors are Pablo Ares*, Miriam Moreno-Moreno*, Consuelo Moreno,
Félix Zamora, Cristina Gémez-Navarro and Julio Gémez-Herrero. Pablo Ares started
the research by conducting the first experiments to prove the technique and a more
recent one to show its spatial resolution. I fabricated most of devices shown in this paper,
obtained using PANC, and performed different experiments on them to demonstrate
the capabilites of the technique. Consuelo Moreno synthesized the gold nanowires. Félix
Zamora, Cristina Gémez-Navarro and Julio Gémez-Herrero designed the experiments
and assist during their development.

5.2 GOLD NANOWIRES

Gold nanowires (Au NWs) are suggested as a perfect choice to connect different elements
in electrical nanodevices [295]. This is due to two main reasons: their high conductance
and, unlike other metal nanowires like silver or copper, their resistance to corrosion
or oxidation. The synthesis of single crystalline silver or copper nanowires dates back
in the late nineties [296—298]. However, that was not the case of gold nanowires, on
the contrary, their chemical synthesis was limited to nanowires either very thick (> 100
nm) or very short (< 300 nm) [299, 300] until 2008. In that year, Kim et al. allowed the
synthesis of reproducible Au NWs at room temperature in acidic solutions [301]. These
NWs had tunable diameters between 16 and 66 nm, lengths up to 10 um and well-defined
surfaces. Further improvements in nanowire monodispersing and scaling lead nowadays
to commercial available gold, and other metals, nanowires [302-304].

In Nanoforces group, at the very early stages of the development of PANC methodology,
Dr. Pablo Ares started to use commercial Au NWs from Sigma Aldrich S. A. [302] without
success. Afterwards, he adsorbed Au NWs from Nanopartz Inc. [303] on SiO, substrates
obtaining good quality NWs. They follow a gaussian distribution for the diameter of 49
+ 6 nm. Their lengths range from hundreds of nm to 9 um. This kind of Au NWs was
used in experiments shown in section 5.5. After that, I received the baton of continuing
developing PANC. I was able to deposited Au NWs from Nanopartz Inc. on substrates,
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however they were shorter and had a lower concentration. The NWs degraded after some
months. Countless tests using fresh new NWs from the same company revealed deficient
NWs (very few, too short, dirty). Finally, we synthesized our own NWs in collaboration
with Prof. Consuelo Moreno, member of the inorganic chemistry department of U.A.M.
She provided us not only with Au NWs but also with gold nanoparticles, used for other
purposes. For the rest of the experiments presented in the chapter we used the Au NWs
made by Prof. Consuelo Moreno. Figures 5.4 and 5.5 show these home-synthesized Au
NWs adsobed on SiO, and their dimensions statistics, respectively.

Figure 5.4: Home-synthesized gold nanowires adsorbed on flat SiO,. (a) Dark field optical mi-
croscope image. (b) and (c) AFM topographic images. (d-f) SEM images. In (d) a few
parallel NWs are stack together near the center of the image. Panel (e) shows an isolated
NW. In (f) the facets and pentagonal cross section of the NW in the center of the image
are clearly visible.
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Figure 5.5: Histograms of the length (a) and diameter (b) of home-synthesized gold nanowires.

Gaussians fits provides 4 + 2 pm for the length and 64 + 20 nm for the diameter (mean
=+ standar deviation).
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5.2.1 Synthesis of Gold Nanowires

The home-synthesized Au NWs were prepared following a modification of the literature
method by Kim et al. [301], based on the well-established three-step protocol for nanorods
synthesis published by Jana et al. [300]; its synthesis first involves the preparation of
aqueous gold seed nanoparticle of 3-5 nm by reduction of chloroauric acid (HAuCl,)
solution by sodium borohydride (NaBH,) in the presence of sodium citrate. For the
growth of nanowires, the seed particles are added to a growth solution containing a
mixture of HAuCl, (Au™) which was reduced from Au®* salt by a weak reducing agent
as ascorbic acid in the presence of a structure directing agent as CTAB. The growth was
allowed to continue for at least 48 h. See appendix E for additional details. During the
synthesis there is a number of critical factors, such as the temperature. In fact, some Au
NWs dispersions provide fewer or shorter NWs due to slight variations of the temperature.
This fact is mainly attibuted to the low solubility and the tendency towards precipitation
of CTAB at temperatures below 25°C. Furthermore, the purity of the CTAB also plays
an important role in the synthesis, leading a higher NWs yield when using CTAB from
certain companies [305].

5.2.2  Cold welding of Gold Nanowires

Cold welding is a solid state welding process in which two materials are joined without
heat or fusion. It was used centuries ago as reported by a encyclopedist of the 12th
century [306]. Bulk cold welding is achieved either by a high applied normal/frictional
load or in atomically clean flat ductile surface in ultra-high vacuum environment [118]. In
1991 an article published in Science [307] demostrated experimentally the cold welding
between thin gold films under low applied pressure at ambient conditions. In 2010 Lu
and co-workers [118] cold welded Au NWs with diameters between 3 and 10 nm by
simply contacting them by mechanical manipulation (see figure 5.6). They also showed
experimentally the cold welding between silver NWs and between a Au NW and a Ag
NW.

It is already an established fact that, at the nanoscale, the diffusion barrier for a single
metal atom on a clean metal surface is so low that thermal activation even at RT is enough
to trigger atomic diffusion [308]. But the creation of an isolated atom demands higher
energy, which is provided by mechanical manipulation of nanoobjects [118]. This allows
clean metal surfaces, such as that of gold, to flow like a liquid at RT, which is far below
the melting point of pure bulk gold (1064°C). Atomic diffusion and surface relaxation
are the two key processes responsible for such fluid-like behaviour of metallic surfaces
at the nanoscale. Thus, highly curved surfaces and entities with high surface-to-volume
ratios either become filled, fused, or welded to form larger nanostructures with the aim
to reduce surface free energy or the chemical potential, which acts as a driving force
for the cold welding process [309]. Other mechanisms, which vary depending on the
nanoobjects” morphology and chemistry, can assist or enable the cold welding (capillary
forces, rotation of nano-objets, and migration of grain boundaries [309]).
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Figure 5.6: Welding process of two gold nanorods. The right one is approached to the left one
and the welding is completed after 1.5 s. Triangles indicate the front edges of both
nanorods. Process carried out in a high-resolution transmission electron microscope.
Scale bars: 5 nm. Source: [118].

5.3 PANC PROCEDURE

This nanocircuit fabrication technique is a complex process that involves numerous steps,
many of them common to EBL. Figure 5.7 depicts the steps required for the realization of
nanocircuits by means of PANC:

1. Preparation of the nanoobjects on a flat insulating substrate
2. Fabrication of micrometer-sized electrodes

3. Au nanowires adsorption

4. Wire soldering

5. AFM manipulation of the Au NWs to form continuous paths

6. Checking and improving of electrical contacts

The paragraphs below give a brief description of these steps. Further information
regarding any of them can be found in appendix F.

Preparation of the nanoobjects on a flat insulating substrate. The samples studied in
this work are 2D materials, multiwalled carbon nanotubes (MWCNTs) and finally benzene
dithiol (BDT) molecules. 2D materials were prepared by microexfoliation while MWCNTs
were adsorbed by drop casting. In the case of BDT we followed another approach in which
the orders of the first steps were modified. We will describe it in section 5.9.5. Depending
on the nature of the nanoobjects, this first step could (or should) be conducted after
the fabrication of the microelectrodes or even after the NWs adsorption. For instance,
a molecule that can be damaged when exposed to the conditions of steps 2 and 3 should
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1. Preparation of the 2. Microelectrode 3. Au nanowires
nanoobject(s) fabrication adsorption —

4. Wire soldering 5. Au nanowires 6. Checking of electrical
nanomanipulation contacts

Figure 5.7: Steps of PANC process.

be adsorbed on the substrate after those stages. See section F.1 for additional information
regarding this step.

Fabrication of micrometer-sized electrodes. Microelectrodes, together with macrosco-
pic wires, are required to link the PANC nanoelectrodes (made of Au NWs) with the
macro-scale measuring devices. Any conventional microelectrode fabrication procedure
can be employed at this stage: thermal evaporation, sputtering, e-beam evaporation, etc.
To achive the desired shapes and location of the microelectrodes stencil masks can be used,
or even the complete EBL procedure can be conducted provided that the nanoobject(s)
can bear it. In this work, we have always performed thermal evaporation with stencil
masks. For more details concerning this process see section F.2.

Au nanowires adsorption. It consist of depositing Au NWs from a water suspension
by careful drop casting. Several depositions are usually needed to reach an appropiate
concentration of NWs in the sample. More details about this process can be found in
section F.3.

Wire soldering. The sample containing the nanoobjects, the Au NWs and the microelec-
trodes, is usually mounted on a PCB board that has some pads connected to macroscopic
wires. These wires will be connected to the transport measuring setups. The microelec-
trodes in the sample have to be electrically connected with the pads. Wire bonding is
the standard method to achieve that connection, not only in research but also in semi-
conductor device fabrication. It links a microelectrode with a pad of the PCB through
a metallic wire welded in each of them with the aid of heat, preassure and ultrasonic
energy [310]. Other techniques can be employed. Here, we used an alternative method:
a metallic wire glued to microelectrode at one side and to the pad at the other side by
means of conductive epoxy. To go deeper into this topic, read section F.4. This step must
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be conducted always after the Au NWs adsorption, otherwise the NWs disperion flows
through the small gap between the sample surface and the wire(s) due to capillarity.

AFM manipulation of the Au NWs to form continuous paths. To accomplish this task,
we first image the sample in amplitude modulation mode (AM-AFM), which ensures
low tip-sample forces avoiding unwanted NW motion. Then, we bring the tip into hard
contact with the substrate and we move it along a predefined trajectory manipulating
the Au NW. Finally, we lift the tip back to AM-AFM mode to image the results of the
manipulation. When two NWs are brought into mechanical contact, as a consequence of
the high surface area-to-volume ratio, they cold weld spontaneously [118]. See section F.5
for much more detailed information about NWs manipulation.

Verification and improvement of electrical contacts. Once the nanowires are assem-
bled to form a path, its conductivity must be checked. For that purpose we conduct
IV curves on top of the Au NWs with a conductive AFM tip (C-AFM configuration) at
different path distances from the microelectrode. If there is a junction with a very high
resistance or even not electrically connecting two NWs at all, the NWs are manipulated

Figure 5.8: Fabrication of a nanocircuit by PANC technique. The resulting nanocircuit is composed
of a few-layer graphene flake, four Au NWs paths that connected it to four micro-
electrodes which are connected to macroscopic wires. (a) Micrograph of an exfoliated
flake on SiO, substrate. (b) Micrograph of Cr/Au microelectrodes obtained by thermal
evaporation on sample of panel (a). (c) Dark fiel optical image of the same sample after
the adsorption of Au NWs. (d) Micrograph of the sample once the wire soldering with
conductive eapoxy is conducted in five microelectrodes. (e) AFM topography of the
gap among the microelectrodes and the flake, before NWs manipulation. (f) Same as (e)
after NWs manipulation showing four Au NWs paths connecting the flake with four
microelectrodes. Images’ sizes: (a-c) 33x44 um?, (d) 830x1150 um?, (e-f) 25x25 pum?.
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again until a linear IV curve is obtained with a low resistance (from few to ~20 kQ
depending on the conductive tip used). The electrical contact between the nanoobject and
the last NW of the path (which should be partially on top of the nanoobject) can be also
poor. It can be optimized by indenting with the AFM probe onto the NW, pushing the
NW agaisnt the nanoobject. This should preferably be done while a voltage is applied
between the ends of the nanoobject. More details about this procedure, the suitable AFM
tips, and some examples are described in section F.6.

Figure 5.8 depicts the fabrication of a nanocircuit using PANC methodology. The
nanocircuit is composed of a few-layer graphene flake connected to four microelectrodes.
Figure 5.9 is a picture of the resulting device composed of the sample with the nanocircuit,
wires, PCB board and macroscopic cables).

Figure 5.9: Device containing a PANC nanocircuit. The nanocircuit is the one shown in figure
5.8(f). (a) Full device image. (b) Optical micrograph of the area inside the red rectangle
in (a). (c) Optical micrograph of the area inside the red rectangle in (b).

5.4 POSSIBLE CIRCUIT TOPOLOGIES

PANC can provide several circuit topologies depending on the number of Au NWs
electrodes employed to contact the nanoobject. Some of them are depicted in figure 5.10:

(@) 1 Au NWs electrode + C-AFM: one NWs path connects one microelectrode with
the nanoobject, the second electrode is a mobile conductive AFM tip that closes the
circuit.
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(b) 2 Au NWs electrodes (2-wire sensing setup, described in section 2.2.2): two paths
are fabricated to make the electrical contact between two microelectrodes and the
nanoobject. This setup is usually discarded for nanoobjects with low electrical
resistance, as the electrical contact resistance of the circuit elements can be much
higher than the intrinsic electrical resistance of the nanoobject.

(c) 3 Au NWs electrodes, where one of them can be used to apply a lateral gate
voltage.

(d) 4 Au NWs electrodes (4-wire sensing setup, section 2.2.2) to measure the electrical
resistance of the nanoobject without contact resistance.

(e) n Au NWs electrodes: from a general point of view, PANC can provide a n-terminal
scheme with n Au NWs electrodes.

(f) A back-gate voltage can be applied in any configuration if using an appropriate
substrate (as for instance standard SiO, /Si substrates).

In this PhD nanocircuits with topologies (a), (b) and (d) were fabricated. All circuit
topologies except (a) are stand-alone devices in the sense that they are fully independent
of the AFM used to build them. Consequently, they can be taken to other experimental
setups for further characterization.
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Figure 5.10: Possible PANC nanocircuits’ topologies. (a) 1 Au NWs electrode + C-AFM. (b) 2 Au
NWs electrodes. (c) 3-terminal design where one of the Au NWs paths is used to
apply a lateral gate voltage. (d) 4 Au NWs electrodes implementing the 4-wire sensing
setup. (e) A general n-terminal configuration. (f) A 2-terminal design with a back-gate
voltage.

