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INTRODUCTION

The realization of technologically-advanced components to be used in optoelectronic systems is one
appealing research area in modern electronics. At present, a variety of materials and chemicals are
used by the electronics industry. Some of the more common metals include copper, lithium, tin, silver,
gold, nickel and aluminium. Silicon - considered a metalloid, or semiconductor - is used in
microchips. Other non-metal or semimetal materials, largely used in the electronics industry,
comprise antimony, bismuth, cobalt, fluorite, garnet and magnesium. For such materials, their high
price is a critical issue. Moreover, the production of electronic devices generally involves polluting
processes such as patterning and chemical etching. In order to address the aforementioned issues,
alternative materials and processes must be developed considering the device requirements. A
possible solution is to investigate the use of materials with different dimensionality. In fact, new
fundamental material physical properties, superior to the ones of the bulk counterpart, can manifest
themselves at the nanoscale. Moreover, the morphology of the nanomaterials, i.e. their dimensionality
(zero-, one-, two- or three-dimensional), strongly affects the final properties. Among these
dimensionalities, two-dimensional (2D) nanomaterials have been at the centre of a large part of the
scientific community for over a decade after the isolation of few-layer graphene by Geim and
Novoselov in 2004. In addition to graphene, many other layered materials of different composition
have been isolated, covering the entire range of electronic properties, from insulators (e.g., hexagonal
boron nitride) and semiconductors (e.g., indium selenide, gallium selenide, transition metal
dichalcogenides) to metals and superconductors. Thanks to such properties, 2D materials provide the
building blocks for a number of electronic devices, including lightweight and flexible displays,

electric/photonics circuits, solar cells, medical devices, just to cite a few.

While these materials possess exceptional properties as they approach the monolayer thickness, to
fully exploit the properties of these materials the production methods must be optimized with the aim
to scaling up. In order to address the practical problem of the production of large quantities of 2D
materials, a rapidly increasing list of production techniques have been recently developed to enable

their use in commercial applications.

Among the processes which have been developed for the production of 2D materials, liquid-phase
exfoliation (LPE) is positioned as one of the most promising methodologies for the industrial scaling
up. Liquid-phase exfoliation is a top down process by which bulk crystals of layered materials are
exfoliated to obtain liquid dispersions of exfoliated 2D crystals. Besides the large production

volumes, another advantage of the LPE is that the 2D crystals dispersions can be used as the base for




functional inks and pastes that can be deposited on different substrates following many strategies,

such as drop and dip casting, rod and spray coating, screen and ink-jet printing and other techniques.

The combination of specifically designed 2D material-based inks with commercially available
deposition techniques (screen printing and spray coating) has been the core of my thesis work, aiming
at the realization of printed integrated electronic devices for wireless sensing. In fact, the growing
demand for interconnected systems in the era of the Internet of Things (lIoT) is leading to widespread
use of wireless components for remote sensing of environmental parameters. For this purpose, |
investigated three type of devices related to fundamental functions of a wireless sensor, which are an
antenna for wireless communication, a supercapacitor for energy storage and a photodetector as the
sensing unit. Photodetectors are essential components of optoelectronic integrated circuits and fibre
optic communication systems for applications ranging from communications to environmental
monitoring and surveillance. In view of the implementation of a robust integrated system on flexible
substrates that can withstand mechanical stresses, it is advantageous to use ultra-wideband antennas,
which can maintain their performance even after bending. Finally, supercapacitors are chosen due to
their ability to be charged and discharged almost instantly and their longer life compared to

electrochemical cells, providing an efficient solution for the energy needs of the wireless system.

From the point of view of the materials properties, the antenna component requires a material with a
high electrical conductivity, while supercapacitors need electrodes with both good electrical
conduction and high active area. Monolayer and few layer graphene are considered among the best
electrical conductors. With a conductivity of 6 = 4.9 108 S m™ in the monolayer, coupled with 97.7%
optical transparency, and a specific area of 2630 m? g%, graphene represents a promising conductive

material for antennas and electrodes for supercapacitors.

On the other hand, the photodetector is based on a semiconductor which can efficiently absorb light
and generate charge carriers with high mobility. Two dimensional indium selenide (2D-InSe), a
layered semiconductors of the IIIA—VIA group, has emerged as a promising candidate for the
realization of thin-film field effect transistors (FETs) and photodetectors due to its high intrinsic
mobility (> 102 cm? V1 s1) and the direct optical transitions in an energy range suitable for visible

and near-infrared (NIR) light detection.

Both graphene and InSe have been successfully exfoliated by LPE and used for the formulation of
printable functional inks and pastes that were used for the fabrication of the antennas, supercapacitor
and photodetector components. By testing the single components, we demonstrated the effective
printing of graphene-based antennas with an ultra-wide band behaviour (fractional band 45%) centred

at 2 GHz. In addition, the screen-printed supercapacitor has shown high-rate performance (areal




capacitance up to 1.324 mF cm, voltage scan rate > 10 V s and charge/discharge current density
up to 25 mA cm). Finally, spray-coated InSe photodetectors have shown good photosensitive
responsivity to visible and NIR (< 900 nm) light (maximum D* ~ 5.49 10'2 Jones, Rpnh ~ 274 A W1
@ 455 nm illumination) and fast response time (tr ~15 ms, tr ~64 ms). In conclusion, by using
different 2D materials, the printing of high-performance components for the realization of a wireless

system has been achieved, revealing the great potential of 2D materials in electronic applications.

In detail, the Thesis is organized as follow:

In the first four chapters, | will introduce the main properties of the 2D materials, the production

strategies and their characterization.

In Chapter 1 is given a brief overview of the main classes of 2D materials. The properties of these

materials are discussed as well as the resultant applications owing to these properties.

In Chapter 2 are outlined the exfoliation processes, in particular, the liquid phase exfoliation method

and its challenges, as well as covering the formulation of inks and their optimization.

In Chapter 3, I will discuss the sample preparation methods and the characterisation tools used in
this Thesis. An overview will be provided for each characterization method, outlining the respective

measurement parameters.

From Chapter 4 to Chapter 7, | will explore the basic theory of electromagnetic and power supply

devices.

In particular, in Chapter 4, | will describe the key features and the radio frequency characterization

of the antennas.

In Chapter 5, I will discuss about the energy storage systems for wireless applications and their figure

of merits including their strengths and drawbacks.
Chapter 6 will provide an overview of the characterization and measurement of photodetectors.

In Chapter 7, | will present an overview on the manufacturing techniques of the devices used in this
thesis work. In particular, the deposition/coating strategies will be briefly introduced (i.e., the spray

coating, ink-jet printing and screen-printing techniques).

The last four chapters are dedicated to the results obtained in the three years of Doctoral activity.




Chapter 8 provides a summary of the engineering and characterization of the inks, starting from the

strategies used in the exfoliation of pristine crystals.

In Chapter 9 I will discuss the design of printed bow-tie antennas, their realization and morphological

and electrical characterization.

In Chapter 10 | will discuss the design of InSe photodetectors, their implementation and the

characterization of the device.

Finally, Chapter 11 concerns the design, manufacture and characterization of graphene-based

supercapacitors and their application in the context of an integrated wireless system.

In the conclusions section, the main results of this thesis are summarized, and future developments

of this research project are suggested.
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1 STRUCTURE AND PROPERTIES OF 2D MATERIALS

The isolation of monolayer graphene flakes by mechanical exfoliation of bulk graphite opened the
field of two-dimensional (2D) layered materials [1], [2]. Layered materials are composed of stacked
nanometer-thick crystalline sheets, which are weakly bound by electrostatic, van der Waals, or
hydrogen-bonding interactions [3]. Those crystals with atomic thickness, are nowadays at the centre
of an ever-growing research effort due to their unique physical and chemical properties, often superior
with respect their bulk three-dimensional counterparts, interesting for both fundamental science and
applications [4], [5]. In view of the success obtained in the search for graphene layers, the ideas and
methodology learnt in these studies have been extended to other layered materials, opening new
horizons to a whole new variety of possibilities beyond the limited current applicability of graphene.
In fact, after the graphene discover, many other 2D materials have been exfoliated, such as transition
metal-dichalcogenides (TMDs, e.g., M0S2, WSe) [6], hexagonal boron-nitride (h-BN) [6], and other
2D semiconductors of the I11A-VIA group (e.g., InSe, GaSe, GaS) [6]. The family of 2D materials
offers a full spectrum of physical properties, from conducting graphene [3] and semiconducting
MoS: [7] to insulating h-BN [8] and more recently ferromagnetism and exotic electronic states,

including topological insulators and Weyl semimetals [9].

1.1  Graphene

Graphene is the name given to a flat monolayer of carbon atoms in hexagonal structure and is the
basic building block for graphitic materials of other dimensionalities as is schematized in Figure 1
[10]. Indeed, graphene can be wrapped up into (0D) fullerenes, rolled into (1D) nanotubes or stacked
into (3D) graphite. The fullerene is a carbon-based material composed by hexagonal and pentagonal
carbon rings that give it the spheroid structure [11]. Graphene sheets can also be rolled into a chiral
angle, obtaining carbon nanotubes (CNTs). They have a cylindrical structure with interesting
properties for electronics, optics, chemistry and materials science applications [12]. In particular, due
to their thermal conductivity (2000-6000 W m™* K™) [13], [14], mechanical (Young's modulus
between 270 to 950 GPa and tensile strength of 11 - 63 GPa) and electrical properties [15], CNTs
find applications as additives in many structured materials (i.e., carbon nanotube reinforced
polyurethane applied for wind blades) [16]. The combination of the graphene rolling angle and the

diameter, determine the CNT electronic properties; i.e., whether it is a metal or a semiconductor [17].




Carbon nanotube Fullerene Graphite

Figure 1 - Carbon allotropes.

Additionally, CNTs are categorized as single-walled nanotubes (SWNTs) and multi-walled
nanotubes (MWNTS), the latter consists in multiple rolled layers (concentric tubes) of graphene [18].
The 3D counterpart of graphene is the graphite. It is a semimetal and is found in nature as a mineral
and is the most stable form of carbon under standard conditions of temperature and pressure. Graphite
has a layered, planar structure in which each plane is a graphene layer; the distance between the planes
in graphite is 0.335 nm [19]-[21].

1.1.1  Graphene properties

The reason why graphite crystals can be exfoliated into individual sheets depends on the atomic
bonding within the crystal. This consists of sp? hybridised carbon atoms, a hybrid orbital of the 2s
and 2px and 2py orbitals [22]. As a result, graphite is covalently bonded in plane with a bond angle of
120 degrees [22]. These sheets are stacked in an AB configuration (Bernal stacking) [22] seen in
Figure 1. Sheets are bound together by van der Waals interactions of the 2p, orbitals to their
neighbouring sheets [22]. Exfoliation of these materials is possible because the bounding forces are
relatively weak (cleavage energy: 0.39 + 0.02 J m2 for ABAB graphite stacking) [23]. In this way
sheets of graphene can be exfoliated while their lateral size is mostly preserved [23]. Graphene earns
its interest with a long list of physical properties surpassing those obtained for any other material and
far superior to its unexfoliated parent crystal [23]. Its electrical properties, due to its band structure,
has caught interest of the scientific community since its discovery [3]. With an electron mobility [24]

of 2.5 x 10° cm? V! s, capable of sustaining extremely high current densities, 10° times that of

12




copper [25]. It exhibits several novel properties including room temperature quantum Hall Effect
[26], [27]. The strong and anisotropic bonding of the carbon atoms gives graphene unique thermal
properties with thermal conductivity ranging from 4800 to 6000 W m™ K [28], [29]. Graphene
thermal properties play a crucial role in the performance of (opto)electronic devices [30]. In fact, the
amount of heat generated during the device operation affects the energy consumption of electronic
and photonic devices [31]. Also in the case of graphene film deposited on SiO», the thermal
conductivity is about 600 W m™ K [32], rendering it one of the most promising material for heat
dissipation applications [33]. As far as graphene optical properties are concerned, even if graphene is
a single atom thick material [34], it is visible at the optical microscope [35] and its transmittance (T)
can be expressed in terms of the fine-structure constant[35]. The absorption spectrum of graphene is
quite flat from infrared (IR) to the visible range, having a peak at ~ 270 nm, due to the exciton-shifted
van Hove singularity in the density of states [36]. In few-layer graphene (FLG), other absorption
features can be seen at lower energies, attributable to inter-band electronic transition to the
unoccupied ©* states [37]. The theoretical transmittance of a freestanding graphene can be derived
by applying Fresnel equations, in the thin film limit, for a material with a fixed universal optical
conductance [37] Go = €%/4 h = 6.08 x 10° Q, to give:

T=0+05nta)?~1-mna =~ 97.7% Eq. 1

where a = e?/(4mo hic) = Gol(mo ) = 1/137 is the fine-structure constant [35]. The absorbance can be
calculated as A = 2 - 10g10(%T) = ma. = 2.3%. Graphene only reflects < 0.1 % of the incident light in
the visible region [35]. Graphene also possesses unique mechanical properties. Despite it is harder
than diamond and stronger (~ 200 times) than steel [38], it is also highly stretchable (up to 20%) [39].
Combined with its robust physical properties, its highly favourable electrical properties make
graphene a very attractive option as a transparent conductive coating in electronics, particularly for

flexible electronic devices [40].

1.2  Transitional Metal Dichalcogenides

Transition metal dichalcogenides (TMDs) is a family of compounds having the formula MXz, in
which M is a transition metal and X is a chalcogen atom. Depending on the arrangement of the atoms,
the structures of 2D TMDs can be categorized as trigonal prismatic (hexagonal, H), octahedral

(tetragonal, T) and their distorted phase (T”) as shown in Figure 2 [41].
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Figure 2 - Typical structures of layered transition metal dichalcogenides. Cleavable 2H, 1T and 1T’
structures in layered TMD are shown [41].

In literature are present more than 40 types of TMDs depending on the combination of chalcogen and
transition metal (Figure 3) [42], [43]. Additionally, depending on the coordination and oxidation state
of the metal atoms, the doping of the lattice, or the crystal phase, TMDs can be metallic (NbSe. and
TaS») [43], semimetallic (WTe2) [44], or semiconducting (MoS. and WS, — for the 2H phase) [42],
[43]. The structure and properties such as charge density wave (CDW), magnetism (ferromagnetic

and anti-ferromagnetic), and superconductivity of 2D TMDs are summarized in Figure 3 [41].
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Figure 3 - Table for several 2D TMDs and other 2D materials exhibiting various physical properties such as
magnetism (ferromagnetic (F)/anti-ferromagnetic (AF)), superconductivity (s) and charge density wave
(CDW) and crystal structures (2H, 1T) [41].
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1.2.1  TMD Monolayer Properties

TMDs, as already addressed for graphene, are bound strongly in plane while the layers only bound to
each other by van der Waals interactions. In this way, the bulk crystals can be exfoliated into
monolayer or few layer platelets [41]. Exfoliation of these materials allows to increase the surface
area of exfoliated flakes being beneficial for catalysis of the hydrogen evolution reaction. [45], [46]
2D TMDs exhibit interesting electrical and optical properties as well. This is a result of quantum
confinement effects due to restricting the wave function to two dimensions [47], appearing during the
crossover from an indirect bandgap to a direct bandgap when bulk materials are exfoliated
to monolayers [41]. Strong photoluminescence (PL), large exciton binding energy, and tuneable
bandgap in TMDs make them promising candidate for a large variety of opto-electronic devices,
including solar cells, photo-detectors, light-emitting diodes, and photo-transistors [41], [48]-[51].
For example, unique properties of monolayer MoS: include direct bandgap (~ 1.8 eV), good mobility
(~ 700 cm? V1 s71), high current on/off ratio of ~ 10"—108, large optical absorption (~ 10" m™ in the
visible range) and a giant PL arising from the direct bandgap (1.8 eV) in monolayer; thus, it has been

studied widely for electronics and optoelectronics applications [7],[41].

1.3 I11A-VIA group layered semiconductors

The class of I1IA-VIA layered semiconductors generally have the chemical formula MX, where e.g.,
M = Ga/In (Group I11A) and X = S/Se/Te (Group VIA) [52], [53]. As with TMDs, I1IA-VIA layered
semiconductors also have strong in-plane covalent bonding and weak out-of-plane van der Waals
interactions [54]-[56]. Over the last few decades, much progress has been made in the synthesis of
such materials, leading to the development of methods such as chemical vapor deposition (CVD)
using various precursors, [57] the Bridgman method, [58], [59] plasma discharge of precursors, [60]
electrodeposition [61] and chemical reduction [62] for the fabrication of IIIA-VIA layered
semiconductors. In recent years, investigations into the properties of nanometrically thin flakes of

such layered materials have been conducted [63]-[68].

1.3.1  Properties

GaSe and InSe are two representative compounds of the family of I1IA-VIA layered materials. The

GaSe crystal displays a layered hexagonal structure (space group Psm2), in which each layer consists
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of GaSe sheets bonded in the sequence Se-Ga—Ga—Se; each Ga atom is tetragonally bonded to one
Ga atom and three Se atoms, while each Se atom is trigonally bonded to three Ga atoms [56], [69].
On the other hand, InSe exhibits three highly distinct polytypes [56], [70], [71] (B, €, and y) [53], in
which InSe layers are differently arranged. The B (space group symmetry Daen) and € polytypes (space
group symmetry D1sn) are characterized by a hexagonal lattice consisting of eight atoms in the unit
cell, and their extension over two layers [72]. Rhombohedral y polytype (space group symmetry Csay)
contains two cations and two anions distributed on four adjacent layers [71], [73]. InSe is made of

stacked layers of Se-In-In-Se atoms with van der Waals bonding between quadruple layers [74], [75].
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Figure 4 - Crystal structures of typical I11A-VIA 2DLMs: a) GaSe crystal structure: side view and top view
for B-and e-GaSe, both -and e-GaSe show 2H stacking [76]. b) f-InSe crystal structure: the top is the side
view of the InSe lattice structure, and the bottom shows the top view of the InSe crystal structure [77]. ¢)
Scheme of y-InSe crystal structure: the lattice constant along the c-axis is 24.961 A; within each plane,
atoms form hexagons with a lattice parameter of 4.002 A [78].

While &-InSe has an indirect band gap of 1.4 eV [71], both - and y-InSe have a direct band gap [71]
with closely matching values (1.28 eV [72] and 1.29 eV [79], respectively). Accordingly, only f and
v phases of InSe could supposedly be employed in optoelectronics, for which finite and direct band
gaps are beneficial [80]. Exfoliated samples of y-InSe host quantization effects, which enable near-
infrared photoluminescence emission [78]. As a result of their optical and electronic attributes,
coupled with semiconducting properties which are similar to those of TMDMs such as MoS; and
WS, they are often explored for use as electrical sensors, and photoelectric and nonlinear optical
devices [81]-[83].
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2 PRODUCTION AND PROCESSING OF 2D MATERIALS

A 2D material can be produced by using many techniques that may be clustered into two main groups:

the top down and the bottom up approaches (some techniques are showed in Figure 5) [4], [84], [85].

In the top down approach, the 3D bulk material is exfoliated layer by layer to obtain the related 2D

material. Within this group there are several techniques, to name a few:

micro mechanical cleavage (MC) (Figure 5a);
anodic bonding;
photoexfoliation;

liquid phase exfoliation (LPE) (Figure 5b).