5.5 PROOF OF CONCEPT OF PANC: 1 TERMINAL + C-AFM CONFIGURATION

As it was already introduced in the motivation of this chapter, the origin of PANC goes
back to the characterization of the electrical transport properties of few layer antimonene
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flakes [19]. To this end Diego Aldave, Dr. Pablo Ares, Dr. Eduardo Lee, and professor
Julio Gémez-Herrero followed the standard procedures using EBL to fabricate the nanocir-
cuitry. For unknown reasons, probably related with contamination or not enough spatial
resolution, they could never measure electrical current through the flake. After some
attempts, they envisioned PANC as an alternative technique for the electrical connectivity
of those flakes. Then, Dr. Pablo Ares connected a gold microelectrode with several few
layer antimonene flakes through a remarkably long (150 um) Au NWs electrode using
PANC. This allowed him to conduct not only the measurement of the electrical response
of the flakes, but also the electrical characterization of a long Au NWs path, which is
crucial to address the validity of PANC. Another experiment that assesses the suitability of
PANC was carried out by Dr. Ares as well: the measurement of the known sheet resisvity
of a few-layer graphene flake using PANC.

Althoguh I was not involved in the aforementioned experiments, they should be
included in this chapter because they constitute a robust proof of concept of this new
methodoly.

5.5.1 Resistance vs. Length of a long Au NWs electrode

Figure 5.11(a) shows a dark field optical microscope image where a 150 um long path
formed by 93 Au NWs (surrounded by a cyan line) connects three different few layer
antimonene flakes (inside small squares) to a gold microelectrode. Coexisting with these
NWs conforming the path, there are many other NWs not used to build the circuit.
The NWs used in this sample were purchased to Nanopartz Inc. [303]. For the sake of
clarity, we depict in figure 5.11(b) the corresponding AFM topographic image but now
suppressing the NWs that do not participate in the circuit. The circuit topology, in this
case, corresponds to the one portrayed in figure 5.10(a). We can plot the resistance of the
path as a function of its length by acquiring IV characteristics at different locations along
the path (see schematics in figure 5.11(b)). From this plot we can quantify the electrical
resistance of the NWs junctions. We compare the experimental resistance vs. length of
the path with its ideal resistance, obtained by calculating the volume of each NW (from
diameter and length values from AFM imaging) and considering that the resistivity of
a single NW is that of bulk gold (2.2 uQ-cm) [295]. The difference between the ideal
resistance at the end of the path and the measured one is about 8oo Q). Hence, as we have
93 NWs junctions, we end up with a figure of ~ 9 Q/junction. Studies on the conductivity
of metallic thin films and wires conclude that grain boundary reflections rather than
surface scattering are the dominant contributions to the resistivity of NWs [311, 312].
Thus, since Au NWs of the same diameters as the ones here present the resistivity of
bulk gold[295], the obtained resistance per junction, excellent for nanocircuitry, can be
attributed mainly to the formation of just a single grain boundary in each of the junctions
[313].

The 150 um long path made of Au NWs allowed Dr. Ares to electrically contact and
characterize the few-layer antimonene flakes inside the squares. That was the first electrical
characterization of an antimonene flake as thin as 4 nm. Just for that reason, that kind of
nanoobject does not allowed us to validate PANC technique in the sense that the obtained
results cannot be compared to others previously reported and accepted for the same
material. Therefore, Dr. Ares measured the resistiviy of a few-layer graphene flake using
PANC.
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Figure 5.11: Au NWs paths characterization. (a) Dark field optical microscopy image showing a
microelectrode (bottom left) and a random distribution of nanowires. The blue line
encircles a nanowires path made by AFM nanomanipulation. (b) AFM topographic
image showing the nanowire path. The rest of the nanowires were suppressed. The
path connects three thin antimonene flakes (enclosed by squares) to a microelectrode

(at the bottom left). We used a conductive AFM tip as a second mobile electrode.

The inset shows three IVs acquired along the path at the locations indicated by the
schematic cantilevers in the main image. (c) Resistance vs. length plot (cyan circles)
measured along the nanowires path. The orange circles represent the ideal resistance
of this path assuming that the resistivity of the NWs is the same as the bulk gold. The
difference between both lines yields the NW-NW contact resistance.

For the same reason, in the next sections, the nanoobjects to be study are already widely
electrically characterized in the literature. We basically used them as fiducial samples to
show the reliability and the potential of this technique. Each section demonstrates a specific
feaure of PANC, namely, its robustness to temperature and vacuun, the reconfigurability
of the nanoelectrodes, the possibility of fabricating complex nanocircuits and finally its
potential in molecular contacts.

5.5.2  Resistance vs. Length of a Graphene Flake

Dr. Ares validated the 1-terminal + C-AFM PANC configuration using a few layer
graphene flake as fiducial sample (with a thickness of ~2.5 nm and a width of ~740
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Figure 5.12: Resistance vs. length dependence of a few-layer graphene flake using PANC. A single
Au NWs path is used in combination with C-AFM. (a) AFM topography of the flake
and its connection to a microelectrode through a Au NWs path. (b) Resistance vs.
length plot acquired along the trajectory marked by the white crosses in (a).

nm). He firstly contacted it to a microelectrode through a short path of NWs (figure
5.12(a)). Then he measured the resistance vs. length dependence, R(L), of the flake with
a metallized AFM tip following the white crosses drawn in figure 5.12(a). Figure 5.12(b)
shows the result of the measurements. From this plot a contact resistance of ~9 kQ is
infered (from the intercept) and, from its slope, a 1D resistivity of pjp = AR/AL = 9.2
+ 0.1 kQ is obtained. The linear dependence of R(L) is expected for a material with a
constant sheet resistance that can be defined as:

AR
pZD:ﬁ'W:mD‘W (5.1)

where AR is the contribution to the resistance of a portion of the flake in a length AL
and W is the width of the flake. Taking into account the width of the few-layer graphene
flake, a sheet resistivity of 670 £+ 60 (/L] is obtained (the units of p,p are Q but Q/0
are usually used to express the 2D character of the magnitude). This value is in good
agreement with those reported for few-layer graphene: ~450 - 590 O/ [10, 75, 314]. This
result, together with the R(L) of the 150 um long Au NWs path, constitutes a proof of
concept of PANC technique and validates its 1-terminal + C-AFM configuration.

56 FIRST STAND-ALONE 2-CONTACT DEVICE

The first device fabricated via PANC that was completely independent of the AFM
after its fabrication, was a multi-layer graphene nanoribbon connected to two Au NWs
electrodes, having a backgate doped silicon electrode below (circuit geometry shown in
figure 5.10(f)). Specifically with the sample of this section we demostrate the robustness
of the technique to the temperature and vacuum.

Figure 5.13(a) presents the AFM topography of the nanocircuit, showing four gold
microelectrodes, a multi-layer graphene nanoribbon (6.6 nm thick, 4.5 um long, 182 nm
wide) whose silhouette is marked with a blue line, and two NWs paths connecting the
nanoribbon with the bottom left and upper rigth microelectrodes (highlighted in yellow).
Panel (b) displays a zoom of the green square of (a).
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Figure 5.13: Nanocircuit of the first stand-alone device fabricated by means of PANC. (a) AFM
topography showing a few layer graphene nanoribbon (blue ribbon) connected to two
microelectrodes by two nanowires paths (highlighted in yellow). (b) AFM topography
of the area inside the green square in (a).

5.6.1 Results in Air at Room Temperature

After creating the electrical contacts with Au NWs within the AFM, we conducted an
initial electrical characterization inside the microscope, in ambient atmosphere and at
RT. I acquired IV curves (with a backgate voltage of o V) and IV curves (I vs. a global
backgate voltage applied through the 300 nm SiO, layer) at a bias voltage of 0.5 V. I
measured the drain-source current through the NWs electrodes (the AFM probe did not
participate at all in these measurements). The obtained data are plotted in figure 5.14.
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Figure 5.14: Electrical characterization of a few layer graphene nanoribbon in air at RT. (a) Drain-
source current as a function of the bias voltage (at a gate voltage of o V) for the
nanocircuit of figure 5.13. (b) Current vs. gate voltage dependence in the same device
with a bias voltage of 0.5 V.

The resistance derived from the inverse of the slope of figure 5.14(a) is the total resis-
tance of the device (Ri,¢) and takes the value of 23 kQ. It includes: (i) the resistances of
two protection resistors (R;Drot and R%rot), each connected in series to a microelectrode,
(ii) the contact resistance between the ribbon and the NW (Rnyw_rib) at each end of
the ribbon and finally (iii) the resistance of the ribbon itself R,ip. The total resistance
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value for the two protection resistors is 5.3 kQQ. We do not know the value of contact
resistance between the ribbon and the NW but, thanks to experiments performed in
section 5.8 we can estimate it, taking a value of ~ 5.7 kQ. This gives Riot = R:,Tot + Rf,mt
+ 2. Rnw_rib + Rrip &= 5.3 kQ + 2:5.7 kQ + Ryjp = 23 kQ (where we have assumed that
RNnw—rib is similar at both ends of the flake. Therefore R;ip ~ 6.3 kQ). Assuming a linear
dependence of the resistance with the length of the ribbon, we have p1p = AR / AL =
6.3 kQ / 4.5 pm ~ 1.4 kQ/um, which is in agreement with reported value of 1.5 kQ/pum
[75] for wide ribbons (W > 200 nm). If we follow the expression for p>p of equation
5.1 we would have a sheet resistivity of 255 )/, much lower than those reported for
few-layer graphene (~450 - 590 QO /[0 [10, 75, 314]). The reason behind this discrepancy is
the different thickness between flakes of those works (~0.3 - 2.5 nm, truly few-layer) and
the thickness of the ribbon we measured (~6.6 nm). Values obtained with equation 5.1 can
be compared provided that the nanoobject’s thickness is similar. Indeed, if we consider
this ribbon as a 3D object, and compute its resistivity as:

P3D = RT (5.2)
we obtained 1.6-10~°Q-m, which completely agrees with in-plane resistivity of graphite
[315] (the in-plane resistivity is the one we are measuring). Although the out-of-plane
conductivity of graphite is much lower that the in-plane one [316], it has been shown that
the sheet resistivity of multilayer graphene decreases with the number of layers [317],
which further explains our 2D resistivity value. This decrease with thickness, could be
due to a relevant inter-layer transport at long distances (more than one micron), where
defects present in a layer considerably increases the resistance in that layer, and electrons
jump to another one.

The effect of absorbed water on the flake leads to an unintentioned p-doping of the
flakes, reflected in the position of the minimum of IV curve at positive voltages [10].
The hysteresis in the same plot it is related to slow motion of carriers coming from
the sorrounding environment (adsorbates from ambient air and trapped charges in the
substrate) [318, 319]. By performing a slow enough backgate voltage sweep, this hysteresis
would be considerably reduced.

5.6.2  Results in HV at Variable Temperature

After the previous initial characterization in ambient atmosphere, we placed the sample in
the vacuum probe station described in section 2.2.4.1, allowing electrical characterization
between 96 and 373 K at high vacuum. Figure 5.15 shows the dependence of the electrical
current with the drain-source bias voltage and with the backgate voltage. After submiting
the sample to high vacuum for several days and to two annealings (up to 373 K), the
p-doping disappears and the conductivity slightly increases with respect to the first
results in air at RT. The vannishing of p-doping is caused by water and other adsorbates
desorption while the slight hystereis in IV curve can be attributed to charge trapping in
the substrate.

The small increase of conductivity with temperature can be ascribed to different
reasons: (i) a narrow electronic gap in the ribbon (around 1 meV according to [314] for
182 nm wide graphene nanoribbons, which is the same width as our ribbon), (ii) a certain
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Figure 5.15: Electrical characterization of a few layer graphene nanoribbon in high vacuum at
variable temperature. Measurements conducted for the nanoribbon shown in figure
5.13 in a vacuum probe-station in the stand-alone configuration. (a) Drain-source
current as a function of the bias voltage at temperatures between 96 and 373 K, for a
gate voltage of o V. (b) Current vs. gate voltage dependence for temperatures between
111 and 368 K and a bias voltage of 0.5 V.

degree or disorder in the atomic structure of the ribbon and finally (iii) a little variation of
the contact resistances between nanoribbon and nanowire at each end of the ribbon. We
believe this last mechanism is least contributing: the variation of the total resistance of
the device at RT in HV during 11 days was less than 4% (20.0-20.7 kQ). Moreover, the
gap openning mentioned in (i) is expected for graphene nanoribbons, whereas this flake
is much thicker. Therefore, structural disorder seems the most plausible reason for this
conductivity response.

The attainment of these data demonstrates the PANC-made circuits endurance to
temperature and pressure variations.

5.7 VERSATILITY OF PANC: RECONFIGURABLE ELECTRODES

Thanks to the flexibility of Au NWs manipulation, PANC methodology gives the option to
reconfigure the position of the nanoelectrodes in a nanocircuit. To prove this remarkable
feature, I made a new device via PANC, containing a nanocircuit with a multiwall carbon
nanotube (MWCNT, 6.6 nm thick, 8.7 um long) connected to two microelectrodes through
Au NWs electrodes, as figure 5.16 shows. I will present electrical measurements’ results
acquired at different positions of the upper nanoelectrode along the MWCNT, thus
demonstrating the versatility of PANC technique. All measurements conducted in this
device were performed in air at room temperature.

5.7.1 Initial Electrical Characterization

After assembling both NWs paths, and connecting them to the MWCNT, I performed an
initial electrical characterization in air at RT. The initial distance between the nanolectrodes
along the MWCNT was 4.7 pm, therefore, that is the length (L) of the tube that takes part
in the electrical response of these measurements.
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Figure 5.16: Nanocircuit obtained via PANC to show the reconfiguration of nanoelectrodes. (a)
AFM topography containing a MWCNT (blue line) connected to two microelectrodes
by two nanowires paths (highlighted in yellow). (b) AFM topography of the green
rectangle in (a).

Figure 5.17 shows the IV and the IVg curves acquired. Panel (a) presents an almost
linear response of the drain-source current vs. bias voltage, while panel (b) shows a
strong hysteresis with backgate voltage.

A MWCNT nanotube mixes metallic and semiconducting layers. The inter-layer cou-
pling and the diameter of the constituent layers (larger than a few nm which means small
band gaps) make the distinction between metal and semiconductor not as pronounced as
for single-wall nanotubes [320]. Furthermore, the probability of having a metallic single
wall carbon tube (or shell in this case) is one third [321]. This MWCNT, which in principle
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Figure 5.17: Initial electrical characterization of a MWCNT electrically contacted via PANC. Per-
formed in air at RT. (a) Drain-source current as a function of the bias voltage (at a
gate voltage of o V) for the nanocircuit of figure 5.16. (b) Current vs. gate voltage
dependence in the same device with a bias voltage of 0.5 V.
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has 5 shells?, surely has at least one metallic. All this explains the shape of the IV curve.

The value of the current is much lower than that of the few-layer graphene ribbon of the
previous section (with approximately the same thickness and length). This is expected
due the reduced number of accesible electronic states at the Fermi level for the case of the
nanotube compared to the graphene ribbon.

Concerning the gate hysteresis, its is quite common in this kind of devices and it has
been attributed to charge trapping by water molecules around the nanotubes, including
SiO, surface-bound water close to the nanotubes [323].

5.7.2 Resistance vs. Length Measurements

Afterwards, I reconfigured the position of the upper Au NW bringing it down to the
vicinity of the lower Au NWs electrode (see figure 5.18(a)). Each position of the upper
NW corresponds to a specific distance between the nanoelectrodes along the MWCNT
(L, highlighted in color at the top of each topography in panel (a)). At each position (L =
4.7, 4.4, 3.4, 1.8, 1 um) I conducted an optimization of the contact of the upper NW with
the tube (this process is explained in section F.6 of appendix F). Also, at each position
of the upper nanoelectrode I acquired an IV curve (inset of figure 5.18(c)). From that
set of IV curves we can plot the resistance of the nanotube vs. its length between the
nanolectrodes (L). The resulting graph is depicted in figure 5.18(c). In the Y axis we have

already subtracted the other contributions to the total resistance of the device, Riot = Rc

— R1 2 ; 1 2
+ RmwenT = Rprot + Rprot + 2. RnwomwenNT + RmwenT, bemg Rprot and Rprot the

protection resistors, Rnw—mwcenT the contact resistance between NW and MWCNT and
RmwenT the intrinsic resistance of the MWCNT. The value of the sum R;mt + Rf,mt is
known. By acquiring IV curves with a metallic AFM probe with the C-AFM configuration
on a point of the MWCNT close to each NW-MWCNT junction and comparing their
resistances between them and with the one measure all through the device along the NWs
electrodes, we were able to estimate Rnyw_mwenT at each end of the nanotube. This
NW-MWCNT contact resistance estimation was 21 + 5 kQ.

The previous NW-MWCNT contact resistance value of 21 k() is similar to that obtained
by Gomez-Navarro et al. [324] (Whose nanotubes were partially covered by a thermally
evaporated Au microelectrode). EBL provides contact resistances in the range of tens of
kQ [83, 325] to more than 10 MQ [326, 327]. Some authors achieve contact resistances
similar to ours if they sumbit the nanotube to an electron beam exposure [326] or they
perform a thermal annealing of the sample [327]. PANC provides low contact resistances
without the need of such subsequent procedures, which can be extremely harmful to the
nanoobjects.

Regarding the expected resistance vs. length depence for a MWCNT, it is generally
admitted that electron transport in a metallic multiwall nanotube at room temperature
is diffusive (or with a weak localization) [83] with a resistance per unit lenght (or 1D
resistivity) of 10 kQ)/pum. This would lead to a linear R(L) plot with a slope of ~10 kQ/pm.
Our data shows a linerar dependence for L < 3.5 um (with a 1D resistivity of ~18 k() /m),
for higher lengths the resistances highly increases. We attribute this behaviour to the

According to the expression n = 1+ integer[(D/2)/(2-0.34)] (being n the number of shells, D the tube’s
diameter in nm, and o0.34 the intershell distance in nm [322]), this tube is supposed to have five shells.
However, the incertity in the calibration of the AFM piezo scanner, and the underneath layer of water and
other adsorbates, always present, hinders a precise determination of D, and hence n.
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Figure 5.18: Electrical characterization of a MWCNT while one nanoelectrode is being moved
along its length. Performed in air at RT. The nanotube was contacted via PANC. (a)
Sequence of AFM topographies of a MWCNT connected to two nanowires paths. They
show the different locations of the upper nanoelectrode as it is approached to the
lower nanoelectrode. The distance between the nanoelectrodes along the MWCNT is
written in color in the top of each image. Scale bars: 2 pm. (b) AFM topographic image
of the nanocircuit for the maximum separation between nanoelectrodes (first image of
(@)). The arrows mark the locations where IV curves were acquired by repositioning
the upper nanowire. (c) Plot of the nanotube resistance vs. its length between the
nanoelectrodes. The insent contains the corresponding IVs acquired at each length.
The length-color code is mantained in the whole figure.

presence of a kink near L = 3.5 um (green arrow and point) that surely introduces defects
and deformations in the tube, increasing the electron scattering and hence the resistance
[324, 328].

The nanocircuit fabricated and electrically studied in this section proves PANC as
a versatile technique that allows the repositioning of the NWs-based electrodes. This
property can be applied to repair nanocircuits. Aditionally, it procures low contact
resistances without any extra procedure.

58 COMPLEX CIRCUITS OBTAINED WITH PANC: 4-CONTACT CONFIGURATION

We have already seen and experimentally analyzed some of the useful features of PANC
methodology, namely its endurance to temperature and vacuum conditions, its flexibility
to reconfigure the position of nanoelectrodes and the low contact resistance it provides.
Fortunately PANC offer other valuable properties beyond those ones. One of them is
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Figure 5.19: Nanocircuit with four nanoelectrodes obtained via PANC. (a) AFM topography
showing a multilayer graphene flake (encircled by dashed blue line) connected to four
microelectrodes by four nanowires paths (P1, P2, P3 and P4 highlighted in yellow). (b)
AFM topography of the area inside the green square in (a).

the possibility of building complex nanocircuits, for instance nanocircuits with several
nanoelectrodes. In this section we show a g-contact device obtained via PANC together
with its electrical characterization.

Figure 5.19 shows the AFM topography of a nanocircuit fabricated by means of PANC. It
includes a few layer graphene flake electrically contacted to four microelectrodes through
four NWs electrodes. Although the fabrication procedure and the type of devices of this
setup are similar to the two NWs electrodes scheme, this Kelvin sensing topology enables
the experimental measurement of the resistance of a nanoobject without contact resis-
tances (see section 2.2.2). This configuration is the one required if the contact resistance is
higher than the intrinsic nanoobject resistance.

The path in the bottom left corner (P2) of figure 5.19(a) is a single Au NW electrically
connecting the flake to the microelectrode at the bottom of the image. The other Au NWs
paths (P1, P3 and P4) connect, in the same way, the flake (at different points) with three
different microelectrodes (which are highlighted in yellow as well as the NWs electrodes).
The part of the flake between the two inner electrodes has these dimensions: length of 5
um, width of ~ 1.6 pm and it has two thicknesses of 11 nm in the majority of its area and
21 nm on the left bottom side. Close to it, there is a hexagonal gold island (just above the
end of the nanowire of path P2).

5.8.1 Resistance Measured with 2- and g-terminal Scheme in Air and RT

We first measured the dependence of the electrical current with the drain-source voltage
at room temperature in a two-contact configuration using paths P2 and P4. This response
is shown with the red line in figure 5.20, from which a total resistance of RS, ~ 20 kQ
is derived. This value is very similar to the 23 k() obtained in section 5.6 for the few layer
graphene nanoribbon using the two electrode configuration as well. RZS, includes the
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resistance of the flake between nanoelectrodes P2 and P4 (Rf1qke) and the total contact
resistance in the circuit (R¢).

Afterwards, we acquired the current vs. voltage in the four-contact topology, which
is depicted in the same figure with a steeper blue line. In this case, as the measurement
is not affected by the contact resistance, the total resistance acquired has a much lower
value: RS, =~ 150 Q, that corresponds exclusively to the resistance of the part of flake
between the inner nanoelectrodes (R¢iqxke).

We can estimate the contact resistance between a nanowire and the flake once we
have the total resistances obtained from both previous methods. We have that RZS, =
Rftake + Rc = R{S, + Re, therefore RZS, - RS, = Re = 20 - 0.150 kQ ~ 20 kQ. The
contact resistance includes the resistance of two protection resistors (one attached to the
microelectrode connected to P2 and the other attached to the microelectrode connected to
P4) and the nanowire-flake contact resistances: R¢c = Rgfot + Rg‘r‘ot +RRAy f + RRA |
~ 20 kQ). We know the resistance of both protection resistors (8.6 kQ in total). We assume
that RR3, ¢ ~ R 1 & Rnw—ri. Thus we will have: 2-Ryw—r1 = 20 - 8.6 kQ, leading
to Rnw-r1 = 5.7 kQ.

5.8.2  Resistance vs. Length Measured with 3-terminal Scheme and C-AFM

After the previous experiments, we took advantange of the topology of the circuit and
a conductive AFM tip to acquire the flake electrical resistance vs. length plot without
contact resistance. To this end, we acquired IV curves leaving path P4 unconnected and
using a conductive AFM tip as a fourth mobile electrode (always placed between P2 and
P3). Figure 5.21(a) shows with colored symbols the locations where the conductive tip
is in contact with the flake during each experiment. The advantage with respect to the
typical conductive AFM measurements (with a two-electrode topology) is the absence
of contact resistance. Figure 5.21(b) portrays the result of these measurements, mainting
the shape and color of the symbols for each location. As the tip is the mobile electrode
between P2 and P3, the length L corresponds to the distance between P2 and the tip. As
P2 is attached to a hexagonal gold island, the length is measured from the right edge of
that island closer to the tip location.
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Figure 5.21: Electrical characterization of a multilayer graphene flake using the four electrode
configuration being a conductive AFM tip one of the inner electrodes. (a) AFM

topography of the flake connected to a conductive AFM tip and three nanowires paths:

P1 (outside the image), P2, and P3 (outside the image). P4 was left unconnected during
the this set of measurements (its role is played now by the AFM probe). Coloured
symbols show the different locations of the tip. (b) Plot of the flake resistance vs. its
length (= distance between P2 and the tip). The black line depicts the linear fitting of
the data with L < 3 um. The color and shape code of the symbols is the same as in (a).

Although this flake cannot be considered as a ribbon, it has two thicknesses and its
length (distance between left electrode and tip) is not well defined, the data below 3 um
show a linear dependence, giving a linear fit with an intercept at almost zero (R¢c = 2
+ 2 Q) and a slope of p1p = 17 = 1 Q/um. We cannot compare this figure with others
previously reported due to the lack of defined thickness, width and length in this flake.

5.8.3 Resistance measured with 4-terminal Scheme in HV at Variable Temperature

Finally, we took the whole device containing the nanocircuit and inserted it in the vacuum
probe station described in section 2.2.4.1. We used again electrode P4 to measure the
current vs. voltage variation in the four-terminal configuration in the stand-alone setup
(without the need of the AFM probe), at variable temperature from 100 K to room
temperature. Figure 5.22 displays the response obtained. The resistance of the flake
slightly varies with temperature being lower for low temperatures (R(100 K) ~ 170 Q) vs.
R(298 K) ~ 178 Q). This behaviour is the one expected for a metal and it is due to the
electron-phonon scattering which increases with temperature, leading to higher resistivity
at higher temperatures [329].

5.0 PANC AS AN ALTERNATIVE TO MOLECULAR CONTACTS

In this section we first explore the spatial resolution of PANC technique with the aim
of electrically contact molecules and second, we introduce a preliminary experiment on
molecular electronics using PANC technique. This kind of experiment cannot be carried
out by means of EBL.
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Section 5.1.1 introduced the main existing techniques used to electrically contact na-
noobjects: Electron Beam Lithography (EBL), Scanning Probe Microscopy (SPM) and
Mechanical Controlable Break Junctions (MCB]J). Molecular electronics is mainly domi-
nated by SPM and MCB]J. The basic idea in both of them is to form atomic size gaps that
are “filled” with molecules in a random manner. By inducing mechanical stress, the gap
varies as a function of time creating new molecular junctions. The current flowing through
the junctions so formed is measured and analyzed by statistical methods (histograms and
cluster analysis) that allow quantifying the conductance of the molecules. There are other
experimental techniques to electrically contact molecules: electromigration, Transmission
Electron Microscope and gold nanoparticle dumbbell (or dimers), among others [34].

In the electromigration technique, a metal nanowire is broken in a controlled manner
due to the motion of ions in high electrical current densities (electromigration process?).
Before the wire finally fails and the current drops drastically, atomic size contacts are
formed for a rather short time span [330]. The electromigration will nucleate at the thinnest
part of the electrode structure (see figure 5.23). This technique has been optimized for the
formation of nanometer sized gaps for trapping individual molecules or other nanoobjects
[331].

The gold nanoparticle dimers technique uses gold nanoparticles (Au NPs) with a
typical diameter of 10 nm. The molecules to be contacted are functionalized at both
ends with thiol anchoring groups, which have a high affinity to gold. The molecules
are attached to the NPs through these thiol bonds such that two NPs are combined to
form a dumbbell having the molecules in between. Those dumbbells now have a suitable
size for bridging lithographically defined nanogaps and can be deposited onto them
straightforwardly [34, 332]. Figure 5.24 shows the dimer contacting scheme.

5.9.1 PANC Approaches to Contact Molecules

Electromigration and gold nanoparticle dimers techniques are compatible with PANC
methodology (and MCBJ too with the suitable experimental setup). On one hand a Au NW

2 The two most important factors contributing to the motion on ions in electromigration are: the so-called
direct force (due to the electric field, and thus points into the direction of the field) and the wind force
(caused by momentum transfer of the conduction electrons onto the ions, it has opposite sign). When the
total force overcomes the binding force of the ions, they start to diffuse [34].



5.0 PANC AS AN ALTERNATIVE TO MOLECULAR CONTACTS

Figure 5.23: Electromigration technique. Series of AFM topographies of an electromigrated contact
made of Au on Si in different phases of the electromigration process. Extracted from

[34]-
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Figure 5.24: (a) Structures of three molecules studied with the dumbbell technique. (b) The dimer
contacting scheme. (c) TEM image of a BDMT dimer made of 10 nm colloidal gold
particles. The separation between the two particles corresponds approximately to the
BDMT length (0.9 nm). Extracted from [34].

(or a concatenation of them) can be subjected to electromigration, on the other hand the
NPs conforming the dimers can be connected to Au NWs. A problem arises in the latter
case: the diameter of the Au NWs is very high compared to that of Au NPs: 60 nm (Au
NWs) » 5-10 nm (Au NPs). Additionally, the size of the contacting electrodes at their end
should be as small as possible to reduce the number of contacted molecules. To circumvent
this problem, the so-called nanorods can be used. A nanorod (NR) is a nanowire with

lower diameter and lower aspect ratio [300]. They are commercially available [302, 303].

By the time of these experiments we did not have good quality home-made NRs. On the
contrary, Au NPs were already succesfully synthesized by our collaboratot Dr. Consuelo
Moreno when we started the experiments of this section. Their diameter ranged from 5 to
30 nm.