In contrast, the bottom-up approach consists in bonding together the atoms in order to obtain the

related 2D material on top of a substrate, which is carried out by exploiting several techniques,

amongst them, a few are listed below:

precipitation from metals;
chemical vapour deposition (CVD) (Figure 5c¢);
molecular beam epitaxy (MBE);

chemical synthesis.

a) b)

Mechanical exfoliation Liquid phase exfoliation Chemical vapour deposition

Figure 5 - Schematic illustration of some production techniques. a) Micromechanical cleavage. b) Liquid

phase exfoliation c) Chemical vapour deposition.
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2.1 Micromechanical cleavage

Micromechanical cleavage (MC) was the method used in 2004 by the Nobel Laureates A. K. Geim
and K.S. Novoselov to isolate of graphene for the first time [86]. Exfoliation of graphite has been
known from crystallographers since the 16" century, and it can be “roughly” associated to the process
that occurs when a pencil is pressed against a sheet of paper during writing [3], [34], [87]. MC method
is very simple and involves the peeling off a piece of graphite by means of adhesive tape (Figure 6).
The method has been optimized over the years to produce graphene of up to millimeters in lateral
size [88], [89].

Figure 6 - The process of mechanical exfoliation method [90].

The processed material can then be transferred onto the surface of a substrate [91]. The number of
layers can be readily identified by elastic (Rayleigh) [92] and inelastic (Raman) [93], [94] light
scattering. Rayleigh scattering intensity has a very strong dependence on the size of the particles (it
is proportional to the third power of their diameter) [92] and is inversely proportional to the fourth
power of the wavelength of light, which means that the shorter wavelengths in visible white light are
scattered stronger than the longer wavelengths toward the red end of the visible spectrum [92].
Contrast spectroscopy of layers on a 300 nm thick SiO> was done and results revealed that single
layer graphene (SLG) is visible by optical microscopy [92]. Although MC is the standard approach
for fundamental research due to the high structural and electronic quality of the flakes, it has

disadvantages in terms of yield, being impractical for large-scale applications [88].
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2.2 Liquid phase exfoliation

Despite MC remains the source of the highest-quality graphene samples available [95], it suffers from
low yield and a production rate that is not technologically scalable in its current form [42]. One
possible solution is the exfoliation of layered compounds in liquids to give large quantities of
dispersed nanosheets [40], [42], [96]. This should allow for methods to obtain sizable quantities of
2D materials that can be processed by using existing industrial techniques, such as reel-to-reel
manufacturing [42]. There are several liquid exfoliation techniques for layered materials, among them
in this section, | briefly outline the Sonication-assisted exfoliation and the Wet-Jet milling exfoliation

techniques.

In general, the Liquid phase exfoliation essentially consists of three steps (Figure 7):

1 the dispersion of the layered material (in this specific case graphite) in an appropriate solvent;
2 the exfoliation process by a driving force;
3 the purification;

a) b)

Graphite Exfoliation Ultracentrifugation Graphene

Figure 7 - Different steps of LPE: the starting material is pristine graphite; after the dispersion in the
solvent, the following step is a) the exfoliation b) purification via ultracentrifugation. c¢) Following the

procedure, a graphene dispersion is obtained.

2.2.1  Dispersion

The selection of the solvent plays a central role in the exfoliation process [88]. For this reason, the
surface tension (y), the Hansen (or Hildebrand) parameters and the viscosity (1), are pivotal

constraints in the choice of the solvent [97]. Stable dispersions can be achieved minimizing mixing
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Gibbs free energy AGmix. For simplicity, the exfoliation in solvent can be viewed as simply a mixture
of two species. The thermodynamic physics of mixtures has been well studied since the XIX century.
In a mixture of two substances there is a change in entropy (S) and depending on the interactions
between the two species there is a corresponding change in enthalpy (H) for the whole system; with
the system that includes both species before mixing and the total mixture after mixing. In general

AGnix of two materials can be described under isothermal conditions, by [97]:

AGmix = AHpix — TASpix Eq. 2

where AHmix and ASmix are the change in enthalpy and entropy involved in the mixing process,
respectively [97]. Being ASmix > 0 (the mixing of two substances increase the disorder of the system)
AHmix must be positive and not too large in order to satisfy the Eg.2. This means that in order to
produce a stable dispersion the enthalpy of mixing must be minimised. In terms of solubility, for these
materials to be soluble the process needs to be energetically favourable i.e., AGmix< 0. Solvents whose
surface tension is very close to graphene surface energy value (y = 46.7 mN m™) satisfy this
requirement [97]. Extensive experiments have demonstrated that in the case of graphene, the best
value for the surface tension is about y =~ 40 — 50 mN m, and the best candidates for stable dispersions
are N-Methyl-2-pyrrolidone (NMP), Dimethylformamide (DMF) and benzyl benzoate [4], [84], [97],
[98]. The exfoliation using the aforementioned solvents has been demonstrated also in many other
layered materials [42]. However, most of these solvents are toxic and hard to remove, once deposited
onto a substrate, due to high boiling points, over than 450 K [99]. This is a critical issue when the
inks must be used for the deposition on plastic substrates, such as polyethylene terephthalate (PET),
polyethylene naphthalate (PEN). A possible solution to this issue relies on the tuning of the
rheological parameters of lower boiling point solvents, such as acetone [100] and isopropanol [101].
A problem with acetone and IPA is usually that the surface tension of these solvents is low (y ~ 25
mN m™) and the concentration of the dispersed graphene flakes in the as-obtained inks is far too low
[101], with respect to the one obtained with solvents such as NMP, i.e. ~ 0.3 g L™ [98]. If the surface
tension of the solvent is too high, with respect to the surface energy of graphite, the exfoliation and
the following dispersion is ineffective. In fact, dispersions of graphitic materials in water is
impractical because of the high surface tension (y = 72 mN m™). The use of surfactants (such as
sodium dodecylbenzene sulfonate, SDBS) is a solution largely explored in literature [97].
Additionally, bile salts (such as sodium cholate, SC, or sodium deoxycholate, SDC) or polymers (such
as pluronic) [4], [97], [102] have been extensively used as well. The disadvantage of using the

surfactants and polymers relies on the fact that their presence prevents the electric contact between
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graphitic or graphene flakes, with a degradation of the overall electrical properties [88] and this is
detrimental in electronic applications (i.e., the fabrication of transparent conductive film). However,
the presence of the surfactant/polymer molecules is not an issue for other types of applications (i.e.,
the realization of polymer composites) [40]. Consequently, the use of surfactants/polymers strictly
depends on the target application. Research efforts have been driven by the exploitation of co-
solvency effect in which the dispersibility of layered materials can be greatly improved by using a
mixture of solvents [98], [103], [104], e.g., water/isopropyl alcohol [105], water/ethanol [98], etc. By
fine-tuning the relative concentration of the co-solvents, it is possible to adjust the rheological
properties (i.e., density, viscosity, and surface tension) [98], [106] of the mixture “on demand”.
Nevertheless, the use of co-solvent mixtures, mostly based on alcohols and water, for the dispersion
and exfoliation of graphite and other inorganic layers materials has some drawbacks. The quality of
the dispersion, that can be defined as the ratio of the number single layer flakes with respect to thicker
flakes and the maximum concentration achievable by the exfoliation process in such co-solvent
mixtures [98] is currently much lower with respect to the ones achieved in NMP [107] and water-
surfactant dispersions [108]. Furthermore, the surface tension is very sensitive to solvent evaporation
[5], [85] and all the rheological properties of alcohol-based co-solvents are temperature dependent

[109], affecting the long-term stability of the dispersions.

222 Exfoliation Process

The exfoliation of layered materials in a liquid medium can be carried on by applying an external
driving force such as ultrasonication, [110] high-shear mixing, [111], [112] ball milling, [113], [114]
wet jet milling [115] and microfluidization [116]. In the following section, ultrasonication and wet
jet milling techniques will be presented.

2221 Ultrasonication

In the ultrasonication technique, a layered crystal is dipped into the solvent and then soaked in a sonic
bath that provides ultrasound vibrations, which are then transmitted to the sample. Cavitation is the
main phenomenon involved in the exfoliation of layered materials by ultrasonication [95]: as a result
of collapsing cavitation bubbles, tensile and shear stresses act on the nanomaterial leading to both
exfoliation and fragmentation [40], [117]. The ultrasonication process can be carried out using either

sonic baths [88], [95] or tip ultrasonicators [40], [88]. In bath sonication, the ultrasonic waves
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propagate through both reaction container and tank, setting up a standing wave [88], [95]. The
intensities of the ultrasonic waves acting on the sample are lower than nominally expected and their
non-uniform distribution through the tank can result in poor reproducibility of the ultrasonication
process [40]. High-power sonic probes can also be used [88]. In this case, the sonotrode is directly
immersed in the solution resulting in a much more intense ultrasonication [118]. In this configuration,
the exfoliation of the layered materials is dependent not only on sonic power, amplitude and
frequency, but also on sonic probe type and container shape. The main limitation of ultrasonication
is the poor reproducibility and, above all, the exfoliation is intrinsically linked to the fragmentation
of the material [117]. In addition the time required to obtain 1 g of exfoliated material (tigram), the
volume of solvent required to produce 1 g of exfoliated material, (V1gram), as well as the ratio between
the weight of the final graphitic material and the weight of the starting graphite flakes, defined as
exfoliation yield (), are still insufficient for industrial scale productions [115], [119]. For example,
in the case of graphene, after more than 35 h of sonication and several steps of sonication and re-
dispersion, the concentration of the processed material can reach up to 60 g L, which means tigram >
1800 min and Vigram = 0.53 L) and a Y of 19% [115], [119]. For a 6 h of sonication, the following
results have been attained: tigram > 180 min, Vigram = 3.3 L and Yw = 3% [115], [119].

2.2.2.2 Wet Jet Milling

In view of addressing the drawbacks presented by the ultrasonication technique, our group has
developed a new scalable approach, the wet jet milling technique (WJM) [115]. With WJM technique
is possible to exfoliate layered crystals (i.e., graphite, hexagonal-boron nitride, and transition metal
dichalcogenides) with high throughput and weight-yield, resulting in the cost-effective production of
the 2D crystals without compromising the crystalline-integrity [115]. The process is based on high-
pressure WJM, with a production capability of 2 L h™1[115]. A concentration of 10 g L™* is achieved
for both single- and few-layer 2D crystal flakes dispersion, making the scaling-up more affordable
[115]. A hydraulic mechanism (Figure 8) and a piston supply the pressure (up to 250 MPa) in order
to push the sample into a set of 5 different perforated and interconnected disks, named the processor,
where jet streams are generated [115]. The pulverization is obtained mainly by colliding the
pressurised streams of the particle liquid dispersions [115]. The WJM process enables the production
of defect-free and high quality 2D-crystal dispersions on a large scale, opening the way for their full
exploitation in different commercial applications [115]. In the case of graphene, the WJM exfoliation
process comprises a first step of preparing a dispersion of graphite powder in NMP as dispersant

solvent, and a subsequent step of exfoliating the aforesaid dispersion during its exposure to the
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hydrodynamic forces generated through high-pressure (180-250 MPa) compression of the dispersant
fluid phase through nozzles with different sizes (between 0.1-0.3 mmg) [115], [119]. By decreasing
the size of the nozzle it is possible to obtain thinner and smaller lateral size flakes [115], [119].
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Figure 8 - Scheme of the wet-jet mill system [115].

Immediately after, the sample is cooled down in form of a liquid dispersion by means of a chiller
[115], [119]. Actually, WIM exfoliation is a pulverization technique that allows large volumes (litre-
scale) of concentrated high quality (single-/few-layers graphene) graphene dispersions (gram per
litre-scale) in short times (second-scale) to be obtained [115], [119]. For instance, we achieved tigram
= 2.55 min and Vigram = 0.1 L, with Yw of ~100 %.

2.2.3 Purification

The purification is the last step in the LPE process. Here, exfoliated layered crystals flakes are
separated from un-exfoliated bulk [107], [118]. During the exfoliation process, bulk and layered
materials are mixed together in a heterogeneous composition ranging from un-exfoliated and thick
flakes, to thin flakes, few and single layer. The as-produced flakes have also a wide lateral size
distribution. Hence, the control of morphological properties is of fundamental importance in
consideration of the optimization and scalability of the LPE process [40], [88]. Different strategies

can be considered in the purification process of the as-obtained exfoliated materials. One approach
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can be the sedimentation based-separation (SBS) process [105] in a uniform medium [120], [121],
while another approach can be the density gradient ultracentrifugation (DGU) [122] in a density
gradient medium (DGM) [122]. In SBS, particles are separated based on their sedimentation rate
[120], [121] in response to a centrifugal force acting on them. Currently, SBS is the most common
separation method, obtaining flakes ranging from few nanometers to a few microns, both for graphene
and other inorganic 2D crystals [88]. In general, the sedimentation rate of dispersed nanomaterials
subjected to a centrifugal field is ruled by the Svedberg equation [120], [121]:

s =m(1l—-pv)/f Eq. 3

In this equation, s represents the sedimentation coefficient, the time needed for the nanomaterial to
sediment, commonly reported in Svedberg (S) unit (1 S corresponds to 1073 s), [120], [121]. m is the
mass, V" is the volume of each gram of the flakes in solution, p is the density of the solvent, while f
is the frictional coefficient [120], [121]. In the case of 2D crystals, f depends on both the lateral size
and thickness of the 2D flakes and the viscosity (1) of the solvent in which they are dispersed [].
Overall, s depends on the morphological properties of the dispersed nanomaterials, being proportional
to its buoyant effective molar weight and inversely proportional to f [123]. As expressed by the
Svedberg equation, the sedimentation of 2D flakes depends on their mass and the frictional coefficient
[120], [121]. Thick and large sheets, having larger mass, sediment faster with respect to small and
thin sheets (having smaller mass), which are thus maintained in dispersion during the SBS process,
see Figure 9. The composition of the suspended flakes principally depends on the 1 of the medium
[96], therefore, since at room temperature NMP shows higher 1 (1.7 mPa - s) than water (1 mPa - s),
sedimentation of heavier flakes during ultracentrifugation is more difficult, and the fraction of SLG
on the total amount is lower in NMP than in water [96]. Following SBS, concentrations of up to ~ 60
mg ml? for graphitic flakes have been demonstrated [105], [124]. The SBS yield is only related to
the lateral sizes of the flakes. Control on the number of layers can be obtained by DGU, where

nanomaterials in dispersion are ultra-centrifuged in a DGM [40].
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Figure 9 - Forces acting on graphene flakes inside an ultracentrifuge tube during ultracentrifugation with a

swinging bucket rotor.

During DGU process, the flakes are sorted along the ultracentrifuge tube, dragged by the centrifugal
force, until they reach the corresponding isopycnic point, - the point where their buoyant density
matches that of the surrounding DGM [40]. The uniform coverage of the flakes with surfactant
molecules results in an increase of the buoyant density with the number of layers [40]. To date, up to
~ 80% SLG yield was reported by exploiting the isopycnic separation [40], [125]. Another method
to sort layered materials is the rate zonal separation (RZS) [88], where, in a DGU process, the
ultracentrifugation is stopped during the transient centrifugal regime, before the flakes (nanomaterials
in general) arrive at their own isopycnic points [88]. Rate zonal separation exploits differences in the
sedimentation coefficient of (nano)materials under ultracentrifugation [88]. Thus, flakes with
different sedimentation coefficient values will travel along the ultracentrifuge tube at different

sedimentation velocities, determining their spatial separation [88].

2.3 Chemical vapour deposition

Chemical Vapour Deposition (CVD) is an attractive bottom-up approach used not only to produce
high structural quality 2D materials [88], [126]-[128] but also polycrystalline silicon [129], diamond
[130] among others. A CVD furnace (Figure 10) is formed by a gas delivery system, which provides
the path for the gas species to enter into the reactor, and in the case of graphene synthesis, methane
is commonly used [131]. The amount of gas entering the chamber is controlled with valves, so that
gas is uniformly mixed in a desired stoichiometric proportion before entering the reactor [131]. Inside
the reactor, the main chemical reactions take place. On the substrates, thin solid films are

consequently grown [132].
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Figure 10 - Example of compact CVD furnace designed for growing several materials on substrates [133].

The chemical reactions need high temperatures (1000 K — 1300 K) generally provided by heaters
surrounding the reactor [127]. Pressure, temperature, time of reaction as well as diffusion of the
reactants’ species are all parameters needed to be taken into account to optimize the growth process
to obtain a homogenous deposition [127]. In the case of graphene, a thin metal substrate (Ni, Cu, Co,
Fe, Ru), is needed as catalyst to decompose the impinging hydrocarbons [127]. In the thermal CVVD
process are present three steps [127]:

1 a heating step, performed under a gas flow (usually H2 and/or Ar) or in vacuum, to anneal the

catalyst surface, removing oxide layers grown on it;

2 a deposition step, in which the carbon precursor flows into the furnace and its molecules
undergo a decomposition process near the catalytic surface, leaving C atoms free to diffuse

inside the catalyst or on its surface;

3 a cooling-down step, in which the temperature is fast decreased down to room temperature,
allowing for the nucleation of C atoms on the metallic substrate, later coalescing into larger
clusters.

Carbon atoms, after decomposition from hydrocarbons, nucleate on Cu, and the nuclei grow into large
domains [127]. The nuclei density is principally a function of T and pressure and, at low precursor
pressure, mTorr, and T > 1000 °C, very large single crystal domains, ~ 0.5 mm, are observed [127].
Another CVD approach is the plasma assisted growth. The advantage of plasma methods with respect
to thermal CVD, is the production of graphitic materials without metal catalyst over a wide range of
growth conditions [127].
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2.4 Solution processing of 2D materials

LPE is the ideal technique to produce functional inks that can be printed into low cost 2D-material-
based devices. In this paragraph it is discussed the optimization processes in order to formulate the
inks to be printed/deposited by different printing techniques (i.e., inkjet printing, screen printing and
spray coating). The formulation and properties of graphene-based inks will be discussed in the
framework of the state of the art of printable technologies, highlighting the role potentially played by

2D-based inks soon to boost the real application of these technologies.

2.4.1  Printable ink optimization

The dispersions of liquid-exfoliated flakes, discussed in the previous chapter, can be used as an ink
in order to produce conductive patterns, devices or insulating layers [96], [134]. Deposition by spray
and drop casting can be performed directly with the obtained dispersion, without complicated
engineering operations [135]. However, in most cases, the as-produced dispersion itself cannot serve
directly as inks and they need to be further processed by exploiting several coating and printing
strategies [136]. Colloquially it is possible to classify the inks according their viscosity (n). The
formulation of “liquid” (m ~ 10 cP [136]) inks is required in ink-jet printing while “pastes” with
increasing viscosity (n ~ 10% cP [136]) are used in flexographic, slot-die, and screen-printing
techniques [136]. In the case of 2D crystals, the variation of 1 is affected by the lateral size vs
thickness ratio. In fact, the increase in contact area and surface interaction between the dispersed 2D
sheets and the dispersion medium results in an increase in the n of the dispersion, compared to
spherical nanoparticles counterpart [137]. Another critical parameter is the morphology control of the
dispersed nanomaterials (e.g. 2D crystal flakes). Additives, such as rheology and y-modifiers, play an
important role in the study of morphology of the inks and are added to prevent aggregation and/or
precipitation of the dispersed flakes (nanoparticles in general) and to obtain a good wetting of the
substrate [96], [134] in order to guarantee the best performances in term of coating/printability [96],
[134]. The composition of inks is functional to the type of coating/printing process, the type of
substrate and the device one wants to obtain. Taking as example conductive inks, these are multi-
component system containing (nano)materials as active component (i.e., nanoparticles -NPs-,
conducting polymers, CNTs, graphene and other 2D materials [96], [134], [138]) dispersed in a liquid.