In the framework of PANC, Au NPs and Au NRs combined with Au NWs can be
used in many ways to contact nanoobjetcs or molecules (see figure 5.25): (i) assembling
NRs to the NPs of a dimer (panel (b)), (ii) contacting a NP covered by molecules with two
NRs (panel (c)), (iii) contacting a dymer through slightly bigger NPs (panel (d)), (iv) a NR
welded at each of their ends to a NW path to conduct electromigration (the breakdown
would preferably occur at the narrowest part, i. e. the nanorod or a thin junction) (panel
(e)), (iv) joinning NRs at the ends of Au NWs paths to directly contact nanobjects (panel
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Figure 5.25: PANC approaches to contact nanoobjects or molecules. (a) Structure of a PANC device
highlighting the area with the nanoobject or molecules to be contacted. This area
is zoomed-in in panels (b-h). (b) A dimer connected to NRs. (c) A NP covered by
molecules connected to NRs. (d) Dymer contacted by slightly bigger NPs. (e) A NR
between two NWs to conduct electromigration. (f) A nanoobject contacted by NRs. (g)
Two close NRs coated by molecules. (h) Two close NWs covered by molecules. Bottom:
legend of the elements.

f)) or (v) even molecules that cover the nanorods (panel (g)) and (vi) using exclusively
nanowires previously coated by molecules (panel (h)).

Therefore, a key parameter to be considered is the minimum distance between non-
electrically contacted nanowires (or nanorods). This is treated in the next section.

5.9.2  Spatial Resolution of PANC

We measured the minimum distance between two non-electrically contacted nanowires,
and contacted gold nanoparticles in order to explore the spatial resolution of PANC.

5.9.2.1 Minimum Distance between Gold Nanowires

Figure 5.26 shows a TEM image of two adjacent nanowires. According to this image, the
minimum gap width between NWs is about 1.6 nm. We attribute this distance to the
presence of CTAB surfactant that prevents NWs coalescence.

5.9.2.2 Contacting Gold Nanoparticles

This experiment was carried out by Dr. Pablo Ares. He adsorbed 15 nm diameter Au NPs
on a conventional SiO, substrate where Au NWs were previously desposited. Then he
assembled two Au NWs electrodes that connected two Au NPs in parallel. Panels (a) and
(b) of figure 5.27 show the final circuit configuration. The diameter of the bottom NP
is ~20 nm and that of the top is ~10 nm. This NP was contacted through a third NP of
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Figure 5.26: TEM images of two adjacent Au NWs. (a) Large area image. (b) Zoom image showing
the region enclosed in (a) by a square. A gap of about 1.6 nm can be readily seen.

diameter ~25 nm. The final IV characteristic is shown in figure 5.27(d), whose resistance
suggests that the contact resistances between the NW and the NPs are very low. This
experiment allows us to conclude that the resolution of PANC at this stage is ~10 nm,
well below the EBL standard, that which is about 30 nm.
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Figure 5.27: Contacting gold nanoparticles via PANC. (a) AFM topographic image of two Au
NWs electrodes connecting two gold nanoparticles in parallel. (b) Zoom of the region
enclosed by the blue square in (a). (c) Schematics of the final configuration with both
the bottom and the top Au NPs in contact with the Au NWs electrodes.(d) Current vs.
voltage characteristic of the circuit in (a).

| (uA)

5.9.3 1-4 Benzenedithiol Molecule

We chose 1-4 benzenedithiol (BDT?) as the first molecule to be electrically characterized
using PANC. This was motivated by two main reasons: its affinity to gold and the fact
that its conductance has been widely studied for more than twenty years.

We omit "1-4" in the molecule’s acronym.
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5.9.3.1 Structure and Conductance of BDT

BDT is one of the simplest thiolated conjugated organic molecules. Its thiol terminal
groups (-SH) bond convalently to metal electrodes. Its lower HOMO-LUMO gap (com-
pared to other thiolated molecules such as alkanedithiol chains) and the possibility of
functionalizing this molecule make it attractive for molecular electronic applications [333].
BDT has a planar structure, shown in figure 5.28(a). The distance between sulfur atoms is
estimated to be 0.65 nm [334, 335].

(b)

A

6.5A

Figure 5.28: Structure of 1-4 benzenedithiol molecule. (a) Atomic structure. (b) Two BDT molecular
junctions with different orientations. Adapted from [336] and [337].

The conductance of BDT has been widely investigated experimentally by STM [333] and
by MCBJ [334, 338]. Indeed, the experiment of Reed and coworkers in 1997 [338] is often
considered as the beginning of the field of single-molecule conduction. It was performed
using a MCBJ device at RT, with the junction immersed in a solution of BDT, which has
become a workhorse in this field. Theoretical works emerged later. The conductance of
BDT has been a longstanding problem, with significant variation in experimental values
(107% - 107 1-Gg [333, 334, 339, 340]). The different results are usually attributed to the
different types of setups, the change of contact geometry and molecular orientation (see

figure 5.28(b)) [334, 3371

5.9.3.2  Methods to Coat Gold with BDT Molecules

BDT molecules can coat bare clean gold surface simply by inmersing gold in a solution
of BDT molecules in etanol for an incubation time (~5 hours) and then rinsing with
ethanol and drying with nitrogen or argon [334]. Depending on the type of experiment,
the drying can be omitted, for example, in liquid environment STM or MCBJ setups. If
gold surface is covered by surfactant molecules, the exchange of surfactant by BDT can be
carried out in a similar way.

Another method to deposite molecules on metals is the thermal evaporation of them
in vacuum. Unlike the aforementioned procedures, thermal evaporation is completely dry.
Electrospray ionization is another option to cover metal surface with molecules in which
charged droplets of a solution containing the molecules are created and directed to a
metal electrode thanks to a strong electric field [34]. As far as we know, none of these two
methods, thermal evaporation and electrospray ionization are commonly used with BDT.
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5.9.4 PANC as an AFM-based Break Junction Technique

We conducted several attempts to measure the conductance of BDT molecules using
some of the configurations shown in figure 5.25. At the time of the experiments, we
unfortunately did not obtain good quality nanorods, but we did have suitable Au NWs
and Au NPs. Therefore we made used of the following available configurations:

* NW-(coated NP)-NW: an Au NP covered by BDT molecules attached to two NWs
paths (similar to diagram (c) of figure 5.25 but connecting directly the NWs to the
coated NP).

* (coated NW)-(coated NW): two close paths of Au NWs previously covered by BDT
molecules. They can be arranged as shown in figure 5.25(h), or they may be crossing
(one on top of the other).

In both cases the coating of gold with BDT molecules was conducted by the substitution
of CTAB surfactant with BDT molecules in liquid phase.

To open and close BDT-Au junctions, we started by manipulating the involved NWs
with the AFM tip so that the NWs and the NP in mentioned systems approach, until
current peaks can be detected. We performed the movement of the AFM tip and monitored
the current of the circuit simultaneously. Several current peaks were measured when
approaching as well as withdrawing the NWs. We were able to measure some increasing
peaks while pushing one NW agaisnt the other, ending with a Au-Au cold welding.
Remarkably, we could also break that welding and recorded some current peaks while
separating the NWs, until there was no current. In this regard, PANC can be seen as an
AFM-based break junction technique. Unfortunately the data thus obtained were not
reproducible enough. This approach can be further improved, for instance, by performing
automated movements of the tip while simultaneously recording the circuit current and
the position of the tip/NWs. This would allow the acquisition of big amount of data from
which relevant information can be extracted through a statistical analysis (like in MCB]J
experiments). We finally followed a different (and more successful) strategy described
below.

5.9.5 Measurement of 1-4 Benzenedithiol Conductance via PANC

5.9.5.1 Initial Au NWs Manipulation and NW-NW Gap Characterization

Our experiment started with two gold nanowires, each connected to a different gold
microelectrode. Then we used the AFM tip to approach the nanowires as much as
possible but avoiding cold welding (figure 5.29(a)). To check the gap width between
both NWs we used a sharp tip (from Nanosensors Inc. [341]). To estimate tip radius we
use a fiducial sample containing many MWCNTs. A MWCNT was imaged with that tip
yielding a height of h ~15 nm and width W ~38 nm (see the corresponding profile in
tigure 5.29(c)). From these two magnitudes, we obtained a tip radius of ~10 nm calculated
as Ryip= W?2/8h (following reference [342]). Finally, as the inset of figure 5.29(a) shows,
the gap width between NWs was within the tip resolution (< 10 nm).
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Figure 5.29: Topography of two close BDT-coated Au NWs and tip radius calibration. (a) AFM
topographic image of two Au NWs electrodes covered by BDT brought into close
proximity. The inset shows the region enclosed by the blue square. The dotted lines
show the edges of the NWs. The absence of contact between them was verified by the
absence of current. (b-c) Tip radius calibration of the tip used to acquire the inset in
(a): (b) AFM topographic image of a MWCNT used to obtain the tip radius, (c) Height
profile along the pink line in (b).

5.9.5.2 BDT Deposition

Once the nanowires were so prepared, we inserted the sample in a vacuum chamber
(base pressure 10~ ® mbar). We first induced an oxygen plasma to remove the CTAB
surfactant. Then we sublimated BDT powder and kept a BDT partial pressure of 5-10~%
mbar for 30 seconds in the chamber. Previously, we had checked by ellipsometry that this
very same procedure applied to a gold thin film produced a molecular layer of ~0.8 nm,
compatible with the size of a BDT molecule (see appendix G for more details regarding
BDT deposition and ellipsometry data).

5.9.5.3 [Vs at Different Bias Voltage Ranges

Upon BDT deposition, we imaged the sample again observing no variations in the
nanowires position. We confirmed the absence of cold welding by measuring current
vs. voltage characteristics showing no measurable current for bias voltages between o
and 4.5 V. We performed IVs at higher bias voltages until we observed the onset of
current for a bias voltage of ~5 V (see figure 5.30(a)). Then, we acquired IVs at lower
bias voltages, roughly obtaining the same conductance in all of them figure 5.30(b)). For
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Figure 5.30: Onset of the current and subsequent IVs acquired in the NW-BDT-NW junction of
figure 5.29(a). (a) Asymmetric IV where the onset of the current is observed when
reaching a bias voltage of ~5 V. (b) Current vs. voltage characteristics carried out
increasing the bias voltage range.

bias voltages higher than 0.8 V, peaks in the current appeared, a common feature in
molecular electronics transport measurements [343].

We carried out additional I'Vs with increasing bias voltage range observing a final
drop to almost zero resistance that we interpret as a cold welding event. Figure 5.31 shows
a collection of representative IVs acquired with increasing bias voltage.

Finally, we reset the experiment by mechanically breaking the contact through AFM
NWs manipulation and started over.
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Figure 5.31: IVs acquired with increasing bias voltage range of BDT molecules contacted by PANC.
(@ £o5V.(b)x07V.(c)£1.0V.(d) £1.5V.(e) £ 1.7 V. (f) £ 2.0 V where the cold
welding finally takes place.
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5.9.5.4 Measured Conductance

We checked the stability of the contacts so formed for more than one hour, yielding a
quite stable conductance of about 0.06-G¢ (see figure 5.32), being G¢ the conductance
quantum (Go = 7.75:10 > S = (13.3 kQ)~ .
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Figure 5.32: Current/conductance variation through the NW-BDT-NW contact during one hour. A
bias voltage of 100 mV was applied. The mean current + standard deviation values
are shown graphically and numerically.

The conductance of BDT molecules depends critically on the experimental setup and
the molecular orientation. Different groups reported values ranging from ~10~4-Gy to
~ 0.5:Go [333, 334, 338, 340, 344], in good agreement with our experimental results.
Furthermore, many experimental works indicate a common BDT conductance peak in the
MCBJ histograms at ~0.01-Go [333, 334, 339, 340, 345] of the same order as the conductance
we obtained (see table 5.1).

’ Source ‘ Conductance (Gop) ‘
Xiao et al. 2004 [333] 0.011
Tsutsui et al. 2006 [339] 0.01 © 0.1
Haiss et al. 2008 [344] 1074
Kim et al. 2011 [334] 510~ % ¢ 0.01 0.5
Yamauchi et al. 2012 [340] 0.001 * 0.04
Bruot 2012 et al. [345] 0.01
This work 0.06

Table 5.1: Comparison of measured conductances of BDT from several experiments. Values of the
order or 0.01-Gy are highlighted in bold font.

5.9.5.5 Spectral Analysis of Traces

The spectral analysis of conductance temporal traces gives information about the existence
of electrical junctions involving few molecules [343]. A representative conductance trace
measured once a NW-BDT-NW junction is achieved, is displayed in figure 5.33(a). This
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Figure 5.33: Temporal and spectral analysis of a conductance trace of a NW-BDT-NW junction.
(a) Conductance temporal trace (data plotted with black points connected by a green
line). The right panel is the corresponding histogram, showing a wide high peak
between two lower peaks, which correspond to the central most probable value of the
conductance and the two other levels, respectively. (b) Power Spectral Density (PSD)
of the trace shown in (a) together with the corresponding fitting to a plateau and 1/f2,
characteristic of RTS spectra.

trace has two parts. The first one, from 20 s to around 37 s, reveals that the conductance is
switching between two values. The second part (for time > 37 s) also displays two levels
for the conductance; in this case, the lower one matches the upper level of the first part
of the plot. The right panel in 5.33(a) shows the corresponding conductance histogram.
The three values of the conductance are evidenced by the three visible peaks. The higher
number of counts of the central peak suggests enhanced stability around that conductance
value for that time interval.

The obtained switching behavior between two values (with a superimposed back-
ground noise in our data) is characteristic of the so-called Random Telegraph Signal
(RTS) or bi-stable noise [346]. This telegraphic noise occurs once a molecular junction is
formed [343], and it is attributed to spontaneous binding and unbinding of molecules to
the electrodes (BDT molecules (un)binding to NWs, in this experiment). Therefore, the
diference between consecutive conductance levels (~6-1073-G) in mentioned histogram
could be ascribed to the binding/unbinding of one (or few) BDT molecules.

The power spectral density (PSD) of the trace is depicted in 5.33(b) disclosing the
expected shape for a RTS: a plateau for low frequencies followed by a 1/f? decay for
high frequencies [343, 346]. This plot further supports the existence of molecular junctions
in our measurements.

5.9.5.6  Stability of the Contacts

In the experiment described above, we cannot completely discard some complex combina-
tion of tunneling and molecule transport, or some contamination such as CTAB rests. The
experiment can be improved in many different ways, as for instance inserting the AFM
in a vacuum chamber with a controlled atmosphere of the molecule that we want to study.
Nevertheless, what we would like to remark is the stability of the PANC configuration
vs. STM or break junctions. These two techniques are three-dimensional setups where
thermal and mechanical stability are of the utmost importance. Consequently, when work-
ing at room temperature, it is very difficult to stabilize the junctions for long times. In STM
experiments, the current is stable in the open loop configuration for less than 1 minute
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[291]. For break junctions, the best experiments report time stability of the order of 1
minute [343]. The standard procedure to increase stability consists in working at cryogenic
temperatures, but then the experimental setups become much more complicated. On the
contrary, PANC presents a two dimensional configuration that inherently stabilizes the
system and the stability time goes up to more than hour (see figure 5.32).