Binders, solvents (either aqueous or organic) and additives change the electrical and mechanical
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properties by varying contents of these additives (from 20% up to 80%) depending on the type of ink
to be prepared [139].

In the case of inkjet printing technique (see Inkjet printing section at page 57), the realization of
printable inks containing nanomaterials is very challenging. Liquid properties such as density (p), y
and # have a strong effect on the printing process [96]. The effect of these physical properties on the
jettability of the ink can be summarized in a dimensionless figure of merit (FoM), the Z number,

defined as follow:

_ (apy)*® Eq. 4
v

Z

where a reported in pm represents its diameter. In order to avoid printing instabilities, such as jetting
deflection and satellite droplets [140] the Z number must be in the range between 1<Z<14 that is a
commonly accepted value for optimal printability [96]. However, other parameters for optimal
printing must be tuned. Firstly, the morphological properties of the nanomaterials dispersed in the ink
as well as the formation of aggregates in the ink and their subsequent accumulation on the print-head
can determine printing instabilities [96]. Dispersed nanomaterials with lateral sizes smaller than ~1/50
of the nozzle diameter are usually required [88].
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3 CHARACTERIZATION TECHNIQUES OF 2D MATERIALS

In this chapter, it is provided an overview of the experimental techniques that have been used in this
thesis work. UV-Vis-NIR and Raman spectroscopy as well as transmission electron microscopy
(TEM) for the characterization of the morphology of the 2D materials and rheological measurement
for the study of the ink rheology. The experimental setups, which were used for the experiments, will

be briefly introduced and illustrated.

3.1  Optical absorption spectroscopy

The interaction of light with matter is a process that has been under investigation for centuries [141].
The propagation of light from one medium to another with different refractive indices, leads to a
bending of the beam as the speed of the traveling wave changes: this phenomenon is called refraction.
Two main events happen when a light beam propagates through a liquid sample containing particles:
the beam is partially scattered or absorbed by the particles [142]. The Beer-Lambert law [143]
explains this variation in intensity. A reduction in intensity is proportional to the initial intensity

before the beam interacted with the sample and is given by:

dl = —BIC(z)dz Eq.5

The change in intensity (dl) is dependent upon the sample concentration (C), the path length (1), and
a constant (). The expression needs to be integrated for the length of the entire path length; therefore,

it is possible to integrate the intensity (I) over the range from the initial to the final intensity:

j;# =—f JOZC(z)dz =0 0

0
which can be further simplified to:
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L Eq. 7

Introducing a constant and change to base 10, the familiar form of Beer-Lambert equation is obtained:

L Eq. 8
A= sf C(z)dz
0

where:

A is the Absorbance defined as A = —logy, (1/1,), €, found experimentally, is the molar attenuation
coefficient in the material sample, C is the concentration of the material sample; | is the path length
of the beam of light through the material sample. The relative intensity attenuation is obtained by the
difference of the attenuations obtained by the two measurements of blank solvent and the dispersion
under investigation. Absorbance A is used to perform calculations. Samples are usually diluted to
avoid possible scattering losses at concentrations higher than 0.01 g L™: given the ratio r of dilution
between the original sample volume and the final volume after dilution (for example, r = 20 stands

for 200 pL of ink diluted to 4 mL), concentration can be calculated as:

Ar Eq. 9
el

In order to evaluate the concentration of the LPE-produced ink, the absorption spectroscopy is a key
characterization for the optimization of production techniques, especially in view of industrial-scale
applications [123]. In fact, to develop good quality printed devices it is needed a graphene ink with

concentration values around to 1 g L™ is needed [144].
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3.2  Raman spectroscopy

Raman spectroscopy is a technique based on inelastic scattering of monochromatic light, usually from
a laser source, being one of the most important tools in the characterization of the different material
allotropes [92], [93], [145], [146]. The photons impinging in a sample are absorbed by the sample
itself and then re-emitted with the same or different frequency [147]. Most of the scattered light has
the same frequency as the incident one and the process is called Rayleigh (elastic) scattering (see
Figure 11). On the contrary, if the kinetic energy of photons is not conserved, the scattering process
is called inelastic. In this condition, the scattered photons have a reduced or increased frequency, a
process known as Raman scattering [145]. Contrary to Rayleigh scattering, Raman is very weak (~
10° % of the incident beam). There are two different Raman scattering processes that can be
distinguished, i.e., Stokes scattering, where the frequency of scattered light is reduced with respect to
the incident one, due to the excitation of photons, and Anti-Stokes scattering, where the resulting
frequency of the scattered light is increased (see Figure 11) [148] due to the dissipation of the thermal
phonons in the crystal lattice, cooling the crystal during the process. These characteristic (Raman)
shifts provide valuable information about vibrational, rotational and other low frequency changes in
the samples. In the Raman spectrometer a light beam from the laser sources and it enters inside the
optical system, where it is shaped, focused and transmitted through mirrors. Afterwards, the laser
beam is reflected hitting the sample, whose surface can be observed with an optical microscope.
Finally, the scattered beam is focused again into an entrance slit. A Charge-Coupled Device camera

detects the resulting beam and performs photon counting, providing the Raman spectrum.
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Figure 11 - Energy-level diagram showing the states involved in Raman spectra [149].
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3.2.1  Graphene Raman spectroscopy analysis

Raman spectroscopy is an ideal tool for the investigation of different carbon—based materials ranging
from sp?- to sp3- based ones. In fact, Raman spectroscopy can provide information on both the
vibrational structure and on the electronic properties of investigated materials [145]. Moreover, it is
a fast, reliable and nondestructive method that gives information on the structural quality of the
investigated specimens. Each carbon (nano)materials has a clear fingerprint Raman spectrum, which
allows the identification and study of different kinds of allotropes. In the specific case of graphene,
the Raman signal not only demonstrates the changes in the electron bands but also provides useful
information in order to determine the number of graphene layers [93]. In fact, the graphene vibrational
properties are strictly dependent on the thickness of the flakes, which is in turn reflected in the
characteristic spectral features [93]. The most characteristic Raman features of graphene are the so-
called G and 2D modes.

Figure 12 - Different scattering processes responsible for G bands (a), D and D’ bands (b-c-d-e) and 2D
bands [93].
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In graphene, the G mode lies at around 1580 cm™, while the 2D peak is at around 2700 cm™*. Another
peak, called D peak, may appear at around 1350 cm™ as a consequence of the presence of defects.
The G mode corresponds to bond stretching of all pairs of sp?atoms in both rings and chains, whereas
the D mode arises due to the breathing modes of sp? atoms in ring [93], [145]. Usually the D mode is
not present in pristine and defect-free samples, however in presence of defects or edges the transition
is allowed [145]. Thus, the D peak is absent in defect free graphene and graphite. While the G mode
originates from a first order Raman scattering process, the D and 2D modes originate from a second-
order double resonant process between nonequivalent K points in graphene’s first Brillouin zone
(Figure 12) [93]. Figure 13 shows a typical Raman spectrum for graphene and graphite respectively

obtained using a 514 nm excitation laser.
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Figure 13 - a) Comparison of the Raman spectra of graphene and graphite measured at 514.5 nm. b)

Comparison of the 2D peaks in graphene and graphite [145].

As shown in Figure 14, significant changes in position, lineshape and intensity are observed for the
2D band of graphene and graphite. The lineshape of the 2D peak, in monolayer graphene, is sharp,
narrow and centered below 2700 cm, for an excitation wavelength of 514.5 nm for example. An
increase in the number of layers reduces the relative intensity of this peak - 1(2D), with respect to the
G one — I(G), and increases its full width at half maximum (FWHM) [93]. In fact, in graphene, the
I(G) is lower than the 1(2D) while, already for bilayers and thicker flakes, the G peak is the most

intense peak [145].
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Figure 14 - @) and b) Evolution of G peak as a function of number of layers for 514 and 633 nm excitations,

¢) and d) Evolution of the 2D peak as a function of number of layers for 514 and 633 nm excitations [145].

The 2D pick is a superposition of multiple components, the main being the 2D1 and 2D, components,
for few-layers graphene [93], [94]. In general, for graphite the intensity of 2D2 peak (I(2D2)) is
roughly double compared to the intensity of 2D peak (1(2D1)) [93], [94]. while for single-layer
graphene the 2D band is a single and sharp peak, which is roughly four times more intense than the
G peak [93], [94]. Taking into account the intensity ratios of the 2D and 2Dy, it is possible to estimate
the flake thickness [93], [94]. The normalized intensity ratios 1(2D1)/1(G) vs. 1(2D2)/I(G) gives a view
of the flakes thickness. The 1(2D>)/1(2D,) ratio decreases as the flake thickness is reduced [93], [94],
until the 2D band is constituted by the mere 2D Lorentzian component for single-layer graphene
[93], [94]. The line 1(2D1)/1(G) = 1(2D2)/1(G) roughly represents the multilayer condition (~ 5 layers)
[93], [94]. Thus, graphitic samples whose 1(2D2)/1(2D1) value falls above the aforementioned line can
be assumed to be less than 5 layers thick, while for the ones that the aforementioned value falls below,
are considered thicker than 5 layers, thus displaying graphite-like properties [93], [94].

The C band can also be used to obtain detailed information about the number of layers. Unlike D, G,
2D, which are due to in-plane vibrations and therefore visible in SLG, the C peak originates from the
shear motion of the graphene layers. Being sensitive to the interlayer coupling (whence the name C)
its absence would be the proof of the presence of SLG [93]. However, care must be taken in doing so
because the lack of a signal could always be linked with experimental procedures/errors. This low
frequency mode ranges from 31 cm™in BLG to 42 cm™! in graphite, scaling with the number of

layers, as shown in Figure 15.
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Figure 15 - Evolution of C band in few layer graphene [93].

Raman spectroscopy is also a powerful tool to investigate the presence of impurities and defects [92].
In fact, the interpretation of Raman spectra offers the possibility to understand the origin and quantity
of structural disorder in the carbon sample as well as to distinguish between graphite and amorphous

carbon that shows a mixture of sp? and sp® hybridization [92], [145].

Moreover, Raman spectroscopy allows to distinguish between edges defects and structural bulk
defects in graphene [92]. There is an increase of the ratio 1(D)/I(G) with defect density. Through the
correlation between the ratio I(D)/1(G) and FWHM(G) it is possible to define the origin of defects. In
principle, the 1(D)/1(G) ratio cannot discriminate between defects localized in the bulk and the ones
at the edges. However, when this intensity ratio is coupled with the FWHM(G), useful information
about defects can be obtained. In fact, a larger FWHM(G), with respect pristine un-defected samples,
is a direct consequence of an increasing of bulk disorder [145]. Therefore, if there is a correlation

between 1(D)/1(G) and FWHM(G) it is a clear signature of a structural disorder.

Experimentally, in this work Raman spectroscopy was used to measure the effectiveness of the
graphite exfoliation process. The graphene-based inks were drop-cast onto a Si wafer with 300 nm
thermally grown SiO> (LDB Technologies Ltd.) and dried under vacuum. A Renishaw inVia confocal
Raman microscope using an excitation line of 514 nm for graphene-based inks collected Raman
measurements. A 100x objective lens was used to focus on the samples with an incident power of

laser ~1 mW. For each sample, more than 20 spectra were collected.
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3.3  Transmission electron microscopy

In optical microscopy, the resolution is physically limited because of the Abbe diffraction limit [150].
The theoretical resolution limit of an optical microscope, assuming visible range light (from 380 to
740 nm), is ~250 nm. Transmission electron microscopy (TEM) is able to avoid this problem due to
the smaller de Broglie wavelength of electrons [151]. Electrons, as well as all matter, can exhibit a
wave-like behaviour [152]. The de Broglie wavelength is the wavelength (L) associated with a

massive particle and is related to its momentum, p, through the Planck constant, h [152]:

Eq. 10

SR

In this way, TEM allows the study of (nano)materials up to the atomic scale by breaking the
diffraction limit of the optical microscopy. In a TEM experiment, the electrons are emitted from an
electron gun by thermionic or field emission under ultra-high vacuum (UHV) conditions [153]. The
gun consists on a tungsten filament or a lanthanum hexaboride source. When the gun is connected to
a high voltage source (from 60 to 200 kV) it emits electrons. The electron beam is created at this point
and it is the analogue of a lamp emitting light rays in an optical microscope [153]. Because of the
small electron’s mass, high vacuum conditions (typically up to 10—7Pa) are necessary in order to
avoid interaction or deflection due to gas particles [153]. Subsequently, the electrons are injected into
the microscope column by virtue of accelerating voltages, ~ 100 keV, and directed through a double
or triple electromagnetic condenser lens system to illuminate the specimen under investigation [153].
The passage of electrons through the sample determines a scattering by the electrostatic potentials of
the atoms [153]. An image is formed from the interaction of the electrons transmitted through the
specimen; the image is magnified and focused onto an imaging device, such as a fluorescent screen,
on a layer of photographic film, or to be detected by a sensor such as a charge-coupled device [153].
The sample is placed on a standard perforated grid for TEM analysis. TEMs are capable of imaging
at nanometer- and atomic- scale resolution [153]. To perform imaging at high resolution, thin samples

and high energies of the incident electron beam are needed [153].

In this work, TEM imaging was carried out on a JEOL JEM 1400Plus microscope, operating at 120
kV, equipped with a LaB6 thermionic source, a Gatan charge-coupled device (CCD) camera Orius

830. Lateral size statistic is fitted with log-normal distribution [117].
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3.4 Scanning electron microscopy

Scanning electron microscopy (SEM) is a fundamental imaging technique for surface morphology
and obtaining information on chemical composition of thicker samples [154]. It is used extensively
for defect analysis of semiconductor wafers, and manufacturers make instruments that can examine
any part of a 300 mm semiconductor wafer [154]. Many instruments have chambers that can tilt an
object of that size to 45° and provide continuous 360° rotation [154]. A lens condenses the electron
beam (~ 1 nm) extracted by an anode (usually, acceleration voltages of between 5 and 20 kV are used
[155]). The beam, interacting with the surface, is then raster scanned by varying current through the
scanning coils [156]. Electrons as well as characteristic x-rays are emitted by the sample following
the interaction with the electron beam [156]. For conventional imaging electrically conductive
samples are needed, or they must be prepared to increase their electrical conductivity and to stabilize
them, in order to withstand the high vacuum conditions and the high energy beam of electrons [154].
Non-conductive specimens collect charge when scanned by the electron beam and this causes
scanning faults and other image artefacts, so they are usually coated with an ultrathin coating of
electrically conducting material, deposited on the sample either by low-vacuum sputter coating or by
high-vacuum evaporation [156]. Samples are usually mounted on a specimen holder or stub using a
conductive tape to be electrically grounded in order to prevent the accumulation of electrostatic
charge [154]. Unlike in an optical system, the resolution is not limited by the diffraction limit, fineness
of lenses or mirrors or detector array resolution [154]. Resolution is limited to a few nm by a
combination of the size of the electron spot and the interaction volume [154]. The two primary types
of electrons involved in SEM imaging are back (elastically) scattered electrons and secondary
(inelastic) electrons. Low energy (< 5 eV), inelastically scattered electrons give information within a
few nm of the sample surface. Thus, they are good for surface imaging. Back scattered electrons are
higher in energy and produced from deeper within the interaction volume [156]. Since heavier
elements backscatter electrons more strongly this can be used to detect contrast between areas of
different chemical composition [154]. Similarly, characteristic x-rays are emitted when the electron
beam removes core shell electrons from the sample which are filled by an electron from a higher
shell. The analysis of the emitted radiation by energy dispersive X-ray spectroscopy (EDX) also

allows to obtain a chemical analysis of the sample [156].
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3.5  Atomic force microscopy

Atomic-force microscopy (AFM) is a high-resolution type of scanning probe microscopy (SPM), with
demonstrated sub-nanometer resolution, more than 1000 times better than the optical diffraction limit
[157]. Figure 16 shows an AFM typically consisting of the following [157]: the small spring-like
cantilever is supported by a holder; a piezoelectric element oscillates the cantilever. A sharp
(curvature of 1-2 nm) tip, usually made of silicon, is fixed to the free-end of the cantilever. The
detector records the deflection and motion of the cantilever. The sample is mounted on the sample
stage. A three-dimensional drive permits to displace the sample and the sample stage in x, y, and z
directions with respect to the tip apex. Although, Figure 16 shows the drive attached to the sample,
the drive can also be attached to the tip, or independent drives can be attached to both, since it is the
relative displacement of the sample and tip that needs to be controlled. The information is gathered
by “feeling” or “touching” the surface with a mechanical probe. Piezoelectric elements enable very
precise scanning thanks to accurate and precise movements on (electronic) command. According to
the configuration described above, the tip-sample interaction is transduced into changes of the motion
of cantilever, which is a macro scale phenomenon. Several different aspects of the cantilever motion
can be used to quantify the interaction between the tip and sample, most commonly the value of the
deflection, the amplitude of an imposed oscillation of the cantilever, or the shift in resonance
frequency of the cantilever. The detector of AFM measures the deflection (displacement with respect
to the equilibrium position) of the cantilever and converts it into an electrical signal. The intensity of
this signal will be proportional to the displacement of the cantilever. AFM is uniquely positioned to
provide structural, mechanical, and, when using conductive probes, electrical characterization of
graphene and related two-dimensional materials. Some of the utility of AFM simply derives from its
impressive height sensitivity. Going beyond simple topography measurements, there are a myriad of
mechanical and electrical characterization techniques that are based on the AFM’s cantilever [158].
In this work, AFM images were acquired using a Nanowizard Il (JPK Instruments, Germany)
mounted on an Axio Observer D1 (Carl Zeiss, Germany) inverted optical microscope. The scan rate
for the acquisition of images was 0.6 Hz. The samples were prepared by drop-casting the exfoliated
InSe flake dispersions onto mica sheets (G250-1, Agar Scientific Ltd., Essex, UK) and subsequently
drying them under vacuum overnight. Thickness statistic is fitted with log-normal distribution [117].
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Figure 16 - Layout of the main components in an AFM system [159].

3.6  Rheological measurements

Generally speaking, a printable ink should possess proper fluidic properties, specifically the most
suitable n and vy, depending on the considered application [160]. Moreover, the deposition can be
performed exploiting a variety of techniques. For these reasons, rheological studies of the inks must
be carried out in order to tune the fluidic properties on demand. In the case of 2d material-based inks,
the rheological properties can be controlled through both the selection of the solvents and the
parameters of the exfoliation process (e.g., sonication time, speed and time of centrifugation), and
they can be measured using a rheometer [96]. Different typologies of measurements can be carried
out. In peak—hold measurements, 1 is measured through a temporal range at fixed temperature and
shear rate. In flow—ramp measurements, 7 is instead measured as a function of shear rate at fixed
temperature. In temperature—ramp measurements, 1 is measured as a function of temperature at a

fixed shear rate.
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4 RADIO FREQUENCY ELECTROMAGNETIC DEVICES

From a classical and macroscopic point of view, an electromagnetic wave is generated by free charge
p and current density j distributions. Such interactions can be described by Maxwell’s macroscopic

equations [161]:

V- D(r,t) = 4np(r,t) Eqg. 11
V-B(rt) =0 Eq. 12
10 Eqg. 13

%4 XE(T,L') = —EaB(T,t)
Eq. 14

10 41
V xH(rt) = E&D(r,t) +T](r,t)

written in Gaussian units, where E is the electric field, D is the electric displacement field, H is the
magnetic field, B is the magnetic induction, and c is the speed of light in vacuum. By combining

Equations 11-14, continuity equation can be found [161]:

d .
5P + 7 - jr =0 Eq. 15

The dependence of polarization and magnetization inside a material on the electromagnetic field can
be expressed by the effects of the bound charge and current densities in matter, leading the so-called
constitutive relations expressed by D and B in terms of E and H [161]. In particular, in a homogenous,

isotropic, non-magnetic, and linear material, the constitutive relations can be expressed as

D(rt) = ﬂ (r — 1ot — to) E(r, ty) drodto Eq. 16

B(r,t) = H(r,t) Eq. 17
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where € (r — ro, t — to) is the dielectric function of the material [161].

4.1 Antennas

Wireless systems play an increasingly important role in society [162]. Whether used to assist in the
distribution and collection of large amounts of information or to make home entertainment systems
more affordable, wireless systems are becoming increasingly integrated into everyday activities
[162]. There is a wide range of antennas needed to interface with the commercial market. The growing
diffusion of wireless technologies such as Wi-Fi [162], Bluetooth [162], radio-frequency
identification (RFID) [163] and near field communication (NFC) [164] in handheld and portable
devices, e.g., mobile phones, PDAs, electronic wristbands [164], is pushing the research on scalable
production of low-cost and highly efficient antennas [162], [164]. A particularly appealing
application is their use for intelligent and smart packaging [165], package tracking [165] and tracing
[165]. Carbon-based conductive RFIDs are emerging as a viable alternative to the current metal-based
technology [164]. However, there are some key features to be addressed, and a compromise between
the various properties is necessary to ensure that the solution chosen works in the best possible way
[162].

411 Size

The size of the antenna and its overall impact on the surrounding environment are extremely
important for most wireless communication systems. Antennas must be unobtrusive and extremely
small, without compromise their performance (typically return loss bandwidth and gain) [162], [166].
Limits to the size of the antenna must be taken into account, so an efficient solution is required [162].
However, reducing the dimensions of the antennas can be very complicated (if not impossible) if the
antennas are planar [162]. Furthermore, for some applications (such as RF front-ends), the antennas

cannot be too small, because of the realization restrictions due to the supply network [162], [166].
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4.1.2  Integration

The ease of integration is a very important property in antenna technology. Generally, efficiency is
proportional to integration, which is very important for wireless applications in the high-frequency
microwave bands [162], [166].

4.1.3  Efficiency

Efficiency is a very important feature for any antenna. The dimensions and the material used to
implement the antenna are key factors that affect efficiency [162]. For printed antennas, low-loss
dielectric support substrate is required, particularly for high-frequency applications. Small antennas
can be developed thanks to dielectric substrates with high dielectric constant (high-¢) [162]. Low loss
high-& materials are needed since in general the loss-tangents (8) of high-& materials are higher than
their low dielectric constant counterparts and therefore the overall impact on radiation performance
can be severe [162], [166].

414 Bandwidth

The designed antenna must meet the bandwidth requirements for the wireless system [162], [166].
Although there is no universal definition that can be applied to all wireless systems, generally the
return loss bandwidth is defined as the frequency range in which the return loss is larger than 10 dB,
which means that less than 10% of the power is reflected in the RF circuits [162].

4.1.5 Polarization

The polarization of an antenna is an interesting issue [162]. Polarization is defined as the path traced
by the electric field vector as a function of time. There are three forms of polarization: linear, circular
and elliptic [162]. Linear polarization occurs when the phase difference of the components of the
electric field between them is 0° or 180°. Circular polarization occurs when there are two components
of the electric field, they are equal in magnitude and one of the components differs the other by 90°.
Circular polarization can be right-handed or left-handed, depending on the direction in which the field
rotates over time. Elliptical polarization occurs when the components of the electric field do not have
the same amplitude and arbitrary phase difference between them [162].
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4.2 Electromagnetic measurements

To describe the electrical behaviour in radiofrequency (RF) networks (such as antennas, lumped
elements and transistors), scattering parameters (Smn) are required [167]. In the S-parameter approach,
an electrical network is considered a "black box™ containing several components of interconnected
electrical circuits interacting each other through ports [167]. For example, in Figure 17 is shown a 2-
port network, where V" is the amplitude of the voltage wave incident on port n, V4~ is the amplitude
of the voltage wave reflected from port n and Za, Zg and Zc are the impedances of the network.

Figure 17 - A 2-port microwave network.

This network is completely characterized by a square matrix of complex numbers called the S-
parameter matrix, which can be used to calculate its response to the signals applied to the ports [167].

The S-parameter matrix, is defined in relation to the incident and reflected voltage waves as [168]:

V;]_[sll 512] [Vf] Eq. 18
Vy So1 S22l 1V;

Many electrical properties of component networks can be expressed using the S-parameters, such as
gain, return loss (S11), transmission coefficients (S12 and Sp1) and amplifier stability [167]. In the next
sections, basic concepts and techniques of antenna pattern measurement will be explained as well as
their benefits and drawbacks. The concepts relating to near-field and far-field pattern testing will be

discussed as well.
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4.2.1  Impedance Measurements

The impedance is fundamental to an antenna that operates at RF [167]. If the impedance of an antenna
is not "close™ to that of the transmission line, then very little power will be transmitted by the antenna
(if the antenna is used in the transmit mode), or very little power will be received by the antenna (if
used in the receive mode) [167]. Hence, without proper impedance matching network, the antenna
will not work properly. A Vector Network Analyzer (VNA) is a measuring tool that can be used to
measure the input impedance as a function of frequency. Alternatively, it can plot the S-parameters,
in particular the Si1 (return loss), that are frequency-dependent functions of the antenna impedance
[167].

4.2.2  Radiation pattern and gain

The polarization and antenna gain (for the fields radiated toward the test antenna) of the source
antenna are the measurements needed to determine the directional (angular) dependence of the
strength of the radio waves from the antenna and how well the antenna converts input power into
radio waves headed in a specified direction respectively [167]. Due to reciprocity, the radiation
pattern from the test antenna is the same for both the receive and transmit modes. Consequently, we
can measure the radiation pattern in the receive or transmit mode for the test antenna. It is possible to
measure the gain from the Sy1 parameter [167].

4.2.3 Phase measurement

Phase is an important feature to completely specify the antenna radiation pattern beyond the
magnitude of the power received or transmitted [167]. Phase measurements are made using S-
parameters, just like gain measurements. The phase is a relative quantity that must be measured
relative to some fixed reference [167]. The response signal can be either reflected or transmitted.
Assuming an accurate calibration has been performed, the difference in phase between the two signals
(known as phase shift) is a result of the electrical characteristics of the antenna under test (AUT)
[167].
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4.2.4 Polarization Measurements

Fundamental to an antenna radiation pattern is its polarization [167]. The polarization varies
depending on the direction of radiation from an antenna. To perform the measurement, the test
antenna must be use as the source and a linearly polarized antenna as the receiving antenna [167]. By
rotating the receive antenna, it is possible to record the power as a function of the angle and have the
information on the polarization of the test antenna [167].
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5 POWER SUPPLY DEVICES

In view of the implementation of an embedded device that can receive a signal from the sensor (e.g.,
photodetector) and send it from an antenna, it is necessary to feed the system and/or store the energy
through power suppliers such as batteries, solar cells or supercapacitors. In this context, thin and
printable devices must be designed to be integrated with the sensor and the antenna. The use of

supercapacitors and solar cells can be a valid solution to feed this kind of systems.

5.1  Supercapacitor

In order to supply power to the antenna-sensor system, lithium-ion (Li-ion) batteries can be a solution,
but their overall size combined with their limited capacity is a problem for this kind of application
[169]. Two possible FoMs that can be used to compare batteries and supercapacitors (SCs) are the
Energy Density (Eq) and the Power Density (Pqd). Eq represents the amount of energy that can be stored

within each kg of device [169]. In the case of electrochemical double-layer capacitors it is given by

Eq=1Q- V2 Eq. 19

where Q is the specific capacitance, expressed in Ah kg™ and V is the voltage applied to the SC. Eq
is expressed in Wh kg™. Py corresponds to the power that each kg of the device can produce during
the discharge. It depends on the current that the battery must supply. Usually Pq is expressed in W kg
!, To characterize the compromise between effective capacity and power handling it is possible to
relate Eq and Pq (Figure 18). For example, considering a device that is charged with Eq = 100 Wh kg
Lin 1 hour, if a connected load requires P4 = 100 W kg2, the device is discharged in 1 hour while if
the load requires 1 kW kg, the device lasts only 6 minutes. Commercially available batteries are in
the middle of this graph (Figure 18 in blue for Li-ion batteries and red for Ni-Cd and Pb-Acid
batteries), the typical time for their charge and discharge is around a few hours. A SC is defined as
an electrochemical capacitor with values of specific capacitance 2 to 5 orders of magnitude larger
than conventional capacitors [169]. This increase in capacitance is made possible by the formation of
electrostatic double layers directly at the interface between the electrolyte and electrodes with a high
specific surface area. Compared to electrolytic capacitors, SCs have lower voltage limits due to the

occurrence of electrochemical side reactions at high voltages, although with the use of anhydrous
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ionic liquid electrolytes the operating voltage can exceed 3.5 V [169]. Usually a SC stores 10 to 100
times more energy per unit of volume or mass than the electrolytic capacitors [169], it can accept and
supply much faster than the batteries [169] and it tolerates many more charge and discharge cycles
than rechargeable batteries [169] so as to bridge the gap between electrolytic capacitors and
rechargeable batteries. On the other hand, the SCs (Figure 18, green) could fill the gap between
batteries and capacitors which are chargeable and dischargeable in few ms [169]. The most interesting
feature of SCs is that they have high specific powers, but low specific energy compared to batteries.
Consequently, they are good for applications that require concentrated power in short time. In the

antenna data transmission scenario, SCs may be the best choice to feed the antenna-sensor system.

1000 —— QUL

3 100h 10h C 1h
B} Z
= Li-ion
£ 1ol
] - ]
2 ]
[
@
o
a Ni-Cd
E 10 2 Pb-Acid 36s 3
L X ]
1 10 100 1000
Power density (W/kg)

Figure 18 - Eq vs Pq plot of common energy storage devices. Data taken from Ref. [169]

5.2 Electrochemical measurements

In order to evaluate the SC performances, the cyclic voltammetry (CV) and the electrochemical
Impedance Spectroscopy (EIS) can be used [170]. CV is a three-electrode measurement in which the
potential of a test electrode, with respect to reference electrode, is swept cyclically at a constant rate
between two potential limits while allowing current to flow between the test electrode and a counter-
electrode [170]. The potential provides the driving force for reactions at the test electrode, while the
current is proportional to the rate of these reactions. CV identifies the presence of electrochemical

reactions and provides information on the reversibility of the reactions, the quantity of electroactive
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material on the electrode, and the stability of the electrode [170]. It is important to appreciate that the
CV response, for any electrode material, can appear very different depending on the sweep rate, the
geometric area of the electrode, and the roughness of the electrode, even though the electrochemical
reactions are unchanged [170]. EIS involves measuring the electrical impedance and phase angle
obtained with sinusoidal voltage or current excitation of the electrode [170]. The measurement is
made over a broad frequency range (typically < 1 Hz to 10° Hz), and the magnitude of the excitation
is sufficiently small that a linear current-voltage response is obtained at each frequency [170]. For
voltage excitation, the root-mean-square magnitude of the excitation source is typically ~10 mV, and

generally not more than 50 mV [170].
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6 (OPTO)ELECTRONIC DEVICES

Many methodologies for the characterization of conductive patterns, semiconductor and RF devices
have been developed over the years. This chapter presents some procedures to measure useful
parameters such as resistivity (p), sheet resistance (Rs), scattering parameters (Smn) radiation pattern
and gain, to characterize the devices shown in this thesis. Basic theory would be presented to help to

better understand the characterization process.

6.1 Photodetectors

A photodetector is a device that can convert a light signal into an electrical signal [171]. There are
two types of photocurrent generation mechanisms. One is related to the excitation of free carriers
following the optical transition, including the photovoltaic effect, the photoconductor effect and the
photogating effect [172]. The other is attributed to the thermal effect, including the
photothermoelectric effect (PTE) and bolometric effect [172]. High performance photodetectors play
important roles in many fields of our life, including electro-optical displays, imaging, environment
monitoring, optical communication, military and security checking [172]. Traditional photodetectors
such as silicon (Si) photodetectors [173] and InGaAs photodetectors [174], [175] continue to
dominate the commercial photodetector market due to their high performance, proficient integration
technology and large-scale production [172]. They work at room temperature (RT) in the visible and
near-infrared (IR) range [176]. However, high performance mid-wave infrared and long-wave
infrared photodetectors based on HgQCdTe [177] GaSb/InAs [178]-[180] and InSb [181] must operate
at liquid nitrogen temperature (77 K). Despite traditional 3D photodetectors are still widely applied
in our daily life, novel 2D layered material-based photodetectors have emerged. Thanks to the unique
electronic and optoelectronic properties of some 2D materials many achievements of 2D based
photodetectors have been reported, including physical flexibility [182], ultrahigh photoresponsivity
[183], ultrafast photoresponse [184], ultrabroad detecting band (from UV to terahertz (THz)
frequencies) [185], and ultrasensitive photodetection [186]. A particular type of photodetector is the
phototransitor. A phototransistor is nothing more than a Field Effect Transistor (FET) designed so
that light can reach the light-sensitive semiconductor. To better compare the performance of
photodetectors with different sizes and operating conditions, a set of figures of merit are defined. In

the following section these important parameters will be briefly introduced.
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6.1.1  Photoresponsivity (R)

Photoresponsivity is defined as the ratio between the photocurrent or photogenerated voltage to the
incident light power, expressed as:

Ri=I—PorR,,=‘%P Eq. 20

where P is the incident light power defined as P = I, S. I is the irradiance [W m] and S is the active
area of the device [172]. Photoresponsivity depends on the wavelength due to the semiconductor
energy gap and wavelength-dependence of light absorption. For commercially available
photodetectors, the response is typically from 405 to 1100 A W (@ 200-1000 nm) for Si [172],
[173], from 870 to 1700 A W (@ 200-2000 nm) for InGaAs [172], [175], and from 1100 to 3000 A
W1 (@ 1000-20000 nm) for HgCdTe [172], [177].

6.1.2  External Quantum Efficiency (EQE)

External quantum efficiency (EQE) is the ratio between the number of the collected charge carriers
(Nc) and the number of photons N; which illuminates the device that produces the photocurrent [172].
EQE can be expressed as:

EQE =Y = k¢ Eq. 21

N]_E/l t

where h is the Planck constant, ¢ is the speed of light, e is the electron charge, and A is the wavelength
of the incident light [172]. When the light illuminates the sample, only a part of the photons is
absorbed [172]. The number of absorbed photons can be expressed as N, = N;n,4, where n, is the
light absorption efficiency [172]. The internal quantum efficiency (IQE) is measured in a similar way

except that only the absorbed light power is used for calculation. Hence IQE is defined as IQE =
Ne

_ EeE
Y. o [172].
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6.1.3  Response Time and Cut-off Frequency

The response time is one of the important operating parameters of a photodetector [172]. It includes
the rise time 1r (and fall time tr) which are usually defined as the time measured from 10% (90%) to
90% (10%) of the net photocurrent after switching on (off) the light excitation [172].
Photoresponsivity depends on the light modulation frequency. As the modulation frequency
increases, the photoresponsivity decreases [172]. The frequency at which the photoresponsivity is
reduced to 0.707 Ro (3 dB - Ro is photoresponsivity measured under static illumination) is called the
cut-off frequency fc [172].

6.1.4  Photoconductive Gain (G)

Photoconductive gain is a feature to evaluate the number of generated multiple carriers from a single
incident photon [172]. A photogenerated electron or hole can circulate several times in the channel
and this phenomenon is related to a long life-time (tiife) and a short drift transit time (twan) and

determines the photoconductive gain [172]. The photoconductive gain produced by the long carrier

T life
Ttran’

life time is givenas G = The transit time depends on the applied bias voltage (Vbias), carrier

L2

mobility (1) and the length of the channel (L) and is given by 7,4, = [172].

bias

6.1.5 Noise Equivalent Power (NEP)

Noise equivalent power (NEP) is the minimum light signal power that determines in a photodetector
a ratio of signal to noise (S/N) of unity at 1 Hz bandwidth [172]. The NEP is regarded as the minimum
light intensity that can be detected or distinguished from the total noise (e.g., ambient induced noise,
internally generated noise) by a photodetector [172]. It can be expressed as:

NEPp =2 Eq. 22

N
R
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where in is the noise current spectra at 1 Hz bandwidth with units of A - Hz %%, R is the responsivity
of a device. Hence NEP has a unit of W - Hz %°, For a commercial Si detector, NEP is on the order
of 10 W - Hz %°[172].

6.1.6  Specific Detectivity (D*)

The sensitivity of a photodetector is represented by the specific detectivity [172]. It is one of the most
important figures of merit, which, for a better comparison among detectors, excludes the influence of

bandwidth, geometry, and area of device [172]. Specific detectivity is defined as:

D=5 Eq. 23

where S is the active area of device and NEP is defined above. D* is measured in cm Hz%% - w1
(Jones). In a commercial Si photodetector, D* is on the order of 10*2 Jones [172]. For other
commercial detectors, the D* of InGaAs is on the order of 102 — 10 Jones, [86, 87] 10** for
HgCdTe, 10% for HgCdTe, [9] and 104 for GaN/AIGaN [86].

6.2 DC electrical measurements

In order to measure the electrical resistivity, Two Probe (TP) and Four Probe (FP) methods can be
used. Many factors affect the suitability of these methods, i.e. two important parameters to take into
account are the contact resistance and shape/dimension of the sample. TP configuration is one of the
standards and most commonly used method for the measurement of resistivity of very high resistivity
samples (near insulators) and it is the simplest configuration to measure resistivity. VVoltage drop (V)

across the sample and current (I) through the sample are measured. In this way, resistivity is defined
as p = %, where V is the voltage probes, A is the cross-sectional area of the sample under

measurement, | is the current flowing through it and L is the length of the sample. On the other hand,
FP configuration is the most widely used method for resistivity measurements. FP sensing is used to
measure sheet resistance of thin films (particularly semiconductor thin films) [187]. This technique

uses separate pairs of current-carrying and voltage-sensing. Separation of current and voltage
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electrodes eliminates the lead and contact resistance from the measurement [187]. This is an
advantage for precise measurements, especially in materials having low resistance [187]. Current (1)
that passes through the outer probes induces a voltage drop (V) between the two inner probes (Figure
19). When the probe spacings are equal and small compared to the lateral dimensions of the sample

being measured, the voltage difference between the inner probes may be defined as [188]:

V ="In(2) Eq. 24

giving:

Y T - Eq. 25
Ry =7 e V/I x 4,53 q

Rs measurements need to be carried out avoiding the sample edges in order to verify the

approximation of the four-probe method.

Figure 19 - Four-point measurement of resistance between voltage sense connections 2 and 3. Current is
supplied by connections 1 and 4.
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6.3 Photodetector characterization

A photodetector can be characterized in dark condition by performing a DC electrical measurement.
In the case of FET photodetector, a standard FET characterization is used. In order to determine the
performance of the FET, DC Parameters are important features to consider. Breakdown voltage and
leakage current are two common parameters that are normally characterized [189]. Breakdown
Voltage indicates the voltage at which “avalanche breakdown” and “thermal runaway” take place.
The leakage currents indicate currents within the safe operating region of reverse voltage [189]. To
define, determine and understand the basic parameters of a transistor operation within an electrical
circuit, a set of curves called 1-V Characteristic Curves are used. The current through the channel is
defined as [189]:

V
I'=pWC,(Vs—Vr) 25/, =q. 26

assuming Vps << Vr in which Vps is the drain-source voltage, V' is the threshold voltage and Vs is
the gate-source voltage [189]. W is the device width, u is the charge carrier mobility and C; is the
gate oxide capacitance per unit area. The ability of FET to amplify the signal is given by the

output/input ratio (transconductance), g,, = dI/dV;s [189].