5.9.6 PANC Under Review

The nanocircuitry technique we present along this chapter is not free of certain drawbacks.
Most of them are present during the nanocircuit fabrication, being some of them detailed
in appendix F. PANC technique comprises many stages until the nanocircuit is finished,
which is time-consuming. Furthermore, a mistake in some steps can ruin the previous
work. Other PANC disadvantages are: (i) it requires microelectrodes, (ii) there is risk
of microelectrode (and even NWs protuding from them) blowing when conducting the
wire soldering due to electrostatic-discharge?, (iii) the debris left some times by the
manipulating tip on the sample can hinder the manipulation and degrade the nanoobjects,
(iv) depending on the chemical nature of the nanoobjects and its purity, the improvement
of the NW-nanoobject electrical contact may be needed and (v) PANC works better in
vacuum environment or inert atmosphere. During the fabrication of the first two-terminal
device containing a few-layer nanoribbon (section 5.6) we observed that, as the time
passed, it was more difficult to perform the nanoobjetct-NW electrical contact. We thought
that this fact was due to gradual contamination of the sample in air. Therefore, next
devices were assembled and characterized in a argon+air atmosphere. Moreover, we firstly
tried to make the NW-nanoobject connections (to avoid contamination of the nanoobject),
and then the manipulation and assembling of the NWs conforming each nanoelectrode.

We have already seen most of PANC’s advantages: (i) it is cost-effective, (ii) it does not
require chemicals (except a water or alcohol solution of Au NWs), (iii) it provides many
possible configurations and (iv) reconfigurable electrodes, (v) it allows achieve low contact
resistances, (vi) its spacial resolution is about few nanometers (or even less) and (vii) due
to its 2D geometry it presents an enhaced stability for molecular junctions compared to
STM or MCBJs. Table 5.2 summarizes the PANC’s pros and cons.

| Cons |
Cost effective Time-consuming
Clean Need of microelectrodes
Many circuit topologies Risk of electrode blowing

Electrode reconfiguration | Some debris when manipulating

Low contact resistances | Sometimes need to improve contact

Resolution ~nm Better in HV or inert atmosphere
Enhanced stability

Table 5.2: PANC’s pros and cons.

4 All devices shown in this chapter needed resistors to protect them from electrostatic-discharge. Infact, all of

them had a few kQ protection resistors in series. This is a common procedure in nanocircuits.



5.10 CONCLUSIONS AND FUTURE PROSPECTS

A suitable way to asses the benefits and drawbacks of PANC is to compare it with the
so-far dominant technique in the fabrication of nanocircuits, i.e. EBL. Table 5.3 compares
both techniques considering five key aspects: cost, consumption of time, use of chemicals,
resolution and circuit reconfiguration. Analyzing each of them for both methodologies,
we have that: (i) EBL is more expensive, (ii) both are quite time-consuming, (iii) EBL needs
several chemicals while PANC is much more innocous, (iv) resolution of EBL ranges
between 30-2 nm whereas PANC can reach ~10 nm as it has been shown in section 5.9.2.2
(and even less: see sections 5.9.2.1 and 5.9.5), and (v) EBL does not allow reconfigurable
electrodes while PANC does.

EBL Key Aspect PANC
X Cost

X Time X

X Use of chemicals

Resolution

X | Reconfiguration of electrodes

Table 5.3: Comparison of EBL and PANC considering five aspects.

5.10 CONCLUSIONS AND FUTURE PROSPECTS

So far, the use of highly conductive nanostructures, as those fabricated by PANC, was
a long-standing goal of circuit miniaturization [118, 347, 348]. In this chapter, we have
demonstrated that PANC is a cost-effective, versatile and robust technique that provides
nanocircuitry for stand-alone devices. Unlike EBL, PANC also allows circuit reconfigura-
tion in a straightforward and quick manner. Besides, PANC requirements and preparation
are simple and clean as it uses drop casting of a water or alcohol (ethanol, isopropanol,
methanol, etc.) suspension of nanowires. Hence, PANC is compatible with delicate mate-
rials.

It is not difficult to envision combined nanocircuitry of EBL and PANC for the electrical
characterization of materials that do not support the chemical agents required for EBL, as
emerging organics, organometallics and even biomolecules, among others. While EBL is a
mature and well-developed technique, PANC has just been born and the results presented
in this chapter give a highly limited picture of its possibilities. As PANC is still in its very
infancy, it can be improved in many ways. For example, a desirable improvement would
be the automation of the manipulation of nanowires [117]. This would short the time
needed to assemble a nanocircuit.

In the next future Nanoforces group aims to introduce a broader catalogue of pos-
sibilities that shall include the use of longer nanowires, thinner nanorods and smaller
nanoparticles made of different materials: silver, nickel, cobalt, platinum, etc. Likewise, the
group plans to further extend PANC within the molecular electronics realm, a field where,
up to now, the current experimental methods have limited applicability. In this context,
PANC also allows, for instance, fabricating high resolution lateral gate nanoelectrodes
and performing in-operando electrical measurements, which are not trivial but very useful
for typical molecular electronics measurements (e.g. STM break junctions). Moreover,
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PANC could be used to fabricate nanocircuitry in ultrahigh vacuum by using spray or
electrospray methods. That way extremely clean circuits would be obtained, minimizing
the contact resistance that dominates today’s nanoelectronics.



CONCLUSIONS

In this thesis, we have conducted a mechanical and electrical characterization of two 2D
materials. We have performed both characterizations mainly making use of atomic force
microscopy as well as probe station technology. Furthermore, we have developed a new
technique to create electrical contacts in nanoobjects and to construct nanocircuits. This
has allowed us to fulfilled the three objectives presented in section 1.2:

O1

O3

Synthesize new 2D materials in a cost-effective manner. In chapter 4 a new ma-
terial ([CuzI>(TAA)],, coordination polymer) has been obtained and processed to
form ultrathin films. It is shown that its building blocks as well as its synthesis and
processability are cost-effective.

Measure physical properties of new or already existing 2D materials. In chap-
ter 3 we conducted a mechanical characterization of few-layer black phosphorus
nanosheets and we assessed the effect of the exposure to air ambient atmosphere
on their mechanical properties. Chapter 4 presents a complete characterization of
ultrathin films of the aforementioned coordination polymer. Specifically we mea-
sured its electrical, mechanical and optical properties with particular emphasis in
its electrical response.

Develop new techniques to characterize 2D materials. We have managed to de-
velop a new methodology that provides nanocircuits and good electrical contacts
with nanometric resolution. In chapter 5 (and appendices E, F and G) a thorough
description of such technique is given. Moreover, some devices obtained via this
technique are presented demonstrating the advantages of the technique.

The measurements conducted in few-layer black phosphorus nanosheets, with thick-
ness ranging from 4 to 30 nm, allow us to draw the following conclusions:

They exhibit an elastic modulus of 46 £+ 10 GPa and a breaking strength of 2.4 £+ 1
GPa in high vacuum conditions.

When exposed to ambient atmosphere, they showed significant changes in their
topography as a consequence of water absorption. This phenomenon is thickness
dependent.

For the thicker flakes (> 7 nm), the elastic modulus barely decreases with exposure
time, reaching a value of ~30 GPa after 200 hours. Their breaking strength, after the
same exposure, is reduced to ~1.6 GPa. This implies a reduction factor of ~0.66 for
both magnitudes with respect to pristine black phosphorus. On the contrary, the
thinnest nanosheets showed a highly decreasing elastic modulus, and spontaneously
broke after less than 25 hours of exposure. These results are compatible with
previous works in which the variation in the mechanical properties is ascribed to
the oxidation of black phosphorus in air, and suggest a ~70% oxygen content in our
flakes after 200 hours of exposure.
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From the work presented in chapter 4 on the metal-organic compound [Cu,I,(TAA)],
we can conclude that:

¢ Ultrathin films of this coordination polymer are easily obtained from cheap build-
ing blocks (copper(I) iodide and thioacetamide) at the water-air interface by the
Langmuir-Schiéfer technique.

* The films thickness can be as low as 4 nm, they extend across macroscopic regions
and are highly smooth and transparent.

¢ The mechanical characterization of the films reveals that they can be free-standing,
giving a Young’s modulus of ~11 GPa and a breaking strength of ~1 GPa. That
elastic modulus, low compared with those of metals, is among the highest ones for
2D materials based on coordinate bonds.

¢ The films exhibit in-plane electrical conductivity up to 50 S/cm that is controlled by
the concentration of grain boundaries. This value is significantly high compared to
those of other metal-organic polymers.

¢ Intrinsic memristive response was found for these films. The working mechanism
for this behaviour is mediated by the migration of grain boundaries. We believe
they could be manipulated to create novel devices with tunable electro-mechanical
properties.

We have developed the Probe-Assisted Nanowire Circuitry (PANC) technique, which
is based on the use of gold nanowires and its subsequent manipulation by an AFM
probe to create nanoelectrodes. They are formed by the spontaneous cold welding of gold
nanowires upon mechanical contact. The PANC’s development and further test leads to
the following conclusions:

e PANC enables:

1. the creation of electrical contacts in the nanometer (or even smaller) scale with
low contact resistances

2. the fabrication of many circuit topologies and, therefore, complex nanocircuits
3. the reconfiguration and repair of the so-obtained nanoelectrodes

4. to some extent, the creation of molecular contacts with high stability

* This technique is:
1. clean (compatible with delicate materials as it hardly requires chemicals)
2. cost-effective (with simple requirements and preparation)
3. versatile (flexible, it does not require vacuum, compatible with e-beam litho-
graphy)
4. robust (against temperature and preassure variations, against vibrations and

changes of external parameters)

* Among disadvantages of PANC we can mention that: it is time-consuming, it
needs microelectrodes, it presents a small risk of electrode blowing if there is a
electrostatic-discharge, some debris can be left when manipulating the nanowires,
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some electrical contacts must be optimized with mechanical preassure, and it has a
better performance when working in vacuum or inert atmosphere.

¢ We envision PANC as method to create high resolution lateral gate electrodes and
to perform in-operando electrical measurements.

After the completion of this thesis we identify various future research lines. Regarding
the mechanical properties of black phosphorus nanosheets, we envision these possible
research works:

¢ Measurements in high vacuum and ambient conditions with different drumheads ge-
ometries to obtain the elastic modulus in the zigzag and armchair in-plain directions
separately.

* Register the time evolution of the breaking force of the flakes in air.

® Accurately asses the influence of the nanosheets” thickness on the variation of the
elastic modulus and breaking force when they are exposed to air. The results could
be used to design humidity sensors.

¢ Assess the influence of mechanical strain in the optical and electrical properties of
this 2D material in its pristine and oxidized form. These results could have impact
in diverse devices’ fabrication.

Concerning the [Cu,I>(TAA)],, films, their mechanical and electrical characterization
fosters the fullfilment of these tasks:

¢ Asses the effect of mechanical strain, temperature quenching and others methods
on the modification of grain boundaries of the films to tune their conductivity
and memristivity. This would allow the fabrication of novel devices with tunable
electro-mechanical properties.

¢ Characterize the electrical response of the films using a gold electrode and a silver
electrode, system in which the conduction is due to an electrochemical mechanism.

¢ Rationally synthesize similar coordination polymers in the search for optimum
properties for technological applications.

Finally, the results accomplished using PANC encourage us to:

¢ Use longer nanowires, thinner nanorods and smaller nanoparticles made of different
materials: silver, nickel, cobalt, platinum, etc.

* Fabricate and test high resolution lateral gate nanoelectrodes by means of PANC.

¢ Perform in-operando electrical measurements in nanocircuits obtained via PANC,
for instance map a magnitude via AFM as a current flows through the nanoobject
contacted, or a source-drain or gate voltage is applied. A fascinating experiment
would be the use of a silver nanowires nanoelectrode and a gold nanowires path to
contact a small [Cu,I(TAA)],, film, and then visualize, via AFM, the grow of silver
dendrites within the film while a source-drain bias voltage is applied.



142 CONCLUSIONS

* Use electrospray ionization technique to deposite molecules on gold nanoelectrodes
obtained by PANC.

* Perform the whole (or part) of the PANC fabrication process in vacuum (or controlled
environment) conditions.

¢ Automate the manipulation of nanowires to short the time needed to assemble each
nanocircuit.
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En esta tesis, hemos realizado una caracterizaciéon mecénica y eléctrica de dos materiales
bidimensionales. Ambas se han llevado a cabo, principalmente, mediante el uso de
microscopia de fuerza atémica y estaciones de puntas. Ademads, hemos desarrollado una
nueva técnica para crear contactos eléctricos en nanoobjetos y para construir nanocircuitos.
Esto nos ha permitido cumplir los tres objetivos presentados en la seccién 1.2:

O1

Sintetizar nuevos materiales 2D de manera rentable. En el capitulo 4 se ha obtenido
y procesado un nuevo material (el polimero de coordinacién [Cu,I;(TAA)],,), obte-
niendo peliculas ultrafinas del mismo. Se ha mostrado que sus bloques de construc-
cién, asi como su sintesis y procesado, son rentables.

Medir las propiedades fisicas de materiales 2D nuevos o ya existentes. En el
capitulo 3 llevamos a cabo una caracterizacién mecénica de ldminas de fésforo negro
de pocas capas y evaluamos el efecto de la exposicién condiciones ambiente en
sus propiedades mecénicas. El capitulo 4 presenta una caracterizacién completa de
peliculas ultrafinas del polimero mencionado anteriormente. En concreto, medimos
sus propiedades eléctricas, mecanicas y Opticas con especial énfasis en su respuesta
eléctrica.

Desarrollar nuevas técnicas para caracterizar materiales 2D. Hemos logrado de-
sarrollar una nueva metodologia que proporciona nanocircuitos y buenos contactos
eléctricos con resolucién nanométrica. En el capitulo 5 (y los apéndices E, F y G)
se da una descripcién detallada de dicha técnica. Ademas, se presentan algunos
dispositivos obtenidos con ella mostrando las ventajas de la técnica.

Las medidas realizadas en laminas de fésforo negro de pocas capas, con un grosor de
4 a 30 nm, nos permiten extraer las siguientes conclusiones:

Exhiben un médulo de elasticidad de 46 + 10 GPa y una tensién de rotura de 2.4 +
1 GPa en condiciones de alto vacio.

Al exponerlas a condiciones ambiente, muestran cambios significativos en su to-
pografia como consecuencia de la absorcion de agua. Este fendmeno depende del
espesor de la ldmina.

Para las laminas mds gruesas (> 7 nm), el médulo eléstico apenas disminuye con el
tiempo de exposicién, alcanzando un valor de ~30 GPa después de 200 horas. Su
tension de rotura, tras la misma exposicion, se reduce a ~1.6 GPa. Esto implica un
factor de reduccién de ~0.66 para ambas magnitudes con respecto al fésforo negro
pristino. Por el contrario, las Idminas més finas mostraron una reduccién mucho mas
acusada del médulo eldstico y se rompieron espontdneamente después de menos de
25 horas de exposicion. Estos resultados son compatibles con trabajos anteriores,
en los que la variacién en las propiedades mecdnicas se atribuye a la oxidacién del
fésforo negro en el aire, y sugieren un contenido de oxigeno de ~70% en nuestras
nanoldminas después de 200 horas de exposicion.
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Del trabajo presentado en el capitulo 4 sobre el compuesto metal-organico [Cu,I>(TAA),,
podemos concluir que:

¢ Peliculas ultrafinas de este polimero de coordinacién se obtienen facilmente a partir
de bloques de construccién baratos (yoduro de cobre(I) y tioacetamida) en la interfaz
agua-aire mediante la técnica Langmuir-Schéfer.

* El grosor de las peliculas llega a ser tan bajo como 4 nm, se extienden por regiones
macroscopicas y son muy planos y transparentes.

* La caracterizacién mecdanica de las peliculas revela que pueden ser suspendidas,
dando un médulo de Young de ~11 GPa y una tensién de rotura de ~1 GPa. Ese
modulo de elasticidad, comparativamente bajo con el de mucho metales, es de los
mads altos para materiales 2D basados en enlaces de coordinacién.

* Las peliculas exhiben una conductividad eléctrica en el plano de hasta 50 S/cm que
estd controlada por la concentraciéon de fronteras de grano. Este valor es notable-
mente mds alto que los de otros polimeros metal-organicos.

¢ Se encontrd respuesta memristiva intrinseca en estas peliculas. El mecanismo res-
ponsable de este comportamiento estd mediado por la migracién de las frontera de
grano. Creemos que éstas podrian manipularse para crear nuevos dispositivos con
propiedades electro-mecédnicas modulables.

Hemos desarrollado la técnica Probe-Assisted Nanowire Circuitry (PANC), que se
basa en el uso de nanocables de oro y su posterior manipulacién por una sonda de AFM
para crear nanoelectrodos. Estos se obtienen gracias a la soldadura en frio que se da
espontdneamente entre los nanocables cuando contactan mecdnicamente. Del desarrollo
de la técnica y su evaluacion posterior extraemos las siguientes conclusiones:

¢ PANC permite:

1. la creacién de contactos eléctricos en la escala nanométrica (o incluso mas
pequefia) con bajas resistencias de contacto

2. la fabricacién de circuitos con muchas topologias y, por lo tanto, de nanocir-
cuitos complejos

3. la reconfiguracion y reparacién de los nanoelectrodos obtenidos con ella

4. hasta cierto punto, la creacién de contactos moleculares con alta estabilidad

e Esta técnica es:

1. limpia (compatible con materiales delicados, ya que apenas requiere productos
quimicos)

2. rentable (con requisitos sencillos y preparacién simple)

3. versétil (flexible, no requiere vacio, compatible con litografia por haz de elec-
trones)

4. robusta (contra variaciones de temperatura y presioén, contra vibraciones y
cambios de pardmetros externos)
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¢ Entre las desventajas de PANC podemos mencionar que: requiere mucho tiempo,
necesita microelectrodos, presenta un pequefio riesgo de voladura de electrodos
si hay descargas electrostaticas, puede dejar algunos residuos al manipular los
nanocables, algunos contactos eléctricos deben optimizarse aplicando presién, y
presenta mejor rendimiento cuando se trabaja en vacio o en atmosfera inerte.

¢ Visualizamos PANC como un método adecuado para crear nanoelectrodos laterales
de alta resolucién espacial (donde aplicar un voltaje gate) y para realizar mediciones
eléctricas in-operando.

Tras completar esta tesis, identificamos varias lineas de investigacién futuras. Con
respecto a las propiedades mecédnicas de nanoldminas de fésforo negro, concebimos
estos posibles trabajos de investigacion:

¢ Mediciones en alto vacio y condiciones ambientales en los nanotambores con difer-
entes geometrias, para obtener el médulo de elasticidad en las dos direcciones
dentro de plano, zigzag y armchair, por separado.

* Registrar la evoluciéon temporal de la tensién de rotura de las laminas al exponerse
al aire.

¢ Evaluar con precision la influencia del grosor de las nanoldminas en la variacién
de su médulo eléstico y la tension de rotura cuando estdn expuestas al aire. Los
resultados podrian utilizarse para disefiar sensores de humedad.

¢ Evaluar la influencia de la tensién mecénica en las propiedades 6pticas y eléctricas
de este material 2D en su forma pristina y oxidada. Estos resultados podrian tener
impacto en la fabricacion de dispositivos variados.

Con respecto a los films de [Cu;I;(TAA)],, su caracterizacién mecanica y eléctrica
promueve la realizacién de estas tareas:

¢ Evaluar el efecto de la tensién mecanica, enfriado rdpido y otros métodos en la
modificacién de las fronteras de grano de las peliculas para modular su conduc-
tividad y memristencia. Esto permitiria la fabricacién de nuevos dispositivos con
propiedades electro-mecénicas modulables.

¢ Caracterizar la respuesta eléctrica de las peliculas utilizando un electrodo de oro
y un electrodo de plata, sistema en el que la conduccién se da por un mecanismo
electroquimico.

¢ Sintetizar racionalmente polimeros de coordinacién similares en la buisqueda de
propiedades 6ptimas para aplicaciones tecnologicas.

Finalmente, los resultados logrados usando la técnica PANC nos animan a:

¢ Usar nanocables mds largos, nanobastones mas delgados y nanoparticulas més
pequefias de diferentes materiales: plata, niquel, cobalto, platino, etc.

¢ Fabricar por medio de PANC, y probar, nanoelectrodos laterales de voltaje gate de
alta resolucion.
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* Realizar medidas eléctricas in-operando en nanocircuitos obtenidos a través de PANC,

por ejemplo, mapear una magnitud por AFM a medida que una corriente fluye
a través del nanoobjeto contactado o se aplica un voltaje entre electrodos. Un
experimento fascinante seria el uso de un nanoelectrodo de nanocables de plata y
otro de nanocables de oro para contactar una pequefia pelicula de [CuzI>(TAA)l,,
y después visualizar con AFM el crecimiento de dendritas de plata en la pelicula
mientras se aplica una tensiéon de polarizacion.

Utilizar la técnica de ionizacién por electrospray para depositar moléculas sobre
nanoelectrodos de oro obtenidos por PANC.

Realizar todo (o parte) del proceso de fabricacion de PANC en condiciones de vacio
(o atmésfera controlada).

Automatizar la manipulacién de nanocables para reducir el tiempo necesario para
ensamblar cada nanocircuito.
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AFM DYNAMIC MODES

A1 AMPLITUDE MODULATION AFM (AM-AFM)

If we consider the cantilever as a point-mass spring, in the absence of tip-sample inte-
raction but under the influence of damping, the motion of the tip can be regarded as a
driven (or forced) damped harmonic oscillation [349]. Accordingly, it is described by the
equation:

mgo % + Focos(wt) (A.1)

where F is the total force on the tip, the first term on the right is the linear restoring
force, the second one the viscous damping force and the third one the external driven
force (which is exerted by a dither small piezo attached to the the cantilever). z is the
vertical position of the tip at each moment, k is the spring constant of the cantilever,
m is the mass of the tip, wy is the angular resonance frequency of the free cantilever
(wo = /k/m), Q is the quality factor of the cantilever, Fy and w are the amplitude and
frequency of the driving force.

We can rewrite A.1 as:

F=—-kz—

a? d
Z | Mo €2 +kz = Focos(wt) (A.2)

"W @

whose solution has the following form:

—wot
z(t) = Aje 2Q cos(wit—d1(wy) +Alw)cos(wt — dp(w)) (A.3)

that includes a transient and a steady term respectively. For t >> 2Q/wy the steady
term contains all the information. The amplitude and the phase shift with respect to the
driving force are:

Fo
Alw) = mn = (A.g)
oo (%2)
Wow
¢(w) = arctan % (A.5)
w§—w

From these expressions two important facts are derived:
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e From A.3 and A.5: there is a phase difference between the driving force and the
resultant motion of the tip: a real delay between the action of the driving force and
the response of the system takes place. This delay ranges from ¢ =0 at w =0 to
¢ = mat w — oo, having a value of ¢ = 7/2 at w = wy.

¢ From A.4: if w = wyp, then the amplitude takes the value:

A(w = wo) = Ao = T?L(],:UOZ = % (A6)
0

there is a maximum of the A(w) at w = wg, being wg:

1

Therefore, damping causes a change in the resonance frequency of the cantilever: from
its natural free resonance frequency (wy) to wg. This change modifies the phase shift (w
takes the value of wg, instead of wy, in A.5). Hence, phase imaging in the AM-AFM mode
is a way to map the tip-sample inelastic interactions [62], such as adhesion, viscoelasticity,
Young’s modulus, etc. [63, 64].

If we now discard the damping but introduce a tip-sample force (F¢;), assuming a
parabolic tip-sample interaction potential, the total force, F, applied to the tip includes the
elastic response kz and F¢s. For small displacements with respect from the equilibrium
position (zo), the tip-sample interaction can be treated as a perturbation [57]:

F=Fo+ <> (z —2o0) (A.8)

In these conditions an effective spring constant can be defined as:

dF dFs
Kegf=—— = k— A.
eff az ( az >ZO (A.9)

hence, the new effective resonance frequency is given by /ke¢¢/m:

Kers dz /.,
Wo,eff = m m (A.10)

and if the force gradient is smaller than k, which usually happens, then:

. l dFts
2k dz

Wo eff & Wy (1 > = wo — Awy (A.11)

This expression for wy e¢¢ reflects that the resonance frequency of a weakly perturbed
harmonic oscillator is modified by the gradient of the interaction force. According to
equation A.4, a change in the resonance frequency implies a whole shift of the resonance
curve, A(w) (where wy is replaced by wo eff) (and a shift in the phase curve, ¢(w), too).
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Attractive interacting forces decrease the resonance frequency of the cantilever while
the repulsive ones increase it. From equation A.10 one notices that no uniform force
(dFys/dz=0) causes the mentioned frequency shift, it only changes de equilibrium point
(the tip-sample distance) [65].

For small force gradient, the amplitude change is given by [65]:

 2A0Q dFys
3v3k dz

which is proportional to the quality factor and very sensitive to the variations of the
tip-sample distance. This allows the use of the amplitude as the feedback magnitude
to image the samples in the AM-AFM mode. In summary: a change in the tip-sample
distance yields a variation in the force gradient, this implies a shift of the resonance
frequency which changes the amplitude.

(A.12)

A.2 AMPLITUDE MODULATION + PHASE LOCK LOOP AFM (AM+PLL-AFM)

This is a variation of the standard AM-AFM mode, in which there is an extra parallel
feedback loop to maintain the cantilever phase constant. This extra loop is called Phase
Lock Loop (PLL) [68]. As stated above, when w = wy, the phase shift takes the value
¢ = /2, ergo, by keeping ¢ equal to 7t/2, the cantilever will oscillate at its resonance
frequency wp.

The output of the PLL is the shift of the driving frequency (the change of the frequency
of the signal applied to the dither piezo). The main difference between using AM-AFM
and AM+PLL-AFM is that in the case of AM-AFM the amplitude drop is originated by a
mix of conservative and dissipation interactions. On the contrary, in AM+PLL-AFM the
amplitude drop is caused exclusively by dissipaction forces (the cantilevers is allways
at resonance). When using PLL, the driving frequency shift only includes information
from conservative interactions [350] and the phase signal is only the error signal of the
feedback loop, it does not contain physical information. Another advantage of the use
of PLL is that, as the cantilever is always oscillating at its resonance frequency, it is very
sensitive to amplitude changes caused by topography variation.

A.3 DRIVE AMPLITUDE MODULATION AFM (DAM—AFM)

In the case of DAM-AFM dynamic mode, the magnitude that is kept constant to acquire
the topography of the sample is the amplitude of the driving force, which is related to
dissipation.

Although AM-AFM is the most widespread dynamic mode, it is not possible to extend
its use to high vacuum. In such case, the Q factor is highly increased (~1-2 orders of
magnitude with respect to air environment), extremely reducing the bandwidth of the
system. Q controls the response of the system against parameter variations. A variation
is, for example, moving to a new point of the sample. After that, the A(t) of the system
contains, apart from the steady-state term (a new resonance curve) two transient terms
that decay with time constant 1/2 and T = 2Q/wy. Hence it is necessary to wait until
those transients dissapear. That wait time is characterized by T, which is too long when Q
is as high as in high vacuum (HV) environment. This makes the slope detection method
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Figure A.1: Feedback diagrams for different dynamic AFM modes. (a) AM-AFM, (b) AM+PLL-
AFM and (c) DAM-AFM. Adapted from [37] and [59].

used in AM-AFM not suitable for vacuum applications [57]. This problem is overcome by
FM-AFM and by DAM-AFM.

DAM-AFM mode employs three feedback loops: two nested loops to acquire the
topography and a parallel PLL that provides a map of conservative interactions [59]. The
tirst of the two nested loops adjusts the driving signal amplitude to mantain the cantilever
oscillation amplitude constant. The PLL adjusts the phase of the driving force to keep the
phase of the cantilever equal to 7t/2 (tracks the resonance frequency). The second nested
loop adjusts the z position of the scanner piezo to mantain constant the dissipation of the
cantilever, giving the topography of the sample.

Figure A.1 shows the operation diagrams for the three described dynamic AFM modes.



STANDARD ELECTRICAL MEASUREMENTS USING A PROBE
STATION

The 2-wire sensing topology together with a backgate voltage has a Field Effect Transistor
(FET) configuration, thus, the voltage applied between the 2 wires (or probes) is usually
called Vg4 (drain-source), Vs (source) or simply V, while the backgate voltage is V, (gate).

Some of the most common electrical measurements that are performed on a device
using a probe station (or another setup) are the acquisition of (see figure B.1):

¢ The already introduced IV characteristics (I vs. Vg5, see section 2.1.7) for a given V4
(figure B.1(a)). In the 2-wire configuration the voltage between both electrodes is
changed while the generated current is registered, providing the IV. In the 4-wire
setup, for each point of the IV curve, the current in the outer loop is modified
until the expected value for the voltage in inner loop is achieved. This is performed
through a feedback loop.