&)

Figure 20 - FET measurement setup.
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For FET photodetectors, in case of light condition, it is possible to perform the same characterization
seen with the dark condition but with both persistent light signal or ON-OFF transitions at different
wavelengths [172]. It is possible to examine the amount of current flowing through the photodetector,

depending on the value of light intensity [172].
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7 DEVICE FABRICATION TECHNIQUES

7.1  Deposition techniques

The following section introduces the coating / printing techniques. Nowadays, a major research effort
is needed to find suitable nanomaterials and optimize printing processes for low-cost applications.
For electrical applications, for example, it is necessary to optimize the electrical, optical and
mechanical properties of the printed material in view of low-cost and large-scale production, besides

the biocompatible properties in the case of wearable applications.

7.1.1  Spray coating

Spray coating is a typical industrial coating technique used for fast deposition of inks on both rigid
and flexible large area (> several cm) substrates [136], [190]. The spray coating technique consists in
spraying the ink by applying pressure through a transporting gas (i.e., nitrogen). Thus, an aerosol is
formed when the pressurized ink passes through a nozzle [190]. Despite the process is simple, the
subsequent drying process needs many processes and many parameters, such as the » and polarity of
the solvent, the flow rate, the distance substrate/spray-nozzle, must be fine-controlled in order to
obtain a uniform film [190]. The nature of the solvent is another critical parameter in the spraying
process because its evaporation rate determines the homogeneity of the deposition on the substrate
surface. In solvents with high vapor pressure solvents (i.e., isopropyl alcohol — IPA, and toluene — >
20 mmHg @25°C), a faster solvent evaporation is promoted, and a more uniform deposition is
obtained, increasing the final devices performance. On the other hand, in the case of solvents with
low vapor pressure such NMP (0.5 mmHg @25°C), a higher substrate temperature is needed, and
spray coating does not allow a reproducible deposition of material due to the coalescence of the
aerosol droplets on the substrate before they evaporate [190]. A non-uniform coating is also given by
small nozzle size and low pressure due to the low flow regime, formed by scattered droplets on the
substrate. On the contrary, high deposition rates determine the formation of a continuous film coating
[190]. The substrate-nozzle distance is another important parameter for obtaining a uniform coating
during the deposition process [190]. If this distance is small, the ink already deposited onto the
substrate could be removed by the incoming flow. On the contrary, if the substrate/nozzle distance is

too high, the solvent evaporates before reaching the substrate.
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7.1.2  Inkjet printing

Inkjet printing is an ideal technique to print low-cost electronic components on both rigid and flexible
substrates [191] as demonstrated for several applications including thin field-effect transistor (TFT)
[192], light emitting diodes (LEDs), (opto)electronic devices such as sensors, [193], photovoltaics,
[194] and capacitors. Up to date, several attempts have been made in order to develop inkjet-printed
devices. For example, Coleman’s group shows a TFTs with organic semi conductive inks, but the
electron mobility is still very low compared to the one achieved with silicon (i < 0.5 cm?V1s™).
Carbon nanotubes (CNTSs) or metal nanoparticles have been used to overcome this problem, but there
are various limitations which are mainly represented by an instability of the inks or from undesired
chemical reactions, such as oxidation [96]. Graphene and other 2D materials seem to be ideal
candidates for further developments in this field [134], [191]. In the inkjet printing process, small ink
droplets (e.g., 50-80 um diameter), ejected from a print-head nozzle, are applied onto the target
substrate with high spatial precision [140]. It is possible to adjust the voltage waveform acting on the
transducers that cause the ejection of the ink from each individual nozzle, according to the rheological
properties of the liquid or the size of the particles in suspension. During an inkjet process, regular
jetting and the impact velocity of the droplet (i.e., 5-10 ms™) onto the substrate influence the final
resolution of the printed feature [140]. In addition, an appropriate distance nozzle-substrate (e.g., 1-3
mm) together with a good wetting and adhesion [96] to the substrate are other requirements for
optimal printing. A typical printer used for the printing of electronic applications is the Fujifilm
Dimatix shown is Figure 21. It is composed by a platen on which the printing substrate is positioned,
being designed to handle flexible films as well. A vacuum system holds the material securely,
ensuring adhesion. A maximum temperature of 333K can be set to assist the evaporation of the
solvent. A fundamental element of the printer is the print carriage, which is the moving constitutive
component of the device, on which a cartridge is mounted; the cartridge can be filled with 0.2-1.5 mL
of ink. In the cartridge, there are 16 silicon nozzles arranged in line and connected to a microfluidic
circuit, where the liquid is pumped by a piezoelectric actuator causing the ejection of the ink at a
velocity of 5 pL per second. The nozzle diameter is 21.5 um and the nozzle-nozzle distance is 254
pum. It is possible to set the z-axes printing distance between the cartridge and the substrate (usually
setat 1 mm). A fiducial camera is mounted in the print carriage; in order to orientate the print carriage,
thus providing an image of the substrate when printing. It is also possible to set the reference points
that can be memorized in the software and used if the substrate needs to be removed. This allows the
possibility to set the printing origin. On the printer there is also the maintenance station (Blotting

Pad), in which the cartridge holder is placed in a default position when it is not operating and where
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the nozzle cleaning cycles are performed. The cleaning cycles of the nozzles are of great importance
and to do this it is necessary to use a pad. The obstruction of the printing nozzles is one of the problems
affecting the uniformity of the print. To prevent this, the recommended size of the flakes in suspension
is estimated to be maximum 1/50 of the diameter of the nozzle [96]. Finally, a drop watcher gives a
real-time view of jetting nozzles, which allows to select the nozzles that have a regular jetting and
optimize the parameters. Different kinds of fluids are jettable with this device (from aqueous and
solvent based fluids to particle suspensions) within a ) range from 2 to 30 mPa-s [195] and a Z number
from 1 to 14 [96], [134]. With the help of the Fiducial Camera and of the software provided, different

patterns can be set, such as spots, lines or films [196].

Figure 21 - Dimatix Materials Printer DMP-2800 [197].

7.1.3  Screen Printing

In the screen-printing technique a mesh is used to transfer the paste to be printed onto a substrate
[136]. The screen is composed of an interlaced mesh of synthetic fabric or steel mesh, which is
combined with a masking material called a stencil that defines the areas where the ink should be
transferred [136]. There are several mesh counts that can be used based on the detail of the design to
be printed. When the screen is ready, a blade or a squeegee is moved on the screen to fill the open
mesh with the paste [136]. This causes the paste to wet the substrate and then be removed from the
mesh during the inverse passage when the screen returns after the blade has passed [136]. The final

thickness of the print, t, is determined by the following relationship [136]:

t = Vscreen kp Eq. 27

Do
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where ¢ is the concentration (g cm3) of the solid material in the ink, p is the density (g cm3) of the
material in the final film, k,, is the pick-out ratio (which depends on parameters such as squeegee
force, printing speed, and snap-off angle/distance), and V;,,eer, IS the volume of the ink per area of

open screen (cm® m~?) [136].

7.2 Microfabrication processes

Microfabrication is the process of fabricating miniature structures of micro- and nano- scales. To
fabricate a device, many and repeated processes must be performed. These processes typically include
depositing a photoresist film, patterning the film with the desired features, and removing (or etching)

portions of the film.

7.2.1  Preparation

In order to promote the resist adhesion, substrates must be previously cleaned by ultrasonication in
acetone and isopropanol (IPA) [198], [199]. A spin coater is used to deposit the photoresist on the
substrate. There are various recipes for obtaining a photoresist layer of the desired thickness provided
by the producer of the photoresist and in the literature [198]. The typical parameters to be set on the
spin coater are the type of photoresist to be used, the rotation speed, the acceleration and the process
time [198]. As a rule of thumb, a thinner resist film usually improves resolution. Positive photoresists
also improve resolution compared to negative photoresists [198]. The deposited resist is baked to

drive off any remaining solvent before being exposed to intense UV light or to electron beam [199].

7.2.2  Photolithography

UV lithography is a micro-fabrication process used to transfer a geometric pattern from a photomask
to a light sensitive polymer-film (photoresist) deposited on the substrate [198], [199]. Quartz masks,
transparent to UV, are coated with chromium. Chromium is opaque to the UV light, blocking it from
irradiating the resist where present. The process is relatively quick and easy [198]. The exposure to
UV light causes a chemical change in the exposed areas which allows removal of the polymer by an

alkaline corrosive developer solution (e.g., AZ303 developer) exposing underlying substrate [198],
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[200]. Care must be taken at this point not to over or under develop the sample which will lead to
either patchy electrodes or else short them out [198], [199]. Metal can then be deposited on the
sample, followed by lift-off in another solvent that depends on the resist used, to leave behind the

desired metal pattern. The maximum pattern resolution depends by the diffraction limit of the system.
For UV light the diffraction limit is defined as d = —— where A is the wavelength (i.c., Auv = 100-

400 nm) and NA is the numerical aperture [198], [199].

7.2.3  Electron-beam lithography

Electron beam lithography (EBL) is the practice of drawing custom shapes on a surface covered by
the photoresist thanks to a focused electron beam [201] in ultrahigh vacuum. The electron beam
changes the solubility of the resist, allowing the selective removal of the exposed or unexposed
regions of the resist by immersing it in a solvent (under development) [202]. The purpose, as for
photolithography, is to create micro- and nano- structures but unlike the latter technique, the
diffraction limit is much lower due to the electron wavelength is smaller than that of the UV photons,
achieving sub-10 nm resolution [202]. On the other hand, among the disadvantages, EBL has a low
throughput, limiting its use to the manufacture of photomasks [202], to the low volume production of

semiconductor devices and to research and development.

724 Metallization

Metallization is the general name for the technique of coating metal on the surface of objects [203].
Vacuum metallization involves heating the desired metal to its melting point in a vacuum chamber,
then letting condensation of vaporized metal on the substrate's surface [203]. Alternatively, metal
films of higher roughness can be deposited by sputtering a metallic target with energetic ions and
exposing the sample to the beam of sputtered metal atoms [203]. Many processes are possible to melt
the metals. In the case e-beam metallization, the electrons are generated by a heated filament,
extracted and directed to the metal under a high vacuum [203]. The kinetic energy of the electron
beam is transformed into thermal energy when in contact with the metal, resulting in a concentrated
heat source for melting [203]. Low pressures are needed to allow molecular flow conditions for the
metal vapours so that the film forms uniformly on the substrate [203]. The vacuum system consists

of a compression pump and a turbomolecular pump to reach pressures in the order of 107 Torr to

60




allow passage of electrons from the electron gun to the evaporation material. A magnetic field is used

to direct the electron beam from its source to the ingot location.
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8 2D CRYSTAL-BASED INKS FOR ELECTRONIC DEVICES

This chapter provides a detailed morphological and structural characterization of 2D crystal-based
inks (graphene pastes for antennas and supercapacitors and InSe-based ink for photodetectors). The
samples were produced using both sonication-assisted and WJM-assisted LPE. Several techniques
have been used to study the physical and chemical properties of crystals. The morphology was
evaluated in terms of lateral dimensions (TEM) and thickness (AFM) while the structural properties
were carried out by Raman spectroscopy. Furthermore, a rheological study has been required to
evaluate the suitability of 2D crystal-based inks for the application under consideration. The
information obtained from the characterization techniques allow a complete evaluation of the

properties of the materials, providing an in-depth understanding of their morphological properties.

In this thesis, exfoliation of graphite in N-methyl-2-pyrrolidone (NMP) by WJM has been performed
in order to obtain the graphene dispersion used in my applications. A mixture of the bulk layered
crystals (200 g of graphite flakes +100-mesh from Sigma Aldrich) and the solvent (20 L of NMP,
Sigma Aldrich) was prepared. The mixture was placed in the container and mixed with a mechanical
stirrer (Eurostar digital lka-Werke). For the +100-mesh graphite the 0.30 mm nozzle aperture was
used. The piston-pass, defined as the number of times the piston was charged and discharged with
solvent/layered crystal, was set to 1000 passes (10 mL per pass). The processed sample was then
collected in a second container. The wet-jet milling process was repeated passing the sample through
the 0.15 mm nozzle. Finally, the nozzle was changed to 0.10 mm diameter and a third exfoliation step

was carried out.

Single-/few-layer graphene
(WJM-graphene) + NMP

Piston Nozzle Chiller prap—

_ tigram = 2.55 min
[T WET JET MILLING GRAPHITE EXFOLIATION Vigam=0.1L
Yy ~100 %.

Figure 22 - Schematic illustration of the production of single-/few-layer graphene by wet-jet milling (WJM)
exfoliation of graphite (WJM-graphene) [119].
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On the other hand, B-InSe single-crystals, produced by modified Bridgman-Stockbarger method [72],
are exfoliated by ultrasonicated-assisted LPE followed by SBS, in IPA (ACS Reagent, > 99.8%,
Sigma-Aldrich). The choice of IPA as a solvent is due to its nontoxicity and low boiling point, aiding
the material processing and deposition [204]. Additionally, IPA has been successfully used to
exfoliate other layered crystals such as GaS [67], [205], GaSe [205], and TMDs [110]. 40 mg of p-
InSe single crystals have been pulverized in a mortar and ultrasonicated in a sonic bath (Branson 5800
cleaner, Branson Ultrasonics) for 6 h, after the addition of 20 mL of IPA. During the ultrasonication
process the bath temperature has been kept in the 25 - 35 °C range. Sonication and ultra-centrifugation
at 1000xg of B-InSe single-crystals are performed to obtain a stable dispersion of exfoliated -InSe

flakes.

8.1  Graphene-based pastes for printed bow-tie antennas

In order to develop a light, cheap and low-energy consuming antennas, graphene is a suitable
candidate thank to its unique properties (see Graphene properties at page 12). In fact, metals are
expensive [206] and metal production and processing activities can cause significant pollution. The
production and processing of metals can cause air pollution, diseases related to the presence of waste
products, and contamination from accidental chemical spills. Therefore, new technological solutions
would be needed to replace metal circuits with disposable and environmentally friendly materials
[206]. From the point of view of the materials used, an alternative to metal-based antennas is the use
of conductive graphene-pastes due to their low cost, their low toxicity compared to many metals (for

example, nickel [207]) and their stability over time.

8.1.1  Graphene-based ink production and characterization

Firstly, a few layer graphene (FLG) dispersion in N-methyl pyrrolidone (NMP) is produced by WJIM-
assisted LPE. The flake lateral size and thickness are analysed by TEM and AFM respectively.
Examples of TEM and AFM images, as well as the results of the corresponding statistical analyses
on flake lateral size and thickness, are reported in Figure 23. From lateral size and thickness statistics
it is found that flakes are 460 nm large (Figure 23b) and 1.6 nm thick (Figure 23d). Although the
thickness of SLG is ~ 0.3 nm [208], we need to consider its interaction with the substrate interface
resulting in an AFM thickness of ~ 0.9 nm when deposited on a SiO> substrate [209]. Therefore, the

thickness value obtained validates the predominant presence of FLG in the dispersion. The structural
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properties of the produced flakes are also characterised by Raman spectroscopy to confirm the flake
thickness and get information about the presence of defects. The Raman spectrum of graphene
presents characteristic features (see Raman spectroscopy at page 31).
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Figure 23 - a) Representative TEM image of graphitic flakes obtained by LPE and b) corresponding
statistical analysis of the lateral size distribution. c) Representative AFM image of the graphitic flakes and d)
AFM statistical analysis of the thickness distribution [210].

Figure 24a shows a typical Raman spectrum of FLG (light blue line) produced as shown above as
well as the starting graphite spectrum (dark blue line) for comparison, while the Figure 24b shows

that the dispersion is mainly composed of FLG flakes.
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Figure 24 - a) Raman spectra of graphite and of the as-prepared sample. The most typical Raman modes of
graphite and graphene are indicated. b) Plot of the intensity of the 2D, component vs 2D,. In graphite
samples 2D is twice as intense as 2D1, while in SLG the 2D; intensity is negligible [210].
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This result validates the result of the AFM analysis. Although exfoliation with NMP is very
advantageous in terms of yield, stability and concentration [118], its use is strictly regulated due to
its teratogenic effects. Currently, it is listed in the ECHA’s Candidate List of substances of very high
concern and in 2017 EPA limited its use in paints and coatings [211], [212]. As a result, the use of
NMP must be limited due to safety measures and pollution control. In this work, its use has been
limited only in the exfoliation phase and a FLG powder has been produced using the process described
in the following section.

8.1.2  Paste production and characterization

Initially, the FLG dispersion obtained by LPE has been dried by means of a rotary evaporator
(Heidolph Hei-vap precision) at 70°C and 2 mbar. The obtained suspension is then washed with
acetone and dried again in the rotavapor at 40°C and 400 mbar. The resulting dry crust is then
dispersed again in dimethylsulfoxide (DMSO) and the resulting suspension is lyophilized (Martin
Christ, Alpha 2-4 LDplus) to obtain a graphene powder. The higher melting point of DMSO (19°C)
and its lower boiling point (189°C) [204] make it more suitable for lyophilization than NMP (melting
and boiling points -21°C and 202°C, respectively) [204]. The powder obtained by freeze-drying is
gradually mixed with a commercial acrylic overprint varnish (Hydrolac 610 L, Eston Chimica). For
a better homogeneity the mixture has been kept under stirring during the mixing process. The
concentration of graphene in solution is 115 g L. Finally, 25 g of commercial silver (Ag) solvent-
based ink for flexographic printing (Sun Chemicals, silver T312) are added to the acrylic-based
graphene-based ink to further increase its conductivity. During this phase, the viscosity was reduced
compared to the original mixture, adding 50 ml of IPA. The results of the rheological characterization
of all inks are shown in Figure 25a. All the measurements were performed with a rheometer equipped
with a concentric cylinder geometry (TA Instruments HR-2). The FLG dispersion obtained from
WJM is about two orders of magnitude less viscous than the silver ink used in flexographic printing
(2.4 mPa s and 0.20 Pa s at 100 s, black and blue lines, respectively) while the overprint varnish
viscosity is only slightly lower than that of the silver ink (~ 0.16 Pa s, green line). The graphene/silver
mix and the commercial silver ink show a very similar viscosity for shear rates between 20 and 200
st The solid content of both the commercial and the FLG/Ag inks are estimated by
thermogravimetric analysis (TGA). The TGA was performed using a TGA Q500-TA instrument. The
samples are heated from 30°C to 800°C at the heating rate of 10 °C min! under nitrogen atmosphere

(N2 flow rate 50 ml min™).
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Figure 25 - a) Viscosity of the different inks used, as a function of the shear rate. The FLG dispersion
obtained by WJM is shown in black while blue, green and red lines represent the commercial silver ink
(T312), the acrylic overprint varnish (Hydrolac 610 L), and the final FLG/silver ink, respectively. b) Weight
percents (solid lines) and derivative weight percents (dashed lines) estimated by TGA, as a function of
temperature. Blue and green lines represent the commercial silver ink and the acrylic overprint varnish,
respectively, while the graphene/silver ink is shown in red [210].

The measured weights and their derivatives are shown in Figure 25b as a function of temperature,
while the residual solid contents at 750°C are reported in Table 1, column 1. Data reported in Table
1, column 2 shows that the ratio between silver and FLG is ~ 14.8% by weight. From the data it is
possible to estimate the solid content of FLG/silver ink. In fact, solid content of Hydrolac 610L is 39
+ 1% by weight, while the percentages by weight of silver and FLG in dry printing they are ~ 3.1%

by weight% and 21.1% by weight respectively, so FLG/silver ink is ~ 45.5% (see Table 1, columns
3-4).

Table 1 - Ink composition and dry content estimated by TGA

?gi?cé(c)cogt)ent Ink formulation ::gl:]f:r::d Dry content
Hydrolac 610L 1.0 wt% 1060 g (88.3wt%) 34.5wt% 75.8 wt%
T312 68.2 Wt% 259 (2.1wWt%) 1.4 wt% 3.1 wt%
WJIM Graphene -- 115¢g (9.6 wt%) 9.6 Wt% 21.1 wt%
FLG/silver ink 11.8 wt% 1200 ¢ (100 wt%)  45.5 wt% 100.0 wt%
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8.2 Graphene-based pastes for screen-printed supercapacitors

Scalable production of materials for their application on supercapacitors, as well as the
implementation of high-performance production techniques, is crucial for their diffusion. WJM has
been used to produce graphene ink to be used for screen-printed SCs on flexible substrates. The
formulation of aqueous alcohol graphene inks, as well as the addition of single walled-carbon
nanotubes (SWCNTSs), allows for the screen printing of interdigitated structure on plastic substrate

for metal-free, flexible, solid-state and washable SCs.

8.2.1  WJM graphene dispersion production and characterization

By processing graphite through WJM, graphene dispersion has been obtained as nanostructured active
material for supercapacitors. The lateral size and thickness of the as-produced WJM-graphene
dispersion have been characterized by means of TEM (Figure 26a) and AFM (Figure 26¢) finding
irregularly shaped (Figure 26a) and nm-thick flakes. Statistical analysis indicated flakes with a
thickness of ~ 1.1 um and a lateral size of ~ 3.2 nm. Raman spectroscopy characterization has been
carried out in order to evaluate the structural properties and the quality of the as-produced WJIM-
graphene dispersion. Figure 27 shows the comparison between the Raman spectra of the graphite

taken as a reference and WJM-graphene.
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Figure 26 - (a) TEM image and (b) statistical analysis of the lateral dimension of WIM-graphene (acquired

on 80 flakes). (¢) AFM image and (d) statistical AFM analysis of the thickness of the WIJM-graphene
(acquired on 80 flakes) [119].
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From Figure 27 it is possible to see that the intensity of D and D’ bands in WJM-graphene is bigger
than the intensity in graphite. Moreover, Raman statistical analysis shows that 1(D)/1(G) ranges from
0.1 to 1.2 for WIM-graphene, while in graphite 1(D)/1(G) approaches to 0 (Figure 28a). For WJM-
graphene, Pos(G) and FWHM(G) range from 1578 to 1583 cm (Figure 28b) and from 14 to 25 cm"
! (Figure 28c), respectively.
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00 1500 2600 2’70? 2800
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Figure 27 - Comparison between the Raman spectra of the graphite (black) and WIJM-graphene (orange),
with their multi-peak Lorentzian fitting showing the contribution of the individual modes (black line: 2Dy;
red line: 2Dy) [119].

The plot of I(D)/1(G) vs. FWHM(G) (Figure 28d) shows the absence of any correlation, which means
that the WJM process has not induced in-plane defects [213], [214]. The normalized intensity ratios
1(2D1)/1(G) vs. 1(2D2)/1(G) gives a view of the flakes thickness (Figure 28e). The dashed line
1(2D1)/1(G) = 1(2D2)/1(G) in Figure 28e roughly represents the multilayer condition. These results,
together with the AFM measurements, confirmed that WJM-graphene is enriched in single-/few-
layers graphene flakes. The chemical composition of the WJM-graphene has been determined by X-
ray photoelectron spectroscopy (XPS) measurements. Figure 29 reports the C 1s spectrum of WIM-
graphene, which can be decomposed into different components. The main one peaks at 284.4 eV and

is referred to sp? carbon with the corresponding feature due to m-n* interactions at 290.8 eV.
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Figure 28 - Raman spectroscopy measurements analysis for WJM-graphene. Statistical analysis of: (a)
I(D)/1(G). (b) Pos(G) and (c) FWHM(G). (d) Plot of I(D)/I(G) vs. FWHM(G). (e) Plot of 1(2D1)/1(G) vs.
1(2D2)/1(G). The dashed line 1(2D1)/1(G) = 1(2D2)/1(G), representing the multilayer condition (~5 layers), is
also shown [119].

A second component, centred at 284.8 eV, refers to the sp® carbon and is due to flake borders and
solvent residuals. Two other weak contributions, equal to ~10 % of the total carbon amount, can be
ascribed to C-N and C=0 groups (peaks at binding energies of 286.3 eV and 287.7 eV, respectively)
[215], [216]. Likely sp® carbon, these nitrogen and oxygen groups come from residual NMP

molecules [215]. These results confirm that high-quality graphene flakes are effectively obtained by
WJM, in accordance with the previous analysis.
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Figure 29 - C 1s XPS spectrum of the WJM-exfoliated. Its deconvolution is also shown (dashed black line),
evidencing the bands ascribed to: C=C (red line), C-C (orange line), C-N (magenta line), C=0 (navy line),
-* (olive line) [119].
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8.2.2  Paste production and characterization

Screen printing technique requires careful tailoring of the viscosity and surface tension of the ink
formulation in order to provide non Newtonian fluids with pseudoplastic and thixotropic properties
[217], [218]. The latter allow the ink to be optimally transferred on the substrates, with the ink only
flowing only when sheared by the squeegee and minimal spreading once printing [217], [218].
Furthermore, the ink must be sufficiently volatile in order to facilitate the drying and curing process
of the printed device, potentially improving the process productivity (i.e., the ultimate profitability),
[217], [218] retaining the ink viscosity [219], [220] during the printing as well as avoiding the so-
called “drying-in effect” (i.e., the drying of the ink in the mesh) [219], [220].

Then, in order to obtain a printable ink, the as produced WJM-graphene was dried and re-dispersed
in a mixture of H,O/EtOH (70:30) and terpineol (1 wt%) (solvent exchange process) [221] with a
concentration of 80 g L. Terpineol was used for adjusting the ink surface tension to suitable values
for printing on plastic substrates, in agreement with previous reports on graphene-based ink [196],
[222]. The addition of SWCNTSs (25 wt%) into WJM-graphene ink was also evaluated as active ink.
The SWCNT were prepared by dissolving as-purchased SWCNTSs in EtOH at a concentration of 10
g L1 using ultrasonication based debundling. The dispersion was sonicated using a horn probe sonic
tip (Vibra-cell 75185, Sonics) with a vibration amplitude set to 45% and a sonication time of 30 min.
The sonic tip was pulsed at a rate of 5 s ON and 2 s OFF to avoid damage to the processor and to
reduce any solvent heating. An ice bath was used during sonication in order to minimize heating

effects.

8.3 InSe-based inks for photodetector devices

In order to evaluate the concentration of the dispersed B-InSe flakes, optical extinction measurements
have been performed using a Cary Varian 5000 UV-Vis. Exfoliated B-InSe flake dispersions in IPA
were diluted 1:10 with the pure solvent. The extinction spectra of the pure IPA (baseline) has been
subtracted from the sample spectrum. Figure 30 shows a typical B-InSe extinction spectrum. It is
characterized by two picks at ~ 275 nm and at ~ 360 nm. They are related to the maxima in the
imaginary part of the dielectric function connected to the direct transitions from the valence band to
the conduction band [223]. The concentration of the dispersion is estimated by the Beer-Lambert law,
with ¢ =580 L gt m™* @ 600 nm [224], obtaining a concentration of 0.11 g L.
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Figure 30 - Extinction spectrum of the S-InSe sample.

Morphological, chemical and structural analyses as well as the elemental composition and lattice
structure analysis of B-InSe have been evaluated. Representative TEM and AFM images for -InSe
are reported in Figure 31a and Figure 31b, respectively.

a b

200 nm

Figure 31 - a) Representative TEM image of an isolated B-InSe flake; b) Representative AFM image of an
isolated [5-InSe flake [225].

Samples for the TEM measurements have been prepared by drop-casting the exfoliated InSe flake
dispersions onto carbon-coated Cu grids with successive drying under vacuum overnight. From
statistical analysis, fitted by a log-normal distribution [117] (Figure 32), it is found that B-InSe flakes
have a lateral size of ~ 113 nm (c = 0.84) and a thickness of ~ 4 nm (o = 0.54). Therefore, according
to a B-InSe monolayer thickness of about 0.9 nm [226], single/few-layer B-InSe flakes are actually

produced with a Se—In—In—Se structure.
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Figure 32 - a) Lateral size and b) thickness statistical analyses for [-InSe flake dispersion [225].

XRD measurements (Figure 33) confirm the presence of hexagonal B-InSe, both for bulk and for
exfoliated samples, having calculated lattice parameters of a = b = 4.005 + 0.004 A and ¢ = 16.660 +
0.004 A. The crystal structure has been characterized by XRD using a PANalytical Empyrean with
Cu Ka radiation. The samples for XRD have been prepared by drop-casting exfoliated InSe flake
dispersions onto Si substrates and drying them under vacuum. 3 -InSe bulk crystals present only peaks
belonging to the plane family (00I), indicating the presence of crystalline flakes that are highly
oriented along the ¢ axis. On the other hand, the exfoliated B -InSe flakes, show planes with different
orientations (e.g., 010, 011 and 110). This is due to disordered arrangement of the nanocrystals, while
a strong preferential orientation of the (001) plane is still present.
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Figure 33 - XRD spectra for bulk -InSe (blue trace) and exfoliated [-InSe (red trace) samples [225].

The absence of other chemical species, (e.g., In2Ses, In.03) that could have been formed during the

exfoliation process or during exposure to atmosphere has been demonstrated by Raman spectroscopy
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measurements as shown in Figure 35. Exfoliated B-InSe flake dispersions have been drop-casted on
Si/SiOz substrates and drying them under vacuum. The spectra were fitted with Lorentzian functions.
Six Raman active vibrational modes (2A1g, 2E1g, El2g, A2u - Figure 35) [224] have been found in
both bulk and exfoliated -InSe samples. The data confirms the absence of polymorph crystals. Peaks
related to other In and Se compounds or oxidized phases are not present, suggesting that the exfoliated

flakes keep their crystalline integrity.
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Figure 34 - X-ray photoelectron spectroscopy characterization of bulk (top) and exfoliated (bottom) /4-InSe
nanoflakes. The In 3d XPS region in the a) bulk and d) exfoliated material is characterized by a spin-orbit
split doublet with components (3d5/2,3d3/2) at 445.1 eV and 452.7 eV. We observe a 0.2 eV increase in the

width of the peak (FWHM) in the exfoliated material, that can be ascribed to slight oxidation and small
fraction of defects, although we could not resolve more specific features of these species. The In MNN Auger
region shows comparable structure in the b) bulk and e) exfoliated sample, confirming that the chemical
state of In is not significantly perturbed by liquid phase exfoliation in IPA. Similarly, the Se 3d XPS region in
the ¢) bulk and the f) flakes shows 3d5/2 and 3d3/2 components at 54.5 and 55.3 eV respectively, with a ~0.2
eV increase of the lineshape in the exfoliated sample. We did not detect oxidized Se species.

These conclusions are also supported by X-ray photoelectron spectroscopy (XPS) spectra of the In
3d and Se 3d regions (Figure 34), showing only a 0.2 eV broadening of the peaks in the exfoliated
material, indicative of a minor increase in defects and oxide species compared to the bulk, and the
XRD patterns shown in Figure 33, which agree with the diffraction of B-InSe (Dasen Symmetry,
P63/mmc space group, ICDD 98-018-5172). The XPS analysis has been performed on a Kratos Axis
UltraDLD spectrometer at a vacuum better than 108 mbar, using a monochromatic Al K o source

operating at 20 mA and 15 kV and collecting photoelectrons from a 300 x 700 pm? sample area. Wide
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spectra were acquired at pass energy of 160 eV and energy step of 1 eV, while high-resolution spectra
of were acquired at pass energy of 10 eV and energy step of 0.1 eV. The samples were prepared by
drop-casting the dispersion of InSe nanoflakes on Au-coated Si chip in N2 atmosphere while heating
the substrate to 60°C. Bulk InSe crystals were sticked on conductive carbon tape and cleaved prior

analysis. The samples were transferred to the XPS chamber in inert atmosphere.
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Figure 35 - Raman spectra for bulk f-InSe (blue trace) and exfoliated -InSe (red trace) samples [225].

The ink has exhibited low viscosity (125> ~ 3.2 mPa - s @ 25°C), with Newtonian behaviour at shear
rates between 0.2 and 300 s (Figure 36), which makes them suitable for spray coating deposition
[227].

34
3351

—a—nSe inIPA 0.1 g/L, 25°C|

m 5
w

ho o W
oW

P |
.‘--l--f.\“"'“l-l-._--.-rl"’.

w
o W
T N

.

Viscosity |

[
—

e
o
i

1 10 100
Shearrate (1/5)

=)
—y

Figure 36 - Viscosity as a function of shear rate measurement of the InSe ink in IPA [225].

74




9 Bow TIE ANTENNA

In recent years, interest in Radio Frequency ldentification (RFID) technology has increased [228]
often claiming to have the potential of replacing barcodes [228]. The global RFID technology market
is expected to reach $ 38.0 billion by 2021 from $ 16.2 billion in 2016 with a compound annual
growth rate of 18.6%, from 2016 to 2021 [228]. Cost is currently considered the main limiting factor
for the diffusion of RFID tagging in packaging and logistics, with a limiting target of 5 cents per tag
for tracking of fast-moving consumer goods [228]. The RFID-tag costs can also be higher if used for
valuables or in healthcare [229]. Usually, RFID tags consist of a flexible metal planar antenna
connected to a silicon chip and laminated between two plastic films [164]. A pressure sensitive
adhesive is applied to the back of the plastic film to create a sticker that can be attached [164]. The
production of disposable antennas generally involves the patterning and chemical etching of metals
to create the conductive circuits of the antenna [164]. Chemical etching is a process that includes
many phases and requires numerous pollutants, which could also damage the underlying substrate
and therefore limit the number of substrates suitable for producing antennas. A key goal for modern
technology is to replace metals with lighter, less expensive materials less energy-consuming for
antenna realization. This goal is challenging, due to the difficulty of achieving the high conductivity
of metals (> 10’ S m* for copper) and their excellent mechanical properties if shaped in thin films.
Furthermore, the use of green technology-based approaches should be a must [230]. In this context,
a way to overcome the use of techniques such as patterning and chemical etching is the printing of
conductive ink solutions (see Deposition techniques at page 56). This approach has low production
costs and may be suitable for industrial scale-up. The graphene-based paste produced in the previous
chapter is a valid alternative to the current metal-based technology. In this work, the Bow-tie antenna
design has been chosen for its optimal compromise between ease of implementation and efficiency
[231]. For these reasons, Bow-Tie antennas can be used for the development of ultra-wideband RFID
in intelligent printed electronic applications (e.g., personal wireless systems like Wi-Fi, Bluetooth,
WIMAX and SWNs or sensing applications) since their low-cost [232], [233].

9.1 Design

The Bow-tie antenna (BTA) design is shown in Figure 37. BTA has been dimensioned to have an
input impedance of 50 Q using the graphene-based paste (section Graphene-based pastes for printed

bow-tie antennas at page 63) as conductive material. The working frequency is 2 GHz, which is one
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of the frequencies available for RFID (ISM radio band [234], [235]). The dimensions for the BTA
are described in detail in Table 2. To contain production costs, it is desirable to minimize the amount
of paint used per item, while maintaining good radiation efficiency. For this reason, a thickness of
130 um has been chosen in order to optimize the quantity of graphene paste used while maintaining

low ohmic losses.

Figure 37 - Scheme of the bow-tie antenna [210].

To perform the RF measurement, the BTA have been fed with a coaxial cable soldered along the
centre of the antenna in order to minimize the impact of the antenna feed cable on the BTA. For the
use of the antenna in a commercial application, a chip (e.g., balun) should be connected to adapt a

balanced line and an unbalanced line or to connect lines with different impedance.

Table 2 - Antenna dimensions

70 mm 57.8 mm 35 mm 11.5 mm 4 mm

9.2 Realization

To realize the BTA, the ink has been stencil printed on cardboard foil at room temperature. An acetate
stencil (3M PP2410) having the BTA shape, has been placed over a cardboard paper. As shown in
Figure 38, 2ml of ink have been spread on the cardboard by means of an adjustable gap applicator
(ZUA 2000 Universal Applicator, Zenther). A thickness of 130 um (with respect to the top of the
stencil) has been set according with the specification chosen in the design phase (Design at page 75).
The so produced BTA is then air-dried at room temperature overnight.
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Figure 38 - Process steps. a) deposition of the graphene-based paste, b-c) spread of graphene-based paste
on the paper cardboard, d) acetate stencil removal [210].

9.3  Morphological characterization

AFM and SEM npictures of a print are reported in Figure 39. The print surface appears relatively
smooth (Figure 39a) with an RMS roughness, estimated by AFM, of ~ 0.7 um. The SEM fractography
(Figure 39b) shows a homogenous distribution of the flakes across the cross-section. The graphene
flakes are mostly oriented parallel to the surface. Unfortunately, the mechanism that is responsible

for flake orientation is far from clear [236].

I X:50.0 pym
Y: 50.0 pm

0.00 pm Z: 2.7 pm

Figure 39 - a) AFM picture of the surface of the print. b) SEM fractography of the print. It can be noted how
the graphene flakes are mostly oriented in-plane with respect to the layer [210].
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9.4 DC and RF characterization

The printed pattern resistivity is measured in four-probe configuration by a RM3000 Test Unit (Jandel
Engineering) equipped with a cylindrical probe having four in line electrodes spaced 1 mm apart. The
average resistivity is 0.64 + 0.06 Q cm. The typical dry print thickness is about 125 + 6 um, resulting
in a sheet resistance of ~50 Q sq. The electromagnetic behaviour of the antenna is studied by
evaluating the return loss (S11) and the radiation pattern analysis. Si11 is measured using a Hewlett-
Packard 8720C Vector Network Analyser (VNA). A LPRS Straight 50Q2 SMA connector, welded to
the terminal with the CircuitWorks silver-Epoxy conductive paste, has been used to connect and
excite the bow-tie antenna (Figure 40). The measured return loss (S11) of a printed antenna is reported
in Figure 41. It presents a bandwidth of 900 MHz, corresponding to a reflected power lower than 10%
around the centre frequency of 2 GHz, which covers the frequency range from 1.65 to 2.5 GHz in the
L-band the and S-band [237] as shown in Figure 41. The nature of the bow-tie shape of the half-
wavelength dipole antenna body allows for a broadband operation.

\ K

< ,_:-‘tz_ 2 ==

Figure 40 - Printed antennas with SMA connector assembled for electromagnetic measurements [210].

The radiation patterns of the printed antenna are measured in an anechoic chamber at 2 GHz. The
measurement scenario and the radiation patterns on the two main polarization planes are reported in
Figure 42. The antenna presents a dipole-like behaviour. In fact, the radiation pattern of the E-plane
(Figure 42c) is almost uniform (omnidirectional) at 2 GHz with a maximum gain of 0.4 dBi, while
the H-plane (Figure 42d) presents a minimum lobe at 90° and 270° and a maximum lobe at 0° and
180°.
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Figure 41 - Return loss (S11) of a printed antenna [210].