* [ vs. Vy for a set Vg5 in a 2-wire setup (figure B.1(b)). For the 4-wire scheme, the
equivalent measurement would be the acquisition of the drop voltage vs. the V¢ for
a given a current. From these curves the doping of the material measured can be
derived.

* [V curves as the temperature is varied (figure B.1(c)). From these plots the resistance
and the conductance vs. the temperature is yielded, therefore an Arrhenius plot can
be also obtained (from which the corresponding activation energy, or energies, can
be computed) [351, 352]. If a collection of IVs for a range of temperature is acquired
for several gate voltages, then the activation energy vs. the gate voltage can be derived

[351, 352].
(a)I (b)I (C)I (d)I
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Figure B.1: Some electrical measurements that can be performed on a device using FET notation.
The shaded ones are the most common ones.
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* [ vs. Vy for different temperatures (figure B.1(d)).

¢ IV curves for a collection of Vg's (figure B.1(e)).

e L us. Vy for several Vgs's (figure B.1(f)).

e [Vs for a range of preassure of a controlled atmosphere (figure B.1(g)).

¢ [ vs. Vg for a range of preassure of a controlled atmosphere (figure B.1(h)).

* Photocurrent: generated by the exposure to radiant power. A possible measurement
is its variation as a function of time with a modulated light excitation. Many
combinations can be performed: photocurrent vs. wavelenght of light, or vs. power
of light, etc. These measurements are usually done with the 2-wire sensing topology
[353]-

¢ And many more.

An important measurement, not mentioned above, is the acquisition of leakage current
through the backgate electrode to check that it is always below a suitable value.

@) (b)

Signal
Signal

(©)

Signal

ML

t=0 Time Time

Figure B.2: Features of the excitation signals used in electrical measurements. (a) Signals that
jumps from zero to a low value at t=0: a1: sawtooth waveform with increasing linear
ramps, a2: sawtooth waveform with increaing sinusoidals, a3: triangle waveform, a4:
sinusoidal waveform. a1 and a2 present discontinuities whereas a2 and a3 are smooth
except at t=o, this is avoided in (b). (b) Same signals as (a) smoothly decreasing from
zero at t=o. (c) Same waveforms as (b) but with double frequency. (d) Two nested
signals needed to performs some electrical measurements as for instance IVs for several
Vy's (figure B.1(e)), Vg would be d1 waveform and Vg4 d2. Both change in a triangle
fashion with time; for a certain value of V4 a complete cycle of Vg, is applied.



APPENDICES

A significant issue is the variation of the independent variables. The excitation voltage
can have a linear, sinusoidal, or other waveforms. They can have abrupt changes or they
can change smoothly. This is depicted in figure B.2 (a) and (b). Another key parameter in
some experiments is the waveforms’ speed or frequency (figure B.2(c)). As I will present
in chapter 4, the speed of the excitation voltage (in V/s) can cause different responses of
the samples studied. Sample temperature is another magnitude usually changed during
experiments. Its control is more complicated due to the thermal inertia of the parts to be
heated or cooled.

In some electrical measurements, for example in the acquisition of IV curves for different
values of backgate voltage, there will be two excitation magnitudes. In these cases we will
have nested excitation waveforms as the ones shown in figure B.2(d).
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AFM CANTILEVERS TO CONDUCT NANOINDENTATIONS ON
FEW-LAYER BLACK PHOSPHORUS DRUMHEADS

C.1 CHOICE OF SUITABLE COMMERCIAL AFM CANTILEVERS

The cantilevers must meet several requirements:

¢ They should be made of a hard material.

* Their tip should have a smooth and well defined contact geometry, that does not
change while performing nanoindentations nor drilling the nanodrums. Rough tip
surfaces will increase the pressure locally, puncturing and breaking the membranes.

* They must have a suitable spring constant that allow reaching breaking forces
without saturating the photodetector (too soft cantilevers) and without giving a very
low change in the deflection (too hard cantilevers). A cantilever spring constant
close to the spring constant of the drumhead would be the best option. The spring
constant of the BP membrane is around 1 N/m for low indentations but it highly
increases with the indentation, thus, cantilevers with spring constant much higher
than 1 N/m are the best option.

¢ They must have an appropiate tip radius: (i) not too low not to apply an excessive
preassure on the drumhead leading to its fracture at low and non-reproducible
forces, (ii) not too low not to splinter the tip giving a new and unkown radius,
and (iii) not too high to consider the tip as a punctual load (Rtip<0.15-Rarumnead),
which is assumed in the equation of F(5) (equation 3.7) [195].

After taking into account the previous requirements, and the experience of Dr. Guillermo
Lopez-Polin using different kind of cantilevers to indent graphene drumheads [183], we
used HSC60 commercial cantilevers from Team Nanotec-NanoScience Instruments [198].
Their tips have hemispherical geometry and low wear coating of tungsten carbide with
nominal final tip radius of 60 nm. The cantilever spring constants were calibrated by
Sader method (see next section) and yielded values in the range of 25-35 N/m.

These cantilevers fulfill all mentioned requirements. Specifically, concerning the punc-
tual load assumption, the smallest diameter of the indented drumheads is 476 nm, that
gives a Riip/Rdrumnhead ratio of 0.13, validating the assumption in our experiments.
Figure C.1 is a SEM image of the kind of AFM tip used in our measurements.

C.2 SPRING CONSTANT CALIBRATION

An important issue not mentioned yet is the precision of the value of the spring constant
of the cantilever used to conduct the nanoindentations. It is crucial for determining the
applied force. The nominal value has a very high error, therefore all the cantilevers used
along this PhD were calibrated by means of the Sader method [355]. This method relates the
spring constant of a rectangular cantilever with its width, length, resonance frequency, its
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Figure C.1: SEM image of a tungsten
carbide tip with 60 nm ra-
dius (HSC60). Scale bar: 500
nm. Source: [354].

quality factor and a function that depends on the viscosity of the environment. Therefore,
by acquiring a resonance curve at air (with a known viscosity) and knowing the width (35
pum nominal) and length (125 um nominal) of the cantilever, we can calibrate its spring
constant. The nominal values of the width and length are quite precise, on the contrary,
the thickness (not needed in this method), highly varies among the cantilevers even from
the same batch.



SPECTRA AND THERMAL STABILITY OF [Cu,I2(TAA)]

D.1 XPS SPECTRA
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Figure D.1: XPS copper (a) and iodine (b) spectra of [Cu,I>(TAA)], powder, crystal and film.

Sample Binding energy (eV)

Cu2p3/2‘13d5/2‘ S2p | N1s ‘ Ci1s
[Cuzl2(TAA)IL 9325 6104 | 1628 | 3099 284.8 (65 %)
powder 286.2 (35 %)
[CuyI2(TAA)IL 932.6 6193 | 162.9 | 399.9 284.8 (67 %)
crystal 286.3 (33 %)
[Cur L (TAA)R 932.5 619.4 | 162.9 | 399.3 284.8 (65 %)
film 286.3 (35 %)

Table D.1: Binding energy values for different [Cu,I>(TAA)], samples determined from XPS
measurements.
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Figure D.2: High resolution XPS spectra of [CuyI,(TAA),, films after applying 10 V characterized
by synchrotron XPS. XPS of copper was registered at o and +10 V.
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D.2 FTIR SPECTRA

Transmittance

T T T T T N T T I T T T T
3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

Figure D.3: FTIR spectra of [Cu,I;(TAA)l, crystals (black), powder (blue) and film (red). The
spectra agree with an analogous structure for the [Cu,I,(TAA)],, crystals, powder and
film.

D.3 THERMAL ANALYSIS

For the thermal analysis of [Cu,I>(TAA)],, powder, we first obtained the thermal gravi-
metric analysis (TGA) curve and its first derivative. A weight loss of ~15 % was observed
from 150 to 350°C, reaching a plateau for higher temperatures (figure D.4(a)). The mass
loss determined by TGA correlates with the loss of TAA molecules giving rise to a Cul
residue (theoretical mass loss = 16 %). This transformation was confirmed by X-ray pow-
der diffraction (XRPD) analysis of the product after heating [Cu,I;(TAA)],, powder at
200°C for 1 h under inert atmosphere as shown in figure D.4(b). Accordingly, we carried
out a differential scanning calorimetry (DSC) experiment in this temperature range (from
25 to 350°C) in order to determine the phase transition (T = 170°C).
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Figure D.4: Thermal analysis of [Cu,I;(TAA)l, powder. (a) TGA (black), derivative TGA (blue)
and DSC (red). (b) XRPD before (blue) and after (red) heating at 200°C for 1 h under
N, atmosphere compared to Cul (black).



SYNTHESIS OF GOLD NANOWIRES

E.1 CHEMICALS

Gold(III) chloride hydrate (99.999%) was purchased from Aldrich, Hexadecyltrimethy-
lammonium bromide (CTAB, 99%) from Sigma, sodium borohydride, trisodium citrate
2-hidrate (99%) and L(+)-ascorbic acid (90%) were purchased from Panreac. All synthetic
reagents were used as received. Milli-Q water was used in all synthesis. All the glassware
must be washed with aqua regia and rinsed thoroughly with Milli-Q water.

E.2 PREPARATION OF SEED GOLD NANOPARTICLES

The colloidal solution was prepared according to standard literature procedure [300]. To a
10 mL aqueous solution containing HAuCl, (0.25 mM) and trisodium citrate (0.25 mM),
prepared in a 30 mL glass vial, was added 0.3 mL of ice cold 0.1 M NaBH, solution under
stirring. The solution turned orange immediately after addition. These nanoparticles can
be used as seeds after 5 h preparation and can be stored at 4°C.

E.3 PREPARATION OF GOLD NANOWIRES

A three step seeding method was used for nanowire preparation. 30 mL of the growth
solution was prepared by adding 15 mL of chloroauric acid solution (0.5 mM) to 15 mL of
CTAB (0.2 M). Two 20 mL glass vials (labeled A and B) and a 50 mL PP tube labeled C
were prepared. Vials A and B containing 2.25 mL of growth solution were mixed with
12.5 UL of 0.1 M ascorbic acid solution. Tube C, containing 23 mL of growth solution, was
mixed with 130 pL of 0.1 M ascorbic acid solution and 100 puL of nitric acid. Next, 200
uL of 4 nm seed solution was mixed with sample A and stirred, the color of A turned

(@) (b)

3cm 2 pm

Figure E.1: Home-synthesized gold nanowires. (a) Falcon tube containing a dispersion of
nanowires synthesized by the method explained. The bubbles are produced by the
surfactant and stiring. (b-c) TEM images of some so-obtained nanowires.
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pink. After 55, 200 uL. of A was added to sample B followed by thorough mixing during
5 s. The color of B turned light pink. After 5 s, 200 uL of B was added to C and stirring
during 10 s. The nanowires were allowed to grow during 48 h without stirring at 28.5°C,
this temperature is essential in order to avoid CTAB precipitation problems.

Figure E.1 shows a falcon tube with a dispersion of gold nanowires obtained by method
described and two TEM images of some of them.



STEPS OF PANC METHODOLOGY

F1 PREPARATION OF THE NANOOB]ECT(S) ON A FLAT INSULATING SUBSTRATE

This stage must include the choice of a proper insulating flat substrate (with a conductive
underlying layer if back-gate voltages are needed), the cleaning of the substrate, the
placing of the nanoobjects on it (by means of exfoliation, adsorption, evaporation, etc.),
and the checking of the cleanlinness of the resulting sample. The substrate surface should
be flat and smooth enough to be measured in AFM. Furthermore, sometimes it should be
smoother than that, specifically when the nanoobject to be studied has a height similar to
standard substrates” roughness. The cleanlinnes is another important aspect to be fulfill,
if there is to much dirt, the eventual manipulation of NWs will become unfeasible.

F.2 FABRICATION OF MICROMETER-SIZED ELECTRODES

Thermal evaporation. We deposited 10-15 nm of Cr followed by a thicker layer of gold
(~100 nm) on the substrates (300 nm oxide silicon grown thermally on a highly-doped Si
(111)) by thermal evaporation.

Evaporation masks. We used ad hoc stencil masks made of nickel for thermal evapo-
ration. We designed them with the layout depicted in figure F.1. Each mask contains 8
motifs that were designed to allow the fabrication of four and six microelectrode setups
with gaps ranging between 50 and 5 um. We ordered Gilder Grids Ltd. the fabrication of
these masks [356].

Figure F.2 shows, in panel (a), three substrates with some masks on them, in panel (b),
a resulting motif with 6 microelectrodes after the thermal evaporation and (c) is a zoom
of the square in (b).

We considered two different types of samples: (i) Inhomogeneous, the nanoobjects
of interest are located by inspection, usually with an optical microscope. In this case
the sample substrate is glued to a strong Cobalt-Samarium magnet and the gap of one
mask motif is located on top of the object with a micromanipulator. As the mask is
made of nickel, it remains firmly attached to the substrate thanks to the magnetic force
of the magnet. Then, the magnet with the sample and the attached mask are inserted
on a thermal evaporator. (ii) Homogeneous sample. The nanoobjects cover the sample
uniformly. In this case, there is no need to locate the mask in any particular region of the
substrate.

In order to avoid unwanted shadows during evaporation, the sample must lay down
on the surface as flat as possible. The magnet helps to keep it in strong contact with the
surface.
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Figure F.1: Stencil masks’ layout. Nickel mask design with the following gap sizes in each motif in
Hm: 1) 50, 2) 40, 3) 20, 4) 15, 5) 10, 6) 6, 7) 10 and 8) 5.

Figure F.2: Metallization using stencil masks. (a) 3 SiO, substrates with 2 masks on each of them,
the substrates are glued to a cobalt-samarium magnet. (b) Micropragh of a motif with
6 microelectrodes after the thermal evaporation of chromium and gold. (c) Micrograph
of the square in (b).
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F.3 GOLD NANOWIRES ADSORPTION

We first placed the dispersion containing the Au NWs on a vortex mixer for 15 seconds,
then we heated and sonicated a 200 ul aliquot in an ultrasound bath (30°C, 37 kHz, 380
W) for 2-5 minutes to resuspend aggregated NWs. Afterwards, we cast a 10 ul drop on
the substrate and left it for ~10 minutes at a temperature of almost 30°C. After that time,
we washed the substrate with deionized water at this same temperature and dried it
with a N, gas flow. We performed both washing and drying processes very smoothly to
avoid dragging of the NWs. We carried out all the steps at ~30°C to avoid aggregation
of CTAB, which tends to form crystals. We then inspected the substrate containing the
NWs with an optical microscope (Zeiss Axiovert microscope with x5, x10, x20, x50 and
x100 magnifications) in dark field mode to check the density and spatial distribution of
NWs. We repeated the drop-casting step (using the same aliquot) until a concentration
of around 1 NW per 5 um? was achieved. This usually requires several (five or more)
repetitions. Just before each drop casting step, the aliquot was agitated with the vortex
mixer to prevent the NWs from depositing at the bottom of the vial.