The calculated efficiency is 33.2%, with a minimum gain of 1.1 dBi and 1.4 dBi in the H-plane and
e E-plane, respectively. All these features demonstrate that the antenna is suitable for a wide variety
of applications including satellite communications [238], mobile service [239], digital audio
broadcasting [240], astronomy [234] and RFIDs [163], [228], [235].

a) E-plane b) H-plane
F LE ] i‘
i it
s TATUANIAN
C) —— Co-Polar d) —— Co-Polar

—— Cross-Polar
60

—— Cross-Polar
04 60

-104 -104

N
o
1
N
o
1

@W
o

w
o
L

Gain (dB)
Gain (dB)

N
o
1
N
o
1

=
o
1
=
o
1

o
1
o
1

Figure 42 - Pictures of the measurement configuration (a,b) and of the radiation pattern of a printed
antenna (c,d) in the E- and H-planes, respectively [210].
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10 INSE PHOTODETECTOR

To use 2D materials in (opto)electronic applications, five requirements are necessary:

e high mobility of charge carriers;

e the bandgap range depending on the detector type and application;

e the possibility of obtaining highly crystalline samples by exfoliation;
e environmental stability;

e high flexibility combined with a sufficiently high fracture resistance.

Different classes of materials do not satisfy the above conditions for different reasons. For example,
exfoliation of silicene [241] and germanene [242] has not yet been demonstrated for LPE; TMDs are
characterized by a relatively low value of the mobility of charge carriers [7]; black phosphorus suffers
from rapid oxidation in environmental conditions [243]; while bismuth chalcogenides have poor
fracture resistance [244]. Furthermore, MLG does not show a band gap [3], which is indispensable
for obtaining a high ON/OFF ratio in nano-optoelectronic devices. A suitable candidate for
(opto)electronics is represented by InSe. The B polymorph of indium selenide (B -InSe) has recently
been widely studied thanks to its interesting fundamental properties [53], such as a low-electron
effective mass (m* = 0.143 mo) [245] and a bandgap interval from 1.26 eV for the bulk to 2.11 eV
for the monolayer at room temperature (RT) [246], [247]. As the thickness of the crystal increases (>
6 layers - = 5 nm, each layer has a thickness of 0.84 nm), its bandgap shows an indirect-to-direct
crossover [70], [78], [248].

10.1 Design

The optical microscope images of the device are shown in Figure 43. The electrodes of photodetector
have been designed with an interdigitated structure allowing to achieve a low electrical resistivity, by
reducing the gap between electrodes L and increasing the total width of the conduction channel W,

in a more compact format compared to linear electrodes, by using a parallel array of finger electrodes.
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Figure 43 - Optical microscope image of the complete photodetector and magnified detail of the conducting
channel region [225].

Additionally, the reduction of L leads to a faster response of the photodetector [249] by reducing the
transit time of the carriers. The electrodes have been made up of 65 interdigitated fingers with an

overlap of 40 um and a gap L = 1 um. The resulting channel width W = 5160 pum, provides an active
area of W-L = 5160 pum? for photodetection.

10.2 Fabrication

In Figure 44 is shown a sketch of the spray coated -InSe photodetector.

Figure 44 - Schematic illustration of the -InSe photodetector [225].

The interdigitated gold electrode array has been implemented using e-beam lithography and lift-off
(Microfabrication processes at page 59) on highly p-doped (boron) silicon (100) with 100 nm thermal
oxide on the surface. During the same lithographic process, an array of 9 Au electrode has been
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deposited by e-beam evaporation (Microfabrication processes at page 59) on the same substrate. In
this way, it has been exploited the large area deposition capability of the spray coating process (Spray
coating at page 56). A volume of ~ 30 ml of the B-InSe ink in IPA (InSe-based inks for photodetector
devices at page 70) has been deposited by spray-coating onto the patterned substrate, which has been
heated to 60°C to favour film drying during the deposition process. The coated sample has been
placed under vacuum overnight at room temperature and then annealed at 200 °C for 30 min in argon
atmosphere to stabilize the deposited film and remove residues of adsorbed solvent and moisture.

10.3 Morphological characterization

The film measured by profilometry is 515 + 107 nm thick (Figure 45).
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Figure 45 - Thickness profile of the InSe film measured near the active region of the photodetector. The
measurement starts from a region where the substrate was exposed by scratching the film with a soft tip, in
order to measure the thickness of the film [225].

Figure 46a shows the top-view scanning electron microscopy (SEM) image of the B-InSe film
deposited on the electrodes, presenting a percolating network of flakes of lateral size < 500 nm.
Energy-dispersive X-ray (EDX) spectroscopy (Figure 46b) was performed during SEM imaging,
confirming the presence of B-InSe flakes in the film. From the EDX analysis on the device, it has
been determined a ratio of 1:0.87 between In and Se. The elemental composition, within the
experimental uncertainty of EDX, indicates the presence of selenium vacancies in the semiconductor
film [224]. The signal from oxygen can be explained mostly by the SiO> layer on the surface of the
substrate, although a superficial oxidation of the B-InSe flakes is also possible due to the processing

in air.

83




Intensity (arb.units)

Energy (keV)

Figure 46 - a) HR SEM image of the B-InSe film in the conducting channel region of the device. b) EDX
spectrum acquired from the active area of the photodetector. It is possible to observe In and Se signals, as
well as Au from the electrodes, Si signal from the substrate, O signal due to both the SiO and the partial
oxidation of the InSe film [225].

10.4 Electrical characterization

In order to test the performance of the B-InSe photodetector, FOMs introduced in Photodetectors at
page 49 have been calculated first in dark and then in light condition. Characteristic curves of the -
InSe photodetector have been measured at room temperature and under vacuum to avoid the influence
of moisture and atmospheric gases. The doped silicon substrate has been electrically contacted to
apply a gate bias Ve. In order to reveal the photodetection behaviour of the device, the electrical

characteristics have been measured under the exposure to light of different wavelength and intensity.

10.4.1 Dark Current-Voltage Characteristics

The measure of drain—source current (Ip) vs the drain voltage (Vp) is shown in Figure 47a. It is
possible to see that Ip varies with both drain (Vp) and gate (V) voltages (Ve ranging from -40 to 40
V). The Ip vs Vp vs Vg curve displays a gate-tuneable behaviour, indicating that the electrical
characteristics of B-InSe device can be effectively controlled by electrostatic doping. For 0 < Vp <
0.5 Vit is found a quasi-linear regime (slope of the curve r = 1.2 - Figure 47b). This can be related to
the presence of ohmic contacts between the gold electrode and B-InSe. At larger bias with 0.5 < Vp
< 2V, a quadratic dependence of the drain current is observed, which can be explained by a space-

charge limited current (SCLC) regime [250].
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Figure 47 - a) Dark Source—drain current (Ip) versus source-drain voltage (Vp), at bottom-gate voltages
between -40 and 40 V. b) log-log plot of Ip versus Vp (Ve = 0 V) is depicted, showing the transition from
ohmic to space charge limited conduction [225].

SCLC becomes dominant when the injected electron concentration exceeds that of the thermally
generated one. Charge-carrier traps within the semiconducting film, located for example in the
partially oxidized surface of the flakes, are effective in immobilising most of the injected electrons
[251], [252]. For shallow traps located at an energy E: below the conduction band edge, the SCLC
current density is given by a quadratic relation with respect to the voltage (I, « V3) [250]. The Io—Ve

transfer curve in Figure 48 has been measured at a drain bias voltage of 2 V.
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Figure 48 - Source—drain current (Ip) versus gate voltage (Vg) curve at Vp = 2V [225].

It shows an ambipolar behaviour with a minimum Ip current at Ve~ -10 V. In addition, the transistor
presents a distinct asymmetry in electron and hole conduction being n-doped at Vg = 0 V. For this
reason, no off-state condition can be measured. From the linear regions of the Ip-Vg curve it is

possible to estimate the average mobility of the film resulting in 3-10° cm? Vs for the electrons
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and 1-10° cm? Vs for the holes. This phenomenon could be explained by the presence of the defect

states in the gap of B-InSe.

10.4.2 Characterization under light

The dark photocurrent has been measured as a reference for measuring the photoresponsivity (Rpn—
defined in Photoresponsivity (R) at page 50). In fact, Rpn is proportional to the photocurrent (lph),
defined as the difference between the current measured (at Vo =2 V, Vg = 0 V) under light and in the
dark. Light intensities have been measured between 0.5 and 7.5 mW cm™. Figure 49a reports the
photocurrent as a function of the light power on the device, using three different LEDs with emission
peaks at 455, 530 and 625 nm (FWHM = 17, 42, 20 nm, respectively).
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Figure 49 - a) Photocurrent response for varying incident light power on the active area of the device
measured at three different wavelengths. The dashed lines represent a power-law fit to the data. b) The
photoresponsivity Ry versus the irradiance I, [225].

The dependence on light power is sublinear, therefore, Rph is decreasing as the power increases. The
maximum measured responsivity at 455 nm is ~ 274 AW, at ~ 0.53 mW cm irradiance. The device
maintained its functionality even in ambient conditions and after 1 year (Figure 52). To assess the
minimum detectable light intensity, we calculated the detectivity the Specific Detectivity (D*) (shown
at page 52) ~ 5.49 x 10% Jones. We obtained a maximum value (corresponding to the maximum
responsivity) of Noise Equivalent Power (NEP) (shown at page 51) ~ 1.31 x 10> W Hz%®, These
FoM values compare favourably with those reported in literature [172], [253]-[255]. The responsivity
is at least one order of magnitude higher than those of photodetectors based on solution processed 2D

crystals, and InSe in particular [256]. There are several factors that can cause the increased
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responsivity of our device. The short length of the channel (L) increases the photoresponsivity of the
device, since Rpn is proportional to L2 [40]. Moreover, the highly-uniform coverage of B-InSe on the
Si/SiOz substrate over the active area could promote the extraction efficiency of the photogenerated
carriers as already suggested in literature for perovskite- [257], thin film CdTe- [258] and graphene-
based devices [259]. The spectral response of the device is shown in Figure 50 from the visible to the
NIR range, measured with mechanically-chopped light at 23 Hz at bias voltages Vp = 2V and gate
voltage Vg = 0V.
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Figure 50 - Spectral responsivity of f-InSe photodetector. The dashed line is a linear fit of the tail of the
spectrum; the onset of the photoresponse at ~900 nm (1.38 eV) is highlighted [225].

The responsivity is high at short wavelength (~ 400 nm) and decreases towards longer wavelength
with a pronounced drop at ~ 800 nm. If the wavelength dependence is dominated by the absorption
coefficient, it is possible to estimate the bandgap from the intercept with the wavelength axis of a
linear fit of the spectral responsivity in the region near the photoresponse threshold wavelength
(Figure 50). The resulting value of =~ 900 £ 65 nm corresponds to a bandgap of ~ 1.4 £ 0.1 eV, which
is in the range between the values reported for single layer and bulk B-InSe (2.11 - 1.26 eV
respectively), confirming that the film is composed by few layer flakes. In Figure 51a and Figure 51b
it has been shown the time response of the device, obtained by measuring the current during pulsed
light excitation. Excellent long-term stability is observed with a fast switching and reproducible
transition from "ON" to "OFF" conditions. The measured rise (fall) time (Figure 51b), defined as the
time to pass from 10% (90%) to 90% (10%) of the maximum photocurrent, is Tr = 15.1 ms (tr = 63.7
ms), while other photodetectors made with films of LPE flakes of B-InSe reported response times of
the order of seconds [256], [260]. In Figure 53, it has been reported the dependence of the
photocurrent amplitude on the modulation frequency f.
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Figure 51 - @) The response to 0.1 Hz pulsed light (530 nm) b) Detail of photocurrent rise and decay during
pulsed (2 Hz) 625 nm light excitation [225].
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Figure 52 — a) Photocurrent measurement performed in air under white LED light (100 mW cm), 1 year
after the characterization in vacuum at 0.5Hz and b) at 0.2Hz (normalized).

The amplitude decreases with the increase of the frequency, and the signal is measurable up to 1 kHz;
the functional dependence of the frequency does not follow a simple low-pass behaviour but exhibits
richer features with complex power-law trends that follow a f %° and f %2 dependence at low and high
modulation frequency respectively, as shown by dashed lines in the panel. Such behaviour could

indicate an energy distribution of trap states in the material.
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Figure 53 - Responsivity versus light chopping frequency under illumination at 625 nm. Dashed lines
indicate the power laws f °° and f %2[225].

The time decay of photocurrent in Figure 51b can be investigated more in detail to understand the
mechanism of charge recombination in our device. In general, the time derivative of the photoexcited

charge density n, after turning off the light, is a function of n itself:

an
- =9

Eq. 28
If the photocurrent is proportional to n, the function g can be determined from the time dependence
of Ipn during the decay measurement. In Figure 54 we plot the photocurrent derivative (dlpn(t)/dt)

versus lph after light was switched off.
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Figure 54 - Plot of the time derivative of the photocurrent versus the photocurrent after switching off the
light [225].
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A third-order polynomial yields an excellent fit to the data (dashed line in Figure 54), suggesting that

the differential equation controlling generation-recombination under light is:

% —F— an3 Eq 29

Here, F is the generation rate due to incoming light, and Ry is a constant controlling the recombination
rate. This dependence is further confirmed by the photocurrent vs light power dependence (Figure
49a). If steady-state is reached for these measurements (dn/dt=0), by solving Eqg. 29 it has been found

a dependence as I,, < n « F?, with 9 = 1/3. In fact, the fits shown in Figure 49a yield 9625 = 0.324

+ 0.003, 9530 = 0.318 £ 0.004, 9455 = 0.293 £ 0.013, confirming this prediction. The observed power-
law dependence is related to the dynamics of the traps and recombination centres that enable the
photoconduction in nanostructured materials. A nonlinear dependence of the photocurrent on the light
intensity can arise from the distribution of traps and recombination centres within the band gap®*%
and the saturation of these states under strong light excitation [256], [261]-[264], or even from the
presence of a space charge region [265], [266]. The particular case of the third-order equation, as
suggested in Ref.[267], can be related to the recombination assisted by doubly charged Se vacancies,
which have been observed in our sample by EDX analysis and by previous studies on B-InSe [224],
[251], [252]. We remark that doubly charged vacancies in CdS have been related to more complex
processes involving not only charge excitation, but also charge-lattice coupling that lead to a
thermally activated recombination behaviour [267], suggesting that further studies of these properties

can lead to interesting physics of the material.
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11 GRAPHENE-BASED SUPERCAPACITORS

The ever-increasing demand of multi-functional systems has drawn the attention towards planar
micro-supercapacitors (MSCs) [119], [268]-[270], which can deliver all the benefits of
supercapacitors in a much smaller, lighter device [119], [271], [272].

11.1  Design and fabrication

The screen printer technique (Screen Printing at page 58) was used to fabricate the interdigitated
electrodes. The screen-printing setup consisted in a 58 x 48 cm 55T (threads per cm) aluminum frame,
using polyester as a mesh material. The 55T aluminum frame had a single mesh opening of 0.1 mm,
yielding a maximum resolution of 0.3 mm. The screen-printed MSCs configuration consisted of six
fingers (1 mm thick) forming the interdigitated structure with an interspace between fingers of 600
um, which is a sufficient distance in order to avoid short-circuits, providing an active area of 1 cm?
(Figure 55).

MM 600 um \

PVA/H,PO, (or LiCl)

Figure 55 - Layout adopted as interdigitated electrodes for screen printing MSCs on plastic (PET) substrates
[119].

Two different active materials have been used in order to product and investigate the performance of
MSCs, a WIM-graphene-based paste and a WJM-graphene:CNTs-based paste. The printing strategy
involved multiple printing passes until proper mass loading of active material was reached (1 mg for
WJIM-graphene and 1.5 mg for WJM-graphene:SWCNTSs). The substrate was 1 upm-thick
polyethylene terephthalate (PET) foil (Sigma Aldrich). Depending on the printed paste, the MSCs
named WJM-graphene and WJM-graphene:SWCNTs were obtained. Electrodes of 10 um-thick
pyrolitic graphite (PG) paper (PGS, Panasonic) with the same interdigitated shape of screen printed

electrodes were also evaluated as current collectors for WIM-graphene:SWCNTs-based MSCs. The
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corresponding MSCs are herein named PG/WJM-graphene:SWCNTSs. After printing the active
materials, the structures were dried at 80 °C under vacuum for 1 h to remove solvents. The MSCs
were then completed by coating the printed electrodes with a HsPO4-doped PVA-based electrolyte
and dried in ambient conditions overnight. Therefore, washability test was also carried out on
PG/WJM-graphene:SWCNTs. For washability test, the device was properly encapsulated with
crosslinked ethylene vinyl acetate (EVA), via hot sealing process at 140 °C. The process in shown in

Figure 56.

ACITORS (MSCs) SCREEN PRINTING
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X 3 current collector
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Figure 56 — a) Screen printing of MSCs onto plastic substrate (polyethylene terephthalate —-PET-). (b)
Addition of CNTSs as active spacers for avoiding flakes re-stacking effects. (c) Utilization of pyrolytic
graphite (PG) paper in order to decrease the series resistance of MSCs for high-power requirements [119].

11.2 Morphological characterization

Figure 57 shows representative top-view and cross-sectional SEM images of a PG/WJM-
graphene:SWCNTSs. In particular, Figure 57¢,d show the layered structure of the electrode, as given
by a ~27 + 4 um-thick film of WJM-graphene:SWCNTSs onto PG paper. The morphology of the
WJIM-graphene:SWCNTSs film consisted of a mesoporous network of WJM-graphene with dispersed

SWCNTs acting as linker between the same flakes.
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Figure 57 - a) Top-view SEM image, and b) the corresponding enlargement of the region delineated by red
dashed lines, of a representative PG/WJM-graphene:SWCNTSs. c) Top-view SEM image, and d) the
corresponding enlargement of the region delineated by red dashed lines, of a representative PG/WJM-
graphene:SWCNTSs [119].

Figure 58 shows a digital photograph of a bended MSCs, evidencing the mechanical flexibility of the

device.

Figure 58 - Digital photograph of a screen-printed MSC. The electrode was manually bended in order to
show its mechanical flexibility [119].
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11.3 Electrochemical measurements

The electrochemical performances of the screen printed MSCs were evaluated by cyclic voltammetry

(CV) and galvanostatic charge/discharge (CD) measurements.

11.3.1 Cyclic Voltammetry

Figure 59 shows the comparison between the CV curve of the different MSCs using PVA/H3PO4 as
hydrogel-polymer electrolyte.

—— WJM-graphene
| —— WJM-graphene:SWCNTs
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Figure 59 - Comparison between CV curves of WIM-graphene (black), WIM-graphene:SWCNTSs (red) and
PG/WJM-graphene:SWCNTs (blues) at a voltage scan rate of 100 mV s [119].

The nearly-rectangular CV shapes and the absence of redox peaks indicate that the electrodes show
double-layer capacitive behavior [273], [274] in the corresponding voltage range. The latter were
properly selected in order to avoid parasitic chemical reactions (Figure 60). In fact, this peculiar shape
is related to pseudo-capacity effects due to marginal presence of redox activities of the electrolyte
[275].

(a) (b)sofon O "
s WJM-graphene ] WJM-graphene:SWCNTs PG/WJM-graphene:SWCNTs
_ 20 |
T e e 207
] Syl 5]
g2 k1 g |
£ ol 2 of e o
o o o
5 ol 5 10l 5
O -2 o1 O ool
-4f 1 20} 1 |
00 02 04 06 08 10 0.2 00 02 04 06 08 10 12 1.4 16 00 04 08 12 16 20
Voltage (V) Voltage (V) Voltage (V)

Figure 60 - Cyclic voltammetry curve of a) WIM-graphene, b) WIJM-graphene:SWCNTs and c¢) PG/WJM-
graphene:SWCNTSs at a voltage scan rate of 10 mV s [119].
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The addition of SWCNTSs into WIM-graphene remarkably increase the area of the voltammograms,
thus meaning the capacitance increased with respect to that of WJM-graphene. This positive effect
was attributed to the key-role of SWCNTSs for eliminating the re-stacking of WJM-graphene flakes
during film screen-printing process, which allow the specific surface area of the flakes to be accessible
to the ions for the electrochemical double-layer formation [276]. In addition, the use of GP paper-
based current collectors eliminated the biconvex shape featured by WJM-graphene and WJM-
graphene:SWCNTSs. Four-point probe measurements (Figure 61) clarified that the lens-shaped
voltammograms of MSCs without current collectors were mainly attributed to the higher resistivity
of mesoporous WJIM-graphene and WJIM-graphene:SWCNTSs films (~ 0.8 Q cm and ~ 0.1 Q cm,
respectively) with respect to that of GP paper.
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Figure 61 - Sheet resistance (left y-axis, black) and resistance (right y-axis, blue) of screen printed WJM-
graphene and WJM-graphene:SWCNTSs films (thickness of 27 + 4 and 23 + 3 um, respectively, active
material mass loading of 2 mg cm-2), as well as of GP paper (10 gm-thick) [119].

In fact, unpatterned WJM-graphene and WJM-graphene:SWCNTSs films with mass loading of 2 mg
cm (comparable to that used for screen-printed MSCs) displayed sheet resistance as high as 350 and
50 Q sq’%, while GP paper showed sheet resistance of 0.042 Q sq. These results indicated that for
high-power application of graphene-based MSCs, current collector are needed to transport the charge
along the plane of the substrate, in agreement with previous literature reports [119], [277]-[280].
Lastly, it is noteworthy that the use of GP-based current collectors also enabled the operating voltage
window to be extended up to 1.8 V.It has been speculated that efficient charge extraction hindered
the formation in the active material of strong localized filed which could promote parasitic faradaic

reaction.
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Figure 62 — a) Cyclic voltammetry curves of GP/WJM-graphene:SWCNTSs for 0.01 V s* to 1 V s™, b) Cyclic
voltammetry curves of GP/WJIM-graphene:SWCNTs for 2 V s™ to 20 V s for panel [119].
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Figure 63 - Cyclic voltammetry characterization of WIM-graphene and WJM-graphene:SWCNTSs. (a,b)
Cyclic voltammetry curves of WIM-graphene at different voltage scan rate (from 0.01 V s-1to 1V s-1 for
panel a, from 2 V s-1 to 20 V s-1 for panel b). (c,d) Cyclic vo voltammetry curves of WIM-
graphene:SWCNTSs at different voltage scan rate (from 0.01V s™ to 1 V s™ for panel ¢, from2Vs'to20Vs
! for panel d) [119].

Figure 62 reports the CV measurements for GP/WJM-graphene:SWCNTSs at voltage scan rate ranging

from 0.01 to 20 V s*. The devices exhibited a linear dependence of the maximum current density
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even at a high voltage scan rate of 20 V s? (Figure 62b), indicating that they retained excellent
capacitance also for high instantaneous power. Notably, such rate performance were achieved for
MSCs with um-thick active material, which are three order of magnitude higher than those reported
for high-power graphene-based MSCs [119], [277]-[280]. The CV curves at different scan rate
obtained for WJM-graphene and WJM-graphene:SWCNTSs, thus in absence of current collector, are
reported in Figure 63. In order to achieve valuable MSCs using solely WJM-graphene, active material
mass loading was 50% higher that of WJM-graphene:SWCNTSs in order to avoid excessive series
resistance, which were cause of device failures with increasing the voltage scan rate. Clearly, this
effects were reduced by using SWCNTSs, which randomly bridge the graphene flakes to form a more

electrically conductive network [119], [281]-[286], as also evidenced by SEM analysis (Figure 57).

11.3.2 Galvanostatic charge/discharge

Galvanostatic CD curves were recorded for practical capacitance evaluation (Figure 64). Figure 64a
displays the comrparison between the CD curve obtained for the different MSCs at current density of
0.125 mA cm. The MSCs showed nearly triangular shapes in the selected voltage windows. This
confirms the double-layer capacitive behaviour of the devices, which is consistent with the results
evidenced by CV measurements. Figure 64b shows the CD curve of PG/WJM-graphene:SWCNTSs
obtained at various current densities (from 0.0125 to 25 mA cm?). The CD curves for WIJM-graphene
and WJM-graphene:SWCNTS obtained at various current densities are shown in Figure 65. From CD
curve data, the Carea OF the MSCs can be calculated by the equation Carear = (Jilta)/(AgeomAV) [287],
where |i| is the module of the applied current (i), tq is the discharge time, Ageom IS the geometrical area
of the devices (calculated based on the active projected surface area, including the area of
interdigitated fingers and the interspaces between them) and AV is the voltage window of the
measurement. As shown in Figure 64c, Careal Values increased with the addition of SWCNTS to the
WJM-graphene as active material. More in detail, Careal Of 1.324 mF cm(5.296 mF cm in electrode)
was obtained for WIM-graphene:SWCNTSs at current densitiy of 0.0125 mA cm2, which was 3.43-
fold higher than that of WJM-graphene (0.385 mF cm™, 1.54 mF cm in electrode). By adopting PG
as current collectors, high capacitance was observed even when operated at high charge/discharge
rates, up to 25 mA cm2. In particular, PG/WJM-graphene:SWCNTs showed a 2.88-fold increase of
Careal (equal to 1.033 mF cm) with respect to that obtained for WIM-graphene:SWCNTSs (0.359 mF
cm). Interestingly, PG/WJM-graphene:SWCNTs exhibited remarkable Carear (> 0.140 mF cm™) even

when operated at high charge/discharge current density (up to 25 mA cm).
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Figure 64 - Capacitance evaluation of screen-printed MSCs. (a) Comparison between galvanostatic CD
curves of WIM-graphene (black), WIM-graphene:SWCNTSs (red) and PG/WJM-graphene:SWCNTs (blue) at
a current density of 0.125 mA cm-2. (b) Galvanostatic CD cu rves of GP/WJM-graphene:SWCNTSs at
different current density (from 0.0125 mA cm™ to 25 mA cm™. (c) Value of the Carear plotted as a function of
the current density for WIM-graphene (black), WIM-graphene:SWCNTSs (red) and PG/WJM-
graphene:SWCNTSs (blue). The inset shows the values of the Cyq plotted as a function of the current density
different for the same MSCs. (d) Comparison of the galvanostatic CD curves WIM-graphene:SWCNTSs (red)
and PG/WJM-graphene:SWCNTs (blue) at a current densities of 0.25 mA cm™. The inset panel shows the
galvanostatic CD curve of the PG/WJM-graphene:SWCNTSs at current density of 25 mA cm™. The voltage
drop at half cycle, which was used for ESR estimation, is indicated for each curve [119].

The inset of Figure 64c shows the volumetric capacitances (Cvol), calculated by considering the
whole volume of the interdigitated fingers (including GP-based current collectors when used) and the

interspaces between them, for the tested MSCs at various current densities.
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Figure 65 - Galvanostatic CD measurements for WIM-graphene and WJM-graphene:SWCNTSs. (a)
Galvanostatic CD curves of WIM-graphene at various current density (from 0.0125 mA cm-2 to 2.5 mA cm-
2). The inset shows the temperal enlargement of the CD curve obt ained at current density of 0.625, 1.25 and

2.5 mA cm™. (b) Galvanostatic CD curves of WIM-graphene:SWCNTSs at various current density (from
0.0125 mA cm™ to 2.5 mA cm™). The inset shows the temperal enlargement of the CD curve obtained at
current density of 0.625, 1.25 and 2.5 mA cm?[119].

At the lowest current density (0.0125 mA cm™), Cyvo Was 0.112 F cm™ (0.448 F cm™ in electrode)
and 0.490 F cm™ (1.961 F cm™ in electrode) for WIM-graphene and WJM-graphene:SWCNTSs,
respectively. These values approached to the order magnitude of the Cyvo values exhibited by state-
of-the art ultrathin MSCs adopting tens nm-thick reduced graphene oxide as active materials (Careal
up to 17.9 F cm™) [277], [288]. At low current density (< 0.1 mA cm?), the use of PG as current
collector decrease the Cvo of PG/WJIM-graphene:SWCNTs with respect that of WJIM-
graphene:SWCNTSs because of the increase of the overall thickness of the interdigitated electrodes,
which also include that of GP paper (10 um). However, the use of GP paper still allowed remarkably
Cvol (up to 0.362 F cm™ at current density of 0.0125 mA cm) to be reached, especially at high
charge/discharge current densities (> 0.25 mA cm) where WJIM-graphene:SWCNTs showed a
resistive behavior. The capacitive losses observed with increasing the current density were ascribed
to the potential drops in the equivalent series resistance (ESR) of the MSCs [119], [273], [274]. ESR
can be calculated by the galvanostatic CD curves, using the equation ESR = Vrop/|i|, where Vrop 1S
the voltage drop at half-cycle of the CD curve [119], [273], [274]. As shown in Figure 64d, in absence
of GP paper as current collector, the in-plane electrical resistance of the interdigitated mainly
contributed to the overall ESR, whose value (~ 3.2 kQ) is orders of magnitude higher than that of
GP/WJM-graphene:SWCNTs (~ 22 Q). Therefore, depending on the final requirement in terms of
volume and operating power, the use of GP paper as current collector can be assessed whether
advantageous. It is worth noting that the so-obtained volumetric performance allowed state-of-the-

arte MSC areal capacitance, which is the most relevant supercapacitor performance for wearable
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application, to be reached by adopting higher mass loading (milligram-scale)/thickness (ten
micrometer-scale) of active materials than those used in competing MSC technologies (ten pg-/ten
nanometer-scale) [268]-[272]. Consequently, GP/WJM-graphene:SWCNTSs allowed for a power
density of 20.13 and 1.13 mW cm at energy density of 0.064 and 0.361 uWh cm™.

11.3.3 Durability and mechanical properties

In order to prove the durability and the mechanical properties of the as-produced MSCs, galvanostatic
CD cycling was carried out over 10000 cycles (Figure 66a) and different bending-type stresses with
different radii of curvature (R) and bending angle (0) (Figure 66b). As shown in Figure 66a, PG/WJM-
graphene:SWCNTSs exhibited excellent cycling stability. In fact, up to 98.0% of capacitance was
maintained after 10000 cycles at a current density of 0.1875 mA cm. Notably, the high Coulombic
efficiency (ranging from 93% in the first cycles to more than 96% after stabilization) indicated that
the double-layer formation is highly reversible, without the occurrence of parasitic faradaic reactions.
Similar results were also obtained for WJM-graphene, as shown in the inset of Figure 66a. The high-
durability of the devices was attributed to the in-plane interdigitated graphene-based structures which
allow for a favorable ultrafast uptake of the flow of electrolyte ions into or removal from the graphene
layers in a short diffusion pathway [277], [278]. Figure 66c shows the capacitance retention plots
over bending with radius of curvature (R) of 1 cm for PG/WJM-graphene:SWCNTSs. The inset panel
of Figure 66¢ shown the same test with R equal to 2 cm. For R = 1 cm, the device retained more the
97% of the initial capacitance, with Coulombic efficiency more than 95%. For a less invasive R of 2
cm, a negligible capacitance loss (~1%) was observed with a Coulombic efficiency exceeding 95%.
The devices were also tested at different bending angles ranging from 0° (unbent) to 90° and 180°
(folded) /Figure 66d). After folding at both bending angle, the device exhibited a 6% increase of the

capacitance, without significant variation of Coulombic efficiency.
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Figure 66 - Durability and mechanical flexibility of screen-printed MSCs. (a) Capacitance retention of
PG/WJM-graphene:SWCNTs over 10000 CD cycles at current density of 0.125 mA cm-2. (b) Schematic
illustration of the adopted mechanical stresses: (1) be nding and (2) folding. (c) Capacitance retention of
PG/WJM-graphene:SWCNTSs over 100 bending at bending radius (R) of 1 cm and 2 cm (inset panel) (black,
left y-axis). The Coulombic efficiency is also plotted as a function of the bending cycles (red, right y-axis).
(d) Capacitance retention of folded PG/WJIM-graphene:SWCNTs at angle (0) of 90° and 180° (black, left y-
axis). The Coulombic efficiency is also plotted as a function of the folding angle (red, right y-axis) [119].

11.3.4 Washability test

For wearable application, waterproof property is also crucial [289] because wearable devices often
face wet environment such as sweat and rain, as well laundry cycles [290], [291]. Therefore,
washability test was also carried out on PG/WJM-graphene:SWCNTSs. Before to undergo a washing
cycle, the device was properly encapsulated with crosslinked ethylene vinyl acetate (EVA), which is
an encapsulant material benchmark with both waterproof properties and stress-crack resistance (i.e.,
mechanical flexibility) [292], [293], via hot sealing process at 140 °C. For the waterproof test, we
measured the CV and CD curves after a washing cycle in home-laundry conditions. In order to
simulate practical home-laundry conditions, the device was accommodated into microfleece garment
(Figure 67a) and the washing cycle was carried out using both detergent and fabric softener at 60 °C,

followed by centrifugation at 1200 rpm to remove water excess and fasten the laundry drying.
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Figure 67 - Washability tests of EVA-sealed screen-printed MSCs. (a) Schematic illustration of the MSCs
accommodation into microfleece garment simulating practical home-laundry conditions. (b) Electrochemical
characterization (CV and CD measurements) of the MSCs after washing cycle using both detergent and
fabric softener at 60 °C, followed by centrifugation at 1200 rpm [119].

As shown in Figure 67b, comparable current density was recorded by CV measurements. The
occurrence of parasitic faradaic reaction in the voltage window of 1.8 V could be ascribed to the
sealing process, which could partially alter the hydrogel-polymer electrolyte. Alternative low-
temperature sealing methods are currently under investigation. As obtained from CD curves recorded
at 0.1 mA cm (inset of Figure 67b), Careal Values of 1.21 and 1.17 mF cm were obtained in a voltage
windows of 1.4 and 1.8 V, respectively. Notably, these values are comparable to those measured on
reference device before sealing and washing processes (1.10 mF cm at current density of 0.1 mA

cm).
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CONCLUSIONS

In summary, in this thesis | explored the implementation of printed 2D materials devices such as
graphene-based antennas and supercapacitors as well as InSe-based photodetectors, representing

potential building blocks of a printed wireless sensing system.

The successful introduction of 2D materials in the context of electronic applications, strongly depends
not only on the identification of disruptive products for radically new applications, but also on the
ability to produce the materials in large quantities and at a reasonable cost. For this reason, |
investigated an innovative method to exfoliate bulk materials by wet-jet milling technology. Wet-jet
milling exfoliation of graphite in NMP allowed for production of large volumes (litre-scale) of
concentrated high quality (single-/few-layers graphene) graphene dispersions (gram per litre-scale)
in short times (second-scale). More in detail, the time required to obtain 1 g of exfoliated material
was 2.55 min g, while the volume of solvent required to produce 1 g of exfoliated material with
100% yield was 0.1 L g*. By additivation of these graphene dispersions, | developed pastes suitable
for printing antennas and supercapacitors. One formulation, suitable for printing bow-tie antennas on
cardboard, included graphene powder with a small amount of silver ink, to improve conductivity, and
an overprint varnish as binder, in order to guarantee the adhesion of the pattern to the paper and the
durability of the print. Mass loading of both graphene (9.6 wt%) and silver (1.4 wt%) was much lower
than the commercial silver inks (~79% wt%). The resulting antennas showed an ultra-wideband
behaviour (fractional band 45%) centred at 2 GHz. This novel approach opens the route to low cost
printed antennas based on graphene that do not require thermal post treatment and are suitable for a
wide variety of applications including satellite communications, mobile service, digital audio

broadcasting, astronomy and RFIDs.

On the other hand, the WJM-graphene dispersion has been used for the realization of solid-state and
washable micro-supercapacitors (MSCs) printed by screen printing technique. In order to provide a
screen printable ink to fabricate flexible solid-state MSCs on plastic substrate, a simple solvent-
exchange process was carried out to re-disperse the WJM-graphene in H>O/EtOH (70:30) and
terpineol (1 wt%). The addition of single-walled carbon nanotubes (SWCNTS) dispersion in EtOH to
WJM-graphene ink and the use of pyrolytic graphite (PG) paper as current collector were also
evaluated for increasing the active film porosity and decrease the electrical equivalent series
resistance (ESR) of the MSCs, respectively. The optimized MSCs exhibited areal capacitance (Careal)
up to 1.324 mF cm2 (5.296 mF cm for a single electrode) and volumetric capacitance (Cvol) of 0.490

F cm™ (1.961 F cm™ in electrode). The screen-printed MSCs also showed high-rate performance
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(voltage scan rate > 10 V s* and charge/discharge current density up to 25 mA cm2) which allowed
for a power density of 20.13 and 1.13 mW cm™ at energy density of 0.064 and 0.361 uWh cm?,
respectively. The devices also exhibited excellent electrochemical and mechanical properties over
charge-discharge cycling (10000 times), bending cycles (100 times under bending radius of 1 cm),
and folding (up to angles of 180°). Moreover, water-proof ethylene vinyl acetate (EVA)-encapsulated
MSCs fully retained their electrochemical properties after a home-laundry cycle, providing washable
properties for prospective wearable electronics.

Finally, | exfoliated beta-phase indium selenide by liquid phase exfoliation driven by ultrasounds,
using a low environmental impact solvent such as isopropanol. This ink was successfully sprayed
onto gold electrodes on silicon substrates. | demonstrated that spray coated liquid phase exfoliated 3
-InSe films can be used as semiconductor channel material in phototransistors, obtaining a potentially
high-throughput and low-cost method to implement photodetectors with high sensitivity (maximum
D* ~ 5.49 10'2 Jones, Rph ~ 274 A W @ 455 nm illumination) and fast response time (tr ~15 ms,
Tr ~ 64 ms). The devices showed good photosensitive responsivity to visible and NIR (< 900 nm)
light. These FoMs represent an improvement of over one order of magnitude with respect to reported
photodetectors based on percolating networks of solution processed 2D flakes and are competitive
with the values reported for transition metal dichalcogenide single flake devices. The use of spray
coating and environmentally friendly solvents in the fabrication process make this material suitable
for the implementation of flexible-photodetectors and in applications where contamination by toxic

organic solvents can be a problem.

In conclusion, the work in this thesis dealt with the development of printed components of an
integrated sensing system from solution processed exfoliated crystals. This field is very promising
and will play an important role on the development of versatile wireless technologies which can find
application in many fields, ranging from healthcare, safety, security, environmental monitoring, food
and pharmaceutical inspection to data communication, smartphone cameras, night vision, and
automotive sensor systems. However, the project is still in its early stages and further steps must be
taken towards the integration of the devices into a standalone system. As for the implementation of a
flexible and wearable system, InSe photodetector should be fabricated on a plastic substrate using
printed electrodes. Furthermore, the addition of other types of energy suppliers besides
supercapacitors (such as printed solar cells) can bring numerous benefits, including the possibility to
feed the system continuously through light. Finally, future work should concentrate on the challenges
related to the interconnection of the various components in a single system, which were not possible
to address during the PhD.
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