Figure F.3 gathers different images of Au NWs. Subfigure (a) displays a substrate with
the nanoobject to be studied (a few-layer graphene flake), a Cr/Au metallization using the
stencil mask introduced in F.2 (its shape is visible) and a drop of the Au NWs dispersion
on it. Panel (b) of the same figure is a dark field optical microscope image of a small area
of sample in (a) that contains the nanoobject, the microelectrodes around it, and the Au
NWs already adsorbed. We performed eight drop castings to obtained that landscape of
nanowires. Panel (c) is a brigth field optical microscope image of the area inside the white
rectangle in (b). In this image the few-layer graphene flake is clearly visible, but that is
not the case of the Au NWs, which are more visible in dark field mode.

Figure F.3: Adsorption of gold nanowires. (a) Sample with a drop of Au NWs on it. (b) Dark field
micrograph containing a few-layer graphene flake, the microelectrodes around it, and
Au NWs adsorbed all over after eight depositions. (c) Brigth field micrograph of the
area inside the white rectangle in (b) showing the few-layer graphene flake near the
electrodes at the bottom left.
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F.4 WIRE SOLDERING

After many attempts of connecting the microelectrodes to the PCB pads using a com-
mercial wire bonder [357], our success rate was very low: most of the times part of
the microelectrodes lifted off when soldering due to poor adhesion of the metal to the
substrate. We attributed this lack of adhesion to the presence of glue tape debris wich are
common after micromechanical exfoliation with tape. Therefore we finally used silver
conductive epoxy [358] at one end of a 40 um diameter thick copper wire to glue it to the
microelectrode and silver conductive paint [359] to glue the other end of the wire to the
PCB pad, achieving the electrical connection between them. The use of conducting epoxy
is a quite extended procedure for electrical connections in micromechanically exfoliated
samples. Figure F.4 shows two samples: (a) corresponds to one of the very few soldered
with a commercial wire bonder and (b) to another where wire welding was conducted
with conductive epoxy on the microelectrodes.

Figure F.4: Wire welds obtained by means of a commercial wire bonder (a) and through conductive
epoxy (b).

With the aid of an optical microscope, a syringe needle and a XYZ micromanipulator,
we are able to place the end of the copper wire (previously wetted in the conductive epoxy)
on the desired microelectrode. It achieves an operational cure at 80°C for 10 minutes.
Then we move the needle to the PCB pad and attached it with silver paint. Figure F.5
summarizes the epoxy-based wire soldering method we used.

An important issue when soldering with epoxy is to avoid microelectrode blowing
caused by electrostatic discharge. This phenomenon can happen if any of the elements
that will be electrically connected (microelectrode - thin copper wire - macroscopic wire
coming from a PCB pad) are not at the same electrostatic potential. To avoid it, one should
connect all macroscopic wires to ground, as well as the thin copper wire, before making
the connection. It is recommended to have a protection resistor (of a few kQ) in series
with each macroscopic wire.

F5 AFM MANIPULATION OF GOLD NANOWIRES TO FORM CONTINUOUS PATHS

We moved the NWs by means of the AFM of figure 2.4(e-f) (section 2.1.1) using the
lithography option of WSxM [54, 55]. We performed the motion of the NWs to assembly
the paths by moving the AFM tip in contact mode along predefined trajectories [116]. We
used PPP-FM cantilevers from Nanosensors [360], with nominal resonance frequency of
75 kHz and normal spring constant of 2.8 Nm~!.



APPENDICES

Figure F.5: Wire soldering using conductive epoxy. (a) Setup used to solder the end of a thin copper
wire to a microelectrode of the sample and the other end to a PCB pad. (b) Image of
a sample with two microelectrodes connected to two pads, using silver epoxy at the
microelectrodes and silver paint at the pads. (c) Micrograph of two epoxy weldings at
two microelectrodes. (d) Image of the resulting device.

Figure F.6 depicts the steps comprising the Au NWs manipulation with an AFM probe.
After imaging the sample in amplitude modulation mode (AM-AFM), we bring the tip
down to the substrate surface applying a normal load in the range of 60 to 300 nN (F.6(a))
and we move it along a predefined trajectory (F.6(b)), thus manipulating the Au NW of
our choice (F.6(c)). After this, we lift the tip back to AM-AFM mode and we image the
results of the manipulation (F.6(d)).

Several trajectories can be performed in a single nanomanipulation step to trans-
late/rotate the NWs. Figure F.7 shows an example of these nanomanipulations and the
corresponding script in the control software [54], where a remarkably simple procedure
is employed. Panel (a) shows the lithography interface and scripts used to perform the
manipulation of two NWs by means of 5 movements of the tip in contact with the subs-
trate (in this case the tip is lowered 100 nm leading to a normal force of 125-150 nN).
Subfigure (b) is an AFM topography of the NWs before the manipulation. The trajectories
that the tip will follow in contact with the substrate (at 1.5 um/s) to manipulate the
Au NWs are depicted with blue lines. Numbers beside each line indicate the order of
the manipulations. The yellow arrow shows the direction of the trajectories. Panel (c)
corresponds to an AFM topography of the same area as in (b) after the manipulation
and the trajectories of the tip. The NWs appear in a new position defined by the ends of
the movements of the tip in contact. Plot depicted in (d) is the evolution of the normal
(blue line) and lateral (red line) forces during the manipulation. The normal force was
obtained in nN following the method explained in section 2.1.9 with the (normal) spring
constant of the cantilever. The lateral force was computed in mN in a similar way using
the lateral spring constant of the cantilever (kiat = 2 - knor - (L/htip )2, Kiat is the lateral
spring constant, knor the normal spring constant, L is the length of the cantilever and a
the height of the tip [361]).

The value of the normal force needed to move a NW depends on a number of factors,
being the most important one the interaction of the wire with the substrate. Moving a NW
for the first time usually needs a higher normal force than that required for subsequent
movements. The orientation of the NW with respect to the direction of movement also
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(a)

Figure E.6: Gold nanowires manipulation schematics. (a) After imaging Au NWs in AM-AFM
mode, we bring the tip into contact. (b) We move the tip along a predefined trajectory
to manipulate the Au NW. (c) The selected Au NW is moved. (d) We bring the tip back
to AM-AFM mode and a new image is taken.

plays an important role: many NWs can be moved with lower forces in certain directions.
The NWs which are adjacent to gold islands (which usually have triangular or hexagonal
shapes) are hardly movable. Regardless previous factors, a few NWs are kind of "anchored"
to the substrate and cannot be moved or they require much higher loads.

There are other issues found when performing the nanomanipulations. One is the
tendendy of the tip to leave debris particles from time to time, after having performed
some manipulations. This is solved by replacing the tip and then moving the debris
away with the new tip, as any other nanomanipulation. Another problem is the fact that
some nanowires break during the manipulation, generally the longest ones, however the
broken parts can be also easily moved and welded. Finally, we have seen that the NWs
some times appear stuck along in groups of two (or more), as the NWs shown in figure
F.9(a). In those cases we can manipulate both NWs as if they were one (by doing that they
some times separate), or we can willfullly separate them.

To obtain an optimum electrical contact between two NWs, one of them is pushed
against the other and they will cold weld just by mechanical contact [118]. In the work
by Lu et al. [118], they cold weld Au NWs with diameters between 3 and 10 nm. They
used diferent relative orientations between the NWs: (i) "head-to-head" (parallel NWs
"touching" each other at the end), (ii) "side-to-side" (parallel NWs laterally "touching"
each other) and (iii) "head-to-side" (perpendicular NWs, the end of one of them "touchs"
one side of the other). In that work any configuration was succesful, but in our case, we
manipulate much higher diameters (44 - 84 nm) and the "head-to-side" geometry was the
one providing better electrical joining. Furthermore, it is the one most easily accesible
from a manipulation point of view. Anyhow, we obtained some good electrical junctions
with the other two configurations.
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Figure E7: Example of Au NWs manipulation. (a) WSxM Lithography interface. AFM topographies
of NWs before (b) and after (c) their manipulation. (d) Evolution of the normal and
lateral forces during the process.
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F.6 VERIFICATION AND IMPROVEMENT OF ELECTRICAL CONTACTS

We checked the electrical continuity and resistance of the NWs paths using conductive
diamond coated tips (Budget Sensors All-In-On-DD [362] with nominal spring constants
of 6.5 N/m and 18 N/m). We performed IV curves on top of the Au NWs at different
path distances from the microelectrode. If there is a junction with a very high resistance or
even not electrically connecting two NWs at all, the same diamond tip is used to further
push the Au NWs until a linear IV curve is obtained with a low resistance (of about ~20
kQ, this figure is only a few kQ if a metallized tip is used). Figure F.8 depicts in panel
(a) an example of the process followed to check the conductivity of the Au NWs based
electrode. Panel (b) of the same figure plots the type of IV curve expected for any point
along the Au NWs paths (the slope slightly varies depending on the distance from the
microelectrode at which the curve is acquired).

For the acquisition of data of figure 5.11, 5.12 and 5.21 we used CrPt coated tips (Budget
Sensors ElectriMulti7s5-G [363] with a nominal spring constant of 3 N/m) to improve
the electrical contact between the nanoobject and the tip. Metal coated tips can be also
employed to check the resistance of the NWs nanoelectrodes, but we have observed that (i)
they present a high adhesion with the NWs which can result in unwanted NW extraction
and (ii) they were more prone to leave debris than the other kind of tips.

Sometimes the electrical contact between a NW and a nanoobject is not good enough.
It can be due to the presence of dirt or a poor mechanical contact. It also depends on the
chemical composition of the nanoobjetc. In such cases the welding is achieved by aplying
force with the AFM probe onto the NW - nanoobject intersection. Thus, the NW (which is
on top of t he nanoobject) is pushed against the nanoobject. This is done preferably while

04 -02 00 02 04
vV (V)

Figure E.8: Checking of the electrical continuity of a path of Au NWs. (a) AFM topography showing
a microelectrode (top right) and a path of Au NWs (NW1 + NW2 + NW3 + NWy)
protuding from it. The panel portrays the testing procedure followed: an IV conducted
on NW4 gave no current, the same happened in NW3. On NW1 a linear and low
resistance IV was obtained. Another IV on NW2 gives the same result, so the deficient
junction is the one between NW2 and NW3, there we should push one NW to the
other until a linear IV similar to the one shown in (b) is obtained (acquired using a
conductive diamond tip). (b) IV curve acquired on NW3 of (a) after fixing all broken
junctions.
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a voltage is applied between the ends of the nanoobject (in that case it has to be already
electrically contacted by two Au NWs paths).

Figure F.9 shows an example of improvement of the electrical contact between a
multiwall carbon nanotube (MWCNT) and a gold nanowire by indenting with the AFM
tip at their intersection. Subfigure F.9 (c) depicts current that flows through the MWCNT
vs. indentation (IZ curve) having a voltage of -25 mV between the NW shown and
another NWs electrode (outside the image) that contacts the MWCNT at other point. The
indentation is being increased, leading to and increase of the current (more negative due

to negative bias voltage) when the AFM probe is not in contact with the NW (Z < 50 nm).

This means that the NW is being welded to the MWCNT. Panel (d) plots several IV curves
across the NWs-electrode - MWCNT - NWs-electrode, each of them is acquired just after

the IZ curve of the same color in ().

@,

I (nA)
I (nA)

-0.12

L L L L 2.0 L L L L L
-20 0 20 40 60 80 100 120 140 160 -0.5-0.4-0.3-0.2-0.1 0.0 0.1 0.2 0.3 0.4 0.5

Z (nm) V (V)

Figure F.9: Improvement of the electrical contact between a carbon nanotube and a gold nanowire.

(a) AFM topography of a Au NW crossing over a MWCNT (there are actually two Au
NWs stuck along). (b) Rendered image of the nanoobjects in (a) and a AFM probe
pushing the intersection of both tubes. (c) IZ curves acquired having a constant bias
of -25 mV between the Au NW of (a) and another Au NWs electrode contacting the
MWCNT at 4.7 um from the NW shown in (a). The current while the tip is not in
contact is increased with higher indentations. The maximum load applied at the end of
each IZ curve varies from 66 to 730 nN. (d) Set of IVs curves, each of them acquired
after the IZ depicted in (c) with the same color.
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BENZENEDITHIOL DEPOSITION BY SUBLIMATION

G.1 SUBLIMATION ON FLAT GOLD

To test this deposition technique within our vacuum chamber and afterwards measure
the thickness of the BDT layer thus obtained, we performed the sublimation on a flat
substrate covered by thermally evaporated gold. To this end we placed that substrate
in the vacuum chamber with a base preassure of 10~° mbar. Then we induced glow
discharge in the vacuum chamber by having a preasure of oxygen of ~5-10~2 mbar and
applying ~840 V between two large electrodes inside the chamber (the sample was located
between them). The oxygen plasma was inmediately visible and left it for two minutes.
This process cleaned the gold surface, removing any organic contaminat such as CTAB.
This is crucial in the case of CTAB-coated Au NWs. After that, we waited a few minutes
until preassure has a value of ~10~* mbar.

Then we conducted the BDT sublimation. A glass bulb containing BDT powder at
~90°C was connected to the chamber trough a valve. We opened it until the preassure
rised to a pressure of 5-10~% mbar and then we waited 30 s at that pressure. Finally, once
the preassure reached ~10 > mbar we introduced nitrogen gas in the chamber and finally
we opened it. The sample temperature during the whole process was always below 35°C.

G.2 ELLIPSOMETRY DATA TO OBTAIN THE THICKNESS OF THE BDT LAYER

The sample was then taken to an ellipsometry setup to measure the thickness of the BDT
layer. Considering 1.59 as the refractive index of BDT [364] and fitting to a model the
acquired data of the complex reflectance ratio for different wavelengths (190 - 89o nm)
(see figure G.1), after two fitting iterations a thickness of 0.8 + 0.1 nm was obtained for
the BDT layer. That value is compatible with the size of a BDT molecule.

The described deposition procedure was followed on the sample of section 5.9.5 to
obtain a monolayer of BDT.
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Figure G.1: Ellipsometry data of the BDT layer deposited on gold. Data of complex reflectance
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